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Abstract

Dental implants are routinely used in restorative dentistry to support restorations
made to replace missing hard and soft tissues. The more their applications increase, the
greater the clinical interest becomes in the implants integrating quickly with the bone in
order to be functional. Here we study SLA [7] and SLActive dental implants (Straumann,
Switzerland / SLA- Sandblasted with Long grit corundum followed by Acid etching with
Sulfuric and Hydrochloric acid), which are both made of cold worked titanium grade 2.
Combined with SLA and SLActive surfaces they demonstrate good biocompatibility, ex-
cellent mechanical strength as well as osseointegration properties. Their only difference
lies at the last stage of the production process, when the SLA implants are dry-stored af-
ter sand-blasting and acid etching, ready to be used by the surgeon, whereas SLActive
implants, after acid etching are rinsed under protective N, gas conditions and stored in
isotonic NaCl (saline) solution [8]. Buser et al. (2004) [9] showed that SLActive surface
promotes earlier bone apposition and provides greater implant stability during the first
critical weeks of osseointegration.

Here we conduct a surface analysis of SLA and SLActive implants and we study
the interactions of these implants with synthetic biological fluids to monitor the changes
in the surface of Ti before and after exposure to them. We also discuss the effect of UV
treatment on the implant surface as a means of improving the osseointegration time by
further reducing carbon contamination of the surface. SLA and SLActive disks (5mm x
1mm) were obtained from Straumann Schweiz (Basel, Switzerland). SLActive had con-
tact angle <5° compared to SLA contact angle approximately 111°. Raman analysis
results showed that SLA displayed a generally amorphous_structure, whilst SLActive dis-
played both a similar structure to SLA (amorphous) and a more crystalline structure
(probably mixture of rutile/anatase). The crystalline peaks observed for SLActive are the
same as those of a nano-rutile material. XPS analysis showed reduced atmospheric con-
tamination (Hydrocarbons) of the SLActive surface, while Hanks solution seems to have
very little effect on the amount of oxide at the surface. XPS also showed that UV treat-
ment seems to increase the amount of oxygen and carbon at the surface of the SLActive
after incubation in Hanks solution for 72 hours.
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1. INTRODUCTION

1.1 Significance of Problem — Purpose of the study

Dental implants were initially used just as an alternative to removable prostheses
or as a means to provide additional stability to removable restorations. Nowadays, the
clinical indications of dental implants have increased substantially, whereas patients de-
mand a lot more than improvement of mastication. They have high aesthetic expectations,
they prefer as shorter treatment time as possible and they rightfully want reliable solu-
tions to their dental problems with as few complications and failure rates as low as
possible.

On the other hand, the popularity of implants and their increased demand, has
made dentists look for implant systems with more straightforward surgical procedures,
shorter osseointegration time, clinical flexibility and, lastly, a variety of prosthetic com-
ponents to meet varying needs. As a result, sufficient funds are invested in research by
companies and academic institutions in the search for the next, more improved, more re-
liable and successful successor that will replace the current state of the art devices, by
trying to improve on, if not eliminate, its limitations and widen its clinical usage indica-
tions.

All this has led to significant achievements the last few decades that are meant to
primarily benefit the patient. Most importantly, the initial two-stage implant protocol
proposed by Branemark has been altered [10], with quite a few cases being currently
treated with immediate loading protocols. There are several factors contributing to the
success of the osseointegration of implants [11-16]; the physico-chemical properties of
implant surface are nowadays admittedly regarded as the most significant of them all.
Over the years, different surface treatments have been suggested and clinically imple-
mented with varying results [17]. Several of these treatments aim at altering the surface
chemical composition (Hydroxyapatite or HA deposition, incorporation of Ca ions, phos-
phates etc.), morphology, micro- and nano-roughness and topography (acid etching, sand
blasting). The ultimate purpose of all these treatments was to improve clinical perfor-

mance of dental implants. Unfortunately, though, all this otherwise healthy competition
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has led to undoubtedly too many implants on the market worldwide, the majority of
which have not been extensively studied, despite their often widespread use.

Although new improved implant systems emerge every so often, and sometimes
even after some years of successful clinical use by dentists, it is surprisingly not always
clear what is the reason exactly for the improved performance of the novel system. Bear-
ing all these in mind, we decided to study two Straumann implant systems, the SLA and
the relatively more recent SLActive, which has been proven to offer shorter osseointegra-
tion time, maintaining always similarly impressive success rates in the long term to its

predecessor [9, 18].

1.2 Aims and Obijectives of the study

The aim of the study was to examine the surfaces of SLA and SLActive dental
implants in order to see if there are any differences between them. More specifically, we
wanted to find out if the clinical advantage of SLActive implants can be attributed to any
changes in the surfaces, in terms of roughness, hydrophilicity, crystallinity and chemical
composition. In addition to the aforementioned surface analysis, we wanted to study the
interactions of these implants with synthetic biological fluids, as well as to determine the

effect of UV treatment in the implant surface.

The specific objectives of the study were to:

» Obtain roughness profiles information with 3D Surface Optical Profilometry.

* Obtain wettability information with Contact Angle Measurements.

 Identify differences in the surfaces of SLA and SLActive as received samples, as
well as monitor the changes in the surface of Ti before and after exposure to bio-
logical fluids and UV treatment with X-ray photoelectron spectroscopy (XPS).

» Determine the phase of the surface oxide in real dental implant materials with

Raman spectroscopy.
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1.3 Experimental Hypotheses

Null Hypothesis (Ho) (1): There is no difference in the surface roughness between
SLA and SLActive implants.

Alternative Hypothesis (Ha) (1): There is difference in the surface roughness be-
tween SLA and SLActive implants.

Null Hypothesis (Ho) (2): There is no difference in the wettability between SLA
and SLActive implants.

Alternative Hypothesis (Ha) (2): There is difference in the wettability between
SLA and SLActive implants.

Null Hypothesis (Ho) (3): There is no difference in the surface chemical composi-
tion between SLA and SLActive implants.
Alternative Hypothesis (Ha) (3): There is difference in the surface chemical com-

position between SLA and SLActive implants.

Null Hypothesis (Ho) (4): There is no difference in the phase of the surface oxide
between SLA and SLActive implants.
Alternative Hypothesis (Ha) (4): There is difference in the phase of the surface

oxide between SLA and SLActive implants.

Null Hypothesis (Ho) (5): There is no difference in the interactions with synthetic
biological fluids between SLA and SLActive implants.
Alternative Hypothesis (Ha) (5): There is difference in the interactions with syn-

thetic biological fluids between SLA and SLActive implants.

Null Hypothesis (Ho) (6): There is no difference in the effect of UV treatment in
the implant surface between SLA and SLActive implants.
Alternative Hypothesis (Ha) (6): There is difference in the effect of UV treatment

in the implant surface between SLA and SLActive implants.
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2. REVIEW OF THE LITERATURE

2.1 Dental Implants

One of the major goals of modern dentistry is to restore patient dentition to nor-
mal function and health, as well as maintaining aesthetics. Preventive dentistry and social
awareness of the importance of oral health have contributed significantly in the im-
provement of the overall oral health of the population globally in the last decades, but
still, although tooth decay indices have dramatically dropped, a major part of a dentist’s
job still includes dealing with partial or full edentulism problems. The increase in peo-
ple’s life expectancy, the increasing prevalence of periodontal disease in the ageing
population, conventional fixed prostheses failure, poor performance of conventional re-
movable prostheses as well as psychological consequences of tooth loss have all played a
part in the need to find a more predictable, long-lasting and aesthetically pleasing alterna-
tive to replacing missing teeth.

Conventional fixed bridges are anything but conservative, increasing the need for
further treatment in the future, while they can only be used in cases with limited amount
of missing teeth. On the other hand, conventional removable prostheses are not easily
persevered by patients, who are usually complaining of not being able to function proper-
ly with them and, while in the past they were used a lot, nowadays they are used mainly
when there are anatomical or financial restrictions that prevent the clinician from provid-
ing the patient with a fixed prostheses. Dental implants, on the other hand, provide a very
good alternative for treating missing teeth, serving as both abutments for fixed crowns or
bridges as well as abutments to secure, if not “lock”, removable prostheses to their posi-
tion, making the latter ones smaller in size and a lot easier to function with. This explains
why implants have become nowadays a standard treatment option for the majority of
edentulous patients.

An endosteal implant is an alloplastic material surgically inserted into a residual
bony ridge, primarily as a prosthodontics foundation [19]. The prefix endo comes from
Greek and means “within”, and osteal means “bone”. The term endosseous implant is al-

so used in the literature, and the term osseous also indicates bone.
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The most common dental implants used in clinical practice nowadays are root
form implants which are later connected to a prosthodontics abutment, which will support
the prosthodontic restoration on top of it [20] (Fig. 2.1, Fig. 2.2).
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Figure 2.1 Parts of an implant [2]

Figure 2.2 Dental implant as seen in a patient’s mouth and an x-ray [21]

In addition to implants for prosthodontics purposes, implants have been intro-

duced in the orthodontic practice and have provided a valuable solution to anchorage

19



control problems [22]. Their clinical behaviour as rigid fixation points has significantly
contributed in the effective management of asymmetry, mutilated dentition, craniofacial
deformity and severe malocclusion [23-25]. Nowadays, mini-implants have become part

of the everyday practice of clinical orthodontics [26, 27] (Fig 2.3).

Figure 2.3 Mini implant as Temporary Anchorage Device (TAD) for orthodontic

reasons [28]

Dental implants vary in length, diameter, thread design and surface properties and
specific clinical parameters are usually used to justify the use of the different types. The
increasing demand for their use and the so far satisfactory research findings have led to a
market of hundreds of different types of implants available, unfortunately most of them
not well-documented.

The global dental implantology market is expected to grow by 6 % within the next
few years, reaching an estimate of $ 4.2 billion in 2015 [29]. With 18 % of market share
within the dental device market in 2009, implantology is the most dynamic market in the
dental industry. Europe is the world’s largest market for implants with a 42 % share in
2009, followed by North America with 31 %. There are a lot of companies in the field,
out of which the Swiss Nobel Biocare and Straumann together account for more than 50
% of the global market [29].
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2.2 Osseointegration

The term osseointegration was first introduced by Branemark, who in 1952 in-
serted titanium implant chambers in rabbits’ bone, while experimenting on microscopic
circulation of bone marrow healing, which he could not remove at the end of the experi-
ment. Osseointegration was then defined by him [30] as a direct contact of living bone
with an implant material without intermediate fibrous tissue layer, at a microscopic level.
Nowadays, the term is commonly used in implant dentistry and it addresses, not only the
microscopic bone-implant interface, but also the clinical condition of rigid fixation. Rigid
fixation refers to the clinically unobservable movement of the implant when a force of 1
to 500q is applied [20]. In other words, the implant appears to be stable and ankylosed in
the bone. Notably, if osseointegration is not achieved, the dental implant therapy is un-
successful. Osseointegration can be compared with direct fracture healing, in which the
fragment ends become united by bone, without intermediate fibrous tissue or fibrocarti-
lage formation. There is though a basic difference: osseointegration unites bone not to
bone, but to an implant surface: a foreign alloplastic material. For that reason, the materi-
al is very important for the achievement of the aforementioned union.

Human bone is a marvel of natural design, continuously rejuvenating through a
finely balanced equilibrium of bone resorption and new bone formation. During the stage
of surgical placement of a dental implant, the drill that is used to create space for the im-
plant to be inserted intrudes and destroys the naturally sculptured bone; bone vessels are
torn and a major defect is created quickly filling with blood. The implant is inserted
where the tooth was previously lost. At first, the only force holding the implant in place is
mechanical friction. This is called ‘primary implant stability’. Osseointegration or ‘secC-
ondary implant stability’ requires a highly complex sequence of additional biodynamic
processes. According to Nguyen et al. (2009) [31] the wound healing around the implant
is a coordinated and sequentially organized repair mechanism of the organism, which is
facilitated by finely tuned communication between the main actors of wound healing, the
cells. This unique interaction is accomplished with the help of signalling molecules like
cytokines, extracellular matrix proteins and small molecules. Terheyden et al. (2011) [5]
divided it into four stages — the Haemostasis, the Inflammatory phase, the Proliferative
stage and the Remodelling stage — in which different cell types participate in a relatively

chronological order, but with a certain overlap.
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a. The Haemostasis stage: It begins with the surgical trauma of drilling through
the bone and placement of the implant, and lasts from minutes to hours. Matrix proteins,
growth and differentiation factors become soluble and active, while the injured vessels
bleed, laying the foundations to create a first extracellular matrix to the defect. Implant
surface interacts immediately with water molecules and ions, changing the surface energy
pattern. Blood proteins begin to be rapidly adsorbed and through that process, cells are
able to attach to the titanium surface. Metal implant surface bound fibrin can bind throm-
bocytes, whereas at the vascular injury sites, thrombocytes aggregate and create a white
thrombus closing the vascular leak. A series of molecular interactions follows, which re-
sults in activation and degranulation of the platelets. The release of cytokines from
degranulating thrombocytes marks the initiation of the next stage, the Inflammatory
stage.

b. The Inflammatory stage: It starts about 10 minutes after and lasts for the first

day after surgery. The granulation of platelets causes release of growth factors (Trans-
forming Growth Factor beta or TGF-B, Platelet-Derived Growth Factor or PDGF, Basic
Fibroblast Growth Factor or bFGF) as well as bradykinin and histamine, which cause the
initial vasoconstriction (haemostasis stage) to turn to vasodilatation, clinically observable
as swelling and warming of the skin lying on top of the surgical wound. Innate host de-
fence systems are activated [32] (glycoproteins, polymorphonuclear leucocytes or PMN,
macrophages). Notably, the more bacteria in the wound area, the more intense and pro-
longed the immune response will be, which can cause degradation of the extracellular
matrix and can be toxic for the healthy tissues surrounding the wound. To avoid that, a
clean surgical environment and antibacterial measures, such as antibiotics or local disin-
fection, are absolutely crucial. After having removed tissue debris, macrophages secrete
angiogenic and fibrogenic growth factors. The high fibronectin concentration allows at-

tachment of fibroblasts. This initiates the next phase.

c. The Proliferative stage: It lasts from a few days to a few weeks and the transi-

tion to it is characterised by the formation of new extracellular matrix and by
angiogenesis. This newly formed tissue is called granulation tissue. Angiogenesis is nec-
essary for osteogenesis. First the blood vessel develops and then the bone follows

(angiogenetic osteogenesis). An osteoprogenitor cell attaches to the implant surface via
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integrins. Following firm attachment, the cell that becomes secretory active is called an
osteoblast. The latter starts to express osteocalcin and alkaline phosphatase. As early as
one week after implant placement, new bone formation starts (Fig. 2.4a) [5]. The new
bone is woven bone, which has its collagen fibres randomly oriented. New bone for-
mation is initiated with the secretion of a collagen matrix by osteoblasts. This matrix is
subsequently mineralised by hydroxyapatite. The mineralisation at this primary bone
formation stage is rapid but not well-structured and not in close association with collagen
(Fig. 2.4b) [5].

Figure 2.4 a) One-week human histology (toluidine blue) early proliferative phase, sand-
blasted large grit and acid etched (SLA) surface, initial bone formation bone growing on
the SLA surface towards the grooves bone debris without signs of osteoclastic degrada-
tion [5]. b)Two weeks human histology (toluidine blue), proliferative phase, sandblasted
large grit and acid etched (SLA) surface, new bone starts to bridge between parent bone
and implant, bone debris particles incorporated into immature new bone trabeculae, no
osteoclastic degradation of bone debris [5].

d. The Remodelling stage: The fourth and last stage, which starts weeks after sur-

gery and lasts for a long time, starts with the removal of the woven bone by osteoclasts
(Fig. 2.5a) [5]. Orderly and co-ordinated bone remodelling restores the stability of the

site. Load adaptation is of pivotal importance in this context. Initially woven bone will
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have grown in the valleys of the implant surface and parallel to it. After remodelling,
most of the bone will be structured perpendicularly to the peaks of the implant threads
and at a right angle to the implant surface. The architecture and organisation of this bone
becomes trabecular. The structure is thought to be directly responsive to forces imposed
through the implant to the interfacial tissues. This is made possible by the synergy of os-
teoblasts and osteoclasts (Fig. 2.5b) [5]. The osteoclasts, activated by the osteoblast
messenger RANKL, resorb the woven bone, whereas the osteoclasts then lay down a
highly organised lamellar bone. The work of both cells is mainly co-ordinated by the os-
teocyte and its own messenger, such as the Wnt antagonist sclerostin. As a result, the new
bone is rigid enough to withstand pressure and traction forces, while maintaining its elas-
ticity.

Figure 2.5 a) Four weeks human histology (toluidine blue), transition to remodelling
phase, sandblasted large grit and acid etched (SLA) surface, parent bone has been de-
graded [5]. b) Six weeks human histology (toluidine blue), remodelling phase,
sandblasted large grit and acid etched (SLA) surface, remodelling with formation of new
primary and secondary osteons [5].
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2.3 Factors affecting Osseointegration

The establishment of osseointegration is dependent on several parameters:

e Implant material and surface characteristics: Osseointegration requires a bi-
oinert or bioactive material, as well as surface characteristics that induce bone deposition
(osteophilic). Bioinert materials don’t cause any adverse tissue reactions. Titanium,
commercially pure or in certain alloys, is regarded as being bioinert and, thus, is being
widely used in both dental as well as orthopaedic surgery [33]. On the other hand, bioac-
tive materials cause favourable tissue reactions either by establishing chemical bonds
with tissue components (hydroxyapatite) or by promoting cellular activities involved in
bone matrix formation. Such materials usually have poor mechanical properties, which is
why in the case of dental implants they are used as coatings (hydroxyapatite). Apart from
titanium, which has satisfactory biological and mechanical properties, several implant
materials have been used, mostly without success. Nowadays, the only alternative to the
widely used titanium implants are Zirconia implants, which may have certain advantages
compared to titanium ones, but they are missing on long-term human trials to establish
their clinical success [34].

The implant surface is one of the six factors described by Albrektsson et al.
(1981) [11] to be important for osseointegration. Implant surfaces were initially ma-
chined, but the use of implants in compromised sites and the need to load them relatively
soon has resulted in implant surface topographical and chemical modifications in order to
achieve better bone anchorage and to establish osseointegration sooner. Rough surfaces
have been proven to provide better incorporation of the material into the bone tissue
compared to smooth ones (Albrektsson & Wennerberg, 2004) [35], while other studies
have claimed that implants with a roughened surface may promote the rate and degree of
osseointegration (Buser et al. 1991 [14]; Cochran et al. 1996 [15], 1998 [16]). Thus, most
commercially available implants have minimally or moderately rough surfaces, with an
average height deviation of 0.5-2 um. Acid etching, sand-blasting and etching as well as
chemical modifications (Hydroxyapatite coating, plasma spraying, anodic oxidation) are
the most common implant surface treatments nowadays and research data investigating

their effect on osseointegration suggest they are favourable. The major benefits from
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them appear to be earlier bone formation, enhanced biomechanical interlocking and high-
er bone-implant contact consequently increasing the load-transmitting surface [36].

e Primary Stability: Is believed to play a significant role in successful osseointe-
gration. Branemark et al. (1977) [37] and Albrektsson et al. (1981) [11] considered it to
be a prerequisite, while others like Meredith (1998) [38] and Friberg et al. (1999a) [39]
suggested that primary stability may a useful predictor for osseointegration. The primary
stability of implants is subject to their appropriate design and precise press fitting at sur-
gery. It is essential to have increased initial stability, since it reduces the risk of increased
micromotion and fibrous tissue formation at the bone implant interface during both heal-
ing as well as loading. In this way, high bone-implant contact is achieved and, thus,
successful osseointegration.

