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BIC: the percentage of dental implant surface covered by newly formed bone, is one of the
critical measurements used to quantify the degree of osseointegration.

Ti-6Al-4V: Titanium alloy used in the medical field to produce a biomaterial which improves
the mechanical characteristics of Titanium. It contains around 6 wt% aluminium and 4 wt%
vanadium.

UV: is an electromagnetic radiation with a wavelength from 10 nm to 400 nm, shorter than that
of visible light but longer than X-rays. UV radiation constitutes about 10% of the total light
output of the Sun, and is thus present in sunlight.

XPS: It stands for X-ray photospectroscopy. It is a surface-sensitive quantitative spectroscopic
technique that measures the elemental composition at the parts per thousand range, empirical
formula, chemical state and electronic state of the elements that exist within a material.
XPS spectra are obtained by irradiating a material with a beam of X-rays while simultaneously
measuring the kinetic energy and number of electrons that escape from the top 0 to 10 nm of
the material being analyzed. XPS requires ultra-high vacuum (UHV; P < 107° millibar)
conditions.

AES: Auger electron spectroscopy is a common analytical technique used specifically in the
study of surfaces and, more generally, in the area of materials science. Underlying the
spectroscopic technique is the Auger effect, as it has come to be called, which is based on the
analysis of energetic electrons emitted from an excited atom after a series of internal relaxation
events.

SEM: A scanning electron microscope is a type of electron microscope that produces images
of a sample by scanning the surface with a focused beam of electrons. The electrons interact
with atoms in the sample, producing various signals that contain information about the sample's
surface topography and composition.

AFM: Atomic-force microscopy is a type of scanning probe microscopy, with resolution on
the order of fractions of a nanometer, more than 1000 times better than the optical diffraction
limit.

EDS: Energy-dispersive X-ray spectroscopy, is an analytical technique used for the elemental
analysis or chemical characterization of a sample. It relies on an interaction of
some source of X-ray excitation and a sample. Its characterization capabilities are due in large
part to the fundamental principle that each element has a unique atomic structure allowing a
unique set of peaks on its electromagnetic emission spectrum

RT-PCR: A real-time polymerase chain reaction, also known as quantitative polymerase
chain reaction (QPCR), is a laboratory technique of molecular biology based on the polymerase
chain reaction (PCR). It monitors the amplification of a targeted DNA molecule during the
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PCR, i.e. in real-time, and not at its end, as in conventional PCR. Real-time PCR can be used
quantitatively (quantitative real-time PCR), and semi-quantitatively



1.INTRODUCTION

1.1 DENTAL IMPLANTOLOGY BACKGROUND

Dental implantology, a field of dentistry, has become a standard in dental restorative treatment
to restore lost function and aesthetics in edentulous and partially edentulous patients[1]. Dental
implants aim to simulate the root-crown apparatus in the most physiological manner, being
inserted into the root-bearing parts of the mandible or maxilla and a prosthetic restoration on
top either screw retained or cemented. However, current implant therapies cannot be defined
as being optimal considering the protracted healing time and limitations dictated by bone
anatomy, systemic factors, smoking and ageing. According to Lee et al [2] the survival rate
for an implant today is around 92% over a period of 5 years, while in a period of 10-15 years
Norowski et al [3] report it to be around 89%, though the dental infection risk may be as high
as 14%. Bacterial colonization on an implant could lead to inflammatory reactions and loss of
osteointegration. A major limitation of clinical success is peri-implantitis, an inflammatory
process that attacks the soft and hard tissues around the implant [4] . Researchers, clinicians
and manufacturers have made it possible to improve the chemical and topographical aspects of
titanium to improve the biological principles underlying osteointegration [5]. Different
chemical and physical approaches, (abrasion, anodization, acid etching, plasma spraying) have
been used in an effort to improve the surface properties of implant materials. To guarantee the
stability and long life of an implant, good bone anchorage needs to be achieved, in other words,
the stability is dependent on the so-called bone-implant-contact (BIC). Nevertheless, the BIC
range value is generally between 45%z 16%, far below the ideal 100% mark. To increase the
long term success rate, it is imperative to enhance the integration between biocompatible
materials and soft and hard tissues. Ideally it should increase the activity of cells that in turn,

increase the speed of the healing process/osteointegration.
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1.2 PROCESS OF OSTEOINTEGRATION

The process of integration of a dental implant with bone has been defined overall as the process
of osseointegration. The term was suggest by Branemark in 1969 [6], originally defined as a
direct deposition of bone on the implant surface. This concept has been described by
Branemark as consisting of a highly differentiated tissue making a direct structural and

functional connection between ordered, living bone and the surface of a load-carrying implant.

Since then more definitions have been provided, Albrektsson et al.[7] described it as: “a direct
functional and structural connection between living bone and the surface of a carrying
implant”. Subsequently, a more clinical definition was provided by Zarb and Alberktsson in
1991 referring to osteointegration as “a process whereby clinically asymptomatic rigid fixation
of alloplastic materials is achieved and maintained in bone during functional loading”. Another
term used to describe the process was provided by Schroeder et al [8] that is “functional
ankylosis”. They stated that: new bone is laid down directly upon the implant surface, provided
that the rules for atraumatic implant placement are followed and the implant exhibits primary
stability. Many experimental studies were performed to describe and understand the steps

involved in bone formation and osseointegration of the implants.

Bone healing around dental implants is activated by any lesion of the pre-existing bone matrix.
As in direct bone healing (primary fracture healing) a cascade of cellular and extracellular
biological events take place at the bone implant interface until the implant surface appears
finally covered with newly-formed bone [9].The sequence of events includes the activation of
osteogenic processes, which are regulated by growth and differentiation factors released by the
activated blood cells at the implant surface [10]. Immediately following implant placement,
non-collagenous proteins and growth factors are released and activate bone repair. Attracted
by chemotaxis, osteoprogenitor cells of the bone marrow and from the endocortical and
periosteal bone envelopes migrate into the site of the lesion [11]. They proliferate and
differentiate into osteoblast precursors and osteoblasts, and start depositing bone-related
proteins and creating a non-collagenous matrix layer on the implant surface that regulates cell
adhesion [12] [13]. Already after 4 to 6 weeks after implantation there is and early deposition
of new calcified matrix on the implant surface called woven bone. It is often considered as a
primitive type of bone tissue and characterized by random collagen fibrils, numerous and

irregularly shaped osteocytes and a relatively low mineral density. Woven bone fills the initial
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gap at the implant-bone interface. Arranged in a three-dimensional regular network, ensuring

biological fixation and high resistance to early implant loading [14, 15].

Starting in the second month, woven bone is progressively remodeled and substituted by
lamellar bone that may reach a high degree of mineralization [16]. As far as the growth pattern
is concerned, lamellar bone cannot form a scaffold like woven bone, but merely grows by
apposition on a preformed solid base [11]. At three months post-implantation, a mixed bone
texture of woven and lamellar matrix can be found around the implant [17]. The last stage of
osteointegration comprising bone remodeling starts around the third month and contributes to
the adaptation of bone structure to stress and mechanical loading. The turnover of peri-implant
bone is characterized by the presence of medullary or marrow spaces containing osteoclasts,
osteoblasts, mesenchymal cells and lymphatic/blood vessels next to the implant surface [14,
17]. This process improves bone quality and functional adaptation either by replacing pre-
existing, necrotic bone and/or initially formed, woven bone with mature, viable lamellar bone
or by changing the dimension and orientation of the supporting elements [11]. Bone remodeling
continues throughout life, preventing the accumulation of micro-damage and fatigue of bone,

and thus ensuring the longevity of the implant [18].

However, the interaction between the living tissue and the implant can be affected by systemic

and local factors, which are summarized in TABLE 1



Factors enhancing osseointegration

Factors inhibiting osseointegration

Implant design, shape and diameter

Excessive implant mobility and micromotion

Titanium coating on Co-Cr metal implant

Nonsteroid anti-inflammatory drugs especially COX-
2 inhibitors

Laser treatment of implant surface

Warfarin and low molecular weight heparin

Human PTH (1-34)

Inappropriate porosity of the porous coating of the

implant

Osteogenic transcription factors

Osteoporosis, rheumatoid arthritis

Local delivery of transcription factors

Radiation therapy

Bone source augmentation to socket

Smoking

Mechanical stability and loading conditions applied to

the implant

Advanced age, nutritional deficiency and renal

insufficiency

Pharmacological agents such as simvastatin

Pharmacological agents such as cyclosporine A,

methotrexate and cis-platinum

Table 1 Factors involved in increase and inhibition of osseointegration [19]
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1.3 BIOMATERIALS IN DENTAL IMPLANTOLOGY

A biomaterial is defined as a natural or synthetic material that can be used in a living body to
replace parts or functions in a reliable, safe and physiologically acceptable manner; to maintain
or improve the quality of life [20] [21, 22]. The most widely used materials for dental implants
are Titanium (and its alloys) and Zirconium oxide[23]. The Williams dictionary of biomaterials
defined also the term biocompatibility, as “the ability of a material to perform with an
appropriate host response in a specific situation”[20]. In other words, a biomaterial should not
induce any harmful effect being non-toxic, non-immunogenic and non-carcinogenic. TiO 2 and
ZrOzare both oxides and have the same stoichiometry. In fact they both belong to the 4™ group
of the periodic table, and their chemical characteristics are thus similar. TiO2 and ZrO- surfaces
present themselves with slightly different interatomic distances. However, to the present the
mechanical properties of ZrO. are not quite as good as those of TiO>.. Both materials have been
used for the production of dental implants. However to be sufficiently rigid and usable in the
clinical practice the ZrO> implants are produced as a one piece elements reducing considerably
their versatility during the restorative phase of treatment. Taking into account available
literature a number of systematic reviews have commented on the scarcity of clinical data
supporting the use of zirconia implants which are mainly limited to cohort investigations of
lower evidential value [24, 25]. The recent work of Reham et al. discourages the use of these
implants for the rehabilitation for anything other than a single tooth, due to the increase of
marginal bone loss and higher fracture rate when compared to titanium implants and concluded
that their use should be limited to cases with a proven allergy to titanium [26]. From an aesthetic
point of view ZrO> presents great advantages especially in patients with a thin gingival biotype
and for this reason it is usually utilized for dental abutments. Overall, the amount of ZrO;
implants utilized in the worldwide market is about 5%. All considered, titanium still remains
to date the material of choice for dental implants, therefore this thesis is not going to address

any other implantable material

10
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1.3.1 TITANIUM OVERVIEW
The main advantage of titanium is its high strength-to-weight ratio. Its strength is comparable
to steel, but the density is just half of it. It also possesses good mechanical properties and
corrosion resistance, which is maintained even at high temperature [27]. The conventional
titanium alloys have a yield strength in the range of 800-1200 MPa and a Young’s modulus of
around 100-140 GPa. In the medical field, the most commonly used titanium alloy is Ti-6Al-
4V. As the name says, it contains around 6 wt% aluminum and 4 wt% vanadium. To show its
advantages, a comparison of the mechanical properties of Ti-6Al-4V and commercial pure
titanium (Grade2) can be seen in TABLE 2 On titanium, a stable, dense, non-conductive oxide
film is formed, which prevents the flow of ions making it a biocompatible material [28, 29].
The advantage of titanium and its alloys for load bearing orthopedic implants is its low Young’s
modulus [27]. Its value is the closest to the Young’s modulus of bone among all metallic
biomaterials, which therefore gives better transfer of the load and, thus, stimulates bone growth
[29].

Table 2 Comparison of mechanical properties of Ti and Ti-6Al-4V at room temperature

Property Ti Ti-6Al-4V
Ultimate tensile strength | 240-330 | 900-930
(MPa)
Yield strength (MPa) | 170-240 | 830-920
Elongation (%) | 30 14
Reduction in area (%) | 5° 30

11
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1.3.2 TITANIUM OXIDES CHEMICAL COMPOSITION
Titanium is a transition metal, it has several available chemical states and may form very stable
oxide films. The most common oxidation state of titanium is Ti** (TiO2), but lower states such
as Ti%" (Ti,03) and Ti?* (TiO) may also occur [30]. It is possible to distinguish between 3
different crystal structures of titanium oxides, anatase (tetragonal), rutile( tetragonal) and
brookite (orthorhombic)[30]. Due to the high affinity between oxygen and titanium, an oxide
layer is easily formed on its surface [30]. The process of oxidation is shown in FIG 1. Firstly,
the oxygen forms a monolayer on the surface (panel b), then the oxide is formed by diffusion
of the oxygen atoms into the material and/or metal ion diffusion onto the surface (panel c) [30].
After the nucleation, the oxide grows laterally to cover the whole surface (panel c) [31]. Then
the oxide film grows in thickness, and the diffusion rate of the atoms and ions will decrease
until it becomes zero and the growth then stops (panel d) [30]. The oxide film formed protects
the surface from further oxidation, only in case of damage, it can spontaneously react with
oxygen or water present in the environment for self-reparation [32]. Typically the oxide layer
formed in the atmosphere has a thickness of about 5-10nm [32] and is composed of a mixed
crystal structure of anatase and rutile [33] [34]. As stated earlier in the medical field titanium
is frequently used as an alloy, most commonly Ti-6Al-4V. The oxide formed in this alloy has
a different composition and morphology than that of the pure metal. The presence of aluminum
in the alloy makes it possible to detect Al.Oz oxide on the surface. However, the TiOz is equally
stable and thus inhibits the growth of aluminum oxide. On the other hand, Vanadium cannot
be detected on the outermost surface, only after removal of the oxide layer it can be detected
with XPS and AES analysis mainly in the form of V.0s [30].

