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ABSTRACT

The degradation of metallic prostheses and implants used in orthopaedic surgery
and dental restoration, results in the release of metal ions, which can either accumulate
in adjacent tissues surrounding the implant or enter the bloodstream. The biological
consequences of the material released into the body are a subject of much concern and
investigation. Significant accumulation of a given metal in bone mineral can be
expected to alter its characteristics. Studies have been reported concerning the effects
of different metal ions, namely aluminium, cadmium and lead in osseous pathologies.
Hydroxyapatite (HAp) coatings have been applied onto metals in order to improve
osseointegration of metallic orthopaedic implants and it is expected that the ceramic
will act as a barrier to elemental transfers from underlying substrates. However, the
release of metal ions may compromise the integrity of the metal-coating interface and
influence the dissolution behaviour of the coating. Although titanium and its alloys are
widely used in the biomedical field, the effects of its metal ions on the molecular
structure of HAp (as a coating and as a bone mineral constituent) is not clearly
understood. In the present work the influence of different concentrations of titanium
ions in the HAp structure was investigated and the characterisation of the products
obtained was carried out. It was observed that HAp undergoes structural changes in
the presence of titanium ions and, depending on the concentration, the metal ion is
either incorporated in the lattice or leads to the formation of a titanium phosphate
compound as a result of a dissolution-precipitation process. Since Ti-0Al-4V alloy is
the titanium alloy most widely used in the biomedical field, the possibility of existence
of a synergistic effect between titanium and aluminium ions was also studied. The
results obtained suggest that aluminium and titanium jointly inhibit HAp dissolution

and/or lead to formation of a calcium-containing compound.

Another objective of the present work consisted in investigating the applicability
of calcium-titanium phosphate (CTP) in orthopaedic surgery. The synthesis of CTP

was optimised and the material was chemically and structurally characterised using
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different techniques. The ability of CTP to mineralise was investigated in simulated
body fluids (SBF). It was observed that CTP induces the formation of an apatitic
carbonate layer on its surface when immersed in SBF. The 7# vitro biocompatibility of
CTP was evaluated in cultured MGO63 cells, in terms of cytoxicity and cell adhesion. It
was demonstrated that CTP is cytocompatible and promotes adhesion of MG63 cells.
The results obtained showed that this material can be envisaged as an alternative to

traditional calcium phosphates.

In the past few years, increasing efforts have been devoted to the development
of injectable materials, as an alternative for the treatment of bone defects with less
patient discomfort, since they can be applied through minimally invasive surgical
procedures. An additional objective of the present study was to develop novel
injectable biomaterials in the form of CTP-alginate and HAp-alginate microspheres.
The preparation and characterisation of the microspheres, which are intended to be
used as protein delivery matrices as well as bone regeneration templates, was carried
out. Moreover, studies on the adsorption and release of glucocerebrosidase, an enzyme
used in the treatment of Gaucher disease, to which are associated severe bone
pathologies, were also performed. It was demonstrated that the proposed methodology
enabled the preparation of homogeneous microspheres, which can combine
biocompatibility, as well as to act as protein delivery systems. In the present work,
porous ceramic injectable microspheres with an interconnected porous network were
also prepared based on the sintering of the CTP-alginate and HAp-alginate
microspheres previously described. The high and uniform porosity of the microspheres
obtained suggests their application as drug delivery matrices with high drug-loading

efficiencies, as well as bone tissue engineering scaffolds.



RESUME

La dégradation des prothéses métalliques et des implants utilisés dans la chirurgie
orthopédique et la restauration dentaire, a pour conséquence la libération des ions
métalliques. Ceux ci peuvent s'accumuler dans les tissus adjacents autour de l'implant
ou s’infiltrer dans la circulation sanguine. Les effets biologiques, du matériel libéré dans
le corps sont un sujet de recherche qui suscite beaucoup d'intérét. Plusieurs études ont
rapporté les effets des différents ions métalliques notamment I'aluminium, le cadmium
et la plombe en pathologies osseuses. Des revétements d’hydroxyapatite (HAp) ont été
appliqués sur des métaux afin d'améliorer l'ostéointegration des implants
orthopédiques métalliques. I est espéré que la céramique serve de barricre a la
libération des ions a partit du substrat. Cependant la libération de ces ions peut
interférer dans I'intégrité de I'interface metale-revétement et influencer la dissolution du

revétement.

Bien que le titane et ses alliages soient des maticres extensivement employées
dans le domaine biomédical, les effets des ions métalliques sur la structure moléculaire
de I'hydroxyapatite (comme tevétement et comme constituant minéral d'os) ne sont
pas clairement compris. Dans ce travail l'influence de différentes concentrations des
ions titaniques dans la structure de lhydroxyapatite a été étudiée ainsi que la
caractérisation des produits obtenus. Il a été observé que l'hydroxyapatite subit des
changements au niveau de sa structure en présence du titane dans les milieux
d'incubation. Selon la concentration utilisée, le titane est incorporé dans la structure
moléculaire de 'hydroxyapatite ou conduit a la formation de phosphate de titanium en
résultat d’'un processus de dissolution-précipitation. Comme I'alliage de Ti-0Al-4V est
lI'un des alliages du titanium le plus utilisée, il a été également étudié la possibilité de
Iexistence d’un effet synergique entre les ions du titanium et I'aluminium au niveau de
la structure de hydroxyapatite. Les résultats obtenus suggerent que I'aluminium et le
titanium inhibent la dissolution de I’hydroxyapatite et/ou conduisent a la formation

d’un composé contenant du calcium.



Un autre objectif de ce travail a été également d’étudier I'application d’un
phosphate de calcium-titanium (CTP) en chirurgie orthopédique. La synthése de CTP a
¢été optimisée. La caractérisation du matériel, chimiquement et structurellement, en
utilisant différentes techniques a été également réalisé. La capacité de CTP de
minéraliser a été étudiée dans des solutions simulant le milieu physiologique (SBF). Il a
¢été observé que le CTP induit la formation d'une couche apatitique de carbonate au
niveau de sa surface une fois immergé dans le SBF. La biocompatibilité, 7z vitro, du
CTP a été évalué en utilisant les cellules ostéoblastiques MGG63. Des tests de
cytotoxicité et d’adhésion cellulaire ont été réalisé. Il a été¢ démontré que le CTP est
non cytotoxique et favorise I'adhésion des cellules MG63. Ces résultats montrent que
ce matérial peut étre utilisé comme une alternative aux phosphates de calcium

traditionnellement employés en médecine régénérative.

Des efforts croissants ont ¢été consacré au développement des matériaux
injectables, comme alternative pour le traitement des défauts osseux une fois que ces
matériaux peuvent étre utilisés en chirurgie mini invasive avec un minimum de
traumatisme provoqué chez le patient. Dans ce travail, des matériaux injectables sous
forme de microspheres de CTP-alginate et d'hydroxyapatite-alginate ont été développé.
La préparation et la caractérisation des microsphéres destinées a étre utilisées a la fois
en tant que matrices de relargage de protéines et matériaux de régénération osseuse a
été realisé. Des études d’adsorption et de relargage de glucocerebrosidase, une enzyme
utilisée dans le traitement de la maladie de Gaucher auquel sont associées différentes
pathologies osseuses, ont été également effectué. 11 a été démontré que la
méthodologie proposée a permis la préparation des microsphéres homogenes, qui
peuvent associer la biocompatibilité, aussi bien que la possibilité d'agir en tant que
systtme de relargage de protéines. Dans ce travail, des microsphéres injectables
poreuses en céramique, obtenues a partir de la sintérisation des microspheres de CTP-
alginate et HAp-alginate ont été préparé et caractérisé. La porosité élevée et
I'uniformité des microspheres obtenues suggerent leur application en tant que matrices
de relargage de molécules actives avec une efficacité élevée en tant que support pour

l'usage dans la technologie de tissu d'os.



RESUMO

A degradagdo de proteses metalicas e implantes usados em cirurgia ortopédica e
restauracdo dentaria, resulta na libertagao de ides metalicos que se podem acumular nos
tecidos adjacentes que circundam o implante ou alternativamente entrar na corrente
sanguinea. As consequéncias biolégicas dessa libertagao constituem um tépico de
grande interesse e preocupagao para a comunidade cientifica. Existem varios estudos
descritos na bibliografia da area relativos aos efeitos de diferentes ides metalicos,
nomeadamente aluminio, cadmio e chumbo em patologias dsseas. Os revestimentos de
hidroxiapatite tém vindo a ser aplicados em implantes metalicos ortopédicos por forma
a melhorar a osseointegracio dos mesmos. Espera-se igualmente que o ceramico
funcione como uma barreira a libertacao de ides do substrato. No entanto a libertacao
desses mesmos ides pode comprometer a integridade da interface metal-revestimento e

influenciar a dissoluc¢io do revestimento.

Se bem que o titanio e as suas ligas sejam materiais muito usados na area
biomédica, o efeito dos seus ides na estrutura molecular da hidroxiapatite (como
revestimento ¢ como constituinte mineral 6sseo) ndo esta claramente entendido. No
presente trabalho foi investigada a influéncia de diferentes concentragoes de ides
titanio na estrutura da hidroxiapatite e foi feita a caracteriza¢ao dos produtos obtidos.
Foi observado que a hydroxiapatite sofre alteragoes estruturais na presenca de titanio
no meio de incubagao e dependendo da concentragao, o ido metalico é incorporado na
rede de hidroxiapatite ou conduz a formag¢ao de um fosfato de titanio como resultado
de um processo de dissolugao-precipitagao. Uma vez que a liga Ti-6Al-4V ¢ a liga de
titanio mais usada em implantologia, foi também estudada a possibilidade de existéncia
de um efeito sinérgico entre os ides titanio e aluminio na estrutura da hidroxiapatite.
Os resultados obtidos sugerem que o aluminio e o titanio inibem conjuntamente a

dissolucio da hidroxiapatite e/ou levam a formagio de um composto contendo calcio.

Um outro objectivo do presente trabalho consistiu em investigar a aplicabilidade

de um fosfato de calcio e titanio (CTP) em cirurgia ortopédica. A sintese do composto



foi optimizada e o material foi quimica e estruturalmente caracterizado usando
diferentes técnicas analiticas. Foi também investigada a capacidade do material
mineralisar quando imerso em fluidos simuladores de meio fisiologico (SBF) tendo
sido observado que o CTP induz a formagao de um filme de apatite carbonatada a sua
superficie. Foram efectuados estudos de biocompatibilidade 7z vitro usando culturas de
células do tipo MG63 com o objectivo de avaliar a citotoxicidade do material e estudar
a adesao celular no mesmo. Foi demonstrado que o CTP ¢ citocompativel e promove a
adesdo de células MG63 em elevado numero. Os resultados obtidos mostram que este
materials pode ser visto como uma alternativa promissora aos tradicionais fosfatos de

calcio usados em medicina regeneradora.

Nos dltimos anos tem havido um grande interesse no desenvolvimento de
materiais injectaveis como uma alternativa para o tratamento de defeitos Osseos,
conduzindo a um menor desconforto para o paciente, uma vez que os mesmos podem
ser aplicados através de procedimentos de cirurgia minimamente invasiva. Um
objectivo adicional do presente estudo foi o de desenvolver novos biomateriais
injectaveis na forma de microesferas constituidas por CTP-alginato e HAp-alginato.
Foi efectuada a preparagao e caracterizagao das microsferas cuja aplicagio se pretende
seja a de matrizes libertadoras de proteinas e sistemas regeneradores 6sseos.
Complementarmente foram também realizados estudos de adsor¢ao e libertacio de
glucocerebrosidase, uma enzima usada no tratamento da doen¢a de Gaucher, a qual
estao associadas diferentes patologias 6sseas. Foi demonstrado que a metodologia
proposta conduz a prepara¢ao de microesferas homogéneas, que permitem combinar
aspectos como biocompatibilidade e actuarem como sistemas libertadores de proteinas.
Procedeu-se ainda a preparagdo e caracterizacao de microsferas ceramicas injectaveis e
porosas, obtidas a partir da sinterizagdo das esferas de CTP-alginato e HAp-alginato. A
elevada e uniforme porosidade das microsferas produzidas sugerem que as mesmas
poderao ser aplicadas como matrizes libertadoras de farmacos, com elevada capacidade

de carga, bem como serem utilizadas como substrato para engenharia de tecidos.
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AIM AND STRUCTURE OF THE THESIS

One of the main purposes of this thesis was to study the effect of titanium ions
on the molecular structure of hydroxyapatite (HAp). Another objective was to
investigate the applicability of calcium titanium phosphate (CTP), a material that could
act in specific situations as an alternative to traditional calcium phosphates, in
orthopaedic surgery. In order to use CTP in an injectable form, two different types of
ceramic-based microspheres were developed, namely ceramic-alginate microspheres

and porous ceramic microspheres.

The first chapter of this thesis consists in a brief overview of calcium phosphate
materials to be used in bone regeneration, giving emphasis to HAp and CTP. Aspects
like the cationic and anionic substitutions in the HAp lattice are discussed. The
potential advantages of using injectable ceramic-based microspheres in bone tissue

regeneration are also addressed.

Chapters 2 to 7 describe the experimental work in the form of a compilation of

papers already published or submitted for publication in international refereed journals.

In chapters 2 and 3 the investigation concerning the interaction of titanium ions
with HAp is described and the possible mechanisms of titanium uptake are proposed.
The identification and characterisation of the titanium phosphate formed for high
concentrations of metal ion in solution are reported in chapter 2. The possible
synergistic effect between aluminium and titanium ions was also investigated and the

results are reported in chapter 4.

Chapter 5 describes the physical and chemical characterisation of CTP and the
studies performed to investigate its applicability as a biomaterial for bone tissue
regeneration purposes. The capacity of the material to mineralise was studied, as well as

its cytotoxicity and cell adhesion.
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In chapter 6, the preparation and characterisation of injectable CTP-alginate and
HAp-alginate microspheres to be used as bone delivery matrices and for bone
regeneration is described. Studies on the immobilisation and release of the therapeutic
enzyme glucocerebrosidase (GCR), employed in the treatment of Gaucher disease,
were also performed. The advantages of using CTP over HAp to immobilise GCR are

discussed.

The preparation and characterisation of porous injectable CTP and HAp
microspheres are described in chapter 7. The potential benefits of using these

microspheres as bone defect fillers and scaffolds for bone tissue regeneration are also
p g

addressed.

The thesis concludes with a general discussion (chapter 8) and future work

perspectives (chapter 9).

An Annex containing a compilation of three papers in which the author of this
thesis has participated as second author is included. The intention is to provide the
reader with other key results of further work that support and complement the

applicability of the microspheres described in this thesis.
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Chapter 1

INTRODUCTION

Biomaterials historical outline

A biomaterial is defined as a material intended to interface with biological systems to

evaluate, treat, augment or replace any tissue, organ or function of the body [1].

The use of certain materials as constituents of surgical implants is not new.
Substitutions of bone parts for repairing setiously damaged portions of the human body have
been reported since the pre-Christian era. The historical pathway of biomaterials science has
known profound changes through time and has evolved from one of clinical trial and error to
a scientific discipline based upon the design and control of the interface between tissues and
materials. It is generally accepted that biomaterials are now in their third generation of

existence [2].

The first generation of biomaterials appeared during the 1960s and 1970s and the
implanted prostheses were based on materials selected from engineering practice. The goal of
this generation of materials was to "achieve a suitable combination of physical properties to
match those of the replaced tissue with a minimal toxic response in the host" [3], a common
feature of most of the materials used being their biological inertness [2]. Implantable devices
were produced with inert materials (e.g. alumina, metals and polymers) that could satisfied
mechanical demands and be biologically safe, but which could not be integrated into the
body [4]. While providing an effective immediate solution for many patients, the outcome of
these materials was often time-limited [5] and the development of biomaterials with extended

lifetime in-patients was needed.



As a consequence of the limitations of the first generation of biomaterials, research
was carried out in order to develop materials more closely resembling the biological template
[5]. By the mid-1970s the field of biomaterials began to shift in emphasis from achieving
exclusively a bioinert tissue response to producing instead bioactive components that could
elicit a controlled interaction with the living organism [6]. Different types of bioactive
materials, namely glasses, ceramics, glass ceramics and composites reached clinical use in

several orthopaedic and dental applications [7-24]. Hench ¢ a/ developed the first man-made

material that was found to bind to living bone, consisting of a glass (Bioglass®) of the system
Na,O0-CaO-SiO,-P,0O; [7]. Another important innovation of this second generation of
biomaterials was the utilisation of synthetic hydroxyapatite Ca,,(PO,);(OH), in bone
regeneration in the form of powders, porous implants and coatings on metallic prostheses.
Also, hydroxyapatite-polymer composites began to be used as bone grafts. This application
was pioneered by Bonfield ¢ o/ who developed hydroxyapatite-reinforced polyethylene
composites [8], tailor made to provide matching deformation characteristics and superior
fracture toughness to cortical bone, so as to produce bone apposition rather than bone
resorption at an implant surface [4]. Other advances observed in this period of biomaterials
history were the development of controlled drug delivery systems [25-27] and the use of

resorbable materials which are replaced by the regenerating tissues [15, 17-19, 28, 29]. In this
latter group are included not only ceramics, such as B-TCP (B-tricalcium phosphate), but also

polymers, as for instance polylactic (PLA) and polyglicolic (PGA) acids.

Although progress was achieved with the second generation of biomaterials, revision
surgery is still needed in many cases and failure rates are not satisfactory. Nowadays, a third-
generation of biomaterials is being designed to stimulate specific cellular responses at the
molecular level and the separate concepts of bioactive and resorbable materials have
converged [2]. Research on two different alternative routes of repair, based on tailored

biomaterials, is currently being pursued, namely [2]:

-Tissue Engineering: 1s a process whereby functional biological prostheses are created by
seeding progenitor cells onto synthetic biodegradable substrates that act as scatfolds, and

allow diffusion of nutrients to the cells and the cell-to-cell contact that leads to the formation



of new tissue [30]. The tissue-engineered constructs are then implanted into the patients to
replace diseased or damaged tissues [2]. Different tissues are being engineered using this
route of repair, including fabricated artery, bladder, skin, cartilage, bone, ligament and tendon

[31].

-In situ tissue regeneration: this approach involves the use of bioactive materials in the
form of gels, solutions, powders, granules, or microparticles to stimulate local tissue repair
[2]. The biomaterials used can be loaded with different chemicals or growth factors as bone

morphogenetic proteins (BMP) in order to stimulate cells and favour tissue regeneration.

The bone model

General aspects

Bone is a composite material of organic and inorganic components. The mineral phase
of bone comprises approximately 60 to 70% of the total dry bone weight while the remaining
organic fraction is composed largely (85% to 90%) of the fibrous protein collagen [32]. It is
the combination of mineral and protein fractions that yields the mechanical strength required
for the skeletal support role which bone performs as a structural component of the body
[32]. Bone mineral is involved in both biomechanical and metabolic functions of osseous
tissue [32, 33]. Besides giving structural stability to the skeleton, it provides the body fluids
with inorganic ions to maintain the biologically required levels. It also acts as detoxifying
depository to store ions unwanted in the organism (e.g. lead, strontium, etc). Bone mineral
composition varies depending on species, strain, type of bone, diet, etc [34]. However,
according to Legros ez a/ [35], its chemical composition can be represented approximately by

a single chemical formula:
Cayy[ 1,(PO,),; (HPO, and CO;), ; 2OH and CO;), 501, ;

in which [] represents a vacancy. The amount of HPO,” and CO,* may vary considerably,
however the sum of divalent ions is quite constant in most bone tissues [34]. Other ions are

present in smaller quantities, such as Mg2+, Fe** (in the blood), F" and CI. Due to cellular



turnover, very small amounts of Na*, K", ascorbic acid, citric acid, polysaccharides, among
other substances, are also present [36]. Some specific heavy atoms may occasionally be
found, such as Ba**, St**, Pb*", which show a preference for fixation precisely in bone tissues.
The amount of vacancies in cationic sites and in monovalent anionic sites is always very high
and close to the maximum attainable for an apatitic structure. Although bone mineral is often
described as an "hydroxyapatite" (Ca,(PO,);OH.,), it can be seen from the above formula

that it contains very few OH [34].

Bone seems lifeless but it is made up of a very alive, porous framework that is
constantly being remodelled. The cells found in bone are of different types: osteoblasts,
osteocytes, bone lining cells and osteoclasts, with the first three cell types being derived from
mesenchymal-type cells called osteoprogenitor cells [33]. Bone tissue replaces itself through
the action of osteoclasts that produce acids to dissolve (resorb) apatite and enzymes to break
down collagen [36]. The resulting release of calcium and protein prompts other cells
(osteoblasts), to lay down a new matrix that mineralises, forming apatite and collagen [36]. In
normal conditions bone density is maintained due to the dynamic equilibrium between the
functions of osteoclasts and osteoblasts. If there is a change in this equilibrium, the resultant
amount of bone formed is reduced and bone disorders, such as osteoporosis, arise. In order
to control bone remodelling, either increasing or decreasing it, bone cells produce growth

factors such as morphogenetic proteins.

The initial stage of formation of bone mineral is extremely difficult to study, due to the
tiny size of the crystals and their very high reactivity. The detailed chemical composition and
microstructure of freshly deposited bone mineral, and how these properties change with
bone maturation, have been studied intensively and still remain controversial. A key problem
is whether the calcium phosphate phase, particularly in young bone, consists wholly of a
pootly crystalline hydroxyapatite, or contains residual amounts of a initial precursor. Several
hypotheses involving the existence of mineral precursors, such as amorphous calcium
phosphate (ACP), dicalcium phosphate dihydrate or brushite (DCPD) and octacalcium
phosphate (OCP) have been proposed, based on the study of calcium phosphate formation,
in vitro |37-41]. However, despite isolated studies claiming the formation of one or the other

of these phases, none of them has been reproducibly detected [34]. By the use of



spectroscopic techniques, namely Fourier transform infrared (FT-IR) spectroscopy, and
phosphorous-31 (*'P) solid-state nuclear magnetic resonance (NMR) spectroscopy, it was
possible to obtain information about the short-range order and crystal environment of
specific ions in bone [42-50]. The existence of "non-apatitic" environments, different from
those existing in pure well-crystallised apatites that are specific to bone mineral crystals and
freshly precipitated apatites in physiological conditions, were observed. Moreover, in eatly
stages of bone formation, features such as a low carbonate and a high HPO,” content are
also characteristic [35]. During ageing, however, the amount of non-apatitic environments
and that of HPO,” ions decrease, whereas the proportion of carbonate increases, and bone

mineral evolves towards a regular carbonated apatite with a better crystallinity (maturation)

[34].
Metal ions and bone

Metallic devices have been widely used in orthopaedic surgery for stabilisation of
fractures and for total joint replacement as well as in dental restoration. In general, metallic
implants are well accepted by the body. However, degradation of metallic prostheses occurs
in vivo and ionic species resulting from the electrochemical dissolution of the implants are

released into the surrounding tissues [51-68], including bone.

The release of metal ions may have an effect not only in the skeleton cells and/or
extracellular matrix but also in the bone mineral where a heteroionic exchange and/or
adsorption process may occur [69]. Significant accumulation of a given metal in the mineral
phase of bone can be expected to alter its characteristics. If, in addition, the metal interacts
with bone cells, their metabolism may be affected, e.g. osteoblast and osteoclast function
[69]. After being incorporated in bone, the return of a metal into the circulation will depend

on when the bone mineral will be resorbed.

Titanium and its alloys are frequently used in orthopaedic and dental procedures due to
their adequate mechanical properties, corrosion resistance and biological tolerance. Although
a protective oxide is naturally formed on their surfaces, studies described in the literature

indicate that metal ions are released due to the degradation of these materials [12, 51-54, 59-



068]. Merrit and Brown [68], in fretting corrosion tests, have shown that the body receives not
only particulate but also ionic titanium during the function of the devices. Works of several
authors indicate that titanium ions interact with bone [63, 65-67]. For instance, a study of the
tissue response associated with dental titanium implants, using SEM, TEM and electron
diffraction techniques, revealed the presence of titanium in the implant-bone interface and in
the bone tissue [65]. Another study [66] on the titanium-bone interaction, where a titanium
implant/bone interface formed after 6 months was examined using Tof-SIMS, showed that

titanium diffuses into the bone, and the diffusion area noted during the follow up period was

100 um thick.

Ti-6Al-4V is the most commonly used titanium alloy in biomedical procedures and
aluminium takes part of its composition for metallurgical reasons. The aluminium ion has
been associated with several bone disorders [70-79]. Interest in the interaction between
aluminium and bone resulted from the observation that patients submitted to long term
dialysis accumulated substantial amounts of aluminium in their skeleton, leading to bone
disease characterised by impaired mineralisation and diminished bone cell activity [70].
Nevertheless, the presence of aluminium in bone was also observed as the result of
degradation of Ti-6Al-4V alloy [63, 80]. The biopsis of maxillary bone of patients with screws
of this alloy revealed that newly formed lamellar bone had marked aluminium accumulation,
both near the screw surfaces and at a distance greater than 1-2 mm [80]. In that study,
titanium was only detected in soft tissues and not in lamellar bone, even though its content in
the alloy is higher than that of aluminium. In another investigation using microbeam-PIXE
(PIXE= particle induced X-ray emission) [63], titanium and aluminium were detected in

bone cortex, bone marrow and soft tissues surrounding implants of Ti-6Al-4V.

Although there are several papers concerning the release of metal ions into the body,

their effects in the biology of bone still needs extensive exploration.

Calcium phosphates for medical applications

In the last two decades, the biomedical applications of calcium phosphates have

increased significantly due to their biological properties. Different types of calcium



phosphates are used in the biomedical field, namely resorbable and non-resorbable ceramics,
cements, prosthetic coatings, and composites. They are suited for several applications,
including bone defect filling, bone reconstruction (especially in maxilla-facial applications),
bone replacement (especially small bones and middle ear bones), drug carrier (antibiotics,
anticancerous drugs, growth factors), coatings of metal prostheses (hip and knee joints), and

even nerve guides [34].

In the ternary system Ca(OH),-H,PO,-H,O, there are several known calcium-
phosphates, with calcium-to-phosphate (Ca/P) molar ratios varying from 0.5 to 2 [81] but

only the ones indicated in Table 1 are used as biomaterials.

Table 1- Ca-P compounds used as biomaterials (adapted from reference [34]).

Name and formula Type of application Occurrence
Stoichiometric Hydroxyapatite Plasma spraying coatings Close to enamel tissue
Cai9(POy4)s(OH)2 Drug carrier composites
Non-stoichiometric apatites* Low temperature coating Bone tissue
Caiox(HPO4)x(PO4)6+(OH)2.nH-O; Composites Ectopic calcification end-
0 <x<1,n=025 Drug carrier term of Ca-P cements
a- ot B- Tricalcium Phosphate Bulk ceramics, Composites, High temperature phase
Ca3(POy); Cements, Plasma ) spraying Impurities in  plasma
coatings, Drug carriers spraying coatings
Dicalcium Phosphate Dihydrate Cements Forms also during Ca-P
CaHPO,.2H,O cement setting
Anhydrous Dicalcium Phosphate Cements
CaHPO,
Octacalcium Phosphate Cements Forms also during Ca-P
Cag(PO4)4(HPO4)2.5H20 cement setting
Tetracalcium Phosphate Cements Impurity in  plasma
Cay(PO),0 spraying coatings
Amorphous calcium phosphate* Cements, Drug catrier, Low Biomineralisations
temperature coating Plasma spraying coatings

*Several chemical formulae have been proposed

The most produced and less expensive industrial calcium phosphate biomaterial,
remains hydroxyapatite (HAp). Tricalcium phosphate is also available on an industrial scale

and is probably the most used bioresorbable material [34]. It exists under two crystallographic

forms: B-tricalcium phosphate (B-TCP) and o-tricalcium phosphate (o.-TCP). The o-form is



unstable at low temperature and is obtained by heating the PB-form above approximately

1125°C [34, 82, 83], the precise transformation temperature temaining unclear. The B-form
cannot be obtained by direct precipitation. It results from the calcining to 700-800°C of Ca-

deficient apatite, with the loss of water, according to the equation [82]:
Ca,(HPO)(POY,(OH) - 3Cay(PO), + H,O

B-TCP is stabilised by the presence of small amounts of ionic impurities, such as Mg**
ions, frequently associated with calcium salts [34, 84]. It should not be confused with
whitlockite, a natural iso-structural compound that contains Mg*" ions substituted for Ca**

and HPO,” ions substituted for PO,” [34].

Hydroxyapatite

Preparation methods

Several methods of preparation of HAp have been reported in the literature, including
precipitation, conversion of other calcium salts, solid state reactions, and sol-gel
crystallisation [85-95]. The two main ways of producing HAp are however the wet methods
and solid state reactions. Depending upon the technique used, some variability may appear in
the final product in terms of morphology, stoichiometry and crystallinity [96]. Apatites
prepared from nonaqueous systems are considerably larger in size than those prepared from
aqueous systems. Solid state reactions usually give a stoichiometric and well-crystallised
product but they require relatively high temperatures and long heat treatment times [97].
Moreover, sinterability of such powders is usually low. In the case of precipitation methods,
temperature does not exceed 100°C and nanometric size crystals can be prepared. The
crystallinity and Ca/P ratio of the product obtained depend strongly on the preparation
conditions and are in many cases lower than for well-crystallised stoichiometric
hydroxyapatite. Chemically precipitated hydroxyapatites are often non-stoichiometric (usually
calcium- and hydroxyl deficient). Generally, they have a high specific surface area (between

50 and 90 m*/g) that may adsorb many ions or constituents, which can be incorporated into



the lattice during growth or maturation of the crystals [34]. A general formula is suggested for

non-stoichiometric (carbonate free) hydroxyapatites [94]:
Ca,, (HPO,) (PO, (OH), .nH,0; 0 <x<1,n=0-25

Calcium deficient hydroxyapatites are less thermally stable than stoichiometric
hydroxyapatites and when heated to about 600°C calcium pyrophosphate is formed [32, 98].

Further heating until ca. 800°C, a temperature that does not affect stoichiometric
hydroxyapatite, results in the Ca-deficient hydroxyapatite dehydration to form B-TCP plus
some tresidual apatite [32, 98]. If the Ca/P ratio is equal to 1.5, no hydroxyapatite will exist

after pyrolysis.

Another aspect related to wet methods of preparation of HAp is the incorporation of
carbonate ions and/or other impurities, such as sodium or potassium in the lattice of the
crystallised HAp, since these cations are frequently introduced in the precipitation system
with the reactants. Carbonate is so readily incorporated in HAp that the preparation of a
COj;-free material requires the use of solutions free of carbonate and nitrogen purging during
the experiment. In laboratory preparations with no precautions taken, one obtains a
precipitated HAp with about 1% COj; by weight [32]. Biological apatites precipitated from
body fluids are about 4% in CO; content [32].

Structure of HAp

The stoichiometric form of HAp is monoclinic with space group P2,/b [99-101]. This
structure is characterised by ordering within OH ion columns to form a sequence OH" OH
OH OH/, with an ordered arrangement of these columns, so that the b-axis is doubled giving
lattice parameters a=9.421(8), b=2a, c=6.8814(7) A, y=120° [99]. Although many
preparations of HAp have been described, only in few studies the HAp produced is reported
to be monoclinic [85, 101]. This can be justified by the difficulty that exists in controlling the
stoichiometry, because the simple precipitation route yields a basic calcium phosphate of
variable composition. The calcium phosphate formed can have a Ca/P molar ratio in the
range 9/6 to 10/6 (possibly beyond these limits) and contain vatiable amounts of water and

hydrogen phosphate, yet retain the apatite structure [101]. Normally, only those preparations



having a final high-temperature stage (e.g. hydrothermal or heating in steam at 900°C) have
the possibility of yielding monoclinic HAp [99]. Other preparations are normally hexagonal,
presumably because sufficient OH™ ions are missing, replaced by H,O or impurity ions, so
that the ordering is disturbed [102]. Slightly non-stoichiometric HAp has a hexagonal space
group P6,/m with 2=9.421 and ¢=6.884 A [100].

Substitutions in the HAp lattice

There has been considerable interest in the ion-exchange properties of hydroxyapatites,
in part as a consequence of their relevance in biological systems and as a result of potential
applications for the removal of environmentally undesirable elements from both solids and

liquids [102-107].

The apatite structure is capable of accommodating various substituents (e.g. St** for
Ca™, F for OH, CO,” for PO,”) and still maintain its structure. "Apatite" is a general term
for crystalline minerals with a composition of M,,(Z0O,)X,. The name was taken from the
Greek word "apato" which means deceive, by Werner, a mineralogist in 1790 [108, 109] and
its choice is justified because of the difficulties involved in the identification of apatites due to

their non-stoichiometric existence.

All ionic sites of the apatitic structure accept substituents [34, 95, 109, 110]. The
substitutions in the HAp are isoionic (ions from a solution phase exchange with identical ions
of a solid phase in contact with it), or heteroionic (an ion of a solid phase is displaced by a
different ion from a solution in contact with it, thereby altering the composition of both
phases). The criteria for the substitution are the similarity of charge and proximity of sizes of

the ions concerned [109, 110].

