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INTRODUCTION

Nanostructured materials defined as materials which contain clusters, crystallites, molecules or
other structural elements comprised between 1-100 nm are nowadays widely studied for
biomedical area. The availability of nanomaterials in biomedical branch has two main
consequences:

- the progress in nanomaterials research brought to the surface new ways of manufacturing
different substances, new techniques of characterization and new modeling techniques

- the specific interactions between biological structures ( e.g. enzymes and proteins) and
nanostructured materials make possible the development of medical implants and other
biostructural elements.

Classical medical implants (stent implants for vessels, grafts or other artificial devices) produce
many times, inside the human body, inflammatory reactions (clinical or angiographic restenosis,
thrombosis). Replacement of these implants with nanomaterials stops the inflammatory reactions.
The interest for nanotechnology is increasing in research in all research fields. In biomedical
world nanomaterials are of great importance in new implant design, drug delivery system, and
modern imaging techniques.

Between transitional metals, titanium is the second most abundant transition metal on Earth and
plays a vital role as a material of construction because it has excellent corrosion resistance, high
heat transfer efficiency, and superior strength-to-weight ratio. For the same reasons, as well as
for its chemical properties and biocompatibility, titanium and its alloys (Ti-6Al-4V) are widely
used in replacement of hard tissue, in implant surgeries. Titanium metal is coated with an oxide
layer that usually renders it inactive. Once titanium starts to burn in air it forms titanium dioxide,
TiO, and titanium nitride, TiN. Titanium metal even burns in pure nitrogen to form titanium
nitride. When titanium reacts with steam it forms the dioxide, titanium (IV) oxide, TiO,, and
hydrogen, H,. Dilute aqueous hydrofluoric acid, HF, reacts with titanium to form the complex
anion [TiFe]* together with hydrogen, H,. The reactivity of Ti with water and acids make it
suitable for surface manufacturing thorough anodizing method.

Therefore, titanium dioxide is a naturally occurring oxide of the element titanium, also referred to
as titanium (IV) oxide or Titania; this substance occurs naturally as three mineral compounds
known as anatase, brookite, and rutile. The stability and biocompatibility of Ti alloys is ascribed
to their ability to form stable and dense oxide mixtures consisting mainly of TiO,. The native
oxide layers on Ti are spontaneously rebuilt in biofluids whenever they are damaged due to an
aggressive pH or different mechanical factors.

In spite of its good mechanical and chemical properties, titanium, as any other metal, presents
few disadvantages. Related to implant surgery, the main problem of titanium prostheses is the
type of interaction that develops between these and the bone tissue. The adhesion tissue -
titanium prosthesis is generally too strong and leads to failure of the implant integration into the
body. Many times a high amount of medicine and even a subsequent surgery is needed, all these
implicating trauma and high costs for the patient. For this reason the manufacturing of titanium
and especially titanium surface it is very important, because it can confer to the material better
quality as an implant. By exploring different manufacturing methods, there are possibilities to
neutralize or minimize titanium disadvantages. The above mentioned chemical properties of
titanium are the basis for its surface modification. Under specific conditions, the titanium atoms
group and form nanostructures.



Previous studies showed that titanium dioxide nanotubes (TNTs) can represent ideal foils for
vascular prostheses. In the latest years titanium dioxide nanotubes produced through
electrochemical anodizing are extremely studied as new biomaterials for orthopedic implants, in
situ drug delivery systems, in immunoisolation, cellular growth, as biosensors, artificial organs,
and tissue engineering.

The doctoral study entitled “Theoretical and Experimental Studies on the Manufacturing,
Biocompatibility and Modeling of TiO, Nanotubes” had the target to improve the quality of a
material used for bone implants manufacturing, based on titanium metal.

The main steps in the manufacturing of an implant are:

a) Proper manufacturing (in case of this study, through anodizing method)
b) Biomechanical modeling and testing

c) Biological testing with human cells

d) Sterilizing and packing

e) Integration into the living body through implant surgery

The studies performed having the aim to obtain a material used as a bone implant are
interdisciplinary and combine results in the following areas of research:

% Electrochemistry - Manufacturing of TiO, Nanotubes layers on pure titanium surfaces through
Electrochemical anodizing.
% Mechanics — Mechanical modeling for study of the adhesion between TiO, Nanotubes layers
and human bone cells
% Biology — Testing the biocompatibility of TNTs layers

The very well aligned nanotubes growing from the titanium oxide layer, enhance and accelerate
the hydroxyapatite - Cas(PO4)3(OH) - deposition and can sustain a drug delivery system.

The original aspect of the present work consists in the effort of correlating the results in the
above mentioned scientific areas, having the target to get a quality bone implant material.



The work is divided in two parts:
PART I - Bibliographical study presented in the following chapters:

% Chapter 1 A study on titanium and nanostructured titanium

% Chapter 2 Methods for Manufacturing TNTs, devices for surface characterization of TNTs
% Chapter 3 Applications of TNTs

% Chapter 4 Modeling and interphases

PART Il — Experimental Research and Interpretation of the Results:

% Chapter 5 Synthesis of TNTs through electrochemical anodizing

5.1. Chemical reactions and energetic processes involved in
The anodizing procedures. Mechanism of TNTs formation.
5.1.1 Chemical reactions
5.1.2 Energetic processes

5.2. Study of synthesis parameters
5.2.1. Influence of the type of electrolyte
5.2.2. Influence of the anodizing time
5.2.3. Influence of the anodizing potential
5.2.4. Optimum parameters for anodizing TNTs

5.3. Statistical analysis of SEM images

% Chapter 6 Structural, morphological and mechanical analyses of TNTs
6.1. EDX analysis
6.2. XRD analysis
6.3. Photoluminiscence
6.4. Friction coefficient

% Chapter 7 Modeling of interphasial properties and adhesion bond between TNTSs surfaces (non
- living material) and human bone cells (living material) by means of the Hybrid Interphase
Model (Papanicolaou Model).
7.1.Hybrid Interphase Model
7.2. Interphase between TNTs and a secondary level
7.2.1. TNTs and hydroxyapatite
7.2.2. A hybrid nanocomposite reinforced with both TNTs and CNTs
7.2.3. TNTSs reinforced with polymer

% Chapter 8 Biocompatibility studies; behavior of cells when in contact with titanium surfaces.
% Chapter 9 Materials and methods. Devices.