12
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Figure 1 Formation of oxide on a metal surface Adapted from [35]

1.4 TITANIUM SURFACE TOPOGRAPHY AND TREATMENT TO IMPROVE
OSTEOINTEGRATION

1.4.1 TOPOGRAPHY AND CHARACTERISTIC OF IMPLANT SURFACES
Implant surface topography namely, macroscopic, microscopic and nanometric characteristics
are considered some of the most important factors in osseointegration. Roughing of the surface
has been proven to increase osteoblastic proliferation, differentiation and adhesion, whilst
fibroblast adhesion seems to be weaker[36, 37]. Implant surface roughness is divided into 3

subgroups: macro, micro and nano roughness.

e Macro roughness, has a range between millimeters and microns, it is involved in the
implant geometry of the threads and its macro porousness. The interlocking of these
structure with the bone is responsible for the initial implant stability [38]. A major risk
with high surface roughness may be an increase in peri-implantitis as well as an increase

in ionic leakage [39].

13
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e Micro roughness, has a range from 1-10 microns. This topography is responsible for
the interlocking of the bone at the implant interface [40]. Studies supported by some
clinical evidence suggest that the micron-level surface topography results in greater
bone-to-implant contact and higher resistance to torque removal than other types of
surface topography [38]. In animal studies, a moderately rough surface with a Sa of
about 1,5 pum promotes the strongest bone response [41-43]. Therefore, it has been
pointed out that a major indication for using an implant with a rough surface is in
conditions of poor bone quality or volume. In these unfavorable clinical conditions,
early and high bone-to-implant contact would be beneficial for allowing a high level of
loading [44]. In this context, it should be mentioned that micro-rough surfaces have
been generally interpreted as biocompatible with limited ability to directly affect the
initial response of surrounding tissues, i..e., the ability to enhance bone formation or to
prevent bone resorption[45].

e Nano Roughness, is related to nano-sized materials with a size of 1-100 nm on the
implant surface. This microscopic roughness is believed to increase the surface energy
which in turn increases the wettability and in turn promotes absorption of proteins and
adhesion of osteoblasts [46]. It should be pointed out that, reproducible surface
roughness in the nanometer range is difficult to produce with chemical treatments. In
addition, the optimal surface nano-topography for selective adsorption of proteins

leading to the adhesion of osteoblastic cells and rapid bone apposition is unknown.

The implant surface can be modified by mechanical means namely, grind blasting, machining
and polishing. Chemical treatment with acid or alkali, sol gel, hydrogen peroxide treatment,
anodization and chemical vapor deposition are other valid methods to alter the surface
roughness and composition. In addition physical methods like plasma spraying, ion deposition
and sputtering have also been used to modify the surface. Here will follow a description only
for machined, sand blasted and acid etched modified surfaces being the ones used for the

samples used during the investigation.

14
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Machined surface.

Used in the first generation of dental implants. They were considered smooth but if analyzed
under the scanning electron microscope grooves and ridges created during manufacturing can
be appreciated. The disadvantages of this surface is the inability of the fixture to interlock with
bone therefore creating a delay in osteointegration [40].

Etched surface

Acid etching is performed with strong acids, typically a mixture of HNO3z and HF or a mixture
of HCI and H2SOa. The process is able to remove the oxide layer on the surface in addition to
some parts of the underlying material. The effect is the creation of homogenous irregularities
known as micro pits with sizes ranging from to 0.5 to 2 um in diameter. As a result the surface
area is increased and bio-adhesion is enhanced. A more rapid osteointegration with long-term
success has been reported when titanium surface was roughened by acids [40]. Also introduced
and used is a technique called dual etched, which is the immersion of the titanium surface for
several minutes in a mixture of concentrated HCI and H.SO4 heated above 100°C. It has been
speculated that this treatment can achieve a specific topography, which makes it possible for
fibrin to attach and in turn guide the osteoblasts, hence promote bone apposition[47].

Sand-blasted surface

Machined surfaces can be sand-blasted with 0.25-0.50 um titanium dioxide particles giving
roughness to the surface. The implants which underwent this type of modification have been
reported to have a higher success rate than unblasted implants [48]. Alumina (Al2O3) is
frequently used as a blasting material and produces surface roughness varying with the
granulometry of the blasting media. However, the blasting material is often embedded into the
implant surface and residue may remain even after ultrasonic cleaning, acid passivation and
sterilization. Alumina is insoluble in acid and is thus hard to remove from the titanium surface.
Is some cases, these particles have been released into the surrounding tissues and have
interfered with the osseointegration of the implants [49]. Comparative clinical studies have
given higher marginal bone levels and survival rates for TiO grit-blasted implants than for
machined turned implants [50]. This surface treatment is still used by some manufacturers but
it most of the cases it has been the starting point for a more effective surface treatment which

is sandblasted and acid etched.

15
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Sandblasted and acid-etched surface

In the last few years a new protocol has been introduced which exploits both sand blasting with
large grit particles 250-500 um followed by etching with acids. As a result macrostructures are
created after sand-blasting and in addition thanks to acid etching also micro-irregularities are
created. The healing process seems to be faster and this type of modification is recommended

when an immediate loading is planned [51].

1.4.2 HYDROPHILICITY OF IMPLANT SURFACES

In addition to topography the hydrophilic nature of a material’s surface is a representative
marker for surface energy and may play an important role in their interaction with biological
molecules, cells and tissues [52]. The biological response is greatly affected by the surface free
energy and hydrophilicity. In the initial phase of osseointegration, surface energy and
hydrophilicity have been shown to alter the extent of protein adsorption [53]. In other words,
the exact mixture of proteins on the surface and their conformational state(s) will be different,
depending on the original surface properties, e.g., how the surface binds water [54]. The latter
lies behind the common observation that, for example, hydrophilic and hydrophobic surfaces
bind proteins differently [52]. It is well-established that fewer proteins tend to adhere to
hydrophobic surfaces and they bind less tightly than to hydrophilic surfaces [55-57]. Moreover,
on very hydrophilic surfaces, it is more likely that proteins bind with their hydrophilic areas
toward the surface, and with intact water shells, while on very hydrophobic surfaces, the
proteins are more likely to bind with their hydrophobic segments closest to the surface, and
without intervening water shells [52]. The structure and state of a such protein layer is thought
to be responsible for cell-surface interactions. Immediately after implantation, biomaterials are
covered with a layer of plasma proteins, predominately aloumin, fibrinogen, 1gG, fibronectin,

and von Willebrand factor [58-60]. The amount and composition, as well as the degree of the

16
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conformational state of the absorbed proteins, regulates the cellular response [61]. It is believed
that these proteins: through biomaterial interactions prompts the exposure of hidden protein
structures and sequences that serve as receptor sites for different types of cells, which then

initiate the body’s reactions to the implant material surface.

1.5 UVC IRRADIATION TO INDUCE THE PHOTOCATYLITIC EFFECT

It has been reported by some researchers that the titanium used for manufacturing dental
implants changes over time, undergoing physical modifications namely an increase of carbon
is detected onto its surface. The titanium surface constantly attracts organic impurities, such as
polycarbonyls and hydrocarbons from the atmosphere, water, and cleaning solutions used
during the final decontamination of the implants before packaging [62-65]. The contamination
with hydrocarbons of the titanium surfaces is reported to be a physiological phenomenon,
described as biological aging [63, 66-69]. The amount of carbon is known to vary depending
upon the age of surfaces and reportedly can increase from 20% on freshly produced titanium
to approximately 60—75% at 4 weeks after production biological ageing [1, 70].

The presence of carbon plays a key role on the wettability of the surface, from hydrophilic —
when the fixture is produced — to hydrophobic — over the 4 weeks after production. This
phenomenon could create a coat around the surface and lead to an insufficient attraction of
stem/progenitor cells, resulting into an incomplete osteointegration of the implants. A newly
introduced procedure, termed UV photofunctionalization, has attracted considerable attention
and interest; it has been reported as a method to modify the surface and increase its biological
capability reducing the amount of contamination. Ultraviolet light (UV), corresponds to electric
magnetic radiation with 100-400nm wavelength fig. 2. Even though they are divided into UVA,
UVB and UVC depending on the wavelength, all the studies have been using a wavelength
100-280 nm corresponding to UVC fig. 2. Such effect is not completely unknown as, since
1969, the ability of the UVC wavelength in cleaning the TiO, coated materials has been
demonstrated in other industrial field, like the photovoltaic. [71]. The UV absorption excites
an electron from the valence band to the conduction band of the semiconductor. The resulting
excited electrons, in the otherwise empty conduction band, and the “positive hole” in the

valence band allow charge transfer to the TiO. surface which facilitates oxidation of
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surrounding molecules. Sometimes direct charge transfer causes the oxidation [72].
Alternatively, hydroxyl radicals, formed by the “positive holes” in the valence band accepting
electrons from hydroxyl ions, are catalytically active intermediates [72]. This phenomenon is
the starting point of the process of photofunctionalization.

Many in vitro studies were performed to analyze the behavior of TiO; after UV irradiation,
mainly focusing on the behavior of animal and human osteoblasts, as well as of periosteum-
derived osteogenic cells [73-76]. Ogawa et al. studied the effects of UV irradiation on titanium
discs of multiple surface topographies. Sand-blasted, acid etched, machined, and nanofeatured
treatments were used to simulate the different characteristics of the implants produced. A cell
line of pre-osteoblasts (MC3T3) cultured on UV treated surfaces showed better attachment and
increased cell proliferation, increased protein adsorption and enhanced osteoblastic
differentiation, as compared to control cells grown on untreated surfaces [77]- However, the
differences between treated and non-treated surfaces was evaluated at short time intervals,
usually no longer than 48 hours. Enhancement in osteoblastic adhesion and growth in such a
small window of time is anyway postulated to improve the implants outcome. In the study by
Iwasa et al. two tests were performed to evaluate the early and successful cell attachment to
titanium disks: a mechanical test using vibrational force, and an enzymatic one by trypsin
treatment [78]. Both tests were performed after 3 and 24 hours of incubation of cells on the
titanium surfaces. The results show that after the UV treatment the cell detachment was
decreased by 110-120% after 3 hours incubation, and 50-60% after 24 hours. The conclusion
was drawn that the UV treatment accelerates cell adhesion and increases the strength of
adhesion [78]. It was pointed out that histologically there are differences between the
osteoblasts cultured on the titanium surfaces; fluorescent images with actin filaments stain
revealed that cells cultured on UV treated surfaces were enlarged with well-developed,
philopodia-like cell processes, while cells remained small and circular on untreated surfaces
[75]. Cytomorphometric evaluations of area, perimeter and Ferets diameter showed that the
perimeter was 6 times greater and the cells area was 3,5 times greater on the UV treated surfaces
[75]. Moreover, there was a greater expression of vinculin, a membrane- cytoskeletal protein
involved in focal adhesion, suggesting that the cells settled faster and with higher strength on
the UV treated surfaces [77, 78].

Albumin and fibronectin adsorption capacity is a useful parameter used to show the interaction
between cells and proteins adsorbed on material surfaces [77]. Therefore their adsorption was

studied after 6 and 24 hrs on titanium disks with different topographies before and after UV
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irradiation [74]. According to Hori et al. the increase in protein adsorption was 80-300% for
the UV treated disks as compared to non-treated, regardless of the specimen topography [74,
77].

To further investigate the way the UV irradiated titanium affects the rate of osteoblastic
activity, additional biological markers, such as alkaline phosphate activity and calcium ion
deposition and the expression of osteoblastic genes, were compared between the UV treated
and not-treated surfaces. The results showed an increase of biological markers on the treated

surfaces, suggesting a higher degree of cellular activity [62, 64, 74, 79, 80].

_100-200 nm _  200-280 nm _  280-315nm _ _ 315-400 nm
Ozone/Germicidal-» -

103 10" 1073 107 10

Figure 2 Electromagnetic spectrum of radiation. UV radiation is part of the not visible light with wavelength between
100-400 nm
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1.6 MESENCHYMAL STROMAL CELLS (MSCs)

In recent years Mesenchymal Stromal Cells, also called Mesenchymal Stem Cells, have raised
great interest for their properties and characteristics as potential therapeutical tools for a wide
spectrum of pathologies [81]. They are located in several easily accessible tissues, such as bone
marrow, dental pulp, adipose and dermal tissues. Furthermore, following tissue damage they
are selectively recruited to the sites that need repair, where they can secrete bioactive factors
that inhibit scarring and apoptosis and stimulate angiogenesis and proliferation of endogenous
stem/progenitor cells [82]. Therefore, MSCs may contribute to tissue repair either as
multipotent cells or as trophic mediators. They can grow ex vivo and differentiate in vivo and
in vitro into multiple phenotypes, including bone, cartilage, muscle, adipose tissue and
hematopoietic-supporting stroma. Although they have not been isolated as a pure population,
they can be separated from hematopoietic cells through repeated adhesion to plastic and
selected on the basis of positive (CD90, CD105, CD106, CD73, CD166, SSEA-4, Stro-1 e SH-
4) and negative (CD45, CD34, CD25, CD14, CD4 e HLA-DR) markers. However MSCs are
intrinsically a heterogeneous population, with respect to embryonic origin and abilities to self-
renew and differentiate. MSCs are rare and their quantity changes during lifetime , declining
with age. What controls the number of MSCs in the marrow and why these numbers appear to
change with age is not yet known. The capacity to self-renew relates to the rate of tissue
turnover. While skin turns over every 30 days, the whole skeleton only turns over 3-5 times
during adulthood. Consequently, self-renewal of stem cells capable of reforming skeletal
tissues would not be expected to involve the same number of cell division as for epidermal or

hematopoietic stem cells.

