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resumo

Materiais hibridos, polidimetilsiloxano, borossilicato, sol-gel, bioatividade,
citocompatibilidade, angiogénese

Materiais hibridos baseados no sistema polidimetilsiloxano (PDMS)-SiOz-
CaO, preparados por sol-gel, ttm-se revelado um grupo de biomateriais
promissores em varias aplicacdes desde a regeneracao de tecidos dsseos a
sistemas de libertacdo de farmacos. Estes hibridos sdo biocompativeis e
possuem propriedades bioativas e osteogénicas que possibilitam a fixacé@o
dos osteoblastos e o crescimento do tecido 6sseo. Para além do calcio, a
incorporacdo de ibes terapéuticos, como o boro (B), permite estimular a
regeneracdo 6ssea e angiogénese, tornando-se uma alternativa ao uso de
fatores de crescimento angiogénicos. A combinacao destes ibes no material
hibrido orgénico-inorgénico preparado pelo método sol-gel € uma novidade.
Desta forma, o presente trabalho teve como objetivo produzir um material
hibrido bioativo e biocompativel, baseado no sistema PDMS-SiO2-B>0s-CaO
capaz de libertar ides de calcio e boro a fim de estimular a angiogénese. Com
isto surgiu a necessidade de entender o efeito do boro e do célcio na estrutura
e microestrutura do material e, consequentemente, a influéncia destes na
atividade bioldgica. Para alcancar tais objetivos, cinco composic¢des diferentes
com concentracBes de boro distintas foram preparadas, usando os mesmos
precursores e técnica de sol-gel. Os materiais resultantes apresentavam-se
na forma de mondlito e com diferentes estruturas e microestruturas entre eles.
Da andlise estrutural do material, que foi realizada por espectroscopia de
Infravermelhos por Transformada de Fourier (FT-IR) e por Ressonéancia
Nuclear Magnética (NMR), verificou-se a presenca de liga¢des hibridas (Si-
O-Si) entre a fase organica (PDMS) e a fase inorganica (TEOS), assim como
ligagbes caracteristicas de borosiloxano (B-O-Si). A partir dos resultados de
ressonancia nuclear magnética do boro (*1B) verificou-se que a presenca do
ido modificador (célcio) nas composi¢des faz alterar a coordenacao do boro,
de trigonal (BOs) para tetraédrico (BOa4), e que estes encontram-se ligados ao
silicio. Verificou-se que o aumento da concentracdo de boro no sistema
hibrido tem como consequéncia a diminuicdo dos valores da area superficial
especifica (SSA), obtidos pela técnica de Brunauer-Emmet-Teller (BET),
assim como da mesoporosidade do material. Por outro lado, as micrografias,
obtidas por Microscopia Eletronica de Varrimento (SEM), mostraram um
aumento da macroporosidade com a adicdo do boro. Os testes de
bioatividade realizados in vitro, por imersao do material num fluido corporal
simulado (SBF), revelaram a capacidade do material em se degradar,
libertando i6es de calcio e boro no liquido sobrenadante, assim como em
depositar uma camada de fosfato de célcio a superficie, sugerindo
bioatividade. Isto sugere o potencial destes materiais hibridos para serem
utilizados na area da regeneracéo de tecidos 6sseos.

Arelacao entre a estrutura, microestrutura e libertagcdo iénica foram discutidas
de forma a identificar as formulacdes que irdo continuar para posteriores
estudos com linhas celulares especificas relacionadas com a angiogénese,
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Polydimethylsiloxane (PDMS) - SiO2 - CaO based hybrid materials, prepared
by sol-gel, have proven to be very promising materials in tissue engineering
applications and drug delivery systems. These hybrid materials present
biocompatible, osteogenic and bioactive properties, that will support
osteoblast attachment and bone growth. The incorporation of therapeutic ions,
such as boron (B), is known to stimulate bone regeneration and angiogenesis,
which makes it an alternative to the use of vascular growth factors, due to its
low cost, high stability and potentially greater safety. The combination of such
ions in hybrid materials prepared by the sol-gel method is a novelty.

The main purpose of this work was to produce, by sol-gel method, bioactive
and biocompatible hybrid materials within the system PDMS-SiO2-B203-CaO
capable of releasing calcium and boron to stimulate angiogenesis. Another
purpose was to achieve a better understanding of the effect of boron in the
structure and microstructure of this material. For that, five different
compositions with different amounts of boron were prepared using the same
precursors and sol-gel route, resulting in different monolithic materials, with
distinct structures and microstructures. The material’s structure was analysed
by Fourier Transform Infrared Spectrometry (FT-IR) and solid state Nuclear
Magnetic Resonance (NMR) techniques, that expose the presence of hybrid
bonds (Si-O-Si) between organic (PDMS) and inorganic phase (TEOS), as
well as borosiloxane bonds (B-O-Si). From the results of nuclear magnetic
resonance of 1B it was found that the presence of the modifier ion (calcium)
in the compositions changes the boron coordination, from trigonal (BO3z) to
tetrahedral (BO4). These groups are attached to silicon. Thus, it was verified
that the increase of boron amount in the system led to a decrease in the
specific surface area (SSA), obtained by BET method, as well as the
mesoporosity of the material. On the other hand, SEM micrography’s showed
an increase in macroporosity with the boron concentration. The bioactivity
tests performed in vitro by immersion of the materials in Kokukos'’s simulated
body fluid (SBF), demonstrated that the material was able to form a layer of
calcium phosphate on its surface, and to release therapeutic ions in the
supernatant liquid. Thus, this suggests the potential of these materials to be
used in the field of tissue regeneration.

The relationship among structure, microstructure and ion release were
discussed aiming the identification of the formulations that will continue for
further studies with specific angiogenesis-related cell lines
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Chapter 1 - Introduction

Chapter 1

Introduction

The present thesis is divided in five chapters. Chapter | — Introduction, the current one,
summaries the background and the main objectives of this thesis. Chapter Il address the literature
review about bone tissue, tissue engineering, biomaterials, particularly, hybrid materials and the
importance and influence of their therapeutic ions in the material structure and biological behaviour.
Chapter 11 presents the experimental procedure and the characterization techniques performed to the
material. In Chapter IV it is exposed the data from the analysis and its discussion. Ultimately, Chapter

V presents the conclusions of this work and the possible future works.

1.1. Background

The increase in the human longevity has led to a continuous search for new materials, in
order to provide a better quality of life for the human being. However, bone defects, caused by
diseases or injuries, are consider a serious health problem that affect both the elderly and young
people. Bone treatments are generally done using bone grafts, however they have shown several
limitations, over the years, which have encouraged the development of artificial materials. The
scientific progress has given rise to new approaches, in which the biomaterials not only have the aim
of replace (structural role), but also are focused on the regeneration (functional role). These materials
integrate the Tissue Engineering (TE) field, which is based on the repair and regeneration of damaged
tissues and organs (particularly in bone tissues) as a result of diseases, injuries or aging 2. This
multidisciplinary field makes use of biomaterials, cells and growth factors, and for the success of its
processes, the biomaterials need to present certain characteristics: biocompatibility, bioactivity, and
some need to be biodegradable, porous and with mechanical behaviour similar to the host bone *°.
Since bone is considered a hybrid structure with an extracellular matrix mainly consisting of an
organic (collagen) and an inorganic (apatite) phase, many researchers have been tried to produce a
hybrid material that can combine these two phases for the regeneration of bone tissues.

The search for a material with mechanical properties close to those of human bone produced
a new family of hybrid materials, named organically modified silicates (ORMOSILs), that take
advantage of the synergy between inorganic silica (SiO.) domains, based on sol-gel bioactive glass
compositions, and organic polydimethylsiloxane, PDMS ((CHs),.Si0O2),, domains ¢-°. These domains
interact at a nanoscale, allowing the combination of the mechanical and bioactive properties of the
inorganic phase, with the flexibility and controlled degradation rate of the organic phase. Several

studies have shown that hybrid materials based on PDMS-SiO, system and produced by the sol-gel



Chapter 1 - Introduction

process, are potential biomaterials for various applications, such as bone tissue engineering, scaffold
production, and controlled drug delivery systems ’.

Sol-gel process has already been used in the preparation of inorganic materials, such as
silicate-based bioactive glasses, make them with better features and properties for biomedical
applications. This process was attracted much attention due to the possibility of controlling both the
materials composition and morphology, providing the synthesis of the products at low temperatures,
and with high degree of homogeneity and purity at a molecular level. The resulting sol-gel materials
tend to be more porous and with higher surface area, which contributes to an excellent rate of
degradation/reabsorption while occurs the formation of hydroxyapatite layer (HA) on the surface of
the material. This layer is an indicator of the materials’ potential bioactivity and are responsible for
the development of strong chemical bond between the materials and the bone tissue *.

The conception of the calcium-phosphate layer (bioactivity) is due to the ionic dissolution
products from the material, which are also responsible for its osteoconductive, osteogenic and
angiogenic properties. In this way, the biological behaviour can be improved by the incorporation of
chemical elements, as therapeutic agents, into the composition of the materials. It is the case of
calcium (Ca) and boron (B) ions, which are known to be involved in the bone metabolism and to
play a physiological role in angiogenesis, grow and mineralization of bone tissues 4114,

Calcium ion is one of the main constituents of biological apatite — inorganic phase of the
human bone, thus it is obvious its importance and presence in the material. However, one of the
major drawbacks pointed regarding the utilization of these hybrids, has been the use of calcium
nitrate as the calcium source in sol-gel processing. These nitrates are potentially harmful due to the
toxicity of the formed nitrites as by-products and they only can be extracted at temperatures above
400°C. Still, in this case it is not possible, because the polymer used in the material will degrade *°.
An alternative was the use of calcium acetate as calcium source for PDMS-SiO;-base hybrids, to
produce a cytocompatible material. The use of this precursor is not very common and its application
in this hybrid system is also new. Therefore, the way calcium is arranged in the silica network and
the chemical bonds that are established are important factors to study.

In addition to calcium, the boron effects are also important and, as far as the authors know,
the preparation of hybrids with the presence of these two ions is a novelty **-1°. Hence, the way the
boron behaves in PDMS-SiO,-CaO hybrid system, when and how it is incorporated in the silica
network during the sol-gel reactions, what links it establishes and with which chemical groups, are
aspects that need to be considered, since they are going to affect the structure and microstructure of

the final materials.



Chapter 1 - Introduction

1.2.  Objectives

The main purpose of the present work is to develop a sol-gel procedure to produce
biocompatible PDMS-SiO»>-B>03-CaO hybrid materials, for application in bone tissue engineering.
It is intended that these hybrid materials have the capacity of releasing calcium and boron
simultaneously, in order to induce osteogenesis and angiogenesis, which are fundamental to the
repair and growth of bone tissue. Another objective is to study the influence of Ca and B ions on the
structure and microstructure of materials. The material’s structure and microstructure will be
analysed by Fourier Transform Infrared Spectrometry (FT-IR), X-ray Diffraction (XRD), Nuclear
Magnetic Resonance (NMR), Scanning Electron Microscopy (SEM) and nitrogen adsorption (BET).
The bioactivity will be evaluated in vitro by immersion of the materials in Kokubos’s simulated body
fluid (SBF) and a subsequent surface analysis will be done by SEM and XRD. The supernatant
soaking liquid will be analysed by Inductively Coupled Plasma Spectroscopy (ICP), to determine, in
particularly, the concentrations of calcium boron in the liquid. Finally, the cytocompatibility assays
will be performed in vitro in a cellular medium, and it will be carried out by the University of
Erlangen, Nuremberg, Germany. The cell biology studies will be designed to investigate the possible
cytotoxicity of the samples and to determine the effect of samples on osteoblast and mesenchymal
stem cell activity, and differentiation ability.

At the end of the project, one expects to have a better understanding of the relationship
between preparation conditions, structure and microstructure, and to relate those parameters with the

in vitro acellular and cellular behaviour of the developed materials.
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Chapter 2

State of the art

2.1. Bone tissue

The development achieved at a scientific level and the search for new materials over time
have allowed the increase in longevity of mankind. However, the increase in life expectancy results
in the aging of the population, arising a higher probability of diseases or injuries in elder people.
Bone defects are the most common problem and can arise due to trauma, osteoporosis or tumour
removal. In addition, they are difficult to recover, since bone regeneration speed decreases with the
age.

The bone is a dynamic, highly vascularized, self-repairing connective tissue that plays
important roles in our body. Its responsibilities include supporting muscles, protecting internal
organs and being able to respond to multiple stimuli, while adapting its shape and properties to
mechanical and metabolic changes. This constant reorganization of the tissue is due to the presence
of a mineral reservoir, namely calcium and phosphorus ions, and bone cells, that allow the
elimination of the old bone and the constant formation, resorption and repairment of the matrix 5.

The bone tissue is a mineralized tissue with two macrostructures: the cortical bone (or
compact bone) and the trabecular or cancellous bone (spongy bone). The main difference between
them is the porosity. The cortical bone corresponds to the outer layer of the bone and it is dense, with
only 10% of porosity. Also, it is well vascularized and mineralized 2. Its interior is formed by a set
of channels, Volkmann and Havers channels, that contains nerves and blood vessels. The trabecular
bone is the inner part of the bone and it is constituted by an irregular and interconnected porous
structure, with 50 to 90% of porosity. This interconnected network is called trabeculae and has in its
inner bone marrow and stem cells. Unlike the compact bone, the cancellous bone has a higher surface
area, because it is less dense, which makes it weaker and more flexible. Its Young’s modulus and
compressive strength are around 20 times inferior than those of the cortical bone °. However, the
greater surface area contributes to the diffusion of nutrients and growth factors, making it more
metabolically active than compact bone #. Figure 1 shows and identified the different

macrostructures of the bone, and its components.
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Figure 1 - Example of bone tissues.

Regarding the composition, the bone tissue consists of an extracellular matrix with two
components: an organic phase (30%) composed by proteins, mainly type | collagen fibbers (natural
polymer); and a mineral inorganic phase (70%) constituted essentially by calcium and phosphate
salts, being the major salt hydroxyapatite (HA) (Caio(PO4)s(OH).. The ratio of calcium to phosphate
varies between 1.3 and 2.0 (per weight). Other minerals are present but in smaller amount (Mg, Na,
K, Zn, Sr, C). The HA crystals are small (10 to 100 nm) and are distributed along the collagen fibbers.
This junction of hydroxyapatite and collagen fibbers combines their main properties, that are
compressive strength and tensile strength respectively, allowing the hardening and characteristic
strengthening of the bone tissue. While collagen possesses a Young’s modulus of 1-2 GPa and a
tensile strength of 50-1000 MPa, the mineral hydroxyapatite has ~ 130 GPa and ~100 MPa ?2. Both
components are fundamental for the proper functioning and performance of the bone. From a
material’s science perspective, the bone is a hybrid material of a polymer-ceramic (organic-
inorganic), with a hierarchical structural organization of its constituents 3°%2,

As said before, the bone is a highly dynamic form of connective tissue which undergoes
continuous remodelling to optimally adapt its structure to changing functional demands. This
remodelling, that consists in the elaboration, maintenance and resorption of bone tissue, results from
the interaction of three cell types: osteoblasts, osteocytes and osteoclasts °. All of them have defined

tasks and are essential for the maintenance of a healthy bone tissue:

= Osteoblasts: arise from the mesenchymal stem cells (MSC) present in the bone marrow,
which differentiate into osteoblasts through the growth factors in the body. These cells are
responsible for the synthesis of the organic part and, then, for the mineralization of the bone

tissue.
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= Osteocytes: inactive osteoblasts that are trapped in the bone matrix, occupying the spaces
known as lacunae. They play important functions in skeletal maintenance.

= Osteoclasts: are involved in the process of reabsorption of the old bone tissue >23%,

The bone is constantly remodelled by the resorption of osteoclasts followed by the formation of
a new bone by osteoblasts. These processes of self-regeneration of the extracellular bone matrix are
done by the differentiation of the osteoblasts and occurs in three stages. First occurs the proliferation
of cells, in which the expulsion of proteins by the osteoblasts results in the non-mineralized
component of the matrix (organic phase). Subsequently, the matrix maturation is achieved by the
cross-linking of the proteins, which allows the formation of a more compact and stable structure. At
this stage, the matrix is called “osteoid”. Finally, the mineralization of the matrix occurs, through
which the calcium and phosphate (and other inorganic minerals) precipitate and deposit on the
collagen fibbers connecting with them, resulting in the inorganic component of the bone matrix .
After some time, these inorganic precipitates become crystals of hydroxyapatite.

Besides osteoblasts, mesenchymal stem cells also generate blood vessel cells, whose active
formation is essential for the cell survival, and so, for the bone development, since they allow the
transport and exchange of oxygen, nutrients and growth factors. The bone is a highly vascularized
tissue, with its skeletal integrity being maintained by the connection and interaction between blood
vessels and bone cells . There are several growth factors and cytokines that are involved in the
neoangiogenesis of the bone, such as vascular endothelial growth factor (VEGF), basic fibroblast
growth factor (bFGF), transforming growth factor beta (B-TGF), and linterleukina 6(IL-6) and

linterleukina 8 (IL-8), respectively .