% Chapter 10 General Conclusions
x Acknowledgements
x Bibliography

In the present abstract the experimental results from chapters 5-10 are briefly presented.



PART Il EXPERIMENTAL RESEARCH
Chapter 5

Manufacturing of TiO, Nanotubes through Electrochemical Anodizing

Electrochemical anodizing is one of the most convenient methods used for manufacturing
nanostructured titanium: nanopowders, nanoparticles or titanium dioxide nanotubes (TNTSs). The
two main advantages of this method are the simplicity and the low cost. The very well aligned
nanotubes growing from the titanium oxide layer, enhance and accelerate the hydroxyapatite -
Cas(PO4)3(OH) - deposition and can sustain a drug delivery system.

For better control over the morphology and density of the nanotubes, it is important to understand
the principles and mechanisms of formation of aligned nanotubes under anodic conditions. The
growth of nanotubes by anodizing titanium can be considered a selective etching. Nanotube
growth can be described in terms of a competition between several electrochemical and chemical
reactions and energy processes, including: anodic oxide formation, accompanied with chemical
dissolution of titanium oxide.

5.1 Chemical reactions and energetic processes involved in anodizing.
Mechanism of TNTs formation

5.1.1 Chemical reactions

A detailed explanation for the formation mechanism of nanotubes is given. Nanoporous structure
is formed by two processes. Consequently, the two reactions are described as following:

1) Electrochemical etching, when the initial oxide layer forms at the surface of the titanium
as a result of the following anodic reactions:

Ti+2H,0 5> TiO, +4H " +4e” (5.1)

(2) Chemical dissolution, of the titanium oxide as soluble fluoride complexes.

The hydrogen fluoride (HF) is predominant in acidic fluoride solution. In the presence of acidic
fluoride solution, the oxide layer dissolves locally and nanotubes are created from small pits that
are formed in the oxide layer. These pits are created from the following reactions between TiO,
and HF:

TiO, +6F +4H" > [TiF]* +2H,0 (5.2)
Continued with the direct complexation of Ti** ions migrating through the film:
Ti* + 6HF — [TiF,]* (5.3)

The competition between electrochemical etching and chemical dissolution determines the
structural morphology of nanotubular layer.



As mentioned before, based on the model of the local dissolution, nanotubes form from little pits
resulted as a consequence of these dissolutions. Behind the formation of the pits is the chemical
dissolution as well as the electrochemical corrosion, thinning the barrier layer and increasing the
intensity of the electrical field which is followed by the growing of the pores. The chemical
dissolution removes the superior part of the column of the pores, which represents the metallic
part un-anodized in between the pores, available for the electrochemical corrosion and the
chemical dissolution.

The channels formed in this region separate the pores one from the other forming the nanotubes.
The lenght of the nanotubes increases until the electrochemical corrosion speed becomes equal
with the dissolution speed for the surface of the superior part of the nanotubes.

5.1.2 Energy processes

Energy processes are of equal importance in the nanotubes’ architecture synthesis. The barrier
layer of anodized titanium is characterized by an instability which is the result of the
simultaneous action of two or more competing processes. These processes are characterized by
respective energies. The first one is related to the surface energy which has a stabilizing effect
while the second one is related to the increase in strain energy due to electrostriction and has a
destabilizing effect. It is worth to note that by the term surface energy it is meant the work
required to increase the surface area of a substance by unit area; while by the term strain energy
Is meant the energy stored in the material when stretched.

Moreover, electrostriction is the strain response of a dielectric material proportional to the
square of an applied electric field. This effect is related to the strain — dependence of the
dielectric function. However, this strain produces an electrostriction stress which is given by the
relation:

2
oer =711EB (5.4)

Where: o is the electrostriction stress, E is the Young’s modulus, yq1 the electrostriction

coefficient in the direction of the field and B is the electric field.

Under the condition that the barrier layer of anodized titanium is non-ferroelectric, a negligible
dilatational strain due to electrostriction is developed. Next, an electrostatic compressive stress is
developed which is expressed as

(5.5)

Where: o, is the electrostatic stress which is compressive, ¢,the permittivity of free space and

¢ 1s the relative dielectric constant of barrier layer.
Finally, the formation of oxide layer results in a volume expansion, which in turn develops a
compressive stress and can be expressed as

o I:_(au/u)E(l—u)
O M) 1-2v)

(5.6)



Where: (dv/v) is the volumetric strain, E the Young’s modulus of elasticity and v, the Poisson’s

ratio.

In a molecule, strain energy is released when the constituent atoms are allowed to rearrange
themselves in a chemical reaction or a change of chemical conformation in a way that: angle
strain, torsional strain, ring strain and/or steric strain, allylic strain, and pentane interference are
reduced. The external work done on an elastic member in causing it to distort from its unstressed
state is transformed into strain energy which is a form of potential energy. The strain energy in
the form of elastic deformation is mostly recoverable in the form of mechanical work. Finally, we
define the strain energy density of a solid as the work done per unit volume to deform a material
from a stress free reference state to a loaded state.