In what concerns HAp applicability in the biomedical field, the capacity of its lattice to
act as a host for different chemical species has been explored. The most common example is
the preparation of carbonate-substituted HAp [111, 112] and fluoride-substituted HAp [113,
114]. Another potential method for improving the biological activity of HAp is the

incorporation of silicon (or silicate groups) into its lattice [115].
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Chemical and physical properties of apatites affected by the substitutions in the lattice

The HAp properties that are affected by substitutions in the lattice are: lattice
parameters (a- and c-axis dimensions), crystal size and shape, crystal strain, "crystallinity"
from X-ray diffraction patterns, infrared absorption spectral properties, dissolution
properties, thermal stability [109]. In some cases more than one substitution occurs
simultaneously in the HAp lattice and the presence of the substituents may have additive,
synergistic or opposite effects on the properties of the apatite crystallites [109]. For instance,
the combined effects of Mg*'and CO;” on reducing crystallinity are greater than the addition
of their individual effects [116]. The simultaneous presence of CO,* and F gives an additive
effect on the contraction of the a-axis dimension [112]. As a consequence of the substitution,
the lattice parameters can be expanded or contracted depending on the size and amount of
the substituent [94, 109, 110, 117, 118]. Usually, if the substituent is larger than the ion
substituted for (e.g. St** for Ca®"; Cl' for OH), the effect is to expand one or both of the
lattice parameters. In some cases of substitutions, both a and ¢ axes are affected either in the
same or opposite directions. In other cases, only the a-axis dimensions are either increased or
decreased, while the c-axis dimensions are not significantly different from the unsubstituted
OH-apatite [109, 117]. Some substitutions are coupled with others to maintain charge
balance or neutrality in the apatite, e.g. CO;” for PO,” coupled with Na* for Ca*". The type
of substituent also affects the crystallinity of the apatites. For instance, an increase in
crystallinity is observed in apatite as a consequence of I incorporation, while a decrease is
observed due to CO;” incorporation [99, 109]. Moreover, the characteristics of the
substituent influence the dissolution properties of apatite. Fluoride, carbonate and
magnesium have specific effects on the solubility of HAp. Fluoride decreases the solubility of
HAp [109, 119, 120] whether carbonate and magnesium increases it [109, 121, 122].

Substituents for Ca*

The substitution of divalent ions for calcium in hydroxyapatite is well known for both
aqueous and non-aqueous systems. Such substitutions are accompanied by changes in the
apatite lattice parameters and these changes are generally related to the size of the ionic radii

of the cation compared to that of Ca* 0.99 A) [109, 117, 118]. For instance, the
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contraction in lattice parameters due to the partial substitution of Cd*" (0.97 A) or Mn*
(0.80 A) for Ca™ is due to the fact that these cations have smaller ionic radii than Ca™".
Contrarily, St™* (1.12 A) , Ba*" (1.34 &), and Pb** (1.20 A) are ions larger than Ca*" and they
cause expansion in both the a- and c-axis dimensions when they substitute in the apatite
lattice. The incorporation of these ions also causes changes in the infrared absorption spectra
[85, 109, 123] namely on the PO,” absorption bands and the disappearance or masking of the
OH' absorption bands ascribed to its librational vibration mode [109]. Their effects on the
crystallinity of apatites are not clear. Strontium-substituted apatites were reported to be more
soluble than strontium-free apatites [124]. The unit cell lattice parameters were found to vary
linearly with the Sr content in different St-HAp solid solutions [125]. The substitution of
Ca®* by St** ions in the apatite lattice is a very important heteroionic substitution since it is
known to interfere with the calcification mechanism [124, 126]. There have been reports
indicating that non-toxic amounts of S** may be beneficial in osteoporosis [127, 128]. High
St** intake seems however to result in poor bone formation and mineralisation, since the

metabolism of Ca is depressed [69].

Magnesium is a metal ion whose presence in the body has important biological
implications. The incorporation of Mg®" in the HAp structure is very limited [99, 109, 129]
with no perceptible effect on the lattice parameters in spite of the smaller atomic radius of
Mg*" compared to that of Ca®* [109]. Several works described in the literature indicate that
the presence of Mg®" in the solution in which the apatite forms, causes a reduction in apatite
crystallite size, favours the formation of Mg substituted- TCP, and promotes the formation
and stabilisation of ACP at 37°C [130-133]. Posner e7 a/ suggested that magnesium ions delay
the ACP to HAp conversion and the direct HAp precipitation reactions by substituting for
Ca®" in forming embryonic clusters of HAp [134]. This results in a distortion and subsequent
destabilisation of these prenuclei due to the smaller size of magnesium relative to calcium
ions, decreasing the probability of the initial formation of HAp crystals [75]. Webster e a/
prepared HAp with 2 mol% substituted Mg”" and found that osteoblasts adhesion was

significantly greater on these substrates than on undoped HAp [135, 1306].

Other divalent cations which can also substitute Ca** in the HAp lattice are Zn*", Cd**

bl

and Pb*. Zn*' is reported to substitute Ca** up to 25 atom% when present in the
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supersaturated solution [137]. However, bone HAp studies with labelled “Zn have shown
100% substituted of Ca** by Zn** ions [138]. The substitutions of Cd*" and Pb** for Ca®" are
associated with bone disorders. Cadmium ions interact directly with bone cells diminishing
their ability to mineralise [139]. Moreover, their presence accelerates bone turnover,
particularly bone resorption, a result of the induced calcium deficiency [140]. The
interference of Cd”" with mineralisation can certainly be explained by its inhibitory effect on
HAp nucleation and growth in addition to any cellular involvement [141]. Cd*" incorporation
into the HAp lattice results in a decreasing of c-axis spacing and a corresponding crystal size
decrease in that direction [141]. In what concerns Pb*, inorganic lead enters the body
through inhalation, ingestion, or adsorbed through skin and is distributed in the organism in
the blood, soft tissues and bone. The skeleton represents an accumulating reservoir
containing approximately 95% of the body burden of lead in adults [142]. The mean
residence time in cortical bone is 30 years [143]. Lead stored in bone may be released in states
where demineralisation may occur, such as pregnancy, lactation, immobilisation, etc, resulting
in endogenous exposure. The mechanism involved in lead fixation in bone is attributed to
isomorphous substitution of Ca>" by Pb**, resulting in the formation of solid solutions of

HAp and lead hydroxyapatite [110].

The incorporation of monovalent ions in HAp lattice such as Na, Li" and K" is also
possible but it has to be coupled with another substitution to maintain charge neutrality [41,

109]. The coupled substitution of Na* for Ca** with CO,* for PO,” is an example [144].

Trivalent ions are also known to substitute for Ca’*. For instance Ergun et a/
synthesised yttrium substituted HAp and has shown that the doped ceramic had improved
cytocompatibility properties for osteoblast adhesion [135, 136]. In what concerns Al*', some
authors indicate that it substitutes calcium in the HAp structure [109, 118, 145] while others
consider that the uptake of this metal ion is due to adsorption processes [77]. Apatites
obtained from solutions containing A’ showed expanded a- and c- axis dimensions when
compared to the lattice parameters of pure HAp, supporting the possibility of substitution
[118]. The adsorption theory is based on the fact that metal ions with ionic radii significantly
different from the one of Ca”" tend to adsorb rather than enter the HAp lattice [145]. As

previously mentioned in the "Metal ions and bone" section, aluminium is associated with
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several bone disorders. It accumulates in the skeleton, inhibits mineralisation and acts on
bone cells [69, 70-78]. Aluminium appears to enter skeletal tissue along with calcium,
competing with it [71]. Although the mechanism by which aluminium disrupts bone
calcification and leads to osteomalacia is not completely understood, it is suggested that

aluminium ions block the calcification sites [74].

The cationic sites of hydroxyapatite can also accept vacancies: up to a maximum of 2

sites out of the 10 existing in stoichiometric apatites [34].
Substituents for PO,

Phosphate ions in the HAp can be substituted by other trivalent ions such as vanadate
VO,” or arsenate AsO,”, and also by bivalent or tetravalent ions like carbonate CO,”,
hydrogenophosphate HPO,”, or silicate SiO," [34, 94, 109, 115]. The trivalent anionic
phosphate sites cannot accept vacancies, probably because the trivalent anions are quite large

and vacancies would destabilise the lattice [34].

The substitution of HPO,” for PO, occurs in hydroxyapatites prepared using aqueous
methods where the concentration of HPO,” is high and this substitution can be detected by
the changes that occur in the a-axis dimension which becomes larger [109]. The presence of
HPO,” can be indirectly determined by the formation of P,O," upon ignition [32, 98], as
mentioned before in the "Preparation methods" section. This type of substitution occurs to a

limited extent and causes a slight increase in the crystallinity of the apatite [109].

The substitution of CO,> for PO,” has been established in HAp and fluorapatites [99,
109, 111, 112]. Carbonate ions exists on two distinct lattice sites of HAp, designated A and B
[44, 47, 90, 111, 112]. Type A carbonated hydroxyapatite results from the replacement of two
OH’ groups by CO,”, whether type B corresponds to the substitution of PO,” by CO,” and
is observed in apatites prepared by precipitation or hydrolysis methods. Compared to the
carbonate free HAp, the type B carbonated apatites show smaller a- and larger c- axis
dimensions [109, 110, 112]. Also, the morphology of the crystals change from needle or
pencil shape to rod-shaped or equi-axed crystals [109, 146]. The crystallinity of the

substituted apatites decreases contrarily to the extent of dissolution that increases as a
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function of carbonate contents [109, 112]. The extent of carbonate incorporation is
influenced by the presence of other ions in the solution from which the apatite forms. The

presence of Na*, NH," or St*" limits the amount of CO,” incorporated into the apatite [109].

The substitution of a phosphate group (PO,”) for a silicate group (SiO,") in HAp
crystal structure would be feasible provided there is charge balance to account for the more
negative silicate group [115]. Silicon substituted HAp results in a decrease in the a- axis and
an increase in the c- axis of the unit cell of HAp although the unit cell volume remains almost
unchanged [115]. Recent studies show a more rapid remodelling of bone surrounding silicon

substituted HAp when compared to pure HAp [147].
Substituents for OH

In calcium phosphate apatites the monovalent anionic site substitution of OH™ by I,
CI, or Br is possible to occur [113, 114, 148]. Apatites without any ions in these lattice
positions have never been described [109]. These sites may also be occupied by carbonate

ions, as already mentioned, resulting in a type A carbonated HAp [44, 47, 90, 111, 112].

Substitution of CO,” for OH has been observed in apatites from non-aqueous
systems prepared at 1000°C. The effect of such substitution on the lattice parameters is
opposite to the CO,” for PO,” substitution, namely the former causes an expansion of the a-
and a contraction of the c-axis [111, 112]. The frequencies of the CO,” infrared absorption
bands are also different in these two types of carbonate substitution. The extent of CO;” for

OH- substitution is 100 mol% (Ca,,(PO,),CO).

In what concerns the substitution of CI for OH it differs in extent for apatites
obtained from aqueous and those from nonaqueous systems (40 and 100% respectively)
[109]. This substitution is accompanied by expansion in the a-with the contraction in the c-
axis dimensions, changes in the characteristics of the absorption bands of the OH groups in
the case of partially substituted (Cl, OH)- apatites and decrease in thermal stability [114, 148].
However, it is predicted from the atomic arrangements of OH, I and Cl- apatites that
structural stability is in the decreasing order: F-Ap > OH-Ap > Cl-Ap [99]. The substitution

of I for OH predominates in mineral apatites. In both aqueous and nonaqueous systems,
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for OH' substitution can be partial or full, Ca,(PO,),(F, OH), or Ca,,(PO,)F,, respectively.
The incorporation of I in the apatite is accompanied by a decrease in the a-axis without any
significant change in the c-axis, an increase in crystallinity, and decrease in dissolution rates

and solubility in acid buffers [99, 113, 114].
Calcium-Titanium-Phosphate

Calcium-Titanium-Phosphate (CTP), CaTi,(PO,),, belongs to a family of compounds
called NZP because the prototype of that broad family is the NaZ,(PO,); compound [149].
The most important fact in this family of compounds is the stability and flexibility of its three
dimensional skeleton in its generalised form [A, (XO,);,]™, which allows the existence of
several hundreds of compositions, the possibility of chemical absorption, exchange reactions,
redox reactions and intercalation processes [149]. These reactions may take place at low
temperature in suspensions, at medium temperature in fused salts or at high temperature in
the solid state. The skeleton [Ti,(PO,),]” is build up by two chemical groups: the octahedral
TiOg units and the tetrahedral PO, units that share corners only through strong bonds like
Ti-O-P. The [Ti,(PO,)|” groups repeat along the threefold axis and the so-formed columns

connect together in a hexagonal array (Figure 1).

Figure 1 - The crystal structure of CTP consisting of three-dimensional hexagonal skeletal network
of POy tetrahedra sharing corners with TiOg octahedra. The oxygen atoms are represented in green.
For simplicity, P atoms, which position is in the centre of the tetrahedra, are not assigned in the
cell.
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Szmukler-Moncler ¢ @/ [150] first provided some preliminary results about the
biocompatibility of Calcium-Zirconium-Phosphate (CZP), which is a compound iso-
structural with calcium-titanium-phosphate. The 7 vitro biocompatibility of this compound
was studied using 1.929 fibroblasts. The preliminary zz vivo biocompatibility was assessed into
dogs in osseous and non-osseous sites. The material did not indicate any adverse reaction.
The extensive remodelling activity at the direct contact of the CZP after 9 months of

implantation indicated an excellent bioactivity.

Metallic phosphates, namely calcium-titanium-phosphates, may be good candidates as
coating materials, in particular if they show chemical affinity to the implant surface, leading to
a higher adhesion and bone-binding properties. An attempt was made by Lugscheider e a/
[151] to produce plasma-spraying coatings of CTP and the results obtained suggested that
functional coatings of CTP could be produced although it was observed that the crystallinity
of the coatings decreased during the spray deposition. A two step process (plasma spraying -
thermal post treatment of the surface) is expected to improve the coating crystallinity. Also,
decomposition of the calcium-titanium-phosphate into other phases was observed for some
of the grain sizes used. Cell culture studies to modulate osteogenesis z vifro by calcium
titanium and calcium titanium zirconium phosphate coatings on titanium substrata, showed
that these materials facilitated the osteoblastic phenotype at least as much as the titanium

surface [152].

Gross ez a/ [153] investigated the biological behaviour of ceramic cylinders, whose main
phase was calcium-titanium-phosphate with small amounts of calcium pyrophosphate,
implanted into the distal femur epiphysis of female Chinchilla rabbits, 7, 28 and 84 days
postoperatively. The findings regarding the tissue response of the new implant material were
considered very favourable. The histological assessment displayed bone bonding to the
material and therefore favourable bioactivity comparable to HAp. The macrophage reaction
was minimal and there were no obvious signs of leaching of particle release from the material

surface in soft tissue interfaces.

Calcium Titanium Phosphate has also interesting properties as a support for

immobilisation of several enzymes. Enzymes are immobilised onto a wide range of porous
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supports, either particulate or membranous. Inorganic support materials are very attractive
because they are usually resistant to sterilisation. Hosono e a/ [154] developed a porous glass
ceramic with a skeleton of CaTi,(PO,), and B-Ca,(PO,), glass ceramic. Suzuki and co-workers
[155] investigated the characteristics of this porous ceramic as an immobilising carrier for
various enzymes, namely invertase, B-galactosidase, and alkalophilic proteinase. They have
shown that the microporous ceramic is a more suitable material than the conventional silica

glass carriers to serve as an efficient and stable enzyme reactor for long term operations.

Bone tissue regeneration

Bone grafts

Bone tissue has the capacity to self-regenerate after injuries. However, when the injury
is too severe the mechanical functionality of the bone is not completely restored due to loss
of volume and formation of fibrous tissue and consequently bone grafts are needed [159-
160]. The ideal bone graft is biocompatible, able to induce bone formation (osteoinductive),
able to support bone formation (osteoconductive), mechanically compatible with bone, and
able to support angiogenesis [156]. Biological and synthetic bone grafts have been utilised for
bone repair. Biological grafts include autografts (usually taken from iliac crest of the patient),
allografts (donated by individuals or procured from cadavers), and xenografts (obtained from
other species). Histo-incompatibility and the possibility of transferring infectious diseases
limit the use of allografts and xenografts. Since autografts provide no risks of immune
rejection or disease transfer, they are clinically preferred. However, they are limited in supply,
and since their properties and shape do not match exactly those of the bone to be replaced,
multiple surgical operations are needed [156-157]. Intensive investigation is being carried out

to produce synthetic bone grafts in order to overcome these problems.
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Injectable ceramic-based graft materials for bone regeneration

General aspects

In the past few years, increasing efforts have been devoted to the development of
improved injectable materials aimed at providing an alternative for the filling of bone defects.
The use of injectable materials in bone regeneration presents several advantages over the
usual implantation surgical procedures. These materials can be applied through minimally
invasive surgical procedures and consequently reduce cost and patient discomfort. Since they
are introduced in the bone defect with a needle, they allow filling cavities of any shape and
the injured area is significantly reduced, as well as the access to infectious agents, when
compared to what happens in a traditional surgical intervention. Moreover, injectable
materials can be used as delivery systems of different agents namely antibiotics, other drugs

and cells.

The injectable ceramic-based materials consist essentially of pastes and micro or
nanoparticles suspended in either autologous blood or other appropriate vehicle prior to
injection. Different ceramic phases have been used, HAp and TCP being the most common
[3-7, 150], as well as several polymeric matrices both from synthetic [158-162] or natural

origin, the latter including collagen, chitosan, gelatine, and alginate, among others [163-168].

Microspheres as bone defect fillers and vehicles for bioactive molecules and cells

Several forms of particulate products are used as bone fillers including irregular
multifaceted particles and rounded smooth granules with solid or porous structures. In a
ceramic-based bone graft material, the shape of the particles has a direct influence on bone
formation. Irregularly or densely packed granules have been described in the literature as
being the cause of inflammatory reactions and slower bone formation [169]. Contrarily,
uniformly packed spherical particles would lead to a regular inter-particle porosity, thus
contributing to easier migration of bone cells and helping in faster bone ingrowth.
Furthermore, spherical particles are more suitable for implantation than non-homogeneous
granules since they conform better to irregular implant sites and present unique packing

characteristics with uniform pores between particles. Moreover, their flowing properties
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during injection will be more predictable since their shape and size are more regular [169]. In
certain applications, the effectiveness of the microspheres can be highly improved if they can
act simultaneously as carriers for biologically active molecules or cells. Microspheres can be
loaded with different agents (proteins as for instance growth factors, enzymes, antibiotics) in
order to stimulate the regeneration of bone tissue [170-172] or even be seeded with cells
prior to implantation [173-175]. Consequently, the advantages presented by injectable

systems for bone regeneration based on microspheres stimulates further research in this area.

Two different types of ceramic-based microspheres are used as bone defect fillers,
namely ceramic-polymer composites or pure ceramic particles. Several methodologies are
described in the literature concerning the preparation of spherical particles [170-172, 176-
182]. For instance, Paul ¢f a/ and Sunny ¢z a/ 170, 176] produced HAp/chitosan microsphetes
by the dispersion of HAp/chitosan slurry in liquid paraffin, with the addition of
gluteraldehyde to harden the spheres, followed by sintering. Sivakumar et a/ [171, 172]
developed a method to produce coralline HAp/chitosan and coralline HAp/gelatin
composite microspheres using a PMMA dispersion solution containing toluene as a
crosslinking agent. Krylova e a/ [177] developed a technique to prepare
hydroxyapatite/polysaccharide microgranules based on the formation of hydroxyapatite by
co-precipitation from sodium alginate and sodium carboxymethylcellulose aqueous solutions
with the use of diphasic calcium phosphate dihydrate and calcium hydroxide. Qiu ef a/ [178]
developed hollow ceramic microspheres with a composition of 58-72% SiO,, 28-42% Al,O,
(wt%) coated with hydroxyapatite particulate sol, to be used as microcarriers for 3-D bone
tissue formation in rotating bioreactors. The same authors [179] also produced composite
microspheres to be used as bone grafts using PLA (polylactic acid) as the matrix and two
different fillers, hydroxyapatite and modified bioactive glass. The method used by Komlev ez
al [180] to produce microspheres was based on the liquids immiscibility effect. A suspension
of HAp powder in aqueous solution of gelatin and oil as a dispersion media were used. The
stirring of the mixture results in the beads formation due to the surface tension forces. After
washing, the beads were heated to burn-off gelatin followed by sintering. Most of the
methodologies described above present the disadvantage of needing fastidious washing

processes to eliminate the reactants used in the preparation of the microspheres.
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Abstract

The aim of this study was to contribute to the understanding of the effect of titanium
ions on the molecular structure of hydroxyapatite (Ca,(PO,);(OH),). The effects of
hydroxyapatite crystallinity, titanium concentration, incubation media, and time and
temperature of incubation were investigated. The solids were analysed by X-ray diffraction
and Fourier transform infrared spectroscopy. The results clearly indicate the formation of a
titanium protonated phosphate compound with a layered structure (Ti(HPO,),.nH,O (n=1-
3)). The formation of this compound is dependent on the titanium concentration and its

crystallinity slightly increases with the time and temperature of incubation.

Keywords: hydroxyapatite, titanium, titanium-phosphate, X-ray diffraction.
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Introduction

Hydroxyapatite (HAp) coatings have been applied onto metals in order to improve
osseointegration of metallic orthopaedic implants. The long-term behaviour of these
implants has to rely on a low rate of dissolution of the hydroxyapatite and on the integrity of
the metal/coating interface. In spite of the excellent cotrosion resistance of titanium and its
alloys to physiological chloride solutions, metallic implants eventually undergo some
degradation in the body through a variety of mechanisms including corrosion. High
concentrations of titanium have been found in tissues adjacent to titanium implants [1-5] in
some cases reaching values of several thousand parts per-million. An investigation of the
tissue response associated with dental titanium implants revealed the presence of titanium
not only in the implant/bone interface but also in the bone tissue [4]. Metal ions released
from the substrate may influence the dissolution behaviour of the hydroxyapatite and affect
its adhesion to the metal. Furthermore, if these metal ions are released into the body, they
may interfere with the dissolution and formation processes of hydroxyapatite bone
crystallites, leading to osseous pathologies. Studies have been reported concerning the effects
of aluminium on bone disorder in individuals with chronic renal disease subjected to dialysis
[6-8]. Lead and cadmium are also considered to be a risk factor for osteoporosis [9-11]. Little
has been reported concerning the chemical interactions of hydroxyapatite with transition
elements. In this work, X-ray diffraction (XRD) studies were performed with the aim of
contributing to the understanding of the effect of titanium ions on the molecular structure of
hydroxyapatite. The influence of HAp crystallinity, titanium concentration, incubation media
and time and temperature of incubation on the extent of interaction of hydroxyapatite with

titanium ions were investigated.

Materials and Methods

Commercial hydroxyapatite (CAM Implants), in the as-received condition and after
heat treatment at 1000°C, were used in the experiments. Dissolution tests were carried using
two different solutions as incubation media, namely de-ionised water and a saline
physiological solution of 0.9% NaCl, to which the metal cation was added in the form of

concentrated salt solution (Titrisol Merck Standard - TiCl, in 18% HCI). A solid/liquid ratio
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of 500 mg of HAp/50 ml of solution was used. The samples were tested in polyethylene
flasks, in a warm air cabinet equipped with an orbital shaker. An agitation speed of 250 r.p.m.
was used throughout the experiments. HAp powders were incubated in solutions containing
different concentrations of titanium ranging from 200 to 2000 ppm. Several testing periods,
varying from 10 to 379 days, were used. Two incubation temperatures were employed,
namely 37 and 65°C (£0.2°C). After incubation, the solid and liquid phases were separated
by centrifuging at 4000 r.p.m and the supernatant liquid was analysed by atomic absorption
spectroscopy for titanium ions. All the solid samples were thoroughly washed with de-ionised

water to eliminate chloride and sodium ions, and dried in a stove at 60°C for 24 hours.

To elucidate the composition of the reaction products resultant from the interaction of
Ti ions with HAp, the solid phases obtained after incubation of HAp for 10 days in solutions
with different titanium concentrations, were heated at 100, 250 and 1000°C for 1h, in an

attempt to improve their crystallinity.

Since it was impossible to find titanium phosphate in the market, to be used as
reference material, an attempt to precipitate the compound was made. A solution of 0.02 M
of Na,HPO,.12H,0 and 0.01M of TiCl, was prepared with de-ionised water. Fifty millilitres
of this solution were kept at 37°C for different times of incubation. After centrifugation, the
solid obtained was washed with de-ionised water. This solid will be identified as "prepared

solid" throughout the text.

X-ray powder data were obtained using a Philips diffractometer and a PW 1710

diffractometer control unit with a monochromator in the reflected beam, a Culy,,
radiation with a wavelength of 1.5418 A and a proportional detector. A Si standard sample
was used for calibration of the camera and of the zero shifts of the goniometer. The

experimental conditions used are indicated in Table I.

The solids for X-ray diffraction studies were gently ground and mixed with an X-ray
transparent solvent to obtain a thin layer of sedimented powder fixed on a glass plate. In
order to minimise the heterogeneity effects of the sample a specimen spinner holder was

used. When higher sensitivity was required, the technique of film X-ray diffraction was used.
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The powders were moulded into cylinders and the analysis was performed using a 114.6 mm

diameter Debye-Scherrer camera, and CuKy,,,, filtered radiation (Ni filter).

Table I - Experimental conditions used in the XRD analysis.

Accelerating voltage 40 kV

Filament current 20 mA
Take-off angle of X-ray tube 4°
Fixed divergence slit 1°

Detector slit 0.1 mm

FT-IR analysis was performed using a Perkin Elmer 2000 FT-IR spectrometer. The
samples were prepared as KBr discs and were run at a spectral resolution of 4 cm’. Two

hundred of scans were accumulated in each analysis.

Results

Hydroxyapatite characterisation

Figure 1 shows the X-ray diffraction patterns obtained for the HAp in the as-received

condition, and after heat treatment at 1000°C. The two powders showed no extraneous

peaks over the range of two theta degrees (20) studied, confirming the putity of the ceramic.
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Figure 1 - XRD patterns of HAp powders: a) in the as-received condition; b) after heat treatment at
1000°C.
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The d(hkl) spacing and intensity values found in X-ray diffraction analysis matched the
standard values for hydroxyapatite (file 9-432 JCPDS). There was a significant narrowing of
the peaks after heat treatment of the as-received HAp, indicating an increase in crystallinity.
Crystallinity and crystallite size of HAp powders were evaluated using the Scherrer equation.

The results obtained are shown in Table II. There is an increase of crystallinity indicated by a

decrease of A20° and/or increase of crystallite size as a function of temperature.

Table II - Crystallinity and crystallite size dimension of the HAp powders used.

Hydroxyapatite "Crystallinity" Crystallite size
Ca10(PO4)s(OH), A20° . kA
Schetrer equation: Dygp =———
b*cos 0
HAp - as received | 0,275 0.025° 289 A
HAp - heat treated | (.150°+ 0.025° 520 A

Doz - domain size in A

k: shape constant = 0.9

7\'Cuka =1.5418 A

b* = peak broadening in radian

Influence of HAp crystallinity and titanium concentration

X-ray diffraction analysis of powders collected after a 10 days testing period revealed
that the addition of Ti to HAp in the as-received condition, in concentrations close to 400
ppm, leads to destruction of the structure of HAp (Figure 2). In the less concentrated
samples (Ti concentration < 400 ppm), some of the peaks characteristic of HAp spectrum
are still present. For Ti concentrations higher than 400 ppm, the powder diffraction patterns
consist of diffuse bands, indicating that a new solid phase appears, mainly as very small
crystallites and/or as a disordered state (low crystallinity). The same results were observed
when the HAp heat treated at 1000°C was used, indicating that HAp crystallinity is not a
factor that determines the interaction of Ti ions with the ceramic. The X-ray spectrum of the
"prepared solid" is quite similar to the ones obtained for the more concentrated samples (>
400 ppm), suggesting that the solids are similar in structure. However, they are different in
composition, as Energy Dispersive Spectroscopy (EDS) analysis revealed the presence of Ca

in the more Ti concentrated samples. Analysis of the solutions after incubation revealed that
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Ti was below the detection limit (1.1 ppm) of the used instrumentation (GBC 904-AA

spectrometer), indicating that practically all the T1 was incorporated in the solid phase.

"prepared solid™

2000 ppm

500 ppm
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Figure 2 - X-ray diffraction patterns of powders obtained after 10 days' incubation of HAp in 0.9%
NaCl solution with different concentrations of Ti and of the "prepared solid" powder, obtained
after the same time of incubation.

Influence of incubation solution, time and temperature of incubation

No differences were observed in the X-ray diffraction pattern of the solids obtained
after incubation of HAp in the two incubation media (de-ionised water and 0.9% NaCl),
suggesting that sodium and chloride ions do not interfere with the process of formation of

the solids (results not shown).

An increase in time (Figure 3) or temperature (Figure 4) of incubation slightly increases

the crystallinity (and/or quantity) of the solid phase formed, after incubation of HAp in 0.9%
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NaCl solution with a concentration of 500 ppm of Ti. Even after 379 days of incubation, the

XRD spectrum obtained is not characteristic of a crystalline compound, indicating that the

kinetics of formation and/or crystallisation of the solids is very slow.

b)
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Figure 3 - X-ray diffraction patterns of powders obtained after different times of incubation of
HAp in 0.9% NaCl solution with a Ti concentration of 500 ppm: a) 10 days; b) 147 days; c) 379

days.
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Figure 4 - X-ray diffraction patterns of powders obtained after 10 days' incubation at different
temperatures of HAp in 0.9% NaCl solution with a Ti concentration of 500 ppm: a) 37°C; b) 65°C.

Influence of ageing temperature

When the solids obtained after incubation of HAp in 0.9% NaCl solution with a

titanium concentration of 500 ppm were heated at 100°C, no significant changes in the XRD

pattern of the solid were introduced (Figure 5b)). However, after further heating to 250°C,

the X-ray pattern obtained is characterised by the absence of definite peaks (Figure 5c)).

Taking together this observation with the results of the thermogravimetric analysis described

in a previous work [12] where a weight loss during heating was observed, it may be

concluded that the titanium-rich solid phase(s) is hydrated and becomes amorphous when it

looses its water of constitution.
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Figure 5 - X-ray diffraction patterns of powders obtained after 379 days' incubation of HAp in
0.9% NaCl solution with a Ti concentration of 500 ppm: a) non heated; b) heated at 100°C for 1h;
c) heated at 250°C for 1h.

When the solid phases obtained after incubation of HAp in solutions of 0.9% NaCl
with different concentrations of titanium are heated at 1000°C, they undergo thermal
decomposition instead of increasing their crystallinity. The same was observed for the
"prepared solid" sample. The products obtained were identified by XRD (Table 1II and
Figure 6).

Table IIT - Crystalline phases identified in the solids heated at 1000°C for 1h.

Sample reference Identified phases
240 ppm Ti B-Cas POy, + HAp
500 ppm Ti CaTi(PO4)s+(TiO),P07 +TiP,0O;
1000 ppm Ti CaTiy(PO4)s+(TiO),P,07 +TiP,O;
2000 ppm Ti CaTiy(PO4)6+(TiO),P.07 +TiP,0O;
"prepared solid" (TiO),P,07 +TiP,0O;

These results indicate that although the XRD spectrum of the "prepared solid" is quite
similar to those of the samples with higher titanium concentrations (500, 1000 and 2000
ppm), they differ in composition. A new calcium phase is probably present in the solid
phases obtained after incubation of HAp in solutions rich in titanium. However, its presence
could not be detected by XRD, which leads to the assumption that it is either amorphous or
present in small concentrations (less than 5%). Upon heat treatment this phase becomes

crystalline and was identified as being a calcium-titanium-phosphate, CaTi,(PO,),.
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Figure 6 - X-ray diffraction patterns of powders obtained after 10 days' incubation of HAp in 0.9%
NaCl solution with different concentrations of Ti and of the "prepared solid", heated at 1000°C for

1h, & - Titanium Oxide Phosphate: (TiO)2P207, @ - Titanium Pyrophosphate: TiP,O7, ¢ - Calcium
Titanium Phosphate: CaTis(POg)s, V - Tricalcium Phosphate: $-Ca; (PO.),, © - Hydroxyapatite:
Ca1o<PO4)()(OH)2.

Identification of the Ti rich solid phase(s)

The different test conditions used in the experiments (HAp crystallinity, time,
temperature of incubation, and ageing temperature) did not improve considerably the quality
of the diffraction data, necessary for a correct identification of the phase(s) present in the
solids obtained. However, in an attempt to do that identification, powder diffraction data of
layered titanium phosphate compounds described in the literature [13] were compared with
the Debye Scherrer powder pattern of the solid phases obtained after 230 days incubation of
HAp in 0.9% NaCl solution with a Ti concentration of 500, 1000, 2000 ppm and of the
"prepared solid" sample. The diffraction patterns were practically identical suggesting similar
structural characteristics of all the samples. Two main types of layered titanium phosphates
are known, namely the o and y phases, which are mono- and di- hydrated respectively, both
containing two phosphorous atoms per atom of group IV element [14, 15]. The two phases

differ not only in hydration state but also in atomic arrangement within the layer. In the o-
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TiP phase, all the phosphorous atoms are in the form of HPO,” groups and its chemical
formula can be represented as Ti(HPO,),H,O [13-16]. In the 7y-phase, half of the
phosphorous atoms exists in the form of H,PO, and the rest in the form of PO,” groups
and therefore, the formula for y-TiP should be written as Ti(H,PO,)PO,.2H,O [13, 16, 17].
In Table IV the X-ray diffraction data of the reference compounds [13] and the experimental

data obtained for the 2000 ppm of Ti sample are presented.

In Table V, the crystal lattice parameters of o- TiP and y- TiP are presented, including

the calculated basal spacing for each of the phases.

