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Abstract

Abstract

Dental implants are susceptible to bacterial infections such as Peri-implantitis.
This pathological condition is initiated by a bacterial biofilm that adheres and surrounds the
dental implant, which triggers the inflammation of soft tissues and loss of supporting bone.
Furthermore, if not addressed in time this disease may lead to osseointegration failure and
consequent implant failure. Therefore, with the objective of minimizing the impact of
bacteria adhesion on the implant, this thesis proposes the deposition of bactericidal silver
nanoparticles on a tantalum (Ta) nanostructured surface.

In this thesis, tantalum oxide nanostructures were obtained by submitting regular
tantalum sheets to Plasma Electrolytic Oxidation, which created micro and nanopores on the
Ta surface. Afterwards, silver nanoparticles were sputtered onto the nanostructured substrate
in order to obtain nanoparticles with different sizes. Then, some of these deposited substrates
were covered with a thin layer of carbon to analyze its impact on the silver ion release (well
known as the active antimicrobial agent) as well as the structural robustness of the samples.

Silver ion release revealed that the amount of silver nanoparticles deposited were
not enough to generate an antibacterial activity capable of preventing an infection. However,
these results also proved that the nano-galvanic couple of silver and carbon enhances the
ionization of the biocidal Ag™*. This thesis also shows that the carbon layer possesses the

promising ability of improving the mechanical robustness of the samples.

Keywords Silver Nanoparticles, Tantalum, Antibacterial Activity,
Nanostructures, Carbon.
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Resumo

Resumo

Implantes dentérios sdo dispositivos suscetiveis a infecbes bacterianas como a
peri-implantite. Esta condi¢do patoldgica comega pela criagdo de um biofilme bacteriano
que adere e rodeia o implante dentério, resultando na inflamagéo dos tecidos moles e perda
de osso. Além disso, se esta doenca for negligenciada, podem ocorrer falhas na
osteointegracdo e consequente perda do implante. Portanto, com o objetivo de minimizar o
impacto da colonizagdo bacteriana no implante, esta tese propde a deposicdo de
nanoparticulas bactericidas de prata numa superficie nanoestruturada de Tantalo (Ta).

Nesta tese, as nanoestruturas de Oxido de Tantalo foram obtidas através da
Oxidacéo por Plasma Eletrolitico de chapas de Ta, o que permitiu obter micro e nanoporos
na sua superficie. Nanoparticulas de prata (Ag NPs) foram pulverizadas nos substratos
nanoestruturados com o objetivo de obter nanoparticulas com diferentes tamanhos.
Posteriormente, alguns dos substratos depositados com NPs de prata foram cobertos com
uma fina camada de carbono para estudar como seria 0 seu impacto na libertacdo de ides de
prata e na resisténcia mecanica da amostra.

Os niveis de libertacdo i6nica de prata revelaram que a quantidade de
nanoparticulas de prata depositadas ndo foram suficientes para produzir uma atividade
antibacteriana capaz de prevenir infecdes. Contudo, estes resultados provaram que o par
nano-galvanico entre a prata e o carbono aumentou a quantidade de Ag* biocida que é
ionizada, além de que a camada de carbono permitiu encapsular efetivamente as NPs
conferindo-lhes uma maior resisténcia mecanica e adesdo a superficie de tantalo

nanoestruturado.

Palavras-chave: Nanoparticulas de prata, Tantalo, Atividade
antibacteriana, Nanoestruturas, Carbono.
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INTRODUCTION

1. INTRODUCTION

Teeth are very important bone structures that interfere in a person’s mastication,
speech, and social integration. Therefore, teeth loss can be a devastating occurrence that may
require surgical dental implants.

Dental implants are devices used to replace lost teeth. In order to apply dental
implants, patients must be submitted to surgery. Even though these surgeries present high
success rates there are still long-term problems that arise such as slow osseointegration and
peri-implantitis infection. The previously mentioned complications are a problematic
outcome of the adhesion of bacteria to the device which form a biofilm and lead to the
recession of bone tissue. The bacterial infections that derive from surgery might require
antibiotics and, in extreme cases, when the implant is unable to fuse with the bone, the patient
must be submitted to new surgery and remove the implant as well as the infected bone tissue.

Titanium (Ti) is the most used material in dental implant applications. This metal
is mostly used because it has biocompatibility and therefore good interactivity with adjacent
tissues. However, titanium-based implants present two major shortcomings. Firstly,
although Ti has some bioactivity it can be insufficient in some cases and lead to slow
osseointegration and consequent bacterial inflammation. The second problem is the lack of
antibacterial properties of these implants which can require patients to take antibiotics in

order to minimize infections.

1.1. Motivation and Work Objectives

The main goal of this Thesis is the development of a new surface with the ability
to minimize the problems of the usual materials used in dental implants regarding slow
osseointegration and peri-implantitis infection. Therefore, the incorporation of silver (Ag)
nanoparticles to a nanoporous tantalum oxide surface aims to increase the antibacterial
properties of the implant thus reducing the risk of infection and, at the same time, promoting
osseointegration capacity by chemical and morphological modification of the Tantalum
surface.

Currently, there are studies regarding the biocompatibility of tantalum and the

benefits of its properties in dental implant applications, as well as studies regarding the

Pedro Agostinho 1
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antibacterial properties of silver. However, the amount of research that refers both studies

simultaneously is very scarce, thus the need of a surface material capable of promoting

osseointegration in addition to having remarkable antibacterial properties arises. So, the

main objective of this dissertation is to conjugate:

e Bioactive tantalum nanoporous substrate properties;

e Antibacterial properties of silver nanoparticles;

e Controlled release of silver nanoparticles by introduction of a Carbon

layer.

1.2. Dissertation Struture

The structure of this dissertation consists in 7 main chapters outlined and

schematized in Figure 1.1.

Ch.I — Introduction

Ch.IV — Delivery System Development

Deposition of Ag nanoparticles
by magnetron sputtering and its
encapsulation by a C layer

U

Ch.V — Characterization Techniques

Physical and Chemical
characterization

Functional characterization
Mechanical characterization

=

Ch.II — State of the Art
e Dental Implants
e Failure of Dental Implants
e Surface Modification

U

Ch.III — Nano structuration
e Anodization
e PEO

Ch.VI — Results and Discussion
e Physical and Chemical
characterization

e Functional characterization
e Mechanical characterization:

adhesion tests

U

Ch.VII — Conclusions and Future

Work

Figure 1.1. Schematized representation of thesis structure.

2021




STATE OF THE ART

2. STATE OF THE ART

2.1. Dental Implants

Teeth have numerous important functions. These bone structures are used for
mastication, can serve as tools, participate in speech and contribute significantly to the
beauty of the owner®. Throughout a person’s lifetime, their teeth endure continuous exposure
to various chemical and physical impacts, which lead to erosion of dental hard tissues,
gingival recession and other oral complications with subsequent consequences such as teeth
removal®. Therefore the demand for dental implants has been increasing over the past
decades®.

Dental implants are devices inserted into the maxillary and/or mandibular bone
through surgery that replace the lost teeth. Preferably, dental implants should be in direct
contact with the bone and thus promoting osseointegration®.

Dental implants are composed of three major components: the cylindrical screw
known as implant, the abutment which connects the implant with the dental prothesis, and

the custom-made crown/prothesis®.

2.2. Failure of Dental Implants

The most important interaction that confirms the long-term clinical success of a
dental implant is known as osseointegration. Osseointegration occurs when the implant fuses
with the bone, allowing its anchorage to the surrounding bone tissue®.

Most implants are successfully inserted with a survival rate rounding 98%,
however long-term complications are common. The two principal reasons for the long-term
failure of dental implants are mechanical stress due to osseointegration failure, and bacterial

infection (Peri-implantitis)’.

2.2.1. Osseointegration Failure
Poor osseointegration (unsuccessful growth and interaction between the bone

cells and the implant) can lead to movement of the implant itself.

Pedro Agostinho 3
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The normal human tooth root attaches itself to the bone through the periodontal
ligament, which allows for slight movement of the tooth. In contrast, a successful implant is
completely fused with the bone and presents no mobility.

