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ABSTRACT

Dental implants are currently the most reliable solution for dental replacement.
Although Titanium alloy (TiAl4V) is considered the gold standard dental implant material,
some disadvantages have been pointed such as metallic ions release and its greyish colour
that can be visible through fine mucosa. Zirconia (ZrO>) is a bioceramic that has been studied
as a promising metal-free alternative to titanium due to its good biocompatibility, good
mechanical properties compared to other ceramics, good aesthetic, due to its tooth-like
colour and low affinity to bacterial microorganisms.

Despite the high rate of successful dental implants, problems related to the entry and
proliferation of bacteria to the peri-implant zone have been emerging. Peri-implantitis is the
most frequent biological cause that leads to implant failure and immediate implant removal.
Thus, is extremely important to develop a zirconia surface with antibacterial properties to
apply in dental implants. In this context, the present dissertation addresses the study of a
barrier approach to inhibit the penetration of microorganisms into the peri-implant zone
through the production of successive microgrooves and a biocide approach to eliminate the
bacteria that interact with the implant by silver and gold surface chemical functionalization.

The microgrooves were produced by an Nd:YAG laser, morphologically characterized
by SEM and tested for their retention capacity to artificial soft tissue by mechanical tensile
test. Its roughness was also evaluated. The micro-functionalization with silver (Ag) was
performed in a two-step process of cold pressing and laser sintering via Nd:YAG laser. And the
gold (Au) nano-functionalization was tested by three different methods from which one was
selected. Thus, the Au nano-functionalization was carried out by deposition by spray and
sintering via CO; laser. The chemical functionalized samples were subjected to reciprocating
friction tests against bone to simulate implant insertion and then analysed through SEM/EDS.

The results achieved showed that the introduction of microgrooves on zirconia surface
increased the mechanical retention to artificial soft tissue. Roughness evaluation revealed the
need for an improvement on laser finishing. The chemical functionalized surfaces presented
good resistance to the friction test against bone. Additionally, the obtained COF values can
predict good primary stability of the implant. The modified surfaces revealed promising results

in the context of the application.

KEYWORDS: Zirconia, Dental implants, Antibacterial, Mechanical barrier, Microgrooves, Biocide

effect, Gold nanoparticles (AuNP’s), Silver microparticles (Ag)






RESUMO

Os implantes dentdrios sdo atualmente a solugdo mais confidvel para a substituicao
dentaria. Embora a liga de Titanio (TiAl4V) seja considerada o material de exceléncia em
implantes dentdrios, algumas desvantagens tém sido apontadas, como a libertagdao de ides
metalicos e a sua cor acinzentada que pode ser visivel através da gengiva fina. A Zircdnia (ZrO;)
€ uma bioceramica que tem vindo a ser estudada como uma promissora alternativa ao Titanio,
devido a sua boa biocompatibilidade, boas propriedades mecanicas comparativamente a
outras ceramicas, boa estética devido a sua cor clara e a baixa afinidade para com as bactérias.

Apesar da elevada taxa de sucesso dos implantes dentarios, tém surgido problemas
relacionados com a entrada e proliferacdo de bactérias na zona peri-implantar. A peri-
implantite é a causa bioldgica mais frequente da falha do implante. Sendo assim, torna-se
importante desenvolver uma superficie em Zircénia com propriedades antibacterianas. Neste
contexto, a presente dissertacdo contempla o estudo de uma abordagem de barreira para
inibir a penetracdo de microrganismos na zona peri-implantar através da producdao de micro
rasgos sucessivos a superficie e uma abordagem biocida para eliminar as bactérias que
interagem com o implante por funcionalizagdo quimica da superficie com prata e ouro.

Os rasgos foram produzidos através de um laser Nd: YAG e foram avaliados quanto a
sua retencdo em gengiva artificial com testes de tragcdo uniaxial. A sua rugosidade também foi
avaliada. A micro-funcionalizacdo foi realizada com prata (Ag) por um processo de prensagem
a frio seguida de sinterizacao a laser Nd: YAG e a nano-funcionalizagao foi realizada com ouro
(Au) e foi testada por trés métodos dos quais um foi selecionado. Assim sendo, a nano-
funcionalizagcdo com Au foi realizada por deposi¢ao por spray e sinterizacao via laser de COs.
As amostras resultantes foram submetidas a ensaios de atrito e analisadas através de
microscopia eletrénica de varrimento e espectroscopia dispersiva de raios-X.

Os resultados demostraram que a introducdo de rasgos na superficie em Zircdnia
aumentou a retencdo mecanica da gengiva artificiais. A avaliacdo da rugosidade revelou a
necessidade de uma melhoria deste parametro. As superficies obtidas através da
funcionalizacdo quimica apresentaram boa resisténcia ao teste de atrito. Além disso, os
valores de COF obtidos preveem uma boa estabilidade primaria do implante.

As superficies modificadas revelam resultados promissores no contexto da aplicagao.
PALAVRAS - CHAVE: Zircénia, Implantes dentarios, Antibacteriano, Barreira mecanica,

Microrasgos, Efeito biocida, Nanoparticulas de ouro (Au), Microparticulas de prata (Ag)
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CHAPTER 1

INTRODUCTION

Chapter 1 introduces the work developed in the present study. It comprises a brief
motivation that led to the choice of the subject, the objectives of the applied methodologies

and, at last, an outline describing the structure of this written work.



MOTIVATION

Oral health care is very important in many sectors of human life, since it affects
mastication, digestion, phonation, appearance, and psychological well-being. Tooth loss is one
of the reasons why people seek for oral care, it can occur at any age and for a variety of
reasons related either with disease or trauma. Dental implant has been proved to be the most
reliable solution to replace missing teeth because it preserves the gingival mucosa and bone
with no damage to the adjacent teeth [1,2].

Although the successful dental implant rate is high, the outcomes from implant failure
are devastating to the patient as its extraction involves more distressing surgical procedures
and cost, also, it compromises the clinician’s efforts to accomplish implant functionality and
esthetics [3,4].

Peri-implantitis is the major biological cause for implant failure. Hyun-lin et al [5]
conducted a study on 2796 implants, for a period of 19 years. In this study 150 implants failed
of which 64 in advanced treatment phase (late failure). Overloading, fracture and peri-
implantitis were reported to be the main causes of late implant failure with 53 and 17 and 13
% respectively.

To reduce dental implant failure regarding peri-implantitis, it is crucial to develop a
surface that prevents adhesion and proliferation of bacteria and, at the same time, allows
good mechanical engagement with soft tissue to avoid bacteria contact. Therefore, the study
of the chemical, physical and mechanical properties of the zirconia (ZrO;) surface material in
order to achieve an antibacterial surface will be the focus of this work.

Zirconia is a ceramic material with, already proved, good osteointegration [6,7],
excellent biocompatibility [7-9] and good mechanical strength [10,11]. In addition, it has
some advantages over the conventional titanium implants like the reduced formation of
plague on material’s surface [12,13], and its tooth like colour that provides good aesthetics,
especially in cases of thin gingiva or soft tissue recessions [14].

Thus, the challenge in dental implantology relies on the development of new
approaches combining different methods, technologies and the latest scientific findings to
create, simultaneously, functional and biocompatible surfaces capable of preventing peri-

implant disease.



OBIJECTIVES

The main objective of this work is to develop an yttrium-oxide partially stabilized zirconia
(Y-PSZ) surface for dental implant application with the ability to inhibit oral biofilm formation
and prevent peri-implant disease. It is expected that the surface developed interact with
bacteria in two ways: a) as a barrier, the implant works as a physical barrier to hinder bacteria
from entering through the soft tissue, and b) as a biocide, so that the implant surface holds a
killing effect against oral bacteria. Certain specific objectives must be attained to accomplish

with the aforementioned:

1. Toinvestigate the fundamentals on the problematic of peri-implant disease and search for
current solutions on the subject;
2. To produce Y-PSZ samples by powder metallurgy (PM);
3. Physical barrier:
3.1. To develop a textured Y-PSZ surface with successive microgrooves by laser ablation:
i.  Tostudy the influence of the laser parameters on the microgroove profile, groove
depth, groove width and groove interspacing;
ii. To characterize the morphology of the produced microgrooves by Scanning
Electron Microscopy (SEM);
iii.  To test the mechanical interlock of the grooves against artificial gum;
iv.  To characterize the roughness from the laser finishing.
4. Biocide effect:
4.1. To chemically functionalize the Y-PSZ surface with silver (Ag) microparticles:
i. To produce a micro texture on the sample surface to favour silver adhesion;
ii. To optimize the laser/processing parameters for the silver sintering step;
iii. To examine, morphologically and chemically, the Ag-Y-PSZ functionalized surface
by SEM/EDS;
iv.  To test silver adhesion by means of a mechanical friction test;
4.2. To chemically functionalize the Y-PSZ surface with gold nanoparticles (AuNP’s):
i. To produce a solution of gold nanoparticles by laser ablation;
ii. To test methodological options for the deposition of the gold nanoparticles, as

well as for sintering;



iii.  To optimize the laser parameters for the nanoparticles sintering step;
iv.  To examine, morphologically and chemically, the AuNP’s Y-PSZ functionalized
surface by SEM/EDS;

v.  To test the nanoparticles adhesion by means of a mechanical friction test;

OUTLINE

Chapter 1 comprises the motivation that inspired for the selection of the current subject
as well as the objectives for this work and lastly the organization of the written work.

Chapter 2 presents a background research on the subject of the thesis. It comprehends
an understanding on the selection of zirconia as a dental implant material (2.1) and on the
problematic of the peri-implant disease (2.2). A study on the mechanisms behind bacterial
adhesion and a research for the three possible material design approaches to prevent
bacterial adhesion (2.3) and respective review (2.4). It also presents pertinent information on
nanoparticles (2.5), followed by a review (2.6), and ends with a relevant study on laser
technologies (2.7).

Chapter 3 describes, in detail, all the materials and methodologies adopted on the
practical section of this work. The procedure adopted to produce the samples (3.2), as well as
the applied treatments on Y-PSZ surface (3.3) and, finally, the material characterization
techniques that were required (3.4).

Chapter 4 comprises all the results obtained throughout the present dissertation and it
is accompanied by a detailed analysis and discussion. This chapter is divided in a total of four
subchapters. These comprise the characterization results of the microgrooves produced by
laser ablation (4.1), of the silver micro-functionalized surface by laser sintering (4.2) and of
the NP’s solution that was produced by laser ablation (4.3) in context of the gold surface nano-
funtionalization (4.4).

Chapter 5 draws the main conclusions from this work and adds some suggestions for

future works.



CHAPTER 2

STATE OF THE ART

The study of the requirements to achieve an anti-bacterial surface demands a
background research on the subject. Therefore, understanding the mechanisms behind
bacterial adhesion, researching the actual solutions on antibacterial materials for dentistry,
studying the optimal chemical and physical parameters, as well as, current material

manufacturing techniques are going to be the main topics of the current chapter.
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2.1 Zirconia as a dental implant material

With Branemark discovery of osteointegration process, several investigations and
clinical studies, as well as required surface modifications have been made to ensure titanium
was a good biomaterial for oral rehabilitation [15-18]. However, allergic reactions [19,20],
cellular sensitization [21,22] and galvanic current formation [22,23] have been observed as
side effects on the use of this material [5-9], leading the way to zirconia which arises as a good
alternative material to overcome these problems. Zirconia (ZrOz) is an advanced ceramic
material that shows biocompatibility [7—9], chemical inertness [24,25], and reduced formation
of dental plaque [12,13], that are major factors on promoting good osteointegration of an
implant. Zirconia also possesses good mechanical properties, such as high flexural strength
[10,11], good corrosion and wear resistance [26,27], and superior fracture toughness when
compared to other ceramics [15,16]. In addition, in opposite to titanium, zirconia provides
good aesthetics that derives from its teeth-like colour, useful, for instance, on thin gingiva
recession [14,30,31].

Since 1970s considerable research has been made about zirconia, due to its
transformation toughening ability, holding a unique place amongst oxide ceramics with
respect to mechanical properties. Transformation toughening mechanism is associated to a
martensitic-like transformation of tetragonal metastable grains into a monoclinic state that
happens at the crack tip. However, only after the 1990s zirconia implants become available in
the market [32,33].

Zirconia can present itself in three atomic structural forms: monoclinic, tetragonal and
cubic. In pure state, zirconia has a monoclinic structure, at room temperature, which remains
stable up to 1170 °C (Figure 1a). From the later temperature up to 2370 °C the tetragonal
structure is formed (Figure 1b). The cubic structure develops from 2370 °C up to the melting
point of the material, which is 2680 °C (Figure 1c). When cooled, the crystalline
transformations are spontaneously reverted to the most stable phase, however the tetragonal
and cubic structures can be metastatically retained at room temperature with the addition of
other cubic oxides named stabilizers. In this work the selected material is Zirconia Partially

Stabilized with 3 mol% of yttrium oxide (Y-PSZ) [32].
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Figure 1 Schematic representation of the atomic crystalline structures of zirconia (ZrO2): a) monoclinic, b) tetragonal, c) cubic.
In blue are represented the oxygen atoms and green the zirconium atoms. Adapted from [34].

Table 1 shows density, flexural strength, young modulus and fracture toughness values

of Y-PSZ (3 mol% of yttrium oxide).

Table 1. Property values of zirconia (Y-TZP) from literature.

Property Value (unity) Ref
Density ~6g/cm3 [35-37]
Flexural strength 900-1200 (MPa) [35,37]
Young’s modulus ~ 200 (GPa) [35,37]
Fracture Toughness (Kic) 6-10 (MN/m?3/2) [35,37]

2.2 The problematic of peri-implant disease

Even though the successful dental implant rate is high [5,38,39], the outcomes from
implant failure are devastating to the patient. Its extraction involves distressing surgical
procedures and additional costs [4,40]. Implant failure can be related to biological or
nonbiological complications. In one hand, nonbiological complications may be caused by lack
of stability, overloading, or mechanical fracture, which for instance, may be dependent on
implant factors as shape [6,41], material properties [6,42], and quantity of bone surrounding
the implant [6].0n the other hand, when it comes to biological complications, the situations
recorded are inflammation, host response, and peri-implantitis, which, in this case, are tightly
related with the interaction of the implant surface with the surrounding medium, thus, surface
mechanical, topographic, and physicochemical properties are of great influence in biological

processes [44][30].
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With respect to implant failing occurrence, it can happen in an early or in a late stage of
treatment. Early failure is associated with poor bone quality/quantity [4,40], lack of primary
stability [4,40], premature loading [4,5], and late failure is related with overloading [5,45],
mechanical fracture [5,45], and peri-implantitis [5,40,45,46].

Periimplantitis is an oral disease derived from a bacterial infection located at peri-
implant site, it presents as implant pocket formation which is the loss of the supporting bone
around implant [47-49]. When bacteria from oral microbiota migrates to peri-implant site
they tend to attach to a subtract/surface and colonize producing a biofilm. This biofilm
development is responsible for the activation of the host immune and inflammatory
responses around the implant, which is crucial in the pathogenesis of periimplantitis and
consequent loss of supporting bone [50-52]. The most common bacteria associated with peri-
implant disease are: Porphyromonas gingivales, Porphyromonas intermedia, Actinobacillus
actinomycetemcomitans [53,54], Streptococcus aureus [55,56], Streptococcus mutans [57,58],
Streptococcus sanguinis [59,60].

Hyun-Jin et al. [5] conducted a study on 2796 implants focused on implant failure, for a
period of 19 years. In this study, from the total tested implants 150 implants failed in which
64 at an advanced treatment phase (late failure). Furthermore, they reported that the main
causes of late failing implant is related to overloading and fracture of the implant, with 53%
and 17% rate, respectively, followed by peri-implantitis (13%). Another study [61] based on
the prevalence rate of periodontitis determined that 10 out of 89 patients (11.2%) suffer from

this peri-implant disease.

2.3 Physicochemical mechanisms of bacterial adhesion

Bacteria are divided in two main categories, gram-positive and gram-negativel. The
gram-positive bacteria are surrounded by a plasma membrane and a cell wall containing
peptidoglycan linked to lipoteichoic acids. In turn, the gram-negative bacteria present a

plasma membrane and a thinner cell wall (peptidoglycan in a similar way to gram-positive)

! The terminology given to each type of bacteria is related with the colour effect visualized on a Gram stain test
which is related with the differences on cell wall composition [62].
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followed by an external layer of phospholipid and lipopolysaccharide (LPS) complex and
impenetrable, making them resistant to the most used antibiotics [62].

The biological phenomenon of bacterial adhesion to a dental implant can be described
by four phases: transport, adhesion, attachment and colonization [44].

In phase 1 occurs the transport of bacteria to the material surface. This can happen
through Brownian motion?, by sedimentation of bacteria in solution, via liquid flow or by
bacteria movement itself [44].