During the surgical insertion of the implant, the latter is passively stabilised in the
jawbone through friction with primary bone contacts. The denser the bone is, the more
available primary contacts there are, thus, higher primary stability is achieved. Mi-
cromovement caused by load forces greater than friction hold can be catastrophic, since
the bone surface is smoothened and the bone-implant interlock is decreased. The first
days after the surgery are crucial, whereas the first few weeks are detrimental for a suc-
cessful osseointegration; the primary stability decreases to critical levels, before new

bone starts to form and secondary stability can be established.

e Loading conditions: Following the Branemark protocol, all implants require a
prolonged period of time before they can be loaded, in order for the osseointegration to
develop first. Early loading was then considered a serious cause for implant failure, since
the micromovement caused would cause fibrous tissue to form around the implant. Now-
adays, this is not exactly the case and under certain circumstances, immediate or early
loading is indeed an existing alternative to the standard one or two stage delayed loading
protocols. An increased primary stability, though, is a necessity for immediate loading
(Glauser & Meredith, 2001) [40]. Surgical and prosthodontic considerations are taken
into account and different loading protocols have been suggested, depending on the area
or extent of the edentulism, the state of the surgical site and, of course, patients’ expecta-

tions.
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e Surgical procedure: A delicate surgical procedure is necessary to ensure 0sse-
ointegration (Branemark et al. 1977 [37], Albrektsson et al. 1981 [11]). The surgery must
be performed following the “minimal tissue violence” principles, whereas constant cool-
ing during drilling and a clean surgical environment contribute to an uneventful and

quicker healing of the surgical trauma.

e Bone density: Research and clinical data have shown osseointegration success is
affected by bone quality. In 1985, Lekholm and Zarb [41] came up up with a list of dif-
ferent bone qualities that were found in the anterior area of the jaws (Fig. 2.6). Type |
consisted of homogeneous compact bone. Type 1l had a thick layer of compact bone sur-
rounding a core of dense trabecular bone. Type Il was composed of a thin layer of
cortical bone surrounding dense trabecular bone of favourable strength, and last, Type IV
was characterised by a core of low-density trabecular bone surrounded by a thin layer of
cortical bone. A higher failure rate was observed for Type 1V bone quality, and an in-
creased overall success rate for Types Il and I11.

Figure 2.6 Four bone qualities for the anterior region of the jaws [41]

Bone density, in general, varies in different regions of the jawbones making the
lower anterior region of the mandible the area with the most favourable bone quality, fol-
lowed by the lower posterior and upper anterior areas, and leaving the upper posterior
area of the maxilla last regarding favourable bone quality for implant placement. Turky-
ilmaz and McGlumphy (2008) [42] showed also that local bone density has a prevailing
influence on primary implant stability, which is an important determinant for implant

success. Implants inserted in location with higher bone density have more stability.
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2.3.1 Trends in dental implants’ surface characteristics

The continuously increasing implant demand and their growing application in
cases where early loading is required or in compromised sites has contributed to continu-
ous attempts being made in order to increase bone anchorage and earlier osseointegration
establishment. These attempts are focusing on improving the bone-implant interface ei-
ther physically by altering the surface topography and/or chemically or biochemically by
incorporating inorganic or organic phases on or into the TiO; layer [43].

By changing the surface topography, at a micrometre level a rougher surface is
created, which increases the initial bone anchorage and strengthens the biomechanical
interlocking between the implant and the bone, at least up to a certain level of roughness
[44]. In addition, on a nanometre scale, a roughness rise leads to increase of surface ener-
gy and hence to enhancement of matrix protein adsorption, bone cell migration and
proliferation and finally osseointegration.

On the other hand, chemical modification of implant surfaces, such as incorpora-
tion of calcium phosphate on the TiO, layer, might encourage bone regeneration and
increase biomechanical interlocking between surface materials and bone matrix proteins
[44]. Moreover, biochemical modification, such as incorporation of proteins, peptides or
enzymes, can promote specific cell and tissue responses. Although most techniques pro-
mote either physical or chemical modification, there are processes that can combine both.
For example, electrochemical anodization of the titanium surface, which causes not only
thickening of the TiO, layer, but also ion impregnation on the same layer, as well as po-
rous structures [45].

The main techniques used for surface modification [46] can be divided in three
groups:

a. Addition of material: Titanium plasma projection (TPS, TiO,); coating with Hy-
droxyapatite or calcium phosphate.

b. Removal of material: grit-blasting and/or acid etching (usually performed using
hydrofluoric, nitric or sulphuric acid and combinations). Acid-etching often follows grit-
blasting in order to homogenise the implant’s microprofile, as well as to remove as much
residual blasting particles as possible. Laser treatment -as applied in implants- is also a
material removing (subtraction) method.

c. Surface modification without either removing or adding material. This includes

electron beam thermal treatment and ion implantation.
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The importance of the surface properties of dental implants in achieving osseoin-
tegration is evident from the growing number of studies published annually. The wider
the clinical use of dental implants gets, the more intense the interest in their surface char-
acteristics becomes. The surface analysis of implants is made possible through several
analysis techniques, among which are X-ray Photoelectron Spectroscopy (XPS), Raman
Spectroscopy and Atomic Force Microscopy (AFM), Optical 3D Profilometry and Con-
tact Angle Goniometry.

2.3.2 Titanium Dioxide layer (TiOy)

Titanium (Ti) and its alloys have excellent mechanical, anticorrosive, and bio-
compatibility characteristics, and they are thus used predominantly as dental implants. A
thin, dense, protective oxide layer (mainly TiO;) forms spontaneously on the Ti surface
when exposed to the atmosphere. This passivation oxide layer is very adherent and elec-
trochemically inert, thus giving titanium and its alloys excellent anti-corrosive and
biocompatibility properties [47]. When a Ti implant is introduced into the human body,
the surrounding tissue is in direct contact with the Ti-oxide layer on the Ti surface. For
this reason, the biocompatibility of the Ti implant depends on the properties of this sur-
face oxide layer such as its microstructure, chemical composition, and morphology [48].

Titanium dioxide has three polymorphs, rutile, anatase and brookite, with
rutile being the most common [49]. At low temperatures and pressures, anatase is the
most stable form of TiO,, whereas at high temperatures and pressures, anatase will
undergo a phase change to rutile. They both have similar density and hardness and
both have tetragonal symmetry [50]. However, anatase and rutile have different crystal
structures as demonstrated in Figure 2.7, in which the red atoms are oxygen and the grey
atoms are titanium. In the bulk unit cell of rutile the lattice constants are a=b=4.587 A,
¢=2.953 A. In the anatase unit cell they are a=b=3.782 A, ¢=9.502 A [51]. In both struc-
tures, a titanium atom is bonded to six oxygen atoms in a distorted octahedral
fashion. In rutile, neighbouring octahedra share one corner and are stacked in an alternat-
ing pattern such that adjacent octahedra have their long axes at 90° to each other. In
anatase, the octahedra share corners to form (001) planes and are connected with their

edges [51]. Figure 2.8 displays the stacking of the octahedra in the rutile and anatase
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structures. Threefold coordinated oxygen atoms are found in both rutile and anatase struc-
tures. Brookite, on the other hand, is rare compared to the other two TiO, polymorphs
and it exhibits photocatalytic activity [52]. It is built up of distorted octahedra with a tita-
nium ion in the centre and oxygen ions at each of the six vertices. Each octahedron shares
three edges with adjoining octahedra, forming an orthorhombic structure [53]. In the
brookite unit cell the lattice constants are a=5.456 A, b=9.182 A and ¢=5.143 A [54].
Brookite will revert to rutile structure at temperatures above 750 °C [55]. Finally, the
atomic arrangement in amorphous TiO, may be described as an assembly of short stag-
gered chains of octahedral TiOg units. Similar spatial arrangement of octahedral units is
found in brookite with the differences that the interatomic correlations in amorphous
TiO; extend to much larger distance than that for brookite and there is a significant num-
ber of structural defects in the amorphous TiO, [56]. Notably, the most appropriate
structure of TiO, for biomineralization is anatase [57].
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Figure 2.7 Structures of A: anatase and B: rutile, polymorphs of TiO, [58]
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Figure 2.8 Stacking of TiO, octahedra in anatase and rutile structures [51].
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2.4 SLA and SLActive dental implants

The implants that were chosen in this study were SLA and SLActive dental im-
plants (Straumann, Switzerland). Both implant types are made of cold worked titanium
grade 4 and combined with SLA and SLActive surfaces they demonstrate good biocom-
patibility, excellent mechanical strength as well as osseointegration properties.

The SLA surface was first introduced in 1998 and it is one of the most document-
ed rough surfaces in dental implantology. It is produced using a large-grit (250-500 pm)
sandblasting technique with corundum particles that generates a macro-roughness on the
titanium surface. This is then followed by a strong acid-etching bath with a mixture of
HCI/H,SO, at elevated temperature for several minutes. This creates 2-4um micropits
superimposed on the rough-sanded surface so that the etching process itself superposes a
micro-roughness. The resulting topography offers an ideal structure for cell attachment.
Noteworthy, the abbreviation SLA was introduced by Buser et al. in a histomorphometric
study in 1991 [7] and stands for Sand-blasted, Large grit, Acid etched.

SLA and SLActive dental implants are manufactured in the same way; their only
difference lies at the last stage of the production process. The SLA implants are dry-
stored after sand-blasting and acid etching, ready to be used by the surgeon, whereas
SLActive implants, after acid etching are rinsed under protective N, gas conditions and
stored in isotonic NaCl (saline) solution (Fig. 2.9). The process results in a more active
hydrophilic surface (SLActive surface), with higher surface energy and less hydrocarbon
contamination from the atmosphere [59]. This surface remains active until the implant is
actually surgically inserted into the bone by the surgeon, where the primary interaction
with the aqueous biosystem is therefore accelerated.

Buser et al. (2004) [9] showed that the SLActive surface promotes earlier bone
apposition and provides greater implant stability during the first critical weeks of osseoin-
tegration. After eight weeks, both implant types showed similar results. Bone formation
between the two implants was also compared in a study in foxhounds by Bornstein et al.
(2008) [18]. According to it, SLActive demonstrated statistically significantly higher
newly formed bone-to-implant contact length than SLA, whilst a significant increase in

bone formation was obvious in both SLA and SLActive implants.
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Figure 2.9 Production process of SLA and SLA surfaces. The yellow and green cir-
cles represent different species in the sterile solution in which the SLActive surface is
stored [8].
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2.5 X-Ray Photoelectron Spectroscopy (XPS)

2.5.1 History

X-Ray photoelectron spectroscopy (XPS) [60-63] is one of the most common
methods for chemical analysis of surfaces. It has its origins in the investigations of the
photoelectric effect (discovered in 1887 by Heinrich Rudolf Hertz and explained by Al-
bert Einstein in 1905) and it was in 1954 when K. Siegbahn and his group in Uppsala,
Sweden managed to obtain the first X-ray photo-electron spectrum from cleaved sodium
chloride. A few years later in 1967, Siegbahn published a comprehensive study on XPS
bringing instant recognition of the utility of XPS. Siegbahn named his new method ESCA
(Electron Spectroscopy for Chemical Analysis) and used it mostly for the chemical anal-
ysis of gas molecules. With the development of ultra-high vacuum (UHV) technology in
the late sixties XPS or ESCA became suitable for the analysis of solid surfaces and com-

mercial instruments became available.

2.5.2 Introduction to XPS

X-Ray Photoelectron Spectroscopy (XPS) is a quantitative spectroscopic tech-
nique that determines the elemental composition, empirical formula, chemical state and
electronic state of the elements that exist within a material.

XPS is a surface chemical analysis technique that can be used to analyse
the surface chemistry of a material in its "as received" state, or after some treatment, for
example: fracturing, cutting or scraping in air or UHV to expose the bulk chemistry,
sputtering to clean off some of the surface contamination, exposure to heat to study the
changes due to heating, exposure to reactive gases or solutions, exposure to ion beam im-
plant, exposure to ultraviolet light.

The XPS facility is composed of the following components: Introduction chamber

to transfer a sample from the air, preparation chamber to clean or to treatment a sample

and analysis chamber. In the analysis chamber we find the X-ray source with an Al-Ka. /

Mg-Ka twin anode, an electron collection lens and the hemispherical energy analyser,
which measures the kinetic energy of the electrons. The electrons are then counted at the

electron detector.
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Figure 2.10 Schematic diagram of XPS (adapted from Ref. [61])

2.5.3 Core Level Emission

XPS spectra are obtained by irradiating a material with a beam of soft X-rays
while simultaneously measuring the Kinetic Energy and number of photoelectrons that
are emitted (Fig 2.11). Usually electrons from the inner shell of an atom (core electrons)
are evaluated in an XPS experiment, because the spectra of valence electrons are too

complicated to retrieve chemical information.
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Figure 2.11 Schematic diagram of Core Level Emission [64]
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The x-rays cause photo-electron emission according to the Einstein equation:
Ek=ho-Eg—¢
where Ex is the measured kinetic energy of the emitted photo-electron, ho the energy of
the exciting radiation, Eg the binding energy (BE) of the electron in the solid and ¢ the
work function of the surface i.e. the energy required to get the electron free of the surface.

2.5.4 Elemental Information

The kinetic energy of a particular photoelectron depends on the energy of the pho-
ton that excited the atom and therefore will vary if different X-ray sources are used. In
order to have a fixed value that is comparable with different sources, the BE of a photoe-
lectron is used as an indication of which element the electron came from and, in this way,
the elemental composition of the surface can be ascertained. XPS detects all elements
with an atomic number Z>3, so it cannot detect Hydrogen (Z=1) and Helium (Z=2). Ta-
bles of BE of each electron in each element are available. The elements in a sample can

be identified directly from a survey scan from the characteristics photoemission lines.

2.5.5 Quantification

The probability of a particular photoelectron being excited and emitted from an
atom following an interaction with a photon is known as photoionization cross-section of
the electron. But each element and orbital has a different cross-section for absorption of
X-rays. In addition, the electron energy analyser has a different transmission function for
electrons of different Kinetic energies i.e. not all electrons of all kinetic energies pass
through the analyser with the same probability. Thus the ionisation cross section and
transmission function are different for different elements and different orbitals. Each type
of analyser also has a different transmission function. Therefore sensitivity factors (the
measure of the likelihood that an electron from a particular element will reach the detec-
tor) are experimentally derived using standard materials of known composition.

In order to calculate the relative amounts of each element in a compound or mix-
ture we measure the areas under the elemental peaks of the spectrum. We divide the areas
by the number of scans and, finally, we divide this area by the sensitivity factor. As a re-

sult, an indication of the surface composition is obtained.
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2.5.6 Spin-Orbit Coupling

Energy splitting of a photoelectron peak is commonly found in an XPS spectrum,
because of the interaction between the spins of the electron, s, (positive or negative) and
its orbital angular momentum, I. This interaction leads to a splitting of the degenerate
state into 2 components with different binding energies. The energy splitting depends on
the total electronic angular momentum, J.

Different electronic orbitals have different extent of energy splitting. But, the spin
orbital splitting for a core level electron of a particular element in different compounds
are nearly the same. Also, the intensity ratios of the doublet peaks for a core level elec-
tron in different compounds are the same. So, the spin energy splitting and intensity ratio
(Fig. 2.12) help us identify different elements.

Every electron has an orbital angular momentum |, which is characteristic of the
electron velocity and orbital radius. It can be quantized since the electron can travel only
in certain discrete orbitals and can take values 0,1,2,3.. corresponding to s,p,d,f.. orbitals.
Each orbiting electron has also spin (positive or negative), which induces an inherent
magnetic field. The magnetic field has a spin momentum, characterized by a spin quan-
tum number s, which can take values * 1/2.

The combination of the orbital angular momentum and the spin momentum create
the total electronic angular momentum, which is a vector sum of the two momenta. This

vector summation can take place in 2 different ways: j - j coupling and L - S coupling.

j-i COUPLING

In this summation, the total angular momentum of a single isolated electron is ob-
tained by summing vectorially the individual electronic spin and orbital angular momenta.
It is characterized by the quantum number j, where j = | + s with values 1/2, 3/2, 5/2 etc.
Summation is performed for all electrons, resulting in the total atomic angular momen-
tum, with a quantum number J, where J = j.

Under the j-j coupling scheme the nomenclature is based on the principal quantum

number n, and on the electronic quantum number I and j (Table 2.1).
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Figure 2.12 Summary of intensity ratios for different electronic orbitals

L-S COUPLING

L - S coupling is another way to carry out the summation of the total angular mo-
mentum. In this summation, one first sums all individual electronic angular momenta, and
then all the individual electronic spin momenta. These two total momenta are then char-
acterized by two quantum numbers: the total atomic orbital angular momentum quantum
number L, which is equal to XI, and the total spin quantum number S, which is equal to
¥s. Coupling of the two total momenta will give the total atomic angular momenta, char-
acterised by the quantum number J, where J =/ L+S / and can take any integral values
between /L-S/ and /L+S/
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2.5.7 Shake-up Satellites

After photoemission the atom is left positively ionised. This causes a substantial
reorganisation of the valence electrons, which relax inwards until a new stable state is
reached. This process is called relaxation, and the speed of it will depend on the element
in question and its immediate environment. It may also involve excitation of one of them
to a higher unfilled level (‘shake-up’). The energy required for this transition is not avail-
able to the primary photo-electron and thus this two-electron process can lead to a
discrete structure on the low kinetic energy (KE) side of the photo-electron peak, which is
called a shake-up satellite and has diagnostic value in the interpretation of data.

2.5.8 Chemical Shift

Atomic orbitals from atoms of the same element in different chemical environ-
ments possess different binding energies. This is called the Chemical Shift effect and it
ranges from 0.1 to 10 eV. Chemical shifts arise as a result of variations in electrostatic
screening experienced by core electrons as the valence electrons are drawn towards or
away from the specific atom. Differences in oxidation state, molecular environment, co-
ordination number will all cause chemical shifts, with the oxidation state playing usually
a major role in the effect. An increase in the oxidation state of an atom means that va-
lence electrons are removed, the attraction of the remaining electrons from the nuclei is

increased and as a result so is the binding energy.

2.5.9 Surface Sensitivity

Photoelectron spectroscopy is a surface sensitive technique. Its surface sensitivity
can be explained in terms of the inelastic mean free path of electrons, A. The inelastic
mean free path, 4, is defined as the distance travelled by an electron between successive
inelastic collisions. When the energy of the electron is larger than 100 eV, the higher the

Kinetic energy of the electron the longer the inelastic mean free path (Fig. 2.13).
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Figure 2.13 The Universal Pathlength Curve - Inelastic mean free path of electron at dif-
ferent energies [63].