In order to test if the implant has successfully integrated the bone a measured
force or torque can be applied to the implant, if it results in no mobility the implant was a
success. If an implant allows for even the slightest movement, the implant is considered a
failure and therefore a complication, even if asymptomatic. The cause of this
osseointegration failure is associated with micromotions that may occur during the healing
phase. Therefore, slow osseointegration leads to a longer healing phase, resulting in a longer
time frame where micromotions can occur, which may ultimately culminate in an

unsuccessful implant®.

2.2.2. Peri-implantitis Infection

Peri-implantitis is an irreversible infectious pathological condition that
surrounds dental implants and results in progressive loss of supporting bone tissue®. This
complication is initiated by a bacterial biofilm, which triggers the inflammation of the soft
tissues and loss of bone®®.

Peri-implantitis, if not addressed in time, can lead to alarming consequences such

as osseointegration failure, which may lead to eventual implant failure!!.

2.3. Bioactive Materials

Materials used in biomedical applications should have distinctive properties
such as being non-toxic, non-allergic, and present corrosion resistance inside the human
body. It should also possess some mechanical properties like hardness, compression
strength, tensile strength, and flexural and wear resistance®.

Bioactive materials interact with the cells of host tissue, producing an
appropriate response, which leads to the desired clinical outcome. Porosity and the
interconnecting porous structure of the biomaterial have an important role in supporting the
penetration, proliferation, and differentiation of osteoblasts, thus promoting
osseointegration. A biomaterial should aid in the formation of the bone, possess pore
volume, pore interconnectivity, pore size adequate to grant the invasion of osteogenic cells

and blood vessels, and have mechanical properties similar to the tissues to be regenerated*®.

4 2021



STATE OF THE ART

The three most used types of biomaterials in dental implants are: ceramics,
polymers and metals.

Ceramics are inorganic materials that can be divided into metal oxides and other
compounds. Oxide ceramics are used for surgical implant devices due to their inertness to
biodegradation, high strength, and physical characteristics such as color and minimal thermal
and electrical conductivity. However, the low ductility and the susceptibility to bulk fracture
or chipping has resulted in some limitations®®.

Polymers have lower strengths and elastic moduli when compared to the other
classes of biomaterials. They are thermal and electrical insulators and show some resistance
to biodegradation. When compared to bone, most polymers have lower elastic moduli, with
values closer to soft tissue. This issue and the fact that polymers present low fatigue strengths
can result in some problems?®.

With this in mind, metallic biomaterials possess better mechanical properties,
and thus are the most used in dental implant applications. One of the metals used in dental
applications was Stainless Steel due to its good mechanical properties, however poor
corrosion resistance and biocompatibility led scientists to gravitate more towards titanium
implants??,

Titanium is one of the most used dental implant materials because of its chemical
and biological stability. Titanium dioxide (TiO,) also presents great properties such as good
corrosion resistance and biocompatibility. However, titanium-based implants have two
major flaws: its allergic effects, and its lack of bioactivity which makes it difficult to form a
direct chemical bond with the surrounding bone which negatively influences bone fixation,
and consequent osseointegration’ 12,

In order to avoid the problems of titanium a sustainable alternative has been
pointed: tantalum (Ta), due to its bioactivity with good biological responses. Furthermore,
porous tantalum pentoxide (Ta,0s) shows better osteogenic outcomes when compared to

porous Ti0,. In addition, tantalum presents better antibacterial performance than titanium?,
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2.3.1. Tantalum

Tantalum (Ta) is a dark-blue gray highly dense and ductile metal. This rare
element is mainly obtained from tantalite-columbite (((Fe, Mn)(Nb, Ta),0;) 2,*°. Tantalum
and its alloys retain significant mechanical properties at temperatures up to 1000°C but
undergo considerable degradation due to crystal growth at higher temperatures. It is
chemically stable, oxidizing in air at 300°C?°. This combination of excellent mechanical
properties lead to early consideration of Ta as a human implant material®. Tantalum
manifests two crystalline phases with totally different properties: a stable a-phase with a
body-center cubic lattice structure and a metastable B-phase with a tetragonal lattice
structure. Bulk tantalum exhibits the a-phase, which presents good ductility, high melting
temperature (2996°C), great mechanical properties (Hardness=8-12GPa) and low resistivity
(15-80 p Q.cm). B-Tantalum, which has high resistivity (150-200p Q.cm), is brittle
(Hardness=18-20GPa) and unstable above 750°C because of the transformation from B-
phase to a-phase??.

Tantalum pentoxide is the most frequent form in which tantalum binds with
oxygen. Ta,Os is the only acknowledged equilibrium phase. None of the other oxides (TaOy
,TaOy ,TaO, Ta, 03, Ta0,, Ta;0,) have been isolated in pure form, and the methods of their
synthesis are not easily reproducible %. Tantalum oxide nanostructures display outstanding
electrical and optical properties, as well as high chemical stability?*.

Figure 2.1. demonstrates the equilibrium phase diagram of the system (Ta-0). It
is important to note that the Ta-phase is stable until 5 at. % of O, while the most frequent
form Ta,O0s is only achieved for 71 at. % of O. Between these two stable phases of the

diagram, there is a mixture of phases*?.
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Figure 2.1. Ta-O phase diagram 2.

Ta presents a favorable biocompatibility, hemocompatibility, safety and
corrosion resistance. It is highly unreactive and biocompatible to the body. In addition,
tantalum does not exhibit toxicity to surrounding cells, nor does it inhibit local cell growth
of surrounding bone. Therefore, tantalum has been adopted to manufacture biomedical
implants used for orthopedic, dental, and craniofacial surgeries in clinical practice. With this
in mind, many articles have been written by investigators describing and studying the
properties of Ta and Ta,0s. Numerous studies report that a tantalum thin film has been used
to coat titanium samples improving its chemical stability, optical properties,
biocompatibility and corrosion resistance?.

Huang et al.?®, demonstrated that the deposition of a tantalum oxide (T'a,05s)
layer on a Ti sample enhanced the antibacterial properties against S. aureus and A.
Actinomycetemcomitans. Moreover, the 1SO-10993-5 cytotoxicity test proved that the

Ta, 05 sample did not exhibit cytotoxic effects in soft and hard tissues.
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2.3.2. Hydroxyapatite

Calcium phosphate (CaP) ceramics, more precisely hydroxyapatite (HA) has
been used as an implant coating material, particularly in dentistry due to its excellent
biocompatibility properties®.

CaP has been the subject of extensive research because of its biocompatibility
and mineral chemistry, which resembles those of human bone. CaP has been widely applied
to metallic implants, such as titanium implants as a coating material. HA-coated implants
promote faster healing and bone attachment when compared to noncoated implants. These
coated implants also show better clinical results when implanted in areas with poor bone
quality?®.

HA-coatings were proved to possess biological advantages, including the
enhancement of bone formation and faster bonding between the implant surface and the
surrounding bone?®.

As it can be seen in Figure 2.2. coating titanium implants with CaP increase the

surface area, biocompatibility, and osseoconductive effect which promotes cellular activity,

thereby enhancing osseointegration?.
(a) ()

Figure 2.2. (a) Titanium Implant, (b) Scanning electron microscope (SEM) image of titanium implant
before coating, (c) Titanium implant with HA coating, (d) SEM image of titanium implant with HA %6,
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2.4. Surface Modification

Surface Modification can improve the interaction between the surface and the
adjacent tissues, consequently reducing inflammatory responses and possible infections®?.
Furthermore, implant surface treatment aims to modify surface topography and chemistry
and consequently its surface energy, in order to promote bone cell proliferation and
differentiation, thus accelerating osseointegration®3.

Osseointegration is the direct functional and structural connection between the
living bone tissue and the surface of the implant. Osseointegration is a very important
parameter to study when evaluating an implant’s success in terms of healing and longevity®®.

Surface topography has a valid effect on the implant’s success and can improve
osseointegration overtime, as well as reducing healing time®2. It has been confirmed that
producing pores with nanometric dimensions results in a greater interaction between
proteins, ion and biomolecules, resulting in the proliferation of osteoblasts and, thus
promoting osseointegration®?.

Processes such as anodization are used to manipulate surface topography and
chemical properties. Commonly anodized surface implants undergo electrolyte and current
treatment by being placed as the anodes of galvanic cells with the electrolyte. This anodic
oxidation promotes the growth of a layer with a porous topography, developing a rough
surface. An in-vivo study with anodized titanium implants proved that the anodized surfaces
had a biocompatibility similar to hydroxyapatite-coated surface implants®2.