Several aspects of their biology still need to be clarified, also in view of their optimal
therapeutical use. For example, a number of studies have highlighted the important role of
specific regulatory molecules (growth factors, receptors and transcription factors) on MSCs
self-renewal, however they cannot be maintained in vitro indefinitely and stop growing after a
finite number of passages. Moreover it is still debated whether MSCs cultured for long periods
of time reflect and retain properties and characteristics of MSCs present in vivo or shortly
grown ex vivo [83]. Much effort has been invested both in in vitro expanding and
phenotypically characterizing MSCs, as well as in identifying factors involved in their
regulation of proliferation and/or differentiation potential. The definition of the regulatory
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network orchestrating self-renewal and commitment to a specific differentiation program has

a great biological and clinical impact.

1.7 OSTEOGENESIS

Throughout life, bone is constantly remodeled through the processes of bone formation by
osteoblasts and bone resorption by osteoclasts. Bone marrow MSCs can give rise not only to
osteoblasts, but also to a range of other cell types, including adipocytes, chondrocytes and
myoblasts. Among these potential fates, differentiation to the osteogenic and adipogenic
lineages has particular relevance to the maintenance of normal bone homeostasis. In support of
a reciprocal relationship, numerous in vitro experiments have demonstrated that factors that
induce adipogenesis inhibit osteoblast formation and, likewise, factors that promote
osteoblastogenesis inhibit adipocyte formation. In bone marrow, the differentiation fate of
MSCs is largely determined by the expression of specific groups of transcription factors and
Runx2 is the main determinant of MSC osteoblastogenesis. Bone formation is characterized by
a sequence of events starting with the commitment of osteoprogenitor cells and their
differentiation into pre-osteoblasts, and then into mature osteoblasts, whose function is
synthesizing the bone matrix that becomes progressively mineralized. Although the
commitment phase of MSCs differentiation is not well defined yet, it is well established that
the transcription Runx2 (Runt-related transcription factor 2) plays a critical role in the
commitment of multipotent mesenchymal cells to the osteoblastic lineage, and is required at
early stages of osteoblast differentiation. Runx2 is thus considered a master gene of
osteogenesis, is involved in the production of bone matrix proteins and is able to up-regulate
the expression of many bone matrix protein genes, including type 1 collagen, osteopontin, bone
sialoprotein and osteocalcin. Runx2 expression is down-regulated in the late stage of osteoblast
maturation. Interestingly, at the end of the commitment phase, the newly formed pre-
osteoblasts undergo an extensive proliferation, characterized by an increased alkaline
phosphatase activity (ALP) and osteocalcin synthesis. Pre-osteoblast proliferation is then
followed by growth arrest, and the selective expression of specific genes that characterize the
differentiated osteoblast phenotype (ALP, osteocalcin etc)
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1.8 AIM OF THE STUDY

Titanium Oxide sill is the gold standard material used for the production of dental implants.
However, even though implant therapies have reached a good success rate, they have not been
developed at optimal levels and still need to be improved, to overcome the limited
osteointegration due to aging, bone anatomy, smoking and metabolic diseases. Therefore,
extensive research activity has been focused on improving the surface bio-activity of TiO2, by
modifying its composition (grade of purity), its topography and/or its roughness through
machine, sand blasting and acid treatments. Furthermore, it has been reported that dental
implants undergo biological aging, namely a contamination of titanium surface with
hydrocarbons, which reduces osteointegration process. In recent years, the use UVC irradiation
(photofunctionalization) has been proposed as an efficient method (means) to decontaminate

titanium surfaces.

However, many questions regarding chemo- physical aspects of TiO, implant surfaces, as well
as the mechanism and effects of the photofunctionalization process, remain still open, and in

thesis of this dissertation, some of these issues have been addressed.

The starting hypothesis is that UVC treatment is able to produce a carbon free surface
independent of the type of titanium or topography. In order to test this view, specific aims of

the study are:
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Characterization of dental implant surfaces, using complementary chemo-physical
techniques, namely XPS and AES before and after UVC photofunctionalization at

different surface depths.

Gaining insights into the mechanisms that underlie biological ageing and the effects of

UVC photofunctionalization in relation to surface carbon contamination.

To analyze the biological effects of UVC irradiated TiO> surfaces on osteogenic cells,

using in vitro cultures of osteogenic progenitors.

A Dbetter understanding of the osteointegration processes following

photofunctionalization, knowledge which could give the basis for a clinical trial.
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2. MATERIALS AND METHODS

2.1 SAMPLES

In order to analyze the effect of photofunctionalization and show how its effectiveness is not
surface dependent, more than one titanium oxide material was utilized in the study. To perform
the surface analysis, commercially available dental implants were used (as described in 2.1.1).
However, the biological studies must be performed on flat surfaces, thus titanium disks were
produced (as described in 2.1.2). Before proceeding with the deposition of the cells the

chemical composition of the discs was analyzed and compared to that of the dental implants.

2.1.1 TITANIUM DENTAL IMPLANTS
In the physico-chemical analysis, commercially available Osteoplant Base™ and Rapid™
(Osteoplant, Poznan Poland) titanium dental implants were used. Geometrically the Base
implant is cylindrical and the Rapid being instead conical. The implant surface was treated by
the factory according to their protocols (both sandblasted or acid-etched). The titanium utilized

to produce the implants is commercially pure titanium grade 4 alloy Ti-6Al-4V Figure 3.

Figure 3 Example of a titanium dental implant (Osteoplant Base) used during the physiscs analysis
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2.1.2 TITANIUM DISKS
Cells were cultured on disk-shaped, commercially pure titanium samples (10x2 mm). The

surfaces were divided into 3 groups depending on their surface treatment, machined surface
titanium grade 2, sand-blasted surface and acid etched surface grade 2 and grade 4. These last
2 surfaces were obtained with a blasting procedure with aluminum oxide particles (350-500
Im) followed by an acid-etching procedure. However, the specific process used to produce the

surface is considered a company proprietary process.

Figure 4 example of titanium disc used during the physical and biological studies. The disc is 10 mm in diameter and 2 in thickness.
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2.3 UVC APPARATUS FOR PHOTOFUNCTIONALIZATION

The UV light was delivered to the samples with Therabeam Superosseo (Ushio) with cycles
of 12 minutes. The implants/disks were placed on a dedicated tray to keep them in the middle
of the light source figure 5

~
L Y

Figure 5 UVC apparatus used to condition the samples: a) implants on stand after UVC photofunctionalization b)
Ushio Therabeam Superosseo treatment

2.4 PHYSICAL-CHEMICAL ANALYSIS

2.4.1 SURFACE ANALYSIS, XPS, AES, EDS AND SEM.
Because more than one method was used to analyse the surfaces, first the differences between
them should be clarified. In X-ray photoelectron spectroscopy (XPS) and Auger electron
spectroscopy (AES), electrons emitted after the interaction between primary X-rays or
electrons and a sample are detected. The amount of electrons that have escaped from the sample
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without energy loss are typically measured in the range of 20 to 2000 eV. The data is
represented as a graph of intensity versus electron energy. Due to the impact of the primary
beam, the atoms in the sample are ionized, and electrons are liberated from the surface, either
as a result of the photoemission process (XPS), or of the radiationless de-excitation in the Auger
electron emission process (AES). Although XPS and AES are comparable methods in the sense
that both are based on the use of a spectrometer to measure electrons of relatively low energy,
the main difference between the two methods consists in the source of the primary radiation,
which is necessary to provoke ionization of the atoms. AES makes use of an electron gun while
XPS relies on soft X-rays. As a consequence of this, one of the main differences is the lateral
resolution of the two methods. Since there is a continuous evolution in the design of the
equipment and the performance of the techniques, it is difficult to express an absolute value for
them. In our experiments with AES the lateral resolution was situated in the 10 to 100 nm
range, while by means of XPS only a lateral resolution of a few to 100 um was reached. In
both methods low energy electrons are measured, giving rise to comparable depth and
sensitivity values, which are respectively in the order of nanometers and of about 0.1 % atomic
concentration. This type of measurements are necessarily performed under high vacuum
conditions, and only samples restricted in size can be analyzed. From this point of view, XPS
and AES cannot be considered as non-destructive techniques, although the analyses themselves
are non destructive in nature. On the other hand, thanks to their spatial resolution, a small

amount of material suffices for the analysis.

The implant surfaces, were studied by SEM (Scanning Electron Microscope), AES (Auger
Electron Spectroscopy) and XPS (X-ray Photoelectron Spectroscopy) methods, in order to
analyse the changes of surface morphology and chemistry. Measurements were performed with
PHI5700/660 Physical Electronics spectrometer. SEM images were obtained at 10kV
acceleration voltages and approximately ~20nA primary beam current. AES spectra were
recorded in integral mode. Chemical distribution maps were obtained for carbon, titanium and
oxygen. Photoelectron spectra were obtained with the use of a monochromatic Al anode x-ray
source with energy hv = 1486.8 eV of radiation Kq. Survey spectra and core lines of Ti2p, O1s,
C1s, N1s and F1s were recorded. The Shirley type of background was subtracted before
analysis. The fitting procedure was applied to the analysis of a shape of core lines by Seampik
software. Moreover, atomic concentration of the elements was calculated from the auger and

photoemission spectra by using the Multipak (Version 9.6.0.15) software.
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The calculation of atomic concentrations with XPS and AES was based on relative peak
intensities, modified using relative sensitivity factors (RSFs). Atomic concentration for each

element was determined using the equation:
Atom % of element X = [(Ix/Sx) / (ali/Si)] x 100

where IX is intensity or peak area and Sx is the relative sensitivity factor for the element. Critical
information including transmission function parameters and instrument configuration were
stored with PHI XPS data files. Empirically derived relative sensitivity factors (ERSFs) and
calculated average matrix relative sensitivity factors (AMRSFs) were both available in
MultiPak for AES data reduction. More information can be found in the work by Seah [84].

To determine the mapping of the elements on titanium disks and prove that Carbon is spread
all over the surface the X-ray dispersive spectroscope (EDS) technique was utilized; Mira 1lI
from Tescan coupled with electron X-ray dispersive spectroscope (EDS) Aztek Automated

from Oxford Instruments.

2.4.2 CONTACT ANGLE (WETTABILITY)
The changes in wettability between the UV-irradiated and untreated titanium discs were
analyzed by contact angle measurement. The water contact angle measurements were
performed using a CAM101 goniometer with an accuracy of +/- 0,01°. The contact angles were
determined in air using the static sessile drop method. Thirty images of water droplet ~15 uL
placed on the surface were recorded during 30 s. Based on obtained images the average CA
values were calculated. The final contact angle values were taken as the average of three
measurements at different parts of surfaces. The measurements were repeated 3 times for each
sample (n=3) calculating the angle created by 1pL H20 and its surface. The sample was then

stored for 4 weeks in the air before repeating the experiment.
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2.4.3 AFM ANALYSIS
The topography of the Titanium implant was analysed by atomic force microscopy method.
The study was performed with Solver P47 NT-MDT instrument worked in non-contact mode.
The area of analysis of the samples was 50x50 um and about 20x20 pm. Before the analysis

the samples were cleaned in an isopropanol medium in ultrasonic washer.

2.5 BIOLOGICAL IN VITRO STUDIES

The biological studies have been divided into 2 phases; during the first phase Osteoblast-like

cells MC3T3-E1 were utilized while in the second phase murine-MSC were used.