When X-ray photons enter below a sample surface, photoelectrons are produced.
Some travel out from the surface without losing any energy. Some of them lose energy

owing to inelastic collisions (Fig. 2.14).
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Figure 2.14 Schematic diagram showing the elastic or inelastic collisions of excited
photoelectrons depending on the sample depth of origin.
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It has been shown that the intensity of ejecting electrons through a medium with
no energy loss will follow an exponential decay function. When using XPS, 95% of the
photoelectron signals come from the surface region of 3 A thick. The remaining 5% of
signals come from the deeper region. Typically we get signal from 10 A into a surface
although this depends on the energy of the photoelectron. This explains the surface sensi-
tivity of XPS.

Taking that into consideration, if we orient the sample in a way so that electrons
are coming out at an angle to the sample surface causes the XPS instrument to become
more surface sensitive. A remains the same, but the electrons emitting from the sample
now are coming from closer to the sample surface. The ‘probe’ depth at a particular angle
is given by dsin® as shown in Fig. 2.15.

Notably, there are problems associated with ultra-high vacuum techniques in
providing reliable data for hydrated surfaces or surfaces existing at atmospheric condi-
tions. For example, information on hydrated surfaces is lost since all water is evaporated
before measurements can be made. This can lead to salts being deposited out of solutions,
thus giving a false impression of concentration of ions in solutions at the surface. It also
means that proteins lose their conformation. That is why surface measurements may be
substantially different in ultra-high vacuum compared to the state of the surface in air or
in the body when water is present. High pressure XPS is now becoming a reliable tech-

nique and is helping to bridge the pressure gap.
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d = Escape depth ~ 3 A
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2.6 Raman Spectroscopy

2.6.1 History

The Raman Effect was named after one of its discoverers, the Indian scientist Sir
C.V. Raman who won the Nobel Prize in Physics in 1930 for this. He used sunlight, a
narrow band photographic filter to create monochromatic light, and a “crossed filter” to
block this monochromatic light and found that a small amount of light had changed fre-
quency and passed through the "crossed" filter. The theory of the Raman Effect was
further developed by physicist G. Placzek between 1930 and 1934. The principal light

source was at that time the mercury arc, but this has been replaced nowadays by lasers

[3].

2.6.2 Introduction to Raman Spectroscopy

Raman spectroscopy [3] is very useful as a technique for the analysis of a wide
range of substances —solids, liquids and gases. It is very straightforward, non-destructive
and does not require any form of sample preparation. It involves illuminating a sample
with monochromatic light and using a spectrometer to examine light scattered by the
sample.

By means of Raman spectroscopy one can get a full picture of the sample’s prop-
erties, which include: Chemical composition and component identification, molecular
structure characterisation, distribution of components at micron and sub-micron scales as
well as stress measurements.

One of the major advantages of Raman spectroscopy is that the samples used can
be very small, such as very small single crystals, single grains of powder, individual pol-
ymer filaments or liquid samples of just 1 nL. In addition, the samples can be oriented,
since Raman scattering from water is weak, enabling studies of agueous samples. Moreo-
ver, high pressure or temperature cells can be used in situ in reactors.

However, interference from fluorescence, often from trace impurities, can obscure
the Raman spectrum of the major component. Ultraviolet (UV) or near-IR (Infra-Red)
excitation can reduce this problem. Laser excitation can lead to photochemistry in the fo-
cused laser beam and multiphoton processes may alter the spectrum.

A Raman Spectrometer is composed of four major parts (Fig 2.16) [3]:
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An excitation source (Laser), a sample illumination system and light collection optics, a
wavelength selector (Filter or Spectrophotometer) and lastly, a detector (Photodiode ar-
ray-PDA, charge coupled device-CCD or photomultiplier tube-PMT). Fig. 2.16 applies

only for dispersive Raman instruments and not for FT-Raman.

Sample cell

e Laser beam _

-

Z

4

Collecting lens

Monochromator {

Figure 2.16 Schematic diagram of a Raman Spectrometer [3] .

Typically, a sample is illuminated with a laser beam. Light from the illuminated
spot is collected with a lens and sent through a monochromator. Wavelengths close to the
laser line due to elastic Rayleigh scattering are filtered out while the rest of the collected
light is dispersed onto a detector.

Raman spectroscopy is a useful technique for material identification, since differ-
ent materials have different vibrational modes, and therefore characteristic Raman
spectra. There is one important distinction to make between the Raman spectra of gases
and liquids, and those taken from solids - in particular, crystals. For gases and liquids it
is meaningful to speak of the vibrational energy levels of the individual molecules that

make up the material. Crystals, on the other hand, do not behave as if comprising mole-
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cules with specific vibrational energy levels; instead the crystal lattice undergoes vibra-
tion. These macroscopic vibrational modes are called phonons.

2.6.3 Raman Scattering and Raman Shift

When a beam of light passes through a transparent material, a relatively small
amount of light (radiation energy) is scattered. The majority of the scattered light will be
of the same frequency to that of the incident beam, if monochromatic radiation or radia-

tion of a very narrow frequency band is used (Rayleigh scattering). At the same time, a

small amount of the scattered light will be of higher or lower frequencies compared to the
incident beam (Raman scattering).

A better understanding of the Raman Scattering can be achieved using the quan-
tum theory of radiation, according to which light is a stream of particles, called photons,
which have energy ho, where h is Planck’s constant and o their frequency. Photons un-
dergo collisions with the molecules of the material they go through and these collisions
can be either elastic, in which case the photons are deflected unchanged, or inelastic,
where energy has been exchanged during the collision. The amount of energy a molecule
can gain or lose as a result of the inelastic interaction with the photon abides certain laws
of quantum mechanics and is equivalent to the difference in the vibrational and / or rota-
tional energy between the initial and final molecular state. If the final vibrational state of
the molecule is more energetic than the initial state, then the emitted photon will be shift-
ed to a lower frequency in order for the total energy of the system to remain balanced.
This shift in frequency is referred to as a Stokes Shift, while the radiation scattered with a

lower frequency is named Stokes radiation. If the final vibrational state is less energetic

than the initial state, then the emitted photon will be shifted to a higher frequency, and

this is described as an Anti-Stokes Shift, whereas the radiation scattered with a higher

frequency is known as Anti-Stokes radiation.

Raman scattering is an example of inelastic scattering because of the energy trans-
fer between the photons and the molecules during their interaction. The Raman Effect
comprises a very small fraction, about 1 in 10" of the incident photons. A simplified en-

ergy diagram that illustrates these concepts is given below (Fig. 2.17).
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Figure 2.17 Energy level diagram showing the states involved in Raman signal. The line
thickness is roughly proportional to the signal strength from the different transitions [1, 4].

On the grounds that Stokes radiation relates to an increase in the molecular ener-
gy, while Anti-Stokes radiation involves the molecule losing energy (which can only
happen if the molecule is initially in an excited rotational and/or vibrational state), the
former is generally more intense than the latter. The same is for the Stokes / anti-Stokes
lines at a typical Raman spectrum, as seen on the diagram below. In Raman spectroscopy,
usually the more intense Stokes line is measured. The intensity of the Raman signal is
generally very weak, which necessitates the use of highly sensitive equipment. Addition-
ally, in order to increase the signal intensities, lasers are used as the exciting radiation

source, since they provide intense monochromatic radiation (Fig. 2.18).
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Figure 2.18 Schematic diagram of a rotational Raman spectrum [1]
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2.6.4 Raman Activity Rule - Molecular Polarizability

When a molecule in positioned into a static electric field it gets distorted, since the
positive pole of the field attracts its electrons and the negative pole its positively charged
nuclei. As a result, an induced electric dipole moment is being set up in the molecule and
the molecule is polarised. The size of the dipole p depends on how easily the molecule
can be distorted (polarizability, o) as well as on the magnitude of the applied field, E.:

p=oE

The polarizability of a molecule is not the same in all directions. It is possible to
represent it though by drawing a polarizability ellipsoid. This is defined by a three-
dimensional surface whose distance from the electrical centre of the molecule is propor-
tional to 1 /a;, where a; stands for the polarizability along the line joining point i on the
ellipsoid with the electrical centre. Consequently, where the molecular polarizability is
least, the axis of the ellipsoid is greatest, and vice versa as displayed on the following di-

agram of a water molecule (Fig. 2.19).

(b)

Figure 2.19 The water molecule (a) and its polarizability ellipsoid (b), seen along the
three main axes [3].
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As a general rule:
In order for a molecular rotation or vibration to be Raman active it must cause

some change in a component of the molecular polarizability. A change in polarizability is

shown by a change in either the direction or the magnitude of the polarizability ellipsoid.

In addition, symmetrical vibrations give rise to intense Raman lines, while asym-
metric ones are usually weak and occasionally unobservable.

Raman spectroscopy provides critical information about lattice vibrations that
make Raman apart from complementary to IR a versatile tool complementary to XRD.
Vibrational information is specific to the chemical bonds and symmetry of molecules. For
that reason, it provides a fingerprint by which the molecule can be identified. In solid-
state physics, spontaneous Raman spectroscopy is used to, among other things, find the
crystallographic orientation of a sample. Just as with single molecules, a solid material
has also characteristic phonon modes that can help an experimenter identify it [66, 67].

Finally, there are limitations of Raman spectroscopy on biological issues. Alt-
hough higher power and/or longer signal integration may improve Raman signal, such
settings are detrimental to biological samples due to sample thermal degradation [68].
Therefore, the laser wavelength, power level and integration time for biological samples

must be carefully selected.
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2.7 Optical 3D Profilometry

Optical profilometry [69] is a fast, non-destructive and non-contact surface me-
trology technique, which enables fast data acquisition over relatively large areas. It uses
the wave properties of light to compare the optical path difference between a test surface
and a reference surface.

An optical profiler (Fig. 2.20) is a type of microscope in which light from a lamp
is split into two paths by a beam splitter. In one path the light is directed onto the test ma-
terial surface, while in the other path the light is directed onto a reference mirror.
Reflections from the two surfaces are then recombined and projected onto an array detec-
tor. Given that the distance from the beam splitter to the reference mirror is the same
distance as the beam splitter is from the test surface, constructive and destructive interfer-
ence occurs in the combined beam wherever the length of the light beams vary. This
creates the light and dark bands known as interference fringes, which appear when the
path difference between the recombined beams is on the order of a few wavelengths of
light or less. Taking into consideration that the reference mirror is as flat as possible- any
optical path differences result from height variances on the test surface. The interference
beam is focused into a digital camera, in which constructive interference areas appear
lighter, whereas destructive interference areas appear darker. This interference contains

important information about the surface contours of the test surface.
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Figure 2.20 Schematic diagram of an Optical Profilometer [70].

The surface measurement achieved through the optical profilometry determines
surface topography, thus confirming a surface’s suitability for its function. The concept
of surface measurement entails surface shape, surface finish, surface profile roughness
(Ra) or in a surface area roughness (Sa), surface texture, asperity and structural character-
ization. Surface roughness is a quantitative calculation of the relative roughness of a
linear profile or area, expressed as a single numeric parameter.

In three dimensional optical profilometry, roughness refers to surface area rough-
ness (Sa), which is additionally able to report average profile roughness (Ra) through a
surface by calculating the average of several profiles. Some of the most common applica-
tions include surface topography and coating thickness measurements, as well as 3D
imaging. Amplitude, spatial, hybrid and functional parameters are required to fully char-
acterise surface roughness [71].

While Ra remains useful as a general guideline of surface texture, it typically
proves too general to describe the surface’s functional nature. A surface with sharp
spikes, deep pits, or general isotropy may all yield the same average roughness value. Ra

makes no distinction between peaks and valleys, nor does it provide information about
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spatial structure. That is why 3D parameters can be employed to provide greater insight
into surface finish and performance [72].

In order to quantify surface measurement, R parameters were initially developed
for two-dimensional, stylus type profilers. Most of these were later adapted for three-
dimensional use too, for applications such as optical profilers which provide true 3D
measurements. The optical profilometer that was used for our measurements provides S
parameters, which give surface, spatial as well as hybrid information for 3D surfaces, by
providing 3D equivalents to the standard 2D R-Parameters (S, for Ra, Sy for Rq etc.) in
addition to extra information relevant to 3D surfaces only. The most commonly used S
parameters are displayed in Table 2.2 [73].

Term Definition Use

Sa The Roughness average is the | S, is normally used to describe the
arithmetic mean of the absolute | roughness of machined surfaces. It is
values of the surface departures | useful for detecting variations in overall
from the mean plane. surface height and for monitoring an

existing manufacturing process. A change
in Sa usually signifies a change in the
process.

Sq The root mean square (RMS) For finish of optical surfaces. Represents
roughness, obtained by the standard deviation of the profile and is
squaring each height value in used in computations of skew and
the dataset, then taking the kurtosis. Sq cannot detect spacing
square root of the mean. differences or the presence of infrequent

high peaks or deep valleys.

S; The Ten Point Average of the | For evaluating surface texture on limited
absolute heights of the five access surfaces, particularly where the
highest presence of high peaks or deep valleys is
peaks and five deepest valleys. | of functional significance. The S,

calculation reduces the effects of odd
scratches or irregularities.

Sp, Sv | Maximum profile peak height | Peak height provides information
and about friction and wear on a part.
Maximum profile valley depth
are the distances from the
mean line/surface to the high-
est/lowest point in the
evaluation length/area.

Sku Kurtosis is a measure of the Kurtosis is useful for evaluating machined
“spikiness” of the surface, or surfaces and is sometimes specified for the
the distribution of spikes above | control of stress fracture.
and below the mean line. Sku IS high when a high proportion of the
For spiky surfaces, Sy, > 3; surface falls within a narrow range of

Table 2.2 S-Parameters for surface measurements
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for bumpy surfaces, Sku < 3;
perfectly random surfaces have
kurtosis of 3.

Kurtosis is also a measure of
the randomness of surface
heights.

heights. If most of the surface is concen-
trated close to the mean surface level, Sy,
will be different than if the height distribu
tion contains more bumps and scratches.
The farther the value is from 3, the less
random (i.e., the more repetitive) is the
surface.

Ssk

Skewness measures the asym-
metry of the profile about the
mean plane. Negative skew
indicates a predominance of
valleys, while positive skew is
seen on surfaces with peaks.

Ss can illustrate load carrying capacity,
porosity, and characteristics of noncon-
ventional machining processes. Surfaces
that are smooth but are covered with
particulates have positive skewness, while
a surface with deep scratches/ pits will
exhibit negative skewness. If Sy exceeds
+1.5, you should not use average rough-
ness alone to characterize the surface.
Skewness is very sensitive to outliers in
the surface data.

Table 2.2 S-Parameters for surface measurements
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2.8 Titanium as a dental biomaterial

The most commonly used materials in dental implantology are titanium and tita-
nium alloys. Titanium is a metal with low weight, high strength/weight ratio, low
modulus of elasticity, exceptional biocompatibility, outstanding corrosion resistance and
easy shaping and finishing [20]. These properties explain why it is the most widely used
material in the manufacturing of dental implants, in the commercially pure form (cp Ti)
or as an alloy. The most common alloy is TisAl:V and comprises 90% by weight titani-
um, 6% aluminium (decreases specific weight and improves elastic modulus) and 4%
vanadium (decreases thermal conductivity and increases hardness). Titanium and its al-
loys are resistant to corrosion at biological pH and potential because of the formation of
an insoluble titanium oxide layer on the surface. In air, the oxide, usually TiO,, begins to
form within nanoseconds (10 s) and reaches a thickness of 20-100 A° in 1 s. It is very
adherent to the parent Ti and impenetrable to oxygen [74]. Titanium oxidizes (passivates)
on contact with room temperature air and normal tissue fluids. When an implant is placed
within a very tight fitting site in bone, areas scratched or abraded would repassivate in
vivo [75]. All these qualities justify the uniqueness of this metal and are really valuable to
their use for dental implants.

The topography and surface chemistry of the implant surface is extremely im-
portant for the establishment of the osseointegration. The study of this surface and the
attempt to improve the bone-implant interface as a result, in order to achieve better osse-
ointegration and at a faster rate after the initial surgical insertion of the implant is of
major research interest in the last years in dental implantology. To achieve that, several
surface analysis techniques have been utilised. XPS, Raman spectroscopy, 3D Profilome-
try, Contact Angle Goniometry and AFM, as the most representative are mentioned
below.

Viornery et al. (2002) [76] used phosphoric acid as a titanium surface modifier to
improve bone bonding and did surface analysis with XPS. Three phosphoric acids (meth-
ylenediphosphonic acid or MDP, propane-1,1,3,3-tetraphosphonic acid or PTP, and
ethane-1,1,2-triphosphonic acid or ETP) were synthesized and grafted on bare polished Ti
discs (Ti P) and XPS analysis as well as time-of-flight secondary ion mass spectrometry
(ToF-SIMS) suggested a chemical link between titanium surface and phosphoric acid

molecule. To assess the bioactivity of the modified discs, they were incubated inside
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Hank’s solution for 1, 7, 14 days and XPS analysis showed only slightly higher calcium
levels compared to the reference Ti P surface, with ETP showing the best performance of
the three modifiers.

De Maeztu et al. (2003) [77] did a histomorphometric analysis on 88 implants
placed in rabbit tibial bone. The implants were made of c.p. Ti and TigAl,V and were sur-
face treated with different ion implants (C*, CO*, N¥, Ne®). The results of the surface
analysis (Scanning Electron Microscopy or SEM, Energy-dispersive X-ray Spectroscopy
or EDS, XPS) indicated statistically significant improvement of bone integration (%
bone-implant contact) for C* and CO" implant groups. In these groups XPS suggested a
Ti-O-C bone-implant interface entailing covalent type bonds where the C atom belongs to
a complex organic molecule. These bonds are stronger and more stable than the ones usu-
ally found between bone and titanium oxide and correspond to the protein-metal oxide
bond formed during ion treated implant positioning in the living animal.

Morra et al. (2003) [78] suggested that different implant surface topographies cor-
respond to different surface composition and, thus, different surface chemistry. They
divided 34 commercially used implants in four surface-topography-based categories (ma-
chined, sand-blasted, acid-etched and plasma sprayed) and using XPS they showed that
acid-etched and plasma-sprayed surfaces had higher titanium and lower carbon concen-
tration than machined surfaces and suggested surface chemistry may be a variable
controlling biologic response too.

Morra et al (2005) [79] used a collagen-coated titanium implant to study the mi-
crohardness and surface chemistry at the implant-bone interface in a short-term rabbit
model. Surface analysis was done with XPS, while an indentation test measured the bone
hardness. Results of the XPS, showing decomposition of the C1s peak proved that sur-
face-immobilised collagen preserved all the molecular features of the control
nonimmobilised reference. In addition, microhardness measurements confirmed that new-
ly formed bone at the bone/collagen-coated-implant interface was harder than at the
interface of the control (commercially pure titanium) implant and bone, suggesting that
collagen coating enhances bone maturation and mineralisation.

Vanzillotta et al (2006) [80] examined the effect of different surface treatments of
c.p. Ti implants on in vitro bioactivity. C.P. Ti sheets were submitted to three different
surface treatments, followed by etching with an HCI / H,SO, solution. Part of each sam-
ple was then either anodic or thermal oxidated and immensed in a Simulated Body Fluid

(SBF) solution. Analysis of samples was performed using XPS, SEM and profilometry
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and it was suggested that the in vitro bioactivity of titanium after different surface treat-
ments can be enhanced in a SBF solution at 37°C.

