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It's not why you're running 

It's where you're going 

It's not what you're dreaming 

But what you're gonna do 

 

It's not where you're born 

It's where you belong 

It's not how weak 

But what will make you strong 

 

Paul David Hewson  
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Abstract 

 

Tissue engineering has emerged as an area of research that combines 

the expertises of multiple sciences such as engineering, medicine, 

physics and chemistry with the aim of developing functional devices that 

might regenerate/restore/replace a function of a damaged and/or lost 

tissue/organ. 

In the case of bone tissue engineering, such tissue injuries can occur 

due to degenerative, surgical and traumatic processes which may 

compromise the patients’ quality of life. The current strategies to treat 

such conditions include the use of autologous bone transplantation 

which is considered the golden standard due to its immunocompatibility 

despite the possible morbidity and limited availability of donor’s tissue. 

On the other hand, allografts and xenografts, the transplantation of the 

tissue obtained from human donors or from other species respectively, 

are optional treatments but each process has the inherent problems of 

possible transmission of donor’s pathogens, immunogenic responses 

and higher risks of infection. Thus, tissue engineering has appeared as 

an alternative potential therapy to treat patients with minimally invasive 

techniques. 

The current tissue engineering approach consists in the combination of 

biodegradable scaffolds with host cells and bioactive molecules to 

restore the natural processes of tissue regeneration and development. 

When developing such scaffolds, there is the need to meet some criteria 

namely: biocompatibility; adequate porosity to allow cell infiltration, 

bone ingrowth and nutrient supply; ability to support cell adhesion and 

proliferation; suitable biodegradation and adequate mechanical 

properties. 

The aim of this thesis is to develop bioactive porous ceramic scaffolds 

presenting high specific surface area that might display osteoconductive 

properties and might be applied for bone tissue engineering purposes. 

A number of techniques has been developed to obtain porous 

hydroxyapatite scaffolds, such as the incorporation of volatile organic 
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particles in HA powders (poor interconnectivity), gel casting of foams 

(non-uniform pore distribution), and replication of a polymer sponge. 

The polymer sponge replication method produces highly porous ceramic 

scaffolds using a porous polymer sponge as a template. The scaffolds 

prepared by the polymer sponge replication method have a controllable 

pore size, interconnected pores, and desired geometry. 

Calcium phosphates, are a major component of natural bone, and have 

been used in medicine and dentistry for over 20 years. Hydroxyapatite, a 

calcium phosphate that makes up most of the mineral phase in bone, is 

biocompatible and osteoconductive, and has excellent chemical and 

biological affinity with bony tissues. As a result, hydroxyapatite is widely 

accepted as a bioactive material for guided bone regeneration. 

In this thesis, commercial hydroxyapatite (HA, Ca
10
(PO

4
)
6
(OH)

2
) was used 

as a starting material to produce the porous scaffolds by the polymer 

sponge replication method.   

Several characterization techniques were employed in order to assess 

the scaffolds’ properties namely Scanning electron microscopy (SEM), X-

ray diffraction (XRD), Fourier transformed infra-red spectroscopy (FTIR) 

and micro computer tomography (µ-CT). The obtained porous scaffolds 

presented adequate porosity, with macropores ranging from 200 to 

400µm; micropores with an average size between 1 to 10 µm and pore 

interconnectivity. In addition, after the sintering cycle applied, no new 

phases were formed, with only hydroxyapatite being present. 

Besides physical characterization of the hydroxyapatite scaffolds, cell 

adhesion evaluation is a required parameter when analysing the 

biological response of biomaterials.  Osteoblastic cells were seeded onto 

the hydroxyapatite scaffolds and several biological parameters were 

evaluated. Results indicated that these porous structures provided 

favourable conditions for cell adhesion and proliferation, since they 

offered sites for cell adhesion as well as interconnectivity, an 

indispensable requirement for the transport of nutrients and 

macromolecules. 
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On the other hand, the biomaterials surface topography plays a very 

important role in the improvement of cell adherence and proliferation. 

Biocompatibility has long been associated with surface 

microtopography, microtexture and microchemistry. The surface 

topography ultimately affects the nature and the strength of the 

interactions that occur at biomaterial-biological environment (cell 

adhesion, mobility, spreading and proliferation).  Therefore, a model 

surface was studied, where the surface topography of dense 

hydroxyapatite substrates was altered by using KFr excimer laser. It was 

possible to obtain surfaces characterized by a homogeneous and 

reproducible microtopography in the form of a columnar texture and 

additionally, cells were able to attach and spread on the surface of the 

samples, and gradually grow into nearly confluent monolayers. 

Despite the role that surface topography plays when designing 

biomaterials, it is well known that porous scaffolds may serve much 

better as templates for cell adhesion, proliferation and ultimately for 

guided tissue formation, than dense substrates. 

To improve its biological binding properties and ultimately 

biofunctionalizing the ceramic based biomaterial producing a 

composition resembling the one of bone, collagen type I was 

incorporated at the pores surface of the hydroxyapatite scaffold. Cell 

adhesion and proliferation were observed on all tested scaffolds. Also, 

an animal model was used and widespread bone formation was 

observed for all the evaluated materials, producing a denser bone 

formation in the case of the hydroxyapatite based scaffolds than on the 

control material. 

In addition and since collagen has high affinity for certain molecules, the 

developed system may also be used as a delivery vehicle for molecules 

of interest.  

Incorporating intermediary molecules such as heparin, sustained 

delivery of growth factors of interest could be achieved, such as bone 

morphogenetic proteins (BMP’s) or vascular endothelial growth factors 

(VEGF’s). The next step consisted in the inclusion of heparin and growth 
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factors onto the porous hydroxyapatite scaffolds functionalized with 

collagen. Their release profile was studied and with the addition of 

heparin, a decreased initial burst release was observed leading to a 

controlled release of the growth factor. 

However, when designing biomaterials for tissue engineering, namely 

for repairing critical size defects, there is the need to accelerate the 

remodelling process. A well vascularized network is essential for 

nutrients transport and cell delivery, thus contributing to bone 

formation. 

The chick embryo chorioallantoic membrane assay (CAM), was used to 

evaluate the angiogenic potential of the porous scaffolds and observe 

the blood vessel invasion according to the different scaffolds. The VEGF 

loaded scaffolds performed better than the scaffolds alone, as expected. 

The later are characterized by a non-organized blood vessel network 

whereas the VEGF loaded possessed a structured and network similar to 

the control samples. 

The materials produced in this study present adequate porosity, 

biocompatibility and osteoconductive properties. Ultimately, they can be 

used for bone tissue regeneration and act as growth factor delivery 

vehicles, demonstrating their versatility and capability for tissue 

engineering purposes.  
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Resumo 

 

A engenharia de tecidos tem surgido como uma área de investigação 

que combina várias especialidades da ciência nomeadamente, a 

engenharia, medicina, física e química com o objectivo de desenvolver 

dispositivos funcionais que possam regenerar/restaurar/substitutir a 

função de tecidos/orgãos danificados e/ou perdidos. 

