UNIVERSIDADE b

COIMBRA

Ana Gabriela Teixeira Martins

TAILORING BIOMATERIALS FOR VERTEBRAL BODY REPAIR
SYNTHESIS, CHARACTERIZATION AND APPLICATION

VOLUME 1

Tese no ambito do doutoramento em Engenharia Quimica, supervisionada pela
Professora Doutora Maria Helena Mendes Gil e pela Professora Doutora Maria
Margarida Lopes Figueiredo e submetida ao Departamento de Engenharia Quimica da
Faculdade de Ciéncias e Tecnologia da Universidade de Coimbra

Agosto de 2019






1 2

UNIVERSIDADE B

COIMBRA

Ana Gabriela Teixeira Martins

TAILORING BIOMATERIALS FOR VERTEBRAL BODY REPAIR
SYNTHESIS, CHARACTERIZATION AND APPLICATION

VOLUME 1

Tese no ambito do doutoramento em Engenharia Quimica, supervisionada pela Professora
Doutora Maria Helena Mendes Gil e pela Professora Doutora Maria Margarida Lopes
Figueiredo e submetida ao Departamento de Engenharia Quimica da Faculdade de
Ciéncias e Tecnologia da Universidade de Coimbra

Agosto de 2019






Ao meu Pal
A minha Mae

A minha Irma






Ao Amor daminha vida

Jodo Tavares Ferreira






Resumo

As lesbes da coluna, nomeadamente as fraturas por compressdao em vértebras
osteopordticas, incentivaram o desenvolvimento de técnicas cirdrgicas sofisticadas,
acompanhadas por progressos importantes em biomateriais para reparacao Ossea.
Presentemente, a cifoplastia constitui um dos métodos mais avancados no tratamento e
reparacao de vértebras fraturadas. Trata-se de uma técnica minimamente invasiva que
consiste na injecdo percutanea de um cimento ésseo no corpo vertebral colapsado, ap6s
a sua altura ter sido restaurada por meio de um baldo insuflado no seu interior. ApGs ser
injetado, o cimento 6sseo solidifica, conferindo assim maior resisténcia a veértebra
reparada. Tipicamente, 0s cimentos 6sseos utilizados sédo materiais poliméricos como o
poli(metilmetacrilato) (PMMA), ou outras composi¢cdes baseadas em acrilatos, cujo
mecanismo de acao consiste numa reacdo de polimerizagdo que permite a obtencdo de
uma pasta injetavel e endurecivel in situ, num curto periodo de tempo. A preparacgéo do
cimento 6sseo envolve a mistura dos reagentes momentos antes da sua injecéo e a sua
aplicacdo é monitorizada através de técnicas radiol6gicas. Genericamente, este tipo de
cimentos 6sseos € considerado eficaz e seguro para aplicacdo em cifoplastia. Porém,
permanecem diversos fatores de risco e limitacdes que, embora tenham a vindo a ser
minimizados ao longo do tempo, justificam a investigacdo de novos biomateriais para esta
técnica cirargica.

O presente trabalho centrou-se na pesquisa por um novo biomaterial para
aplicacdo em cifoplastia, com o objectivo de obter uma alternativa viavel e propriedades
materiais superiores as dos cimentos 0sseos comercialmente disponiveis, sobretudo
baseados em PMMA. Pretendeu-se desenvolver um sistema injetavel que, apos
solidificacdo nas condi¢des fisiologicas do interior de uma vértebra, originasse um
material composito com composicao e algumas propriedades semelhantes as do tecido
6sseo. Como ponto de partida, pretendeu-se que a fase inorganica do compésito incluisse
componentes minerais baseados em hidroxiapatite natural, obtida a partir de 0sso, e um
agente de contraste radioldgico, tendo sido selecionado sulfato de Bario. Na fase orgéanica
do compésito, pretendeu-se utilizar poli (alcool vinilico), um polimero sintético
hidrossolivel, como constituinte principal de um sistema polimérico adequado a
solidificacdo in situ. Este polimero permitiu obter suspens6es homogéneas dos minerais
selecionados; no entanto a escolha de reagentes reticulantes constitui um grande desafio.

Esta investigacdo envolveu o teste de multiplos reagentes, originais ou
manipulados, e o estudo de combinag¢des que ndo tinham sido antecipadas no inicio dos

trabalhos. Estes testes exigiram uma multiplicidade de técnicas experimentais que



culminaram numa formulagdo capaz de satisfazer os requisitos quimicos, fisicos e
mecanicos previamente definidos. Obteve-se um pré-compédsito baseado numa
suspensdo de minerais em solucdo aquosa de poli (&lcool vinilico) modificado com uma
carbodiimida, a qual se adicionou colagénio hidrolisado em meio alcalino e ainda
persulfato de potassio. Para solidificar esta mistura e obter um material composito,
recorreu-se a 2-hidroxietilmetacrilato. Os ensaios in vitro mostraram que 0s compositos
obtidos eram biocompativeis com osteoblastos humanos e a sua a¢cao hemolitica ndo era
significativa.

Adicionalmente, desenvolveram-se microcapsulas biodegradaveis com
composicao e estrutura especificos, com o objetivo de funcionarem como dispositivos de
libertagdo de farmacos, ou de outras substancias, contribuindo simultaneamente para a
criacdo de porosidade adequada no compoésito. As microcapsulas foram utilizadas para
libertarem o agente reticulante na suspenséo do pré-composito.

Realizou-se um ensaio in vivo com modelo animal e confirmou-se que o contraste
radiologico do compésito era adequado. A analise histolégica mostrou que o compdésito
implantado era biocompativel e possuia propriedades osteocondutoras e osteoindutivas.

Este projeto conduziu a obtencéo de biomateriais com propriedades moduladas a
estrutura e a funcdo, bem como a sua aplicacao clinica em cifoplastia. Apés adicionar o
agente reticulante a suspensao de pré-compdsito, a mistura permanece injetavel e pronta
a aplicar. A solidificacdo gradual in situ, no defeito 6sseo, € acompanhada pela absorcdo
dos fluidos circundantes, levando a um aumento de volume do compdésito.
Consequentemente, o defeito 6sseo fica com melhor preenchimento e maior contacto
interfacial com o tecido 6sseo. A porosidade do biomaterial com microcapsulas

adicionadas pode contribuir para a regeneracéo 0ssea.

Palavras-chave — Enxertos 6sseos, cifoplastia; biomateriais, in situ, hidroxiapatite.



Abstract

Spine fractures, particularly those derived from osteoporotic vertebral compression
fractures (VCFs), led to the development of sophisticated surgical techniques and
concomitant progress on biomaterials for bone repair. At present days, kyphoplasty
constitutes one of the most advanced methods to treat and repair fractured vertebrae. This
is a minimally invasive surgical technique that consists in the percutaneous injection of a
bone cement inside the collapsed vertebral body, after restoration of its height with an
inflatable balloon tamp. After being injected, the bone cement becomes solid, thus
increasing the mechanical strength of the repaired vertebra. Typically, the bone cements
used in kyphoplasty are based in poly (methyl methacrylate) (PMMA), or other acrylate-
based compositions, which mechanism of action consists of a polymerization reaction that
enables the production of an injectable and in situ solidifying paste, in a short period of
time. The preparation of the bone cement involves mixing the reagents just before its
injection and the application is monitored through radiologic or fluoroscopic techniques.
Generally, this type of bone cements is taken as efficient and safe to apply in kyphoplasty.
However, there remain several risk factors and limitations that, despite they have been
progressively minimized, justify the research for new biomaterials for this surgical
technique.

The present work is focused in the search for a new biomaterial for kyphoplasty,
having the objective of obtaining a viable alternative and material properties superior to
those of the commercially available bone cements, mostly based in PMMA. The main
purpose was to develop an injectable system that, after solidification at the physiological
conditions of the interior of a vertebra, would originate a composite material possessing a
composition and some properties similar to those of bone tissue. As starting point, the
objective was that the inorganic phase of the composite would include mineral components
based in natural, bone-derived hydroxyapatite, as well as a radiocontrast agent, being
selected Barium sulphate. The organic phase of the composite was meant to include poly
(vinyl alcohol), a synthetic water-soluble polymer, as the main constituent of a polymeric
system adequate to solidify in situ. This polymer enabled to have homogeneous
suspensions of the minerals, but the search for crosslinking reagents was a serious
challenge.

This investigation involved the test of multiple reagents, as-received and
manipulated, and the study of unpredicted combinations at preliminary stages of this work.
These tests required multiple experimental techniques that culminated in a formulation

able to comply the chemical, physical and mechanical requirements previously defined.



They resulted in a pre-composite based in a suspension of minerals in an aqueous solution
of poly (vinyl alcohol) modified with a carbodiimide, to which collagen hydrolysed in
alkaline medium and potassium persulfate were added. Then, 2-hydroxyethylmethacrylate
was used to solidify this suspension and obtain a compaosite. The tests in vitro showed that
the composites were biocompatible and that their hemolytic action was meaningless.

Furthermore, this work developed biodegradable microcapsules with specific
composition and structure, with the purpose of acting as delivery devices of drugs, or other
substances, and simultaneously contribute to create adequate porosity in the composite.
The microcapsules were used to release the crosslinking agent in the pre-composite
suspension.

A test in vivo with animal model confirmed that the radiologic contrast of the
composite was appropriate. The histological analysis showed that the implanted
composite was biocompatible and had osteocondutive, as well as osteoindutive properties.

This project achieved the synthesis of biomaterials with tailored properties
regarding material structure and function, adequate for its clinical application in
kyphopasty. After the addition of the crosslinker to the pre-composite suspension, the
mixture remains injectable to allow its injection. As the gradual solidification in the bone
defect occurs, in situ, the composite swells through the absorption of surrounding liquids,
increasing its volume. Consequentially, the filling of the bone defect is increased, with
enhanced interfacial contact with bone tissue. The porosity of the biomaterial with added

microcapsules may contribute to the bone regeneration.

Keywords — Bone grafts, kyphoplasty, biomaterials, in situ, hydroxyapatite
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Introduction

1.1 Motivation

Ageing has become a global issue as a result of improved living conditions and
health care. However, the increase of pathologies related to higher life expectation
constitutes a common health, social and economic burden. That is the case, for instance,
of osteoporosis and cancer diseases which are frequently associated with osteolytic
lesions of the spine [1-6].

Osteoporosis is the most common chronic metabolic bone disease, which is
characterized by low bone mass, deterioration of bone tissue, and disruption of bone
microarchitecture. It can lead to compromised bone strength and an increase in the bone
fragility and risk of fractures. Although it is seen in all age groups, gender, and races,
osteoporosis is more common in Caucasians, older people, and women. Osteoporosis is
a risk factor for fracture just as hypertension is for stroke. It is a silent disease until fractures
occur, which causes important secondary health problems including severe debilitating
pain, with consequent deteriorated quality of life, physical function and psychosocial

performance [1-6].

According to recent statistics from the International Osteoporosis Foundation,
worldwide, 1 in 3 women over the age of 50 years and 1 in 5 men will experience
osteoporotic fractures in their lifetime. The annual incidence of osteoporotic fractures
exceeds 1.5 million in the US, of which more than 50% are osteoporotic vertebral
compression fractures (VCF), and this is twice the incidence of hip fractures. Some
metastatic bone diseases are also frequently located in vertebrae, increasing their fragility

and probability of fracture by compressive load [1-6].

In order to repair the fractured vertebrae, reduce the morbidity of VCF patients
and improve their life quality, minimally invasive procedures have emerged as alternatives
to spinal conventional surgery. Two main methods for cement application into the vertebral
body have been developed, namely vertebroplasty and kyphoplasty. Vertebroplasty,
developed from 1984 and kyphoplasty, from 1998, are percutaneous techniques
performed under radioscopic control [1-7]. These techniques constitute increasingly
important options for radiologists, orthopaedic surgeons and neurosurgeons managing
spinal lesions. Kyphoplasty was developed from the concept of vertebroplasty, both being
the basis of other recent developments of vertebral augmentation procedures that involve
not only technical aspects of the surgery, but also progresses in bone cements’
composition and properties [1-15]. Vertebral body stenting is a new method that has been
developed in the last decade (from around 2010) to overcome some limitations of
kyphoplasty [8,9,12].
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Although vertebroplasty, kyphoplasty and vertebral body stenting may be
considered medically necessary for different indications, these procedures require the
injection of a radiopague bone cement into the fractured vertebrae of patients to stabilize
and repair the damages. As such, bone cement as the filling material plays an essential
role in the effectiveness of these treatments. Since the preparation of the bone cements
are made “at the operation table”, this calls for chemist skills from the medical team and
the outcome of this step may, in part, compromise the success of the surgical procedure
[1-13].

Nowadays, kyphoplasthy is considered an advanced surgical method to treat
vertebral compression fractures, most often originated by osteoporosis or osteolytic
lesions within a vertebral body, as well as kyphotic deformity management and spine
realignment. Whereas vertebroplasty involves bone cement directly injected under
pressure inside the collapsed vertebral body, kyphoplasty involves the percutaneous
injection of bone cement inside a damaged vertebra, after creating a cavity with an
inflatable balloon device. The initial inflation of the bone tamp with liquid allows restoration
of the vertebral height. After deflation and removal of the balloon, the cavity which has
been produced is filled by injection of a bone cement. It must contain a contrast agent to
enable the radioscopic guidance of the surgery and posterior observation of the cured
cement inside the vertebral body. This procedure recovers the biomechanical functions of
the vertebrae, enables to align the spine and alleviate pain, with the convenient advantage
of being a minimally invasive procedure that does not require much recovery time for the
patient. On the other hand, the vertebral body stenting procedure is similar to kyphoplasty
except for the application of a stent inside the vertebral body before the balloon inflation.
After removal of the balloon, the expanded metal mesh stabilizes the vertebral height and
the cavity volume and shape, allowing for the safer injection of a larger quantity of bone
cement [1-13].

The currently available major categories of bone cements are non-biodegradable
acrylic bone cements, biodegradable ceramic cements and composite cements with
various degradation behaviours in vivo. Acrylic bone cements are the most frequently
applied both in vertebroplasty and in kyphoplasty [1-13]. They are based on poly (methyl
methacrylate) (PMMA) which, according to the orthopaedic community, present several
drawbacks including monomer toxicity, flowability problems, leakage, high polymerization
temperature, inappropriate mechanical properties and osteointegration limitations [1-
10,14-17]. On the other hand, the ceramic bone cements, often composed of calcium
phosphate or minerals, have advantages regarding biocompatibility, osteocondutivity and

non-exothermal setting, but poor mechanical performance and inconsistency of
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degradability [14—20]. Finally, most of the composite bone cements available in the market
are based on mixtures of acrylic polymers with calcium phosphate minerals. This type of
composite cements has been developed to combine the injectability potential and the bone
augmentation characteristics of acrylic cements with the biodegradability of ceramic
cements, but the limitations of these composites components are also reflected in the
resulting materials. [20—30].

1.2 Objectives and research significance

Most bone cements that have been used so far in kyphoplasty (as well as in its
preceding simpler technique, vertebroplasty) present diverse risks and limitations that
stimulate the search for improvements in biomaterials for these applications. This research
must rely on innovative concepts and interdisciplinary knowledge. It may lead to new
biomaterials for injectable bone grafts with better performance and less secondary effects
compared to the currently used materials. It may also lead to different technical
applications such as 3D-printed scaffolds, to apply as solid bone grafts. Globally,
depending on the set of properties obtained from these new biomaterials, the range of
clinical applications may be enlarged not only in the orthopaedic field, but also in dentistry.
Thus, the research significance of this scientific area is very high, as well as the potential

impact of these biomaterials in health care and in the pharmaceutical industry.

The driving concern of this project is the development of a new injectable biomaterial
for kyphoplasty, aiming to obtain to a viable and safer alternative to the conventional

acrylic-based bone cements currently used [1-17].

With that intention in mind, the objective of the present work is the synthesis of an in
situ solidifying composite material which is meant to mimic the bone matrix and to comply,
as much as possible, with high biocompatibility and with low toxicity of all components,
from the starting reagents to the final solid composite. The new biomaterial should
combine a solid phase with a liquid phase, necessary to obtain a starting injectable
composition. The solid phase should be of mineral origin and the liquid phase should be a
polymeric solution, being water the most adequate solvent. In addition to these main
component types, the composition should include specific reagents to trigger the

solidification of the precursors inside a vertebral body, in an adequate time frame.

In order to meet some practical requirements, the preparation method of the new
biomaterial should require simple manipulation skills before injection into the vertebral
body, and it should be administered under technical conditions similar to the currently

applied.
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Regarding the clinical outcome of performing bone grafting procedures with the new
biomaterial, this composite should enable not only bone repair, but also new bone
formation for some clinical cases. The main objective is to obtain tailored biomaterials for
injectable bone grafts to apply in different pathological indications through kyphoplasty
procedures.

1.3 Thesis structure

The research reported in this thesis is organized in ten chapters. After Chapter 1
with a brief introduction regarding the objectives and motivation of this study, the state of
the art is reviewed in Chapter 2. In Chapter 3, the objectives are described with greater
detail and the experimental strategies that were adopted are explained, providing an
overview of the next sections that contain the obtained results. Chapter 4 is dedicated to
the selection and characterization of mineral components for the composite, namely bone-
derived hydroxyapatite and barium sulphate. Chapter 5 describes the selection and
characterization of organic components for the composite, focusing poly (vinyl alcohol) as
the main polymer for the matrix and poly (lactic acid)-based microcapsules. Chapter 6
reports the synthesis and characterization of in situ solidifying composites with diverse
compositions, being selected a specific formulation with adequate properties to proceed
to a test with an in vivo model. This test is described in Chapter 7. The main conclusions
from the experimental work are presented at the end of the respective section and the final
remarks are presented in Chapter 8. The instrumental conditions are included as appendix

in Chapter 9, and the bibliography is presented in Chapter 10.
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2.1 Introduction

Pathologies related to human ageing represent an increasing problem to society
and have resulted in numerous research works involving interdisciplinary skills, from
physical to life sciences. The incidence of age-related bone fractures, leading to
significant morbidity and mortality, represents an important and onerous public health
concern. Spine fractures, particularly those derived from osteoporotic vertebral
compression fractures (VCF) or originated by osteolytic lesions, led to the development
of sophisticated surgical techniques and concomitant progress on biomaterials for bone
repair [1-14].

Bone defects originated by VCFs constitute specific conditions for orthopaedic
intervention. The clinical indications for vertebral augmentation procedures have been
broadened as technical advances occur, and as innovative concepts of bone cements
are developed. Nowadays, percutaneous minimally invasive techniques, namely
vertebroplasty, kyphoplasty and vertebral body stenting, constitute some of the most
advanced surgical methods to repair collapsed vertebrae. These methods involve the
injection of a radiopaque bone cement into the vertebral body, being acrylate-based
compositions the most commonly used [1-17]. Although poly(methyl methacrylate)
(PMMA) has been applied from the origin of these techniques , and despite diverse
improvements on the composition of acrylate-based bone cements, the permanence of
adverse secondary effects motivates the use of other types of materials and the search

for better alternatives [1-31].

The quest for alternative biomaterials for vertebral body repair procedures,
particularly through kyphoplasty, requires understanding not only the technical aspects
of the surgery that imply specific properties for the material, but also the environment
where itis applied. This involves considering the bone structure and composition, as well
as the biological activity of this tissue. Moreover, given that the aimed alternative
biomaterials need to act as bone substitutes, it is also essential to review the general

properties required for bone graft materials and to learn about bone cements.

In order to recognize the main factors assisting the research in the present study,
a review about the following topics is presented in this chapter: kyphoplasty and bone
cements (acrylics, ceramics and composites) currently used, bone and bone tissue
(composition, structure, evolution with age), and bone substitutes (material

requirements).



Chapter 2

2.2 Kyphoplasty

In the last three decades, minimally invasive percutaneous surgical techniques,
namely vertebroplasty, kyphoplasty and vertebral body stenting have been adopted to
treat and repair vertebral compression fractures (VCF), to alleviate pain and to restore
the vertebral lost height and spinal biomechanics. These procedures involve radioscopic
guidance, being each of them recommended for specific medical conditions, particularly
when conservative therapy which includes analgesics, bed rest, orthoses and
rehabilitation, are not effective. Vertebral augmentation surgery has been widely adopted
to treat vertebral body compression fractures caused by varied pathologies including
hemangioma, multiple myeloma, osteolytic metastases, and primary or secondary
osteoporosis. In western countries, the osteoporotic vertebral compression fractures

account for over 50% of the osteoporotic fractures [1-13].

The materials used in both vertebral augmentation procedures are bone
cements, self-curing compounds that are applied in a flowable state and become solid
(fully cured) inside the vertebral body, providing adequate support to the fractured
vertebra. The general requirements for the vertebroplasty or kyphoplasty (with or without
vertebral body stenting) bone cements make these materials a special category, which
largely differs from the cements for other purposes such as total hip arthroplasty or total
knee arthroplasty. Bone cements for VCF treatment require specific biomechanical and
biological properties to support the spinal column. Because this procedure is performed
under fluoroscopy, the material must be radiopaque to track filler material movement and

detect or avoid material leak that may cause neurological or other tissue injury [1-13].

Percutaneous vertebroplasty, first conceived in 1984, is a minimally invasive
method that traditionally involves the injection of the precursors of poly (methyl
methacrylate) (PMMA) directly into the collapsed vertebral body. The injection of low
viscosity components, the liquid monomer (MMA) and other reagents, is made under
pressure, often causing additional fissures in the vertebra, leakage problems and
increasing the risk of embolism, among others. The high exothermal reaction of PMMA

polymerization is another undesired effect [1-7,13-16].

Kyphoplasty, developed in the 1990s, involves the introduction and expansion of
an inflatable balloon into the fractured vertebral body, creating a cavity which is
subsequently filled with an adequate material (Figure 2.1), being partially cured PMMA,
more viscous than that applied in vertebroplasty, the most widely used material.

Compared to the first method, kyphoplasty presents lower risk of cement extravasion

10
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(since the pressure to inject the material into the created void is not so high) and better
restoration of the vertebral body and spinal biomechanics [1-17].

Balloon Balloon Balloon Removed, Material
Being Inserted Inflated Material Injected Hardens
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Figure 2.1 — Central stages of the kyphoplasty procedure: transpedicular insertion of a balloon tamp into the
fractured vertebral body, inflation and posterior removal of the balloon device, injection of a bone cement
inside the enlarged cavity and hardening of the inserted material.

Vertebral body stenting consists of a method that combines kyphoplasty with an
intermediate additional procedure to insert an expandable stent inside the bone defect,
before the balloon inflation. After removing the balloon, the expanded stent remains
within the newly created vertebral cavity, preventing the vertebral body from collapsing
so that, in an ideal scenario, a virtually physiological vertebral body height and shape
can be restored and preserved. Then, the bone cement is injected inside the cavity and
the solidification enables the vertebral repair [8,9,12]. Figure 2.2 shows fluoroscopic
images illustrating a vertebral body stenting procedure during a surgery in the

Orthopaedic Service of Centro Hospitalar e Universitario de Coimbra in 2017.

Figure 2.2- Fluoroscopic images illustrating a vertebral body stenting procedure. Left: the foreground image
shows an intact stent inside a vertebral body and the background, an expanded stent containing an inflated
balloon. Right: orthogonal images displaying two expanded stents. The spine is also stabilized with special
connected screws. Surgery performed in Centro Hospitalar e Universitario de Coimbra in 2017.
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The surgical application of bone cements by vertebroplasty and kyphoplasty
requires multiple instruments, specifically designed for the injection of bone cements into
vertebrae. The appropriate set of instruments is often supplied as a kit tray. These kits
contain some items that are intended for single-time use and include, among other
specific tools, cannulae, special syringes and needles of various size ranges. The section
of the spinal needles is usually around 11 to 15 gauge (corresponding to diameters
around 3.0 to 1.5 mm, respectively) [8]. Normally, the material volume injected into the
vertebral body is approximately 1-4 cm? per side in vertebroplasty, and 2-6 cm? per side
in kyphoplasty [1]. A set of the main instruments that are required to perform these
surgical procedures is illustrated in Figure 2.3, that also shows the fluoroscopy
equipment to monitor the process at diverse angles relative to the patient position.

Figure 2.3 - Set of instruments and fluoroscopic equipment required to perform kyphoplasty and vertebral
body stenting procedures. Images obtained during a surgery performed in Centro Hospitalar e Universitario
de Coimbra in 2017.

As for the filling materials, acrylic bone cements based on PMMA are the most
usually applied. Commercially available bone cements are made of (a) a powder
component consisting of PMMA polymer or related block copolymers and (b) a liquid
component made of methylmethacrylate (MMA) or related monomer liquids. Just before
the clinical procedure, the bone cement is fabricated by combining the powder and the
liquid component together. In fact, the monomer phase dissolves the powder component
and, thereafter, it autopolymerizes within 10 — 15 min, resulting first in a mouldable
viscous dough after 3-7 min, and then a very dense cured PMMA-based bone cement
[1-5,13-16,32,33]. The preparation of the bone cement involves the mixture of the
components with a specific device that has a closed chamber often connected to a
vacuum source. This enables the protection from the noxious monomer fumes and
prevents the entrapment of air in the mixture that could cause undesired porosity in the

cement.
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Nowadays, two types of PMMA bone cements are commonly applied for spinal
column fractures: low viscosity compositions for vertebroplasty and high viscosity for
kyphoplasty [3,7,13-15,30]. The differences between both surgical techniques dictate
different characteristics for the filler material and accordingly, for its handling procedures.
However, no matter the specific surgery, the bone cement is always prepared inside the
operating room, meeting the same high standards that are demanded for any other
material supplied by the industry. In addition, due to its composition, PMMA has unique
safety considerations that are related to its preparation and application. Accurate bone
cement mixing and precise application techniques are critical in ensuring that the

potential health risks to both patients and healthcare professionals are minimized.

The main complications derived from the application of PMMA bone cements
derive from incomplete polymerization of MMA causing monomer toxicity, high
temperature reaction causing tissue necrosis, volume contraction leading to lack of
cohesion between bone and the material, as well as excessive stiffness, which
constitutes the probable cause of fracture of untreated adjacent vertebrae. Moreover,
cement leakage into adjacent tissues, disk spaces, vascular vessels and spinal cord
have also been reported, causing a wide range of serious health problems including
cardiovascular episodes due to embolism [1-11]. To address these concerns several
approaches have been proposed namely mixing PMMA with other products or replacing
it by other cements. Currently, most alternative bone cements may be chosen from a
variety of ceramic compositions (mainly calcium-phosphate cements) and
composites[4,13,14,16,23,30,33,34].
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2.3 Bone cements currently used in vertebral augmentation
According to the International Union of Pure and Applied Chemistry (IUPAC)
definition, bone cements consist of self-curing organic or inorganic materials, used to fill
up cavities or create a mechanical fixation [35]. This definition brings to attention that
self-curing processes can be the source of release of reagents that may cause local
and/or systemic toxicity, as in the case of the monomer released from methacrylics-
based bone cements used in orthopaedic surgery. It is also mentioned that polymer-
based cements used in dentistry are usually cured photochemically using UV radiation,

in contrast to bone cements (that require a chemical initiator).

Currently, the most widely used bone cement is poly (methyl methacrylate)
(PMMA), the base composition of acrylic bone cements [1-5,13-16,32,33]. However, the
most ancient bone cement is a ceramic composition based on calcium sulphate.
Meanwhile, other ceramic bone cements were developed, particularly those with similar
properties to the bone mineral, that is, the calcium-phosphate cements [16,17,33,34,36—
38]. Other alternatives, combining organic and mineral components, have also emerged.
The self-curing or in situ crosslinkable compaosites constitute additional options relative
to PMMA [4,16,24,28,30,34,39-45].

In vertebral augmentation procedures, no matter the type of bone cement, all
have a common ingredient: the radiological contrast agent, which is mandatory to
monitor the application procedure and allow the observation of the material after
implantation. So far, the contrast agents can be selected from non-resorbable additives
(such as Tungsten, Tantalum, Bismuth oxide or Barium sulphate particles), resorbable
additives as Strontium carbonate or iodine-based liquids. The most commonly used has
been Barium sulphate, although the fact of being non-resorbable has been pointed out
as a probable cause of release of undesirable particles into the organism. Strontium
carbonate, on the other hand, has the advantage of being bioresorbable, but is not as
radio-opaque as calcium phosphates (such as hydroxyapatite). Finally, iodine-based
liquids may cause allergic reactions days after the material implantation, with potential

dramatic consequences for the patient [2] [4].

2.3.1 Acrylic bone cements
Acrylic bone cements based on the polymerization of MMA constitute the most

frequently used filler materials in vertebral augmentation procedures.
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The chemical reactions involved in the synthesis of PMMA result from a free
radical polymerization mechanism that involves several stages. The process starts with
the initiation (or induction) of reactive species: the free radicals result from the thermally
or light induced reaction of the initiator (benzoyl peroxide, for instance). Then, the
addition of primary radicals to the double bond of the monomer occurs, forming a new

starting active component to the reaction (Figure 2.4)

heat

Figure 2.4 — Initiation mechanism.
The stage of propagation (Figure 2.5) involves the successive addition of
monomer molecules to the new free radicals, forming new active centers with growing

molecular weight.

Figure 2.5 — Propagation mechanism.

Finally, the termination of the polymerization reaction occurs (Figure 2.6) due to

radical coupling or recombination, stopping the growing of the molecular chain.

Figure 2.6 - Termination mechanism.

Acrylic bone cements consist of two primary components: a powder commonly

consisting of copolymers based on PMMA and styrene, and a liquid monomer, methyl
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methacrylate (MMA). These two components are mixed at an approximate weight ratio
of 2:1 to form a poly (methyl methacrylate) cement. However, other components are also
part of the cement composition, being most of them toxic. Hydroquinone is often added
to the liquid component, acting as a stabilizer or inhibitor to prevent premature
polymerization because exposure to light or high temperatures can cause premature
polymerization of the MMA monomer. Di-benzoyl peroxide (an initiator) is often added to
the powder and N,N-dimethyl-p-toluidine (a cataliyst) is added to the liquid, to encourage
the polymer and monomer to polymerize at room temperature (cold curing cement)
[4,13,46].

In order to make the cement radiopaque, a contrast agent is added. Commercially
available cements mostly use either zirconium dioxide (ZrO2) or barium sulphate
(BaS0Q.). Zirconium dioxide is one hundred times less soluble than barium sulphate and

has less effect on the mechanical properties of the cement [4,13-15].

Some formulations also contain a dye such as Chlorophyll. The colour makes the
cement more easily visible in the operating room, especially during revision procedures.
Additionally, the powder component usually contains an antibiotic (such as gentamicin)
or a combination of antibiotics (such as gentamicin and clindamycin) [4,13-15]. The

common qualitative composition of PMMA bone cements is presented in Table 2.1.

Table 2.1 - Typical composition of the powder and liquid components of PMMA bone cements.

Powder Composition Liquid Composition

Polymer PMMA-co-Styrene  |Monomer MMA

Initiator Benzoyl Peroxide Catalyst N,N-dimethyl-p-toluidine
Radiopacifier ZrO2/BaSOs Inhibitor Hydroquinone
Antibiotics Colouring agent  Chlorophyli

When the polymer powder and monomer liquid meet, the polymerization process
starts. During the polymerization of the monomer, the original polymer beads of the
powder are bonded into a doughlike mass. The mass hardens approximately 7-15
minutes after the start of mixing, depending on the temperature. The polymerization
process can be divided into four different phases: mixing, waiting, application and setting.
In the mixing phase, the cement should be mixed homogeneously, minimizing the
number or pores. Vacuum mixing has been shown to reduce the cement’s porosity and
increase its mechanical strength. During the waiting phase, the cement achieves a
suitable viscosity for delivery, being a sticky paste. The working phase is the period
during which the cement can be introduced with ease. The cement must not be sticky

anymore, and its viscosity should be suitable for application. If the viscosity is too low,
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the cement may not be able to withstand the bleeding pressure and to prevent the blood
from entering the cement. Finally, during the hardening phase, the cement hardens and
sets completely. Hardening of the acrylic cements is strongly influenced by the
temperature (material, body and environment) [30,47].

Gathering the basic information about acrylic cements, it can be stated that
conventional PMMA processed in its current two-part form, the cement precursors, is
mainly composed of a powder component containing PMMA microspheres and a benzoyl
peroxide initiator, and the liquid monomer MMA. Mixing these components leads to an
exothermic polymerization reaction, producing a doughlike material that slowly hardens
into a glasslike state. This base composition has been used in orthopaedic surgery as
bone cement from the 1940 decade, mostly for implant/prothesis fixation. The range of
specific applications increased with time, leading to numerous formulations adapted from
the starting MMA/PMMA binary. Nowadays, whereas the powder component of acrylic
bone cements typically includes pre-polymerized PMMA microspheres, barium sulfate or
zirconium dioxide for radio-opacification and dibenzoyl peroxide (BPO) as an initiator,
the liquid component typically consists of MMA monomer, N,N-dimethyl-p-toluidine
(DMPT) as an accelerator, and hydroquinone (HQ) to prevent premature polymerization.
Other components that can be included with the powder are tri-n-butylborane as an
initiator, 2,5-dimethylhexane-2,5-dihydroperoxide as an accelerator, ascorbic acid,
antibiotics, and dyes such as chlorophyll [30,47]. The main reasons for such two-
component mixtures include finding a balance between the polymerization rate of the
MMA monomer, the possibility of monomer diffusion into bloodstream, the high
temperature produced from the polymerization reaction and the high volumetric
shrinkage of PMMA from its monomer. The volume contraction that occurs as curing
proceeds may be the cause of low interfacial contact between the polymer and the
surrounding bone tissue, leading to increased risk of mechanical failure. After curing, the
resulting PMMA may be classified as an in situ forming hydrogel, although its water
absorption ability is decreased as result of using pre-polymerized PMMA, known to
enhance the crosslinking density of the final product. Typically, this originates very hard
and brittle materials, with low water swelling potential [27,30,48]. Due to spinal
biomechanics, the increased hardness of PMMA may be related to fissures and fractures

of other vertebrae, adjacent to the repaired one [7][14].

The chemical composition of acrylic cements may vary qualitatively and
regarding the relative concentrations of the components. Table 2.2 displays the details

of multiple commercially available acrylic cements [4]. It is worth mentioning that
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typically, the pre-polymer constitutes around 88 % of the total weight of the solid
components, the contrast agent to nearly 10% and the initiator, to 2%. As for the liquid
components, the monomer accounts for 97-99% of the composition, being the remaining
weight due to the accelerator (DMPT) and to the inhibitor (HQ). The ratio between the
solid and liquid phases, as mentioned earlier, is usually 2:1. The technical information
from the suppliers of each brand described in Table 2.2 shows that the working time is
between 3 and 12 minutes and the setting time is in the 6-20 minutes interval. The data
also show that before setting, the viscosity of the bone cements may be low, medium or
high. After solidification, the mechanical strength of the cements under compressive
forces correspond to values between 70 and 111 MPa.

Table 2.2 - Trade name and chemical composition of diverse acrylic bone cements expressed in weight
percentages of solid (pre-polymer, radioopacifier, BPO) and liquid (monomer, DMPT) components, handling

(working time, setting time, viscosity) mechanical properties (bending modulus, bending strength and
compressive strength) and respective supplier [4].
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In addition to the classic PMMA, other acrylic cements that obey to the same
principles and reaction mechanisms are also used. The mixture of different monomers
and the use of co-polymers as monomers are used as strategies to modify some of the
properties of the PMMA polymeric system. That is the case of bifunctional acrylic resins
which contain monomers with two active bonding positions as, for instance, bisphenol-

A-glycidyldimethacrylate (BisGMA) and triethylene glycol dimethacrylate (TEGDMA).
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The BisGMA polymers may be highly crosslinked, originating products with very strong
mechanical properties (compression strength superior to 100 MPa) adequate for
demanding applications as in some dentistry applications. However, for vertebral
augmentation procedures, the excessive stiffness may be damaging.

2.3.2 Ceramic bone cements
Ceramic bone cements are usually composed of a mixture of low and high soluble

ceramics, being the latter normally supplied already dissolved in a liquid phase that may
be water, or not. These ceramics react with each other, forming a paste that latter
hardens in vivo. This process is known as setting reaction and results from the
precipitation of a new salt, constituting a new interlocked structure. This type of cement
is typically used for low to medium load-bearing applications [9], [13], [30], [31]. Being
usually composed by low or non-toxic components, ceramic bone cements are usually
prepared with no special precautions besides sterilization and centrifugation of the

mixture to eliminate air bubbles.

The most ancient ceramic bone cement, with over 100 years of clinical history, is
the well-known Plaster of Paris. It combines two different forms of calcium sulphate
(anhydrous and hemi-hydrated salts) which, after being mixed together, precipitate into
calcium di-sulphate (gypsum) entangled crystals. Though gypsum presents very low
solubility, it is fast resorbed under physiological conditions thus limiting its application in
clinical practice. Calcium sulfate cement is mostly used in the treatment of oral
maxillofacial syndromes, including periodontal disease and maxillary sinus

augmentation.

Calcium phosphate cements (CPCs) begun being used in the 1980s, opening a
new era on bone substitute materials. These cements have shown some promise in
applications such as vertebral augmentation, osteoporosis related fractures, unstable
fractures, skull reconstruction, and maxillofacial deformities. The main driving force
behind the use of CPCs as bone substitute materials is, as previously mentioned, their
similarity to the mineral component of bone. As a result, in addition to being non-toxic,
they are biocompatible, not recognized as foreign in the body and most importantly,
exhibit bioactive behaviour, being integrated into the tissue by the same processes active
in remodelling healthy bone [17-19,36-38,48-50].

The mechanism of CPCs may involve diverse orthophosphates (as those

exemplified in Table 2.3), combining minerals with different solubilities. This description
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is, however, a very simplified model relative to the products currently commercialized. In
fact, these types of cements frequently include other components to overcome multiple
unfavourable situations arriving from injectability and viscosity problems, lack of
cohesion, variable setting time, inadequate resorption and poor mechanical properties
[17-19,36-38,48-50]. Changing the particle size and shape of the ceramics may be
helpful in controlling some of these issues. In fact, in most systems, viscosity usually
increases when the dispersed particles are smaller. However, if the viscosity is too high,
it may be necessary to include dispersive components. On the other hand, the cohesion
between the liquid phase and the particles must be also controlled in order to avoid phase
separation and consequent blocking of the injection devices. This may involve the use
of additional salts in the solution or even adequate organic components. A large number
of strategies are also commonly used to control the setting rate, including the addition of

nucleating agents, retarders or accelerators into the mixture [18,48].

Another approach may also be considered. Some bone cements combine
calcium sulphate with calcium phosphates. Since gypsum is relatively fast dissolved
under physiological conditions, leading to the rapid decrease of mechanical properties,

it is often combined with less soluble minerals, such as S-TCP or hydroxyapatite [51].

Table 2.3 - Density and solubility at 25 °C of some calcium phosphate minerals.

Compound (*) Density (g/cm?) -log Ks (**)
Ca(H2P04)2.H20 2.23 1.14
CaHPO4.2H20 2.32 6.59
CaHPO4 2.89 6.90
CasgH2(P04)s.5H20 2.61 96.6
a-Caz(POa)2 2.86 25.5
B-Cas(POa)2 3.07 28.9
Ca1o0(PO4)s(OH)2 3.16 116.8
Cas(P0O4)20 3.05 38-44

* Tricalcium Phosphate a-Cas(PO.), and B-Cas(PO4), are commonly designated by a-TCP and -
TCP, respectively.
** Ks is the solubility product; concentrations are given in mol.dm-3

There are diverse ceramic bone cements commercially available, as illustrated in
Table 2.4 [4]. In these examples, the end products are mostly apatite salts with variable
porosity (2-80%) and diverse pore sizes (maximum is 300 um). These parameters have
great influence in the biodegradation rate of the cement and in the new bone formation

potential. Other characteristics include initial setting time (3-20 minutes), full hardening
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time (1-72 hours), injectability and degradability. Additionally, compressive strength
ranges between 0.24 and 80 MPa.

Table 2.4 - Trade name, supplier and chemical composition of diverse ceramic bone cements. The salts
concentration is expressed in weight percentage of the solid components. The respective end-products are
described relative to the initial setting time and the full hardening time, porosity and pore size, degradability,
injectability and compressive strength [4].

Brand Powder composition Initial Full End product Porosity Pore size Degradability Injectability Compressive Supplier
setting hardening {um} strength
time time {MPa)
BoneSource T2.3% TTCP, 27.7% DCPA 7 min 4h Apatite 5—10% 33.4 £ 6.2 Minimal Mo 26 Stryker
Morian SRS =-TCP, CaC0,, MCPM 10—15min 12h Carbonated 50% 47.2 £ 21.9 Yes Yes 50 Synthes
apatite
-BSM ACP, DCPD 15—20min 1h Apatite BOE =1 Yes Yes 4 ETEX
Biopex 75% =-TCP, 18% TTCP, J—10min 24 h Apatite 40—-50% Yes Yes 80 Mitsubishi
5% DCPD, 2% HA
Calcibon #-TCP, DCPA, CaC0;, HA 10 min 6h Carbonated 30—40% 41.6 + 22.0 Yes Yes 60 Biomet-Merck
apatite
Cementek ==TCP, TTCP, Ca(OH); 3-15min 24-48h Apatite 50% 26 Yes Yes 13 Teknimed
Graftys HBS HA, TCP 15 min Tih Apatite 65—70%  100—300 Yes Yes 12 Graftys
Graftys Quickset HA, TCP 8 min 24 h Apatite JOE 10—100 Yes Yes 24 Graftys
Ostim HA 20 min Apatite 53% 70 Yes Yes 0.24 Hereaus
chronO5 Inject  B-TCP, DCPD 6—12min 24 h Brushite 60-75% 70170 Yes Yes 3 Synthes
Embarc ACP, DCPD Apatite Yes Lorenz Surgical
Fracture Grout «-TCP, CaC0y Apatite Yes Morian
Eurobone TCP, DCFD 3-15 min Apatite % 162.2 + 1071 Yes 17 FH Orthopedics
KyphOs F5 5 min 24 h Apatite Yes 61 Kyphon

ACP = amorphous calcium phosphate; DCPD = dicalcium phosphate dihydrate; HA = hydroxyapatite; MCPM = monocalcium phosphate monohydrate; TCP = tricalcium phosphate;
TTCP = tetracalcium phosphate.

According to the values described by the producers, this type of bone cements
may present a very broad range of properties. The selection of these products may be

complicated due, in addition, to the influence of the preparation conditions.

Other classes of ceramic materials have been used in bone grafting. That is the
case of bioactive glass, also known as Bioglass, that shows interesting results in the
conventional application of solid grafts inside bone defects or as the mineral phase of
injectable composites [4,5,19,21,29,30,52-54]. Bioglass refers to a group of synthetic
silicate-based ceramics and was originally constituted by silicon dioxide (SiO-), sodium
oxide (Naz0), calcium oxide (CaO), and phosphorus pentoxide (P20Os) when first
developed in 1970s. This was later modified to a more stable composition by addition
potassium oxide (K:0), magnesium oxide (MgO) and boric oxide (B:0); the key

component, silicate, constitutes 45-52% of its weight.

Calcium carbonate from corals, sometimes combined with hydroxyapatite, has
also been used as mineral phase of composites, combined with injectable acrylic
polymers. Magnesium-based ceramics, too. These ceramics may enhance new bone

formation [5,14,30,54,55], being interesting options to use in grafting procedures.

21



Chapter 2

2.3.3 Composite bone cements

A solid composite material consists of at least two chemically identified phases
(usually named as matrix and filler) which are separated by interface(s). Composite bone
cements combine the concept of bone cement with that of a composite material. This
implies that its multiple phase composition must undergo a self-curing or hardening
process, from a viscous condition to the solid state. In accordance to the dual-phase
composition of bone (hydroxyapatite and collagen), the matrix of composite bone
cements is commonly a polymer, and the filler is usually a ceramic. Mineral dispersions
of calcium phosphates (or other ceramics based on silica, as bioglass) in a polymeric
matrix represent the strongest fields of research for bioactive composite bone cements
[4,5,14,16,19-24,28-30,34,38,52-54].

The composite bone cements commercially available are mostly based in acrylic
polymers and calcium phosphate minerals or Bioglass. For instance, a composite from
Kuraray composed of an acrylic monomer (bis-phenol-A glycidyl methacrylate 2.2-bis-
(4-methacryloyl- ethoxyphenyl) propane/ TEGDMA) combined with hydroxyapatite.
Another example is Cortoss from Orthovita, a composite based in bis-GMA/bis-EMA/
TEGDMA resins combined with Bioglass [4,13-15,26,30,54].

Traditionally, the mechanism for obtaining a solid composite material from a
dispersion of minerals in a liquid polymer (or in a polymer solution) may either involve
the curing process of the polymer with simultaneous entrapment of the minerals, or the
interlocking reaction and precipitation of the ceramic salts within a fluid environment
containing the polymer [4,5,18,19,48,51]. The former option is the most commonly used
in the currently commercialized materials, taking advantage of self-curing acrylate
systems combined with varied ceramic compositions. The so-called composite resins
constitute an example of such systems [5,13,20,27,30]. Given the acquired experience
with acrylate bone cements, the medical staff may easily adapt to this alternative.
However, the disadvantages regarding the polymeric component (previously described
in 2.4-a)) are not overcome by using this type of composite, not only due to the qualitative
composition of the acrylate-based organic phase, but also because the proportion of
minerals in these composites is relatively low. On the other hand, the latter option of
using precipitating salts dispersed in a polymer solution does not constitute a very
efficient alternative. This option makes good use of the principles of the ceramic bone
cements, combined with water soluble polymers (the most usual type) that show a strong
attractive interaction with the salts. This is the case of alginate, which may link to the

calcium ions of the hydroxyapatite precursors. However, such type of composites usually
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degrades too fast, leaching out the polymer component and causing undesired reactions
[18,48,51]. Adding these disadvantages to the common limitations of the ceramic bone
cements has contributed to further investigate other types of composites [4,5,48,52,55—
57]. The use of biopolymers as the organic phase of cement composites may seem an
attractive option but these present diverse limitations to comply with the multiple
requirements of this application [28].

Lately, another alternative has gained special attention for building up composite
bone cements. It consists of promoting crosslinking reactions (between a crosslinkable
polymer and respective crosslinking agent) to build up the organic component of the
composite, being the mineral component a non-reactive dispersion of ceramic particles
[21,30,55-57]. Although liquid organic compounds can be used, the matrix composition
is hormally selected among water soluble polymers, since organic solvents should be
avoided. The presence of a liquid phase in the initial composition is obviously mandatory
in order to enable the injection of the material. Water-soluble gelatin, the product of
collagen hydrolysis, is often considered as most appropriate due to its resemblance with
the organic matrix of bone. However, the crosslinking agents for gelatine are most often
toxic or/and carcinogenic agents (e.g. glutaraldehyde, epichlorohydrin) which require
special conditions to react. For instance, crosslinking gelatine (alone or mixed with other
polymers) with glutaraldehyde typically requires acid conditions, whereas crosslinking
with epichlorohydrin usually occurs in alkaline medium [61]. The addition of this type of
molecules to the material composition increases undesired risks, not only due to their
concomitant toxicity before reacting with the polymer, but also because the reaction may
be incomplete, and it is not possible to remove any product from the implantation site. In
fact, many of the crosslinking reactions of polymers require high temperature, long
reaction time and solvent extraction to originate a fully crosslinked structure. Similarly to
the other types of bone cements, the crosslinking reaction should start with the addition
of an appropriate agent to the crosslinkable polymer (blended with the ceramic particles),
being this step performed before injection. From this point, the composition cannot be
further manipulated, being injected into the bone defect while viscosity permits it. The
implanted material should evolve to a solid composite and become indefinitely insoluble
in the physiological medium to enable bone repair, or temporarily insoluble to allow for
bone regeneration. As previously mentioned (section 2.3), the material composition and
structure are determinant factors for achieving such faculty. The role of the mineral
component of the composite is of utmost importance not only regarding chemical
composition, but also physical properties including particle size (that influences viscosity

and injectability). The interaction between the mineral particles and the polymer must be
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carefully evaluated, since it may block the polymer crosslinking reaction and/or
compromise the rheology and dynamics of the upcoming solid composite system.