This electrolytic process can be modified by using a solution containing
nanoparticles in a mixture of phosphoric acid and calcium nitrite as the electrolyte. By
miming the composition of hydroxyapatite, which is a mineral present in the bone
composition, osseointegration is accelerated™®.

Another problem regarding dental implants is the adhesion of bacteria to the
implant. In order to solve this issue bactericidal surfaces capable of killing bacteria have
been developed!?. Processes such as sputtering allow to modify the surface by nanoparticle
deposition onto the implant surface. Ag, Cu and Zn nanoparticles and its oxides such as
AgO, CuO and ZnO prevent initial bacterial attachment and therefore biofilm formation,

ultimately preventing infections®?.
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2.5. Antimicrobial Activity of Nanoparticles

A nanoparticle can be defined as an object of very small dimensions “that
behaves as a whole unit in terms of its properties”.?” Nanoparticles have amongst them
various important characteristics that can be used to classify them such as composition,
morphology, uniformity, and agglomeration. Additionally, nanoparticles are classified
according to their diameter size?’. Their size ranges from 1 nanometer to 100 nanometers
and can correspond to individual molecules or macromolecules which include higher-order
assemblies into nanoparticles?.

Nanoparticle size allows different biological interactions when compared to non-
nanostructured materials due to the surface to volume ratio. This distinct interaction can be
exploited to create nanostructures capable of diagnosing and treating numerous
pathologies?®. Taking this in consideration, NP degradation (breaking down nanoparticles to
smaller order assemblies such as atoms, clusters and molecules) is being considered as a
drug release application, avoiding long-term accumulation inside living subjects, thereby
having a beneficial impact on the biocompatibility of NPs®,

Regarding nanoparticulate metals, the antimicrobial properties of silver (Ag) and
copper (Cu) have been extensively studied by incorporating both into various test substrates.
The results of these studies revealed an inverse relationship between the size of nanoparticles
and antimicrobial activity. Particles in the size range of 1-10 nanometers proved to be the
most effective at killing the bacteria. However, it was reported that smaller nanoparticles of
silver are more toxic than larger ones, and the toxicity is even higher when in oxide state. In
the specific case of silver NPs, Ag* ions are released from the surface acting as an
antibacterial agent®!.

Even though silver nanoparticles have very effective antibiotic effects against a
broad variety of bacteria, its free ionic form was also proven to be toxic to human cells. Tests
regarding the antibacterial applications of silver nanoparticles revealed that layering these
particles on oxidized metal substrates can lessen their toxicity towards humans.
Consequently, the most recent major breakthroughs for increasing the antibacterial activity
of implants relate to the combination of silver NPs with oxides, such as TiO, and Zn0%.
This fact can be atributed to TiO, and ZnO metal oxide semiconductor nanoparticles ability
to destroy bacteria by ROS mechanism while under UV light. It occurs when a photon of

higher energy than their optical band gap is absorbed by these nanoparticles. The electron-
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hole pairs are created and generate ROS. Due to the wide band gap of these nanoparticles

only a light source in the UV radiation range could be used for their activation®,

2.5.1. Silver Nanoparticles

Silver is a transition metal which distinguishes itself by having the highest
electrical and thermal conductivities of all metals, as well as a very high reflectivity and a
low emissivity. This metal is also characterized by having only one crystal form, a face-
centered cubic arrangement with a lattice constant of a = 0.4086 nm, as is presented in Figure
2.3%,

a

a

Figure 2.3. Ag unit cell structure.

Ag is currently used as an antibacterial agent with multiple applications. It has
been previously proven that metallic silver is highly active in killing bacteria, therefore Ag
NPs have recently attracted considerable attention of researchers in different fields such as
catalysis, optoelectronics, biomedicine, wound dressing, biomedical devices, and food
preservation3,

Silver nanoparticles have high surface to volume ratios with different
morphological features. These important characteristics mean that silver NPs can easily
penetrate the bacterial cell membrane and work as a catalyst to destroy the bacterial cell
through various different processes. However, it is also reported that an imprudent and/or
excessive usage of silver NPs can result in potential risks to humans and the environment.
Thus, it is crucial to maintain the concentration of free Ag NPs below the permissible limits
set by WHO (World Health Organization)**.
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2.5.1.1. Silver Antibacterial Mechanisms

The definition of antibacterial activity, as stated by The Miller-Keane
Encyclopedia and Dictionary of Medicine, Nursing and Allied Health 2003, is known as the
action by which an agent is able to destroy or suppress the growth or reproduction of bacteria.
Several mechanisms which silver nanoparticles employ to cause antimicrobial effect have
been pointed and studied. These mechanisms are: (i) release of Ag*™ which reacts with thiol
groups of proteins and interfere with DNA replication, (ii) generation of free radicals which
damages the bacterial membrane and (iii) direct physical contact between the nanoparticles

and bacterial cells which causes structural damage to their wall *°.

2.5.1.1.1. Release of Silver lons

Sukumaran et al., proposes that the silver ions released by the nanoparticles
can interact with the thiol groups of many vital enzymes and inactivate them. The contact
between bacterial cells and silver causes the cell to take in silver ions which suppress several
functions in the cell, subsequently damaging them. This triggers the generation of reactive
oxygen species (ROS), which are perhaps produced through the inhibition of a respiratory
enzyme by silver ions and attack the cell.

The author also reported that silver, being a soft acid, has a natural tendency to
react with a soft base. Therefore, since cells are majorly made up of soft bases such as sulfur
and phosphorus, the presence of silver ions generates ROS and leads to cell death.
Considering that DNA also has sulfur and phosphorus-based components it is logical that
AgNPs will also react with these soft bases destroying the DNA and eventually leading to
cell death. This interaction can also lead to problems in DNA replication of the bacteria and

result in the termination of microbes®®. The whole process is synthesized in Figure 2.4.
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Figure 2.4. Release of Silver ions as an antibacterial mechanism.

2.5.1.1.2. Generation of Free Radicals

An alternative mechanism that may cause cell death is the formation of free
radicals by the silver NPs and their interaction with the bacterial cell. Electron spin resonance
spectroscopy studies indicate that silver nanoparticles generate free radicals when in contact
with the bacteria. These free radicals can damage the cell membrane and make it porous

which can eventually result in cell death, as seen in Figure 2.5%.

Creation of pores on
the cell membrane by
the free radicals

|

Cell Death

# Free Radical
Figure 2.5. Generation of free radicals as an antibacterial mechanism.

Pedro Agostinho 13



Development of Dental implants

2.5.1.1.3. Direct Physical Contact

The third mechanism relies on the ability of the silver nanoparticles to anchor
themselves to the bacterial cell wall and subsequently penetrate it, thereby causing structural
changes in the cell membrane and ultimately resulting in the death of the cell. This behavior

is schematized in Figure 2.6%.

Cell membrane
damage by
accumulation of
AgNPs &

Cell Death

@ GSilver Nanoparticle

Figure 2.6. Direct physical contact as an antibacterial mechanism.
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3. BIOACTIVE NANOSTRUCTURED SURFACE

In this chapter it is presented a description of the surface modification techniques
used to obtain the final tantalum oxide nanostructured surface, in order to improve its

chemical and physical properties.

3.1. Anodization

Anodization is an electrochemical technique extensively used for the preparation
of metal oxides due to its relatively low price, good controllability, high repeatability and
simple operation373,

During the anodization process, a voltage (10-80V) is applied between a cathode

and the metallic substrate (anode) immersed in an electrolytic solution.

Oxide
= » =
Metal

Figure 3.1. Development of an oxide porous columnar structure through anodization. Adapted from 2,

During the exposure to the anodic voltage an oxidation reaction will occur at the
substrate surface (Figure 3.1). There, the following reaction takes place : M > M™* + ne~
(M as symbol of the metal) and the M™* ions will move towards the surface of the substrate.
Simultaneously, 02~ ions provided by the H,O present in the electrolyte migrate towards
the metal substrate, and at its surface 0%~ will react with the M™* ions to create a metal
oxide layer (M0,)*.