Initial adhesion starts in phase 2, resulting in weak and reversible adhesion of the
bacterium through long and short-range forces of about 50 nm from surface. Bacterium are
attracted or repelled to the surface according to the resultant of the non-specific interaction
forces. This phase has a duration of 2 or 3 hours [44,63]. In this stage, two physicochemical
approaches are considered to describe bacterial adhesive interactions, the thermodynamic
approach and the classical DLVO approach [44]. The first one is related with the surface free
energy (SFE) of two interacting surfaces, and states that, before a bacterium can contact
directly with the implant surface, the water film between the interacting surfaces must be
removed [44]. As so, the necessary energy for this process to occur, named as interfacial Gibbs
Free Energy (AG,41), can be calculated from the following equation: AG,4n = Ysp — Vst — Vo
where yq,;, is the free energy between the surface and the bacterium, y; is surface-liquid
interfacial free energy, and y;,; is bacterium-liquid interfacial free energy. Once nature tends
to minimise free energy, if AG,45, is negative adhesion is thermodynamically favoured and will
spontaneously occur [44].

The classical Derjaguin, Landau, Verwey, Overbeek (DLVO) approach identifies the
existence of two forces: Ga-The Lifshitz-van der Waals attractive force that is the first force
becoming active at distances greater than 50 nm: and Gg-The electrostatic repulsive force
which is available at closer distances. The Gt occur because of a positive charged outer layer
formed on the water particles that neutralizes the bacterium’s and material’s surface negative
charge (the electrical double layer or Stern layer). When the bacterium/water layer overlays

the surface/water layer a repulsive electrostatic interaction take place since bacterium and

2 Brownian motion: Random movement of microscopic entities in fluid caused by thermal continuous agitation,
it is of fundamental significance in the world of microorganism motion [181].
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surface have the same charge. The distance under which this interaction arise is dependent
on the thickness of each layer that in turn depends of ionic charge of the surface and ionic
concentration of the medium [44]. DLVO states that at a distance above 1 nm, the sum of Ga
and Gr describe the total long-term interaction between the bacteria and the surface (Gror=
Ga+Gg). The graphic representing this relation is present on Figure 2.

T

1
I
1
N I
|
|
|
I

tot~
7

’ SECONDARY
4 MINIMUM

Figure 2 Graphic representation of the Lifshitz-van der Waals attractive force (G,), the electrostatic repulsive force (Gg) and
the resulting total force along the distance between bacteria and the surface [44].

For bacteria in the mouth, the Gror secondary minimum (Figure 2), representing
reversible chemical interactions, does not frequently reach very negative values, resulting on
a ‘weak’ reversible adhesion. Thus, bacterium continues to exhibit Brownian motion and can
readily be removed from the surface by mild shear or by the bacterium’s own mobility. [44].

Although the thermodynamic approach and the classical DLVO approach have
demonstrated to be adequate microbial adhesion theories for certain groups of strains, these
fail on descripting all aspects of microbial adhesion that is valid for every strain, as a variety of
environmental and cell-specific physiological conditions way of action is still unknown [44,64].

Then, Van Oss et al. presented the extended DLVO theory, that comprises four
fundamental, interactions: Lifshitz—van der Waals, electrostatic, Lewis acid—base and
Brownian motion forces. Lewis acid—base relies on electron-donating and electron- accepting
interactions between polar moieties in aqueous solutions. The influence of the acid—base
interactions is much superior than electrostatic and Lifshitz—van der Waals interactions. On
the other side, they are short ranged, and a close approach between the interacting surfaces
(less than 5 nm) is required before these forces can become operative. This new theory has
improved prediction of bacterial adhesion in several in vitro experiments [65].

After adhesion of the bacterium to the surface of the implant, comes phase 3, the
attachment. In this phase, a strong anchorage between bacteria and surface occurs through

covalent, ionic, or hydrogen bonding. Additionally, in this stage microorganisms secrete a
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dense substance, the glycocalyx, and cover themselves in it leading to protection against
humoral and cellular body immune components. The attachment takes several hours to be
completed [44,63].

Finally, in phase 4 (colonization), the strongly attached bacterium starts to grow along
with new cells formation, resulting in the biofilm development. The growth rate of the
microorganisms depends on the material of the implant [44]. Figure 3 presents the above-

mentioned four phases of bacterial adhesion as well as the approximated time of each phase.
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Figure 3 Schematic representation of the bacterial adhesion phases on material surface, and respective time. Adapted from
[63]

Afterwards, biofilm maturation leads to the activation of host immune and inflammatory
responses around the implant, which is crucial in the pathogenesis of peri-implantitis and
consequent loss of supporting bone [50,66]. An explaining illustration of the plaque (biofilm)
on the implant surface, inflammation (peri-implant mucositis) fallowed by peri-implantitis is
observable on Figure 4. While Figure 5 represents a clinical and a radiographic image of a

clinical situation of peri-implantitis, where bone loss is visible in the shape of a crater.
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Figure 4 Illustration of pathological conditions around dental implants (peri-implant infections) [66].
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Figure 5 Clinical (a) and radiographic (b) observations of two implant sites with peri-implantitis [66].

2.3.1 Material design approaches for antibacterial effect

Depending on the desired material feature to obtain, several physicochemical

parameters must be studied. An implant surface can accomplish three main functions:

e Barrier;
e Antifouling;

e Promotion of bacteria elimination.

The following chapter will describe some theoretical foundations behind these three
functions. A last topic summarizes the bibliographic review on the methodologic

developments related with surface modification for antibacterial purposes.

2.3.2 Bacterial barrier

One of the three approaches in the problematic of bacterial infection is creating a
bacterial barrier which main function is to inhibit bacteria entering through the mucosal
implant zone. The oral epithelium is the primary barrier between the external environment
and deeper tissues. The idea is to create a mechanical design that restricts movement
between the implant surface and oral soft tissue in contact. This interface, named biological

width, occupies 3 to 4 mm downwards length [67—69] and is schematized in Figure 6.
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Biological
Width

Figure 6 lllustration of the anatomy of the interface between the tooth and the soft tissue: a) histological sulcus, b) epithelial
attachment, c) connective tissue attachment, and b) + c) biological width.

For the mechanical barrier to succeed is of major importance that the oral fibroblasts
and epithelial cells adhere to the implant surface. Literature studies were made and a contact-
guidance behaviour of cells on microgrooved surfaces was observed, revealing that cell
positions are random on a flat surface. However, on a grooved surface cells align themselves
along to the groove direction. This occurrence may be explained by the mechanical stresses
created by the microgrooves which influences cell spreading and leads to cell alignment
[67,70].

Aligned or elongated cells had demonstrated better adhesion compared to spherically
shaped ones. In this way, surface microtextures such as grooves may influence the cell spread
and growth. Investigations about the reaction of soft tissue to implant surface of oral implants
reveal that surface treatment of the implant materials significantly influences the attachment
of oral fibroblasts and epithelial cells [71-73].

The development of the interface between the epithelial cell and a substrate comprises
two time-dependent stages, it initiates with 1) nascent adhesions, which later matures into 2)
focal adhesions?. Cell dimension at nascent adhesion state is inferior to 0.2 um, reaching 1-5
um size after they mature into focal adhesions [74]. Considering this, it is more difficult for the

cells to create stable focal adhesions within grooves with a groove width smaller than 5 um.

3 Focal adhesions: Macromolecular subcellular structures that mediate the regulatory effects (ie, signaling
events) of a cell in response to the extracellular matrix [182].
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Research on the influence of groove profile characteristics, as groove depth, width and
interspacing, in cell attachment and spreading is under development in the scientific
community. Studies suggest that groove width equal or superior to 10 um is preferential on
soft tissue attachment [75—77]. On the other hand, groove depth less or equal to 5 um, in
groove depth studies between 1 and 10 um [75,78], although, research about oral soft tissue
cell response to groove dimensions in orders of magnitude greater is necessary, since deeper
grooves would increase the contact area between the implant and the soft tissue improving

the mechanical retention of the interface.

2.3.3 Bacterial antifouling

The focus on biofilm prevention should be on inhibiting the progress from stage 1)
bacterial adhesion to stage 2) bacterial attachment, and the associated development of
irreversible chemical bonds between bacteria and the implant surface. Considering this,
studies attention must be on an earlier interaction, stage 1) initial bacterial adhesion. A
surface capable of prevent bacterial early stage adhesion is named an antifouling surface [79].
The study about the best surface characteristics for this purpose must include a chemical and
a physical research line, as follows.

Chemical component

As realized in the previous chapter, Physicochemical mechanisms of bacterial adhesion
(2.3), the electrochemical interaction between bacteria and the material surface is very
important in initial adhesion stage. As so, it becomes important to study the electronegativity
of bacterial external layer in order to conclude about the appropriate charge to avoid initial
adhesion. Literature studies [80—84] state that most of bacteria is negatively charged, fact that
is crucial on initial adhesion. In gram-positive bacteria, this is due to the negatively charged
teichoic acids on bacterium external wall and in case of gram-negative bacteria due to the
presence of negatively charged carboxylic acid on O-antigen entities.

Physical component

As mentioned in the beginning of the current chapter, irreversible chemical bonds
between bacteria and implant surface are undesired, therefore, transition from reversible to
irreversible connections must be interrupted. A factor that prevents this evolution is the shear

force applied on the material surface (which occurs, for example, during cleaning, mechanical
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action, or by fluid flow), although, a rough surface offers a shelter for bacteria, protecting it
from environmental forces. For that reason, the material surface roughness must be small,

preferentially smaller than an ultramicrobacteria dimension, less than 0,2 um [85-87].

2.3.4 Bacteria elimination

Chemical component

This chemical study relies basically on choosing a chemical composition with already
reported bactericidal properties to apply directly on the implant surface, for instance,
Quaternary ammonium compounds (QACs) [88,89], metallic nanoparticles (NP) as silver (Ag)
[90] or oxide nanomaterials as, for example, zinc oxide (ZnO) [91].

Physical component

The bacteria elimination approach relies, not only on selecting a bactericidal chemical
composition, but also on the scale of action chosen to work with. The material added to the
substrate may present itself at micrometric or nanometric state. Different working scales will
provide distinct properties to the same chemical composition [92,93]. Bactericidal compounds
as single walled carbon nanotubes [94] and several metallic NP’s [95,96] are good alternatives
for this application, since they combine the biocide chemical composition with the nanometric
size of the material.

Frequently, studies on the behaviour of nature give rise to concepts with potential to be
applied on engineer science, for instance , Elena el al. [97] studied the nature phenomenon
cicada wing contact-kill effect against bacteria, which hypothesizes the potential that

mimicking cicada wing nanopillar pattern on material surfaces hold.

2.4 Review on current solutions for antibacterial surfaces

Several studies have been conducted on materials regarding antibacterial purposes.
These studies comprise the development of a variety of material coatings, and material
surface functionalization methods. Some researchers have done efforts on the development
of coatings of hydroxyapatite [98,99], silver [90,100] and copper [101]. And, apart from the
study of surface chemical functionalization promoted by the addition of a functional group
[102,103] or a specific material with biocide properties [90,101], other researchers [44,85,87]

have studied physical functionalization focused on a desired roughness.
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Surface chemical functionalization may be carried out, either by introducing long chain
hydrophobic positively charged components (e.g. alkylated polyethylene amines) [102,103],
or by adding a functional group on the surface, which can be attained via polymerisation [104]
and plasma treatment [105]. This functionalization may also occur via deposition of
nanomaterials with bactericidal properties (e.g. single walled carbon nanotubes [94], metallic
NP’s [95,96], and nanostructured materials containing QACs) [88,89].

At nanoscale, antibacterial positive results had been reported by different oxide
nanomaterials (such as zinc oxide (ZnO) [91], titanium dioxide (TiO) [106], copper oxide (CuO)
[107] and magnesium oxide (MgO) [108]) related with both production of reactive oxygen
species (ROS) (OH-, H,0; and 02%7) and direct cell membrane damage. Also metallic NP’s (silver
(Ag) [109], copper (Cu) [110] and gold (Au) [111]) had demonstrated antibacterial properties
through ion and ROS release. The incorporation of different types of nanoparticles on dental
materials improves its chemical and physical properties[89,93], and consequently, their anti-
bacterial properties which is key on the preventive dentistry field. Hanan. H. Beherei et al
added aZnO NP’s containing composite into an alginate polymer matrix by impregnation [112]
and Juan et al. added silver NP’s on titanium surface by silanization method [113].

Physical functionalization can be achieved by controlling surface topography, for
instance, the surface roughness values can be potential or detrimental to bacteria
colonization. Aiming to decrease bacteria adhesion, the smooth surfaces (roughness < 0.2 um)

are appointed/required [44,85,87].

2.5 Antibacterial nanoparticles

Nanotechnology has opened up a new world of possibilities with regard to oral health,
from diagnostic [114,115] to preventive dentistry [112,113]. A nanoparticle is a highly reactive
entity and exhibits a high specific surface area (SSA), due to its small dimension (1 to 100 nm),
[89,116] which results on a larger portion of active surface sites than on a regular bulk material
offering a new scale of material properties [93]. The incorporation of various kind of
nanoparticles into dental materials improves its chemical and physical properties, reflecting
on characteristics as osteointegration and anti-bacterial. This specific area of application is

referred to as nanodentistry and is defined as the “Science and technology of diagnosing,

16



Chapter 2 - State of the art

treating and preventing oral and dental diseases, relieving pain, preserving and improving
dental health using nanostructured materials” [89].

It is known that smaller nanoparticles have a stronger bactericidal effect since
morphological and physicochemical characteristics of the NP’s are size dependent. Metal
nanoparticle’s positive surface charge eases their binding to the negatively charged surface of
the bacteria, which may result in an increase in the bactericidal effect. Also the shape of
nanoparticles influences their antimicrobial properties [117].

The raw materials on nanoparticles production may be, a) polymeric: polyethylene
glycol, solid lipids, nanogels, dendrimers, chitosan; b) metallic: silver, gold, copper; or c) non-

organic: zirconia, silica, titanium dioxide, hydroxyapatite, quantum dots, nanocarbons [89].

2.5.1 Metal NP in bacterial cell damage

Although there is not an agreement on the chemical activity that leads to the observed
anti-bacterial action of metal nanoparticles, some theories are under investigation [117,118]:

a) the DNA replication (bacteria’s life cycle process) stops due to uptake of free metal
ions through the bacteria cell wall, leading to its damage and/or death;

b) metal nanoparticles and metal ion generates reactive oxygen species (ROS);

c) the metal nanoparticle directly damage the cell membrane [117,118].

ROS are believed to affect three distinct cell entities: the cell DNA, the cell membrane
and the cell membrane proteins. And the metal ion release will affect the bacteria DNA and
the membrane proteins [118]. In Figure 7 some hypothetic interactions between
nanoparticles and bacteria cell are schematized. The event identified in the image as 1) and
2) illustrates the nanoparticle ions release and generation of ROS, as well as, their interactions
with membrane proteins affecting cellular correct function. Area 3) schematizes the NP
accumulation in the cell membrane affecting membrane permeability, and on area 4) is
represented the entrance of nanoparticles into the cell and generation of ROS, ions release,

affecting DNA [118].
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Figure 7 lllustration of hypothetic interactions between metal nanoparticles and bacteria cell. Adapted from [118].

Metallic nanoparticles generate very intense electromagnetic field that results in
unique catalytic characteristics, and optical properties also benefit from this new
electromagnetic potential. Gold (Au) is a stable material which has gained great interest at
nanometric scale due to the change in electromagnetic properties [93,119]. Nobel metal NP’s,
as Au, have a peculiar dependence of colour on a size, shape and dispersion which is useful,
for instance, on diagnosis in medical field. Bulk gold is golden/yellow while gold nanoparticles
can exhibit different shades varying from greyish blue to ruby red, and black [120,121]. This
colour dependence on size and shape is explained by the quantum physics theory of localized
surface plasmon resonance (LSPR) absorption.

In LSPR, all the light scattering happens only at the surface (the region where all the
interactions occur), since mean free path in gold is 50 nm LSPR is only characteristic from
nanoparticles smaller than 50 nm. When the wavelength of the incident light is larger than
the nanoparticle size, it polarizes the electrons at the NP surface, causing an oscillation in
resonance with the frequency of the absorbed light [119-121], standing resonance conditions
as represented is Figure 8. Since this is a surface interaction, shape or size of the nanoparticle
affects the surface geometry causing a shift in the electric field on the surface, shifting the
oscillation frequency of the electrons, and consequently generating different cross-sections
for the optical properties including absorption and scattering (diamond prism-like effect). The
reported Gold NP’s maximum light absorption wavelength in 15 nm particles is 525 nm

increasing to 575 nm in 45 nm sized particles [93].
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Figure 8 Origin of surface plasmon resonance due to coherent interaction of the electrons in the conduction band with light.
Extracted from [119].