2.4 Bone and bone tissue— composition, structure and evolution

with age

Most animal species are provided with an internal skeleton that plays not only
structural functions (protection, support and locomotion) but also metabolic ones
(mineral reservoir and hematopoietic site). The skeletal bones constitute complex organs
and may comprise many shapes and sizes, according to their particular mechanical

function and anatomic location.

Being the terms bone and bone tissue sometimes mistakenly applied, it is
convenient to clarify that while the former refers to an organ made of bone tissue as well
as marrow, blood vessels, nerves and epithelium, the latter refers specifically to the
mineralized matrix and cells that build up and transform the rigid sections of that organ.
Thus, being bone tissue a constituent of bone (organ), it is natural that they share certain
characteristics such as chemical and structural features, as summarized in Figure 2.7.

The following descriptions enable the full understanding of this diagram.
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Figure 2.7 — Composition and structure of bone (organ) versus bone tissue.
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2.4.2 Bone - structure and composition
2.4.2.1 Macrostructure

Based on their size and morphology, bones are commonly classified as long,
short, flat and irregular. Examples of each kind include the long bones of the leg, such
as the femur; the short bones of the fingers, the phalanges; the flat bones of the skull,
as the occipital; and the irregular bones of the spine, the vertebrae. Figure 2.8 illustrates
the morphology of the femur and of a lumbar vertebra, being also represented additional
details about the internal structure and composition of the long bone.
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Figure 2.8 - Morphology and structural details of the femur, an emblematic long bone, and of a lumbar
vertebra, an irregular bone (axial and lateral view).

Considering the internal architecture, bones can be divided into two types of
structures, being named after the respective types of bone tissue: whereas the peripheral
region is a very dense and hard structure, the inner region is composed of numerous
trabeculae that form an interconnected porous structure. Accordingly to its relative
position and appearance, the first type is named as compact or cortical bone and the
latter, as trabecular, cancellous or spongy bone. Moreover, some bones (like femur)
possess a medullary canal in the centre of the diaphysis (Figure 2.8). This canal contains
bone marrow, which also occupies the pores of the cancellous region of the epiphyses.
Other bones (like vertebrae) are not provided with any canal and the bone marrow is

interspersed within all the internal porous structure (Figure 2.9).
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Cortical
- Cancellous

Figure 2.9- Macrostructure of the vertebral body where cortical bone constitutes the periphery and
cancellous bone occupies all the inner space. Bone marrow is not represented.

2.4.2.2 Bone Composition

As mentioned, bone tissue, bone marrow, blood vessels, nerves and epithelium
are the main constituents of bone, considered as an organ. Given the particular
relevance of bone tissue and bone marrow for the present work, this review focuses
these two components, although the remaining ones are also briefly mentioned,

particularly in the context of bone matrix structure.

a) Bone marrow

Bone marrow, being a component of the bone organ, is the body tissue where
most of the blood cells of the entire organism are formed in a process named
hematopoiesis. In the parenchyma, bone marrow contains hematopoietic stem cells
which, after differentiation and maturation, originate erythrocytes (red blood cells),
leucocytes (white blood cells), thrombocytes (platelets) and also lymphocytes (key
elements of the immune system). The stroma (or mesenchima) of the bone marrow
constitutes the part of the tissue that is not so directly involved in the hematopoiesis.
However, the stroma is also crucial for that process since it provides a convenient
microenvironment and generates stimulating factors which facilitate blood cells
formation. The stroma contains numerous cell types at different stages of development,
including fibroblasts, osteoblasts, osteoclasts, macrophages, adipocytes and others.
Endothelial cells, related to the vasculature of the marrow, are also present. The main

constituents of the bone marrow are represented in Figure 2.10.
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Figure 2.10 — Schematic representation of the main constituents of the bone marrow.

b) Bone tissue

Bone tissue constitutes the major fraction of bone constituents, accounting for the
major weight contribution of those organs. The detailed composition and structure of the

bone tissue are presented hereafter.

2.4.3 Bonetissue — composition and structure

Bone tissue is mainly composed of a solid composite material (the bone matrix)
and bone cells (fundamentally osteoblasts, osteoclasts and osteocytes) that represent
less than 2% of the total bone tissue weight. Thus, naturally, the structure of the bone

tissue is coincident with that of the bone matrix (described in 2.2.3.1).

2.4.3.1 Composition

a) Bone cells

The bone tissue metabolism is regulated by the combined activity of two principal
cell lineages: the bone forming cells (mainly osteoblasts and osteocytes) and bone

resorption cells (osteoclats).

Osteoblasts, which are mononucleated cells, are responsible for the formation

and deposition of layers of new bone matrix. After becoming entrapped in the mineralized
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and rigid matrix inside lacunar spaces between lamellae, osteoblats differentiate into
osteocytes. At this stage, these cells act mainly as chemical and mechanical sensors,
enabling the transduction of signals and communication with the other cells [55,62,63].

On the other hand, osteoclasts are large and multinucleated cells belonging to
the macrophage cell lineage. Osteoclasts are asymmetric cells, possessing a membrane
region with a ruffled border that greatly increases the corresponding surface area. Putting
this membrane region in touch with the bone matrix and sealing the periphery of the
contact area, osteoclasts locally destroy the matrix by creating an acidic environment

that degrades both the mineral and the organic bone components [55,62—64].

Diverse enzymes and many other molecules, such as the important bone
morphogenetic proteins (BMP’s) and various hormones, also participate in those
dynamic and highly complex cellular processes [17,55,62,65,66]. Additionally, the
cascade of events leading to new bone formation also involves neovasculation of the
bone defect. Thus, various other cell types and biological mechanisms participate in the
whole process. Ultimately, bone structure and composition are dictated and directly

influenced by the smallest and less abundant components of the bone tissue.

b) Bone matrix

The bone matrix constitutes the mineralized extracellular material derived from

the bone cells activity.

2.4.4 Bone matrix — Structure and composition

2.4.4.1 Structure

The structure of the bone matrix results from a complex biological building
process originating several highly organized architectures that, at growing hierarchical
stages, start at molecular level and finally, are reflected on the physical appearance of
compact and cancellous bone. Although this classification may suggest material
discontinuities, it should be mentioned that most structural features at lower levels of
organization are identical since they derive from a shared formation mechanism.
Moreover, the interface between both types of structures reveals a gradual transition and

in both cases, the multi-level structures provide multifunctional properties to the bone
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matrix including mechanical features as high compression strength, moderate elasticity
and important resistance to microdamage propagation [67—69].

The bone matrix structure is deeply related to its chemical composition. In fact,
the matrix organization starts with the biomineralization of the organic collagenous
matrix, preserving its characteristic geometry and structure (Figure 2.11). The
mineralization results from the deposition of nanoscopic crystals of hydroxyapatite into
specific sites of the collagen molecules. It mainly occurs in the regularly spaced gap
regions of collagen telopeptides and the crystals are usually laid down oriented and
aligned within the collagen molecules, towards its long axis. From a self-assembly
process, the mineralized molecules organize into fibrils, which possess a characteristic
band pattern resulting from the overlapped regions of the mineralized molecules. On the
other hand, the fibrils become associated into fibres which usually adopt a parallel

arrangement with an alternate oriented “plywood” appearance, constituting the lamellae

[67,68,70—74].
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Figure 2.11 — Nanostructure of natural bone.

Lamellar bone may be disposed concentrically around blood vessels and nerves,
like rings of a tree, to form osteons (Havers Systems) or occur interstitially between
osteons (Figure 2.12). This organization, from a nano to a macroscopic level, leads
essentially to two distinct morphologies: compact bone, composed of densely packed
osteons, and cancellous bone, wherein lamellae are assembled as spaced spicules

(trabeculae), originating an interconnected microporous structure.
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Figure 2.12 - Detailed macrostructure of the femur and representation of the corresponding microstructure
of compact and cancellous bone.

It is interesting to perceive that each hierarchical structure of this anisotropic
composite material is optimised to achieve a remarkable mechanical performance, from
its basic building block (the mineralized collagen fibril wherein hydroxyapatite crystals
have the long axis parallel to the longitudinal axis of the collagen molecules) to the tri-
dimensional architecture of compact and cancellous bone [64,67]. Moreover, each
structural level may undergo minor but fundamental modifications, to better adapt and
respond to various biomechanical forces. As stated in a basic rule of skeletal biology
known as Wolff's law, “the bone’s morphology is a reflection of what function the bone

has been built to do or adapted to perform”.

Moreover, despite the rigid structure of the bone matrix, it is provided with
communication routes at various levels, enabling nutrients flow and also chemical
signaling molecules, between bone cells. Havers canals, Volkman's canals and
canaliculli constitute the main existing types. Whereas blood vessels and nerves break
through the bone matrix mostly inside the larger canals, the microscopic canaliculli get
across successive lamellae, constituting a network that irrigates and feeds the all matrix,
simultaneously allowing for osteocyte communication through gap junctions between

their cytoplasmatic extensions [40,48-52].

2.4.4.2 Composition
The composition of the extracellular matrix of bone is often described as a two-
phase composite of interlinked inorganic and organic components. The total weight of

the bone matrix includes nearly 65% mineral component (carbonated hydroxyapatite),
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25% organic components (mainly type | collagen) and 8% water, being the remaining
2% non-collagenous proteins (Figure 2.13). These components have extremely different
mechanical properties: the mineral is stiff and brittle while the protein, when hydrated, is
much more elastic and also much tougher than the mineral. Bone combines both the
stiffness and the toughness in an unusual arrangement of material properties that result
on a remarkable tensile strength and resistance against fracture, namely by compressive
load [64,78,79].

Typically, the mechanical strength of cortical bone under compressive forces is
130-180 MPa and 4-12 MPa for cancellous bone. These are reference values since both
composition and structure influence the mechanical performance of bone. In addition to
variables as age, nutrition, health condition, hormonal equilibrium and physical activity
that affect the bone composition, the architecture and anatomical position are clearly

related to the mechanical properties of bone.

Figure 2.13 - Chemical composition of the bone matrix (65% hydroxyapatite, 25% type | collagen, 8% water
and 2% non-collagenous proteins).

The bone components are so tightly embedded that they require the use of
chemical procedures to obtain an effective separation of the mineral from the organic
phase. The mineral component may be obtained by using thermal treatment at high
temperatures (calcination) in order to eliminate the organic component [48,80].

Conversely, the latter may be isolated by using acid demineralization processes [81,82].

a) Mineral phase

Bone mineral is a poorly crystalline calcium-deficient apatite, with a Calcium-to-
Phosphorous atomic ratio lower than 1.67, which is the theoretical value for pure
hydroxyapatite [Cai0(PO4)s(OH).]. The nonstoichiometric biological apatites contain

several ion substitutions. For example, Na* and Mg?* may substitute Ca?* ions, HPO4*
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ions may substitute phosphate ions, and CI" and F may replace OH". Additionally,
carbonate ions, the most abundant substitutions (3-8 % wt), may occupy either the OH"
(type A apatite) or PO,* (type B apatite) positions in the crystal lattice. The mineral
component of bone is usually closer to B-type apatite.[83—86]

The crystalline structure of carbonated hydroxyapatite belongs to the hexagonal
system, although a portion of the bone mineral remains amorphous. In fact, the apatite
crystals comprise two different environments: a non-apatitic hydrated domain, containing
diverse labile and reactive ions, surrounds a relatively inert and more stable apatitic
domain (Figure 2.14). In the interface between these domains, labile anions (PO4* ,
HPO,% and COs;*) and cations (Ca?", Mg?*) are easily and reversibly exchangeable.
During initial crystal formation, ionic exchange occurs and ions gradually incorporate into
the interior unit cell. The maturation of the mineral is associated with reduction of labile
non-apatitic environments while stable apatitic domains augment. Moreover, as bone
mineral becomes more mature, it contains less structural defects, both the size and
number of crystals increase and its composition becomes closer to the stoichiometric
hydroxyapatite. For this reason, crystal maturity is often associated with crystallinity (that

augments with crystal size and perfection of the mineral) [55] [86—88].
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Figure 2.14 - Evolution of the apatite crystal and of the surrounding hydrated layer. During maturation and
growth of the mineral, the apatitic domain of the crystal increases whereas the hydrated layer decreases,
due to continuous ionic exchange between these domains and the bathing environment. Soluble charged
groups of proteins (Pr) can also participate in the ionic equilibrium of the non-apatitic domain.

b) Organic phase

The organic matrix of bone consists of collagen and a series of non-collagenous
proteins and lipids. Some 85%—-90% of the total bone protein weight consists of Type |
collagen fibers, being other collagen types also present. Despite the amount of non-

colagenous proteins (such as BMPS, osteocalcin, osteopontin or osteonectine) being
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very low (around 3 % wt), they provide active sites for biomineralization and cellular
attachment. As for the role of collagen matrix, it has been long considered to be just a
passive template for the mineralization process. However, recent investigations revealed
the direct influence of some specific molecular fragments of collagen on the osteoblastic
activity, activating and directing the deposition of amorphous crystals of hydroxyapatite
and subsequent evolution into more crystalline minerals. The preferential sites for
biomineralization include, among others, both of the 67 nm length extremities of the
individual collagen molecules. Many of the cross-linking bonds between adjacent
collagen molecules occur in those regions [70,89,90].

Type | collagen, the principal component of the organic matrix of bone, is a large
fibrous protein with a highly repetitive amino acid sequence [Gly (glycine)—X-Y]n (often
X is proline and Y is hydroxyproline). Other amino acids may also be found, such as
alanine, lysine and hydroxylysine. These monomers are bound together by peptide
bonds (between the carboxyl and amino groups of adjacent amino acids), constituting
three polypeptide chains (two ol and one a2 chains) that fold into a unique structure
(Figure 2.15): it consists of a single uninterrupted triple helix which represents more than
95 % of the molecule (tropocollagen) and two non-helical domains (the telopeptides)
containing the — COOH and — NH; terminals of the protein. The characteristic
arrangement of the multiple collagen molecules, staggered but with some overlapped
regions, originates the typical band pattern in fibrils. As observed by microscopy, fibrils

have regularly spaced (40 nm) dark stripes with 27 nm length [78,89,91].

Figure 2.15 - Structure of the collagen molecule: three intertwined polypeptide chains (two a1 and one a2)
constitute a major triple helical domain (tropocollagen) and two non-triple helical domains (telopeptides) at
the —COOH and —NH; terminals of the protein. The typical staggered arrangement found in the collagen
fibrils is displayed both in 2D and 3D configurations. The gap regions between the molecules are nucleation
sites for hydroxyapatite.
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The integrity of the collagen molecule is attributed to the formation of intra- and
inter-molecular cross-linking which contribute to the mechanical strength of the bone
organic matrix. Inter-molecular collagen cross-links, which may contain diverse chemical
functional groups (including imine fragments), can be divided into two types: lysine
hydroxylase/lysyl oxidase-controlled cross-links (enzymatic cross-links) and
glycation/oxidation-induced cross-links. In both cases, cross-linking sites are at specific
Lys (lysine) or Hyl (hydroxylysine) residues of the collagen molecule. Concerning the first
type, the enzymatic activity leads to the formation of Lys and Hyl aldehyde-derived
covalent cross-links, in which a molecular fragment binds a telopeptide and a triple helix
of adjacent molecules (divalent cross-link). As a consequence of chemical reactions and
rearrangements, divalent cross-links may be converted into trivalent cross-links, in which
a helix is bound to two telopeptides, each from a different collagen molecule. As
suggested by the sequence of the mechanism of formation, divalent cross-links are
classified as immature, whereas trivalent are considered as mature. These cross-links
are also commonly named after their reactivity with sodium borohydride: typically,
divalent cross-links are reducible fragments whereas trivalent are non-reducible. As for
the second type, glycation cross-links, these are formed between collagen helices
(telopeptides are not involved), being frequently associated with the ageing process that
is generally deleterious to the function of the bone tissue. In fact, the extent and type of
collagen cross-linking are known to change throughout life, leading to less flexible and
less elastic properties. Besides the usual bone mass loss associated with age, the
accumulation of glycation cross-links and mature enzymatic cross-links in collagen is
also thought to contribute to the fragility and brittleness of bone [70,78,89,90,92].

2.45 Bone and bone tissue - evolution with age
Bone and bone tissue properties, both structural and metabolic, depend and
change with age, nutrition, hormonal equilibrium and health condition, in addition to other

factors such as biomechanical environment [17,64,93,94].

The most important changes in bone structure and composition of vertebrates
occur during the embryonic stages of development and posterior growth until adult
phase. In fact, before reaching this phase, the osteoblastic activity exceeds that of the
osteoclasts, thus promoting bone growth. Afterwards, during adulthood, despite a static
appearance, bone metabolism is mostly based on the active equilibrium between the
resorption of the existing matrix and the formation of new bone tissue. This process,

named as remodelling (or turnover), enables the replacement of microdamaged regions
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with restricted changes in their shape and size. It constitutes a dynamic response to
multiple local and systemic factors, re-establishing the metabolic equilibrium of bone

tissue.

However, from adulthood, bone quality usually deteriorates throughout life. Bone
quality is a broad term that encompasses factors affecting the geometric and material
factors that contribute to fracture resistance. Geometric factors include the macroscopic
geometry of the whole bone and the microscopic architecture of the trabeculae. On the
other hand, material factors include properties of the bone tissue, namely the
composition and arrangement of the primary constituents (collagen and mineral) as well
as microdamage and microstructural discontinuities. In general, as age increases, the
osteoblastic activity becomes less efficient due to multiple factors and conversely, the
osteoclasts action becomes predominant, leading eventually to excessive bone

resorption and increased facture risk [83,95-100].

The most common disorder of bone associated with aging is, undoubtedly,
osteoporosis. Above the age of 50 years, the incidence of this disease reaches more
than 50% of the male population and over 80% of the female population of the United
States of America, an emblematic example of a developed country. Osteoporosis is
mainly characterized by the decrease of bone mineral density and deterioration of bone
microarchitecture, particularly in the cancellous regions, leading to increased bone
fragility and risk of fracture [7,11,67,69,83,86,97,101]. However, additional and more
subtle alterations may also be involved. Recent progresses on diverse techniques have
shown that bone fragility may also derive from the increase of rigidity of the organic

matrix, due to the evolution of its crosslinking fragments.

Given the structure of the vertebrae, mostly composed of cancellous bone, the
incidence of osteoporosis in spine is of utmost importance, being statistically very
significant. Osteoporotic vertebral fractures, the most common complication of
osteoporosis, account for over 50% of the osteoporotic fractures. They frequently occur

by compressive load (Figure 2.16), causing pain problems and deformity [1,2,6,7,11].
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Figure 2.16 - Evolution of the cancellous bone structure of the vertebrae with osteoporosis.

In addition to osteoporosis, vertebral compression fractures may also be caused
by varied pathologies including hemangioma, multiple myeloma and osteolytic
metastases. Many of these cases are recommended for surgery by vertebroplasty or

kyphoplasty.

2.5 Bone substitute materials

2.5.1 Material requirements

Just as the distinction between bone and bone tissue was previously presented
to clarify the respective meaning, a parallel differentiation regarding bone substitutes
should be considered. In fact, the “bone substitute” expression may be used whether
concerning the replacement of the bone organ (using prosthesis, for instance), or the
bone tissue (using bone grafts). A very important difference between the material
properties of each of these kinds of bone substitutes is that while the former cannot be
biodegradable, the latter should be so. It is obvious that bone prosthesis should remain
intact as long as possible being, for this reason, usually made of metal alloys based on
stainless steel or titanium, for instance. On the other hand, bone grafts should remain
only temporarily in the organism, gradually degrading into non-toxic residues and
allowing for the simultaneous replacement of the material by newly formed bone tissue
[14,16,21,23,36,51,56,65,102—-104].

As an aside and having these differences in mind, since the PMMA applied in
vertebral surgery is a non-biodegradable material and is bio-inert regarding bone
regeneration, acting merely as a repair material, it should be considered mostly as a kind
of prosthesis rather than a bone tissue substitute. As a matter of fact, PMMA based
cements started being used in orthopaedics as glues to enable the adhesion between

metallic prosthesis and the surrounding bone. Only recently, PMMA has been applied in
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vertebral augmentation procedures, remaining nevertheless as a structural repair
material. Although this may be totally adequate for many of the clinical conditions
recommended for kyphoplasty (particularly for elder individuals), some cases could
beneficiate from the application of a true bone substitute that would enable not only
repair, but also bone regeneration [5,52,54,105]. Such a biomaterial would be more
appropriate for the vertebral surgery of younger individuals (due to their naturally higher
bone metabolism), particularly to repair relatively small bone defects (including osteolytic

lesions).

Despite bone tissue posses a remarkable capacity to self-repair microdamages,
when a bone defect reaches a critical size, healing usually requires the introduction of
grafting materials. In addition to the general obligatory requirements for any biomaterial,
which include biocompatibility, non-toxicity and non-immunogenicity, bone grafts should
meet other properties in order to enable an active recovery of the damaged region.
Combined with a predictable biodegradation profile, these materials need
osteocondutive properties to enable the progressive deposition of layers of new bone
tissue, osteoinductive properties to stimulate the osteoblastic activity and eventually
osteogenic properties which provide the ability of bone formation even in dissimilar
environments. The material properties of the bone grafts result from the combination of
chemical and structural features, being interconnected porosity a most relevant structural
requirement. The pore sizes (100-500 um are typically recommended) and even the
thickness (around 50 um) of the material walls between pores may be determinant
factors for bone regeneration [17,28,29,42,44,106-108].

In practical and simplified terms, an ideal bone substitute material should be able
to provide a porous scaffold to enable cell invasion and attachment, and the subsequent
formation of new bone tissue, as well as blood vessels. At the same time, the biomaterial
should undergo a gradual degradation process, allowing for its substitution with new
bone. During this osteointegration process, the mechanical stability should not be

compromised. [25]

Usually associated to conventional surgery, a standard strategy applied when a
bone loss occurs is using natural bone grafts (autografts, allografts and xenografts),
normally in particulate or granule form, making use whether of the cancellous or the
compact bone regions. An autograft consists of a tissue that is transferred from one site
of the organism of an individual to a different place, an allograft represents a tissue
transfer between individuals of the same species, and xenografts, between different

species. Bone autografts, the “gold standard” in bone grafting procedures, have the
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advantage of no adverse immunological response and thus represent the best for
inducing new bone formation. However, they are usually available in limited quantity
(depending on donor site anatomy) and harvesting requires additional surgery, resulting
in increased morbidity for the patient. Human allografts, which can be appropriately
preserved in bone banks, being thus available in greater abundance, represent a
valuable alternative to autografts. Even so, the application of allografts is often limited
due to uncertainty on compatibility and risk of disease transmission. Xenografts, most
often of bovine or porcine origin, have no limitations regarding availability but, similarly
to allogenous bone, can introduce risk of rejection and disease transmission
[5,52,54,105].

A given type of graft can function by more than one mechanism. For instance,
autografts are osteoconductive, osteoinductive and osteogenic whereas allografts and
xenografts are mainly osteoconductive. Evidences that natural apatites also possess
osteocondutive properties has stimulated their application as grafting materials, alone or
combined with other materials. Currently, this mineral component of bone is usually
obtained from calcined xenografts, being commercially available from different animal
origins, under various formulations. Corals may also be a source of natural
hydroxyapatite, after applying hydrothermal conversion procedures to their calcium
carbonate skeletons. On the other hand, in addition to osteocondutive properties,
demineralized bone grafts have demonstrated to also possess osteoinductive capacities
[14,16,25,56,81,82,109-113]. These are mainly attributed to the exposure of bone
morphogenetic proteins (BMPs), caused by the demineralization procedure. Thus, not
only natural bone grafts, but also calcined and demineralized bone grafts constitute very
important options that require extensive research regarding materials characterization,
processing conditions and application methods, in order to help the prediction of their

clinical performance.

As described, these strategies of processing natural bone allow improving the
non-autograft materials, while maintaining their advantages regarding chemical and
physical properties. Natural hydroxyapatite obtained by heat treatment (calcination) has
the advantage of inheriting the chemical composition and structure of the raw material,
being therefore an alternative solution for numerous applications based on its analogous
synthetic products. As compared to allogeneic bone, hydroxyapatite derived from
xenogeneic bone (usually of bovine origin) is considered a good option because it is
easier to obtain at lower cost and is available in unlimited supply. However, particularly

regarding bovine derived hydroxyapatite, high temperature treatments (above 800 °C)
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are usually recommended to eliminate eventual existing pathogens, especially prions
that transmit bovine spongiform encephalopathy (BSE). Diverse combined sterilization
procedures have been proposed in order to obtain safe materials. The problem that
arises with heat treatment at elevated temperatures, the most common sterilization
method, is that the biogenic composition and structure of bone mineral can change and
this may affect the efficacy of this material. Although there is some controversy regarding
the onset of chemical and structural changes as a consequence of heat treatment, it has
been reported that changes in the mineral phase of bone are not significant until
degradation and combustion of most of the more labile organic components occurs
(around 500 °C). Regarding sample mineralogy, it is generally accepted that heat
treatment promotes the crystallinity of bone derived hydroxyapatite and increases the
crystallite size [80,112—-115].

2.5.2 Composite materials as alternatives to natural bone grafts

Currently, the most common alternatives to natural bone grafts are composite
materials which are designed and produced after taking inspiration from the composition
and structure of natural bone. Different approaches have been considered, including
using natural or synthetic polymers as matrix components and bone-derived or synthetic
ceramics (often Ca/P minerals) as fillers. Thus, these composites may be entirely
composed of natural or of synthetic products or, alternatively, contain both kinds of
components. The starting materials of these composites are usually selected to fulfil the
usual requirements (such as biocompatibility, osteoconductivity and non-toxicity), being
the synthetic ones often modified to mimic some of the characteristics of natural bone.
The natural products, on the other hand, are sometimes manipulated in order to enhance
a specific property (e.g. osteoinductivity). The application of synthetic biomaterials
represents a growing trend, mostly because they provide more consistent and
predictable properties. However, they still present numerous limitations that challenge
the scientific community on the quest for more convenient products. In fact, despite all
the advances, the best clinical results still derive from the application of autografts
[16,23,30,116,117].
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2.5.2.1 Mineral phase of the composites

Hydroxyapatite, the mineral and most abundant component of natural bone, is
probably the most studied ceramic for being applied as bone graft (alone or combined
with a polymer matrix). Synthetic hydroxyapatite and diverse calcium phosphate salts
have also been commonly applied, taking advantage not only of their resemblance with
the natural bone mineral (including its osteocondutive potential), but also of the
differences regarding the kinetics of dissolution. However, for the time being, synthetic
apatites are not yet able to duplicate the characteristics of the bone mineral, known to
influence the grafts osteointegration, nor to overcome some limitations as poor
mechanical properties (particularly when exposed to wet environments) and lack of
osteoinductive properties [16,18,50,115-118].

As for the in vivo behavior of calcium phosphates, it should be recalled that their
chemical composition is one of the main factors that influences the rate of mineral
dissolution. Taking the natural hydroxyapatite as a model, it is well known that the fact
of containing several ions incorporated into its crystal structure is very important for the
bone metabolism. In fact, although the presence of these ions is very low, they play a
vital role in biological activity. It has been shown that carbonate incorporation tends to
decrease the crystallinity and to increase the solubility of hydroxyapatite, enhancing its
biodegradation rate. Thus, not only synthetic hydroxyapatite is often chemically modified
in order to include additional properties favorable to bone grafting, but other calcium
phosphates with different dissolution rates (Table 2.2) are frequently combined to
achieve an adequate degradation profile for a given system. That is the case of some bi-
calcium phosphates that combine hydroxyapatite (which degrades very slowly) with
tricalcium phosphate (usually B-TCP), which is less stable and much more soluble at
physiological conditions. The ratio of the two mineral phases can be varied to tailor
adequate degradation properties. Another decisive factor affecting the life-time of the
mineral is the material structure, particularly its porosity, by enabling the fluids
penetration into the scaffold and consequentially, enhancing its dissolution
[18,38,44,117].

2.5.2.2 Organic phase of the composites

Concerning the selection of a polymer (or polymeric system) to build up the matrix
for a bone substitute composite containing mineral components, the wide range of
available products and methods of production make this subject a very extensive issue.

In fact, the composite matrix may be composed of a single polymer or multiple ones.
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These may natural or synthetic products, or even a combination of both. This includes
not only mixtures of the different kinds of polymers, but also chemical modifications of
the natural and synthetic starting materials, as well as of the subsequent derived
products (e.g. through chemical or physical crosslinking). Moreover, while some
polymers may be water soluble, others require the use of organic solvents. Anyway, the
selected polymers should be biocompatible and non-toxic, as well as their degradation
products. They should also be compatible with the ceramic filler, promoting the
interaction between the different phases of the composite
[16,28,30,38,40,42,43,51,115].

The most commonly applied natural polymers have been gelatin (partial
hydrolysis product of collagen) and polysaccharides (such as chitosan, starch, dextran,
hyaluronic acid). As for synthetic polymers, polylactides and their co-polymers with
polyglycolides, polycaprolactone and others have also been frequently used, as well as
diverse polyurethanes, polyphosphazenes and multiple hydrogels, mostly based in
acrylic systems (as PMMA). Some of these polymers may be produced as in situ forming
hydrogels, being often tailored to provide the most suitable chemical or mechanical
properties. Moreover, sometimes these polymeric systems are produced in the form of
interpenetrated networks (IPN) [16,24,28,30,39,42,44].

Whereas some of these polymers are able to bind with the ceramics, others are
usually crosslinked to hold the fillers within the matrix. The crosslinking reactions occur
by using appropriate reagents before or after adding the ceramic particles to build the
composite. It should be mentioned that although many of the reagents and solvents
involved in the reactions of the polymeric components may be toxic, they are usually
extracted from the scaffold prior to its application in vivo. Naturally, this applies to the
production of solid scaffolds which are meant to be used in conventional surgery. In
addition to the advantages coming from the possibility of extracting solvents or other
reagents, the previous synthesis of a solid scaffold enables multiple optimization
procedures regarding material properties (as mechanical strength, porosity or surface
topography). The production of porous scaffolds is attainable by using porogen
substances, whether by the introduction of soluble leaching salts or gas-forming agents.
Another frequent strategy consists of producing a transitory composite which, after
eliminating its organic phase, originates a porous dense body, only composed of
minerals [17,22,25,29,30,41,119,120].
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2.5.2.3 In situ forming hydrogels

For minimally invasive surgical procedures, in situ forming hydrogels may be
adequate alternatives because this type of hydrogels can form in the body, near
physiological conditions, from fluid precursors. However, these should be non-toxic and
the gelation reaction should not cause any toxicity or substantial temperature rise.

The precursors of in situ forming hydrogels are injectable fluids that can be
introduced into the desired tissue, organ or body cavity in a minimally invasive manner
prior to gelation, enabling a good fit and contact with surrounding tissues. Since
hydrogels are fluid prior to gelation, bioactive components, such as cells, proteins and
drugs can be easily mixed with the polymer solutions, ensuring high loading and
homogeneous distribution. After mixing the precursors solutions, gelation occurs as the
result from chemical or physical crosslinking reactions. The variables involved must be
carefully controlled because gelation should occur within a few minutes to minimize the
length of the procedure, preventing leakage of the gelling solution to the surrounding
tissues. On the other hand, the gelation process should simultaneously allow enough
time for placement of the hydrogel before hardening. This coordination is very important
to enable the application of the hydrogel with a single chamber injection device [121-
126].

Chemically crosslinked hydrogels may be formed through different mechanisms as
radical chain polymerization (initiated by photoirradiation or a redox system) or through
reactions between complementary groups. The main issue is that photoirradiation and/or
reactive compounds are needed, which may cause toxicity problems, aggravated from
the fact that reagents cannot be removed from the injection site. Photopolymerization
has not yet proven suitable for gelation after injection delivery due to the toxicity of most
photoinitiators, generation of highly reactive radicals in vivo, limited accessibility of light,
and eventual exothermic effect of photoreactions. On the other hand, the crosslinking
reactions between complementary groups may be a valuable alternative. The most used
mechanisms include Michael-type addition reactions between thiols and acrylates or

vinyl sulfones, and amines and activated esters or aldehydes [39,61,121,125,127-129].

Physically crosslinked hydrogels may be formed by thermal gelation,
stereocomplexation or physical self-assembly, as a result from ionic, van der Waals
and/or hydrophobic interactions. Physical crosslinking generally proceeds under mild
conditions, thus allowing for the immobilization of labile compounds, such as proteins.

However, in general physically crosslinked hydrogels are mechanically weak and less
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stable (they are often reversible) than those chemically crosslinked [39,61,121,125,127—
129].

Over the past decades, a variety of naturally- and synthetically-derived materials
have been used to form injectable hydrogels for biomedical applications. Natural
polymers such as collagen, starch, agarose, carboxymethyl cellulose, chitosan, alginate,
hyaluronic acid, chondroitin sulphate and fibrin have been often selected, among many
others, for the synthesis of substrates that mimic the chemical and physical environment
of the extracellular matrix. Despite natural polymers have been often preferred due to
excellent biocompatibility and biodegradability, a wide range of synthetic polymers have
also shown similar potential properties. That is the case of polyesters such as
poly(ethylene glycol)/PEG, poly(lactic acid) [PLA], poly(glycolic acid) [PGA],
poly(propylene fumarate) [PPF] and poly(caprolactone) [PCL]. These synthetic polymers
have been widely explored both alone or combined as co-polymers, maintaining the
hydrolysis potential of the ester linkages. As an example, PEG, which remains one of
the most widely studied systems, may form biodegradable hydrogels by
copolymerization with PLA, PGA ad PPF. The copolymerization with selected polymers
may originate additional properties, as thermosensitivity in tri-block co-polymers of PEG-
PCL-PEG and PLGA-PEG-PLGA (where PLGA derives from PLA+PGA). PEG has also
been combined with many naturally occurring biopolymers (as those previously
mentioned), resulting in new biodegradable hydrogels [13,21,39,43,121,125,126,130].

Other synthetic polymers may, however, lack informational structure for positive
cell biological response. As a consequence, modification of synthetically derived
hydrogels may be required, mostly in order to elicit a biodegradation response or to
introduce cell-specific  domains such as RGD (Arg-Gly-Asp) sequence
[21,43,121,125,126][21,39,43,66,104,121,125,130,131]. The synthesis of hybrid
polymers through grafting of molecular sequences from natural polymers is a frequent
strategy to achieve better interaction with the host tissues. Those molecular sequences
include carboxyl, amino or vinyl groups, frequently at terminal positions of the molecular
structure. The modified polymers may then be coupled into biomacromolecular or
peptides sequences, or participate in other polymerization reactions
[21,28,39,56,66,104,132—-134]. Another strategy consists in blending synthetic and
natural polymers, promoting the formation of interpenetrating netwoks (IPN). Poly (vinyl
alcohol) [PVA] is a hydrophilic synthetic polymer which has been widely investigated

regarding the synthesis of hydrogels by diverse of the mentioned processes.
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2.5.2.4 Hydrogels based in Poly (vinyl alcohol)

Since the early days of its discovery (in 1924), PVA has been used in various
industries, being gradually introduced in the field of biomedical applications. For
instance, it has often been used as protective colloid in emulsion or suspension
polymerizations, in the paper-making industry, in waste water treatments (including in
the removal of nuclear wastes), in food industry (approved by FDA in 2003) and in the
synthesis of hydrogels for medical applications [133,135-141].

PVA based hydrogels, in particular, are classified as biomaterials that have been
gaining increasing importance in view of its low toxicity, non-carcinogenicity, and high
biocompatibility. The main areas of hydrogels application include: topical uses as wound
dressings; drug-delivery systems; transdermal systems; dental applications; injectable
polymers; implants; soft contact lenses; superabsorbents; and stimuli-responsive
systems. This wide range of applications is related to the fact that PVA can be modified
into multifunctional macromers through its numerous hydroxyl pendant groups, which
can be derivatized by a variety of substituents. Moreover, PVA hydrogels may be
obtained by chemical crosslinking (e.g., with glutaraldehyde or epychlorohydrin) or by
physical crosslinking (e.g., by applying freezing/thawning cycles). It may also be blended
with numerous water-soluble polymers, both of natural and synthetic origin, to form IPN
structures [24,45,103,122,137,142-148].

Poly (vinyl alcohol)/PVA is produced commercially from poly (vinyl acetate)/PVAc
(Figure 2.17), generally by a continuous process. It starts from the polymerization of vinyl
acetate monomer, the primary raw material, into poly (vinyl acetate), followed by partial
or complete hydrolysis of this polymer. The process of hydrolysis is based on the gradual
replacement of the ester group in vinyl acetate with the hydroxyl group, by ester
interchange with methanol, and is completed in the presence of aqueous sodium
hydroxide. Following gradual addition of the aqueous saponification agent, PVA is
precipitated, washed and dried. The degree of hydrolysis is determined by the time point

at which the saponification reaction is stopped.
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Figure 2.17 - Chemical structure of PVA ([C2H4Q],), derived from the hydrolysis of PVAc ([C4HsO2]n).

The physical characteristics and the specific functional uses of PVA depend at
great extent on the degree of polymerization and on the degree of hydrolysis. Given the
relevance of the latter factor, PVA is usually classified into two classes, namely partially
hydrolyzed and fully hydrolyzed. Its designation normally specifies the hydrolysis level,
for instance, PVA 80% hydrolyzed, PVA 90% hydrolyzed and so on, until PVA fully
hydrolyzed.

Typically, PVA is soluble in water and slightly soluble in ethanol, but insoluble in
other organic solvents. Within the same range of molecular weight distribution, the
solubility of PVA decreases with the hydrolysis degree. Whereas fully hydrolyzed PVA is
only soluble in hot water (it is recommended a temperature not higher than 90 °C), PVA
80% only needs 25°C. On the other hand, within the same hydrolysis degree, the
solubility of PVA decreases with the increase in molecular weight. These combined
factors have strong influence not only on the viscosity of the PVA solutions, but also on
the pH values which, depending on the polymer concentration, typically range from 5.0
to 6.5. Furthermore, they also influence some properties related to the thermal behavior
of PVA such as the glass transition temperature (50-70 °C), the melting temperature
(180-220 °C) and the intervals of combustion temperatures (typically, 280-320 °C and
400-450 °C) [133,135-141,149,150].

Commercial grades of PVA are usually characterized by a number of quality
tests, chief of which are vinyl alcohol/vinyl acetate content and relative viscosity in
aqueous solution. However, these quality control tests are known not to be entirely
adequate since similar grades of partially hydrolyzed PVA may behave differently in
chemical practice. This happens because PVA can differ in terms of sequence
distribution of vinyl acetate residues, tacticity, branching, molecular weight, unsaturation

and frequency of head-to-head monomer residues [151-154].
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Taking fully hydrolyzed PVA as a model to understand some of its structural
characteristics, this polymer is usually represented as an atatic linear molecule
possessing alternate -CH, and -CHOH groups wherein —OH substituents are randomly
oriented along the chain (Figure 2.18). The tacticity, which reflects the stereochemistry
of adjacent chiral centers, is usually described in terms of a number of adjacent structural
units such as dias, triads, tetrads, pentads or even higher order ads when information on
long-range ordering is desirable. The terms meso (m) and racemo (r), referring to similar
or different orientation respectively, are used as follows: for the simplest case, a diad,
whereas a meso (m) diad consists of two identically oriented units, a racemo (r) diad
consists of units oriented in opposition. As for a triad, an isotactic triad (mm) is made up
of two adjacent meso diads, a syndiotactic triad (rr) consists of two adjacent racemo
diads and a heterotactic triad (rm) is composed of a meso diad adjacent to a racemo
diad. Tacticity measurements obtained by Carbon-13 NMR are typically expressed in
terms of the relative abundance of triads (mm, rm, rr), tetrads (e.g. mmm, mrm) or

pentads (e.g. mmmm, mrrm ) within the polymer molecule.

Atactic PVA

M OH OH OH OH OH OH
Syndiotactic (rr) triad Heterotactic (mr) triad

[sotactic (mm) triad

Figure 2.18- Isotatic (mm), syndiotactic (rr) and heterotactic (mr) triads in the atactic structure of PVA.

Moreover, it is well known that the backbone of PVA usually contains small
amounts of structural defects that derive from its synthesis process, leading to changes
into the usual heal-to-tail configuration. These defects consist on adjacent CH-OH bonds
(usually named as diol or 1,2 - glycol units) that correspond to head-to-head
configurations, or adjacent CH2-CH; groups, characteristic of tail-to-tail configurations
(Figure 2.19).
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Figure 2.19 — Structure of the head-to-tail, head-to-head and tail-to-tail configurations in PVA.

Although it is recognized that variations in these properties (degree of
polymerization, degree of hydrolysis, distribution of hydroxyl groups, stereoregularity and
crystallinity) may exert an important influence on the practical uses of this polymer, it is
nevertheless not possible to determine the significance of a specific characteristic of PVA
until the property in question has been quantified accurately. For PVA and PVA-based
systems, the assessment of the relationship between biodegradability and polymer

structure is also a fundamental instance to be ascertained [149,151,155,156].

Despite the overall number of PVA-degrading microorganisms is rather limited
in comparison with the widespread species able to degrade aliphatic polyesters, PVA is
known to be a truly biodegradable synthetic polymer, namely in peculiar environments,
such as PVA-polluted textile or paper mill effluents. Since the early thirties, diverse
microorganisms and symbiotic mixed cultures able to degrade PVA have been identified
and many degradation pathways have been proposed to explain the biodegradation
process [103,122,142,155-157]. However, for in vivo applications, PVA is usually
modified in order to introduce molecular fragments and/or molecular bonds that are
typically biodegradable. Alternatively, PVA may also be blended with natural
biodegradable polymers, constituting interpenetrating networks with higher in vivo

degradation potential than PVA alone.

2.5.3 Controlled drug delivery
Nowadays, many biomaterials are formulated so as to include drug delivery

systems. Antibiotics and anti-inflammatory drugs are usually applied directly in the
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biomaterial formulation or through encapsulation devices to enable a controlled release
profile into the targeted environment [61,127,158,159,160] [160-163].

The same applies to many other additives (e.g. growth factors, osteoinductive
molecules as BMPSs) but care bust be taken to ensure that the drugs keep their biological
activity despite the global environment and application conditions [160,164].

2.5.4 Sterilization of bone substitute composite materials

A very important aspect that should be mentioned regarding all types of bone
substitutes is the sterilization of the applied materials. The most used standard
procedures involve temperature (from cryo-treatments/preservation to autoclaving),
ethylene oxide (a gas that eliminates pathogens) and ionizing radiation (such as ®°Co).
The fact that polymers and ceramics often require different sterilization methods may
represent a complicated problem, which must be solved in order to obtain non-
contaminated composite materials. In fact, the properties of most polymers vary with
temperature and gamma irradiation often affects the polymers integrity. On the other
hand, many ceramics (such as hydrated salts) are often unstable during autoclaving. As
a result, some composites can only be supplied in sterilized form by acquiring sterile

products and preparing them under aseptic conditions [18,48,81,82,105].

2.5.5 Shelf-life of bone substitute composite materials
The shelf-life of a material refers to the period of time that guaranties the quality
of the product from the moment of its production. In biomedical applications, the

recommended shelf life of a material must always be taken into consideration.

The factors that affect the stability of bone substitute composite materials depend
not only of the selected components, but also on the conditions involved in the
preparation of those products. The control of the shelf life of dynamic wet systems, as
different types of bone cements, may offer additional difficulties compared to most solid

scaffold composites.

As an example, the ceramic particles of ceramic or composite bone cements may
dissolve and precipitate in solution, leading to a change of the mean crystal/particle size,
or even to the formation of agglomerates. As a consequence, the rheological properties

of the cement may be significantly altered and affect the injectability and posterior
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dynamics of solidification. On the other hand, regarding the use of biodegradable
polymers in injectable composites, the potential degradation of these polymers in
aqueous solution may compromise the whole system, becoming impossible to obtain a

product according to its initial design [18,39].
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3.1 Introduction

The aim of the present work consisted of obtaining a new biomaterial to be
applied in kyphoplasty procedures. The main purpose has been to build a viable
alternative to the most commonly used bone cements (mainly based on poly methyl
methacrylate (PMMA)). This involved the search for a biomaterial that would not present
as many disadvantages as acrylic bone cements do, being able to provide convenient
properties for bone repair and ideally to allow, in addition, for bone regeneration. Thus,
the new biomaterial should not be biologically inert (as PMMA) but conversely, should
be bioactive, promoting the interaction with natural bone and bone marrow. Building up
an injectable composite biomaterial made of non-toxic components that share some of
the properties of natural bone after hardening in situ, was taken as the main objective of
this study. The characterization of the new biomaterial and its application using an in

vivo model were the other major objectives.

To accomplish these tasks, some assumptions had to be made regarding some
of the technical aspects of the kyphoplasty procedure, and also about the biomaterial
characteristics. The adopted experimental strategies resulted from the effort to combine
the established goals with a set of restrictions from the surgical method and from the

materials properties.

It should be kept in mind that in order to maintain the surgical procedure, some
of the characteristics of the alternative material should not be modified relatively to the
PMMA system. First of all, the most important idea to retain is that the new biomaterial
must behave as a bone cement. As for acrylic and ceramic based cements, both are
supplied in separate solid and liquid phases that have to be mixed before application. In
the acrylic systems, this initiates a polymerization reaction which is evidenced mostly by
the increasing viscosity of the intermediate products until obtaining a hard material. In
the ceramic systems, the increase in viscosity is due to dissolution and precipitation
processes associated to chemical reactions that originate new interlocked species. In
both cases, short after mixing the reagents and while the viscosity is still low, the
intermediate material has to be transferred to the injection device and be applied inside
the vertebral body when the surgeon considers that the viscosity of the cement has
reached an adequate level, enough to minimize leakage problems. The material
properties of the cement components must be appropriate for a rapid preparation during
surgery, which means that the reaction must occur at room temperature and oxygen

atmosphere, without a complicated equipment.
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Regarding the procedure to inject the material inside the vertebral body, it should
be recalled that this step is performed using a single chamber injection device, even
when the material is initially composed of more than one component. The explanation
for the need of a typical syringe (and for the exclusion of a double chamber device) is
very simple. Since it is not possible to mix the material components inside a vertebra,
these must be previously blended and then injected in the form of a homogeneous and
stable fluid. The requirement of pre-mixing the cement components derives from the
need to avoid the premature solidification of the material inside the storage packing,
either if the reaction mechanism involves a polymerization (acrylic cements) or the
precipitation of selected salts (ceramic cements). For similar reasons, the use of any
other system composed of multiple components (as crosslinkable polymers) also calls
for a preliminary mixture step to enable the injection of the fluid with a conventional

device.