The above stresses contribute to the total strain energy density which can be expressed as:

2
O
Us =0 (5.7)
2 2 2 2
Where ¢ = Opgr + Ogs + Oyl (5.8)

5.2 Study of synthesis parameters

The manufacturing of a highly ordered TNTSs layer is affected by the synthesis parameters:
- Type of electrolyte
- Anoding time
- Electrolysis potential

5.2.1 Type of electrolyte
In the costumized electrochemical cell (see chapter 9) with cathode — graphite electrod and anode
— titanium foil were tested a serious of electrolytes — HF solutions of different concentrations or
solutions HF - Na,HPO,, respectively HF - (NH4),SO,. The tested electrolytes are tested in table
5.1.

Table 5.1 Types of electrolytes tested and main parameters applied: voltage and time

Electrolyte composition Voltage (V) Time (min)
a. | HF 0.5wt % 20 120
b. | HF 1wt% 20 120
c. | 0.5wt% HF + 5 g/l Na,HPO, 20 120
d. | 1 M (NH4),SO,4 + 0.5wt% NH,F 20 120

For the main experiments two types of electrolytic solutions: a) HF 0.5wt% and b) a glycerol-
water mixture (50:50) containing 1wt% HF were used. In table 5.2 the time and voltage
combinations as applied to two different electrolytes used in anodizing procedure, are tabulated.



Table 5.2 Main electrolytes and basic parameters applied: voltage and time

A B
Electr olyte HF (0.5 wt %) HF (1 wt %) in Gly-Water mixture
Time 45(min) 2(h) 4(h) 4(h) 8(h) 24(h)
Voltage 10 20 10 20 10 ‘ 20 20 ‘ 25 20 ‘ 25 20 ‘ 25

5.2.2 Time of anodizing

The morphology and structure of the titanium oxide nanotubular materials can be studied using a
scanning electron microscope (SEM). The images obtained for different anodizing conditions
gave information about how parameters influence the structure of the layer.
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Fig.5.2 SEM of TNTSs obtained in HF 0.5wt%,

Fig.5.1 SEM of titanium layer anodized in
after 2 hrs anodizing at 20 V

HF 0.5wt%, for 45 min and at 20 VV

It can be observed by comparing Fig.5.1 and Fig.5.2 the importance of the time for performing
the experiment. At 45 minutes the titanium oxide layer is partially corroded and the pits which
represent the basis for the nanotubes growth appear. After two hours anodizing, the nanotubular

architecture is already defined.
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Fig.5.3 SEM of TNTSs obtained in HF 0.5wt%, after 4 hrs anodizing at 20 V

In Fig.5.3 the structure of the nanotubes is much more regular due to the increased anodizing
time (of four hours).
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Fig.5.4 SEM of TNTSs obtained in HF 0.5wt%, Fig.5.5 SEM of TNTSs obtained in HF 0.5wt%,
after 45 min anodizing at 10 V after 4 hrs anodizing at 10 V

5.2.3 Voltage influence

The key factor controlling the tube diameter is the anodizing voltage. Self-organized layers of
nanotubes can be defined even at potential as low as 10 V, although their morphology looks
better at higher voltage. This can be deduced by comparing Fig.5.3 with Figs. 5.4 and 5.5.

In case of an electrolyte in which is included a natural component as glycerol, the viscosity of the
solution increases. Therefore, for activating processes there is a need of higher voltage. The
anodizing of titanium in electrolyte containing glycerol did not complete the formation process of
nanotubes layer in four hours (Fig.5.6).
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Fig.5.6 SEM of TNTSs obtained in Gly containing
electrolyte after 4 hrs anodizing

5.2.4 Optimum combination of parameters in anodizing TNTs

The study for finding the optimum combination of parameters responsible of formation of the
well organized, well defined and regular nanotubes leaded to the following combination:

- Anodizing electrolyte: Glycerol — HF solution

- Anodizing time: 8 hours

- Anodizing potential: 25 V

Fig.5.7 aand b present SEM images of TNTs obtained in optimum conditions.
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a) Panoramic view b) Lateral view

Fig.5.7 SEM of TNTSs obtained in Glycerol - containing electrolyte after 8 hrs anodizing at 25V.
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5.3 Statistical analysis of SEM images

The structure and density of nanotubes is very important for their application in areas as
medicine, aeronautics and environment. All the SEM images were carefully analysed with image
analysis software.

The mean diameter and standard deviation of vertically aligned TiO, Nanotubes were evaluated
from SEM micrographs obtained as a function of the anodizing conditions applied. For each
sample, at least five photos were used to calculate the final mean diameter.

In Fig.5.8 it can be seen the statistics of the mean diameter of nanotubes growth on one sample.
The nanotube diameter influences the density of nanotubes on the whole layer; this has a great
importance when the TNTs layer interacts with a second material and creates an interphase. In
Fig.5.9 the mean diameter of several samples were plotted for comparison.