Berardi et al. (2008) [81] used XPS analysis, as well as SEM / Energy-dispersive
X-ray Spectroscopy (EDX) analysis to assess the surface microstructure and the purity of
new laser-treated implant surfaces. A diode-pumped solid state laser (DPSS) with Nd:
YAG source operating in Q-Switching mode was used on titanium samples and the re-
sults showed surfaces with a total absence of contamination as well as very regular
roughness. Lopes et al. (2003) [82] studied the effect of laser radiation of implants to im-
prove bone healing. Fourteen rabbits were inserted a titanium implant to their tibia. Eight
of the implants were first irradiated with lambda 830nm laser (Thera Lase, DMC, Sao
Carlos, SP, Brazil, 21.5 J/cm?, 10mW, spot size 0.60mm), while the other six acted as the
control group. The animals were sacrificed 15, 30 and 45 days after the implantation and
Raman spectroscopy was performed on the implants. Significant differences on inorganic
as well as organic components were found between the irradiated implants and the con-
trols, as well as between the irradiated ones, the longer they stayed implanted. It was
suggested that low level laser therapy does indeed improve bone healing. In addition,
Lopes et al. (2005) [83] used near-infrared Raman spectroscopy to evaluate the incorpo-
ration of hydroxyapatite of calcium (CHA; similar to 960 cm™) on the healing bone
around dental implants submitted or not to low-level laser therapy (LLLT) (lambda 830
nm) and concluded that LLLT does improve bone healing.

Liu et al. (2008) [84] tested how the fluoride-ion implantation would affect titani-
um biocompatibility. By means of plasma immersion ion implantation technique, fluoride
ions were inserted into smooth pure titanium surface. XPS as well as SEM analysis was
used to analyse the surfaces, whereas in vitro co-culture assays were performed to evalu-
ate the biocompatibility of MG-63 cells to the modified titanium. Study results showed
that titanium biocompatibility could be increased by fluoride-ion implantation.

In a study by Stajer et al. (2008) [74] XPS and AFM were used to study the ef-
fects of different F~ containing caries-preventive prophylactic rinses and gels on the
roughness and surface structure of c.p. Ti. Aqueous 1% NaF solution (3800 ppm F, pH
4.5) or high (12,500 ppm) F" content gel (pH 4.8) strongly corroded and modified the sur-
face composition. XPS indicated formation of a strongly bound F’-containing complex
(Na,TiFg). AFM showed an increase in roughness (Ra) of the surfaces (Fig. 2.21): 10-
fold for the NaF solution and smaller for the gel or a mouthwash (250 ppm F’, pH 4.4).

Human epithelial cell attachment and proliferation were investigated by dimethylthiazol-
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diphenyl tetrazolium bromide (MTT) and protein content assays. The study concluded
that the adverse effects of a high F* concentration and low pH should be taken into con-
sideration when prophylactic gels are utilized by patients with implants, or other dental

appliances made of titanium.

Figure 2.21 3D AFM pictures (A) of a Ti disc treated with 1% NaF (3,800 ppm F, pH
4.5), and (B) of a characteristic gel-treated (12,500 ppm F, pH 4.8) Ti sample [74]. The
Ti discs treated with NaF solution displayed an almost 10 times increase in R, and for
gel-treated samples the AFM picture revealed deep corrosive regions and granular forms.
Image size: 5 X 5 um.

Kang et al. (2009) [85] studied the surface chemistry and morphology of four
commercially available implants (TiUnite, Osseospeed, Osseotite and SLA) using XPS
and Auger Electron Spectroscopy (AES) for surface chemistry analysis and depth profile
of characteristic elements, while SEM was used for morphology description. XPS analy-
sis was performed before and after Argon sputtering (Fig. 2.22). The study showed major
differences in the surface properties of the four implants resulting from different surface
treatments (blasting and acid etching for Osseospeed, Osseotite and SLA, electrochemical
oxidation for TiUnite). The treatment in the first three implants does not alter the surface
chemical composition of titanium, comprised mainly of TiO,, although it does change the
morphology. On the other hand, the surface treatment of TiUnite not only causes P incor-

poration into an anodic titanium oxide layer, but also creates microporous surfaces.
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Figure 2.22 High-resolution XPS spectra of the as-received and sputter-cleaned samples:
(a) and (b) Ti 2p spectra, (c) and (d) O 1s spectra, (e) and (f) C 1s spectra in all the sam-
ples; (g) P 2p spectra in TiUnite; (f) F 1s spectra in OsseoSpeed. Dashed lines indicate
the binding energy of peak position on the as-received surfaces [85].

57


http://www.sciencedirect.com/science/article/pii/S1742706109000506#gr3

Watanabe et al. (2009) [86] studied the initial biological response following sand-
blasted c.p. Ti dental implant placement to rat bone, using XPS for surface analysis.
Semi-cylindrical bullets, 1.1 mm in diameter and 3.5 mm in length, were placed into the
femurs of Wistar rats and then removed after either 3 hours or 7 days. In both cases, Ti,
O, C and N were observed, while the adsorbed film (mainly proteins) was calculated to
about 2.5nm. Ca and P were found in very small amounts, while the Ca/P ratios in both
cases were very small compared to hydroxyapatite (HA). Ca and P distributions showed
no distinct correlation between them, suggesting, thus, that no calcium phosphate com-
pounds were formed in vivo in either implantation interval.

Petrini et al. (2006) [87] used XPS and SEM analysis to confirm the formation of
a mixed zinc and titanium oxide on titanium surfaces, in an attempt to test if zinc oxide
on titanium surface can act in as similar way as it does in the pharmaceutical industry, i.e.
having antibacterial effects. After performing antibacterial assays, it was proved that zinc
modification of titanium oxide surfaces can indeed reduce the viability of five strains of
streptococcus in the oral cavity, suggesting this chemical modification as a new way of
increasing implants’ success rates, by diminishing the risk of bacterial infection.

Another attempt to create Ti surfaces that could prevent bacterial colonisation
Xua et al. (2010) [88] studied surfaces of pure Ti (c.p. Ti), that were modified with in-
creasing concentrations of Zn, using plasma immersion ion implantation and deposition
(PHID). XPS was used to characterise elemental surface compositions, whereas Strepto-
coccus mutans were seeded onto the modified surfaces for 48 hours and then analysed
with SEM to evaluate bacterial responses. It was shown that Zn can in this way be intro-
duced onto a titanium surface, resulting in a modified surface that prevents adhesion of
S.mutans.

Zinelis et al (2010) [34] performed surface analysis on two commercially availa-
ble Zirconia implants -WhiteSky and Zit-Z- using XPS, Raman microanalysis, High-
Voltage Energy-dispersive X-ray Spectroscopy (HV-EDX), Low Vacuum Scanning Elec-
tron Microscopy (LV-SEM) and X-Ray Diffraction (XRD). Studying chemical composi-
tion, XPS showed the presence of C, O, Zr and Y (collar) plus Al (root) at implant sur-
faces. Zr, Y and Al were detected in single, fully oxidized states. Na, K and CI
contaminants were found in trace amounts at implant root parts. Raman microanalysis
revealed that the monoclinic zirconia volume fraction was higher at root surfaces than the
collar, whereas no monoclinic phase was found at bulk regions. Data from the above sur-

face analysis tools used, suggest that certain differences found between the tested implant
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systems may play a role in the different cellular and tissue response the two systems in-
duce.

Lai et al. (2011) [89] used XPS to characterise nanocomposite ZrCN/amorphous
carbon (a-C) coatings with different carbon contents that were deposited on a bio-grade
pure Ti implant material. For the deposition of ZrCN/a-C coatings a cathodic-arc evapo-
ration system with plasma enhanced duct equipment was used, and reactive gas (N;) and
C,H; activated by the zirconium plasma in the evaporation process were utilised for the
deposition.

Pisarek et al. (2011) [90] showed that titanium dioxide (TiO;) layers formed on
titanium substrates by etching in a solution of sodium hydroxide (NaOH) or hydrogen
peroxide/phosphoric acid (H202H3PO,, with a volume ratio of 1:1) are appropriate pre-
treatments for apatite-like coating deposition. Biomimetic calcium phosphate coatings
were deposited on porous TiO, layers, by means of a two-step procedure (etching in an
alkaline or acidic solution followed by soaking in Hanks' medium). The characterisation
of topography of the TiO, layers was done with High-Resolution Scanning Electron Mi-
croscopy (HR-SEM) and AFM techniques, whereas XPS, as well as AES and Fourier
Transform Infrared Spectroscopy (FTIR) techniques, were used to characterize the titani-
um dioxide layers before and after deposition of the calcium phosphate coatings, but also
after protein adsorption.

Zhang et al. (2011) [91] tested the biocompatibility of SLA surfaces (sand blasted
with long-grit corundum and acid etched) with further alkali and heat treatment (ASLA)
or hydrogen peroxide and heat treatment (HSLA) for use in dental implantology. Surface
analysis was performed using XPS, SEM, contact angle and roughness measurements.
Surface bioactivity was further assessed by MC3T3-E1 cell attachment, proliferation,
morphology, alkaline phosphatase (ALP) activity and calcium deposition on the sample
surface. Cylindrical samples were inserted in beagles’ mandible and when assessed again,
after micro-CT and histological examination it was shown that ASLA and HSLA surfaces
had increased the bioactivity of the traditional SLA surface, while they demonstrated
good levels of osseointegration.

Weinlaender et al. (1992) [92] used a Raman microprobe to investigate the crys-
tallographic properties of three commercially plasma-flame-sprayed hydroxyapatite (HA)
coatings on dental implants. Microspectra (5 pum) and macrospectra (100 um) of the thin
ceramic layers have been measured and compared to the spectra of amorphous and crys-

talline HA as well as to the spectra of tricalciumphosphate. All three coatings examined
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demonstrated spectra similar to the amorphous HA, but additionally they showed an extra
band in their spectra indicative of some structure within the amorphous phase.

Frauchiger et al. (2004) [93] developed a new electrolyte containing both calcium
- stabilized by complexation with ethylenediamine tetraacetic acid (EDTA) - and phos-
phate ions at pH 14. The anodic plasma-chemical (APC) process was used to modify c.p.
titanium surfaces causing single-step combined chemical and morphological modification
of titanium surfaces. The Ca-EDTA complex, negatively charged at high pH, promotes
incorporation of high amounts of calcium into the APC coatings during the anodic (posi-
tive) polarization. XPS, Glow Discharge Optical Emission Spectroscopy (GD-OES),
Raman spectroscopy (Fig. 2.23), SEM and tensile testing were used to assess this coat-
ing’s surface properties, as well as to compare it to uncoated c.p. titanium surfaces and

Ca-free APC coatings.
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Figure 2.23 Raman spectra of samples 1A and 2A. The main crystal phase on both sur-
faces is anatase (TiO,). The position of the additional peak found on surface 2A is typical
for amorphous calcium phosphate. Samples 1A and 2A represent grade 4 cp titanium
discs, Imm in thickness and 7mm diameter. Same parameters were used for the fabrica-
tion of coatings in both samples, apart from the current, which was 80 mA for the 1A and
150 mA for the 2A [93].
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Titanium nitride surface coatings - obtained by means of Plasma nitriding - have
been widely used as wear resistant and biocompatible layers on titanium alloys. Micro-
probe Raman Spectroscopy was used by Vasconcellos et al. (2007) [94] in order to
investigate the TiN layer on a TisAl,V-ELI alloy, plasma nitrided at different substrate
temperatures and, thus, to observe the changes in stoichiometry. Area ratios of the Ti and
N related peaks were shown to be dependent on sample temperature during nitriding.

Machado et al. (2009) [95] studied the osseointegration of porous dental implants,
which were made of grade 2 titanium and part of which underwent thermal and chemical
treatment so as to deposit a biomimetic coating. The aim of the study was to evaluate the
effect of this coating on the osseointegration. Raman spectroscopy, along with SEM and
EDS were used to characterise the implant surface. Thirty albino rabbits were used and
three coated and three control implants were inserted into their tibia, which were removed
15, 30 and 45 days. Calcium and Phosphorus were found on the surface with EDS,
whereas Raman spectra exhibited an intense peak, characteristic of hydroxyapatite. Sig-
nificantly more newly formed bone was apparent in 15 days, while the coated implants
demonstrated a higher resistance to displacement by mechanical tests in 30 and 45 days.

Zirconia is an interesting and attractive material for use in dental implantology.
Compared to titanium it has excellent esthetic properties [34] and shows limited plaque
accumulation [96, 97] and similar peri-implant tissue compatibility [98]. On the other
hand, fully ceramic implants have serious mechanical problems, mainly brittleness, and,
additionally, there is no possibility of post implant position adjustments. Bozzini et al.
(2011) [99] suggest a metal-based implant, consisting of metallic Zr, for the bulk of the
implant and an electrochemically grown zirconia coating, resulting in contact of the ce-
ramic with the biological environment but isolating the underlying metal from it. In this
way, excellent mechanical properties are ensured for the implant bulk and superior bio-
mechanical properties for the implant surface. The surface was exposed to SBF solution
with and without glycine and electrochemical measurements revealed excellent corrosion
resistance of Zr in both environments but better when glycine is added as well. Raman
spectroscopy (Fig. 2.24), in addition to FTIR and visible reflectance spectroscopies were

used to analyse the surface before and after the exposure to SBF solutions.
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Figure 2.24 Surface Raman spectra of Zr surfaces before and after exposure for 170 h to
SBF without and with added glycine [99]. The data are rather noisy, but there are clear
signs in the two upper most spectra.

One surface modification made to enhance osseointegration includes Hydroxyap-
atite coating of the titanium surface. Hydroxyapatite (HA: Cajo(PO4)sOHy) is a
biocompatible and bioactive ceramic material, which unfortunately shows poor adhesion
to titanium substrate in the long term and increased levels of degradation. In an attempt to
improve the mechanical properties, Melero et al. (2011) [100] incorporated TiO; in the
HA coating, producing coatings made of HA 80% and TiO; 20% (by weight) on TigAl,V
by High-Speed Thermal Spray. Raman spectroscopy and XRD were used to characterise
the crystalline phases, the microstructure of the coating was made with SEM, while its
ability to form an apatite layer was assessed through immersion to SBF with positive re-
sults.

AlSamak et al. (2012) [101] studied the morphological and structural characteris-
tics of four different types of orthodontic mini-implants made of TigAl,V alloy. Surface

texture and elemental composition were examined by scanning electron microscopy and
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energy dispersive X-Ray microanalysis. Surface 3D roughness was estimated by optical
profilometry. No significant differences were detected in amplitude surface roughness
parameters (S,, S;) between the implants. However, differences were found in hybrid (Sqr,
Sas) and functional (S¢;) parameters. Significant differences were found in the surface area
of the threaded parts. The statistically significant differences found in 3D surface rough-
ness parameters (hybrid and functional) and pull-out strength may account for variations
in their clinical performance.

Silva et al. (2000) [102] studied four commercially pure titanium cylindrical den-
tal implants with different surface conditions: as-machined, Al,O3 blasted with Al,O3
particles, plasma-sprayed with titanium beads and electrolytically coated with hydroxy-
apatite. The surface roughness was quantitatively characterised using Optical
Profilometry. It was found that the plasma-sprayed implant and the hydroxyapatite im-
plant demonstrated the roughest surface, followed by the alumina-blasted implant and,
last, the as-machined one.

Juodzbalys et al. (2003) [103] investigated the creation of an acid etched implant
surface -using different acids and exposure times- that would result in a surface similar to
the one gained after sandblasting as well as acid etching; they compared this surface with
existing surfaces of commercially available screw-type implants. The surfaces of five
commercially available screw-type implants and the experimental ones were compara-
tively analysed using optical profilometry and it was concluded that, in general, the
experimental surface was significantly rougher than the selected commercially available
implants and similar to the SLA treated surface.

Dental implants with hydroxyapatite thin-film coatings have demonstrated im-
proved bone-to-implant bonding, since fibrous capsule formation is prevented after
implantation. The interest in hydroxyapatite specifically as a biomaterial developed main-
ly due to its chemical resemblance to apatite [104], a natural mineral comprising most of
the inorganic components in bones and teeth, and its spontaneous interfacial osseointe-
gration when implanted [105]. In an attempt to accurately characterize the physical and
chemical properties of its surfaces, Lu et al. (2000) [105] examined the surfaces of six
biologically interesting calcium phosphate (CaP) phases (hydroxyapatite, dibasic calcium
phosphate dihydrate, dibasic calcium phosphate, monobasic calcium phosphate, S-tribasic
calcium phosphate, octacalcium phosphate) with X-ray photoelectron spectroscopy (XPS)
and time-of-flight secondary ion mass spectrometry (TOF-SIMS). They found that the

intensity of an O (1s) shake-up satellite correlates with the phosphate oxygen content.
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Together with the Ca/P and O/Ca XPS peak ratios, this feature helps provide identifica-
tion of the CaP phase(s) present in the surface of unknown samples and establish their
mole fractions, as proven with a bone sample.

To gain a better understanding of interactions at the metal oxide surface and the
processes involved with hydroxyapatite incorporation into living tissue and metal oxides,
Chusuei et al. (1999) [106] exposed calcium phosphate (CaP) in aqueous solution to thin-
film TiO2 surfaces at predetermined times ranging from 10 min to 20 h using a liquid re-
action apparatus (LRA). Surface analysis was then performed using X-ray photoelectron
(XPS) and Auger electron (AES) spectroscopies and time-of-flight secondary ion mass
spectrometry (ToF-SIMS) with polyatomic primary ions. XPS revealed that ‘CaP’ nucle-
ated and grew on the TiO, surface, with phosphate groups growing on top of an initial 2-
dimensional (2D) Ca-rich layer. AES depth profiling of a 4-h solution exposure comple-
mented this finding and gave additional evidence for 3-dimensional (3D) phosphate
islands forming on top of the calcium. The predominant phase on the surface was
brushite, as shown with ToF-SIMS analysis of CaP adsorbed on the surface.

Jung et al. (2012) [107] studied the surface characteristics and bond strength pro-
duced using a novel technique for coating hydroxyapatite (HA) onto titanium implants.
HA was coated at a low temperature on the titanium implant surface using a super-high-
speed (SHS) blasting method with highly purified HA. Crystallinity was evaluated on the
novel HA-coated disc by X-ray diffraction analysis. Surface roughness and contact angles
were measured. Resorbable blast medium (RBM) discs were prepared and used as control
discs. To evaluate exfoliation of the coating layer, implant surgery on mandibles from 7
mongrel dogs was performed two months after extraction of premolars. The used novel
HA-coated implants were removed two months after placement and their surface was mi-
croscopically evaluated. These HA-coated implants showed increased roughness,
crystallinity, and wettability when compared with RBM implants, while a uniform HA
coating layer was formed on the titanium implants with no deformation of the titanium
surface microtexture.