Secondly, another issue to attend is the hardening phase of the injected material
that must occur within a few hours after injection, inside the vertebral body. Using the
PMMA system, this objective is attained by adding the monomer as the last element of
the formulation, a few minutes before injecting the blended reagents. This way, the
polymerization reaction of MMA starts outside and is completed inside the vertebral
body. This step of the procedure may be considered as critical, since it can originate
diverse harmful secondary effects, mostly related to the toxicity of the components, the
high polymerization temperature, the eventual low extent of the reaction and difficulties
on controlling the viscosity of the cement. Anyway, after injection, the hardening stage
implies a dramatic change of the material properties inside the vertebral body, under
very mild temperature conditions (around 37 °C) and inside a closed environment that
hinders the possibility of extracting undesired reaction products. The body temperature
does not constitute a very strong limiting factor for acrylic cements, since they typically
contain a pre-polymerized PMMA fraction and are usually injected only after the reaction
with MMA has shown some progress. Moreover, the polymerization reaction is highly
exothermic (it can reach around 70 °C), which motivates the addition of catalysts to lower
both the activation energy of the reaction and the subsequent energy release. The
initiators for these reactions must not be obtained from photochemical reactions to
produce the starting radicals. Instead, the initiators must be chemical reagents that
produce radicals by dissolution with appropriate solvents. The photochemical option is
not adequate for preparing materials at the operation table since the reagents may not
be exposed under controlled conditions for enough time. As for ceramic bone cements,

the influence of the temperature inside the vertebral body is not very relevant since the
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process of dissolution and precipitation of the salts is usually able to proceed regularly.
However, for other alternatives, as some crosslinkable polymers that form hydrogels, the
body temperature may be too low to enable the crosslinking reaction to occur, or too
high to enable the gelation of the obtained composition. To summarize, these problems
associated to the environment of the vertebral body constitute limiting factors for diverse
reasons. Since the biomaterial must be injected in a liquid or paste form, it needs a
solvent, preferably water. Thus, the biomaterial should start as a water-soluble material.
However, as explained before, it needs to become solid and insoluble in water after a
certain time period, inside the vertebral body. This means that the solvent extraction is
not possible, and the hardening of the material must proceed at body temperature, inside

a closed space.

The third aspect regarding technical implications over the material composition
is the mandatory addition of a radio-contrast agent, in order to permit X-ray guidance
during the surgery. The contrast component must be compatible with the other
requirements of the material so that the chemical reactions and the injectability will not

be negatively affected.

To summarize, the conditions that could not be changed in this work relative to

the currently used systems (based on acrylic or ceramic cements) are the following:

a) the temperature and atmosphere of the preparation site;

b) the use of water as a solvent or as a liquid support;

¢) the inclusion of a contrast agent in the initial composition;

d) the use of reagents that behave as a cement after their mixture, originating a
viscous material that hardens progressively until reaching the solid state;

e) the use of a syringe with a single chamber device to perform the injection of
the blended components;

f) the application site, the vertebral body, as a closed and mild environment

where solidification must occur.

In contrast to the operational aspects of the procedure that must be kept, those
concerning the chemical composition of the current bone cements (and respective
hardening mechanisms) had to be changed in order to find a competitive new product.

A direct competitive product would mainly correspond to a new (but eventually
less toxic) structural and non-biodegradable biomaterial. The advantage of such
biomaterial would be the ability of inducing bone regeneration, rather than just acting as

a repair structure. It should also have an adequate biodegradation rate to enable its
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gradual substitution by newly formed natural bone. The biodegradability of the new bone
graft raises some important questions about the clinical application of such materials.
Whereas a material with a controlled biodegradation profile may be adequate for a young
patient that has naturally a great potential for new bone formation, an inert material may
be a better option for elderly patients. They usually have limited bone regeneration and
low mineral density, frequently associated with osteoporosis, being this one of the main
causes for the vertebral fractures for which this study aims at developing new
biomaterials.

As mentioned, this work aimed at the in situ regeneration of bone tissue, the so-
called bone tissue engineering, which requires materials with properties different from
those of permanent implants. In addition to biocompatibility and non-toxicity, these
properties include an adequate biodegradation profile, compatible with the processes of
bone remodeling, that implies resorption due to interaction with osteoclasts and
biomineralization from the action of osteoblasts. Other requirements such as adequate
porosity, both in terms of pore size and interconnection, are also important. The
interconnected porosity would enable the movement and progression of the bone cells

through a solid biomaterial.

3.2 Strategies

The adopted strategy to find an alternative material was based on the synthesis
of an injectable and hardenable composite material that would mimick bone (a natural
composite of hydroxyapatite and collagen) for a certain extent. The objective was to
ultimately obtain a composite material with a mineral phase containing natural
hydroxyapatite and a contrast agent, both embedded in an organic phase composed of
an initially water-soluble polymer, which had to become insoluble after an appropriate
reaction. Water was selected ab initio as the liquid phase to enable the injection of the
composition. The functional properties of the mineral and organic components and,
above all, those of the composite, were also a matter of concern. The chemical and
structural characteristics of the composite needed to be tailored with the objective of
producing a material with osteocondutive and osteoindutive properties, able to help bone
repair and to stimulate bone regeneration. This implies adequate composition and
porosity for interactions with specific cells, and adequate mechanical properties to

withstand load forces.

Bone-derived hydroxyapatite was readily selected as one of the ceramic

components of the composite because that is the base composition of the mineral phase
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of bone and constitutes the nearest material to the gold standard that autologous bone
represents. Natural hydroxyapatite is biocompatible, bioactive and possesses particular
structural properties due to the natural biomineralization process on its origin.
Nevertheless, hydroxyapatite obtained from bone may present different characteristics,
not only derived from the variations that naturally occur in any living tissue, but also
because of the process (usually bone calcination) to obtain this mineral. Thus, a
thorough characterization of bone samples of diverse origins, before and after
calcination at different temperatures, was performed to enable the most suitable choice.
The selected mineral was subsequently produced in large scale to provide a
homogeneous supply of natural hydroxyapatite for the whole study. The calcined bone
blocks had to be reduced into particles with a size range adequate for the proposed
application: small enough to enable the injection of the minerals through the syringe, but
larger than red blood cells, the diameter size limit of the capillaries. The second mineral
ingredient that was selected for the composite was barium sulphate due to its radiologic
contrast ability. This component is probably the most frequently used in materials for
medical procedures that require x-ray monitoring. In addition to the qualitative selection
of ceramic components, the quantification of each mineral was also performed in order
to determine an appropriate mineral proportion for the inorganic phase of the composite.
The experimental methods and the results regarding the mineral phase of the composite

are presented in Chapter 4.

As for the organic component of the composite, many strategies were tested,
always avoiding the use of a polymerization process similar to that of acrylate-based
systems. Although there are commercially available materials based on acrylic cements
mixed with ceramic particles, mostly calcium phosphates and Bioglass, these solutions
would not provide the intended innovation for this study. The preferred alternative was
using other types of materials, selected from biocompatible biopolymers able to produce
hydrogels in situ through crosslinking mechanisms. This option was considered very
interesting due to the potential high compatibility with cells, despite the limitations related
to inadequate mechanical properties for load bearing applications. However,
theoretically, this limitation could be solved by incorporating the ceramic particles into

the polymeric components, as a suspension.

Following this approach, diverse binary systems (crosslinkable polymers and
respective crosslinking agents) were tested, using natural and synthetic polymers, in the
as supplied or modified forms, to enable the crosslinking reactions between the

polymeric precursors. The most promising polymeric systems preliminarily tested
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involved biopolymers as dextran and chitosan, and also the synthetic poly (vinyl alcohol),
each with diverse specific methodologies to obtain crosslinked structures. The
experiences showed that the selection of an adequate polymer matrix could be a difficult
task for multiple reasons. According to the literature, there are not so many systems that
crosslink at body temperature and reach adequate mechanical strength without solvent
extraction, in a timeframe of a few hours. Moreover, the preliminary results showed that
the gel formation could be controlled in most isolate polymeric systems, but that the
addition of minerals to any of the biopolymer’s gel precursors would hinder their
chemical reactions. This constituted a great limitation for this study since the presence
of minerals in a polymer solution was mandatory. Indeed, even before the determination
of the appropriate concentrations of hydroxyapatite and barium sulphate, given their very
low solubility in water, it was decided that these minerals would have to be suspended
in a polymer solution. To obtain a homogeneous suspension, that polymer solution would
have to be chemically compatible with the mineral particles and would need a high
viscosity to sustain their weight, preventing phase separation and particle agglomeration.
Besides, the crosslinking agent (in solid or liquid form) would need to be blended into
that suspension without damaging the injectability of the mixture. Then, the obtained
mixture would be transferred to the injection device. The hardening process of the

material should already have started before the transfer.

Some biopolymers were tested, as mentioned, but they were not adequate for
the proposed application. For instance, dextran was oxidized with periodate solution to
produce new acetal bonds due to ring-opening reactions, being necessary to use a
dialysis procedure to separate this product from the reaction medium. Then, it was
lyophilized and kept at low temperatures to preserve the composition. Afterwards, the
oxidized dextran could be crosslinked with diverse amines, as adipic acid dihydrazide,
to obtain a new hydrogel after some hours. However, despite the adjustment of different
variables, the obtained hydrogels were not strong enough to obtain a homogeneous
viscous fluid after the addition of the mineral components, nor the final blend ever
achieved a solid material, as required. With chitosan, no matter the applied method to
crosslink the polymer, the addition of hydroxyapatite resulted always on the precipitation
of the minerals and formation of agglomerates that would never allow the injection of the
blended materials. The experimental procedures and results obtained with these (and
other) natural polymers are only briefly mentioned to avoid a large volume of information
that did not allow to proceed to the objectives of the study. The problems with the
polymers of natural origin that were tested had some influence on the decision of

adopting preferably polymers of synthetic origin. The other main reasons are related to
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the well-known difficulties on controlling the properties of natural biopolymers, in order
to have homogeneous and reliable supplies to use in medicinal applications.

On the other hand, the synthetic poly (vinyl alcohol) (PVA) presented more
promising properties regarding most of the described requirements. This polymer was
selected as the main component of the organic matrix of the composite, as described in
Chapter 5. In this section, PVA with different hydrolysis degrees and molecular weights
are characterized and their crosslinking potential under diverse conditions is analyzed.
One of these conditions regards the crosslinking of PVA with borax that occurred always
very suddenly, no matter its concentration. This led to the development of biodegradable
microcapsules based on poly (lactic acid) (PLA), charged with that salt, to use as a
delivery device of borax to the PVA suspension with minerals. Theoretically, this would
retard the crosslinking and help to control the rate of the chemical reaction. The PLA
microcapsules were studied to enable its use not only as a delivery device for
crosslinking reagents or other chemicals, as antibiotics, but also for the chance of
creating porosity in the composite. The conventional methods of salt leaching or gas
formation could not be applied inside the closed environment of the vertebral body. In
addition to the characterization of PVA, Chapter 5 also includes the synthesis and

characterization of diverse PLA microcapsules.

Following the selection and characterization of diverse mineral and organic
reagents that were tested in the synthesis of composites based in the literature, a critical
analysis of the results was made. The practical experience with the obtained bone-
derived hydroxyapatite and diverse polymeric materials has detected many difficulties to
meet the total set of desired requirements, particularly regarding the crosslinking of the
organic matrix of the composite bearing a suspension of minerals. The strategy to obtain

a hardenable composite biomaterial had to be changed.

The design of a new strategy was based on the acquired experience with the
previously studied systems, being selected the most promising polymer (poly (vinyl
alcohol) from that latter stage of the work to constitute the main organic component of
the new composite material. In addition to bone-derived hydroxyapatite and barium
sulphate, diverse other reagents were added in order to obtain a composite that fulfilled
the necessary requirements. Collagen, for instance, was also used. Since collagen is
not soluble in water, it had to be hydrolyzed into gelatin. Without revealing too much at
this moment, some details can already be mentioned to illustrate the experimental

methodology that is presented in Chapter 6.
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The synthesis of a new crosslinked composite started with the modification of
PVA with a carbodiimide (CDI), originating functional groups which were able to react
with natural hydroxyapatite. From the synthesis of such a hybrid (organo-ceramic)
composition, the whole process involved diverse additional reagents and multiple
synthesis steps, being each one optimized by varying some characteristics of the
reagents (e.g. the hydrolysis degree of PVA, the type and composition of hydroxyapatite
and the hydrolysis method applied to collagen). The amount and the order of addition of
some of the products were also altered at certain phases of the process. Despite all
efforts to avoid acrylic monomers, it became necessary to use a reagent (hydroxy ethyl
methacrylate/HEMA) from that family, associated to an innocuous chemical initiator
(potasium persulphate/K>S,0s). Microcapsules mostly made of poly (lactic acid) (PLA)
were also tested in this system, either containing HEMA or not. The optimization of the

applied microcapsules was previously made.

The global synthesis path adopted in the building process of the injectable
composite is represented in the diagram of Figure 3.1. Starting with a PVA solution, the
reagents represented in the left side of the reaction path were sequentially added,
originating intermediate products. The variables in the process are represented in the
right side. In addition to meaning of the abbreviations already mentioned, PVA80 and
PVA98 stand for 80% and 98% hydrolyzed PVA and HA stands for hydroxyapatite. The
different types of HA were natural (nat) and synthetic (syn), being each kind carbonated
(COs%) or non-carbonated minerals. Collagen (COL) was also a necessary reagent
which required a previous hydrolysis process to become water-soluble. The different
procedures applied in the hydrolysis process, in acid and alkaline media, are also
represented in the diagram. HEMA was added in two different ways, in aqueous solution
and encapsulated. Before the addition of HEMA, the material is named of pre-composite.
Afterwards, solidification occurs and the product is classified as a true composite

material.
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Figure 3.1 - Main steps for the synthesis of the composites and variables in the process.

The introduction of variables allowed for a consecutive process of optimization,
being the most suitable products submitted to in vitro tests concerning injectability,
swelling, degradation in phosphate buffered saline (PBS) solution, mechanical strength,
as well as biocompatibility with bone cells (namely, osteoblasts) and blood. Chapter 6
presents all these results concerning the composite optimization and characterization of

material properties.

The series of tests led to the selection of a particular composite which was
subsequentially used in a preliminary in vivo study, using a rabbit animal model. This
study was periodically monitored by x-ray images and finally, the histological analysis
enabled the detailed observation of the main local biological events, derived from the

interaction with the implanted composite. These results are presented in Chapter 7.

To conclude the strategy description that intentionally did not reveal all the details
in this chapter, it should be mentioned that multiple techniques and experimental
methods (Table 3.1) were applied during this study. In addition to the usual
characterization of starting reagents and reaction products, the consecutive intermediate
compounds of each studied system were, as much as possible and when considered
relevant, also characterized. The multi-phase composition of the intermediates and final
composite products originated increased difficulties to the chemical characterization of
the materials, particularly to determine minor alterations derived from consecutive
chemical reactions. Thus, the measurement of physical properties or the use of model

compounds was also adopted. Finally, the overall experimental results were used to
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build up a theory relative to the applied synthesis path and respective products at diverse
stages of the process. On the other hand, the biological tests enabled to extract
important information to explore in future work.

Table 3.1 - Summary of the experimental methods applied in the characterization of the individual
components/intermediates of the composites, of the microcapsules and of the obtained composites.

Method * Components Microcapsules Composites
1 Rheometry X
2 SEC X
3 Volumetric Titration X
4  NMR D20 X
5 IGC X
6 XPS X
7  NMR CP-MAS X X
8 DMTA X X
9 XRD X X
10 Optic microscopy X X
11 Hg Intrusion X X
12 DLS X X
13 AA(NaY) X
14 FTIR-ATR X X
15 DSC-TGA X X
16 SEM X X
17 Radiology X
18 Swelling

19 Degradation in PBS
20 Biocompatibility

21 Haemocompatibility
22 Implantation in vivo
23 Histological analysis X

X X X X X X X X X

(*) Abbreviations: size exclusion chromatography (SEC), nuclear magnetic resonance in deuterium (NMR
D;0), inverse gas chromatography (IGC), x-ray photoelectron spectroscopy (XPS), nuclear magnetic
resonance with cross-polarization and magic angle spinning (NMR CP-MAS), dynamic mechanical and
thermal analysis (DMTA), x-ray diffraction (XRD) spectroscopy, diffraction laser spectroscopy (DLS), atomic
absorption (AA) spectroscopy, Fourier transform infrared spectroscopy in attenuated total reflection mode
(FTIR-ATR), differential scanning calorimetry coupled to thermal gravimetric analysis (DSC-TGA), and
scanning electron microscopy (SEM). PBS stands for phosphate buffered saline solution.
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4.1 Introduction

Bone-derived hydroxyapatite was selected, ab initio, as the most appropriate
mineral component to incorporate into the aimed bone substitute injectable composite.
This decision, based on the current knowledge of the advantages of the bone-derived
minerals as compared to synthetic ones, motivated the detailed study of the process that
should be applied to obtain (and to produce in larger scale) natural hydroxyapatite with
the most suitable properties for the proposed application.

This research involved the comparative study of natural cortical bone of different
origins (human, bovine and porcine), before and after thermal treatment at different
temperatures (600, 900 and 1200 °C). The calcined samples were thoroughly
characterized by diverse techniques (FTIR, DSC-TGA, XRD, SEM, Hg Intrusion, IGC,
XPS), being most part of this work recently published [165-170].

Among the various types of bones, femur, the longest skeletal bone, was
selected as the best hydroxyapatite source because of its relative large size and
concomitant higher material content (mostly cortical bone). The choice for cortical bone
resulted from a preliminary study (data not shown) that revealed, as expected, a great

similarity between the compaosition of cortical and cancellous bone.

The effects of the methodologies which were followed in the preliminary
treatment of the bone samples were also evaluated, in order to determine the most
efficient and less deleterious process. The purpose of this evaluation was the selection
of a method that could contribute to the competitive production of bone-derived

hydroxyapatite, since the pre-treatment of bone may limit the overall process.

As for the natural hydroxyapatite obtained from the thermal treatment of bone,
the temperatures that were selected for this study resulted from preliminary
thermogravimetric analyses of the different samples. The detailed characterization of all
samples was performed in order to determine their properties and respective relation to
the calcination temperatures. It also served the objective of finding which type of mineral

would be more appropriate to apply in the composite synthesis.

Synthetic carbonated and non-carbonated commercial hydroxyapatites were
also characterized, though less extensively, since these two types were tested as
possible (but less probable) alternatives to the natural mineral, at latter stages of this

study.
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In addition to hydroxyapatite, another mineral substance was also selected ab
initio to become part of the inorganic phase of the projected composite. Barium sulphate
was selected based on its well-known radio-contrast properties, low solubility and high
biocompatibility. It was characterized using the same techniques that were applied in
posterior phases of this study, to enable the comparative analysis of results.

The criterion to determine the appropriate proportion of the selected
hydroxyapatite and Barium sulphate in the composite was based on the radiologic
contrast of compositions that combined both minerals. This study required the use of
radiology to acquire images of animal vertebrae with artificially created bone defects,
which were filled with various ratios of the selected minerals. The design of these
experiments was meant to simulate in vitro some key features of the kyphoplasty

procedure.

4.2 Hydroxyapatite
4.2.1 Bone-derived hydroxyapatite

In order to obtain natural hydroxyapatite, natural bone (femur) of different origins
(human, bovine and porcine) was processed under similar conditions, being submitted
to thermal treatment at 600, 900 and 1200 °C. The respective samples were
characterized before and after calcination at the mentioned temperatures, which were

selected based on the preliminary thermal analysis of natural bone.

The human bone used in this study was a biologically no longer active femur from
a 39-year-old male donor, supplied by the bone bank of Coimbra University Hospital
(Portugal). The bovine and porcine femurs were acquired at local markets of fresh

supplies.

It should be mentioned that the initial steps of bone preparation may be time
consuming operations that require much manipulation in order to obtain well cleaned
samples, free from surrounding organic tissues and internal bone marrow. Thus, two
methodologies were tested concerning bone preparation (BP). The results presented in
this chapter correspond to samples prepared using Method BP-I, with the exception of
those regardind FTIR, IGC and XPS analyses whose bovine samples were prepared
using Method BP-II. The detailed characterization of all samples prepared by the latter

method is not presented in this chapter, since such an exhaustive comparison would
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seem almost a repetition. In fact, a comparative study was preliminarily performed and
the results showed that bone samples characteristics were essentially preserved by
applying any of these methods. This allowed choosing the second method as the most
convenient to prepare high amounts of bone samples, getting them ready to posterior
calcination. Thus, the initial bone treatments used to prepare most of the hydroxyapatite
that was used during the whole study derived from Method BP-II.

Regarding bone calcination (BC), three different procedures have been adopted
(Methods BC-I, BC-1l and BC-Ill), involving diverse sample manipulation processes and
slightly different thermal treatments. Moreover, whereas BC-l was applied to bone
samples prepared by Method BP-I, BC-Il was relative to BP-1l. On the other hand,
Method BC-IlI involved only bovine samples, previously prepared by the BP-II
methodology.

The application of different calcination procedures was dictated by the following
characterization techniques and/or applications of the obtained hydroxyapatite minerals.
While the first method (BC-I) was essentially applied for the study of the influence of the
calcination temperature in the properties of bone-derived hydroxyapatite, the second
one (BC-Il) was mostly used for a larger scale production of hydroxyapatite, enabling to
obtain enough material for the whole study. While some of the respective
characterization results will naturally be presented in this chapter, others will be included
in Chapter 6 as references for diverse chemical compositions. As for the third calcination

method (BC-Ill), it was applied due to the sample requirements for IGC analysis.

4.2.1.1 Samples preparation procedures

i) Bone preparation

Method BP-I

The fresh bones of each specimen were cut into smaller pieces and well cleaned
to remove most adhering impurities. Afterwards, the bones were boiled in distilled water
for 30 minutes, for most external degreasing and easier removal of tissues and

impregnated bone marrow. This procedure was repeated twice with fresh water.

After the boiling step, each diaphysis was transversely cut into 1.5 cm thickness
slices and in order to obtain only compact bone samples, the cancellous bone inside
was carefully removed from most pieces. Some slices were left intact to enable the

observation of the trabecular structure.
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Subsequently, the bone samples were totally degreased through immersion in
an alcohol series (ethanol at 70%, v/v), followed by washing with distilled water. Then
they were kept in hydrogen peroxide (30%, v/v) for at least 48 h and rinsed again. Finally,
they were stored in formaldeyde solution (4%, v/v) at 4 °C. Before use, the samples were
thoroughly rinsed with distilled water and subsequently dried in a vacuum oven at 50 °C
for 3 days. Then, samples were placed inside a desiccator.

These dry cortical non-calcined bone samples represent the controls in the
following study. According to the techniques applied in their characterization, these
reference samples were transversely cut into smaller parts (blocks) or “scratched” with

a scalpel to obtain particles.

Method BP-II

Following the removal of most external tissues, the bone samples were
transversely cut into four/five smaller pieces, enabling the extraction of the bone marrow
from the respective cavity. Then, the bone pieces were washed with abundant distilled
water and immersed in a 0.1 M NaOH bath solution for at least 72 hours, depending on
the samples dimensions. The alkaline bath enabled the elimination of the remaining
surface tissues, as well as of the bone marrow impregnated in the cancellous parts.
Afterwards, the bone samples were thoroughly rinsed with ethanol and water, until no
alkaline reaction was denoted using pH indicator strips. The way of drying and

preserving the bone samples was similar to that of Method BP-I.

Obtaining only cortical parts from some of the cleaned bone samples required
the removal of the cancellous structures after the pre-treatment process. Others were
left intact. Finally, an identical procedure to that already mentioned (preparation of blocks
and particles) was also applied, in order to get appropriate samples for diverse

characterization techniques.

ii) Bone calcination

Method BC-I
Natural hydroxyapatite was obtained after calcination of the human, bovine and
porcine bone samples at 600, 900 and 1200 °C. A systematic series of test samples was

prepared by heating the cortical bone slices in a muffle furnace at each temperature for
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18 hours, under air atmosphere. After calcination, the samples were placed inside a
desiccator at room temperature and naturally cooled.

Depending on the characterization techniques, samples were used as blocks (the
whole slice/half-slice) or as patrticles (obtained by crushing the slices into smaller pieces
and reducing the fragments to powder form by hand grinding in an agate mortar).

Method BC-II

The complete (cortical and cancellous bone) femur pieces of different origins
(human, bovine and porcine) were calcined under air atmosphere, in a muffle furnace,
using a heating ramp rate of 10 °C/min from room temperature until reaching constant
weight at each selected temperature (600, 900 and 1200 °C).Then, they were naturally
cooled and kept in a desiccator. After combustion of the organic components of bone,

the cancellous parts from the obtained hydroxyapatite pieces were easily discarded.

Most blocks were reduced to particles using an electric mill. The hydroxyapatite
particles were subsequently sieved to different size ranges (hamely 0.077-0.088, 0.088-
0.150 and 0.250-0.500 mm) and stored inside a desiccator.

Method BC-llI

The starting material for this method was obtained from a particular set of
samples from the previously described BC-Il method. These samples consisted of
hydroxyapatite derived from bovine bone calcined at 600 °C, reduced to particle form
and sieved to 0.250-0.500 mm. These starting mineral particles were submitted to an
additional thermal treatment at 900 °C, using a heating ramp of 10 °C/min from room
temperature. The calcination procedure was performed under air atmosphere in a muffle

furnace, until samples reached constant weight.

As described, this BC-IIl method is characterized by two main differences relative
to the other calcination methods: the starting samples were composed of bone-derived
hydroxyapatite instead of natural bone, and the mineral samples were in particle form
instead of blocks. This method was specifically designed to obtain (at 600 and 900 °C)
two types of hydroxyapatite particles, both with the exact same origin and identical
dimensions, in order to perform comparative IGC analyses of these minerals. One of the

samples was also used for XPS analysis (a complementary technique to IGC, both
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regarding surface characterization). The combined techniques were used to evaluate
the influence of the calcination temperature on the surface properties of natural
hydroxyapatite.

iii) Characterization methods

Before calcination, cortical bone was characterized using DSC-TGA, FTIR
spectroscopy, Hg Intrusion Porosimetry and SEM. After calcination, identical techniques
were applied to all samples, as well as XRD. Some of the bovine calcined samples were
characterized, in addition, by IGC, XPS, LDS and CP-MAS solid state NMR
spectroscopy. The results from LDS and NMR will only be presented in Chapter 6, where
they constitute relevant data. The first ones, in the context of the hybrid composition
derived from the hydroxyapatite reaction with a polymer, and the second ones, in the

characterization of the obtained composites.

Though most of these characterization techniques required samples in particle
form, porosity measurements and SEM analysis were intentionally performed using bone
samples (hatural or calcined ones) under block form. For SEM observation, in particular,
the block samples were submitted to fragile fracture under the perpendicular direction to
the long axis of the original bone. This enabled the exposure of the cross-section

surface, without tool marks.

The instrumental details concerning each experimental method will be presented

in the Appendix.

4.2.1.2 Samples characterization before calcination

This section reports the characterization of the natural bone samples, after the

preparation procedures to remove the surrounding tissues.

DSC-TGA

The thermogravimetric curves of the human, bovine and porcine bone samples are
shown in Fig. 4.1, together with the corresponding heat flow profiles, from 20 to 1400 °C.

The most relevant results obtained from the TG analysis are presented in Table 4.1.
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Figure 4.1- TG and DSC plots of human, bovine and porcine bone samples in the 25-1400 °C temperature
range.

The thermograms of the control samples present similar profiles, showing typically
three successive steps of weight loss: one below 200 °C, another between 200 and 600
°C, and a third step between 700 and 900 °C. Above this temperature, the weight
variation is not significant. The former is attributed to the dehydration of bone (surface
and bound water). The second step corresponds to the greatest weight loss and is due
to the combustion of the organic component of bone (mainly collagen) [80,171-173]. The
latter step of weight loss, observed at temperatures above 700 °C, is mainly caused by
the release of CO; from the apatite lattice, due to carbonate decomposition [80,171-173].
The DSC results show, for each bone sample, one endothermic peak at about 90 °C
followed by a strong exothermic peak with maximum near 335 °C and a shoulder around
420 °C.

Table 4.1 — Weight percentage of the main constituents of bone samples of different origins (human, bovine
and porcine) estimated from the curves of Figure 4.1.

Human Bovine Porcine
H20 (wt%) (T< 200 °C) 9.3 8.9 11.6
Collagen (wt%) (200 °C< T <600 °C) 28.1 25.7 29.4
Carbonate apatite (wt%) @ 62.6 65.4 59.0
CO3% (Wt96) P (700 °C< T <900 °C) 5.5 4.2 3.8

a %:100-[(m20 oc-Meoo oc)/mzo oc]XlOO %
b %:1.36X[(m7oo oc-Maooo oc)/mmo oc]XlOO %

Table 4.1 illustrates that human and bovine samples have similar water content,
but slightly inferior to that of porcine bone, and that the organic content differs at most

by 4% among all specimens. Carbonated hydroxyapatite corresponds to 59-65 wt% of
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the bone samples and the relative amount of carbonate (estimated from the weight loss
between 700 and 900 °C, as suggested by the literature [80,84,171-173]) is also very
alike, being the human bone sample that with a slightly higher content. The differences
in carbonate content may be explained based on metabolic factors.

The above results allowed selecting the set of calcination temperatures: 600, 900
and 1200 °C. In fact, besides corresponding to stable chemical compositions (i.e.,
plateaus in TG profiles), at 600 °C the bone samples are composed of carbonate apatite
and at 900 and 1200 C, mainly of stoichiometric hydroxyapatite.

FTIR

The FTIR spectra of human, bovine and porcine bone is presented in Figure 4.2,
together with those of reference samples of collagen and stoichiometric synthetic
hydroxyapatite.

The human, bovine and porcine bones present quite similar FTIR spectra, which
reflect their identical chemical composition. As expected, each spectrum shows the
characteristic peaks of hydroxyapatite (at 557, 600, 960 (shoulder), 1012 and ~1060
(shoulder) cm™ due to phosphate vibrations) and collagen (C=0 stretching vibration at
1634 cm; N-H in-plane bending at 1548 cm™; C-H and N-H stretching modes in the
2800-3400 cmregion) [79,92,172-174]. It should be noted that the weak band observed
in the spectrum of hydroxyapatite at ~630 cm™ could not be identified in the spectra of
the bone samples (Fig. 2). Additionally, the typical bands of carbonate substituting for
phosphate site (type B) in the apatite lattice are also observed: peak at 871 cm™ and
double band at 1410/1445 cm™. Type-A carbonate may also be present, but in smaller
amounts comparing to type B, since a shoulder around 880 cm is observed in the FTIR

spectra of all bone samples[79,92,172-174].
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Figure 4.2 - FTIR spectra of Human, Bovine and Porcine bone samples: comparison with hydroxyapatite
and collagen, the major bone components.

The composite nature of the bone matrix becomes very clear when its FTIR
spectrum is compared with those of the model compounds of its components,
hydroxyapatite and collagen (Figures 4.2 and 4.3). In fact, as mentioned, the spectrum
of bone exhibits all the most intense bands observed in the spectrum of hydroxyapatite
(at 500-700 cm™ and 900-1200 cm™) and that of collagen (in the 1200-1700 cm™ and
2800-3700 cm? regions), being nearly coincident with the sum of the respective profiles.
Nevertheless, there are some new bands (namely at around 870 cm™ and 1400-1450

cm™) originated from carbonate substitutions in the crystal lattice of hydroxyapatite.

Viivy PO‘1
4 Amide

: ! I, 1, 1
: ‘~ AmideA
‘ \ b
! il iy

Amide B'

Absorbance (a.u.)

Cortical Bone

Hydroxyapatite

Type I Collagen

¥ T » T ¥ 1 ¥ T * T b T w 1
500 1000 1500 2000 2500 3000 3500 4000
Wavenumber (cm’)

Figure 4.3 - Spectral assignment of the major bands in the FTIR spectra of cortical human bone,
hydroxyapatite and collagen.

From the detailed spectral assignments presented in Table 4.2, some bands

must be discussed, particularly in the 500-1700 cm region of the spectrum of bone. The
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most intense bands are originated from the mineral phase, in accordance to its larger
proportion in the composite. In particular, the bands at 557 and 600 cm™ correspond
mainly to v4 PO4* bending vibrations, despite some contribution from collagen in that
region. Moreover, the absorptions at 961 and 1012 cm™ correspond to the symmetric
(vi) and asymmetric (vs) stretching of phosphate, respectively. Thus, most of the
absorptions from phosphate vibrations are clearly observed both in the spectra of bone
and of hydroxyapatite. It should be also mentioned that acidic phosphate (HPO.?), a
frequent anionic substitution in the crystal lattice of hydroxyapatite, usually originates a

band at ca. 1110 cm, which is normally overlapped with that from vs PO4* vibration.

Table 4.2 - Band assignments for the FTIR spectra of bone, hydroxyapatite and collagen.

Wavenumber Vibrational modes
(cm™) Bone Hydroxyapatite Collagen
557 va POs* bending (mineral) v4 PO4*> bending Amide
+Amide (organic)
600 va POs* bending (mineral) va PO4% bending Amide
+Amide (organic)
630 va POs* bending (mineral) va4 PO4* bending Amide IV
+Amide IV (organic)
871 v2 CO3? bending v2 CO3? bending -
961 v1PO4% sym stretching v1PO4¥'sym stretching -
1012 v3PO4% asym stretching vsPO4%asym stretching -
1250 Amide Il - Amide IlI
1410 CH_ bending (organic)+ - CHa bending
v3 CO3?% (mineral)
1445 CHz bending (organic)+ - CHa bending
v3 CO3?% (mineral)
1548 Amide I - Amide Il
1634 Amide | - Amide |
2850 - - CHa sym
stretching
2930 - - CHs sym
stretching
3072 - - Amide B
3278 - - Amide A
3500 - v OH v OH

On the other hand, the collagen moiety of bone originates the typical Amide | and
Amide Il bands at 1634 and 1548 cm™, respectively. Furthermore, the bands at 1410
and 1445 cm™ show a different profile and higher intensity in the spectrum of bone
relative to its organic model compound. These bands correspond, in fact, to absorptions
from CH. wagging and bending vibrations superimposed with those from asymmetric
stretching (vs) vibrations of COs? groups, present as ionic substitutes in the apatite
crystal. Carbonate also originates a single band at ca. 870 cm™, which is assigned to v;

bending vibrations. This band is characteristic of a Type-B apatite.
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SEM

SEM was used to observe samples of cortical bone and samples of cancellous
bone from different origins (human, bovine and porcine). Despite the different origins of
the analyzed bone samples, SEM observations showed that all share similar
microstructural features. Thus, the exact origin from which each image was obtained is
not emphasized in the description of the various bone samples.

In fact, at low magnification (75x) all samples present the typical morphology and
structure of the bone matrix (Figure 4.4). As observed in cross section view, while cortical
bone shows a very compact organization, cancellous bone constitutes a macroporous
structure. The numerous Havers systems that make up cortical bone are illustrated, as
well as a Volksmann canal crossing through the compact bone matrix. On the other
hand, the cancellous structure is quite less dense, possessing randomly oriented

trabecullae which define large interconnected pores.
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Figure 4.4 - Microstructure of cortical bone (left) versus cancellous bone (right).

Increasing SEM magnification and focusing the attention in cortical bone,
additional details may be observed (Figure 4.5) regarding its lamellar organization. At
200x, the characteristic Havers systems comprising a multilayer structure of concentric
lamellae around each Havers canal, as well as interstitial lamellae, are clearly observed.
At 400x magnification, the concentric lamellae reveal their fine structure, being the
alternate high and low configuration probably related to the different orientation of
consecutive layers of the mineralized fibres. Moreover, the blood vessels inside Havers

canals could also be observed, although very rarely, in some of the bone samples.
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Figure 4.5 - Microstructure of cortical bone: numerous Havers systems (left) and detail of a Havers canal
containing vascular vessels and surrounded by the typical concentric lamellae of mineralized fibres (right).

It should be mentioned that the observed details varied among the diverse
samples. For instance, in the 500x magnification image of Figure 4.6, the individual
lamellae are not distinguishable (as in the 400x image of the previous figure). However,
multiple osteocyte lacunar spaces are clearly observed. Using a higher magnification
(7500x), the characteristic eye shape of a lacuna is also illustrated in Figure 4.6.
Moreover, a very unigue detail was also caught by SEM imaging: the interior of this
lacuna, containing bundles of numerous entangled nanofibres, distributed around

circular micropores.

Figure 4.6 - Osteocyte lacunar spaces spread in the bone matrix (left) and detail of the interior of a lacuna
(right) showing an entangled fibrous environment which defines the entrance geometry of the canaliculli
where nutrients flow, and where to osteocytes launch cytoplasm extensions, enabling short range cell
contacts through gap junctions.

The special environment inside the lacunar space is most probably related to the
metabolic functions of bone tissue. In fact, the lacunae are the matrix sites where
osteocytes become entrapped, after differentiating from osteoblasts. Since the bone
matrix is a rigid material where cells are not able to move across, the communication
between the latent osteocytes is only possible due to an ingenious process. These cells
send cytoplasm extensions through microscopic channels (the canaliculli) comprising a
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true web that enables fluid circulation, nutrient exchange and chemical signaling
between cells. The size and shape of the pores between the fibres inside the lacuna
illustrated in Figure 4.6 are consistent with canaliculli arriving to that cellular space. The
osteocytes make use of those channels, meeting at short range distances other
osteocytes that employ an identical strategy. The cell contacts usually occur through gap
junctions, facilitating the communication through the bone matrix.

Hg Intrusion Porosimetry

Mercury porosimetry was used to evaluate the porosity of the diverse compact
bone samples, as well as the respective pore size distribution. This parameter is
determined by applying the Washburn equation (Eq. 4.1) where d is the pore diameter,
P is the applied pressure necessary for the mercury to penetrate the sample pores, vy is
the mercury surface tension (0.48 Nm™) and 0 is the contact angle between mercury and
the solid surface (130°). The total porosity was calculated as the ratio of the total intruded

volume and the sample bulk volume.

__ 4y cosb
P

d Eq. 4.1
The Hg intrusion curves (cumulative and differential) of human cortical bone block
samples presented in Figure 4.7 are representative of the corresponding results (data

not shown) relative to bovine and porcine samples before calcination.

Human Cortical Bone —o— Cumulative Volume
—o— Differential Volume _
0,06
VP
o F
0,03 - 7
a
o
= S A o
=] =
”E o -nnmmmn—n—n-nﬂuﬁ’ I 0,04 %
2 M o
o 0024 o 2
E i o
= o <
o
2 / CAP 2
@ o [o] 3
= ) d L002 @
S o001 of ) / =
£ BoY & 3,
3 /A d <)
© ds A LCP e
o Poo
0,00 + n/ '0-0 0COTXIOOMIE00-0— 0" - 0,00
1000 100 10 1 0,1 0,01
Pore Diameter (um)

Figure 4.7 — Cumulative and differential intrusion curves of non-calcined human cortical bone, measured by
mercury porosimetry. VP,vascular porosity; LCP, lacunae-canaliculi porosity; CAP, collagen-apatite
porosity.
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In fact, all samples analysed exhibit pore size distributions which denote the three
types of porosity typical of a compact bone: vascular porosity (VP), related to average
pore diameters around 50 pm; lacunae-canaliculi porosity (LCP), corresponding to an
average pore size of 0.1 ym; and collagen-apatite porosity (CAP), with only a few
nanometers in diameter. VP corresponds to Harvers and Volkmann canals; LCP, as the
name suggests, results from the osteocyte lacunar spaces and the interconnected
network of canaliculi that enables the communication within the bone matrix; and CAP
corresponds to the empty spaces between collagen fibres and apatite crystals. The
results in terms of total porosity and bulk and skeletal density will be discussed along

with the calcined samples.

4.2.1.3 Samples characterization after calcination

This section reports the characterization of bone-derived hydroxyapatite,
obtained by calcination at 600, 900 and 1200 °C.

Macroscopic and microscopic changes (general considerations)

Before describing in detail the effects of the calcination temperature on the
chemical composition and structure of the diverse bone samples, the most notorious

changes that are observed at macro scale are illustrated in the Figure 4.8.

Provided that the applied temperature is high enough (above 600 °C) and for
enough time to enable the combustion of collagen, bone samples undergo common
changes from their natural appearance to totally white materials. At intermediate stages
of calcination, bone acquires different colors from pale yellow, to diverse grades of brown
and to black, losing the darkest tones to consecutive grades of grey before achieving
the white color. The starting and ending points of this process, relative to a bovine bone
piece comprising both of its cortical and cancellous structures, are shown in Figure 4.8.
The left image corresponds to a block of natural bone and the right one, to a block of
bone-derived hydroxyapatite. Interestingly, the macrostructure of bone maintains its
integrity after calcination, allowing for a better distinction between the compact and the
trabecular structure, whose macroporosity becomes clearly observable. Despite its
structural integrity, the calcined block may be easily fractured since being only composed
of bone’s ceramic component, it is hard but simultaneously fragile. This shows the
relevance of collagen on the mechanical properties of natural bone, providing tenacity

(shock absorption capacity) and also some elasticity.
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Figure 4.8 — Macrostructure of bovine bone blocks before (left) and after (right) calcination. After complete
combustion of the organic components, bone blocks become white and the macroporosity of the cancellous
structure becomes apparent. Although the macrostructure maintains its integrity, calcined bone loses much
of its tenacity and can be easily fractured.

Using low magnifications (around 100x) in SEM observation to compare cortical
sections of natural and calcined bone samples, as shown in Figure 4.9, two main
features must be emphasized. While the calcination process preserves the Havers
canals of the bone matrix, the most significant difference concerns the characteristic
lamellae around and between these canals. These images demonstrate that the lamellar
configuration derives from the collagen arrangement since after elimination of this

organic component, the lamellae also disappear.

Figure 4.9 - Microstructure of cortical bone before (left) and after (right) calcination. The Havers canals
maintained their morphology, but the lamellae are no longer observable after calcination

Increasing SEM magnification to observe the matrix surface (Figure 4.10), a
calcined Havers system can be identified (at 800x) by the circumferential distribution of
the osteocyte lacunar spaces around a Havers canal, although the typical concentric
lamellae no longer exist. The fissures observed in the left image are probably effects
from the heat treatment process. Another outcome is the loss of material’s smoothness,
as evidenced at 1500x magnification. The multiple lacunae still present their typical
morphology, but the collagen-free matrix shows an irregular and rough surface.
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Figure 4.10 - Details of the calcined surface of cortical bone: a Havers canal surrounded by osteocyte
lacunar spaces (left) and a higher amplification (right) showing the typical shape of lacunae and the
roughness of the organic-free matrix.

FTIR

Figure 4.11 shows the FTIR spectra in the 500-1800 cm™ range of the human,
bovine and porcine bone samples, before and after thermal treatment at 600, 900 and
1200 °C.

Human Bovine Porcine

Abtsorbance (8 u )

Control

T T
1000 150 L) 1000 150

g

%0 1000 "o ‘
Wavenumbers (cm ) Wavesumbers (em ') Wirvenumbers (¢m )

Figure 4.11 — FTIR spectra of human, bovine and porcine bone samples, before and after calcination at 600,
900 and 1200 °C. *Bands attributed to lattice carbonate vibrations.

All absorption bands originated by the collagen, namely those at 1548 and 1634
cm™ (and also those in the 2800-3400 cm™ region), disappear after calcination at 600
°C, which suggests that the organic component has been removed from the bone
samples. In addition, most of the bands due to the phosphate vibrations of
hydroxyapatite have largely increased in intensity after calcination. This behavior has
been described by other authors as a consequence of the thermal treatment of apatites.
In particular, in addition to the most intense peak at 1012 cm, there are now three bands
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in the spectra in the 500-700 cm* region of the calcined samples (561, 600 and 629 cm-
1) whereas in the spectra of the original samples only two were clearly discernible (557
and 600 cm™). Despite its low intensity, the band at ~630 cm™ is clearly resolved in the
spectra of the calcined samples.

The obtained spectra of the diverse bone-derived apatites agree well with the
theoretical predictions for phosphate vibrations. In fact, concerning the phosphate
anions in tetrahedral geometry, there are four fundamental vibrations distributed as 11
(symmetric stretch), v (bend), v (asymmetric stretch), and v1 (bend) and these vibration
modes (except 1») give rise to medium to strong bands. Typically, in hydroxyapatite, 1
(a non degenerate vibration mode) originates one intense band at around 960 cm, and
vz and v, (triply degenerate modes) originate up to three bands each in the 1000-1100
cm and 500-650 cm regions, respectively. Finally, the doubly degenerate mode -
may be observed at less than 500 cm™ but given to instrumental limitations, spectra were

not acquired in that region.

The FTIR spectra also show bands of small intensity at 871, 1410 and 1445 cm™*
attributed to lattice carbonate vibrations [79,84,92,172-174]. Although the relative
intensity of these carbonate bands is similar in the various samples spectra, they are
more pronounced in the spectrum of the human sample, confirming a higher carbonate
content. After calcination at 900 °C, the bands due to carbonate are no longer observed
in the spectra of the bone samples. The spectra of the samples calcined at 1200 °C were

similar to those at 900 °C, corresponding also to non-carbonated hydroxyapatite.

The attribution of the described bands to carbonate vibrations also finds good
agreement with theory. Carbonate anions may also show up to four normal modes of
vibration: symmetric stretch (11), out-of-phase bending (1»), asymmetric stretch (15) and
in-plane CO; bending (v4). vs and 14 constitute doubly degenerate modes and w is not
an active vibration in the infrared because it does not change the dipole moment of the
molecule. In carbonated apatites, the CO3z? characteristic bands appear at 870-880 cm
1 (1, as a single band) and at 1400-1450 cm™ (15, usually as a double band). Depending
on the type of carbonate substitution in the crystal lattice, bands may appear at slightly
different wavenumbers: type A carbonate apatite is characterized by a 1» band at 880
cm? and a 15 double band around 1450 and 1540 cm™, whereas type B configuration
has these bands at about 870, 1430 and 1450 cm™, respectively. The v, band is often
used to estimate the COs* content of the sample, by calculating the respective area

underneath. Moreover, this band may also contain a component at ca. 866 cm™, due to
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the contribution of non-apatitic (labile) carbonate. As mentioned before, the carbonate
bands of the diverse analysed samples reveal that the obtained hydroxyapatite minerals
are mostly of type B, although there may as well exist some contribution of type A
substitution. The AB-type, corresponding to minerals that contain both phosphate and
hydroxide ions substituted by carbonate, is another possibility that would require further
analysis.

The results illustrated in Figure 4.11 are fairly consistent with those of
thermogravimetric analysis (Table 4.1) and confirm that the chemical composition of
human, bovine and porcine bone samples is quite similar. Moreover, heat treatment at
600 °C causes the elimination of collagen from bone samples, originating a carbonated
apatite, and calcination at higher temperatures (900-1200 °C) results in the complete

removal of carbonate from the mineral.