Throughout the formation of the oxide metal layer pores are formed through two
main processes: Electric Field Dissolution and the Breakdown Process!?.
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Electric Field Dissolution is a mechanism of pore creation composed of three
distinct phases (Figure 3.2). The first phase consists in the previously described metal oxide
layer formation. This phase is followed by a localized dissolution of the oxide layer due to
the F~ ions that have to be present in the electrolyte, therefore resulting in the formation of
small irregular pores, known as pits. When these pits are formed the electric field intensifies
at the pore bottom therefore enhancing the dissolution rate of the oxide layer, which causes
the small pits to grow into nanopores, putting an end to phase two. The third phase concludes
with the matching between the oxide layer dissolution and the oxide layer creation rates at
the pore/electrolyte interface. Thus, the thickness of the oxide layer remains the same,
although it moves further into the metal increasing the pore depth. Figure 3.2 is a schematic

representation of this mechanism?*?,

Oxide Cc Pores

: Y\

Barrier |

. >

\
Metal Metal

Figure 3.2. Schematic representation of the Electric Field Dissolution Mechanism. a) Phasel, b) Phase 2,
c) Phase 3. Adapted from “° .

The breakdown mechanism consists in anodizing by using a potential above the
breakdown limit. The high potential generates an electrical field capable of breaking the
oxide and collapsing the anodized layer, and therefore creating pores. The potential needed
to achieve this mechanism varies depending on the anodized metal and the electrolyte!?.

3.2. Plasma Eletroctrolytic Oxidation

Plasma Electrolytic Oxidation (PEO), also known as Microarc Oxidation
(MAO), is an efficient electrochemical process capable of forming a porous oxide film on
top of a substrate. Simultaneously, this technique allows the incorporation of bioactive
elements such as calcium (Ca) and phosphorus (P), in order to facilitate the osseointegration
process*!. Hence, this surface modification strategy has been heavily used in orthopedic and

dental applications. It is also important to mention that the PEO process parameters such as:

ayer
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electrolyte composition, current intensity, temperature, process time and applied voltage can
be changed in order to obtain a specific coating*.

PEO process is an aqueous anodic treatment. As in the anodization process a
metal substrate is submerged in an electrolytic solution as the anode. The main difference is
that in PEO treatment a higher voltage (~250-800V) courses through both the anode and
cathode to trigger a discharge arc at the substrate/electrolyte interface. Since PEO occurs at
a higher voltage it triggers gas and plasma emission, and consequently porous surface
morphologies with high levels of pore interconnectivity are created*.

This technique uses a positive potential above the electrolytic breakdown voltage
value of the oxide layer, forming a coating capable of incorporating elements of the
electrolyte and metal. The oxide layer created using this process presents important
properties for dental applications such as high corrosion resistance, good hardness, high
adhesion strength and high economic efficiency. Finally, it is also described that the
incorporation of hydroxyapatite in the coating, through PEO, enhances the sample’s

bioactivity and biocompatibility*.

3.2.1. PEO Mechanism

The PEO process under galvanostatic conditions presents three different stages
that varies with the evolution of the voltage. In the first stage, similarly to the traditional
anodization, the voltage increases linearly with the oxidation time. The second stage starts
when the voltage value exceeds the dielectric breakdown limit of the oxide layer. At this
stage microarc discharges start to occur and the voltage increases at a slower rate. In the final
stage the voltage achieves a rather stable value, with slight fluctuations. For the remainder
of the oxidation time the spark size increases, and an association between the fluctuations
and the continuous breakdown and formation of the oxide layer can be made. Figure 3.3 is

a graphical representation of the different stages that occur in the PEO process.

Pedro Agostinho 17



Development of Dental implants

600 : .
: E stage 3
500 EstageZs
|
stagel [, | -
|
[ Dense layer
400 : $ % 9 ¥
| >
= | substrate
4 [ substrate
2 3001 |
= 1 substrae
[ !
200 + || |
l
I
: Passive film
0T Hetied
[/ i substrate
0 = A:A A e A A A A + A A # + 4
|
0 20 40 60 30 100 120 140
Time (s)

Figure 3.3. Graphical representation of the cell potential (V) vs time (s). Curve representation for the
three stages of PEO coating on a metal substrate (Niobium). Adapted from *3.

3.3. Tantalum Plasma Electrolytic Oxidation

High-pure Tantalum sheet (Ta Sheet T1-9000-D70, 99.95% purity, Testbourn
Ltd) was cut into 3x1x0.5 mm? substrates. Previous to the PEO treatment each Ta sample
was cleaned using an ultrasound machine. Firstly, all the samples were ultrasonically cleaned
in ethanol for 5 minutes, followed by 5 minutes in distilled water. This ultrasound cleaning
process prevents the presence of impurities on the sample. Each cleaned Ta substrate was
then placed in an electrochemical cell, as it can be seen in Figure 3.4(a). In this picture is
also present the cathode (graphite) (Figure 3.4(b)), which was placed 30 mm away from the
sample. The presence of a small agitator (Figure 3.4(c)) can also be observed, the purpose
of this tool is to mix the electrolyte in order to enhance the ion interaction between the sample

and the electrolyte and consequently facilitate the formation of an oxide layer.
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Figure 3.4. (a) Electrochemical Cell, (b) Graphite Cathode, (c) Agitator .

When all the components were in position 50 mL of electrolyte were placed
inside the electrochemical cell to cover an area of 1x1.2 mm? of the substrate. According to
Fialho et al.'® results, for the purpose of obtaining a Ca/P ratio appropriate to promote
osseointegration the electrolyte was composed of 0.35 Molar of calcium acetate (99% purity,
Biochem Chemopharma) and 0.12 Molar of B-Glycerophosphoric Acid Disodium Salt
Pentahydrate (98% purity, Acros Organics). To achieve the adequate ratio of calcium and
phosphate the exact mass of each reagent was calculated using the Molarity Equation:

_m(g
MigmgD.

Molares = L(L)
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Since the electrolyte was prepared in batches of 150 mL and the molar mass of
calcium acetate and B-Glycerophosphoric Acid were 158.17 g/mol and 306.11 g/mol
respectively, the mass of each reagent was the following:

Calcium Acetate:

m(g)

158.17(—2-)

mol
=m = 8.30
150x1073(L) m 8

0.35 =

B-Glycerophosphoric Acid:

m(g)

o 11(_8

306.11(=2)
12 = mol__ _ ) — 551
0 150x10~3(L) m=551¢g

Previous work also mentions that to achieve a nanoporous tantalum oxide layer
through PEO, a potentiostatic voltage of 200 V needs to be applied for 30 minutes, with an
electric current of 3 A, at room temperature'®.

With the intention of mimicking those experimental parameters an EA-EL 9000

B Power Supply was used, and the final PEO treatment system can be observed in Figure
3.5.

T

Figure 3.5. PEO Treatment System.

After the PEO process finished each sample was cleaned in distilled water, dried

and the oxidized part was cut into 1x1 mm? squares.
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4. NANOPARTICLE AND CARBON LAYER
DEPOSITION

In this chapter it is presented the method chosen to deposit the silver
nanoparticles, as well as the thin film of carbon, on top of the manufactured tantalum
substrate (with incorporated NPs). Furthermore, it also documents the parameters chosen for
each deposition.

4.1. Magnetron Sputtering

Magnetron Sputtering is a physical vapor deposition (PVD) technique with the
ability to create thin films.

Sputtering methods start with the creation of plasma through the application of
an electrical field to a neutral gas (Argon in this thesis) in a low vacuum environment. The
electrical field results in the excitation of the electrons and ions from the neutral gas,
guaranteeing its ionization. The ionization is followed by collisions between these ions and
the target material, consequently removing atoms and secondary electrons from the target.
Finally, the removed target ions condensate onto the substrate.

Magnetron Sputtering uses a magnetic field to force the ions movement in target
proximity, multiplying the probability of collisions between ions and atoms. This method
increases the deposition rate and simultaneously lowers the target heating. It is also possible

to be operated at low pressures and voltages®.

4.1.1. Deposition of Ag nanoparticles

Firstly, several depositions onto Silicon TEM grids were made to gather
information about the desired nanoparticle size and its deposition time. The results of this
deposition (JAPPENDIX A]) showed that the optimal sizes for the nanoparticles were 1nm
and 2nm since bigger NPs did not maintain their individuality.