2.5.1 CELL CULTURE AND OSTEOBLAST DIFFERENTIATION

CELL CULTURES OF MURINE PRE-OSTEOBLASTIC MC3T3-E1 CELL LINE
Stock MC3T3-EL1 cells were recovered from liquid nitrogen and cultured in an undifferentiated
state in basal medium consisting of Dulbecco’ s Modified Eagle’ s Medium (DMEM; Biowest)
supplemented with 10% fetal bovine serum (FBS; EuroClone), 100 u/mL penicillin (Biowest)
and 100 u/mL streptomycin (Biowest). Once the cultures reached 70-80% confluence, the cells
were trypsinized and plated for further passages, in order to expand the cultures. To induce
osteogenic differentiation, DMEM was supplemented with 2% FBS, 50 pg/mL of ascorbate-2-
phosphate (Sigma-Aldrich), 107 M dexamethasone (Sigma-Aldrich) and 10 mM of p-
glycerophosphate (Sigma-Aldrich). Culture media was replaced every three days. Cells were

maintained at 37°C in a humidified 5% CO> environment.
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2.5.2 CELL CULTURE FOR RT-PCR

IN VITRO CULTURES OF PRIMARY MURINE MSCS
Mice were sacrificed by cervical dislocation before collecting tibias and femurs. Bone marrow
cells were flushed and seeded in culture using MesenCult Basal Medium supplemented with
20% Mesenchymal Mouse Stimulatory Supplement (StemCell Technologies) and 1% Pen-
Strept (Life Technologies)(Complete Medium). Cells were grown at 37°C in humidified
atmosphere at 5% CO,. Medium was changed every 3 days and cells were trypsinized at
confluence and reseeded at 2x10* cells/cm? (passage 1, p1). All experiments were performed
at passage 2 (p2). Cellular density seeded onto the disks was 10°/cm?. Cell count was performed
at the undifferentiated state and after differentiation at 12 hours, 24 hours, 48 hours and 8 days.
While the RT-PCR was performed at 0, 3 and 8 days. Viable and dead cells were evaluated by
Trypan blue exclusion. This test is based on the principle that live cells possess intact cell
membranes that exclude certain dyes, such as trypan blue, Eosin, or propidium, whereas dead

cells do not.

All the experimental protocols on mice were conducted in compliance with DL 26/2014:
implementation of European Directive 2010/63 on the protection of animals used for scientific
purposes. All experimental protocols were approved by the Institutional Ethics Committee for

Animal Use.
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2.5.3 RNA PROCESSING

Reverse transcription to cDNA was performed directly from cultured cell lysate using the
TagMAN Gene Expression Cells-to-Ct Kit (Ambion Inc., Austin, TX, USA), following
manufacturer’s instructions. Briefly, cultured cells were lysed with lysis buffer and RNA
released into this solution. Cell lysate were reverse transcribed to cDNA using the RT Enzyme
Mix and appropriate RT buffer (Ambion Inc., Austin, TX, USA). Finally, the cDNA was
amplified by real-time PCR using the included Tag- Man Gene Expression Master Mix and the
specific assay designed for the investigated genes. Real-time PCR Expression was quantified
using real-time RT-PCR. The gene expression levels were normalized to the expression of the
housekeeping gene RPL13A and were expressed as fold changes relative to the expression of
the untreated mMSC. Quantification was done with the delta/delta calculation method [24].
Forward and reverse primers and probes for the selected genes were designed using primer
express software (Applied Biosystems, Foster City, CA, USA) and are listed in Table 3.

All PCR reactions were performed in a 20 Il volume using the ABI PRISM 7500 (Applied
Biosystems, Foster City, CA, USA). Each reaction contained 10 Il 29 Tag- Man universal PCR
master mix (Applied Biosystems, Foster City, CA, USA), 400 nM concentration of each primer
and 200 nM of the probe, and cDNA. The amplification profile was initiated by 10-min
incubation at 95 °C, followed by two-step amplification of 15 s at 95 °C and 60 s at 60 °C for
40 cycles. All experiments were performed including non-template controls to exclude reagents

contamination. PCRs were performed with two biological replicates.

Table 3 Primers and probes used in real time PCR

Gene Symbol | Gene name Primer sequence (5" > 3") Probe sequence (5" > 3")
RUNX2 Runt-related F-TCTACCACCCCGCTGTCTTC ACTGGGCTTCCTGCCATCACCGA
transcription factor 2 R-TGGCAGTGTCATCATCTGAAATG
ALP Alkaline Phosphatase F-CCGTGGCAACTCTATCTTTGG CCATGCTGAGTGACACAGACAAGAAGCC
R-CAGGCCCATTGCCATACAG
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2.6 STATISTICS

The measurements of the contact angle were repeated 3 times for each sample (n=3) calculating
the angle created by 1pL H20 and its surface. The mean value was calculated and a paired t-
test was utilized to determine the differences in contact angle between the groups
(Photofunctionalized discs and non-treated discs). A value of P < 0.05 was considered
statistically significant.

MC3T3and RT-PCR culture results are expressed as mean. Differences between experimental
groups (Photofunctionalized discs and non-treated discs) were evaluated by Student’s t-test. A
value of P < 0.05 was considered statistically significant.

The chemo-physical studies were performed at the A. Chelkowski Institute of Physics,
University of Silesia Katowice, Poland, at the Poland Silesian, Center for Education and
Interdisciplinary Research, Chorzéw, Poland and at the Refractory Materials Division, Institute
of Ceramics and Building Materials, Gliwice, Poland . The biological studies instead, were
performed at the Institute of Biomedical Technologies, National Research Council (CNR),
Pisa, Italy and at the Dept. of Translational Research and New Technologies in Medicine and

Surgery, University of Pisa Medical School, Pisa, Italy.
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3. RESULTS

3.1. SURFACE ANALYSIS

Surface analysis on 2 different commercially available dental implants, osteoplant BASE and
RAPID, was carried out to validate the theory that implant surfaces are covered with
hydrocarbons and that this is not dependent on the manufacturers surface treatment. Therefore,
initially we performed a thorough examination of the surface with various and complementary
techniques, such as SEM, XPS, AES and AFM to determine a baseline result and then repeated
after UVC irradiation of the implant surface. These analyses provided information on surface
appearance, chemical composition and distribution, as well as roughness.  Dental implants
are considered unsuitable for biological experiments, because they do not have a flat surface
that allow reliable cell evaluation. Therefore, titanium discs prepared with the same protocol
of the implants were used for this purpose. However, before proceeding with the cell culture
experiments, we performed on the discs the same chemo-physical tests employed to
characterize the implant surfaces. Furthermore, we carried out an EDS analysis; to demonstrate
the equivalence of the disc and implant surfaces.

3.1.1 XPS ANALYSIS:COMPOSITION OF IMPLANTS SURFACES

In Figure the XPS survey spectra of the reference BASE and RAPID implants are shown. The
elements Ti, O, C, Al and F were detected. Titanium, oxygen and carbon were the main
elements present on the implant surface, while aluminium and fluoride were deposited during

the sand-blasting and acid etching procedures during manufacturing.
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Figure 6 A) The XPS survey spectra obtained for the BASE (red) and RAPID blue) implants as received. On both
surfaces Ti, O, C, Al, and F were detected. B) High resolution of the Ti2p core line for RAPID implant. The shape of the
2p doublet was fitted by five sub-doublets. The doublet with the highest intensity corresponded to TiO, component.
The enlarged region presented the Ti2ps, peaks corresponded to hydrated water Ti-OH, various oxidation states and
metallic state of titanium
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Table 5 shows atomic concentrations, obtained by XPS measurements, on the surface
of both implant types. We found titanium (about 7% and 6% for the BASE and RAPID
samples, respectively), oxygen (about 37%), aluminium (about 8%) and nitrogen (about 2%).

The level of carbon contamination was about 39%.

Table 4 Atomic concentration of carbon, nitrogen, oxygen and titanium from Cls, N1s, O1, Al2p, Ti2p and F1s core
lined for BASE and RAPID. The values reported in table have an error of A £ 0.1%

Carbon Nitrogen Oxygen Aluminum | Titanium Fluoride
BASE 39 % 2% 37 % 8 % 7% 7%
RAPID 39 % 2% 38 % 8 % 6 % 7%

The shape of the Ti2p doublet presented in Figure 6b consists of several components
which can be ascribed to presence of Ti-OH bonds and various titanium oxides as reported by
Kang [85]. The binding energy of the main peak of Ti2pz/, state at E=458.7 eV confirmed the
presence of TiO2 on the implant surface [86]. The metallic form of the titanium was also
detected on the surface reference materials. We focused our study on the analysis of Ti, O and
C. In Figures 7a and 7b the SEM images of the reference BASE and RAPID implants are
shown. The distribution of different contrast from light to dark areas indicates a considerable
degree of roughness of the analysed areas. The RMS value obtained from the AFM scan (Solver

P47 NT-MDT instrument, non-contact mode) with size 15 x 15 um was 0.4 um. However, the
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surfaces of both type implants are quite similar, as can be expected considering that both were
sandblasted and acid-etched during manufacturing.

20 um

Figure 7 Electron microscope images obtained with magnification x500 recorded for BASE a) and RAPID b) implants
as received. The contrast from light to dark areas suggest a considerable degree of roughness of the analysed area.
Comparing (a and b) are similar in their topography.

The chemical distribution of carbon, titanium and oxygen has been shown in Figures
8a, 8b and 8c and presents a non-homogeneous grain type distribution for these elements on
both implants. The carbon is spread all over the analysed area. Its atomic concentration in some
parts achieves 63%. The oxygen is also very prominent on the surface. However, its maximum
concentration of 38,6% is achieved only in a confined area. Distribution of titanium with
respect to carbon and oxygen is almost homogeneous. However, its value of atomic
concentration is very low. The presented results confirm the hypothesis that the implant surface
is covered mainly by carbon and oxygen compounds.
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Figure 8 The chemical distribution maps of oxygen (a), carbon (b) and titanium (c) obtained for the RAPID implant. The
distribution of the elements is grain type with carbon spread all over the surface while titanium is almost
homogenous.

The present data shows that the outer layer of TiO. dental implants is covered by a layer
of carbon atoms; during the manufacturing of the implants the surface is almost carbon free but
with time it gets contaminated. This behaviour of titanium is defined as biological ageing. Our
explanation is that the surface of freshly cut titanium is rapidly oxidized and consists of rows
of bridging oxygen ions with 5 fold Ti4" ions (Ti5c), in plane oxygen, fully coordinate titanium
(Ti6c) and O-vacancies defined as defects. This composition can be stable only if kept in the
UHV (Ultra High VVacuum), if exposed to the atmosphere the unsaturated Ti5c atoms form
bonds with H,O molecules forming therefore, hydroxyl groups (-OH). This coverage is the
reason for the hydrophilic character of fresh titanium, however the surface still is not
completely stable and continues to form bonds also with hydrocarbons, explaining why there

is a high presence of both oxygen and carbon on implants which are older than five weeks.
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3.1.2 XPS analysis after UVC irradiation.
In order to distinguish the type of carbon and oxygen contamination and to verify the
effectiveness of UVC in decontaminating titanium surfaces, the core lines O1s and C1s were
recorded for the RAPID and BASE implants before and after treatment. Because the analysis
of the RAPID and BASE gave the same results (table 5) from now on only the results for the
RAPID material will be presented. In Figure 9a and 9b we present results of C1s and O1s

measurements obtained for the implant as received and after photofunctionalization.
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Figure 9 The C1s (a) and O1s (b) core lines recorded for as received and after photofunctionalization samples. The
lines in red show the decontamination effect of the UVC irradiation decreasing the hydrocarbons peak and increasing
the Oxygen peak

Remarkably we observed a drastic decrease of carbon after UVC irradiation figure 9a.
In contrast the signal of oxygen resulted in a small increase of signal figure 9b. Additionally,
the shape of both measured lines is combined with additional components. The results of the

deconvolution of the experimental lines is presented in Figures 10a—d.
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Figure 10 Line shape of Cls and O1s spectra for the implant as received (a and c) and after photofunctionalization (b
and d). Comparing (a and b) the intensity of the peak at 285 eV corresponding to the carbon contamination is highly
reduced. The oxygen lines (c and d) show an increase in oxygen peak.

The C1s spectral profile in Figure 10a consists of five components. The component with the
highest intensity at energy E=285 eV corresponds to the C of hydrocarbons. The second
component corresponds to the C-N chemical group, and the third to the CO group of molecules
present on the surface. The last two components with the highest binding energy can be
ascribed to the presence of —CF3z and —CF groups. The analysis of the O1s core lines is reported
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in Figure 10c. The O1s line shape consists of four components. The component with the highest
intensity corresponds to TiO, the second corresponds to TiOH groups, the next component can
be ascribed to C=0 groups and the last one corresponds to H2O linked to surface Ti atoms. The
changes in intensity of C1s and O1s spectra after UVC irradiation are reported in Figures 10b
and 10d, respectively. The intensity of all four components for carbon, corresponding to C-H,
C-N, O-C=0 and —CF»- bonding, drastically decreased. In the case of the O1s spectrum the
signal corresponding to oxygen atoms of TiO: slightly increased. The peak at 534 eV
corresponds to H.O molecules present on TiO2. Comparing its intensity before and after UVC
irradiation a slight decrease was observed. On the other hand, a minor increase in the intensity

of TiOH was observed while, that of carbon dioxide was slightly decreased.

The results of atomic concentration calculations for C, O and Ti obtained by XPS and
AES methods before and after photofunctionalization are presented in Table 6. In the case of
N only the XPS value is given, because in AES the peak corresponding to nitrogen (N KLL)
overlaps the peak of Titanium (LMM), therefore the N component is impossible to distinguish.
Hence, the Ti LMV Auger peak was used for AES calculation of atomic concentration. The
values of the atomic concentrations calculated for the RAPID implant as received from the
AES and XPS data were almost the same, confirming the equivalence of the two methods. The
atomic concentration of C decreased by about four times, while in the case of O and Ti an

increase of atomic concentration was observed. The amount of N decreased by about 1%.
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Table 5 Atomic concentration calculations obtained from the AES and XPS spectra for the surfaces of RAPID implant
as received and after UVC irradiation.