Whereas the above results concerned samples prepared by using methods BP-
I and BC-I, additional FTIR spectra were also acquired relatively to equivalent samples
prepared by methods BP-Il and BC-Il, as mentioned at the beginning of this chapter.
From these last samples, the vibrational spectra of hydroxyapatite (HA) obtained from
bovine (Bov) bone calcined at 600 and 900 °C (respectively designated as HA Bov 600
and HA Bov 900) are presented in Figure 4.12. These spectra are similar to the ones
obtained with the first group of samples, showing that both of the applied pairs of
methods (BP-1+BC-I; BP-1I+BC-Il) are adequate to obtain hydroxyapatite (carbonated or

not) from natural bone.
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Figure 4.12 - FTIR spectra of bovine bone after calcination at 600 °C (left; HA Bov 600) and 900 °C (right;
HA Bov 900). Both spectra correspond to hydroxyapatite but whereas HA Bov 600 is a carbonate
susbstituted apatite (carbonate bands at 877 cm™ and in the 1400-1500 cm! region), HA Bov 900 is a non-
carbonated mineral.
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In the FTIR spectra of Figure 4.12, HA Bov 600 corresponds to carbonated
hydroxyapatite and HA Bov 900 to non-carbonated hydroxyapatite, as discussed before.
Both spectra show the typical hydroxyapatite phosphate bands (three peaks at 500-650
cm™ and a very intense peak at 1018 cm™ with two shoulders at each of its sides), as
well as the small intensity peak at 3572 cm™ due to hydroxide stretching. HA Bov 600
spectrum shows, in addition, an isolate peak at 877 cm™ and two other bands in the
1400-1500 cm? region, being these additional peaks characteristic of carbonate
vibrations. It is worth mentioning that the spectra of Figure 4.12 are better resolved then
those of Figure 4.11 and although some vibration frequencies are slightly shifted for
higher values, the respective assignments (Table 4.3) are identical to those concerning

the first group of samples.

Table 4.3 — Assignments of the FTIR absorption bands of HA Bov 600 and HA Bov 900.

Vibrational Mode Wavenumber (cm™)
HA Bov 600 HA Bov 900

va PO4* bending 560 560
va PO4* bending 599 598
va4 PO4* bending 630 628
vz CO3? bending 877 -
viPO4* sym stretching 962 961
vaPO4* asym stretching 1018 1016
vi HPO4* sym stretching 1087 1087
v3 CO3? asym stretching 1413/1458 -

v OH 3572 3572

XRD

X-ray diffraction was employed to evaluate the phase purity and the
crystallographic structural properties of the mineral component of bone after calcination
at the three selected temperatures (600, 900 and 1200 °C). Spectra from the human and
bovine samples are depicted in Figure 4.13 and quantitative structural parameters
(crystallinity degree and crystallite size) derived from XRD analysis for the samples

tested are presented in Table 4.4.

The crystallinity degree (X¢), corresponding to the fraction of crystalline phase
present in the examined volume, was estimated from Eq.4.2, where I3 is the intensity
of (300) reflection and V112300 is the intensity of the hollow between (112) and (300)

reflections.
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V112/300
X.=1- Z112/300
I300

Eq. 4.2

For microstructural analysis, microstrain was assumed to be negligible and all the
diffraction peaks broadening attributed to crystallite size. Scherrer equation (Eq. 4.3)
was used to calculate crystallite size (7). In this expression, A is the wavelength of the
radiation, 0 is the Bragg angle and B, the line broadening at half the maximum intensity
(FWHM) of the selected peaks in the diffractogram. The (002) reflection of the calcined
samples was used for determining the FWHM data.

KA

T = Eqg. 4.3
Bcos0 g

The diffractograms of all calcined samples show only the characteristic pattern of
hydroxyapatite (as deduced by comparing to the reference ICDD data file n°® 84-1998).
These results confirm that the amorphous organic component (collagen) of bone was

removed after calcination at temperatures superior to 600 °C.
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Figure 4.13 - Diffractograms of human (left) and bovine (right) bone samples calcined at 600, 900 and 1200
°C.

For 20 between 25° and 45°, the main lattice reflections originate peaks at 30.1,
32.8, 33.7, 37.0, 37.5, 38.4 and 39.7°, being respectively assigned to the (002), (102),
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(210), (211), (2112), (300) and (202) Miller plans of hydroxyapatite. A few peaks of lower
intensity are also observed matching, all together, the hydroxyapatite characteristic
diffractogram. The formation of other mineral phases (such as B-TCP and CaO) is not
identified in any of the X-ray profiles. Nonetheless an additional study was performed to
investigate the possibility of CaO formation. The calcined samples were washed with de-
carbonated and distilled water and the respective filtrates were chemically analyzed. The
results revealed that only the samples heated at 1200 °C contained traces of CaO (0.1-
0.2%). Such low percentages justify the non-detection of the respective peaks in the
diffractograms.

The XRD results also denote a generalized trend concerning the crystallinity of the
calcined samples (Table 4.4): i) the relatively broad peaks resultant from heating at 600
°C reflect a poor crystalline apatite, probably due to the carbonate substitution into the
mineral; ii) increasing the temperature to 900 °C originates more intense and sharp
peaks, corresponding to an increase in the mineral crystallinity, which is compatible with
crystallite growth and with the elimination of carbonate from the lattice; iii) further
increase of the calcination temperature to 1200 °C practically has no influence on the
crystallinity [79,115,174,175].

As expected, the observed narrowing of the diffraction peaks is also related to
changes in the crystallite size that increases with calcination temperature. Additionally,
estimates of the crystallite size (Table 4.4) show that close values are obtained for the
various samples at each calcination temperature. These results are consistent with the
most significant structural changes of the bone mineral occurring between 600 °C and
800 °C, as previously reported [79,80].

Table 4.4 — Crystallinity degree (X¢) and crystallite size (t) of bone samples of different origins, calcined at
600, 900 and 1200 °C.

Sample Temperature (°C) Xc (%) 2 T (nm) ®
Human 600 91 63
900 96 76
1200 96 105
Bovine 600 80 44
900 94 82
1200 95 95
Porcine 600 85 50
900 95 89
1200 96 104

a From Eq. 4.2.

b From Eq. 4.3 for the (002) diffraction peak.
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SEM

Representative SEM pictures of human and bovine bone block samples calcined
at 600, 900 and 1200 °C are respectively depicted in Figures 4.14 and 4.15. These
images enable the comparison of similar magnifications (3500x) that provide a new
insight into structural details of calcined bone. As expected from the previous description
of SEM images of lower magnifications (Figures 4.9 and 4.10), the basic microstructure
of cortical bone (Havers Canals and osteocyte lacunar spaces, in particular) is preserved
after calcination but the samples” surfaces no longer present the characteristic
concentric lamellae around the Havers Canals, due to the elimination of collagen with
heat treatment. The detailed observation reveals, however, that crystal size and
morphology display significant changes upon heating.

Figure 4.14 - SEM images of human bone calcined at 600, 900 and 1200 °C (from left to right), showing the
increase in crystal size with temperature.

Figure 4.15 - SEM images of bovine bone calcined at 600, 900 and 1200 °C (from left to right), showing the
increase in crystal size with temperature.

As for the human bone calcined at 600 °C, Figure 4.14 partially shows the interior
of a Havers Canal where a record of the formerly existent organic structure can still be
observed. Outside the Canal, a lacuna with its typical and well preserved geometry can
be noticed. The other images show that as temperature augments the crystal sizes

considerably increase. Moreover, at the highest temperature the sintering effect is also
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obvious. Similar conclusions can be withdrawn from bovine (Figure 4.15) and porcine

(data not shown) samples.

Hg Intrusion Porosimetry

This technique was used to determine the porosity and pore size distribution of the
diverse bone samples in block form, before and after calcination at 600, 900 and 1200
°C. It also enabled to determine the skeletal and bulk volume of each sample, and the
respective densities. Skeletal and true densities follow from dividing the material mass
by the respective skeletal and true volumes, corresponding to the sample volumes

measured at the lowest and the highest intrusion pressures, respectively.

The results obtained for sample porosity using mercury intrusion are listed in Table
4.5 for all samples under investigation, including the control (non-calcined) samples. The
reported values correspond to a pore range between 6 nm and 400 um (the minimum
and maximum detection limits of the equipment, respectively). As this table shows, the
porosity of non-calcined samples depends on the origin of the sample, varying from
around 5% for bovine bone up to 14% for porcine bone, having the human bone an
intermediate value (9%).

Table 4.5 — Porosity, bulk density and skeletal density of human, bovine and porcine bone samples, before
and after calcination at 600, 900 and 1200 °C.

Bone Parameter Temperature (°C)
Non-calcined 600 900 1200
Total Porosity (%) 9.24 46.8 37.5 11.1
Human Bulk Density? (cm®/g) 1.89 1.61 1.83 2.62
Skeletal Density® (cm®/g) 2.08 3.02 2.93 2.95
Total Porosity (%) 5.20 54.5 31.7 12.4
Bovine Bulk Density? (cm®/g) 2.01 1.32 2.06 2.67
Skeletal Density® (cm?/g) 2.12 2.90 3.02 3.05
Total Porosity (%) 14.3 56.8 - 14.7
Porcine | Bulk Density? (cm®/g) 1.77 1.25 - 2.49
Skeletal Density® (cm?/g) 211 2.90 - 2.91

@ncludes all open pores smaller than about 400 um (the upper detection limit of the equipment).

b Only includes pores smaller than 6 nm (the minimum pore size detectable by the equipment).

These differences are expected since the samples are not directly comparable.

Nonetheless they all exhibit a low porosity value, consistent with a compact bone. The
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effect of calcination at 600 °C is a significant increase in porosity (which reaches values
up to more than 50%) as a consequence of the releasing of water and burning of organic
matter. However, the use of higher temperatures originates a systematic decrease in
porosity, reaching, at 1200 °C, values comparable to those of the control samples. This
is in agreement with the increase in crystallinity as well as in crystallite size and, for the
highest temperatures, with the observed sintering process (that fuses crystals and

simultaneously closes many pores).

As mentioned, mercury porosimetry also provides information about sample
density: bulk density, defined as the ratio of the sample mass by its bulk volume (solid +
all open pores), and skeletal density, calculated from the skeletal volume (solid + pores
inferior to the lower limit detected by the porosimeter (i.e., 6 nm)). According to these
definitions, the bulk density values are naturally inferior to those of the skeletal density,
being the former dependent upon the sample porosity (reaching the higher values for
lower porosities) contrary to the latter that are practically independent of this parameter.
Moreover, if the sample does not possess a considerable amount of pores below 6 nm,
the skeletal density should be close to the material (solid) absolute density. Thus, it is
not surprising that the calcined samples generally exhibit skeletal densities near to 3
g/cm?®, which is close to the theoretical density of hydroxyapatite (3.16 g/cm?), being
those of the control samples about 2 g/cm?, in agreement with their water and organic
content. It should also be emphasized that the value measured for the bulk density of

the non-calcined human bone (1.89 g/cm?®) is close to that reported in the literature.

As interesting as knowing the total porosity, it is to be able to specify the pore size
distribution. Figure 4.16 presents the pore size distribution in terms of cumulative and
differential curves which clearly illustrate the effect of the calcination temperature on the

porosity of the human and bovine bone samples.

The cumulative curves (Figure 4.16-a) of human samples denote a small intrusion
into pores between about 100 and 20 um, followed by a plateau and finally another
intrusion of mercury into pores smaller than 1 um. Although this trend is followed by all
cumulative curves, it is apparent that the samples calcined at 600 °C and 900 °C
correspond to the highest intruded volumes (hence the highest sample porosity)
whereas the curve of the sample calcined at 1200 °C is close to that of the control
sample. The pore size ranges are more obvious in the differential curves (Figure 4.16-
b) which clearly exhibit two peaks: a small peak in the 20 — 120 pum region (corresponding
to the Havers Canals) and a more prominent peak between 0.1 and 1 um (related to the

lacunae/canaliculi). From the latter, it is also evident that the peak modes (i.e., most
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frequent diameter) are gradually shifted to the left and are simultaneously less intense
as temperatures increases. Furthermore, in comparison to the control sample, it seems
that the nanoporosity has practically vanished. This is obviously related to the micro
structural changes resultant from heat treatment. Similar findings were obtained for the

bovine (Figure 4.16-c and —d) and porcine (data not shown) samples.
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Figure 4.16 — Cumulative (a,c) and differential (b,d) intrusion curves of human and bovine cortical bone
samples, before and after calcination at 600, 900 and 1200 °C, measured by mercury porosimetry.

In the samples calcined at 600 °C, corresponding to carbonated hydroxyapatite,
the pore size distribution curves show that the most relevant contribution to the total
sample porosity is in the region 0.1 - 1 um (i.e., microporosity). According to the works
published in the literature, this microporosity may be essential for inductive bone
formation. Further tests performed in these samples, reduced to particulate form, confirm
that the particles maintain the same microstructure as blocks. Additionally, in the form of
particles, samples also exhibit high values of inter-particle porosity (with pores around
100 um), most convenient for bone remodelling. This is obviously a convenient way of

obtaining simultaneously macro and microporosity.
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LDS

Laser diffraction spectrometry was used to determine the particle size
distribution of the calcined bone samples after being sieved into three main fractions:
0.077-0.088, 0.088-0.150 and 0.250-0.500 mm.

Figure 4.17 illustrates the LDS results relative to carbonated and non-
carbonated hydroxyapatite samples of bovine origin, sieved to the intermediate size
range 88-150 um. Samples calcined at 600 °C are identified as HABov600 (Figure 4.17-
left) and at 900 °C, as HABov900 (Figure 4.17-right).

The particle size distribution of both samples is a bi-modal curve that covers a
wide range of dimensions (from 0.4 um to 300 um for HABov600 and from 0.1 um to 50
um for HABov900), despite the use of meshes that should limit this range to narrower
distributions. In both cases, however, the most frequent particle sizes are centred around
130 um for the carbonated sample and around 20 um for the non-carbonated ones, as
a direct result from the applied meshes. The lower filter is less efficient since particles of
dimensions inferior to 88 um are detected in both samples. HABov600 has a significant
proportion of particles sizes around 0.2-0.2 um and 20-30 um. On the other hand, the

smaller particles of HABov900 measure approximately 3 um.

HA Bov 600 HABavstl

Diferential Volume (%)
Diferential Volume (%)

T T T T 1 T T T T 1
0,01 0,1 | 10 100 1000 0,01 0,1 1 10 100 1000

Particle size (um) Particle size (um)

Figure 4.17 — Particle size distribution of bovine bone-derived carbonated (HABov600) and non-carbonated
(HABov900) hydroxyapatite sieved to 0.088-0.150 mm.

As inferred from the distribution curves, the average size of the hydroxyapatite
particles obtained by calcination at 900 °C is inferior to that of samples calcined at 600
°C. This is probably a consequence of the increased brittleness of the mineral due to the
higher processing temperature. Using the same milling conditions (identical sample

mass, time and speed of blade rotation), a brittle material crashes into smaller fragments,
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IGC

Inverse gas chromatography (IGC) was used to determine the surface properties
of bone derived carbonated hydroxyapatite (HA Bov 600) and non-carbonated
hydroxyapatite (HA Bov 900), both obtained from calcination of bone of bovine origin at
600 and 900 °C respectively, using the Method BC-III previously described. Since the
samples were in particle form, the use of wetting methods would not be adequate
because of material preparation constraints and consequent introduction of artifacts
such as surface roughness, absorption of the wetting liquids into the bulk structure of the
material, or contamination of the wetting liquid due to material dissolution.

Inverse gas chromatography was chosen because this technique is normally
used to determine the surface properties of materials which are difficult (or even
impossible) to analyze by applying more conventional techniques. IGC enables to
determine various thermodynamic parameters as the surface energy and the relative
affinity towards reagents with different properties, by calculating the work of adhesion

between the applied gas probes and the material’s surface.

Using IGC, the material under analysis is packed inside a column and small
amounts of probe gases with different properties are injected into a carrier gas stream
flowing through the stationary phase. After each probe passes the detector, the
equipment generates a chromatogram representing voltage intensity (proportional to the
probe concentration) as a function of time. This enables to determine experimentally the
retention time of a gas probe. From that value, the net retention volume (V,) may be
calculated using Eq. 4.4, where t; is the retention time of the injected probe, to is the
retention time of a non-interacting probe (methane), F is the corrected flow rate of the
inert carrier gas and J is the James—Martin correction factor for the carrier gas
compressibility.

Vo=t -t,).F.J Eq. 4.4

The injection of gas probes is normally under infinite dilution conditions. It implies
that the interactions between probe molecules themselves may be neglected. In this
way, the retention time and corresponding retention volume of each gas probe reflects
a dynamic interaction (adsorption and desorption) of the probe with the surface of the

sample, particularly with its highest energy sites.

The free energy of adsorption (AG,) of a probe into the surface of the stationary

phase is a function of the net retention volume (V,), as described by Eqg. 4.5, where R is
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the gas constant, T is the column absolute temperature and K is a constant dependent
on the chosen reference state.

AG, =-RTInV,)+K Eqg. 4.5
Being AG, the sum of the Lifshitz—Van der Waals (ys"V) apolar component and
an acid-base (ys®) polar component, the free energy of adsorption may also be

expressed by Eq. 4.6.
AG, = y:W + y:b Eq. 4.6

When nonpolar molecules such as n-alkanes are used as the gas probes in IGC,
the surface energy is dominated by the Lifshitz—Van der Waals component, and the polar
interactions can be neglected. Furthermore, under these conditions, although ys""
results from the contribution of three separate interaction energies (London dispersive,
vs%; dipole-induced dipole (Debye, ys') and dipole-dipole orientation (Keesonm, ys"), the

value of the former one is approximately equal to ys.

Briefly, if only dispersive interactions occur between sample and probe, ys® may
be estimated using the Schultz and Lavielle (SL) approach (Eq. 4.7), from the slope of
the linear fit of RTIn(V») as a function of 2N-a(»%)°%, using the IGC data obtained with the
apolar probes. In the equation, N is the Avogadro number, a is the surface area of the
gas molecule, and %% and »%, represent the dispersive components of the surface free

energy of the interacting solid and probe, respectively.

RT In(v,) = /7 2N.a/y? + K Eq. 4.7

The Lifshitz—Van der Waals component of the surface free energy (or, as
explained, the London dispersive component) can also be calculated using the method
proposed by Dorris and Gray (DG). As expressed by Eq. 4.8, %° is determined from the
increment in the free energy of adsorption due to the introduction of an additional —CH.-
group into the carbon chain of a n-alkane probe. ach: is the molecular area of the —CH,-
group, which is usually taken as 0.06 nm? and jch2is the surface energy of a solid entirely
composed of methylene groups. Using this approach, the free energy is graphically

represented as function of the number of carbon atoms of the applied gas probes.
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(CnHani2)
Vn 2n+2

4N 2(aCH2 )270H2

(Cn+1H2n+4) 2
{RT Y }

ye = Eq. 4.8

When a polar probe is injected and a Lewis acid-base interaction occurs, there
is a specific component contribution, AG:®, in addition to the dispersive component, to
the overall free energy of adsorption. This parameter can be estimated by calculating
the difference between the experimental value of RTIn(V,) obtained for the polar probe
and the corresponding estimation for the reference apolar probe based on the linear
fitting of RTIN(Vx) vs. 2N-a(»%)°* for n-alkanes or vs. the number of carbon atoms. In the
present study, the former method was used to calculate the specific component of the
work of adhesion (W:®*) of two acid probes and the latter one, to determine e,, the

separation factor corresponding to n-alkenes interactions.

As mentioned, two sets of particles of bovine derived hydroxyapatite were
selected for this analysis. The first set was composed of particles derived from milled
blocks calcined at 600 °C, sieved to 0.250-0.500 mm. The second one resulted from the
calcination at 900 °C of particles from the first set. This allowed the use of particles with
the exact same origin and identical size range, thus restricting the number of variables
for the comparison of results. The particle size was selected to enable an operable
pressure drop across the GC column. Each sample was packed inside the respective
column (around 5 g of HA Bov 600 and 8 g of HA Bov 900, in accordance with the
respective apparent densities) and pre-conditioned at 105 °C overnight, under a helium
flow to desorb surface contaminants, before any measurements were made. The
experiments were carried out at the column temperature of 37 °C with the injector and
detector kept at 180°C and 200°C, respectively. This way, the results concerned the
surface properties of carbonated and non-carbonated hydroxyapatite, at body

temperature.

The gas probes used for the IGC data collection were methane (C1, used as
reference), n-pentane (C5), n-hexane (C6), n-heptane (C7), n-octane (C8), n-nonane
(C9), dichloromethane (DCM), trichloromethane (TCM), 1-hexene (1-Hex), 1-heptene
(1-Hep) and 1-octene (1-Oct). The n-alkane series, composed of apolar probes, was
used to determine the dispersive component of the surface free energy (ys%); DCM and
TCM, being Lewis acids, were used to determine the work of adhesion (W.®) of these
acids with the sample surface, and the alkene series, composed of weak Lewis bases,

was used to determine the specific interaction parameter (or separation factor, ¢:) with
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basic probes. Some stronger Lewis bases (tetrahydrofurane and ethyl ether) and
amphoteric probes (ethyl acetate and acetone) were also tested but could not be
measured because the desorption from the sample surface was too slow, revealing a

strong interaction with the high energy sites of the studied materials [176,177].

Helium was used as carrier gas with a flow rate of 70-80 mL/min. Small quantities
of probe vapor (<1 uL) were injected into the carrier gas, allowing to work under infinite
dilution conditions. The retention times (t) were the average of three injections and in
case of asymmetric chromatograms, were determined by the Conder and Young

correction method.

The IGC results are depicted in Figures 4.18 - 4.24 and the obtained surface

energetic parameters are summarized in Table 4.6.

The chromatograms representative of all injected probes into the carbonated
hydroxyapatite filled column (Figure 4.18) show, as expected, that the retention time
increases with the chain length of each series of saturated and insaturated hydrocarbon
molecules, and with the chlorine content of the acid probes. The n-alkanes are retained
shorter than the corresponding l-alkenes that interact more strongly with the sample
surface through the & electrons of the respective double bonds. All curves except that of
TCL are symmetric, suggesting that this acid probe may be involved in a chemical
reaction, in addition to the physical adsorption/desorption process. The chromatogram
of TCM requires Conder and Young correction to determine the retention time

accurately.
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Figure 4.18 — Representative chromatograms of the different gaseous probes injected into the HA Bov 600
column at 37 °C. Practically all curves are symmetric. Only TCM required Conder and Young correction to
accurately determine the respective retention time.
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The graph concerning the calculation of the dispersive component of the surface
free energy of HA Bov 600 by the SL method is presented in Figure 4.19. The specific
component of the work of adhesion for the DCM and TCM acid probes is also

represented.
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Figure 4.19 - IGC results of natural carbonated hydroxyapatite (HA Bov 600) using gaseous n-alkanes and
two acidic probes (DCM and TCM). Determination of the dispersive component of the surface energy (ys%)
using the Schultz and Lavielle approach, and the specific component of the adhesion work (W.%) of both

DCM and TCM.

Using the DG approach, the collected data enable the comparison between the

adsorption of alkanes and alkenes into the HA Bov 600 sample surface (Figure 4.20).

The dispersive component of the surface free energy is represented graphically, as well

as the separation factor between probes with similar chain length.
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Figure 4.20 - IGC results of natural carbonated hydroxyapatite (HA Bov 600) with n-alkanes and 1-alkenes
gaseous probes, showing the separation factor (ex) for C6, C7 and C8. Determination of the dispersive
component of the surface energy (ys®) using the Dorris and Gray methodology.
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The representative chromatograms of the diverse probes injected into the non-
carbonated hydroxyapatite sample are shown in Figure 4.21. The curves obtained with
this sample are less symmetric, particularly those related to C8, C9, 1-Hep, 1-Oct, DCM
and TCM, that require Conder and Young corrections to determine the mass centre of

the asymmetric peaks.
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Figure 4.21 - Representative chromatograms of the different gaseous probes injected into the HA Bov 900
column at 37 °C. The less symmetric curves (C8, C9, 1-Hep, 1-Oct, DCM and TCM) required Conder and
Young corrections to accurately determine the respective retention times.

In Figure 4.22, the graphic represents the determination of the dispersive

component of the surface free energy of HA Bov 900, using the SL approach. The

specific component of the work of adhesion for the acid probes is also represented.
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Figure 4.22 - IGC results of natural non-carbonated hydroxyapatite (HA Bov 900) using gaseous n-alkanes
and and two acidic probes (DCM and TCM). Determination of the dispersive component of the surface
energy (ys%) using the Schultz and Lavielle approach, and the specific component of the adhesion work (Ws®)
of both DCM and TCM.

96



Selection and characterization of mineral components

The determination of the dispersive component of the surface free energy of HA
Bov 900 by the DG method is represented in Figure 4.23. The results concerning the
alkene probes are also included, as well as the graphic method to calculate the

separation factor for the C6, C7 and C8 species.
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Figure 4.23 - IGC results of natural carbonated hydroxyapatite (HA Bov 600) with n-alkanes and 1-alkenes
gaseous probes, showing the separation factor (ex) for C6, C7 and C8. Determination of the dispersive
component of the surface energy (ys% using the Dorris and Gray methodology.

The comparison between the surface free energy involved in the adsorption of n-
alkanes and 1-alkenes into both samples of hydroxyapatite vs. the carbon number of the
gas probes is presented in Figure 4.24. As observed previously, both samples exhibit

linearity on each plot, as well as almost identical slopes.
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Figure 4.24 - Comparison between IGC results of the carbonated (HA Bov 600) and non-carbonated (HA
Bov 900) hydroxyapatite samples.

The overall results of IGC analysis (Table 4.6) show very close values for the
surface parameters of carbonated and non-carbonated hydroxyapatite samples. The

dispersive component of the surface energy, derived from the interaction with the n-
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alkanes, is around 45-46 mJ/m? for HA Bov 600 and HA Bov 900, regardless the applied
method in the calculations. This indicates that the potential of the two materials surfaces
to undergo London interactions is similar. On the other hand, the interactions with polar
probes can reveal some differences between these samples. The specific component of
the adhesion work of the acid probes (DCM and TCM) is around 49 and 28 mJ/m?,
respectively, for HA Bov 600 and around 46 and 25 mJ/mol for HA Bov 900. As for the
weak Lewis bases probes, the separation factor is similar for the carbonated and the
non-carbonated hydroxyapatite (around 3.0 kJ/mol) .

In general, it can be stated that the highest-energy sites of hydroxyapatite
assessed by IGC are predominantly electron acceptors (strong bases were extensively
retained in the columns of both samples). However, the Lewis basic character, as
measured by the specific interaction with acidic probes, is higher for HA Bov 600, as
consequence of the presence of carbonate ions in the mineral structure [176,177]. This
suggests that, at body temperature, carbonated hydroxyapatite may be more
appropriate to apply in bone substitute materials since, compared to non-carbonated
apatite, the former may facilitate protein adsorption and cell adhesion into its surface,

promoting essential events for osteointegration of this biomaterial.

Moreover, the higher specific interaction parameters of HA Bov 600 with polar
probes also correlate well with physical properties such as lower crystallinity, lower
density and higher specific surface area, relative to HA Bov 900. These factors, which
have been reported to influence the osteoblastic activity, validate the selection of
carbonated hydroxyapatite to apply in the synthesis of the composite of the present

study.

Table 4.6- Surface energetic parameters obtained for the hydroxyapatite samples: vs¢ using SL and DG
approaches, W;* for DCM and TCM, and & for C6-C8 series of n-alkanes and 1-alkenes.

ysd Was ex (1-alkene-alkane)
(mJim?) (mJ/mol) (kJ/mol)
SL DG DCM TCM C6 Cc7 C8
HA Bov600 44.5 45.3 49.0 27.8 2.9 3.0 3.0
HA Bov900 45.2 46.1 46.1 24.9 2.9 2.9 2.8

It should be mentioned that the results obtained with this IGC analysis cannot be
directly compared with the literature. So far, the published studies that used IGC to
characterize hydroxyapatite are very scarce and the mineral samples used in those

studies were not identical to those of the present work, nor were well characterized
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relative to their chemical composition and applied sample treatments. Moreover, the
analyses were performed at very different temperatures, affecting most of the surface

energy parameters.

XPS

X-ray photoelectron spectroscopy (XPS), a surface-sensitive quantitative
spectroscopic technique, was used to measure the elemental composition of the HA Bov
600 sample. This technique was used to obtain complementary information to that

obtained with IGC analysis.

The typical XPS survey spectrum of the bone derived carbonated hydroxyapatite
sample is shown in Figure 4.25. Besides the expected Ca, O and P peaks, other
elements (C, Mg, Na, Fe) are also detected, corresponding to the atomic percentages
presented in Table 4.7. The C 1s signal is of particular interest, since its high-resolution
spectrum (Figure 4.26) shows two separate peaks. Whereas the peak at 285.0 eV is
attributed to the adventitious carbon from atmospheric contamination, the peak at 289.7

eV is originated from the carbonate content of the sample.
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Figure 4.25 — XPS survey spectrum of HA Bov 600, a bone derived carbonated hydroxyapatite.
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Figure 4.26 High resolution XPS spectrum of the C 1s signal.

The atomic percentages of the detected elements must be evaluated carefully
because the IGC technique is a highly sensitive analytical tool and the depth of the
surface under analysis is only around 2 nm. The contamination from atmosphere may
explain the relative high values of O and C. But, as for the Ca and P content, the obtained
Ca/P ratio (1.37) agrees well with a calcium deficient hydroxyapatite, as expected from
a bone-derived sample. The presence of minor amounts of Na, Mg and Fe is also
expected in these natural minerals, well known to include diverse ionic substitutions.

This is also the case of carbonate, as detected in this analysis [131,165,178,179].

Table 4.7— Elements detected in the surface of HA Bov 600 by XPS.

Element Peak range (eV) Atomic %
Cls 292.7 - 278.7 19.7
O1s 537.5 - 523.8 51.7
Na 1s 1075.2 - 1063.9 4.6
Mg 1s 1306.1 - 1298.1 1.7
P 2p'+2p® 136.5-126.7 9.3
Ca 2p'+2p3 355.0 - 340.9 12.8
Fe 2p'+2p° 727.4 - 700.9 0.1

The XPS analysis was not applied to HA Bov 900 because this sample was
obtained from the thermal treatment of HA Bov 600 to eliminate its carbonate content,
thus keeping the same Ca/P ratio. Since the respective FTIR spectra confirmed the
expected chemical compositions regarding the absence of carbonate and XPS analysis,
as explained, could not quantify the sample’s C and O accurately, that analysis was not

performed.
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4.2.2 Synthetic hydroxyapatite

Synthetic hydroxyapatite is frequently preferred to the bone-derived mineral in
biomedical applications, mostly because of the risks of disease transmission. Despite
the various methods commonly applied in the sterilization of the natural minerals, some
pathogenic agents were reported to resist to the standard treatments. Another frequent
reason to select synthetic products is the predictable composition and behavior,
presuming that the produced substances are more homogeneous than the natural ones.
Finally, the economical factor may also have some influence because synthetic products

are often less expensive.

Despite the initial intention to only apply natural (bone derived) hydroxyapatite in
the composite, it became clear that this study would be more complete if alternative
synthetic minerals were also considered. It would be important to know if the composite
can be synthesized with synthetic minerals and conclude about its advantages, or
disadvantages.

Two kinds of synthetic minerals have been considered: a carbonated
hydroxyapatite (Calcibon) and a non-carbonated hydroxyapatite (Inbone). These
minerals were used as received. The chemical composition of these commercial
products was accessed by FTIR spectroscopy and particle size distribution, by Laser
Diffraction Spectroscopy (LDS). The relevance of this technique will be understood in

latter stages of this work.

4.2.2.1 Characterization

FTIR

The vibrational spectra of Calcibon (carbonated hydroxyapatite) and Inbone
(non-carbonated hydroxyapatite) are presented in Figure 4.27 and the respective

assignments are listed in Table 4.8.
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Figure 4.27 - FTIR spectra of Calcibon (left), a synthetic carbonated hydroxyapatite and Inbone (right), a
synthetic non-carbonated hydroxyapatite.

In both spectra, the v4 phosphate bending vibrations are attributed to the bands
around 600 cm, being better resolved in that from Inbone. The vs phosphate stretching
vibrations originate the most intense peaks in both spectra, at 1015 cm™. In addition, the
spectrum of Calcibon shows some bands (876 and 1428 cm™) originated by carbonate
vibrations. The presence of HPO, is also detected, mostly in the spectrum of Calcibon,
contributing to broader peaks than those of Inbone. On the other hand, the OH stretching

vibration (3572 cm™) is only detected in the non-carbonated sample.

Table 4.8— Assignments of the FTIR absorption bands of Calcibon and Inbone.

Vibrational Mode Wavenumber (cm)
Calcibon Inbone

v4 PO4% bending 560 561
v4 PO4% bending 595 597
v4 PO4% bending 630(sh) 628
v2 CO3% bending 876 -
v1PO4% sym stretching - 960
vsPO42 asym stretching 1015 1016
v1 HPO4% sym stretching 1054 1087
vz HPO4% asym stretching 1135 -
vz COz% asym stretching 1428 -

v OH - 3572

LDS

The graphics obtained using LDS shown in Figure 4.28 reveal that the particles’
size of Calcibon range from 0.2 to 200 um, whereas Inbone is mostly composed of
particles between 1 and 10 um. Curiously, the volumetric percentage of particles inferior

to 3.6-5.0 um is approximately the same for both samples (Table 4.9).
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Figure 4.28 - Particle size distribution of Calcibon (left) and Inbone (right).

Table 4.9 - Particle size distribution of Calcibon and Inbone.

D10 D50 D90
Calcibon 0.9 5.0 53.1
Inbone 1.0 3.6 7.1

4.3 Contrast agent

In clinical practice, barium sulphate is the most frequently used contrast agent
for x-ray radiology. It is most often used in x-ray imaging of the grastro-intestinal tract,
being administered orally or by enema, as a suspension of fine particles on water. For
x-ray guidance in vertebroplasty or kyphoplasty procedures, barium sulphate is usually
mixed with acrylic cement compositions, accounting up to 30% of the mixture weight.

The addition of this mineral is fundamental in order to perform the procedure safely.

Barium sulphate is an odorless white crystalline solid that is highly insoluble in
water. This non-resorbable mineral is the least toxic salt of Barium due to its insolubility,
which protects the patients from absorbing harmful amounts of that heavy metal. The
high atomic number of Ba (Z=56) enables its compounds to absorb more x-ray radiation
than compounds derived from lighter nuclei, being thus a reference contrast agent for
radiology.

Given that barium sulphate can be considered as a safe conventional contrast
agent, the option for using this mineral to achieve an adequate opacification of the
composite under study was readily made.
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Barium sulphate was characterized as-received (in particle form) using FTIR,

XRD, SEM, LDS and radiology (section 4.3).

4.3.1 Characterization

FTIR

The vibrational spectrum of barium sulphate (Figure 4.29) is characterized by two
intense bands ant 603 and 1058 cm™, and less intense bands at 635, 982, 1100
(shoulder) and 1182 cm™. While the bands in the 600-650 cm™ region are attributed to
sulphate bending vibrations, those around 950-1200 cm™ are originated by stretching
vibrations of the sulphate bonds, as expected due to its tetrahedral geometry. These

assignments are presented in Table 4.10.
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Figure 4.29 - FTIR spectrum of BaSOa.
Table 4.10 — Assignment of the vibrational bands of barium sulphate.
Vibrational Mode Wavenumber (cm™)
va4 SO4% bending 603
va4 SO4% bending 635
v1 SO4? sym stretching 982
v3 SO4? asym stretching 1058
v3 SO4% asym stretching 1100 (sh)
v3 SO4% asym stretching 1182
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XRD

The diffractogram of the barium sulphate used in this study is presented in Figure
4.30. In the measured 260 range, the obtained profile matches the ICDD data file n°® 80-
0512, providing confirmation about the qualitative composition of the mineral. All peaks
are originated from BaSO, reflections, being the most intense observed at 30.1, 31.3,
33.5, 49.9 and 50.3 attributed, respectively, to the (021), (210), (121), (311) and (212)
Miller plans.
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Figure 4.30 - Diffractogram of BaSOa.

LDS and SEM

The physical characterization of barium sulphate regarding particle size
distribution and morphology, resulting from LDS and SEM analyses, is presented in
Figure 4.31. This mineral is composed of particles characterized by D10=1.04 um,
D50=3.28 um and D90=7.47 um, corresponding to a relatively narrow size distribution.
The SEM images enable to confirm the size range measured by LDS and to observe the

shapes of the particles, many of them with smoothed edges.
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Figure 4.31 - Particle size distribution (left) and morphology and size of the BaSO,4 particles (right).
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4.4 Proportion of hydroxyapatite and contrast agent

One of the features of Kyphoplasthy is that it must be performed under real-time
radiologic guidance. The injected material must be more radio-opaque than bone to
allow monitoring its insertion into the target vertebral body defect. In case of undesired
leakage, the opacity of the material should also enable to track its dispersion.

As it is well known, bone is a very dense material that originates light images in
radiographs. Less dense materials (such as soft tissues) originate dark images. These
effects reflect the lower or higher ability, respectively, of x-rays passing through materials
with different densities and absorption coefficients of this radiation. Whereas
conventional radiographs used to capture the radiation that stroked an undeveloped film
which required posterior chemical treatment to obtain an image, nowadays digital
detectors, often connected to a computer screen, have replaced most ancient systems.
Radiographs can now be displayed almost instantaneously.

Most commercial materials used in kyphoplasthy include barium sulphate in their
composition since it is a very efficient contrast agent. Concentrations usually range up
to 30wt%.

In this study, besides the intentional addition of BaSO4 to cause x-ray contrast,
the effect of hydroxyapatite (the mineral dense component of bone) on the radiographs
was also considered since, as mentioned, bone itself is already opaque to x-rays.

In order to determine the range of concentrations of minerals in the injectable
composition that would provide a good contrast in radiographs, several proportions of
hydroxyapatite and BaSO,4 were suspended in an aqueous solution of 30wt% PVAS80
and injected inside artificially created cavities of numerous vertebrae from an Ovis aries
animal model. Given that after injection the suspension becomes surrounded by the
bone tissue of the vertebra (which, as mentioned, is opaque to x-ray radiation), the
radiologic images of the filled vertebrae allow simulating, in vitro, the contrast of the
studied materials under the conditions that most influence the quality of the x-ray images

in vivo.
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441 Procedure

Materials

The studied ceramic materials were used in particle form. Bovine
hydroxyapatite was previously prepared by thermal treatment at 600 °C (HA Bov 600
from BP-Il and BC-Il methods, as described in section 4.1.1.1) and barium sulphate was

used as supplied by the manufacturer.

Diverse ratios of HA Bov 600 and BaSO, particles were suspended in a viscous
aqueous solution of 30 wt% PVA 80 [poly(vinyl alcohol), hydrolysis degree of 80%],
wherein each mineral component ranged up to 50 wt% relative to the polymer solution
(not to the total weight of the mixture). The compaosition of the suspensions is described
in Table 4.11.

Vertebrae preparation

A complete spine from the animal species Ovis aries was submitted to the same
rinsing and preservation procedures as natural bone femur samples (method BP-II

described in section 4.1.1.1).

Being the vertebral spine composed of many different vertebrae, some of the
most irregular elements were used as a source of complementary information. These
vertebrae were cut in the longitudinal and axial directions to intentionally expose the
interior of the vertebral body, thus enabling the direct observation and handling of an

environment with particular interest for this work.

The most similar and regular elements (shape and size) were selected for the
radiologic study. Whereas most of the vertebrae were drilled to introduce structural
defects into the middle of their vertebral bodies, some were left intact to provide
references (vertebra #0, Table 4.11) for these assays. Each drilled vertebra was x-ray
imaged before and after filling the created cavity with a suspension containing known

amounts of minerals.
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Radiology

In order to evaluate the reference contrast of the materials, preliminary x-ray
images of the suspensions inside glass vials were obtained and compared with those
from empty vials. This enabled to determine, for various x-ray intensities, the expected
contrast from HA Bov 600 and BaSO.. Additionally, these tests allowed estimating the
range of intensities that could be used to observe the filled vertebrae, since their
thickness can influence the obtained images. The x-ray intensity adjustment was

performed in the range 0.10-0.28 rad, being the best contrast obtained with 0.28 rad.

Radiographs of the intact vertebrae, representing the reference for healthy bone
samples, were compared with those from the empty drilled ones that simulate bone
defects in the vertebral bodies. Each drilled vertebra was filled with a predetermined
composition and the respective x-ray image was obtained. The same vertebra could not
be used to test different concentrations of minerals because these became partially

entrapped in the cancellous structure.

The experimental conditions concerning the kind of system (vial, vertebra), its
status (empty, filled) and the concentration of minerals (HA Bov 600, BaSO,) used in the
radiologic study are presented in Table 4.11, where vertebra #0 corresponds to an intact
(non-drilled) reference system. The range of concentrations of minerals tested inside the
glass vials and vertebrae was more extensive, being selected only some of the data
since the corresponding results are telling examples.

Table 4.11 — Empty and filled systems (vials and vertebrae) containing different concentrations of HA Bov
600 and BaSO,, tested by radiology.

System Empty Filled
HA Bov 600 (wt%) BaSO4 (Wt%)
Vial #1 + 50 0
Vial #2 + 20 30
Vertebra #0 @ - - -
Vertebra #1 + 0 10
Vertebra #2 + 0 20
Vertebra #3 + 0 30
Vertebra #4 + 20 20
Vertebra #5 + 20 30
Vertebra #6 + 50 0

.2 Intact (non-drilled) vertebra.
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4.4.2 Characterization

After the initial preparation method, the physical appearance of the vertebrae is
illustrated in Figure 4.32, being the interior of the vertebral body exposed under two
perpendicular directions. Although the exposed surfaces have been slightly damaged by
the cutting tool, these sections reveal the typical structure of the main anatomic parts of
the vertebra: the vertebral body, possessing a large volume of cancellous bone
embedded with bone marrow, and a very thin layer of compact bone surrounding the
whole structure, as well as the spinous processes with an identical structure, but much

less volume.

The manipulation procedure enabled the qualitative evaluation of the
mechanical strength of the vertebrae, being the role of the external compact structure
clearly recognized. On the other hand, the cancellous part is relatively soft and can be
easily punctured or crashed, when its cortical protection is crossed or removed. The
crashed cancellous structure, naturally mixed with bone marrow, acquires a paste
consistency with a greasy texture. This observation is obviously pertinent in the context
of bone substitute materials to apply, in particular, inside bone defects of damaged

vertebral bodies.

Figure 4.32 - Longitudinal (left) and axial (right) cross-sections of some of the most irregular Ovis aries
vertebrae.

The radiographs of the systems described in Table 4.11 are presented in
Figures 4.33 and 4.34. The former corresponds to images from the reference systems
and the latter, to the x-ray exposure of six test vertebrae before and after filling the
respective bone defects with known ratios of minerals. All images are presented in
grayscale, synthesized from full color images, as generated by the equipment.
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Figure 4.33 - X-ray images of some reference systems. From left to right: intact vertebra #0, glass vial #1
filled with a suspension containing 50% HA Bov 600, and glass vial #2, a mixture of 20% HA Bov 600 and
30% BaSOy4, both in aqueous solutions of 30% PVASO.

The reference systems in Figure 4.33 illustrate the typical radiograph of an
intact vertebra (#0), where the lighter regions correspond to the densest parts of the
observed bone. It also displays the x-ray images of two glass vials (vial#1 and vial#2)
possessing different mineral contents. It should be mentioned that the empty vials, as
well as the PVA solution, are both transparent to x-rays (data not shown). Vial #1,
containing a suspension of 50 wt% hydroxyapatite in PVA solution, originates a dark
image but yet discernible from its environment. In vial #2, the contrast obtained with the
mixture of 20 wt% hydroxyapatite and 30 wt% BaSO. suspended in PVA is much

stronger.

The radiographic images of the empty drilled vertebrae (Figure 4.34, #1-a to
#6-a) enable to observe, in addition to the general appearance of each vertebra, the size
and shape of the mechanically introduced bone defects. These come as darker regions
due to the lower density across the respective vertebral bodies. Conversely, the mineral
suspensions inserted into the bone defects can be easily detected, provided that the
material gives stronger contrast than bone itself. Within the studied cases (Figure 4.34,
#1-b to #6-b), the only exception is vertebra #6-b whose content is similar to that of vial
#1. Although the contrast of the 50 wt% hydroxyapatite suspension is not very high,
when this composition is inserted into the vertebral bone defect, both the defect and the
material can no longer be detected, and the x-ray image is similar to that of a sound
vertebra. This result indicates that the density of the inserted material is similar to the
density of the vertebral body. It agrees well with the mineral content (around 65-70 wt%)
of the bone matrix, associated to the cancellous bone porosity (it can reach 90%) and

bone marrow content (that also contributes to the vertebral density).

The concentration effect of the isolate contrast agent was tested in vertebrae
#1, #2 and #3, which were filled with 10, 20 and 30 wt% BaSO. suspensions,
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respectively. As expected, the contrast of the inserted materials increased remarkably
and the lower concentration was considered as less adequate.

The intermediate and the higher concentrations of BaSO4 were subsequently
selected for testing mixtures containing, in addition, 20 wt% HA Bov 600 (vertebrae #4
and #5, respectively). The material contrast observed in vertebra #4-b is similar to that
of vertebra #2-b, suggesting that the added amount of hydroxyapatite is not enough to
influence the x-ray absorption intensity of BaSO4. A similar conclusion can be inferred
from vertebra #5-b, which contrast is increased relatively to #4-b due to the higher BaSO4
content, with little effect from the hydroxyapatite contribution. Comparing vertebrae #5-
b with #3-b, both containing 30 wt% BaSO,, although similar contrasts could be
expected, the image of the inserted material in #3-b is brighter. This may be due to
thickness differences between the vertebrae. Moreover, the material mixture content in
vertebra #5-b is the same than in glass vial #2, being expected to originate similar
contrast images. However, the brightness of the radiograph of vial #2 is also stronger
than that of vertebra #5-b, probably because whereas glass is transparent to x-rays,
bone shows a degree of opacity to this radiation. These results bring the attention to the
influence of composition, thickness and density of the systems around the material under
observation. Even small variations between the used vertebrae caused some differences

in the x-ray absorption.
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#5-a

#5-b

#6-a

#6-b

Figure 4.34 - X-ray images of the tested vertebrae (#1 to #6) before (a) and after (b) filling the created cavity

with different ratios of hydroxyapatite (HA Bov 600) and BaSO., as described in Table 4.11.

The results obtained in this radiologic study confirm the high and medium
potential contrast of barium sulphate and hydroxyapatite, respectively, being the
absorption intensity dependent on the absorption coefficient and the concentration of the
minerals. In a mixture containing both minerals, BaSO. should constitute 20 to 30 wt%
of the composition to enable a good contrast. As for hydroxyapatite, given that the
concentrations around 50 wt% match the density of the vertebral body, higher amounts

may enable higher contrast and consequently contribute to the x-ray detection of the

material.
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FTIR

The vibrational spectrum of the mixture of equal weight fractions of HA Bov 600
and BaSO0:. is presented in Figure 4.35, together with the spectra from each mineral. The
spectral assignments have been presented previously in Tables 4.3 and 4.10,
respectively. The profile of the resulting spectrum is very similar to that of barium
sulphate, being the additional peaks from hydroxyapatite clearly identified.
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Figure 4.35 — FTIR spectra of the 1:1 mixture of HA Bov 600 and BaSO4, and of the respective control
samples.