If we compare the data in table IV, it becomes apparent that several lines of the two
reference patterns are present in the pattern of the solid phase in study, while others do not
correspond to the a-TiP or y-TiP phases. This is indicative that we are not in the presence of
a mixture of o-TiP and y-TiP phases, since mixtures of two or more different substances
which exist as separate crystals generate X-ray diffraction patterns that correspond to the
superposition of the individual patterns of the constituents. However, all the X-ray
diffraction lines of the solid in study are consistent with a structure corresponding to a
regular array of scattering atoms of the two layered structural phases (o-TiP and y-TiP),
stacked 1:1 along the ¢ axis in a multitude of parallel spaced atomic planes of approximately
19.2 A (7.597+11.643) (Table V). Due to the structural similarity of the a-Ti(HPO,),.H,O
and y-Ti(H,PO)PO,.2H,O phases, hydrogen phosphate hydrated compounds may exist in
which the individual crystals are composed of elementary layers of the two types. The
theoretical basal reflections of the proposed structure for the (002), (003) and (004) planes are
presented in Table VI. The values obtained are very similar to the interplanar distances d
observed for the solid in study (Table IV) that do not match the diffraction patterns of o and
Y phases, providing evidence for the interlayering of these phases during titanium phosphate

crystallisation.
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Table IV - X-ray diffraction data of the reference compounds (0-Ti(HPO4)2.H>O and y-
Ti(H2PO4)PO4.2H20 [13]) and of the compound in study.

doss /A hkl dobs /A hkl dobs /A compound
in study
o - TiP y -TiP
- 11.600 001 -
- - 10.669
- - 9.054
7.604 002 - 7.557
- - 6.458
- 5.560 011 5.193
- - 4.854
- - 4.530
4.201 110 4.297 102 -
4.232 202 - -
4.046 112 3.951 111 4.077
- 3.854 003 3.705
3.457 112 3.558 112 3.579
3.422 204 3.450 103 3.373
- 3.300 013 -
3.150 210 3.170 020 3.144
3.026 014 3.058 021 2913
2.876 302 - 2.810
- 2.786 104 2.710
2.611 114 - 2.651
2.585 206 2.590 201 2.550
2.533 006 2.552 114 -
2.503 020 2.526 200 -
2.494 312 2.450 023 2.460
2.390 204 - -
2.374 116 2.336 123 -
2.244 023 2217 213 -
2157 214 2.150 202 2.144
2.022 116 2.080 031 2.054
1.960 222 1.986 032 1.984
1.942 406 1.951 130 -
1.875 206 - -

1.865 113 1.846 016 1.839




Table V - Comparison of crystal lattice parameters and other calculated parameters of o and y
titanium hydrogen phosphate hydrates [13].

Parameters a-Ti(HPO,),.H,O ¥- Ti(H2PO4)PO4.2H,0
a(A) 8.630 5.181
b(A) 5.006 6.347
c(A) 16.189 23762

B° 110.20 102.59
¢ 7.597 11.643
Basal spacing (E senf)A
ab (A)2 43.20 32.88
V(A)? 657.4 765.67
Z 4 4
d(g/cm3) 2.59 2.38

Table VI - Basal reflections observed for the solid in study (planes (002), (003), (004)).

Basal reflections (A) hkl Intensity
9.06 002 broad strong
6.40 003 very weak and very diffuse
4.80 004 very weak and very diffuse

The most significant difference is observed for the basal reflections of the (002) plane
(9.06 instead of 9.6). This could be attributed to the broadness of the diffraction ring

difficulting the correct measurement of its thickness.

The FT-IR spectrum of the Ti-rich solid phase confirmed the presence of an hydrated
phosphate compound (Figure 7). The bands at 3406 and 1630 cm™ are assigned to lattice
water. In general, lattice water (i.e., water held in a crystal lattice by hydrogen bonds to
anions, or by weak co-ordinate bonds to the metal, or by both), absorbs in the region 3550-
3200 cm™ (antisymmetric v and v, modes and symmetric OH stretching) and at 1630-1600
cm” (HOH bending v, mode) [18]. There are also intense absorption bands at 999 and 1123
cm that belong to the stretching modes of P-O bonds in the HPO,” group. HPO,” ion can
be considered as a distorted PO,” tetrahedron, which consequently exhibits bands in PO,”

domains. The free ion has Cj, symmetry, leading to eight normal modes of vibration [19].
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The symmetric v, A mode and the doubly degenerate v, E P-O stretch appear in the 900-
1200 cm™ region. When this ion is incorporated into a crystal lattice, the v, mode appears as a
doublet [20], which, in the compound in study, may correspond to the band at 999 cm’ and
to the small shoulder at approximately 1025 cm™. The v, mode appears in the spectrum at
1123 cm’™. In what concerns the low wavenumber region, the bands at 572, 546 and 467 cm

may also arise from the HPO,” or PO, groups [19, 21, 22]. The weak bands in the 2000-

2360 cm™ interval correspond to P-O-H stretching vibration [19].

% Transmittance

747 642

467

4000.0 3000 2000 1500 1000 400.0
wavenumber cm-1

Figure 7 - FT-IR spectrum of the solid phase obtained after 230 days' incubation of HAp in 0.9%
NaCl solution with a Ti concentration of 2000 ppm.

Discussion and Conclusions

The results obtained in this study have shown that the hydroxyapatite structure is
disturbed by the presence of Ti ions. In concentrations smaller than 400 ppm Ti ions are
probably uptaken by hydroxyapatite without provoking significant changes in its X-ray
diffraction pattern. The chemical analysis of the supernatant liquid obtained after HAp
incubation revealed that Ti was not present in solution, supporting the idea that the metal ion
has been incorporated in the solid or adsorbed on its surface. This affinity of hydroxyapatite
for titanium cations was also observed in other works of the authors where different

analytical techniques were used [12, 23]. Many trace elements (cations) can be incorporated
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into the apatites and therefore affect their physical and chemical properties [24]. The
replacement of ions in the HAp lattice may play a major role in the biochemistry of bone.
Certain metals such as aluminium, iron, cadmium and lead are known to cause bone
pathologies in humans and animals [6-11]. Further investigation should be performed in
order to better clarify the mechanism of interaction of Ti with HAp for the mentioned

concentrations of titanium (<400 ppm).

For Ti concentrations of approximately 400 ppm, a non-crystalline phase was formed.
For higher concentrations of Ti, the results obtained suggest that the non crystalline
precursor phase leads to the formation of a titanium protonated phosphate compound
(TiHPO,),.nH,O (n=1-3)). The model that we propose to describe the structure of this
titanium phosphate is the stratification of two layered structural phases (a-Ti(HPO,),.H,O
and y-Ti(H,PO)PO,2H,0) stacked 1:1 along the ¢ axis with a layer spacing of
approximately 19.2 A. The compound crystallinity slightly increases with time and
temperature of incubation and is not influenced by the crystallinity of the HAp used in its

preparation.

The presence of (TiO),P,0, and TiP,O, phases in the Ti-rich powders after being
heated till 1000°C for 1h, can be explained by the following mechanism:

ATi(HPO,),.nH,O (s) = (TiO),P,0, (s) + 2TiP,0, (s) + P,0; (2) + (n+4)H,0 (g)

When a solid orthophosphate, containing hydrogen bonds is heated to an appropriate
temperature, there is a loss of water accompanied by pyrophosphate formation [25, 26]. The
amount of pyrophosphate formed is related to the number of hydrogen bonds present in the

system. The (TiO),P,0; results from the partial decomposition of TiP,O; as follow [27]:
2 TiP,0, (s) = (Ti0),P,0; (s) + P,O; ()

The interest in the synthesis and properties of layered structured titanium phosphates
has resulted from the search for compounds with properties suitable to be used as ion
exchangers, sorbents, ionic conductors and catalyst supports rather than from the use of the

ceramic in the biomedical field [15, 16]. From an engineering perspective, these kinds of
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phosphates are very attractive materials due to the capacity of insertion of guest species into
their layered structured host lattices. For instance, amorphous zirconium phosphate was used
successfully in kidney machines for the removal of NH; and NH," from human blood after
catalytic decomposition of urea to NH; and CO, [28]. Further research should be performed
in the future in order to evaluate the applicability of layered titanium phosphates in the
biomedical field. It would also be important to investigate the possibility of 7z viwe formation
of this type of compounds at the interface of titanium prostheses coated with hydroxyapatite

and its implications in the biological system.
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Abstract

In order to understand the effect of titanium ions on the molecular structure of
hydroxyapatite (HAp), HAp powders were incubated in solutions with different titanium
concentrations. After incubation, the powders obtained were analysed using different
techniques, namely X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FT-
IR), differential thermal analysis (DTA), X-ray photoelectron spectroscopy (XPS), and energy
dispersive spectroscopy (EDS). The results suggest that, depending on the concentration of
titanium in solution, two different mechanisms of interaction with HAp occur. For
concentrations equal to or smaller than 200 ppm, the titanium uptake by the solid seems to
be primarily due to incorporation in the lattice. For higher concentrations, a dissolution-
precipitation process seems to occuf, leading to formation of a titanium phosphate

compound.

Keywords: hydroxyapatite, titanium, titanium phosphate.
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Introduction

Due to its crystallographic similarity to vatious calcified tissues of vertebrates,
hydroxyapatite, Ca,(PO,)(OH), (HAp), has been extensively used as a substitute material for
damaged teeth or bone over the past three decades, and its compatibility with surrounding

tissues has been experimentally proven.

Several methods to prepare HAp have been reported in the literature, including
precipitation, conversion of other calcium phosphate salts, solid state reactions, and sol gel

crystallisation [1-3].

Chemically precipitated HAp differs from the apatites obtained by high temperature,
hydrothermal and igneous preparations because of its submicroscopic crystal size, structural
distortion and non-stoichiometry, since it is usually calcium and hydroxyl deficient [4]. At
present, the following formula is generally suggested [5] for non-stoichiometric (carbonate

free) hydroxyapatites:

Cay, (HPO,),(PO,), (OH), .nH,0; 0 <x<1,n=025

06-x

The degree of non-stoichiometry depends on the synthesis method and is usually
characterised by the Ca/P ratio. The total electrical charge is assumed to be compensated by

the introduction of H', giving rise to H,O molecules replacing OH' ions.

Bone mineral is a heterogeneous material, which is in constant evolution. Its
composition varies, depending on species, type of bone, diet, etc. However, its chemical

composition can be represented approximately by a single chemical formula:
Cag;l)(PO,),;(HPO, and CO,),;,(20H and CO,),51 5

in which [ represents a vacancy [6]. With maturation, the bone crystal approaches, but never

reaches, the perfect HAp structure.

HAp easily forms solid solutions via chemical reactions with various metal oxides,

halides, and carbonates. Apatite is capable of accommodating several substituents, while still
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maintaining its basic structure. Ca®* can be substituted to some extent by monovalent (Na®,
K") [7], divalent (Sr**, Ba®", Pb*") [8-10] and trivalent (Y’") cations [11]. Among the anionic
substitutions, the significant ones are replacement of OH™ by CO;*[12], F [13, 14], CI' [14],
and PO,” by CO;” [15], AsO,” and VO, [16]. Some substitutions are coupled with others
[17-20] to maintain charge balance in the apatite, e.g. CO,” for PO,” coupled with Na* for
Ca™. The trivalent anionic phosphate sites cannot accept vacancies, probably because the
trivalent anions are quite large and vacancies would destabilise the lattice [21]. By contrast,
the cationic sites can accept vacancies, up to a maximum of 2 sites out of the 10 existing in

stoichiometric apatites [21].

Due to its interesting chemical and physical properties, synthetic HAp finds various
applications, not only as a biomaterial, but also as an adsorbent for chromatography to
separate proteins and enzymes [22, 23], as a catalyst for dehydrogenation and dehydration of
alcohols [24, 25], and as an effective means for removing dissolved divalent cations from
solution. For instance, it has been regarded as a possible solid for immobilisation of pollutant

metals, particularly Pb*", from aqueous solutions [26, 27].

In what concerns HAp applicability in the biomedical field, the capacity of its lattice to
act as a host for different chemical species has been explored. The most common example is
the preparation of carbonate-substituted HAp [12, 15] and fluoride-substituted HAp [13, 14].
Another potential method for improving the biological activity of HAp is the incorporation

of silicon (or silicate groups) into its lattice [28].

The properties of HAp that are affected by substituents are: lattice parameters (a and ¢
axis dimensions), crystal size and shape, crystal strain, crystallinity, infrared absorption
spectral properties and thermal stability [29]. When the substituents are present
simultaneously, they may have additive, synergistic, or opposite effects on the properties of

the apatite crystallites [20, 30-32].

The principal constituent of the inorganic part of human and animal bone and teeth is
quite similar to HAp. The type and amount of ionic substitutions in the apatite phase of bone

vary from the wt% level (e.g. 5 wt% CO;") to the ppm- ppb level (e.g. St or Ba™) [8, 9, 15].
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Although these levels of substitution are small, the replacement ions play a major role in the
biochemistry of hard tissues. Certain metals, such as aluminium, iron, cadmium and lead, are
known to cause bone pathologies in humans and animals. Studies have been reported
concerning the effects of aluminium in bone disorders in individuals with chronic renal
disease subjected to dialysis [33-35]. Lead poisoning [36], also known as "plumbism", is
caused by inhalation of lead in the form of dust or its absorption through the skin, the
mechanism involved being attributed to isomorphous substitution of Ca>" by Pb** in bone,
leading to formation of solid solutions of HAp and lead HAp. Also, the interaction of
cadmium with biological apatites is responsible for an osseous disease with effects similar to

osteoporosis [37, 38].

Although titanium is one of the metallic materials more widely used in the biomedical
field, its interaction with apatites is not clearly understood. This work aims at contributing to

the study of the influence of titanium ions in the structure of hydroxyapatite.

Materials and Methods

Commercial HAp powders (CAM Implants) pre-heated at 1000°C were incubated in
solutions containing different concentrations of titanium, ranging from 50 to 350 ppm. These
samples will be identified as HApXTi throughout the text, X being the amount of Ti, in ppm,
that was present in the incubation media. All the solutions were prepared with de-ionised
water and the chemical reagents were of p.a. grade. The dissolution studies were carried out
using a saline solution of 0.9% NaCl to which the metal ions were added in the form of a
concentrated salt solution (Titrisol Merck Standard -TiCl, in 18% HCI). A solid-to-liquid

ratio of 500 mg of HAp to 50 ml of solution was used. The samples were tested in
polyethylene flasks, maintained at 37°C (£ 0.2°C) for 10 days in a warm air cabinet equipped

with an orbital shaker. An agitation speed of 250 r.p.m. was used throughout the

experiments.

After incubation, the solid and liquid phase were separated by centrifuging at 4500
r.p.m. and the supernatant liquid was analysed by atomic absorption spectroscopy (AAS) for

Ti ions using a GBC 904-AA spectrometer. The solid samples were thoroughly washed with
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de-ionised water to eliminate CI" and Na’ ions and dried in a stove at 60°C for 24h. The
solids were then analysed using X-ray diffraction (XRD), Fourier transform infrared (FT-IR)
spectroscopy, energy dispersive spectroscopy (EDS), differential thermal analysis (DTA) and
X-ray photoelectron spectroscopy (XPS).

The phase composition of the as-received HAp and of the powders incubated in
solutions containing different concentrations of Ti were determined using a Siemens 1D5000
diffractometer with Cuk,, radiation; the X-ray generator operated at 40 kV and 40 mA. A
secondary monochromator was used on the diffracted beam side with a scintillation counter
detector. Data were collected over the 20 range with a step size of 0.02° and a count time of
12s. Identification of phases was achieved by comparing the diffraction patterns of the
ceramic powders with ICDD (JCPDS) standards. Determination of the structural parameters
of HAp and of the powders incubated in solutions containing different concentrations of Ti
was made by Rietveld refinement of the X-ray diffraction data collected for the powders. The
refinement software GSAS was used and the refinements were based on the structural data
of Kay et al [39] using the space group P6,,. The following parameters were refined:
background parameters, scale factor, zero point, lattice parameters, and atomic positions. The
FT-IR spectra were obtained using a Perkin Elmer 2000 FT-IR spectrometer. All the samples
were prepared as KBr discs and were run at a spectral resolution of 4 cm™. Five hundred
scans were accumulated in order to obtain a high signal-to-noise level. A nitrogen purge of
the sample compartment was performed to minimise artefacts that could arise from residual
air bands (CO,and H,O vapour). The derivative and curve fitting algorithms were performed
with the software PeakFit from AISN Software. Initial peak positions were obtained from
second derivative spectra of the raw data. Second derivative spectra were calculated based on
the Stavitzky and Golay method [40], which provides a combined approach to smoothing
and derivatisation. The number and position of the peaks obtained were used as initial input
parameters in the curve-fitting algorithm. A Lorentzian band-shape was used to fit the
contours. The curve-fitting algorithm creates Lorentzian bands that are added to produce a
computed spectrum, which is compared with the experimental one. The process is iterated

until a satisfactory fit between the computed and experimental bands is obtained by a least
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square regression analysis. The calculated area of each subband is reported as a percentage of

the computed contour.

Energy dispersive spectroscopy studies were performed with a JEOL JSM-35C
scanning electron microscope in conjunction with an energy dispersive spectrometer Tracor-
TN 2000. Differential thermal analysis was catried out using a Seteram Labsys DTA/DSC
1600. The temperature was scanned from room temperature to 1200°C, at a uniform heating

rate of 5°C/min and o-AlLO; powder was used as reference. The values of the

transformation temperature were determined with an accuracy of * 0.2°C. XPS
measurements were carried out on a VG Scientific Escalab 200A (UK) spectrometer using
magnesium Ko (1253.6 €V) as a radiation source. The photoelectrons were analysed with a
take off angle of 55°. Survey spectra were collected over a range of 0-1150 eV with an
analyser pass energy of 50 eV. High-resolution spectra of Cls, Ols, P2p, Ca2p and Ti2p,
were collected with an analyser pass energy of 20 eV. All the spectra were fitted using

asymmetrical Gaussian-Lorentzian profiles.

Results

The stoichiometric form of HAp is monoclinic with space group P2,, [41-43], but
slightly non-stoichiometric HAp has a hexagonal space group P6;, . This is characterised by
ordering within OH' ion columns to form a sequence OH-OH-OH-OH-, with an ordered

arrangement of these columns, so that the b-axis is doubled, giving lattice parameters
a=9.421(8), b=2a, c=6.8814(7) A, and 6=120° [41]. Normally, only those preparations, that
have a final high temperature stage (e.g. hydrothermal or heating in steam at 900°C) have the
possibility of yielding monoclinic HAp [41]. Other preparations are usually hexagonal,
presumably because sufficient OH ions are missing, replaced by H,O or impurity ions, so
that ordering is disturbed [43]. The results presented here are treated assuming a hexagonal

symmetry of HAp.
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AAS and EDS analysis

The AAS analysis showed that no titanium was found in solution (limit of detection of
the instrument: 1.1 ppm). The EDS analysis of the solids showed the presence of Ti, even for
the less concentrated samples (50 ppm Ti). The Ca/P ratio obtained by EDS was the one
expected for HAp (1.67).

Infrared Spectroscopy

The FT-IR spectrum of the HAp used is represented in Figure 1. It is characterised by
OH stretching (3572 cm™) and librational (632 cm™) bands, and PO, (v; ~1090 cm™ and 1041
cm’, v, 963 cm™, v, 602 and 571 cm™, v, 473 cm™) bands.
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Figure 1 - FT-IR spectrum of hydroxyapatite powder.

There is no evidence of CO;” or other impurities in the powder. The bands
corresponding to the v, vibration of C-O between 1410 and 1470 cm™ and the v, vibrations
between 850 and 890 cm™, characteristic of the carbonate group [44, 45], are not observed in

the FT-IR spectrum of HAp.
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The broad and not very intense bands at 3452 and 1631 cm™ in hydroxyapatite are due
to the presence of lattice water in the solid [46, 47]. According to Joris et a/ [48], the
broadness of the O-H stretching band in the region 3550-3200 cm is caused by the H-
bonding between the adsorbed H,O and the OH ~group of the apatite.

The second derivative of the spectrum of hydroxyapatite in the v, and v, and v,

domains are shown in Figures 2a) and 2b), respectively.
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Figure 2 - Second detivative hydroxyapatite spectrum of the v4 (a) and vi, v3 (b) domains.

Table I shows the second derivative peak position of HAp spectrum in the v,, v;and
v, phosphate region and their assignments from literature values. Derivative spectra are of
considerable potential value because of their inherent property of discrimination against
broader peaks, a consequence of the fact that the amplitude of the principal peak in the
derivative decreases both with increasing width of the original peak and increasing order of
derivatisation. This enables the location of peaks that are too closely spaced in the absorption
spectrum to be resolved. The bands assigned in the second derivative spectra of HAp can be
attributed to molecular vibrations of the phosphate (PO,) moiety in an

apatitic/stoichiomettic environment of HAp.
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Table I - Second derivative peak positions (cm) in the vi, V3 and v4 phosphate region and their
assighments from literature values.

Position (cm™) Assignments References
569 vi PO [49]
574 v4 PO> [49-52]
588 v4 PO [49]
602 vy PO [49-52]
615 vi PO (49, 50]
962 vi PO [51-56]
1017 v3 PO4* from non stoichiometric apatite [53,55]
1027 v3 PO [53,55,57]
1033 v3; PO [51,53,55,57]
1040 V3 PO (not part of apatitic structure in OCP) [49,51,52,55]
1045 v3 PO [49,51,53,58]
1051 v; PO> [49]
1056 v3; PO [49,55,56,58]
1061 vs PO [53]
1066 v3; PO [49,53]
1073 v3 PO [49,51,55-57]
1090 vs PO [49,51-53]
1097 v3; PO [55-58]
1100 Occurs in nonstoichiometric apatites containing (HPO4%) [53]
ions
1111 Present in newly precipitated apatite [53]
Found in mature pootly crystalline HAp (HPO4?>) [55,58]

The presence of titanium in the incubation media leads to changes in the infrared
spectra of the powders. Figure 3 shows the overlay of the FT-IR normalised spectra of the

powders obtained for different concentrations of T1 in solution.
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Figure 3 - FT-IR spectra of HAp and of HAp powders obtained after incubation in solutions with
different T1 concentrations.

As the Ti concentration increases, the contribution of the area that corresponds to the
phosphate bands decreases, while the contribution of the bands that are assigned to the
characteristic vibrations of water (3452 cm” and 1631 cm™) increase. Figure 4 shows the

changes in the relative area of water bands with the increase of T1 concentration.
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Figure 4 - Normalised area of water bands for HAp (0 ppm of Ti) and for HAp powders obtained
after incubation in solutions with different Ti concentrations.

A shift of the band at 1041 cm™ in HAp (v; PO,) to higher values (1050 for a
concentration of 350 ppm of Ti) can also be observed in the spectra represented in Figure 3.

The bands at 473 and 963 cm’' progressively disappear with the increase of Ti concentration;
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for the concentration of 350 ppm of Ti they are almost absent. Also, the intensity of the OH
stretching band of HAp (3572 cm™') decreases in the presence of increasing concentrations of

Ti.
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Figure 5 - Second derivative and FT-IR deconvoluted spectra of the v4domain for HAp,
HAp200Ti and HAp350Ti samples.

065



350 Ti

900

\/ | v -

200 Ti

M/\f\NJK

r A d
1200 \} VWUWW U ' 900

900

| ] T o
S i

d . .
2™ derivative spectra FT-IR deconvoluted spectra of v, and v,
domains

Figure 6 - Second derivative and FT-IR deconvoluted spectra of the vi and vs domains for HAp,
HAp200Ti and HAp350Ti samples.
To evaluate the subtle spectral changes occurring as a consequence of the addition of
Ti to the dissolution media, the raw spectra in the spectral regions of 500-700 cm™ (v, PO,

domain) and 900-1200 cm™ (v, and v, PO, domains) were analysed by means of second

derivatisation and curve fitting (Figures 5 and 6). Only the results obtained for HAp,
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HAp200T1 and HAp350Ti samples are shown, which clearly evidentiate the strong changes
that occur in the FT-IR spectra of HAp in the presence of Ti.

XRD analysis

X-ray diffraction patterns of HAp and HAp incubated in solutions with different
concentrations of titanium were obtained. The HAp powder and the HAp50Ti, HAp100Ti,
HAp150Ti and HAp200Ti samples produced reflections that matched the ICDD (JCPDS)
standard for HAp, with no additional phases. For higher concentrations of Ti, the higher the
concentration the more amorphous the HAp powder became. The lattice parameters were
calculated and are represented in Figure 7. The sample HAp350Ti was practically amorphous
and consequently the lattice parameters were not determined. a and ¢ parameters decrease
with increasing Ti concentration until 150 ppm, suggesting a change in the unit cell of HAp
in the presence of Ti. Furthermore, when a single peak for various Ti concentrations is
superimposed (e.g. the (102) and (210)), a clear shift in the peak position is observed (Figure

8). This corresponds to a classical description of a change in the unit cell.
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Figure 7 - Lattice parameters (a and ¢) of HAp powders after incubation in solutions with different
Ti concentrations.
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Figure 8 - Overlay of the basal plane (102) and (210) reflection peaks for the HAp, HAp50Ti,
HAp100Ti and HAp200Ti samples.

Thermal analysis

In order to evaluate the thermal stability of the HAp powders after being incubated in
Ti solutions, differential thermal analysis (DTA) was performed on the following samples:
HAp, HAp50Ti, HAp100Ti and HAp200Ti.
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Figure 9 - DTA thermograms of HAp50Ti, HAp100Ti and HAp200Ti samples.

The results showed that in the more concentrated samples analysed (100 and 200 ppm

of Ti), an exothermic peak at 794°C was observed (Figure 9) not present in the thermograms
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of HAp and HAp50T1 samples. This is the temperature at which the endothermic reaction
that corresponds to the transformation from Ca-deficient apatite to B-TCP occurs [59]. It is
also at temperatures of this order that TiP,0O, undergoes an exothermic process

corresponding to a change in its crystalline structure [60].

After DTA analysis, the powders obtained were analysed by FT-IR spectroscopy
(Figure 10).
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Figure 10 - FT-IR spectra of HAp, HAp50Ti and HAp200Ti samples after DTA analysis.

The FT-IR spectrum of HAp50Ti sample after DTA analysis, when compared with the
one of HAp50Ti before DTA analysis, presents some differences, namely the broadening of

the band at 1041 cm™, and also the emergence of shoulders at 1120 cm’ and 546 cm’,
characteristic of the presence of B-TCP. Moreover, the bands at 960 and 628 cm™ decrease
their intensity. B-TCP is one of the two crystallographic forms of tricalcium-phosphate
whose theoretical transition temperature to o-TCP is 1125°C, although the precise
transformation temperature remains unclear [41]. As the samples were heated at 1200°C, one
could expect the presence of o-TCP instead of B-TCP in the resultant powders. However,
the B-form may be stabilised by several ionic impurities as for instance Mg’ ions [61], which

are frequently associated with calcium-salts. For samples with higher concentrations of Ti
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(200 ppm Ti), the FT-IR analysis shows the presence not only of the already mentioned

characteristic bands of B-TCP, but also two new bands at 790 and 875 cm™, which are

b

possible associated to the presence of titanium in the solid.
XPS analysis

XPS spectra were obtained for HAp powders and for the HAp100Ti, HAp200T1 and
HAp250T1 samples. Prior to the XPS analysis, the powders were pressed into very thin
pellets in order to obtain more homogeneous surfaces. The XPS survey scans of HAp
showed the presence of Mg and Na as contaminants, besides carbon that was present in all
the samples analysed. Carbon impurity had atomic percentages varying from 3.3 to 18.9% for
the different samples and the source of this contamination was most likely due to the
adventitious deposition of hydrocarbon contaminants from the atmosphere. The carbon
peak was actually used for binding energy calibration by setting its binding energy to 285 eV
to correct for sample charging. XPS core levels of the P2p, Ca2p, Ti2p and O1s orbitals were
examined. High-resolution XPS scans were curve-fitted and the peak area intensities of the

core levels were normalised to their respective atomic sensitive factors. The precision of the

binding energies measurements was £ 0.2 eV.

Table II shows the values of the binding energies determined for the main components
of the various samples. In what concerns the Ca2p, P2p and Ols bands, there was no
notable variation of their position with the presence of Ti in the incubation media. The
titanium band positions (Ti2p, ,, and Ti2p; ,) and the distance between the peaks (5.7 e¢V) did

not vary with the titanium concentration in solution, corresponding to Ti*".

Table II - XPS binding energies (eV).

Sample P2 Ca2p,, Calp,, Ols  Ti2p,, Ti2p,,
HAp 1332 3471 3506 5312

HAp100Ti 1332 3472 3506 5312 4588 4645
HAp200 Ti 1322 3471 3506 531.1 4587 4644
HAp250 Ti 1321 3470 3505  531.0 4587 4644
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Table III shows the variation of the chemical composition of the HAp powders after
incubation in Ti solutions. In this and in other investigations [62-65] it has been found that
XPS Ca/P ratio of HAp is consistently lower than the bulk stoichiometric value (1.67) (the
same is observed with other calcium phosphates). An explanation for this observation was
given by Chusuei ¢z a/ [63], who pointed out that this might be due to the instability of the
compounds and prolonged exposure of the powders to the X-ray source, leading to selective
ejection of calcium. The results presented in Table III also show that the Ti/Ca ratio
increased as the titanium concentration in the incubation media increased, while the Ca/P
ratio decreased. The P/O ratio is relatively constant in all the samples, which indicates that

there was little or no loss of phosphate from the surface.

Table III - XPS atomic percentages and elemental ratios.

P Ca O Ti 9 P Ti Ti (Ca+Ti)
Atomic % Atomic % Atomic % Atomic%  p o) Ca P P
HAp 18.70 22.38 58.92 - 1.20 0.32 - - 1.20

100HApTI  19.27 20.87 57.80 2.05 1.08 0.33 0.10 011 1.19
200HApTi  20.29 19.96 56.95 2.80 0.98 0.36 0.14  0.14 1.12
250HApTi  20.14 18.17 58.23 3.47 0.90 0.35 0.19 0.17 1.07

Discussion

A characteristic property of HAp is its ability to undergo isomorphous substitutions,
iso or heteroionic, which may be defined as a replacement of one ion by another in a crystal
lattice without disrupting its crystal structure. Isoionic substitution is a process by which ions
from a solution phase exchange with identical ions of a solid phase in contact with it, the
composition of the two phases being unaltered [66]. In heteroionic substitution an ion of a
solid phase is displaced by a different ion from a solution in contact with it, thereby altering

the composition of both phases [60].

Two general mechanisms have been proposed to explain the ability of apatites,

particularly those with relatively high surface areas, to take up metal ions:
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1) Adsorption of ions on the ceramic surface, followed by their diffusion into the solid,

and the release of cations originally contained within the solid;

2) Dissolution of the ceramic in the aqueous solution containing the donor ions,

followed by precipitation or co-precipitation.

For instance, Ma ¢z a/ [67], Xu and Schwartz [68] and Lower ¢f a/ [69] have suggested
the dissolution and precipitation mechanism for the immobilisation of aqueous Pb*" with
hydroxyapatite. If a similar process would occur with titanium ions, the reactions involved

would be:
(1) Dissolution process:

Ca,,(PO,),(OH), (solid) + 14H" (aq.) — 10Ca’* (aq.) + 6H,PO, (aq.) + 2H,O

(2) Precipitation process:

5Ti* (aq.) + 6H,PO, (aq) + 2H,O —> Tiy(PO,)(OH), (solid) + 14H" (aq.)

The adsorption of Ti ions on the HAp, followed by their diffusion into the solid, and
the release of Ca to the incubation solution, could be another possible mechanism for the
immobilisation of Ti. In this case, the substitution of Ca by T1 in the HAp lattice would occur

according to the reaction:

Ca (PO,)(OH), (solid) + ngH — (Cayg, Ti2)(PO,)(OH), + nCaz“rg b
2
where L] represents a vacancy.

The data in Table III supports this mechanism. From XPS analysis, the Ca/P ratio
decreases and the Ti/Ca and Ti/P ratios increase as the amount of Ti (n/2) increases,
whereas the P/O ratio remains constant. As the value of n/2 is allowed to increase in the

above mechanism, the same trends in these elemental ratios would be observed.

Besides Ca®*, PO,” can also be substituted in the HAp lattice. Gibson ez a/ [28] have

successfully prepared a silicon-substituted hydroxyapatite by a simple aqueous precipitation
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method. Their studies were based on the fact that the substitution of a phosphate group
(PO, for a silicate group (SiO,") in a crystal structure would be feasible provided there was
electrical charge balance to account for the more negative silicate group. Similarly, a
substitution mechanism that would describe the substitution of a phosphate group for a

titanate group, with an appropriate mechanism for charge balance, is given by the equation:

Cay(PO,)(OH), (solid) + xTiO,"(aq)) = Cayy(PO,)(TiO,),(OH),. (aq) +
xPO,” (aq) + xOH' (aq.)

Another possibility to explain the mechanism of interaction of Ti with HAp would be
that a dissolution-precipitation process occurs, leading to formation of a new compound. In
a previous work, the authors have found that for concentrations of Ti in solution higher than
350 ppm, an hydrated hydrogen titanium phosphate (Ti(HPO,),.nH,O) was formed [70].
Other authors reported the same mechanism with different ions, namely Fe’*, A’ and L.a™
[71, 72]. They have shown that the ion exchange of calcium with these metals in acidic

solutions destroys the HAp crystals to form phosphates of these ions.