The gold bulk melting temperature is around 1336 K (1063°C) [92]. However the
melting point of nanoparticles is dependent on particle size [92,93]. Melting point decreases
intensively with particle size reduction, as can be seen in Figure 9. Regarding AuNP’s produced
in this work with 5 nm average size, the melting point is around 1100 K (827 °C).

Not only the melting temperature decrease in nanometric particles but also sintering

process begins and proceeds at a lower temperature than for conventional micrometric

particles.
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Figure 9 Calculated value for the evolution of the melting point along particle diameter for superfine particles of gold [92].
The intersecting dashed strokes indicate the melting temperature that is significant for the subject.

19



Chapter 2 - State of the art

2.5.2 Gold Nanoparticles in bacterial cell damage

Y. Cui et al. [122] studied Gold NP’s bactericidal action mode and concluded that it can
happen mainly by two ways: altering membrane potential and inhibiting ATP* synthase
activities, indicating a general decline in metabolism; and hindering the subunit of ribosome
for tRNA binding, which in turn culminates on collapse of the biological process. Gold NPs also
increase the chemotaxis® in an early phase reaction. Even though the ROS generation is the
cause of cellular death for most bactericidal compounds (i.e. ZnO, TiO, NP’s) against
microorganisms, in the case of Au NP’s this doesn’t apply, which could explain the reported
low toxicity of gold NP’s to mammalian cells.

Lima et al. [123] studied the bactericidal effect of Au NP’s with distinct SSA and fractal
geometry concluding that size, roughness and dispersion of the Au NP’s on the medium are

physical properties with high influence in bactericidal properties.

2.6 Review on silver and gold as antibacterial materials

Silver has been known for its antibacterial properties and studies are being developed
on its addition either as a micro or nano — scale entity in a variety of material implants. For
instance, silver coating was deposited by galvanic deposition on titanium-vanadium implant
with a thickness ranging from 10 to 15 um and showed positive antibacterial results [100,124].
X. Zhang et al. [125], studied the addition of Ag (2.05 wt.%) to titanium to form a antibacterial
coating by a duplex-treatment combining magnetron sputtering and micro-arc oxidation,
which eliminated E.colli in 24h and noticed that the elimination rate increased gradually with
time. Y. Dong et al. [126] experimented a duplex plasma surface alloying technique which
combine high temperature double glow plasma silvering trialled on SS surfaces. In this study,
Gram-negative E. coli and Gram-positive S. epidermidis were reduced by over 97% and 90%

within 6 h.

4ATP (Adenosine Triphosphate): Intracellular energy source by all living organisms which plays a central role in
the respiration and metabolism, this molecule is extremely valuable to all cells [183].

SChemotaxis: Mechanism by which bacteria efficiently and rapidly respond to changes in the chemical
composition of their environment [122].
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Silver nanoparticles exhibit strong bactericidal activity against both gram positive and
gram negative bacteria including multi resistant strains [109,127]. They are widely used in
wound dressings [128,129], in catheters [129,130], orthopedic implants and fixations
[131,132] and several commercial products [133,134]. Ag NP’s applications includes its
incorporation in different materials families (e.g. polymeric [135]/textile [136] ) , also as
nanocoatings [137] or as additive on Zirconia surface [138].

Several studies have been done on the antibacterial properties of silver nanoparticles,
Yadollahi et al. [135], prepared antibacterial nanocomposite hydrogels through in situ
formation of Ag NPs (size inferior to 50 nm) within the polyme. Although the results showed
antibacterial results against E. coli (gram-negative) and S. aureus (gram-positive) bacteria, the
nanohybrid stability was only guaranteed for 1 month. G.M. Raghavendra et al. [136],
impregnated Ag NP’s (size of 4 + 2 nm), obtained by green synthesis of AgNQO3, into cellulose
fibers and obtained positive results against E.coli. This study resulted on a better antibacterial
effect than the work carried out by Ravindra et al. [139] which obtained higher NP’s size (20
nm), also by a green synthesis process. S.B. Sant et al. deposited an Ag film (grain size 15 nm)
by physical vapor deposition (PVD) from which they concluded that the physical nature of the
silver crystallites, in the form of nanocrystals, as well as their association with Ag—O
superoxides and line defects like twins are crucial for bactericidal efficacy [137]. K. Xu et al.
[138], added Ag NP’s (10-50 nm) on Zirconia (Y-PSZ) surface by a chemical-reduction-based
coating technique and succeeded to inhibit early bacterial adherence against E. coli, S. mitis
and C. alibicans. In this study, they concluded that NP’s can provide a large reservoir of silver
ions (Ag*) which can be released gradually and result in long-term antimicrobial activity, on
contrary to implant materials filled with silver-ion which display fast Ag* release.

Although some studies had reported higher efficiency of silver nanoparticles compared
with gold nanoparticles [57,140], there are other studies that reported toxicity related with
the use of silver nanoparticles [141,142], however, this aspect is not fully studied. In this
context gold nanoparticles becomes a promising alternative.

Au NP’s biocide potential have already been tested against bacteria and demonstrated
positive results [57,143,144]. In addition, some studies related with gold nanoparticles applied
to cancer diagnosis and treatment [145] has given strong evidences of the low toxicity of these
particles [122,144]. Regarding biomedical applications, T. Russo et al. [111] studied the

mechanical and antibacterial activity of PMMA-based bone cement loaded with gold
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nanoparticles (10-20 nm) and the addition of only 1 %wt of gold caused a reduction on live
bacterial cells of 50 %. However, to the authors’ knowledge, no significant studies exist
focused on the application of these nanoparticles on implant materials, especially when using

zirconia as substrate.

2.7 Laser technology

Laser technology has emerged in recent years with potential for application in material
engineering in operations such as machining (eg. cutting, drilling), forming (rapid prototyping),
joining (eg. welding, brazing), surface modification (eg. hardening, texturing) and material
deposition (sintering) [146]. It has been used in the processing and treatment of metals
[147,148], polymers [149] and ceramics [146,150,151].

The generation of a laser beam is based on the principle of light amplification by
stimulated emission of radiation, hereafter the acronym “LASER”. Currently, there are
different types of lasers used in surface treatment or processing of materials, including solid
state lasers which is solid crystals (e.g. Nd: YAG lasers, Ti — sapphire, fiber lasers) or gas lasers
(CO3, excimer lasers) [152]. In addition, a laser can operate by emitting a continuous wave, as
is the case of CO; laser or pulsed mode such as Nd: YAG (Neodymium-doped Yttrium Aluminum
Garnet laser). In continuous mode lasers, a light is emitted continuously (energy is constant),
while in a pulsed mode laser there is a period in which this one turns off between successive
pulses of energy, resulting in an intermittent cooling period. Pulsed lasers can operate with
nanosecond (10-9 seconds), picosecond (10-12 seconds) or femtosecond (10-15 seconds)
energy pulses [153].

Laser complexity during processing is associated with its dependence on laser
parameters, on material chemical and physical properties as well as on the interaction
between the laser beam and the surface. Figure 10 shows some of these process variables

[152].
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Figure 10 Laser beam and material lateral view point showing the principal process variables of laser material processing.
Extracted from [152].

With respect to laser material interaction, during laser processing, three different
mechanism can take place according to the laser density: heating, melting, and evaporation,
as shown in Figure 11. The vital parameters governing this interaction are dependent on the
properties of the material, such as reflectivity, thermal conductivity, specific heat, latent heat

of fusion and evaporation [152,153].

(a) (b) ()

. W

Surface heating Surface melting Surface vaporization
(keyholing)

Figure 11 lllustration of the three distinct effects of increasing power density on the interaction between a laser beam and a
material under steady state conditions. Extracted from [152]

Each laser has a characteristic wavelength which means that the type of laser to be
used should be selected according to the absorption characteristics of the material to be
processed. In this work, solid crystal Nd: YAG laser, was used on three different experiments:
the multipurposed texturing of Y PSZ samples, being the most suitable laser for processing of
ceramic powders [152,154,155], on sintering of the Ag powder on Y-PSZ surface since it is
referred as an appropriate type of laser for melting of this metal [156—158] and finally on the
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gold NP’s manufacturing [159-161]. On the other hand, Au NP’s were deposited on Y-PSZ
surface using the gas state CO; laser technology referred in literature on the processing of
metals [162—165]. A description of the process of laser ablation and of laser sintering is given

on the two following topics.

2.7.1 Laser ablation (LA)

For better understanding the effect of the adjusted parameters on the further
experiments follows an explanation of the way of action of Nd:YAG laser. Also, a brief
explanation on the mechanisms behind NP manufacturing by laser ablation.

Ablation occurs when a material is exposed to an energy level greater than the binding
energy of the ions in a lattice or in a molecule. Therefore, the amount of energy that is needed
to remove a certain level of material depends highly on the ion and electron-configuration of
the target material. This energy is the most important parameter for laser processing, since it
is directly correlated to the ablation rate and thus to the formation of micro-structures. Energy
input is commonly described, in association with time of exposure or a reference area, by
intensity (W/cm?), fluence (J/cm?) and power (W) [166].

As previously mentioned, laser Nd:YAG works on pulsed mode, Figure 12 illustrates the
scanning laser performance as well as the pulse overlap in the x and z direction. This overlap
is necessary when texturizing with a scanning Gaussian beam as it compensate for the
decreasing energy towards the tails of the distribution, leading to an homogenous energy

exposure of the target surface [166,167].
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Figure 12 Schematic of overlapping during x and z direction in laser scanning to form a pattern (B), and the energy intensity
distribution of the z direction scanning (A). Extracted from ref [166].
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Additionally, laser ablation corresponds to a nanoparticle production method for a wide
range of material classes and can take place in two distinct environments: in a vacuum or
gaseous environment or in a liquid medium. The liquid medium laser ablation (LAL) was first
applied less than 20 years ago to fabricate a colloidal solution of metallic nanoparticles and it
is currently used [160,161,168]. The LAL is different from gaseous medium laser ablation
because the liquid allows to control certain parameters and also have further effect on the
morphology and microstructure of the resultant particles, like particle shape and size
[169,170].

In this process, a laser beam penetrates the solid surface of the material, named the
target (Figure 13). The depth of the penetration depends on the laser wavelength and on the
refraction index of the target. When the radiation interacts with the target, an electrical field
forms with enough energy to remove electrons from the bulk material. These electrons travel
within the electromagnetic field and collide with the atoms of the target transferring some
energy to the lattice. Once the matter becomes sufficiently hot to melt, forms a plasma
containing atoms, molecules, electrons, ions, clusters, particulates and molten globules, with
elevated temperature, high pressure and high density. The pressure difference between the
produced plasma and the involving ambient results on an instant expansion of the plasma
followed by a cool down. Finally, after the ideal condensation temperature and pressure, the

plasma species nucleate and grow to form nanostructured entities [170,171].

& , Galvo scan head

«——— laserbeam

Glassvessel

Deionised water
Target material

Sample holder

Figure 13. Schematic representation of laser ablation technique in liquid media [172].
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2.7.2 Selective laser sintering (SLS)

Laser sintering is an additive manufacturing process and is one of the leading
commercial processes for rapid fabrication. In this process a high energy beam is emitted by
the laser to sinter the material in the previously drawn (in CAD-computer assisted design
software) areas and, sequentially, to sinter the material layer by layer. The sintering occurs
through the heat generated by the laser beam when it is oriented, using a beam deflection
system, to the place where the powder substrate is [173,174]. During this interaction, the
temperature increases causing the brown state particles to be sintered and a solid layer is

formed (Figure 14).

Powder bed

Figure 14 lllustration of the laser sintering additive manufacturing process [175].
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CHAPTER 3

EXPERIMENTAL METHODOLOGIES

The materials and methods used in the experimental part of this work will be explained
in detail in this chapter. For better understanding the organization, the schematic outline

presented on Figure 15 serves as a practical work guide.
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Figure 15 Flowchart of this work experimental methodologies.
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3.1 Materials

This subchapter approaches the materials used in the experimental part of this work.
The material used as substrate is described in section 3.1.1 and the added materials in section
3.1.2 and 3.1.3. Some characteristics of each material will be described in detail, such as

chemical composition and relevant properties.

3.1.1 Zirconia (Y-PSZ)

The biomaterial used as subtract was Zirconia Partially Stabilized with Yttria (Y-PSZ)
(Yttrium Oxide [3 mol%]) as powder (TZ-3YB-E Tosoh, Tokyo, Japan). The qualitative and
guantitative chemical composition, as well as, some of this material physical properties are
presented on Table 2 and Table 3, respectively, according to the supplier datasheet. The SEM
images of the Y-PSZ powder are presented in Figure 16. It shows that the powder is composed

of spherical agglomerates of nanosized particles.

Table 2 Chemical composition of the Y-PSZ powder (TZ-3YSB-E, Tosoh, Tokyo, Japan) according to supplier datasheet.

Chemical composition (wt.%)

ZrO2+Hf02+Y20s3 >99.80
Y20s 5.15+0.20
A20s < 0.10
SiO2 <0.02
Fe20s =0.01
Na:0 =0.04
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Table 3 Physical properties of the Y-PSZ powder (TZ-3YSB-E, Tosoh, Tokyo, Japan) according to supplier datasheet.

Physical properties

Specific surface area (m?/g) 712
Particle size — Dso (um) 0.60
Density after sintering (g/cm?) 6.05
Coefficient of thermal expansion (1076 /K) 10.50

Figure 16 SEM images of the zirconia powders at a) 1000 X and b) 50000 magnification.

3.1.2 Silver (Ag)

Regarding the chemical surface functionalization, a silver (Ag) powder from Metalor,
USA with an average grain size of 1.194 um was used. The powder chemical composition and
some of the powder physical properties, provided by the supplier, are presented in Table 4
and Table 5. This powder is characterized by an irregular morphology, as shown in SEM images

presented in Figure 17.
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Table 4 Chemical composition of silver powder (Metalor, USA), according to the supplier.

Chemical composition (wt.%)

cl -
Cd -
Cu 0.0375
Fe 0.0032
K —_
Na -
Ni -
Pb -
Zn -

Table 5 Physical properties of silver powder (Metalor, USA), according to the supplier.

Physical properties

Specific surface area (m?/g) 5.369
Particle size — Dso (im) 1.194
Tap density (g/cm?) 3.1

Figure 17 SEM images of the silver powders at a a) 5000 X and b) 10000 magnification.

3.1.3 Gold (Au)

Gold was added on zirconia surface as a nanoscale entity. The nanoparticles were

obtained by the ablation of an Au plate in liquid medium. Considering this, for the NP’s
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production an Au rectangular plate (1 mm of thickness with 99.99 % purity) was used. The Au

plate used in this experiment is presented on Figure 18.

Figure 18 Au plate used in laser ablation experiment.

3.2 Samples preparation

The raw material used in this experiment was Zirconia Partially Stabilized with Yttria (Y-

PSZ). The zirconia samples were produced by powder metallurgy (PM), in a two-steps process:

a) powder/cold pressing and b) powder sintering. Two Y-PSZ discs with different dimensions

were used as samples in this work, S1 and S2. The procedure of samples production is

summarized in Figure 19.

Uniaxial
pressing

Sintering

S1: 19 Stage: Increase
19 Stage: 50 MPa in temperature
for 15 seconds; ) m up to 1500 °C;

ﬂ 29 Stage: 200 MPa 29 Stage: Stage at

‘ for 30 seconds. 1500 °C for 2h;

h ] S2: 32 Stage: Decrease
1 Stage: 170 MPa

N\

\_

in temperature
for 15 seconds.
* Heating and

down to ~ 20 °C.

cooling at 8 °C/min.

20 %UV\EE!I' retraction

Figure 19 Scheme of the methodology adopted in the production of the zirconia samples S1 and S2.
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a) Powder pressing

In powder pressing, the zirconia powder is compacted to increase the proximity
between particles and prepare them to be sintered. For the production of sample 1, 2 g of
zirconia was used and for the production of sample 2, 0.9 g.

The zirconia powder was weighed and introduced on a stainless-steel mould, previously
lubricated with zinc stearate (powder/solid lubricant). The powder was, then, cold die pressed
with a stainless-steel punch by unidirectional pressing (single action). In the case of sample 1
with a pre-pressure of 50 MPa for 15 seconds followed by a final pressure of 200 MPa for a
period of 30 seconds. For sample 2, a one stage pressure of 170 MPa for 15 seconds. The

equipment used in this experimental procedure is presented on Figure 20.