XRD

The diffractogram of the 1:1 mixture of HA Bov 600 and BaSO, is shown in
Figure 4.36, together with those from the reference samples. Although the weight
fraction of each mineral is the same, the peaks in the diffractogram of the mixture are
predominantly coincident with those from BaSO,. The single clearly detected peak from
hydroxyapatite is observed at 37°, partially overlapped with a peak from barium sulphate.
Given that the mole ratio (n BaSO4./n HA Bov 600) of these minerals is approximately
0.2, the higher intensity of the barium sulphate diffractogram indicates that its absorption
coefficient of x-ray radiation is much superior to that of hydroxyapatite. Thus, these XRD

results agree well with the radiology tests.
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Figure 4.36 - Diffractograms of the 1:1 mixture of HA Bov 600 and BaSO., and of the respective control
samples.

4.5 Conclusions

In order to induce a biological response similar to the one generated during
bone remodeling, the selection of mineral components for the synthesis of a bioactive
bone substitute material is supported by many requirements in addition to the
fundamental biocompatibility, biodegradability and non-toxicity. Whether the minerals
are applied in particle form, as cements or as solid scaffolds, the resulting material must
combine diverse properties that depend not only on the chemical composition, solubility
and reactivity, but also on physical properties as density, size, porosity, crystallinity and

surface characteristics, namely topography and free energy.

Hydroxyapatite and other calcium phosphate ceramics are widely used in the
field of bone tissue engineering because these minerals, especially the former one, have
superior properties for the stimulation of bone formation. Bone-derived hydroxyapatite,
in particular, naturally presents a set of most promising properties that synthetic minerals

are not able to duplicate.

The well-known characteristics of natural hydroxyapatite motivated the
selection of this type of mineral to apply in the synthesis of the projected composite. This
option implied the detailed characterization of natural human bone since it constitutes
the host for the grafting material. To investigate an alternative source to obtain
hydroxyapatite, the comparative study of bones of different origins (human, bovine and
porcine) was essential, as well as the preparation process of the minerals and their

subsequent characterization. In addition, two synthetic apatites (Calcibon and Inbone)
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were also briefly characterized, as alternatives to the natural minerals in the synthesis
of composites.

The results presented in this chapter allow learning about efficient procedures
to prepare bone samples, about the bone matrix composition and structure, the thermal
treatments required to obtain bone-derived hydroxyapatite and the effect of the
calcination temperature on the chemical composition and structure of the resulting
minerals. The great similarities between bones of different origins, before and after
calcination at each selected temperature (600, 900 or 1200 °C), validate the different
procedures applied in the preparation and in the calcination of bone. More importantly,
these similarities justify the use of non-human samples to obtain the apatite mineral

component for the aimed composite.

Regarding bone-derived hydroxyapatite, the study of the calcination process
shows that the temperature highly conditions the properties of the bone samples. As
expected, higher temperatures lead to more pure forms of hydroxyapatite, with higher
crystallinity degrees and larger crystallite sizes, and a less porous structure. Since
samples heated to the same temperature exhibit similar characteristics, regardless their
origin, those of bovine origin were selected for this work. The larger dimensions of bovine

bones provide greater amounts of materials with homogeneous properties.

FTIR spectra indicate that the organic constituents are no longer present in the
samples calcined at 600 °C, suggesting that this temperature is adequate to obtain
protein-free samples. Moreover, these spectra also reveal that, at this temperature, a
carbonated apatite is obtained, being the carbonate removed from the mineral at higher
temperatures. Furthermore, no new mineral phases are evident at higher temperatures,
in good agreement with the results of thermal analysis and XRD. Nonetheless, traces of
CaO (0.1-0.2 wt%) can be detected in samples heated at 1200 °C, as revealed by

chemical analysis.

Regarding porosity, it is clear that samples calcined at 600 °C exhibit the highest
porosity, around 50 %, which, for a compact bone, is quite relevant. However, as the
heating temperature increases, the porous structure condenses, sintering at very high
temperatures (1200 °C) and originating porosity values comparable to those of the non-
calcined samples. Pore size distribution curves show that the most relevant contribution
to the total sample porosity is in the region 0.1 - 1 um (i.e., microporosity). Given that
this microporosity may be essential for inductive bone formation, samples calcined at

600 °C may be advantageous for the wanted composite, particularly if reduced to

115



Chapter 4

particulate form. This strategy enables to obtain, simultaneously, macro and
microporosity: inter-particle porosity, with pores around 100 pm, which is most
convenient for bone remodeling, and microporosity from the isolate particles. Moreover,
not surprisingly, as porosity decreases, the density values increase with the calcination

temperature.

The IGC analyses of carbonated and non-carbonated bovine-derived
hydroxyapatite reduced to particle form show that the high energy surface sites of both
minerals have strong affinity towards strong Lewis base molecules. Furthermore,
carbonated hydroxyapatite shows stronger interactions with Lewis acid molecules than
non-carbonated apatite, suggesting that the former mineral may enhance protein
adsorption and cell adhesion into the implanted biomaterial. The slight differences on
the surface energetic parameters may be related to the carbonate content (confirmed by
XPS), crystallinity and density of the analyzed particles. The hydroxyapatite surface
characterization may be important regarding its reactivity in the synthesis of composites
and in the context of the interactions with the biological environment, after in vivo
implantation. The primary interactions between a material and its environment (reagent
or biological host) occur on a molecular level and in a very narrow interfacial zone. Thus,
surface properties may play a crucial role in ionic exchange dynamics and reactivity, in
protein adsorption and in directing the biological properties of the material. Although the
influence of the surface properties is clearly recognized, this complex matter is still

insufficiently understood.

The outline regarding the selection of bone-derived hydroxyapatite points to
bovine bone calcined at 600 °C because it exhibits most promising properties regarding
chemical composition and structure, as well as surface properties, combined with an
economical practical implementation. As described, this mineral constitutes the most
similar ceramic to the inorganic phase of the bone matrix. Bone calcination at 600 °C
originates a calcium-deficient carbonated hydroxyapatite that, in addition to carbonate,
maintains trace amounts of other ions incorporated in the crystal structure. Its surface
presents very strong affinity towards electron donors and moderate affinity towards
electron acceptors and non-polar molecules, providing more favorable conditions for
biological interactions than non-carbonated hydroxyapatite. Other characteristics as
lower density, lower crystallinity and higher microporosity also contribute to the
advantages of natural carbonated hydroxyapatite regarding its application in bone

substitute materials.
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Although it is expected that bone-derived hydroxyapatite is a better alternative
to synthetic apatites regarding not only physical and chemical properties, but also protein
adhesion and cellular events associated to bone metabolism, two synthetic apatite
samples were also characterized. The obtained results regarding FTIR enable to confirm
that Calcibon is a carbonated hydroxyapatite and Inbone, a non-carbonated apatite, as
described by the supplier. The particle size distribution of each of these samples,
accessed by LDS, shows that the former is broader and less homogeneous. The applied
characterization techniques enabled to acquire some reference data for subsequent

studies.

Barium sulphate was the second selected mineral component in this study,
being necessary for providing radio-contrast to the composite. Since the use of a
contrast agent for X-ray guidance in kyphoplasty is mandatory and this ceramic is widely
used in medical practice due to its high contrast and low toxicity properties, the option
for BaSO, finds good support for this specific application. The FTIR, XRD, LDS and SEM
analysis of BaSO4 enabled to obtain reference data for posterior comparison with other

samples, namely with composites containing both hydroxyapatite and barium sulphate.

The procedure applied to dose the proportion of the selected minerals, bone-
derived carbonated hydroxyapatite and barium sulphate, was based on the in vitro
simulation of the X-ray guidance during kyphoplasty. The strategy consisted of using
radiology to observe different ratios of hydroxyapatite and BaSO., inserted as mineral
suspensions in PVA solutions, inside bone defects of animal vertebrae. The results
show, as expected, that bone itself originates images with high contrast, bringing the
attention for the necessity of using higher contrast materials to monitor the vertebral
repair procedure. The radio-contrast properties of barium sulphate are evident, even
when applied in concentrations as low as 10 wt% in PVA, being clearly detected inside
the used vertebrae. However, higher concentrations are recommended (around 30 wt%)
in order to obtain higher contrast. The contrast effect of hydroxyapatite can also be
demonstrated by radiology. Although it is much less intense than that of BaSO., it has
an additive effect in compositions containing both minerals. In fact, using different
proportions of the selected minerals, the radiographs with higher contrast correspond to
PVA suspensions containing 20 to 30wt% BaSO.. As for the hydroxyapatite content, the
best images combine the latter suspensions with at least 50 wt% bone mineral relative

to the polymer solution.

The characterization of 1:1 mixtures of BaSO. and hydroxyapatite by FTIR and

XRD enable to observe that the relative intensity of bone mineral peaks is, in both types
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of spectra, rather inferior to those of barium sulphate. The obtained diffractograms are
of particular interest, since they enable confirmation of the higher absorption coefficient
of X-ray radiation of BaSO4, compared to hydroxyapatite. This fact also justifies the
greater radiologic contrast of BaSO, relative to the bone mineral and to the bone matrix,
as observed in the radiology tests of filled and unfilled vertebrae.
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5 Selection and characterization
of organic components for the
composite
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5.1 Introduction

The selection of an organic matrix for the projected injectable composite
containing bone-derived carbonated hydroxyapatite and barium sulphate was based on
the search for alternatives to acrylic bone cements, such as those based on PMMA. This
particular type of in situ forming hydrogel is the most currently applied in kyphoplasty
despite several drawbacks associated with. monomers toxicity, incomplete
polymerization, temperature raise and excessive stiffness after the curing process.
Moreover, since PMMA hydrogels are not biodegradable, they act merely as inert repair
materials.

In this study, the search for an adequate polymer (or polymeric system) followed
the standard requirements for biomaterials, previously described in Chapter 2. However,
the specific applications for the final compaosite product implied the fulfillment of many
additional conditions, as material questions related to the compatibility between the
organic and inorganic phases of the composite and the rheological properties of the
composition, which should harden in situ (inside a vertebral body, at body temperature)
in an appropriate time-window. The chemical and structural properties of the solid
composite should be tailored to enable, ideally, not only bone repair, but also bone
regeneration. The composition should involve as least as possible manipulation at the
operating room and should not oblige to significant changes in the methodology currently
used in the vertebral surgery. With the purpose of avoiding the typical problems
associated to PMMA and other analogous systems and, above all, aiming to obtain an
innovative biomaterial, the acrylic-based systems were initially discarded from the range
of possible options for the composite organic components.

In situ forming hydrogels, involving chemical or physical crosslinking reactions,
have been widely used in biomedical applications being adequate for diverse minimally
invasive procedures. In fact, this type of hydrogels can form in the body, near
physiological conditions, from fluid precursors that, in order to be safe, should be non-
toxic and preferably water soluble. In addition, the gelation reaction, which may be
originated by different mechanisms, should not cause any toxicity or substantial
temperature rise, too. Typically, gelation may derive from chemical or physical
crosslinking between the hydrogel precursors, or from polymerization reactions initiated
chemically or photo-chemically. However, for surgical procedures as kyphoplasty, photo-
initiated mechanisms are not recommended because they present diverse technical and
practical limitations. For vertebroplasty of kyphoplasty, the instrument used as source of

radiation would have to be inserted inside the vertebral body, together with the injected
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material. This option has been totally rejected not only because of the difficult control of
the kinetics of the chemical reaction, but also because of contamination risks.

With the exception of acrylic-based systems, the general characteristics of in situ
forming hydrogels were considered as most advantageous for this study. The
precursors” solutions could contain the selected ceramic particles (hydroxyapatite and
barium sulphate) being initially supposed that these could be transported into the
injection site (the vertebral body defect) without significant interactions with the
crosslinking reactions between the hydrogel precursors. However, after testing
numerous water-soluble polymers, both natural and synthetic, diverse constraints
showed that the selection of an appropriate polymeric system was a serious challenge.
The limitations were mostly caused from the mandatory inclusion of minerals to obtain a
bioactive and radio-opaque composite. The need for a high mineral content derived from
the objective to mimic the natural bone composition and to obtain an adequate contrast
for x-ray imaging. Even when the crosslinking reaction between the precursors could
occur in isolate polymeric systems, the addition of ceramic particles strongly affected the
crosslinking reactions and gelation did not occur. In addition, many of the tested
crosslinking reactions needed acid environments, but these caused the degradation of
hydroxyapatite and the mutual interference inhibited the gelation process. Furthermore,
the rheological properties of the suspensions of mineral particles in polymer solutions
were also a limitation, particularly due to phase separation of those components.

Polyvinyl alcohol (PVA; Figure 5.1)) was considered as most promising for this
study, being selected polymers (PVA80, PVA96 and PVA98) with different degrees of
hydrolysis (80, 96 and 98%, respectively) and diverse molecular weight distributions
(9000-10000 mol/g for PVA80, 85000-146000 g/mol for PVA96 and 13000-23000 g/mol
for PVA98).

n

-

CH3

OH

Figure 5.1 - Chemical structure of Poly (Vinyl Alcohol) (PVA; [C2H4Q]n), derived from the hydrolysis of Poly
(Vinyl Acetate) (PVAc; [C4HsO2]n).
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This chapter presents a general characterization of PVA, the main polymeric
component for the composites of this study. It also describes two methods which were
used to crosslink this polymer, in acidic and alkaline environments. The latter method
motivated the encapsulation of the crosslinking agent, as a strategy to control the
reaction rate. Thus, the synthesis of microcapsules is also described, being analyzed
the effects of altering the ratios of their chemical composition on the morphostructural
properties of these particles.

The techniques used to characterize PVA and PVA-based materials include
rheology, FTIR, NMR (*H and *C), DSC-TGA, DMTA, XRD, SEC and volumetric
titration. On the other hand, the microcapsules characterization required the use of TGA,
optical microscopy, SEM, LDS and Hg porosimetry. The experimental details about
samples preparation for each instrumental technique are described in Chapter 9 unless
those conditions are relevant to understand the respective results. The polymer samples
were analyzed in powder form, as supplied, and all PVA solutions were prepared with

distilled water or deuterated water (for NMR spectroscopy) at 80-90 °C.

5.2 PVA characterization

Rheology

In order to evaluate the stability of mineral suspensions in PVA solutions, flow
curve measurements were used to examine the rheological properties of PVA-based

compositions, under changing shear stress and shear rate conditions, at 25 °C.

The rheological study was conducted using a 10 wt% PVA96 agueous solution,
bone derived hydroxyapatite (HA Bov 600 from BC-2, sieved to 0.077-0.088 mm) and
barium sulphate. Sodium Borate (also known as borax), a PVA crosslinker, was also
tested in PVA solutions containing a mixture of minerals (hydroxyapatite and barium

sulphate). The suspensions were previously prepared under magnetic stirring.

The used compositions are described in Table 5.1. Each mineral concentration
is relative to the polymer solution weight and the crosslinked sample resulted from the
addition of 2 ml of an aqueous solution of 3 wt% Borax to 10 ml of the described mineral
mixture dispersed in PVA96 solution. The obtained results are presented in Figure 5.2
(shear stress vs shear rate) and in Figure 5.3 (viscosity vs shear rate). The viscosity
values of each sample were determined from the slopes of the respective shear stress-

shear rate curves.
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Table 5.1 — PVA-based compositions used in the rheological tests.

PVA96 (wt%) HA Bov 600 (wt%) BaSO4 (wt%)
PVA 10 - -
PVA+HA 10 20 -
PVA+BaSO4 10 - 30
PVA+(HA+BaSO.) 10 20 30
PVA+(HA+BaS0O4)+Borax 10 20 30

The shear stress-shear rate curves (Figure 5.2), obtained in the range 0-500
1/s, show that all the tested compositions except the PVA+(HA+BaSO4)+Borax sample
indicate a Newtonian behavior at the studied shear rate or shear stress. Moreover, the
curves show the stress of the reference sample (PVA) is the lowest, but almost equal to
that of PVA+HA. The samples composed of PVA+BaSO, and PVA+(HA+BaSO.,)
originate similar curves, with intermediate stress values and finally, the crosslinked
sample (PVA+(HA+BaSO,)+Borax is that with higher stress values.

~0-PVA
900 - A~ PVA+HA
O~ PVA+BaSO,

*— PVA+(HA+BaSO,)
¥ PVA+(HA+BaSO,)+Borax

800 —-
700 —
600 —
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100 HE

. . . . . . . .
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Figure 5.2 — Dependence of shear rate on shear stress for diverse suspensions of minerals (HA Bov 600
and BaSO.,) in an aqueous solution of PVA96 (control sample). The addition of borax (PVA crosslinker) to
a suspension containing both minerals was also monitored.

The viscosity curves presented in Figure 5.3 show that after a period of
stabilization, all borax-free samples show an independence of the viscosity with shear
rate. Measuring the obtained values at 300 1/s, the results show that the addition of 20%
HA to PVA increases the polymer viscosity from 0.8 to 1.0 Pa.s and the addition of 30%
BaSO., to 1.2 Pa.s. However, the viscosity of the mixture containing a similar ratio of
these minerals is also 1.2 Pa.s. In this case, the increased amount of minerals does not

affect the viscosity relative to the latter sample. As for the crosslinked PVA sample, also
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containing a mixture of minerals, the viscosity is less stable and much higher (around

3.0 Pa.s) than that of the other samples.
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Figure 5.3 - Viscosity as a function of shear rate of diverse suspensions of minerals (HA Bov 600 and BaSO4)
in an aqueous solution of PVA96 (control sample). The addition of borax (PVA crosslinker) to a suspension
containing both minerals was also monitored.

Similar tests using other concentrations of PVA80 (10, 20 and 30 wt%), and of
PVA98 (10 and 20%), combined with equivalent amounts of minerals, showed that these
compositions enable to obtain viscous homogeneous suspensions with Newtonian
behavior at room temperature. The influence of the particle size of the minerals on the

viscosity was not analyzed in this study.

FTIR

The vibrational spectra of PVA80, PVA96 and PVA98 are presented in Figure
5.4. The respective degrees of hydrolysis, 80, 96 and 98%, corresponding to different

acetate contents, enable to make the distinction between the analyzed polymers.

All spectra show a similar profile regarding bands originated from the backbone
structure of PVA but present some differences in the relative intensity of the bands from
acetate vibrations. Thus, the spectral analysis may be divided into a group of skeletal
vibrations and another relative to substituent vibrations. The assignments are

summarized in Table 5.2.
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Figure 5.4 — FTIR spectra of PVA 80, PVA 96 and PVA 98.

The most significant bands from the backbone PVA structure, with various
bands of medium (m) to very strong (vs) intensities occur in the 500-2000 cm™ region,
at 846 (ms), 945 (m), 1022 (s), 1090 (vs), 1143 (ms), 1325 (m), 1431 cm™ (m). These
bands are attributed to combined modes of C-C stretching +C-O-C in plane bending (at
846 cm™), CH, wagging (945 cm), CH> twisting (1022 cm't), C-O stretching (1090 cm"
1, PVA crystallinity (1143 cm™), CH, symmetric deformation (1325 cm™) and CH;
asymmetric deformation (1431 cm™) [135,154,180-182]. According to the literature, the
band at 1143 cm™ is influenced by the crystalline portion of the polymeric chains. This
peak is related to the symmetric C—C stretching mode or stretching of the C-O of a
portion of the chain where an intramolecular hydrogen bond is formed between two
neighboring OH groups that are on the same side of the plane of the carbon chain. The
ratio of band intensities at 1143 cm™" and 1090 cm™! band was found to be constant in
all cases, leading to the conclusion that the different PVA samples have similar degree
of crystallinity [135,138,154,180].

As for the substituent vibrations, these are clearly recognized in the spectrum
of PVAS8O, since it contains the higher acetate content, and the respective bands have
decreased intensities in the spectrum of PVA96 and even lower in that of PVA98. The
intense peaks observed at 1240 (vs), 1372 (ms) and 1730 cm™ (s) are characteristic of
acetate C-O stretching vibrations, CHz asymmetric deformations and C=0 stretching
vibrations, respectively. As mentioned, these bands are more intense in the spectrum of

PVA80 and less intense in that of PVA98, showing a variation proportional to the
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concentration of acetate groups in the molecular structure. Interestingly, the peak at
1022 cml, which is attributed to a characteristic backbone vibration (CH: twisting), is
also more intense in the PVA80 spectrum than in the two other spectra wherein the
respective bands are similar [135,138,154,180-182].

In the 2000-4000 cm™ region, all PVA spectra present similar profiles with
bands from C-H asymmetric stretching vibrations from CH; at 2910 cm?, and from CH3
at 2940 cm, as well as a broad band ranging from 3000 to 3500 cm™ characteristic of
OH stretching [135,138,154,180-182].

Table 5.2 — Vibrational modes associated to PVA80, PVA96 and PVA98.

Vibrational Mode Wavenumber (cm™)
PVA 80 PVA 96 PVA 98
C-C stretching+C-O-C bending 846 846 846
CH2 wagging 945 945 945
CH:2 twisting 1022 1022 1022
C-0O stretching 1090 1090 1090
crystalinity 1143 1143 1143
C-0O stretching (acetate) 1240 1250 1240
CH2 sym deformation 1325 1325 1325
CHs asym deformation (acetate) 1372 1372 -
CHz asym deformation 1431 1418 1413
C=0 stretching (acetate) 1730 1711 1711
CHz asym stretching 2910 2910 2910
CHs asym stretching 2940 2940 2940
v OH 3310 3290 3264
NMR

Proton and **C NMR spectroscopy was used to characterize PVA80 and
PVA98, both dissolved in D,0 at adequate concentrations (around 20 mg/ml for H

spectra and 60 mg/ml for 3C spectra). The spectra were registered at 25 °C.

Figure 5.5 shows the 'H spectra of PVA80 and PVA98, together with the
general structural formula of PVA and assignments of the spectral signals (to proton
groups represented as a, b and c). Both spectra have un identical broad peak around
3.8-4.0 ppm, and a group of peaks with similar profile at 1.4-1.9 ppm. The most evident
difference between both spectra is the intense peak at 2.0 ppm in the spectrum of
PVAS80.

The peaks from methylene protons (-CH.-; a) are observed in both spectra as
a broad set in the range 1.4-1.7 ppm, with on intense peak at 1.7 ppm, and a separated

sharp peak at 1.8 ppm. At 2.0 ppm, the intense signal observed in the spectrum of
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PVAB8O is attributed mostly to the methyl protons (-CHs; c) of acetate. The terminal methyl
groups of the backbone structure also contribute to this peak, as observed in the
spectrum of PVA98 which peak at 2.0 ppm is much less intense. Finally, the methine
protons (-CH-; b) originate an intense peak at 3.8-4.0 ppm in the spectra of both PVA
samples [180] [183].

PVA 80 a a a
mgz b gz b EZM c f—’\ﬁ
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|
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HiC \
PVA 98
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Figure 5.5 — Proton NMR spectra of PVA80 and PVA98.

The 3C spectra of PVA80 and PVA9S illustrated in Figure 5.6 present similar
peaks in three separate regions, being the carbon atoms represented as a-d. A singlet
around 21 ppm assigned to methyl carbon (CHs; d), a multiplet around 44 ppm assigned
to methylene carbon (-CHs-; a) and a triplet around 66 ppm assigned to methine carbon
(-CH-; b). In addition, some characteristic peaks of acetate are observed in the PVA80
spectrum but are absent, or have extremely low intensity, in the PVA98 spectrum. These
peaks occur at 38, 42 and 175 ppm, being the latter attributed to carbonyl (C=0; c)
groups [183,184].
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Figure 5.6 — Carbon-13 NMR spectra of PVA80 and PVA98.
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Figure 5.7 - — Detailed assignment of the methyl, methylene and methine peaks in the Carbon-13 NMR
spectrum of PVA 80.
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Since high resolution *C NMR spectroscopy can be used in the
characterization of the tacticity of PVA, its copolymer composition, branching and co-
monomer sequence distribution, the obtained *3C spectra, although less sophisticated,
were used to obtain additional information about the PVA samples. The spectra
presented in Figure 5.6 were observed with greater detail, expanding the scale in the
range 10-80 ppm. Given the similarities between diverse common peaks in both 13C
NMR spectra, only that of PVA80, which presents additional signals due to the higher
acetate content, is presented in Figure 5.7. The common peaks to both samples show
small differences in the relative intensity of some signals.

The detailed assignment of the **C spectrum of PVAS80, based in the literature,
is represented in Figure 5.7 where methine signals include the contribution of mm (67
ppm), mr (66 ppm) and rr (65 ppm) triads. The peaks in this triplet, each with a different
intensity, show that PVA80 has an atatic structure composed of different proportions of
isotatic (mm), heterotactic (mr) and syndiotactic (rr) triads. That proportion is different in
PVA98, since its mm and rr signals have identical intensity. In both spectra the central
triplet mr signal has the higher intensity [184][185][186].

On the other hand, the methylene signals of PVA80 are splitted according to
the relative position of OH and acetate (Ac) groups. Whereas the multiplet around 44
ppm is originated by methylene carbons linked to two H-C-OH groups, the peak around
42 is originated by methylene linkages to H-C-OH and H-C-Ac groups and at 38 ppm, to
two H-C-Ac groups. The relative intensity of these peaks shows the prevalence of the
former type in PVA80. The absence of the 38 and 42 peaks in the spectrum of PVA98
is in good agreement with this interpretation [184][185][186].

Finally, the detailed assignment of the peaks in the 20-25 ppm region of the
PVAB80 spectrum may be discussed because in addition to the singlet peak at 21 ppm
(which is not present in the PVA98 spectrum), another less intense singlet is observed
at 24 ppm in the spectra of both PVA samples. Given that this spectral region is typical
of methyl carbon signals, the peaks at 21 and 24 ppm may be respectively attributed to
methyl groups in acetate fragments and terminal methyl groups in PVA backbone
[184][185][186]. However, the intensity of the latter may be very low or undetectable,
particularly in molecular chains with high molecular weight, as polymers. In that case,

the signal at 24 ppm may be attributed to impurities in solution.
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DSC-TGA

The thermal behavior of PVA80, PVA96 and PVA98 was accessed by
simultaneous DSC and TG analysis in the 25-600 °C range of temperatures (Figure 5.8).
Samples were heated at a rate of 10°C/min, under inert atmosphere. The DSC curve
from PVA96 is not displayed to facilitate the graph reading.
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Figure 5.8 — Thermal analysis of PVA80, PVA 96 and PVA 98.

The mass variation with temperature evidences that after a small loss (2-5 wt%,
at around 100 °C) due to water entrapment, all polymer samples show a degradation
process that occurs in two main steps. Most of the mass loss (around 70 wt%) occurs
between 250 and 380 °C, followed by an additional smaller loss (inferior to 20 wt%)
between 380 and 480 °C.

As indicated by the DSC profiles, all the samples follow an endothermic process
and the rate of the first degradation process reaches the maximum at different
temperatures for each polymer: 280 °C for PVA98, 300 °C for PVA80 and 320 °C for
PVA96. The mass loss, however, is similar for the different samples, reaching 70-80%
of the initial weight. The second degradation step occurs at approximately 420 °C for all
the samples, originating non-volatile residues weighting 5 to 10% of the initial mass of
PVA80 and PVA98, respectively. The residue of PVA96 has an intermediate value.
According to the literature, the degradation starts with the elimination of polymer side-
chains at lower temperatures, followed by the breakdown of the polymer backbone at
higher temperatures [59][187][188]. This interpretation agrees with the fact that PVA98,
which has the lowest content of acetate side-chains, is the sample that starts degrading
at the lowest temperature. PVA 80, with the larger acetate content starts degrading at

the higher temperature and PVA 96 has an intermediate behavior.
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In addition to the temperatures of degradation, the heat flow profiles of PVA80
and PVA98 enable to determine the temperature of physical processes, namely the
glass transition (Ty) and melting (Tm) of these polymers. The direct reading of the DSC
profile enabled to determine Tm but T4 required the derivative of the curve to determine
this parameter. Whereas both samples have T4 around 50 °C, T is around 190 °C for
PVA80 and 220 °C for PVA98 [59][187][188]. This derives from increased inter-
molecular attraction forces in PVA98. The area of the respective melting peaks shows
that PVAS8O is less crystalline than PVA98, agreeing well with the theoretical prediction
of lower structural organization for the most substituted carbon chains [59][187][188].

DMTA

Dynamic Mechanical and Thermal Analysis (DMTA) was essentially used to
determine the glass transition temperature (T,) of PVA98, tested in single cantilever
mode. This technique enables to measure the storage modulus (E"; absorbed energy)
and the loss modulus (E""; dissipated energy) which represent the elastic and viscous
portions of the energy involved in the samples mechanical testing at different
temperatures. Typically, at the glass transition, the storage modulus decreases
dramatically, and the loss modulus reaches a maximum. Thus, tan 3, calculated from the
E”/E" ratio, enables to determine T4 with high accuracy. This technique is known to

possess higher sensitivity than the DSC method.

An aqueous solution of 20 wt% PVA98 was casted into the sample holder (a
cantilever) and dried at 37 °C until constant weight. The resulting film was subsequently
analyzed at a heating rate of 5 °C/min in the -250 to 250 °C range of temperatures, at

constant frequencies of 1 and 10 Hz.

The DMTA graphics presented in Figure 5.9 correspond to results obtained at
1 Hz. The curve relative to tan & enables to determine that the glass transition
temperature of PVA98 is precisely 39.9 °C. Moreover, the transition detected at around
223 °C corresponds to the thermal degradation of this polymer, as expected from the

respective DSC-TGA results.

The fact that the value of T4 is not equal to that from DSC may be because of
the preparation of the sample as a dried film for the DMTA analysis. The polymer, in the
as supplied powder form, could not be analyzed with this technique. The preparation of
the PVA film requires the use of hot water to dissolve the polymer, followed by a drying
process, and both may affect the molecular structure of the polymer (particularly its

crystalline degree). Thus, the rearrangement of the polymer chains may alter the
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amorphous domains of the polymer and influence the glass transition temperature. The
comparison with the literature shows that the obtained values are meaningful
[103][123][189].
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Figure 5.9 — DMTA graphics of PVA 98, representing the storage modulus, the loss modulus and tan 3,
obtained at the frequency of 1 Hz.

The results corresponding to 10 Hz are not presented since the obtained curves

are only slightly deviated from those obtained at 1 Hz, as typically occurs in these tests.

XRD

X-ray diffraction spectroscopy was used to obtain the characteristic
diffractogram of PVA98, a reference sample for other phases of this study. The sample

was analyzed in powder form, as received. The diffractogram is presented in Figure 5.10.

PVA 98
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Diffraction angle (26)

Figure 5.10 - Diffractogram of as-received (powder form) PVA98.
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The broad peaks observed in the x-ray diffraction pattern (Figure 5.10) of as-
received PVA98 shows that this polymer is, as expected, semi-crystalline. It exhibits an
intense peak at 26=22.7° and less intense peaks at 26=13.0, 26.3 and 47.6°, being all
four peaks attributed to the crystalline regions of the polymer structure. The obtained
profile is similar to those found in the literature, relative to PVA samples with similar
degree of hydrolysis and molecular weight [190][191].

The semi-crystalline structure justifies the thermal transitions detected using
DSC. The amorphous part is associated with the glass transition and the crystalline

fraction, with the melting of the polymer.

5.2.1 Crosslinking PVA in acidic medium

One of the most described methods to crosslink PVA and other water-soluble
polymers containing OH groups is based on the use of dialdehydes such as glyoxal or
glutaraldehyde [39,136,151,180,192-194]. However, in order to establish the
crosslinking reaction, rather drastic conditions must be applied, such as high
temperature (around 80 °C) and low pH (around pH=4). In addition, these conventional
crosslinkers are highly toxic even at low concentrations, motivating the use of alternative

molecules to enable safer in vivo applications.

5.2.1.1 Procedure - PVA and telechelic PVA

In this study, the strategy applied to crosslink PVA was based on the same
mechanism of glutaraldehyde, but this crosslinker molecule was replaced by telechelic-
PVA, which is also a dialdehyde. It can be synthesized from the selective oxidation of
adjacent diol groups of PVA with sodium periodate. Then, the crosslinking reaction can

occur between PVA and telechelic-PVA, thus eliminating the use of a toxic crosslinker.

As previously described, PVA presents scarce (but detectable) 1,2-glycol units
randomly distributed along the molecular structure, mostly composed of 1,3-glycol units.
The amount of head-to-head sequences which is normally few percent relative to largely
predominant head-to-tail sequences, may be determined by acidimetric titration,
[140,195,196]. The presence of structural “errors” in the atatic structure of PVA enables
the molecular splitting of the polymer chains through oxidation with sodium periodate, in

correspondence to the diol goups of PVA (Figure 5.11). The resulting telechelic-PVA
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segments bear, at each end, aldehyde groups that may be employed to form acetals

(after reaction with —OH groups) or Schiff bases (after reaction with primary amines)
[135,136,140,154,195]. In the reaction of PVA with telechelic-PVA, the crosslinking

occurs through acetal bridges, as illustrated in Figure 5.12.
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Figure 5.11 - Oxidation of PVA with sodium periodate, leading to the formation of telechelic-PVA.
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Figure 5.12 - Crosslinking reaction between PVA and telechelic-PVA with formation of acetal bridges.

In order to obtain PVA crosslinked with telechelic-PVA, the selected polymers have
been PVA80 and PVA98. Each sample was oxidized to obtain tel-PVA80 and tel-PVA98,
to apply in the reaction with the respective starting polymer. The oxidation reaction
involved the use of sodium metaperiodate (NalO,). Its aqueous solutions were freshly
prepared and protected from light due to the photosensitivity of iodine. The 1,2-glycol (or
adjacent diol) groups content of PVA was determined to estimate the necessary amount

of NalO4 for the oxidation reaction.
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5.2.1.2 Characterization — PVA and telechelic-PVA

Acidimetric determination of 1,2-glycol units of PVA

Following a method described in the literature [196], the adjacent diol groups of
PVA were determined by volumetric titration with NaOH after hydrolysis with NalO4. The
experimental conditions were similar for both polymers, regardless the different
hydrolysis degree from PVA80 and PVA98. The respective molecular weight was taken
as approximately 10.000 and 20.000 g/mol, respectively. The values from the technical
report of the suppliers is 9.000-10.000 g/mol for PVA80 and 13.000-23.000g/mol for
PVAQ9S.

Each PVA sample was dissolved in distilled water at 80-90 °C at a concentration
of 10 wt%. This corresponds to 0.01 M for PVA80 and 0.005 M for PVA98. After complete
dissolution, 10 ml of 0.1 M NalO4 were added to aliquots of 10 ml of PVA80 and aliquots
of 5 ml of PVA98. This enabled to have 1.0 g of PVA80 and 0.5 g of PVA98 for each
test. The oxidation reaction proceeded for 24 hours, after which triplicate analysis by
titration with NaOH 0.1 M using thymol blue indicator (0.1 wt% in ethanol solution) was
performed. Three blank samples composed of 10 ml distilled water were also prepared

and 10 ml of NalO4 0.1 M were added to obtain the reference for the titration.

The spent volume of NaOH for the blank solutions has been, in average, equal to
10.0 ml. For the polymer samples, the volume of NaOH has been, in average, equal to
7.1 ml for PVA80 and equal to 8.2 ml for PVA98. The number of mili Equivalents/gram
(mEQ) can be calculated from Equation 5.1, where a is the volume of NaOH solution for
the sample, b is the volume of NaOH solution for the blank, N is the concentration of the

NaOH solution and c is the mass of the sample.

__ (b—a)*N
- c

mEq Equation 5.1

The calculations for the analyzed polymers correspond to (10.0-7.1)x0.1/1.0 and
(10.0-8.2)x0.1/0.5, resulting in 0.29 mEqg/g for PVA80 and 0.36 mEqg/g for PVA98.

Converting this information into the most usual units of concentration, the obtained
values enable to estimate the molecular weight of the fragments, being the vast majority

composed of telechelic PVA. The exception are the head-to-tail fragments.

The results regarding PVA80 mean that it has 0.00029 moles of vicinal OH groups
per gram of polymer, or around 3 moles of diol per 10.000 g (1 mole) of polymer. The
oxidation of 1 mole of PVA80 may disrupt the structure in 3 sites and produce 5

fragments with an average molecular weight of around 2000 g/mol.
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For PVA98, the 0.00036 moles of diol groups per gram of polymer correspond to
3,6 moles of diol per 10.000 g (0.5 mole) of polymer (or around 7 moles of diol per 20.000
g (1 mole) of PVA98). One mole of PVA98 can be divided in 7 sites, originating 9
fragments with an average molecular weight of around 2200 g/mole.

These results evidence that both PVA polymers possess a similar backbone
structure regarding the concentration of adjacent hydroxyl groups.

Synthesis of telechelic-PVA

After the determination of the 1,2 glicol content for each PVA polymer, tel-PVA80
and tel-PVA98 were prepared using adequate molar ratios of NalO4. Both PVA samples
were dissolved with hot distilled water. After cooling, NalO4 was added up to a molar
ratio of 1,2-glycol/NalO4 equal to 1.5, as recommended in the literature [140][195]. The
oxidation reaction took 24 hours and the obtained products were submitted to dialysis
against water for three days, using a membrane with cut-off of 300 g/mol. Subsequently,

the solution was freeze dried to extract the solvent.

Size Exclusion Chromatography (SEC)

This technique is usually applied to evaluate the size and the molecular weight of
large molecules, such as proteins or industrial polymers, in solution. The method
consists of passing the solution of the sample through a chromatographic column packed
with fine and porous beads, leading to the separation of sample fractions according to
their size and time to pass through the stationary phase, since smaller molecules
become retained in the column for a longer time period than larger molecules. The pore
sizes of these beads and the sample volume that is eluted are used to estimate the
dimensions of macromolecules. The molecular weight of a sample may be determined
from the analysis of standard solutions of molecules with known molecular weight,

applied in the plot of a calibration curve.

From the calibration curve of molecules dissolved with an adequate eluent, SEC
enables to determine the number-average molecular weight (Mn) and the weight
average molecular weight (Mw) of macromolecules. While Mn represents the statistical
average weight of all the chains in a sample, Mw considers the molecular weight of a
chain in determining contributions to the molecular weight average. The more massive

the chain, the more it contributes to Mw. The ratio Mw/Mn is the Polydispersivity Index
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(PI), which is a measure of the width of the distribution. Good quality standards for SEC

calibration must have Pl values close to the unit.

In this study, SEC was used to evaluate the molecular weight distribution of the
PVA samples before and after oxidation with NalOa. This had the objective of comparing
the results with the technical data from the suppliers, and also with the values estimated
from the acidimetric determination of the diol groups of PVA.

The analyzed samples have been PVA80, PVA98, telechelic-PVA80 and
telechelic-PVA98, being these obtained after oxidation, dialysis and freeze drying. The
standards for the calibration curve have been polyethyleneglycol (PEG) solutions,
prepared from polymers with molecular weight of 2.000, 6.000, 12.000 and 300.000
g/mol. The solvent has been the same liquid that is normally used as eluent and the
samples were filtered before injection into the equipment. The PVA samples were

prepared in a similar way, using concentrations of 5 mg/ml.

This technique records the retention time of the sample along its passage through
the chromatographic column. Samples with lower molecular weight become entrapped
first in the column, thus those with higher molecular weight arrive sooner to the detector
of the equipment. The calibration curve drawn from the retention time of PEG standard
solutions of sharp molecular weight distribution has been used to establish the
comparison with the samples under analysis. The obtained results are summarized in
Table 5.3.

Table 5.3 — Molecular weight parameters of PVA80 and PVA98 obtained by SEC, before and after oxidation
(telechelic fragments: tel-PVA80 and tel-PVA98).)

Mw (mol/g) Mn (mol/g) Pl
PVAS80 16000 4200 3.8
PVA98 18000 6900 2.6
tel-PVAS80 2800 1200 2.3
tel-PVA98 2900 1400 21

The results from PVA80 and tel-PVA80 are represented in Figure 5.13, together
with the calibration curve from PEG standards. The retention time of PVA80 was 8.1 s
and from tel-PVA80 was 9.2 s, corresponding respectively to Mw=16000 and 2800
g/mol. The values of Mn were 4200 and 1200 g/mol, resulting in Pl= 3.8 for PVA80 and
PI= 2.3 for tel-PVAS80.
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Figure 5.13 — SEC analysis of PVA80 as received (orange) and oxidized with NalO4 (green).

As for PVA98 and tel-PVA98, the results are displayed in Figure 5.14. The
retention time of PVA98 was 7.9 s and from tel-PVA98 was 9.1 s, corresponding to
Mw=18000 and 2900 g/mol, respectively. The values of Mn were 6900 and 1400 g/mol,
resulting in Pl= 2.6 for PVA98 and PI= 2.1 for tel-PVA98.
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Figure 5.14 - SEC analysis of PVA98 as received (orange) and oxidized with NalO4 (green).

Despite the values of the molecular weight of the polymers before oxidation were
not coincident with those from the technical data, they corresponded to the expected
range. The experimental value for PVA80 (16.000 g/mol) was higher, and that for PVA98
(18.000 g/mol) was lower, than the respective described values of 9.000-10.000 g/mol
and 18.000-23.000 g/mol. The value obtained for the oxidized sample of PVAS80, tel-
PVAB80 with 2800 g/mol, was very close to the estimated from the titration (2000 g/mol).
For tel-PVA98, the obtained value (2900 g/mol) was also close to that previously
estimated (2200 g/mol).

The polydispersivity index of the samples indicates that the width of the molecular
weight distribution of PVAS80 is broader than that of PVA98, but not as significant as
could be expected from the technical sheet from the suppliers. The oxidized samples,

on the other hand, present sharper distributions that are similar for both polymers. This
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shows that the telechelic fragments had identical structures whether they were obtained
from PVA80 or PVA98.

Carbon-13 NMR

In order to confirm the chemical composition of telechelic PVA, samples of tel-
PVAS80 and tel-PVA98 were analyzed by NMR spectroscopy. The Carbon-13 spectrum
of tel-PVAB80 (Figure 5.15) is representative of the obtained results.
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Figure 5.15 — Carbon-13 NMR spectrum of telechelic PVAS80.

Although NMR spectroscopy is usually adequate to determine small differences in
the chemical composition or structure of the molecules, in this case the spectrum is
coincident with that from the non-oxidized sample (Figures 5.6 and 5.7). The same
happened with the spectrum of tel-PVA98 (not shown). The expected difference between
the spectrum of PVA before and after oxidation would be in the relative intensity of the
carbonyl (C=0) chemical shift (around 175 ppm) because the telechelic form of PVA

contains additional carbonyl groups relative to the original polymers.

Crosslinking reaction between PVA and telechelic PVA

As described previously, the crosslinking reaction was projected to be made with
two combined forms of PVA: PVAS8O crosslinked with tel-PVA80 and PVA98 crosslinked
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with tel-PVA98. The general procedure was similar to that of glyoxal (or glutaraldeyde),
being this crosslinker replaced by tel-PVA. The reagents were prepared as solutions of
appropriate concentrations and the reactions were made at temperatures from 25 to 60
°C, at pH 4-6.

Although diverse experimental conditions were tested, the results did not
correspond to the objectives. The only way to obtain a crosslinked material, insoluble in
water, has been after solvent extraction (by drying or freeze-drying). It was never
possible to obtain a hydrogel with adequate characteristics for this study. Moreover, with
the addition of ceramic particles, hydroxyapatite and barium sulphate, the blended
materials did not show any evolution towards the solidification of the organic
components. The crosslinking reaction may have been stopped by the steric hindrance,

along with the alkaline environment caused by those minerals.

Since these crosslinking experiments were unsuccessful to comply with a
composite able to harden in situ, inside a vertebral body, the results concerning the
chemical characterization of the diverse obtained products are not presented. Despite
all, the described set experiments were useful to learn more about the properties of PVA,
the polymer that has been selected to constitute the main organic component of the

composite matrix.

5.2.2 Crosslinking PVA in alkaline medium

5.2.2.1 Procedure

The use of sodium borate, or borax (Na:B4O7.10H:;0), to crosslink PVA is
probably the most well-known process to obtain a hydrogel from this polymer [193,197—
200]. Borax is the salt of a strong base and a weak acid. In water, it hydrolyzes to form
a boric acid-borate buffer with pKa=9.2, the equilibrium of which is expressed by

Equation 5.3.
B(0OH)3; + 2H,0 —» B(OH); + H;0* Equation 5.3

The chemical reaction with PVA is normally represented as shown in Figure
5.16, but the mechanism and chemical structure of the crosslinked material depends of
many factors, as the tacticity PVA, the concentration of the reagents in solution, the

temperature and the reaction time [193,197-201].
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Figure 5.16 — Simplified representation of the crosslinking reaction of PVA with Borax.

In this study, PVA of different hydrolysis degrees (80, 96 and 98%) were
prepared with concentrations ranging from 10 to 20 wt% with distilled water at 80 °C
using magnetic stirring. The selection of this range of concentrations is related to the
need of having a polymer solution with high viscosity, able to support a high content of

minerals.

The polymer powder was slowly added to the hot water to dissolve it gradually
and prevent clumping. The dissolution took up to 4 hours to get a homogeneous viscous
solution. Independently, borax was dissolved to obtain a stock solution with

concentration of 0.1M.

For each PVA solution, the crosslinking reactions were performed using a
matrix of diverse combinations of concentrations of reagents. For instance, 1 ml of borax
0.01 M -0.1 M solution was added to 10 ml solution of PVA98 at 10 wt%, being the
reagents mixed mechanically because of the dramatic increase in viscosity as borax was
impregnated into the PVA structure. Soon after mixing the reagents, a strong gel was
always obtained. After diverse experiments, it became perceptible that the interaction
between borax and the polymer provoked the instantaneous gelation of the contact site,
even with a slow dropwise addition and very low borax concentrations. It was also
evident that crosslinking was reversible because the hydrogel could be easily disrupted
by the addition of water. This observation agrees with the interpretation that this
crosslinking reaction is mostly a physical interaction involving hydrogen bridges with the
water molecules in solution (Figure 5.17) [141,198-200,202]. Moreover, after drying the
hydrogel, the subsequent addition of water caused the dissolution of the polymer instead
of its swelling due to rehydration, as could be expected if the initial tridimensional derived
from strong covalent bonds [127,141,198-200,202].
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Figure 5.17 — Hydrogen bonding in the complex PVA-Borax in aqueous solution.

5.2.2.2 Characterization

FTIR

In order to investigate the chemical composition of the material obtained from
crosslinking between PVA and borax, some of the obtained hydrogels were analyzed
using FTIR spectroscopy. The samples were dried before analysis or else the spectra
would only detect water. Figure 5.18 displays the spectra of PVA96, borax and a dried
PVA96-borax hydrogel.

PVA96-Borax

Intensity (a.u)

I T T
500 1000 1500 2000 2500 3000 3500 4000

Wavenumber (cm™)

Figure 5.18 — FTIR spectra of PVA96, Borax and a PVA-Borax hydrogel.

The absorption bands in this spectrum of PVA96 (Figure 5.18) present some

shifts relative to the spectrum of Figure 5.4, probably because of the sample preparation
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method associated with instrumental variations. These shifts do not affect, however, the
general profile of the spectrum nor the assignments of the vibrational modes. Thus, only
the most intense peaks will be described in this analysis. The band at 846 cm™ is
originated by the combination of C-C stretching with C-O-C bending and the most
intense band that occurs at 1095 cm™ is due to C-O stretching, being both from the
backbone of PVA. The C-O stretching mode from the pending acetate groups band gives
rise to the band at 1246 cm™. The asymmetric deformation of the alkyl CH, groups is
attributed to the band at 1446 cm™. The typical C=0 stretching vibration from acetate
originates the band at 1720 cm. In the range 2000-4000 cm'?, the spectrum presents a
characteristic profile with bands at 2910 and 2940 cm™ from CH, and CH; asymmetric
stretching, and a broad band centered around 3300 cm from OH stretching vibrations.