No caso da engenharia de tecidos ósseos, tais lesões podem ocorrer 

devido a processos degenerativos, cirúrgicos e traumáticos que podem 

comprometer a qualidade de vida dos pacientes. As estratégias actuais 

de tratamento de tais condições incluem o uso de transplantes ósseos 

autologos, que são considerados como o padrão (gold standard) devido 

à sua imunocompatibilidade, apesar da possivel morbalidade e reduzida 

disponibilidade de tecidos provenientes do dador. Por outro lado, os 

aloenxertos e xenoenxertos, o transplante de tecido obtido a partir de 

dadores humanos ou a partir de outras espécies, respectivamente, são 

tratamentos opcionais; mas cada processo tem problemas inerentes de 

possível transmissão de patogenes provenientes de dadores, respostas 

imunogénicas e riscos elevados de infecção. Por isso, a engenharia de 

tecidos tem surgido como uma potencial terapia alternativa para o 

tratamento de doentes utilizando técnicas minimamente invasivas. A 

abordagem actual da engenharia de tecidos consiste na combinação de 

matrizes biodegradáveis com células e moléculas bioactivas para 

restaurar os processos naturais de regeneração e desenvolvimento de 

tecidos. Aquando do desenvolvimento dessas matrizes, existe a 

necessidade de obedecer a certos critérios, nomeadamente: 

biocompatibilidade; porosidade adequada para permitir a infiltração de 

células; crescimento ósseo e fornecimento de nutrientes; capacidade de 

suportar adesão e proliferação celular; biodegradação adequada e 

propriedades mecânicas adequadas. O objectivo desta tese consiste no 

desenvolvimento de matrizes bioactivas cerâmicas porosas que 

apresentem uma elevada área de superfície específica, podendo exibir 

propriedades osteoconductivas e quepossam ser aplicadas para efeitos 
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de engenharia de tecidos ósseos. Várias técnicas têm sido desenvolvidas 

para a obtenção de matrizes de hidroxiapatite porosas tais como, a 

incorporação de partículas orgânicas voláteis em pós de hidroxiapatite 

(interconectividade pobre), gel casting de espumas (distribuição de 

poros não uniforme) e replicação de esponja polimérica. O método de 

replicação de esponja polimérica produz matrizes cerâmicas de 

porosidade elevada usando uma esponja polimérica porosa como 

molde/modelo.  As matrizes preparadas através do método de 

replicação de esponja polimérica têm um tamanho de poro controlável, 

poros interligados e a geometria pretendida. 

Os fosfatos de cálcio são um dos maiores componentes do osso natural 

e têm sido utilizados na medicina e medicina dentária há mais de 20 

anos. A hidroxiapatite, um fosfato de cálcio que consitui a maior parte 

da fase mineral do osso, é biocompatível e osteoconductora e tem 

excelente afinidade biológica e química com tecidos ósseos. 

Consequentemente, a hidroxiapatite é largamente aceite como material 

bioactivo para a regeneração óssea guiada. Nesta tese, foi utilizada 

hidroxipatite comercial (HA, Ca
10
(PO

4
)
6
(OH)

2
) como matéria prima para a 

produção de matrizes porosas através do método de replicação de 

esponja polimérica. Foram empregues várias técnicas de caracterização 

de modo a avaliar as propriedades das matrizes nomeadamente a 

microscopia electrónica de varrimento, a difracção de raios X, 

espectroscopia de infra-vermelhos usando transformadas de Fourier e 

micro tomografia computorizada. As matrizes porosas obtidas 

apresentam porosidade adequada, com macroporos de 200 a 400 µm; 

microporos com um tamanho médio entre 1 e 10 µm e porosidade 

interligada. Além disso, e após a aplicação do ciclo de sinterização, não 

há formação de fases novas, detectando-se apenas a presença da 

hidroxiapatite. 

Além da caracterização física das matrizes de hidroxiapatite, a avaliação 

da adesão celular é um parâmetro requerido aquando da análise da 

resposta biológica dos biomateriais. Células osteoblásticas foram 

semeadas nas matrizes de hidroxiapatite e vários parâmetros biológicos 
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foram avaliados. Os resultados indicaram que estas estruturas porosas 

providenciaram condições favoráveis para a adesão e proliferação 

celulares, já que foram proporcionados locais para adesão celular bem 

como interconectividade, um requisito indispensável para o transporte 

de nutrientes e macromoléculas. Por outro lado, a topografia da 

superfície dos biomateriais representa um papel muito importante no 

melhoramento da adesão e proliferação celular. A biocompatibilidade 

tem desde há muito sido associada à microquímica,  microtextura e 

microtopografia da superfície. A topografia da superfície, em última 

análise, afecta a natureza e força das interacções que ocorrem no 

ambiente biomaterial-biológico (adesão celular, mobilidade, 

espalhamento e proliferação). Assim sendo, uma superfície modelo foi 

estudada, na qual a topografia da superfície de substratos de 

hidroxiapatite densos foi alterada utilizando um laser exímero de KFr. 

Foi possível obter superfícies caracterizadas por uma microtopografia 

homogénea e reprodutível sob a forma de uma textura colunar e 

adicionalmente, as células foram capazes de aderir e de se espalhar na 

superfície das amostras, e gradualmente crescer em monocamadas 

quase confluentes. 

Apesar do papel que a topografia da superfície tem quando se desenha 

biomateriais, é conhecido que as matrizes porosas são adequadas como 

modelos para adesão celular, proliferação celular e em útlima análise 

para a formação guiada de tecidos do que substratos densos. 

Para melhorar as suas propriedades de adesão biológicas e 

biofuncionalizar o biomaterial cerâmico, produzindo uma composição 

mais próxima da do osso, foi incorporado colagénio do tipo I na 

superfície dos poros da matriz de hidroxiapatite. A adesão celular e 

proliferação foram observadas em todas as matrizes testadas. Além 

disso, foi usado um modelo animal e foi observada a formação óssea 

dispersa pela matriz em todos os materiais avaliados, sendo no caso das 

matrizes baseadas em hidroxiapatite mais densa do que no material de 

controlo. 
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Para além disso, e como o colagénio tem elevada afinidade para certas 

moléculas, o sistema desenvolvido pode também ser utilizado como 

veículo de libertação de moléculas de interesse. Incoporando moléculas 

intermediárias como a heparina, a libertação sustentada de factores de 

crescimento relevantes pode ser conseguida, tais como proteínas 

morfogenéticas do osso (BMP’s) ou factores de crescimento vasculares 

endoteliais (VEGF’s). O passo seguinte consistiu na inclusão de heparina 

e factores de crescimento nas matrizes de hidroxipatite funcionalizadas 

com colagénio. O seu perfil de libertação foi estudado e com a adição de 

heparina, foi observada uma reduzida libertação inicial, conduzindo a 

uma libertação controlada do factor de crescimento. 