Silver nanoparticles were then deposited onto the previously produced tantalum
oxide substrates in a dual magnetron sputtering chamber. Each magnetron was connected to
a power supply and equipped with a silver target with the following dimensions:

200x100x10 mm3. An octagonal substrate holder was placed at the center of the chamber

Pedro Agostinho 21



Development of Dental implants

12 cm apart from both targets. The system was connected to a primary rotatory pump
(Pfeiffer Vacuum DUO 20 M, pumping speed 20 m®/h) to supply the primary vacuum and a
secondary diffusion pump (BOC Edwards Diffstak 160/700, pumping speed 760 1/s) to
achieve a secondary vacuum with the pressure inside the chamber reaching around 4.0x10~*
Pa. This double vacuum procedure minimizes the contact between the substrate holder and
the environment, thus diminishing target oxidation. Therefore, the substrate holder was

placed for 15 minutes in the chamber with the primary pump functioning. The magnetron

sputtering system is represented in Figure 4.1.
p— = .

- - g.‘.
Figure 4.1. (a) Magnetron Sputtering Machine, (b) Power Supply .

The nanoparticles were formed in an Argon (Ar) atmosphere (30 sccm), using
one pure silver (99.99%, Testbourn Ltd) target connected to a DC-pulsed power supply
(Advanced Energy Pinnacle Plus). The chosen gas was Argon, due to its inert nature, which
implies it will not provoke a reaction with the deposited material. Its compatibility with most
materials used in sputtering also translates in a more efficient energy transfer.

Previous to the depositions the substrates were cleaned in an ultrasonic bath in
Acetone for 10 minutes and Ethanol for 10 minutes, to prevent contamination, and remove
impurities.

Based on the previous work two different Ag NPs sizes were deposited onto the
Ta nanostructured substrate: 1nm and 2nm. All the important parameters used to create both
silver NPs sizes are presented in Table 4.1, where the deposition time should be highlighted.
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Nanoparticle Base Work Deposition |  Power Current | Voltage
Size Pressure | Pressure | Time (S) Density Density V)
(Pa) (Pa) (W/m?) (A/m?)
1nm Ag 4.1x107* 0.28 5 5000 11.5 427
2nm Ag 4.2x107* 0.27 10 5000 11.5 427

Table 4.1. Silver nanoparticles deposition parameters.

4.1.2. Deposition of Ag nanoparticles covered with a Carbon
Film.

In this case, opposed to the sole deposition of the silver nanoparticles based on
the TEM deposition, optimization of the carbon film was a necessary step, which is described
in ANNEX A.

After the optimization process, the goal was to replicate the same two
depositions described in the last subchapter, subsequently covering them with a thin carbon
layer with a thickness of around 4 nm. Therefore, the same dual magnetron sputtering
chamber was used, this time with a magnetron connected to a silver target and the other to a
carbon (99.99%, Testbourn Ltd) target with the following dimensions: 200x100x10 mm?3.

Firstly, the 1 nm Ag nanoparticle deposition was replicated, with only the
magnetron connected to the Ag target turned on, and a shutter covering the C target.
Afterwards, the magnetron connected to the Ag target was turned off and the shutter was
moved in front of the silver target. Then, the magnetron connected to the carbon target was
turned on for 55 seconds to deposit the thin carbon layer on top of the nanoparticles.

Later, the process was repeated to deposit the thin carbon film on top of the 2nm
sized silver nanoparticles. All the values recorded in both depositions are presented in Table
4.2 andTable 4.3.

Nanoparticle Base Work | Deposition Power Current Voltage
Size Pressure | Pressure | Time - Ag | Density - Ag | Density - Ag Ag
(Pa) (Pa) (s) (W/m?) (A/m?) (V)
1Inm Ag+C | 4.0x107* 0.28 5 5000 11.5 427
2nm Ag+ C | 3.9x107* 0.26 10 5000 11.5 427
Table 4.2. Silver nanoparticles and carbon film deposition parameters.
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Nanoparticle Base Work | Deposition Power Current Voltage
Size Pressure | Pressure | Time-C | Density-C Density - C C
(Pa) (Pa) (s) (W/m?) (A/m?) V)
1InmAg+C | 4.0x10™* 0.28 55 60000 925 646
2nm Ag+C | 3.9x107* 0.26 55 60000 925 646
Table 4.3. Silver nanoparticles and carbon film deposition parameters.
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5. CHARACTERIZATION TECHNIQUES

5.1. Physical and Chemical Characterization
Physical and chemical characterization techniques were used with the objective
of evaluating the morphology, topography, elemental composition, and crystalline structure

of the tantalum oxide nanostructured surface with silver nanoparticles.

5.1.1. Morphology

The morphological characterization of the developed samples was obtained
using scanning electron microscopy (SEM). SEM is an electron microscopic technique
capable of providing an image of the sample’s surface using a focused energetic electron
beam. This technique is one of the most extensively used tool to study the surface
morphology and identify small areas that cannot be observed by optical microscopy, such as
the nanopores obtained by the plasma electrolytic oxidation technique and the sputtered
silver nanoparticles*.

SEM is an important technique for the analysis of surfaces that can withstand
exposure to vacuum. If the surface is not conductive the SEM technique starts by sputtering
the surface with a thin layer of metal, this makes the surface conductive, which is a
requirement®. When this requirement is met, ions start to be generated by either thermionic
guns or field emission guns and are then focused by a series of electromagnetic lenses. The
electron beams then hit the sample’s surface which emits X-rays and three kinds of electrons:
primary backscattered electrons, secondary electrons, and Auger electrons. In this technique
only primary backscattering electrons and secondary electrons are collected by an
appropriate detector and used to generate images of the sample®® 6. This process is
schematized in Figure 5.1.

In this thesis, the morphology and chemical composition of the samples were
evaluated using a FEI Nova 2000 scanning electron microscope (SEM) by secondary

electron and at working distance of 5mm.
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Figure 5.1. Schematized representation of the SEM technique. Adapted from %,

5.1.2. Topography

The topographic characterization of the developed samples was performed by
Atomic Force Microscopy (AFM).

Despite being a relatively recent technique, AFM has become an essential
mechanism for nanoscale surface imaging. Regarding biomaterials, AFM possesses some
advantages when compared to other imaging techniques. Firstly, sample preparation is
simpler for AFM in comparison to SEM. AFM is also capable of producing detailed three-
dimensional maps instead of two-dimensional images without expensive and prolonged
sample preparation®,

In AFM imaging, the sample is scanned line-by-line using a sharp probe tip
mounted on a micro-cantilever, thus generating a topographic image of the surface. The
interaction between the tip and the surface causes the cantilever to deflect. This deflection is
monitored by a laser that is focused on the top of the cantilever, and from there is reflected
onto a split photodiode. When the laser spot moves on the photodiode it triggers an electric
signal change that is used in a feedback loop in order to maintain the exerted force constant.
During the feedback loop, voltage is applied to a piezoelectric scanner, which moves either

the tip or the sample up and down. This vertical movement of the piezo enables the
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generation of an image of the surface’s topography®. A schematic diagram of a typical AFM

instrument is depicted in Figure 5.2.
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Figure 5.2. Sketch illustrating the principal of Atomic Force Microscopy. Adapted from“®,

There are three operating modes of AFM: contact mode, non-contact mode, and
tapping mode. In this work it was used the tapping mode to analyze the topography of the
samples. This mode is the most suited for the characterization of biomaterials since, although
there is still mechanical contact, damage to the sample’s surface is lessened as the contact is
intermittent and no lateral force is applied to the sample**,

In the tapping mode, a vibrating micro-cantilever is held at tip-to-sample
distance. During the vibrational movement the cantilever’s lowest point taps the surface.
While the cantilever vibrates, the sample is dragged beneath the tip which leads to changes
in the cantilever’s vibrational parameters. These changes are monitored and the feedback
correctional parameters are used to keep the vibration constant and then processed to produce
a topographical image*°.

In this thesis, the surface topography and roughness were assessed by atomic
force microscopy (AFM) (Bruker di Innova) with a conductive Si cantilever in tapping
mode, the RTESP-300 probe from Bruker, (8nm radius of curvature). The average roughness

(Ra) was obtained in a 10x10um? area.
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5.1.3. Chemical Composition

The composition characterization was performed by Energy Dispersive X-ray
Spectroscopy (EDS).