Hidraulic press

Stainless st

Figure 20 Hydraulic press equipment MEGA, Spain (micro fabrication and systems integration laboratory (CMEMS) of the
Mechanical Engineering Department of University of Minho).~

b) Powder sintering

Sintering is a thermal process in which the main objective is to produce a strong bond
between the powder particles and consequently to achieve the optimal density.
This step occurs after the compression of the ceramic powder. Therefore, the green

compact is afterwards sintered in an oven, Zirkonofen 700 ultra-vacuum, ltaly, (Figure 21a)
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for 2 h at 1500 °C, in air, with a heating rate of 8.3 °C/min. The sintering cycle adopted in the

Y-TZP samples processing is represented in Figure 21b.
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Figure 21 Information on the sintering process of zirconia samples: a) oven used in the sintering of zirconia samples (CMEMS
Laboratory of the Mechanical Engineering Department of University of Minho), b) sintering thermal cycle used in the
processing of the samples.

After sintering, the processed samples were finally cleaned on the ultrasonic equipment,
for 8 seconds, and left to dry on air. The samples calculated volume retraction was

approximately 45 % while its linear retraction was of = 20 %.

3.3 Surface treatment

This subchapter comprises a detailed description of the surface treatments applied to
accomplish with the objectives of the present work. Hence, the first topic describes the
methods used in the development of micro-textures through laser technology. The following
topic is related to all the procedure used for the silver surface micro-functionalization. And
the two last topics are dedicated to the gold nano-functionalization procedure in which the

first step comprises the production of the NP’s and the second the respective deposition.

3.3.1 Surface micro-texturing via laser Nd:YAG laser

This section presents all the experimental information related with Y-PSZ surface
texturing that was relevant on the study of the groove depth, groove width and groove
interspacing, as well as, information on texturing to achieve Ag adhesion on Y-PSZ surface.

The micro-texturing was performed on the Y-PSZ surface under green state.
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A Nd:YAG (OEM 60 Plus, Sisma, Italy) pulsed laser was used to produce micro-textures
on Y-PSZ surface. It belongs to the category of solid-state lasers, emitting a radiation at a
wavelength of 1064 nm. The laser is equipped with a computer holding version 0.91 of the
software Inkscape that allows to draw in two dimensions (2D) the textures to be produced.
The software Sisma Laser Controller (SLC) allows to control and execute the laser process, as
well as to define the laser parameters to produce the textures. Additionally, a forced air-
cooling system is also accoupled to spread resultant powder released from textures
production, and to avoid powder accumulation in the zirconia surface which can interfere with
results. Figure 22 reveals the laser setup used in this work and Table 6 its technical

characteristics.
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Figure 22 Laser system setup used in the experimental work (CMEMS Laboratory of the Mechanical Engineering Department
of University of Minho).

Table 6 Technical specifications of the Nd:YAG OEM 60 Plus laser, according to the manufacturer.

Laser Nd:YAG
Wavelength (nm) 1064
Maximum power (W) 6
Spot Size (mm) 0.003
Pulse width (ns) 35
Repetition rate (kHz) 20
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The laser parameters controlled in this work were, number of scans (N), speed (mm/s),
and number of lines (N). The other laser parameters were kept constant. For better
understanding of the meaning of each laser parameter a brief description is presented:

++» Laser power: laser beam energy, in Watts, delivered per pulse;

*» Passes: number of scans carried out by the laser during processing;

+» Scan speed: represents the marking speed, in mm/s, at the front edge of the beam;

In addition, it was required to include the study of two parameters related with the 2D
drawing on Inkscape (v0.91) software. The 2D drawing also influences the microgrooves
characteristics. The drawing parameters studied were the number of drawing lines (n2 of lines)

and the space between them (lines interspacing).

3.3.1.1. Micro-grooves

This topic comprises the study of the laser parameters influence in the texturized groove
depth, width and groove interspacing.

Initially, a study focused on laser parameters influence on groove depth and width was
performed. Then, based on the best previous laser parameters, considering literature study
on epithelial cell attachment, a study of interspacing groove between 25 and 100 um was
realized. Illustration from Figure 23 helps on the understanding of the groove dimensions
previously referred and Table 7 and Table 8 summarize all combinations of the tested laser

parameters where a laser power of 1.5 W was used.

3 Groove interspacing
Ridge width

Gronvé width{
1

Groove
depth

@
I I

Figure 23 Representation of the cross-sectional view (a) and top view (b) of the projected micro grooved textures, with the
corresponding structural nomenclature used in this dissertation.
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Table 7 Laser parameters used on Nd:YAG laser for the depth and width study of the produced micro grooves.

Laser parameters 2D drawing

Sample
CODE DESIGNATION

N1S1281L1
N1S128 L2
N1S128 L4
N1S128 18
N1S256 L1
N1 S256 L2
N1 S256 L4
N1 S256 L8
N2 S128 L1
N2 S128 L2
N2 S128 L4
N2 5128 L8
N2 S256 L1
N2 S256 L2
N2 S256 L4
N2 S256 L8
N4 5128 L1
N4 5128 L2
N4 S128 L4
N4 S128 L8
N4 S256 L1
N4 S256 L2
N4 S256 L4
N4 S256 L8
N8 S128 L1
N8 S128 L2
N8 5128 L4
N8 S128 L8
N8 5256L1
N8 5256 L2
N8 S256 L4
N8 5256 L8

N° of scans (N) Speed (mm/s) N° of lines (N)

128

256

128

256

128

256

128

256

00 H N R OOR N R|[0ODN R 0NN R[OPR N R 0O D NR O R O N R
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Table 8 Inkscape 2D drawing lines interspacing values used on the study of groove interspacing.

2D drawing

Groove interspacing
(um)
25
30
35
40
50
60
70
80
90
100

A general representation of a drawing is presented on Figure 24 to ease the
understanding of the 2D drawing parameters studied: number of lines (N) and groove
interspacing (um).

(N)
8 lines

4 lines

. ‘
2 lines |

ot e

Groove 1 Groove 2

Groove interspacing (um)

Figure 24 Representation of the drawing corresponding to a group of grooves composed by 8 successive lines.

Next step, after laser micro texturing process, was powder sintering. The samples were
sintered using the thermal cycle presented in Figure 21. The produced samples with the
microgrooves were then analysed in cross section by SEM to assess the final dimensions. To
accomplish this, samples were transversely cut with a gravimeta diamond cutting disc (see

Figure 25) and polished (up to P4000 grit size SiC paper).
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Figure 25 Diamond cutting disc used on the cross sectional cut of Y-PSZ samples (CMEMS Laboratory of the Mechanical
Engineering Department of University of Minho).

With the study of the influence of laser parameters on groove width, depth and ridge
width completed, it was possible to select a set of conditions and to reproduce a series of
microgrooves per sample in order to test the influence of each groove dimensional parameter
on the adhesion strength between the texturized sample and artificial soft tissue. The selected
parameters for the adhesion test were selected based on the resultant groove dimensions. A

detailed description is presented in next chapter.

3.3.1.2. Pre-treatment for Ag micro-functionalization

This procedure is also a micro texturing experiment but with a different purpose from
the previous topic. Here, the aim is to create a surface that promotes the adhesion between
the substrate (Y-PSZ) and the deposited material (micro Ag). To accomplish this, two different
patterns were created, a fine pattern and a coarser pattern, to determine the best alternative
to improve the adhesion between the two materials. Table 9 presents the laser parameters

used in each pattern.

Table 9 Laser parameters used on the pre-treatment of zirconia surface.

Laser parameters 2D drawing
Pattern Power (W) N2 of scans (N) Speed (mm/s) = N2 of lines (N)
Fine 0.18 32 1
1
Coarse 5.10 100 8
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3.3.2 Silver surface micro-functionalization

Silver (Ag) functionalization protocol involved the assembling of two maind
experiments. First the Ag powder deposition by powder pressing, and second, the sintering of
the Ag layer via Nd:YAG laser. These 2 main steps will be explained in with detail in the
following two topics.

[llustration from Figure 26 represents, step by step, what is expected to happen with
the combination of these two materials, from a top view and also from a cross view, where it
illustrates:

(1) the substrate immediately before the deposition;

(2) the substrate with the coating after cold pressing;

(3) the powder which penetrated the texturized substrate, after removing the excess;

(4) the Au-functionalized surface (after laser sintering).

(1) (2) (3) (4)

Textured Y-PSZ Powder pressing Excess removal Powder sintering

ooooooooooo
Top view

crossview /) /N /0 IWWWY., NN/ WWY

[ Substrate/ zirconia
] Coating/ silver

Figure 26 Schematic illustration of the sample appearance during the Ag functionalization process: (1) substrate immediately
before the deposition; (2) substrate + powder after cold pressing; (3) substrate + powder after removing the excess powder.

3.3.2.1. Deposition by powder pressing

The micrometric Ag powder was deposited on each of the 2 different texturized and
sintered Y-PSZ surfaces, ensuring that the surface was completely covered. Afterwards, the
powder was cold pressed using the hydraulic press equipment (used previously, Figure 20)
with a minor pressure of 8 MPa. A flexible polymeric sheet, 0.5 cm thick, was inserted between
the sample and the press pin to ensure the penetration of the powder into the textures, as
well as guarantee a homogeneous pressure distribution during pressing. Next step consisted
of removing the excess of silver powder by polishing manually with a P600 grit SiC paper, until

reaching the subtract.
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3.3.2.2. Sintering via Nd:YAG laser

The two different texturized Y-PSZ samples with deposited Ag powder were subjected
to a combination of Nd:YAG laser parameters. A concentric drawing composed of a succession
of circles (one line per circle) was designed in Inkscape (v0.91) and applied in the sintering of

all the samples. The respective drawing is presented in Figure 27.

14.55 mm

Figure 27 Schematization of the drawing used in Inkscape software on Ag laser sintering.

The studied laser parameters were: Power, scanning speed and number of scans. The
remaining parameters were kept constant. Table 10 presents the parameters used on the
study of Ag sintering on zirconia surface for both textures, fine and coarse. An argon flow was
applied during laser processing.

After laser sintering, the samples were polished from P 600 up to P4000 grit sequence
of SiC papers.

To complete Y-PSZ silver functionalization experiment, silver adhesion to the substrate
was tested by ultrasonic cavitation test. This test was performed in all the samples. The

procedure is described with more detail in next chapter, Materials characterization.
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Table 10 Laser parameters used on the sintering via laser of Ag powder.

Power (W) N° of scans (N) Speed (mm/s) conessgglzinm
64 P6S64N1
128 P6S128N1
! 256 P6S256N1
400 P6S400N1
6 64 P6S64N4
128 P6S128N4
4 256 P6S256N4
400 P6SA00N4
64 P3S64N1
128 P35128N1
1 256 P35256N1
400 P3S400N1
3 64 P3S64NS
128 P35128N8
8 256 P35256N8
400 P3S400N8
32 P1.5532N4
4 64 P1.5564N4
15
32 P1.5532N12
12
64 P1.5564N12

3.3.3 Gold nanoparticles (AuNP’s) production by laser ablation

Before starting with the ablation process, the Au plate was cleaned with isopropanol
followed by distilled water, dried in cold forced air and weighted in a precision scale.

An Au plate was used as target on the laser ablation process in which the Nd:YAG laser
(OEM Plus, Italy) operated with a laser power of 0.3 mJ/pulse [176]. It operated with a
scanning speed of 5 mm/s and 1 scan.

The target was fully immersed on a glass vessel containing 20 ml of an aqueous
suspension with double distilled water (DDW) and sodium dodecyl sulfate - SDS (C12H25504Na,
Alfa-Aesar) used as a surfactant. The suspension was prepared by adding pure SDS powder to

DDW, in a concentration of 0.025 mol/L, and mixed carefully. With the ablation process
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initiated, the liquid was gently stirred to push the ablated particles out of the laser beam and
allow the removal of more material.

Three solutions of Au NP’s were prepared following this method. Two with an ablated
area of 20 mm? which corresponded to 11 min of laser processing (Figure 28a) and one
solution with an ablated area of 5 mm? with a duration of 5 min and 30 seconds (Figure 28b).
The solution produced through the ablation of a larger Au area present a darker shade than
the solution produced with a smaller ablation area. Finally, the Au plate was weighed again to

qguantify the ablated material.

Figure 28 Au NP colloidal solution produced by laser ablation.

3.3.4 Gold surface nano-functionalization

Gold NP’s Y-PSZ surface functionalization comprised two main steps:
1) the deposition of the Au manufactured NP, which was carried out either by:
a) Irrigation technique;
b) spray technique;
2) the sintering of the deposited NP’s on zirconia surface, was achieved via:
a) oven;
b) CO; laser.
The deposition— sintering processing techniques combinations adopted in this work

are presented in the scheme from Figure 29.
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Deposition

Sintering Laser CO2 Oven Laser CO2

Figure 29 Schematization of the followed work line in Au NP’s Y-PSZ surface functionalization.

As noted, 3 divergent experimental procedures were done, therefore, each will be

explained in detail in each of the following topics.

3.3.4.1. Deposition by irrigation and sintering via laser CO»
This hybrid process consists on the irrigation by dropping the Au solution on the
sample and then sintering by laser technology.

Deposition by irrigation

The method of deposition by irrigation and sintering via laser CO; was the first
approach tested in the Au surface functionalization topic. Considering this, the substrate-laser
interaction was studied during this procedure.

In this process, zirconia sample was heated on a hot plate until temperature of 75 °C
aiming to evaporate liquid media (SDS) between each drop. At this temperature, a total of 20
drops (~0,46 + 0,04 ml) of Au NP’s solution were deposited (drop by drop) on the surface of
the sample. Attention was taken on keeping the solution from draining out of the sample, to
avoid wasting. Figure 30 shows photographs of the samples before (a), and after (b) the NP’s

solution deposition.

Figure 30 a) Y-PSZ samples before Au NP’s deposition b) Y-PSZ samples after Au NP’s deposition
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Note that, initially, the temperature used for the deposition was 100 °C (water boiling
point) although at the end of the procedure the sample presented cracks, therefore the
temperature was intentionally decreased to minimize the temperature difference between
the solution and the sample.

Sintering via CO; laser

After the Au NP’s deposition, the sample was subjected to laser sintering. Before
starting with sintering process, the sample temperature is increased to 470 °C in the heating
plate, at that point the laser sintering process could begin. This increase in temperature is
meant to reduce the thermal shock between the sample and the laser beam. Also, to avoid
this problem, at the end of the procedure the sample was not immediately extracted from the
plate but instead kept on for approximately 15 min, so that the cooling was constant.

The laser equipment used in this procedure was a CO; laser equipment BD-50C, Bende,
China. It belongs to the category of gas lasers, emitting a radiation at a wavelength of 10640

nm. The laser equipment used is shown in Figure 31.

Beam expander

Outlet system

Working table

j ll‘\'x‘

Figure 31 Laser system setup used in the experimental work (CMEMS Laboratory of the Mechanical Engineering Department
of University of Minho).

The laser is connected to a computer by means of which it is possible to design the 2D
draw needed on the laser processing and control the sintering parameters through the

software EZ-CAD. The CO; laser technical characteristics are presented in Table 11.
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Table 11 Technical specifications of the CO, BD-50C, Bende laser, according to the manufacturer.

Laser Cco,
Wavelength (nm) 10 640

Maximum power (W) 50

Spot Size (mm) 0.02

Figure 32 illustrates the complete two-step procedure of deposition and sintering previously

described.
Laser Beam
/’—\ \
— T | ﬂ 5 — ©
Sintered zirconia NP’s solution Hot plate at 70 °C Laser sintering

Figure 32 Schematic representation of the experimental procedure adopted in the Au NP’s deposition by irrigation and
sintering via CO; laser.

The CO; laser parameters optimized in the present work were: power (W), speed

(mm/s), line spacing (mm), and the number of scans (N). Table 12 shows the conditions tested.

Table 12 CO; laser-processing parameters used on sintering of the deposited NP solution.

Test group Sample Power (W) Speed (mm/s) N° of scans (N) Line spacing (mm)
S1 3
500 0.1
S2 15
10
S3 2
sS4
S1 8
7.5
29 S2 16 0.02
S3 32
1000
S1 10
30 S2
125
S3 0.06
2
S1 0.007
10
49 S2 0.01
S3 11.5 1500 0.02
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3.3.4.2. Deposition by spray and sintering via laser CO;

The combined process of spray deposition and laser sintering is, divided in two stages:
first stage is composed of a set of purges (30 or 20) immediately followed by one laser scan,
and the second stage an additional set of purges (30 or 40) followed by one last laser scan, as

can be seen in Figure 33. Both processing steps will be explained in the two following topics.

12 stage 29 stage

Spray Spray
30 purges Laser 30 purges Laser
20 pourrges (1 scan) 40 p%rrges (1 scan)

Figure 33 Schematic order of events of deposition by spray and sintering via laser CO; technique.