0 [ 20V DC - HF1%- 4 hours anodizing
1 —— Gaussian fit
254 Mean diameter: 89,5 [nm]
c | Srandard deviation: 15,9032 [nm]
n
E 4
= 20
|_ -
S 15
o]
o
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S
Z

70 8 9 100 110 120 130
Diameter (hm)

Fig.5.8 Calculation of mean diameter of nanotubes on a sample anodized in HF 1wt % electrolyte

In Fig.5.9 the calculation made for Images 12 and 10 correspond to samples anodized at 10 V,
while the calculation for Images 3, 5 and 11 correspond to samples worked at double increased

potential, of 20 V.
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Fia.5.9 The mean diameter of several samoles

The up to now presented work aims to underline the method of manufacturing the TNTs, the
parameters applied during the electrochemical synthesis and their influence on the structure of the
nanotubes, as well as the surface analyses performed to get more information regarding this type
of nanostructured titanium.
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Chapter 6

Structural, morphological and mechanical analyses of TNTs layers. EDX, PL, XRD, tests and
Friction Coefficient

6.1 EDX analysis

Since the first report claiming the hydrothermal synthesis of TNTs many studies have been done
on the growth and structure of this type of nanotubes. One-dimensional TNTSs, owing to their
large length—diameter ratio, have physical, electronic and chemical properties that are different
from other forms. Several varieties of techniques, tools and devices can be used to explore the
TNTSs layers, no matter if it is about layers sustained by the titanium foil or independent layers.
The chemical characterization of the surfaces involved in the experiments can be done through
analytical technique, respectively energy dispersive X-ray microscope (EDX connected to SEM).
In the image bellow it can be seen the EDX performed on one pure titanium sample, before using
it for the anodizing experiment.
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Fig.6.1 EDX- of pure titanium sample

After anodizing and build-up of nanotubes the surface can be considered as a new material,
although the matrix in which nanotubes’ formation starts it is titanium itself. The processes
taking place in the electrochemical cell determine the interaction of the metal with the electrolyte
solution; so the final chemical elements present in the layer of nanotubes should be, besides
titanium, those that compose the electrolytic solution. Samples anodized in fluorine based
electrolyte, containing 0.5 wt % HF in 1000 ml solution were analyzed with EDX device.

As it can be seen in Fig.6.2, after anodizing there are shown:

1) Titanium - the initial sample,

2) Oxide from titanium oxide layer formed under anodizing conditions

3) Fluorine that is component of the electrolyte solution and that has a main role in
nanotubes’ architecture built up.
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Fig.6.2 EDX — TNTs layer anodized in HF 0.5wt%

For many applications the distribution of chemical elements in the material is basic, as it provides
information concerning how the material can be explored and about the type of materials and
substances that it could interact with. In case of titanium applied for implants manufacturing, it is
preferable to eliminate the content of fluorine because this can be toxic for the human tissue.

As it is known that the fluorine is concentrated in the upper level of the nanotubes, these having
structure of rings added one on top of the other (Fig.6.3), a way to eliminate it can be the
ultrasonication.
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Fig.6.3 SEM - Ring structure of nanotubes

The samples were exposed to ultrasonication. The fluorine existent in the anodized sample was
removed in the case of TNTs obtained in HF 0.5wt% electrolyte (Fig. 6.4), but the structure of
the nanotubes was affected during the procedure (Fig. 6.5).
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Fig.6.4 EDX — Chemical elements in the anodized
layer, after ultrasonication treatment

The ultrasonication method is quite aggressive for the nanotubes and it disorganizes the layer; an
important factor when ultrasonication applied is the time. Five minutes of sonication is too much
for the sample to keep the initial morphology of the TNTSs layer, while 1-2 minutes is enough for
the impurities to be removed but not enough for eliminating also the fluorine concentration.

Fig.6.5 SEM — TNTs layer disordered

The structure of the TNTs obtained in glycerol - electrolyte was only in a little percentage
affected by the ultrasonication protocol (Fig.6.7), but fluorine was not removed from the surface
(Fig.6.6).
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Fig.6.7 SEM — TNTs layer partially removed

The reason for the presence of the fluorine in the layer after five minutes sonication it is still not
clear; it might be due to the increased percentage of the hydrofluoric acid (1% wt) in the organic
electrolyte or due to a higher penetration of the electrolyte into the layer in short time after the
anodizing is ended. It was observed a correlation between the humidity of the samples (when
sonicated) and the possible removal of fluorine from its final surface. If samples were sonicated
immediately after the anodizing experiment ended, the fluorine content was removed; while the
situation was not the same in the case of the samples dried at room temperature for 2-3 days
before sonicating, when fluorine remained in the substrate in a high percentage. Although the
structure of the individual nanotubes formed in organic electrolyte was not affected during
sonication procedure, the architecture of the total entire layer was affected in a little percentage.
As it can be seen in Fig.6.7, the layer of nanotubes was partially removed.

17



6.2 XRD patterns

X-ray crystallography is a method of determining the phase in which a sample finds, as well as
the arrangement of atoms within a crystal. XRD tests were performed on samples worked in the
same anodizing conditions, respectively: glycerol-HF based electrolyte, 8 hours anodizing and 25
volts potential. The purpose was to determine the phase in which the nanotubes are (crystalline or
amorphous) and compare the intensity and arrangements of the picks with standard XRD
diffraction of pure titanium.

XRD patterns (Fig.6.8) show that reflections of samples 32 and 33 are similar to metallic Ti,
suggesting that TiO, nanotubes are in amorphous phase. This is in agreement with the literature
were it was several times reported that anodized titania nanotubes are amorphous and transform
into crystalline anatase after annealing above 280° C.

i As prepared TiO2 Nanotubes
M Y -A~ A

Annealed Ti02 Nanotubes

M @UL JL r‘NrSE
M_ . x l:m. "

Nr 33
[ ——— L Lﬁ.Jl__A_JLJ«-_ Anatase JCPDS # 21-1272

Intensity (a.u)
Intensity (a.u)
*

l I Ti Standard Ti JCPDS #44-1294
'|'|'|'|'|'|'|'|'l|'|'l|'|l'|h' -|-|-|1-1J|l-|-|-‘|-|-‘|-
10 15 20 24 30 35 40 45 50 55 60 65 70O 75 80 20 25 30 35 40 45 50 55 60 65 70
2 Theta
2 Theta
Fig.6.8a XRD for pure titanium and TNTs Fig.6.8b XRD for annealed TNTs

6.3 Photoluminiscence

Photoluminescence (PL) is a useful technique that provides information about electronic, optic
and photoelectric properties of a material. PL spectra are closely related to the surface
stoichiometry and surface states of nanomaterials. It is well known that PL spectra are affected
greatly by particle size. The higher the intensity of the peaks in PL spectra, the more uniform
interfaces with no trap sites on their surfaces.