Finally, we should also consider the possibility that in the experiments where HAp was
exposed to Ti in solution, any T1 uptake on the solid was primarily due to adsorption and not
to incorporation in the lattice. However, this is the less plausible hypothesis according to the
results obtained. In the present study, evidence for the incorporation of Ti into the HAp
lattice is given by the X-ray diffraction results. No additional phases were observed for the
Ti-HAp samples and the diffraction pattern was identical to that obtained for stoichiometric
apatite. The changes in the lattice parameters, and the shift in the peak position that
corresponds to a basal plane with increasing Ti concentration, suggest that changes occurred
in the HAp lattice. The effect of substituents on the lattice parameters of hydroxyapatite
depends on their size and amount. Usually, if the substituent is larger than the ion substituted
for (e.g. St™* for Ca®" or CI for OH), the effect is to expand one or both of the parameters
[29]. In some cases of substitution, both a and ¢ axes are affected, either in the same or
opposite directions. In other cases, only the a-axis dimensions are either increased or
decreased, while the c-axis dimensions are not significantly different from the unsubstituted

hydroxyapatite [29]. For instance, the substitution of cadmium and manganese for calcium,
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both ions having an ionic radius smaller than calcium, leads to a decrease in both a and ¢ axis
of the substituted hydroxyapatite [29]. Since the ionic radius of Ti*'(0,68 A) is smaller than
that of Ca® (0,99 A), a Ti for Ca substitution is expected to cause a decrease in either or both
of the lattice parameters. A decrease of both parameters with the increase of Ti concentration
in solution was observed for concentrations below 200 ppm. It should be noted that the
incorporation of Ti into the HAp lattice may be a surface effect i.e. there may be a significant
amount of the HAp particles that remain unchanged. The lattice parameters determination
resulted in relatively small changes in the a and ¢ axes, but this may be due to the effect being
diluted by a high proportion of unchanged HAp, relative to the Ti modified HAp. For Ti
concentrations higher than 150 ppm the a, and ¢ parameters increased suggesting another
mechanism of interaction of Ti with HAp. Previous results [70] indicate that for those
concentrations the formation of a poorly crystalline Ti-P-O phase is favoured, explaining

why the material became more amorphous as the amount of T1 increased.

The XPS results concerning the surface composition of the powders are in agreement
with the ones obtained for the bulk structure. The analysis showed that although the
presence of Ti in solution does not result in a change of the binding energies of Ca, P and O,
when compared to the ones of HAp, the changes in the atomic percentages of the elements
suggest a possible substitution of Ca by Ti when small concentrations of Ti are in solution
(100 ppm). The (Ca+Ti)/P ratio obtained for the HAp100Ti sample is practically the same as
the Ca/P ratio of HAp. For higher concentrations of Ti, the XPS results suggest that another
mechanism is occurring in parallel with substitution. Formation of a new compound is a

plausible explanation.

The infrared absorption spectrum of calcium hydroxyapatite is characterised by the
absorption bands reflecting the different vibration modes of the OH and PO,” groups, as
previously mentioned. Since the PO,” groups serve as the skeletal framework of the apatite
structure, it is expected that any substitution will have a very pronounced effect on the
environment of these groups. This effect will be manifested in the frequencies and

resolutions of their infrared absorption bands.
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Under P6,,,, space group symmetry (hexagonal symmetry), the C site group (Table IV)
defines the effective symmetry of phosphate ion sites. The Cg, factor group describes the
symmetry of the unit cell [49, 51]. The free PO,” ion is tetrahedral and presents four
vibrational modes which are an A, symmetric stretch (v,), an E bend (v,), an F,
antisymmetric stretch (v;) and an F, bend (v,). The v; and v, modes are both infrared and

Raman active, whereas the v, and v, modes are normally inactive in infrared spectroscopy

when the ion is in the regular tetrahedral symmetry (only two bands due to the v; and v,
modes may be observed) [54]. However, in crystalline calcium phosphate compounds, the
number of bands that is observed in the absorption domain of the vibrational modes of the
free PO,” ion (up to 18 for hydroxyapatite [41, 51]), is larger than the theoretically expected.
This is due to site symmetry of PO,” groups in the crystal and eventually coupling of groups
in equivalent crystallographic position (group factor theory) [54].

Table IV - Cotrelation diagram and spectral activity for the T vibrational mode of phosphate ion in
space group P6s/m (adapted from references [49, 51]).

Modes Free ionSite group Factor group
External Internal symmetry, Tq symmetry, Cq symmetry, Cgp

27, (R)
2N 2B. (D
2E1. (IR)
Translatory  (vs, vy) T2 2E3, (R)
Ay (IR)
A B, (D)
Eig(R)
Eau (D

IR: Infrared active; R: Raman active; I: Inactive in both infrared and Raman spectra

Bands located at 963 cm” (v,) and 473 cm’ (v,), although infrared forbidden in
tetrahedral symmetry [49, 51], have infrared active components in the hydroxyapatite. These
modes become active when the phosphate group is slightly distorted to specific symmetries

less than T, [51], giving rise to infrared bands of weak intensity which provide little

information on the the mineral environment [49]. Contrarily, the v; (1000-1100 cm™) and v,

75



(550-620 cm™") bands are infrared allowed in the theoretical free-ion spectrum and belong to
the T, symmetry point group [49]. The splitting of these bands is due to the low site
symmetry of the mineral matrix and intermolecular vibrational coupling [49]. If HPO,” ions
or local distortions of the PO, environment, due to the presence of vacancies or substitutes,
are taken into account, the number of bands could be even greater and further complicate

the problem of differentiating all the phosphate moieties by IR [53].

The FT-IR bands obtained for the HAp under study are the ones that should be
expected for a stoichiometric HAp according to the literature (see Table I), which is in
agreement with the XRD results. No chemical changes did occur during heating after DTA
analysis, and the powder obtained still presented the FT-IR characteristic bands of HAp.

Type B carbonate and HPO,” containing apatites, which are described as non-
stoichiometric apatites, generate spectra quite similar to that of HAp. They are characterised
by intense additional bands at 1020 and 1100 cm™ [53]. Rey e @/ [53] also showed that HPO,*
-containing apatites present a band at 1143 cm™, which has been assigned to HPO,” ions.
This is observed in most biological apatites, especially in the early stages of mineral
deposition. Also, two low wavenumber bands at 520-530 and 540-550 cm™' are assigned to
HPO,” and exist in HPO,” containing apatite, brushite and octacalcium phosphate. None of
these particular bands were assigned in the spectrum of the HAp under investigation.
Nevertheless, the second derivative of the spectrum revealed the presence of weak bands at
1017, 1100 and 1111 cm’, which can be attributed to HPO,” or labile phosphate. The
deconvolution of the FT-IR spectrum of HAp indicates that the HPO,” acid ion must be
residual in the HAp powder in study, as the area of its characteristic bands is very small. In
what concerns the influence of Ti on the hydroxyapatite structure, several infrared
parameters are consistent, showing that there is a change of the orthophosphate ion
environment with the presence of Ti. For small concentrations of Ti in solution (up to
approximately 100 ppm) the phosphate ions of HAp tend to exhibit the features of
phosphate ions in well-crystallised HAp. In the more concentrated samples, the divergences
from the regular apatitic environment appear quite evident. From the v; domain in IR

deconvoluted spectra (Figure 0) it is clear that the spectrum becomes more complex, as the
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Ti concentration in solution increases, as indicated by the higher number of bands that

compose it.

The infrared absorption of the OH™ groups also shows interesting changes. The
librational mode of the OH" group (632 cm™) is especially sensitive to substitutions in the
apatite structure [39]. The strength of this peak is well known to correlate with the degree of
crystallinity of HAp [1, 30]. In the presence of Ti the area of the OH librational band
decreases, suggesting a decrease in HAp crystallinity. In general, a decrease in crystallinity is
attributed to a decrease in crystallite size, an increase in lattice imperfections, or a
combination of these effects. The OH' stretching band, which appears in HAp as a
symmetrical and narrow peak at 3572 cm”, decreases with the increase of Ti concentration
(for a concentration of 350 ppm of Ti it is almost absent). This band falls into the range
indicative of weakly hydrogen-bonded OH™ groups [5]. According to Baddiel ez 4/ [57], the
only atoms in the HAp structure to which such bonding might be considered are the oxygen
atoms of the neighbouring OH and PO, groups. In HAp, the oxygen atoms of the
phosphate groups and the oxygen atoms of the hydroxyl groups are sufficiently close (3.05 A
distance) for a H bond, such as O-H....OPO;, to occur. Contrarily, the O-O distance
between neighbouring OH™ groups is too large (3.44 A) for a hydrogen bond to be formed
[78]. The decrease in intensity of the OH’ stretching band is also indicative of changes in the

HAp structure.

FT-IR data show that two broad bands centred at approximately 3400 and 1630 cm™,
which are due to the presence of lattice water, increase in the powder samples as the Ti
concentration increases. Water in inorganic salts may be classified as lattice or co-ordinated
water. There is, however, no definite bordetline between the two. The former term denotes
water molecules trapped in the crystalline lattice, either by weak hydrogen bonds to the anion
or by weak ionic bonds to the metal, or by both [46]. The latter term refers to water
molecules bonded to the metal through partially covalent bonds. In general, lattice water

absorbs at 3550-3200 cm™ (antisymmetric v, and symmetric v, OH stretching) and at 1630-

1600 cm™ (v, HOH bending). That observation supports the idea of formation of a hydrated

compound with the increase in Ti concentration.
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The infrared spectra of the powders obtained after DTA analysis showed the existence
of B-TCP phase, its presence becoming increasingly evident as the Ti concentration in the

incubation solution was augmented. The formation of B-TCP is a sensitive indicator of a
composition with Ca/P ratio lower than stoichiometric HAp. After being submitted to
heating until 1200°C, HAp still presented its characteristic infrared spectrum with no unusual
bands assigned. The most likely explanation for the existence of B-TCP phase in the heated
Ti-HAp powders is that the presence of Ti in the incubation media leads to the formation of
a calcium-deficient apatite that has a Ca/P ratio less than 1.67 and contains HPO,” groups.
Calcium-deficient hydroxyapatites are less thermally stable than stoichiometric
hydroxyapatites. For example, the formation of pyrophosphate at about 600°C occurs only in
calcium-deficient apatites and not in perfect apatites. When heated to above 750°C, a
temperature which does not affect stoichiometric hydroxyapatite, calcium-deficient
hydroxyapatite dehydrates to form B-Cay(PO,), plus some residual apatite (if the Ca/P ratio is
equal to 1.5 there is no residual apatite detected after pyrolisis). During thermal treatment the
ionic group of HPO,” decomposes via pyro-type phosphate (P,0,)" to PO,” in non-

stoichiometric apatites according to the reactions:
2 1 4
HPO,” — 5 P,0." + H,O (o) 600°C

P,0," + 20H — 2 PO, + H,0 (g 700°C a 800°C

However, for the 200 ppm of Ti samples two other bands (790 and 875 cm™), that
could not be attributed to B-TCP, were also detected by FT-IR analysis. The broad band
centred at 790 cm’ seems to be associated to the presence of Ti-O bonds according to
several authors although this region of the spectrum is also characteristic of pyrophosphate
group vibrations [41, 44]. Vilchez et al [74] refers that [TiO,]" ion presents v, and v, stretching
bands at 761 and 770 cm™. Bamberger ¢t a/ [75] and El Jazouli ef a/ [76] assigned, by Raman
spectroscopy, a strong band around 750-800 cm™, observed in the titanyl orthophosphate
(NaTiOPO,: 745 cm’', LiTiOPO,: 783 cm”, Ni ;TIOPO,: 750 cm™), to the Ti-O vibrations

in the -Ti-O-Ti-O- chains. Also, Chernorukov ef a/ [77] associated the bands comprised in the

78



725-800 cm’' interval, observed in the infrared spectra of different titanium compounds, to
the stretching vibrations of Ti-O bonds. As already mentioned, the formation of a titanium
protonated phosphate (Ti(HPO,),.nH,O) for high concentrations of Ti in the incubation
media (>350 ppm of Ti) has been reported by the present authors [70]. This titanium
phosphate phase, when heated up to a temperature of 1200°C, would decompose according

to the reaction:

ATi(HPO,),.nH,O (s) = (TiO),P,0, (s) + 2Ti P,O, (s) + P,0; () + (n+4)H,0 ()

The (TiO),P,O, phase results from the partial decomposition of TiP,O, [78]. The
presence of pyrophosphate ions in the HAp200Ti sample after DTA analysis could be
justified if, for that concentration in Ti, the titanium protonated phosphate phase already
existed in the non heat-treated sample. However, its presence was not detected by XRD,
which leads to the assumption that the phase is either amorphous or exists in very small
concentrations. The band at 875 cm” can be assigned to pyrophosphate group [44] or
correspond to the stretching vibration of distorted tetrahedral phosphate [77].

The DTA data for the Ti concentration of 200 ppm show an exhotermic peak at
790°C. This is the temperature at which the endothermic reaction that corresponds to the
transformation from Ca deficient apatite to B-TCP occurs [59]. It is possible that two
transformations are occurring at the same temperature (rearrangement of TiP,O, to a cubic

three-dimensional structure - exothermic - and formation of B-TCP - endothermic), the

thermal balance of both phenomena resulting in an exothermic reaction.

Conclusions

The results obtained with the different techniques used clearly indicate that HAp

undergoes structural changes in the presence of T1 in the incubation media.

The mechanism of interaction of Ti ions with HAp seems to be dependent of the ion

concentration.
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Although, as to the best of our knowledge, the substitution of Ca for Ti has not been
reported by other authors, it seems to be the mechanism that better explains the changes that
are observed for concentrations in Ti lower than 200 ppm. For higher concentrations, the

formation of a titanium phosphate, already reported in a previous study, is observed.
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Abstract

The purpose of this study was to contribute to the understanding of the effect of
titanium, aluminium and titanium/aluminium on the HAp structure and to investigate if a
synergistic effect between the two cations exists. The effect of the metal ion concentration
was studied. The solids were analysed by X-ray diffraction, Fourier transform infrared

spectroscopy, FT-Raman spectroscopy and energy dispersive X-ray analysis.

Keywords: hydroxyapatite, titanium, aluminium, phosphates.
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Introduction

At present, much attention is being given to the effects of the incorporation of metal
lons in apatites. For instance, the mineral phase of bone, made up essentially of
hydroxyapatite (HAp), may take up a variety of metals in the course of bone formation.
Uptake by the bone mineral will be a function of the affinity of a given metal for it.

Significant accumulation of a metal in the mineral phase of bone can be expected to alter its

characteristics. Furthermore, by studying the detailed mechanisms of metal accumulation-

ionic exchange and/or deposition- one might contribute to a better understanding of the

mineralisation process.

The effects of metallic elements on the stability of HAp as a bone mineral constituent
have been associated with several bone pathologies. For instance, the inhibiting action of
aluminium on the HAp formation has been associated to hypocalcemia and
hyperphosphatemia in patients submitted to hemodialysis for long periods of time [1-4].
Also, #n vitro results [5,0] indicate the existence of an inhibitory effect of titanium and

vanadium ions on the formation of apatite.

This study aims, at contributing to the understanding of the effect that aluminium,
titanium and titanium/aluminium ions may have on the degradation of HAp coatings and on

HAp as a bone mineral constituent.

Materials and Methods

Commercial HAp powder pre-heated at 1000°C was incubated in solutions containing
different concentrations of aluminium, titanium and a mixture of aluminium and titanium
ions. All the solutions were prepared with de-ionised water and the chemical reagents were of
p-a. grade. The dissolution studies were carried out using a saline physiological solution of
0.9% NaCl to which the metal ions were added in the form of a concentrated salt solution
(Titrisol Merck Standard -TiCl, in 18% HCI, AICl, in water). A solid-to-liquid ratio of 500 mg
of HAp to 50 ml of solution was used. The samples were tested in polyethylene flasks,
maintained at 37°C (+ 0.2°C) for 10 days in a warm air cabinet equipped with an orbital

shaker. An agitation speed of 250 r.p.m. was used throughout the experiments. Samples with
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titanium and aluminium concentrations ranging from 10 to 2000 ppm were prepared. In the
experiments with the two cations, the titanium/aluminium concentration ratio was 15 (the
ratio that corresponds to the Ti-6Al-4V alloy). The following concentrations were studied:
150ppmTi/10ppmAl,  180ppmTi/12ppmAl, 240ppmTi/16ppmAl, 300ppmTi/20ppmAl,
375ppmTi/25ppmAl, 450ppmTi/30ppmAl. After incubation, the solid and liquid phases
were separated by centrifuging at 4500 r.p.m. and the supernatant liquid was analysed by
atomic absorption spectroscopy for Ca, Ti and Al ions. The total P in the liquid phase was
determined by ultraviolet spectroscopy using the molybdenum blue method. The solid
samples were thoroughly washed with de-ionised water to eliminate Cl and Na ions and dried
in a stove at 60°C for 24h. The solids were then analysed using X-ray diffraction techniques,
Fourier Transform Infrared (FT-IR) spectroscopy, Fourier Transform Raman (FT-Raman)
spectroscopy and energy dispersive spectroscopy (EDS). X-ray diffraction was performed on
a Philips PW 1710 diffractometer. When higher sensitivity was required, the Debye-Scherer
X-ray diffraction technique was used. The FT-Raman and FT-IR spectra were obtained using
a Perkin Elmer 2000 FT-IR/FT-Raman spectrometer. All samples were run at a spectral
resolution of 4 cm”. The operating laser power for the FT-Raman analysis as well as the
number of scans varied according to the sample characteristics. For the FT-IR analysis, all
the samples were prepared as KBr discs. Energy dispersive spectroscopy studies were
performed with a scanning electron microscope JEOL JSM-35C in conjunction with an

energy dispersive spectrometer Tracor-TN 2000.

Results and Discussion

The presence of aluminium has a significant effect on the dissolution of HAp. Separate
experiments with addition of HCI free of aluminium have shown that the calcium and
phosphorous concentration cannot be attributed simply to pH changes. There is a linear
relationship between the aluminium concentration and calcium concentration in solution
(Figure 1). For the less concentrated samples ([Al] <500 ppm), the X-ray diffraction data
revealed that the HAp structure is not significantly affected by the presence of the metal
cation. For an aluminium concentration of 2000 ppm and a time of incubation of 60 days,
the X-ray radiograms indicated the presence of an hydrated aluminium phosphate
(Al;,(PO,),(OH).38H,0) pootly crystalline.
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Figurel - Influence of Al concentration on the dissolution of HAp.

In what concerns the influence of titanium concentration, it was shown in a previous
work [7] that depending on the metal concentration in solution, the formation of an
amorphous titanium protonated phosphate compound with a layered structure is observed.
The formation of this new compound is clearly supported by FTIR spectroscopy. The
presence of bands located at approximately 3420 cm™ and 1636 cm™ is indicative of the

phosphate being hydrated.
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Figure2 - Overlay of FT- Raman spectra ot powders obtained after 10 days’ incubation of HAp in
0.9% NaCl solution with different concentrations of Ti and Al cations.

When titanium and aluminium are in solution, the FT-Raman data show that for

titanium concentrations lower than or equal to 375 ppm, there are no differences between
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the spectrum obtained and the one that corresponds to HAp, but for a titanium
concentration of 450 ppm of Ti, new bands arise (Figure 2). The spectrum is more complex,
with the appearance of bands at 984, 708, 485, 440, 347, 296 and 261 cm’”. The most intense
band at 984 and the band at 440 cm™ can be attributed respectively to the phosphate
stretching frequency v, and to the bend frequency v,, cleatly indicating the presence of a
phosphate compound. There are no differences between this spectrum and the one obtained
for HAp incubated in a solution with a concentration of 450 ppm of titanium in the absence

of aluminium.

Nevertheless, if we observe the FT-IR spectra for the same concentrations we can see
that changes in the spectrum arise for smaller concentrations in titanium and aluminium
(Figure 3). For the 180ppmTi/12ppmAl concentration, bands at 3420 cm™ and 1636 cm™ are
present. For higher titanium and aluminium concentrations, the intensity of these bands

increases and the OH stretching band, in the form of a narrow peak at 3573 cm’, disappears.

450 ppm Ti + 30 ppm Al

375 ppm Ti + 25 ppm Al

180 ppm Ti + 12 ppm Al

%Transmittance

Hydroxyapatite

4000.0 3000 2000 1500 1000 400.0
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Figure 3 - Overlay of FT-IR spectra of HAp and of powders obtained after 10 days’ incubation of
HAp in 0.9% NaCl solution with different concentrations of Ti and Al cations.

The FT-IR spectra of the powders of HAp incubated in solutions with titanium and
aluminium are practically identical to those of the powders incubated in the absence of

aluminium, except for the concentration of 375ppmTi/25ppmAl. For this concentration in
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metal cations, changes are observed in the FT-IR spectrum with the absence of bands located

at 750, 637 and 464 cm'.

Another important observation is that when aluminium is present together with
titanium in the incubation solution, the calcium concentration in the supernatant liquid is
lower than when only titanium is present, although the aluminium is added in the form of an
acid solution (Figure 4). This result is in agreement with the energy dispersive data for the
powders of HAp incubated in the mentioned solutions (Figure 5). In these experiments, the
wt% of calcium in the HAp powders incubated in solutions with aluminium is higher than

the wt% of calcium in the powders incubated without aluminium.
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Figure 4 - Effect of the presence of Al in the Ca concentration of the supernatant liquid after
incubation.
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Figure 5 - Spectra from EDS of powders obtained after 10 days’ incubation of HAp in: (a) 0.9%
NaCl solution with a concentration of 375ppmTi; 0.9% NaCl solution with a concentration of
375ppmTi/25ppmAl
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Conclusions

The results obtained in this study suggest that for most metal ion concentrations
titanium has an effect on FT-IR and FT-Raman spectra that masks any possible influence of
aluminium. Nevertheless, for the concentration of 375ppmTi/25ppmAl, the formation of an
hydrated phosphate compound seems to occur. It appears that this compound is different
from the one formed in the presence of the same concentration of titanium and in the
absence of aluminium. Also, the fact that the calcium concentration in the supernatant liquid
is lower when aluminium is present suggests that aluminium and titanium jointly inhibit HAp
dissolution and/or lead to formation of a calcium-containing compound. Although the
results obtained may be indicative of a synergistic effect between the two cations, research on

this aspect is being pursued.
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Abstract

The present research is aimed at characterising physically and chemically calcium
titanium phosphate (CTP- CaTi,(PO,),), and investigating its applicability as a biomaterial for
bone tissue regeneration purposes. The CTP synthesis methodology followed in this
investigation enabled the preparation of a very pure ceramic phase. The material was studied
using different techniques, namely X-ray diffraction (XRD), Fourier transform infrared
spectroscopy (FT-IR), Fourier transform Raman (FFT-Raman) spectroscopy, energy
dispersive spectroscopy (EDS), X-ray photoelectron spectroscopy (XPS) and differential
thermal analysis (DTA). Its granulometry and specific surface area were evaluated using laser
granulometry and the Brunauer, Emmel and Teller (BET) method respectively. The solubility
of CTP in Tris-HCI solution was determined as well as the zeta potential at different pHs.
The capacity of the material to mineralise was also investigated. It has been observed that
CTP induces the formation of an apatitic carbonate layer on its surface when immersed in a

simulated body fluid (SBF). The 7z vitro biocompatibility of CTP was evaluated in culture
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MGO63 cells, in terms of cytoxicity and cell adhesion. It has been shown that CTP is

cytocompatible and promotes adhesion of MG63 cells.

Keywords: calcium-titanium-phosphate, mineralisation, cytoxicity.
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Introduction

Calcium Titanium Phosphate (CTP), CaTi,(PO,),, belongs to a family of compounds
called NZP, the prototype of which is NaZ,(PO,); compound [1, 2]. The most important
property of this family of compounds is the stability and flexibility of its three dimensional
skeleton in its generalised form [A,,(XO,);,|™, which allows the existence of several hundreds
of compositions, the possibility of chemical absorption, exchange and redox reactions and
intercalation processes [1]. These reactions may take place at low temperature in suspensions,
at medium temperature in fused salts or at high temperature in the solid state. The skeleton
[T1,(PO,)]” is build up by two chemical groups: the octahedral TiOj units and the tetrahedral
PO, units that share corners only through strong bonds like Ti-O-P. The [Ti,(PO,),]* groups
repeat along the threefold axis and the so-formed columns connect together in a hexagonal

array.

Preliminary results about the biocompatibility of Calcium-Zirconium-Phosphate
(CZP), which is a compound iso-structural with Calcium-Titanium-Phosphate, were first
provided by Szmukler-Moncler ¢ a/ [3]. The n vitro biocompatibility of this compound was
studied using 1.929 fibroblasts. The preliminary zz vivo biocompatibility was assessed in dogs
in osseous and non-osseous sites. The material did not indicate any adverse reaction. The
extensive remodelling activity at direct contact of the CZP after 9 months of implantation

indicated an excellent bioactivity.

More recently, Gross ef a/ [4] investigated the biological behaviour of ceramic cylinders,
the main phase of which was Calcium-Titanium-Phosphate with small amounts of calcium
pyrophosphate, implanted into the distal femur epiphysis of female Chinchilla rabbits, 7, 28
and 84 days postoperatively. The tissue response of the new implant material was considered
very favourable. The histological assessment indicated bone bonding to the material and
therefore favourable bioactivity comparable to that of HAp. The macrophage reaction was
minimal and there were no obvious signs of leaching of particle released from the material

surface in soft tissue interfaces.
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Calcium-Titanium-Phosphate has also interesting properties as a support for
immobilisation of several enzymes. Enzymes are immobilised onto a wide range of porous
supports, either particulate or membranous. Inorganic support materials are very attractive
because they are usually resistant to sterilisation. Hosono ef @/ [5] developed a porous glass
ceramic with a skeleton of CaTi,(PO,),. Suzuki and co-workers [0] investigated the
characteristics of this porous ceramic as an immobilising carrier for various enzymes, namely
invertase, [-galactosidase, and alkalophilic proteinase. They have shown that the
microporous ceramic is a more suitable material than the conventional silica glass carriers to

serve as an efficient and stable enzyme reactor for long term operations.

In a previous study [7] the authors have shown that CTP can act as a carrier for the
enzyme glucocerebrosidase (GCR). This enzyme is used in the treatment of Gaucher disease
(type 1) which is characterised by a number of severe disabling symptoms, including bone
pathologies [8]. GCR is highly unstable in solution under physiological conditions [9] and
consequently its immobilisation is being studied in our group as part of a strategy to
overcome this problem. Although the results obtained with CTP concerning the
immobilisation of this particular enzyme were very promising (CTP adsorbs a much higher
amount of enzyme per unit surface area than hydroxyapatite), further aspects should be
investigated in order to better characterise this material and evaluate the possibility of using it
in bone tissue regeneration applications. In the present study CTP was synthesised and
physically and chemically characterised using different techniques namely XRD, DTA, EDS,
XPS, FT-IR and FT-Raman spectroscopies. The solubility of CTP in Tris-HCI solution was
determined as well as the zeta potential at different pHs. The capacity of the material to
mineralise was investigated in simulated body fluid (SBF). Cytotoxicity evaluation of CTP
was performed using material extracts. Preliminary studies on cell adhesion were also

conducted.
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Materials and Methods

Synthesis of Calcium-Titanium-Phosphate compound

CTP was synthesised using Ca,(PO,), Merck), NH,H,PO, (Merck) and TiO, (Anatase-
Goodfellow) in stoichiometric proportions. The reagents were mixed and ground with p.a.
acetone and heated in air in alumina containers up to 500°C. After that, the product obtained
was ground again with acetone and heated till 1200°C for 10h. A heating rate of 5°C/min was
used in both cycles.

Characterisation of the Calcium-Titanium- Phosphate compound

XRD analysis

X-ray powder data was obtained using a Philips diffractometer and a PW 1710
diffractometer control unit with a monochromator in the reflected beam, CuKgy,, radiation

with a wavelength of 1.5418 A and a proportional detector. A Si standard sample was used

for calibration of the camera and of the zero shifts of the goniometer.

FT-IR and FT-Raman analysis

FT-IR and FT-Raman spectra were obtained using a Perkin-Elmer 2000 system
spectrometer. For the FT-IR analysis the samples were prepared as KBr discs whether for
the FT-Raman analysis they were used in the form of a compacted powder. A spectral
resolution of 4 cm™ was used and two hundred scans were accumulated in order to obtain a

high signal to noise level. A 200 mW laser power was used in the FT-Raman analysis.

EDS analysis

EDS studies were performed with a JEOL JSM-6301F scanning electron microscope

in conjunction with an energy dispersive spectrometer Tracor-TN 2000.

100



XPS analysis

XPS measurements were carried out on a VG Scientific Escalab 200A spectrometer
using magnesium Ko (1253.6 eV) as a radiation source. The photoelectrons were analysed
with a take off angle of 55°. Survey spectra were collected over a range of 0-1150 eV with
analyser pass energy of 50 eV. High-resolution spectra of Cls, Ols, P2p, Ca2p and Ti2p,
were collected with an analyser pass energy of 20 eV. All the spectra were fitted using

asymmetrical Gaussian-Lorentzian profiles.

DTA analysis

Differential thermal analysis (DTA-50 Shimadzu) was used to evaluate the thermal
stability of the ceramic. The temperature was scanned from 20°C to 1100°C at a uniform
heating rate of 5°C/min using a-ALO; powder as a reference. After DTA analysis the
ceramic was analysed by XRD and FT-IR spectroscopy to evaluate if any changes in the

composition of the ceramic were observed.

Zeta potential measurements

The Zeta potential of CTP powders was determined at several initial pH values using a
Coulter Delsa 440 instrument. The electrolyte used was a KCI (10° M) solution, where the
powders were dispersed. The initial pH was adjusted using either a HCI (0.1M) or a KOH
(0.1M) solution.

Granulometric analysis and evaluation of the specific surface area

Prior to the granulometric analysis and evaluation of specific surface area, the CTP
powders were sieved and only the particles with a granulometry comprised between 25 and
32 pm were used. Particle size distribution was determined using a laser scanner particle size
analyser (Coulter Electronics Incorporation). Specific surface area of the CTP powder was
measured by gas adsorption according to the BET (Brunauer Emmel and Teller) method

using a Gemini 2370 V5.00 instrument.
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Dissolution tests

The dissolution tests were performed according to the International Standard
ISO/FDIS 10993-14 [10]. The simulation test is based on a TRIS-HCI buffer solution of pH
7.410.1 that simulates the body’s normal pH level. The solution was freshly prepared by
dissolving 13.25 g of tris (hydroxymethyl) aminomethane in 500 ml of de-ionised water. The
pH was adjusted with an appropriate amount of 1mol/1 hydrochloric acid to pH 7.4£0.1 at a
temperature of (37£1)°C. The volume was then made up to 1000 ml with de-ionised water. A
solid/solution ratio of 500 mg of ceramic powder (with granulometry comprised between 25
and 32 um) to 10 ml of solution was used throughout the experiments. The samples were
tested in polyethylene screw flasks, maintained for 24 and 120 h at a temperature of 37£0.2°C
in an warm air cabinet equipped with an orbital shaker. An agitation speed of 120 r.p.m. was
used throughout the experiments. After incubation, the solid and liquid phases were
separated by centrifuging at 4000 r.p.m., and the supernatant was filtered using a 0.2 um
sterilised filter. The liquid phase was analysed by atomic absorption spectroscopy for Ca and
Ti ions. The total phosphorous in solution was determined by UV-spectroscopy using the

molybdenum blue method.
In vitro mineralisation studies

Discs of CTP were obtained by sintering CTP powder with a granulometry comprised
between 25 and 32 pm, at 1100°C with a uniform heating rate of 5°C/min and a 1h stage at
the maximum temperature. The discs were immersed at 37°C in SBF solution [11] (pH=7.4)
using a material surface to solution volume ratio of c.a. 0.5 cm™. Polyethylene screw flasks
were used. The SBF solution was renewed every 24 hours and kept at 4°C between renewals.
Periods of immersion in SBF ranged from 2 to 15 days. Before further examination, all

materials were rinsed with de-ionised water and dried at room temperature.

Surface characterisation

Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS)

analysis were carried out at 15 kV using a JEOL JSM-6301F scanning electron microscope.
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Observations were made on sputtered carbon-coated specimens. The calcium phosphate
films formed were characterised by Attenuated Total Reflectance Fourier Transform Infrared
(ATR-FTIR) spectroscopy with a Perkin Elmer system 2000 FT-IR spectrometer, using the
Split Pea accessory (Harrick Scientific Corporation), equipped with a silicon hemispherical
crystal. All samples were run at a spectral resolution of 4 cm™. The number of scans varied
according to the sample characteristics. As a control sample, a crystalline commercial

hydroxyapatite was used (kindly provided by Cam Implants, Holland).

Biocompatibility testing

Cell culture

MGO63 cells were obtained from the European Collection of Cell Cultures (Salisbury,
UK. Cells were routinely maintained at 37°C in a humidified atmosphere of 5% v/v CO, in
air, in MEM Alpha Medium (a-MEM) supplemented with 10% foetal calf serum (FCS), 2.5
ng/ml fungizone and 50 pg/ml gentamicine (further referred as complete culture medium).
The culture medium was renewed every 3 days. For subculture, cells were rinsed with sterile
phosphate-buffered saline (PBS) and harvested with trypsin-EDTA, which was inactivated

with culture medium after cell detachment. Finally, cells were centrifuged and re-suspended

in fresh o-MEM complete culture medium prior to re-culture in 96-well plates.