No entanto, na concepção e design de biomateriais para a engenharia de 

tecidos, nomeadamente para a reparação de defeitos de tamanho 

crítico, é necessário acelerar o processo de remodelação. Uma rede bem 

vascularizada é essencial para o transporte de nutrientes e entrega de 

células, contribuindo assim para a formação óssea. 

O modelo da membrana corioalantóica do embrião de pinto (CAM), foi 

utilizado para avaliar o potencial angiogénico das matrizes porosas e 

observar a invasão de artérias sanguíneas nas várias matrizes 

diferentes. As matrizes carregadas com VEGF demonstraram melhores 

resultados do que as matrizes sem VEGF, tal como esperado. 

As últimas são caracterizadas por uma rede não organizada de vasos 

sanguíneos enquanto que as carregadas com VEGF possuiam uma 

estrutura e rede semelhantes às amostras de controlo. 

Os materiais produzidos neste estudo apresentam porosidade 

adequadas, biocompatibilidade e propriedades osteoconductivas. Em 

última análise, podem ser utilizados para a regeneração de tecidos 

ósseos e servir como veículos de libertação de factores de crescimento, 

demonstrando a sua versatilidade e adequação para utilização em 

engenharia de tecidos. 
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Résumée 

 

L’ingénierie tissulaire est un champ de recherche pluridisciplinaire 

émergeant à la convergence de l’ingénierie, de la médecine, de la 

physique et de la chimie. Son but est le développement de dispositifs 

fonctionnels ayant la capacité de régénérer/restaurer/remplacer une 

fonction d’un organe ou tissue endommagé. 

En ingénierie tissulaire osseuse, les dommages sont principalement dus 

à la dégénérescence ou à des processus traumatiques ou chirurgicaux 

pouvant compromettre la vie du patient. Le traitement de référence 

actuel est la transplantation d’os autologue. Il est considéré grâce à son 

imunocompatibilité et cela malgré les risques de morbidité et le reduit 

de tissue disponible. Les greffes allogéniques et xenoéniques, c'est-à-

dire la transplantation de tissue d’un autre donneur humain ou animal, 

présentent des possibilités thérapeutiques alternatives ayant chacune 

ses désavantages (risque de transmission de pathogènes, réponse 

immunologique et risque d’infection plus important). L’ingénierie 

tissulaire est potentiellement une thérapie alternative permettant de 

soigner des patients à l’aide de techniques minimalement invasives. Ces 

approches visent à restaurer les procédés naturels de régénération et de 

développement tissulaire en combinant des matrices biodégradables et 

des molécules bioactives avec les cellules de l’hôte. 

Le développement de ces matrices souscrit a un ensemble de critères : 

biocompatibilité, porosité permettant une infiltration cellulaire 

adéquate, croissance de l’os et transport de nutriments, capacité à 

supporter l’adhésion et la prolifération cellulaire, taux de 

biodégradation et propriétés mécaniques adéquates.    

L’objectif de cette thèse est de développer des matrices céramiques 

poreuses et bioactives présentant une haute aire de surface spécifique 

afin de promouvoir des propriétés osteoconductives s’appliquant à 

l’ingénierie tissulaire osseuse. 

De nombreuses techniques permettent d’obtenir des matrices poreuses 

en hydroxyhapatite. Notons entre autre l’incorporation de particules 
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organiques volatiles dans des poudres d’hydroxyhapatites (faible 

interconnectivité), le moulage de mousse par gel (distribution de pores 

non-uniforme) et la réplication d’éponge polymériques. Cette dernière 

méthode permet la production de matrices céramiques hautement 

poreuses à l’aide d’un gabarit. Les matrices ainsi produites présentent 

l’avantage de pores de taille, d’interconnectivite ainsi que de géométrie 

contrôlées. 

Les phosphates de calcium sont les composants majeurs de l’os et sont 

utilises en médecine et dentisterie depuis plus de 20 ans. 

L’hydroxyhappatite (HA), un des principaux phosphate de calcium de la 

phase minérale de l’os, est biocompatible, osteoconductive et présente 

une excellente affinité chimique et biologique pour le tissue osseux. HA 

est très largement acceptée comme matériaux bioactif guidant la 

régénération tissulaire. 

Dans cette thèse, une HA commerciale (HA, Ca10(PO4)(OH)2) est utilise 

comme matériel première pour la production de matrices poreuses par 

réplication polymère. 

Plusieurs techniques de caractérisation sont employées afin d’évaluer les 

propriétés de ces matrices, notamment la microscopie à balayage 

électronique (SEM), la diffraction de rayons X (XRD), la spectroscopie 

infrarouge par transformée de Fourier (FTIR) et la tomographie axiale 

calculée aux rayons X (micro-CT). Les matrices poreuses ainsi obtenus 

présentent une porosité adaptée avec des macrospores de 200 à 400 

micromètres, des micropores de 1 à 10 microns et une interconnectivité. 

En outre, suite à un cycle de frittage, aucune nouvelle phase n’est 

formée, le matériau final étant composé uniquement d’hydroxyhapatite. 

Outre la caractérisation physique de ces matrices HA, il est nécessaire 

d’évaluer l’adhésion cellulaire afin d’analyser la réponse biologique de 

ces matériaux. Des cellules osteoblastiques sont été utilisées pour 

ensemencer ces matrices et plusieurs paramètres biologiques sont  été 

évalués. Les résultats obtenus indiquent que ces structures poreuses 

assurent des conditions favorables à l’adhésion et a la prolifération 

cellulaire. Elles sont dotées de sites permettant l’adhésion cellulaire 
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ainsi qu’un inter-connectivité, conditions indispensable au transport de 

nutriments et de macromolécules. 

La topologie de surface des biomatériaux joue un rôle très important 

pour l’adhésion et la prolifération cellulaire. La notion de 

biocompatibilité a elle-même longtemps été associée aux 

microtopographies de surface, à la micro texture et à la microchimie. La 

topologie de surface affecte la nature et la force des interactions de 

surface de l’environnement biomatériaux/biologie (adhésion cellulaire, 

mobilité, propagation et prolifération). Un modèle de surface est ainsi 

étudié ou la topologie de surface de substrats denses d’hydroxyhapatite 

est altérée par laser excimer de KFr. Il a été ainsi possible d’obtenir des 

surfaces caractérisées par une microtopographie de surface a texture 

colonnaire, homogène et reproductible. Les cellules sont capable de s’y 

attacher, de coloniser cette surface et de graduellement croitre presque 

jusque à la confluence. 

Cependant, malgré le rôle de ces topologies de surface, il est reconnu 

que les matrices poreuses permettent, comparativement aux matrices 

denses, une meilleure adhésion et prolifération cellulaire et, de 

finalement, de guider de façon plus efficace la formation de tissue. 

Afin d’améliorer les propriétés de fixation biologique et de 

biofonctionaliser les matrices en reproduisant une composition 

semblable a l’os, un collagène type I est incorporé a la surface des 

pores. L’adhésion et la prolifération cellulaire a été ensuite testée sur 

toutes les matrices. En outre, un model animal a été utilisé et une 

formation de tissue osseux étendue est observée dans toutes les 

matrices avec un tissue osseux plus dense dans le cas des matrices d’ 

hydroxyhapatites par rapport au matériau de control. 