Deposition by spray

In a first stage of the NP’s deposition by spray, 0.06 ml of NP’s solution is introduced
in the spray equipment dispenser. And After 60 purges, the sample proceeded to laser
sintering process.

The equipment used to deposit the NP’s solution was a Techcon Systems multi-
purpose dispensing valve controller-TS500R, United Kingdom (Figure 34a), accoupled with a
precision spray valve-TS5540 from the same manufacturer (Figure 34b). The selected output
air pressure at the dispensing controller was 0.6 bar, the dispersion time 1 second and the
distance between the sample and the valve disperser 35 mm. The flow rate was manually
adjusted at the valve, until a visible finer deposition was attained. The quantification of the
flow rate is not attainable with this equipment. These conditions were established after a

primary analysis to all the equipment parameters.

Figure 34 Spray equipment combined of: a) a Techcon Systems multi-purpose dispensing valve controller-TS500R, United
Kingdom; b) respective precision spray valve-TS5540, same manufacturer (CMEMS Laboratory of the Mechanical Engineering
Department of University of Minho).
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Sintering via laser CO>

In this experimental procedure, the sintering step is carried out via CO; laser, under
the exact same procedure as the one described in the topic 3.3.4.1. Figure 35 presents a

general scheme of the deposition by spray and sintering via laser CO; process.

Laser Beam

g

~5 —> %@

=

Sintered zirconia NP’s solution Spray equipment Laser sintering

Figure 35 Schematic representation of the experimental procedure adopted in the Au NP’s deposition by spray and sintering
via CO; laser.

As it was mentioned on the beginning of the topic Deposition by irrigation and sintering
via laser CO;, the substrate-laser interaction was studied at that point, which allowed the
selection and fixing of certain laser parameters as the number of scans (2), and the line spacing

(0.02 mm). The laser parameters used in this experiment can be consulted on Table 13.

Table 13 Experimental conditions used on deposition by spray and sintering via laser CO.

Stages Purges Power Speed N°of scans (N)  Line spacing
g (12/29stage) (w) (mm/s) (12/29stage) (mm)
11 1000
1 60 2
11.5 1500
11 1000
2 30/30 1/1 0.02
11.5 1500
11 1000
11.5 1500
3.3.4.3. Deposition by spray and sintering in the oven

In this Au NP’s surface functionalization, the process of NP’s deposition was carried
out by spray and the sintering process was in the oven. Both processing steps will be explained
in the two following topics.

Deposition by spray
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In this experimental procedure, as in the previous technique, the deposition step is
carried out by spray, which has the same parameters and conditions as the ones described in
topic 3.3.4.2.

Sintering in the oven

Considering the information provided by the graphic from Figure 9 (previous chapter)
about gold melting temperature at nanometric scale, the sample was placed in the oven at a
temperature of 530 °C during 30 minutes in vacuum at 102 mbar. Figure 36 shows a scheme

of the entire Au surface functionalization.

|:D:| 1 .
= E A
Sintered zirconia NP’s solution Spray equipment Oven, Tmax= 530 °C

(+ vacuum)

Figure 36 Schematic representation of the experimental procedure adopted in the Au NP’s deposition by spray and sintering
in the oven

3.4 Materials characterization

In this subchapter, the techniques used for the characterization of the produced
materials will be presented and described. The evaluation of the materials and processing
methods influence on the final properties aims to guarantee the success of the pre-
established objectives of this work. These techniques comprise chemical, morphological,

physical and mechanical material characterization.

3.4.1 Ultrasonic adhesion test

Ultrasound cavitation is described as a phenomenon of simultaneous and repetitive
bubble formation, growth and implosive collapse of the bubbles in a liquid medium. In a
heterogeneous solid/liquid system, the collapse of the cavitation bubble near the surface

produces a rush of the fluid to fill the void, forming a liquid jet against the surface. These jets
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causes a disruption of the interfacial boundary layers removing the material and occupying
the active sites [177,178].

As a first approach on testing the adhesion efficiency between different materials, all
samples were subjected to an ultrasonic cavitation test using an ultrasonic processor
(UP200St, Hielscher, Germany), shown in Figure 37. The samples were submitted to a power

of 100 W and a frequency of 40 kHz for 1 minute in a vessel containing isopropanol.

Figure 37 Ultrasonic processor, UP200St, Hielscher, Germany (CMEMS Laboratory of the Mechanical Engineering Department
of University of Minho).

3.4.2 Optical microscopy

Optical Microscopy (OM) allows a fast visualization of surface features that are not
discerned by the eye, making use of adequate magnification lens and visible light to expose
the microscopic features of a surface. As a first approach for samples imaging an optical
microscope (OM), hund H500, Helmut Hund GmbH, Germany equipped with a digital camera
Leica DM 2500M, Leica Microsystems, Germany, was used (Figure 38). The treated samples
were analyzed in order to evaluate the effects of the laser-processing parameters on the

samples surface as well as to assess the NP’s (agglomerates) presence.
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Figure 38 Leica DM 2500M, Leica Microsystems, Germany (Mechanical Engineering Department of University of Minho).

3.4.3 Scanning electron microscopy and energy dispersive X-ray spectroscopy

Scanning electron microscopy (SEM) captures micrographs with extreme detail,
resolution and depth of focus. The particularity of this technology is on the use of an electron
beam, instead of visible light, that allows higher magnification imaging. From the interaction
of the electron beam with the target material different types of species are released and, the
detection and analysis of each, reveals different kinds of information’s, for instance
characteristic X-rays are used for elemental analysis, secondary electrons for image rendering
of the topography and backscattered electrons for image rendering according to the atomic
number and phases near the surface. This technology was required to evaluate the
topographic changes of the different surface treatments applied on the samples. Additionally,
an electron microprobe analyzer is used to realize chemical analysis in selected areas of the
samples. In this way, energy dispersive X-ray spectroscopy (EDS) provided a qualitative and
relative quantitative chemical composition data, for the gold NP’s and for the silver
functionalized Y-PSZ surfaces. The equipment used was a FEG-SEM; NOVA 200 Nano SEM, FEl,
EUA (Figure 39).
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Figure 39 FEG-SEM; NOVA 200 Nano SEM, FEIl, EUA, with integrated EDAX - Pegasus X4M (EDS/EBSD) (Laboratory for
Materials Characterization Services of the University of Minho (SEMAT))

3.4.4 Atomic absorption spectroscopy

Atomic absorption spectroscopy (AAS) is a technique that identifies and measures
quantities of chemical elements present in a sample. This is achieved by measuring the
radiation that is absorbed by the chemical element under study and reading the spectrum
reproduced when the sample is excited by radiation. The qualitative analysis relies on the fact
that every atom has a unique pattern of wavelengths at which it will absorb energy, due to
the unique configuration of electrons in its outer shell. The quantitative analysis is based on
the Beer Lambert law which relates the quantity of light absorbed with the quantity of metal
present in the sample [179,180]. ASS was used to evaluate the presence of Au NP’s in the
solution produced by laser ablation using a UV—vis absorption spectrophotometer Model 2501

PC (Shimadzu).

3.4.5 Scanning transmission electron microscopy

Scanning transmission electron microscopy (STEM) combines the principles of
scanning electron microscopy (SEM) with transmission electron microscopy (TEM). STEM
peculiarity is in the analyses of transmitted electrons to determine the amount of energy they
have lost in interactions with the sample, which is useful in investigation of the atomic and
chemical composition, the electronic properties, as well as, local thickness measurements of

materials. The advantage in the combination of TEM with SEM is in the correlation of signals,
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namely, secondary electrons, scattered beam electrons, characteristic X-rays, and electron
energy loss that cannot be spatially correlated in TEM. This technology offers higher
magnification than SEM itself, therefore, it was required to determine the particle size
distribution and shape of the Au nanoparticles produced. The observation of the nanoparticles
was performed with a transmission electron detector Nova 200 Nano SEM operating at 20 kV
(Figure 39). Two droplets of solution were deposited on carbon-coated copper grids and dried

in air.

3.4.6 Contact surface roughness

Surface roughness was determined using a mechanic profilometer (Surftest SJ 201,
Mitutoyo, Tokyo, Japan) following ISO 1997 standard. This measuring device is composed by
a diamond stylus with 2 um of diameter with measuring range capacity from-200 um to 160
um. The sampling length was 0.8 mm, at 0.25 mm/s. Three different regions were evaluated
in each Y-PSZ sample, in the direction parallel to the scanning direction. The surface roughness
was characterized by the arithmetic mean surface roughness (Ra) and average maximum peak

to valley (R;). Figure 40 shows the profilometer used on the present work during operation.

Figure 40 Surface roughness tester Surftest SJ-210 from Mitutoyo, Japan (CMEMS Laboratory of the Mechanical Engineering
Department of University of Minho).

3.4.7 Reciprocating friction test

To study gold NP’s and micro silver adhesion on zirconia surface, as well as, to
determine both static and dynamic coefficient of friction (COF) a reciprocating pin-on-plate
tribometer (Bruker-UMT-2, USA) was used. In order to better simulate the final desired
application, young bovine bones were used as plate while the pin was the examined material
surface. The bone plates were mounted in an acrylic electrochemical cell attached to the

tribometer. Figure 41 illustrates the friction tests performed in context of this work.
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Figure 41 Schematic representation of the friction test: i) initial static friction test; ii) dynamic friction test; iii) final static
friction test.

The friction tests consisted of three stages as follows: (i) determination of the initial static
coefficient of friction by a single displacement in one direction (Figure 41i); (ii) measurement
of the dynamic coefficient of friction during 17 seconds of reciprocating sliding (Figure 41ii);
(iii) determination of the final static coefficient of friction by a single displacement in the
opposite direction of the first reading (Figure 41iii). A normal load of 100 N was applied on the
pin, at a frequency of 1 Hz and a stroke length of 5 mm of the plate, and continuously hydrating
the bones with a Phosphate Buffered Saline (PBS) fluid. The PBS fluid is composed of NaCl (0.4
g/L), KCI (0.4 g/L), CaCl, 2H,0 (0.795 g/L), NaS 9H,0 (0.005 g/L), NaH2PO4 2H,0 (0.69 g/L) and
urea (1 g/L).

The experimental set up is visible in Figure 42. All the tests were carried out under the
same conditions, the only variable was the surface treatment applied to zirconia samples. For
each condition, three samples were tested, by using a new bone plate for each sample.

In this work, it was intended to evaluate the bone characteristics after the friction tests
to conclude about the material transferred to the bone, although, this was not possible due

to technical problems. This can be accomplished in further works.
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Figure 42 Tribometer Bruker-UMT-2, USA. (Tribology Laboratory of the Mechanical Engineering Department of University of
Minho)

3.4.8 Mechanical interlock test

Considering the desired barrier effect against bacteria it is important that the soft
tissue successfully retains in the surface of the implant, more precisely, within the designed
microgrooves. Therefore, the influence of the groove width, depth and ridge width on the
mechanical retention, in this case, of synthetic gum, will be tested. The synthetic gum used is
a poly-vinyl siloxane (Gingifast, Zhermack, Italy) an elastomer typically used on mould
impression in prosthodontics that better simulates natural gum tissue.

In the preparation of the samples for the mechanical test, the artificial gum was poured
in @ mould placed in the top of the texturized surface (Figure 43). Within 10 minutes, the
samples were ready for the mechanical interlock test. Three samples were tested for each
condition. A Schematic representation of the interlock which is expected to occur is presented

in Figure 44
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Figure 43 Schematization of the sample preparation for the mechanical test: a) metallic mould in top of the Y-PSZ texturized
sample, b) synthetic gum poured in the metallic mould.

Textured YTSP
sample

@ 7.5 mm

Figure 44 Schematic representation of the mechanical interlock test, with a zoom in on the contact surface between the
synthetic gum and the textured Y-PSZ.

The uniaxial tensile stress tests were performed in a universal testing machine
Hounsfiled, England (Figure 45), two metal clamps were adapted in order to ensure the stress
was applied following the longitudinal axis of the sample. Tests proceeded at a constant

crosshead speed of 0.25 mm/min at room temperature (~25 °C).
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HOUNSFIEL

Figure 45 Tensile strength equipment, Hounsfiled, England (Laboratory of the Textile Engineering Department of University of
Minho)
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CHAPTER 4

RESULTS AND DISCUSSION

The results obtained in this dissertation will be presented in this chapter, throughout
the four subchapters (4.1, 4.2, 4.3, 4.4) related with the two main objectives of this work. One
of the main objectives is related to the production of a physical barrier to the passage of
bacteria which was attained by the creation of microgrooves by laser. Regarding this purpose,
a structural and mechanical analysis of the microgrooves, as well as an evaluation of the
finishing effect of the laser is presented and discussed in the first subchapter (4.1). The second
main objective, is the development of a surface with biocidal properties, which was attained
by the multi-scale surface functionalization which comprises the remaining three subchapters
(4.2, 4.3, 4.4). The second subchapter (4.2) presents the results of silver micro-
functionalization, followed by morphological analysis, and reciprocating friction test. The third
subchapter (4.3) presents the results of the gold nanoparticles solution morphological and
chemical characterization. Finally, the Au NP’s and Ag micro-zirconia surface functionalization
was analysed in terms of morphological and reciprocating friction as a means of evaluating

the adhesion of the particles to the substrate (4.4).
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4.1 Textured Y-PSZ with microgrooves

This subchapter begins with the study regarding the effect of laser parameters in the
microgroove’s width, depth and interspacing produced on the Y-PSZ surface. After the
selection of the most adequate microgroove profile, in terms of width and depth, considering
reported literature values favourable to soft tissue cells attachment, interspacing adjustments
were performed. Posteriorly, mechanical tests regarding the influence of groove width, depth
and ridge width on the mechanical interlock to artificial soft tissue were also conducted. This

subchapter ends with the evaluation of the surface roughness resultant from laser processing.

4.1.1 Surface analysis

SEM images represented in Figure 46 allowed to analyse each one of the 32 different
laser ablated microgrooves (using the parameters from Table 7), and to determine the
correspondent depth and width. Images of Figure 46a)-h) represents all combinations of
number of scans with the scanning speed. Each image contains 4 conditions regarding the
number of lines from point of 2D design construction, varying from 1 line (designated as L1)
to 8 lines (designated as L8), namely L1, L2, L4 and L8). After microgrooves production, three
measurements were taken from each dimension (width and depth) by means of Image J
software. The obtained results are listed in Table 14.

From results different aspects can be appointed. The depth and width of the groove is
strongly influenced by the scanning speed tested. Low material is removed when high
scanning speed (values) are applied. Since the pulse frequency is constant, the higher the
scanning velocity the lesser the number of pulses per line, diminishing the overlapping (energy
concentration) and consequently the removal of material. This effect is more pronounced in
the obtained depth but more discreet in the obtained width (Table 14). Regarding the effect
of the number of scans on groove profile (Figure 46, downwards), it is evident an increase on

the groove depth and a more discreet increase on correspondent width (Table 14).
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Figure 46 Tilted SEM images of the microgrooves produced via laser ablation: a) sample N1 S128 (L1,L2,L4,18); b) sample N1
S$256(L1,L2,L4,L8); c) sample N2 5128 (L1,L2,L4,L8); d) sample N2 S256 (L1,L2,L4,1.8); e) sample N4 5128 (L1,L2,L4,L8); f) sample

N4 5256 (L1,L2,L4,L8); g) sample N8 S128 (L1,12,14,1L8); h) sample N8 S128 (L1,L2,L4,L8).
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Table 14 Average values (mean + SD) of width and depth of the designed microgrooves. Estimated from Image J treatment of
SEM images.

Sample Average width * SD (um) Average depth + SD (pum)
N1S128 L1 22.7+1.3 8.9+0.4
N1S5128 L2 29.8+1.4 10.9+04
N1S128 L4 46.3+0.9 13.9+0.8
N1S128 L8 76.3+0.6 27.5+0.7
N1S5256 L1 21.8+2.0 45+0.1
N1S256 L2 28413 5704
N1S256 L4 409+ 1.5 6.7+0.4
N1 5256 L8 76.1+0.8 10.4+0.9
N2 S128 L1 36.9+0.7 13.1+0.8
N2 S128 L2 42.5+0.9 25.0+0.5
N2 S128 L4 57.5x1.0 42.4+1.3
N2 5128 L8 88.3+1.3 43.7+1.1
N2 5256 L1 319+1.1 8.2+0.2
N2 S256 L2 358+14 16.5+0.9
N2 S256 L4 46.9+0.8 12.2+0.7
N2 S256 L8 77.3+1.1 14.1+0.1
N4 S128 L1 36.4+2.0 39.2+0.3
N4 5128 1.2 43.3+1.7 65.1+0.5
N4 5128 L4 56.9+3.5 99.0+0.9
N4 S128 L8 100.0+1.7 111.3+0.6
N4 S256 L1 30.2+x04 12.7+0.1
N4 5256 L2 33.1+0.8 22.0+0.8
N4 5256 L4 48.5+1.0 30.5+0.2
N4 S256 L8 84.9+0.2 34.4+0.7
N8 S128 L1 47.6+ 1.0 91.4+0.1
N8 S128 L2 475+1.7 137.1+1.2
N8 5128 L4 56.8+3.1 190.5+0.7
N8 S128 L8 98.8+ 1.0 238.8+1.4
N8 S256L1 28.8+1.3 28.910.2
N8 5256 L2 36.1+0.1 46.7 £ 0.8
N8 5256 L4 48.8+1.2 57.6+0.8
N8 S256 L8 85.5+1.3 63.6+1.5

Regarding SEM images, it is possible to verify that the number of lines have a strong effect on
the width, since the 2D drawing software controls the geometric plane coincident of the
working table, and an increase in the number of lines added to the drawing widens the patch.
Similarly, a great increase on depth of groove was achieved with the increase of number of
lines which can be related with the overlapping between lines of pulses, as mentioned in
section 2.7.1 Laser ablation in chapter 2.