Normally, SEM is equipped with an Energy Dispersive X-ray Spectroscopy
(EDS) detector with the purpose of chemically characterizing the chemical composition of
each sample. This technique is based on the detection and investigation of the characteristic
X-rays produced by the primary electrons, which were already mentioned in the Morphology
subchapter. While electron illumination occurs, an electron in the inner-shell of the target
atom can be ejected and, subsequently, an electron hole is created. Afterwards, an electron
from an outer-shell occupies the hole, and the dissimilarity of energy between the outer and

inner-shell electrons is released in the form of X-rays, as seen in Figure 5.3.4

Electron emitted

Electron with ,,' 7 e~ ]
high energy P & \'
\\ X-ray photon /
v J/ § emitted ‘

(b) e

(a)

Figure 5.3. Schematic diagram illustrating the primary electron emission process. (a) High-Energy induces
target atom with an inner-shell emission. (b) An electron drops from a higher energy level to the vacant
hole by emitting X-rays. Adapted from*,

This emitted X-ray has the characteristic energy of the atomic structure of the
element from which it was emitted. Therefore, by measuring the quantity and energy of the
X-rays emitted from the sample, it is possible to determine its chemical composition.**

In this thesis, the chemical composition of the samples were evaluated using a
FEI Nova 2000 scanning electron microscope equipped with an EDAX Pegasus X4M
detector for energy-dispersive X-ray spectroscopy (EDS) at 10 kV and at working distance

of 5mm.
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5.1.4. Crystalline Structures

The structural characterization of the samples was performed by X-Ray
Diffraction Microscopy (XRD). This technique made it possible to identify the crystalline
structures present in the tantalum oxide nanostructured samples with silver nanoparticles.

XRD is the main technique used for determining the phase of a crystalline
material. Firstly, this technique starts by pointing an accelerated X-ray at the sample. From
the interaction between this X-ray and the metallic sample a fraction (~1%) of this beam is
converted into X-ray, while the remainder of the beam dissipates as heat. The generated x-
rays produce two kinds of radiation spectrums. In the first place, x-rays without any specific
wavelengths, but with a continuous spectra, are created. These spectrums are generally not
used for the characterization. The second type of spectrums created are known as the
characteristic spectra, which are produced by specific electronic transitions within the
individual atoms of the metallic sample.

Using Bragg’s law:

nA = 2dsin(0),

it is possible to find a relation between the wavelengths of the characteristic spectra and the
interatomic spacing. Where (n) is an integer known as the order of reflection, (1) is the
wavelength of the x-rays, (d) is the characteristic spacing between the crystal planes of a
given specimen, and (0) is the angle between the incident beam and the normal to the

reflecting lattice plane, as seen in Figure 5.4.%

Detector

X -'ray

Figure 5.4. X-Ray Diffraction Principle. Adapted from *° .
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By measuring the angles of the x-rays when they reflect on the sample and the
interplanar spacings, and comparing this data to the standard line patterns in the Power
Diffraction Files (PDF) database, every single crystallographic phase can be determined. It
is important to mention that this file is annually updated by the International Center of
Diffraction Data (ICDD). >

In this thesis, the surface’s structure and phase distribution were analyzed by X-
ray diffraction (XRD) (X Philips X-Pert) using a Co radiation Ko radiation (\Ko1=1.7890A
and AKa2=1.7929A) at 40kV and 35mA. The experiments were performed in grazing angle
geometry of 1° with a step size 0of 0.025°, and a time per step of 1s, and 20 range of 20-120°.

5.2. Functional Characterization
The functional characterization was performed in order to evaluate the silver

nanoparticles release and its antibacterial activity.

5.2.1. Silver lon Release

The silver nanoparticles which were deposited onto the nanostructured tantalum
oxide substrates are responsible for releasing the silver ions. These silver ions greatly
contribute for the antibacterial ability of the samples. Therefore, the silver ion release was
studied using the Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES)
technique.

This process starts with the introduction of a liquid sample into a nebulizer,
which transforms it into very small droplets. These droplets are then sprayed into a plasma
torch, where the plasma excites the electrons of the sample from the ground state to higher
energy levels. Similarly to other techniques, when the electrons fall back into the ground
state, they emit wavelength specific photons that are characteristic of a certain element. The
intensity of this emission is proportional to the amount of the element present in the sample.

In these experiments, since the nanoporous tantalum samples, which were not
submitted to deposition, presented an absence of nanoparticles, they were used as the control
samples. While the samples with nanoparticles were used to analyze the silver ions release

compared to the control samples.
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Firstly, the samples were immersed in a vessel containing 50mL of Phosphate
Buffed Saline (PBS) solution. Afterwards, 2mL of this solution were removed from the
vessel at different time setpoints: 2h, 24h, 48h, 7d, 14d, 1m. Previous to the analysis, the
2mL of solution were diluted in 4mL of Nitric Acid (HNO5(2%)), with a dissolution factor
of 3 times and then measured by inductively-coupled plasma optical emission spectroscopy
(ICP-OES, ICP PerkinElmer spectrometer model Optima 8000).

In order to quantify the silver ion release in an aqueous media, a calibration curve
was calculated using a silver Plasma Standard solution (Specpure, 1000 pg/mL). This
calibration curve, which is presented in Figure 5.5, was prepared in HNO acid, since that

was the matrix in which the silver standard solution was stabilized.

Calibration Curve
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Figure 5.5. ICP-OES Silver calibration curve with Nitric Acid.

5.2.2.  Antibacterial Activity

Silver nanoparticles possess three mechanisms capable of causing an
antimicrobial effect: (i) release of Ag™, (ii) generation of free radicals, and (iii) direct contact
between the nanoparticles and the bacterial cells. With the purpose of testing the
antimicrobial properties of my samples they were subjected to Halo Tests.

The Halos tests were performed by placing the samples in a petri-dish, adding to
the plate agar and, lastly, inoculating the bacteria. The samples were introduced in the petri-

dish with the coated surface facing down, forcing the contact between the nanoparticles and
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the bacteria. The samples were tested against two different bacteria separately:

Staphylococcus Aureus and Klebsiella Pneumoniae.

5.3. Mechanical Characterization
Mechanical characterization techniques were performed to evaluate the coating

adhesion to the surface of the samples and the mechanical robustness of each sample.

5.3.1. Adhesion Test

The adhesion test was conducted to evaluate the adhesion of the coating to the
substrate. Since the final objective of an implant is to be inserted directly into the bone, it is
necessary that the coating stays on the surface while the implant is being screwed, thus
maintaining its functionality.

In this thesis, the adhesion test was carried out according to ASTM D3359-17
standards. Each substrate was cut in a checkered pattern, making horizontal and vertical lines
with a distance of 1mm between each cut®?. Then, a specific tape was placed on top of the

grided area for 90 seconds and was quickly removed with an angle of 180°.
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Following the ASTM D3359-17 standard tests, each sample was analyzed by

optical microscopy and rated on a scale from OB to 5B represented in Figure 5.6.

Surface of crosscut area (six each horizontal

Classification for percentage and vertical parallel cuts) where fiaking
of area removed has occurred: adhesion range by percent.*
|
68 —~ 0% None
14
48 — Less than 5% -
38 - 5% to 15%
S 8 0 0 ——
~ <4+
28 — 15% 10 35% |

18 — 35% o 65%

08 —~ Greater than 65%

Figure 5.6. Adhesion scale according to ASTM D3359-17, adapted from 52 .

5.3.1. Scratch Test

The mechanical robustness of the samples was evaluated using a scratch tester.
During the tests, a progressive load which was setup up to 10N was pressed into each sample
by a 1cm viton ball that was adapted to fit the scratch tester, as seen in Figure 5.7. The
vertical load rate was set to 100 N/min and the horizontal velocity was programmed to be

30mm/min. Every test was completed using a CSEM Revetest automatic scratch tester.
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Following the testing the samples were analyzed by SEM.

Figure 5.7. Scratch tester adapted with a viton ball.
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6. RESULTS AND DISCUSSION

In this chapter, the results obtained from the tests performed on the samples will
be presented and analyzed. Furthermore, the impact of the anodization technique and
nanoparticle deposition on the physical and chemical properties of the tantalum-based
samples will be examined. Additionally, the functional characterization of the surface will
be executed, specifically the Ag ion release and the antibacterial activity of each sample.