Par ailleurs, grâce à la haute affinité du collagène pour certaines 

molécules, ce système peut aussi être utilisé comme véhicule pour des 

molécules d’intérêt biologique. L’incorporation de molécules 

intermédiaires telles que l’héparine et la délivrance soutenue de facteurs 

de croissance (BMP, VEGF) est ainsi rendu possible. L’étape suivante a 

consisté à inclure de l’héparine et des facteurs de croissance sur ces 
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matrices poreuses d’hydroxyhapatite fonctionnalisées avec du 

collagène. Les profiles de relargage sont étudiés et, suite a l’addition 

d’héparine, on a observé un amoindrissement du relargage intensif 

direct, remplacé par un relargage contrôlé des facteurs de croissance. 

La conception de biomatériaux pour l’ingénierie tissulaire a besoin, 

notamment pour la réparation des défectuosités de taille critique, 

d’accélérer les processus de remodelage tissulaire. Notamment, un 

réseau vasculaire est essentiel pour le transport de nutriment et de 

cellules et contribue ainsi à la formation de l’os. 

La membrane chollioallantoic d’embryon de poulet (CAM), est utilisé afin 

d’évaluer le potentiel antigénique de matrices poreuses et d’observer 

l’invasion de vaisseaux sanguins. Comme hypothetisé, les matrices 

chargées en VEGF permettent d’obtenir de meilleurs résultats par 

rapport à des matrices simples. Les matrices simples sont caractérisées 

par un réseau de vaisseaux sanguins non-organisés alors que les 

matrices chargées en VEGF possèdent un réseau structuré similaire aux 

échantillons control. 

Les matériaux ainsi produits présentent une porosité adéquate ainsi que 

des propriétés de biocompatibilité et d’osteoconduction. Ils peuvent 

finalement être utilisés pour la régénération tissulaire de l’os et comme 

vecteur de délivrance de facteurs de croissance, démontrant ainsi leur 

versatilité et leur capacité pour des applications en ingénierie tissulaire.   
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Introduction 

1. Bioceramic scaffolds for guided bone tissue engineering 

1.1 Bone tissue composition and architecture  

 

Bone is a living, permanently growing tissue. It is constituted by a 

porous mineralized structure, that contains cells, vessels, crystals of 

calcium compounds (hydroxyapatite) whose proportion varies according 

to bone types and regions. Bone is composed by an organic phase 

(collagen and non collagenous proteins) and an inorganic or mineral 

phase (calcium phosphates). Morphologically, bone can be classified in 

two categories: cortical bone which is rigid and dense, and trabecular 

bone, which is characterized by a highly porous structure composed of a 

network of trabeculae that allows the presence of blood vessels, nerves 

and bone marrow (figure 1). 

 

Figure 1- Schematic drawing of the bone architecture. Both cortical and spongy 
bone can be distinguished. The osteons of cortical bone are displayed including  
the haversian channels that contain blood vessels and nerves.  The periosteum 
(highly vascularised membrane that covers the bone surface) can also be seen. 
Adapted from a figure by the Department of Kinesiology & Physical Education, 
Lethbridge University.  
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Additionally, bone contains four types of cells: osteoblasts, osteoclasts 

and bone lining cells (that are present on the surface) and osteocytes 

(mature bone cells surrounded by mineral phase). The bone lining cells 

cover inactive bone surfaces (figure 2).  

Osteoblasts are “bone forming cells”, they are responsible for the 

production of the bone matrix and regulation of its mineralization. 

When mature, osteoblasts become osteocytes and are incorporated 

within the bone matrix and responsible for the matrix maintenance. 

Osteoclasts are “bone resorbing cells”, they are responsible for the 

resorption of bone mineral and are large multinucleated cells.  

 

 

Figure 2- Bone remodelling process. Osteoblasts depend on the osteoclasts to 
resorb older bone ahead of them. As the bone is resorbed by the osteoclasts, 
there is the release of cytokines (signalling molecules) that attract osteoblasts 
and induce them to start laying down new bone tissue. The osteoblasts then 
incorporate proteins into the bone structure. Once that bone is resorbed by 
osteoclasts again the proteins are released and act as signals to the osteoblast to 
return and lay down more bone. This tight coupling of formation and resorption is 
necessary to prevent a disorganized bone structure from being established. 
Adapted from The Science Creative Quarterly, by Jen Philpot. 

 

Bone is a natural composite material consisting primarily of a collagen-

containing organic phase as a matrix and a mineral phase composed of 

hydroxyapatite.   

The hardness of bone is due to the presence of deposited mineral 

fraction constituted by hydroxyapatite within a soft organic matrix of 
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collagen fibers that are responsible for toughness. The mechanical 

properties of cortical and cancellous (trabecular) bone are indicated in 

figure 3. 

 
Figure 3- Mechanical properties of cortical and trabecular (cancellous) bone. [1] 

 

Due to its dense structure (figure 4) and the reinforcing effect of the 

apatite crystals, cortical bone has a much higher elastic modulus than 

other skeletal tissues, therefore being responsible for load bearing.  

The orientation of the apatite crystals within and along the collagen 

fibrils creates structural units called “osteons” which are oriented 

parallel to the long axis of bone. Trabecular bone is less dense than 

cortical bone and consequently, has a lower elastic modulus. Trabeculae 

grow to an anisotropic 3D structure that is located at each point 

according to the main directions of loading. 

 

 

Figure 4- Macroscopical view of cortical and trabecular (cancellous) bone.[1]  
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1.2 Current strategies and perspectives in bone tissue engineering  

 

Bone tissue engineering is an interdisciplinary area of research that aims 

at the regeneration and/or replacement of damaged and/or lost bone 

tissue. 

The basis for this concept is that cells from the patient’s own body are 

isolated, allowed to proliferate in vitro and seeded on an adequate 

scaffold before re-implantation in the patient’s body at the defective site 

(figure 5).  

 
Figure 5- Schematic representation of cell based bone tissue engineering. A 
fraction of bone marrow obtained by biopsy from the patient will be harvested, 
and cells will be expanded in vitro. The cells will then be seeded on adequate 
scaffolds and further cultured, eventually being led to express phenotypic 
character. The tissue engineering construct will then be implanted back to the 
patient to heal the bone defect. 

 

The scaffold is expected to support cell adhesion, proliferation, 

migration and differentiation so that it might guide and maintain new 

tissue formation.  

 

When bone injuries occur, the current strategies applied in clinical 

surgery include the use of bone grafts and bone grafts substitutes. 

Autografts are mainly applied to enhance bone healing and are the 
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current gold standard for bone graft procedures, since the graft 

possesses osteogenic bone cells, marrow cells and an osteoconductive 

matrix adequate for new and existing bone-cell attachment and 

migration. However, using this procedure means that a second surgery 

at the site of tissue harvesting must be performed, which increases 

post-operative pain for the patient and also the possibility of donor site 

morbidity.   