**k*x

However, this ability of spontaneous regeneration that the bone possesses is not always
enough. In those cases of fracture or disease the process can be speeded up with the use of implants.
More and new medical procedures have been requested, for repairing bone defects or losses of tissues
or organs, as a result of trauma, injury, disease or aging ®. Current treatments are based on grafts
(transplants), that have the purpose of restoring some of the lost functionalities. According to their
origin, they can be classified as autografts, allografts and synthetic grafts. Autografts are the gold
standard, which involves transplanting bone from another part of the patient’s own body to the defect
site. Although they are the most preferred, there may be complications, since the bone is limited in
supply, and it can give rise to chronic pain and infection in the patient. Allograft is another alternative,

in which a bone or organ is taken from another person, and it is available from a bone bank. Still, it
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is expensive and potentiates risks of disease transmission from donor to host. Synthetic grafts
(alloplastic materials) are also used as substitutes and are usually made of metal or ceramic protheses.
Although metals provide immediate mechanical support at the site of the defect, they are stronger
and stiffer than bone and have limitations in terms of integration capacity with the surrounding tissue,
which can lead to failure because of infection. Another problem is the different size of the ions.
Ceramic materials have the advantage of being based on hydroxyapatite, which is similar to the bone
mineral phase. However, they have low tensile strength and are brittle, making it impossible to be
used in locations of significant torsion or bending >%.

Even though these therapies have saved and improved countless lives, they remain imperfect
solutions. The costs, the risks of transplantation, the reconstruction and the durability of the implants
are some of their biggest limitations.

2.2. Tissue Engineering

A new promising approach and solution has emerged: Tissue Engineering (TE). Langer and
Vacanti defined it as “an interdisciplinary field that applies the principles of engineering and the life
sciences toward the development of biological substitutes that restore, maintain, or improve the tissue
functions™ 1. Tissues such as skin, bone and cartilage have been successfully regenerated. This can
potentially overcome the problem of a shortage of living tissues and organs available for
transplantation 2. In contrast to the classic biomaterials approach, it aims to develop materials
focused on the regeneration of damaged tissue, instead of just replacing them 4.

In this field, tissue scaffold is the most common biomaterial used, and it serves as a three-
dimensional (3D) temporary structure for cells to migrate, proliferate and differentiate and,
consequently, synthesize a new tissue or organ with a desired shape and dimension *4. Generally, the
materials are seeded with cells, growth factors, or can be subjected to mechanical or environmental
chemical stimuli. These cells can be cultured in two different ways: in vitro or in vivo. In vitro, the
cells harvested from the patient (osteogenic cells in the case of bone) are seeded in a controlled
environmental with the synthetic biomaterial and left to proliferate. Then, the biomaterial formed is
implanted back into the patient. In vivo, the biomaterial is directly implanted into the defect, to guide
and stimulate tissue repair in situ, seeded with cells or not 2427, In Figure 2 it is represented a scheme
of the in vitro strategies, where cells are seeded in a scaffold and, posteriorly, incorporated in the
patient 28,

In this way, the biomaterial choice for creating scaffolds, monoliths or powders, should

considerate the structural characteristics desirable for the formation of optimized tissue *°.
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Figure 2 - Tissue engineering in vitro: a combination of cells, biomaterial scaffolds, biofactors and
mechanical stimulus, for the development of a functional biomaterial that can later be placed in the patient.
Adapted by %,

2.3. Biomaterials

In 1991 at the 2" Chester Conference, biomaterial was defined as “ all material intended to
contact biological systems to evaluate, treat, strengthen or replace any tissue, organ or function of
the organism” 2>2°. As said before, in TE the biomaterial should meet certain criteria, and maintain
its properties and structural characteristics during its implantation and throughout its period of useful
use, without causing damages to the physiological environment surrounding 2°2°. In this way, an

ideal bone substitute material, specially the scaffolds, should be 263

= Biocompatible, which means to be well integrated in the host’s tissue without eliciting any
toxic and inflammatory responsg, i.e., it must be accepted biologically by the organism #27;

= Biodegradable, that is, it should degrade through interactions with the body, so that the cells
can produce their own extracellular matrix. The by-products should be non-toxic and easily
resorbed or excreted by the body. It is important that the degradation occurs at a controlled
rate that matches the production of new tissue #%%’;

= Bioactive, eliciting specific biological responses at the interface of the material, which results
in the formation of a chemical bond between the tissues and the material 3432

= Osteoconductive and Osteoinductive, to promote adhesion and proliferation of the
osteogenic cells in order to produce the bone matrix °, and to induce them to the bone healing
site and stimulate the osteogenic differentiation pathway >23;

= Porous, with an interconnected porosity involving micro and macropores to ensure cellular

penetration, their uniform distribution, and tissue vascularization which is important in the
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diffusion of nutrients among the cells. Pore size is important and is directly related to the
vascularization. So, a material must consist of macropores (diameter > 50 nm) to allow the
entrance, migration and growth of the cells, the exit of products from degradation and the
circulation of vessels to deliver nutrients to the cells. This results in a rapid vascularization
and, consequently, in a swift osteogenesis (formation of bone tissue). On the other hand,
smaller pores (micropores with a diameter of 0.2 — 2 nm) are crucial to allow local adhesion

423 but this porosity compromises mechanical properties such as compressive strength.

The selection of the most appropriate material in bone tissue engineering applications is a
very important step towards the construction of a tissue engineered product. Up until now several
materials, mostly ceramics/glass, polymers of natural or synthetic origins, or composites of ceramic-
polymer, have been proposed 4 Within the ceramics, silicate-based bioactive glasses (BGs) have
gained much attention in the biomedical field, owed to their ability to enhance osteogenesis and

angiogenesis. This is mainly due to the ionic dissolution products released from the material 33133,

2.3.1. Bioactive glass (BG)

The first bioactive glass (BG), commercially named Bioglass®45S5, was invented by
Professor Larry Hench, in the late 1960s, and it was produced by conventional method of melting
3433 This was a silicate glass based on a quaternary SiO,-CaO-Na,O-P,Os oxide system 34, and it
was the first case in which an inorganic material was able to achieve a spontaneous chemical bond
with the bone tissue and create a stable and tightly bonded interface #. Their bone bonding ability has
been attributed to the formation of a hydroxycarbonate apatite (HCA) layer on the surface of the
glass, when in contact with body fluid *#. The HCA layer formed is similar to the bone mineral phase,
allowing the development of a strong bond between the bioactive glasses and the bone tissue 3.
This ability to form HA-like layer or calcium-phosphate layer, when immersed in simulated body
fluid (SBF) in vitro, is often taken as the indication of its bioactivity, and this bioactivity in vitro is
an indication of the bioactive potential of a material in vivo 4. However, recent studies have proven
that despite the material not forming HA-like layer in a SBF, it demonstrates extensive bonding to

the bone. The opposite may also happen “.

Mechanism of HCA layer formation

The bone bonding occurs through the formation of HCA layer between the materials and the
bone tissue. This layer is developed as a result of a sequence of chemical reactions on the surface of
the bioactive glass implant, that release soluble ionic species. These reactions can be divided in five

surface reactions, as described by Hench based on Bioglass 45S5 4%-3":

10
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Stage 1: occurs a controlled diffusion, where an ion exchange reaction happens between the
glass network modifiers (Na* and Ca?*) and H* ions (or H3O") from the solution, which leads to

hydrolysis of the silica groups and the creation of silanol (Si-OH) groups on the glass surface;

Stage 2: the increase in pH leads to the dissolution of silica, in the form of silicic acid,

Si(OH)s, into the solution, and the continued formation of Si-OH groups on the glass surface;

Stage 3: condensation and polymerization of an amorphous SiO,-rich layer on the material’s
surface depleted of alkali and alkaline-earth cations;

Stage 4: Ca?* and (PO4)* ions migrate through the silica layer and from the solution to the
surface, forming an amorphous calcium-phosphate layer on top of the SiO-rich layer;

Stage 5: with the continuous biomaterial dissolution, CaO-P,Os layer incorporates OH" and
(COs)? anions from the solution and crystallizes into a HCA layer.

Depending on the glass composition and the number of Si-O-Si bonds available, the five

stages can occur from a few hours to several days.

**k*x

Besides contributing to the bioactivity, ionic dissolution products from the bioactive glass
are also responsible for the osteoconductive and osteoinductive behaviours of the 45S5 glass, as well
as their ability to promote angiogenesis *!3%%3° The material degrades and, consequently, releases
calcium (Ca?"), phosphate (PO4)* and silicon ions that activate and up-regulate gene expression in
osteogenic cells. This leads to the proliferation and differentiation of osteoblasts, giving rise to rapid
bone regeneration 4. Regarding the angiogenic properties, the ions released from the BG stimulate
the secretion of angiogenic growth factors in fibroblast, such as VEGF and bFGF #3340 Studies
showed that surfaces coated with Bioglass produced a significant increase in the secretion of VEGF
and bFGF 4%, As mentioned before, in TE it is important for a biomaterial to be able to promote
angiogenesis, a necessary process for rapid revascularization in order to ensure the survival of tissues
1339 Therefore, BGs have an angiogenic potential and can be an alternative to the application of
growth factors, that have been associated with some problems such as the cost, duration and

efficiency of their release in the surrounding tissue “.

11
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In this way, BG exhibit attractive properties compared to other traditional bio-inert and non-
degradable bioceramics, for tissue engineering applications. In the market, there were presented some
commercial materials based on the Bioglass ®, like PerioGlass®, Biogran®, BonAlive® and
NovaMin ®, all of which are available in particles instead of monolithic materials 4. In the form of
particles, granules or putties can be more easily pressed into a defect 32, Usually, surgeons mix these
particles with blood from the defect site, and then put them in the defect. The blood will help bone
repairment, since it gives natural growth factors and cells to the mixture. Current applications are in
orthopaedics, dentistry (tooth enamel remineralization, prevention of dentinal hypersensitivity) and
craniomaxillofacial surgery .

In addition to silicate glass, other bioactive glasses with different compositions have been
developed to improve physical characteristics and therapeutic effects, like bioactivity, rate of HA
formation and angiogenic potential *333742 Since 45S5 (silicate) bioactive glass has a slow rate of
HA conversion or undergoes incomplete conversion, after an in vivo implantation, one trend is the
incorporation of different elements into the composition of the glass. In this way, the material’s
composition can be changed by incorporating other ions to form the glass system, which
consequently results in the change of the dissolution behaviour of the material and in their reactivity
(biological performance) when immersed in biological fluids *. Besides Ca, Si and P, there are many
trace elements in the human body (such as Mg, Zn, B) that are known to participate in bone
metabolism 3. In this way, there have been new approaches, namely through the introduction of these
active ions into the glass network in order to use their therapeutic effects and to improve the
biological performance of the materials .

For example, this is the case of borate and borosilicate glasses, based on B2Os ions as the
main network formers, in which the incorporation of boron (B) ions in the BG demonstrated higher
properties than silicate glasses 2. In this way, the ions present in the glass network, and that will be

released from it, play important roles in the formation, growth and repairment of the bone *’.

2.3.1.1. Importance of ionic dissolution products from BG

As seen in bioactive glasses, when it is in contact with simulated body fluids, the material
degrades and releases inorganic ions, that are responsible for the enhancement of the bioactivity of
the material and are determinant for the expression of genes involved in osteogenesis and
angiogenesis 2433-353% The incorporation of certain elements as therapeutic agents, in bioactive glass,
is getting significant attention in TE and increasing evidence in the literature indicates that ionic
dissolution products from inorganic materials are the key to understand the behaviour of these

materials in vivo and in vitro . The degradation rates of the bioactive glasses will depend on their

12
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composition, which ions are present, whether they are in the form of network formers or modifiers,

and its amount.

Calcium ions

Calcium (Ca) is known to be involved in the bone metabolism, angiogenesis and growth and
mineralization of bone tissue 3%, Inclusively, as said before, Ca and P are the main constituents of
biological apatite - the inorganic phase of human bone. In this way, it is obvious that their presence
in the bioactive glass is essential for bone formation.

In the silica network, Ca?* ions behave as network modifiers, which disrupt the glass network
by breaking the Si-O-Si bond and generating a non-bridging oxygen species (NBO).

Silicon ions

Silicon can be found in bone and connective tissues in the body, and it is known to be
essential for the mineralization of the bone and gene activation 24344, In the early stages of the
biomineralization process, silicon is present in active calcification stages, and during the later stages,
silicon in aqueous orthosilicic acid, Si(OH)4 form, induces HA precipitation 344344,

In vivo experiments with rats showed a relationship between Ca and Si in bone formation:
with low calcium intake, dietary Si increased the rate of mineralization *#434°, Also, in vivo outcomes
have shown that substituting silicon for HA granules results in a higher bone ingrowth than pure HA
granules 2. In addition, Si has revealed stimulatory effects on cellular activities: osteoblastic
proliferation and differentiation; formation of collagen I (protein in bone matrix) in human osteoblast
cells; and osteogenic differentiation of mesenchymal stem cells 344, Aside from the potential
osteogenic benefits, silicon may have angiogenic capabilities as well 344, Zhai et al. “® reported that,
in addition to bioactive glasses, a Si-containing bioceramic enhanced angiogenesis of human aortic

endothelial cells.

Boron ions

Boron is one of the trace elements in the human body that is known to be involved in the
bone metabolism (bone growth and maintenance), wound healing in vivo, stimulation of growth
factors and cytokines, and to play a physiological role in angiogenesis 334748,

In studies using rats, boron deprivation has decreased bone volume fraction, trabecular
thickness and led to changes in rat behaviour and brain mineral composition #74°. In the human body,
boron can be essentially found in bones, nails and hair, and its total content ranges from 3 to 20 mg
474950 Its presence is fundamental for the bone metabolism process and to prevent bone loss,

osteoporosis, which generally occurs in post-menopausal women and in old men #’. Researches have

13
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observed that there is a difference in the concentration of boron in arthritic bones (3 ppm) and in
healthy bones (56 ppm) #4750,

In this way, it is of special interest to incorporate boron ions in bioactive glass, for their
release in the human body for bone health and bone regeneration #’. Borosilicate glass is an example
of these bioactive materials, in which B,O3 replaced part of SiO-, in silicate 45S5, being the main
glass-forming component #’. The electronic structure of boron and silicon is different, boron is
trivalent, and silicon is quadrivalent, so the physio-chemistry and biological property of the materials
will be different as well. The conversion mechanism of borosilicate glasses to HA is similar to the
one described for 45S5 Bioglass ®, and this conversion was found to be influenced initially by the
dissolution of the glass and later by the diffusion of ions to the reaction surface *"°!. However,
according to some authors, replacing the SiO in the silicate based 45S5 bioactive glass with varying
amounts of B,Os produced glasses with controllable conversion rates of HA when immersed in
physiological fluid 52%, Thus, the conversion rate and bioactive character of BGs depend on the
B,03:SiO, molar ratio and for higher B,Os content in the silicate glass, the quicker is the conversion
obtained 5, This could be explained by its low chemical durability, which makes the material
degrade rapidly and convert to HA more completely and at a more controllable rate than bioactive
silicate glasses 5°4%6, The bioactivity will be higher, as well as the bone formation, and the rate of
bone tissue formation will be close to the degradation rate of the material. With all of this, borosilicate
glass is useful in the field of bone TE.

Several studies, including Balasubramanian et al. %°, Saranti et al. 5" and Ryu et al. %, have
confirmed that boron in the glass network has a catalytic effect at favouring bioactivity, is
noncytotoxic for the cells, in certain amounts, and may even improve mechanical properties °.
Ohtsuki et al. ¢ reported that CaO-SiO,-B,0s glass was bioactive as well as biodegradable, and the
addition of a small amount of B,O3 (substitution of Si.O for 30 mol% B,Os3) into the CaO-Si,O
system increased the rate of dissolution of glass ceramics and the formation of Si-OH groups on the
surface, providing nucleation sites for the HCA. Through in vitro tests, the materials were proven to
be non-cytotoxic for cells. Accordingly, Brown et al.%! and Hakki et al. 4° demonstrated that a higher
B,0; content (over 1 mg/L in the latter case) in the glass results in an inhibition of cell proliferation
under static culture conditions and, consequently, in no biocompatibility for the osteoblast cells.
Nevertheless, for lower boron amounts the inhibition of cell proliferation was alleviated.