The Borax spectrum presents strong absorption bands with peaks at 822, 943,
1000 cm, and in the region of 1300 to 1400 cm™. It also contains a weak intensity band
at 1645 cm and a broad band in the hydroxyl region 3000-4000 cm™, being both due to
the water molecules in the mineral structure. These bands are attributed to H-O-H

bending and OH stretching, respectively.

The assignment of the Borax spectrum is probably more complex than it could
be expected. Boron may exist in its tetrahedral or triangular planar configuration,
originating different B-O vibrations. These are also influenced by the water molecules
that hydrate the mineral. Borax loses water in dry air and that can change the spectrum
slightly. In addition, the coordination of hydrated borates with different atoms (Na, K, Ca,
Mg, Sr,...) originates a wide range of minerals with corresponding spectral variations. All
these variables explain why the spectral assignment of hydrated borates must be done
with caution. The hydration of the borate anions can produce spectra which cannot be
interpreted readily from a knowledge of the spectra of the corresponding anhydrous
anion [203].

Comparing with the literature, the spectrum of the Borax sample of this study is
similar to that of pinnoite Mg[B.O(OH)s] where the bands at 800-1000 cm* are ascribed
to asymmetrical vibrations from the BO4 tetrahedral units and above 1100 cm™, from

distortion modes originated by triangular BO3 units [198,203].

As for the crosslinked material, PVA96-Borax, the obtained spectrum reveals

some differences relative to the starting polymeric sample of PVA96. There is a new
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band at 919 cm, the band at 1246 cm™ has lower relative intensity and that at 1720 cm’
1'is no longer observed. Some bands clearly from Borax contribution originate an
increase in the relative intensity of the bands at 1335 and 1442 cm™ and a new band at
1645 cm™ in the PVA96-Borax sample.

The absence (or low intensity) of the C=0 and C-O stretching bands (1720 and
1246 cm™) from acetate indicates that these groups are not present in the crosslinked
sample. On the other hand, the presence of bands from Borax that are overlapped with
bands from PVA96 does not provide new information regarding the chemistry of the
obtained hydrogel. The new vibrational band at 919 cm™ may be due to the formation of
a new bond or may be just a shift from the band at 943 cm™ from Borax because the
mineral was dissolved with water, and subsequently dried after forming the hydrogel. In
solution, Borax totally dissociates into equal quantities of boric acid [B(OH)s], borate ion
[B(OH)s]1 and Na*, and it is well known that the hydration state and the geometry of the
molecules have strong influence in their vibrational spectra [193,198,199,203]. Finally,
the band at 1645 cm™ is originated by H-O-H bending vibrations from the water

molecules of the hydration sphere of the mineral.

TGA

To proceed with the investigation about the hydrogel PVA96-Borax, this sample
was submitted to thermogravimetric analysis and the results were compared with that of
the isolated polymer PVA96. The analysis was performed in the range 25-600 °C and
the obtained curves are shown in Figure 5.19.

1001 ~ssome-eel o mmee PVA 96
T - N PVA96-Borax
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Figure 5.19 - Thermogravimetry of PVA96 before (----) and after ( — ) crosslinking with Borax.
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As discussed previously, following a small mass loss (5 wt%) due to dehydration
of the polymer sample around 100 °C, PVA96 degrades in two main steps. Between 250
and 380 °C, the mass loss is approximately 75 wt% and between 380 and 480 °C, around
15 wit%, with a final residue of 5 wt%. The first process corresponds to the stripping of
the lateral groups and the second, to the hydrocarbon backbone degradation
[188,189,204].

For PVA96-Borax, there is progressive mass loss of around 20 wt% from 25 °C
to 310 °C, a rapid loss of another 20 wt% at 310-340 °C and a greater loss of 50 wt% at
340-480 °C. The residue at 600 °C corresponds to 10 wt% of the initial mass. The initial
mass loss is probably mostly originated by residual water molecules and from organic
fragments of low molecular weight (eventually acetate-based) entrapped in the hydrogel.
Above 300 °C, the obtained curve shows that the composition is more resistant to
thermal degradation than the polymer alone. The equivalent to its first step of
degradation corresponds to a much lower mass, being typically assigned to the stripping
of lateral -H, -OH and -acetate groups. According to FTIR results, the latter occur in lower
amount in the crosslinked polymer and the structural model implies that part of the lateral
groups are linked to borate, hence more resistant to degradation Thus, the lower mass
loss may be due to less free lateral groups than in the original polymer. Conversely, the
second step corresponds to a greater mass loss because the backbone of the polymer

is linked to Borax. This may also explain the higher degradation temperature.

Crosslinking suspensions of minerals in PVA with Borax

The preparation of minerals (hydroxyapatite and barium sulphate) suspensions
in PVA solutions, in diverse proportions as reported in the radiology tests (Chapter 4),
enabled to obtain viscous fluids adequate for injection. The rheological tests previously
described clearly indicate that those mixtures were homogeneous, stable and injectable
with a syringe of appropriate dimensions (needle diameter, in particular). Borax was
tested to act as a crosslinker of the mineral suspensions in PVA of different hydrolysis
degrees. These tests were performed being aware that the crosslinking could be less
effective than it should. However, the crosslinked material could constitute an initial
transient form to combine with additional reagents. The approach would be the formation

of an interpenetrating network (IPN) with other compatible and stronger hydrogels.

The crosslinking tests are not described because the results have been

gualitatively similar in all experimental conditions, and inappropriate for the designed
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application. The addition of any Borax solution (different volumes and concentrations) to
the suspensions of minerals in PVA provoked always the immediate gelation of the
mixture. This behavior showed that the injectability was compromised and that this
system required another technical solution. The use of a controlled delivery device that
could delay the contact between Borax and PVA has been the next step in this research.

5.3 Microcapsules

As described, crosslinking PVA with Borax using the direct contact between the
respective aqueous solutions is almost an instantaneous process that is not significantly
affected by the presence of hydroxyapatite and barium sulphate. Thus, encapsulating
Borax could be a way to delay that contact, enabling a slower and eventually rate

controlled crosslinking reaction.

The strategy has been to synthesize microcapsules with poly (lactic acid) (PLA),
a well-known biodegradable polymer, adding Borax as a filler. The microcapsules would
be dispersed in the PVA suspension with minerals, being this mixture able to be injected
with a syringe. Then, after the injection, the encapsulated Borax would be released
through the PLA shell to start the crosslinking of the composition around the
microcapsules. Because of its biodegradation properties, PLA would gradually be
hydrolyzed into innocuous lactic acid and disappear from the crosslinked hydrogel [161].
At latter stages of this study, it became important to test another filler for the PLA
microcapsules. In addition to Borax, this section also describes the use of an acrylic

monomer (2-hydroxyethyl methacrylate (HEMA)) as a filler.

One classical way of forming microcapsules based on emulsification/solvent
evaporation method is the water-in oil-in water (w/o/w) approach [161,164]. This process
involves four steps, the first of which consists on mixing an aqueous solution containing
the filler component with an organic solution containing the dissolved polymer intended
for the shell material. This leads to the formation of the primary water-in oil (w/0)
emulsion. In the second step, this emulsion is dispersed under continuous agitation in
an aqueous solution medium, usually containing an appropriate stabilizer agent (a
surfactant), forming the secondary oil-in water (o/w) emulsion. The third step involves
the evaporation of the organic solvent, allowing the microdroplets to turn into
microcapsules. Finally, the microcapsules are harvested by centrifugation or filtration of

the solution, followed by being washed and dried.
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5.3.1 Synthesis of PLA microcapsules

The microcapsules were produced by the w/o/w double emulsion method using
PLA for the shell and PVA80 as surfactant, to obtain three types of particles: unfilled,
filled with Borax, and filled with Borax and HEMA. The methodology applied to obtain
the unfilled species has been adjusted for the other microcapsules, using the amounts
described in Table 5.4. The samples are named as mC from microCapsules, followed
by S (Standard), B (Borax) and H (HEMA). The synthesis involved the variation of
components to obtain microcapsules of different sizes and different porosity. To monitor
the properties of the obtained products, these were analyzed using Thermogravimetric
Analysis (TGA), Laser Diffraction Spectrometry (LDS), porosimetry by Hg Intrusion,
Optic Microscopy (OM) and Scanning Electron Microscopy (SEM).

The standard microcapsules (mC-S) were obtained from the addition of 5 ml of
water to 0.9 g of PLA dissolved in 30 ml of chloroform. This emulsion was added to a
solution of 1.6 g of PVA80 in 80 ml of water. Both emulsions were made under magnetic
stirring. The second one was prepared at 1500 rpm and was left overnight at 300 rpm to
evaporate the organic solvent. Afterwards, the microcapsules were separated by
centrifugation (3000 rpm), with three intermediate washing procedures with distilled
water. Finally, the microcapsules were dried at 50 °C. The geometric representation of
these capsules (Figure 5.21) corresponds to a hollow PLA shell, surface-coated with
PVA, being the interior filled with water. The volume of the sphere, the thickness of the
shell and the concentration of surfactant have been taken as references to represent the

expected differences in the other microcapsules.

The inclusion of Borax in the microcapsules was tested under different
conditions. First, it was added to the standard composition using 0.5 g of Borax dissolved
in 5 ml of water, keeping the other components. This originated the mC-BS
(microCapsules - Borax Standard) species, represented in Figure 5.21 by the same shell
and the same surfactant than in mC-S, but with a Borax solution as the filler instead of

water.

A series of four other Borax-containing microcapsules (mC-B1 to mC-B4) was
prepared altering a single variable at each case for mC-B1 to mC-B3, and two variables
for mC-B4, relative to mC-BS. For mC-B1, the volume of water has been the double; for
mC-B2, the mass of PVA has been one half; for mC-B3, the mass of PLA has been the
double and for mC-B4, both the mass of PLA and the mass of PVA have been the double
than the standard sample. The geometry of the respective samples (Figure 5.20)

corresponds to capsules with the double volume in mC-B1, with half of the surfactant in
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mC-B2, with the double thickness in mC-B3 and in mC-B4, with the double thickness
and double surfactant at the surface.

Following the same basic procedure (w/o/w), some microcapsules containing
Borax and HEMA were also prepared. In mC-BH1, 2 ml of HEMA were added to the PLA
solution on chloroform, which means that the acrylic monomer will be impregnated in the
shell of the microcapsule. For mC-BH2, 2 ml of HEMA were added to the Borax solution.
This corresponds to the inclusion of the monomer inside the shell. Finally, in mC-BH3, 1
ml of HEMA was added to the PLA and the volume of the Borax solution was augmented
to 7 ml. This corresponds to a microcapsule with half of the HEMA in the shell, but with
50% higher core volume than the reference sample. These geometries are represented
in Figure 5.20.

Table 5.4 — Reagents applied in the synthesis of microcapsules.

Microcapsules Borax Water PLA PVA HEMA
m (9) V(ml) m (9) m (9) V (ml)

mC-S 0.0 5 0.9 1.6

mC-BS 0.5 5 0.9 1.6

mC-B1 0.5 10 0.9 1.6

mC-B2 0.5 5 0.9 0.8

mC-B3 0.5 5 1.8 1.6

mC-B4 0.5 5 1.8 3.2

mC-BH1 0.5 5 0.9 1.6 2.0 (a)

mC-BH2 0.5 5 0.9 1.6 2.0 (b)

mC-BH3 0.5 7 0.9 1.6 1.0 (a)

(a) Added to PLA/CHCI; solution.
(b) Added to Borax/H,O solution.
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Figure 5.20 - Schematic representation of various types of microcapsules (mC) produced with different
amounts of PLA, PVA, H;0, Borax and HEMA, as quantified in Table 5.4. In the top row, the mC-S and mC-
BS types represent the standard (S) composition of unfilled and Borax (B) containing capsules, respectively.
The mC-B1 to mC-B4 types (middle row) represent variations to mC-BS: mC-B1 were produced using the
double water volume, mC-B2, using half of the PVA, mC-B3, the double PLA and mC-B4, both double PLA
and double PVA. The bottom row represents microcapsules containing Borax and HEMA in the PLA shell
(mC-BH1 and mC-BH3) or as the fillers in the core solution (mC-BH2). The production of mC-BH3 involved
more water volume and less HEMA than the other mC-BH types.

5.3.2 Characterization

TGA

The thermal behavior of the mC-S microcapsules was compared with that of PLA,
the polymer that forms the shell, using TGA from 25 °C to 600 °C. The results are shown
in Figure 5.21.
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Figure 5.21 - Thermogravimetry of PLA ( --- ) and of mC-S PLA microcapsules (—).

The mass loss profile of PLA is characterized by a plateau from room
temperature until 260 °C, followed by a total mass loss in the range 260-350 °C. This
result agrees with the literature [205]. On the other hand, the standard PLA
microcapsules present a mass loss of 25 wt% around 100 °C, a plateau from 100 °C to
280 °C and a loss of 75 wt% in the range 280-370 °C. According to the components used
in the synthesis of the microcapsules, the first process corresponds to the loss of water.
This indicates that despite being previously dried, the microcapsules still contain a
significant amount (25 wt%) of water molecules entrapped in its structure. The second
mass loss corresponds to the degradation of the polymer. The fact that it occurs at
slightly higher temperatures than the original polymer may be due to the presence of a
small amount of PVA which was used as surfactant to stabilize the surface of the

microcapsules.

Optic Microscopy

This technique was used to monitor the microcapsules at the final step of the
synthesis method, after the washing and centrifugation procedures. The microcapsules
were observed in an aqueous medium at diverse magnifications. The observation

enabled a convenient quality control before the drying process.

The images displayed in Figure 5.22, relative to standard microcapsules mC-S
and mC-BS, show that these particles have round shapes of very distinct size ranges.
The unfilled mC-S microcapsules have much lower sizes than the Borax-filed mC-BS
ones. The largest particles of mC-S reach around 20 um and those of mC-BS, around

100 um. Another distinctive feature is the surface appearance of these microcapsules,
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Whereas the mC-S type has a smooth and homogeneous shell, mC-BS has a irregular
surface that seems to contain air bubbles.

Figure 5.22 — Standard PLA microcapsules dispersed in water, observed by optic microscopy (bar=100 pum).
Effect of the addition of borax into the filler solution: unfiled mC-S (left) and filed mC-BS (right)
microcapsules.

SEM, LDS and Hg Porosimetry

The physical characterization of the dry microcapsules was made using SEM,
LDS and Hg Porosimetry to obtain complementary information from these techniques.
The obtained parameters (D10, D50 and D90 from LDS and porosity percentage) are
displayed in Table 5.5.

mC-S microcapsules

The standard microcapsules observed using SEM (Figure 5.23) present a
homogeneous spherical shape with different particle sizes, most having diameters
around 50 um. There are also many microcapsules inferior to 10 um. The images also
show that the surface of these particles is continuous and homogeneous. Although it is
expected to have hollow particles because of the w/o/w production process, the images
don’t show any broken microcapsule that would allow to observe if they are hollow or

compact.
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Figure 5.23 — SEM images of standard PLA microcapsules (mC-S).

The particle size observed in SEM images is corroborated by LDS, as shown in

Figure 5.24-left and quantified by the respective D19, Dso and Dgo parameters (Table 5.5).
The particle size distribution is sharp around 56 um and there is a small fraction of
microcapsules with diameters around 8 um. The porosity measurements presented in
Figure 5.24-right show the differential curve of the intruded mercury has an intense sharp

peak at 16 um. Since the surface of the microcapsules has no pores, and that value is

of the same order of the particle size, that peak is originated by inter-particle porosity.
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Figure 5.24 - Particle size distribution and Hg intrusion curves of microcapsules mC-S.

153



Chapter 5

mC-BS microcapsules

According to the SEM images (Figure 5.25), the standard microcapsules
containing Borax have a spherical but irregular appearance, being the average particle
size around 20 um. The surface of these microcapsules is smooth but presents many
circular impressions, probably caused by collisions while the shells were being formed.
The lack of uniformity of the surface may result from the action of Borax over the
surfactant, PVA. Some capsules seem to be incompletely formed because their shells
have some parts that are not totally closed. This allows to observe that these particles
are hollow, being assumed the same for all the others.

Figure 5.25 - SEM images of standard PLA Borax-containing microcapsules (mC-BS).

At higher magnifications (Figure 5.26), the thickness of the shell may be observed
with greater detail. The images show that it may be very thin (inferior to 1 um), or it can

be thicker (around 4 um) in the larger microcapsules.

SHm B859817
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Figure 5.26 - SEM images of standard PLA Borax-containing microcapsules (mC-BS). Details from the
thickness of the shell.
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mC-B1 microcapsules

The mC-B1 microcapsules were produced with twice the volume of water in the
Borax solution than the standard patrticles. As observed in the SEM images of Figure
5.27, this difference originated much larger particles, in a high proportion, with irregular
spherical shape and ruffled surface. The smaller particles, with diameters of few
micrometers, are much less frequent. Some microcapsules present pores of circular

shape with diameters inferior to 10 um.

Figure 5.27 - SEM images of microcapsules mC-B1.

The measurements by LDS (Figure 2.28-left; Table 5.5) show that the particle
size of mC-B1 ranges from around 50 to 500 um, being D1p=88 um and Dgy=369 um.
The median (Dso) of the distribution is 202 um. As for the porosity, from the peaks of the
differential curve (Figure 5.28-right) at 5 um and at 90 um, the former corresponds mostly

to the pores in the shells of the capsules and the latter, to inter-particle spaces.
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Figure 5.28 - Particle size and pore diameter distribution of microcapsules mC-B1.
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mC-B2 microcapsules

The mC-B2 microcapsules were produced with half of the surfactant relative to
the standard mC-BS particles. The SEM images from mC-B2 (Figure 5.29) show that
most microcapsules have sizes around 50-100 um. Smaller particles, inferior to 10 um,
are also observed. The most frequent shape is spherical but there are also diverse
flattened particles. Another feature that occurs is the incomplete closure of the capsules
originating pores of assorted dimensions. This enables to confirm that these particles
are hollow and gives access to the observation of the shell thickness and of the interior
side of the microcapsules. The surface is relatively smooth, having some signals from

collisions during the synthesis.
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Figure 5.29 . SEM images of microcapsules mC-B2.

mC-B3 microcapsules

The mC-B3 type of microcapsules were produced with twice the PLA of the
standard mC-BS particles. Figure 5.30 shows that the mC-B3 capsules have a more
compact appearance and a more regular spherical shape. The average patrticle size
accessed by SEM points to the presence of a high proportion of large particles, around
200-300 um. These capsules are also hollow, and the large thickness of the shell is
clearly derived from the higher amount of PLA in the synthesis. The surface is not very

regular since it presents some ruffles.
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Figure 5.30 - SEM image of microcapsules mC-B3.

The results from LDS (Figure 5.31-left; Table 5.5) indicate that the particle size
distribution of mC-B3 is bi-modal, with maxima at 60 um and 400 um. Most
microcapsules have large sizes, as reflected by the parameters D1p=60 um, D5,=348 um
and Dgo=500 um. The porosity of the sample is reflected in graphs of Figure 5.31-right,
being the broad peak at 13 um relative to pore diameter in the shells and the peak at

120 um, relative to inter-particle porosity.
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Figure 5.31 — Patrticle size and pore diameter distribution of microcapsules mC-B3.

mC-B4 microcapsules

The microcapsules mC-B4 were produced using twice the PLA and twice the
PVA relative to the standard mC-BS particles. The size and shape of the mC-B4
capsules is shown in Figure 5.32. These have the typical spherical shape, but slightly
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irregular, and an average size superior to 300 um. The surface is full of circular cavities

that don’t pass across the shell and give a spongy appearance to the particles.
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Figure 5.32 - SEM image of microcapsules mC-B4.

mC-BH1 microcapsules

The microcapsules mC-BH1 were produced using HEMA in the shell
composition, keeping all the other components used in the standard mC-BH patrticles.
The morphology, the dimensions and the surface characteristics of the mC-BHL1 type is
displayed in the SEM images of Figure 5.33. These patrticles size is, in average, inferior
to 100 um and their shape consists of regular hollow spheres. In general, the surface is

smooth, but has multiple minor punctures dispersed around the structure.
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Figure 5.33 - SEM images of microcapsules mC-BH1.

The patrticle size distribution, according to the data from LDS, matches the
values estimated from microscopy imaging. The curve in Figure 5.34-left shows that
most of the microcapsules follows a unimodal distribution centered at 67 um. A residual
percentage has sizes from 5 to 20 um. The pores sizes, deduced from the differential
curve of the Hg intrusion (Figure 5.34-right), range from 0.1 to 1.0 um. The inter-particle

porosity originates the peak at 30 um.
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Figure 5.34 - Particle size distribution and pore diameter of microcapsules mC-BH1.

mC-BH2 microcapsules

The microcapsules mC-BH2 were synthesized using HEMA together with the
Borax solution standardly applied as a filler in the mC-BS patrticles. The SEM images of
the mC-BH2 microcapsules are presented in Figure 5.35. They show spherical particles
with regular shapes and smooth surfaces, with less punctures than in mC-BHL1 type. The
average size is also inferior to 100 um and the images suggest that these capsules have

inferior sizes to those of mC-BHL1.
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Figure 5.35 - SEM images of microcapsules mC-BH2.

The parameters from mC-BH2 obtained using LDS (Table 5.5) point to a particle
size distribution similar to mC-BH1, except for Dgy which occurs at higher values. The
curve displayed in Figure 5.36-left, with its maximum peak at 76 pum, represents the

obtained volumetric distribution. In Figure 5.36-right, the graph from Hg intrusion has a
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sharp peak at 0.6 um due to intra-particle porosity and a broad band ranging 10-400 um

that corresponds to inter-particle porosity.
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Figure 5.36 - Particle size distribution and Hg intrusion curves of microcapsules mC-BH2.

mC-BH3 microcapsules

The mC-BH3 microcapsules were produced with 40% more volume of water in
the filler solution of Borax and half of the volume of HEMA in the shell, relative to the
other mC-BH patrticles. The resulting capsules were observed using SEM (Figure 5.37),
being characterized by heterogeneous size and shape. There is a large volume of
particles with sizes superior to 200 um and the shape is not a perfect sphere. In addition,
the spongy appearance of the surface makes the mC-BH3 microcapsules resemble the

mC-B4 type.

Figure 5.37 - SEM images of microcapsules mC-BH3
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The curve obtained by LDS shows that the size distribution is almost unimodal
with a maximum at 186 um. There is, however, a small proportion of smaller particles
(Figure 5.38-left). The size parameters of mC-BH3 are presented in Table 5.5. The intra-
particle pores have diameters around 2 um and the inter-particle spaces measure 20-

400 um (Figure 5.38-right).
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Figure 5.38 - Particle size distribution and pore diameter of microcapsules mC-BH3.

The comparison between the particle size distribution curves of microcapsules
mC-S, mC-B1, mC-B3, mC-BH1, mC-BH2 and mC-BH3 is expressed in Figure 5.39, in
the 10-1000 um scale range. Table 5.5 gathers the patrticle size parameters (in volume
percentages) of these microcapsules in terms of median diameter (Dsg), as well as the

particle size range expressed by the 10 % and 90 % percentiles (D10 and Dgo).
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Figure 5.39 - Particle size distribution of various microcapsules. Top: mC-S (standard), mC-B1 (with borax
and additional water in the filler) and mC-B3 (with borax filler and additional PLA in the shell). Bottom: mC-
BH1 (with borax filler and HEMA in the shell), mC-BH2 (with borax and HEMA in the filler) and mC-BH3
(with borax and additional water in the filler and HEMA in the shell).
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As described earlier, the mC-S standard particles have the smallest sizes but
those types with Borax and HEMA which were produced with the standard filler volume
(mC-BH1 and mC-BH2) are both only slightly larger than mC-S. These three types have
also in common the smooth appearance of the surface. The effect of the water volume
of the filler solution is evidenced in the increasing size from mC-BH3 to mC-B1. However,
the factor with the highest influence in the particle size is the amount of PLA that forms
the shell, as occurs with mC-B3 (and mC-B4) that has the double than the others and
corresponds to the largest particle size.

Table 5.5 - Particle size parameters (in volume percentages) of the microcapsules: median diameter (Dso)
and size range expressed in percentiles (D1p and Dgg).

Microcapsules D1o (um) Dso (um) Dgo (um)
mC-S 29 54 90
mC-B1l 88 202 369
mC-B3 60 348 588
mC-BH1 41 73 124
mC-BH2 43 83 179
mC-BH3 87 171 306

Other properties, namely the shell thickness or the surface roughness are also
distinctive. The addition of Borax into the filler has some effect on the disruption of the
surface, probably because of the use of PVA as surfactant. The crosslinking reaction
certainly occurs during the synthesis process, altering the distribution of PVA across the
surface of the microcapsules. The Borax-containing particles mC-B1, mC-B3 and mC-
B4, unlike mC-B2 that has half of the Borax, have very ruffled surfaces. The mC-B4 has
even greater effect (spongy surface) that derives from the additional surfactant. The
addition of HEMA to the shell (mC-BHL1) or to the filler (mC-BH2) of Borax-containing
capsules blocks the disruption of the surface except when the filler volume is augmented
(mC-BHS3). On the other hand, the thickness of the shells is clearly proportional to the

amount of PLA applied in the synthesis process.

The porosity measurements enabled to conclude that the standard
microcapsules are the only type made of closed particles, as obtained by other authors
[161]. The shells of the other types of capsules possess pores of diameters generally

inferior to 10 um.
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The relevance of all these characteristics of the microcapsules is notorious
when they are applied as delivery systems.

5.3.3 Controlled delivery of Borax

Some of the obtained microcapsules were tested for the controlled delivery of
Borax into PVA solutions and into mineral suspensions of hydroxyapatite and barium
sulphate in PVA. The selected capsules were mC-B1 and mC-B3, both with the same
Borax content and large particle size compared to the other particles. The former type
was produced with the double amount of water, thus the concentration of Borax in the
filler was half of the others during the synthesis. However, after the final step of drying
the particles, the only factor that matters is the amount of solute which was the same for
mC-B3. The most relevant difference between the samples was the thickness of the shell
and the roughness of the surface. mC-B1 was thinner and smoother, mC-B3 was thicker
and ruffled. These differences were expected to influence the release of Borax from the

capsules to the surrounding environment, causing a faster gelation with the mC-B1 type.

The applied procedure was very simple. An equal amount of each type of
microcapsules was added to similar volumes of the different PVA solutions and
suspensions. In all the cases, the PVA became crosslinked after a few seconds. This

result was not expected, and it motivated a different test to verify what had happened.

Atomic Absorption Spectroscopy

Microcapsules mC-B1 and mC-B3 were added to a volume of water and left
without stirring for one hour. After this period, the water was collected for analysis using
Atomic Absorption Spectroscopy to detect the sodium from Borax. This time, the results
matched the expectations. From the calibration curve with standard solutions and
adequate dilution of the obtained samples, the concentration of sodium from mC-B1 was
16 mg/l and from mC-B3 it was 4 mg/l. The amount of Borax that passed through the
thinner shell was significantly superior to the other which shell was not only thicker, but
also irregular. These structural factors showed a great influence in the diffusion kinetics

in aqueous environment.

To justify the results of the Borax-containing capsules with the PVA systems, it
should be remembered that in previous experiments, the crosslinking between the

polymer and Borax solutions occurred always very suddenly, even using very low
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concentrations of this molecule. This indicates that the Borax in the capsules is probably
not only inside the shell, but also at the surface, and the contact of even small amounts
of Borax with the surrounding PVA leads immediately to the gelation of the polymer.

Porosity of the PVA-Borax hydrogel with microcapsules

The properties of the microcapsules inspired the idea for a different application
for these particles. In addition to the delivery of molecules as anti-inflammatory drugs,
antibiotics, proteins (BMPs) or other active substances (including cells), the PLA
microcapsules may be used to create porosity inside a biomaterial. Since PLA is
biodegradable, the microcapsules would gradually create voids corresponding to their
original particle size. For bone graft applications, the obtained particle size distribution
(10-400 um) would be adequate for colonization by osteogenic cells. The interconnected
porosity would be another objective to achieve in order to enhance the transport of
nutrients and facilitate angiogenesis. The intra-particle pores of the microcapsules would
also be useful to increase the exchanges between the core and the surrounding

environment.

In order to evaluate the initial porosity due to microcapsules dispersed in a PVA
hydrogel, samples from the tests of Borax release from the particles to the polymer
solution were submitted to Hg intrusion. For instance, a 20 wt% aqueous solution of
PVA98 was mixed with a proportion of mC-B1 microcapsules around 10 % V/V. The
polymer was crosslinked with Borax which was delivered from these microcapsules.
After gelation, the obtained material was dried at 50 °C to allow the use of the Hg
technique. The final shape of the material was cylindrical. Considering that the drying
process of the sample caused total water loss, the obtained material had a significant
dimensional contraction and the microcapsules might have eventually collapsed. Freeze
drying was not an option because it would leave pores in the hydrogel structure that
would mask the effect of the microcapsules. The result of this test is presented in Figure
5.41.
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Figure 5.40 - Pore size distribution of PVA crosslinked with microcapsules mC-B1.

The pores diameters from the PVA98-mC-B1 sample have a wide range of
values. The differential volume curve presents a broad distribution between 0.01 and 10
um, a sharp intense peak at 20 um and another peak around 100 um. The presence of
pores inside the sample indicates that although there was a dimensional contraction, the
microcapsules did not collapse entirely. The larger diameter in the graph is inferior to the
average patrticle size of the particles, but of the same magnitude. On the other hand, the
intrusion of mercury into the core of the particles may be explained by the pores in their
shells. These pores of few micrometers contribute to part of the curve corresponding to
the smaller diameters. The other contributions may be from collapsed capsules or
correspond to the space formerly occupied by the water molecules. The peak at around
20 um remains to explain because it corresponds to a discontinuity in the pores’
distribution. This value is relatively high and there is no reason to attribute it to collapsed
capsules because the initial particle size was unimodal and the procedure applied to

prepare the sample should affect all components evenly.

5.4 Tests with biopolymers

Dextran, starch and carboxymethyl cellulose were some of the biopolymers that
were studied as potential components for the projected composite material. However,
they were discarded after testing the respective crosslinking reactions in the presence

of hydroxyapatite, one of the main components for the mineral phase of the composite.

Among diverse procedures to crosslink this class of biopolymers and obtain an
injectable hydrogel that hardens in situ, the following method is often described in the
literature [39,61,121,125,126,129,137,206]. It was tested with the three mentioned
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polysaccharides, using adipic acid dihidrazide as crosslinker. First, these water-soluble
polymers were oxidized with sodium periodate solution, originating gel precursors with
diverse degrees of functionalized groups consisting of aldehyde moieties. The oxidized
polymers were separated using a dialysis membrane and freeze dried to preserve them
from degradation. Then, appropriate amounts of solutions of adipic acid dihidrazide were
added to the dissolved oxidized polymers. These reactions were also made with
minerals suspensions in the polymeric solutions. The gelation was only observed in the
former cases. Although crosslinking between each of the functionalized biopolymers and
dihydrazide could occur in isolate polymeric systems, the same was not observed in the
presence of minerals. The oxidized polysaccharides were also applied in tests using
collagen and Borax as crosslinkers. The crosslinking should occur between the aldehyde
moieties from the former polymers and the amine groups from collagen, with a
synergistic effect from Borax [126]. The obtained results were equivalent to those with
adipic acid dihidrazide. As soon as hydroxyapatite was added to the system, gelation
did not occur. The addition of mineral particles was performed under diverse conditions,
but none resulted on crosslinked composites and the obtained products did not produce

solid materials.

Chitosan, another polysaccharide, was also tested using a different crosslinking
method. After dissolving chitosan in dilute acetic acid solution and neutralizing the
resulting solution, chitosan could be easily crosslinked with genipin to originate a
hydrogel [39,194,207-209]. However, in the presence of natural hydroxyapatite, the
polymer precipitated immediately originating a flocculated mixture, and the crosslinking
reaction with genipin could not occur. Anyway, since the rapid flocculating effect could
not be avoided, even using low mineral concentrations, the obtained mixture was not
injectable. Being the precipitation of chitosan known to occur at pH superior to 6.2, the
addition of hydroxyapatite particles (of alkaline character) must be very restricted to
obtain a stable suspension. This limitation was not compatible with the projected

composite that requires high mineral content to fill vertebral bone defects.

The intention to prepare interpenetrating networks (IPN) from blending PVA with
the mentioned biopolymers was also unsuccessful in the presence of minerals. The
crosslinking of one, or two polymers, in a binary blend only occurred in systems without

the addition of hydroxyapatite.
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5.5 Conclusions

The selection of a polymer to apply as the organic matrix of a composite
reinforced with hydroxyapatite and barium sulphate was focused in poly(vinyl alcohol)
(PVA) based on its chemical composition and physical properties. Polymers with
different hydrolysis degrees and diverse molecular weight distributions (9000-10000
mol/g for PVA80, 85000-146000 g/mol for PVA96 and 13000-23000 g/mol for PVA98)
were characterized using different techniques.

The preliminary evaluation of the rheologic properties of PVA96 showed that
the aqueous solutions of this polymer have a Newtonian behavior, as well as the
respective suspensions of minerals, hydroxyapatite and barium sulphate, at
concentrations of 20 and 30 wt% relative to the polymer solution at 10 wt%. The
suspensions are stable, without phase separation with time, which indicates that there

is a high affinity between the minerals and the polymer.

The FTIR spectra of the different PVA samples enables their identification
based on the intensity of the characteristic acetate vibrational modes. The bands from
the backbone structure are identical for the three samples, but those from the substituent
groups are more intense in the PVA80 spectrum than in that of PVA98, having
intermediate values in the bands of PVA96. The bands at 1240 and 1730 cmY,
respectively assigned to C-O and C=0 stretching from pending acetate groups, are

those with greater variation.

The NMR spectra of PVA80 and PVA98 reflect the composition of these
polymers and allows to distinguish them based on the chemical shifts from the acetate
groups. These peaks are intense in the spectrum of PVA80 and are not observed in that
of PVA98. In the proton spectra, the peak at 2.0 ppm is attributed to the methyl
hydrogens of acetate and in the carbon-13 spectra, the peaks at 21 ppm and at 180 ppm
are due to the carbon atoms from methyl and carbonyl, respectively. The carbon-13
spectra give also information about the tacticity of both polymers. The triplet centered at
66 ppm indicates slightly different proportions of isotatic (mm), heterotactic (mr) and
syndiotactic (rr) triads for each polymer. The peaks in the 38-45 ppm region reflect the

abundance of acetate groups and their distribution along the backbone.

The DSC-TGA analysis of PVA shows that the glass transition occurs around
50 °C and the melting temperature is approximately 190 °C for PVA80 and 220 °C for
PVA98. This shows that the inter-molecular forces in PVA98 are stronger than in PVA80,

as expected from the better structural packing of the former. The degradation profile of
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PVA occurs in two consecutive steps, starting with the stripping of the side chains (280-
320 °C) and the carbon backbone for higher values (380-480 °C). Regardless the
proportion of acetate groups, the first process causes a mass loss of 70-80 wt% and the
second is inferior to 20 wt%.

The glass transition temperature of PVA98 was determined with higher
accuracy using DMTA. The obtained value, 39.9 °C is inferior to that obtained by DSC.
This difference alerts for the fact that not only the instrumental conditions may influence
the measurement of thermal properties, but also the previous manipulation of the
samples, particularly of polymeric nature. For very accurate results, polymers are usually
submitted to standardized thermal cycles in order to erase the largest effect caused by
temperature variations. After those cycles, the thermal properties converge to more
stable parameters. This kind of treatment was not performed with any of the PVA
samples. Thus, the thermal history of PVA98 certainly reflects the structural
rearrangements associated with sample preparation for DMTA. It was dissolved with
distilled water at 90 °C, then cooled to room temperature and next, it was dried at 50 °C.
XRD may be used to evaluate the influence of these conditions on the structure of
polymers. The diffractogram of PVA98 was obtained using the sample as received, in
powder form, like in DSC-TGA characterization. The diffraction profile corresponds to a
semi-crystalline material, hence the amorphous fraction originates the glass transition

and the crystalline fraction, the melting process revealed in the heat flow curve by DSC.

Other structural details relative to PVA80 and PVA 98 were obtained from the
objective of crosslinking the polymer in acidic medium, using telechelic-PVA as
alternative to conventional di-aldeydes (as glyoxal or glutaraldeyde). The synthesis of
telechelic-PVA starts from the oxidation of vicinal OH groups in the polymer structure. In
order to find the right stoichiometry for the reaction, the number of diol groups in PVA80
and PVA98 were determined by volumetric titration. The estimated number, converted
to molecular weight of each oxidized PVA fragment, tel-PVA80 and tel-PVA98, was
compared with measurements using SEC. This technique was also used to analyze the

as-received polymers and to compare with data from the suppliers.

Despite the SEC values of the molecular weight of the polymers before oxidation
were not coincident with those from the technical data, they corresponded to the
expected range. The experimental value for PVA80 (16.000 g/mol) was higher, and that
for PVA98 (18.000 g/mol) was lower, than the respective described values of 9.000-
10.000 g/mol and 18.000-23.000 g/mol. The value obtained for the oxidized sample of
PVAS8O0, tel-PVA80 with 2800 g/mol, was very close to the estimated from the titration
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(2000 g/mol). For tel-PVA98, the obtained value (2900 g/mol) was also close to that
previously estimated (2200 g/mol). These results indicate that, in average, PVA80 and
PVA98 have a similar distribution of vicinal diol groups along the backbone structure.

The crosslinking reaction at acidic pH of PVA80 with tel-PVA80, and PVA98 with
tel-PVA98, was tested under diverse experimental conditions but, the results did not
correspond to the objectives. The only way to obtain a crosslinked material, insoluble in
water, has been after solvent extraction (by drying or freeze-drying). It was never
possible to obtain a hydrogel with adequate characteristics for this study. Moreover, with
the addition of ceramic particles, hydroxyapatite and barium sulphate, the blended
materials did not show any evolution towards the solidification of the organic
components. The crosslinking reaction may have been stopped by the steric hindrance,

along with the alkaline environment caused by those minerals.

The crosslinking of PVA was also tested in alkaline environment using Borax as
crosslinker. The characterization using FTIR and TGA confirmed the formation of a
crosslinked material. The thermal profile presents significant differences relative to the
original polymer. The degradation of the crosslinked PVA96-Borax occurs in three steps.
After dehydration and pyrolysis of small organic fragments released from the reaction,
the fraction relative to the stripping of lateral groups is around 20 wt%, much inferior to
the 70-80 wt% from the non-crosslinked polymer. The last step leads to a greater mass
loss, around 50 wt% compared with 15 wt%, at higher temperatures than the original
polymer, which may be justified by the backbone structure having its lateral groups linked
to borate. The problem with this method to crosslink PVA with Borax is that the reaction
occurs too fast, even in the presence of mineral particles of hydroxyapatite suspended

in the polymer solution.

The use of microcapsules produced with poly(lactic acid) (PLA) filled with an
aqueous solution of Borax was tested as a strategy to control the kinetics of the
crosslinking reaction between PLA and borate. A series of microcapsules were produced
using the w/o/w methodology with different proportions of reagents. The capsules were
characterized regarding particle size distribution, microstructure and porosity. The
obtained standard PLA microcapsules (mC-S), unfilled, have perfect spherical shape
with size distribution around 56 um, and a smooth continuous surface without pores
across the shell. Similar capsules containing a reference amount of Borax were taken
as the standard for the filled ones (mC-BS). These present slightly larger sizes, spherical
bur irregular shape, pores across the shell and smooth surface with collision marks. Four
variations from these were obtained (mC-B1, mC-B2, mC-B3 and mC-B4), whether by

using, respectively, the double volume of water of the Borax solution, half of the
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surfactant (PVA), the double PLA, or the double PLA and double PVA simultaneously.
All these particles are hollow and possess pores across the shell. The porosity and the
irregularities at the surface may derive from the disruption caused by the reaction
between Borax and PVA, the surfactant. The particle size distribution, as well as the
surface roughness, are dependent of the water volume, as observed in capsules mC-B1
that measure around 224 um and have a ruffled appearance. This increase of the water
volume probably expands the pores for diameters around 5 pum, but maintains the
thickness of the shell relative to mC-BS. The decrease of the surfactant, while the other
components are constant, has little effect on the mC-B2 patrticles. On the other hand,
the increase in the amount of PLA, both in mC-B3 and mC-B4, cause a significant
augment in the particle size (reaching 400 um) with is more notorious in the latter case
due to the additional surfactant of the surface. The thickness of the shell is also

increased, and the surface becomes even rougher, with a spongy appearance.

An identical procedure was applied in the synthesis of microcapsules filled with
Borax and HEMA. The addition of HEMA to the shell (mC-BH1) or to the filler (mC-BH2)
of Borax-containing capsules originates capsules of particle size distributions close to
the standard mC-BS. The appearance of the surface is smooth, suggesting that HEMA
blocks the effect of Borax over the surfactant PVA, except when the filler volume is
augmented (mC-BH3), giving a spongy appearance to the particles. The pores of this

series of mC-BH microcapsules have smaller dimensions than those without HEMA.

The role of the structural properties of some of the Borax-containing microcapsules
was tested in crosslinking tests of PVA suspensions with hydroxyapatite. Since the
gelation occurred too fast, the kinetics of delivery was tested with the simplest possible
method. It showed, as expected, that capsules with the double thickness and irregular

surface can deliver one fourth of Borax to the surrounding environment.

The acquired experience in the synthesis of microcapsules enables to
manipulate features as size, porosity, thickness and roughness to obtain tailored
materials with a predictable behavior. Although the results retrieved from the application
of microcapsules did not match the objectives relative to the crosslinking of PVA with
Borax, these capsules may be used to deliver other molecules in a controlled way. That
is the case of HEMA, a reagent of interest in this study. The application of Borax-
containing capsules that possess HEMA in the core, or in the shell, may be used mostly

because of the HEMA content and structural properties, not because of Borax.

The microcapsules may also serve the purpose of creating porosity inside a

material, for instance, inside the bone graft composite of this work. Being composed of
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a biodegradable polymer that decomposes into non-toxic components and having
appropriate dimensions to cell colonization, the obtained microcapsules have potential
to enhance some of the conditions that influence osteogenesis.

To conclude, the polymeric components which were selected to proceed have
been PVA80 and PVA98, being PVA96 removed from the experimental plans. Since the
selected polymers have approximate molecular weights, the hydrolysis degree is the
main variable that may influence the properties of the composite matrix. The PLA
microcapsules (with or without Borax and HEMA) were also selected to create porosity

and eventually to deliver specific molecules to the composite matrix.
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6 Synthesis and characterization
of an Injectable In situ
solidifying composite for bone
repair
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6.1 Introduction

The present chapter describes the experimental research work leading to the
synthesis of an injectable material able to solidify in situ, for vertebral repair through the
surgical procedure of kyphoplasty. The research included the objective to obtain a new
material possessing many properties of natural bone after solidification.

The multiple requirements for such material determined the preliminary
selection of bone-derived hydroxyapatite (HA) and barium sulphate to constitute the
mineral phase of the composite. The former was selected to mimic the composition of
natural bone and the latter, to provide radiocontrast during surgery. Carbonated
hydroxyapatite obtained from bovine bone calcined at 600 °C (HABov 600), was
considered as the most adequate for bone grafting. However, this study also included
non-carbonated hydroxyapatite from bovine bone calcined at 900 °C (HABov 900) and
equivalent minerals of synthetic origin (Calcibon and Inbone, respectively). These other
minerals were included to evaluate alternatives for HABov 600, if needed.

The main organic component selected for the composite matrix, which
compares with collagen in natural bone, has been poly (vinyl alcohol) (PVA). The
selection of polymers with different hydrolysis degrees (80% in PVA80 and 98% in
PVA98) enabled to evaluate the effect of acetate content in the properties of studied
materials. One of the reasons for the choice of PVA was related to its affinity with the
minerals that were mandatory in this study. The aqueous solutions of PVA provided
appropriate support to high concentrations of the minerals in particle form, being
obtained homogeneous suspensions able to be injected without phase separation.

The other type of organic component that was decided to test has been the
microcapsules made of poly (acid lactic) (PLA). These could be used not only as
conventional drugs delivery devices for antibiotics or many other products, but as a
source of porosity as well. The PLA microcapsules could be synthesized to meet
adequate structural properties for the different purposes. However, the microcapsules
should only be included in the composite after finding an effective formulation.

The most concerning issue with the chosen starting materials has been the
difficulty to find a way to crosslink the polymer suspension, or solidify it by other means,
under diverse specific conditions that could not be altered. These conditions include
chemical and physical properties of the reagents, but also to conditions related to the
method and site of application.

The strategy to solve this problem required extensive investigation that was
much more based in new practical experiments than in replicating procedures from the
literature. Naturally, previous works from different fields provided important guidelines to

follow. More frequently, however, the literature was more useful in assisting the
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interpretation of the results than to inspire what to do. Overall, most of the advances in
this research resulted from trial and error sequences that acted as a matrix of decisions.
The results reported hereafter reflect the studies that allowed to reach the objectives of
this research. The sequence of chemical reactions with new reagents that were
successively introduced originated a series of intermediate products difficult to
characterize despite the use of diverse techniques. This was because the chemical
alterations were masked by the major components involved in the synthesis of the
composites. The interpretation of many of intermediate results required the comparative
analysis of the final products (at the end of the synthesis path), to look backwards for
explanations.

After many different attempts to find suitable reagents to obtain an injectable
composite with all the properties already described, a new idea turned this investigation
to a new direction. The new approach was based on the synthesis of an interpenetrating
network (IPN) by addition of gelatin (from hydrolysis of collagen) to the PVA suspension
with minerals, and crosslink the protein using a carbodiimide (CDI). The use of
carbodiimides as crosslinkers between the carboxylic and the amine groups of adjacent
molecules, with formation of new amide bonds, is a conventional method widely applied
in biochemistry [126,192,210-212]. Although the most logical procedure would be to add
the CDI crosslinker to all the other mixed reagents, the applied procedure has been
different. The carbodiimide was added to the polymer solution, before the hydroxyapatite
and the hydrolyzed collagen. Surprisingly, the addition of the HA minerals to the PVA
solution with CDI evidenced the existence of a chemical reaction because there were
gas bubbles emerging from the suspension. This observation, combined with
subsequent achievements (described latter in this document), motivated a new starting
point for this research.

The main steps of the new synthesis method involved the following procedures:
1- Reaction of PVA with a carbodiimide (CDI) to obtain PVA-CDI

2- Reaction of PVA-CDI with hydroxyapatite (HA) to obtain PVA-CDI-HA
3- Reaction of PVA-CDI-HA mixed with BaSO4, K2Ss02, HEMA and hydrolyzed collagen

These procedures were performed under different experimental conditions
regarding preliminary reagents preparation, order of addition and environment, since the
intermediate materials must be combined to originate a solid material at body
temperature, inside a closed space. To monitor the whole process, the applied
techniques have been NMR (solution and solid-state CP-MAS; proton and carbon-13),
FTIR, LDS, XRD, DSC.TGA, DMTA, SEM and optic microscopy. The most promising

samples were tested regarding swelling, degradation in PBS; biocompatibility and
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hemocompatibility. As mentioned, there are many experimental results that do not
provide evidences of the applied procedures in virtue of the masking effect mostly from
the minerals. Thus, the inclusion of all that information is not needed nor would be
important to analyze in detail. The most significant results that enable the detection of
chemical or physical alterations are presented in this chapter.