Carbon Nitrogen* Oxygen Titanium
AES/XPS 47/43 2 45/47 8/8
Before irradiation
AES/XPS 13/14 1 75/69 11/13

UVC 12 min cycle

*value recorded only with XPS

3.2.2BIOLOGICAL AGEING

In figure 11 the changes of the ratios of carbon and oxygen to titanium during the period 10

weeks have been shown. The strong decreasing of carbon contamination is visible after UVC

treatment. On the TiO> discs the amount of carbon in ratio to Ti decreased about three times.

Exposure to the atmosphere of the samples surface led to a logarithmic increase of the amount

of carbon within 10 weeks. It is interesting that after 6 weeks the contamination by carbon

pollution reaches the initial level and it is even increasing. The influence of UVC treatment led

to a rapidly decrease of the O/Ti ratio. During the first 4 weeks the oxygen level is rapidly

increasing while after the this period it stabilizes.
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Figure 11 Biological ageing

3.2.3 XPS OF TITANIUM DISCS
As previously mentioned the same type of chemical analysis performed for the dental implants
it has been repeated for titanium discs. This was necessary to determine that the baseline which
allow biological assay for cells seeded onto titanium surface considering that on a dental
implant would not be possible. Figure 12, shows the difference in survey spectra before and
after UVC irradiation. As for the implants here below are presented the data concerning sand-
blasted/ acid etched grade 4 discs because no difference was found between the different
surfaces. During the analysis carbon, oxygen, fluoride, aluminium and titanium. Of our interest
is the peak present at 285 eV corresponding to C1s greatly decreases in intensity after UVC
irradiation in agreement with the results in Table 7. The atomic concentration of the elements
detected from the XPS of the titanium disks are similar to the results obtained for the implants
in the section discussed earlier (table 6 and 7). The level of C1s detected on the disk before and
after UVC irradiation was 33,2% and 16,2% respectively. Instead the signal for O1s detected
an increase from 46,2% before irradiation to 58,1% after irradiation.
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Table 6 XPS analysis of the titanium disks comparing the difference in chemical composition before and after 12

minutes UVC irradiation. The values reported in the table have an error of A+ 0.1

Binding Energy (eV)
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Cls Ols Fls Al2p Ti2p
XPS Before | 33.2 46.2 4.7 8.1 7.75
UVC irradiation
XPS After UVC | 16.2 58.1 4.1 10 11.6
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Figure 12 XPS Spectra of titanium disc. A) before UVC irradiation B) after UVC irradiation

3.3 EDS: ATOMIC MAPPING OF THE ATOMS ON TITANIUM DISC

The study of microstructures performed by secondary electron detector (SE) shows a compact
surface with high roughness with feather sharp shaped grains. The photographs obtained by
backscattering electrons detector (BSE) indicates the existence of two uniform phases on the
surface FIGURE 13 A . The results of the elemental distribution measurements in micro-areas
obtained by Energy Dispersive X-ray Spectrometry (EDS) indicate dominant chemical
composition of Ti indicated as light blue spots (Fig 14 b5), Al, indicated as blue spots (Fig 13
b4) and O ,indicated as red spots(Figure 13 b2), on the surface. The presence of other elements
like fluoride, indicated as yellow spots (fig 13 b3), is probably due to remnants of the etching
procedure during manufacturing. Aluminum detected on the disc surface (fig 13b 4) is partly
due to the chemical composition of the implant alloy (Ti-6Al-4V) and also due to the residues
derived from the sand-blasting process. The EDS data are in agreement with the AES and XPS

results previously described. The mutual arrangement of all elements suggests that the sample
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is composed mainly of titanium, with BSE detector it corresponds to the brighter surface in fig
13a, and aluminum oxide, which corresponds to the darker area. Interestingly, the distribution
of Oxygen ( red spots Fig 13 b2) and the one of carbon (purple spots fig 13 b1) looks very
similar. That is because the hydrocarbon have a carboxylic group (COO") which fits perfectly

between the titanium atoms and bridging oxygen of the Ti5c.
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Figure 13 a) SEM image of the analysed area b) Distribution of the atomic concentration obtained at the magnification x1000 for the
C (b1),0 (b2), F (b3), Al (b4) and Ti (b5) elements of the sample disc before UVC irradiation



3.4 AFM ANALYSIS FOR DETERMINATION OF ROUGHNESS

The atomic force microscopy is an invaluable test to measure small samples with a great degree
of accuracy. It is imperative to use this analysis to demonstrate that the UVC treatment does
not change the topography of the surface after the company manufacturing. The analysis was
performed for the dental implant Osteoplant Rapid and the titanium disks. It was important to

compare the topography between the different samples to understand their similarities.

3.4.1 AFM OF THE IMPLANT
In figure 14 a typical image with relatively large scanned area 15 x 15 um of flat part of
implants screw is presented. It contains a number of valleys and hills of height about 2 um with
relatively rough surface. The typical coefficient of rough mean square (RMS) was about 0.4
um. The area of analysis was slightly lower when compared to the discs samples because to
have precise measurements the surface signal of the AFM needs to be directed perpendicular
to the surface. Thus, we set the experiment to set up optimal conditions and the area 15 x 15

(um) was judged to be the most reliable.

15x15 pm RMS 0.4 um 1.95 pm

— Figure 14 AFM of RAPID implant. A) surface reconstruction used to measure the depth of the pits achieved
during the manufacturing processing. B) Magnification of an area of the implant with size 15 x 15 gm to
calculate the RMS value.
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3.4.2 AFM OF THE DISCS
Surface roughness plays a significant role on cell behaviour during the process of

osteointegration. The XPS and AES analysis demonstrated that the surface composition of the
discs is the same as the one of dental implants, however they could not give any information
regarding the surface roughness. Therefore, AFM analysis was necessary to indicate if the discs
which were going to be used during the biological studies have the same surface roughness of
dental implants.

Surface analysis performed by atomic force microscopy method (AFM) worked in non-contact
mode. In this mode the cantilever vibrates under the surface with fixed frequency. The images
of topography are created as the results of measurements of the offset from the resonance
frequency of cantilever during the effect with the surface. In figure 15 is presented the
topography images of the machined titanium discs with area of 50x50 um and about 20x20 pm
for sand blasted/acid etched grade 2 and grade 4, respectively. Before the analysis the samples
were cleaned in isopropanol medium in ultrasonic washer. In figure 15 (A) the machined
sample presents the grooves and small particles characteristic of the machining process. The
smaller area (20 x 20 micrometers) shows valleys and numerous depressions. The calculated

rough mean square RMS coefficient is 0.30 um £0.01 and 0.12 um + 0.01, respectively.

50 x 50 pum 166 pm 20x20 um 560.70 nm

Figure 15 AFM analysis of machined titanium discs for 2 different area. A) area of magnification 50x50 um B) area of
magnification 20x20 pm
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The topography of surfaces after sand-blasting and acid etching look very similar
independently of the grade of titanium Fig 16. Both samples exhibit granular structure with
similar maximum heights of about 2 um for the 50 x 50 area and about 1.5 um for the area of
20 x 20 pm. Both samples present numerous holes. The RMS coefficient was 0.38 = 0.01 and
0.46 £ 0.01 um for the recorded area 50 x 50 um and 0.25 + 0.01 and 0.30 £ 0.01 um for the
area 20 x 20 um obtained for the sand-blasted/acid etched grade 2 and sandblasted/acid etched
grade 4 surface, respectively Table 8. The RMS coefficient is higher for sand-blasted/ acid
etched grade 4 than the machined and sand-blasted/ acid etched grade 2 surface. Hence, we
concluded that grade 4 sandblasted/acid etched modification had the highest roughness
coefficient and overall the samples had similar characteristics as the implants used in the first
part of the study. The test was repeated after UVC irradiation and no changes were detected.
It suggests that UVC does not alter the surface topography

50 x 50 pm » 2.00 pm 20 x 20 um 1.42 pm

Figure 16 Comparison of AFM analysis of sand-blasted / acid etched discs. a) Sandblasted/ acid etched grade 2 b)
sandblasted/ acid etched grade 4
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The AFM scanning results (TABLE 8) showed the sand blasted/acid etched surfaces exhibited
higher roughness values as compared with the machined surfaces.

Table 7 Roughness values Ra um for each sample in different surface area.

Area Machined Sand-blasted Sand-blasted Dental implant
surface (Hm) acid etched grade | acid etched grade RAPID) (UM
2 (um) 4 (um) (RAPID) (M)
50x50 pm 0.30 0.38 0.46 -
20x20 pm 0.12 0.25 0.30 -
15X15 pm - - - 0.4

*The values reported in the table have an error of £ 0.01 pm

3.5 CONTACT ANGLE / WETTABILITY

Cell attachment is strongly dependent on the surface energy, which is described as surface
wettability. The test utilized to study this parameter is the contact angle; which indicates that
if it has a low value means that the surface is hydrophilic while an high value means that the
surface is hydrophobic. The fluid medium used for the contact angle measurement must meet
several requirements: (1) low viscous, (2) low specific weight, and (3) chemically inactive
against the substrate surface. To evaluate contact angle we use (or deionized) water is normally
employed in literature, as it meets the requirements for a reliable measure. After UVC exposure

(12min) the contact angle measurements of distilled H,O droplet was measured for 3

different surfaces, machined surface grade 2, sand-blasted/ acid etched grade 2 and grade 4.
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Then the samples were stored at atmospheric conditions for 4 weeks. The results are illustrated
in the graph below Figure 15.
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Figure 17 Surface contact angle before UVC irradiation, immediately after UVC irradiation and after 4 weeks of storage
in the air. Machined Grade 2, Sand-blasted/acid etched grade 2, Sand-blasted/ acid etched grade 4 are respectively
represented. Dark grey values represent the contact angle of the disk before irradiation, the purple line immediately
after UVC irradiation and the light grey indicates the same surface after 4 weeks of atmospheric storage. Results were
performed in triplicate and are shown as the mean, all the values recorded were within + 0.5 ° of the mean . For
statistical analysis the contact angle obtanied for the photofunctionalized discs was compared to the non- treated,
used as control. *P <0.05; P <0.01; P <0.001

Machined surface had an average contact angle of 85 °, after UVC irradiation the value
decreased to 8° Fig 18 and after 4 weeks of storage the contact angle increased to its initial

level. Both the sand-blasted/acid etched grade 2 and grade 4 surfaces started from a lower
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contact angle value 82° and 75° respectively. After UVC irradiation the contact angle
decreased to 6° for both of the surfaces. As for the machined surface after 4 weeks of

atmospheric storage the initial contact angle was restored Figure 17.

Comparing the machined surface to the sand blasted/ acid etched it can be established that
UVC irradiation produced a highly hydrophilic status independently of the roughness and

surface treatment (Figure 17).

Figure 18 Photographic image of cantact angle measurament of 1 pyL H,0 droplet. A) non-treated TiO, machined disc,
contact angle 85° (hydrophobic) b) same disc after UVC irradiatin, contact angle 8° (super hydrophilic)
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3.6 BIOLOGICAL EFFECTS OF UVC TREATMENT ON OSTEOGENIC CELLS

As primary MSCs represent a rather heterogeneous cell population, initial biological studies

were carried out using a cell line MC3T3-E1, frequently used as an vitro model of osteogenesis.

The MC3T3-E1 cell line, derived from rat calvaria, has provided a useful means for optimizing
methodological aspects and initial analysis of gene expression, as it is a non-transformed cell
line and represents a relatively homogeneous cell population at a specific stage of
differentiation, containing mostly pre-osteoblastic cells. Moreover, these cells can be induced
to differentiate into mature osteoblasts. Therefore, cells were grown in vitro and maintained in
expansion conditions or induced to osteogenic differentiation following exposure to specific
osteogenic agents. As a first step, we evaluated cell survival/proliferation of the pre-
osteoblastic cell line seeded onto 3 different TiO surfaces, before and after UVC irradiation.
We compared grade 2 titanium disks exposed to machine or sand-blasted Acid etched
treatment, as well as grade 4 sand-blasted Acid etched titanium disks. The latter ones are more
similar to the surface of the dental implants used clinically and equivalent to the implants used
during the chemo- physical studies reported in previous sections.