Among other factors, hydrophilicity is believed to play a role in the osseointegra-
tion of dental implants. The proliferation of the cells increases with surface wettability
and the fibroblasts have greater adhesion on hydrophilic surfaces than on hydrophobic
surfaces [108]. Rupp et al. (2011) [109] analysed the dynamic wetting behaviour of nine
screw-type implant systems from eight manufacturers by tensiometry, and examined its

relationship to surface topography. Contact angle and 3D profilometry measurements
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were taken, whereas all implant surfaces were characterized by SEM. A range from fully
wettable/superhydrophilic to virtually unwettable/hydrophobic was observed on the im-
plant surfaces examined. Contact angle measurements with values from 0° (SLActive) to
138° (OsseoSpeed) varied considerably, demonstrating statistically significant differences
between implants.

Increased wettability may also contribute to re-osseointegration of failing im-
plants due to peri-implantitis [110]. Duske et al. (2012) [111] used an argon plasma jet
with different oxygen admixtures to treat titanium discs with different topologies, i.e. ma-
chined, SLA, SLActive, diamond bur-treated or Airflow-treated. More specifically, a cold
atmospheric pressure gas-discharge plasma was applied to reduce water contact angles on
titanium discs with different surface topography and to improve the spreading of osteo-
blastic cells. Water contact angles were measured before and after plasma treatment.
Contact angle of titanium discs (baseline values: 68°-117°) were significantly reduced
close to 0° irrespective of surface topography after the application of argon plasma with
1.0% oxygen admixture for 60 s or 120 s, indicating that cold plasma could be potentially
helpful in the treatment of periimplantitis.

Lu et al. (2012) [112] showed that the storage method significantly influences the
physicochemical properties and bioactivity of the titanium surface. Acid-etched titanium
discs (Sa = 0.82 um) were placed in a sealed container (traditional method) or submerged
in the ddH,0/NaCl solution (0.15 mol L™*)/ CaCl, solution (0.15 mol L™), and new tita-
nium discs were used as a control group. Preventing titanium surfaces from contact with
the atmosphere reduced hydrocarbon contamination and increased hydrophilicity exten-
sively on the surfaces without changing surface topography. XPS analysis showed that
the carbon concentration of the titanium surface in a sealed container increased with stor-
age time, indicating the hydrocarbon contamination in the ambient atmosphere is
unavoidable, while the carbon level of the discs stored in solution was stable and only
changed slightly even after four weeks storage time. This study has revealed that the stor-
age method significantly affected their biocompatibility, including protein adsorption and
osteoblast cell culture. Storing the titanium discs in solution can protect the surface from
the hydrocarbon contamination of surrounding environment and enhance surface energy.

Ueno et al. (2010) [113] studied the effect of ultraviolet photoactivation of titani-
um on osseointegration on a rat model. The objective of the study was to determine
whether ultraviolet (UV) light treatment of titanium implants could improve osseointe-

gration in order to sufficiently overcome the negative aspects of shorter implants in a rat
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femur model. Acid-etched 2 mm (longer implants) and 1.2 mm (shorter implants) titani-
um implants were used. Some of these implants were treated with UV light for 48 hours
prior to surgery. The strength of osseointegration generated by these implants was deter-
mined using a biomechanical implant push-in test in a rat model. Peri-implant
osteogenesis was evaluated by SEM for tissue morphology and energy dispersive X-ray
spectroscopy for elemental composition. It was suggested that UV treatment of the short-
er implants significantly increased their push-in value, resulting in a 100% higher value
than untreated longer implants at week 2 and a push-in value that was equivalent to that
of the untreated longer implants at weeks 4 and 8. Scanning electron micrographs and
energy dispersive X-ray spectroscopic examinations after push-in testing revealed that the
UV-treated implant surfaces were covered more extensively by bone or tissue remnants
containing calcium and phosphorous than the untreated surfaces. The authors suggested
that UV pre-treatment of titanium surfaces led to them converting from hydrophobic to
superhydrophilic, thus enhancing osseointegration deficiencies for shorter implants, alt-
hough the cause-result relationship between the acquired superhydrophilicity and biologic
effects remained unclear.

Ueno et al. (2010) [114] also studied the enhancement of a bone-titanium integra-
tion profile with UV-photofunctionalized titanium in a gap healing model. In order to
evaluate the potential of UV-photofunctionalized titanium surfaces to overcome com-
promised bone-titanium integration, titanium in rod and disk forms was acid etched and
then stored for 4 weeks under dark ambient conditions. Titanium rods with and without
UV pre-treatment were placed into a rat femur with (contact healing) or without (gap
healing) contact with the innate cortical bone. A biomechanical push-in test, micro-CT
bone morphometry and surface elemental analysis were performed after 2 weeks of heal-
ing. The results showed that UV-treated implants in the gap healing condition produced a
strength of bone-titanium integration equivalent to that of untreated implants in the con-
tact healing condition. Bone volume around UV-treated implants was 2- to 3-fold greater
than that around the untreated implants in the gap healing model. The rate of cell prolif-
eration, alkaline phosphatase activity, and calcium deposition in femoral periosteal cells
and in bone marrow-derived osteoblasts indicated a synergistic effect of UV-treated tita-
nium with biological signals from bone marrow-derived osteoblasts. Despite the
limitations of the study, it was suggested that UV-photofunctionalized titanium surfaces

may overcome the challenging condition of bone-titanium integration without cortical
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bone support. UV treatment of implants induced marked improvements in the behaviour
of bone formation and quantity and quality of bone tissue around the implants.

Ultraviolet light-induced superhydrophilicity of TiO, was discovered in 1997
[115]. In this procedure, UV irradiation is thought to create surface oxygen vacancies at
bridging oxygen sites. Wetting results from alteration of surface chemistry by removal of
hydrocarbon due to the photocatalytic activity of TiO,[116] .

In addition to titanium surfaces, the use of ultraviolet light as a way to enhance
hydrophilicity was also tested on tetragonal zirconia polycrystals (TZP). Watanabe et al.
(2012) [117] studied the changes in surface properties of tetragonal zirconia polycrystals
(TZP) after hydrophilic treatment, and attempted to determine the effect of such changes
on initial attachment of osteoblast-like cells. The water contact angle was determined and
surface analysis was performed using an X-ray photoelectron spectroscopy. Blast/ Etch,
02-Plasma and UV specimens showed superhydrophilicity, and these hydrophilic treat-
ments to TZP elicited a marked decrease in carbon content and an increase in hydroxyl
groups. The initial attachment of osteoblast-like cells was enhanced, while a change in
cell morphologies was noted. This study concluded that Blast/ Etch, O2-Plasma, or UV
treatment have potential in the creation and maintenance of superhydrophilic surfaces and
enhancing initial attachment of osteoblast-like cells.

The use of UV-radiation on titanium surfaces was also studied as a sterilization
method. Riley et al. (2005) [110] tried to evaluate whether the TiO, at the surface of a
dental implant is sufficiently photoactive to eradicate bacteria when illumined with low
intensity light, taking into consideration that commercial titanium dental implants are
coated with nanostructured TiO,, The photoactivity of dental implants was established by
studies of the photoenhanced decomposition of Rhodamine B (a staining fluorescent
dye). In vitro studies to establish the influence of irradiating an implant with UV light
that is immersed in a solution containing Escherichia Coli were performed, showing that
that under low UV intensity irradiation, bacteria are Killed at a rate of approximately 650
million/cm? of implant per minute. The clinical significance of the study laid on the sug-
gestion that illumination of dental implants with UV light may be a suitable treatment for
periimplantitis.

Wennerberg and Albrektsson (2010) [71] published “a review of current
knowledge and opinions on implant surfaces” in an attempt to identify essential surface
parameters, to present an overview of surface characteristics at the micrometer and na-

nometer levels of resolution relevant for the four most popular oral implant systems, to
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discuss potential advantages of nanoroughness, hydrophilicity, and biochemical bonding
and, last, to suggest a hypothetical common mechanism behind strong bone responses to
novel implant surfaces from different commercial companies. Four major companies’
oral implants were tested and the results demonstrated variation in average surface
roughness (Sa) from 0.3 to 1.78 um and in the developed surface area ratio (Sdr) from
24% to 143%. When the different implants were examined at a nanometer level, similarly
significant variation was also evident in Sa with regard to nanometer roughness. Interest-
ingly, novel implants from Biomet 3i, AstraTech, and Straumann differed from their
predecessors in physicochemical properties, microroughness as well as nanoroughness.
Subsequently, scanning electron microscopy examination of these novel implant surfaces
at high magnification revealed the presence of nanoroughness structures that were not
present in their respective predecessors. This finding provided a probable mechanism that
could explain the stronger bone responses to these implants compared to adequate con-
trols, initiating in this way a scientific interest in the newly discovered nanostructures.

Svanborg et al. (2010) [118] studied twelve different commercial screw-shaped
oral implants with various surface modifications using scanning electron microscopy and
a white light interferometer, appropriate for detection of nanoscale roughness in the verti-
cal dimension. In an attempt to evaluate if there is any correlation between nanometer
surface roughness and the more well-known micrometer roughness on the implants, they
found that an implant that was smooth on the micrometer level was not necessarily
smooth on the nanometer level. For that reason, it was suggested that a nanometer-scale
characterization might be useful in order to fully comprehend the relationship between
the properties of an implant surface and its osseointegration behaviour.

Modification of dental implant surfaces with nanoscale characteristics has been
described as a way to improve osseointegration. Jimbo et al (2012)[119] described a na-
noscale Hydroxyapatite (HA)-coated implant that improved bone nanomechanical
properties. Twenty threaded titanium alloy implants, half prepared with a stable HA na-
noparticle surface and half grit-blasted, acid-etched, and heat-treated (HT), were inserted
into rabbit femurs. Morphological and topographical characterization was performed pri-
or to surgical insertion. Following three weeks of healing, the samples were removed.
Nanoindentation was performed and it was proven that the tissue quality was indeed sig-
nificantly enhanced around the HA-coated implants.

In order to test whether nano-Hydroxyapatite may result in enhanced osseointe-

gration compared to nano-titania structures, Meirelles et al. (2008) [120] applied

68



Hydroxyapatite (HA) or titania nanostructures on smooth titanium implant cylinders. Mi-
crostructures were removed from the surface to ensure that the observed bone response
depended only on the nanotopography and/or chemistry of the surface. The study showed
that nano-titania-coated implants had an increased coverage area and feature density,
forming a homogenous layer compared to nano-HA implants. No proof of increased bone
formation to nano-HA-modified implants was noted compared to nano-titania-modified
implants. It was suggested that the presence of specific nanostructures dependent on the
surface modification exhibiting different size and distribution did modulate in vivo bone
response.

Meirelles et al. (2008) [120] also suggested for the first time that that early bone
formation is dependent on the nanosize hydroxyapatite features, but it is uncertain if this
is an isolated effect of the chemistry or of the nanotopography or a combination of both.
For the purpose of the study, electropolished titanium implants were prepared to obtain a
surface topography in the absence of micro structures, since these alter bone formation.
The implants were then split into two groups. The test group was modified with nanosize
hydroxyapatite particles, whereas the other group served as a control group and was
therefore left uncoated. Topographical evaluation showed increased nanoroughness pa-
rameters for the nano-HA implant and higher surface porosity compared to the control
implant. Chemical characterization revealed calcium and phosphorous ions on the modi-
fied implants, whereas the control implants consisted of pure titanium oxide. Histological
evaluation demonstrated significantly increased bone formation to the coated (p < 0.05)
compared to uncoated implants after 4 weeks of healing.

Wennerberg et al. (2012) [121] investigated the evolution of nanostructures on the
SLActive surface, as a function of time, storage conditions, material dependence and tried
to identify the time frame in which the reorganization of the outermost titanium oxide
layer into well-defined nanostructures takes place. They used Titanium grade 2 discs in
seven different modes (different surface treatments and storage conditions). SEM, inter-
ferometry, contact angle measurements and XPS were used for the surfaces’ evaluation.
It was demonstrated that the evolution of nanostructures took 2 weeks; thereafter they
exhibited stability over time. In conclusion, they showed that acid etching in conjunction
with storage in aqueous solution (either water or NaCl solution) is responsible for the re-

organization of the outermost titanium oxide layer into well-defined nanostructures.
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3. MATERIALS AND METHODS

3.1 Sample Selection

In order to do the surface analysis on the above implant surfaces, Titanium disks
(5mm diameter x 1mm height) were obtained from Straumann Schweiz (Basel, Switzer-
land). 6 SLA disks were received in aluminium foil sealed in a plastic bag and 6
SLActive discs were received in sealed plastic containers filled with saline solution.

The above discs were treated with the same processes used on the commercial
products. They are made of cp Ti (grade 2) and after production they were surface treated
as follows. The SLA samples have been sand blasted and acid etched on one side and
then washed, while the other side has only been acid etched and washed afterwards. On
the other hand, the SLActive samples have undergone the same treatment initially with
the only difference lying after the acid etching stage, where they were rinsed under pro-
tective N, gas conditions and stored in isotonic NaCl solution. Just like on the SLA
samples, one side of the SLActive samples has not been sandblasted. In order to distin-
guish the surface of interest, the non-sandblasted side on all samples has characteristic
concentric rings on it, which are readily visible under an optical microscope.

With regard to the study of the surface chemical composition of the samples, only
a single crystal of rutile TiO, was studied under a Raman spectrometer as an anatase crys-
tal was not available. The same crystal was used to calculate the contact angle of water on
rutile.

The methods used for the study included: X-Ray Photoelectron Spectroscopy
(XPS), Raman spectroscopy, Optical 3D Profilometry and Contact Angle measurements.
Hanks’ Balanced Salt Solution or HBSS (Sigma Aldrich, UK) is a cell culture medium
and its composition is given in Table 3.1 below. In this work it is used to simulate the tis-

sue fluid environment around the implant [122-124].
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HANKS solution
0.137 M NacCl 5.4 mM KClI
0.25 mM Na;HPO,4 0.44 mM KH2PO4
1.3 mM CaCl, 1.0 mM MgSO4
4.2 mM NaHCOs Phenol Red

Table 3.1 HANKS solution composition

3.2 Experimental Methodology

3.2.1 Optical 3D Profilometry

The surface roughness was measured with optical 3D optical profilometry. Given
that mechanical and chemical attachment are the main mechanisms of bone-implant at-
tachment, implant surface roughness affects mechanical attachment by allowing the bone
to grow through the pores or around other features associated with roughness on the im-
plant surface. In addition, surface roughness has been associated with increased cell
response to titanium implants [46, 125] indicating that roughness does contribute to osse-
ointegration not only mechanically. The hydrophobic character of a surface can be altered
by changes in surface tension and surface energy, increasing the adsorption of organic
molecules like proteins and, thus, positively increasing its biocompatibility. Other studies
[126, 127] investigating the effect of roughness on bone attachment, have also shown the
positive correlation between increased surface roughness and improved tissue response to
titanium dental implants.

In this experiment, a ContourGT 3D optical surface profiler (Veeco) was used for
measurements in order to assess the surface profiles of the samples. This instrument uses
light interference detected by a CCD camera. The settings used were 50 x magnification,
back scan and length of scans were both 10 um, the threshold was set at 0.001 % and

green light source was used. Initial scans were performed and after tilt correction, meas-
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urements were taken. No other corrections were made. Both SLA and SLActive discs
were measured as received only. SLActive discs were dried by dabbing them with a paper
towel before measurements. We would have preferred air, N, or low vacuum drying but
these were not available due to time constraints. Three random SLA and SLActive spec-
imens were selected and measured, carrying out one measurement for each sample. Data
were obtained using the Vision 64 Software. The surface roughness parameters measured
were S, (arithmetic mean deviation), Sy (root mean square roughness), S, (ten point
height over the complete surface), S, (maximum profile peak height), S, (Maximum pro-
file valley depth), Sg (skewness) and Sy, (kurtosis). We decided to limit our
measurements only to the amplitude parameters as this is the most commonly used pa-

rameter. Due to time constraints further measurements were not possible.

3.2.2 Contact Angle Goniometry

The surface wettability was tested using an FTA188 Contact Angle and Surface
Tension Analyser (First Ten Angstroms Inc.) several times for each sample. The sessile
drop method was used to measure contact angles in this experiment on a plane surface
with distilled water. These are the most common measurements made with video
instruments. An approximately 6 ul droplet of pure water was suspended from the tip of
the microliter syringe supported above the sample stage. Once the drop - produced by
hand - settled on the surface, an image of the droplet was captured using a CCD camera
attached to the equipment (spreading time of just a few seconds). The contact angle was
then calculated using the FTA32 software. The camera looks at the drop from its side and
measures the liquid-vapour profile and the liquid-solid baseline and the software solves
for the contact angle. The snapshot that was analysed each time was always checked by
eye and, if necessary, the baseline used in the calculation was adjusted. Due to surface
effects, differences between the right and left hand side angles were observed; for that
reason, an average value of the two measurements was taken each time.

Both SLA and SLActive discs were initially studied as received. (SLActive were
dried first). In addition, measurements were made on the side of the test disks that were
only acid-etched, in order to assess the impact of sandblasting in the wettability of the

specimens. 2 specimens X 6 measurements and 1 specimen x 5 measurements were taken.
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Mean value of the measurements performed on each surface was calculated (i.e. the mean
of the 6 or 5 measurements per sample). In addition, measurements were made on a
single crystal of rutile TiO, (100). Tests on both sides of the single crystal were run three
times each side, six in total.

3.2.3 Raman Spectroscopy

In order to determine the phase of the surface oxide in real dental implant materi-
als Raman spectroscopy was used on both types of discs. Spectra were taken and
measured using a 1000 Micro-Raman Spectrometer (Renishaw) with CCD camera (detec-
tion system) under the following conditions: 3000-150 cm™ range, around 1 cm™
resolution, 1800 lines/mm grating, laser wavelength of 515 nm and laser intensity at the
sample of only a few mW. The microscope was focused using a white light, which then
was switched to the laser before the measurement was taken. The microscope operated
using a 50X (130 x 174.7 um?) magnification lens, which resulted in a laser spot size
with magnitude in the range of tens of microns. Three scans were taken and averaged for
each sample in order to remove or reduce the effects of stray light and other noise.

The titanium surface oxidizes spontaneously forming a titanium dioxide (TiO5)
layer in air. TiO, is most commonly found in one of two crystal structures, rutile and ana-
tase [128].

The most common Raman active peaks of Anatase, Rutile, Brookite and amor-
phous titania are shown below in Table 3.2. The Raman peak at around 240 cm™ is
known to be a compound vibrational peak due to multiple-Phonon scattering processes,

which is also considered as a characteristic Raman peak of Rutile type TiO, [129].
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Exhibits a strong band at 144 cm * and six Raman-active peaks at
Anatase 144 cm ™ (Eg), 197 cm * (Eg), 399 cm ™ (Byg), 513 cm ' (Ayg) and
640 cm * (Eg) [130].

Exhibits Raman-active peaks at 143 cm™ (Byg), 447 cm * (Ey),

| 612 cm™* (A1) and 826 cm ™ (Byg). An additional band that is ob-
Rutile
served at around 250 cm * is usually treated as a secondary

scattering feature [130].

Shows 36 Raman active modes (9Aig+ 9B1g+ 9By¢+ 9B3g) and the
most intense Raman band at around 153 cm™.