Another solution are allografts (viable bone from a cadaver), but there 

are considerable risks associated, namely the risk of disease 

transmission, infection, implant rejection as well as graft degradation 

due to sterilization procedures. On the other hand, the grafts limited 

availability is an important factor to consider. Hence, there is the need 

for graft alternatives.  

 

Researchers have been developing synthetic graft substitutes with the 

aim of mimicking bone tissue. These substitutes could be composed of 

different materials such as natural/synthetic polymers [2-20], ceramics [21-32] 

and composites [33-46] that are intended to approach the characteristics of 

the desired tissue while supporting cell adhesion and proliferation. 

 

In order to provide an adequate environment that might support cells, it 

is necessary to produce a three dimensional scaffold. There are several 

requirements to take into consideration when designing scaffolds for 

tissue engineering. For a material to be useful as a scaffold for tissue 

engineering some requirements must be met. [47-52] A porous structure is 

essential since it allows cell attachment, proliferation and extra-cellular 

matrix production (ECM). Within a porous structure it is important to 

consider the different porosities involved and their role. It is believed 

that for cell infiltration and ultimately for tissue formation and guidance, 

pore sizes greater then 300 µm are essential (macroporosity). As for cell 

sites for adhesion, pore sizes below 10 µm are required (microporosity). 

Nevertheless, these types of pores (macro and micro) should be 
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connected to allow cell migration, nutrient transport and supply and 

waste exchange.  

The scaffold material should be biocompatible, with a suitable and 

controllable degradation rate and with degradation sub-products 

harmlesss for the human body. The scaffold surface should also be 

characterised by suitable surface chemistry enhancing cell attachment, 

proliferation and differentiation. Furthermore, the mechanical properties 

should be close to those of the bone that they should substitute.  

 

To produce a scaffold that gathers all those requirements is still a 

challenge. The current strategies when designing a three dimensional 

scaffold for bone tissue engineering, include the use of production 

techniques such as laser stereolithography, inkjet printing, selective 

laser sintering, heat sintering, injection molding, incorporation of 

volatile organic particles in HA powders, gel casting of foams, 

replication of a polymer sponge and injectable matrices for minimally 

invasive treatment. [53, 54] All these techniques produce scaffolds with 

different properties that have their own advantages and pitfalls. 

 

The need to repair/restore the function of bone tissue is a current socio-

economic requirement. Bone tissue engineering offers an alternative to 

the traditional procedures and fundamentally aims at the combination of 

cells with materials, enhanced by the presence of growth factors, to 

initiate bone tissue repairing and regeneration.  

Even though there have been some achievements, it is acknowledged 

that bone tissue engineering has not yet accomplished a major progress 

in terms of clinical outcome and commercialization.  
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1.3 Bioceramic macroporous scaffolds for bone tissue engineering 

 

The classical approach to tissue engineering is often includes the 

combination of a biomaterial construct with cells in order to obtain an 

adequate structure, possessing adequate mechanical and biological 

properties, for the treatment of damaged tissue.  

 

The biomaterial construct is of highly important, since a suitable surface 

is required for cell adhesion and proliferation. Moreover, if the 

biomaterial will be degraded over time, the newly formed tissue should 

replace the degraded biomaterial at a rate similar to that of degradation. 

  

A vast number of biomaterials have been developed and evaluated, such 

as metals, ceramics, natural and synthetic polymers, and composites. 

Since the aim is to develop a biomaterial for bone tissue engineering in 

the last two decades, calcium phosphates have been natural candidates 

as materials of choice due to their chemical composition similarity with 

that of mineral bone. 

In addition, calcium phosphates can be combined with other materials 

such as glasses and natural or synthetic polymers for reinforcement.[34, 36, 

55-63] 

 

Hydroxyapatite (HA) (Ca
10
(PO

4
)
6
(OH)

2
) in particular, is commonly used due 

to its composition similarity to the mineral bone phase and its known by 

its bioactivity (ability to form apatite like or carbonate hydroxyapatite on 

their surfaces in vitro in the presence of simulated body fluids), capacity 

to form a direct interface with strong binding with bone and 

osteoconductivity (ability to serve as a template for the local formation 

and growth of new bone, once in direct contact with bone). Its 

production is quite straightforward and they can be obtained in several 

formats such as part of bone cements, coatings, pastes, gels, blocks, 

granules and 3D porous structures. [64]  
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Furthermore, hydroxyapatite has high affinity to proteins, making them 

good carriers for growth factors, other proteins or macromolecules, 

cells, antibiotics and other drugs. [65-72] It is recognized that 

hydroxyapatite based biomaterials are osteoconductive (ability to serve 

as a template for the formation of new bone) but not osteoinductive 

(capability to induce new bone formation when implanted in ectopic 

sites). However, with the addition of cells and growth factors, new bone 

tissue formation can occur, has reported in literature. [73-75]  

Its structure may be seen in figure 6. 

 

 

 

Figure 6- Structure of the hydroxyapatite. [76] 

 

The biomaterial architecture is a key factor that plays a role in the 

process of bone ingrowth and vascularization. Therefore, there is also 

the need for porosity and pore interconnectivity as previously 

mentioned. Despite the favourable properties that hydroxyapatite 

presents for tissue engineering purposes, they possess a limited 

mechanical strength which prevents its use in high-load bearing sites. 

Alternatively, their properties can be complemented with the 

incorporation of polymers and metals without compromising their 

osteoconductivity.  

Nevertheless, hydroxyapatite based biomaterials have been used in 

several applications in medicine, namely for: bone defect filling, bone 

reconstruction, bone replacement, antibiotic carriers, growth factor 

carriers, coatings for prostheses, dentistry cements, etc. 
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1.4 Surface topography modification for improved cell colonization  

 

The success of a biomaterial is related to its connection and integration 

with the surrounding tissue. Therefore, the biocompatibility of a 

biomaterial has been associated to its surface properties, namely 

physical, chemical and topographical. The surface texture, chemistry 

and topography can affect the nature and strength of interactions that 

occur at the biomaterial - biological surrounding neighbourhood 

interface such as cell adhesion, mobility, spreading and proliferation. 

Thus, cell adhesion and proliferation strongly depend on the chemical 

and physical properties of the surface of a scaffold.  

 

Considerable research effort has been dedicated to preparing several 

specific surfaces in order to study the correlation between surface 

topography and cell adhesion.[77-80] Topographical features such as 

grooves and ridges with specific widths and depths can also influence 

the cell response, since cells orient themselves along such features on a 

phenomena called “contact guidance”.[81, 82]  

Several methods can be applied in order to obtain surfaces with specific 

characteristics such as grooves, ridges and shapes. Nevertheless, there 

is an increasing effort in order to achieve cell controlled growth in 

surfaces obtained by micro- and nano-fabrication technologies.  