Nanotubes were produced on two pure titanium samples; the only parameter changed being the
time of anodizing. As it was shown in the SEM images, the sample anodized for longer time has
a more uniform surface.

18
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Fig.6.9 PL spectra of TiO, nanotubes a) HF, 10 V, 4 hrs
And b) HF, 10 V, 45 min

After several experiments done it was concluded that a higher anodizing time leads to higher
order of the nanotubes layer. PL test made to the two samples for comparison (Fig. 6.9) show that
the intensity of the pick goes higher in the case of 4 hrs anodizing then in the case of 45 minutes
anodizing time.

6.4 Friction coefficient

The static friction coefficient (i) between two solid surfaces is defined as the ratio of the
tangential force (F) required for producing sliding divided by the normal force between the
surfaces (N)

u=FIN (6.1)
For a horizontal surface the horizontal force (F) to move a solid resting on a flat surface
F=u *» mass of solid * g (6.2)

If a body rests on an incline plane the body is prevented from sliding down because of the
frictional resistance. If the angle of the plane is increased there will be an angle at which the
body begins to slide down the plane. This is the angle of repose and the tangent of this angle is
the same as the coefficient of friction.

Friction is the force resisting the relative motion of solid surfaces, fluid layers, and/or material
elements sliding against each other. When the tangential force F overcomes the frictional force
between two surfaces then the surfaces begins to slide relative to each other. In the case of a
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body resting on a flat surface the body starts to move. The sliding frictional resistance is
normally different to the static frictional resistance. The coefficient of sliding friction is
expressed using the same formula as the static coefficient and is generally lower than the static
coefficient of friction.
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Fig.6.10 Sliding Friction Coefficient scheme

Friction coefficient should not be neglected when it is spoken about implant prosthesis. The
friction between implant and tissue is related to the degree of adhesion between the two
components, natural and synthetic and in case of improper values they can lead to failure of the
implant procedure. The adhesion coefficient is very important in the first hours, day or months
after surgery while the friction coefficient is important for long lasting implant - tissue
interactions.

For having a general idea on the friction coefficient of titanium in contact with a solid it was
chosen the titanium- ice system. For comparison there were made tests to the following materials
in contact:

a) Pure commercial titanium and ice
b) TiO, nanotubes and ice
c) Feandice
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Fig.6.11 Variation of the Friction coefficient for TNTs on ice and Steel on ice systems at -18°C for different
levels of applied pressure

Based on Physical and Mechanical considerations, and taking into account all experimental
results already presented, the following analytical relation was found connecting the coefficient
of friction of TiO, nanotubes on ice with applied normal pressure and temperature.

1= 1,C (1-P)exp| —244,Cyr (1+2P)T | (6.3)
Where p is the friction coefficient, P the applied normal pressure in (MPa), T the temperature in
(°C), Cs the friction Compliance for dry friction in (MPa™) which is equal to one, Csr the friction
Compliance per degree Celsius for dry friction in (MPa™ °C™) which is equal to unity and po the
static coefficient of friction at T=0°C and for applied normal pressure P tending to zero; which
for the present combination of materials equals to po = 0.02373. For the application of the model,
the experimental value of o is the only one needed for the prediction. Also all parameters

included in the above equation have a clear physical meaning. A comparison between
experimental values and theoretical predictions was made.

Table 6.1 Coefficient of friction for the different materials at different temperatures

Pressure TiO, TiO, TiO, Ti Fe
(MPa) T=-18°C T=-10°C T=-5°C T=-18°C T=-18°C
0,2 0,064 0,04 0,018 0,044 0,055
0,5 0,055 0,027 0,012 0,032 0,045
0,8 0,051 0,017 0,01 0,029 0,039
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Chapter 7

A new Concept for Living — Nonliving Interphasial Layers Modeling

According to the IUPAC Compendium of Chemical Terminology, an interfacial layer is defined
as the inhomogeneous space region intermediate between two bulk phases in contact, and where
properties are significantly different from, but related to, the properties of the bulk phases.
Examples of such properties are: compositions, molecular density, orientation or conformation,
charge density, pressure tensor, electron density, etc. The interfacial properties vary in the
direction normal to the surface. Complex profiles of interfacial properties occur in the multi-
component systems with coexisting sorption or depletion of one or several components. This
interfacial region may also be regarded as a distinct, though not autonomous phase and be called
the interphase.

A first preliminary definition for the interfacial area had been given in 1978 by Papanicolaou et.al
and it was the following: "Around an inclusion embedded in a matrix a rather complex situation
develops consisting of areas of imperfect bonding, where mechanical stresses are abundantly
developed due to shrinkage and high stress gradients or even stress singularities due to the
geometry of the inclusion are apparent and finally voids, microcracks, and other similar
discontinuities may be created. In this case the composite may be considered as consisting of
three phases, that is the two actual phases and a third one, which may also arise during thermal
treatment of the material, because of component interaction. This extra phase is what we call
"interphase™ and it is obviously inhomogeneous.