6.2 PVA reaction with CDI
6.2.1 Procedure

The synthesis procedure of the composite started from the chemical reaction
between PVA (PVA80 and PVA98) and a biocompatible water-soluble carbodiimide (N-

cyclohexyl-N"-(2-morpholinoethyl) carbodiimide methyl-p-toluenesulfonate; CDI).

Stock solutions of PVA-CDI

The stock solutions of PVA-CDI were prepared as follows: aqueous solutions of
PVA80 and PVA98 were prepared with a concentration of 20 wt% (around 0.01 M and
0.005 M, respectively) and CDI with a concentration of 0.05 M. To each volume of 20 ml
of PVA, the amount of added CDI solution was 3 ml. The mixed solutions (PVA and CDI)
were stirred at room temperature during 48 to 96 hours. The obtained samples are
named as 20PVA80-3CDI and 20PVA98-3CDI to describe the composition (20 wt% PVA
and 0.05 M CDI) and volume proportion (20:3) of the reagents.

The diverse PVA-CDI samples and the respective reagents were analyzed
using FTIR (Figure 6.1 and 6.2) and NMR (Figures 6.3 — 6.6) spectroscopies. These
techniques required the previous drying of aliquots from both solutions, not only to enable
the solutes detection by FTIR, but also replace the ordinary distilled water by deuterated
water for NMR.

6.2.2 Characterization

FTIR

The vibrational spectrum of 20PVA80-3CDI is compared with the spectrum of
PVA8O, the starting polymer, and with the spectrum of water (Figure 6.1). The spectra
from both polymeric samples are almost coincident, being the relative intensity of the
PVA-CDI bands systematically more intense than those from PVA, except in the 3000-
4000 cm™ region where the relative intensity is inverse. The main differences between
the spectra are observed at the typical wavenumbers for H-O-H bending (1642 cm™) and

OH stretching (broad band at 3000-4000 cm™) modes of the water molecules. In the
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spectrum of PVA-CDI, the band at 1642 cm™ is clearly originated from remaining water
molecules entrapped in the sample that was dried before analysis. It should be expected
to find the same tendency at 3000-4000 cm™. However, the broad band from OH
stretching has lower intensity than the PVA spectrum. This indicates that there are less
OH groups linked to the backbone of the polymer in PVA-CDI, as a result from the
reaction between PVA and CDI.

—— PVA80
—— 20PVA80-3CDI
—H20

Intensity (a.u.)

T T T T T T —
500 1000 1500 2000 2500 3000 3500 4000

Wavenumber (cm™)

Figure 6.1 — FTIR spectra of PVA80, 20PVA80-3CDI and water.

The spectra of 20PVA98-3CDI and of PVA98 presented in Figure 6.2 provide
less information. The ratio between the intensity of all bands of PVA-CDI/PVA is 3 and
there is only a single new band in the PVA-CDI spectrum. That is the band at 1642 cm*
from the water molecules that remained in the dried sample. Thus, in this case, the

results do not evidence molecular changes in PVA98 due to the reaction with CDI.

| —— PVA98
\ /\ ——— 20PVA98-3CDI

Intensity (a.u.)
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Figure 6.2 — FTIR spectra of PVA98 and 20PVA98-3CDI.
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NMR

Proton and *C NMR spectroscopy was used to characterize the carbodiimide
CDI, 20PVAS80-3CDI and 20PVA98-3CDI, all dissolved in D0 at adequate
concentrations (around 20 mg/ml for *H spectra and 60 mg/ml for *C spectra). The
spectra were registered at 25 °C and are presented in Figures 6.3-6.4 (proton-NMR) and
in Figures 6.5-6.7 (carbon13-NMR). Both spectra from CDI are not attributed because
they are not relevant for the discussion of the other spectra, except for observation of
the presence or absence of peaks.

The proton-NMR spectrum of the PVA-CDI samples are compared in Figure
6.3. Both the spectrum of 20PVA80-3CDI and that of 20PVA98-3CDI are coincident with
the spectra of the starting polymers PVA80 and PVA98 (Figure 5.5; Chapter 5), except
regarding the appearance of a new intense peak at 2.15 ppm. This peak is not from the
carbodiimide (Figure 6.4) because there are no signals from the free reagent in the PVA-
CDI spectra. As described in Chapter 5, in both spectra, the peaks at 2.0 ppm are
attributed to methyl groups mostly from the acetate substituents. The terminal methyl
groups of the polymer also contribute to this peak. The chemical shift at 2.15 ppm, the
only new peak, may derive from the formation of a new bond, with hydrogen atoms less

shielded than those from methyl groups of the pending acetates.

20PVAB80 - 3CDI l

20PVA98 - 3CDI

27 26 25 2.
1 (ppm)

Figure 6.3 — Proton-NMR spectra of 20PVA80-3CDI and 20PVA98-3CDI. The arrow points to a new peak
relative to the spectra of PVA80 and PVA98 before reaction with CDI.
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Figure 6.4 - Proton-NMR spectrum of CDI.

As for the carbon-13 NMR results, the spectra from 20PVA80-3CDI and
20PVA98-3CDI are displayed in Figures 6.5 (full scale) and 6.6 (22-70 ppm). In these
spectra, the peak from carbonyl (typically around 180 ppm) is not observed and both

present peaks at four different regions in the range 0-70 ppm.

20PVAB8O - 3CDI

L

20PVA98 - 3CDI

20 110 100
1 (ppm)

Figure 6.5— Carbon13-NMR spectra of 20PVA80-3CDI and 20PVA98-3CDI.

Compared to the 3C spectra of PVA80 and PVA98 (Figures 5.6 and 5.7;
Chapter 5), the triplet around 66 ppm assigned to methine (-CH-) carbon and the
multiplet around 44 ppm assigned to methylene carbon (-CHa-) also occur in both spectra
of PVA-CDI, with some differences in the relative intensity of the peaks that may be
related to the tacticity of the polymers. Moreover, there is a new peak around 30 ppm in
both spectra of PVA-CDI, and the peak at 23 ppm seems shifted from that at 21 ppm

(assigned to methyl carbon) in the spectra of the original polymers. Finally, the low
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intensity peaks associated to acetate groups of PVA80 (at 38 and 42 ppm) are no longer
observed in the spectrum of 20PVA80-3CDI. The peaks from the CDI spectrum (Figure
6.7) are also absent in the spectra of both PVA-CDI samples, indicating that the
concentration of free carbodiimide is not enough to be detected.

20PVAB80 - 3CDI

20PVA98 - 3CDI

s 46 44
1 (ppm)

Figure 6.6 - Carbon13-NMR spectra of 20PVA80-3CDI and 20PVA98-3CDI.
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Figure 6.7 — Carbon13-NMR spectrum of CDI.

The results obtained with carbon13-NMR suggest that the reaction of PVA with
CDI originates the loss of the acetate groups in both polymers because the respective
typical peaks (at 180, 42 and 38 ppm) are not observed. On the other hand, the new
peak at 30 ppm may derive from a new bond with carbon atoms in a chemical
environment that provides a shieling effect intermediate between those of CHz and CH..

Combining 'H and *3C spectra, the hypothesis that the reaction between PVA
and CDI lead to the loss of acetate is not confirmed. The results are contradictory. The

proton peaks from methyl groups of acetate remain in the spectra, whereas the
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respective peaks from carbon disappear after the reaction. Nonetheless, both techniques
agree regarding the formation of a new chemical bond because of new peaks in all the
NMR spectra, that are not from free carbodiimide. The hypothesis of a chemical reaction
can be explained by the effect of activation of the hydroxide groups of PVA through the
carbodiimide [211][, but the mechanism can not be deduced from the obtained results.

Since the spectral results could not elucidate about the interaction between PVA
and CDI, further investigations were preformed to confirm if there was a chemical
reaction between PVA and CDI. This research focused the next stage of the synthetic
pathway by analyzing the effect of the complex PVA-CDI over hydroxyapatite.

6.3 PVA-CDI reaction with hydroxyapatite

The following stage in the synthesis procedure involves the addition of
hydroxyapatite to the solution of PVA, after its reaction with CDI for 48-96 hours.

The variables which were studied in this reaction have been the hydrolysis
degree of PVA and the chemical composition of the apatite minerals. The selected
polymers were PVA80 and PVA98. The minerals of natural origin were HABov600 and
HABov900, and those of synthetic origin were Calcibon and Inbone, providing
carbonated and non-carbonated hydroxyapatite for the reaction with 20PVA80-3CDI and
20PVA98-3CDI, previously prepared.

From this point forward, all the samples of PVA-CDI type are aliquots weighting
3.0 g from stock solutions composed of 20 ml aqueous solutions of PVA80 or PVA98

with a concentration of 20 wt%, mixed with 3 ml CDI with a 0.05 M concentration.

6.3.1 Bone-derived carbonated and non-carbonated hydroxyapatite
6.3.1.1 Procedure

The preliminary tests involved the addition of 0.6 g of bone-derived
hydroxyapatite to the PVA solutions, and to the PVA-CDI solutions. Each polymeric
sample composition was composed of 3.0 g of aqueous solutions of PVA80 or PVA98
with a concentration of 20 wt%, or 3.0 g of 20PVA80-3CDI and 20PVA98-3CDI
previously prepared.

The reaction between PVA-CDI and bone-derived hydroxyapatite (with and
without carbonate content) is evidenced by some gas release from the samples, as
shown in Figure 6.8. The mineral suspensions in PVA80 and PVA98 aqueous solutions

(Figure 6.8-left) are homogeneous viscous fluids with no signs of chemical reactions,
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whereas the appearance of hydroxyapatite suspensions in 20PVA80-3CDI and
20PVA98-3CDI (Figure 6.8-right) suggests the reactivity of the components involved.

Figure 6.8 — Suspensions of HABov600 and HABov900 in aqueous solutions of PVA80 and PVA98 (left),
and in aqueous solutions of 20PVA80-3CDI and 20PVA98-3CDI (right). In both cases, the top row
corresponds to carbonated hydroxyapatite, and the bottom row, to non-carbonated hydroxyapatite.

In order to investigate if PVA had reacted with CDI and the resulting complex
(PVA-CDI) was needed to originate a reaction with hydroxyapatite, a series of
comparative tests schematically represented in Figure 6.9 were performed.

Hydrolyzed collagen was used is some of those experiments to test if CDI
carbodiimide would react with PVA in the presence of the protein. Since collagen is
insoluble in water, it required a hydrolysis process to obtain soluble collagen-derived

proteins (gelatin) [213—-215], enabling its addition to the solutions of PVA.

Stock solutions of hydrolyzed collagen
The applied procedure was replicated at latter stages of this work, being
obtained stock solutions to be consumed in diverse experiments. The hydrolysis of 100
mg of collagen was made in 10 ml HCI 0.1 M and in 10 ml NaOH 0.1 M environment,
originating gelatin type A (acid hydrolysis) or gelatin type B (alkaline hydrolysis),
respectively. Then, the ionized gelatin samples were neutralized with the opposite

reagents.

Diagram of Figure 6.9 represents a series of experiments involving PVA (PVA80
and PVA98), CDI, hydrolyzed collagen (type A and type B) and hydroxyapatite
(HABov600 and HABov900). From left to right, it displays the sequence of reagents that
were added to PVA solutions, and the time period of each process. The symbols for
collagen and for hydroxyapatite represent two variables each.

In all cases, the used quantities were 3.0 ml of PVA80 solution 20 wt% in water,
3.0 ml of PVA98 solution 20 wt% in water, 450 ul of CDI 0.05 M, 500 ul of hydrolyzed
collagen type A, 500 ul of hydrolyzed collagen type B, 0.6 g HABov600 and 0.6 g
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HABov900. The outcome of each trial is marked as positive with a V, and negative with
a X, relative to the observation of gas release.

The first three rows of the diagram are related to the use of PVA80, and the next
three to PVA98. The explanations for the second group case are equivalent to the first
one.

First row — This row represents two sequences of tests because hydroxyapatite
corresponds to two variables. Two solutions of PVA80 were mixed with CDI for 48-96
hours. Next, the addition of HABov600 and HABov900 to each previous solution led both
to gas release, the visible sign of a chemical reaction. The gas release started a few
hours after the addition of the minerals and continued to be observed for around 48
hours.

Second row — This row represents four experiments because hydrolyzed
collagen corresponds to two variables and hydroxyapatite also corresponds to two
variables. Thus, the starting samples were four solutions of PVA80. Each PVAS80 solution
was mixed with CDI and with hydrolyzed collagen (type A and type B), being these
compositions mixed for 48-96 hours. Next, HABov600 was added to the two different
solutions, as well as HABov900 which was also added to the other two solutions. The
addition of hydroxyapatite led to gas release in all four samples, the visible sign of a
chemical reaction.

Third row — This row represents two experiments. In one of the tests, PVA80
was blended with HABov600 and in another test, with HABov900. Both were mixed for
48-96 hours. Next, the addition of CDI to each solution did not originate any gas release.
This indicates that no chemical reaction occurred.

In the next rows, the observations were equivalent using PVA98 as the starting

polymer.
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Figure 6.9 — Diagram representing sequences of addition of reagents (CDI, hydrolyzed collagen type A and
type B, and natural hydroxyapatite HABov600 and HABov900) to PVA80 and PVA98. The outcome is gas
release (V) or no reaction (X).
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The obtained results show that the gas release only occurs when hydroxyapatite
is added to a solution of PVA mixed with CDI for a certain time period. The presence of
a small volume of hydrolyzed collagen in the solutions of PVA with CDI does not interfere.
These tests also show that the addition of CDI to the suspensions of HA in PVA solutions
has a different effect. In this case, the gas release does not occur. This may be explained
by the large proportion of mineral particles in the suspension (0.6 g HA: 3.0 g PVA) that
prevent the contact between PVA and CDI.

These observations suggest that PVA effectively reacts with CDI, and the PVA-
CDI complex is necessary to originate a chemical reaction with bone-derived
hydroxyapatite, whether containing carbonate or not. The source of the released gas is
a question of debate because it has happened with the two types of mineral (carbonated
and non-carbonated), as well as with PVA polymers having different acetate content.

The result of that chemical reaction would be a material of type PVA-CDI-HA,

corresponding to a hybrid organo-ceramic new product.
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6.3.1.2 Characterization
Bone-derived carbonated hydroxyapatite

SEM

The samples showed in Figure 6.8 were dried and observed using SEM
microscopy. The images displayed in Figure 6.10 correspond to the HABov600
suspensions in PVA98, and the images in Figure 6.11 correspond to suspensions of the
same HABov600 minerals in 20PVA98-3CDI.

The suspension of HABov600 in PVA98 (Figure 6.10) has a heterogeneous
appearance since the mineral particles present a broad particle size distribution. At a
magnification of 350x, there are many particles with large dimensions (some particles
reach around 50 pum) surrounded with smaller ones. Increasing the magnification to
7500x, the smaller particles sizes are inferior to 1 um and their distribution in the material
is not continuous. These particles are surrounded by the polymeric matrix which can be

observed separately from the minerals.

Figure 6.10 — Suspension of HABov600 in PVA98.

The suspension of HABov600 in 20PVA98-3CDI (Figure 6.11) has a
homogeneous appearance, with the mineral particles having similar sizes and being
evenly distributed in the polymeric matrix. At a magnification of 500x, the particles have
similar dimensions, being necessary to apply higher magnifications (7500x) to measure
their approximate size, inferior to 1 um. In this sample, the polymer matrix is not observed
alone, separated from the particles. The polymer surrounds each particle, as a coating

material.
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Figure 6.11 - Suspension of HABov600 in 20PVA98-3CDI.

The differences observed in SEM images show that the polymeric matrix
composition influences the particle size distribution of the hydroxyapatite particles. The
mineral suspensions in PVA-CDI type of matrix present systematically sharper

distributions of particles sizes, with smaller particles than in PVA matrix.

LDS

The patrticle size distribution of hydroxyapatite suspensions in diverse solutions
of potential reagents (Figure 6.12) was examined to investigate the results obtained so
far, to understand the observations at macro and micro scales of the effect of PVA-CDI
in the size of the mineral particles.

Starting with natural carbonated hydroxyapatite (HABov600), 0.6 g of
hydroxyapatite was dispersed in 3.0 g of water (reference sample) and it was mixed with
3.0 g aqueous solutions of PVA80 (20 wt%), 20PVA80-3CDI, PVA98 (20 wt%),
20PVA98-3CDlI, CDI (450 pl 0.05 M in 3 ml of water) and urea (450 ul 0.05 M in 3 ml of
water). These compositions were selected to compare, in equivalent conditions, the
influence of the PVA polymers (before and after the possible reaction with CDI). The
introduction of urea, in this study, was motivated by its known effect on tailoring the
particle size of some minerals and also as a linker between hydroxyapatite and organic

molecules [33,216—-218]. The period of mixture was 48 hours.
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Figure 6.12 — Particle size distribution of natural carbonated hydroxyapatite (HABov600) after 48 hours in
water and in aqueous solutions of PVA80, 20PVA80-3CDI, PVA98, 20PVA98-3CDI, CDI and urea.

The graphs of Figure 6.12 represent the particle size distribution of the
HABov600 sample in diverse media.

The reference sample (first row) presents a near bi-modal distribution, with
particles in the whole range from 0.4 um to 300 um. The distribution curve presents its
maximum in the 60-200 um range, indicating that most particles measure around 130
um. Lower sizes around 0.2-0.2 um and around 20-30 um constitute also a significant
part of the sample.

The second row represents the mineral particles suspended in PVA80 and in
20PVA80-3CDI. Using the original PVA80 polymer, the shape of the distribution curve is
very similar to that obtained with just water. However, the range of particle sizes is
narrower, from 0.3 um to 200 um, with maximum at 60-80 um. The profile obtained with
the PVA-CDI solution is a gaussian curve ranging from 0.1 um to 20 um, with maximum
at 4 um. These results show the influence of PVA-CDI on the significant decrease of
HABov600 particles size relative to the PVA, suggesting that it derives from the action of
CDlI.

The third row displays the distribution curves of HABov600 suspended in PVA98
and in 20PVA98-3CDI. The global shape of the distribution curve relative to PVA98 is
also similar to the reference sample, but the values are shifted to the range from 0.3 um
to 100 um, with maximum at around 40 um. Using the PVA-CDI solution, the size
distribution of the mineral particles is represented by a gaussian centered at 3 um, in the

0.3 um to 200 um range. The average particle size of the mineral decreases in the
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presence of PVA-CDI, relative to PVA alone. The shift to lower sizes observed in the
distribution curve of the hydroxyapatite particles is probably related to the CDI
component.

The fourth row presents the results obtained with HABov600 suspensions in
CDI and in urea solutions. Both distribution curves range from 0.3 um to 10 um, although
that relative to urea medium also denotes a small proportion of minerals with 10-30 um.
These two resembling distribution curves, with maxima at 2 um, demonstrate that CDI
and urea originate a significant particle size decrease of HABov600 relative to the
reference sample.

This set of results obtained with LDS enables to corroborate the size values of
HABov600 particles that were estimated using SEM. Moreover, these results evidence
that carbodiimide CDI is effectively involved in the decrease of particle size of bone-

derived carbonated hydroxyapatite.

The conjunction of the analyzed data from spectroscopic techniques (FTIR, H-
NMR, ¥C-NMR and LDS) and SEM imaging confirm that there are chemical reactions
involved in the two first steps of the composite synthesis. Thus, the materials obtained
at this stage were submitted to further analysis to try to characterize them chemically.
These materials, generically of type PVA-CDI-HA, were analyzed with DSC-TGA, DMTA,
FTIR and XRD. These techniques did not provide helpful results because the high
content of hydroxyapatite (0.6 g HA in 3.0 g of PVA-CDI) in the materials superimposes
its signals over the others, and the chemical changes from the reactions are barely
detected. Nevertheless, some results from FTIR and XRD are presented to exemplify
the situation.

As for the physical characterization regarding particle size, the materials
containing HABov600 correspond to results already presented. The other types of
hydroxyapatite will be discussed after concluding the analysis of FTIR and XRD results

concerning that bone-derived carbonated mineral.

FTIR
Infrared vibrational spectroscopy was applied to investigate the chemical
composition of materials type PVA-CDI-HA, namely the composition represented by
20PVA80-3CDI-HA. Figure 6.13 illustrates its spectrum, together with those from CDI,
20PVA80-3CDI and HA-Bov600, the components involved in the synthesis of PVA-CDI-
HA. The detailed analysis of HABov600 and PVA-CDI spectra have been presented

before and that of CDI could be analyzed here to discuss the result of the resulting
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material. However, the features of the PVA-CDI-HA spectrum only reveal an additive
effect of the polymeric component with the mineral phase which bands have higher
relative intensity. In the range 500-2000 cm™, the most intense bands are coincident with
those from HABov600 (phosphate bending in 500-650 cm™*; phosphate stretching around
1090 cm™) and the less intense bands are coincident with those from PVA-CDI (as C=0
stretching band around 1700 cm™). In a qualitative way, it can be stated that PVA-CDI-
HA is less crystalline than the mineral HA alone, as deduced from the larger width of the
bands, particularly those assigned to phosphate stretching modes. In the 2000-4000 cm-
!, the bands in PVA-CDI-HA result from the contribution of PVA-CDI. The bands from
CDI are not detected in the spectra of both materials that contain this reagent.

20PVA80-3CDI-HA Bov 600
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Figure 6.13 - FTIR spectra of 20PVA80-3CDI-HA, HA-Bov600, 20PVA80-3CDI and CDI.

An equivalent analysis regarding other combinations of variables resulting in
20PVA98-3CDI-HABov600, 20PVA80-3CDI-HA900, 20PVA98-3CDI-HA900 was also
made, with a similar outcome. FTIR spectra were parallel to those of Figure 6.13.
Additional tests replacing bone-derived hydroxyapatite with synthetic minerals
(carbonated and non-carbonated) originated materials equivalent to the former ones.
The obtained spectra, as expected, revealed high intensity of the bands from the
minerals, overlapping the contribution of the organic components. Due to this fact, the
FTIR analysis of type PVA-CDI-HA materials is inconclusive and the respective spectra

are excluded from this report.
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XRD

X-ray diffraction spectroscopy was used with the purpose of investigating the
changes in the mineral components of samples of type PVA-CDI-HA. The use of this
technique could be promising because of the high mineral content of these compositions.

Diverse samples of type PVA-CDI-HA, using polymer hydrolysis degree and
mineral composition as variables, were analyzed.

The diffractograms of the suspensions in PVA-CDI were coincident with those
of the individual minerals without polymers attached, except for the broader width of the
peaks, lower signal-to-noise ratio and irregular baseline. Since the diffractograms did not
contain new relevant information, they were excluded from this report. Despite this
setback, this technique was still applied to investigate the effect of CDI and of urea on
the hydroxyapatite composition. The selected samples were those from the LDS
experiments.

The HABov600 samples mixed with CDI and with urea from the LDS tests were
dried and submitted to XRD spectroscopy. The purpose of using XRD is to ascertain if
there was a chemical reaction with formation of different molecules, or a physical
interaction leading to the progressive dissolution of the mineral samples. The reference
samples are the original mineral particles.

The diffractograms relative to the addition of CDI to HABov600 are presented
in Figure 6.14 and those concerning the addition of urea, in Figure 6.15. In both cases,
the peaks of the diffractograms of HABov600 are assigned to hydroxyapatite minerals
according to the reference ICDD data file n°® 84-1998. This has been discussed in
Chapter 4, about XRD of diverse bone-derived samples (Figure 4.13).

The diffraction pattern of HA-CDI is almost coincident with that of the reference
HA, but two differences occur in the 28°-42° range (Figure 6.14) where the peaks at 30.1,
32.8,33.7,37.0,37.5, 38.4 and 39.7° are respectively assigned to the (002), (102), (210),
(211), (112), (300) and (202) Miller plans of hydroxyapatite. After interaction with CDI,
the peak from to the (002) Miller plan occurs at 20=30.0°, slightly shifted from that at
30.1°, and there is a new diffraction peak at 39.2° relative to the reference. Whereas the
shift of the former peak suggests a difference in the crystal lattice of HABov600, the latter
peak is more difficult to interpret. Since the carbodiimide that was used does not have a
standard ICDD data file to compare to, the doubt about the new peak remains. It can be

caused by free CDI, or from a crystal change in the apatite sample.
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Figure 6.14 — Diffractograms of HABov600 and HABov600-CDI. The arrow points to the differences between

the samples.

The diffractograms relative to the interaction between HABov600 and urea are
displayed in Figure 6.15, in the range 24°-64°. Compared to the reference sample, the
pattern of HA-urea has three additional peaks. According to the ICDD 83-1436 data file
of urea, these peaks at 25.9, 28.7 and 34.2 derive fromthe (110), (1 01)and (11 1)
miller plans of urea, respectively. The position of the peaks and the relative intensity
match the most relevant diffraction peaks of urea. The fact that no other difference is
observed in the diffractogram of HABov600 suggests that the mineral structure was not

affected by the addition of urea, being the additional peaks originated by free urea in the
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Figure 6.15- Diffractograms of HABov600 and HABov600-Urea. The arrow points to the differences between

the samples.
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Bone-derived non-carbonated hydroxyapatite
The research made with HABov600 was replicated with non-carbonated
hydroxyapatite, HABov900. The most relevant results are those concerning particle size

measurements using the same experimental conditions as described before.

LDS

The particle size distribution curves obtained with HABov900 dispersed in water,
in solutions of PVA80, 20PVA80-3CDI, PVA98 and CDI are shown in Figure 6.16.

The bi-modal profile of the distribution curve relative to HABov900 in water is
identical to its analogous carbonated sample, but the largest patrticle sizes are shifted to
smaller values (from around 130 um in HABov600 to 20 um in HABov900). This may
derive from the preliminary procedure to obtain hydroxyapatite from bone. The
calcination at 900 °C increases the brittleness of the mineral, originating smaller particles
for the same milling conditions. The sieving mesh was the same for both samples. The
total range of sizes for the HABov900 particles is from 0.1 um to 50 um. The maximum
of the corresponding curve occurs around 20 um and the other intense region is around
3 um.

The suspensions of HABov900 in the diverse polymer solutions, according to the
obtained LDS profiles, generally maintain the dimensions of the mineral particles and the
total range observed with the reference sample. There are few differences to report.
Some agglomeration may explain the detection the larger particles in PVA98 and in CDI
solutions. The only different curve is relative to PVA80 that presents inverted relative
intensities at 20 um and at 1 um. This profile is unexpected, but it can derive from the

analysis of an aliquot that did not represent the whole sample.

HA Bov 900

—— PVA80
---- PVA80-CDI

—— PVAQ8

Diferential Volume (a.u.)

—— CDI

T T 1
0,1 1 10 100 1000
Particle size (um)

Figure 6.16 - Particle size distribution of natural non-carbonated hydroxyapatite (HABov 900) after 48 hours
in water and in aqueous solutions of PVA80, 20PVA80-3CDI, PVA98 and CDI.
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Globally, these LDS results show that particle sizes of non-carbonated bone-
derived hydroxyapatite is not affected by the presence of CDI in the dispersive medium.

6.3.2 Synthetic carbonated and non-carbonated hydroxyapatite
6.3.2.1 Procedure

Calcibon and Inbone, both commercial synthetic hydroxyapatite samples, were
also studied following the same methodology applied to the natural minerals. Calcibon
is composed of carbonated hydroxyapatite and Inbone, non-carbonated hydroxyapatite.
These minerals were also applied to react with PVA-CDI, namely with 20PVA80-3CDI
and 20PVA98-3CDI. The visual appearance of the respective suspensions corresponds
to a stable viscous fluid, without any gas release at the surface. So, these suspensions
with synthetic minerals do not evidence a chemical reaction with PVA-CDI

The characterization of the chemical compositions of these synthetic PVA-CDI-
HA samples is limited by the high mineral content, as mentioned about the analogous
previously described. The interest of this characterization is not so important because
the reactivity of the components was not evidenced. Even so, LDS analysis was
conducted to investigate other possible effects from the use of PVA-CDI. The applied

procedure was the same as with the natural apatite samples.

6.3.2.2 Characterization

Synthetic carbonated hydroxyapatite

LDS

The particle size distribution curves relative to Calcibon are displayed in Figure
6.17. The starting mineral presents a broad and continuous distribution in the range 0.2-
200 um, with a significant fraction around 2 um. The smaller particles may be aggregated
in the PVA80 and PVA98-CDI solutions because the respective curves have lower
intensity at 0.2-3 um and maxima shifted to around 5 um and 8 um, respectively, relative
to the mineral suspension in water. Using the solution of PVA98 as dispersive medium,
the size distribution curve of Calcibon is approximately equal to the original one. With
urea solution, the particle size is described by a gaussian in the 0.3-10 um range,
centered around 3 um, followed by a flat curve of low intensity for larger sizes. Comparing
this set of results indicates that Calcibon patrticles are only responsive to the added urea.

The differences in the other curves may be explained by sampling variations.
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Figure 6.17 - Particle size distribution of synthetic carbonated hydroxyapatite (Calcibon) after 48 hours in
water and in aqueous solutions of PVA80, PVA98, 20PVA98-3CDI and urea.

Synthetic non-carbonated hydroxyapatite

LDS

The particle size distribution results concerning Inbone are presented in Figure
6.18. This mineral has a near gaussian profile in the range 1-10 um, with most particles
around 5 um. Using PVA8O solution as dispersive medium, the particle size distribution
keeps the same profile only slightly shifted to higher values. With 20PVA80-3CDI, a
fraction of the mineral particles may be aggregated, hence the curve reaches 30 um,
while most of the sample keeps the original dimensions. This trend is also observed in
the distribution curve relative to PVA98. As for the use of urea, no change is detected

and the LDS curve of Inbone is coincident with the as-received mineral.
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Figure 6.18 - Particle size distribution of synthetic non-carbonated hydroxyapatite (Inbone) after 48 hours in
water and in aqueous solutions of PVA80 and PVA80-CDI, PVA98, and Urea.

6.4 Contrast agent addition
6.4.1.1 Procedure

The contrast agent selected for this study was Barium sulphate. Its addition to
the reaction medium was made after obtaining a homogeneous hybrid composition of
type PVA-CDI-HA. At the end of this stage, after the addition of BaSO,, the compaosition
which is generically named as PVA-CDI-HA-BaSO,4, can be referred to as a pre-
composite material because it is still a suspension, and classified as composite after
being dried. This composite has an innovative character, according to the obtained
results. Instead of having a conventional organic matrix phase reinforced with two
different minerals, it is based on a hybrid organo-ceramic matrix, reinforced with one
additional mineral. The difference can be represented by [(PVA-CDI)+(HA-BaSO,)]
versus [(PVA-CDI-HA)+BaSO,].

In order to help to identify the Barium sulphate mineral particles in compositions
also containing hydroxyapatite dispersed in a polymeric matrix, a sample formed by the
suspension of 30 wt% BaSO, in a PVA98 solution at 20 wt% in water was observed,

after being dried, using electronic microscopy.
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6.4.1.2 Characterization
SEM

The SEM image displayed in Figure 6.19, obtained at 7500x magnification,
enables to observe that the mineral particles are homogeneously dispersed in the
polymer matrix, without forming aggregated blocks. It also illustrates the size and shape
of the particles, being characterized by uniform dimensions inferior tol um. These
particles present smooth edges and spherical shapes, as previously observed in Figure
4.31 (Chapter 4).

Figure 6.19 — SEM image of the dried suspension of BaSO4 particles (30 wt% in PVA98).

XRD

Barium sulfate was added to diverse combinations of the obtained hybrid
organo-ceramics of type PVA-CDI-HA, as mentioned.

X-ray diffraction spectroscopy was used to characterize the composite PVA-
CDI-HA-BaSO, type of samples, being one of these spectra illustrated in Figure 6.20,
together with those of the corresponding references. The sample under analysis is
composed of 20PVA98-3CDI-HABov600-BaSO., with each mineral content
corresponding to 20 wt% of the polymer matrix. The reference samples are PVA98 and
a 1:1 (weight proportion) blend of HABov600 with BaSO.. The respective diffraction
patterns were previously discussed in Chapter 5 (Figure 5.10) and in Chapter 4 (Figures
4.30 and 4.36).
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Figure 6.20 — Diffractograms of PVA98, HABov600 blended with BaSO4 (1:1) and of a composite based on
the combination of this polymer with these minerals.

The diffraction pattern of the composite is identical to that of the blended
minerals, being the contribution of the polymeric phase mainly manifested on the lower
signal-to-noise ratio and on the lower definition of the base line. The width of the peaks
is also affected but, anyway, all diffraction signals can be identified. Almost all the
composite peaks are assigned to Barium sulphate, as discussed in Chapter 4. Most
peaks from hydroxyapatite are overlapped by BaSO.. This is due to its greater absorption
coefficient of x-ray radiation, derived from the atomic number of Barium (Z=56).
Nonetheless, the most intense peaks of hydroxyapatite (20=35°-40°) are also present in

the diffractogram of the composite.

FTIR
FTIR was applied to obtain an equivalent characterization of the composite
analyzed by XRD. Its vibrational spectrum reflected the major contribution of the mineral
components and some low intensity bands from the matrix. The most intense bands
derived from Barium sulphate vibrational modes, overlapping those of hydroxyapatite.
Since the spectrum was identical to that described in Chapter 4 (Figure 4.35), it is not

presented in this section.

198



Injectable in situ solidifying composite

6.5 Crosslinking of the composite

The search for adequate crosslinker reagents for the PVA-CDI-HA-BaSO. pre-
composite has been the greatest challenge of the present study. Without an appropriate
crosslinking system, this composite would not comply with the specific requirements for
solidifying in situ and become insoluble in water.

After testing numerous potential solutions, the investigation focused the use of
an acrylic substance despite the initial intention to avoid this type of reagents.

The acrylic substance or, more exactly, the acrylic system selected for this study
was the monomer 2-hydroxyethylmethacrylate (HEMA) together with potassium
persulfate (K»S20sg) and tetramethylethylenediamine (TEMED), conventional molecules
that act as initiator and catalyst, respectively, in radical-initiated polymerization reactions
[145,219-222]. N,N’-Methylenebisacrylamide (MbisA) was also part of this system, to
act as a crosslinker of polymerized HEMA, thus creating a network of poly(HEMA) rather
than unconnected linear chains of this polymer.

The monomer HEMA is a biocompatible water-soluble molecule which becomes
insoluble after polymerization and acquires a swelling potential that depends of its
chemical composition and structure. It can absorb water from 10 to 600 wt% relative to
its dry weight, being one of the reasons why it finds many applications in biomedical
fields [219,222-226].

The concept of interpenetrating network (IPN) was subjacent to the idea of
adding HEMA and co-adjuvant reagents to the pre-composite suspension [146,148,226—
228]. The IPN would result from the interaction between PVA-CDI-HA-BaSO. and
poly(HEMA). In advance, it is already revealed that collagen was also a fundamental
reagent in the formulation of the new biomaterial. Collagen had to be hydrolyzed into
gelatin to become soluble and miscible with all the other components. It was prepared
as previously described (stock solutions of hydrolyzed collagen; section 6.2.1.1).

In order to obtain a product that could be easily prepared at the operating table,
the suspension of the pre-composite formulation would have to contain the initiator, the
catalyst and the crosslinker, whereas the monomer would have to be in a separate vial.
The monomer would be added to the other mixed components just before placing the
final blend inside the injection device. Then, this final mixture would be injected into the
vertebral body and the crosslinking reaction would occur in situ to enable vertebral repair.

To simulate the general conditions expected to occur in real life, during vertebral
surgery, with the new biomaterial, its preparation procedure was made at room
temperature because it had to be composed of two parts, both stable at room
temperature. After blending the two components, the mixture was put inside a closed

vessel at 37 °C, to simulate the interior of a vertebra, at body temperature. Each
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experiment was performed in duplicates to encompass both environmental conditions.
At open air and room temperature, the reactions could be monitored by direct
observation. In a closed container at 37 °C, the reactions proceeded as in vivo conditions.
Moreover, each procedure involved triplicate samples, as recommended in any
controlled laboratorial work. Doing the math, each synthesis experiment involved six
starting PVA solutions.

This section starts with the description of a series of experiments that guided
the selection of reagents to crosslink the pre-composite. These assays are termed as
Preliminary Tests (PT-1, PT-2 and PT-3) and their schematic representation is explained
along the text. It is worth mentioning that the quantification of the reagents is not
necessary, at this point, to understand the sequence of results. Thus, these PT
procedures will be described in a qualitative way.

After reaching some promising results, an additional set of experiments was
necessary to improve the obtained properties. A quantitative analysis was required to
understand the correlations between composition and physical properties. The chemical
characterization of compositions even more complex (than those which were analyzed
from the first step of the synthesis procedure until the addition of the contrast agent) did
not provide much helpful results. Conversely, physical properties as swelling or
mechanical resistance to compression were important to evaluate the effect of chemical
variations of the reagents.

From the physical behavior of some crosslinked composites, the following filter
was the compatibility of the materials with osteoblasts and with blood. From this
evaluation, one single sample was selected for in vivo implantation in an animal model.

The total sequence of this research is presented hereafter.

6.5.1 Preliminary tests — Procedure and Results

In the preliminary tests, the question of adding the monomer as the last
component of the formulation was not a primary matter of concern. The objective was to
obtain a crosslinked material inside the reaction vessel, by gradual solidification without
extracting the water by drying or any other means. The procedure was made always in
triplicate numbers

In order to have a reference for the polymerization of the HEMA added to the
pre-composites suspensions, all the tests were compared with side vessels where the
conventional reactions were made, with and without the addition of TEMED and MbisA.
This allowed to observe the progressive formation of poly(HEMA) that occurred at room

temperature. Usually, the persulfate initiator is dissolved at 70 °C to originate the radicals
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that start the polymerization reactions [138,139,146,158,229]. However, the experience
showed that the reaction could occur, even without warming the initiator solution.

6.5.1.1 Preliminary Test -1

The first test is represented in Figure 6.21. All the procedures were made with
PVAB8O following the methodology described before, from the reaction with CDI until the
addition of the contrast agent and formation of the complex PVA-CDI-HA-BaSO4. The

following reagents and the outcome of each procedure are briefly described to explain
the diagram from the first to the fourth row.

48h-96h
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Figure 6.21 — Preliminary Test PT-1 : The complex PVA-CDI-HA-BaSO, does not solidify, even containing
all the reagents to produce poly(HEMA) and a IPN.

First row — A solution of PVA80 reacted with CDI for 48-96 hours. Then,
HABov600 was added to obtain a hybrid PVA80-CDI-HA type material. Next, BaSO4 was
dispersed in that suspension, followed by K,S20s, another solid reagent in powder form.
After, the liquid monomer HEMA was added, then the catalyst TEMED and finally the
crosslinker MbisA. This complex mixture was left at room temperature. Another equal
mixture was placed in a closed vial, at 37 °C. The result was that both did not solidify.

Second row — Everything was made like in the first row but excluding MbisA. In
both conditions, open air at room temperature and closed environment at 37 °C
originated similar results. None of the systems became solid.

Third row - Everything like in first row, except the addition of TEMED and MbisA.
The last components added to the suspension were PLA microcapsules of type mC-S
(Standard microcapsules as described in Chapter 5, Section 5.2). Both environmental
conditions did not result in solidified materials.

Fourth row — Everything like in first row, until the addition of HEMA. Once more,
the solidification did not occur at either experimental conditions.

The described procedures were also made with PVA98 with the same results.
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The main conclusion from PT-1 is that the addition of HEMA and potassium
persulfate to the PVA-CDI-HABov600-BaS0O, did not lead to the formation of an IPN nor
the solidification of the resulting material. Even with the addition of the catalyst (TEMED),
and the catalyst together with the crosslinker (MbisA), all the reagents necessary to
obtain poly(HEMA), the polymerization was not observed. The inclusion of standard
microcapsules (mC-S) had the purpose of testing its compatibility with the suspension
components. No visible interaction was detected, which indicates that the PLA

microcapsules may be added to the formulations without causing unexpected problems.

6.5.1.2 Preliminary Test - 2

The second test is represented in Figure 6.22. The difference in the procedures
relative to PT-1 is that hydrolyzed collagen (in acid medium; Type A gelatin) was added
to the PVA-CDI-HABov600-BaS0O, suspension, before the set of HEMA reagents.

Figure 6.22 — Preliminary Test PT-2 : Using acid-hydrolyzed-collagen, persulfate and HEMA, the complex
PVA-CDI-HA-BaSO, becomes crosslinked only when TEMED and MbisA are not added. Moreover, the
composition degrades after 48 hours at 37 °C in a closed environment but maintains its integrity at 25 °C
and exposed to air atmosphere, whether it contains PLA microcapsules or not.

The only procedures that resulted in the stable solidification of the collagen
containing material correspond to the third and fourth rows, were the reaction with HEMA
occurred because TEMED and MbisA were not present. However, solidification was only
observed to be sustainable in the vessels at open air and room temperature. Using
closed conditions, at 37 °C, there was a gradual solidification but, after 48 hours, the
composite lost its integrity and started degrading into a paste consistency. Furthermore,
the PLA microcapsules confirmed to be inert in this medium since the results were the
same, with and without mC-S particles.

The described procedures were also made with PVA98 with the same results.

Briefly, PT-2 showed that hydrolyzed collagen is required to obtain a solid

composite from the hybrid mineral suspension in PVA, using radical initiated HEMA
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polymerization. It also showed that this result could not be obtained at living conditions.
This raised the hypothesis that acid-hydrolyzed collagen, despite being neutralized,
could still contain ionized fragments that would react with the alkaline minerals.
Hydroxyapatite solutions in water have pH around 8. Thus, a typical acid-base reaction
could have occurred after the initial solidification of the material and interfere in this
process.

Since collagen showed that it is was essential to crosslink the biomaterial, the
new guestion was how to prevent the degradation of the obtained composite. The next
series of experiments were based on the substitution of the hydrolysis method in acid
medium to alkaline.

6.5.1.3 Preliminary Test - 3

The third series of tests, represented in Figure 6.23, were made with PVA98
mixed with hydrolyzed collagen (both in acid and in alkaline media) and CDI in the first
step of the reaction. As described before (Figure 6.9), collagen can be mixed with PVA
and CDI simultaneously, origination a gas release reaction. Subsequently, the other
reagents were HABov600, BaSO. and K:S;Os. After obtaining a homogeneous
suspension, HEMA was added to two vessels: one containing type A gelatin and another
with type B gelatin. The two remaining vessels took both HEMA and TEMED.
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Figure 6.23 — Using TEMED, the suspensions never crosslink, no matter the hydrolysis method applied to
collagen. The solidification of the biomaterial occurs at 37 °C in a closed environment only in samples
containing collagen previously hydrolyzed in alkaline medium.

Just like happened in PT-1 and PT-2, the reaction vessels containing TEMED
did not solidify in any environmental condition. The vessels without TEMED, containing
different types of hydrolyzed collagen, both gave positive results using open air and room
temperature conditions. However, the only sample that resulted in a solid composite, in

a closed vessel at 37 °C, was the one containing collagen hydrolyzed in alkaline medium.
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The fourth row of PT-2 and PT-3 are equivalent, being the starting polymer
(PVA80 versus PVA98) and the composition of the suspension to which hydrolyzed
collagen is added, the differences between the respective procedures. Since the result
regarding solidification was the same in both tests, this comparison confirms that both
PVA80 and PVA98 are adequate for the desired application. It also shows that collagen
can be added to the reaction at different moments of the synthetic pathway, before
HEMA. The same applies to BaSO4 and the microcapsules. These two components
could be added at different moments since they behaved as inert materials.

At the end of PT-3, the chemical composition that was selected to explore
further in this study was the last one. This formulation is taken as reference for
subsequent studies. PVA 98 was considered more adequate because the viscosity of
the initial solution was higher than PVA80, at the same concentration. Carbonated
hydroxyapatite (HABov600) was preferred over non-carbonated because of two main
reasons: its greater similarity with natural bone and higher affinity with PVA (which is an
electron donor substance), as shown by IGC results (Chapter 4; Section 4.1.1.3). The
other mandatory reagents were collagen hydrolyzed in alkaline medium, potassium
persulfate and HEMA to crosslink the pre-composite, and BaSO, to provide x-ray

contrast to the composition. The microcapsules were optional.

Combining all the results, the explanation for the observed solidification of the
pre-composite material is that HEMA did not polymerize into a homopolymer, but it was
grafted to the hydrolyzed collagen structure through a radical initiated mechanism.
Persulfate supplied the radicals that activated the C=C double bonds from HEMA and
from collagen [219,221,230]. The propagation of the reaction resulted in a grafted
collagen-HEMA polymer capable of holding the other components by physical
crosslinking.

This theory could end here. However, there were other tests that change this
interpretation. After optimization of the procedure that gave the best results, new tests
involved the single difference of using PVA without the reaction with CDI. The obtained
materials were not able to solidify. These results show that the synthesis of the hybrid
PVA-CDI-HA is necessary to proceed the reaction until the whole material becomes
solid. This means that the graft polymerization of collagen and HEMA also involves the
former hybrid component. However, the nature of this interaction is not clearly

understood because of limitations intrinsic to the materials compositions.
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Solid-state CP-MAS NMR
Solid-state NMR spectroscopy was used to analyze a composite equivalent to
the last biomaterial of PT-3, except for the presence of the contrast agent. The *H-NMR
and 3C-NMR spectra are presented in Figures 6.24 and 6.25, respectively, together with
those of reference materials involved in the synthesis. Some of these spectra may be
compared to those obtained in deuterated water solutions (Chapter 5, Section 5.1,
Figures 5.5-5.7 and Chapter 6, Section 6.2, Figures. 6.3-6.7).
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Figure 6.24 — Proton CP-MAS NMR spectra of a composite and respective components.

In Figure 6.24, the spectrum of the polymer, PVA98, presents a broad band with
peaks discernable at 0.7, 1.6 and 1.9 ppm that are also observed in all the other spectra.
These peaks derive from methylene H-C-H groups. No peak is observed around 4.0
ppm, as expected from the solution spectrum and from the literature, due to methyne
protons (H-C-OH bonds) from the backbone of the polymer [153,186,231-233].

The spectrum of PVA98-CDI presents broad peaks of low intensity from 0.0
ppm to 2.2 ppm, with an intense peak at 1.6 ppm. The broad band in the range 2.2-6.5
ppm may contain contributions of methyne protons from the polymer, and contributions
of hydroxyl groups from water molecules adsorbed to the sample. The respective peaks
typically occur around 4.0 and 5.0 ppm respectively. Compared to PVA98, the spectrum
of PVA98-CDI has a better signal-to-noise ratio and the methylene peaks are shifted to
lower field. The eventual presence of a new peak around 2.1 ppm is not confirmed. It
would correspond to the single new peak detected in the PVA-CDI solution
[153,186,231-233].
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As for the hydroxyapatite sample, the NMR profile is characterized by two broad
peaks at 0.0-2.0 ppm partially overlapped. The maximum intensity occurs at 0.5 ppm
and the other peak, at 1.6 ppm. The former is attributed to hydroxyl groups of the mineral
and the latter to protons from H bonds to phosphate groups. The low intensity peak at
around 4.2 ppm derives from adsorbed water molecules [174,234-237].