From all the obtained results, the most adequate profile dimensions considering the
physical barrier correspond to condition N1 S256 L1 (1 scan, 256 mm/s scan speed and 1 line).

However, to complete physical barrier, another study focused on groove interspace was
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conducted. To ease the readers interpretation a general representation of a drawing is

presented on Figure 47.
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Figure 47 General representation of the drawing reproduced in software Inkskape to use in groove interspace study.

Figure 48 present the SEM images of the microgrooves produced with 2D software

corresponding to S25, S30, S35, S40, S50, S60, S70, S80, S90 and S100.
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Figure 48 Top SEM images of Y-PSZ micromachined surface with 2D drawing line spacing parameter from sample: a) S25; b)
S30; c) S35, d) $40; e) S50; f) S60; g) S70; h) S80; i) S90; j) S100.
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The successive grooves are well aligned and were successfully replicated. It is also
noticeable that ridge width increases with groove interspacing. As it was expected since
groove width remained constant (Table 15). The groove interspacing obtained is not in
agreement with the inputted software parameters, which is explained by the retraction of the

Y-PSZ sample (20 %), since micro-machining is carried out before the sintering step.

Table 15 Table with line spacing and ridge width average values (mean + SD) of micro machined Y-PSZ obtained by software
Image J.

2D drawing Grooves interspacing + SD (um) Ridge width + SD (um)

S25 -

S30 -

S35 -

540 28.8+2.1 =0
550 383+1.0 8.5+0.2
S60 49.7+1.7 214+15
S70 57+1.5 22.7+1.1
S80 62.4+1.0 28.1+0.8
590 72.7+1.7 35.8+2.4
S100 7515 40.7£0.8

The SEM images from Figure 48 allowed to verify that, using the most adequate laser
conditions, and a line spacing inferior to 40 um (S40) the groove walls overlap and cease to
exist. Therefore, successive grooves closer than approximately 28.8 um are not attainable by
this specific technology.

A set of processing parameters was selected to test the influence of the groove
dimensions (width and depth) on the mechanical resistance. A group of grooves with
approximately the same width (50 um) and a group of grooves with approximately the same
depth (40 um) were selected from the previous study (Figure 46 and Table 14). Table 16
present the selected groove dimensions and the corresponding identification, where the

varying dimension are in bold.
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Table 16 Groove depth and width values to include on the mechanical study. Varying dimensions in bold.

Average width + SD (um) Average depth £ SD (um) Sample
364120 39.2+0.3 N4 S128 L1
57.5£1.0 424+1.3 N2 5128 L4
88.3+1.3 437+1.1 N2 S128 L8
46.9+0.8 12.2 + 0.7 N2 S256 L4
488+ 1.2 57.6+0.8 N8 5256 L4
475+1.7 137.1+1.2 N8 S128 L2

To study a dimensional parameter influence on a specific property, the remaining must
be kept constant. Therefore, in width and depth study, the ridge width also needed to be
constant. Considering this, a ridge width (groove wall) of 21.4 um (corresponding to a 60 um
on Inkscape) was selected from Table 15. Since groove interspacing was only studied, until
then, for the favourable profile condition (N1S256L1) and considering that the ridge width
must be kept constant in all the conditions, the groove interspacing was adjusted for each
condition, using the relation: Groove interspacing = Average width + Ridge width (Figure 23
illustrates this relationship). Finally, and considering the material retraction (20 %), an
increment was performed on groove interspacing values of the 2D drawing software. All the

adjustments are shown on Table 17.

Table 17 Information about the adjustments done to reach a groove interspacing which corresponds to a constant ridge width,
to use as an input on the 2D drawing software.

Groove interspacing

Groove width + SD Ridge width + SD Groove interspacing K
2D drawing
(nm) (um) (um)
(um)
36.4+2.0 57.9+25 72.3
57.5+1.0 79.0+1.8 98.7
88.3+1.3 109.7+ 2.0 137.2
46.9+0.8 214215 68.4+1.7 85.5
488+ 1.2 70.3+1.9 87.9
475+ 1.7 69.0+2.2 86.2

A study on the influence of the ridge width on groove mechanical resistance was also
necessary, therefore, condition N85256L4 (48.8 + 1.2 um width and 57.6 £ 0.8 um depth) was
selected for its width and depth proximity. The ridge width dimensions to study are included
on the previous groove interspace study (Figure 48 and Table 15). On a similar way to the
previous adjustments, the groove interspacing to use as an input on 2D drawing software was

determined by the sum of ridge and groove width, finalizing with the adjustment for the
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expected 20 % retraction. Table 18 presents relevant information on the dimensional

adjustment.

Table 18 Information about the adjustments done to reach a line spacing which corresponds to the desired ridge width, to use
as an input on the 2D drawing software.

G
Ridge width + SD  Groove width £+ SD  Groove interspacing roove

samele (um) (sm) (um) A
85+0.2 57.3+1.2 71.6

N8S256L4 21.4+1.5 188+ 1.2 703+1.9 87.8
3541+24 84.7+2.7 105.8

Table 19 displays all the pertinent information about the selected groove width,
groove depth, ridge width and groove interspacing for the present study, as well as, 2D

drawing adjustments that were necessary.

Table 19 Information on groove width, groove depth, ridge width and groove interspacing to include on the mechanical tests,
as well as the adjustments on groove interspacing to use as input on the 2D software.

G G int i
Study Groove width Groove depth  Ridge width inte::::;ng roozv; ::air,::gacmg

*SD (um) 1 SD (um) *+SD (um)

(um) (um)

36.41+2.0 39.2+0.3 57925 72.3

Groove width 57.5% 1.0 42.4+1.3 79.0+1.8 98.7

+ + 109.7+£ 2.0 137.2
88.3+%1.3 43.7+1.1 214 +15

46.9+0.8 12.2+0.7 68.4+1.7 85.5

Groove depth 488+ 1.2 57.6%0.8 703+19 87.9

475+1.7 137.1+1.2 69.0+2.2 86.2

85+0.2 573+1.2 71.6

Ridge width 488+ 1.2 57.6+0.8 21.4%15 70319 87.9

354124 84.7£2.7 105.8

The inkscape drawings used on groove width (w1-36.4 um, w2-57.5 um, w3-88.3 um), depth
(d1-12.2 um, d2-57.6 um, d3-137.1 um) and ridge width (r1-8.5 um, r2-21.4 um, r3-35.4 um)

study are presented in Figure 49.
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Figure 49 Drawings reproduced in software Inkscape to use in groove profile dimensions study: width study: w1-36.4 um, w2-
57.5 um, w3-88.3 um; depth study: d1-12.2 um, d2-57.6 um, d3-137.1 um; Ridge study: r1-8.5 um, r2-21.4 um, r3-35.4 um.

The resulting SEM images from this first study are shown on Figure 50. Both width and
depth vary as it was expected. Although, ridge width does not correspond to the expected
because its value should have remained constant (21.4 um) on the width and depth study
(Figure 50a,b,c and Figure 50d,e,f). Consequently, the ridge corresponding to 8.5 um (on
groove interspacing study) was destroyed (Figure 50g). For a better analysis of the dimensions
obtained, Table 20 presents the expected and the obtained groove and ridge width values. A
readjustment of the groove interspacing was made in the 2D drawing software based on the
difference between these values. The readjusted groove interspacing and correspondent
values to use as input are included in the same table (Table 20). These are the final
adjustments and therefore the final software parameters inputted in Inkscape.

Figure 51 presents the SEM images from the grooves after the necessary dimensional
adjustments, namely, the groove interspacing (ridge wall) adjustments. The ridge width is
constant for the groove width and depth study. The sample which presented the walls

fragmented (smaller ridge width), presents now distinguishable ridge walls (Figure 51g).
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Figure 50 Series of successive identical grooves for groove width study: a) 36.4 um ,b) 57.5 um, c) 88.3 um; for groove depth
study: d) 12.2 um, e) 57.6 um, f) 137.1 um; and for ridge width study: g) 8.5 um, h) 21.4 um, i) 35.4 um.

Table 20 Information on expected and obtained groove and ridge width values, and groove spacing new values inputted on

the 2D drawing software.
Expected Obtained Expected Obtained Groove ] Groove'
Study groove width groove width | ridge width ridge width | interspacing I;:)e;::;::
+ SD (um) 1 SD (um) 1 SD (um) 1 SD (pm) 1 SD (um) (1um)
36.4+2.0 36.3+1.0 20.6 £ 0.5 - -
Groove width [ 575+ 1.0 56.1+1.3 20.0+0.1 - -
88.3+1.3 89.4+0.8 214415 17.1+0.1 115.1+1.7 143.9
46.9+0.8 51.7+0.5 14.0+0.3 816+1.6 102.1
Groovedepth| 488+1.2 52.5+1.5 13.0+0.3 823421 102.9
475+1.7 41.5+0.3 21.9+0.0 - -
- 85+0.2 - 63.0+1.4 78.7
Ridge width 48.8+1.2 53.7+0.5 214+15 12.4+0.6 816+1.6 102.0
519+1.3 354+24 26.1%+1.0 97.4+27 121.7
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30Pa x100 100pm

Figure 51 SEM images from the microgrooves after the final adjustments to line interspacing (ridge width).

4.1.2 Mechanical interlocking analysis

Mechanical interlocking test was performed to evaluate the retention capacity of the
microgrooves produced to artificial gum and predict the implant barrier performance during
service.

Table 21 displays the groove dimesional parameters that are about to be studied, as
well as, the nomenclature adopted to ease the following result discussion. Group ‘W’
corresponds to the groove width study, ‘D’ to the groove depth study, ‘R’ to the groove ridge
study and sample 1,2 and 3 to the different dimensions to be studied, additionaly, a sample C
corresponding to the literature optimal condition for tissue cell development and lastly, a

control which represents the Y-PSZ sample with no grooves.
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Table 21 Parameters to introduce in the study of groove dimensions on the mechanical interlocking test. Group W-groove
width study, group D-groove depth study, group R-ridge width study, each comprising sample 1, 2 and 3. Also sample C which
corresponds to the parameters appropriate for soft tissue cell spreading and the control Y-PSZ sample.

Group Sample  Groove width + SD (um) Groove depth + SD (um)  Ridge width + SD (um)

1 36.4+2.0

W 2 57.5+1.0
3 88.3+1.3
1 12.2+0.7

D 2 57.6+0.8
3 137.1+1.2
1 11.1+1.6

R 2 21.9+0.7
3 41.1+15
C 21.8+2.0 45+0.1 7.0+£29

Control 0 0 0

Table 22 present the critical failure load from the tensile strength tests to all the 33
samples, including three samples per condition tested (test 1, test 2 and test 3). Some of the
tests failed too early, and no value was recorded before failure, suposelly due to the limit
detection of the equipment. Those cases are shown on the table with a “=” and were
considered as 0 for means of average values calculation, for instance, none the control
samples registered any values, as so, the critical failure load considered was 0 N. Graphic from
Figure 52 show the average critical failure load for the three conditions of each group, in a
comparative point of view. In a general perspective, there is an increase on the critical failure

point with the increase of groove width and depth which is not so evident in the case of the

ridge width.
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Table 22 Critical failure load resulting from mechanical interlock test to the produced textured Y-PSZ samples.

Critical failure load (N)  Critical failure load (N) Critical failure load (N)

G S |
roup ample Test 1 Test 2 Test 3
1 5.750 - -
W 2 9.575 6.925 -
3 17.250 14.825 15.500
1 5.425 — -
D 2 12.250 14.000 6.325
3 18.075 19.500 12.000
1 11.500 8.180 8.430
R 2 12.580 14.000 6.325
3 12.675 9.250 14.750
C 4.325 3.250 -
Control _ _ _
g 25.0
B
17.1
< 200 +
pud 15.9
=
& 12.2
v 15.0 +
] 11.0 11.0
T‘_) 9.4
i 5.6
£ 10.0 + :I:
©
L=
= 1.9 1.8
L
o 50 - 2.5
|
0.0 ¥

*x

s1 S2 S3 s1 S2 S3 s1 S2 S3 C Control
i J L J L J

Group W Group D Group R

Figure 52 Critical interlock failure load between Y-PSZ microgrooves and the synthetic gum tissue according to groove
dimensions.

In general, all the microgrooves present better results to the critical interlock failure
when compared to the control sample. There seems to be a dependence Considering width
parameter, it can be seen from Figure 52 that there is a significant difference (approximately
52 um) between extreme conditions (S1 and S3) which means that great groove width lead to
higher critical interlock failure load i.e. higher mechanical retention. This is visible also in depth
parameter, a difference (aproximately 125 um) between extreme conditions (S1 and S3) lead

to higher critical interlock failure load.
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The groove presenting a better interlock was sample 3 from the group D, followed by
sample 3 from group W. In group R, even though the ridge wall variation is slight, the critical
failure increase with ridge width. In the case of the groove dimensions described in literature
as suitable for cell adhesion (sample C), it presented one of the lowest values of critical
interlock failure load. This might be probably because it reunites the lowest depth and width
value. This may be explained by the fact that a lower contact area between the sample and
gum tissue decreases the amount of attachment points between surfaces. This was the reason
why this study expanded its dimensions to higher width, depth and ridge values, even though

these were not yet studied for its soft tissue cell attachment ability.

4.1.3 Roughness evaluation

The roughness caused by the laser passage on the Y-PSZ surface is an important factor
considering the application. To study this parameter a sample from the previous 2D drawing
line spacing study was used. The sample chosen was S25 for the absence of groove walls which
would compromise the roughness Ra results. Thus, Figure 53 and Figure 54 show
representative 2D roughness profiles from the unprocessed and laser processed region of
surface, respectively, while Table 23 gathers the arithmetic average roughness (Ra) and the

average maximum peak to valley (Rz) and standard deviations.
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Figure 53 Representative 2D roughness profiles from the unprocessed region of the sample.
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Figure 54 Representative 2D roughness profiles from the processed region of the sample.

Table 23 Surface roughness of laser processed and unprocessed region of the sample. The arithmetical mean roughness (Ra)
and average maximum peak to valley values (Rz) with the correspondent standard deviation.

Region Average Ra £ SD (um) Average Rz £ SD (um)
Laser processed 0.584 £ 0.027 5.947 +0.449
Unprocessed 0.196 + 0.050 2.903 0.455

The roughness values corresponding to the laser passage is ~ 0.6 um, the Ra from the
unprocessed region of the sample is ~ 0.2 um (Figure 55). The literature studies point 0.2 um
as the ideal Ra value to inhibit bacterial adhesion (see topic Bacterial antifouling 2.3.3). The
roughness resultant from laser processing may not avoid bacterial adhesion, however, studies
about epithelial cell attachment to the microgrooves need to be performed to conclude about

the potential of this level of roughness.

30Pa x100 100pm  —

Figure 55 SEM image from the two different regions of a sample, before laser and after laser passage and correspondent
roughness.
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4.2 Silver surface micro-functionalization

This section presents the results of the practical work based on silver Y TSP surface
micro-functionalization. Two different textures (with different roughness level) were
produced to evaluate the most adequate texture to retain silver powder during and after
sintering. Regarding the sintering process of micro Ag powder onto the textured zirconia
surface, different laser parameters were tested. Morphologic evaluation was performed by
SEM to characterize the created patterns, as well as, to do cross sectional analysis of the Y-
TSP — Ag interface. Finally, the adhesion of the micro Ag on the Y-PSZ surface was evaluated

by reciprocating friction tests and analyzed by SEM/EDS.

4.2.1 Micro-textures for Ag deposition

Two different textures with different roughness level, designated as coarse and fine
patterns, were tested to adhere micro Ag on zirconia surface. The morphology of these
textures is presented in Figure 56, a and b, corresponding to coarse and fine patterns,

respectively.