Cytotoxicity evaluation (MTT assay)

Cytotoxicity evaluation was carried out using extracts from the materials, as follows:
CTP powder was sterilised (3h, 180°C) and incubated in serum-free culture medium (with 2.5
pg/ml fungizone and 50 pg/ml gentamicine) as the extraction vehicle, at a ratio of 0.2 g/ml
as recommended by the ISO/DIS 10993-5 standards [12]. Samples were maintained at
37°C£0.2°C in an orbital shaker under an agitation speed of 120 rpm, for 120 h. Sterile
polypropylene tubes were used as the extraction containers. An aliquot of the extraction
medium was incubated under the same conditions to be assayed as a control. At the end of
the exposure time, extracts were recovered, supplemented with 10% FCS and sterile-filtered

(0.22 pm). Serial dilutions (50%, 10%, 1%) were prepared in fresh complete culture medium
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and used immediately. Tests were performed in 96-well plates where cells were seeded at a
density of 2x10" cells/well and incubated for 4h at 37°C in a humidified atmosphere with 5%
CO,. After cell attachment (4h), the supernatants were discarded and replaced by the extracts
and dilutions thereof. Extracted and fresh culture medium, were used as controls. For each
material/dilution, 6 replicates were prepared. The cultures were incubated (37°C, 5% v/v
CO,), for different periods of time (1, 3 and 5 days), and at the completion of each period
cells viability was evaluated using the mitochondrial tetrazolium test (MTT) [13] as follows:
10 pl of 3-(4,5-dymethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide solution (5 mg/ml in
PBS) were added to each well, and cells were incubated (37°C, 5% v/v CO,) for 4h. At the
end, supernatants were discarded and 100 pl of dimethylsulfoxide (DMSO) were added to
dissolve the resultant formazan crystals. The intensity of the developed coloration was

quantified at 540 nm and 620 nm using a plate-reader spectrophotometer (SLT Spectra).

Adhesion tests

Tests were performed on sterile (3h, 180°C) CTP discs, prepared as previously
described and pre-incubated in complete culture medium over-night. Cells were plated on the
surface of the discs at a density of 2x10* cells/cm’, or directly on standard tissue-culture
polystyrene (TCPS) as a control. After 24h, discs were transferred to empty wells, rinsed
twice in PBS, and fresh complete culture medium was added. The MTT assay was then
performed as previously described to estimate the percentage of adherent cells with respect

to the control.

Cell morphology was observed after 4 and 24h by SEM: samples were fixed with 1.5%
v/v glutaraldehyde in 0.14M sodium cacodylate (pH 7.3), dehydrated in a graded seties of
ethanol ~ (50-60-70-80-90-100%  v/v), transferred gradually from ethanol to
hexamethydisilazane (25-50-75-100% v/v) and ait-dried. Samples wete finally sputtet-coated
with gold and observed using a JEOL JSM-6301F scanning electron microscope.
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Results

Characterisation of Calcium-Titanium-Phosphate compound

XRD analysis

Figure 1 shows the typical X-ray diffraction spectrum of calcium-titanium-phosphate
powder obtained with the preparation previously described. The d(hkl) spacing and intensity
values found, matched the standard values for CaTi,(PO,), (file 35-740 JCPDS) indicating
that the ceramic is crystalline and very pure. Several batches and granulometries were
analysed in order to confirm the reproducibility of the results. Only in a few batches, the
presence of TiO, (rutile) was observed, but in residual concentration.
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Figure 1 - X-ray diffraction pattern of CTP powder.

FT-IR and FT-Raman analysis

Figure 2 a) and b) show respectively the FT-IR and FT-Raman spectrum of CTP.

The vibrational spectra of CTP compound reflect its characteristic structure of a
[Ti,(PO,)]”* skeleton build up by octahedral TiO, units and tetrahedral PO, units that share
corners only through strong bonds like Ti-O-P [1].
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Figure 2 - FT-1IR spectrum (a) and FT-Raman (b) of CTP powder

The FT-IR spectrum shows two main areas of absorption in the 400-4000 cm™ range
corresponding to the P-O bond, one at 560-660 cm™ (antisymmetric bending of PO, units)
and another at 950-1200 cm™ (symmetric and antisymmetric stretching of PO, units). It is
suggested in some vibrational spectroscopy studies concerning glasses and crystals belonging
to the Nasicon family, that the band at 1200 cm™ corresponds to pyrophosphate [P,O,]*
groups. Although this observation does not seem to be consistent with the chemistry of these
compounds, according to Rao ez a/ [14] the presence of [P,O,]" groups is possible if there are
facile chemical and structural disproportionations of phosphate anions occurring in them.
Since in the spectrum of CTP no other bands characteristic of pyrophosphate group are
assigned, it is reasonable to assume that the 1200 cm’ band corresponds to the P-O

antisymmetric stretching vibration of PO, group, common to several other phosphates [15].

106



The particularly strong infrared absorption at 545 cm™ may be taken as an indication of
octahedrally co-ordinated Ti [14]. The band at 640 cm™ is also possibly due to a vibrational
mode involving Ti-O bond [15]. The band at 445 cm™ is assigned to the symmetric bending
modes of the PO, tetrahedra. The two broad bands at 1620 and 3453 cm™ are characteristic

of adsorbed water in the ceramic.

In what concerns the FT-Raman spectrum, the bands observed in the high-energy
region (959-1089 cm™) are due to the isolated phosphate groups. They are assigned to
symmetric and antisymmetric stretching vibrations v, and v; and are the strongest in CTP
compound. The bands observed in the interval 344 and 600 cm' are due to O-P-O
deformation (v, and v, PO, modes) and Ti-O vibration [16]. The bands at 312 cm™ and

below are possibly attributed to lattice vibrations [16, 17].

EDS analysis
Ti Ti Ti . . .
The P and %) atomic ratios obtained by EDS (Table I) were the ones expected
a

according to the stoichiometry of the compound, confirming its purity.

Table I - EDS atomic ratios for CTP.

Atomic Ratio ﬂ 2 2
Ca P 0
Theoretical 4.00 0.67 0.17

Values

Experimental 405+0.12 0.64+0.03 0.16%+0.02
Values

XPS analysis

Prior to the XPS analysis, CTP powders were pressed into very thin pellets in order to
obtain more homogeneous surfaces. The XPS survey scans of CTP showed the presence of
catbon due to the adventitious deposition of hydrocarbon contaminants from the
atmosphere. This peak does not affect the interpretation of the results and was actually used

for binding energy calibration, by setting its binding energy to 285.0 eV to correct for sample
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charging. XPS core levels of the P2p, Ca2p, Ti2p and Ols orbitals were examined. High-
resolution XPS scans were curve-fitted and the peak area intensities of the core levels were

normalised to their respective atomic sensitive factors. The precision of the binding

measurements was 0.2 eV.

Table II - XPS binding energies (eV).

Sample P2 Ca2p,, Ca2p,, Ol Ti2p,, Tidp,,
CTP 133.4 347.7 351.3 531.2 459.5 465.4
Cis E P2p
275 2;0 2;35 ZS;O 255 300 126 158 1 I;O 1 :32 1;34 1;6 1;”8 1:10 142
Binding Energy (eV) Binding Energy (eV)

O1s
T T T T — — T T
340 345 350 355 360 524 526 528 530 532 534 536 538 540
Binding Energy (eV) Binding Energy (eV)
Ti2p
/\'_—)/"—
450 455 460 465 470 475

Binding Energy (eV)

Figure 3 - XPS Cls, P2p, Ca2p, Ols and Ti2p high-resolution spectra of CTP surface.

The binding energies determined for the main components of the samples are

presented in Table II. The high resolution Ti2p spectrum (Figure 3) identified the presence
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of two major peaks at 459.5 and 465.4 eV that are attributed to Ti4+2p3/2 and Ti*"2p,
respectively. The deconvolution of the Ca2p, , revealed the presence of calcium in the Ca**
form. Comparing the P2p peak positions to published spectra of different phosphate
compounds [18-22] it is observed that PO,” containing species have similar peak positions.
The CTP showed a clear Ols peak at 531.2 eV, which agreed well with the P-O bond of PO,
groups. The PO, tetrahedra in CTP are nearly regular which implies that the P-O distances
are comparable to those in usual phosphates [23]. The same position of Ols peak is observed
for instance for hydroxyapatite [18, 19]. The fact that high-resolution O1s spectra delineated
a symmetrical peak suggests that all oxygens are chemically equivalent and that no more than

one oxygen specie was present on the surface.

DTA analysis

No endo or exothermic reactions were observed in the thermogram of CTP powder
(Figure 4) indicating that the compound does not undergo any transformation within the
temperature range used in the analysis. This observation is supported by the XRD and FT-IR
results, which showed that after DTA analysis no changes in the ceramic phase were

observed.

[ 100 200 300 400 500 600 700 800 900 1000 1100 1200

Temperature (°C)

Figure 4 - DTA thermogram of CTP powder.

Zeta potential measurements

Zeta potential measurements of CTP powder as a function of pH are presented in
Figure 5. The isoelectric point of CTP occurs at approximately pH=3. As a consequence, at

physiological pH, CTP is negatively charged.
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Figure 5 - Zeta potential of CTP as a function of pH.

Granulometric analysis and evaluation of the specific surface area

The results of the granulometric analysis of CTP powders are presented in Table III.
Results showed that 90% (in volume) of the particles are smaller than 25.32 pm and have a
volume average diameter of 11.00 um. The specific surface area obtained using the BET

method was 9.84 cm?/ mg.

Table III - Volume percentage particle size distribution.

%< 10 25 50 75 90
Size (Um) 0.343 2.428 8.608 17.92 25.24

Dissolution tests

After 24h of incubation of CTP in Tris/HCI no calcium, phosphorous ot titanium ions
could be found in solution in concentrations higher than 1 ppm. For a time of incubation of
120 h, the concentration of Ca in the supernatant was 44.6 ppm (90.7x10° mg Ca/cm’ CTP)
and the concentration of P was of 18.5 ppm (37.5x10° mg P/cm® CTP). The concentration
of Ti was less than 1.1 ppm, which is the sensitivity of the method used for the
determination. It is observed that CTP dissolution is not stoichiometric, as more calcium
goes into the solution than phosphorous. The dissolution behaviour of CTP can be explained
in terms of the different role of the two structural parts of the compound: the skeleton,

[Ti,(PO,)*, held together by strong covalent bonds, and the counter ions (Ca®") held in the
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structure by weaker bonds [1]. Due to the nature of calcium chemical bonds, Ca** can leave

the crystal lattice of CTP more easily than the other ions in the structure.

In vitro mineralisation studies

Surface characterisation

EDS analysis

EDS analysis of CTP after immersion for 15 days in SBF showed an increase of the
peak intensity of Ca and a decrease in the peak of Ti, when compared to the EDS spectrum
of the original material (Figure 6). These results support the possibility of formation of a
calcium phosphate on the surface of CTP. As EDS is a bulk technique, the Ca, P and Ti
from the substrate are also accounted for in the analysis. The Ca/P ratio of the calcium
phosphate film formed after 15 days of immersion was 1.58. This value was calculated
assuming that Ti exists only in the substrate and using its atomic percentage as a reference to
estimate the contribution of the substrate to the total Ca and P concentration. The Ca/P
ratio of the film increased with time of incubation (1.33 for 6 days), indicating the presence
of a precursor phase in the formation of the calcium phosphate film. Although EDS is only a
semi-quantitative technique, the Ca/P ratios obtained suggest an apatitic nature for the
calcium phosphate formed. Sodium, magnesium and chloride are probably contaminants
from the solution, although samples were rinsed in deionised water after immersion. It is also
possible that the ions are incorporated in the film formed, but this aspect was not considered

central in the present investigation.

Figure 7 shows SEM micrographs of the calcium phosphates formed over the surface
of sintered CTP pellets, after immersion in SBF for 15 days. After 48 hours of incubation,
aggregates of calcium phosphate particles are observed dispersed on the surface of the
pellets. For a time of immersion of 6 days, a calcium phosphate film is covering the all

surface of the ceramic, becoming thicker after 15 days of immersion (Figures 7 a), b), ¢) and

d)).
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Figure 7 - SEM micrographs of the calcium phosphate film formed on CTP after immersion in SBF
for 15 days: a) calcium-phosphate film covering the all surface, b) characteristic spherullites formed,
¢) detail of the microstructure of the spherullites, d) detail of disrupted film showing its thickness.
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FT-IR (ATR) analysis

In order to further characterise the calcium phosphate film formed after immersion in
SBF, FT-IR (ATR) analysis was performed. Figure 8 shows the spectrum of CTP after
immersion in SBF for 6 and 15 days, as well as the spectrum of a commercial hydroxyapatite
used as a reference. Since CTP FT-IR spectrum has some bands due to the vibration of PO,”
group that are common to the hydroxyapatite spectrum, analysis of the data will be focused
on the new bands that arise after immersion of CTP in SBF. In the v,PO, region a new band
at 561 cm™ is observed after 48h of immersion and its intensity significantly increases after 15
days. This band corresponds to the triply degenerated bending mode v,, of the O-P-O bonds
of the phosphate group [24-26]. Significant changes are also observed in the v,PO,> (900-
1200 cm™) region of the spectrum of CTP after immersion in SBF. CTP presents four bands
in this region namely at 951, 1003, 1039 and 1200 cm’. After immersion, a very intense band
at 1023 cm’ is observed together with two other much less intense bands at 952 (v,
symmetric stretching vibration of phosphate group) and 1200 cm™. The band at 1023 cm
can be assigned to the v,PO,” vibration from nonstoichiometric apatites [27, 28] but can also
be attributed to the presence of OCP [28, 29]. A weak band at 488 cm™ corresponding to the
v, bending vibration of PO,” groups arises after immersion (small shoulder in CTP
spectrum). Furthermore, peaks at 872, 1416 and 1450 cm™ could also be observed, which can
be attributed to the v,COj; vibration of carbonate groups, usually found in carbonated and
biological apatites [30-34]. Carbonated apatite yields the v; vibrations of C-O in the high-
energy region between 1410 and 1470 cm' and v, vibrations in the low-energy region
between 850 and 890 cm. The peak position of the carbonate v, mode depends upon
whether the CO,” ion substitutes for OH (type A band) or PO,” (type B band) in the HAp
lattice [33, 34]. The 872 cm band indicates the presence of type B carbonate apatite [32, 34].
LeGeros et al [30] presented experimental evidence that in apatites precipitated from aqueous

solutions, carbonate substitutes some phosphate groups.
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Figure 8 - FT-IR spectra of calcium phosphate film formed on CTP surface after immersion in SBF
for 6 and 15 days.

Crystalline hydroxyapatite generates two characteristic OH bands at c.a. 3570 cm™ (OH
stretching mode) and 630 cm™ (librational mode). A band at 635 cm™” appears in the
spectrum of immersed CTP that could be attributed to the OH librational mode. However,
since its intensity decreases as the time of incubation increases, it is more likely that this band
arises from the substrate (corresponds to the 638 cm™ intense band characteristic of CTP).
The OH stretching vibration is unique for crystalline hydroxyapatite and its intensity is
considerably weaker compared to the strong P-O stretching vibration because of the
hydroxyapatite stoichiometry. This band is absent in the FT-IR spectrum of CTP after
immersion in SBF suggesting that the apatitic film formed is not completely crystalline.
However, it should be noticed that when using a reflectance accessory (split pea), the bands
at high wavenumber become less intense. The depth of penetration of the infrared radiation
is dependent on wavenumber, decreasing as wavenumber increases [35]. Thus, low
wavenumber light penetrates further into a sample than high wavenumber light. As a result,
ATR spectra show peaks that are more intense at low wavenumber than at high
wavenumber. Some authors attribute the missing OH modes to a perturbation of hydroxyl
stretching and bending modes on the apatite surface by the hydrogen bonding of water

molecules to the surface OH ions [30].
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During the immersion period in SBF there were changes of absorption in the v,, Vv,
and v,PO, regions with time, indicating the evolution of the structure of the film formed to a

structure similar to HAp. The doublets found in the v,PO, region indicate that the precursor
of the calcium phosphate formed was octacalcium phosphate (OCP) and not amorphous
calcium phosphate (ACP) [17, 37-39]. When HAp is formed from ACP these bands are
broad singlets, whereas in the case of OCP band splitting usually occurs, indicating that
minerals formed were pootly crystalline but not amorphous. ATR-FTIR results suggest that
the calcium phosphates formed have an apatitic nature, similar to HAp [17, 28, 37, 38, 40-

44).

Biocompatibility testing

Cytotoxicity evaluation (MTT assay)

The results shown in Figure 9 represent the viability of MGG63 cells, exposed to
extracts of CTP powders for 1, 3 and 5 days, which was assessed using the MTT assay. The
results obtained using extracted culture medium (negative control) are also depicted. Changes
in absorbance are related to changes in cell number, which enables cell proliferation to be
estimated. Both control and extract-treated cells were able to proliferate along the 5 days in

culture, and none of the CTP extracts induced significant changes in cell viability nor inhibit

cell growth.
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Figure 9 - Viability of MG63 cells exposed for 1, 3, and 5 days to CTP powder extracts or dilutions
thereof, as determined by the MTT assay.
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Adhesion tests

The percentage of adherent cells on the materials surface, with respect to those on the
TCPS (control), was estimated 24h after seeding using the MTT assay. Approximately 60%
of the cells were able to adhere to the CTP discs. The fact that this percentage was not
extremely high could be related to the experimental conditions used. The adhesion tests were
performed on sintered pellets the size of which was adequate to fit into the well but did not
completely cover it. As a result, it was difficult to guarantee that no cells migrated to the

bottom of the well when plating the cells on the surface of the discs.

SEM analysis of the samples revealed that seeded cells were able to attach and spread
on the surface of CTP discs (Figure 10). After 4h (Figure 10 a) and b)), adherent cells exhibit
a typical round morphology with the cytoplasm extending away from the central body and
adhering to the adjacent surface. After 24h (Figure 10 ¢) and d)), cells are well spread
exhibiting a flattened morphology with filopodial-like extensions adapted to the surface, and

some of them are well conformed to the interstices of the surface.

Figure 10 - SEM micrographs of the adhesion of MG63 cells after 4 hours (a) and (b) and 24 hours
(¢ and (d) on CTP. (a) and (c) are backscattered electron images.
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Discussion

Calcium phosphate materials are widely used for biomedical applications, namely bone
defect filling, bone replacement and reconstruction, as drug carriers and coatings of metal
prostheses. The aim of the present study was to synthesise and characterise calcium titanium
phosphate, a material that could act as an alternative to traditional calcium phosphates for
some particular situations. For instance, in a previous work [7] the authors have shown that
CTP could act as a carrier for glucocerebrosidase (GCR), an enzyme used in the treatment of
Gaucher disease (type I). Gaucher disease is characterised by a number of disabling
symptoms including bone pathologies [8]. Concerning the GCR loading capabilities of the
ceramic, results showed that CTP adsorbs a much higher amount of enzyme per unit surface

area than HAp [7].

Several requirements should be fulfilled by a material used in bone regeneration. For
instance, it is generally accepted that the existence of a calcium phosphate on the surface of
an implant can improve bone bonding. The results obtained in this study show that CTP
mineralises when immersed in SBF. The surface negative charge of CTP at pH=7.4, as
indicated by zeta potential measurements, certainly favours the nucleation of apatite, since
several studies have shown that negatively charged surfaces are always favourable for the
heterogeneous nucleation of apatite in a simulated body fluid [45, 46] whereas nucleation is
inhibited on positive surfaces. This is a consequence of the fact that the accumulation of Ca®*
ions, due to the electrostatic attraction, increases the supersaturation near negative surfaces
the initial nucleation being therefore preferentially triggered. The results of CTP dissolution
tests indicated that Ca goes into solution more easily than PO, or Ti ions possibly

contributing to a local surface saturation in Ca, favouring calcium phosphate film formation.

The detailed chemical composition and microstructure of freshly deposited bone
mineral crystals is a subject that still remains controversial, with different theories being
proposed to explain how bone mineral is formed and how its chemical composition changes
with maturation [47-52]. This is a complex issue not only because of the numerous solid
phases that may be involved but also because of the presence of multiple components in the

solution media. A key question is whether the formation of the mineral phase of bone results
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from the continuous transformation of a poorly crystalline calcium phosphate into a
crystalline hydroxyapatite or if a precursor mineral phase such as octacalcium phosphate
(OCP), amorphous calcium phosphate (ACP) or dicalcium phosphate dihydrate (DCPD)
exists. The FT-IR analysis of the calcium phosphate formed on CTP, as a result of the 2 vitro
mineralisation tests, suggests the existence of a precursor phase, possibly OCP, for the
formation of the apatitic phase. The apatite structure that is formed is carbonated. It is
generally believed that the formation of biologically active bone-like apatite containing
carbonate on the implant surface is an important condition for obtaining direct, strong

chemical bonding between the implant to living bone [53, 54].

A preliminary study on the effect of calcium-titanium-phosphate on bone cells
behaviour was carried out using the human osteosarcoma cell line MG63. MGG63 cells were
used, since they express a number of features characteristics of relatively immature
osteoblasts, and are a well-characterised model for examining the early stages of osteoblasts
differentiation [55]. The ability of a material to cause toxic effects at the cellular level, is the
first aspect to be taken in consideration when performing zz vitro testing. In a typical
cytotoxicity evaluation, cells are exposed to the materials or their extracts, and the presence
and extent of an eventual cytotoxic effect is evaluated [56]. The toxic response may be
measured through changes in cell survival or metabolism, and the percentage of cells which
have died or undergone regressive phenomena after being exposed to the material, can be
detected and quantified providing an indication about the cytotoxic potential of the material
under study [50]. The cytotoxicity of CTP towards osteoblast-like MG063 cells was evaluated
by analysing the effect of extracts obtained from CTP powders on cell viability/proliferation
using the MTT assay. This assay is based in the reduction of the yellow tetrazolium salt 3-
(4,5-dymethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide to purple formazan crystals. The
intracellular deposits will only appear in viable cells that still express the activity of succinnic
dehydrogenase, a mitochondrial enzyme that catalyses the reaction. The intensity of the
coloration obtained after dissolving the purple crystals in a suitable solvent will thus be
proportional to the number of viable cells in the sample, and inversely proportional to the
toxicity of the extract. Changes in absorbance are thereby directly related to changes in cell

number, enabling cell proliferation to be estimated. Results from the cytotoxicity tests show
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that CTP extracts did not induce significant toxic effects, since they did not reduce cell

viability nor inhibit cell proliferation, when compared to the control.

The biocompatibility of implant materials towards anchorage-dependent cells is also
closely related to cell behaviour in contact with them. The early events of cells-materials
interactions that include attachment, adhesion and spreading are of crucial importance, as
they will ultimately influence the capacity of cells to proliferate and differentiate [57, 58].
Results from the adhesion tests show MGO63 cells were able to adhere and spread to CTP.
The surface charge of CTP may also have a strong effect on cell adhesion. Several works
show that ceramics with more negative surface charges appeared to result in surface
structures with better characteristics for cell growth and differentiation [59, 60]. Nishizawa e#
al [60] showed that the affinity and adhesiveness of the cells to calcium-phosphate ceramics
modified chemically by means of various silane-coupling agents were found to be dominantly
regulated by the surface potential. A negative potential was effective in increasing the
adhesiveness, even though living cells have negative charges. A possible explanation for this
fact may be the difference in the selectivity of serum protein adsorption, or a difference in

the adsorption of Mg®* or Ca*, which is reported to be effective in accelerating cell

b

adhesiveness [61].

Conclusions

The synthesis methodology followed in this investigation enabled the preparation of a
very pure ceramic phase. It has been demonstrated that a carbonated apatite film was formed
on the surface of CTP, indicating its ability to mineralise. The cell culture tests indicated that
CTP is not cytotoxic and promotes MG063 cell adhesion. These results, together with those
reported in a previously published paper [7], confirm that the properties of CTP are worth

further research in its applicability in orthopaedic surgery.
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Abstract

The present study concerns the preparation and initial characterisation of novel
calcium titanium phosphate-alginate (CTP-alginate) and hydroxyapatite-alginate (HAp-
alginate) microspheres, which are intended to be used as enzyme delivery matrices and bone
regeneration templates. Microspheres were prepared using different concentrations of
polymer solution (1% and 3% w/v) and different ceramic-to-polymer solution ratios (0.1, 0.2
and 04 w/w). Ceramic powders were characterised using X-ray diffraction, laser
granulometry, Brunauer, Emmel and Teller (BET) method for the determination of surface
area, zeta potential and Fourier transform infrared spectroscopy (FT-IR). Alginate was
characterised using high performance size exclusion chromatography. The methodology
followed in this investigation enabled the preparation of homogeneous microspheres with a
uniform size. Studies on the immobilisation and release of the therapeutic enzyme
glucocerebrosidase, employed in the treatment of Gaucher disease, were also performed. The
enzyme was incorporated into the ceramic-alginate matrix before gel formation in two

different ways: pre-adsorbed onto the ceramic particles or dispersed in the polymeric matrix.
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The two strategies resulted in distinct release profiles. Slow release was obtained after
adsorption of the enzyme to the ceramic powders, prior to preparation of the microspheres.
An initial fast release was achieved when the enzyme and the ceramic particles were dispersed
in the alginate solution before producing the microspheres. The latter profile is very similar
to that of alginate microspheres. The different patterns of enzyme release increase the range

of possible applications of the system investigated in this work.

Keywords: microspheres, enzyme-delivery, alginate, hydroxyapatite, calcium titanium
phosphate.
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Introduction

Osseous tumours, trauma and other debilitating diseases can create a need to fill
defects in the skeleton. Most bone tissue engineering strategies rely on the use of temporary
scaffolds that can be seeded with cells prior to implantation, or designed to induce the
formation of bone from the surrounding tissue after implantation [1, 2]. The effectiveness of
such materials can be highly improved if they can simultaneously act as drug delivery systems.
Depending on the specificity of the illness, bioactive agents (e.g. growth factors or other
protein-drugs) can be locally released and potentially accelerate the process of bone

regeneration.

In the past few years, increasing efforts have been devoted to the development of
improved injectable materials aimed at providing an alternative for the filling of bone defects
with less patient discomfort, as they can be applied through minimally invasive surgical
procedures. Most injectable materials described in the literature consist of pastes, gels or
liquid precursors that solidify 7z sitn in response to some stimulus [3]. Micro- or nano-
particles have also been described, but they must be suspended in either autologous blood or

other appropriate vehicle prior to injection.

A variety of injectable materials, both ceramic- and polymer-based, have been
developed for use in multiple orthopaedic applications [4-20]. The combination of ceramic
particles with polymeric matrices has also been extensively investigated, in an attempt to
mimic bone tissue, which may itself be seen as a complex composite material made of
organic and inorganic components. Different ceramic phases have been used, hydroxyapatite
and tricalcium phosphate being the most common [4-9], as well as several polymeric
matrices, both from synthetic [10-14] or natural origin, the latter including collagen, chitosan,

gelatine and alginate, among others [15-20].

This investigation describes the preparation and initial characterisation of novel
calcium titanium phosphate-alginate (CTP-alginate) and hydroxyapatite-alginate (HAp-
alginate) microspheres intended to be used as injectable enzyme delivery matrices and bone

filling materials.
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CTP is a bioactive ceramic currently under investigation in our laboratory [21]. Its
properties, namely the capacity of ion exchange and chemical adsorption [22], and the ability
to act as an immobilisation matrix for several enzymes [23], suggest that it can successfully be
used in the biomedical field. Furthermore, recent 7z vivo studies showed direct bone contact
of implanted cylinders containing calcium titanium phosphate as the main phase [24]. HAp,
which has long been recognised for its bioactivity and osteoconductive properties and has
been extensively tested as matrix in drug delivery applications [25, 26], was also used in the

present investigation.

Alginate was chosen as the polymeric vehicle due to its useful properties and versatility.
Ultra-pure grade alginates are considered biocompatible and biodegradable and have been
widely used in many biomedical applications, not only as vehicles for biologically active
molecules [27] or cells, but also as scaffolds for tissue engineering, either as porous structures
[28] or modified with RGD-containing peptide sequences [29]. Sodium alginate and most
other alginates from monovalent metals are soluble in water, forming solutions of
considerable viscosity. Due to their suitable rheological properties, alginates have long been
used in the pharmaceutical industry as thickening or gelling agents, as colloidal stabilisers and

as blood expanders [30].

CTP-alginate and HAp-alginate microspheres were prepared using the droplet
extrusion method. The ceramic granules were mixed with alginate enabling the preparation of
spherical particles through instantaneous crosslinking in the presence of Ca®* [30]. Compared
to other methods of preparation of ceramic-polymer microspheres [31-33], this process
presents the advantage of being simple and of being carried out at room temperature and in
the absence of organic solvents, which makes it suitable for enzyme entrapment purposes.
Moreover, the spherical particles can be easily recovered, without the need for fastidious
washing processes, and present a regular size distribution even without subsequent

fractionation by sieving.

Analysis of the ability of these matrices to act as carriers for the enzyme
glucocerebrosidase (GCR) was also undertaken. This enzyme is used in the treatment of

Gaucher disease (type I), which is characterised by a number of severe disabling symptoms,
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including bone pathologies [34]. GCR is highly unstable in solution under physiological
conditions [35]. Its immobilisation is currently under investigation in our group to overcome

this problem.

Materials and Methods

Materials

Calcium titanium phosphate (CTP) was synthesised by solid state reaction as described
elsewhere [21]. Commercial hydroxyapatite (HAp) powder (CAM Implants) pre-heated at
1000°C was used as a reference. Pharmaceutical-grade sodium alginate (Protanal 10/60 LS)
with a high a-L-guluronic acid content (65-75%, as specified by the manufacturer) was kindly
donated by Pronova Biopolymers and used without further purification. Na-alginate
solutions were prepared fresh as needed, using bi-distilled deionised water. Purified
recombinant human glucocerebrosidase (GCR) was purchased from Genzyme Corporation
as a lyophilised powder. Na'”I and Sephadex columns were purchased from Amersham

Pharmacia Biotech. Additional chemicals were purchased from Sigma.

Characterisation of CTP and HAp powders: X-ray diffraction, specific surface area,

granulometry and zeta potential determination

The ceramic powders were analysed by X-ray diffraction (XRD, Philips PW 1710
diffractometer) and their specific surface area was measured by gas adsorption according to
the Brunauer, Emmel and Teller (BET) method. Granulometric analysis was performed
using a laser scanner particle size analyser (Coulter Electronics Incorporation). Zeta potential
(ZP) of CTP and HAp powders was measured with a Coulter Delsa 440 instrument. ZP was

calculated automatically by the instrument based on the Smoluchowski formula:
Hn
=4r—
¢ E

where € is the ZP (mV), u the electrophoretic mobility (umem/Vs), 1 the viscosity of the

fluid, and E the dielectric constant of the fluid. The principle of electrophoresis is that a

130



particle will move in a liquid under the influence of an applied electric field provided its ZP is
different from zero. The electrophoretic mobility is proportional to the ZP as shown in the

equation above.

The ZP of CTP and HAp powders were determined at several pH values. The
powders were dispersed in 10 mM KCI and the pH was adjusted with 0.1M HCI and 0.1M
KOH.

Characterisation of alginate by HP-SEC

High performance size exclusion chromatography (HP-SEC) was performed at room
temperature using a modular system, composed of an isocratic pump (K-1001 Knaeur), a
vacuum degasser (K-5002 Knaeur), a viscometer/right angle laser light scattering (RALLS)
dual detector (T60 Viscotek), and a refractive index detector (K-5002 Knaeur) operating at
the same wavelength as the RALLS detector (670 nm). Separations were performed in a set
of PL aquagel-OH mixed columns. The mobile phase consisted of 0.1M NaNO; with 0.02%
w/v NaNj; and the flow-rate was maintained at 1.0 ml/min. Samples were dissolved in the
mobile phase, filtered and injected through a manual injection valve equipped with a 116 ul

loop.
Preparation of CTP-alginate and HAp-alginate microspheres

CTP or HAp powders were dispersed in a pre-filtered (0.8 pum) Na-alginate solution
under gentle stirring until a homogeneous paste was obtained. Different concentrations of
the polymer solution (1% and 3% w/v), and different ceramic-to-polymer solution ratios
(0.1, 0.2 and 0.4 w/w) were tested. These will be designated as 10/1, 20/1, 40/1 (ceramic-to-
polymer solution ratios, using the 1% w/v Na-alginate solution) and 10/3, 20/3, 40/3
(ceramic-to-polymer solution ratios, using the 3% w/v Na-alginate solution). The pastes were
extruded drop-wise into a 0.1 M CaCl, crosslinking solution, where spherical-shaped particles
instantaneously formed and were allowed to harden for 30 min. The size was controlled by
regulating the extrusion flow rate using a syringe pump (Cole-Parmer), and by applying a
coaxial air stream (Encapsulation Unit Var J1— Nisco). At completion of the gelling period

the microspheres were recovered and rinsed in water in order to remove the excess CaCl,.
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Finally, they were dried overnight in a vacuum oven at 30°C. The diameter of the

microspheres was measured using an inverted plate microscope (Olympus) equipped with an

ocular micrometer with an accuracy of 10 um.

Characterisation of CTP-alginate and HAp-alginate microspheres: SEM and FT-IR

analysis

Morphological characterisation of the microspheres (surface and transversal sections
obtained by criofracture in liquid nitrogen) was carried out using scanning electron
microscopy (SEM). Samples were sputter coated with gold using a JEOL JFC-100 fine coat

ion sputter device, and observed using a JEOL JSM-6301F scanning microscope.

Physical chemical characterisation of the microspheres and their components (CTP,
HAp and Ca-alginate) were analysed by Fourier transform infrared spectroscopy (FT-IR)
using a Perkin Elmer system 2000 spectrometer. The FT-IR spectrum of Na-alginate was
also obtained and used as a reference. Microspheres were reduced to powder and were

analysed as KBr pellets.
Enzyme immobilisation in CTP-alginate and HAp-alginate microspheres

The enzyme was incorporated into the ceramic-alginate microspheres (formulation
20/3) before gel formation in two different ways: pre-adsorbed onto the ceramic patticles
before mixing with the alginate solution, or dispersed in the polymeric-ceramic paste.
Microspheres were subsequently prepared as previously described, without drying. In Figure
1 a schematic representation of the matrices tested is presented. The matrices A and B were

used as controls.