Brookite Some of the Raman active peaks are as follows: at 127, 154, 194,
247, 412, 640 cm * (Ayg), at 133,159,215,320,415,502 cm * (Byy), at
366, 395, 463, 584 cm™* (Bg) and at 452 cm * (Bag) [131].

Amorphous

e Exhibits bands near 680, 580, 450, 350 and 250 cm™ [132].
titania

Table 3.2 Anatase, Rutile, Brookite and Amorphous Tiatania Raman peaks and —in
brackets- their vibrational modes [130-132].
The same surface treatment was carried out for both for SLA and SLActive discs:
Ti disks as received (ar)
Rinsed in distilled H,0
Rinsed in Acetone/Ethanol/Distilled H,0
Hanks’ 2 months, UV treatment

Hanks’> 2 months, no UV treatment

A high intensity Hg vapour UV source was used, which produces UV at 253.7 nm
and 184.9 nm. The latter is responsible for the ozone production.

Depending on the type of the sample, a variety of scanning periods and runs were
used. It was found that generally longer running times were required for SLA samples
than for SLActive samples. As a result, SLA samples were generally run for 150 seconds
by 5 runs, while SLActive samples were run for 30 seconds by 1 run. For the first part of

the experiment, 6 samples were studied, 3 SLA and 3 SLActive discs. 1 SLA and 1
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SLActive disc were studied as received, while another set of SLA and SLActive discs
were rinsed in distilled water and studied afterwards. A third set of the two discs were
rinsed with Acetone, Ethanol and distilled water before measurements were taken. Three
scans of each sample were taken for all the above sets of discs and the average for each
sample was calculated.

For the second part of the experiment 2 SLA discs and 2 SLActive discs were
used. 1 SLA disc was UV treated for 20 min, while the other SLA disc was not. The same
procedure was applied to the SLActive samples. Samples were incubated at 38°C for 24
hours and then stored in distilled water. They were then incubated for further 48 hours
before being stored in Hanks’ solution at room temperature for about two months (for
convenience). Three scans of each sample were again taken and the average was calcu-
lated.

3.2.4 X-Ray Photoelectron Spectroscopy (XPS)

In order to quantify the elemental composition and chemical state on the titanium
discs as well as to monitor the changes in the surface of Titanium before and after expo-
sure to biological fluids we used the Kratos Axis Ultra XPS Spectrometer at Nottingham
University, UK.

The samples as received (n = 2) were placed in the ultra-high vacuum chamber of
the X-ray photoelectron spectrometer. Three random regions were located on each sam-
ple and analysed under the following conditions: Al Ka (1486.7 eV) monochromated
anode, a 165 mm mean radius hemispherical electron energy analyser, 10™° mbar pres-
sure, around 90- electron take-off angle and 5mmx5mm sampling area. Selected 45°
take-off angles scans were also obtained, where the take-off angle is defined as the angle
between the surface normal and the axis of the analyser lens.

Survey scans (80eV pass energy) were taken from each region to identify the ele-
ments present on the surface. Then, high resolution narrow scans (20eV pass energy)
were recorded over the predominant peaks and the elemental binding states were deter-
mined. All spectra were aligned on the binding energy scale to the C 1s peak arising from
adventitious hydrocarbons (—-CH2—, 284.8 eV BE, 0.278 Relative Sensitivity Factor). The
core level data were analysed using the CASA XPS software package (Casa Software,
UK). A Shirley background was subtracted from the data and 70:30 Gaussian: Lorentzian

peaks fitted to give binding energy positions. The fitted peak areas in conjunction with

75



relative intensity factors allowed the elemental ratios at the surface to be quantified. The
depth of analysis for metals is estimated to around 3 nm [133] at normal emission. This
reduces to sin45° at the grazing emission i.e. around 2.1 nm.
The same treatment took place both for SLA as well as SLActive discs:

Ti disks as received (ar)

UV treatment

Hanks’ 24h at 38 °C (UV and no UV treatment) and rinse with ultrapure water

Hanks’ 72h at 38 °C (UV and no UV treatment) and rinse with ultrapure water

A high intensity Hg vapour UV source was used, which produces UV at 253.7 nm
and 184.9 nm. The latter is responsible for the ozone production.

For the first part of the experiment two SLA discs and two SLActive discs were
used. One SLA disc was UV treated for 20 min, while the other SLA disc was not. The
same procedure was carried out for the SLActive samples. X-Ray Photoelectron spec-
troscopy measurements were taken for all four samples. Following the above
measurements, all samples were put in Hanks solution and incubated for 24 hours at 38°
C in a water bath. The samples were rinsed with ultrapure water and X-Ray Photoelectron
spectroscopy measurements were taken for all 4 samples again.

After XPS analysis the samples were placed in doubly distilled deionized water.
Immediately prior to the final allocation of XPS time the samples were removed from the
distilled water and incubated in Hanks’ solution for 48 hours at 38° C in a water bath.

Again the samples were rinsed in ultrapure water prior to XPS analysis.

3.3 Statistical analysis

Statistical variance testing of XPS data could not be carried out between the SLA and
SLActive materials since only one sample of each group was analysed by XPS. Whilst
three areas of the samples were studied this does not allow us to draw definitive conclu-
sions about the differences between the two sample sets. However the XPS data allow
qualitative comparisons of the surface chemistry to be made. The roughness parameters
between the implant groups were evaluated by a t-test. The experimental results are ex-
pressed as mean + standard deviation (SD). In all comparisons a 95% confidence level was
used (a:0.05). Statistical analysis of the roughness parameters and contact angle measure-

ments was performed by SPSS software Version 20.
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4. RESULTS AND DISCUSSION

4.1 Optical Profilometry

Surface profile images of SLActive and SLA samples are displayed at Figures 4.1

and 4.2 respectively.
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Figure 4.1 Surface 3D profilometry images of a) SLActive and b) SLActive without
sandblasting
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Figure 4.2 Surface 3D profilometry images of a) SLA and b) SLA without sandblasting
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The parameters values of surface roughness are presented in Table 4.1.

Roughness

(npm) Sa Sku Sp Sq Ssk Sv Sz
SLA1 2.9 3.1 12.6 3.5 0.5 -7.2 19.8
SLA 2 2.8 2.6 12.3 3.6 0.1 -7.6 20.0
SLA 3 2.9 2.5 13.8 3.5 0.4 -6.7 20.5
SLA 2.9(0.1)a | 2.7(0.3)b | 12.9(0.8)c | 3.5(0.1)d | 0.3(0.2)e | -7.2(0.5) |20.1(0.4)f
SLActive 1 3.9 2.1 10.4 4.6 0.0 -10.6 20.5
SLActive 2 3.2 2.3 11.9 3.8 0.1 -11.2 23.1
SLActive 3 3.3 2.6 13.1 4.1 -0.3 -11.8 24.9
SLActive | 3.5(0.4)a | 2.3(0.3)b | 11.8(1.4)c | 4.2(0.4)d | -0.1(0.2)e | -11.2(0.6) | 22.8(2.2)f

Table 4.1 Roughness measurements of SLA and SlActive discs (um). Mean values in
bold and standard deviation in brackets. (All t-tests, n=3). Same letters per column indi-
cate means with no statistically significant difference (P>0.05).
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Figure 4.3 Roughness parameters of SLA and SLActive discs (um). Columns represent
mean values.
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Table 4.1 shows that the SLActive disks had a rougher surface with an average
value of Sa= 3.4 um, while the SLA disks had a less rough surface with an Sa value of
2.9 um. Apart from statistically significant difference in the Sv values (P=0.001<0.05),
the two surfaces showed no major differences in the rest of the roughness parameters val-
ues. The SLActive surfaces demonstrated a slightly higher value (Sa) than SLA,
consistently for all the surfaces tested, although not statistically significant (P=0.053
>0.05). This differs from the results published by Wennerberg et al. (2012) [121], who
found the surface roughness of SLActive and SLA to be the same to two decimals
(Sa=2.19 um). They used though interferometry to calculate Sa values for both implant
groups, while the measuring area was 250 x 200 um?

Measurements of non-sandblasted (ns) SLA and SLActive surfaces revealed sig-
nificant differences in Sa values in samples from the above values, which is expected of
course, since the process of sandblasting is designed to create a macrorough surface.
More specifically, SLActive (ns) displayed a Sa=1.34 um and SLA (ns) a Sa=1.28um.

SLA surface roughness has been studied quite extensively. With regard to 3D
roughness evaluation, Sa values for SLA vary in the literature from 1.2 um (Zhao et al.,
2005) [134] to 3.99 um (Szmukler-Monkler et al., 2004) [135]. Other studies showed
values of 1.6 um (Albrektsson and Wennerberg, 2004) [13], 1.98 um (Jarmar et al., 2008)
[136] and 1.55 pum (Zinelis et al, 2012) [137]. There are also a lot of studies which per-
formed a 2D roughness evaluation of the surface and gave Ra values of 2.0 um (Buser et
al., 1999)[138], 2.06 um (Le Guehennec et al., 2008) [139], 3.22 um (Rupp et al., 2006)
[8] and 3.68 um (Albrektsson and Wennerberg, 2004) [13]. On the other hand, SLActive
surface roughness has not been studied as much. Zhao et al. (2005) [134] found a S, val-
ue of 1.2 um, while Zinelis et al. (2012) [137] 1.57 um. It has to be mentioned though
that these values correspond to the roughness of the (usually) small scanned area and are
not indicative of the whole rough implant surface. The Sa and Ra values depend on the
measuring method and increase as the scanned surface increases [36]. That is why studies
of the same implants often report different values for the same implants. In addition,
roughness measurements performed on implant buttons differ from those made on real
implants, which require filtering to remove waviness.

The surface topography is not easy to measure and different results can be ob-
tained when different measurement and data filtering techniques are being used

(Wennerberg et al, 1996) [140]. In order to avoid misinterpretation of data derived from
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various instruments and techniques, Wennerberg et al (1996) [140] published guidelines
for the measurement of surface topography.

Ra has been a popularly -and often only- used height parameter to describe im-
plant surface roughness in the literature. It should be taken into consideration that
surfaces with very different topographies may indeed have very common Ra values and
this parameter on its own can only give limited information on a surface’s roughness
[141, 142]. Parameters describing surface variation in the spatial direction are necessary
to achieve reliable surface characterization [143]. Such parameters are Sgs (Summit densi-
ty: number of summits per unit area) and Sy (developed interfacial area ratio: developed
versus an ideal reference area ratio). Zinelis et al. (2012) [137] studied SLA as received
samples and SLActive samples (after ultrasonication with water) and, although no statis-
tical significant differences were found in the amplitude parameters (Sa, Sq, S;), the
spatial (Sdr, Sds) demonstrated significantly higher values in the SLActive category
(p<0.05).

With the recent nanometer-range characteristics of implant surfaces, where the
relevant lateral dimensions may be in the nanometer scale, appropriate tools are necessary
for reliable and accurate quantification of the surface roughness [144]. In other words,

surface roughness needs to be evaluated in both micro- as well as nanometer scale.
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4.2 Contact Angle Goniometry

Tables 4.2 & 4.3 show the results of the contact angle goniometry measurements.

SLA . SLActive
SLA (no sandblasting) StActive (no sandblasting)
1a 96.58 108.57 <5 <5
1b 101.2 115.09 <5 <5
1c 102.71 126.43 <5 <5
id 103.08 132.25 <5 <5
le 103.17 133.7 <5 <5
1f 103.29 133.9 <5 <5
2a 107.74 134.59 <5 <5
2b 123.57 134.87 <5 <5
2c 126.06 135.59 <5 <5
2d 129.15 128 <5 <5
2e 111.21 131.41 <5 <5
2f 106.69 132.09 <5 <5
3a 108.97 129.26 <5 <5
3b 119.76 124.43 <5 <5
3c 110.19 107.9 <5 <5
3d 115.38 133.57 <5 <5
3e 124.54 115.43 <5 <5

Table 4.2 Contact Angle measurements (°), as received samples 1, 2 and 3 (raw data).

Contact .
angle SLA (no sansdllaasting) StActive (no ssaLrﬁ:lcl:'ll‘aI:ting) Rutile

(degree)

Sample1 | 101.67 125.00 <5 <5 -

Sample 2 | 117.40 132.76 <5 <5 -

Sample 3 | 115.77 122.19 <5 <5 -
Mean 111.61 126.62 <5 <5 77.03

SD 8.65 5.50 - - 4.43

Table 4.3 Contact Angle measurements (°), as received samples. Mean values for
the 3 samples and Standard deviation (SD).
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SLA surfaces, both sandblasted and non-sandblasted, displayed varying results,
ranging from 96.58 ° to 129.15 ° for the sandblasted and 107.9 ° to 135.59° for the non-
sandblasted respectively. The SLA discs had a mean contact angle measurement value of
111.61° indicative of a particularly hydrophobic surface, whereas the non-sand blasted
side of the discs had a higher contact angle value of 126.62°. It was found that the non-
sandblasted side of the SLA discs had a statistically significantly (t-test, P<0.01) higher
contact angle (15.01 * 3.3°), showing that sand-blasting as a surface treatment may have
contributed in increasing the wettability of the disc surface.

On the other hand, with regards to the SLActive discs, it was difficult to form a
satisfactory profile image of a sessile drop. They exhibited complete wetting forming a
layer of water across the surface, with a contact angle approaching zero (less than 5
degrees), thus the SLActive surfaces are defined as having super hydrophilic properties.
The same result was found on the non-sandblasted side of the disc. This implies that
sandblasting has no effect on the wettability of the SLActive surface.

A single crystal of rutile TiO, (100) showed relatively constant results with
contact angle values ranging from 72.80° to 83.88° and a mean value of 77.03°.

De Wild (2005) [145] investigated the hydrophilicity of SLActive dental implants
compared to standard SLA by Dynamic Contact Angle analysis (DCA). The initial con-
tact angle of SLA completely differs from SLActive. Repeated force loops of Wilhelmy-
electrobalance measurements on SLA implant show hysteresis (Am), which in turn indi-
cates contact angle hysteresis: The first advancing mean water contact angles were 6™
a0v>90° for SLA, but 0° for SLActive. Thus, the SLActive samples show maximum hy-
drophilicity in contrast to hydrophobic SLA.

The surface energy and hydrophilicity of SLA was found by Schwarz et al. (2007)
[146] to be very low compared to SLActive. In addition, Rupp et al. (2006) [8] measured
an average contact angle of 139.9° for SLA and 0° for SLActive, i.e. complete wetting of
the surface by water.

Taking into consideration that both SLA and SLActive are similarly microstruc-
tured (see section 4.2), the difference in surface wettability may be attributed to the
change of surface composition. While the SLActive surface remains stable due to its in-
sertion in isotonic NaCl solution, the SLA surface is contaminated by atmospheric
hydrocarbons which reduce its surface energy. Notably, the contact angle of a titanium
disc can very easily change from hydrophilic to hydrophobic, since it only takes a few

seconds before the exposed surface is contaminated by a monolayer of hydrocarbons and
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other inorganic impurities. Storing titanium discs in solution can therefore protect from
hydrocarbons contamination and, thus, enhance surface energy.

In general, the hydrophilicity, which enhances the initial adsorption of plasma
proteins can indeed be increased by a post etch chemical modification and storage in an
aqueous solution (Schwarz et al., 2007) [147], by heat treatment of the native surface in-
creasing the thickness as well as crystallinity of the surface oxide (Feng et al., 2002)
[148] or by photocatalytic phenomena upon irradiation by UV light (Sawase et al., 2008)
[149].

The contact angle measurements above demonstrate considerable differences be-
tween the samples. Surface roughness affects these measurements and from surface
profilometry measurements we know that SLA and SLActive have similar surface rough-
ness values. The latter are, of course, considerably rougher that their non-sandblasted
equivalents.

SLA surface has a smaller contact angle compared to its non-sandblasted
(smoother) equivalent, thus it is more hydrophilic. As stated above, contact angle can be
shifted due to surface topography changes. It can be inferred thus, that sandblasting has
decreased SLA’s hydrophobic behaviour. On the other hand, both sandblasted and non-
sandblasted SLActive surfaces displayed complete wetting of their surfaces, hence they
are both super hydrophilic. Because of this, it is not possible by means of sessile drop
method to see any effect that surface roughness may have on the hydrophilic behaviour of
these surfaces.

Lastly, a rutile single crystal (which is expected to be covered in adventitious hy-
drocarbons) displayed a contact angle of 77.03°, which is smaller than SLA and far
greater than SLActive. This could suggest that surface structure does affect wetting be-
haviour as well, since the above three surfaces appear to have different surface crystal
structures. It should be noted also that the single crystal will have been covered in adven-

titious hydrocarbon.
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4.3 Raman Spectroscopy

The crystallinity of the specimen’s surface will affect its Raman spectrum. In
most cases Raman scattering is sensitive to the degree of crystallinity in a sample. Typi-
cally a crystalline material yields a spectrum with very sharp, intense Raman peaks,
whilst an amorphous material will show broader less intense Raman peaks. These two
states (e.g. fully amorphous or fully crystalline) can be considered as spectral extremes,
and a Raman spectrum from an intermediate state (e.g. partially crystalline) will have
characteristics that are intermediate in terms of peak intensity and width (sharpness).

Raman spectra for SLA, SLActive and TiO, (100) rutile single crystal are dis-
played at Figures 4.4 - 4.6, 4.7 - 4.9 and Figure 4.10 respectively.

Both SLA and SLActive samples were tested as received, after washing in de-
ionised water and after washing in acetone, ethanol and de-ionised water. No peak posi-
tion differences were detected due to these cleaning processes.

SLA spectra are displayed below in Figures 4.4 — 4.6.

SLA (as received)

18000
16000
14000
12000 > —SIA
10000 -7
2000 é ——SLA2
6000 SLA3
4000 ——SLA4
2000 Average
0

950 750 550 350 150

Wavenumber (cm)

Figure 4.4 Raman Spectra of SLA discs, as received. SLA, SLA2, SLA3 and SLA4 rep-
resent measurements on different positions on the same sample.
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SLA (washed in deionised water)
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4000 Average

2000

950 750 550 350 150
Wavenumber (cm)

Figure 4.5 Raman Spectra of SLA discs, after being washed in distilled water. SLA5 and
SLAG represent measurements on different positions on the same sample.

SLA (washed in acetone, ethanol and water)
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2000

0
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Wavenumber (cm)

Figure 4.6 Raman Spectra of SLA discs, after being washed in acetone, ethanol and dis-
tilled water respectively. SLAS5 and SLAG6 represent measurements on different positions
on the same sample.

SLA spectra demonstrated no well-defined peaks, indicative of non-crystalline
structure (amorphous titania). Just broad falls and rises in the intensity were detected,

whereas the spectra from both the sandblasted and non-sandblasted surfaces appeared

identical.
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SLActive spectra are displayed below in Figures 4.7 — 4.9.

SLActive (as received)
70000
422 "
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609 256
e \ 50000
40000 £ —siAac2
c
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SLAac5
20000
Average
0
950 750 550 350 150
Wavenumber (cm™)

Figure 4.7 Raman Spectra of SLActive discs, as received. SLAac2, SLAac3 and SLAac5
represent measurements on different positions on the same sample.