Figure 56 SEM images from a tilted view of a) the coarser texture at 100 X magnification and b) the finer texture produced at
100 X magnification with a close up to 300X magnification (scale bar= 50 um).

After the textures production, next step consisted on silver powder sintering and
polishing (to remove external oxide layer). Finally, its adhesion was tested by ultrasonic
cavitation. In the present functionalization method, the polishing step acted as an exclusion
process for most of the laser conditions, since the silver added disintegrated with the friction
associated to polishing, indicating a bad sintering of the silver powder. In the case of the fine

pattern, the samples that resisted to the polishing step, from all the samples, were P65128N1
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(Power: 6 W, laser speed: 128 mm/s, number of laser scans: 1), P65S64N1, P3S64N1, and
P1.5S64N4. On the other hand, only two conditions on the coarser pattern resisted to the
polishing step, sample P65128N1 and sample P3S128N1.

The ultrasonic adhesion test allowed to evaluate the silver effective adhesion to the
substrate. It was observed that in the case of the sample with silver deposited over the fine
pattern, air confined between the silver and the substrate was easily observed, confirming a
poor adhesion between both materials. This observation led to the exclusion of the samples
with the fine pattern, therefore, only samples P6S128N1 and P3S128N1 deposited over the

coarse pattern proceeded to the characterization.

4.2.2 Silver deposition and sintering

The top view and cross-sectional SEM images from P3S128N1 and P6S128N1 are
shown, respectively on Figure 57 an Figure 58.

In general, the cross-sectional images (c) and d)) show that silver powder was
successfully impregnated in the Y-PSZ cavities without compromising the substrate. No cracks
are visible, indicating that the Ag sintering process seems not to affect Y-PSZ mechanical
integrity. Some black points are visible which can be related to SiC resultant from the polishing
process.

Regarding the sintering process of the silver powder some observations can be made.
Top view images of the sample show the existence of micro porosity, localized specially at the
silver region of the surface. Despite this, the interface does not show porosity indicating a
good adhesion between silver and Y-PSZ. The porosity observed may be indicative of
inefficient powder pressing. The cross-sectional analysis reveals that silver is well densified.
However, loose powder at the bottom of the grooves indicates a poor sintering in the lower
regions of the textures. The laser power used seems to be related to the depth of sintering.
When a lower laser power was applied (3 W), approximately 36 um downward sintered silver
is observed (Figure 57c). While for a higher laser power (6 W), approximately 58 um
downward seems to be sintered (Figure 58c). Suggesting that a great laser power lead to a

better sintering process.
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30Pa x1.000 HOhrrss me—

Figure 57 Top and cross sectional SEM images from sample P35S128N1: a) and b) top view with 140 X and 600 X magnification,
respectively, c) and d) the cross sectional view with 220 X and 1000 X magnification, respectively.

30Pa x200 LT 30Pa x1.000

Figure 58 Top and cross sectional SEM images from sample P65128N1: a) and b) top view with 140 X and 600 X magnification,
respectively, c) and d) the cross sectional view with 220 X and 1000 X magnification, respectively.
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4.2.3 Reciprocating friction test

As mentioned in chapter 3, friction tests were employed to study the friction
performance and the adhesion of the micro sized Ag to the Y-PSZ surface. In order to simulate
the dental implant insertion in body environment, the experiments were performed against

bone in lubricated conditions. The obtained results from the experiments are presented in

Figure 59.
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Figure 59 Average static initial, dynamic and static final coefficient of friction (COF) from conditions P3 and P6 and from the
control sample.

The results from the friction tests comprises the average static initial, dynamic and
static final coefficient of friction (COF) from conditions P3 and P6 and the control sample, for
comparison purposes.

In general, all the samples have an average dynamic COF lower than the correspondent
static initial and final stage values. This was expected, since the force required to begin the
movement is always greater than the one needed to maintain it.

The control sample presents a higher dynamic COF (0.6) than the other samples (0.3
and 0.4), explained by the texturized characteristic of its surface, which was design specifically
for Ag deposition. Also, its static initial COF is higher than the static final COF, which may be
explained by the allocation of bone in between the pillars during the dynamic friction stage.
This allocation might have proportionated a plain layer and therefore diminished the
resistance of the material to the plate/bone on the static final measurement. This effect is not
so evident in the functionalized samples, because, in this case, the textures were filled with
Ag material which provided a levelled surface.

If the initial and the dynamic stages of friction represent the moment of insertion of

the implant, the final static friction stage may represent the force necessary to displace it.
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Thus, the final stage COF may give indication about the adhesion of the bone to the implant,
after implantation, as well as, about primary stability of the implant. Since no significant
decrease was observed between the initial and final static COF in conditions P3 and P6, the
friction seemed not to affect the COF of the samples, neither the primary stability potential of
the material. This might suggest the application of this material at lower regions of the
implant.

After the friction test, the same samples were subjected to morphological and
chemical analysis. SEM images from the control sample (textured Y-PSZ before Ag addition)
after the friction test are presented on Figure 60. The sample present a dark area in the lower
regions of the texture which may represent bone (Cai0(PO4)s(OH);). EDS analysis (Figure 61)
was performed on the black area to confirm this and the results revealed the presence of bone
characteristic elements (Ca, P), as well as, the presence of the expected Y-PSZ (Zr,0,Y). The
presence of Na and Cl chemical elements resulted from the PBS used as lubricant.

SEM images from Figure 62 and Figure 63 represent the surface of the sample P3 and

P6, respectively.

—Bope debris—~

mag HV mode | det WD HFW —— 100 ym
600 x| 15.0kV | A+B | BSED | 7.0 mm | 497 ym SEMAT/UM Ref 8L

Figure 60 SEM images, from the textured Y-PSZ sample (prior to Ag addition) after the friction test against bone.
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Figure 61 EDS spectrum of the textured Y-PSZ sample (prior to Ag addition) after the friction test against bone.
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Figure 63 SEM images from sample P65128N1 after reciprocating friction test against bone.

79



Chapter 4 — Results and discussion

Three different regions, described by three distinct shades of grey, are visible in the surface
of both samples. The dark area may represent bone, and with a closer analysis to both figures
(Figure 62c and Figure 63c), it is visible preferential allocation on the interface of both
materials, although chemical analysis is necessary to conclude about the composition of each
specific region. Considering this, the study proceeded with EDS analysis on three different
regions of the surface. The marked areas on Figure 64 represent the analysed regions and the

resultant EDS spectra is presented on Figure 65.

Figure 64 SEM image from sample P65128N1 after the friction test against bone with marked regions: Z1, Z2 and Z3, for
purposes of chemical analysis.
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Figure 65 EDS spectra of P65128N1 sample after reciprocating friction test against bone in different regions, Z1, Z2 and Z3.

The darker region on SEM image, region Z1, has an EDS spectrum similar to the spectrum of
the control sample, with high levels of bone and Y-PSZ characteristic elements (Ca, P, Zr, O, Y).
Region Z2 (the whiter shade) which occupies the larger portion of the sample surface is
identified as Ag, and at last, region Z3 in predominantly composed of Y-PSZ constituents.
Elemental composition for the darker region (Figure 66), in the case of sample P3 was also
determined, from which resulted a spectrum composed mainly of bone and Y-PSZ

constituents (Figure 67).
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Figure 67 EDS spectrum of region Z1 from sample P3S128N1 after reciprocating friction test against bone.
EDS and SEM analysis confirms the allocation of bone in the material surface which justifies
the slight difference between the static initial and final COF values. The abraded bone particles
seem to be allocated preferentially in the interface of the materials. Additionally, the SEM

images show that there was no silver removal during friction.
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4.3 Gold NP’s solution

The solutions of gold nanoparticles produced in this work were chemically
characterized by atomic absorbance spectroscopy (AAS). After a comparative analysis, one of
the solutions produced proceeded to morphological characterization by STEM, where size and

particle size distribution were evaluated.

4.3.1 Chemical analysis

By analysing the resulting AAS spectrum for sample 1, 2 and 3 of the NP’s solution
produced (Figure 68) resulted an absorbance peak of 518 nm for sample 1 and 2 (red and blue
line) and of 516 nm for sample 3 (green line) which is in agreement with the characteristic
gold NP peak absorption mentioned in literature (addressed in section 2.5.1 from chapter 2).
Sample 3 present a much lower absorption intensity when compared to sample 1 and 2,
indicating an inferior concentration of AUNP’s since a lower absorption peak suggests a lower
concentration of the element in suspension. Such observation is explained by the fact that

sample 3 was produced by the ablation of % of Au area compared to sample 1 and 2.

—— Au NPs- sample 1
Au NPs- sample 2
—— Au NPs- sample 3
— Solvent

Absorption

1 Y I Y I L I L I
400 500 600 700 800
Wavelength (nm)

Figure 68 Absorption spectra of sample 1, 2 and 3 of Au nanoparticles prepared by laser ablation in DDW + SDS liquid medium
and the control sample (solvent).

The sample which proceeded to morphological characterization was the sample with

higher maximum absorption peak, sample 1.
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4.3.2 Morphological analysis

Analysis from STEM images of the solution produced (Figure 69) allowed to confirm
the presence of nanometric particles in the solution. The NP’s obtained are characterized by
a spherical morphology and appear in different sizes. To determine the NP’s mean size and
size distribution, measurements were taken to the NP’s using the captured STEM images and
image treatment software, Image J. Nanoparticles smaller than 15 nm were produced with a

mean size of 5 £ 3 nm. The histogram of size distribution is presented in Figure 70.

Mag = 200.00 K X Signal A = STEM EHT = 30.00 kV WD= 27 mm

Mag = 300.00 K X Signal A = STEM EHT = 30,00 kV WD = 2.7 mm

Figure 69 STEM images of the colloidal nanoparticles produced by laser ablation in DDW + SDS liquid medium: a) Image with
200.000 X magnification and b) with 300.000 X magnification.
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Figure 70 Histogram of the colloidal nanoparticles prepared by laser ablation in DDW + SDS liquid medium.

4.4 Gold surface nano-functionalization

This subchapter presents and discusses three methods of Au NP’s surface
functionalization. It begins with the optimization of the CO, laser parameters, in the first
method evaluation and it proceeds with the other method’s morphological characterization,
with an analysis on NP’s agglomerates size and dispersion. The colour effect, on the sample,
provided by the laser is also considered. The samples produced with the method presenting
better results, proceeded to the reciprocating friction tests, to evaluate the friction

performance and the adherence of the AuNP’s to the Y-PSZ surface.

4.4.1 Deposition by Irrigation and sintering via laser CO;

The first method used for Au surface functionalization (Irrigation-deposition — Laser-
sintering) was pioneer on testing the interaction between the substrate (Y-PSZ) and the laser
(CO,). By selecting a set of laser parameters, evaluating its effect and repeatedly adjusting the
parameters, it allowed to reach a parameters combination that favoured NP’s adhesion
without compromising the material integrity. This laser parameter optimization was crucial
on further experiments involving CO; laser.

Figure 71, 74, 76 and 78 present the resultant samples obtained in 12, 29, 32 and 42
testing group, respectively, as well as, information on the correspondent laser parameters,

and 72, 73, 75, 77 and 79 the correspondent OM images.
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In the 12 test group it is visible a colour variance in the surfaces of the samples, a soft
pink in samples 1, 2 and 3 and a greyish blue in sample 4. This colour effect is an important
aesthetic factor on the intended application, being preferable a pink shade to a dark shade.
Figure 72 presents the captured OM images corresponding to sample 1 and 2. Image analysis
shows the presence of poorly dispersed shinny spots in both samples (Figure 72 b and d), that
considering the 50 um image magnification may represent Au NP’s agglomerates. However,
surface defects are clearly visible at both magnification lens, namely cracks were formed in
both samples, 1 and 2. Also, the reduction from 3 to 2 number of scans didn’t seem to

attenuate the surface defects.

Test group Sample Power (W) Speed (mm/s) N° of scans (N) Line spacing (mm)
S1 15 500 3 0.1
S2 15 500 2 0.1
1
S3 15 1000 2 0.02
S4 7.5 1000 2 0.02

Figure 71 Photographs of S1, S2, S3 and S4 samples of the second testing group, obtained by Y-PSZ surface Au NP’s irrigation
and laser sintering procedure and information on the adjusted laser parameters
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Figure 72 Optical microscopy images from the 12 group samples surface: a & b) images from sample S1 with 10 X and 50 X
magnification, respectively; ¢ & d) images from sample S2 with 10 X and 50 X magnification, respectively.

In sample 3, scanning speed was doubled (500 — 1000 mm/s) and line spacing reduced in =
80 % (0.1 — 0.02 mm). Figure 73 a and b indicate a reduction in surface cracks formation and
simultaneously an increase in the number of Au NP’s agglomerates. In 10 x magnification
(Figure 73b) a melting effect on the Y-PSZ surface is more evident, even though it has been
present since the first condition. There was a decrease of 50 % in laser power (15 to 7.5 W) in
sample 4 (maintaining all the other parameters from sample 3), by OM analysis no cracks were
observed, no Y-PSZ surface re-melting and close to none Au NP’s agglomerates are visible
(Figure 73c, d).

The 12 samples group analysis showed that decreasing the number of scans (3 to 2)
didn’t reduce the cracks on the sample, however, when increasing laser speed 100% and
decreasing line spacing 80%, at constant laser power and number of scans, a reduction of the
cracks was observed. This positive effect could only have been caused by the scanning speed
increase. Since a decrease in line spacing should only have increased energy density and

caused cracks, which did not, indicating 0.02 mm is a tolerable line spacing. Decreasing the
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power in 50 %, eliminated the cracks completely, although, the colour of the sample is highly
undesirable considering the application. Also, there is no re-melting indicating that the
transition from the original dark colour (before laser scanning-Figure 30 b) to pink, in this

process, may have been caused by the laser thermal effect, thus, by Au NP’s sintering.

50 um

25 um

Figure 73 Optical microscopy images from the 12 group samples surface: a & b) images from sample S3 with 10 X and 50 X
magnification; ¢ & d) images from sample $4 with 10 X and 50 X magnification.

In 22 group tests (Figure 74), laser power was kept at 7.5 W, speed at 1000 mm/s and
line spacing at 0.02 mm, since these parmeters showed no evidence of cracks in the first group
of samples. In this group the number of scans was increased (8,16,32), and the resultant
colour, as well as, the existance of surface cracks was evaluated. Even though no cracks are
observable on OM images of any sample of this group (Figure 75), in samples’s photographs
from Figure 74, the sample presents a colour indicative that there in no sintering. All the
samples show a greyish colour, indicating that increasing the number of scans doesn’t favour
the sintering process, 10 x magnification OM images (b,d,f) show a irregular layer (unsintered),

which difficulted the focus on NP’s aglomerates.
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Test group Sample Power (W) Speed (mm/s) N° of scans (N) Line spacing (mm)
S1 7.5 1000
20 S2 7.5 1000
S3 7.5 1000

S3

Figure 74 Photographs of S1, S2 and S3 samples of the second test group, obtained by Y-PSZ surface Au NP’s irrigation and

laser sintering procedure and information on the adjusted laser parameters

250 pm

Figure 75 Optical microscopy images, with 10 X and 50 X magnification, from 29 test group: a & b) sample S1; ¢ & d) sample

S2 and e & f) sample S3.
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Sample 1 from 32 group showed no improvement in colour by increasing laser power
from 7.5 to 10 W (Figure 76), and no surface cracks are detected. An appealing colour was
attained in sample 2, after increasing laser power in 2.5 W, although, Figure 77c, d show
existent cracking on Y-PSZ surface. In other to reduce these cracks, in sample 3, it was given
an increasing in line spacing in 3 times, but it returned to a greyish colour. By Figure 77e

analysis cracks don’t seem to have diminished.

Test group Sample Power (W) Speed (mm/s) N° of scans (N) Line spacing (mm)
S1 10 1000 2 0.02
3@ S2 12.5 1000 2 0.02
S3 12.5 1000 2 0.06

S1

Figure 76 Photographs of S1, S2 and S3 samples of the third test group, obtained by Y-PSZ surface Au NP’s irrigation and laser
sintering procedure, and information on the adjusted laser parameters.
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Figure 77 Optical microscopy images, with 10 X and 50 X magnification, from 39 test group: a & b) sample S1; ¢ & d) sample
S2 and e & f) sample S3.

In sample 1 from the final test group (42-Figure 78), instead of increasing laser power
and increasing line spacing (as done previously), laser power was decreased (from 12.5 to 10
W) along with line spacing in 1/3 of 0.02 mm (~0,007 mm). In this way, it is intended to keep
the thermal effect without vanishing with the desired colour. However, this decrease in line
spacing was too intense and induced cracks, as it is possible to see on Figure 79. Considering

this, in sample 2, line spacing was, again, increased to 0.01 mm, corresponding to a 3 um
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difference between S2 and S1. And, in fact, cracks were eliminated (Figure 79), although, the
soft pink shade vanished.