Next, a novel approach of the interphase concept introduced according which the interphase
volume fraction represents the percentage of the bulk matrix surrounding the inclusions in which
a specific matrix property is strongly affected by the existence of the reinforcement, while the
interphase thickness represents the maximum radial distance from the inclusion boundary at
which this property varies. This means that both the interphase volume fraction and the
interphase thickness are not simple geometrical/structural concepts but they are property-
dependent, that is, their values depend on the property considered at the time. An interphase
considering all these is the so-called "hybrid interphase.

Interphasial phenomena are studied mainly through modeling. The RVE is a technique used in
the modelling of materials. According to this technique, the material is considered to be
constructed by the repetition of infinite number of representative volume elements. Each one of
them has the same percentages of phases with the whole composite, while individual phases are
retaining their geometrical characteristics.

The representative volume element (RVE) for an FRC (Fiber Reinforced Composite) is
constituted from three material phases, i.e. the fiber, the interphase and the matrix. The radius of
the fiber is denoted r;, and that of the matrix rn,. The interphase extends between the other two
phases and has inner and outer radii denoted rf and r;, respectively. The extent of the interphase
and, correspondingly, its outer radius, r;, is controlled by the volume fractions of the constituent
phases in the FRC. The thickness of the interphase is very small compared with the fiber radius
and depends on the fiber volume fraction. The fiber and matrix materials are assumed to be
homogeneous and isotropic.
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Fig.7.1 RVE along with the hybrid interphase concept

The experimental study of interphases is time consuming and a number of devices are needed for
accurate measurement of the degree of adhesion between phases. This experimentation becomes
more complicated in the case of biological tests, where living osteoblast cells are involved.
Modeling is useful for predicting living-not living interphasial interactions since the living tissue
reacts as a homogeneous layer, independently of each cell’s behavior. In this case modeling can
be applied and can replace many costly and time consuming procedures, as long as tissue’ main
properties are considered.

7.1 Viscoelastic Hybrid Interphase Model

Interphasial phenomena at the close vicinity of the TNTs were analytically investigated by means
of the Viscoelastic Hybrid Interphase Model.

The degradation of the elastic modulus within the hybrid interphase region is given by:

Ei (r,t) = Em (t) + (kE Ef — Em (t))eXp{_ ll_(T( g r ; I }
E t f (71)

re <r<r,g

Where E; is the nanotubes modulus;
E; is the interphase modulus;
En(t) isthe matrix time dependent modulus;
E,and E; are the macroscopic elasticity moduli of the composite along the longitudinal
and the transverse direction, respectively;
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Nanotube-matrix adhesion efficiency coefficient is:
ke =——"/ (7.2)

When subjected to a constant low level mechanical load, the matrix modulus, E, is the inverse to the
creep compliance, C(t), and can be either determined experimentally or predicted by a theoretical model.
The Maxwell model, which was applied within the framework of the present study, considers:

a1,
En(t) = (C(t)) —(E+ntJ 03

Where E represents the matrix’ instantaneous elasticity modulus while parameter 7 represents
the matrix coefficient of viscosity.

7.1.1 Constituent phases in case of TNTs layers and human tissue Modeling

Titanium implants are known as the most long lasting prostheses, sometimes keeping their good
mechanical properties until 20 years after the implant surgery. The real problem of integration of
the titanium implant into the body doesn’t occur as time passes, but in the first months after the
surgery. Many titanium implants surgeries failed because of the difficulty created by adhesion
between the tissue and the implant in the first month after the intervention; the adhesion is too
strong and restricts the proliferation of the cells. Prediction of the adhesion implant — tissue
through modeling could be a key to partially solve this problem. For the model we have applied,
there were considered many biochemical and biomechanical influent factors and data.

The parameters were chosen corresponding to the experimental protocols used in parallel in the
biology laboratory. There were considered the titanium foils covered on an area of 1 cm? with
perpendicular nanotubes. Mineral Essential Medium containing roughly 25 000 cells per ml was
evenly spread on a surface of 1 cm® The device used for the measurement of the population of
cells per unit volume was a hemocytometer.

Our assumption is that the cells in the Mineral Essential Medium create an interphase; the two
components of the interphase create an inhomogeneous liquid on the surface of nanotubes during
culture period. Between the two surfaces, i.e. that of the titanium and the osteoblasts layer there
are clearly considerable differences in properties. The purpose of this work was to analyse on
what extent the two phases interact to each other in order to create the interphase.

| Cells in physiclogical liquid |

(011 [ Tioamavonbesiaer L1 11 11

Fig.7.2 Simplified scheme of the interphase created
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The values of the elastic and viscous properties of the constituent phases as well as their
geometrical features are given in Table 7.1. However, the concept of the hybrid interphase was
applied for the two phase system containing the linear elastic reinforcement (TiO, nanotube) and
the homogeneous linearly viscoelastic medium, also referred to as matrix, immediately
surrounding each nanotube.

Table 7.1 Properties of the constituent phases

TiO,

Osteoblast Mineral Essential Medium
Nanotube

Viscosity (Pas) - 0.03 0.0015
Modulus of Elasticity (Pa) 20 *10° 5000 -

Mean Diameter (m) 40*10°  25*10° -

The matrix was assumed to have properties equivalent to these of the solution of Mineral
Essential Medium with spherical osteobast cells embedded in it at a ratio of 25000 per ml of
solvent. The properties of the elastic and viscous component of the Maxwell model, for the
matrix material are given in Table 7.2.