SL Active (washed in deionised water)
12000
422
™ 256 10000
609 {
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8000
>
=2 ——SLAac7

6000 ¢
e ——SLAac8

4000 SLAac9

Average
2000
‘MM_-_
0
950 750 550 350 150
Wavenumber (cm™)

Figure 4.8 Raman Spectra of SLActive discs after being washed with distilled water (two
distinct spectra visible). SLA5 and SLAG6 represent measurements on different positions
on the same sample.



SL Active (washed in acetone, ethanol and deionised
water)
- 70000
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Figure 4.9 Raman Spectra of SLA discs, after being washed in acetone, ethanol and dis-
tilled water respectively. SLAac12, SLAac13 and SLAacl14 represent measurements on
different positions on the same sample.

The Raman spectra from different points on the SLActive surface following dif-
ferent washing methods shown in Figures 4.7 — 4.9 gave rise to two distinct spectra. The
majority of the spectra showed strong peaks at 609, 422 and 256 cm™ nm, although the
intensity of these features varied at different points on the surface. Some areas, however,
gave rise only to broad featureless spectra similar to those observed on the SLA surface
(see e.g. Fig. 4.8, SLAac8 spectrum and Fig. 4.9 SLAacl14 spectrum). These two spectra

were also measured on the non-sandblasted side of the samples.
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Rutile - single crystal
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- 3500
- 3000
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Figure 4.10 Raman Spectra of Rutile (TiOy) single crystal.

A TiO; (100) rutile single crystal (Fig.4.10) displayed narrow peaks at 609, 448
and 225 cm™. The above spectrum had to be measured at 1% laser power due to the in-
tensity of the 609 cm™ peak which saturated the CCD detector.

Initial results from Raman spectroscopy of SLA and SLActive discs (Fig. 4.4 —
4.9) show two clear types of material. The SLA displayed a generally amorphous
structure, whilst SLActive displayed both a similar structure to SLA and a more
crystalline appearing structure, which resembles that of rutile TiO, As mentioned
previously, amorphous materials generally give weaker relative intensities and broader
peaks than crystalline materials. Hence on the more amorphous SLA material longer scan
times were required to obtain similar signal to noise ratios.

It was observed that the spectra of the SLActive materials were strongly
dependant on the focus of the laser. This suggests that there was some change in structure
relatively close to the surface of the material. This sensitivity was not that intense in the
SLA sample discs, which may imply the existence of a relatively thicker layer on the
SLA surface. An observation also made was that a Raman spectrum taken on a surface
scratch on an SLA sample displayed the more crystalline appearing peaks observed on

SLActive samples (Fig 4.11 and 4.12), corroborating the above suggestion. Since the
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depth of analysis in Raman is much greater than XPS, a possible explanation is the
presence of well-organized, thick organic contamination zone (possibly residues from the

manufacturing process).

Damaged surface (freshly scratched) of SLA
12000
422, 26,
609\ 10000
8000 >
6000 g
£
4000
2000
0
950 750 550 350 150
Wavenumber (cm)

Figure 4.11 Raman Spectra of scratched area of an SLA disc.

30

20
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-10

-20

-30

Figure 4.12 Image of scratched area of an SLA disc (magnification x 50).
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Raman Averages (no Hanks)
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Figure 4.13 Summary of Raman peaks: averaged and intensities adjusted for clarity.

A summary of all average spectra of the SLA and SLActive discs is displayed in
Fig 4.13. In both samples and the two types of peaks there is an approximate set of peaks
that are consistent with both being the same material, the minor wavenumber shifts is also
most likely to occur due to the differences in crystallinity of the samples’ surfaces.

The common feature in the SLActive spectra is the presence of broad Raman
shifted lines at 609 cm™ and 422 cm™, which have been assigned to nano-rutile phase
TiO, [6]. There is also a third broad peak present in the graphs at 256 cm™. This peak at
around 250 cm™ is considered a multiphonon peak. Parker and Siegel (1990) [6] studied
nanophase TiO; and the peak positions for nanorutile, nanoanatase as well as their single
crystal counterparts are displayed at Table 4.4 below. The peak at 609 cm™ is seen at both
rutile single crystal (SC) and SLActive samples. Rutile SC has a second peak at 448 cm™,
whereas SLActive samples have it at 422 cm™, which indicates that nano-phase TiO, ma-
terial found on SLActive discs is based on the rutile structure.

On the other hand, anatase is generally identified by the presence of its strongest
peak at 144 cm™ as well as smaller lines near 640, 515 and 205 cm™. Anatase nano-TiO,

displays a further shifted peak at 154 cm™. Such peaks are not observed at this experi-
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ment. We cannot rule out though a peak at 144 cm™ or 154 cm™, since the spectrometer
filter cuts out wavenumber shifts of less than 150 cm™ to limit noise, while any peaks just
above the 150 cm™ threshold may be lost if they are weak, since the background noise at
these wavenumber shifts is higher than at larger shifts. Sul et al. (2002) [150] suggested
that the degree of crystallinity and the commonly thin nature of the titanium oxide can
make it difficult to obtain signal intensities above the noise level with Raman spectrosco-

py.

NaropeseT0: | 170, | oase i,
154+1 154+1
424+4 447+3
612+4 612+3

Nanophase TiO,154+1 cm? line FWHM = 25.5 cm™
Epitaxial TiO, film 144 cm™ line FWHM = 11 cm™

Table 4.4 TiO, Raman peak positions (cm™) [6]

The tests suggest that SLA surface is comprised mainly of amorphous titania (or
hydrocarbons) [151], while SLActive consists of areas of amorphous titania (or hydro-
carbons) as well as regions of crystallinity, suggestive of nano-rutile crystals, but no large
crystals. It was observed that the SLActive spectra were strongly dependant on the focus
of the laser. This implies that there must be some change in structure relatively close to
the surface of the tested material. Some spectra suggested a completely amorphous mate-
rial, whereas others displayed the SLActive type peaks (nano-rutile). Occasionally, the
same sample area could display both kinds of spectra if it was refocused and, than, retest-
ed. A possible explanation for this, is that an amorphous layer exists above a crystalline
surface. A logical formation process for this would be if a crystalline surface was created
by the initial processing, as seen on Raman spectra of SLActive samples. Subsequent
storage in plastic containers -SLA samples- would allow faster hydrocarbon contamina-
tion which justifies the amorphous carbon formation on the sample surfaces.

SLA and SLActive surfaces have rarely been studied using Raman spectroscopy.
In addition, it is the second time that crystalline phases of these surfaces have been con-
sidered, the prior published work being a study by Zinelis et al. (2012) [137] who used
RFTIRM.
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The effect of immersion in Hanks’ solution

The spectra below (Fig. 4.14 - 4.17) show the Raman spectra of SLA and SLActive after

incubation / immersion in Hanks’ solution

SLA Hanks >72h, No UV - 1800

%61 946 - 1600
650

- 1400

J - 1200

>
- 1000 &  ——Hanks4
c
- 800 £ —Hanks5
. 600 Hanks 6
- 400 Average
- 200
r T T T T 0
1150 950 750 550 350 150

Wavenumber (cm™)

Figure 4.14 Raman spectra of SLA disc in Hanks for 2 months without UV treatment.
Hanks 4, Hanks 5 and Hanks 6 represent measurements on different positions on the
same sample.

SLA Hanks >>72h & UV
- 1800
- 1600
- 1400
- 1200
. ——HANKS 30
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S —HANKS 31
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= —— HANKS 32
600
—— HANKS 33
400
—— AVERAGE
200
r T T T T 0
1150 950 750 550 350 150
Wavenumber (cm)

Figure 4.15 Raman spectra of SLA discs in Hanks for 2 months with UV treatment.
Hanks 30, Hanks 31, Hanks 32 and Hanks 33 represent measurements on different posi-
tions on the same sample.
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SLActive Hanks >>72h, No UV
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Figure 4.16 Raman spectra of SLActive discs in Hanks for 2 months without UV treat-
ment. Hanks 1, Hanks 2 and Hanks 3 represent measurements on different positions on
the same sample.
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Figure 4.17 Raman spectra of SLActive discs in Hanks for 2 months with UV treatment.
Hanks 7, Hanks 8 and Hanks 9 represent measurements on different positions on the
same sample.
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With intensities adjustment for clarity and ease of comparison (Spectra divided by
10 for SLAactive Hanks 72h/UV) the final diagram for the average spectra of samples in
Hanks for over 72h is as follows (Fig. 4.18):

Raman averages (Hanks >>72h)
- 7000
422
- 6000
609 236 - >000 — SLA Hanks72/no UV
- 4000 g
[ =
Q JR—
3000 & SLA Hanks72/UV
- 2000 SLActive Hanks72h/no UV
. 1000
] o — SLActive Hanks72h/ UV
950 750 550 350 150
Wavenumber (cm'?)

Figure 4.18 Raman spectra from SLA and SLActive disks with and without UV treat-
ment after 72h incubation at 38°C and 2 months in Hanks solution at room temperature.

As seen on Raman spectra above, incubation of sample discs at Hanks Solution
for more than 72 hours did not result in any distinct changes in crystallinity of the surfac-
es. However, on the non-UV treated SLA surface (Fig 4.14) there is some evidence of
Calcium phosphate growth. The peaks at around 800-950 cm™ and 650 cm™ have been
observed in various calcium phosphate and dentin Raman spectra and they are associated
with PO4? vibrational modes [152, 153]. Similar features are not observed in the non-UV
treated SLActive Raman spectra (Fig. 4.16). This may be because the peaks are relatively
weak compared to the TiO, peaks in the SLA sample.

The UV treatment of samples indicated that SLActive samples that were not UV
treated displayed weaker peaks than the UV treated ones. This could be due to the re-
moval of hydrocarbon from the UV treated SLActive samples due to the photocatalytic
activity of TiO,[116].
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4.4 X-Ray Photoelectron Spectroscopy (XPS)

4.4.1 Qualitative Spectral Analysis

The XPS survey spectra recorded from as received samples at a pass energy of 80

eV are displayed below (Fig. 4.19):
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Figure 4.19 XPS wide spectra of SLActive and SLA samples as received.

On all samples Ti, O, C and N signals were always detected by XPS. Ca was also
detected on all samples, as well as traces of Cl, P, Na, Cu, Zn, Si. The dominance of the
Tiand O signals shows that the surface consists mainly of a titanium oxide layer. The rel-
atively strong C signal can be assigned mainly to surface contamination by absorbed
carbon-containing (organic) molecules, which is a normal observation for air-exposed
surfaces. The C signal is not as intense on SLActive spectrum, due to the fact it is trans-
ferred from the etching solution to aqueous storage under nitrogen and, hence, less

exposure to surface contaminants takes place.
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Figures 4.20 - 4.22 show survey spectra of the SLA and SLActive samples fol-
lowing UV treatments and incubation in Hanks’ solution for 24 and 72 hours.

Following UV treatment of the SLA and SLActive samples (Fig. 4.20) there is
very little change in the spectrum apart from the appearance of a small amount of F spe-
cies in the SLActive sample. It is likely that this is due to contamination from the
UV/ozone cleaning environment.

Following immersion in Hanks’ solution for 24 hours (Fig. 4.21) the CI 2p disap-
pears from the SLActive surfaces. There is no other observable change in any of the
samples with or without UV treatment.

After 72 hours in Hanks’ solution (Fig. 4.22) we see clear evidence of Ca and P at
the surface suggesting the growth of ‘CaP’ on the surfaces apart from the UV treated
SLA sample.
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3
10 X 104 x 10 -
N 80 —
] o
w m
- 707
8| Z 3 1
\\ ° 60 Lo
] ]‘\ 1 P! “"»‘*w 3 o
\ o ] iy
6| mwy\b " E " 50? ‘cu E
v . W‘ o E ‘W‘Lnr A
EL) | l"\k © 40? M‘J f
\ %) 1 |
H 4 n 30 ™™
1 204
2 | A ] \‘
1" e 107 = &
1 j & ] ]
by 0] C o,
T T T ] T T T T T T T 1 T T T T T
1200 900 600 300 0 1200 900 600 300
Binding Energy (eV) Binding Energy (eV)
C) SLActive, HBSS 24h d) SLA, HBSS 24h
X 10° X 10°
60 = 60j 4
4 (@] i (@)
50_] 503
s ]
40] = 40 ‘ &
] ] =
& :wl 2 301
(@] 30{*1\ o ] \wwm_w,wﬁVw»w“f'"*'“""‘"-r»/vk
1 \“"aWMW‘»‘”WW"WM‘MM“WMA\’.\ : ﬂ
20] \,\ . 20A @)
] \ “ ] ,
: | (@) 4 yﬁ'
10 1. 10 a o
] ] > S
1 ? | ] [ L 5 [
0 ] T 1 T T T T N T 1 T N T 1 T N kT‘ T h‘Tﬂ’[r N O T 1 T T 1 T N T 1 T N T 1 T N T T' \T
1000 800 600 400 200 0 1000 800 600 400 200 0

Figure 4.20 XPS wide spectra of SLActive and SLA samples after UV treatment (a, b) or
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after insertion in HBSS for 24h (c, d).
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a) SLActive UV, HBSS 24h
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c) SLAUV, HBSS 24h, graz.em.
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Figure 4.21 XPS wide spectra of SLActive (a) and SLA (b) samples after UV treatment
and consecutive insertion in HBSS for 24h. XPS wide spectra (45° grazing emission) of
SLA (c) samples after UV treatment and consecutive insertion in HBSS for 24h.
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a) SLActive HBSS 72h b) SLA, HBSS 72h
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Figure 4.22 XPS wide spectra of SLActive and SLA samples after insertion in HBSS for
72h (a, b) and after UV treatment and consecutive insertion in HBSS for 72h (c, d).
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High resolution Ti 2p spectra recorded at a pass energy of 20ev are displayed below:

SLActive as received SLA as received
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Figure 4.23 XPS Ti 2p spectra of SLActive and SLA samples as received.

Fig. 4.23 displays typical spectra of the Ti 2p region from the surface of the as re-
ceived samples. The Ti 2p is a doublet peak consisting of spin orbit split Ti 2p;, and Ti
2psy2 peaks. We will only consider the Ti 2ps;; distribution for the analysis. This peak is
dominated by a peak at a band energy of 459 eV, but a small peak at 454 eV is also de-
tected. The main peak is assigned to Ti*" (TiO,), while we assign the small one to
metallic Ti [154]. The presence of a “metallic” peak in the spectra is attributed to the fact
that the surface oxide is thin enough to allow photoelectrons from the metal just beneath
the metal-oxide interface to escape through the oxide. This effect has been used to esti-
mate the thickness of the surface oxide [155]. In addition, there are small intensity
contributions in the region between the Ti** and the Ti metal peaks in the high-resolution
Ti 2p spectra. Their existence is attributed most likely to the presence of sub-oxides (TiO
and Ti,Os3) at the metal-oxide interface [8, 134]. Such signals coming from lower oxida-
tion states of Ti may be also due to defects in the TiO, surface oxide, e.g. interstitial Ti
atoms and/or O vacancies. The existence of small amounts of carbide (TiCy) or nitride

(TiNy) in the surface oxide could also explain the presence of this peak [155].
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a) SLActive UV

b) SLAUV
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Figure 4.24 XPS Ti 2p spectra of SLActive and SLA samples after UV treatment (a, b)

or after insertion in HBSS for 24h (c, d).
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a) SLActive UV, HBSS 24h
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Figure 4.25 XPS Ti 2p spectra of SLActive (a) and SLA (b) samples after UV treatment
and consecutive insertion in HBSS for 24h. XPS wide spectra (45° grazing emission) of
SLA (c) samples after UV treatment and consecutive insertion in HBSS for 24h.
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a) SLActive HBSS 72h

b) SLAHBSS 72h
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Figure 4.26 XPS Ti 2p spectra of SLActive and SLA samples after insertion in HBSS for
72h (a, b) and after UV treatment and consecutive insertion in HBSS for 72h (c, d).

The Ti 2p spectra (Fig. 4.24- 4.26) do not change much regardless of the treat-
ment. A spectrum taken with 45° grazing emission on SLA UV Hanks 24h sample (Fig.
4.25¢) shows that the closer we get to the surface the less intermediate titanium oxides or

metallic Ti we find. The specific spectrum resembles an SLActive spectrum. This con-
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firms that we have a continuous layer of TiO, covering the Ti metal at the surface as ex-

pected.
High resolution C1s spectra recorded at a pass energy of 20 eV are displayed be-
low:
SLActive as received SLA as received
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Figure 4.27 XPS C 1s spectra of SLActive and SLA samples as received.

The high resolution C 1s spectra at Fig. 4.27 display a dominant peak at ~285 eV,
which corresponds to hydrocarbon (C-H and C-C) bonded carbon [156]. Different
amount of contributions to the C 1s peak are also found at higher binding energies (286-
290 eV), verifying the presence of other bond types in the adsorbed organic contamina-
tion layer such as C=0 and C-OH bonds [154]. It is most likely that the contamination
layer consists of a mixture of the most abundant contaminant molecules that exist in the
preparation and handling environment of the samples, which must indeed bind relatively
strongly to the sample surface to still remain there during the XPS analysis which takes
place in vacuum. Considering these conditions, multilayers are mostly unlikely, given the
binding between contaminant molecules should only be weak, unless external perturba-
tions induce polymerization. It is therefore safe to suggest that the carbon contamination

layer is predominantly comprised of organic molecules which are adsorbed as a result of
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air exposure. Carbon contamination is initially greater in SLA, which is expected given
its non-aqueous storage. UV treatment seems to decrease organic carbon contamination at
SLA, but not SLActive samples. The latter could be due to surface contamination from
the UV source used for the test as suggested from the presence of F in the survey scan.
When put in Hank’s solution for 24h, carbon contamination seems to be similar between
UV and non UV treated samples for both categories (Fig. 4.28 and 4.29). On the other
hand, when they remain in the solution for at least 72h carbon contamination increases
overall, but there seems to be a significant difference in the amount of carbon contamina-
tion between the SLActive UV (greater organic contamination) and non UV treated

samples in figure 4.30 (left hand panels).
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Figure 4.28 XPS C 1s spectra of SLActive and SLA samples after UV treatment (a, b) or

after insertion in HBSS for 24h (c, d).
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Figure 4.29 XPS C 1s spectra of SLActive (a) and SLA (b) samples after UV treatment
and consecutive insertion in HBSS for 24h. XPS wide spectra (45° grazing emission) of
SLA (c) samples after UV treatment and consecutive insertion in HBSS for 24h.
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a) SLActive HBSS 72h
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Figure 4.30 XPS C 1s spectra of SLActive and SLA samples after insertion in HBSS for
72h (a, b) and after UV treatment and consecutive insertion in HBSS for 72h (c, d).
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High resolution O 1s spectra recorded at a pass energy of 20ev are displayed be-
low (Fig. 4.31):
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Figure 4.31 XPS O 1s spectra of SLActive and SLA samples as received.