The ideal parameters combination was achieved in sample 3 with a slight increase on
laser power (from 10 to 11.5 W) and setting line spacing back to 0.02 mm. Sample 3 presents
the aesthetic desired colour which is also indicative of the NP’s sintering, and simultaneously,
show no surface defects on the sample. Thus, these parameters were used in the following

experiments involving CO2 laser and Y-PSZ as substrate.

Test group Sample Power (W) Speed (mm/s) NF° of scans (N) Line spacing (mm)
S1 10 1000 2 0.007
40
S2 10 1000 2 0.01
S3 11.5 1500 2 0.02

S3

S1 S2

Figure 78 Photographs of S1, S2 and S3 samples of the fourth test group, obtained by Y-PSZ surface Au NP’s irrigation and
laser sintering procedure, and information on the adjusted laser parameters
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Figure 79 Optical microscopy images, with 10 X and 50 X magnification, from 42 group: a & b) sample S1; ¢ & d) sample S2
and e & f). sample S3.

4.4.2 Deposition by spray and sintering in the oven

The second method used for the Au NP’s surface functionalization was deposition by
spray and sintering in the oven, a photograph of the sample obtained by this method is
presented on Figure 80. The sample present a rose shade that is indicative of the nanoparticles
sintering, although after a complete OM analysis to the surface (Figure 81), no traces of

nanoparticles agglomerates were detected.
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250 um 120 pm

Figure 81 OM images of the sample obtained by spray deposition and sintering in the oven with vacuum.

4.4.3 Deposition by spray and sintering via laser CO;

The third method used for the Au NP’s surface functionalization was deposition by
spray followed by laser sintering. Beside the optimal condition resultant from the
optimization, a new laser condition was introduced. A slight decrease on the laser power,
corresponding to 11 W, and on the laser scanning speed to 1000 mm/s. Figure 82 presents
the laser conditions applied in each sample, as well as, the respective photographs, where 60

doses of Au solution were purged.

Condition Power (W) Speed (mm/s) N° of scans (N) Line spacing (mm)
A 11.5 1500 2 0.02
B 11 1000 2 0.02

Figure 82 Photographs of the samples obtained by spray of Au NP’s solution and laser sintering procedure, using laser
conditions A and B, and description of the laser parameters.
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Both samples present a pale rose tonality with a very homogeneous surface colour.
Next step consisted on testing the best combination of spray purges with laser passages. The
colour of the sample did not change with the different combination of purges. Optical
microscope images from Figure 83 and Figure 84 show the samples obtained from the 3
combinations of purges tested: a) & b) Sixty purges of Au NP’s solution followed by 2 passages
of laser, b & d) 2 X repetition of a combination of 30 purges of Au NP’s solution with 1 passage
of laser, e & f) 20 purges of Au NP’s solution and 1 passage of laser followed by 40 purges of

Au NP’s solution and 1 final passage.
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120 pm 25 ym

120 um 25 ym
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Figure 83 Optical microscopy images of the sample obtained with laser condition A, with 20 X and 100 X magnification of the
spray deposition followed by laser sintering procedure used on Y-PSZ Au nano-functionalization. a & b) Sixty purges of Au NP’s
solution followed by 2 passages of laser, b & d) Set of 30/30 purges of Au NP’s solution combined with 1/1 passages of laser,
e & f) Set of 20/40 purges of Au NP’s solution combined with 1/1 passages of laser.
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Figure 84 Optical microscopy images of the sample obtained with laser condition B, with 20 X and 100 X magnification of the
spray deposition followed by laser sintering procedure used on Y-PSZ Au nano-functionalization. a & b) Sixty purges of Au NP’s
solution followed by 2 passages of laser, b & d) Set of 30/30 purges of Au NP’s solution combined with 1/1 passages of laser,
e & f) Set of 20/40 purges of Au NP’s solution combined with 1/1 passages of laser.

Both samples show no evidence of cracks, and NP’s agglomerates are very few in the
100 X magnification when compared to irrigation depositing method. Comparing the different
combinations, it seems the 20/40 purges of Au NP’s solution combined with 1/1 laser passages
(Figure 83e, f & Figure 84e, f) show more quantity of NP’s agglomerates. Although, SEM

analysis needed to be performed to deliver a more precise analysis.
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Of the three methods of Y-PSZ Au NP’s functionalization, two showed positive results,
since in the procedure involving the oven at vacuum no NP’s agglomerates are detected.
Samples obtained by the 32 method (spray deposition and laser sintering) present better
colour homogeneity and clearance on OM images compared to the method using deposition
by irrigation, therefore, this method will proceed to the following characterization.

SEM Images of the Au NP’s functionalized Y-PSZ surface, obtained with 20 purges of
Au NP’s solution and 1 passage of laser followed by 40 purges of Au NP’s solution and 1 final
scan using laser conditions A and B, are presented on Figure 85a, b and Figure 85c, d

respectively.

48Pa x1.500 ]y S ey o et 48Pa x5.000 Spm

48Pa x1.600  A0pm - Se—— ' ) " 48Pa x5.000 . 5um

Figure 85 SEM images of Au NP’s functionalized Y-PSZ obtained by spray and laser sintering procedure: a & b) Laser sintering
using laser condition A, with 1500 X and 5000 X magnification, respectively; d & e) Laser sintering using laser condition B, with
1500 X and 5000 X magnification, respectively.

SEM images analysis confirm the presence of NP’s in Y-PSZ surface, in both laser conditions.
Also, in both conditions, the NP’s seem to be very well dispersed. Looking at 5000 X
magnification images, a low amount of agglomerates is visible when compared to NP’s alone,

especially in the samples obtained using laser condition A (Figure 85b).
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The samples obtained by using laser condition A and B will, from this point, be referred

as sample P11.5 and P11, respectively.

4.4.4 Reciprocating friction test

As previously mentioned in this work, friction tests were employed to study the friction
performance and the adherence of the AuNP’s on the Y-PSZ surface. The coefficient of friction

(COF) results obtained from the experiments are presented in Figure 86.
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Figure 86 Average static initial, dynamic and static final coefficient of friction (COF) from conditions P11 and P11.5 and the
control sample.

The results from the friction tests revealed an average dynamic COF of 0.4. The static initial
and static final values are higher than 0.4 for all the samples as expected. Both conditions (P11
and P11.5) have a friction behaviour similar to the control sample, thus, it is possible to
conclude the laser treatment applied in this experiment did not affect the COF of the sample.
Considering that the static initial and the dynamic stages represent the insertion of the
implant, the final static friction test may represent the force necessary to displace it. Since no
significant decrease was observed between the initial and final static COF in conditions P11
and P11.5, the friction seemed not to affect the COF of the samples, neither the primary
stability potential of the material. This may be a good indicative of the primary stability of the
implant and of the potential of application of this material at lower regions of the implant.
After the reciprocating friction test, the samples went through morphological and
chemical characterization. SEM images of sample P11 with different magnifications are
presented in Figure 87. From the analysis of these images it is possible to discriminate 2

regions, a whiter which seems to represent Y-PSZ, and a darker region which is likely to be
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abraded bone, additionally, some shiny spots are detectable in the higher magnification image
(Figure 87b), demonstrating the prevalence of the NP’s added to the Y-PSZ surface. A much
clearer region of the surface is shown in SEM images from Figure 88 where the NP’s are well
defined and range from approximately 8.7 to 51 nm (Figure 88b). The actual composition of
this sample was evaluated through EDS, either on the darker (Figure 87) as in the whiter

regions (Figure 88), accordingly, the resulting spectra is presented in Figure 89.

) v
AuNP’sg s YPSZgrains

Bone debris

mode | det 0 mag / mode | det WD HFW
5.0kV| A+B | BSED ) SEMAT/UM Au P22 50 000 x kV | A+B | BSED|5.0 mm |5.97 pm

mag | HV |mode| det | W HFW 2pm - / det | WD | HFW
50000 x| 15.0 kV| A+B | BSED | 6.6 mm |5.97 ym SEMAT/UM Au P22 200000 x| 15.0kV | A+B | BSED |5.1 mm |1.49 pm

Figure 88 SEM images from sample P11 of a whiter region of the surface after reciprocating friction test.
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Figure 89 EDS spectra of sample P11 after reciprocating friction test against bone in two different regions. A darker (bone
debris) and whiter region (Y-PSZ + Au).

Both spectrums are very conclusive, bone constituents (Ca and P) and Au coexist in the same
area (darker region) of the surface, which indicates that the Au NP’s did not detached from
the substrate with the friction effect against the bone, revealing a good adhesion of the
particulates.

The sample P11.5 has a similar morphology after friction as the previous sample
studied, as shown in Figure 90 and Figure 91. Nanoparticles are visible in the middle of the

dark shade region while in the whiter region nanoparticles are perfectly discriminated with
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diameters from 13.1to 43.7 um and, in a similar way to the elemental composition spectra of
the previous sample, Au and bone are the principal constituents detected at the region

analysed (Figure 92).

g| HV |mode| det | WD | HFW
15.0kV | A+B | BSED | 6.4 mm | 497 ym 3 50 000 x | 1

- -
mode | det WD HFW PATL1) R— mag HV mode| det HFW
A+B |BSED | 6.7 mm |5.97 ym SEMAT/UM Au P23 200000 x| 15.0kV | A+B | BSED n|1.49 um

Figure 91 SEM images from sample P11.5 of a whiter region of the surface after the reciprocating friction test.
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Figure 92 EDS spectra of sample P11.5 after reciprocating friction test against bone in two different regions. A darker (bone
debris) and whiter region (YSTP + Au).

4.5 Overall discussion

This work begins with a study of the laser ablation parameters influence in the
resultant profile dimensions of the grooves, namely, groove width, groove depth and ridge
width. From this study, ten different grooves were selected based on its profile dimensions
and were reproduced parallelly on a surface to introduce in the mechanical tests. Nine

different fully texturized samples were divided in three groups: One group of grooves with
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increasing groove width (36.4 um, 57.5 um and 88.3 um), a second group with increasing
groove depth (12.2 um, 57.6 um and 137.1 um), and the third with increasing groove ridge
(11.1 um, 21.9 pm and 41.1 um) to evaluate the influence of each dimensional parameter
during the mechanical interlock test to artificial soft tissue. Additionally, a sample was
produced with dimensions cited in literature (width: 21.8 um, depth: 4.5 and ridge: 7 um) to
introduce in the study. The 11 samples (including the control) were mechanically evaluated
and the results showed that the creation of microgrooves on Y-PSZ surface results on an
improvement on the retention level of the artificial soft tissue. It was noticed a proportionality
between groove width and depth and the mechanical retention, not so evident in the case of
the ridge width. The condition related with the literature review (on soft tissue cell
attachment) presented one of the lowest critical interlock load values. Finally, the roughness
evaluation showed an increase in roughness caused by the laser processing.

The micro-functionalization of Y-PSZ with silver began with a study about the best of
two patterns to increase Ag adhesion, a fine pattern and a coarser pattern. The pattern which
resisted to the ultrasonic adhesion test was the coarser pattern, indicating a general
mechanical mechanism of adhesion at the interface of Y-PSZ and Ag. A total of 20 laser
conditions were tested in the Ag sintering stage, from which two conditions resisted to
processing and to the ultrasonication and proceeded to characterization. Despite the
existence of some defects at the surface, the morphological analysis indicates a good
attachment between silver and Y-PSZ. The cross-sectional analysis suggests a well densified
layer of silver; however, some morphological defects are observable at the lower regions of
the pattern, which seemed to be related with the depth capacity of the laser. Finally, the
samples went through reciprocating friction tests, followed by SEM/EDS in order to analyse
its surface. Despite the evidence of friction, showed by the presence of bone allocated at the
surface, no silver was detached from the surface revealing a good adhesion.

The production of the gold NP’s by laser ablation was successfully completed. The
morphological analysis revealed a NP’s mean size of 5 + 2 um. A gold characteristic peak of
518 nm was confirmed by AAS.

The nano-functionalization of the Y-PSZ surface with Au began with the laser
parameters optimization to study the interaction between the laser and the substrate.
Fourteen laser conditions were tested until two optimal conditions were reached.

Subsequently, three methods combining different procedures of deposition and sintering
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were tested from which one was selected to proceed with characterization. The selected
technique was spray deposition and laser sintering, based on NP’s agglomerates content,
surface homogeneity and selectivity of the laser process. In a similar way to silver, SEM and
EDS analysis was performed after the friction tests. A layer of adhered bone is evident beneath
which NP’s are still visible, indicating that the NP’s were preserved during the reciprocating
friction test. In addition, there was no significant difference between the friction behaviour of
the processed samples and the control which indicates that this functionalization technique
does not affect the COF of the sample.

These preliminary results are very promising and suggest a high viability of the
materials produced for application on dental implants.

The three different solutions proposed and studied in this work can function
independently. However, it would be highly advantageous to combine them in a dental
implant design with three distinct regions, times and modes of antibacterial action. To take
advantage of the inherent potential of each alternative, a possible strategy would involve a
design with three distinct regions, as schematized in Figure 93:

A) A primary implant region of interaction with bacteria, composed of finely dispersed
Au NP’s, to promote a biocidal effect. Nanoparticles high specific surface area may enhance a
high dissolution rate in biologic medium and promote a short-term effect. Thus, to take the
maximum advantage of the Au NP’s functionalized surface potential, an immediate
interaction with bacteria is required;

B) The physical barrier, the development of microgrooves on the implant surface,
would act as a second region of action, increasing the retention of soft tissue to the surface
and preventing the entry of bacteria to the implant zone;

C) A third implant region with an Ag ring which ensure a biocidal effect at a lower soft
tissue level. The Ag micro-functionalization would complement the Au nano-functionalization
by providing a long-term bactericidal action (assuming that the microscale Ag layer presents

lower dissolution in biological medium).
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Figure 93 lllustration of a potential design resultant from the combination of the three solutions proposed in the present work:
region A- gold nano-functionalized surface (biocide effect), region B: micro grooved surface (physical barrier), region C: silver
micro-functionalized (biocide effect).

106



CHAPTERS

CONCLUSIONS

Chapter 5 presents the main conclusions drawn from this dissertation and present some

suggestions for future works.
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The main objective of the present dissertation was the development of a zirconia surface
with the ability to interact with bacteria in two ways, as physical barrier and as a biocide. The
barrier effect would be accomplished with the production of laser processed microgrooves.
And, the biocide effect, with the production of Ag micro and Au nano-functionalized Y-PSZ

surfaces. Therefore, from the obtained results in this work some conclusions can be drawn:

Microgrooves with different profile dimensions were produced and reproduced onto
the surface of Y-PSZ by laser ablation. The mechanical interlock test revealed an
improvement in the retention of the artificial soft tissue. The surface roughness

increases with the laser processing;

Microscale silver was deposited and sintered on the Y-PSZ texturized surface without

introducing morphological defects on the substrate.

Despite the evidence of some defects on the Ag functionalized surface, silver seems to
be very well attached to Y-PSZ. Cross sectional analysis indicates a good densification

of the silver although the lower regions of the texture present some defects;

‘. The coarser texture showed to be more effective on adhesion of micro Ag on Y-PSZ

surface by laser sintering comparatively to the fine texture;

. A =5 nm gold NP’s colloidal suspension was successfully produced by laser ablation

technique;

. Three methods of Au NP’s functionalization were tested and the one presenting best
morphological results proceeded to chemical and mechanical characterization. Thus,
the Y-PSZ surface was functionalized by a hybrid process of spray deposition and laser
sintering;

‘. The laser parameters, regarding Au NP’s sintering, were optimized with success. The

NP’s were deposited without compromising the Y-PSZ surface structural integrity;

Reciprocating friction tests were performed on the micro and nano-scale
functionalized surfaces and the materials did not disintegrate during friction despite
the evidence of adhered bone on its surface. Additionally, the surfaces presented a

high final COF which predicts a good primary stability of the implant.

The results of this study are very promising and suggest a high potential of the

solutions proposed to solve the problem of peri-implantitis.
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Furthermore...
In the context of the application, it would be interesting to:

* Proceed with an overall improvement of the micro Ag functionalization processing;

» Toanalyse the bone plates used in the reciprocating friction tests of the chemically
functionalized surfaces;

= Evaluate the epithelial cells response to the microgrooves created;

= Study the dissolution rate of the Ag microparticles and of the Au nanoparticles over
a pre-determined period (hours to days);

= Determine the cytotoxicity of the surfaces produced to mammalian cells;

= Study the antibacterial potencial of the surfaces created in a bacterial incubation

test.
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