Cells were counted 24 hours after seeding, as the initial attachment and proliferation of the
cells is considered crucial to achieve a successful osteointegration. Results, illustrated in fig.
18, show that in all disks the number of living cells after photofunctionalization is highly
significantly (P < 0.001) increased than the number of cells counted on untreated disks. The
data, shown as a ratio between living cells measured in treated and non treated disks, indicate
a 2.5, 1.8 and 2.8 fold increase of live cells in Gr2 machined disks, Gr2 sand blasted acid etched
disks and Gr4 sand blasted acid etched disks, respectively, after UVC treatment. By trypan blue
exclusion, we also evaluated the percentage of dead cells, which, following
photofunctionalization, were virtually absent in Gr2 machined disks, but equally present as
viable cells in UVC treated Gr2 sand blasted acid etched disks (Fig. 19 a). Fig 19 b shows an
example of the results obtained in grade 2 sand-blasted Acid etched titanium disks, where an

increased number of live cells can be observed in photofunctionalized disks.
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a)

Photofunctionalization of Gr4 sand blasted acid etched disks resulted in a two third reduction

of dead cells, as compared to their frequency in untreated disks (Fig 19c). We also analysed

the cells with a fluorescent microscope, after staining the cells nuclei Hoechst dye.
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Figure 19 Attachment/proliferation MC3T3 after 24 hours a) results for titanium grade 2 surface machined b) results for

titanium grade 2 sand-blasted/ acid etched c) results for grade 4 sand-blasted/ acid etched. Results were performed in

triplicate and are shown as the mean. For statistical analysis the cell count obtanied for the photofunctionalized discs
was compared to the non- treated, used as control. *P < 0.05; **P<0.01; ***P<0.001
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Figure 20 Fluorescence of MC3T3 staining of the cell nuclei with Hoechst dye, after 24 hours seeding on grade 4 sand-
blasted/ acid etched surface.

As a second step we moved to study the effects of UVC treatment on primary MSCs, derived
from murine bone marrow, cultured either in expansion conditions or at different time intervals
after osteogenic induction. The choice of analyzing early times after osteogenic treatment is
based on previous studies by Picchi et al, where the osteogenic process has been thoroughly
monitored, which highlighted that the molecular events orchestrating osteogenic commitment
take place shortly after osteogenic induction[87].

As in the experiments previously described on the pre-osteoblastic cell line, we first compared
the percentage of viable cells in Gr4 sand blasted acid etched disks, before and after
photofunctionalization. Fig 21 shows that, consistently with the data obtained using MC3T3
cells, 24 hours after seeding, the number of viable primary MSCs counted on non
photofunctionalized disks was half the number of cells grown onto photofunctionalized disks.
Moreover, following osteogenic induction, we observed a progressive and dramatic decrease
of living cells in non photofunctionalized disks, as compared to cells seeded onto UVC treated
disks. At 8 days of osteogenic differentiation, the cells present on untreated disks were only a

very small percentage (around 4%) of the cells grown on irradiated surfaces.
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We next analysed the expression of two osteogenic markers, Runx2 and ALP, at 3 and 8 days
after osteogenic induction. As previously pointed out, Runx2 is the master gene of osteogenesis
and Fig 22 shows that at 3 days of differentiation its transcriptional activity is up-regulated
(doubled) in cells grown onto photofunctionalized disks, as compared to undifferentiated cells.
However this increase has not been detected in cells cultured onto non-functionalized disks.
As a further control, the same analysis was carried out in MSCs grown and differentiated in
classical culture conditions, namely in plastic dishes. Also control cells show a 3 fold increase
of Runx2 expression after 3 days of osteogenic differentiation. In addition, our results show

that the transcriptional activity of the enzyme ALP is augmented in cells grown on all surfaces.

Similar, and more clear-cut findings were observed after 8 days of osteogenic induction, when
the mMRNA levels of both Runx 2 and ALP were significantly increased only in cells seeded
onto Photofunctionalized disks (P < 0.001). Fig. 23 In contrast, virtually no variation was

detected in the expression of both markers in MSCs grown onto non irradiated disks.
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Figure 21 Cell attachment/ proliferation of Mmsc cells before differentiation and after differentiation to osteoblasts at 12 hours, 24
hours and after 8 days.
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Figure 22 RT-PCR of the transcription factors RUNX2 and ALP of the undifferentiated mMSC and at 3 days after
proliferation. Results obtanied in triplicate are shown as the mean. For statistical analysis RT-PCR results obtanied for
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Figure 23 RT-PCR of the transcription factors RUNX 2 and ALP of the undifferentiated mMSC and after 8 days of proliferation. Results are
shown as the mean. For statistical analysis for the RT-PCR results obtanied for the photofunctionalized discs were compared to the non-
treated, used as control. *P < 0.05; **P < 0.01; ***P < 0.001
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4. DISCUSSION

In the last decades dental implant therapies have been extensively developed and employed,
however partial osteointegration, due to ageing, smoking and metabolic diseases, still remains
amajor issue. Titanium Oxide is the gold standard biomaterial used for the production of dental
implants and the surface bio-activity of TiO. has been modulated by modifying its
composition, topography and roughness. In addition, dental implants undergo biological aging,
namely a contamination of titanium surface with hydrocarbons which reduces the
osteointegration process, UVC irradiation (photofunctionalization) has been proposed as a
mean to decontaminate TiO.. The aims of this thesis have been to study the chemo-physical
characteristics of titanium surfaces, as well as the mechanism and effects of the

photofunctionalization process, which were not well defined yet.

4.1 CHEMIO-PHYSICAL CHARACTERIZATION OF TITANIUM SURFACES

Manipulation of titanium surfaces has been reported to improve bone apposition, tissue
adhesion, and cell migration. Different rates of cellular attachment have been observed,
following changes of the surface chemistry of titanium[41, 42]. However, little is known about
the biochemical responses of cells to other surface properties, such as oxide thickness, oxide
crystal structure, surface topography, or to the dynamic surface changes which can occur after
implantation. In other words, implant surface preparation can significantly affect the properties
of the surface which, in turn, can affect its interaction with the surrounding cells. Moreover, it
is known that the micro-morphologic nature of the surface also plays an important role, as
rough surfaces produce a tight interlock between cells and surface which stimulates cell
differentiation [88]. Consequently, a considerable number of clinical studies have attempted to
improve the quantity and quality of the bone-implant interface, in order to increase the success
rate of endosseous implants. Titanium oxide is a quite simple material to be manipulated. For
example, it can be treated by additive methods, such as the titanium plasma spray procedure,
to increase surface area. Alternatively it can be modified by subtractive methods, such as acid
pickling, acid etching, sandblasting and other small particle-blasting, in order to change the
texture or to increase the effective surface area. Additive treatments are performed to create a

convex morphology while subtractive mechanical treatments create a concave surface texture.
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The development and use of these surface modifications have been based on the theory that
improved osseointegration can be achieved by increasing the topography or roughness of the
implant surface. In literature there are several in vitro and in vivo studies that have analyzed
the short-term effects of surface modification on cell adhesion and morphology. An in vitro
study by Wennerberg et al. compared a smooth-polished surface to a sand-blasted surface
showing that the rough surface created pits that extended the implant surface area, were better
covered by bone, as compared to smooth-polished surfaces. Moreover, it was reported that a
higher percentage of osteoblast-like cells attach to sandblasted surfaces, as compared to the
same surfaces polished with a 1 um diamond paste [42]. These results have been confirmed
by Passeri et al., who showed that rough sandblasted/acid etched surface with irregular
morphology significantly favor the attachment of osteoblast-like cells, when compared to
smooth and regular surfaces [89]. In subsequent studies, the effects of different surface
treatments on osteoingration were analyzed in vivo, using various animal models. Buser et al.
evaluated the influence of additive and subtractive treatment methods on the osteointegration
of different implants placed in the metaphysis of tibia and femur of miniature pigs. After 3 and
6 weeks morphometric analysis was performed and significant differences in bone-implant
interface was observed, among the differentially treated implants, that the highest BIC was
found for the sandblasted/acid-etched surfaces (HCI/H.SOs) and hydroxyapatite-coated
implants, and they concluded that increase of implant surface roughness is positively correlated
with increased levels of bone-implant interface [88]. Another method to evaluate integration
of an implant is the torque removal test. It is used to measure the critical torque threshold at
which BIC is destroyed, thus providing indirect information regarding the BIC and the overall
anchorage (osteointegration) of different implants. Cordioli et al. after placing titanium
implants in the tibial metaphysis of rabbits with 4 different surface topographies found that the
highest torque removal was found for the implant with the acid treated surface, in other words
the implant with the roughest surface[90]. Similar results have been reported by Klokkevold
et al. They analyzed the torque resistance to removal of titanium implants having an acid etched
(HCI/H2S04) surface (rough), as compared to machined surface implants, which are relatively
smooth. Resistance to torque removal was found to be four times greater in etched implant. It
was suggested that chemical etching of the titanium implant surface significantly increased the
strength of osseointegration[91]. It is not clear yet whether additive methods of surface
modification are better than subtractive ones. However, in the study of Cochran et al. it was
found that a sandblasted and acid-etched titanium implant had a greater bone-to-implant
contact than did a comparably-shaped implant with a titanium plasma sprayed surface[92].
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Taken together, these studies provide evidence that surface modifications may result in a better
osseointegration process. Nevertheless, even if these new surface treatments were shown to
improve adhesion at the interface between implant and bone, the BIC still remains lower than
60% and no matter what surface modification is carried out, the surface seems to create a
barrier for the cells [93, 94]. Therefore, microscopic changes of the surface are not sufficient
to fully optimize the osseointegration process. However, the elegant study by Morra et al.
provided evidence that the surface chemical composition also plays a critical role. Different
commercially available implants were studied using the XPS technique and such analysis
highlighted the presence of high levels of carbon onto their surfaces, reaching levels of even
75% of the outer surface [70, 95]. Ogawa et al. defined the appearance of carbon onto titanium
as biological ageing and reported that it is an inevitable process occurring after titanium
production [68].

In our study, we have thoroughly monitored the chemical composition of titanium oxide
surfaces that had been pre-treated with different methods at the time of manufacture, this was
undertaken before and after UVC irradiation, using complementary chemo-physical
techniques.

Our analysis, performed on both dental implants and titanium discs showed a high level of
carbon contamination (on average about 40% of the outer surface) in some cases reaching
even 63%. Although high levels of carbon contamination had already been reported, our data
provide more solid evidence, as in our experimental approach we analyzed the surface
chemical composition at more than one depth. While by means of XPS, also employed in
previous studies, the resolution was only of a few to 100 um, with AES the resolution was
situated in the 10 to 100 nm range, Moreover, we utilized also EDS because, even if it has a
resolution similar to AES, it allows to analyze a bigger surface area. All the techniques
confirmed the same chemical composition, with 40% of carbon, 35% of oxygen, 7% of
Titanium and the rest being either part of the alloy or components used during surface
modification treatment. In addition, to better understand the phenomenon of the presence of
hydrocarbon on titanium surfaces, we performed the mapping of these elements, which had not
been reported in literature. Such analysis has highlighted that carbon shows a non-
homogeneous grain type distribution and that it is spread all over the analysed area, reaching

an atomic concentration of even 63 % in some parts.
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Ogawa et al. introduced a new method to remove carbon contamination, namely
photofunctionalization. By exploiting UVC irradiation on titanium surfaces their studies
reported a drastic decrease of carbon immediately after photofunctionalization [73, 77]. Our
view is that biological ageing is not selective and that photofunctionalization decontaminates
the surfaces independently of the geometry of the implant. In order to test our hypothesis, in
this study we used commercially available titanium dental implants as well as titanium disks
with different types of surface treatments, along with a different macroscopic geometry. On
all the samples the amount of carbon deposition on the surface was almost identical as assessed
by XPS and AES analysis Table 6. The peak recorded at 285 eV in the XPS spectrum
corresponds to the presence of different C containing molecules on the surfaces. After UVC
photofunctionalization this amount was greatly decreased, therefore in line with current
literature. Moreover, the intensity of O and Ti peaks increased suggesting that an easier
ionization of O and Ti atoms occurred on a less contaminated surface. By XPS analysis we
observed that photofunctionalization was also able to decrease the fluoride contamination
revealed by the CF, component of the Cls spectrum, probably originating from the acid-

etching procedure during manufacturing.

It has been reported that biological ageing occurs within 4 weeks after implant production, and
that after this time the contamination reaches a plateau [68]. In our study, titanium discs after
UVC irradiation were left at atmospheric conditions for a period of 10 weeks and monitored
through XPS analysis, particularly focusing on the levels of carbon, oxygen and titanium.
Immediately after UVC irradiation the carbon / titanium ratio decreased of about 3 folds.
Exposure of the surface to the atmosphere led to a logarithmic increase in the amount of carbon
within 10 weeks. Interestingly, after 6 weeks the carbon contamination reached the initial
level, and it actually continued to increase to a higher level before reaching a final plateau.
Therefore, our results appear somehow different from the data previously reported by Ogawa
et al. [68, 77]. Such difference may be accounted for by different UVC irradiation protocols
used in the two studies. We developed a faster and therefore handier photofunctionalization
procedure, which can be more easily applied chairside. In our study the surfaces were irradiated

for only 12 minutes while in the other studies the surfaces were irradiated for 24 hrs.

An additional observation drawn from our analysis is that UVC irradiation created a rapid
decrease of the O/Ti ratio and a biphasic behavior of the Oxygen level in relation to time. In
the first time range, going from time 0 (immediately after UVC irradiation) to 4 weeks the

level of oxygen on the TiO- discs increased Figure 11. In contrast, in the second range, between
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4 and 10 weeks of surface exposition to the atmosphere, the level of the oxygen ratio remains

quite stable.

Photofunctionalization does not completely remove the presence of hydrocarbon chains, due
to biological aging, however it affects the physical properties of the surfaces resulting in an
increased wettability, which provides a predictive index of cytocompatibility and cell

adhesion.