Besides enhancing new bone formation, boron has been considered a promising therapeutic
alternative in the enhancement of vascularization *3, Bioactive glasses containing boron have
demonstrated in vivo and in vitro capacity of stimulating the secretion of pro-angiogenic growth
factors, including VEGF and B-TGF, and proliferation of endothelial cells, due to its ionic dissolution

products *. The combination of Si and B ions might have a synergistic effect, and the rapid
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degradation of these glasses leads to the release of pro-angiogenic ions, such as boron itself,
improving angiogenesis *. Thus, Durand et al. *%2 produced a bioactive glass 45S5 enriched with
2% B,03, and confirmed that the boron ions released from the material stimulates human umbilical
vein endothelial cell (HUVEC) proliferation and migration, and stimulates in vitro secretion of pro-

angiogenic cytokines, such as IL-6 and b-FGF.

Cytotoxicity (Cytocompatibility)

The mineralization of bone is created by the osteoblasts when the cells are exposed to critical
concentrations of the soluble ionic constituents released from bioactive glasses. The release of the
inorganic ions into the surrounding fluid needs to be at a controlled rate, in order to avoid cytotoxicity
%, When dissolution rates are too fast, the ionic concentrations are too high to be effective; and when
the rates are too slow, the concentrations are too low to stimulate cellular proliferation and
differentiation. A controlled release rate is the key.

Maeno et al. ¢ found that low (2-4 mM) Ca concentrations are suitable for proliferation and
survival of osteoblasts; medium (6-8 mM) Ca concentrations favour osteoblast differentiation and
extracellular matrix mineralization; whereas higher concentrations (>10 mM) are cytotoxic. This
cytotoxicity is due to an increase in Ca?* accumulation. The authors even consider that the better
value of Ca?* concentrations is around 5 mM, which is useful for both HA deposition and osteoblast
behaviour . However, other studies believe that to encourage new bone formation, the target
concentration of calcium in the local body fluid is 88-100 ppm and for Si is 17-20 ppm 644, The
natural levels of Si in the human body are low — 0.6 ppm for serum and 41 ppm for muscle - and
therefore, the excretion of the Si is important 2.

The toxicity of boron is another concern that must be taken into account. Its release into the
solution can be as borate ions, (BO3)*. In the conventional “static” in vitro culture conditions, some
of the glasses revealed to be toxic to the cells, but in “dynamic” conditions this toxicity was
diminished 4% A supposed explanation for this is the existence of a constant flow of oxygen and
cells, which allow the renewal of the medium. Also, some studies have alleviated concerns about the
toxicity of B in vivo cells ¥*%°, Lin et al. ®, implanting high amounts (up to 1120 mg/animal) of
13.93B3 borate glass microfibers containing 53 wt% of B,Os in rats, showed that no toxicity was
evident in the kidney tissue. In addition, Balasubramanian et al. *° conclude that borosilicate scaffolds
containing 12.5 wt% B,O; exhibited a moderate release of ions which support suitable cell
proliferation and attachment (cytocompatibility), as well as good mechanical properties and rapid
HA deposition. On the other hand, the authors also concluded that for higher B,O3 content, the glass
stability and chemical durability decreased, resulting in faster dissolution, causing a rapid release of

boron ions into the solution. The solution was found to be cytotoxic. Therefore, an optimum content
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of B needs to be achieved in order to have a moderate release of ions which support suitable cell
proliferation and attachment. In other study from Balasubramanian et al. 1, the material was defined
as having cytotoxic behaviour in vitro for a boron release higher than 50 ppm, and a controlled release

of boron in the range of 0-10 ppm.

*k*

Going back to the subject of biomaterials, in particular bioactive glasses, although they serve
as reservoir for sustained delivery of active ions, they are far from ideal since they are still brittle,
have higher elastic moduli than human bones. Therefore, they are not suitable for all grafting
applications, such as sites that are under cyclic loads .

Composite materials of bioactive glass with a polymer would be a solution for inducing
toughness. However the two phases degrade at different rates and, when in contact with body fluids,
the polymer phase mask the bioactive phase, making it difficult to release ions and be in contact with
the host bones 584,

Hence, a promising approach is the synthesis of inorganic-organic hybrid materials, with a
bioactive glass (inorganic phase) chemically combined with a polymer (organic phase) at the
molecular level 857, They can be more attractive since they can overcome the weaknesses of bioactive
glasses, such as fragility or low mechanical resistance in bending, by using a polymer and, at the

same time, deliver the biological benefits of the glasses.

2.3.2. Hybrids

Hybrid materials are generally made of organic and inorganic components combined over
length scales ranging from a few Angstroms (10° m) to a few tens of nanometres %%, The two
phases are chemically bonding, forming an interpenetrating network of inorganic and organic
components that interact at the nanoscale, not being able to be distinguished, unlike composites 23°,

The development of hybrid organic-inorganic materials was mainly due to the progress in
sol-gel science, in the 1980s, where the mild conditions allowed the combination of inorganic and

organic domains %1,

2.3.2.1. Background of sol-gel method

Sol-gel process is a chemical synthesis method that involves two distinct phases: solution
(sol) and gelation (gel). As the name implies, a sol is a colloidal suspension of solid particles in a

liquid, while a gel is a porous, three-dimensional continuous solid network enclosing a liquid phase
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172 The formation of solid materials occurs through gelation of solutions by chemical reactions and
at low temperatures, in the presence of water "%72, This process is based on inorganic polymerization
reactions that makes use of alkoxides precursors, M(OR),, where M represent a network-forming
element such as Si, Ti, B, and OR an alkoxy group OCnHzn+1 %' The most commonly used precursors
are metal alkoxides once they react readily with water and the most used is the silicon alkoxide, in
particular tetraethyl orthosilicate (TEOS), Si(OCzHs)s "+72. The process begins with the hydrolysis
of alkoxide precursors introducing a reactive hydroxy group (-OH) to the metal, forming silanol (Si-
OH) groups. Then, it occurs condensation of the hydroxy groups forming Si-O-Si units (siloxane
bonds) with the loss of water or alcohol molecules. This type of condensation can continue to build
a larger silicon-containing molecule through the process of polymerization ™.

Once the hydrolysis reaction has been initiated, generally both the hydrolysis and
condensation occur simultaneously, by nucleophilic substitution (Sn) mechanisms *"%72, The sol can
be transformed into a gel through continuous polycondensation and solvent evaporation, i.e., gelation
starts to occur. A drying step proceeds to remove the liquid by-products that remain in the pores and,
consequently, shrinkage of the gel network occurs. If the evaporation happens under normal
conditions, the amorphous solid structure formed is called xerogel *. A subsequent thermal treatment
(sintering) may be performed to remove nitrates or silanols; to enhance mechanical properties by
removing the existing pores; and to incorporate ions, such as calcium and boron, into the glass
network toward the formation of a single-phase 37%727, Thus, sintering causes further densification
of the glass and reduces the mesoporosity, transforming the xerogel to a solid crystalline material .
However, one problem in the sol-gel route, compared to the melt process, is the difficulty to obtain
crack-free monoliths, during drying: evaporation of the pore liquid gives rise to capillary stress within
the pore network, causing shrinkage of the gels and cracking, which may lead to poor mechanical
properties 31,

From a physical perspective, the sol-gel method permits the production of materials with
various sizes, shapes, formats, i.e., with different configurations, such as monoliths, films for
coatings, foams, powders, fibbers, by altering its process parameters 3’2, Figure 3 represents a scheme

of the sol-gel process and the possible products that can be formed .
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Figure 3 - Scheme of the sol-gel process and the products that can be obtained. Adapted by ™

The diversity of morphologies that can be obtained, made the sol-gel route useful in several
domains of research, including optics, electronics and, specially, biomaterials 2. In the biomedical
applications, this method has already been used in the preparation of inorganic materials, such as
silica-based bioactive glasses, exhibiting beneficial properties associated with an ideal material for
tissue regeneration. Properties like higher surface area and porous structure, which result in higher
degradation rates as well as higher rates of HA formation and better capacity to bond to bone tissue,
compared to the ones produced by melt-quenching 2. Sol-gel chemistry not only offers an access
to ceramic and glasses with better and new properties, but also to a novel class of materials. The
advantageous processing conditions of sol-gel process, particularly the low reaction temperatures,
allows the introduction of organic components into the inorganic network, leading to the synthesis
of organic-inorganic hybrid materials "2. These materials present high degree of homogeneity and

purity at a molecular level, as well as unique physical and chemical properties 37,

2.3.2.2. ORMOSILS

The new family of materials made by sol-gel technique was explored by Philip and Schmidt
6 in 1984, who called them organically modified silicates (ORMOSILS). For the past decade,
ORMOSILs have become an expanding field of investigation, due to its wide range of possible
applications as biomaterials, anti-corrosion coatings and drug-delivery systems 768707780 From a
materials science point of view, the bone is an example of a hybrid structure with an extracellular
matrix mainly consisting of an organic (collagen) and an inorganic (hydroxyapatite) phases with
molecular interactions between them %4, In this way, ORMOSILS have gained much interest in bone

tissue engineering, since they can combine the bioactive properties of inorganic glasses and the
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mechanical properties of polymers by chemical bonding, achieving superior properties than a single
phase material can provide 8%, The introduction of the polymer will lower the elastic modulus value,
making it closer to the one of human bones and, hence, the brittleness of the inorganic network is
reduced, and the stress shielding is avoided. Furthermore, the interactions at molecular level between
the two domains will lead to the material behaving as a single phase, resulting in a controlled
congruent degradation and allowing the cells to contact the inorganic and organic phases

simultaneously , contrary to composites 3.

Classification of hybrids

The properties of hybrid materials are not only the sum of the individual contributions of
both phases but also their interactions 7782, During the preparation of hybrids by sol-gel method,
different interactions can occur between the organic and inorganic phases. Thus, the nature of these
interface interactions, as well as the chemical nature and content of both phases, influence the
structure, the degree of organization and the relative properties of hybrid inorganic-organic materials
687283 Generally, the tendency is to increase interfacial interactions by creating an intimate mixing
between organic and inorganic network, to minimize phase separation 768838 Subsequently,
hybrids materials can be classified in two classes based on the type of interaction that exist at the

hybrid interface 67:68.75.77.82;

Class I: organic and inorganic compounds are linked by weak bonds, such as Van der Waals
forces, hydrogen bond, - 7w interaction or electrostatic forces. In this class, the polymer is
mechanically entrapped into a silica glass network during condensation. One consequence of these
weak interactions is the occurrence of phase separation in the material, and its rapid dissolution when

in contact with water, since water molecules separate the chains 6467.6882

Class Il: hybrid structures in which the two phases, or at least parts of them, are bonded to
each other by strong chemical bonds, such as covalent or ionic-covalent bonds. These covalent bonds
contribute to the production of a material with better mechanical properties and controlled congruent
degradation, because the fine scale interaction leads to the hybrids acting as a single phase at the
molecular level, being more stable and homogeneous. Cross-linking is considered the key feature of

this class 364708283 FEigure 4 schematize a silica-polymer Class Il hybrid material .
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Figure 4 - Schematic of a silica-polymer Class Il hybrid material. Adapted by

Several hybrids have been studied based on the combination of bioactive glass with
poly(vinyl alcohol) (PVA) ¢,
poly(tetramethylene oxide) (PTMO) %1 gelatin 888 or polydimethylsiloxane (PDMS) 3914.17.90-92 A
great range of ORMOSILs using PDMS, as the organic compound for the TEOS/PDMS system, have
been prepared 616,

Several studies have been reported in the literature, using tetraethylorthosilicate (TEOS) as
the inorganic precursor and PDMS as the organic one for the preparation of ORMOSILS, by sol-gel
process *%°7_ Figure 5 shows a schematic representation of the ORMOSILs structure using TEOS
and PDMS.

Figure 5 - Schematic representation of the silica network linked with PDMS. Adapted by ¢
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The choice of TEOS is governed by its controllable hydrolysis reaction rate, through simple
variations in the synthesis conditions, and the ease of incorporation of organic species into the system
2. TEOS has been the typical silicate precursor used in silicate bioactive sol-gel glass 3.

Currently, the most common way to introduce an organic group into an inorganic silica
network is by using an organo-alkoxysilane (organically modified alkoxysilanes) molecular
precursor, (OR)4.nSi-R’-Si(OR)4.n with n=1,2,3. While OR will be hydrolysed to yield the inorganic
framework, the organic group R’, which can be an organofunctional group, introduces new properties
to the inorganic network, like flexibility and hydrophobicity 9. Silanol-terminated
poly(dimethylsiloxane) (PMDS) is generally chosen as the organic component for the synthesis of
hybrids, special for Class 11 %64, In this class it is normally used a polymer that contains silane bonds,
like PDMS . Despite this polymer not being soluble in water, it has a silica backbone with organic
side groups, and when it is added to the sol, its terminal methyl groups hydrolyse, forming silanol
(Si-OH) groups. These groups can condense with other silanol groups from hydrolysed TEOS,
resulting in covalently bonded network 364898101 The similarity of the hydrolysis products of both
PDMS and TEOS makes them highly chemical compatible, allowing the formation of co-
condensation bonds by covalent links between the two domains 8°1%2, Other beneficial features of
PMDS, such as its inertness, good thermal stability, high elasticity of the siloxane backbone and non-
toxicity, makes it useful to be used in the production of a biomaterial. It can already be found in

clinical applications such as contact lenses, medical devices or even in implants.

Previous researches from several authors, such as Wilkes %1% Mackenzie 61499104-106
Babonneau 171 and Beaucage 892119111 ‘were fundamental for understanding the sol-gel process of
this binary system and the ways in which it could be modified in order to obtain different structures
and microstructure and thus, the desired properties. In this way, various factors, such as reaction
parameters, control the morphology and the properties of the final materials. The most important
processing variables influencing hydrolysis and condensation reactions, and their respective rates,

are %112;

= Type and content of precursor(s);

= Molecular weight of the organic precursor (PDMS);
= pH (catalyst and its content);

= Alkoxide/HO ratio;

= Type and content of solvent;

=  Order of components addition.
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In respect to the precursors used, it has been found that the alkoxide nature influences the
development of the siloxane network, since it act as a cross-linking reagent 3. In the PDMS-SiO,
hybrid system, TEOS acts as a cross-linking agent, avoiding the growth of PDMS chains 13, After
the hydrolysis of TEOS and PDMS, Si-OH and Si(CH3)>-OH ending groups co-condensate, leading
to the formation of D(g) structural groups — tetrafunctional Q" (n=3,4) structural units (SiOa) cross-
linked to difunctional D" (n=1,2) structural units ((CH3)2.SiO2), where n is the number of bridging
oxygen atoms surrounding Si 4. This reaction takes place at the same time of TEOS self-
condensation. In this way, the organic and inorganic precursors can suffer hydrolysis, co-
condensation and self-condensation reactions, and these reactions rates, as well as their extents,
depend on the composition of the system and the reactions’ conditions 1%, and they will determine

the structure of the final products °.

PDMS/TEOS ratio

The PDMS/TEOQOS ratio is one of the factors that mainly influence the materials properties,
like elastic modulus or stiffness, as well as the morphology. The incorporation of PDMS can reduce
the stiffness and brittleness of the silica network, conferring toughness and flexibility to the product.
Over a critical PDMS concentration (approximate 35 wt%), the ORMOSILs exhibit rubbery
behaviour °. Besides, the increase in PDMS content leads to an increase in the material porosity .
The polymer chains break up the continuity of the SiO, network, creating “voids”, that when the
material is under compressive load, the silica gel species have space to move, being arranged via the
flexible PDMS without breakage 1%, By adding the polymer, this break in the continuity of the silica
network, gives rise to an increase in porosity °.But the low PDMS content results in a system with
higher modulus and with higher tendency to cracking and shrinkage, making it difficult to prepare
dense monolithic materials °.

Furthermore, PDMS leads to a network structure on the micron-scale, contributing to the
formation of a material in the bulk (monolith) form ®°2, The presence of the polymer is critical for
the development of monolithic morphologies in PDMS-TEOS hybrid system, partially due to their
multiple size-scale morphologies, ranging from Angstroms to micrometers. . This organosiloxane
provides a micrometer-scale morphology, that protects the nanometer-scale porous structure from
collapse during drying, contributing to the monolith structure %1%, While TEOS influences the

nanometer-scale primary particle growth, PDMS influence the micrometer-scale domain growth &2,
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PDMS molecular weight

The molecular weight and amount of the polymer is other aspect that needs to be considered.
In the literature has been reported that, for the same PDMS amount, low molecular weight (500-1700
g/mol) leads to more PDMS silanol functional groups, i.e., more reacting sites on PDMS °. Reacting
sites on the polymer are important for the co-condensation between TEOS, which becomes faster
with the increase of these sites. Thus, the system will gel at a shorter time and lead to enhanced
micrometer-scale growth and limited nanometer-scale growth °2. Besides, a low molecular weight of
PDMS results in a more compacted ORMOSILs due to the shorter chain length in the polymer
compared to larger molecular weight PDMS. The solubility is higher, which leads to better dispersion
and uniformity of PDMS in the system, and so, higher homogeneity of the final material %2, Another
way to reach a better dispersion of PDMS in the network is by using an acid catalyst, which will

influence the micrometer-range structure, as will be explained bellow.