Finally, the mechanical properties of each sample will be analyzed.

6.1. Physical and Chemical Results

6.1.1. Morphology

Figure 6.1. displays the micrographics obtained through SEM, with a scale of
Sum and 1um, for a standard Ta control sample (Ta), an anodized Ta sample doped with
bioactive elements such as Ca and P (Ta_CaP), anodized Ta samples doped with bioactive
elements with either 1nm or 2nm silver NPs deposited on its surface (Ta_CaP_lnmAg,
Ta_CaP_2nmAg) and anodized Ta samples doped with bioactive elements with 1nm or 2nm
Ag NPs deposited on its surface covered by a thin carbon layer (Ta_CaP_1nmAg_C,
Ta_CaP_2nmAg_C).
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Figure 6.1. SEM micrographics of Ta (Control sample), Ta_CaP, Ta_CaP_1nmAg, Ta_CaP_2nmAg,
Ta_CaP_1nmAg_C, Ta_CaP_2nmAg_C. Scales of 5um and 1um.
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Firstly, by comparing the Ta sample with the Ta_CaP sample, it is possible to
verify that the plasma electrolytic oxidation promoted a microstructured surface. Indeed, the
Ta_CaP sample successfully mimics the morphology of the bone, since it possesses micro
and nanopores, which would promote the osseointegration process.

Secondly, both the Ta CaP_1nmAg and Ta CaP_2nmAg samples
micrographics confirm the presence of nanoparticles in the form of small spheres. It is
important to note that the nanoparticles can be observed, not only on the surface of each
sample, but also inside its pores without damaging the bone-like morphology.

Lastly, the couple of micrographics regarding the samples that were covered by
a thin carbon layer show the same morphology that resembles the bone, but this time covered
by bigger and more spaced nanoparticles, when compared to the Ta_CaP_1nmAg and
Ta_CaP_2nmAg micrographics. The change in size and distribution of the nanoparticles can
be attributed to the low affinity between the carbon and silver particles. In addition to this
factor, silver nanoparticles possess high affinity to each other. Both these characteristics
promote the mobility of the silver nanoparticles (maybe occurring during carbon deposition)
which aggregate and increase in size.

In order to corroborate this hypothesis further investigation of the SEM
micrographics was made using the ImageJ Software. Using this tool, it was possible to
differentiate individual from coalesced nanoparticles, as well as calculate the radius of each

nanoparticle. All this data is depicted in Figure 6.2.
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Figure 6.2. Differentiation between Coalesced and Individual nanoparticles. Graph representing the
number and size of the nanoparticles present in each sample.
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6.1.2. Topography

The topographical characterization of the samples was performed by AFM.
Figure 6.3 displays the topography of the pure Ta standard sample and the Ta_CaP sample,
with a scale of 10um. Through the observation of this Figure it is possible to identify pores
created by the PEO technique, further confirming that the Ta_CaP’s surface mimics the bone
structure.

The AFM technique, allied with the usage of the Gwyddion Software made it
possible to calculate both the area mean roughness (Sa) and the area quadratic roughness
(Sq) of each sample. As represented in Table 6.1, the roughness of the Ta_CaP sample is
higher than the roughness of the standard Ta sample, due to the porosity that the Ta_CaP
sample obtained through PEO treatment.

Figure 6.4. shows the AFM results of the: Ta CaP,Ta_CaP_lnmAg,
Ta_CaP_2nmAg, Ta_CaP_lnmAg_C and Ta_CaP_2nmAg_C samples, with a scale of
0.5um. A careful examination of the Ta CaP sample image confirms the absence of
nanoparticles, contrasting with all the other images of the samples present in Figure 6.4,
where it is possible to identify the presence of nanoparticles in the form of small spheres. As
expected, the deposition of nanoparticles on the surface of the sample increased its
roughness, as seen in Table 6.1.

Furthermore, the images from Figure 6.4 of the Ta CaP_lnmAg C and
Ta_CaP_2nmAg_C confirm the presence of bigger and more spaced nanoparticles when
compared to their carbon-less counterparts. Finally, Table 6.1 shows a small decrease in

roughness with the addition of the thin carbon layer, since it covers some of the pores.

3

Figure 6.3. AFM image of the Ta and Ta_CaP samples. Scale of 10um.
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Figure 6.4. AFM images of the: Ta_CaP, Ta_CaP_1nmAg, Ta_CaP_2nmAg, Ta_CaP_lnmAg_C and
Ta_CaP_2nmAg_C samples. Scale of 0.5um.
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Sample Area Mean Roughness (Sa) | Area Square Roughness (Sq)
(nm) (nm)
Ta 32 45
Ta CaP 151 200
Ta_CaP_1nmAg 183 234
Ta CaP_1nmAg C 149 190
Ta_CaP_2nm 228 283
Ta_CaP_2nmAg_C 174 220

Table 6.1. Area Mean Roughness and Area Square Roughness of the: Ta, Ta_CaP, Ta_CaP_1nmAg,
Ta_CaP_2nmAg, Ta_CaP_1nmAg_C and Ta_CaP_2nmAg_C samples.

6.1.3. Chemical Composition

The chemical composition analysis was performed by SEM-EDS. This
technique granted information about the atomic percentage of each chemical element present
in several locations of each sample. Table 6.2 presents the average results regarding the
atomic percentage of the chemical elements. The information drawn from the Table made it
possible to reach various critical conclusions.

First of all, the PEO technique was able to simultaneously create a porous oxide
layer and incorporate bioactive elements (Ca, P). The information from Table 6.2 regarding
the Ta_CaP sample further supports the conclusion that it mimics the bone, since it not only
possesses similar morphology (from previous SEM images), but also has in its composition
the same bioactive elements. It is important to notice that the Ca/P ratio from this sample is
3, which is a higher value than the one optimal for the creation of crystalline hydroxyapatite
(1.67).

Regarding Ta CaP_1nmAg sample’s information in Table 6.2, it made it
possible to verify the presence of the silver element. Furthermore, the atomic percentage of
the silver element nearly doubled in the Ta_CaP_2nmAg sample. This is according to
expectations since its deposition time was also two times greater.

Finally, both Ta CaP_1nmAg C and Ta CaP_2nmAg_C samples display
similar silver atomic percentage values when compared to their carbon-less counterparts (~1
at.% and ~2 at.%, respectively). The chemical composition analysis of these samples also

confirmed the presence of the carbon element in similar atomic percentages on both.
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Sample Ta @) Ca P Ag C
(at.%) (at.%) (at.%) (at.%) (at.%) (at.%)

Ta ~100 - - - - -

Ta_CaP 84 12 3 1 - -

Ta_CaP_1nmAg 83 12 3 1 1 -

Ta_CaP_1nmAg_C 82 12 3 1 1 1

Ta_CaP_2nmAg 81 12 4 1 2 -

Ta_CaP_2nmAg_C 80 12 4 1 2 1

Table 6.2. Atomic percentage of the chemical elements present in the: Ta, Ta_CaP, Ta_CaP_1lnmAg,
Ta_CaP_2nmAg, Ta_CaP_1nmAg_C and Ta_CaP_2nmAg_C samples.

6.1.4.

The XRD results for the crystalline structures present in the samples are

Crystalline Structure

displayed as a diffractogram in Figure 6.5.

Comparing the spectra for the samples with the Power Diffraction Files from
ICDD it is possible to verify that the only crystalline structure present in the samples is the
a-Ta phase (ICDD n° 00-004-0788), from the substrate Ta sheet.

None of the samples subjected to the PEO treatment possess peaks in their
spectra corresponding to a crystalline phase of tantalum oxide (Ta,0g), which was
previously proven to be present on the surface of the samples. This fact can be justified,
since the temperatures needed to obtain the crystalline form of Ta,0< are higher than the
ones achieved by PEO, which means that the tantalum oxide is present in the samples under
its amorphous phase. Additionally, the absence of calcium phosphate in the spectra can also
be justified by the same reason.

The lack of silver and carbon peaks on the spectrums of the samples that possess
these elements can be attributed to the superficiality, as well as its very low amount of these

particles, which means that they cannot be detected by XRD.
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Figure 6.5. Crystalline structures diffractogram of the: Ta, Ta_CaP, Ta_CaP_1nmAg, Ta_CaP_2nmAg,
Ta_CaP_1nmAg_C and Ta_CaP_2nmAg_C samples.