Pre-adsorption of the enzyme onto CTP and HAp powders

A solution containing glucocerebrosidase (GCR) was obtained by dissolving the
enzyme in phosphate buffered saline (PBS, pH 7.4) at a final concentration of 0.2 mg/ml and
in the presence of 0.5 mg/ml of bovine serum albumin (BSA) as a stabiliser. The solution

also contained radiolabeled (**I) enzyme (Iodogen method) as a tracer and 0.01 M Nal to
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competitively reduce binding by any free I species present. The specific radioactivity of the

solution was 6.5x10” cpm/mg GCR.

For the adsorption tests, CIP and HAp powders (50 mg) were incubated with 500 ul
of the enzyme solution. Samples were maintained at 4°C in an orbital shaker at 250 rpm. At
predefined time intervals, samples were centrifuged (14,000 rpm, 5 min) and the supernatants
collected for analysis. The powders were washed twice with PBS and separated by
centrifugation. The powders and all the supernatants were counted for radioactivity. The
counts of each sample were averaged and the surface concentration was calculated by the
equation:

GCR(ng/ em?) = Counts(cpm)

Asolution (Cpm / ng) X SA(Cm 2 )

solution

where the Counts represent the radioactivity of the powders, the A, is the specific activity
of the protein solution and SA is the surface area of the powders, which was calculated as

described previously.
Enzyme release studies

Enzyme release studies were performed in PBS. Samples (n=3) were maintained at
3740.2°C in an orbital shaker at 120 rpm. At predefined time intervals, the supernatants were
collected and counted for radioactivity and fresh PBS was added. In the case of the powder
matrices (Figure 1, matrix A) samples were centrifuged (14,000 rpm, 5 min) prior to
collecting the supernatants. At the end, the matrices were recovered, washed twice with PBS

and counted for residual radioactivity.
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ﬁmﬂ Glucocerebrosidase (g@ Ceramic powder @ Alginate

Figure 1 - Different enzyme immobilisation matrices tested: (A) enzyme adsorbed onto the ceramic
powders, (B) enzyme dispersed in a pure alginate matrix, (C) enzyme and ceramic powders
individually dispersed in the alginate matrix and (D) ceramic powders with pre-adsorbed enzyme
dispersed in the alginate matrix. The matrices A and B were used as controls.

Results

Characterisation of CTP and HAp powders

X-ray diffraction and specific surface area

X-ray diffraction analysis of the ceramics indicated the presence of mono phase
crystalline compounds. The specific surface areas obtained using the BET method were 9.84
cm’/mg for the CTP powder and 76.00 cm’/mg for the HAp.

Granulometric analysis

The granulometric analysis of HAp and CTP powders is presented in Figures 2a and

2b, respectively. The particle size distribution curves of both ceramics are narrow. In the case

of the CTP powder 90% (in volume) of the particles are smaller than 25.32 um and have a
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volume average diameter of 11.00 um. In the HAp powder 90% of the particles are smaller

than 20.51 um and the volume average diameter is 7.96 um.
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Figure 2 - Granulometric analysis of (a) CTP and (b) HAp powders. Cumulative (dashed line) and
non-cumulative (solid line) volume percentage particle size distributions are plotted on the left and
right axis, respectively.

Zeta potential measurements

ZP measurements of CTP and HAp powders as a function of pH are presented in
Figure 3. As can be observed, the isoelectric point of CTP occurs approximately at pH 3

whereas the isoelectric point of HAp occurs approximately at pH 6. To the best of our
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knowledge, the isoelectric point of CTP has not been reported in the literature before. As far
as the HAp is concerned, the results obtained are in agreement with those reported by other
authors [36, 37]. At physiological pH both ceramics are negatively charged, the CTP potential
being more negative than that of HAp.
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Figure 3 - Zeta Potential of CTP and HAp powders as a function of pH.
Characterisation of alginate by HP-SEC

The Na-alginate used in this study was characterised by an average molecular weight
(Mw) of 1.3x10°, a polidispersity index of 1.9 and an intrinsic viscosity of 6.4 dl/g, as
determined by HP-SEC.

Characterisation of CTP-alginate and HAp-alginate microspheres

CTP-alginate and HAp-alginate microspheres were prepared using different
concentrations of the polymer solution (1% and 3% w/v), and different ceramic-to-polymer
solution ratios (0.1, 0.2 and 0.4 w/w). As soon as the ceramic-polymer droplets contacted
with the crosslinking solution, spherical-shaped particles were instantaneously formed when
using the 3% w/v alginate solution. An exception was observed for the HAp-alginate 40/3
paste, which was too viscous to be extruded in a reproducible manner. Particles obtained
using the 1% w/v alginate solution presented a disc-shaped morphology and for that reason

were not used in the subsequent experiments.
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The diameters of the microspheres obtained (before and after drying) using the 3%
w/v polymer solution and the different ceramic-to-polymer ratios are presented in Figure 4.
Before drying, microspheres of approximately 1000 pm were obtained when using pure
alginate, CTP with alginate, and HAp with alginate. Upon drying, microspheres have
undergone a volume contraction, which was more significant for the lower ceramic-to-
polymer solution ratio (0.1 w/w). Microspheres with diameters of 541+32, 606+21, and
796139 pum were obtained for the CTP 10/3, 20/3 and 40/3 formulations, respectively.
When using HAp, microspheres with diameters of 51244 um and 749£22 pm were
obtained for the 10/3 and 20/3 formulations.
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Figure 4 - Diameters of alginate, CTP-alginate and HAp-alginate microspheres prepared using the
3% w/v alginate solution, before (wet state) and after drying (dry state).
SEM analysis

SEM images of the microspheres (20/3 formulations) are presented in Figures 5 and 6.
Upon drying, and contrary to alginate microspheres that shrank to a great extent and even
collapsed (Figure 5a), CTP-alginate (Figure 5b) and HAp-alginate (Figure 5¢) microspheres

maintained their original shape, with no evidence of cracks. This suggests that both fillers
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provided additional control of shrinkage and avoided structural collapse. Different surface
roughnesses were obtained, those of the HAp-alginate microspheres being smoother than
those of CTP-alginate.

BE1 . ALGT_
CHMUP 1390 i1 a0 W14

Figure 5 - SEM image of (a) Ca-alginate, (b) CTP-alginate and (c) HAp-alginate microspheres.

The ceramic powders are homogeneously distributed in the alginate matrix (Figure 6)

with the granules densely packed and well embedded in the polymer.

Figure 6 - Detail of a transversal section of CTP-alginate (a) and HAp-alginate (b) microspheres,
showing that the ceramic particles are well embedded in the polymer matrix.

FT-IR analysis

FT-IR spectra of calcium and sodium alginate are represented in Figure 7. Table I
shows the possible assignments for the FT-IR bands of the alginate salts [38]. Both spectra
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are very similar and only slight differences can be observed in the width and height of the
COO- bands.

2354 2161
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Figure 7 - FT-1IR spectra of sodium and calcium alginate.

Table I - Peak assighment of transmittance bands of Na-alginate and Ca-alginate spectra obtained
by FT-IR.

Na/Ca-alginate bands Peak Assignment [306] Na/Ca-alginate bands Peak Assignment [306]

(cm™) (cm™)

3446 v (OH) hydrogen bonded 1126 v (CC), v (CO)

2929 v (CH) 1088/1094 1 (CO), § (CCO),  (CC)

2354 - 1029/1032 T (CO), § (CCO), § (CC)
2161/2169 - 947/945 v (CO), & (CCH)

1619 v (COO-) 903/905 v (CO), § (CCH)
1420/1428 v (COO-) 809/820 1 (CO), 8 (CCO), & (CCH)
1318/1320 v (COO-)

Figure 8 shows the FT-IR spectra of CTP powder, Ca-alginate and CTP-alginate
microspheres (formulations 10/3 and 40/3). The FT-IR spectra of HAp powder, Ca-alginate
and HAp-alginate microspheres (formulations 10/3 and 40/3) are presented in Figure 9. The
characteristic bands of both ceramics are maintained in the microspheres indicating that the
alginate did not induce subsequent modifications in the ceramics structure. Additional bands

can be observed, corresponding to the presence of calcium alginate, namely at 3446 cm’

(vOH), 1619 and 1428 cm’ (vCOO-), and 820 cm’, identified in the literature as the
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combination of three possible vibrational modes (tCO+8CCO+6CCH) [38]. The intensity

of these bands increases as the ceramic-to-polymer solution ratio decreases. Also, the v;PO,

region (900-1200 cm™) becomes broader in the spectra of the microspheres, denoting the

presence of the polymer.

Calcium Alginate

CTP-Alg 10/3

% Transmittance

CTP-Alg 40/3

CTP powder

T T T u 1
4000.0 3000 2000 1500 1000 400.0

Wavenumber cm-!

Figure 8 - FT-IR spectra of Ca-alginate, CTP-alginate 10/3 and 40/3 microsphetes, and CTP
powder.
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Figure 9 - FT-IR spectra of Ca-alginate, HAp-alginate 10/3 and 40/3 microsphetes, and HAp

powder.
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Enzyme immobilisation in CTP-alginate and HAp-alginate microspheres

Pre-adsorption of the enzyme onto CTP and HAp powders

Figure 10 shows typical adsorption time profiles of GCR onto CTP and HAp
powders. The adsorption process was carried out at 4°C for different periods of time (10,
120 and 1440 min). For both ceramics there is an initial period of rapid adsorption followed
by a slower approach to a limiting value. After 1440 min, CTP adsorbed 41.28 ng GCR/cm’,

a much higher amount of enzyme per unit surface are than HAp (1.94 ng GCR/cm?).

Figure 11 represents the percentage of enzyme, with respect to the total amount used,
which becomes adsorbed to the ceramic powders (21% in the case of CTP and 10% in the
case of HAp), as well as the percentage of enzyme that remains in solution after incubation.
The percentage of enzyme removed from the solids during washing (first and second washes)
is also represented. The percentages of 21% and 10% were measured after washing,

indicating that the enzyme remained well adsorbed onto the powders.

2.E+06
1.E+06 41.24
£ ——CTP
& —— HAp
= 8.E+05
2
[ _E
+ 2.16
4.E+05 1 o4
0.E+00 ‘ ‘
0 500 1000 1500
Time (min)

Figure 10 - Time profiles of glucocerebrosidase adsorption onto CTP and HAp powders. The
adsorption process was carried out at 4°C for different periods of time (10, 120 and 1440 min).

Data labels represent the amount of adsotbed protein per unit surface area (ng/cm?) of the
powders.
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Figure 11 - Adsorption of glucocerebrosidase onto CTP and HAp powders: percentage of

radioactivity that becomes associated to the powders after an incubation period of 10 min (4°C).
The percentages of radioactivity that remain in the supernatant and are washed out from the
powders are also depicted.

Enzyme release studies

Figure 12 shows the release profiles obtained for the different matrices previously
described using CTP as the ceramic phase. The release profiles using HAp were similar
(results not shown). When the enzyme was dispersed in the ceramic-alginate mixture before
gel formation (matrix C), the release profile seems to be initially controlled by the diffusion of
GCR from the surface of the beads, with a burst of 33.6£3.3% of total loading, followed by
diffusion through the pores of the gel matrix until reaching a plateau at 55.4+4.6%. The
overall release profile was not significantly different from what was obtained using a pure
alginate matrix (matrix B). When the enzyme was pre-adsorbed onto the ceramic powders
prior to the preparation of the microspheres (matrix D), the initial burst was significantly
reduced (9.4£1.4%) and a slower release profile was obtained. The results obtained when

using matrix A were similar to those reported for matrix D.
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Figure 12 - Enzyme release profiles from the matrices tested using CTP: (A) enzyme adsorbed onto
the ceramic powders; (B) enzyme dispersed in a pure alginate matrix; (C) enzyme and ceramic
powders individually dispersed in the alginate matrix; and (D) ceramic powders with pre-adsorbed
enzyme dispersed in the alginate matrix. The matrices A and B were used as controls.

Discussion

CTP-alginate and HAp-alginate microspheres were prepared using the droplet
extrusion method combined with ionotropic gel formation in the presence of Ca*" [27].
Polymer-ceramic mixtures of different compositions were prepared and drop-wise extruded
into a crosslinking solution containing Ca**. As soon as the droplets contacted with the
solution, spherical particles were instantaneously formed, due to the rapid establishment of
calcium-mediated associations between poly-guluronic acid sequences on the polymer
backbone [27]. This resulted in the formation of an alginate hydrogel network with entrapped

ceramic particles.

The process was carried out at room temperature and in the absence of organic

solvents, which is ideal for the envisaged applications of these materials as enzyme carriers.

The described methodology enabled the preparation of homogeneous microspheres

presenting a regular size distribution, even without being fractioned by sieving. During the
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drying process and depending on their composition, microspheres underwent volume
contractions at different extents. Shrinkage is related to water loss from the polymeric
hydrogel phase, explaining why formulations with high ceramic-to-polymer contents

underwent less contraction.

SEM observation of the microspheres showed that the ceramic particles were well
embedded and homogeneously distributed in the alginate matrix, suggesting a good
wettability of the ceramics by the polymer solution. The surface morphology of the
microspheres was dependent on the type of ceramic used, the HAp-alginate microspheres
being smoother than the CTP-alginate ones. Differences were essentially attributed to the
different mean particle sizes of the two ceramic powders. Although the granulometric
analysis revealed that the particles of both powders were similar in size (90% of CTP particles

are smaller than 25.32 pm and have an average diameter of 11.00 um, while 90% of the HAp

particles are smaller than 20.51 pm and the average diameter is 7.90), the surface area

measurements indicated that HAp particles have a much higher surface area (76 cm’/mg)

than CTP (9.8 cm’/myg).

Physico-chemical characterisation of CTP-alginate and HAp-alginate was carried out
by FT-IR spectroscopy. The spectra showed that the characteristic bands of both ceramics
are maintained in the microspheres, indicating that the alginate did not induce subsequent

modifications in the structure of the ceramics.

A preliminary analysis of the ability of CTP-alginate and HAp-alginate microspheres to
act as carriers for the enzyme glucocerebrosidase (GCR), a therapeutic enzyme used in the

treatment of Gaucher disease, was carried out.

The possibility of exploiting the capacity of both components to act as enzyme delivery
systems was investigated, since both may immobilise proteins [23-27]. For this reason, the
enzyme was incorporated into the ceramic-alginate matrix before gel formation in two
different ways, as described before. Concerning GCR loading capabilities of the ceramics
used in this study, results showed that CTP adsorbs 41.28 ng/ cm?, a much higher amount of

enzyme per unit surface than HAp (1.94 ng/ cm?). This may be attributed to the presence of
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BSA, used to stabilise the enzyme, as explained below. At physiological pH, both ceramics
are negatively charged, the zeta potential of CTP being more negative than that of HAp. At
pH 7.4, the enzyme is in the vicinity of its isoelectric point exhibiting a neutral net charge.
Under the conditions used, BSA presents a net negative charge [39] and will probably bind to
a lesser extent to CTP than to HAp, due to increased repulsive charge, thus leaving the
surface more available for GCR adsorption. Decreased adsorption of HSA (human serum
albumin) onto CTP than onto HAp powders was observed by the authors (unpublished
data), supporting this hypothesis. Despite being a very complex process, protein adsorption
generally reflects hydrophobic/ hydrophilic or electrostatic interactions between the protein
and the surface. It seems that under the conditions used, the electrostatic characteristics of

CTP favours the immobilisation of GCR.

Other authors, in studies concerning applications in the biotechnology industry [23],
demonstrated the capacity of CTP to immobilise several enzymes. To the best of our
knowledge this is the first time that this ceramic is used for the immobilisation of

glucocerebrosidase.

Release studies were performed with different matrices. When the enzyme was
dispersed in the ceramic-alginate mixture before gel formation (matrix C), the release profile
seemed to be initially controlled by the diffusion of GCR from the surface of the beads, with
a significant burst, followed by diffusion through the pores of the gel matrix until reaching a
plateau. The overall release profile was not significantly different from what was obtained
using a pure alginate matrix (matrix B), suggesting that the enzyme does not interact, to a
great extent, with the embedded ceramic particles. When the enzyme was pre-adsorbed onto
the ceramic powders prior to the preparation of the microspheres (matrix D) the initial burst
was significantly reduced and a slower release rate was achieved. For matrix A (powders) the
results were similar, suggesting that the alginate does not offer an additional resistance to

enzyme diffusion.

With the different matrices proposed, distinct release kinetics can be obtained and
suitable strategies can be selected depending on the final application. Some aspects remain,

however, to be investigated, namely the activity of the enzyme when released from the
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matrices used in this work (ongoing studies). Although protein immobilisation, either by
entrapment or adsorption, often results in conformational alterations that may render the
protein inactive, several authors have reported improved enzyme activity and/or stability in

immobilised preparations when compared to their free forms [40].

Conclusions

This study describes the preparation and initial characterisation of CTP-alginate and
HAp-alginate microspheres, which are intended to be used as enzyme delivery matrices and
bone regeneration templates. The proposed methodology enabled the preparation of
homogeneous microspheres with a uniform size, where the bulk properties of the ceramics
were maintained, indicating that the alginate did not induce any modifications in the structure
of the ceramics. Preliminary studies on the immobilisation and release of the therapeutic
protein glucocerebrosidase were also performed. The enzyme was incorporated into the
ceramic-alginate matrix before gel formation in two different ways: pre-adsorbed onto the
ceramic particles or dispersed in the matrix. The two strategies resulted in distinct release

profiles, suggesting that, depending on the application, the more suitable one can be selected.
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Abstract

In the present work, a novel route for the preparation of porous ceramic microspheres
is described. Two ceramic powders, calcium-titanium phosphate (CTP) and hydroxyapatite
(HAp), were mixed with a sodium alginate solution that enabled the preparation of spherical
particles, using the droplet extrusion method combined with ionotropic gelation in the
presence of Ca®*. The spherical particles were subsequently sintered, to burn-off the polymer
and obtain calcium-phosphate microspheres with a uniform size and an interconnected
porous network. CTP microspheres with diameters ranging from 513424 um to 792£35 pm
and with pores of approximately 40 um were obtained. HAp microspheres presented
diameters of 429+46 um and 632440 um and pores of c.a. 2 pm. Depending on the
formulations tested, the structure of both calcium phosphates may become altered during the
sintering process, suggesting that the ratio between the ceramic phase and the polymer

solution is a critical parameter. Porous microspheres prepared using the described
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methodology are promising candidates as bone defect fillers and scaffolds for bone tissue

regeneration.

Keywords: injectable microspheres, bone tissue engineering, drug-delivery, alginate,
hydroxyapatite, calcium-titanium-phosphate.
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Introduction

Due to the large number of orthopaedic surgical interventions performed each year,
bone repair has become a subject of intensive investigation. The use of calcium phosphate
ceramics in bone regeneration, either alone or in combination with a polymeric phase, has
become a common practice, since these materials generally provide good biological responses
and adequate mechanical properties. Although calcium phosphate ceramics have traditionally
been used as dense or porous three-dimensional scaffolds, increasing efforts have been
devoted to the development of injectable formulations for bone defects filling applications,
since they can be applied through minimally invasive techniques [1]. Most injectable ceramic
materials described in the literature consist of micro or nanoparticles suspended in
appropriate vehicles [2-7]. In such systems, the shape of the microparticles determines their
packaging characteristics, spherical particles being more suitable for implantation than non-
homogeneous granules, since they conform better to irregular implant sites. Moreover,

uniform particles present more predictable flowing properties during injection [8-11].

In certain applications, the effectiveness of these microparticulate materials can be
highly improved if they can act simultaneously as carriers for biologically active molecules. In
this sense, porous materials are advantageous, since they present additional surface area, an
important parameter that strongly influences the loading capacity and release rates that can be

obtained.

In the present work, novel ceramic porous microspheres are proposed, which could
find applicability in the field of bone regeneration, both as injectable bone-filling materials
and drug delivery matrices. Two ceramic powders, calcium-titanium-phosphate (CTP) and
hydroxyapatite (HAp), were tested. CTP, a bioactive ceramic currently under investigation in
our laboratory [12], is a potential material to be used in the biomedical field as it presents
interesting properties, namely the ability to act as an immobilisation matrix for several
enzymes [13-16]. HAp, which possesses a chemical structure similar to bone mineral, has
long been recognised in the biomedical field for its osteoconductivity and capacity to act as

matrix for drug delivery [17-18] and was used as a reference material. Alginate was chosen
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due to its suitable rheology and ability to form relatively stable hydrogels under mild

conditions [19].

CTP-alginate and HAp-alginate microspheres were first prepared using the droplet
extrusion method as described in a previous work [16]. The ceramic powders were mixed
with alginate, which enables the preparation of spherical particles through instantaneous
crosslinking in the presence of Ca*" [16]. The obtained microspheres were then dried and
subsequently sintered to burn-off the polymer and aggregate the ceramic granules, allowing
the preparation of ceramic microspheres with a uniform size and interconnected porous

network.

Compared to other methods of preparing ceramic microspheres described in the
literature [8-11], this novel process presents the advantage of simplicity and of being carried
out in the absence of organic solvents or oils, thus enabling the recovery of the spherical
particles without the need of fastidious washing processes. Moreover, the obtained
microspheres present a regular size distribution, even without a subsequent fractionation by

sieving.

In this study, the preparation and physical-chemical characterisation of CTP and HAp

microspheres prepared according to the described methodology are presented.

Materials and Methods

Characterisation of the ceramic powders

CTP was synthesised by solid-state reaction as described elsewhere [12]. HAp was
kindly donated by CAM Implants. Both ceramics were analysed by X-ray diffraction (XRD,
Philips PW 1710 diffractometer), and their granulometry characterised using a laser scanner
particle size analyser (Coulter Electronics Incorporation). The specific surface area of each
powder was measured by gas adsorption according to the BET (Brunauer, Emmel and
Teller) method. Both powders were observed by scanning electron microscopy (SEM).

Samples were sputter coated with gold using a JEOL JFC-100 fine coat ion sputter device,
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and observed using a JEOL JSM-6301F scanning microscope, an accelerating voltage of 10

keV and an working distance of 15 mm.

Preparation of CTP and HAp microspheres

Ceramic powders were dispersed in a pre-filtered (0.8 pm) 3% w/v sodium alginate
solution (Pronova Biopolymers) under gentle stirring until a homogeneous paste was
obtained. Different ceramic-to-polymer solution ratios (0.1, 0.2 and 0.4) were tested. These
will be designated as 10/3, 20/3 and 40/3 (different ceramic-to-polymer solution ratios,
using a 3% w/v sodium alginate solution). Preliminary assays wete conducted to determine
the maximum ceramic-to-polymer solution ratio and it was observed that for ratios higher
than 0.4 the pastes obtained became too viscous to be handled and extruded. The pastes
were extruded drop-wise into a 0.1 M CaCl, crosslinking solution, where spherical-shaped
particles instantaneously formed and were allowed to harden for 30 min. The size of the
microspheres was controlled by regulating the extrusion flow rate using a syringe pump (Cole
Parmer) and by applying a coaxial air stream (Encapsulation Unit Var J1-Nisco). At
completion of the gelling period, microspheres were recovered and rinsed in water in order
to remove the excess CaCl,. Finally, they were dried overnight in a vacuum-oven at 30°C, and
then sintered at 1100°C with a uniform heating rate of 5°C/min, and a 1h stage at the

maximum temperature.
Characterisation of the microspheres

The diameter of the microspheres (n=20) was measured using an inverted plate

microscope (Olympus) equipped with an ocular micrometer with an accuracy of 10 pm.

Morphological and physico-chemical characterisation was carried out using SEM and
Fourier transform infrared spectroscopy (FT-IR). For FT-IR analysis, microspheres were
reduced to powder and analysed as KBr pellets using a Perkin Elmer System 2000

spectrometer.

In order to identify the composition of the residue that results from burning the

polymer during sintering, calcium alginate microspheres, produced as described, were
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submitted to the same heating cycle used for preparing CTP and HAp microspheres. The
obtained residue was analysed by XRD and FT-IR.

Results

Characterisation of the ceramic powders

XRD of the ceramics indicated the presence of monophase crystalline compounds.

Granulometric analysis of the powders revealed that 90% of the CTP particles are smaller
than 25.32 um, with a volume average diameter of 11.0 um, and that 90% of the HAp

particles are smaller than 20.51 pm, with a volume average diameter of 7.96 um. However,
surface area measurements indicated that HAp particles have a much higher surface area (76
cm’/mg) than CTP (9.8 cm’/mg) suggesting that the results obtained in the HAp
granulometric analysis are overestimated, probably due to particle aggregation. Both powders
were observed by SEM, which confirmed that CTP particles are in fact much larger than the

HAp particles (data not shown).

Characterisation of CTP and HAp microspheres

To produce CTP and HAp microspheres, CTP-alginate and HAp-alginate mixtures of
different compositions were prepared and drop-wise extruded into a 0.1M CaCl, solution. As
soon as the ceramic-polymer droplets contacted with the crosslinking bath, spherical particles
of approximately 1000 um were instantaneously formed, due to the rapid establishment of
calcium-mediated junctions between poly-guluronate chains on the polymer backbone [18].
An exception was observed for the 40/3 HAp formulation, with which it was not possible to

obtain spherical particles due to the high viscosity of the ceramic-polymer mixture.

During drying, the volume contractions varied with the formulation as shown in Figure
1 which presents the diameters of dried CTP and HAp microspheres, that were obtained

before (ceramic-polymer microspheres) and after sintering (ceramic microspheres).
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Figure 1 - Diameters of CTP (a) and HAp (b) microspheres before and after sintering.

It can be concluded that the higher the ceramic-to-polymer solution ratio used, the
lower the particles contraction during drying. Upon sintering, microspheres maintained their
original spherical shape. In the case of the HAp microspheres their diameter further
decreased approximately 20%, while CTP microspheres practically maintained their original
dimensions. Such differences are probably related to the different particle size distributions

and, in particular, to the higher percentage of fine particles in HAp that results in a more
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effective packaging during sintering. With the described methodology, microspheres with a
regular size distribution were obtained without a subsequent fractioning by sieving being

necessary.

Microspheres with average final diameters of 513424 pm, 602428 um, and 792£35 um
were obtained for the CTP 10/3, 20/3 and 40/3 formulations, respectively; while with HAp
microspheres diameters of 429446 um and 632440 um were obtained for the 10/3 and 20/3

formulations, respectively.

SEM analysis

SEM pictures of CTP and HAp microspheres, before and after sintering, are presented
in Figure 2. Only the results obtained with the 20/3 formulation are given, as similar results
were obtained for the other formulations tested. The analysis revealed that in both cases
microspheres were homogeneous, in terms of size and shape. No evidence of cracks was

found.

Figure 2 - SEM images of CTP and HAp microspheres before and after sintering: (a) Non-sintered
CTP microsphere, (b, ¢) sintered CTP microspheres; (d) non-sintered HAp microsphere, (e, f)
sintered HAp microspheres.
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CTP microspheres (Figure 2 a, b, c¢) present a rather rough surface, while HAp
microspheres (Figure 2 d, e, f) are smoother. Such differences are mainly attributable to the
differences in granulometry of the two ceramics, since the CTP particles are much larger than

those of HAp. The volume contraction that occurred upon sintering in the case of HAp

microspheres is evident (Figure 2 a, b).

Figure 3 - Higher magnification SEM images of CTP and HAp microspheres before and after
sintering: (a) Non-sintered CTP microsphere, (b, ¢) sintered CTP microspheres; (d) non-sintered
HAp microsphere, (e, f) sintered HAp microspheres.

Non-sintered microspheres revealed, at higher magnifications, a homogeneous
distribution of the ceramic phase in the alginate matrix (Figure 3 a, d). It should be noted,
however, that since the particles of HAp powder are much smaller than those of CTP, the
former appear to be more densely packed. Upon sintering the polymer phase is substituted
by a porous network (Figure 3 a, b, e, f). The interconnectivity of the pores and their

homogeneous distribution are clearly observed in Figure 3b, 3c and 3f, respectively. Pores of

approximately 40 um were obtained when using CTP as the ceramic phase, while HAp
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resulted in pores of approximately 2 pm. Results were similar for all the formulations tested.
Differences in porosity may be attributed to the different granulometries of the two
compounds, which result in different packaging of the ceramic particles during drying and

sintering, as suggested already.

FT-IR and XRD analysis

The FT-IR spectrum of the residue powder obtained after subjecting the calcium-
alginate microspheres to sintering of the ceramic-alginate microspheres (Figure 4), showed
the presence of bands characteristic of carbonates, namely the ones in the intervals 1409-
1483 cm™, 1020-1100 cm™ and 800-890 cm™ [20, 21]. The band at 3642 cm™ is assigned to O-
H vibrations, suggesting the presence of a hydroxide compound [20, 22]. XRD analysis of
the residue (Figure 5) identified it as a mixture of Ca(OH), (portlandite) and CaCO; (calcite),
confirming the results obtained by FT-IR.
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Figure 4 - FT-IR spectrum of the alginate-burning residue.
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Figure 5 - XRD spectrum of the alginate-butrning residue, ¢ - Portlandite Ca(OH),, e- Calcite
CaCo;,

FT-IR spectra of CTP powder and CTP microspheres are presented in Figure 6. The
changes that are observed in the spectra of CTP microspheres when compared to those of
the CTP powder, suggest that a reaction between CTP and calcium alginate must have
occurred during sintering, leading to structural modifications that resulted in the appearance
of new bands in the v,PO, and v,PO, phosphate zone, as well as a band at 726 cm™. These
bands are more evident in the spectrum of the sample with the lowest ceramic-to-polymer
solution ratio (10/3), and becomes less defined as the ceramic-to-polymer solution ratio
increases, being the FT-IR spectrum of the 40/3 formulation very similar to the one of CTP
powder. Figure 7 shows the FT-IR spectrum of (a) 10/3 CTP microspheres, (b) commercial
calcium pyrophosphate (Ca,P,0, - Sigma Aldrich) and (c) titanium pyrophosphate
synthesised in our laboratory. Several bands which are characteristic of pyrophosphate
groups, namely the ones in the ranges: 900-1200 cm’, 700-770 cm™ and 500-600 cm’, are
common to spectra (a) and (b), suggesting the formation of a calcium pyrophosphate phase
in the CTP microspheres as a consequence of the sintering process. However, the existence
of that phase could not be detected by XRD analysis (Figure 8) leading to the assumption
that the phase is either amorphous or present in residual concentrations. In addition, XRD

analysis showed the presence of small quantities of titanium oxide (rutile) in the sintered CTP
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microspheres, its concentration being hicher in the formulation 10/3. This was not
p > g g

unexpected considering the hypothesis described above. If a calcium pyrophosphate is

formed, probably some titanium will become available to form an oxide.

% Transmittance

Figure 6 - FTIR spectra of CTP powder and of different formulations of CTP microspheres.
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Figure 8 - XRD of CTP powder and of different formulations of CTP microspheres.

In what concerns HAp microspheres, XRD analysis of the HAp powder and HAp
microspheres revealed that after sintering no decomposition of the ceramic occurred, since
no extraneous phases could be identified. Figure 9 shows the FT-IR spectra of HAp powder
and 10/3 HAp microspheres. It is worth noting the appearance of carbonate bands at 1440
cm’ and 876 cm™ in the samples with the 10/3 ceramic-to-polymer solution ratio, suggesting
the presence of a carbonated hydroxyapatite. This may have practical implications, since it is
well established that the presence of carbonates in calcium phosphate materials is an
important factor contributing to the iz vivo integration of the implant. For the 20/3 and 40/3
formulations, the FT-IR spectra of the microspheres are practically identical to the one of
HAp, but the presence of carbonate bands is less evident. No signs of calcium hydroxide

were observed in the sintered CTP-alginate and HAp-alginate microspheres.

In order to clarify if a carbonated apatite has been obtained, or if the carbonate bands
were due to formation of a calcium carbonate residue, resultant from the burning of alginate,
10/3 HAp microspheres were subjected to a second sintering cycle at 1100°C for 1Th. When
heated to this high temperature, any free calcium carbonate would disappear since calcium

carbonate (calcite) decomposes at approximately 825°C into CaO and CO, [23]. The FT-IR
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spectra of the re-heated HAp microspheres still presented the carbonate bands, confirming
the presence of a carbonated apatite.
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Figure 9 - FTIR spectra of HAp powder and of HAp-Alg 10/3 microspheres.

Discussion

There are several reports described in the literature concerning the development of
HAp or HAp-polymer granulates with spherical geometry [8-11, 24-28]. Most of the methods
used to produce microspheres have the disadvantage of using organic solvents or oils thus
needing several washing stages to eliminate them. For instance, Sunny e/ @/ [10] produced
HAp/chitosan microsphetes by the dispersion of HAp/chitosan slutry in liquid parafin, with
the addition of gluteraldehyde to harden the spheres. Sivakumar ez @/ [11, 28] developed a
method to produce coralline HAp/chitosan and coralline HAp/gelatin composite
microspheres using a PMMA dispersion solution containing toluene as a crosslinking agent.
The experimental method proposed in this study has the advantage of not using such

reactants, thus allowing the recovery of the microspheres without the need of fastidious

washing processes.

164



Another advantage of the present methodology is the possibility of producing
spherically shaped particles with uniform sizes. Irregulatly or densely packed granules have
been described in the literature as being the cause of inflammatory reactions and slower bone
formation [29]. Uniformly packed spherical particles would lead to a regular inter-particle
porosity, thus contributing to easier migration of bone cells. Moreover, since our aim is to
use the microspheres in an injectable form, their flowing properties during injection will be

more predictable if their shape and size are more regular.