Table 7.2 Properties of reinforcement and equivalent matrix material

Volume fraction of Matrix viscosity  Matrix elastic Reinforcement’s elastic
Osteoblast in the MEM (%) 7 (Pas) modulus E (Pa) modulus E (Pa)
0.02 0.00151 1.022 20 10°

For the calculation of the matrix properties, the assumption of the rule of mixtures was made. A
number of 25 000 spherical osteoblast cells per ml of solution, with a mean diameter of 25 4 m,

correspond to a volume fraction of 0.02%.

Interphase properties and the extension of the interphase are affected by the quality of adhesion
between the two phases. As we approach the conditions of perfect adhesion the interphase
thickness tends to zero. In Fig.7.3 it can be seen that for perfect adhesion (k=0.999) between one
nanotube and Mineral Essential Medium containing cells, the interphase thickness practically
tends to zero.
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Fig.7.3 One nanotube in contact with Mineral Essential Medium

Osteoblasts properties are highly dependent on the substrate on which they grow. When they are
spread on a biomaterial, osteoblasts try to imitate it and to adapt to its surface, taking some of its
properties. This happens due to the proteins implicated in osteoblasts adhesion on a layer; it is
valuable for osteoblasts — titanium adhesion as well.

As radial distance from the nanotube center increases, the interphase modulus tends to attain a
constant value. Depending on the degree of adhesion, the osteoblasts close to the nanotube
surface try to imitate and to adapt to the properties of titanium until a limit. In any case, the
interaction cell material is accentuated as time passes and the adhesion can be perfect (Fig.7.4),
fact which can determine the death of the cells. The too strong, almost perfect adhesion is not
recommended because it keeps the cells stacked on the substrate.
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Fig.7.4 Interphase thickness as a function of time for perfect adhesion (ke=0.999)
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In order to achieve a strong fixation of the metal to the tissue while at the same time to have a
good environment for the development of the osteoblast cells, extreme values corresponding to
both, perfect adhesion or zero adhesion, should be excluded. For perfect adhesion the interphase
thickness tends to zero and the properties variation when going from the inclusion surface to the
bulk matrix are changing in an abrupt way following a step function variation. Also, in case of
two adjacent nanotubes imbedded into the same matrix, corresponding interphases are interacting
leading to the total variation of the properties of the matrix material (Fig.7.5).

The adhesion of the osteoblasts to the titanium surface was several times reported as being very
strong. When TNTs are present the surface on which osteoblasts are spread is rougher. Therefore,
the degree of adhesion is higher. To this phenomenon it is added the pressure of the tissue. While
movements take place, also an important factor is the friction coefficient. All these factors shall
be calculated before realizing the new implant design.
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Fig.7.5 Interphase Modulus variation within the interphasial area between two adjacent TiO, Nanotubes
for various values of adhesion efficiency coefficient kg

7.2 Interphase between TNTs and a secondary layer

Nowadays there are in fashion the coatings manufactured on the implant materials. Coatings can
be biosynthetic or synthetic. Such examples are hydroxyapatite, polymers and lately CNTSs. In the
frame of this work it was initialized a study of interphases created by TNTSs layers in contact with
one of the mentioned coatings, having the purpose to create a better environment for cells’
development.

7.2.1 TNTs and hydroxyapatite

Synthetic hydroxyapatite (HA) is a very good activator in tissue rebuilding processes because it
imitates in high extent the natural HA, component of the human bone.

For synthesis of HAP coating on TNTs, the samples were left for one week in Simulated Body
Fluid (Table 7.3), at 37°C.
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Table 7.3 Reagents for preparation of SBF (pH 7.25, for 1000 ml solution)

Reagent Amount

1. NaCl 7.996 ¢

2. NaHCO4 0.350 ¢

3. KCI 0.224 ¢

4. K;HPO, " 3H,0 0.228 ¢

5. MgCl, ' 6H,0 0.305¢/1

6. 1 kmol/ m° HCI 87.28 mL of 35.4% diluted to 1000 mL
7. CaCl, 0.278 g

8. Na;SO4 0.071¢g

9. (CH,0H);CNH, 6.057 g

10. 1 kmol/ m® HCI Appropriate amount for adjusting pH

The SEM images indicated the deposition of HA particles (Fig.7.6).
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Fig.7.6 Synthetic HA particles on the TNTs layer

7.2.2 A Hybrid Nanocomposite reinforced with both TNTs and CNTs

An aqueous solution with a low concentration of multiwalled carbonanotubes (MWCNTS) was
prepared through ultrasonication method. Afterwards the solution was uniformly injected on the
TNTs layer surface and left for drying through evaporation of the solution for one day on a glass,
under the sun, at high temperature.
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Fig.7.7 Titanium covered by layer of TNTs and Fig.7.8 Titanium covered by layer of TNTs and
reinforced with CNTs reinforced with CNTs, lateral view

7.2.3 TNTs and polymer

Deposition of a very thin polymer/ resin film on the TNTs it is recommended as a simple solution
which can assure a better adaptation of the cells to this layer. In biology laboratories the
biocompatible polymer is most efficient material used for the proliferation of the cell cultures.
For this study, a thin polymer film (acrylic resin) resistant to aggressive environmental
conditions, was sprayed on the TNTs layer and left for drying at room temperature.