The spectrum relative to the PVA-CDI-HA sample denotes the two intense
peaks from the mineral phase in the range 0.0-2.0 ppm, with inverse relative intensity.
This may be due to the additive effect from the intense peak of PVA98-CDI at 1.6 ppm.
The low intensity peaks at 7-8 ppm result from resonance forms of hydrogenphosphate
protons. Since these peaks are absent in the HA spectrum, this shows that the chemical
environment around phosphate is different in the PVA-CDI-HA hybrid material.
Moreover, the broad peak in the range 3.5-6.0 is originated by the polymeric component
and adsorbed water [153,174,186,231-237].

Finally, the *H-NMR spectrum of the composite has an identical profile to that
of PVA-CDI in the range 0.0-2.0 ppm, and to that of PVA98-CDI in the range 4.0-7.0.
However, the peaks in the first range are slightly shifted to higher field. A new broad peak
is observed at 2.4-3.2 ppm, being attributed to the collagen-HEMA because the
composite is the only sample that contains these components [153,174,186,231-237].
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Figure 6.25 — Carbon-13 CP-MAS NMR spectra of a composite and respective components.

The carbon-13 NMR spectra relative to the same samples are displayed in
Figure 6.25. Globally, all except that of the composite have very low resolution. The
profile relative to the samples that contain PVA are nearly identical, with peaks at 40 and

65 ppm assigned to methylene and methyne carbons from the backbone of the polymer.
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The most different spectrum is that of hydroxyapatite, being the broad absorption peak
from carbonate substituents in the crystal lattice [153,186,231-233].

SEM

The microstructure of the last composite of PT-3, containing all the reagents
described before, was examined using SEM imaging.

Figure 6.26-left shows the global appearance of the solid composite. At low
magnification (50x), this biomaterial looks homogeneous and with some porosity that
probably results from entrapped air bubbles during the mixture of the reagents. Then,
the subsequent solidification process occurred in a closed environment and the gas did
not leave, or else the material would have collapsed. Using high magnification (15000x),
the mineral particles are clearly observed, both regarding shape and size details. Most
particles are inferior to 1 um and the different shapes enable to confirm a uniform
distribution of HABov600 and BaSO.. The polymer matrix, containing PVA-CDI,
hydrolyzed collagen and HEMA, is not observed. This may be due to its relative
concentration. The minerals are involved by the polymeric components as a thin coating

material that is not detected in this sample.

Figure 6.26 — Global appearance and microstructure of the composite from PT-3. The polymeric matrix is
not observed due to its concentration.

In order to observe the matrix of the composite, a sample containing an
additional proportion of organic components was also observed through SEM. Figures
6.27-left and -right, obtained at 20000x magnification, allow the detailed analysis of the
composite microstructure. The images show that the mineral particles are
homogeneously surrounded by thin layers of materials with smooth texture, the

polymeric matrix.
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Figure 6.27 - Microstructure of a composite with higher polymeric concentration than samples from PT-3.
The polymeric matrix is evenly distributed around the mineral particles.

6.5.1.4 Microcapsules for controlled delivery and porosity

The use of microcapsules as devices for drug-controlled delivery is a frequent
strategy in biomedical applications [161,163,164]. In this study, the purpose on adding
microcapsules to the composite has been the transport of substances (medical drugs or
others) and the creation of porosity in the biomaterial solidified inside the vertebra. A
series of microcapsules based of poly(lactic acid) (PLA) were developed using a double
emulsion method, being obtained hollow particles with different properties (size,
thickness, porosity, surface properties). These microcapsules are described in Chapter
5 (Section 5.2). The incorporation of microcapsules in the composite does not interfere
with the solidification chemistry, as demonstrated in the preliminary tests.

Microcapsules were used in this study to take advantage of their potential for
drug release and investigate the chance of delivering the monomer HEMA inside a
microcapsule to the pre-composite suspension. Using this method, it would not be
necessary to have a flask with this liquid reagent at the operation table, to withdraw a
strict volume, and mix it with the suspension containing all the other required
components. This procedure would be much easier and non-toxic if HEMA was
incapsulated in solid particles. After the blending procedure, HEMA would be gradually
released to the suspension and initiate the polymerization leading to the solidification of
the biomaterial. The kinetics of delivery could be predictable by preliminary studies with
microcapsules with different properties (as microcapsules mC-BH1, mC-BH2 and mC-
BH3).

The other potential function of the microcapsules is creating porosity inside the
composite. The use of capsules made with borax, that have surface pores, enhances
the porosity effect. There is a faster biodegradation of PLA due to easier exchanges with

the environment and the hollow space of the core becomes available for cell invasion.
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The size of the microcapsules was tailored to appropriate dimensions for cell
colonization. This approach may increase the biological mechanisms for bone repair.

In order to investigate some of these assumptions, three different composites
were prepared using the reference composition from the last PT-3 sample. One without
microcapsules, a second one containing Standard mC-S microcapsules and a third one
with mC-BH1 (with HEMA in the shell). These composites were observed using SEM.
The first corresponds to Figure 6.26 and the others to Figures 6.28 and 6.29.

The composite with mC-S microcapsules (Figure 6.28) looks like the reference
sample but with the polymeric spheres dispersed in the material. At macro scale, pores
with dimensions that reach 400 um are observed, likely due to air bubbles. Increasing
the magnification, the microcapsules demonstrate to have a good adhesion to the
composite. The capsules are also mechanically resistant because most keep the integral
shape and size. A broken capsule enables to confirm that these particles are hollow, and

that the thickness of the shell is around 3 um.

881821

Figure 6.28 - Crosslinked composite with microcapsules mC-S distributed in the matrix.

The composite of Figure 6.29 contains mC-BH1 porous microcapsules spread
across the biomaterial. The average size of the capsules is superior to mC-S, as
expected. The pores in the shells are other features that were developed intentionally.
Although the interfacial adhesion is inferior to the Standard type, these mC-BH1 show
another means to become attached to the composite. There are polymeric filaments
coming out of the microcapsules to the matrix around, linking both materials through a
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thin network. These filaments must derive from the release of HEMA to the suspension
of reagents and subsequent polymerization.
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Figure 6.29 — Crosslinked composite with microcapsules mC-BH1 linked to the matrix through filaments of
poly(HEMA).

After passing the microstructural analysis, the last capsules were put aside for specific
tests to evaluate the compatibility with osteoblasts (bone forming cells).

6.5.2 Invitro evaluation

Having decided about the qualitative composition of the new biomaterial, the
definition of quantitative ratios derived from additional tests, mostly based in physical
properties.

Diverse techniques were used to try to characterize the composite regarding its
chemical composition. Because of its complexity and high proportion of mineral
components, the obtained results were not conclusive regarding the variation of small
amounts of reagents. Thus, the physical behavior as swelling and degradation in PBS
were tested. PBS is usually applied to simulated in vivo environments, being adequate
to predict bone bioactivity [238]. Furthermore, some of the samples were tested for

biocompatibility with osteoblasts and hemocompatibility.

6.5.2.1 Tested compositions

In order to illustrate the methodology followed to test the variables in each
synthesis procedure, two sets of compositions are described in Tables 6.1 and 6.2. In
these tables, 20PVA98-3CDI stands for 30 wt% solution of 20PVA98-3CDI, COL 200 for
a collagen stock solution prepared from the alkaline hydrolysis of 200 mg of protein. The
microcapsules of mC-BH-1 were prepared with 1 ml of HEMA. All the samples were

polymerized in a closed environment at 37 °C.
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Table 6.1 - Test T1 — Quantification of the reagents involved in the synthesis of the composite. For each
triplicate with the same amount of collagen, the variable is the volume of HEMA.

Sample  20PVA-3CDI COL 200 HA BaSO, K2S20s HEMA

(9) () (9) (9) (mg) ()
1 3.00 500 0.60 0.60 200 150
2 3.00 500 0.60 0.60 200 200
3 3.00 500 0.60 0.60 200 300
4 3.00 300 0.60 0.60 200 150
5 3.00 300 0.60 0.60 200 200
6 3.00 300 0.60 0.60 200 300
7 3.00 600 0.60 0.60 200 150
8 3.00 600 0.60 0.60 200 200
9 3.00 600 0.60 0.60 200 300

Table 6.2 - Test T2 — Quantification of the reagents involved in the synthesis of the composite. The variables
are the amount collagen and HEMA (in solution, or incapsulated in mC-BH1 particles). Sample #5
corresponds to the composition applied in bio-related assays.

Sample  20PVA-3CDI HA COL 200 BasSO4 K2S,0s HEMA Microcapsules
(9 (9 (nl) C)] (mg) (ul) mC-BH1 (9)
1 3.00 0.60 500 0.60 200 300 -
2 3.00 0.60 600 0.60 200 400 -
3 3.00 0.60 300 0.60 200 200 -
4 3.00 0.60 500 0.60 200 300 -
5 3.00 0.60 600 0.60 200 400 -
6 3.00 0.60 300 0.60 200 200 -
7 3.00 0.60 500 0.60 200 - 0.3
8 3.00 0.60 600 0.60 200 - 0.3
9 3.00 0.60 300 0.60 200 - 0.3

Equivalent tests were also performed with Calcibon and Inbone, the synthetic
minerals selected to compare with HABov600 and HABov900, respectively. At the end
of each procedure, both pre-composites solidified with the addition of HEMA. This
showed that the developed formulation may be applied to obtain totally synthetic

composites or biomaterials of dual character.
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6.5.2.3 Swelling and Degradation in PBS

The composites obtained using the diverse formulations described in section
6.4.2.1 were put in PBS solution, as illustrated in Figure 6.30. The original shape of the
samples was a disk of around 3.5 cm diameter and 2.0-3.0 mm thickness.

Figure 6.30 — Composite samples immersed in PBS solutions.

The swelling and degradation in PBS were monitored simultaneously, in the
same experiments, for a period of several weeks (reaching 50 days). The samples were
blotted using an absorbent paper. Then, they were analyzed relative to weight and
dimensional variations, being the results expressed as percentages relative to the initial

mass and initial diameter.

Figure 6.31 shows that after 24-48 hours immersion in PBS, the mass of
samples from Test-1 increased to around 140 wt% of the initial weight in compositions
containing 150 and 300 ul HEMA, whereas those containing 200 ul HEMA increased to
160 wt%. An identical effect occurred in samples containing 500 ul hydrolyzed collagen,
with higher weight increase to 170 wt%. Following the swelling due to water absorption,
the graphs draw a plateau showing that all samples maintained their weight. However,
some were broken into fragments after 1 month in PBS. The variations in the plateau are

certainly due to the experimental errors associated to the blotting procedure.

Test 1 - Samples #1, #2, #3 (500 nl collagen) Test 1 - Samples #4, #5, #6 (300 pl collagen)
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Figure 6.31 — Test 1 - Mass variation of composite samples containing 500 pl (left) or 300 ul (right) collagen
solution, and variable amounts of HEMA (150, 200, 300 pl).

The results obtained in Test 2 showed a similar trend, with weight variations
between 140 and 180 wt% at the first hours of the assays.
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In general, the collagen:HEMA ratio that originated the greatest swelling
corresponded to 500:200 (V/V), or 600:400 (V/) using the stock solutions previously
described.

As for the dimensional variations, the diameter increase associated to the
absorption of water reached around 15 % of the initial value. This constitutes an
advantage for the bone repair procedure. The composite can occupy the total volume of
the bone defect and adapt to its irregular shape. This way, the interfacial adhesion
between the solidified composite and bone tissue may be enhanced, leading to better

mechanical properties.

6.5.2.4 Mechanical strength under compression (creep tests)

Under physiological conditions, bone is constantly submitted to compressive
and tensile forces [75,96,239] One of the requirements that bone grafts should obey to,
is to possess mechanical strength under compression similar to that of natural bone.
Although the mechanical properties depend of the specific place in the skeleton, the
differentiation between cortical and cancellous is bone is determinant. The intrinsic
porosity of cancellous bone is detrimental to its resistance, but much more factors affect
it throughout life [111,119,239,240]. The reference values of compressive strength for
human cortical bone is around 90-230 MPa (tensile strengths ranging from 90-190 MPa),
whereas the compressive strength of cancellous bone ranges between 2-45 MPa.

The following results (Figure 6.32) illustrate the mechanical behavior of four
samples under a compressive force of 5 N for a period of 3 hours. The samples were
selected from a series containing 500 pul hydrolyzed collagen stock solution and 150, 200
and 300 ul HEMA (Test 1; samples #1, #2, #3). A sample containing only 10 ul HEMA
was used as reference. All the samples were previously immersed in a PBS solution, for
a week, to mimic in vivo conditions. The reference sample needed a minimum volume of
HEMA, otherwise it would dissolve in the PBS medium. Each sample had a diameter of
approximately 10 mm and 3 mm thickness. The graphs report the decrease on this last

dimension during compression.
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Figure 6.32 — Deformation of composite samples submitted to 5N compressive force for 3 hours.

The results from these tests show that the effect of the applied stress (50 MPa-

60 MPa) occurs in the first 10 minutes of the assays, with a high rate of deformation that

stops after a contraction of 13, 15 and 17% for the samples containing, 150, 200 and

300 ul HEMA, and 85% for the reference sample. The sample with more HEMA content

experienced higher swelling before the test, and this caused a greater contraction with
the applied compression force.

6.5.2.5 Biocompatibility

Procedure

The composite materials selected for tests of biocompatibility with human

osteoblasts (bone forming cells) were prepared according to the diagram of Figure 6.33.

The optimized compositions correspond to sample #5 of Test-2 (Table 6.2). Two different

samples were prepared to test the cells interaction not only with the material itself (Figure

6.34; sample T2-5a), but also the microcapsules mC-S dispersed in the composite
(Figure 6.34; sample T2-5b).
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Figure 6.33 — Diagram of the synthesis path of two samples tested for biocompatibility. The composition is
described in Table 6.2 (Test2-sample #5) and microcapsules are mC-S type.
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The biocompatibility of each selected composite with osteoblasts was accessed
by applying a standard protocol for citotoxicity assays. This method involves the
preparation of osteoblasts cell cultures, and comparison of the cell viability and
proliferation in the absence (controls), or in the presence of a test material. Furthermore,
the morphology of the sample material without osteoblasts, or in the presence of these
cells, is also part of the methodology.

In order to perform a cell proliferation study, a culture of human osteoblasts was
previously prepared as described in Section 9.2. To evaluate cell behaviour in the
presence of the composite samples, osteoblast cells were seeded with the test materials
in 96-well plates at a density of 10x10° cells per well, during a week. The materials were
sterilized by UV irradiation for 30 minutes, before being placed in contact with cells. Cell
growth was monitored using an inverted light microscope.

The characterization of the cytotoxicity profile of the composites involved
seeding the human osteoblast cells in the presence of the materials in a 96-well plate
with 100 pl of DMEM-F12 and subsequent incubation at 37°C, in a 5% CO> humidified
atmosphere. After an incubation period (1, 2, 3, 4, 5, 6, and 7 days), cell viability was
assessed through the reduction of the MTS into a water-soluble formazan product.
Briefly, the medium of each well was removed and replaced with a mixture of 100 uL of
fresh culture medium and 20 pyL of MTS/PMS reagent solution. Then, cells were
incubated for 4 hours at 37°C, under a 5% CO, humidified atmosphere. The absorbance
was measured at 492 nm using a microplate reader. Wells containing cells in the culture
medium without materials were used as negative controls (K-). Ethanol (96%) was added

to wells that contained cells, as a positive control (K+).

Finally, the sample materials morphology with and without cells was analyzed by
SEM. To evaluate cell adhesion and proliferation, human osteoblast cells were seeded
over the materials. After 1 day of culture, the samples were fixed overnight with 2.5%
glutaraldehyde in PBS at 4 °C. Hereafter, samples were rinsed three times with distilled
water for 2 minutes and dehydrated in graded ethanol of 70, 80, 90, and 100% for 10
min in each solution. After this procedure, samples were gold sputtered for SEM

observation.

Results
In order to characterize the physiological response of the osteoblast in the
presence of the composite materials (samples T2-5a and T2-5b), MTS assays were

performed. The MTS assay results (Figure 6.34) showed that none of the materials
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affected cell integrity or viability, which is fundamental for the biomedical applications
proposed for these materials. These tests validate also the use of mC-S microcapsules.

In vitro studies were performed seeding human osteoblast cells with the same
initial density in the 96-well plates, with or without the composite materials to assess their
cytotoxicity. Cell adhesion and proliferation in the presence of the materials was
characterized through an inverted light microscope (Figure 6.35) and SEM analysis

(Figure 6.36).
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Figure 6.34 — Results from the MTS assay. The cell viability of both test samples (A= T2-5a and B= T2-5b)
is identical to the negative control (K-).

216



Injectable in situ solidifying composite

Day 1

Day 2

Figure 6.35 - Images from inverted light microscopy of the composite materials ((A= T2-5a and B= T2-5b)
and control samples (K-=negative; K+=positive). Osteoblasts adhered and proliferated in contact with both
test materials and in the negative control.
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Day?7

Both Figures 6.35 and 6.36 show that cells adhered and proliferated in contact
with all the materials and in the negative control (Figure 6.35). The SEM images (Figure
6.36) show that both materials are homogeneous, with uniform particle sizes. In the
images of composites with cells, both present osteoblasts with increased Cell filopodium,
indicating that human osteoblast cells were attached and spread on the materials after

24 h, showing that they have suitable morphological and chemical properties.
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Figure 6.36 - SEM images of the tested composites with osteoblasts (right column; B and D) or without
osteoblasts (left column; A and C). Top row: Sample T2-5a - composite without microcapsules. Bottom row:
sample T2-5b - composite with microcapsules.

6.5.2.6 Hemocompatibility

The T2-5 composite samples were selected not only for biocompatibility assays
with osteoblasts, but also to evaluate hemocompatibility in vitro by hemolysis tests, in

particular.

Procedure

The hemocompatibility was evaluated in vitro according to the International
Standard Organization (ISO) 10993-4 [22] by hemolysis tests. These were performed as
described in the F756-00 standard of American Society for Testing and Materials (ASTM)
[24]. Rabbit venous blood used in these studies was colleted in polypropylene tubes with
a 9:1 blood/ACD (acid citrate dextrose) solution [17] ratio and was used immediately

after collection.

Rabbit venous blood used in these studies was colleted in polypropylene tubes
to which an appropriate volume of acid citrate dextrose (ACD) solution was added. The
recommended ratio was 9:1 blood/ACD and the prepared solution was used immediately
after collection. Tests were run in triplicate.
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For each test material, six samples were placed in polypropylene test tubes and
7 mL of PBS were added to three of them. After 72 h of incubation at 37 °C, the PBS
was removed and reserved. Then, 1 mL of diluted blood/ACD (9.02 mg/mL) was added
to each incubated sample and also both to the PBS extraction solution and to three
samples of composites with no previous treatment with PBS, being all samples
maintained at 37 °C for 3 h. Positive and negative controls were prepared by adding the
same amount of blood/ACD to 7 mL of water and PBS, respectively.

All tubes were gently inverted twice each 30 min to maintain contact of the blood
with the material. After incubation, each fluid was transferred to a suitable tube and
centrifuged at 2000 rpm for 15 min. The hemoglobin released by hemolysis was
evaluated measuring the optic density (OD) of the supernatants at 540 nm using a
spectrophotometer. The percentage of hemolysis was calculated as described in the

following equation:

ODtest - ODnegative control

Hemolysis (%) = 100 x ( )

ODpositive control _ODnegative control

Results
After the complete procedure, the composite samples T2-5a and T2-5b showed
an identical behavior to the negative control, indicating that they do not cause hemolysis

in contact with blood (Figure 6.37).

Figure 6.37 — Comparison between the test tubes containing (from left to right) the positive control, the
negative control and the T2-5b sample (composite containing mC-S microcapsules) after testing its
hemolysis potential.

The optical density of the analyzed samples was determined from the calibration
curve presented in Figure 6.39. The calculations returned the following hemolysis
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percentages: 90 % for the positive control, 2% for the negative control; 3% for composite
T2-5a and 4% for composite T2-5b.
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Figure 6.38 — Calibration curve of the hemolysis test.

The results from the hemolysis test enabled to reinforce the indications from the
cytocompatibility assays in that the studied composites are adequate for in vivo

applications, particularly for interaction with bone tissue.

6.6 Conclusions
This chapter reports the experimental work in the search for an adequate system
of reagents to solidify a composition based in a PVA suspension of hydroxyapatite and

Barium sulphate.

A series of tests involving different reagents and variables were successively

introduced in the initial suspension.

The main steps of the new synthesis method involved the following procedures:
1- Reaction of PVA with a carbodiimide (CDI) to obtain PVA-CDI

2- Reaction of PVA-CDI with hydroxyapatite (HA) to obtain PVA-CDI-HA

3- Reaction of PVA-CDI-HA mixed with BaSO., K;S,0s, HEMA and hydrolyzed

collagen

These procedures were performed under different experimental conditions
regarding preliminary reagents preparation, order of addition and environment, since the
intermediate materials had to be combined to originate a solid material at body
temperature, inside a closed space. To monitor the whole process, the applied
techniques have been NMR (solution and solid-state CP-MAS; proton and carbon-13),
FTIR, LDS, XRD, DSC-TGA, DMTA, SEM and optic microscopy. Many experimental

results were not conclusive since they did not provide evidences of the applied
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procedures in virtue of the masking effect mostly from the minerals. The most significant
results that enabled the detection of chemical or physical alterations have been
presented along this chapter. At final stages of the synthesis path, the most promising
samples were tested regarding swelling, degradation in PBS; biocompatibility and
hemocompatibility.

The first step of the synthesis procedure, the interaction between PVA and CDI
is difficult to justify. After mixing PVA and CDI for at least 48 hours, the subsequent
addition of hydroxyapatite releases gas bubbles from the suspension. The gas release
shows that a chemical reaction is undergoing but the FTIR and NMR spectra do not
provide unequivocal results. The only clue in the literature points to an activation of the
polymer bonds through the carbodiimide moiety [211]. Regardless the theoretical
explanation, in addition to the gas release, other evidences show that there was,
effectively, a chemical reaction. If this step was not done, the final composition of the

pre-composite would not solidify with HEMA.

In the second step of the procedure, the influence of PVA-CDI in the particle size
distribution of hydroxyapatite minerals was monitored by LDS, being studied bone-
derived and synthetic samples, carbonated and non-carbonated. These samples were
also dispersed in CDI and urea solutions. The sample that presented the larger variation
was HABov600. The PVA-CDI complex acts in an equivalent manner to urea with that

sample. At the end of this stage, the composition was termed PVA-CDI-HA.

The addition of the contrast agent could be done at any point of the reaction from
this stage. It showed an inert behavior. The resulting complex PVA-CDI-HA BaSO,was

then submitted to further tests to search for a solidifying mechanism.

In the third step, the only system that worked under physiological conditions
involved hydrolyzed collagen in alkaline medium and the binary potassium persulfate
associated to HEMA. The conventional TEMED catalyst and MbisA crosslinker could not

be used.

The proposed mechanism for the solidification process of the pre-composite is
based on a graft polymerization initiated by the persulfate radicals [219,221,230]. These
activate not only the C=C double bonds of HEMA and of collagen, but also the PVA-CDI-
HA hybrid composition, resulting in crosslinked network that hardens gradually becoming

insoluble in water.
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The manipulation of different ratios of components enabled to obtain a
composition with appropriate swelling properties and mechanical strength adequate for
bone substitution inside vertebral bodies.

The use of microcapsules was also tested, being demonstrated that they are inert
chemically and do not cause any detrimental biological effect. These can be used to
contain HEMA and create porosity inside the composite, increasing the potential for bone

repair.

The optimized composition that retrieved the most adequate properties and that
presented biocompatibility with osteoblasts and insignificant hemolysis potential has the
following formulation: 3.0 g of 20PVA98-3CDI at a concentration of 20 wt%, 0.6 g
HABov600, 0.6 g BaSO4, 0.5 ml alkaline-hydrolyzed collagen, 200 mg K»,S,0g and 0.4
ml HEMA

Looking at the results reported in this chapter with increased detail, the starting
point was, as mentioned, the interaction between PVA and CDI. The purpose of adding
CDI to the polymer solution was to use it with together with collagen, that would be added
posteriorly to a well dissolved polymer with CDI. The purpose was to use a conventional,
well described process to crosslink collagen and try to make un interpenetrating network
between crosslinked collagen and PVA. In the meanwhile, HABov600 was added to the
PVA-CDI solution and there was a visible reaction since a gas release was observed.
The same happened with HABov900. This means that the carbonate content of

hydroxyapatite was not the cause of that effect.

This event could be forgotten, except for the fact that only the HA suspensions in
PVA that had been prepared with CDI first could become crosslinked at the final of the
synthesis procedure. If CDI was added to the reaction vessel at any other moment, the

mixture would never solidify.

In order to investigate the chemical reaction between PVA and CDI, FTIR and
NMR spectroscopies were used, and the variables were the hydrolysis degree of the
polymer (PVA80 and PVA98). The FTIR spectrum of PVA80-CDI showed a decrease in
the relative intensity of the broad OH stretching band in the range 3000-4000 cm™,
indicating that this polymer had less free hydroxide groups. However, the spectrum of
PVA98-CDI had no change. As for the proton-NMR spectra, both solutions of PVA-CDI

presented a new peak at 2.15 ppm that derives from a new chemical bond. This peak is

222



Injectable in situ solidifying composite

not observed in the spectrum of CDI; thus, it derives from the reaction that forms PVA-
CDI molecules, or just modified PVA (not linked to CDI). However, the former term was
adopted in the description of the process. The Carbon13-NMR spectra of both polymers
confirm that some chemical changes occurred due to CDI. The spectrum of PVA80 loses
the C=0 peak at 180 ppm and both polymers present two new peaks at lower fields (at
30 and 21 ppm). The problem with these new NMR peaks is that the assignment should
be supported by a rational mechanism of reaction and the literature is not helpful in this

regard.

The next step of the investigation was focused in the reaction between PVA-CDI
and hydroxyapatite. The variables were the hydrolysis degree and the type of
hydroxyapatite, natural and synthetic, carbonated, or not. The results by FTIR or XRD
showed mostly the mineral contribution and the minor changes in the polymeric

component were not detectable.

The decision to characterize the PVA-CDI-HA samples using LDS was made at
the end of diverse synthesis procedures, with many more reagents involved. Part of
these procedures had negative results and the composites did not solidify. The
observation by SEM of samples that solidified, and others that did not, showed that the
particle sizes of hydroxyapatite was much smaller in the materials that started with PVA-

CDI. The smaller mineral particles were also better distributed in the organic matrix.

The results from LDS showed that the particle size distribution of HABov600 shifts
to ranges between 1 and 10 um when mixed with PVA-CDI, or CDI alone. This effect is
identical with urea, which was tested for curiosity. lonic liquids are often based on this
molecule, being used to dissolve diverse solid materials. The sample of HABov900 had
a totally different result with LDS. The patrticle size was not affected by PVA-CDI nor CDI
alone. The test of the synthetic minerals showed that Calcibon had small changes with
PVA-CDI, but a great shift with urea. Inbone, on the other hand, did not change its particle

size significantly but the starting size was already in the range 1-10 um.

The selection of a crosslinking system for the complex PVA-CDI-HA-BaSO. was
based on the conventional reaction of radical induced polymerization of HEMA. The
initiator was potassium persulfate. The usual catalysts and crosslinkers TEMED and
MbisA were detrimental for the material at study. In this work, the intention was to avoid
acrylic monomers but because many other systems were unsuccessful, it was worth

trying HEMA, with the concern of using the least as possible. Curiously, the addition of
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HEMA and coadjutants to the suspension did not result in a solid material. Under the
conditions applied, the formation of poly(HEMA) was not possible.

The solution to this problem came with the addition of collagen, previously
hydrolyzed to become soluble. The hydrolysis with acid was the first option and the pre-
composite formulation containing this collagen and potassium persulfate solidified after
adding HEMA. This seemed a good result, but this reaction proceeded in a closed
environment at 37 °C (to simulate the vertebra) from a solid to a paste again. This
showed that the material was degrading, possibly due to acid-base reactions. Thus,
being so close to a solution for the challenge of obtaining a stable solid, the next
experiment was made with alkaline hydrolyzed collagen. Finally, the outcome was

positive. The chemical characterization was made with solid state NMR.

Having an optimized formulation regarding the solidification of the pre-composite,
other tests were made to ascertain the ratios of reagents that would return better
properties. The swelling tests and mechanical tests were important to decide the range
of concentrations for the components of the composite. In general, the collagen:HEMA
ratio that originated the greatest swelling corresponded to 500:200 (V/V), or 600:400 (V/).
The experiments regarding biocompatibility and hemolysis showed that the composite

may be used in bone graft applications.

These studies also included the use of PLA microcapsules, some of them with
sizes around 100 um and porous structure, known to be favorable for bone regeneration.
The purpose of these patrticles is to use them to deliver the HEMA to the suspension and

to create porosity inside the composite to increase the cell invasion in vivo.
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7.1 Introduction

The last chapter dedicated to the experimental work that was developed to
obtain a biomaterial adequate for kyphoplasty procedures is a report of a test in vivo,
with an animal model. The present study has the objective of testing the biocompatibility
and the bone substitution capacity of an optimized composite based in a polymeric matrix
mainly composed of PVA, reinforced with bone-derived carbonated hydroxyapatite and
containing a contrast agent. Other organic and inorganic components are also part of
the formulation, including PLA microcapsules combined to enable the injection and
posterior in situ solidification of the biomaterial inside a collapsed vertebral body.

The test involved two parts. First, the implantation of the biomaterial in an animal
model. This work was performed in Universidade da Beira Interior, at Centro de
Investigacdo em Ciéncias da Saude (CICS), under the supervision of Doutor llidio
Ferreira. Then, the histological sections obtained after five weeks implantation were
supplied to be analyzed in this study. This methodology enables the study of the
osteocondutive and osteocondutive properties.

Since the material under study is meant for application in large bone defects,
the animal model, a rabbit, was selected accordingly [5,54,96,241,242]. The international
standard for the biological evaluation of medical devices recommends a maximum of 6
implants (3 test and 3 control implants) per rabbit (International Standard ISO 10993-6,
1994). This is half the maximum number of implants recommended for sheep, dogs,
goats and pigs. Also, the size of the implant which may be inserted is limited. Cylindrical
implants are no recommended to be larger than 2 mm in diameter and 6 mm in length,
again this is half that recommended for the other larger species mentioned (International
Standard ISO 10993-6, 1994). Despite this, the rabbit remains a very popular choice of
species for the testing of implant materials in bone [5,54,96,241,242].

The selected composite was previously tested for biocompatibility with
osteoblasts and for hemocompatibility. Since the outcome was positive, the next step
was the evaluation of the bioactivity (osteoconductivity and if possible, osteoinductivity

and angiogenesis).

7.2 Procedure

This experiment started with the preliminary preparation of the composite
material. As described in Chapter 6 (Table 6.2, Sample #5), this composite is based on
a final reaction between PVA98-CDI-HABov600-BaS0O4-COL-K,S,0s and HEMA.
Additionally, standard microcapsules of type mC-S were also included in the suspension.

The polymerization and crosslinking occurred for 48 hours in a closed vessel, at 37 °C.
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After the synthesis, the solid composite was immersed in PBS for 24 hours with
the purpose of swelling it to around 140 wt% of the initial mass. Next, according to the
usual protocol, a tube with internal diameter of 5 mm was used to cut eight disks from
the starting sample. These were put in a well culture plate and sterilized with UV radiation
for thirty minutes. Then, the plate was sealed with adhesive tape (Figure 7.1).

Figure 7.1- Composite samples in disk shape (5 mm diameter) after UV sterilization.

The animal model was an adult male rabbit weighting around 2.8 Kg, in good
health conditions.

The surgery was performed by a veterinary doctor and the procedure went
smoothly. Proper care with pre-operative conditions included the administration of
anxiolytic drugs (butorfanol + diazepam) to avoid the release of catecholamines that are
potentially fateful in rabbits. After the trichotomy and topic antiseptics with iodopovidona
(betadine®), an incision of 3 cm was made at the distal part of the femur, in the lateral
region of the joint. Then, the muscle tissues were spread and the appropriate site for
implantation was identified. The perforation to create a bone defect was made with
successive drills until a depth of 6 mm. The composite material was put inside the defect,
and the procedure ended with the suture of the tissues. After the surgery, analgesics and
antibiotis were also part of the postoperative treatment. The clinical evolution was
monitored in the next 5 weeks using x-ray imaging. After euthanasia, the bone was
collected and prepared for histological analysis.

The x-ray images in Figure 7.2 were obtained at days 1, 8 and 35 after the
surgery. The enhanced contrast relative to natural bone shows that the proportion of
minerals in the composite is adequate for monitoring the position, shape and size of the
implanted material.

After extracting the femur and removing the surrounding tissues, the piece
containing the composite material was cleaned.

Diverse histologic sections were prepared from the defect area which included
the surrounding natural bone. The slices were extracted from three regions across the
composite: the middle and two extremities (Figure 7.3). All samples were prepared for

hematoxylin and eosin (H&E) staining. First, they were fixed in 10% formalin for 5 days
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and then they were decalcified with 10% formic acid for 5 days. During this process, the
acid was changed daily, and the degree of decalcification was evaluated manually. After
decalcification was complete, the samples were put into lithium carbonate for 5 minutes
and then each specimen was divided into two parts at the center and prepared for
histologic examination in a routine manner. The samples were put into an automatic
autotechnicum machine. In this machine they were put into a series of graded alcohol
concentrations for dehydration as well as xylol. After they were mounted in paraffin from
the cut side, histologic sections (5 mm) were created and stained with H&E.

- 4
-
\ c - |

Figure 7.2 — X-ray images of the implanted region at days 1, 8 and 35 after the surgery.

Figure 7.3 — Bone piece containing the bone defect with the implanted composite (left). Histologic sections
from different slices across the composite (right).

7.3 Histological analysis

The histologic sections were examined microscopically at diverse
magnifications. There were some signs of a foreign-body reaction, an inflammatory
response by granulomatous cells, being this effect a frequent event in bone grafting
[5,7,13,243].

At 20x magnification (Figure 7.4) half of the middle section of the composite disk
is observed next to the surrounding cortical bone. The composite includes multiple

microcapsules dispersed in the whole cross section and there are fissures of diverse

229



Chapter 7

dimensions. The structure of cancellous bone, with thin trabeculae immersed in bone
marrow is clearly observed in Figure 7.5. This is the biological environment for which this
composite has been developed.

Figure 7.5 - Internal structure of cancellous bone

Increasing the magnification to 400x-1000x, many details can be observed, as
depicted in Figures 7.6-7.8.

The field of view in Figure 7.6 is focused on a fragment separated from the
periphery of the bulk. At 400x, it shows two different environments. The left side of the
image shows adypocites and many other cells around the trabeculae, and the right side
presents a different background. More importantly, the top side of the fragment is
covered by new bone tissue, as evidenced by its morphology, staining and close
adhesion to the surface of the composite [36,96,242,244].
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Figure 7.6 — New bone tissue formed on the surface of a composite fragment.

The images of Figure 7.7 depict different cases. On the left, the composite
particle is surrounded by fibrous tissue and the material surface has multinucleated cells
that may be osteoclasts resorbing it. Numerous other cells with comparable dimensions
are also observed. On the right image, the composite is next to a bone trabecula that is
full of bone linning cells on the surface. The composite has a fissure and it seems that
the bone tissue is invading this passage in the direction of a microcapsule. In that porous

space, some bone tissue is also observed.

Figure 7.7 — Osteoclasts resorbing the surface of the composite (left). Bone tissue invasion through a fissure
in the composite, in the direction of a microcapsule.

To finish this description, it should be remembered the role of vascularization in
the integration of bone grafts or other bioactivity events [41,57,245-247]. Figure 7.8 is
not focused in the composite. Instead, it shows the cross section of an artery with its
walls and erythrocytes inside, and a vein with is numerous erythrocytes. Around them,

the large adipocyte cells show their typical morphology.
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Figure 7.8 — Detail of the bone marrow composition. An artery (with its walls and erythrocytes inside), a vein
(with its numerous erythrocytes), adipocytes and other cells.

7.4 Conclusions

The results from the test in vivo showed that the composite material containing

standard PLA microcapsules has promising properties for bone grafting.

After five weeks implantation, there are evidences of bone regeneration, although
in limited extent. The formation of new bone tissue over some composite fragments by
osteoblasts and the observation of osteoclasts resorbing the surface of other fragments

point to a dynamic activity involving the composite material.

Moreover, the cell and tissue invasion of the fissures in the material, into the
pores of the microcapsules are also positive signs regarding osteocondutive properties.
Despite the composite does not possess interconnected porosity after injection, the
expected trend is that the microcapsules will contribute to create more porosity, as they

degrade into the local environment.

This raises the question about the biodegradation potential of the composite. To
reach a conclusion on this subject, further tests are required using the rich and complex
medium of the bone marrow. The cellular environment and enzymes may determine the

biodegradation profile of the implanted material.
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8.1 Final remarks

The present study constitutes an opportunity to obtain better knowledge about
diverse subjects since it combined chemical engineering, materials science engineering,
biology and medicine, reflecting the necessary dialog between such diverse fields. In
addition, it enabled to learn about over twenty experimental techniques and multiple
procedures that were applied to characterize different materials, namely diverse
ceramics and diverse polymers of natural and synthetic origins. The characterization
focused multiple chemical and physical properties, such as chemical composition,
thermal behavior, microstructure, viscosity, surface energy, porosity, particle size
distribution, compression strength, biocompatibility, hemocompatibility and
osteogenesis. Most importantly, this study enabled to correlate different properties,
driving the research to the achievement of the objectives defined at the beginning of the

work.

The motivation for the scientific research developed in the present work has been
the development of biomaterials alternative to PMMA and other bone cements to apply
in the repair of collapsed vertebrae through kyphoplasty. The main challenge of this work
has been the search for an innovative composite material, rather than developing a
product from reagents with little differences from those usually applied in the synthesis

of bone cements.

With the objective of obtaining a composite that mimics bone, this study focused
the mineral phase and the organic phase of a new biomaterial that needed to be
injectable and to be able to solidify in situ, inside a vertebral body. The test of different
formulations and chemical synthesis paths allowed the progress of the research from a

wide set of options to a single specific product that passed all the virtual filters.

The results retrieved from this study enabled to obtain a formulation that complies
with the initial objectives, although it was necessary to include an acrylic component in
the composition. Nevertheless, its concentration is extremely low compared to
commercially available acrylic bone cements. In addition to the formulation, the
interpretation of the results contributed to develop a theory about the chemical reactions
involved in the synthesis procedure. Moreover, the results suggest that the biomaterials
that were optimized in this study may be applied in other anatomical sites for bone repair

procedures, particularly for cancellous bone defects.

At the end of the research, diverse questions remain unsolved and these can

constitute suggestions for future work:
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- Can the composite be synthesized with another carbodiimide? That's the only
reagent kept constant in the procedure (besides potassium persulfate, the chemical
initiator).

- Are there other techniques to enlighten the reaction mechanism? Some steps
could be better characterized. Molecular dynamics computing could provide valuable

information to explain some chemical reactions.

- Is the composite biodegradable? A large proportion is bone-derived
hydroxyapatite and it also contains collagen. So, itis at least partially biodegradable. But
how about the set of polymers from the organic phase? Are there specific enzymes to
degrade it inside a bone defect? Additional in vivo tests would be necessary.

-Should it be biodegradable? Most bone repair clinical procedures are applied in
elderly patients, with limited potential forl new bone formation. For these, is it better to

have a non-biodegradable bone graft?

- Can the microcapsules transport and deliver antibiotics, BMPs, growth factors
or other substances to the composite? If so, what is their delivery kinetics like? The type

and concentration of additives would need to be scaled to the target site.

- Can the obtained formulation be applied in 3D-printing devices? This would
enable the synthesis of bone grafts with complex shapes and controlled architecture.
Scaffolds with interconnected porosity and adequate pore sized could be manufactured

for specific bone defects and specific clinical applications.

All these questions are open to debate and would require further experimental
work. And, as usual in science, even the questions that seem closed issues may always

be reviewed.
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9.1 Main reagents

Table 9.1 - Acquired reagents and respective manufacturers.

Appendix

Reagent Manufacturer
Inbone Agoramat
Calcibon Biomet

PVA 80% hydrolized, Mw 9000-10000 Sigma Aldrich
PVA 96% hydrolized, Mw 85000-146000 Sigma Aldrich
PVA 98% hydrolized, Mw 13000-230000 Sigma Aldrich
Sodium Metaperiodate Sigma Aldrich
Urea Sigma Aldrich
N-cyclohexyl-N"-(2-morpholinoethyl)  carbodiimide Sigma Aldrich
methyl-p-toluenesulfonate

Amino methyl propanol Sigma Aldrich
Sodium borate Sigma Aldrich
Boric acid Sigma Aldrich
Potassium persulphate Sigma Aldrich
PLA Sigma Aldrich
HEMA Sigma Aldrich
Collagen Type | from bovine Achilles tendon Sigma Aldrich
PBS Sigma Aldrich
ACD acid citrate dextrose Sigma Aldrich

Rabbit venous blood

9.2 - Instrumental

TGA-DSC

Simultaneous thermogravimetric analysis (TGA) and Differential Scanning

Calorimetry (DSC) measurements were carried out using a SDT Q600 equipment (TA

Instruments, New Castle, DE, USA). Samples weighting 10-20 mg were heated in an

alumina crucible at a rate of 10°C/min from 25°C-1500°C (bone samples) or from 25-600

°C (polymers, intermediate compositions and composites) under an oxidizing

atmosphere using 55 cm?min flux of air.
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FTIR

Fourier Transform Infrared Spectroscopy (FTIR) was used to investigate the
chemical composition of almost all samples. The FTIR spectra were obtained using a
Nicolet Magna IR-750 spectrometer (Nicolet, Madison, WI, USA) in the attenuated total
reflection (ATR) mode. The spectra were registered in the 500-4000 cm™* region using
64 scans and a spectral resolution of 4 cm™.

XRD

The samples spectra were collected using a Philips X-PERT diffractometer
(Philips, Amsterdam, Netherlands) operating in the Bragg-Brentano configuration with
Co-k[] (\=1.78897 A) radiation at a current of 35 mA and an accelerating voltage of 40
kV. Intensity data were collected by the step counting method (step 0.02° and time 0.5
S) in the range 26 = 10-100°. Phase identification was performed with reference to the
database supplied by the International Centre for Diffraction Data, nhamely using the
Powder Diffraction Files n° 84-1998 (hydroxyapatite), 80-0512 (barium sulphate) and 83-
1436 (urea).

Mercury intrusion porosimetry

Porosity and pore size distribution were determined using the AutoPore IV 9500
(Micromeritics Instrument Corp., Norcross, GA, USA). The pressure range varied
between 0.5 psi and 30000 psi, which enabled the measurement of pore diameters

between 400 um and 0.006 um, respectively.

SEM
SEM observations were carried out in a Philips XL30 microscope (Philips,
Amsterdam, Netherlands) operating at 20 kV. The test samples were mounted on a

double-coated carbon conductive tape and sputter coated with gold.

SEM (UBI)

Samples were sputter coated with gold using an Emitech K550 equipment
(London, UK). The SEM images were acquired with a scanning electron microscope
Hitachi S-2700 (Tokyo, Japan) with an acceleration voltage of 20 kV at different

magnifications.
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Light microscopy

The washing and separation stage of the synthesis process of microcapsules was
monitored by light microscopy (LM). Samples consisted on aqueous suspensions of
those patrticles.

Light microscopy was performed using a Nikon Optiphot equipment (Nikon Inc.,
Melville, NY, USA).

These samples were further analysed by image analysis (BH-2 microscope from
Olympus coupled with morphometry software CUE-2 also from Olympus).

LDS
Particle size measurements were made by laser diffraction spectrometry using a

Coulter LS 130 equipment.

IGC

The analysis was carried out on a DANI Instruments (Milan,ltaly) GC1000 digital
pressure control gas chromatography instrument equipped with a H; FID at a column
temperature of 37 °C, injector temperature of 180 °C and detector temperature of 200

°C. He was the carrier gas, and methane was the reference.

XPS

The XP spectra were obtained by an ESCALAB 200A (VG Scientific, East
Sussex, UK) instrument in combination with PISCES software (Data Systems, Bristol,
UK). An achromatic Al (Ka) X-ray source operating at 15 kV (300 W) was used. The
spectrometer, calibrated with reference to Ag 3d 5/2 (368.27 eV), was operated in
constant analyzer energy mode with 20 eV pass energy. Samples were analyzed at least

in duplicate with pellets of approximately 1 cm diameter.

NMR

NMR spectroscopy was used to characterize the PVA80 and PVA98 polymer
samples before and after reaction with AMP and CDI.

'H and 3C NMR spectra were obtained at 25 °C on a Bruker Avance 11 400 MHz
spectrometer. Samples (20-30 mg) were allowed to dissolve in 600 [l D,O for at least
24 hours and spectra were recorded using a total of 64 scans for proton and around

3000 scans for 13-carbon.
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Solid state NMR

Solid-state NMR spectra were recorded at room temperature using a Inova 750
MHz spectrometer at proton, 3P and '3C resonance frequencies of 20, 160 and 100
MHz, respectively. Echo and crosspolarization (CP) experiments were performed using
proprietary double-bearing MAS (magic angle spin) probes and zirconia rotors, spun by
dry air. The *!'P and *H/**C chemical shifts were externally referenced to 85% H3PO, and

TMS, respectively.

SEC

SEC was performed in a HPLC system composed of a degasser and a
WellChrom Maxi-Star k-1000 pump (Knauer), coupled to a RI detector and a single
column (PL aquagel-OH Mixed 8 Im) from Polymer Laboratories. The whole system was
kept at room temperature and the eluent was composed of a previously filtered solution
of 1% (v/v) acetic acid and 0.1 M Na SO, in mili-Q water. The standards used for
conventional calibration were composed of polyethyleneglycol (PEG) ranging from 300
to 40000 g/mol. Both standards and samples were dissolved in the eluent solution (3
mg/ml and 10 mg/ml, respectively) and the injection volume was 50 (], at a flow rate of

1 ml/min.

Viscosity measurements

The viscosity was determined with a controlled stress rheometer, Haake model
RS1, equipped with a refrigerated bath ThermoHaake model C35P. Samples were tested
using a cone-plate sensor system C60 with 1° angle and 60 mm diameter, enabling

measurements in the 0-600 1/s shear rate range

DMTA

DMTA of the samples was carried out using a Tritec 2000 DMA (Triton
Technology Ltd.-Nottinghamshire, UK) under single cantilever mode (pocket). All
samples were analyzed over a temperature range from -150°C to 250°C, at frequencies

1 and 10 Hz, using a heating rate of 5 °C/min.

Creep
Creep tests were carried out using a DMA 242 E (Netzsch- Germany) under
compression mode. All samples were analyzed at room temperature (25 °C), using a

dynamic force of 2 N and 5 N for 1 and 2-3 hours, respectively.
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Cell culture for osteoblasts citotoxic assay

Human osteoblast cells were seeded in T-flasks of 25 cm? with 6 ml of DMEM-
F12 supplemented with heat-inactivated FBS (10% v/v) and 1% antibiotic/antimycotic
solution. After the cells become confluent, they were subcultivated by a 3-5 minutes
incubation in 0.18% trypsin (1:250) and 5 mM EDTA. Subsequently, cells were
centrifuged, resuspended in culture medium and then seeded in T-flasks of 75 cm?.
Hereafter, cells were kept in culture at 37 °C in a 5% CO, humidified atmosphere, inside

an incubator.
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