H.O/ TEOS and Catalyst

Water content (H.O/ TEOS molar ratio r) and the type and concentration of catalyst are other
sol-gel parameters that will influence the chemistry of TEOS hydrolysis and condensation process,
particularly the co-condensation between PDMS and TEOS. As it is known from the sol-gel
chemistry of silica, the hydrolysis-condensation reaction rates are generally increased using a
catalyst, either an acid or a base, since the silicon alkoxides are not very reactive (low electrophilicity)
967 The addition of an acid or base is around the isoelectric point of the silica acid (pH < 2). Bioactive
sol-gel glasses, as well as hybrids in PDMS-TEOS system, have been synthesised under acidic
catalysis, since it promotes the hydrolysis rate of TEOS and, consequently, more PDMS is
incorporated into the silica network. In this way, a better dispersion of the polymer in the final
network can be achieved %1% and the material’s structure (porosity and pore size) will be influenced
by the acid, especially HCI, which is the most used in PDMS-SiO, system 1%

Using a high r, the silica alkoxide hydrolysis rate is also favoured relatively to condensation,
which promotes a higher number of TEOS hydrolysed monomers and the PDMS self-condensation
92102107 Besides, for higher H2O content it is observed a more porous material, with an increase in
the pore volume and in the surface area ’. Sometimes, the immiscibility of PDMS with water can
cause an initial phase separation, which normally can be shown by a cloudy solution &

Studies have confirmed that the gelation rate of a PDMS-TEOS hybrid system increased
with the amount of H,O and HCI . In addition to the hydrolysis and the gelation of the silica
network, pH also affects the functionalization of the polymer. Under extreme pH values the polymer
can degrade, so during sol preparation it may be necessary to raise the pH from less than 2 to close

to 7, providing that the polymer maintains the molecular weight and integrity 3.
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Thus, several factors control the structure, morphology and, consequently, the properties of
hybrid materials 92102104115 The relation between composition, structure, and property, as well as the

process of nanostructure formation of materials has been investigated.

*k*

In order to improve the properties of the PDMS-SiO; hybrid system, specially the biological
ones, it may be necessary to introduce a third or a fourth basic compound in the system, like calcium
or boron.

The introduction of these ions, in the form of metal oxides (M’xOy) within the network, by
Si-O-M’ bonds, changes the final structure and morphology of the material 1*4. Generally, in binary
metal oxide systems, it is assumed that a high level of homogeneity can be achieved with the
formation of M-O-M’, with M and M being two different metals '°. However, some metals can cause
a heterogeneous structure of the gel, due to the different chemical nature and reaction rate of the
molecular precursors, as well as the different structure and size of the ion itself which will give rise
to instability. All of these lead to the formation of M-O-M and M’-O-M’ bonds or M-O-M’ oxo-
bridges with low stability, which can cause separation *''4. For example, metals like titanium and
zirconia, that have a higher reactivity than silicon. According to Julian et al. *14 the stability of
the Si-O-M’ linkages in the liquid state influence the degree of dispersion of the cross-linking metal
within the siloxane matrix. Thus, these parameters play an essential role in the structural arrangement

of the hybrid material 3.

2.3.2.2.2. Ca0 in PDMS-TEQS system

Earlier works from several authors, such as Tsuru et al. 1% Mackenzie et al., Qi Chen et
al.!*®  Salinas et al 201107117 and Kamitakahara et al. #5118, have pointed out the hybrid materials based
on the PDMS-TEQS system, prepared by sol-gel, as being potentially bioactive especially when
calcium is added to the composition, depositing spontaneously apatite on their surfaces in SBF %116,
As previously mentioned, for osteoconductive or osteoinductive applications, the presence of Ca?
ions in the biomaterials is a requirement for the enhancement of bioactivity and osteogenesis, as well
as silanol groups once they provide sites for calcium phosphate nucleation 1. In addition, in some
works using calcium in the system 117118 monolithic samples were obtained with mechanical
properties analogous to those of human cancellous bones and with excellent apatite-forming ability.
This was observed when CaO:TEOS molar ratio was 0.1:1 and H,O:TEOS molar ratio was 4:1.

Besides, it was proved that a high PDMS amount do not let Ca?* ions incorporate into the silica
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network and, consequently, decreases the bioactivity of the material. Also, from the work of Tsuru
et al. 1, hybrid materials, which were confirmed by the co-polymerization between TEOS and
PMDS, have showed that the bioactivity not only depends on the calcium contents but also on the
amount of HCI. As more HCI was mixed, more Ca?* could be incorporated into the structure. Besides,
the catalyst modifies the structure of the hybrids by controlling porosity and pore size, i.e., an increase
of HCI amount leads to an increase in the specific area and pore size %,

One of the biggest challenges is the incorporation of calcium into the hybrid network, at low
temperatures and without any toxic effect. The most common source of calcium in hybrid system has
been calcium nitrate (Ca(NOs),) due to its high solubility, but the nitrate by-products are cytotoxic
364 In the sol-gel glass processing, the glass is thermally heated at temperatures above 600°C to
remove the nitrates, and the calcium could enter the silica network at 400°C, becoming a network
modifier. However, this is not possible for hybrid synthesis, because these temperatures are too high
for the organic components, provoking its degradation (PDMS decomposition temperature is near
350°C). So, other calcium sources for organic-inorganic hybrid systems have been tested as
alternatives, but some processing related problems still persisted. For example, it is the case of
calcium chloride (CaCl,) used for the synthesis of silica-calcium-PVA hybrids, that does not enter
the bulk of materials recrystallizing on the surface during ageing and drying process, even though
toxic by-products were avoided 36419, In this thesis, during experimental works, the same happened
when it was used calcium chloride (Annex I1).

Recently, this problem was solved with the use of calcium acetate monohydrate,
Ca(CH3CO0,)2-H20, as a precursor. In works from Almeida et al.?2°, calcium acetate was used for
the synthesis of PDMS-SiO,-Ti0,-CaO hybrid systems and it was possible to obtain a homogeneous
incorporation of calcium into the silica network as well as a potential bioactive and cytocompatible
material. In the present work, calcium acetate will be the calcium precursor used for the preparation
of PDMS-TEOS-B,0s-Ca0 system.

2.3.2.2.3. B203in PDMS-TEOS-CaO system

In the literature, there are already studies about bioactive hybrid materials based on the
PDMS-SiO,-Ca0 %118 and PDMS-Si0,-B,0; 1719108121 gystems, but no hybrid system with both
calcium and boron oxide (PDMS-SiO,-B20s-Ca0O) have been developed yet.

Boron’s structure
The structure of borosilicate glasses has been often described in terms of their chemical
short-range order (CSRO) between framework cations. The CSRO has strong implications for the

kinetic stability of glasses in contact with aqueous solutions 22, The importance of the extent of
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disorder between the framework cations and other aspects of structural disorder has stimulated a
significant number of experimental and theoretical studies. Boron-11 nuclear magnetic resonance
(NMR) spectroscopy has been used for the study of the atomic configurations of alkali borate and
borosilicate glasses, since !B is 80% naturally abundant and exhibits high sensitivity in NMR
experiments 2, This technique allows the collection of information about short-range structure as
well as connections among various network structural units 122124,

Boron in glasses can be either three or four-fold coordinated (!B and (1B, respectively), and,
generally, amorphous borates consist of a network of interconnected BB and B with oxygen units,
whose charge is balanced by network modifying cations 123125126 The trigonal boron species can be
either in the form of a boroxol rings, which consist in a ring of three BOs entities linked, or nonrings,
while the tetrahedral boron species (“IB) can have two, three and four Si neighbours (iB,(4-i)Si) for
i=0,1,2 1?7, The fraction of these species can be determined by boron-11 NMR as well as the first
and second neighbour population around the boron units and the effects of modifier type and content
on the materials’ structure 1#"1%8, Besides FT-IR, NMR spectroscopy is another technique frequently
used to detect borosiloxane bonds and, usually both methods are used together to complement
themselves. These two techniques have played a prominent role in the study of the structure of borate
and borosilicate glasses, as well as ORMOSILs containing boron 1819:123-125,128-131

Like in FT-IR, NMR has specific signals that correspond to fingertips of the atoms’
neighbours. The borosiloxane bonds generally appears in !B resonance as a signal around 6=12.8
ppm, corresponding to BOs non-ring sites °. While the BOs ring (boroxol) is characterized by a

signal near 18 ppm.

**k*x

In the glasses, binary SiO-B,0s gels have been studied as precursors for borosilicate glasses,
mainly based on TEOS and triethyborate (TEB) or trimethylborate (TMB). However, the integration
of boron atoms into the silica network at molecular levels, forming borosiloxane (B-O-Si) bonds, is
not easy at room temperature ¥%132, The problem was that a large amount of boron (about 25%) was
lost during the gel synthesis, in the form of acid boric, B(OH)s, and not during the densification step
of the xerogel. Likewise, Irwin and co-workers *2 reported a NMR study of the structural evolution
of samples obtained from TEOS or tetramethyl orthosilicate (TMOS), Si(OCHzs)s, and TMB, and
they demonstrated that only a small amount of B-O-Si groups existed in the final gels dried at room
temperatures. In addition, they reported that the majority of boron atoms precipitated in the form of
B(OH)s. This could be explained by the reactivity of the B-O-Si bonds toward hydrolysis, because

trigonal boron is very electrophilic, being preferentially hydrolysed in the presence of water, forming
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boric acid, and it is also very susceptible to nucleophilic attack. Even if B-O-Si bridges form in the
early stages of the sol-gel process, they are easily broken at the end, owing to the increasing amount
of water produced via condensation reactions *2-134, The easy hydrolysis of borosiloxane bonds by
water may be one of the reasons why boron is leached from the gel systems 34, In addition, the

porous nature of the material, i.e, a high surface area facilitate the easy exit of boric acid 1%

The effect of the PDMS

Nevertheless, studies from Soraru et al. 1% have showed that the synthesis of SiO,-B,Os
is favoured by using a organo-modified silicon alkoxide, that allows a homogeneous incorporation
of boron atoms in the hybrid siloxane network. The formation of these borosiloxane bonds can be
described by the following possible reactions:

=B—OH+=Si—OR —=B—0R'+=Si—0H )
=B—OH+=Si—0H —=B~—0—Si+H,0 )
=B—OH+=Si—0OR »=B-0-Si= +ROH ©)

where R’ represents an alkyl group. An explanation for the retention of B-O-Si bonds in the

hybrid borosilicate gels was explained by the authors 1°*1%, as being due to:

0] The low hydrolysis ratio in the sol-gel synthesis (H.0/Si=1.5);

(i) The presence of organic groups closes to the B-O-Si bridges, which act as in situ
protection of the borosiloxane bonds from water attack: Si-R groups gives a
hydrophobic character to the hybrid siloxane network, favouring the removal of
water and, consequently, preventing the hydrolytic cleavage of the B-O-Si groups;

(ili)  The higher electron density of the silicon atoms in the organically substituted gels,

which strengthens the Si-O bonds.

Hence, it is possible that the organic substituent, as well as some synthesis parameters can
have a possible influence, such as the pH of the hydrolysis water and the boron load, plays an
important role in the formation of homogeneous borosilicate gels containing B-O-Si bonds, °.

Some authors even named ormoborosil (organically modified borosilicate) materials to the
products in which boron was incorporated into the silica hybrid network, as the forming cation

18129131 In works from Pena-Alonso et al. 23! ormoborosils materials were successfully
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synthesized from TEOS, triethylborate (TEB, the boron precursor) and PDMS (1750 g.mol?),
through sol-gel method 812, The FT-IR results showed the presence of hybrid bonds between TEOS
and PDMS (Si-O-Si), which were characterized by the appearance of a band at 850 cm™. In IR
spectra, it was also observed the formation of borosiloxane (B-O-Si) bonds in the dried gels, located
at 881 cm for D units (PDMS) and at about 940 cm™ for Q units (TEOS) 8. These results were in
accordance with the ones from Soraru et al. 1%13°, who synthesized hybrid SiO,-B,0s gels by reacting
modified silicon alkoxides (R-Si(OE)s;, R=Me, Et, Vi) with TEB and boric acid. Their results showed
the presence of B-O-Si bonds in the gels due to the absorption peak in the FT-IR spectra at 880-890
cm* and from a resonance peak at -12.8 ppm in the !B MAS NMR spectra. The author also verified
that the increase in B content as well as in the pH of the hydrolysis water (from 1 to 2.5) intensify
the absorption peak around 880 cm™. This means that more trigonal boron units (BOs) are
incorporated into the siloxane network via B-O-Si bridges **°. Additionally, the chemical analysis
indirectly suggested the incorporation of boron into the siloxane network instead of the evaporation
of boric acid *°.

The effect of the network modifier

As it is known from borate and borosilicate glasses, the content of alkaline atoms has a direct
impact on the boron coordination number, acting as network modifiers when they are located close
to a BOj3 unit or a SiO4 unit 123125127 At low concentrations of the modifier cation, trigonal boron
species (BOs) are converted to four-coordinated tetrahedral species (BO4). As the concentration of
the oxide modifier in the composition increases, the bridging oxygens (BO), on the trigonal planar
boron, are converted into nonbridging oxygens (NBOs) 123125, NBOs are defined as oxygens bonded
to one framework cation (network-forming), and bridging oxygens (BO) as oxygens linking two
network cations *. Besides, above a certain amount of boron in the system (30%), the boron will
preferably coordinate in the trigonal form and, therefore lower fractions of “ B units and higher of
non-bridging oxygens (NBOs) are generated. This is known as “boron anomaly” 1%,

Hence, modifier cations are large and are of low valence, forming weaker bonds with
oxygens. Moreover, there is a tendency for the higher strength field modifier cation to promote the
formation of bridging BO4 units, therefore changing the boron coordination **’. Brinker observed
that in the presence of a sufficiently strong nucleophile, boron adopts a tetrahedral coordination with
sp® hybridization via nucleophilic addition reaction (An) . Calcium ions act as a network modifier
in the silica network, disrupting the glass network by breaking the Si-O-Si bond, and promoting the
change in boron coordination 1?6, Although water can cause hydrolysis of B-O-Si, it is not sufficiently

nucleophilic, like Ca?*, to change the boron coordination ™.
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Influence of boron in the microstructure

Boron is trivalent, and silicon is quadrivalent, in this way, it is expected that the incorporation
of boron, to substitute the silicon, will have an influence in the physio-chemistry and biological
properties of the material. In a study from Chengtie Wu et al. “8, it was observed that the incorporation
of boron (5% and 10% mol) into a mesoporous bioactive glass (MBG) scaffold, by sol-gel method,
slightly decreased the specific surface area and nano-pore volume. The replacement of SiOs* with
BOs* may disrupt the ordered orientation of SiO.* during the self-assembly reaction, which may be
due to the valence difference between SiOs* and BOs*. This difference cause defects in atomic
arrangement, manifesting itself by altering the mesopore structure (surface area and pore volume).
On the other hand, the addition of boron did not influence the release of SiO4* ions, which indicates
that it does not change the dissolution of MBG scaffolds, as silicon is the main component (>70%)
in MGB. Furthermore, boron was released in a controllable way, and at concentrations lower than 8
ppm, which may have contributed to the improvement of the proliferation and bone-related gene
expression (Col I and Runx2) of the osteoblast.

**k*x

In the present work it is described the synthesis, by sol-gel procedure, and characterization
of a mesoporous hybrid monolithic material based on the PDMS-SiO,-B,03-CaO system, for
biological applications. According to the literature, this is a novelty. Thus, the main challenges in
this work are the incorporation of boron and calcium in the silica network, at low temperatures (<

150°C), without occurring phase separation. Hence, the objectives of this work are:

v To obtain a homogeneous incorporation of calcium and boron ions in the hybrid system,
by firstly defining the experimental protocol (the preparation conditions);

v" To study the effect of calcium and boron ions in the materials” structure, microstructure
and macrostructure, by changing its concentration in the system;

v" To obtain a material with the ability to release calcium and boron ions when in contact
with SBF and in cellular medium;

v" To obtain a bioactive and biocompatible material;

v To study the effects of boron on the cell viability, proliferation and morphology;
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Chapter 3

Experimental Procedure

In this chapter it is detailed the material and experimental procedure used to prepare the
samples in the PDMS-Si0,-B,0;-Ca0 system, by the sol-gel process. Also, the techniques used to
characterize the obtained materials, in terms of their structure and microstructure, as well as their in

vitro bioactivity, are presented and summarized in this chapter.

3.1. Materials

In the preparation of the hybrid monolithic materials, there were used different reagents that

are described in Table 1 in terms of chemical formula, purity and brand.

Table 1 - Reagents, chemical formula, purity and brand.