These techniques depend on micro-scale patterning of surface 

topography and can be processed by a photolithographic technique or a 

micro-contact printing method [83-85]. Furthermore, techniques like 

etching or mechanical polishing are also employed in order to obtain 

such specific surface features. [78]  

 

Alternatively, it is possible to obtain well reproducible 3D domains using 

a laser excimer KrF beam.[86, 87] Various 3-D micropatterned and 

reproducible features can be obtained at the micron level using this 

method. [80, 82, 88, 89] The advantage of excimer laser beams when modifying 
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surfaces lays on its ability to show none or very little thermal effects 

during photo-ablation ( when compared to other methods).[80, 90] 

Even though it is known that submicron-scale roughness can 

significantly influence cell adhesion, orientation, and growth, the cell 

interaction with defined submicron-scale surface is not yet fully 

understood.  

If the surface topography can modulate the osteoblastic function, (e.g. a 

rough or a microtextured surface induces differentiation of osteoblasts 

and bone formation in vivo) it is important to understand the interaction 

between cells and substrates, aiming at the development of functional 

surfaces which support or promote osteoblast adhesion, proliferation 

and differentiation.  
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2. Biofunctionalization of macroporous scaffolds for enhanced 

tissue integration 

 

2.1  Biological strategies for bioceramics modification 

 

As previously stated, bioceramics are biocompatible and possess several 

properties that make them attractive as materials for tissue 

regeneration. However, some of their biological properties can be 

enhanced by incorporating other materials such as natural/synthetic 

polymers, molecules in the form of fibers, gels or even as coating, thus 

biofunctionalizing those bioceramics.  

The biofunctionalization of materials is of growing interest since it may 

help to improve the biomaterial integration with the surrounding tissues 

and also to enhance cell adhesion, proliferation and eventually bone 

formation.[91] 

 

One of the most recent strategies consists on the use of RGDs. RGD is 

the one-letter amino acid sequence code abbreviation for "Arginine-

Glycine-Aspartic acid” and has been used recently as a coating for 

biomaterials.[91, 92] Coating biomaterials with cell-adhesive molecules 

provides a strong mechanical contact between cells and the biomaterial 

surface itself.[93]  Cell adhesion is mediated by integrins, a class of cell 

receptors that bind selectively to different proteins of the extracellular 

matrix (ECM). The advantage of coating surfaces with ECM proteins such 

as fibronectin, vitronectin, or collagen is the selectivity of these proteins 

towards specific integrin receptors. Therefore, certain cell types will 

selectively bind to their favourite ECM protein. Furthermore, ECM 

proteins do not cause any harmful side effects as they are the natural 

integrin ligands.  

 

An alternative strategy consists on developing bioceramics 

biofunctionalized with natural polymers, like chitosan [94, 95] and collagen 
[96-98] being the most popular choices.  
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Chitosan is a natural non-toxic polymer, that is biodegradable at a rate 

depending on controllable factors such as degree of de-acetylation, 

molecular weight, and crystallinity.[99] 

 

On the other hand, collagen type I is also a natural, non toxic polymer, 

but presents the advantage of possessing natural binding sites such as 

the Arg-Gly-Asp (RGD) and the Asp-Gly-Glu-Ala (DGEA) peptide sequence 

that modulates the adhesion of osteoblasts and fibroblasts.  Collagen 

can be obtained in the form of gels, films and scaffolds leading to its 

straightforward incorporation in several scaffold materials, such as 

synthetic polymers or ceramics. Despite their individual use in 

biomedical applications, the combination of both hydroxyapatite and 

collagen seems to be a natural choice due to their close biological and 

compositional properties with respect to bone. 
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2.2  Collagen-bioceramic materials in bone tissue regeneration 

 

Bioceramics, natural or synthetic, are considered to be biocompatible, 

and can be used alone or reinforced with organic or polymeric materials. 

These composites are amongst the most promising of all biomaterials 

for hard and soft tissue replacement applications.  One of the most 

commonly developed composites is the hydroxyapatite/collagen 

scaffolds due to their composition similarity to bone.   

Collagen type I is the most abundant extracellular matrix protein in the 

human body, providing the basis for tissue structure and directing 

cellular functions. Currently, more than 20 types of collagen have been 

indentified.[100]  

Collagen type I is characterised by a left-handed triple helical structure 

that provides high tensile strength and great flexibility. The collagen 

structure is constituted by three helical chains (two α
1
 chains and one α

2
) 

closely packed in a triple helix which is stabilized by glycine at every 

third residue.  Gly–X–Y is the characteristic repeat found in all collagens, 

where X and Y are often proline (Pro) and hydroxyproline (Hyp), 

respectively. The triple helices of collagen are held together by hydrogen 

bonds and Van der Waals forces. [101] 

Collagen biochemistry is unique with respect to both primary aminoacid 

composition and its characteristic higher order arrangements. The 

typical left handed helical α-chain of collagen contains approximately 

30% glycine in a constellation of GLY-X-Y: with praline often taking the X 

position, and 4- hydroxyproline the Y position. The heterocyclic 

structure of the aminoacids limits rotation along the backbone. Three 

polypeptide chains are further twisted around a common axis to give a 

right handed triple helix, which is stabilized by intramolecular hydrogen 

bonds.  

At physiological conditions, individual collagen molecules 

(approximately 300 nm long and 1,5 nm in diameter) aggregate 

longitudinally and bilaterally to microfibrils and further to fibrils as seen 

in figure 7. [102] 
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The great strength of collagen fibers, however, originates from the 

stable intermolecular covalent bonds between adjacent tropocollagen 

molecules [17]. These fibrils can range in diameter from 50-200 nm. 

Collagen fibrils organize into fibres, which can then form even larger 

fibre bundles.[103] 

 
Figure 7- The structure of collagen. The basic unit of fibrillar collagens is the 
triple helix formed by three intertwining amino-acid chains. Each chain is roughly 
330 amino acids long and the overall molecule, called tropocollagen, is 300 nm 
long and has a diameter of roughly 1,5 nm. [104] 

 

Collagen is a non-toxic, biodegradable, biocompatible polymer that can 

guide cell behaviour. Collagen properties are widely used in biomedical 

and material science applications. [102, 105-109] 
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2.3 The need to promote angiogenesis in newly formed bone tissue 

 

The success of a developed biomaterial is not only dependent on the 

growth and functioning of the tissue specific cells on the biomaterial 

itself, but also on its ability to provide conditions for a good 

vascularization once implanted.  

Bone is a living, highly vascularized tissue, which depends on blood 

vessels to supply the cells present in bone with the necessary nutrients 

and oxygen. In the case of tissue engineering constructs, during in vitro 

culture, the nutrients can be supplied by means of a bioreactor. However 

after implantation, the supply of oxygen and nutrients into the implant 

is limited by diffusion processes and the speed of ingrowth of host 

vessels.[110] 

Since vascularization is a major problem in tissue engineering, several 

strategies have been employed to enhance the ingrowth of blood vessels 

from the host such as the scaffold design and the inclusion of growth 

factors.  

The scaffold structure plays an important role due to the fact that 

vessels growth is significantly faster in the case of scaffolds with pores 

greater than 250 µm.[111] In addition to porosity, interconnectivity is 

essential since it allows cell migration and ultimately vascularisation.  