Since these microspheres may also be used to deliver growth factors and other
proteins, their porosity is a critical parameter since it may strongly influence their loading
capacity. The increase in porosity that occurs upon sintering will significantly increase the

surface area and allow higher delivery efficiency.

This investigation has shown that the ratio between the ceramic phase and the polymer
solution is of critical importance in the composition of the sintered microspheres. In the case
of the CTP-alginate microspheres, a calcium pyrophosphate was formed after sintering, and
its concentration increases as the ceramic to polymer ratio decreases. When subjected to the
same heating cycle used for sintering the microspheres, CTP powder does not suffer any
change in composition. These observations suggest that the formation of the pyrophosphate
phase is related to the presence of alginate. Sodium alginate forms a relatively stable hydrogel
of calcium alginate through ionotropic gelation in the presence of Ca®’. A possible
mechanism to explain the formation of the pyrophosphate phase after sintering is the
interaction between calcium ions from the alginate and phosphate groups from the ceramic,
possibly forming an acid salt. When a solid orthophosphate, which contains hydrogen bonds
(e.g. CaHPO,) is heated to an appropriate temperature, there is a loss of water accompanied
by pyrophosphate formation [30, 31]. The amount of pyrophosphate formed is related to the
number of hydrogen bonds present in the system. Pyrophosphate ion is a well-known
inhibitor of apatite formation [31-33]. LeGeros ¢f a/ [33] have demonstrated that the presence
of pyrophosphate ions are efficient in promoting the formation of amorphous calcium
phosphates. With the microspheres prepared in this investigation promotion of
mineralization is an objective. Therefore, a formulation with a high ceramic to polymer ratio

will be more adequate.
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With HAp-alginate microspheres it was observed that the sintering process leads to the
formation of carbonated hydroxyapatite. The carbonate ions were probably incorporated in

the HAp structure according to the following reaction [34]:
20H (apatite) + CO, = CO;” (apatite) + H,O

that was probably favored by an increase of the local concentration of CO, resulting from the
burning of alginate. This is in agreement with the fact that carbonate bands are more intense
in the low ceramic to polymer ratio formulations. The substitution of carbonate in well and
pootly crystallized hydroxyapatite is well documented in the literature. It has been suggested
that planar CO; ion substitutes for tetrahedral PO, groups in hydroxyapatite prepared at
room (or body) temperature while in high temperature preparations (about 1000°C), CO,

substitutes for OH [31].

Conclusions

Porous ceramic microspheres with an uniform size were prepared using a novel
methodology consisting of sintering spherical particles, obtained by droplet extruding a
mixture of ceramic powders and sodium alginate followed by ionotropic gelation in the
presence of Ca®". Microspheres with different porosities may be produced by this method, by
varying the granulometry of the ceramic powders. It was also found that the ratio between
the ceramic phases and the polymer solution is a critical parameter in the composition of the
sintered microspheres and must be carefully selected. These materials could find applicability
in the field of bone regeneration, both as injectable bone-filling materials and drug delivery

matrices.
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Chapter &

GENERAL DISCUSSION AND MAIN CONCLUSIONS

Most orthopaedic applications of implants require materials with good mechanical
performance. Metals are still, and will probably remain for a long time, the main constituents
of load bearing prosthetic devices. Efforts have been made to improve the biological activity
of metallic surfaces by coating them with calcium compounds. Plasma sprayed
hydroxyapatite (HAp) coatings on titanium and titanium alloy implants have been used in an
attempt to obtain reliable implant-to-bone fixation. The successful clinical performance of
these materials will depend on a low rate of dissolution of HAp and on the integrity of the
metal/coating interface. Although metallic prostheses coated with hydroxyapatite are
extensively used clinically, both dissolution of the calcium phosphate and adhesion failure at
the coating/substrate interface have been reported [1, 2]. It is also established that metal ion
release occurs from metallic implants [3-18] but its effect on the degradation of HAp (as a
coating and as a bone mineral constituent) is not well clarified. Due to the ability of HAp to
incorporate metal ions in its lattice the coating could act as a barrier to elemental transfers
from the underlying substrate to the surrounding tissues. Alternatively, as a consequence of
the interaction of metal ions with HAp, new compounds could be formed, the chemical and

structural properties of which would be determinant for the stability of the coating.

One of the main objectives of the present work was to investigate the effect of Ti ions
on the molecular structure of HAp. For that purpose, dissolution studies of HAp were
carried out in the presence of different concentrations of T1 in solution. It was observed that
the mechanism of interaction of Ti ions with HAp is dependent on the metal ion
concentration. Chapter 2 describes the results obtained for Ti concentrations ranging from

200 to 2000 ppm. The effects of HAp crystallinity, Ti concentration, incubation media and
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time and temperature of incubation were investigated. The solids were analysed by X-ray
diffraction techniques and Fourier transform infrared spectroscopy. It was demonstrated that
for concentrations in Ti higher than 400 ppm, a dissolution-precipitation process occurs,
leading to the formation of a new compound, a titanium protonated phosphate with a layered
structure (Ti(HPO,),.nH,O; n=1-3). The model that is proposed to describe the structure of
the titanium phosphate formed is the stratification of two layered structural phases (o
Ti(HPO,),.H,O and y-Ti(H,PO,)PO,.2H,0) stacked 1:1 along the ¢ axis with a layer spacing
of approximately 19.2 A. The compound crystallinity slightly increases with time and
temperature of incubation and is not influenced by the crystallinity of the HAp used in its
preparation. Although this kind of phosphate may form at the metal/ HAp interface, as it is
suggested by the results obtained in this work, its presence in retrieved prostheses has not
been demonstrated probably because it exists as very thin layers in reduced areas (pores or
cracks). The process of formation of the titanium phosphate could take place at pores or
cracks in the coating, which would be saturated in calcium and phosphate ions as a result of
the dissolution of HAp. Also, the identification by surface analysis techniques of any
interfacial compounds is very difficult in coated prostheses due to the large surface roughness
caused by grit blasting of the substrate prior to HAp deposition. The chemical affinity of
titanium to protonated phosphate ions is also evidenciated in the process of formation of
calcium phosphate films on titanium substrates. Studies on the characterisation of the surface
film formed on titanium when immersed in a calcium phosphate rich electrolyte [19, 20]
showed a tendency of hydrated phosphate ions to be adsorbed on titanium rather than

calcium ions.

For a Ti concentration of 400 ppm in the incubation solution, a non-crystalline solid
was formed. For concentrations in Ti lower than 400 ppm, it was observed that T1 ions were
uptaken by HAp but the results obtained with the analytical techniques used were not
sufficiently clear to describe a mechanism of interaction of the metal ions with the ceramic.
Other studies were then performed with concentrations of Ti ranging from 50 to 350 ppm,
using several analytical techniques, namely X-ray diffraction with Rietveld analysis, FT-IR,
XPS and DTA analysis (chapter 3). The complementarity of information given by techniques

of short, medium and long-range order was explored and very good correlation between the
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data was attained. The mechanism that better explains the changes that were observed for
concentrations in T1 lower than 200 ppm is the substitution of Ca for Ti in the HAp lattice,
although, to the best of our knowledge, this substitution has not been reported before. The
only references that were found in the literature concerning the possibility of substitution of
Ca by a tetravalent ion in the HAp lattice refers to uranium [21, 22]. According to Altschuler
et al [22] uranium may be as abundant as 0.1% in certain phosphorites and these authors
indicate that tetravalent uranium probably enters the HAp structure as a replacement for
calcium because of the similarity of the ionic sizes. Further evidence of the uranium
association with apatite is the fact that isolated fossil bones or phosphate nodules may
contain as much as 1% of uranium [19], an amount greatly in excess of that of the enclosing
strata. Several results described in this thesis support the possibility of substitution of Ca for
Ti, namely the X-ray diffraction analysis using Rietveld refinement. No additional phases
were observed for the Ti-HAp samples and the diffraction pattern was identical to that
obtained for stoichiometric HAp. Nevertheless, with increasing Ti concentration, changes
were observed in the a and ¢ parameters, as well as a shift in the peak position that
corresponds to basal planes, indicating that alterations occurred in the HAp lattice. The
surface analysis results were in agreement with the ones obtained for the bulk structure. The
changes observed in the atomic percentages of the elements suggest a possible substitution of
Ca by Ti when small concentrations of Ti are in solution (100 ppm), the Ca+Ti/P ratio
obtained being practically the same as the Ca/P ratio of HAp. Also, several infrared
parameters were consistent with the hypothesis of substitution, showing that there is a
change of the orthophosphate environment in the presence of Ti. The v; domain in IR
deconvoluted spectra became more complex as the Ti concentration in solution increased.
Moreover, the area of the OH librational band (632 cm™), which is especially sensitive to
substitutions in the apatite structure, decreased, suggesting a decrease in the HAp
crystallinity. The intensity of the OH stretching band varied in the same way, also indicating a
change in the HAp structure. The DTA results, together with the IR data of the analysis of
the powders obtained after DTA, indicated that the substitution of Ca for Ti in the HAp

lattice results in the formation of a non-stoichiometric HAp which, after being submitted to

heating until 1200°C, dehydrates, forming 3-Ca,(PO,), plus HAp.
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Ti-6Al-4V is the titanium alloy more widely used in the biomedical field. The effect of
aluminium ions on the HAp structure, as well as the possibility of existence of a synergistic
effect between Ti and Al ions was also investigated in this thesis (chapter 4). For that
purpose, HAp was incubated in solutions containing different concentrations of Al, Ti and a
mixture of Al and Ti ions. In the experiments with the two cations, the Ti/Al ratio was 15,
corresponding to that in Ti-6Al-4V. After incubation, the supernatant liquid was analysed for
Ca, Ti, Al and P ions. The solids were analysed using X-ray diffraction techniques, FTIR, FT-
Raman and EDS. It was demonstrated that the presence of Al in solution significantly
influences the dissolution of HAp. A linear relationship between the Al concentration and Ca
concentration in solution was observed, which could not be simply attributed to pH changes,
as shown by the results of the separate experiments with addition of HCI free of aluminium.
These data suggest the substitution of Ca for Al in HAp. Aluminium has been associated
with several bone disorders [23-31]. It is known to inhibit HAp formation, leading to
hypocalcemia and hyperphosphatemia in patients submitted to hemodialysis for long periods
of time [23-31]. According to several authors, trivalent ions, including AI’* [32-34] and Y**
[34, 35], can substitute calcium in the HAp lattice. Instead, other authors, consider that metal
ions like A’ and Ga™, the ionic radius of which differ considerably from the calcium radius,
tend to adsorb onto the calcium phosphate crystal surface [29, 36]. The ion exchange
reaction of HAp with Fe’*, AP’ and La’* have been investigated in relation to their dental
applications [37, 38] and it has been reported that, in acidic solutions, those ions disrupt the
HAp crystals to form orthophosphate compounds by removing Ca from the lattice. In the
present study the formation of an hydrated aluminium phosphate compound was only

detected for high concentrations of Al (2000 ppm) in solution.

FT-Raman analysis confirmed the formation of a titanium phosphate for high
concentrations of Ti in solution, as indicated in chapters 2 and 3. It was also demonstrated
that when Al was present together with Ti in the incubation media, the Ca concentration in
the supernatant liquid was lower than when only Ti was present, although the Al was added
in the form of an acid solution. These observations were in agreement with the EDS data for
the powders of HAp incubated in the previously mentioned solutions. The wt% of Ca in the

HAp powders incubated in solutions with Al was higher than the wt% of Ca in the powders
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incubated without Al These results suggest that Al and Ti jointly inhibit HAp dissolution
and/or lead to formation of a calcium-containing compound. In what concerns the FT-IR
and FT-Raman data, it was shown that for most metal ion concentrations tested Ti has an
effect on the spectra that masks any possible influence of Al Nevertheless, for the
concentrations of 375ppmTi/ 25ppmAl the formation of an hydrated phosphate compound,
different from the one formed in the presence of the same concentration of Ti and in the
absence of Al, was observed. The results obtained seem to be indicative of a synergistic effect

between the two cations but further research on this aspect should be pursued.

The results described in chapters 2, 3 and 4 suggest that when HAp is used as a coating
material it may prevent the release of Ti and Al ions from a metallic substrate to the
surrounding tissues, either by precipitating the ions in the form of a phosphate compound or
by incorporating them in the crystal lattice. These observations are of relevance when these
cations are released from orthopaedic implants, since the type of compound formed is bound
to interfere with the normal processes of bone formation. Although being the less soluble
calcium phosphate of those traditionally used in implantology, it is expected that HAp
coatings will partially dissolve 7z vivo. The resorbability of HAp can be as much as 15-30 um
per year [39] depending on its crystallinity. The fate of metal ion-containing compounds
present within HAp coatings, particularly during the process of phagocytosis, should be
further investigated. In what concerns bone, significant accumulation of a given metal can be
expected to alter the characteristics of its constituent mineral phase. If, in addition, the metal
interacts with bone cells, their metabolism and function may be affected. Fluoride and
biphosphonates are examples of compounds that become part of the mineral phase of bone
but also have an inhibitory effect on osteoclasts [40]. Furthermore, once a metal becomes
incorporated in bone, it will eventually go into the circulation when the bone mineral is

resorbed, a process that could have biological consequences.

The aim of the work described in chapter 5 was to synthesise and characterise calcium
titanium phosphate (CTP, CaTi,(PO,);), a material that could act as an alternative to
traditional calcium phosphates for some specific situations. The CTP synthesis methodology

followed in this work enabled the preparation of a very pure ceramic phase. The material was
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studied using different techniques, namely XRD, FT-IR, FT-Raman, EDS, XPS and DTA.
The solubility of CTP in Tris-HCI solution was determined, as well as the zeta potential at
different pH values. The capacity of the material to mineralise in simulated physiological
conditions was also investigated. The 7 vitro biocompatibility of CTP was evaluated in
cultured MGO63 cells, in terms of cytoxicity and cell adhesion. The dissolution tests indicated
that CTP dissolution is not stoichiometric as more calcium goes into solution than
phosphorous. This is possibly due to the fact that Ca ions are held in the structure of the
compound by weaker bonds than the [Ti,(PO,) ]” skeleton [41]. Zeta potential measurements
showed that at physiological pH CTP is negatively charged. It was also demonstrated that
CTP induces the formation of an apatitic carbonate layer on its surface when immersed in a
simulated body fluid, indicating its ability to mineralise. The cell culture tests showed that

CTP is not cytotoxic and promotes MG63 cell adhesion.

A possible application of CTP could be as a coating of titanium-based metallic
prostheses, because it may have some chemical affinity to the implant surface. Moreover,
since the thermal expansion coefficient of CTP is similar to that of titanium-based alloys [42],
the possible failure of the coating due to mismatch of thermal expansion coefficients will
probably be minimised. Lugscheider ¢f a/ [42] were able to produce plasma spraying coatings
of CTP, although it was observed that decomposition of the ceramic into other phases
occurred for some of the granulometries tested. The potential advantages of using CTP as a
coating were not investigated in this thesis. Instead, the idea was to explore the possibility of
using this particular phosphate as a bone filling material and scaffold for bone tissue
regeneration. In studies concerning applications in the biotechnology industry the capacity of
CTP to immobilise several enzymes has been demonstrated [43]. The possibility of CTP
acting simultaneously as delivery matrix for biologically active molecules was also explored in
the present work. Two different injectable systems based on CTP microspheres were

developed, which were described in chapters 6 and 7.

There is an increasing interest in the development of injectable materials for bone
regeneration via minimally invasive surgery, thus providing less discomfort to the patients
and lower costs. A variety of injectable materials, both ceramic- and polymer-based, have

been developed for regeneration of bone [44-60]. Different types of injectable ceramic-based
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materials are described in the literature, consisting essentially of pastes, granules and nano or
micro particles suspended in an appropriate vehicle. The geometry of the particles that are
injected is relevant in the zz vivo response. Irregulatly or densely packed granules often cause
inflammatory reactions [61] and the bone formation may be slower. Spherical particles are
more suitable for implantation because of their unique packing characteristics with uniform
pores between particles [62]. This configuration is claimed to promote efficient
osteoconduction with no inflammatory reaction [63]. Moreover, microspheres combined
with a vehicle can be administered using a narrow gauge needle, thus enabling the filling of
defects of different shapes and sizes. From all the above mentioned reasons microspheres are

therefore one of the most advantageous types of injectable delivery systems.

One of the injectable systems developed in this thesis consisted of microspheres of a
natural polymer and a ceramic phase. The polymer chosen was ultra-pure alginate, which is
widely used in the biomedical field [64-68] and, according to its characteristics, is expected to
be biocompatible and biodegradable. In what concerns the ceramic phases, CTP was used as
well as HAp but as a reference material, since it is a bioactive and osteoconductive ceramic
which has been extensively tested as a matrix in drug delivery applications [69-71]. The CTP-
alginate and HAp-alginate microspheres were prepared using the droplet extrusion method
combined with ionotropic gel formation in the presence of Ca ions. Polymer ceramic
mixtures of different compositions were prepared and drop-wise extruded into a CaCl,
solution. Spherical particles were instantaneously formed due to the rapid establishment of
calcium-mediated association between polyguluronic acid sequences. This method of
preparation of the microspheres is simple and presents some advantages when compared to
other processes. It is carried out at room temperature and in the absence of organic solvents,
which makes it ideal for enzyme or protein entrapment purposes. Using the methodology
described, homogeneous microspheres were produced, presenting a regular size distribution
without the need of additional sieving. The bulk characteristics of the ceramics were
maintained, indicating that the alginate did not induce any modifications in the structure of
the ceramics. The results obtained also indicate that it is possible to produce microspheres

with different morphologies by changing the mean particle size of the ceramic powder.
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Besides inducing bone regeneration, the ceramic-alginate microspheres developed in
this work are intended to be used as a drug delivery system, capable of immobilising an
enzyme or protein and releasing it iz vivo. Consequently, studies were performed on the ability
of CTP-alginate and HAP-alginate microspheres to act as carriers for glucocerebrosidase
(GCR). This specific enzyme was chosen due to the fact that our research group is involved
in a research project aiming at developing an enzyme delivery system to be used in patients
suffering from bone lesions associated to Gaucher disease. Gaucher disease is an autosomal
recessive disorder due to the deficient glucocerebrosidase activity, and is characterised by a
number of severe disabling symptoms including skeletal deterioration [72]. To promote bone
regeneration in Gaucher patients, besides the clinically used intravenous administration of
exogeneous enzyme, alternative therapies are necessary to assure sustained enzyme release
rates over prolonged periods of time. GCR is very unstable in solution under physiological
conditions and, to overcome this problem, its immobilisation is being investigated in our
group. In order to study the immobilisation and release of GCR using CTP-alginate and
HAp-alginate microspheres, the enzyme was radiolabelled and incorporated into the ceramic-
alginate matrix in two different ways: pre-adsorbed onto the ceramic particles or dispersed in
the polymeric matrix. One of the common problems when using drug carrier materials is the
possibility of a burst in drug release, especially during the first few hours after injection into
the body. The two strategies used for the immobilisation of the enzyme resulted in distinct
release profiles. When the enzyme was adsorbed to the ceramic prior to the preparation of
the microspheres, a slow release was obtained. An initial fast release was obtained when the
enzyme and the ceramic particles were dispersed in the alginate solution before producing the
microspheres. The different patterns of enzyme release increase the range of possible
applications of the system investigated in this work, so that, depending on the application,
the most suitable can be selected. An important observation is that the electrostatic
characteristics of CTP favour the immobilisation of GCR, when compared to HAp. It is the
first time that this ceramic is used for the immobilisation of this particular enzyme. The

works described in the literature concern the immobilisation on CTP of enzymes that are not

used in biomedical applications (invertase, B- galactosidase and alkalophilic proteinase) [43].
In the present investigation CTP adsorbs 41.28 ng/cm’® of GCR, a much higher amount of

enzyme per unit surface than HAp (1.94 ng/cm?. In a recent study [73] from our team (see
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annex), it was shown that, while in the presence of HAp there is some degree of inactivation,

in the presence of CTP a higher catalytic efficiency was observed.

The results obtained on the immobilisation of GCR, together with the ones described
in chapter 5, support the interest in the use of CTP as an alternative ceramic to the traditional
calcium phosphates for orthopedic surgery. The fact that CTP presents a low degradibility, as
indicated by the dissolution tests described in chapter 5, can be advantageous in situations
where a low bone turnover is observed, as is the case of Gaucher patients, since the ceramic
may act as a reinforcement of the bone. The possibility of using pure ceramic CTP (without
alginate) in an injectable form was also explored in this work and a novel methodology to
prepare porous ceramic microspheres, to be used both as injectable bone-filling materials and

drug delivery matrices, was successfully developed.

The efficiency of bone-biomaterial bonding is dependent on the interlocking of bone
tissue with the implant, which is favoured by the existence of irregularities on the biomaterial
surface, including porosity. Porous materials are typically defined as microporous (pore

diameter < 0.002 pm), mesaporous (0.002 pm < diameter < 0.050 pum) or macroporous

(diameter > 0.05 pum) [74]. Only small molecules (e.g. gases) are capable of penetrating
microporous materials. Mesaporous materials allow transport of larger molecules such as
small proteins, but transport of large proteins and cells is prevented [74]. Macroporous
materials allow free transport of large molecules and if the pores are large enough (d> 100

pm), cells are capable of migrating through the pores of the device [74]. It is generally

accepted that a uniform size of 100-200 um in diameter is suitable for bone in-growth [75,
70] although there is a wide disagreement about the ideal pore size for it. Different methods
to produce porous ceramics are described in the literature, namely those based on additives
like starch, paraffin, wax or hydrogen peroxide, which release gases at elevated temperatures
[77-83]. Ceramics like HAp can also be mixed with CaCO,, NaCl and sugars which, after
dissolution, result in a porous network [83-86]. Alternatively, calibrated foams impregnated
with an HAp suspension, and then dried and sintered, are also in use [70, 87, 88]. In this
study the porosity was produced by sintering, which resulted in the burning off of the

alginate used in the microspheres preparation. Microspheres of CTP-alginate and HAp-
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alginate were prepared according to the methodology previously described, and were sintered
at 1100°C for 1h. The microspheres obtained presented a uniform size and interconnected
porous network. The porosity of the particles varied from 2 um to 40 um, depending on the
ceramic used in its preparation. The size of the pores is not sufficiently large to allow bone
in-growth. However, it is expected that the interstices between the particles will provide the
necessary space for vascularisaion and bone in-growth, leading to effective bone
regeneration. In terms of delivery system the porosity observed allows a significant increase
in the loading capacity of the matrix. Another advantage of the ceramic microspheres is the

possibility of sterilisation without chemical degradation.

It was also demonstrated in this study that the ratio between the ceramic and the
polymer solution influences the composition of the sintered microspheres. In the case of the
CTP-alginate microspheres a calcium pyrophosphate was formed after sintering and its
concentration increases as the ceramic to polymer ratio decreases. Since pyrophosphate is a
well-known inhibitor of apatite formation [89-91] and promotion of mineralisation is one of
the objectives of the use of the microspheres, a formulation with high ceramic to polymer
ratio will be more adequate. For HAp-alginate microspheres it was observed that the
sintering process leads to the formation of a carbonated hydroxyapatite. This may have
beneficial implications since it is well established that the presence of carbonate in calcium
phosphate materials is an important factor contributing to the zz wvivo integration of the

implant.

Cell culture investigations of our team (see annex), using the CTP and HAp
microspheres produced according to the methodology described in chapter 7, support the
applicability of these materials as scaffolds for bone tissue regeneration and/or supports for
the zz vitro culture of bone cells [92, 93]. Studies on the proliferation, activity and osteogenic
differentiation of bone marrow stromal cells cultured on CTP microspheres showed that cells
were able to attach and spread on the surface of CTP microspheres, and gradually grow into
nearly confluent monolayers [92]. Moreover, cells expressed ALP activity and secreted

osteocalcin, which confirmed that differentiation along the osteoblastic lineage occurred. It
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was also demonstrated that hydroxyapatite microspheres are able to support human

osteoblastic cells adhesion and proliferation [93].

In conclusion, this work opens good perspectives for the application of ceramic-
alginate and pure ceramic microspheres in the field of bone regeneration, both as injectable

bone filling materials and drug delivery matrices.
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Chapter 9

FUTURE WORK

- Compounds with a two-dimensional layered structure can be modified by insertion
reactions of guest species with maintenance of the layer structure. Layered titanium
phosphates are versatile materials amenable to structural design by modulation of
both their ionic frameworks and organic constituents. Further research is needed in
order to investigate the applicability of layered titanium phosphates in the
biomedical field.

- Research should be pursued in order to better clarify the effect of
titanium/aluminium on the molecular structure of hydroxyapatite and confirm the
possibility of existence of a synergistic effect between the two cations. Solid state
NMR studies could be performed, in order to determine if there are different types
of phosphate phases in hydroxyapatite incubated in the presence of the above

metals.

- Alginates form stable hydrogels through ionotropic gelation in the presence of
Ca*", Ba® or St*". It would be of interest to prepare HAp-alginate microspheres
using St** as the crosslinking agent instead of Ca®" since it is well established that
Sr stimulates bone formation. Regarding the sintered microspheres, the possibility

of incorporation of Sr in the HAp lattice during sintering process is to be explored.

- Injectable materials must present adequate rheological characteristics. Their viscous
properties must be balanced so that they can be easily manipulated and, at the same
time, be malleable and adaptable to the irregular wound site where they must

remain. The sintered and the non-sintered microspheres must be suspended in an
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appropriate vehicle prior to injection. Rheological studies concerning the choice of

the vehicle and the conditions for the injection are also of great importance.

- The possibility of using the microspheres developed in this work (the sintered and
the non-sintered ones) for the immobilisation and release of growth factors and
other proteins or enzymes that have crucial importance in bone remodelling is to be

explored.

- In an enzyme delivery system, the retention of the activity of the enzyme is a very
important criterion for the evaluation of the efficacy of the system. In a subsequent
work, (see annex - paper 3), it was demonstrated that GCR activity is maintained
when CTP powders are used as a matrix for the immobilisation of the enzyme. A
higher catalytic efficiency is observed in this case in opposition to HAp powders
matrix where some degree of inactivation occurs. Further studies should be carried
out in order to evaluate the activity of the GCR enzyme after being released from

the ceramic-alginate microspheres developed in this work.

- In a porous ceramic scaffold for bone regeneration, the size, morphology, volume
content and connectivity of the pores are factors that have a direct influence on
bone formation. The porosity of the ceramic microspheres described in chapter 7
was evaluated by SEM observation. Further analytical techniques, namely mercury
porosimetry could also be used in order to better characterise the volume content
and distribution of the pores in the microspheres, as well as to assess

interconnectivity of the pore structure.

- The biological performance of the microspheres prepared in this study needs to be

evaluated in a suitable animal model.
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Abstract

In the present work, the interaction of human osteoblast-like MGG63 cells with novel
hydroxyapatite (HAp) microspheres was investigated. Cells were seeded on the microspheres
and incubated for up to 7 days. The cell-material constructs were visualised by scanning
electron microscopy and confocal laser scanning microscopy, and the rate of cell
proliferation was estimated using the Neutral Red assay. The results showed that osteoblastic
cells were able to adhere and proliferate on the HAp microspheres, which are intended to be

used as injectable support-materials for bone regeneration.

Keywords: injectable microspheres, hydroxyapatite, bone regeneration, osteoblast-like

MG63 cells

Published in: Key Engineering Materials 2004; 254-256: 877-880.
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Introduction

The use of injectable biomaterials for bone regeneration purposes has received much
attention recently.’ The main advantage of such strategy relies on the possibility of filling
defects of different shapes and sizes, while requiring only minimally invasive techniques for
implantation, which provide less patient discomfort. Microparticles, suspended on
appropriate vehicles, are among the most common forms of injectable materials. Once
implanted, they are expected to conform to the irregular implant site, with more or less close
packing, and to encourage host cell migration, attachment, proliferation and differentiation.
The interstices between the particles, if presenting an appropriate size, may also provide a

space for both tissue and vascular ingrowth.

In a previous work, a novel route for the preparation of calcium-phosphate
microspheres was described.>” The ceramic granules are first mixed with alginate, which
enables the preparation of homogeneous spherical particles through ionotropic gelation in
the presence of Ca’". The spherical particles are subsequently sintered to burn-off the
polymer and fuse the ceramic granules, producing pure hydroxyapatite (HAp)
microspheres.” In the present study, the ability of HAp microspheres to support the

adhesion and growth of human osteoblastic cells was investigated using the MG63 cell line.

Materials and Methods

HAp microspheres were prepared as previously described.>” Briefly, HAp powder
(CAM Implants) pre-heated at 1000°C was mixed with sodium alginate solution (3% w/v) at
a ratio of 0.2 w/w and well homogenised. The paste was extruded drop-wise into a 0.1M
CaCl, crosslinking solution, where spherical-shaped particles instantaneously formed and
were allowed to harden for 30 min. The size of the microspheres was controlled by regulating
the extrusion flow rate using a syringe pump and by applying a coaxial air stream
(Encapsulation Unit Var J1, Nisco). At completion of the gelling period, microspheres were
recovered and rinsed in water in order to remove the excess CaCl,. Finally, they were dried
overnight in a vacuum-oven at 30°C, and then sintered at 1100°C for 1 hr, with a uniform

heating rate of 5°C/min from room temperature.
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The size of the microspheres was determined using a laser scanner particle size

analyzer (Coulter Electronics), and their morphology was analyzed by optical microscopy.

Cell culture studies were performed using MGG63 osteoblast-like cells, which express a
number of features characteristic of relatively immature osteoblasts. Cells were routinely
maintained in a-MEM supplemented with 10% v/v foetal calf serum, 2.5 pg/ml fungizone
and 50 pg/ml gentamicine. Microspheres were steam-sterilised (120°C, 20 min) and pre-
incubated in culture medium over-night in non-tissue culture plates, to avoid cell adhesion on
the bottom of the wells. MGG63 cells were seeded on the microspheres at 500 cells/mg and
incubated at 37°C in a humidified atmosphete of 5% v/v CO, in air for 4 hrs, or 1, 3,5 and 7
days with the medium being replaced every 2 days.

Cell proliferation was estimated using the Neutral Red (NR) assay. Cells seeded on
tissue culture grade polystyrene (TCPS) plates were used as a control. Cell morphology was
visualised at different time points by scanning electron microscopy (SEM) and confocal laser

scanning microscopy (CLSM).

Results and Discussion

The granulometric analysis of the microspheres (Fig. la) revealed that the size
distribution of the main population of particles is narrow and follows a normal distribution,
with 90% (in volume) of the particles being smaller than 600 pum and having an average
diameter around 550 pum. A second population of microspheres with an average diameter
around 1000 um and corresponding to approximately 4% of the particles was also identified.
Sieving could easily eliminate these larger microspheres, which result from occasional
particle-particle aggregation during the extrusion process. An optical micrograph of the

microspheres is presented in Fig. 1b and illustrates their uniformity.
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Figure 1. (a) Particle size distribution and (b) optical microscopy image of the HAp microspheres.

SEM analysis of the cell-microspheres constructs revealed that after an initial period of
capacity to proliferate and differentiate in contact with the material, this initial phase is of
critical importance.* After 1 day (Fig. 2b and 2c) several cells exhibiting a spindle-like 4 hrs
(Fig 2a), some adherent cells could already be observed on the surface of the microspheres.
Because the ability of cells to attach, adhere and spread will influence their morphology were
dispersed on the surface of the microspheres. Some round cells (possibly mitotic cells) were

also present.

At day 5 (Fig. 2d to 2f), cells were well flattened exhibiting numerous filopodial-like
extensions and cell-cell contact points. Finally, at day 7 (Fig 2g to 2i) the microspheres were

almost completely covered by cells that formed continuous layers in some regions.

The distribution of cells on HAp microspheres (day 5) was also visualised using CLSM.
(Fig. 3a). Pictures constructed by superimposing images obtained using both the fluorescence

and reflection channels showed numerous cells on the surface, a result similar to the one

obtained by SEM.
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Figure 2. SEM images (several magnifications) showing MGG63 human osteoblastic cells on the
surface of hydroxyapatite microspheres after an incubation period of 4 h (a), 1 day (b- image
obtained with the backscattered electrons mode and ¢), 5 days (d-f) and 7 days (g-i).

The number of viable cells on the surface of the microspheres was evaluated by
performing the NR assay at different time points. This assay is based on the incorporation of
a vital colorant by viable cells, and its subsequent fixation at anionic sites on the surface of
lysosomal membranes. As any alteration of the membranes will result in a diminished fixation
of the colorant, only viable cells will be stained, and so the intensity of the developed
coloration allows the indirect quantification of the number of viable cells in the sample. Fig.

3b shows that the number of viable cells, both on the surface of the microspheres and on
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control TCPS plates, gradually increased along the 7 days in culture, indicating that cells were

actively proliferating.
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Figure 3. (a) CLSM image showing osteoblastic cells (light grey areas) on the surface of HAp
microspheres (day 5), and (b) proliferation of cells on HAp microspheres estimated by the Neutral
red assay.