Reagents Chemical Formula Purity (%) Brand
Tetraethyl orthosilicate (TEOS) CsH2004Si > 99.0 % Sigma-
y 8204 o Aldrich
. Sigma-
- 0,
Isopropyl alcohol (IPA or iPr-OH) CsH;OH >99.5 % Aldrich
Hydrochloric acid (HCI) HCI - Panreac
Sigma-
0
Acetone (Acet) CsHeO >99.5% Aldrich
Polydimethylsiloxane silanol terminated Siama-
(550 g/mol average molecular weight) (C2HeOSi)n - Algrich
(PDMS)
Trimethyl borate (TMB) B(OCHs)s3 >99.0 % Fluka
Calcium acetate monohydrate (CaAc) Ca(CH3CO2)2-H20 >99.0 % i:?i::h

3.2.  Sample preparation

To fulfil the previously described objectives of this work, five different compositions based
on PDMS-Si0,-B,03-CaO system were prepared, always using the same reagents but varying the
molar ratio of boron and calcium precursors. In this way, the parameter that was changed and
evaluated in this system was calcium and boron contents. Table 2 shows the composition of the
materials, in molar ratio, and the samples’ notation. Samples were named “BXCy” being x=
B(OCHs)s/TEOS and y= Ca(CH3CO0,)..H,O/TEQS, in units of 1/100 mol. The inorganic part of these
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hybrid materials was supplied by the tetraethyl orthosilicate (TEOS), calcium acetate (CaAc) and the
trimethyl borate (TMB), while the organic part by polydimethylsiloxane silanol terminated (550
g/mol). The materials were prepared with the following fixed molar ratio compositions:
H,O:TEOS=2:1, IPA:TEOS=3.75:1, PDMS:TEOS=0.18:1, HCI:TEOS=0.25:1 and
Acetone:TEOS=3.75:1.

Table 2 - Composition (in molar ratio) of five samples.

Composition (in molar ratio)

Notation
X (TMB/TEOS) y (CaAc/TEOS)
B5C5 0.05 0.05
B10CO 0.10 0
B10C10 0.10 0.10
B15C10 0.15 0.10
B20C10 0.20 0.10

Preliminary works were performed before the achievement of the final protocol procedure
(Annex I1). In the first attempts, it was used a different calcium precursor, calcium chloride; however,
a non-homogeneous morphology was observed in the samples. After the drying, the gel exhibited
precipitates in the surface, which could correspond to calcium precipitates. But when the calcium
precursor was changed, from calcium chloride to acetate one, the solution demonstrated no signs of
immiscibility or precipitates in the final gel. Therefore, after several efforts, a procedure was reached
without an immiscible solution and the presence of precipitates in the final sol-gel material.

The experimental protocol used and defined to produce the hybrid materials is shown in

Figure 6. As can be seen in the figure, two solutions were prepared separately:

= Solution A: 10.4 mL of PDMS, 22.3 mL of TEOS and x of TMB were added on 80%
acetone, always under continuous magnetic stirring, and at room temperature;

= Solution B: 28.1 mL of isopropanol (IPA) was used to dissolve y of calcium acetate
(CaAc). The medium was acidified with 0.25 mol of hydrochloric acid (HCL), the
catalyst of the hydrolysis/condensation process. Then, it was added 20% of the

acetone amount and 2 mol of distilled water;
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After the preparation of each solution, they were mixed together and then stirred for 3 hours
at room temperature. During this time, it occurred hydrolysis and condensation reactions. In the
composition without calcium (B10CO0) the procedure was the same, with the only difference being
the absence of the calcium acetate step.

After stirring, the final suspension (sol) was putted into petri dishes and kept at room
temperature during 24 hours, for aging, remaining liquid and transparent. Afterwards, the suspension
was placed in an oven at 60°C during 3 days to transform in gel, followed by drying at 150°C for 1
hour, to ensure a complete loss of solvents. All compositions resulted in white opaque monolithic
samples, with some cracks. Figure 7 shows the monolithic samples obtained after the drying step.
Furthermore the samples were stored in a desiccator until use, since the samples demonstrated to be
very hygroscopic, particularly the ones containing calcium in the composition.

Solution A Solution B
80% Acetone IPA
5 min magnetic stirring C 1 1 > 5 min magnetic stirring
PDMS CaAc
5 min magnetic stirring C 1 1 D 5 min magnetic stirring
TEOS HCl1
5 min magnetic stirring C l l ’ 5 min magnetic stirring
T™MB 20% Acetone
1 , 5 min magnetic stirring
1,0
Hydrolysis 3 hours magnetic stirring,
Condensation at room temperature
SOL

24 hours at room
temperature

l Aging

3 days at 60 °C

Gelation

I hour at 150°C in the
oven

Drying

Monolithic
xerogel

Figure 6 - Experimental procedure used to prepare the hybrid materials with different compositions.
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(A) B5C5 (B) B10CO (C) B10C10

(E) B20C10

Figure 7 - Monolithic samples obtained after dried at 150°C, in petri dishes: (A) B5CS5, (B) B10C0, (C)
B10C10, (D) B15C10 and (E) B20C10.

3.3. Characterization techniques

The obtained monolith samples were characterized with some experimental techniques
described in this chapter, in order to analyse their structure and morphology. But to perform the
characterization analyses, the monolithic samples were first grounded in a mortar in order to create

thin powders.
3.3.1. Fourier transform infrared spectroscopy (FT-IR)

The chemical bonds and molecular structure in the material can be determined by FT-IR,
based on the spectrum absorption bands. This characterization method allows the determination of
the functional groups present in the sample, since the intensity and position of each peak corresponds
to the vibrational mode of a specific chemical bond. This is a fast and non-destructive technique that
permits to perceive the local symmetry of the material under analysis.
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In this study, some infrared spectra were recorded on a Bruker model Tensor 27 in the region
of 350-4000 cm™ with a 4 cm™ resolution and 128 scans; and others in the range of 750-1300 cm™
with a 2 cm? resolution using 250 scans.

Prior to analysis, each powder sample was mixed and grinded with a small amount of
potassium bromide (KBr) and pressed to produce disks. The sample spectra were obtained by using
the pure KBr spectrum and they were reported in transmittance mode. These analyses were carried

out in the laboratory of the Department of Chemistry of the University of Aveiro.

3.3.2.  Nuclear magnetic resonance spectroscopy (NMR)

Nuclear magnetic resonance (NMR) is a spectroscopic technique used to observe local
magnetic fields around atomic nuclei. The intramolecular field around an atom, in a molecule,
changes the resonance frequency, and the chemical shift provides detailed information about the
structure of a molecule and its individual functional groups. In the NMR spectra different functional
groups can be distinguishable, as well as identical functional groups with different neighbouring
substituents.

For this study, the samples B10C0, B10C10, B15C10 and B20C10 were investigated to
determine the boron coordination in the samples. Samples were characterized by solid-state !B
HAHN-ECHO NMR, using a Bruker Avance Il1 HD 700MHz (16.4 T), with a pulse length of 6.25
. The data from the literature 1°*241% was used to assign the peaks associated with boron trigonal
(®IB) in rings and nonrings, and boron tetrahedral (I/B). Spectra were simulated using DMFIT

software and data from the literature, and the relative percentage of each structure was calculated 1%,

3.3.3. X-ray diffraction (XRD)

The X-ray diffraction (XRD) is a non-destructive technique used to identify and quantify
crystalline phases in the material. Thus, it gives information about the crystalline or amorphous
nature of the material.

In this work, XRD was used to verify the amorphous character of the hybrid materials, and
after bioactivity tests, to verify the presence of crystalline phases of calcium phosphate. For the
analysis it was used Pan Analytical -X pert-PRO diffractometer equipped with a copper anode (Cu),
which operates with a current of 40 mA and a voltage of 45 kV, emitting a radiation Kal of
A=1.540598 A and Ko2 of A=1.544426 A. The spectra were recorded through a continuous scan from
the smallest possible angle, which was 26=2°, up to 26=40°, with a step size of 0.0263° and at room

temperature. The identification of the crystallographic phases was made using the Powder Diffraction
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File (PDF) data provided by JCPDS/ICDD (Joint Committee on Powder Diffraction
Standards/International Centre for Diffraction Data ICDD).

3.3.4. Sieving technique

To perform the cellular tests, there were needed samples with a specific particle size, from
0.180 to 0.355 mm size. Therefore, the monolithic compositions were grinded to fine powders of
0.180-0.355 mm size, using a mortar and pestle of agate. The sieves used were from Filtra Vibration
with a diameter of 200 mm. The specific surface area of each sample, in this interval of size, was

determined by BET to calculate the available area.

3.3.5. Specific surface area by Brunauer-Emmet-Teller (BET) method

The specific surface areas (SSA) of the hybrid materials produced were determined by the
method of physical adsorption of nitrogen gas, developed by Brunauer, Emmet and Teller (BET).
The surface area of a given material is defined as the surface area of a solid particle per unit mass,
usually expressed in m?/g. This method consists in passing a mixture of gases composed of nitrogen
and helium on the sample, which makes the particles adsorb a molecular layer of nitrogen. The
amount adsorbed, as a function of the relative pressure of gas (p/p0), is defined by isothermal
adsorption curve, where p0 is the saturation vapor pressure of the adsorbed substance at the
temperature in which the assay is performed. To perform this assay a Micromeritics — Germini
2370V5 equipment was used in order to determine the specific surface areas. Before the
determination of the volume of adsorbed gas, the samples were degassed at 150 °C for 12 hours and
cooled to room temperature. At least 30 points were acquired with an equilibrium time set of 5
seconds.

According to the International Union of Pure and Applied Chemistry (IUPAC), the type of
porosity in the material can be defined based on the isotherms, which comprise six different types,
each one corresponding to a specific adsorption mechanism *°. Figure 8 shows the six types of

isotherms and Table 3 their description °,
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Figure 8 - Six types of gas adsorption isotherms, according to the IUPAC classification.

Table 3 - Types of gas isotherms and their description.

Type Description

I Microporous materials. Relatively small external surfaces.

I Non-porous or macroporous materials. Point B is the stage at which the monolayer is
complete and the multilayer adsorption is about to begin.

Il Nonporous materials. Weak adsorbent-adsorbate interaction and in multilayers.
Uncommon.

v Mesoporous materials, high porosity and occurrence of capillary condensation. There is a
hysteresis loop. The initial part corresponds to the monolayer-multilayer adsorption.

\ Micro and mesoporous materials. Low gas-solid interaction. Uncommon.

VI Non-porous surface. Adsorption mechanism in multilayers.

In type IV and V isotherms, a phenomenon called hysteresis can occur, in which the
adsorption curve does not coincide with the desorption curve **°. There are four types of hysteresis,
illustrated in Figure 9, and each type represents a pore shape. In the graphics, a represents the amount

adsorbed and P/PO the relative pressure.

HI H2 H3 H4
a a a a

PIPy — PIPy — PIPy — PPy —

Figure 9 - Four different types of possible hysteresis.
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H1 type hysteresis is characteristic of porous materials with rigid agglomerates and spherical
shaped particles. The hysteresis type H2 corresponds to materials with bottle-shaped pores, while H3
type hysteresis presents particles with plague morphology, giving rise to slit-shaped pores. H5 type

hysteresis is associated with narrow and slit-shaped pores 1%,

3.3.6. Scanning electron microscopy (SEM) and energy dispersive x-ray

spectroscopy (EDS)

The scanning electron microscopy (SEM) is one of the most used surface analysis
techniques, which can obtain high resolution images of a sample surface at a nanometer scale. In this
way, this technique was used to perform the microstructural characterization of all samples.

The SEM equipment used is a Hitachi model SU-70 microscope, which operates with an
acceleration voltage of 25 KeV. This equipment is provided with an energy dispersive X-ray
spectroscopy (EDS) system with a tungsten filament, which allows a qualitative analysis of the
elemental composition. The powder samples were fixed in an aluminium sample holder, with double-
sided carbon tape. To increase the electrical conductivity of the samples, they were coated with a
thin carbon film using an Emitech K950 carbon depositor. The microscope used to perform the

analysis was from the Department of Materials and Ceramic Engineering of the University of Aveiro.

3.4. Invitro mineralization assays

As referred in the previous chapter, the first indication of a potentially bioactive material is
its ability to precipitate apatite (calcium-phosphate) on the surface, which can be evaluated by
performing in vitro assays on simulated body fluid (SBF). For this purpose, the samples were
immersed in Kokubos’s simulated body fluid (SBF) for 1, 7 and 14 days. After this test, it was
possible to verify the surface modifications in the materials as well as the ionic concentration

variation in the solution.
3.4.1. Simulated body fluid (SBF) tests

The SBF test was carried out following the Kokubo protocol *°. In this way, 1000 ml of SBF
solution was prepared, and its composition as well as the order of addition of the reagents and their
concentrations, are shown in Table 4. The SBF is an aproteic and acellular solution that intends to
simulate human plasm, presenting similar pH and ionic concentrations to the benchmark. Table 5
presents the ion concentrations (mM) and pH of human blood plasma and of SBF solutions based on

Kokubo protocol 140141,
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Table 4 - Order, chemical formula and concentration of reagents for preparing 1000 ml of SBF.

Order Reagent Chemical formula Concentration (g/L)
1 Sodium chloride NaCl 7.996
2 Sodium hydrogen carbonate NaHCO3; 0.350
3. Potassium chloride KCI 0.224
4 Di-potassium hydrogen K2HPO4*-3H,0 0.228

phosphate trihydrate
5 Magnesium chloride MgClz-6H.0 0.305
' hexahydrate
6 Hydrochloric HCI (1M) 40 ml
7 Calcium chloride dihydrate CaCl,-2H,0 0.548
8 Sodium Sulphate Na S04 0.071
9 Tris-hydroxymethyl (HOCH_2)3CNH> 6.057

aminomethane

Table 5 - Nominal ion concentration (Mm) and pH value of SBF in comparison with those in human blood

plasma.
Na* K*  Mg* Ca* CI HCOs  HPO4*  SO4* pH
Plasma 1420 5.0 15 25 103.0 27.0 1.0 0.5 7.2-74
SBF 142.0 5.0 15 25 147.8 4.2 1.0 0.5 7.40

Firstly, 700 ml of ultrapure water was placed in a goblet at 37°C under continuous stirring
and, slowly, the numerically identified reagents were added one by one, in the order presented in
Table 4. The SBF solution was placed in a previously cleaned 1000 ml volumetric flask and the
remaining HCI, diluted to pH values of 7.4, was added to be equal to the physiological pH. Finally,
the prepared SBF solution was preserved in a sterile container and saved in the refrigerator (3°C).

Bioactivity tests were performed by immersing the samples, in powder form, in SBF, using
a ratio of 75 mg ratio, of each material, to 50 ml of SBF solution. The mixture was stored in
polypropylene containers, previously sterilized, and placed in an oven for different periods of time:
1, 7 and 14 days. The oven temperature was 37°C to simulate body temperature. At the end of each
soaking time, the supernatant liquid was removed by filtration, using a sterile syringe and a 0.22-
micron filter, to remove any traces of solid material. The SBF solution was stored at ~ 3°C, in
polypropylene containers, for further analysis. The solid materials deposited at the end of the

containers were withdrawn and transferred to tubes with the aid of ultrapure water, then centrifuged
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for 5 minutes at 3000 rpm, with water and with acetone. Finally, the material was dried for a few

hours in an oven at 60°C to remove traces of acetone.

3.4.2. Apatite layer characterization

After SBF, to verify the deposition of an apatite layer on the materials’ surface and the
possible formation of crystalline phases of apatite, microstructural and structural analyses were
performed by SEM/EDS and XRD, respectively. The chemical structure of the hybrid materials after
SBF immersion was also analysed by FT-IR spectroscopy, to confirm the presence of functional
groups characteristic of calcium-phosphate links. The equipment used was the same as mentioned

above.

3.4.3. Inductively coupled plasma optical emission spectroscopy (ICP-OES)

Inductively coupled plasma optical emission spectroscopy (ICP-OES) is an analytical
technique used for the detection of trace elements in solid or liquid samples. In this study, it was used
with the aim of determining the concentrations of calcium, boron, silicon and phosphorus ions
present in the supernatant liquid, after soaking the hybrid samples, being measured as a function of
the immersion time (1, 7 and 14 days).

The spectrometer used was ICP-optical emission Jobin Yvon Activa M from the Central
Laboratory of Analysis of the University of Aveiro.
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Chapter 4

Results and Discussion

In this chapter, the results obtained by different techniques are analysed and discussed. It
starts with the hybrid structural characterization, moving forward to its microstructure analysis and
finishing with the bioactivity tests on acellular medium.