Measurement of the wettability of a material is expressed by the contact angle between a fluid,
typically distilled water, and its surface. Decreasing the contact angle (i.e. increasing
wettability) has been reported to enhance the interaction between the implant surface and the
surrounding biological micro-environment [33, 96]. During the early stage of cell attachment,
microvilla and filipodia play a critical role, their presence is modulated and their migration
indicates high cell activity [97]. In our study cells cultured on UV treated surfaces were
increased in number, supporting the positive effect of decontaminating titanium surfaces. Cell
attachment to a biomaterial is closely related to its surface energy, for this reason the
development of new implant surfaces has been mainly focused on the control of the wettability
of the implant fixture. In previous studies, as detailed below, the wettability of materials and
their effects on the cells was described, but failed to clearly define the phenomenon and did not
explain the effect caused by surface configuration of the crystalline structure of surface
oxides.[47, 98].

Thus, the results obtained in this thesis have significantly contributed to elucidate the
phenomenon, discussing it from a chemo-physical point of view. Yanagisawa et al. [99]
reported that the contact angles (0) of materials affected both the cell attachment and spreading
rates (d0/dt). With small contact angles and high wettability, the cell attachment rate was high,
while it was low when the contact angles were large and wettability was low. Thus, they
concluded that wettability of biomaterials is considered an important parameter of biological
effect at the cell level. Only a few investigations have related the influence of surface roughness
and crystalline structure on wettability and cells spreadability [96]. It was suggested that the
wettability and spreadability are related to the crystalline structure of the oxide film formed on
these biomaterials. In those studies, shot peening, a technique similar to sandblasting, was

utilized to create a controlled surface oxide topography, which, without changing the crystal
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structure of the surface, was able to change the oxide layer. It was speculated that the surface
energy (monitored by the contact angle measurement) relates to the crystalline structure of
surface oxide films. It was also observed, for shot peening and pre-oxidized surfaces, that
changes in contact angles as a function of time are strongly dependent upon the type of surface
oxide. A higher spreading rate is observed on biomaterials whose surfaces are covered with
TiO2, while a lower spreading coefficient is seen on cubic structure oxides including spinel

type oxide formed on stainless steel [100].

Also Ogawa et al. reported an increase in wettability after UVC irradiation of titanium
implants, however the mechanisms governing such an important change have not been fully
elucidated [77]. During our XPS analysis we detected a peak at 534 eV corresponding to H.O
molecules [95, 101], which attach onto the surface when exposed to the atmosphere, after
production or when removed from the UVC device and placed in the analysis apparatus
producing an oxidation of Ti** to Ti** [102]. However, we observed that after UVC irradiation
there was a decrease in the amount of H2O and an increase in the amount of TiOH. The reason
is that UVC photon energy induced a one-electron oxidation with water to produce a hydroxyl
radical OH and dissociation of H* [103]. Wettability is dependent on the hydrogen bonding
network formed on the surface after hydrocarbon decontamination, because the hydroxyl
groups together with the O Vacancies, present on an almost all carbon free surface are able to
form more OH" groups. In other words, the bridging oxygens on the outer surface after carbon
decontamination are forming weak hydrogen bonds with the hydrogen present in the molecules
of H20 in blood. At the same time, the Ti atoms present on the surface, which for their
incomplete electron coordination are slightly positive, can favorably interact with the oxygen
atoms which are slightly negative and present in the water molecules. Our results show that
after UVC treatment, (photofunctionalization), the surface is clean and there is a thin outer
layer of water, which increases both the wettability of the surface and favors protein

attachment.

Fig. 24 | illustrates a theoretical model that we developed to summarize the effects of the
chemo-adsorption process of hydrocarbons on TiO ("biological ageing"), and the role of
photofunctionalization in as far as cleaning and enhancing the TiO> surface. When exposed to

atmosphere, TiO surfaces can bind pollutant hydrocarbons through interactions with carboxyl
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and amine groups. The surface shown in the Figure is TiO2 (110), and it is an example of the
different faces present in the polycrystalline oxide on the implant surface. Carboxyl and amine
groups are taken into consideration since they are typical groups exhibited by amino acid side
chains in protein structure. The left panel shows the interaction between C=0 groups typical
of gaseous contaminants present in the atmosphere (e.g. volatile aldehydes) with the penta-
coordinated Ti exposed on the implant surface. The dotted line indicates that the interaction
(chemo-adsorption) is one order of magnitude weaker than the typical bond energy in organic
molecules. The prolonged exposure to UV photons — much higher in energy as compared to
visible light — is able to break such weak “bonds”, thus removing the contaminants from the
surface and re-establishing a clean surface (central panel). The schematic representation also
shows the partial charges present on the surface (+/— delta), due to the difference in
electronegativity of Ti as compared to O atoms. The deprotonated carboxyl groups (COO") and
protonated amine groups (NHs") typically present in aqueous environment can easily interact
with such partial charges present on the photofunctionalized surface, thus enhancing the
anchorage of proteins (right panel). The bi-dentate interaction between COO™ and two
contiguous Ti atoms has been proven very effective from this point of view [21-31][95].

In clinical practice the possibility of achieving a direct bond between titanium and amino acids
can have a great impact in terms of tight adhesion of the cells to the surface. As a result,
osteointegration would be enhanced providing for a more stable implant, that would improve
the long term survival rate of the implants. Especially beneficial could be its use in cases of
poor bone quality due to age or disease. In addition, it can be expected that the exposure of all
implants to the same type of photofunctionalization procedure before use will create the same
standard starting conditions in all patients, thus allowing the clinician to make more accurate

comparisons of the individual outcomes.

67


file:///C:/Users/AppData/Local/Packages/microsoft.windowscommunicationsapps_8wekyb3d8bbwe/LocalState/LiveComm/714c7e8e336fb10b/120712-0049/Att/2002bab8/l%20%22_E

Native implant surface UV-treated, photo- Interactions of photofunctionalyzed
{contaminated, e.g. by functionalyzed implant implant surface with aminoacid side
volatile aldehydes) surface chains of cellular proteins

@ oxygen atoms ‘ titanium atoms
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the atmosphere. The surface shown is TiO, (110), with Ti (light blue) and O (orange). See text for details
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4.2 BIOLOGICAL EFFECTS OF PHOTOFUNCTIONALIZATION

A number of reports, focused on the biological effects of various surface modifications, have
highlighted an inverse correlation between proliferation and differentiation rates of osteoblasts
[104, 105]. There is evidence showing that micro-roughened titanium surfaces have advantages
over machined smooth surfaces in increasing both tissue-titanium mechanical interlocking and
osteoblastic differentiation [106], thus resulting in faster bone formation [107]. However, other
studies have shown that the bone mass formed around rough surfaces is smaller than the one
formed around machined ones [106], indicating that rougher surfaces of material substrates
reduce cell proliferation[98, 108-110]. Therefore, it appeared that a surface modification
sustaining both osteoblast proliferation and differentiation was not available yet, and that only
a compromise could be achieved. Here comes into play the importance of
photofunctionalization, as results have demonstrated that UVC irradiation of both rough and

smooth surfaces enhance the rate of both osteoblast proliferation and differentiation.

In most studies cell attachment/proliferation on photofunctionalized surfaces was assessed at
3-24 hours, using cell lines on Gr 2 TiO>. In all reports a greater number a greater number of
cells (on average a two fold increase) has been reported to adhere/grow onto UVC irradiated
surfaces, as compared to untreated surfaces. In our experiments, we have used a different
strategy to assess the effect of photofunctionalization on cell adhesion/proliferation and
differentiation. First, we have used not only the pre-osteoblastic cell line MC3T3, but also
primary stem/precursor cells derived from murine bone marrow. In addition we have compared
titanium surfaces pre-treated in different ways, before and after UVC treatment. Second, we
have compared TiO> disks of a different grade of purity. In our study we have analysed titanium
grade 2, because it was previously utilized by the other groups, and titanium grade 4, as in the
clinical practice only titanium grade 4 is used because of its mechanical properties.
Furthermore, to make the study more reliable and standardized, the surfaces were not treated
in the lab as, in the previous reports, but directly by the implantology company to simulate the
clinical practice. Third, we have monitored cell survival/proliferation and differentiation not
only at short times (24hours), but also up until 8 days of culture onto different surfaces. Our
data, obtained seeding the pre-osteoblastic cell line onto Gr 2 machined or sand-blasted acid
etched, and Gr 4 sand-blasted acid etched discs, have demonstrated in all cases the positive
effect of photofunctionalization, resulting in an increased cell attachment/proliferation of about

2 to 3 folds, after 24 hours. Such effect is in line with previously reported data [62, 80].
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Moreover, on the same discs, we evaluated also the percentage of dead cells and observed
different outcomes in the different types of discs. Following UVC irradiation, there were
virtually no dead cells on the Gr 2 machined discs, while on Gr2 sand-blasted acid etched discs
a similar percentage of dead cells was detected as in non-irradiated discs, and on Gr 4 sand-
blasted acid etched discs we observed a two third reduction. Overall, photofunctionalization
of Gr 4 sand-blasted acid etched surfaces, which are currently employed in dental implants ,
showed an encouraging effect for its clinical application. This conclusion is supported also by
fluorescence microscope analysis imaging Fig. 20 which shows a higher number of cells on

the irradiated surface, as compared to the non irradiated one.

Furthermore, in our study, the novel use of primary MSCs, which better mimic the situation
in vivo, has confirmed the beneficial effect of photofunctionalization on cell adhesion/growth
after 24 hrs of culture, and provided evidence that such effect is even stronger in a longer term
Fig. 21 During 8 days of culture the ratio between viable cells present on irradiated vs non
irradiated surfaces was progressively higher, and, remarkably, at the end point of our analysis
(8 days) a minority of cells (4%) were present on non photofunctionalized discs, as compared
to the percentage (96%) detected on UVC treated discs. These results represent a significant
extension and improvement of a previous observation by Aita who was the only group that
compared the growth of human MSCs onto irradiated and non irradiated surfaces. They
reported that after 7 days of culture the amount of cells present on UV irradiated discs was
increased by 3-4 folds [75].

We also compared the osteogenic ability of mMSCs cultured on UVC irradiated or non
irradiated Gr 4 sand-blasted acid etched discs. Osteogenic differentiation was assessed by
monitoring gene expression of two key osteogenic markers, Runx2 and ALP, using quantitative
Real-Time PCR. Runx2 is a master gene of osteogenesis, as it plays a pivotal role in the
commitment of multipotent mesenchymal cells to the osteoblastic lineage, and is required at
early stages of osteoblast differentiation. Moreover, it is able to up-regulate the expression of
many bone matrix protein genes, including type 1 collagen, osteopontin, bone sialoprotein and
osteocalcin. Thus, analysis of Runx2 expression is crucial to determine the onset of the
molecular cascade of events that orchestrate osteogenic differentiation. Previous studies have
shown that days 3 and 8 after osteogenic induction are optimal time points at which to prove
that the osteogenic process is taking place [87]. Therefore, we compared the expression of
both Runx2 and ALP in MSCs seeded onto UVC irradiated or non irradiated discs, at day 3
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and 8 after osteogenic induction. ALP has been one of the first key players in the process of
osteogenesis to be recognized. For this reason it is a marker currently used to evaluate
osteogenic differentiation when assessing the phenotype or developmental maturity of
mineralized tissue cells. In literature it has been reported a constant increased of its expression
after UVC irradiation of the surface after 3, 7 and 10 days. Our results have confirmed the up-
regulation of ALP expression at both day 3 (cells grown on all surfaces, including plastic
dishes, used as internal controls) and day 8, particularly in MSCs seeded onto
photofunctionalized discs. Interestingly, Runx2 expression has not been previously reported in
literature, and our data provide the first evidence that its transcriptional activity is greatly
enhanced in cells induced to differentiate onto UVC irradiated surfaces. An increased
expression by 2 folds at both time points is rather relevant, as it is known that changes in gene
expression of transcription factors are rather limited, as compared to variations occurring in
the transcription of enzymes (such as ALP). Our results also suggest Runx2 is a more reliable

marker than ALP, which is known to be variable, mainly at early times of osteogenesis.

The improved survival/proliferation and differentiation of cells cultured onto
photofunctionalized discs may be accounted for by observations reported by Iwasa et al.[111].
In his study, confocal microscopic images of osteoblasts after staining with rhodamine
phalloidin showed that after 3 hours of incubation the cells seeded onto UV-treated titanium
surfaces appeared definitely flatter and larger than the ones seeded on untreated surfaces.
Moreover, cells on UV treated titanium surfaces showed a clear stretch of lamellipodia-like
actin projections and cytoskeleton within their cytoplasm, whereas the majority of cells on the
untreated surfaces were round and did not exhibit the initiation of elongating cell processes and

developing cytoskeleton [111].

From a chemo-physical point of view it could be speculated that the carboxylic group present
on the terminal of the protein structures gets attracted by the surface, thus resulting in a larger
surface covered by cells, increasing the BIC and in turn creating a stronger osteointegration.