Conclusions

In this study it was demonstrated that HAp microspheres are able to support human
osteoblastic cells adhesion and proliferation. Further studies to evaluate the influence of these

materials on the expression of the osteoblastic phenotype are in progress.
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Abstract

In this study, the behaviour of bone marrow stromal cells cultured on calcium titanium
phosphate (CTP) microspheres was analysed. Cell adhesion and proliferation were estimated
by the neutral red assay and by total DNA quantification. Morphology and deposition of
extracellular matrix were assessed by confocal laser scanning microscopy and/or scanning
electron microscopy. The expression of the osteoblastic phenotype was evaluated by
monitoring alkaline phosphatase activity and osteocalcin secretion. Results revealed that cells

were able to attach and spread on the surface of CTP microspheres, and gradually grow into
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nearly confluent monolayers. Moreover, cells were able to bridge adjacent microspheres
forming cell-microspheres clusters. Cells produced an abundant amount of fibrillar
extracellular matrix that covered the substrate surface. Alkaline phosphatase activity peaked
around days 7-14 and then decreased until day 21. Cells secreted osteocalcin, with higher
levels being detected at day 14 than at day 21. Taken together, these results suggest that CTP
microspheres are appropriate scaffolds for the growth and differentiation of cells along the

osteoblastic lineage.

Keywords: calcium titanium phosphate, microspheres, bone marrow stromal cells,
osteogenic differentiation.
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Introduction

Microparticulate systems offer exciting possibilities across many fields of regenerative
medicine and have been extensively studied for several applications. The most important
ones include delivery vehicles for drugs, proteins or genes and matrices for immunoisolation
of transplanted cells. Recently, attention has been drawn to the use of microparticles as
injectable scaffolds for tissue regeneration.'” Microparticles can be seeded with autologous
cells before implantation, functioning as cell-carriers, or designed to encourage host cell
migration, attachment, proliferation and differentiation once implanted. The main advantage
of this approach, compared with the traditional block scaffolds, is that small particles can be
combined with a vehicle and be administered by injection, thus giving the possibility of filling
defects of different shapes and sizes through minimally invasive surgery. Upon implantation,
the microspheres-vehicle system is expected to easily conform to the irregular implant site,
whereas the interstices between the particles may provide a space for both tissue and vascular

ingrowth, as required for effective healing.

In cell culture technology, microparticles have been used as an alternative culture-
substrate to 7 witro growth of anchorage-dependent cells, for large-scale cell expansion
and/or production of numerous cell products including vaccines, enzymes, antibodies, etc.
The concept of culturing cells as monolayers on the surface of small spheres, commonly
referred as microcarriers, was first conceived by Van Wezel’ and different types of
microcartiers are currently available in the market. The large surface area-to-volume ratio
provided by microcarriers allows easy propagation and high cell yields, and requires much
less culture medium and space than traditional monolayer culture techniques. For the culture
of some specific types of cells, a microcarrier culture may also present other advantages. For
example, the phenotype of chondrocytes™ is better retained in microcartiers than in flat
surfaces. Although the exact reasons for this remain uncertain, it has been suggested that the
three-dimensional structure provided by microcarriers may better mimic the environment

found 77 vive.”
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In a previous work, a methodology for the preparation of calcium phosphate
microspheres has been described.”’ Ceramic granules of hydroxyapatite (HAp) or calcium
titanium phosphate (CTP) were mixed with sodium alginate, and microspheres were
prepared by drop formation under coaxial air flow, followed by ionotropic gelation in the
presence of Ca*". The particles were subsequently sintered to burn-off the polymer and
aggregate the ceramic granules. Besides its simplicity and harmfulness, one of the most
important advantages of this method is that it allows the preparation of spherical-shaped

particles with an adequate and uniform size.

Calcium phosphate materials have long been recognized as adequate scaffolds for bone
regeneration and some are already used in clinical practice. Moreover, they are amenable to
sterilization, which is advantageous for both zz vitro and in vive applications. We have already
reported that HAp microspheres promote the attachment and proliferation of human
osteoblastic MG63 cells.” In the present work, the behavior of bone marrow stromal cells,
recognized as osteogenic cells, cultured on CTP microspheres was investigated through
analysis of cell attachment and morphology, cell proliferation, deposition of extracellular

matrix and expression of osteogenic differentiation markers.

Materials and Methods

Preparation and characterisation of microspheres

Calcium titanium phosphate (CTP, CaTi,(PO,),) microspheres were prepared as
reported previously.”"” Briefly, CTP was synthesised by solid-state reaction as described
elsewhere'” and mixed at a ratio of 0.4 with 2% w/v sodium alginate (Pronova Biopolymers)
aqueous solution. After homogenisation the paste was extruded drop-wise into a 0.1 M CaCl,
crosslinking solution, where spherical-shaped particles instantaneously formed and were
allowed to harden for 30 min. The size of the microspheres was controlled by regulating the
extrusion flow rate using a syringe pump and by applying a coaxial air stream (Encapsulation
Unit Var J1, Nisco). At completion of the gelling period, microspheres were recovered and

rinsed in water in order to remove the excess CaCl,. Finally, they were dried overnight in a

203



vacuum oven at 30°C, and then sintered at 1100°C for 1 h, with a uniform heating rate of

5°C/min from room temperature.

Physicochemical characterisation was performed using Fourier transform infrared
(FTIR) spectroscopy. For analysis, microspheres were reduced to powder and analysed as
KBr pellets using a Perkin Elmer System 2000 spectrometer. The size of the microspheres
was estimated using an inverted platen microscope (Olympus PME3-ADL) equipped with an
ocular micrometer with an accuracy of 10 um, and their morphology was analysed by digital
imaging and scanning electron microscopy (SEM). Tissue culture treated polystyrene (TCPS)
microcartiers (Biosilon, Nunc™) were used as a control and were also characterised in terms

of size and by SEM.
Cell isolation and culture

Rat bone marrow stromal cells were used under consent of the local ethic committee,
and were isolated and cultured according to the method of Maniatopoulos ef a/.'" Briefly, the
femurs and tibias of Wistar rats (male, 4 weeks old) were aseptically excised from the hind
limbs, the epiphyses were cut-off, and the medullary space was flushed with a-minimal
essential medium (Gibco) supplemented with 10% v/v foetal bovine serum, 50 pg/ml
gentamicin and 0.3 pg/ml fungizone (standard medium). Cells were plated in 75 cm’ flasks
and incubated at 37°C in a humidified atmosphere of 5% v/v CO,. Non adherent cells were
removed after 24 h. Adherent cells were subsequently cultured for 1 week, with the medium

renewed every 3 days. Cells from the first passage were used.
Cell seeding on microspheres

Microspheres were steam sterilised (120°C, 20 min), placed in non treated 96-well
plates (14 mg/well, c.a. 1-cm” surface area) to avoid cell adhesion to the bottom of the wells,

and pre incubated in standard medium overnight. TCPS microcattiers (4.5 mg/well, c.a. 1-
cm” surface area) were used as a control. Cells were seeded at 1.2x10" cells/cm” in half of the
total volume to be used, and microsphere-cell constructs (n=5) were incubated (37°C, 5%

v/v CO, in air) in standard medium supplemented with 10® M dexamethasone, 50 pg/ml
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ascorbic acid and 10 mM B-glycerophosphate. The remaining medium was added after 24 h.
Medium was renewed every 3 days. Materials without cells processed and cultured under the

same conditions wete used as references.
Cell adhesion and morphology

The number of adherent cells on the microspheres was assessed by the neutral red
(NR). Cell distribution and morphology were analyzed by SEM and by confocal laser
scanning microscopy (CLSM). All assays are described in detail below.

NR assay

The culture medium was discarded and replaced by fresh medium containing 50 pg/ml
NR (Sigma). Plates were incubated at 37°C for 3 h. At the end, the supernatant was discarded
and microsphere-cell constructs were washed twice with phosphate-buffered saline (PBS).
The NR absorbed by the cells was extracted with 1% v/v acetic acid in 50% v/v aqueous
ethanol. After being well homogenized on a shaker platform, the supernatants were
transferred to another 96-well plate, and the optical density was read at 540 nm with
reference to 620 nm (ODy, ) in a microplate spectrophotometer. Cell number was
determined using the linear region of a standard curve where absorbance was plotted against

known numbers of cells counted using a Neubauer chamber.

SEM

Microsphere-cell constructs were washed twice with PBS and fixed in 1.5 % v/v
glutaraldehyde in 0.14 M sodium cacodylate (pH 7.4) for 30 min at room temperature.
Dehydration was performed by sequential immersion in serial diluted ethanol solutions of 50,
60, 70, 80, 90 and 100% v/v. Samples were then transferred to hexamethyldisilazane and ait-
dried at room temperature overnight. Finally, the microsphere-cell constructs were sputter-
coated with gold using a JEOL JFC-100 Fine Coat Ion Sputter device, and observed using a
JEOL JSM-6301F scanning microscope.
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CLSM

Microsphere-cell constructs were washed twice with PBS, fixed in 4% v/v
formaldehyde (methanol-free; Polyscience) for 15 min, permeabilised with 0.1% v/v Triton
X-100 for 5 min and incubated in 10 mg/ml bovine setum albumin and 100 pg/ml RNAse
for 45 min at room temperature. F-actin filaments were stained with Alexafluor-conjugated
phalloidin (Molecular Probes) for 20 min and nuclei were counterstained with 10 ug/ml
propidium iodide (Sigma) for 10 min. Finally, samples were washed with PBS and mounted in
Vectashield®. CLSM images were acquired on a BioRad MRC 600 microscope.

Cell proliferation and differentiation

Cell proliferation was assessed by the NR assay (described above) and by total DNA
quantification. Levels of alkaline phosphatase (ALP) activity and osteocalcin (OC) secretion,

markers of osteoblastic differentiation, were determined.

Microsphere-cell constructs were rinsed twice with PBS and cell lysates were obtained
by brief sonication in 1% v/v Triton X-100. The homogenates were centrifuged to remove
ceramic particles and used in ALP and total DNA assays. The supernatant culture media

were reserved for OC analysis. All assays are described in detail below.

Total DNA quantification

DNA content was determined by the method of Labarca and Paigen'” using calf

thymus DNA as a standard. Briefly, cell lysates were mixed with 0.1 pg/ml bisbenzimide
(Hoechst 33258-Sigma) in 10mM Tris-HCI, ImM ethylenediaminetetraacetic acid and 0.2M

NaCl (pH 7.4) and fluorescence was read with excitation at 356 nm and emission at 458 nm.

ALP colorimetric analysis and histochemical staining

ALP was assayed as the hydrolysis of the artificial substrate p-nitrophenol phosphate.
Cell lysates were incubated in 2 mM p-nitrophenol phosphate, 0.2 M bicarbonate buffer (pH
10), 0.05% v/v Triton X-100, and 4 mM MgCl, for 60 min at 37°C. The reaction was

stopped by adding 1 M NaOH, and the product was quantified at 405 nm, using a set of p-
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nitrophenol standards. For histochemical staining, microsphere-cell constructs were washed
twice with PBS, fixed in 4% v/v formaldehyde for 15 min, washed in water and incubated
for 30 min in Naphtol AS-MX phosphate/ Fast Violet B salt (Sigma) at room temperature
and in the dark. Finally, cells were washed in water, air dried and observed under a stereo

microscope (Olympus SZXO9).

ocC

For analysis of OC, supernatant media were centrifuged for 2 min at 10,000 rpm to
remove cell debris, stored at -20°C and then thawed before analysis. OC was assayed using

the Rat-MID Osteocalcin ELISA kit (Osteometer BioTech A/S, Denmark) according to the

manufacturer's instructions.

Statistical Analysis

Data are presented as meantstandard deviation (n=>5) and were analyzed using the
Mann-Whitney U test. Differences between groups were considered statistically different

when p<0.05.

Results

Preparation and characterisation of CTP microspheres

The CTP-alginate suspension dropped into CaCl, solution formed gel beads
instantaneously. During sintering, the polymer was burned-oft and the CTP granules became

associated, while the original spherical-shape of the particles was maintained. The average
diameter of CTP microspheres was 607230 pm (n=20), as assessed by optical microscopy.

TCPS microcarriers have an average diameter of 2051120 um. Figure 1 illustrates the
spherical-shape of CTP particles [Fig. 1(a)] as well as their uniform size [Fig. 1(b)]. CTP

microspheres present a rougher surface than TCPS microcarriers [Fig. 1(c)].
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Figure 1. (a) SEM micrograph and (b) photograph (digital camera) of CTP microspheres
illustrating their spherical shape and uniform size; (c) SEM micrograph of TCPS microcarriers.

Physico-chemical characterisation was performed by FTIR. The FTIR spectra of CTP
powder and CTP microspheres were identical, showing that the ceramic kept its integrity, and
for that reason were not included here. In a previous work', it was demonstrated that,
depending on the ceramic-to-polymer ratio used in the preparation of the microspheres, the
structure of CTP may become altered during the subsequent sintering process. In the present
study, a high ceramic-to-polymer ratio was selected in order to guarantee the absence of
extraneous phases, namely of calcium pyrophosphates, in the sintered microspheres. Further

details on the characterisation of CTP microspheres are provided elsewhere.”'

Culture of bone marrow stromal cells on CTP microspheres

Cell attachment, adhesion and spreading

Cells were seeded at approximately the same density per surface area on both materials
(1.2x10* cells/cm®). The number of adherent cells after 24 h of incubation was estimated
using the NR assay [Fig. 2(a)]. Approximately 16% of the seeded cells attached to CTP
microspheres, whereas 46% attached to TCPS microcarriers. After 24 h of culture, both
spindle-shaped and well flattened cells were observed by SEM [Fig. 2(b)] on the surface of
CTP microspheres.
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Figure 2. (a) Number of cells per cm? attached to CTP and TCPS microspheres following 24 h of
incubation. Data labels represent the percentage of attached cells in relation to the amount of cells

initially used (1.2x104 cells/cm?); (b) SEM image of a flattened cell on the sutface of a CTP-
microsphere at 24 h.

CLSM images of bone marrow stromal cells after 5 days of culture on CTP
microspheres are presented in Figure 3. Cells were found to be reasonably well distributed
between microspheres [Fig. 3(a)]. Cells were able to spread throughout the substrate surface
and adopt a typical osteoblast-like morphology [Fig. 3(b)]. Numerous cell-cell contact points

were detected and, in some regions, cells started to form continuous cell layers. At higher

magnification [Fig. 3(c)], filamentous actin organised in thick stress fibres could be visualised.

Figure 3. CLSM images of bone marrow stromal cells cultured for 5 days on the surface of CTP
microspheres, showing: (a) a uniform distribution of cells between microspheres (original

magnification, 50x); (b) cells with a typical osteoblast-like morphology throughout the surface
(original magnification, 100x); and (c) filamentous actin organised in thick stress fibres (original

magnification, 800x). Cells were stained with phalloidin (F-actin) and counterstained with
propidium iodide (DNA).
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Cell proliferation and production of extracellular matrix (ECM)

Cell proliferation, estimated by the NR assay and by total DNA quantification, is
depicted in Fig. 4 (a, b). Cells proliferated during the first 2 weeks of culture as demonstrated
by both assays. The number of cells increased approximately 12 fold in relation to day 1,
both on CTP microspheres and on TCPS microcarriers. The gradual increase in DNA

content during the same period followed a similar pattern [Fig. 4(b)].

2.000
O TCPS 7000 OTCPS
1600 | BCTP 6000 B CTP
=
g E 5000 -|
S 1.200 1 o
g £ 4000 -
= <
¥ V-4
2 0.800 a 3000 -
S s
S 2000 -
0.400 - =
1000
0.000 —El-l ‘ 0
1 4 7 14 21 4 7 14 21
Time (Days) Time (Days)

Figure 4. Cell proliferation on CTP microspheres as assessed by: (a) NR assay; (b) total DNA
quantification. TCPS microcarriers were used as controls.

SEM images of bone marrow stromal cells cultured for 21 days on the surface of CTP
and TCPS microspheres are presented in Figure 5. The surface of CTP microspheres is
almost completely covered by dense layers of cuboidal cells [Fig. 5(a, b)] that deposited an
abundant amount of ECM, forming a three-dimensional fibril network [Fig. 5 (b, c)]. The
presence of ECM could already be detected at day 14 (data not shown). Cells grown on
TCPS microcarriers [Fig. 5(d)] exhibit a flat, well-spread appearance and formed confluent
monolayers. Cells were able to establish bridges between adjacent CTP microspheres,

forming microsphere-cell clusters (Fig. 6).
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Figure 5. SEM images of bone marrow stromal cells cultured for 21 days on the surface of CTP

microspheres, showing: (a, b) the substrate surface almost completely covered by dense layers of

bone marrow cells; (b, ¢) a fibrillar ECM underlying cells; (d) SEM image of bone marrow stromal
cells cultured for 21 days on the surface of a TCPS microsphere

Figure 6. SEM images of bone marrow stromal cells cultured for 21 days on the surface of CTP
microspheres, showing the establishment of cell bridges between adjacent microspheres.
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Osteogenic differentiation

The expression of the osteoblastic phenotype was evaluated by monitoring ALP
activity and OC secretion. Bone marrow stromal cells cultured on microspheres expressed
ALP activity as assessed by histochemical staining and colorimetric analysis (Fig. 7).
Temporal expression of ALP activity is depicted in Figure 7(a). As shown, ALP activity of
cells cultured on CTP microspheres gradually increased along the first 2 weeks of culture,
peaked around days 7-14 and then started to decrease. ALP levels were always significantly
higher (p<0.05) than those of cells cultured on TCPS microcarriers. Histochemical ALP
staining of microsphere-cell constructs after 7 days of culture [Fig. 7(b)] showed localised

areas with intense staining for ALP (dark gray regions).
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Figure 7. Expression of ALP activity by bone marrow stromal cells cultured on the surface of CTP
microspheres as assessed by: (a) colorimetric analysis; (b) histochemical staining. TCPS
microcarriers were used as controls. Differences between days 7 and 14 are not statistically
significant, but differences between the two materials are always statistically significant (p<<0.05).

OC secretion of cells cultured on CTP microspheres (Fig. 8) was higher at day 14 than
at day 21 (p=0.03), and levels were significantly enhanced when compared with cells grown
on TCPS microcarriers (p=0.03).
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Figure 8. Osteocalcin secretion by bone marrow stromal cells cultured on the surface of CTP
microspheres at days 14 and 21. TCPS microcarriers were used as controls. Differences between
the two materials, and between days 14 and 21 for each material, are statistically significant
(p=0.03).

Discussion

In this study, CTP microspheres were investigated for their ability to support adhesion,

growth, and osteogenic differentiation of bone marrow stromal cells 2 vitro.

The methodology used to prepare CTP microspheres has been previously reported.”"”
One of the most important advantages of this method is that it allows the preparation of
spherical-shaped particles with an adequate and uniform size. It has been previously
suggested"” that the size and shape of microparticles for bone regeneration have a critical role
in new bone formation by dictating the relative arrangement of particles within the implant
site. Although some empty space is necessary to allow tissue and capillary ingrowth, excessive
interstitial space, associated with the use of very large particles, may favor the development of
fibrous tissue and compromise adequate healing. In addition, large particles are more difficult
to inject, leading to a more invasive implantation. However, very small particles, as well as
particles with broad size distributions, result in dense packing at the defect, which may impair
tissue ingrowth and vascularization,” and some may be able to migrate from the implant site

and cause injury elsewhere. Some authors found superior bone formation around particles

213



measuring 0.3-0.6 mm, and demonstrated that larger and smaller particles were associated
with less bone formation."”* The microparticles' shape is equally important. Irregularly
shaped particles have sharp edges that are more susceptible to wear and may damage the
surrounding tissue once implanted and/or induce strong inflammatory responses.” For all
the above reason, it seams that spherical-shaped particles with a uniform and adequate size
may present some advantages compared with other type of microparticles described in the

literature.

Cell-material interaction studies were performed using rat bone marrow stromal cells.
Bone marrow has long been recognized as a source of progenitor stromal cells that can be
induced to differentiate along the osteoblastic lineage if cultured under appropriate

2Ll 11,16-18
conditions.

The development of osteoblastic cells from bone marrow stromal
precursors is characterized by a sequence of events, involving cell adhesion, proliferation and
expression of osteogenic differentiation markers, which are related to the synthesis,

deposition and subsequent mineralisation of a collagenous ECM.

The initial phase of the culture is probably the most critical stage, because the ability of
cells to attach, adhere and spread will influence their capacity to proliferate and differentiate
in contact with the material.” In a microparticulate culture, the percentage of attached cells,
in relation to the amount initially used, is generally lower than the one obtained using flat
surfaces, and the number of cells per microsphere is likely to be distributed over a range. To
increase the possibility of cell-microspheres effective collisions, microspheres were inoculated
with cells suspended in the smallest possible volume, because often proliferation will only
occur if there is a sufficient density of attached cells per microsphere. The percentage of
adherent cells after 24 h of culture was lower on CTP microspheres (16%) that on TCPS
microcartiers (46%). Despite the lower percent of adhesion, CLSM images of the
microsphere-cell constructs after 5 days of culture revealed that CTP microspheres were
uniformly colonised by cells, which underwent cytoskeleton reorganisation, spread on the
surface and adopted a typical osteoblast-like morphology. Moreover, differences in cell
adhesion apparently did not have an effect on growth and activity, because cells proliferated
on both substrates at a similar rate, increasing approximately 12 fold in relation to day 1 in 2

weeks, and produced an abundant amount of fibrillar ECM. The results presented in this
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study further demonstrated that cells cultured on CTP microspheres are able to differentiate,
and that ALP activity and OC secretion levels are significantly enhanced when compared to

cells cultured on TCPS microcartiers.

The two substrates differ in terms of size, chemical composition and surface
roughness, all of which are likely to influence protein adsorption and ultimately cell
behaviour in contact with the materials.””" In particular, CTP microspheres present a
rougher surface than TCPS microcarriers, which may partially explain our results, because it
has long been known that cell attachment, proliferation and differentiation are sensitive to
surface microtopography.”” Several authors have reported altered attachment and enhanced
differentiation of osteoblast-like cells on rough surfaces in comparison with smother ones,
and suggested that structural features of the surface modulate the expression of phenotypic
markers and influence the way cells respond to regulatory factors.”**** On smooth surfaces,
osteoblasts-like cells are able to attach and proliferate but generally assume a more flattened

fibroblastic appearance, and express relatively low levels of osteogenic markers.”

Regarding the chemical composition of the cell culture substrate, several reports on the
positive effects of different types of calcium phosphates on osteogenic differentiation may be
found in the literature, and it has already been reported that osteoblastic cells grown on these
materials express increased alkaline phosphatase activity and/or OC levels compatred with
plastic surfaces.”” For the particular case of CTP, Knabe ¢ a/. examined the effect of this
calcium phosphate on the expression of bone-related genes and proteins by human bone-
derived cells, and compare it to that of titanium and HAp-coated titanium.” They showed
that CTP had a more pronounced effect on osteoblastic differentiation, because it induced a
greater expression of an array of osteogenic markers than that recorded for cells cultured on

the other materials.

Conclusions

Bone marrow stromal cells were cultured for up to 21 days on CTP microspheres.
Cells were able to attach, adopt a typical osteoblast-like morphology and gradually proliferate

along 2-3 weeks of culture. SEM images showed that the substrate surface becomes almost
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completely covered by dense layers of bone cells and a fibrillar ECM. Cells expressed ALP
activity and secreted OC, which confirmed that differentiation along the osteoblastic lineage

occurred.
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Abstract

In this study, the addition of calcium phosphate powders to an alginate matrix was
evaluated as a strategy to modulate enzyme release-kinetics from alginate microspheres and,
simultaneously, to improve cell adhesion to the polymer. Pre-adsorption of the enzyme to
the ceramic powders resulted in a more adequate release pattern. The ratio of ceramic-to-
polymer had a pronounced effect on osteoblast adhesion to microspheres. Cells were only
able to spread on microspheres with the highest percentage of ceramic (0.4 w/w using a

1.5% w/v alginate solution).

Keywords: alginate, calcium titanium phosphate, cell adhesion, enzyme release,

hydroxyapatite, microspheres
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Introduction

The activity of the enzyme glucocerebrosidase (GCR) is deficient in type I Gaucher
disease (GD), a genetic disturbance that characteristically results in severe haematological
abnormalities, organomegaly and skeletal deterioration [1]. The currently available treatment
is based on the intravenous administration of exogenous enzyme, and it seems to be efficient
in reverting most of the symptoms [1]. However, in terms of bone pathology, which is
among the most disabling manifestations of GD (type 1), a slow and incomplete response to
the treatment is observed, even when high doses are used, indicating that adjuvant therapies
are necessary in order to consistently restore enzyme activity in bone [1]. An injectable
vehicle for local GCR-delivery to bone is currently under investigation. GCR was previously
entrapped in alginate microspheres, retaining full activity and exhibiting improved stability at
physiological pH. Studies using GCR-deficient cells from a GD patient showed that released
GCR was internalised by cells, significantly enhancing their residual enzymatic activity, with
only one half of the dose required using free-GCR. However, release profiles were
inadequate, being characterised by a high burst effect followed by incomplete release. As a
strategy to modulate GCR release-kinetics and at the same time improve osteoblastic cell
adhesion to alginate microspheres, calcium phosphate powders of hydroxyapatite (HAp) or
calcium titanium phosphate (CTP) were added to the polymeric matrix and ceramic-alginate
microspheres were prepared by droplet extrusion followed by ionotropic gelation with Ca®".
In this study, GCR release kinetics and osteoblast adhesion to ceramic-alginate microspheres

of different compositions were analysed

Materials and Methods

Preparation and characterisation of HAp-alginate and CTP-alginate microspheres

HAp or CTP powders were mixed with Na-alginate solution (1.5 and 3% w/v) at
different ratios (0.1, 0.2 and 0.4 w/w). The different formulations are designated in the text
as 40/1.5 (0.4 w/w ceramic using 1.5% w/v Na-alginate) and 10/3, 20/3 and 40/3 (0.1 to

0.4 w/w ceramic, using 3% w/v Na-alginate). The paste was extruded drop-wise into a CaCl,
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bath, where microspheres were instantaneously formed. Size was controlled by applying a
coaxial air stream. After 30 min, microspheres were recovered and rinsed in water.
Characterisation was carried out by FTIR and SEM. Diameters were measured using an

optical microscope with an ocular micrometer.

GCR entrapment in HAp-alginate and CTP-alginate microspheres and release

studies

Radiolabeled enzyme (’I-GCR, Iodogen method) was incorporated in the
polymeric/ceramic paste ptior to extrusion in two different ways: directly dispersed in the
paste or pre-adsorbed onto the ceramic particles. Ceramic-alginate microspheres with
entrapped GCR were then prepared as already described. Alginate microspheres with
entrapped GCR were used as controls. For enzyme adsorption, the ceramic powders were
immersed in 0.1 mg/ml GCR solution in phosphate buffered saline (PBS, pH 7.4) and
incubated at room temperature for 30 min under agitation. A control GCR solution at 0.1
mg/ml was incubated under the same conditions (without powders) to account for eventual
enzyme losses due to adsorption to the tubes walls. At the end, powders were washed in PBS
and separated by centrifugation. To determine the amount of adsorbed GCR, the
concentration of enzyme in the supernatants before and after adsorption was quantified by
the bicinchoninic acid method. GCR activity in the supernatants and in the powders was
assayed as the hydrolysis of the substrate 4-methylumbelliferyl-B-D-glucopyranoside (5 mM)
in 50-100 mM citrate-phosphate buffer (pH 5.5) and in the absence of activators. GCR
release studies from the different matrices were performed in PBS at 37°C and 120 rpm. At
predefined time intervals, aliquots from the supernatants were collected and counted for

radioactivity and fresh PBS was added to maintain a constant volume.
Cell adhesion studies

Microspheres were pre-incubated in 70% v/v ethanol, equilibrated overnight in o-
Minimal Essential Medium (a-MEM) supplemented with 10% v/v foetal bovine serum, and
finally seeded with osteoblast-like MG63 cells. Alginate and HAp microspheres were used as

controls. After 24 h, cells-microspheres constructs were visualised by SEM and by confocal
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laser scanning microscopy (CLSM). For CLSM, f-actin filaments were stained with
Alexafluor 488-conjugated phalloidin (Molecular Probes) and nuclei were counterstained with

propidium iodide.

Results and Discussion

Preparation and characterisation of HAp-alginate and CTP-alginate microspheres

Spherical-shaped microparticles presenting a uniform size (Fig.1a) were prepared. The
diameters of CTP-alginate microspheres ranged from 45014 um to 796£39 um, while the
diameters of HAp-alginate microspheres ranged from 412423 um to 749122 um, both
depending on the formulation. SEM images of both types of microspheres revealed that the
ceramic particles are well embedded and homogeneously distributed in the alginate matrix as
illustrated in Fig.1b (20/3 HAp-alginate microspheres). FTIR analysis (data not shown)
indicates that the characteristic spectral bands of both ceramics are maintained in the

microspheres, in comparison with the starting powders, suggesting that the alginate did not
p > p gPp > Suggl g gl

X

induce subsequent modifications in the ceramics structure.

a 1cm b

N
/

Fig 1. a) Photograph of 40/3 CTP-alginate microspheres illustrating their uniform size; b) SEM
micrograph of the sutrface of a 20/3 HAp-alginate microsphere showing the ceramic particles
embedded in the polymeric matrix
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GCR entrapment in HAp-alginate and CTP-alginate microspheres and release

studies

The enzyme was incorporated in the ceramic-alginate paste prior to the preparation of
the microspheres in two different ways: directly dispersed in the paste or pre-adsorbed onto
the ceramic particles. The ceramic powders used were characterised by a specific surface area
of 9.8 cm®/mg (CTP) and 76.0 cm®/mg (HAp). Adsorption was performed at pH 7.4, which
is near the enzyme isoelectric point (in the range 7 to 8) where the enzyme exhibits higher
structure stability and therefore a smaller tendency to denaturate upon adsorption. The
amount of adsorbed GCR was calculated by quantifying GCR depletion from the
supernatant. Preliminary assays showed that the incubation time selected (30 min) was
sufficiently long to attain steady-state adsorption values. GCR has higher affinity for CTP
powder, which adsorbed 41.8+1.1 ng GCR/ cm’, than for HAp, which adsorbed 4.3£0.4 ng
GCR/cm’. The variation in plateau values for the two ceramics is probably related to
differences in protein-surface electrostatic interactions. Fig. 2a depicts GCR activity in the
initial solution (free enzyme only) and in the presence of the two ceramic powders after
adsorption (free + adsorbed enzyme) as a function of the GCR amount in the assay. In all
cases, GCR activity increases linearly with the amount of enzyme present, but while in the
presence of HAp there is some degree of inactivation, in the presence of CTP a higher
catalytic efficiency was observed. Differences probably result from GCR conformational
alterations in the adsorbed state. The specific activity (activity per unit mass) of GCR
adsorbed on CTP and HAp powders after washing and re-suspending in fresh PBS
(adsorbed enzyme only) were c.a. 91.574.9% and 10.3£0.1% of the control (free enzyme),
respectively. These values may however be underestimated due to enzyme losses by

desorption during washing.

Release studies

The two strategies used for GCR entrapment in the alginate matrix resulted in distinct
release kinetics, but similar results were obtained for both ceramics tested. Fig. 2 shows
typical release profiles obtained with HAp-alginate and alginate microspheres. When GCR

was pre-adsorbed onto the ceramic powders prior to microspheres formation the initial burst
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was significantly reduced, from c.a. 50% to 11% (t=150 min) compared to the one of alginate
microspheres, and a slower and more linear release profile was obtained, showing that
release-kinetics modulation was achieved. The release profile of GCR directly dispersed in
the ceramic/polymer matrix was not significantly different from the control (data not
shown), suggesting that the GCR does not interact, at least to a great extent, with the

embedded ceramic particles.

a
o

Fig 2. 2) GCR activity in the absence and in the presence of the two ceramic powders after
adsorption, as a function of the GCR amount in the assay; b) GCR release from alginate and HAp-
alginate microspheres

Fig.3 CLSM images of MG63 cells cultured on: a) 10/3, b) 20/3, ¢) 40/1.5 HAp-alginate
microspheres and d) HAp microspheres

Cell adhesion studies

The ability of cells to adhere and spread on the surface of HAp-alginate and CTP-
alginate microspheres of different compositions was assessed by CLSM (Fig. 3) and SEM
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(Fig. 4). Figures are referred to HAp-alginate microspheres but similar results were obtained
for both ceramics tested. No adherent cells could be found on the surface of control alginate
microspheres (data not shown). This was not unexpected since it has been previously
reported that attachment-dependent cells are unable to specifically interact with alginate
hydrogels, which promote minimal protein adsorption presumably due to their high
hydrophilic nature [2]. Upon addition of HAp or CTP particles to the alginate matrix a
distinct cell behaviour was observed, depending on the ceramic-to-polymer ratio used. For
the lower ceramic-to-polymer ratios (formulations 10/3, 20/3 and 40/3) only dispersed
round cells and/or multicellular aggregates could be observed on the microspheres sutface
(Fig. 3a, 3b and 4a) However, on microspheres prepared with the higher ceramic-to-polymer
ratio (formulation 40/1.5) cells were able to attach, spread and adopt a spindle-shaped
morphology (Fig. 3¢ and 4b). Filopodial extensions could be observed both by CLSM and
SEM. Cells on control HAp microspheres were well flattened exhibiting a typical
osteoblastic-like morphology (Fig. 3d and 4c). Enhanced cell adhesion in polymer-ceramic
composites in comparison with their polymeric counterparts has been previously

demonstrated by other authors [3].

Fig. 4 SEM images of MG63 cells cultured on: a) 20/3, b) 40/1.5 HAp-alginate microspheres and
¢) HAp microspheres

Conclusions

The addition of calcium-phosphate particles to alginate allowed the modulation of

GCR release kinetics. The ratio of ceramic-to-polymer had a pronounced effect on
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osteoblasts adhesion to microspheres. Cells were only able to spread on microspheres with

the higher percentage of ceramic.
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