4.1. Hybrid structure and microstructure analysis

4.1.1. FT-IR analysis

FT-IR studies of the PDMS-SiO,-B,0s-Ca0O hybrid samples were acquired in the spectral
range of 350-4000 cm™. All samples exhibit infrared bands in the region of 399-3469 cm?, which
were previously reported by other authors as being characteristic of hybrid materials of the PDMS-
SiO, %101 PDMS-Si0,-Ca0 %% and PDMS-Si0,-B,0; 1819123130 gystems. The assignment of
absorption bands to each sample, is shown in Table 6. The bands were identified according to the
literature data. The data are divided in three figures, representing each one a different interval.

Figure 10 shows the IR spectra of all the compositions in the spectral range of
350-4000 cm™. As can be seen in the figure, the absorption bands characteristic of the adsorbed water
are presented, in the 3000-3500 cm region, and correspond to the bending (3) vibrational modes of
O-H bonds %1214 The band at ca. 1635 cm is assigned to the stretching (v) vibrational modes
of O-H bonds from the water as well as from KBr 99142143 The presence of water bands can be
due to the existence of residual Si-OH groups (silanols), which are potential sites for water
absorption. Consequently, the samples demonstrate high hydrophilicity 3. Observing the spectra,
the presence of calcium in the samples made the peaks related to water become sharper than without
the presence of calcium (B10CO0). This can be due to the hygroscopic effect that calcium provides to
the material.

In Figure 10 there are also presented the absorption bands related to the organic PDMS
molecules. These bands are detected at ca. 1265, 1416 and 2968 cm?, and they are assigned to
symmetric and asymmetric bending of CHs in Si(CHs)2 structure, and to asymmetrical C-H stretching

vibrations from CH; groups, respectively 93-9597.129.131
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Figure 10 - FT-IR spectra for the five compositions in the interval of 350-4000 cm.

Figure 11 shows the spectra of the five compositions in two different intervals: in 350-1550
cm?® (Fig.11-A) and in 750-1300 cm™ (Fig.11-B) spectral region, and the respective bonds
assignment. In this figure it is possible to have a better view of the peaks, particularly from hybrid
D-Q and borosiloxane bonds, and of the differences between the samples.

In Fig.11-A, the bands at ca. 564, 805 and 1103 cm* are respective due to the vibration of
Si-O-Si bonds in 4-fold rings, in tetrahedron rings with symmetric stretching (vs) modes and to Si-
O-Si symmetric stretching in linear structures 101612144145 These bands are already observed in
silica-gels and PDMS-SiO, based hybrid materials °¢, The band located at 805 cm™ is attributable
to PDMS in tetrahedral chains, and the increase in the intensity of the band can be due to the increase
in cyclic PDMS molecules '?°. On the other hand, the organic precursor (PDMS) can contain cyclic
and linear structures in the reaction medium and so the band values are different for each one *’.
Apart from the other peaks that seem very similar, the peak centred at 1103 cm* shows some slight
differences in its shape and intensity 12214°, With the increase of the boron amount, the peak becomes
more defined, being attributed to the linear structure of PDMS. Yet, around this peak, two shoulders
are present near 1050 cm* and 1170 cm, which can be assigned to the stretching of Si-O-Si bonds
in both PDMS and TEOS molecules 1895121129 - At the same time, these bands can be related to the

presence of Si-O-C, C-O-C and Si-C bonds 21147, According to some authors, the differences in the
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“shape” of this region can indicate that the relative position of the peaks is quite sensitive to the
geometry and size of the siloxane condensed species, which depend on the sol-gel experimental
parameters %, By comparing the spectra of the five compositions, it seems that the shape and
intensity of the shoulders changes with the concentration of boron in the system. Another absorption
band that appears, and is associated with PDMS, is at ca. 700 cm™, being assigned to symmetrical
stretching of Si-CH, although this band is not so clearly distinguishable in all spectra. Comparing to
the sample’s spectra, it is observed that, in that region, its shape is changing from one rising line to
one declining, as the boron content increases in the composition.

Tellez et al. *® have associated the bands at approximately ca. 400 cm™ and ca. 850 cm™ to
hybrid cross-linked SiO- (Q units) — PDMS (D units) structures. The first band is present in all spectra
(Fig. 11-A) and it is related to the interruption of the silica network with the hybrid SiO4-(CH3)2:SiO;
bonds, since its value dropped when compared to values obtained for pure silica gel (usually close to
ca. 460 cm™?). In the same way and according to literature, PDMS pure chains exhibit weak bands at
ca. 860 cm, corresponding to symmetrical rocking of CH3 groups. However, in this study this value
shifted to lower values (ca. 850 cm™) due to co-polymerization reactions between PDMS molecules
and hydrolysed Si-OH groups of TEOS (Q structural groups) *6:%12°_ These bands were obtained for
all spectra. In this way, the formation of hybrid structures is confirmed by the existence of bonding
between the organic and the inorganic parts (D-Q bonds) of the material.

The incorporation of boron into the hybrid TEOS-PDMS network leads to the formation of
new bonds: B-O-B and Si-O-B links. The hydrolysis of TMB forms B-OH (boranol) groups, which
can either self-condensate and form B-O-B bonds, or occur co-polymerization between B-OH groups
and Si-OH from TEOS or PDMS molecules 131142 However, some of these B-OH groups can
remain uncondensed, as it happens with Si-OH groups °. In the literature, the main adsorption bands
typical of boron bonds remain around 720 cm™ and in the 1300-1550 cm™ spectral region, being
assigned to B-O-B bending vibration and B-O stretching of BOs units, respectively 19130143149 These
bands could be clearly found in spectra of the Fig.12-A, although with some slight shifts. The first
value moved to higher values around ca. 725 cm. In the 1300-1550 cm* region some peaks appear,
at ca. 1385 cm* and ca. 1448 cm'*, which are characteristic of B-O stretching vibrations where B is
in planar trigonal coordination 4142, These bands can be used to confirm the presence of boron in
the final gels, and the appearance of B-O-B bonds suggests that there is still boron in the skeleton
linked between each other.

Besides forming B-O-B groups, the introduction of boron atoms can also form Si-O-B bonds.
The characteristic peaks of borosiloxane (Si-O-B) links are present in these five compositions at ca.
673 cm?, 891 cm® and 927 cmt 1912910 The first peak can be detected in the Fig.11-A, while the

other two peaks are present in the Fig.11-B, which represent the IR bands in the interval of
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750-1300 cm. The former band corresponds to the bending of the Si-O-B bonds °. Despite no
observation of the other two peaks of Si-O-B bonds in the first spectra (Fig.11-A), the peaks clearly
appear in the spectra of Fig.11-B, being obtained by altering the conditions in FT-IR spectrometer,
by increasing the scanning, from 128 to 250 scans™, and the resolution, from 4 cm™ to 2 cm™,
According to the literature 819131134 the shoulder around ca. 891 cm™ corresponds to the stretching
of Si-O-B bonds, in which the silicon atoms correspond to D units; while the peak at ca. 927 cm™? is
assigned to Si-O-B bonds, but with the silicon atoms being from Q units (TEQS).

Regarding the effect of boron load in the bands associated to the boron, there are no visible
changes for the case of Si-O-B linkages at ca. 927 cm™, but at ca. 673 and ca. 891 cm* the peak
becomes more distinct for higher boron contents, particularly for B10C10, B15C10 and B20C10
(Fig.11-B). A similar behaviour is verified for B-O and B-O-B linkages, except for B20C10 in which
these two peaks are disappearing.

In this way, the existence of these borosiloxane bridges in the samples’ spectra suggest that
trigonal boron atoms are incorporated into the siloxane structure, forming a homogeneous
borosilicate network. The link between the boron and the silica precursors was possible even without
the heat treatment, just by using low processing temperatures (< 150°C).
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(A) (B)
B20C10 /\/\\/\/ B20C10
BI5C10
B15C10 -
3
‘\/\/ g |B1oc1o
=
-4
B10C10 =
-
£
wn
=
£
B10CO /\F\/\/ =
$i-0-B
BSCS
Si-CH
Si-0-Si  D-Q
B-O p.o B-O-B
Si-0-Si SHO-Si
1550 1350 1150 950 750 550 350 1250 1150 1050 950 850 750
Wavenumber (cm-1) Wavenumber (cm-1)

Figure 11 - FT-IR spectra of the five compositions in the interval of (A) 350-1550 cm-1, with a resolution of

4 cm-1 and 128 scans; and (B) 750-1300 cm-1, with resolution of 2cm-1 and 250 scans.
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The bands related to the calcium acetate, like C-O vibrational modes, were not detected by
FT-IR. The absence of these vibration modes, which are common in acetate-based materials, was
due to the reaction between the acetate and the acid used in the synthesis, causing protonation of the
carboxylic group of calcium acetate. From here, it is produced acetic acid that reacts with the 2-
propanol (IPA) present in the solution originating an ester (2-propyl ethanoate) %%, This ester has a
boiling point lower than the temperature that the materials were subject to, and so it is evaporated
when the material is dried at 150 °C %. The calcium acetate used demonstrated a hygroscopic
behaviour which leads to the physically adsorbed water in the samples with Ca content. This
precursor not only adsorbs moisture from the air but also dissolves itself in that moisture, undergoing
a change of state. Ultimately, the most important IR bands that characterize the co-polymerization
between TEOS (inorganic precursor) and PDMS (organic precursor), and the presence of
borosiloxane bridges, are present in all the prepared hybrids.

Table 6 - Band assignments for the five compositions and respective references.

Wavenumber (cm™)

Assignment

B5C5 B10CO B10C10 B15C10 B20C10 References
v O-H in H20 3409 3417 3434 3429 3458 %
vaC-H in CH3s 2970 2970 2971 2968 2968 94,95,130
y O-H in H.0 1639 1635 1637 1637 1635 95,134
vB-0in BO3 1456 1448 1448 1449 - 130134
8aCHsin 0405
Si(CHs)2 1416 1417 1416 1415 1414
vB-0in BO3 1385 1376 1378 1385 1385 47,130,131,134
65 CH3 in 18,93-95,129
Si(CHa)z 1265 1265 1265 1265 1265
vs Si-O-Si 1105 1103 1103 1104 1101 121
v Si-O-B 930 934 927 928 927 18,19,129,131
v Si-O-B 888 - 891 892 889 18,19,131
D-Q units 851 851 851 851 850 18,95,129,131
vs Si-O-Si 805 806 805 805 805 18.95,129,151
6 B-O-B in BO3 729 725 729 730 722 143,149
vs Si-C 701 698 701 697 694 47147
3 Si-O-B 669 669 671 673 674 19,134
Si-O-Si 562 564 563 564 563 95,151
D-Q units 399 399 403 409 402 95,130
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4.1.2. 1B NMR analysis

In order to complement the IR results, the structure of PDMS-SiO,-B,03-CaO hybrid
materials was also investigated through solid-state NMR analysis, which was performed on the
B10C0, B10C10, B15C10 and B20C10 samples. *'B NMR HAHN-ECHO spectra recorded for each
sample are presented in Figure 12, and in Table 7 is represented the relative percentages of each
boron structure, for each sample. The aim of this analysis is to provide structural information about
the boron units and how the concentration of trigonal and tetrahedral boron species was changing
between the different samples. The B5C5 sample was not used for this analysis, because the objective
was to observe the effect of boron addition in the structure, while maintaining fixed all the other
compounds, including calcium; the B10CO sample was used to compare the presence and absence of
CaO in the boron structure. Si-29 NMR was not performed because it is not very informative to
investigate the formation of borosiloxane network °.

As can be observed in Figure 12, hybrids present different structural arrangements of boron
which are confirmed by the presence of two peaks corresponding to distinct groups of B structural
units. The first one is between 13 to 18 ppm and it is assigned to trigonal BO3 (FIB) units, in which
a broad peak near 6=13 ppm can be attributed to BO3z nonring sites, while the shoulder with a
chemical shift near 18 ppm corresponds to boron in rings of three planar BO3 groups, known as boron
in boroxol rings 123124127 The other boron group was observed near 1.3 ppm, for the compositions
with calcium in the system (B10C10, B15C10 and B20C10). This peak is assigned to tetrahedral BO.
([4]B) units 19.124,130,131

In this way, the presence of B units are related to the addition of calcium into hybrid
system, since this signal only appears when calcium is presented (B10C10, B15C10 and B20C10
samples).

Samples (Table 7) presented a higher fraction of EIB units than 1B units, because boron is a
network former and its stable form in nature is trigonal. By adding a modifier cation (calcium), a
small fraction of boron trigonal tends to change to BO, (metastable form). In respect to the effect of
the boron load, as boron amounts increase in the composition, maintaining fixed the calcium content,
more boron units are available in the system for the calcium to transform the boron trigonal in
tetrahedra. For instance, this is the case of samples B15C10 and B20C10, where the former (with
less boron amount) presents 15% of “IB, and the latter 20%.

These results are in accordance with the ones from other authors "+126137 which assumed
that, in borosilicate glasses, the presence of a strong nucleophilic cation, such as lithium or calcium,
makes boron change its coordination from PIB to B units. Indeed, Silver et al %6, who study the
NMR spectrum of B! in several glassy materials containing boron oxide, including borosilicate

glasses, concluded that the boron atoms may have at least two coordination numbers. Moreover,
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authors determined, that the presence of the BO4 tetrahedra only appears when a modifier is present.
Besides, they also showed that the percent of three- and four-coordinated atoms depend on the
modifier concentration.

Additionally, the B resonance signal at =13 ppm and at =18 ppm appear as the
fingerprints for the formation of borosiloxane bonds 19124130131 The development of borosiloxane

bonds in the hybrids prepared can be identified directly from the FT-IR and B NMR results.

BIB(nonring)

' HIB

UB NMR

HAHN-ECHO
BIB(ring, boroxol)

B20C10

B15C10

B10C10

B10C0

28 26 24 22 20 18 16 14 12 10 8 6 4 2 0 -2 -4 -6 -8 -10
(ppm)

Figure 12 — B NMR spectra of the samples B10CO0, B10C10, B15C10 and B20C10.

Table 7 - Relative percentages of FIB and B in each sample.

% Fraction

Sample

Bl i
B10CO 100 0
B10C10 88 12
B15C10 85 15
B20C10 80 20
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4.1.3. XRD analysis

Figure 13 shows the XRD spectra of each sample. From the figure it can be inferred that all
the prepared samples are amorphous and that there is one broad, undefined peak around 26 ~ 8° which
corresponds to a value of the Bragg d-spacing of around ~11 A. The low angle value corresponds to
the characteristic distance between silica domain centres, and to the way in which the boron is
arranged with the silica groups. This is related to the coordination level, which influences the peak
definition 1. Observing the spectra, it is possible to verify that this peak, situated at 26=8°, only
varies in width with the amount of boron added, becoming narrower with the decrease of its content.
Therefore, increasing the amount of boron results in less definition of the peak and less coordination.
This can be due to the boron entering in the inner network. The compositions with the highest and
defined peak are B10CO and B10C10.

Table 8 shows the angle at the maximum for each composition. The difference in the angle
between each composition is minimal, always around 26=8°, corresponding to a d=11 (A). This
value of 11 A is close to the value of 13 A calculated by Brus and Dybal %2 for a primary silica
domain size in a similar hybrid system. Since the present sol-gel procedure is a one-step process, in
which network formation and particle generation are simultaneous processes, water will diffuse to
friendly sites. Namely, sites with high polarity, such as domains with a high concentration of

hydroxyl groups. Therefore, nucleation will occur at the cross-links °.

B20C10

B15C10

Intensity (a.u.)

0C10

CS

2 0 (degree)

Figure 13 - XRD spectra of the five samples after dried at 150°C.
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Table 8 - Values of the maximum angle of the five samples.

Sample 20 (°)
B5C5 8.1
B10CO 8.1
B10C10 7.5
B15C10 7.9
B20C10 7.7

4.1.4. BET specific surface area

Specific surface areas (SSA) of porous samples were obtained from the nitrogen adsorption-
desorption isotherms using the Braunauer-Emmet-Teller (BET) method (Figure 14). The SSA results
are presented in Table 9. Observing the isotherms of Figure 14, it is possible to assume that the
composition with the highest quantity of gas adsorbed is B5C5, followed by B10C0O sample. The
composition with the lowest quantity of gas adsorbed is B20C10, that is the composition with the
highest amount of boron, presenting almost a line graphic compared to the other samples. Wherefore,
as the content of boron in the hybrid composition increases, the adsorbed volume of nitrogen gas
decreases, consequently lowering the percentage of porosity. This result is the first indication that
the incorporation of TMB reduces the pore volume and then, the specific surface area.

According to the types of isotherms, the obtained graphics for all the compositions reveal a
type 1V isotherm (IUPAC classification), which is usually related to a mesoporous material (2 nm <
pore diameter < 50 nm). These isotherms show type H3 hysteresis loop, which extends to low
pressures. The morphology of these materials is in a lamellar way and the pores are in the form of
slits. According to the literature, this type of low pressure hysteresis, in which the final value of the
adsorption curve does not coincide with its initial value, is associated with the expansion of the non-

rigid porous structure.
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Figure 14 - Isotherms of each composition by BET method.