The addition of angiogenic factors to scaffolds can enhance 

vascularization after implantation.[112] 

Angiogenesis is a multifactor process, which is regulated by a number of 

factors being one of the most important the vascular endothelial growth 

factor (VEGF). VEGF stimulates the activation of endothelial cells that 

initiate the degradation of their surround basement membrane by 

releasing of matrix metalloproteinases (MMPs). Consequently, the 

endothelial cells proliferate and migrate towards the interstitium, where 

new capillary buds and sprouts are formed. [113] 

The delivery of growth factors from biomaterials is either driven by 

passive diffusion or coupled to the rate of material degradation, both of 

which usually occur independently. The magnitude of release can be 
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varied by the amount of growth factor added to the matrix and the 

kinetics of release can be varied by altering the material degradation 

rate via material composition or structure. However these measures are 

often insufficient to synchronize growth factor levels with actual cellular 

demands.[114] 

Consequently, several methodologies have been explored to improve 

the release kinetics of growth factors, thus improving the retention and 

control over the release after application. 

One approach consists on the incorporation of heparin or 

glycoaminoglycans which bind and retain angiogenic growth factors with 

affinity for heparin. In addition, the rate of the growth factor release can 

be modulated by modification of the network structure.  

Heparin is a sulfated polysaccharide belonging to the family of 

glycosaminoglycans. It has numerous important biological activities, 

associated with its interaction with various proteins. 

In the case of collagen based scaffolds, heparin can be successfully 

incorporated and by varying the crosslinking density of collagen, slow 

matrix degradation rates and growth factor release maybe achieved. 

These modifications can lead to a variety of collagen matrices where 

some of these parameters can be modulated, namely: angiogenic 

potential and resistance to in vitro degradation. These properties may 

thus be modulated in order to adapt the collagen based matrices to 

specific requirements in the field of tissue engineering.[115-119] 
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3. Aims and structure of the thesis 
 
The aim of this thesis is to develop highly specific surface bioactive 

ceramics that display osteoconductive properties enabling then to be 

applied for bone tissue engineering purposes. 

 

Thus, this thesis can therefore be divided into two parts. The first part 

consists on the development of bioactive ceramic constructs for guided 

bone tissue engineering. The second part explores the 

biofunctionalization of the optimized bioceramic constructs, combining 

the effects of incorporating collagen type I, heparin and growth factors 

into the constructs. 

 

Bone tissue engineering is a research area that aims at developing 

materials capable of repairing and/ or substituting damaged or lost 

bone tissue.  

The traditional approach to the treatment of damages above the critical 

size consists in the use of autografts and allografts; however, these 

options contain some disadvantages, namely, tissue availability, 

diseases transmission and donor morbidity.  Therefore, there is the 

need to develop alternative strategies/materials to repair damaged bone 

tissue.[48, 120] 

 

Calcium phosphates are among the most widely used materials for bone 

tissue regeneration.[121, 122] 

Hydroxyapatite, that has been used in medicine and dentistry for over 

20 years, is biocompatible and osteoconductive, and has excellent 

chemical and biological affinity with bony tissues. 

 

One of the current strategies when developing ceramics for function 

restoration and/or substitution is the production of three dimensional 

scaffolds. 
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In chapter 2, porous hydroxyapatite scaffolds development is described, 

using a polymer replication method [123] and their characterization by 

means of scanning electron microscopy (SEM), particle size distribution 

analysis, X-ray diffraction (XRD), Fourier transformed infrared 

spectroscopy (FTIR) and compressive mechanical testing techniques. 

Besides biocompatibility, porosity is also an important factor to consider 

when designing a three dimensional scaffold. 

The need for cell nutrient transport (oxygen, etc.) and cell attachment 

sites implies the presence of interconnected macroporosity and 

microporosity, respectively.[120-124] 

 

In chapter 3, macroporous hydroxyapatite scaffolds produced by the 

polymer replication method are described [123] and µ-CT and SEM 

characterization techniques were used to assess and quantify the 

scaffolds porous structure. 

Besides physical characterization of the hydroxyapatite scaffolds cell 

adhesion evaluation is a required parameter when analysing the 

biological response. Techniques such as cytotoxicity assays and cell 

visualization procedures are often applied. 

 

In chapter 4, hydroxyapatite scaffolds with controlled porosity were 

obtained and their capacity to support human and rat mesenchymal 

stem cells was evaluated by attachment and proliferation. Using 

methylene blue staining, it was possible to observe not only cell 

attachment but also the cell distribution throughout the scaffold.   

 

In chapter 5, cytotoxicity assay (MTS), scanning electron microscopy 

(SEM) and Confocal laser scanning microscopy (CLSM) were used to 

evaluate cell adhesion in highly macroporous hydroxyapatite scaffolds. 

In addition, it was shown that CLSM is a powerful tool for cell adhesion 

and proliferation evaluation. 
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In contrast, the biomaterials surface topography plays a very important 

role in the improvement of cell adherence and proliferation. 

Biocompatibility has long been associated with surface 

microtopography, microtexture and microchemistry. The surface 

topography ultimately affects the nature and the strength of the 

interactions that occur at biomaterial-biological environment (cell 

adhesion, mobility, spreading and proliferation).  

Thus, it is necessary to produce and work with controlled 

microtopographical surfaces that present reproducible microdomains of 

a dimension similar to that of the biological elements of interest (for 

instance, cells). 

 

In chapter 6, the surface topography of a model surface based on dense 

hydroxyapatite substrates altered by using KFr excimer laser was 

studied. It was possible to obtain surfaces characterized by a 

homogeneous and reproducible microtopography in the form of 

columnar texture.  

Further characterization of these columnar structures was performed 

with complementary techniques namely, Atomic Force Microscopy (AFM) 

and Contact angle measurements, while the cell distribution and 

morphology was assessed by SEM and CLSM.  

The surface is characterized by a homogeneous columnar structure with 

high specific surface area. Additionally, cells were able to attach and 

spread on the samples’ surface, and gradually grow into nearly 

confluent monolayers. 

 

However, porous scaffolds may serve as templates for cell adhesion, 

proliferation and ultimately for tissue repair, hence their established use 

and study in the field of tissue engineering.   

Consequently, porous hydroxyapatite scaffolds were chosen as materials 

to carry out in more detail the study of the second part of this thesis. 

To improve the scaffolds’ biological properties and ultimately 

biofunctionalizing the ceramic based biomaterial with a composition 



Chapter 1 

20 

resembling that of bone, collagen type I was incorporated at the surface 

of the porous hydroxyapatite scaffold. 

The adhesion, cytoxicity and proliferation of bone marrow cells cultured 

on the scaffolds were assessed in chapter 7. 

 

In chapter 8, the in vivo osteogenic potential of mesenchymal stem cells 

(MSCs) from two different species seeded on the different 

hydroxyapatite scaffolds either with crosslinked or uncrosslinked type I 

collagen was evaluated.  

An animal model was used and widespread bone formation was 

observed on all the evaluated materials, presenting denser bone 

formation in the case of the hydroxyapatite based scaffolds when 

compared to the control material. 