These results suggest that the surfaces used in dental implantology can still be improved and
that titanium after UVC-irradiation enables an increase in osteoblastic proliferation without

sacrificing differentiation. This biological advantage was well shown by the higher cell number
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of mMSC detected after 8 days of culture on photofunctionalized disks, along with their
increased expression of osteogenic markers. It can be speculated that such improved cell
functions may be due to an improved interaction between titanium surface and cell adhesion
proteins Fig. 23. In literature there is evidence supporting this view. Elias et al. analyzed the
relationship between implant surface wettability and cytokine production by blood cells [96].
In particular, on hydrophobic surfaces it was detected the presence of antibodies that could
reduce cell adhesion. In contrast, both thrombins and prothrombins were predominant on the
hydrophilic surfaces, and it is well known that these proteins play an important role in
stimulating cell adhesion to the biomaterial surface. In particular, it has been shown that
thrombin may become conformationally altered in the post clotting wound environment, thus
exposing the amino acid sequence (RGD) capable of interacting with the cell surface integrins,
which would result in increased ability of the cells to adhere to the photofunctionalized surface
[112]. In turn, it has been reported that the integrin attachment has a direct role in modulating
the expression of genes involved in both cell proliferation and differentiation gene expression
[113, 114]. Therefore, there is scientific evidence that after carbon removal the number of
binding sites for surface proteins is increased and in turn improves the expression of genes that
control cell proliferation and differentiation. Taken together, these findings can change the
approach to study implant surfaces and their modifications, by focusing on the biophysical
interactions between cell proteins and titanium surfaces. Our studies have contributed to gain
insights into the mechanisms that underlie biological ageing and the effects of UVC irradiation.
Photofunctionalization is certainly a new strategy in producing a more reactive and
biocompatible surface independently from the surface treatments performed during

manufacturing.

72



5. CONCLUSION

The XPS and AES study demonstrated that, the hydrocarbon deposition, known as
biological ageing of TiOy, is inevitable no matter which the surface treatment carried
out during manufacturing. This could be a major reason of incomplete osteointegration
leading to a low level of BIC or even to unsuccessful osteointegration.

Furthermore, the chemo-physical analysis has shown that Photofunctionalization is a
valid method to reverse biological ageing. The results indicate that 12 minutes of UVC
irradiation provides an easy and efficient means to remove the hydrocarbons
contamination from titanium dental implants without altering the topography of the

surface.

Titanium surfaces after UVC irradiation have given data that show an increase in the
cell attachment/proliferation and decrease the amount of dead cells indicating that an
almost carbon free surface is more biocompatible. Moreover, the increase in cell count

found a positive correlation with the osteointegration master gene RUNX2.

The results raised that hypothesis that UV-induced changes in chemical structure of
the surface can explain the positive biological effects. The energy carried by UV rays
is able to break the bonds between Ti5c atoms and the O and/or N atoms of contaminant
molecules. Chemically active Ti5c sites then become available for the attachment to
O, N, S atoms present in any protein, leading to improved biocompatibility of the
implant and integration. The data suggest a new model of interaction between implant
surface and adsorbed molecule based not only on the surface charge but also on their

atomic geometry.

The study may provide a valid base for a clinical trial of photofunctionalization. As we
must consider that life expectancy is increasing and along with it systemic diseases
which impair cell metabolism. Being able to increase the level of osteointegration with

photofunctionalization would improve the quality of life of many patients, who are
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presently rehabilitated with removable partial or complete dentures, because a fixed

solution with implants is considered contraindicated.
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ABSTRACT

Dental implantology has become the gold standard in the rehabilitation of the patients
with partial or full edentulous conditions. However, there still are some
contraindications regarding the placement of dental implants in patients with systemic
diseases, like diabetes, osteoporosis etc. which impair bone metabolism. That is, even
if the success rate of the integration of dental implants is rather high it still remains far
from ideal. Looking at a more microscopical level the fixture of an implant after a
successful process of healing, known as osteointegration, is in contact with the bone
only for a 40-60 % of its surface. This seems to be far from ideal, thus in the past years
many different researchers have tried to manipulate and modify the TiO2 surface to
improve the BIC even though without success in reaching higher BIC levels. This study
analyzes different TiO2 surfaces to demonstrate the inevitable presence of hydrocarbon
on the surfaces. Thanks to the physical analysis performed, namely XPS and AES it
has been possible to demonstrate that besides the atoms of Ti and O the surface is
covered by a layer of hydrocarbons resulting in its contamination. This discovery could
help answer the question as to why the BIC is far from an ideal 100%. That is, a low
level of stem cells cannot interact with the surface of the fixture because of the presence
of hydrocarbon chains on it which are making it hydrophobic in character and block
the cell membrane proteins from attaching to the surface. It was therefore necessary to
find a way to decontaminate the surface. In this study 12 minutes UVC- irradiation of
the TiO2 surface, known also as photofunctionalization, has been utilized. After this
process the chemo-physical analysis, XPS AES AFM, were performed and the results
were compared to the ones obtained before the UVC irradiation. There was a clear
decrease in hydrocarbon contamination and the hydrophobic surface became super-
hydrophilic. These positive results led to the necessity of performing the in vitro
biological studies, to confirm a better biocompatibility of the TiO. after UVC-
irradiation with the osteoblasts. As for the physio-chemical studies and also in the
biological studies more types of surfaces of TiO2 were utilized. Also were used both a
cell line MC3T3 and a primary cells m-MSC (murine, mesenchymal stem cells). This
decision was made because the aim of the study is to demonstrate the presence of
hydrocarbons on every TiO> surface independently of the surface manipulation during

manufacturing. In the first part of the study MC3T3 were cultured for 24 hrs. onto

75



t76

titanium discs before and after UVC irradiation, then cell count was performed. After
UVC-irradiation an increase of living cells was noticed and even more interesting a
decrease in dead cells in the culture media was reported. The study proved that more
cells can reach the TiO> surface after UVC- irradiation and that the attachment
capability of the cells is enhanced. The study was repeated for the m MSC but with
different time points; undifferentiated, 12 hours, 24 hours and 8 days after
differentiation. At every time point the amount of living cells on the UVC irradiated
surface was higher. Moreover, at 3 and 8 days after differentiation a gene expression
analysis was performed, by analyzing the expression of ALP as a marker of bone
activity and the master gene of bone formation RUNX2. The results found correlation
with the cell count demonstrating that UVC irradiation improves the osteoblasts
attachment and their activity during the first phase of osteointegration. All these studies
led to the formulation of a model to explain this phenomena. Specifically, TiO; after
UVC-irradiation becomes decontaminated of its hydrocarbons and becomes highly
reactive due to a missing bond to fully coordinate its molecule. If left at atmospheric
conditions it would inevitably react quite fast as the carboxylic group (COO-) present
on the terminal chain of the hydrocarbons; which fits by charge and geometry perfectly
on the outer layer of molecule. However, if placed in contact with blood the highly
reactive TiO> surface is free to interact with the carboxylic group present on the
terminal portion of the amino acids which compose the proteins (integrins) present on
outer membrane of cells. After UVC-irradiation the sites to which the proteins can
interact with the surface of the dental implants is greatly enhanced. Increasing the
contact of the cell integrins with the implant surface is responsible for the increase in
gene expressions inside the cell which in turn will improve and speed up the process

of osteointegration.
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STRESZCZENIE

Implantologia stomatologiczna jest dzi$ ztotym standardem w rehabilitacji pacjentow
z chorobami powodujacymi czesciowa lub catkowitg utrate uzebienia. Nadal istnieja
jednak pewne przeciwwskazania do wszczepiania implantéw stomatologicznych u
pacjentow z chorobami uktadowymi, jak np. cukrzyca czy osteoporoza, ktore
powodujg zaburzenia metabolizmu. W takich przypadkach skuteczno$¢ integracji
implantow stomatologicznych nigdy nie jest idealna, a co najwyzej stosunkowo
wysoka. Na poziomie bardziej mikroskopijnym, element mocujacy implantu ma po
skutecznym procesie gojenia, nazywanym osteointegracja, kontakt z koscig jedynie na
40-60% powierzchni. Jest to stan daleki od ideatu, dlatego w ostatnich latach wielu
badaczy probowato przetwarzac¢ i modyfikowa¢ powierzchni¢ TiO; tak, aby zwigkszy¢
powierzchni¢ kontaktu kosci a implantem (BIC — Bone to Implant Contact), nie
osiagneli jednak wyzszych wartoSci BIC. Niniejsze badanie analizuje rozne
powierzchnie TiO2, by wykaza¢ nieunikniong obecno$¢ weglowodOw na takich
powierzchniach. Przeprowadziwszy analizy fizyczne, czyli XPS i AES, moglismy
wykazaé, ze powierzchnia pokryta jest nie tylko atomami Ti i O, ale rowniez warstwa
weglowodorow powodujaca skazenie powierzchni. Odkrycie to moze ulatwié
uzyskanie odpowiedzi na pytanie, dlaczego warto§¢ BIC jest daleka od idealnych
100%. Mianowicie niski poziom komorek macierzystych nie moze reagowaé z
powierzchnig mocowania, poniewaz obecne na implancie tancuchy weglowodorowe
nadaja mu charakter hydrofobowy i blokuja przytaczanie bialek blony komérkowej do
powierzchni. Dlatego konieczne byto znalezienie sposobu odkazenia powierzchni. W
tym badaniu zastosowano 12-minutowe napromieniowani powierzchni TiO2
promieniami UVC, nazywane fotofunkcjonalizacjg. Po tym procesie przeprowadzono
analize fizykochemiczng, XPS AES AFM, a wyniki poréwnano z wynikami
uzyskanymi przed napromieniowaniem UVC. Zaobserwowano wyrazng redukcje
skazenia weglowodorami, a powierzchnia hydrofobowa stata si¢ super-hydrofilowa.
Po uzyskaniu owych pozytywnych wynikéw konieczne stato si¢ przeprowadzenie
badan biologicznych in vitro majgcych na celu zwigkszenie biokompatybilnosci TiO2
z osteoblastami po napromieniowaniu UVC. W badaniach fizykochemicznych oraz
biologicznych zastosowano wigcej rodzajéw powierzchni TiO2. Uzyto tez zardéwno

linii komorkowej MC3T3 jak i m-MSC (mysich mezenchymalnych komorek
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macierzystych). Taka decyzje podjeto, poniewaz celem niniejszego badania jest
wykazanie obecnosci weglowodorow na kazdej powierzchni TiO2 niezaleznie od
przetworzenia powierzchni w trakcie produkcji. W pierwszej czgséci badania komorki
MC3T3 hodowano przez 24 godziny na plytkach tytanowych przed 1 po
napromieniowaniu  UVC, nastepnie sprawdzono liczbe komorek. Po
napromieniowaniu UVC zauwazono zwigkszenie liczby komorek zywych, a co jeszcze
bardziej interesujace, odnotowano zmniejszenie liczby martwych komorek w
pozywkach. Badanie dowiodlo, ze po napromieniowaniu UVC wigksza liczba
komorek moze dotrze¢ do powierzchni TiO2, a zdolno$¢ komoérek do przytgczenia jest
zwigkszona. Badanie powtdrzono z zastosowaniem mMSC, ale z innymi punktami
czasowymi: przed réznicowaniem, 12 godzin, 24 godziny i 8 dni po réznicowaniu. W
kazdym punkcie czasowym ilo§¢ zywych komoérek na powierzchni poddanej
promieniowaniu UVC byla wieksza. Ponadto po 3 i 8 dniach od réznicowania
przeprowadzono analiz¢ ekspresji genow poprzez analize¢ ekspresji ALP jako markera
aktywnosci kos$ci 1 genu nadrzgdnego tworzenia si¢ kosci (RUNX2). Wyniki ujawnity
powigzanie z liczba komoérek wykazujace, ze promieniowanie UVC zwicksza taczenie
osteoblastow i ich aktywnos$¢ w pierwszej fazie osteointetgracji. Wszystkie te badania
doprowadzily do sformutowania modelu wyjasniajacego owe zjawisko. PO
napromieniowaniu UVC TiO2 zostaje odkazony z weglowodoréw i z powodu
brakujacego wigzania staje si¢ wysoko reaktywny, dazac do pelnego skoordynowania
czasteczki. Pozostawiony w warunkach atmosferycznych nieuchronnie do$¢ szybko
reagowatby z grupg karboksylowa (COO-) obecna w kofcowym tancuchu
weglowodoréw, ktorej tadunek 1 geometria idealnie pasuja do warstwy zewnetrznej
czasteczki. Natomiast w kontakcie z krwig wysokoreaktywna powierzchnia TiO2 moze
reagowac z grupg karboksylowa obecna w koncowej cze$ci aminokwasow tworzacych
biatka (integryny) obecne na zewng¢trznej btonie komorek. Po napromieniowaniu UVC
obszar, na ktorym biatka mogg reagowa¢ =z powierzchniag implantow
stomatologicznych, jest znacznie zwigkszony. W rezultacie kontakt integryn komoérek
z powierzchnig implantu si¢ zwigksza, a to powoduje zwigkszenie ekspresji genow

wewnatrz komorki, co z kolei poprawia 1 przyspiesza proces osteointegracji.
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Figure 24 Scheme representing the interactions of carboxyl and amine groups with the TiO>
surface when exposed to the atmosphere. The surface shown is TiO2 (110), with Ti (light
blue) and O (orange). See text for detailS ..........covvvveiiiic i 68
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