Fig.7.9 TNTSs protected by a thin polymer layer
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Chapter 8
Behavior of Human Bone cells on Titanium surfaces

Osteoblasts are the bone cells; this type of cells has to adhere to the implant in order to develop,
until they can form the connective-tissue which together with the implant it is capable to replace
the damaged part of the bone. The rapidly stabilization of the implant by creating a fast
anchorage between the prosthesis and the surrounding bone tissue represent a very important
aspect to be considered in any biocompatibility study. Recent studies have shown that alkaline
phosphatase (orthophosphoric-monoester phosphohydrolase) specific activity is enhanced on
rough pure titanium or titanium alloy surfaces.
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Fig.8.1 Reaction mechanism of human placental alkaline phosphatase

Cells grown on rougher surfaces exhibited increased production of collagen, prostaglandin E,
(7-[3-hydroxy-2-(3-hydroxyoct-1-enyl)- 5-oxo-cyclopentyl] hept-5-enoic acid), and transforming
growth factor .
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Fig.8.2 Collagen’'s triple helix and its structural formula
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Fig.8.3 Prostaglandin E,

Human bone marrow cells which were obtained by aspiration from the femoral diaphysis of
patients undergoing total hip replacement surgery were used in this study. The patient had an age
of between 40 until 60 years old and from each donor, a single-cell suspension was prepared by
repeatedly aspirating the cells successively through 19 and 21-gauge needles.

Fig.8.4 Cell culture

Cell attachment on the substrate was evaluated by analyzing the morphology of the cells attached
after the incubation period of one week. The cells were seeded onto the materials and incubated.
Afterwards, the specimens were washed with PBS to eliminate the unattached cells. Tissue
culture polystyrene, pure titanium foils and CNTs were used as a control surface.

Tissue culture polystyrene is well known as one of the best materials for conserving cultures of
cells. In the photo bellow (Fig.8.5) it can be seen how the cell expands. This is how cells should
look like when they are well develop and when the material they adhere to is highly
biocompatible.
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Fig.8.5 SEM image of one cell on polymer Fig.8.6 SEM image of one cell on pure titanium
after one week incubation time after one week incubation time

In Fig.8.6 it can be seen that the cell is less expanded. The titanium surface restricts partially the
freedom of the cell.

Fig.8.7 Many cells on polymer Fig.8.8 Many cells on pure titanium
after one week incubation time after one week incubation time

When the cells develop properly they start to overlap and step by step they initialize the
formation of the new layer of tissue. When freedom of cells is limited this cannot happen,
therefore it is affected not only the proliferation of individual cells but also the synthesis of the
connecting tissue between implant and natural tissue of the body.

On the samples containing layers of TNTs there were quite big differences from one area to
another of the sample. There were detected many traumatized cells, not expanded and stacked on
the surface of the material (Fig.8.9). Thus, in some parts of the same sample the cells expanded
better as it can be seen in Fig.8.10.
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Fig.8.9 Cell expanded on TNTSs, Fig.8.10 Cells expanded on TNTSs,
after one week incubation time after one week incubation time

Fig.8.11 “Filopodia” of a cell on the TNTSs layer after one week incubation time

It was concluded that the CNTSs layers create a better environment than the TNTSs, these being
several times tested with human cells. In Fig.8.12 it can be observed the proper good morphology
of the cells spread between the CNTSs.
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Fig.8.12 Cells on CNTs after one week incubation time
after one week incubation time

In the efforts of improving the quality of adhesion between cells and TNTSs it was deposited HA
on the nanostructured titanium. On the samples including HA nanoparticles the behavior of cells
was different, these being in a higher number in colonies and exposing a proper morphology,
compared to that of the cells spread on simple TNTs layer (Fig.8.13 a and b).

o

Fig.8.13 a) Cells on TNTs- HA layer Fig.8.13 b) Cells on TNTs- HA layer
after one week incubation time after one week incubation time

35



Chapter 10

General Conclusions

Titanium remains one of the performing hard tissue replacing implant materials, mainly due to its
good mechanical properties; also, titanium is a promising material due to the possibilities to
manufacture its surface, procedure that can transform it in a high biocompatible material.
Through nanotechnology we can nanostructure titanium under different shapes.

The titanium dioxide layer naturally occurring at the surface of titanium when this comes in
contact with water molecules or air it gives to the material antimicrobial and catalytic properties.
Under specific conditions the titanium atoms group to form the titanium dioxide nanotubes
(TNTS).

In the present PhD the anodizing method for manufacturing TNTs is presented. There were
performed experiments for surface analysis of the TNTSs layers; interphasial phenomena for inert
TNTs layer and osteoblast cells were studies through the Viscoelastic Interphase Model and
through real biological experiments. The following devices and techniques were used:
Electrochemical anodizing, SEM, EDX connected to SEM, XRD, PL, IR, Image Tool, Nikon
Microscopy, Interphase Modelling, Human Cells culture seeding, to bring together the following
research areas:

v" Chemistry and electrochemistry
v Mechanics and physics and
v Biology Sciences

It was concluded that:

0 The very good combination of parameters to get well organized single wall TNTs
through anodizing method is: HF 1% in glycerol - water (50:50) electrolyte solution,
8 hours anodizing and 25 V potential

0 Depending on the titanium positioning in the electrochemical cell, single or
multiwall TNTs layers can be elaborated

o The SEM, EDX, PL and XRD devices can offer a lot of information with respect to
the structure and chemical composition of the TNTs layers

0 Mechanical branch it is very important for aspects related to material - tissue
adhesion and the Viscoelastic Hybrid Interphase Model (Papanicolaou Model) can
predict the behavior of the osteoblasts (bone cells) in contact with titanium implant

0 The biological experiments show improper morphology of the osteoblasts on TNTs
layer because of their strong adhesion to this material; the environment of the cells
can be improved through deposition of HA or other intermediate layers that can
attenuate the strong adhesion of the tissue to the implant

0 The comparative study between modeling and biological results can be the basis for
creating a predictive system for any tissue-implant interaction; this can exclude
failure of the implant surgery, it can reduce the medical costs and trauma of patients
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