6.2. Functional Results

6.2.1. Silver lon Release

The ICP-OES results regarding the silver ion release of the samples are depicted
in Figure 6.6. This graph contradicts the expectations that the thin carbon layer would control
the Ag™ release. Instead, the Ta_CaP_lnmAg_C and Ta_CaP_2nm_C samples showed
higher ionization rates in relation to the carbon-less coatings. Figure 6.6 also reveals that the
samples containing carbon have not yet stabilized and continue to release silver ions
throughout the whole month. Oppositely the carbon-less samples have stabilized. This can
be stated since the release line of the samples that do not possess carbon have turned
horizontal with the passing of time.

In order to confirm this information, the samples were submitted to SEM
analysis. Figure 6.7 shows a comparison before and after of the ICP-OES testing. This
comparison shows that silver nanoparticles can still be seen in Ta_CaP_1nmAg_C and

Ta_CaP_2nmAg_C samples, confirming that there is still silver on the surface of the
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substrates to be ionized. Contrarily, the images regarding the Ta_CaP_lnmAg and
Ta_CaP_2nmAg samples show that the silver nanoparticles that were present on the surface
have almost all been released. Therefore, the information depicted from the graph is coherent
with the SEM images.

According to Manninen et al >3 coatings that possess silver and carbon show
higher ionization rates since they form nano-galvanic couples. Therefore, such material
configuration promotes galvanic corrosion of the phase with lower reduction potential, in
this case: silver.

Nevertheless, even with this enhancement of the ionization of the biocidal Ag*,
the cumulative values show very minimal silver release from the samples. This fact means
that the quantity of silver deposited onto the substrates was not sufficient and will not present

antibacterial activity.

Silver lon Release
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Figure 6.6. ICP-OES results of the silver lon Release of the: Ta_CaP_1nmAg, Ta_CaP_2nmAg,
Ta_CaP_1nmAg_C and Ta_CaP_2nmAg_C samples.
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Figure 6.7. SEM images comparing the before and after of the ICP-OES test of the: Ta_CaP_1lnmAg,
Ta_CaP_2nmAg, Ta_CaP_1lnmAg_C and Ta_CaP_2nmAg_C samples.

6.2.1. Antibacterial Activity
The results from the Halo tests confirmed that the samples possess no
antibacterial activity. Figure 6.8 shows the end result of the test for both Staphylococcus

Aureus and Klebsiella Pneumoniae, where it cannot be seen any halo inhibition zone.

Figure 6.8. Halo test results of the: Ta_CaP, Ta_CaP_1nmAg, Ta_CaP_2nmAg, Ta_CaP_1nmAg_C and
Ta_CaP_2nmAg_C samples.
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6.3. Mechanical Results

6.3.1. Adhesion Test

The results from the adhesion tests show very positive results, since there was a
complete adhesion of the coating to each sample. Optical microscopy images, such as Figure
6.9, show that apart from the cuts made to the sample there was no removal of the coating
by the specific tape, according to the ASTM 03359-17 standard adhesion test.

Therefore, according to Figure 5.6, the samples were classified as 5B, since there

was no area removed.

6.3.2.  Scratch Test

The scratch test results show that the carbon layer might have the promising
ability of improving the mechanical robustness of the samples and even in some cases
prevent the removal of the silver nanoparticles. Figure 6.10 shows a comparison of the before
and after scratch test.

The first sample to be tested was Ta_CaP_1nmAg. SEM results show that this
coating was completely crushed by the scratch test, destroying the micro and nanopores that
previously existed on the surface. Additionally, it is important to mention that the
nanoparticles were completely removed from the surface.

Afterwards, the Ta_CaP_1nmAg_C sample was submitted to the scratch test and

analyzed. The SEM images regarding this sample show micro and nanopores still present on
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the sample. Even though the coating maintained its porosity, it is possible to see that it is
partially shattered. The shattering of the coating can be perceived as a positive feature of the
sample, as it can prevent damage to the bone. From this Figure it is also important to notice
that the carbon layer did not prevent totally the removal of the silver nanoparticles.

The test to the Ta_CaP_2nmAg sample was performed next. This coating
showed very similar behavior to the Ta CaP_1nmAg sample’s coating, since it could not
withstand the scratch test and was completely crushed by it.

Finally, the Ta_CaP_2nmAg_C sample was submitted to the test. This coating
displayed the best results when compared to the other samples, since it, not only, maintained
its porosity while partially shattered, but also prevented the silver nanoparticles to be totally
removed from the surface. These results can be related somehow with tribological behavior

attributed to the carbon layer, recognized with low friction coefficient.
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Figure 6.10. Before and after scratch test of the Ta_CaP_1nmAg, Ta_CaP_1nmAg_C, Ta_CaP_2nmAg and
Ta_CaP_2nmAg_C samples.
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7. CONCLUSIONS AND FUTURE WORK

Different sized silver nanoparticles were sputtered onto tantalum oxide with
micro and nanopores. These samples were produced in order to achieve nanostructured
samples with antibacterial activity suitable for a biomaterial. The porous tantalum oxide
nanostructures were created by performing PEO to high-purity tantalum sheets. Afterwards,
silver nanoparticles with 1nm and 2nm were deposited onto the manufactured substrates
through magnetron sputtering. Then, some of these samples were covered by a thin carbon
layer, using the same method. The samples were then submitted to characterization
techniques in order to evaluate their physical, chemical, functional and mechanical
properties.

Morphologically, every sample presented micro and nanopores which means the
PEO technique was successful. It is also possible to observe silver nanoparticles on the
surface of the sputtered substrates. The topography results confirmed the fact that the PEO
technique created porosity since the mean roughness of the treated samples is higher than
the pure Ta sheets. The chemical composition of the samples reported an incorporation of
bioactive elements such as Ca and P during the PEO treatment. Furthermore, it confirmed
the presence of silver and carbon on the substrates when they were deposited.

The ICP-OES results regarding the silver ion release showed that the samples
that were covered with carbon exhibited higher ionization rates since silver and carbon form
anano-galvanic couple which promotes the galvanic corrosion of silver. However, even with
the higher ionization rates, the ICP-OES cumulative results of ionization show very minimal
silver release, which means that the quantity of silver NPs sputtered onto the substrate was
not sufficient to produce antibacterial activity. Halo tests confirmed the suspicion that there
was no antibacterial activity on the samples.

Mechanical characterization techniques revealed that the coating showed good
adhesion to the surface. Additionally, it appears that the carbon layer has the ability of
improving the mechanical robustness of the samples and in some cases preventing the
removal of nanoparticles. However, it is important to mention that the robustness of the
samples is a parameter that requires further investigation in order to achieve a dental implant

with the mechanical robustness to withstand surgery procedure.
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In future works, the deposition of more/bigger silver nanoparticles, while
avoiding the formation of a film layer, can be an interesting starting point.

Furthermore, in order to create a functioning prototype, it will be crucial to test
several carbon layers with different thicknesses to increase the mechanical robustness while

further promoting the release of silver ions through nano-galvanic corrosion.
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ANNEX A

Firstly, a silicon substrate was ultrasonically cleaned for 10 minutes in Ethanol

and 10 minutes in distilled water. Following this step, duct tape was placed on the surface

of the silicon sample. Then, mimicking the steps of the silver deposition and using the
values represented in Table 0.1, carbon was sputtered onto the surface for 2 hours. The
prolonged deposition time was used to create a big step when the tape was removed with
the objective of minimizing errors. After the deposition time was over the duct tape was

removed, revealing a clean surface without carbon and creating a step between the surfaces

with and without carbon. That step was then measured using a perfilometer with the T1

mechanical head, G profile, and an advance of 5.6mm. The perfilometer’s results are

depicted in Figure 0.1. Using the rule of 3 I was able to calculate the thickness of the

carbon layer per minute which rounded the 4nm/minute.

Deposition 1 30 60 120
Time (min)
Voltage (V) 623 654 665 665
Current 96.5 915 88 81
Density (A/m?)
Power Density 60000 60000 58750 54000
(W/m?)

Table 0.1. Carbon deposition parameters.
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Figure 0.1. Perfilometer results.
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Figure 0.1. TEM grid results.
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