The main peak binding energy at the high resolution O1s spectra is ~530 eV which is
assigned to the oxygen present in the surface oxide [154]. Moreover, the presence of ad-
ditional spectral components at the higher energy side of the peak is indicated by the
asymmetric shape of the O 1s peak. In all spectra without exception, individual peaks in
the region of 531-533 eV were clearly identified, which can be assigned to oxygen pre-
sent in C=0 and C-OH bonds [156] in the contamination layer, or to OH groups and
adsorbed H,0O at the oxide surface [157]. In our tests there seems to be a correlation be-
tween the intensities of the high energy contributions to the C 1s and O 1s peaks
respectively, therefore we could assume that the asymmetry of the O 1s peak primarily
comes from organically bonded oxygen, as in C=0 or COOH. It cannot be ruled out,
however, that some OH groups may be directly bonded to the oxide surface since many
metal oxides do dissociate water and incorporate hydroxyl groups at their surfaces [155].
The O1s peak was fitted to three subpeaks [154] (Fig. 4.32): O% (Eg ~ 530 eV), -OH plus
C-O (Eg ~ 531.5 eV), and adsorbed water (adsH,O) plus C=0 (Eg ~ 533 eV). In the
SLActive samples an additional peak was registered at ~536 eV, which was assigned to

adsorbed water.
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Figure 4.32 XPS O 1s spectra of SLActive and SLA samples after UV treatment (a, b) or
after insertion in HBSS for 24h (c, d).

Following 24 hours incubation in Hanks’ Balanced Salt Solution (HBSS) there

appears to be very little change in the O 1s spectra.
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Figure 4.33 XPS O 1s spectra of SLActive (a) and SLA (b) samples after UV treatment
and consecutive insertion in HBSS for 24h. XPS wide spectra (45° grazing emission) of
SLA (c) samples after UV treatment and consecutive insertion in HBSS for 24h.

For the UV-treated SLA sample after 24 hours in Hanks’ solution a grazing emis-

sion scan was recorded (Fig. 4.33c). This clearly shows that the species associated with

hydrocarbons, adsorbed water and hydroxides lie on the top of the oxide layer.
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Figure 4.34 shows as received SLA, as received SLActive and UV-treated SLA and
SLActive samples on the same plot for ease of comparison. It can be seen that there is
more contamination on the SLA as received surface compared to the SLActive, which
appears as greater asymmetry on the oxygen peak in Fig. 4.31 and Fig. 4.34 (oxygen
bonded to carbon and adsorbed OH species). UV treatment led to decreased O contami-
nation only in the SLA sample, which explains the greater change in the asymmetry of
the peak of the SLA O 1s peak at Fig. 4.32b and Fig. 4.34. No significant change is de-
tected on the SLActive O 1s spectrum (Fig. 4.32a, Fig 4.34) after UV treatment relative

to the non UV-treated sample.
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Figure 4.34 XPS spectra of O 1s from SLA and SLActive disks as received and after UV
treatment.

It has been suggested that hydrocarbon contamination may affect the bioactivity
of the Ti surface and could be reduced by ultraviolet irradiation [91]. Aita et al (2009)
[158] supported the idea that UV light pre-treatment of titanium substantially promotes

its osteoconductive capacity, with UV-catalytic progressive removal of hydrocarbons
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from the TiO; surface. It was suggested that in this way photofunctionalization of titani-
um enables faster and more solid establishment of bone—titanium integration. This was
achieved after a 48h treatment with UV light. Our tests did not show a great decrease in
carbon contamination, and where it did it was only for the SLA samples. The samples
were only treated for 20 minutes though and this may have played a significant role in the
results. Further tests and cell cultures are needed though to test the clinical value of any
such effect. In any case, the hydrophilic SLA surfaces have been proved to exhibit better
bioactivity than hydrophobic SLA surfaces by the N, protection or ultraviolet irradiation
[9, 134, 158].
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Figure 4.35 XPS O 1s spectra of SLActive and SLA samples after insertion in HBSS for
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The O 1s spectra of both implant groups change significantly after 72h at Hank’s
solution (see Fig. 4.35) and during peak fitting a fourth peak is added in the region of
~532.5 eV which may be indicative of the appearance of calcium phosphates at the sam-
ple surface [154]. One cannot, however, rule out that this peak contains contributions
from residual phosphates, carbonates and sulphates from the Hanks’ solution which have
not been removed from the surface by rinsing. In addition, the similarity in binding ener-
gy to that for OH before immersion in HBSS suggests that the immersion in aqueous
solution also results in more hydroxyl species at the surface. The appearance of the fourth
peak after 72h in Hanks’ solution is however concurrent with increase in the Ca and P %
elemental composition. The increase in the % concentration of both calcium and phos-
phorous is greater in the non UV treated samples. XPS as a technique on its own cannot
identify which ‘CaP’ phase this peak corresponds to and additional surface-sensitive
analysis methods such as Surface X-ray Diffraction (SXRD) would be required to identi-

fy it [159].

4.4.2 Quantification

The tables below show quantification of the surface chemistry of SLA and SLAc-
tive samples before and after immersion in Hanks’ solution. XPS spectra were recorded
from three positions on each sample (unless otherwise stated) and the average atomic %
concentration and standard deviation are shown in the table.

Samples were subjected to XPS analysis in three slots of two days. In the first al-
location the as received and UV treated samples were analysed. The samples were then
incubated in Hanks’ solution for 24 hours before being analysed in the second allocation.
The third allocation was used to analyse the 72 hour Hanks’ incubated samples. For more

information on sample preparation see section 3.2.4.
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O 1s% Ti 2p% N 1s% Ca 2p% C 1s% Cl 2p% P 2p%
1 63.68(1.69) 15.62(0.28) 0.46(0.11) 0.02(0.02) 18.04(1.78) 1.97(0.18) 0.22(0.05)
2 64.12(0.59) 13.73(0.50) 0.86(0.15) 0.11(0.05) 20.87(0.59) 0.07(0.01) 0.23(0.02)
3 56.37(0.46) 13.97(0.33) 1.19(0.19) 0.11(0.09) 27.35(0.42) 0.34(0.01) 0.67(0.13)
4 66.1(0.91) 15.97(0.37) 0.48(0.15) 0.08(0.05) 17.3(0.93) 0.01(0.07) 0.06(0.06)
10 68.44(0.91) 16.36(0.37) 0.27(0.15) 0.12(0.05) 14.49(0.93) 0.08(0.07) 0.24(0.06)
20 63.32(0.91) 13.88(0.37) 1.32(0.15) 0 21.48(0.93) 0 0
30 70.02(0.91) 15.17(0.37) 0.63(0.15) 0.21(0.05) 13.65(0.93) 0 0.32(0.06)
40 64.74(0.91) 14.21(0.37) 0.55(0.15) 0.12(0.05) 19.94(0.93) 0.01(0.07) 0.43(0.06)
1: SLActive as received 10: SLActive Hanks 24h
2: SLA as received 20: SLA Hanks 24h
3: SLActive UV 30: SLActive UV Hanks 24h
4: SLA UV 40: SLA UV Hanks 24h
40 graz. em: 45° grazing emission
O*(BE 530eV) _
] ] ] Ti 2p Metallic%o
Ca/Ti OITi CITi ITi*(BE
(BE 453eV)
458eV)
1 0.001(0.001) 4.08(0.06) 1.16(0.13) 3.23(0.09) 0.29(0.04)
2 0.008(0.004) 4.25(0.18)  1.20(0.09) 3.45(0.03) 0.98(0.16)
3 0.008(0.007) 4.43(0.08) 1.35(0.08) 3.00(0.04) 0.27(0.01)
4 0.005(0.004) 4.14(0.11) 1.08(0.10) 0.86(0.05) 1.02(0.07)
10 0.007(0.004) 4.18(0.11) 0.89(0.10) 3.22(0.05) 0.31(0.07)
20 0.000(0.004) 4.56(0.11) 1.55(0.10) 3.36(0.05) 0.92(0.07)
30 0.014(0.004) 4.62(0.11) 0.90(0.10) 3.36(0.05) 0
40 0.008(0.004) 4.56(0.11) 1.40(0.10) 3.55(0.05) 0.9(0.07)

Table 4.5 Quantitative information of SLA and SLActive surfaces as received, after UV
treatment, after inserted in HBSS for 24h as received and after UV treatment and inser-
tion in HBSS for 24h. Mean values and -in brackets- standard deviation.
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Cl 2p%
0.05(0.02)
0.32(0.09)
0.03(0.01)
0.03(0.01)
0.03(0.01)

P 2p%
1.17(0.08)
0.49(0.01)
0.21(0.14)
0.63(0.65)
0.33(0.21)

Ti 2p Metallic %

O 1s% Ti 2p% N 1s% Ca 2p% C 1s%
1 42.78(1.22) 7.49(0.22) 2.94(0.09) 1.32(0.02) 44.25(1.31)
2 33.66(0.77) 4.8(0.27) 2.36(0.31) 1.67(0.10) 56.71(0.57)
3 24.83(3.44) 1.33(0.57) 0.78(0.15) 0.31(0.08) 72.54(4.07)
4 33.41(13.54) 4.94(4.97) 1.52(1.12) 0.57(0.48) 58.92(20.77)
4-gr.em. 24.93(2.98) 1.96(1.05) 0.93(0.52) 0.27(0.04) 71.57(4.78)
1: SLActive, Hanks72h
2: SLA, Hanks 72h
3: SLActive UV, Hanks 72h
4: SLA UV, Hanks 72h
4 graz. em. : 45° grazing emission
O*(BE
530eV)
Ca/Ti O/Ti CITi
ITi*(BE
458eV)
1 0.18(0.04) 5.71(0.06)  5.92(0.35) 3.21(0.04)
2 0.35(0.08) 7.03(0.45) 11.85(0.77) 3.18(0.09)
3 0.24(0.05) 20.05(6.07) 61.12(29.49) 3.43(0.40)
4 0.13(0.04) 10.93(8.27) 28.53(32.95) 3.22(0.05)
4-graz.em. 0.15(0.06) 14.44(6.26) 43.6(25.94) 3.49(0.14)

(BE 453¢eV)

0.18(0.02)
0.54(0.06)
0.13(0.03)
0.37(0.23)
0.26(0.09)

Table 4.6 Quantitative information of SLA and SLActive surfaces after insertion in
HBSS for 72h as received and after UV treatment and insertion in HBSS for 72h. Mean
values and -in brackets- standard deviation.
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The results of the XPS elemental atomic percentage (%) as well as XPS Ca/Ti,
OfTi, C/Ti and O¥Ti** atomic ratios are listed above in Tables 4.5 and 4.6. The two as
received samples have similar qualitative composition. Ti and O % concentration is
15.62% and 63.68% for the SLActive as received (ar) and 13.73% and 64.12% for the
SLA as received (ar) respectively. SLActive (ar) demonstrate slightly lower C contamina-
tion, which is to be expected given its handling under N, gas and aqueous storage and
subsequently less adsorption of CO; and other organic molecules from the atmosphere.
Carbon levels were around 18.04% for SLActive and 20.87% for SLA. The difference is
not as significant as reported in the literature, where C levels for SLA were between
32.7% and 36.4% [8, 46, 134, 160], whereas SLActive appears to have significantly low-
er carbon contamination and is in the region of 14-15% [8, 134, 160]. The difference in
storage also accounts for almost untraceable Cl in the SLA sample. Traces of N and P are
also detected in both implant groups. N is a common trace element in grade 4 cp Ti.

Fig. 4.36 shows the total concentration and atomic % concentration of O, Tiand C
species at the surface following various surface treatments of the SLA and SLActive.
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Figure 4.36 Changes in O 1s %, Ti 2p % and C 1s % after different treatments of the

samples.

O 1s % and Ti 2p % concentrations (Fig. 4.36) do not appear to alter after UV
treatment or insertion in Hank’s solution for 24h, but they do appear similarly decreased
after 72h in Hank’s solution regardless of UV treatment or not. This can be explained by
the increasing C contamination on the samples’ surface. The origin of C contamination is

not clear. It may come from carbonates in the Hanks’ solution.
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Figure 4.37 Changes in Ca/Ti ratio after different treatments of the SLActive and SLA
samples (* stands for 45° grazing emission).

Calcium is almost untraceable in the as received samples’ surfaces as well as on
both UV treated samples. Its concentration starts to increase only slightly after the sam-
ples are stored in calcium-containing Hank’s solution for 24 h and significantly more
after they are stored in the same solution for more than 72 hours. This is also evident
from the Ca/Ti ratios of the differently treated samples at Fig. 4.37 above. SLA and

SLActive demonstrate similar behaviour.
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Figure 4.38 Changes in O/Ti ratio after different treatments of the SLActive and SLA
samples.

The Oxygen/Titanium ratio (Fig. 4.38) remains relatively constant in the region of
4 for the as received, UV treated, Hank’s 24h and UV-Hank’s 24h samples. The ratio in-
creases slightly for SLA and SLActive Hank’s 72h samples, whereas it increases
significantly for both UV treated Hank’s 72h samples, reaching values of 20 for the
SLActive and around 11 for the SLA sample. It can be inferred that UV treatment makes
the studied surfaces more reactive to oxygen species, with the SLActive ones having an
almost twice greater impact than the SLA ones. This is likely to be related to adsorption
of carbon species such as carbonates or oxygen containing hydrocarbons. Interestingly,
here is a sudden jump in Oxygen content for the SLActive sample which has been UV

treated and placed in Hanks’ for 72 hours.
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Figure 4.39 Changes in C/Ti ratio after different treatments of the SLActive and SLA

samples (* stands for 45° grazing emission).

Similar conclusions can be made for the Carbon/Titanium ratios (Fig. 4.39). It is
expected to have increased carbon contamination the longer the samples are stored in
Hank’s solution. It is interesting though to notice that UV treated samples appear to have
more C contamination than non-UV treated ones after both being 72h in Hank’s solution.
It is also evident in the intensity of C 1s peak at Fig 4.22 (c, d). This is consistent with the
increase in Oxygen/Titanium ratio above and supports the deposition of a C-O species at
the surface. This is in agreement with the O 1s spectra discussed earlier. In an attempt to

determine the nature of the surface oxide the O% to Ti*" ratio is shown in in Fig. 4.40 be-

low.
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Figure 4.40 Changes in O%/Ti"™ ratio after different treatments of the SLActive and SLA
samples (* stands for 45° grazing emission).

The ratio of O%/Ti** seems to be consistently above three, with the exception of
the SLA UV sample (0.86). This is likely to be due to the presence of other oxygen spe-
cies at the same binding energy as the oxide on the O 1s signal. The complexity of the O
1s spectra and difficulties in fitting backgrounds to both Ti 2p and O 1s spectra lead to
some degree of uncertainty in the precise origin of particular peaks. Slight variations in
the background fitting can lead to significant changes in the area of single peaks. In addi-
tion, the presence of TiOH at the surface further complicates O% fitting since the fits

overlap as shown in Fig. 4.31 — 4.33.
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Figure 4.41 Changes in Ti 2p Metallic % after different treatments of the SLActive and
SLA samples (* stands for 45° grazing emission).

Fig. 4.41 shows the % concentration of metallic Ti at the surface. There seems to
be increased presence of metallic Ti in SLA as received samples, which probably sug-
gests that oxidation continues more efficiently in saline solution than in air. The higher
metallic Ti concentration on SLA samples implies the existence of a thinner surface oxide
layer, compared to SLActive. This layer seems to increase in thickness on the SLA sam-
ples the longer the samples are stored in Hanks’ solution, suggesting that the neutral
aqueous medium does indeed affect the oxidation of the surface. However, it should be
noted that the effect of increased surface contamination observed in C 1s concentrations

will lead to a reduction in the detection of buried Ti close to the surface.
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5. CONCLUSIONS

Taking all the results above into consideration, the following conclusions were
drawn:
The Sv roughness parameter for SLActive surface was found to be statistically

significantly higher than SLA, although no significant differences were found between
the two groups with regards to the rest of the amplitude parameters. The Null Hypothesis
(Ho) (1) was rejected and the Alternative Hypothesis (Ha) (1) was accepted. Notably, in
addition to the height descriptive parameters, at least one hybrid or spatial parameter is
necessary for appropriate surface evaluation [71].

The SLActive samples appeared to be super-hydrophilic, while the SLA ones
were hydrophobic. There was a significant difference in their wettability. The Null Hy-
pothesis (Ho) (2) was rejected and the Alternative Hypothesis (Ha) (2) was accepted.

The SLActive surface displayed two distinct spectra, the first resembling the SLA
spectrum (amorphous structure), whereas the second had some medium to broad peaks at
609, 422 and 256 cm™, which was not found at the SLA surface. The Null Hypothesis
(Ho) (4) was rejected and the Alternative Hypothesis (Ha) (4) was accepted.

With limited time and limited access to high resolution XPS instrument it is not
possible to categorically rule out or confirm Null Hypotheses (Ho) (3), (5) and (6). How-
ever there were subtle differences between the samples investigated in this study.
Notably, 72 hour immersion of SLA and SLActive discs leads to the appearance of Ca
and P species at the surface of the materials. This is also associated with the presence of a
new oxygen species which may be in part due to Calcium phosphate material at the sur-
face. UV treatment appeared to show no effect on the amount of CaP at the surface over
the time scales here. This might suggest that results suggesting faster osseointegration
following UV treatment maybe more in the effect of C contamination on cell attachment

and proliferation than on mineralisation.
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Suggestions for further work

Literature suggests that many factors contribute to the long term clinical success
of dental implants, the majority of which are associated with their surface characteristics.
Nowadays the interest seems to be directed towards the study of effects of nano-
topography of implant surfaces on their clinical success, the study of techniques to de-
crease the risk of periimplant complications by local delivery of antibiotics or other
surface alterations —standard protocol for treating periimplantitis is yet to be established-
and lastly, the effect of different active ingredients in the implant-bone interface that may
promote greater and faster biological response [144].

Unfortunately a lot of the published data comes from studies of specific implant
systems which are often done in collaboration with manufacturing companies. A certain
degree of bias can therefore not be ruled out. Only a few studies can be found that are ac-
tually comparing different implant systems [13, 35, 36, 136]. Esposito et al. (2005) [161]
published a systematic review of failure rates between various root-formed osseointegrat-
ed dental implant systems after 5 years of loading. They concluded four randomised
clinical trials in their analysis and found no clinically significant differences between the
different studied systems. For that reason, more randomised clinical trials with greater
patient samples need to be carried out, to facilitate the evaluation of the clinical relevance
that dental implants’ different surface characteristics may have.

In addition to the current focused interest on dental implantology research, stem
cell technology is being increasingly used by several research groups in an attempt to
achieve the generation of native oral tissue analogs that will be compatible with the pa-
tients’ own [162-169]. The goal to create bioengineered teeth is noble, the research
progress in the field appears to be promising and there is truth in the belief that regenera-
tive medicine, and more specifically, tissue engineering is bound to play a significant and
definitely revolutionary part in the future of clinical dentistry.

In the meantime, well-designed comparative surface characterization studies of
various existing commercial implant systems are necessary, preferably with the use of
standardised methods of analysis [144]. Specifically, large sample sets are required for
XPS studies to promptly assess differences in surface chemistry between SLA and SLAc-
tive implants. XPS is a powerful technique for surface analysis and gives truly surface

elemental composition, although it is limited in analysis of samples where the presence of
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water is likely to influence material behaviour. This will expedite progress in the re-
search, since understanding and comparison of findings will be considerably easier. In
combination with well-executed clinical trials, they will provide further data to correlate
specific implant surface characteristics with long term successfully osseointegrated dental

implants.
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