Table 9 shows the BET specific surface area (m?/g) of each composition, with a particle size
in the range of 180 to 355 pum, and the values agree with the isotherms analysed above. The table
shows that increasing the boron concentration leads to a decrease in the value of the specific surface
area. By comparing the B10C10 sample with the B20C10, the B10C10 sample has a surface area of
almost double than the B20C10, 16.7 and 7 m?/g, respectively. But the composition with the highest
surface area is B5C5, which may be related not only to the amount of boron but also to the amount
of calcium in the system. In this way, it is possible to assert that the B5C5 sample presents a highly
mesoporous structure and that SSAs values exhibit a decrease with the addition of TMB to the hybrid
material. Guo et al. ® and Pefia-Alonso et al.**! already showed the presence of multiple size-scale
morphologies, form nanometers to micrometers, in hybrid TEOS-PDMS materials . They also
proved that as the boron precursor increases, the surface area decreases while pore volume and pore
size increase **!. With the addition of TMB, the mesopore volumes decrease and macropore volumes

increase 131,

Table 9 - Values of surface area calculated from the nitrogen adsorption isotherms, for the five samples.

B5C5 B10CO B10C10 B15C10 B20C10

BET surface
95.2 61.8 16.7 17.5 7.0

area (m?/g)

50



Chapter 4 — Results and Discussion

4.1.5. SEM and EDS analysis

The structure of the hybrids with different compositions were observed by scanning electron
microscopy (SEM) and analysed by EDS. Figure 15 shows the hybrid micrographs and the respective
EDS for all the samples, using a magnification of 10.0k and 20.0k, with an energy of 20.0 kV and
15 kV, respectively.

As can be seen in Figure 15, the samples with higher boron content, B15C10 (Fig.15-D1,
D2) and B20C10 (Fig.15-E1, E2), show a larger porous structure compared to the others. At first
sight it seems that the increase in the amount of boron contributes to the formation of more porous
structures and, consequently, a less dense material. It can be stated that the porosity present in the
material is related to the boron element. Nevertheless, the BET results show a decrease in the values
of surface area with the concentration of boron in the system, as well as a decrease in the
mesoporosity. As can be seen in the micrographs, the B15C10 and B20C10 samples have more boron
in the system and present a larger pore structure and a lower surface area. Since the BET method
only measures mesoporous structures and SEM cannot measure the mesoporosity, the porosity that
is visible in these samples (B15C10 and B20C10) can be due to macrosized pores on the surface.
The other samples exhibit mesosized pores on the surface, or even nanosized. So, the B5C5, B10C0
and B10C10 samples present a mesoporous structure, and the B15C10 and B20C10 samples a
macroporous structure. Although the B10C10 and B15C10 samples present a similar surface area
value, the SEM micrographs show a different microstructure.

By observing the microstructures, it is clear that the addition of boron to the composition
affects the final morphologies of the hybrids, being more evident for higher contents of boron
(B20C10). Accordingly, as boron content increases, the structure tends to the formation of a
macroporous material. As known in the sol-gel chemistry 1%, the atoms situated in the surface of
silica secondary particles, rather than in the primary ones, act as “poisoned” sites and slow down the
condensation process leading to a highly branched structure. This can give rise to porous
microstructures with low values of specific surface area, as observed for the B20C10 sample.

The EDS analysis was performed to confirm the elements present in the samples. It can be
observed that the spectra are similar and present peaks from Si, Ca, Cl, O, due to the compounds

used to prepare the samples.
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Figure 15 - SEM micrographs, with different magnification of 10.0k and 20.0k, and the respective EDS of
the five samples dried at 150°C: B5C5 (A1,A2, a), B10CO (B1, B2, b), B10C10 (C1, C2, c), B15C10 (D1, D2,
d) and B20C10 (E1, E2, e).
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4.2. Bioactivity assays

In vitro acellular bioactivity of biomaterials is usually assessed by monitoring the rate of
apatite formation on samples after immersion in SBF. Thus, after soaking the samples in Kokubo’s
simulated body fluid (SBF) for 1, 7 and 14 days, they were analysed by FT-IR, XRD and SEM with
EDS, to verify the presence of crystalline HA or calcium phosphate aggregates on the surface of the
samples. The supernatant liquid was analysed by ICP to confirm the degradation of the material and,

consequently, its ability to release boron ions.

4.2.1. FT-IR analysis

As FT-IR is a sensitive technique used to detect the local structure of glasses, it becomes a
convenient method to analyse the HA formation on samples after SBF immersion. The IR analysis
was later carried out to evaluate the possible changes that the material might have suffered and
determine the bonds established, indicative of hydroxyapatite. According to the literature, the bonds
that can be considered the main characteristic peaks of crystalline HA, or amorphous calcium-
phosphate aggregates, are P-O bending bands located around 600 cm™ 1531% Figure 16 show the IR
spectra of each composition obtained before (0 d) and after immersion in SBF for 1,7 and 14 days,
and the respective band assignments. The IR spectra represented are in the interval of 350-2000 cm-
! where the most noticeable changes occur.

Although the underlying mechanism towards HA formation is identical in the glasses, their
reaction times differ strongly, depending on the composition used. This happens for the compositions
in this study, in which the presence of HA peaks differs each time. But for all the samples, a hew
peak located near 600 cm™ was detected after immersion, which can confirm the presence of
amorphous phosphate species or HA layer on the surface. In the B5C5 (Fig. 16-A) sample, after 14
days, there was detected a small peak at 601 cm™, whereas in the B10CO (Fig. 16-B) sample this
small peak was observed 1 day after being immersed in SBF. In Fig.16-C, which presents the spectra
of the B10C10 sample, it is clear the appearance of a new peak assigned to the P-O bonds, after 7
and 14 days. The intensity of the characteristic peak (at ca. 600 cm™) became stronger as the
immersion time in SBF increased. In the B15C10 (Fig.16-D) and the B20C10 (Fig.16-E) samples
the characteristic peak only appears after 14 days.

Regarding the change in the bonds that were already present in the material before immersion
(0 days), it is possible to observe some variations in the intensity of them, mainly in D-Q vibration
(at ca. 400 cm™ and ca. 850 cm™); in Si-O-Si vibrations (at ca. 564 cm, ca. 805 cm™ and ca. 1103
cm); in Si-CH3 vibrations (1265 cm™); and in the regions assigned to boron bonds, such as B-O-B
(at ca. 730 cm) and B-OH vibrations (between 1300 and 1550 cm). In most of the samples, after
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a day in contact with the supernatant liquid, the intensity of these peaks decreased, which suggests
that the number of Si-O-Si, Si-CH3, B-OH and B-O-B bonds in the material decreased as well, due

to the release of Si and B ions in the solution. However, as the time of immersion increased, the

intensity of the peaks related to silicon increased as well, due to the formation of a silica-rich layer

155

Accordingly, the samples with more boron and calcium in the system, such as the B10C10, the

B15C10 and the B20C10 compositions, are the ones that show a band at ca. 600 cm?, which is

assigned to the bending of the P-O bond on the surface of these samples. This is the prime indication

of the presence of calcium-phosphate aggregates in the material. Besides, with the increase in

immersion time, the results from the samples suggest the presence of a silica-rich layer.
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Figure 16 - FT-IR spectra of the five samples before (0 days) and after immersion in Kokubo solution during
1, 7 and 14 days: (A) B5C5 sample, (B) B10CO sample, (C) B10C10 sample, (D) B15C10 and (E) B20C10

samples.
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4.2.2. XRD analysis

The development of calcium phosphate aggregates or HA crystals cannot be identified solely
based on the IR data. Therefore, X-ray diffraction analysis was performed to evaluate the presence
of these precipitates. Figure 17 shows the X-ray diffractograms of samples B5C5 (Fig.17-A), B10CO
(Fig.17-B), B10C10 (Fig.17-C), B15C10 (Fig.17-D) and B20C10 (Fig.17-E) before (0 days) and
after 1, 7 and 14 days of immersion in SBF. According to the literature, surface HA deposition is
confirmed by the appearance of diffraction peaks at ~26°, ~32°, ~430 153.1%5 |

As can be seen in Fig.17-A, corresponding to the B5C5 sample, no characteristic peak of the
hydroxyapatite was detected after 1 day. However, after 7 days, the sample presented two peaks at
12° and 23°, which are characteristic of the calcium-phosphate that is deposited on the surface. Yet,
after 14 days the peak disappears possibly due to the washes with ultrapure water and acetone that
applied to the powder, before centrifugation.

In the B10CO (Fig.17-B) composition no peak is detected. However, with the addition of
calcium to the sample B10C10 (Fig.17-C) there appears a poorly defined peak at 26=32° after 14
days of immersion, but none appears at either 1 or 7 days. The compositions B15C10 (Fig.17-D) and
B20C10 (Fig.17-E) do not show any representative peak of the apatite phase in any of the immersion
times.

Therefore, considering the results obtained by XRD analysis, it is possible to deduce that no
crystalline phase of calcium phosphate was formed, only some amorphous calcium-phosphate phases
in some compositions. These results alone are not very conclusive and are not in line with the results
obtained by FT-IR analysis, which detect the presence of phosphate links in all compositions.

The absence of crystalline phases is not exclusive of the existence of aggregates of calcium-
phosphate, it depends on the concentration of each element and the time given to form these
precipitations. And even when HA crystals do not appear, it is possible to obtain a bioactive and

biocompatible material with only the presence of amorphous aggregates.
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Figure 17 - XRD results from the samples before and after been immersed in SBF during 1,7 and 14
days: (A) B5CS5, (B) B10CO, (C) B10C10, (D) B15C10, (E) B20C10.

4.3.3. SEM and EDS analysis

To complement the study of the material bioactivity in acellular medium, it was evaluated

the surface of the samples dried at 150 °C, after the samples were soaked in a simulated body fluid,

by SEM and EDS. The SEM micrographs and respective EDS spectra of each composition surface,

obtained after immersion in different time periods (1, 7 and 14 days), are represented below in the

figures (Figures 18, 19, 20, 21, 22).
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As can be observed in Figure 18, corresponding to the B5C5 sample, after 1 day of
immersion (Fig.18-Al and A2) there is no evidence of calcium or phosphorus in the materials, which
is in accordance with its EDS (Fig.18-a). The calcium composing the material was not even detected,
probably because Ca was released to the SBF solution. Though after 7 days (Fig.18-B1 and B2) it
was detected a deposition of agglomerates in the surface of the material which, according to the EDS
spectra (Fig.18-b), corresponds to a calcium-phosphate phase. As the time of immersion increased
to 14 days, these granules of amorphous CaP-rich species continued to develop in the direction of
HA crystals (Fig.18-C1 and C2). These results are in accordance with the ones from FT-IR and XRD,
in which the appearance of a weak absorption band of P-O vibration and an calcium-phosphate phase

were verified.
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Figure 18 - SEM images, with magnification of 1.0k and 5.0k, and the respective EDS of the B5C5
composition dried at 150°C after immersion in SBF for 1 day (A1, A2, a), 7 days (B1, B2, b) and 14 days (C1,
C2,c).
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Figure 19 corresponds to the B10CO sample. Observing the SEM micrographs, there is no
significant change at the microstructural level during immersion time. In the EDS spectra (Fig.19-a,
b and c) no calcium or phosphorus ions were detected, just silicon ions belonging to the silica of the
material. These results were expected since calcium was not present in this composition, making it
difficult for the sample to form a calcium-phosphate layer. As said before, calcium ions are a
requirement to promote the bioactivity of the material and, consequently, for the mineralization to

occur.
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Figure 19 - SEM images, with magnification of 1.0k and 5.0k, and the respective EDS of the B10CO
composition dried at 150°C after immersion in SBF for 1 day (A1, A2, a), 7 days (B2, B3, b) and 14 days (C1,
C2,¢).

Figure 20 shows the SEM images, with different magnifications, and the EDS spectra of the
B10C10 sample after immersion in SBF for 1 day (Fig.20-Al, A2, A3 and a), 7 days (Fig.20-B1, B2,
B3 and b) and 14 days (Fig.20-C1, C2, C3 and c¢). Observing the figures, the presence of precipitates
in the surface of the material is detected in all immersion times. The change in the microstructure,
before and after having been soaked in SBF, is accompanied by an obvious modification of the EDS
spectra (Fig.20-a, b, ¢) which shows the appearance of characteristic peaks of Ca and P ions. These
ions are attributed to the apatite-formation. Particularly, after immersion for 14 days, the images with
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higher magnifications (Fig.20-C2 and C3) show the particles that covered the surface are formed
with little crystals, that will presumably grow to HA-like crystals.

The EDS spectra also shows a peak of the CI that is due to the HCI used in the samples’

preparation.
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Figure 20 - SEM images, with a magnification of 1.0k, 5.0k and 10.0k, and the respective EDS of the
B10C10 composition dried at 150°C after immersion in SBF for 1 day (A1, A2, A3, a), 7 days (B1, B2, B3, b)
and 14 days (C1, C2, C3, ¢).

The bioactivity analysis of the B15C10 sample is recorded in Figure 21, by SEM images,
using different magnifications, and EDS spectra, for different immersion times: 1 day (Fig.21-Al,
A2, A3, and a); 7 days (Fig.21-B1, B2, B3 and b); and 14 days (Fig.21-C1, C2, C3 and c¢). Observing
the images, they revealed the presence of surface precipitates after soaking for three different times.
After 1 day, it is observed, with a lower magnification (Fig.21-Al and A2), a layer on the material’s
surface which, in agreement with EDS (Fig.21-a), is mainly composed of silicon, calcium and
phosphorus ions. This could be the beginning of the calcium-phosphate layer’s formation. The same
happens for 7 days (Fig.21-B1 and B2) and 14 days (Fig.21-C1 and C2) of immersion, but the
precipitates covering the surface are bigger.
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Using a magnification higher than 5.0k (Fig.21-A3, Fig.21-B3, Fig.21-C3), one can state
that the topography is changing during immersion time. The microstructure of the sample after 1 day
(Fig.21-A3) is different from the ones after 7 (Fig.21-B3) and 14 days (Fig.21-C3), where the
precipitates are forming into crystals, with lamellar form, which is typical of HA. This is in agreement
with the FT-IR results after 14 days, which present a P-O bond characteristic of the formation of

calcium-phosphate aggregates, although no visible apatite is observed in XRD.
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Figure 21 - SEM images and the respective EDS (a, b, c) of the B15C10 composition dried at 150°C after
immersion in SBF for 1 day (A1, A2,A3), 7 days (B1, B2, B3) and 14 days (C1, C2, C3), with three different

magnifications.

Figure 22 is relative to the B20C10 sample, which also reveals the formation of apatite phase
on the surface of the hybrid. Layers of calcium phosphate coat the powder samples (Fig.22-Al,
Fig.22-B1 and Fig.22-C1), which are confirmed by the cauliflower-like shape of the crystals formed
after 1 day (Fig.22-A2 and A3) and 14 days (Fig.22-C2 and C3). Again, the EDS spectra (Fig.22-a,
b and c) confirm the existence of this phase. Although the SEM micrographs after 7 days of
immersion (Fig.22-B2 and B3) do not reveal crystals with cauliflower like shape, there is still a
presence of a calcium-phosphate phase. These images obtained from the material’s surface can be
relative to an area where the crystals are in development. This microstructure was also observed in
the sample, B15C10, after 1 day.
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Energy (keV)

Figure 22 - SEM images and the respective EDS of the B20C10 composition dried at 150°C after immersion
in SBF for 1 day (A1, A2,A3), 7 days (B1, B2, B3) and 14 days (C1, C2, C3), with a magnification of 1.0k,
5.0k and 20.0k.

Although the XRD results do not show any considerable crystalline phases (peaks),
throughout the various incubation times, the micrographs of SEM confirm the presence of aggregates
in the hybrids’ surfaces, corresponding to CaP phases. These results are supported by the FT-IR and
EDS results, indicating the presence of a phosphate phase on the material, that is accompanied by an
increase in calcium as well. The calcium-phosphate phase appears for all the samples containing
calcium where it occurs a mineralization. These apatite precipitates are indicative of the material
bioactivity potential. Thus, it is possible to have a bioactive material without crystalline phases, but
with an amorphous calcium-phosphate phase.

The B10CO sample, the one without calcium, was the only who exhibited no peaks of
phosphorus in EDS, as well no precipitates in the surface of the hybrid material.
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4.3.4. I1CP analysis

ICP results are presented in Figure 23 which shows the variation of B (Fig.23-A), Ca (Fig.23-
5B), P (Fig.23-C) and Si (Fig.23-D) ions concentration (ppm) in the supernatant liquid, for the five
compositions, during different soaking times: 1, 7 and 14 days.

As shown in Fig.23-A, the boron concentration released from each sample increased
throughout the immersion time and seems to be higher when more boron is in the composition. The
B20C10 sample, which has the highest boron content, also reveals higher amounts of boron released,
in the range of 7 ppm, for 7 and 14 days in SBF. The sample with the lowest amount of boron (B5C5)
is also the one with the lowest concentration of boron released. In this way, with the increase of boron
amount in the composition, more boron is released to the supernatant liquid, except for the cases of
B10CO0 and B10C10 samples. Although the two samples have the same amount of boron (0,10 mol),
the B10C10 sample releases more boron than the B10CO.

Hence, these results suggest that the hybrids in the PDMS-SiO,-Ca0O-B,03 system can
release boron when in contact with simulated body fluids. The values of the amount of boron released
(from 1 to 7 ppm) from the samples are in the interval defined as optimum for a controlled release
(0-10 ppm) . Thus, according to the literature, these materials are probably capable of inducing
osteoblasts activity and inhibit the osteoclasts bone resorption. At the same time, the boron’s values
are much lower than the one reported as cytotoxic ( > 50 ppm) L.

While boron concentration in the SBF increases with time, calcium (Fig.23-B) and
phosphorus (Fig.23-C) concentrations decrease, which appears to be associated with the deposition
of an amorphous calcium phosphate layer on the hybrid.

Regarding calcium concentration (Fig.23-B), all the samples containing calcium in the
composition are capable of releasing this ion after 1 day of immersion, since the Ca ionic
concentration of each sample, in the SBF is higher than the one for SBF standard, [Ca]ssr standard =
100 mg/L. With the time, the calcium concentration continues to decrease in all samples containing
calcium, except for the B15C10 sample after 14 days, in which a different behaviour occurs. The
B15C10 sample demonstrates a different behaviour comparatively to other samples after 14 days:
the calcium concentration increases after 1 day, then decreases after 7 days and at day 14 increases
drastically, while phosphorus ions stabilize. This rapid increase of Ca?* can be due to the calcium
saturation. Initially, the calcium ions diffuse through the hybrid and are released to the solution,
explaining why the value of calcium after 1 day is higher than the SBF standard value. Then, occurs
the link between the phosphate ions, forming an amorphous CaO and P,Os-rich film on the hybrid
surface, so the calcium and phosphorus concentrations of the solution decrease. This process happens
for all samples. The only difference is that at same point (at 14 days) in the B15C10 sample, the

calcium in the material starts to be released to the solution, maybe due to the saturation of the surface.
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As for silicon concentration in the SBF, with the exception of B10CQ0, it increases with the
time of immersion, owing to the dissolution of soluble silica. According to the mechanism proposed
by Hench %, and explained before, the nucleation and precipitation of an apatite-like phase on the
glass surface firstly begin with a cationic exchange. This exchange is between the cations within the
hybrid and H* ions from the solution. This leads to the formation of silanol bonds (Si-OH) on the
surface of the material. With the ongoing of the exchanging reaction, Si-O-Si bonds are attacked by
hydroxyl ions, and when all four Si-O bonds of a single Si atom are broken, soluble silica, Si(OH)a,
is lost in the solution. Once again, a controlled release profile of silica ions is observed for B10C10
sample in the range of 1.7-16 ppm. For the composition with higher content of boron in the system
(B20C10) it releases lower concentrations of silicon. This may be an indication that the bonds
associated with silicon ions are strongly bonded, making it difficult to dissolve them in contact with
physiological fluids. The sample without calcium, B10CO, do not present any change throughout

time, maintaining the same value of silicon concentration, which is equal to the standard solution.
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Figure 23 - lonic concentration of (A) boron, (B) calcium, (C) phosphorus and (D) silicon in SBF medium

at different soaking times (1, 7 and 14 days), and released from the five samples.
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The ICP results are in agreement with the ones from SEM and FT-IR, since the decrease of
calcium and phosphorous ions in the SBF solution suggest that these ions were used for the formation
of a calcium-phosphate layer in the surface, confirmed by the appearance of precipitates in SEM

micrographs as well as P-O vibrations in FT-IR spectra.

The pH of the supernatant liquid of the five samples, for each soaking time in SBF, was
analysed. This analysis was useful to verify the effect of boron and calcium in the pH of the medium,
when the sample is in contact with a simulated body fluid. Table 10 shows the pH values obtained
for each composition, at different immersion times (1, 7 and 14 days). Observing the table, it is
possible to confirm that there is not a significant variation in the pH values, remaining approximately
neutral, pH~7.4 In addition, comparing the SBF standard (7.45) with the SBF with the ionic
dissolution products of each sample, with different boron and calcium contents, the pH values are
similar. In this way, these results may be advantageous, since boron ions did not acidify the medium,
not occurring a significant variation of pH with the boron content.

Table 10 - pH values of each sample after being in SBF for 1, 7 and 14 days.

B5C5 B10CO B10C10 B15C10 B20C10
1 day 75 7.4 7.5 7.5 7.5
7 days 75 7.5 7.5 75 7.5
14 days 6.9 7.2 7.4 75 7.4
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Chapter 5
Conclusions and Future Works

5.1. Conclusions

The two main objectives of the present work were: to prepare monolithic hybrid materials
for bone tissue engineering based on a polydimethylsiloxane-silica (PDMS-SiO,) system containing
calcium and boron ions; and to achieve a better understanding of the relationship between calcium
and boron addition and the obtained chemical structures, microstructure and macrostructure
properties, and consequently the biological behaviour.

The first goal was accomplished, which was to define an experimental protocol to synthesize
a homogeneous hybrid material. After some experimental work, it was possible to reach the ideal
procedure where no precipitation was observed. The absence of precipitations was mainly due to the
miscibility between the reagents used. Although water is important to start the hydrolysis-
condensation process, not all the precursors used are miscible in water, like the case of PDMS.
Though, PDMS is miscible in acetone as well as the TMB. Isopropanol was advantageous for the
reaction with the ester, from the calcium acetate with HCI, which as eliminated during the drying
step (150°C).

In addition, this experiment allowed the formation of hybrid bonds (D-Q) between the
organic (PDMS) and the silica inorganic precursor (TEOS) as well as the presence of borosiloxane
bonds (B-O-Si). According to the literature, these links were confirmed by the appearance of bands
near 400 and 850 cm?, and at ca. 880 and 925 cm? in the IR spectra of prepared samples,
respectively. The last results were in accordance with the ™! B NMR data, which demonstrates that
samples with boron and calcium in the composition, such as B10C10, B15C10 and B20C10, revealed
the presence of boron sites connected to SiO.. In accordance with previous literature, the peaks
obtained corresponded to trigonal boron units in non-ring and boroxol rings, and to tetrahedral boron
structures. However, the sample without calcium (B10CO0) did not present boron atoms in the BO4
tetrahedral. Accordingly, this confirms that the presence of the CaO modifier influences boron’s
configuration, by changing the boron from BOs planar structures to BO, tetrahedra structures. The
structure of the hybrid depends on the network former and modifier atoms.

Taking into account that the synthesis of the hybrid system was done at low processing

temperatures, the B-O-Si bonds with four-coordinated borons revealed to be easily broken, since the
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bond energy is weaker than the three-coordinated boron. In this way, the boron coordination can be
in constant alternation between EIB and MIB sites 7.

In respect to the hybrid microstructure, it was noted that there was a microstructural
difference between the samples, becoming this difference clearer with the increase of boron content
used in the sol-gel preparation. BET analysis showed that the specific surface area and the
mesoporosity of the material tend to decrease with the boron amount. Samples with higher amounts
of boron demonstrated larger macropores, while the samples with low boron, a higher mesoporosity.
Thus, it is possible to conclude that boron affects the microstructure of the material. The porosity
observed in the SEM and BET specific surface area can be advantageous to the release of calcium
and boron ions when in contact with body fluid, stimulating the formation of calcium-phosphate
layer and the cell attachment, migration and vascularization. As referred before, vascularization of
the tissue is important for bone repair and regeneration, and the ability to induce angiogenesis is
considered one of the requisites for the devolvement of biomaterials.

Regarding the bioactive potential of the material, the results obtained by SEM, EDS and ICP
are in agreement with the accepted mechanism of calcium phosphates formation in calcium-
containing sols produced at room temperature. Samples with calcium in the system released it to the
SBF medium over time, decreasing its ionic concentration and leading to the precipitation of calcium-
phosphate. This was confirmed by SEM images, which demonstrated cauliflower aggregates on the
sample’s surface. The aggregates of calcium-phosphate were not deposited in a homogenous way,
being instead dispersed throughout the surface. However, for the sample B10CO0, which does not
contain calcium in its composition, the concentration of this element in the SBF solution does not
reach the threshold necessary to induce calcium phosphates crystallization, and consequently, no
detection of aggregates was found in the SEM micrographs. Another goal was achieved: the
production of a potential bioactive and biocompatible PDMS-SiO2-B,03-Ca0 hybrid.

From the ICP data, it was possible to verify that, for the same amount of boron, the presence
of calcium in the system induces a higher release of boron from the material. This may be explained
by the release of calcium from the system, when the material is in contact with body fluids, which
will weaken the structure. Consequently, boron becomes more receptive to be released as well.

It must be noticed that although the SBF solution was been used to evaluate the capability
of the materials to form calcium-phosphate on the surface, it presents several limitations as a
technique to evaluate the material’s bioactivity.

From the production and study of PDMS-SiO2-B.0s-CaO hybrid system, there was two main
conclusions achieved:

= The incorporation of boron in the hybrid system changes the materials’

microstructure, by increasing the macro porosity and lowering the surface area;
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= The presence of a network modifier in the hybrid structure changes the boron

coordination from trigonal to tetrahedral.

5.2. Future works

The results obtained in the present work led to some suggestions for its continuation, as well
as to the deepening of some aspects in the sense of clarifying certain results. In this way it is
suggested:

= To evaluate if the calcium and phosphor ions are present in the ultrapure water and
acetone applied to the powder, before centrifugation;

= To evaluate the cytocompatibility of the material in a cell media. These tests will be
carried out in the laboratory of the University of Erlangen-Nuremberg, in Germany,
in order to verify the possible cytotoxicity of the samples and their effect on the
activity of osteoblastic cells. For that purpose, cell assays will be perform with the
aim of measuring the cell viability, cell morphology, and release of angiogenic
agents, such as vascular endothelial growth factor (VEGF), by the cells, when
exposed to ionic dissolution products;

= To study the influence of sol-gel parameters, such as water, pH, TEOS and PDMS
content, in the PDMS-SiO,-B,03-CaO hybrid system and, consequently, the
modifications on the structure and microstructure of the material, as well as in the
biological performance;

= To study the kinetic of Ca and B release.
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Annex

Annex [

Notation used for Si structural groups

In the present work it will be used a notation to represent silicon structural groups, which
was developed by Lippmaa et al. %7 and adapted by Glaser et al 1%,

Silicon-based tetrahedra containing oxygen and organic “R” groups, in the case of PDMS

“R” is a methyl group (CHs), can be represented by:

= “Q” quaternary (four) oxygen tetrahedral

= “T”: ternary (three) oxygen and one organic group tetrahedral

= “D”: “di” oxygen and two groups tetrahedral.

The numerical superscript indicates the number of other silicate structures attached to the

one in question. Figure 24 represent a schematic representation of the notation used for Si functional

groups.
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Figure 24 - Notation used for Si structural groups.
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Annex I1

Results from previous procedures

Before achieving the final protocol, same experimental attempts were made, using different
procedures as well as different precursors than the ones used for the defined protocol described in
this work. It was the case of calcium precursor. In Figure 25 it is presented images of samples dried
at 150°C, in petri dishes, using calcium chloride (CaCl,) as calcium precursor and the formation of

precipitates in the surface.

Figure 25 - Examples of samples dried at 150°C, in petri dishes, using CaCl2 as calcium precursor.
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Annex III

Scientific poster

A poster based in this thesis and entitled “Boron containing PDMS-SiO,.CaO hybrid materials by
sol-gel for bone tissue engineering”, was presented in the “V Congreso Hispano-Luso de Cerdmic y
Vidrio/LVI Congreso Nacional de la SECV” in Barcelona, Spain.

Boron containing PDMS-SiO2-CaO hybrid materials by
sol-gel for bone tissue engineering

FRIEDRICH. ALEXANDER

ERLANGEN NORNSERG Soraia R. Coelho', J.C. Almeida’, LM. Miranda Salvado', MH.V. Fernandes', |. Unalar?, R. Detsch?, Aldo R. Boccacciniz
Materials and ic Engineering, University of Aveiro, Portugal
“Institute of Biomater ty igen-hurembe(g. Germany *Soraia.c . .

Abstract

PDMS-Si02-Ca0 based hybrid system, prepared by sol-gel, have been proven to be very promising materials in tissue enginesring applications and drug delivery systems. Tagether with its recognized biacompatibility, these hybrids
presant ostogenic and bioacive properie that consistn the fomaton of a caliu phosphate ayer on ts urfacs. wihen in contact with physiclogical flids ithout toxic respanse. This wil support osteoblast atachment and bone
grawth. The incomaration of therapeutic ions such as boron (B) is known to stimulate bone and while ensuring the growth of naw blood vessels, allows tha transport and exchange of oxygen,

nutrents, growth factors and cells inside the newy formed tissue. An altemative to the use of vascular growth factors is the adoption of these inorganic angiogenic ions, due to s low Gost, igh stabilty and potentially greater safety [1]
The combination of such fons in hybrid materials prepared by the sol-gel methad is a novelty.

Objective: produce bioactive and biccompatible hybrid materials within the system PDMS-8i02-8203-Ca0, capable of releasing calcium and boron to stimulate angiogenesis. Three different compositions with different amounts of
boron were prepared using the same precursors and sol-gel route, resulting in difierent materials, with distincl structures and microstructures.

Experimental Procedure Microstructure analysis
The samples exhibit tyoe IV isotherm and type H3 hysteresis loop. The increase in boron content leads to a
The samplas were prepared by sol-gel al room temperature. Tha reagents used ware: latraathyl othosllicate decrease in the materials surface area.
(TEOS) and poiydimethylsiloxane {PDMS) silanol termined (550g mol average molecular weight) as silicate %
precursors; timethyl borate (TMB) as the boron source; and, calcium acetate (CaAc) as the source of calcium. 5 Freppi
The organic: solvents used were distilled water, acetane and isopropanal (IPA), and the medium was acidified : Sae0w ‘area (mlg)
with hydrochloric acid (HCI). 3 SOCT 5D
The samples’ composition and Lhe procedure are represented below. =S‘5 B18G10: 15t
o s H B20C10 48
Compositi lar rati " 9
omposition (in molar ratio) =
e | [R] [ ] e N
TEOS TMB  PDMS  CaAc [T [ ,’,LM bt o
i Bioactivity studies (Simulated Body Fluid) - SEM, EDS and ICP
Bioc10 1 o1 018 o1 2t ’—rl‘.—\ The SEM micrographs show a more porous structure in the BSG10 and B20C10 samples than in the B10C10
\—l— ane, for 0 days. After 1 and 7 days in SBF, the malerials already presented calcium-phasphate precipitations in
BisC10 1 015 018 o1 [ v their surface, accordingly with EDS spectra [1).
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Results and Discussion

Structure Analysis

The FTIR pattor of the materials shows characteristic bands of tha hybrid systom PDMS-S0,-Ca and PDMS-
Si0,8,0; , such as O-H bond, D-Q (PDMS-TEOS), §i-O-Si ifrom PDMS or TEOS), B-O and B-O-Si.

The spectra in the interval 1300-750 cm" shows in more detail the borosiloxane bonds (S0-B) [2:4].

In ICP analysis, boran specirum shows thal all samples are capable of releasing boron, due Lo the increase of
baron ions in the SBF. Calcium and phosphorus spectra show a decrease of these ions, confirming the
precipitation of calcium-phosphale in the materials’ surfaca [1].
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Conclusions

=i i s * Homogeneous hybrid materials were successfully obtained by sol-gel:
a ' * Boron was incorporaled in lhe nelwark al low processing lemperalures (<150°C);
s i * Band Ca ions were released in SBF;
=y « Calcium-phosphate layer was formed in the materials' surface: the materials. with differant compasitions of boran,
b
are potentially bioactive;
T CCARRCT TS T T -
Waveaumgerem | Waverumber (i) + Boron influences the materials’ microstructures
— References

B NMR analysis present diferent  structural
amangements of boron in the material, in fom of BO;
(78) and BO, {18 units, that are connected to SiO,
tetrahedra. A shoulder near 18 ppm is assigned to BO;
ring, while a broad peak near & = 13 ppm to BO;
nonring. Accarding o the literature [2-5], these values
are close to the ones already reported for the formation
of borosiloxane bonds

A shamer peak is around 1,3 ppm, characteristic of
tetrahadral B sites [2-4).
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Figure 26 — Scientific poster based in this dissertation.
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