 

In addition, and since collagen has high affinity for a number of 

biologically relevant macromolecules, the developed system can be used 

as a delivery vehicle for relevant molecules.  

Incorporating intermediate molecules such as heparin, sustained 

delivery of relevant growth factors, such as bone morphogenetic 

proteins (BMP’s) or vascular endothelial growth factors (VEGF’s) could be 

achieved.    

 

In chapter 9, the research on the production and characterization of 

highly porous hydroxyapatite scaffolds whose surfaces were coated with 

collagen or collagen/ heparin mixtures is presented. 

 

When designing biomaterials for tissue engineering, namely for 

repairing critical size defects, there is the need to accelerate the 

remodelling process.  

A well vascularized network is essential for nutrient transport and cell 

delivery, thus contributing for bone formation.  
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Angiogenesis, the process responsible for the growth of new blood 

vessels from pre-existing ones, should be considered as an important 

parameter. 

 

In chapter 10, a well accepted model, the chick embryo chorioallantoic 

membrane assay (CAM), was used to evaluate the angiogenic potential 

of 3D macroporous scaffolds based on hydroxyapatite and collagen type 

I.  

 

In chapter 11, general discussion arising from this thesis is presented 

and also some future perspectives are outlined. 
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Abstract 

 

The present study refers to the preparation and characterization of 

porous hydroxyapatite scaffolds to be used as matrices for bone 

regeneration or as specific release vehicles.  

Ceramics are widely used for bone tissue engineering purposes and in 

this study, hydroxyapatite porous scaffolds were produced using the 

polymer replication method. Polyurethane sponges were used as 

templates and impregnated with a ceramic slurry at different ratios, and 

sintered at 1300ºC following a specific thermal cycle.  

The characteristics of the hydroxyapatite porous scaffolds and 

respective powder used as starting material, were investigated by using 

scanning electron microscopy, particle size distribution, x- ray 

diffraction, Fourier transformed infrared spectroscopy and compressive 

mechanical testing techniques. It was possible to produce highly porous 

hydroxyapatite scaffolds presenting micro and macropores and pore 

interconnectivity. 

 

Introduction 

 

Bone tissue engineering is a promising area that aims at developing 

implants capable of repairing and/ or substituting damaged or lost bone 

tissue.  

Some current strategies include the use of autografts and allografts; 

however, these options contain some disadvantages, namely, tissue 

availability, diseases transmission and donor morbidity.  As a result, 

there is the need to develop alternative strategies for the repair of 

damaged bone tissue, namely the use of scaffolds.   

However, when developing porous matrices for the specific case of bone 

tissue engineering, some criteria must be met, namely porosity, allowing 

cells to migrate through the pores, good conditions for nutrient 

transport, tissue infiltration and ultimately, vascularization. [1, 2] 
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Several techniques have been developed in order to meet the required 

criteria and produce porous scaffolds, such as the use of gel casting [3, 4], 

gas foaming [5], slip casting [6, 7], fiber compacting [8], solid free form 

fabrication [4-9] and freeze casting [10].  

On the other hand, the polymer replication method offers the possibility 

of producing a tailored scaffold with controllable pore size using a 

polyurethane sponge as a template.[11-13] 

Calcium phosphates are among the most widely used materials for bone 

tissue regeneration. They can be manufactured as gels, pastes, and solid 

blocks or even as porous matrices, with orthopaedics and dentistry 

being their main areas of application.  

Hydroxyapatite (HA) and other calcium derivatives (tricalcium 

phosphates, etc.) are the most commonly used calcium phosphates, due 

to their calcium/phosphorus (Ca/P) ratios that are close to that of 

natural bone and also their stability when in contact with physiological 

environment. 

HA is a major constituent of bone materials and is resorbed after a long 

time of residence in the body, demonstrating its biocompatibility. [14-17] 

In this study, porous hydroxyapatite scaffolds were obtained using the 

polymer replication method and were characterized. These scaffolds 

may be used as matrices for bone tissue engineering or as specific 

release vehicles. [11, 12, 18] Also, they may be functionalized with molecules 

of interest such as collagen, chitosan, etc, in order to improve their 

biological response. [19-24] 

The characteristics of the hydroxyapatite porous scaffolds and 

hydroxyapatite powder that was used has starting material were 

assessed by means of scanning electron microscopy (SEM), particle size 

distribution, x- ray diffraction (XRD), Fourier transformed infrared 

spectroscopy (FTIR) and compressive mechanical testing techniques. It 

was possible to obtain, using porous polymer sponge as a template, 

highly porous hydroxyapatite scaffolds with micro and macroporosity in 

addition to interconnectivity.  
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Materials and Methods 

 

Sample Preparation 

 

The scaffolds were prepared using polyurethane sponges as a template. 

These polyurethane sponges (with an average pore size of 200 µm), 

kindly provided by Recticel (Belgium), were impregnated with ceramic 

slurry as previously reported. [11-13, 25] 

The hydroxyapatite powders (P120, Plasma Biotal) were sieved until a 

particle size smaller than 75 µm was achieved. Afterwards, a ceramic 

slurry composed by hydroxyapatite (g), water (mL) and surfactant (mL, 

LM-3, Neodisher) was prepared. Several composition ratios were 

impregnated onto the polyurethane sponges and the 6 g (HA):4 mL 

(H
2
O): 0,2 mL (tensioactive) ratio was considered as the best scaffold 

produced due to its adequate strength to withstand manipulation. The 

polyurethane sponge was squeezed to remove slurry excess and treated 

according to the following sintering cycle: heating at 1ºC/min followed 

by a 1h plateau at 600ºC ; heating at 4ºC/min followed by another 

plateau of 1h at 1300ºC. Then, power was turned off and the samples 

were allowed to cool inside the furnace for 24h. Next, the scaffolds were 

cut into 5mm cubes with a sharp razor. 

 

Physical-chemical characterization 

 

The microstructure of the hydroxyapatite powders and scaffolds was 

characterised using scanning electron microscopy (Hitachi S4700).  The 

porous samples prior to observation were gold sputtered (Carringdon) 

and the powders coated with carbon ink. 

Particle size distribution was measured by Laser scattering (Mod. 

Mastersize by Malvern). The specific surface area was measured by the 

chromatographic method (mod. Monosorb from Quantachrome Inc.) 

using BET model. 
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The phases of the hydroxyapatite scaffolds were determined by X-ray 

diffraction using a Siemens diffractometer (D 5000 model) with CuKα 

radiation over the 2θ range of 5º-70º with a step size of 0.05º. In order 

to analyse the scaffolds, these were reduced to powder and spread over 

the analytical cylindrical sample holder. The mechanical compression 

testing of the hydroxyapatite scaffolds was performed using a Microtest 

equipment (Model 1114) using a 20N load cell and a compression rate 

of 1mm/minute. FT-IR spectra were obtained using a Perkin Elmer 2000 

System spectrometer with 100 scans per sample. Hydroxyapatite 

scaffolds were reduced to powder and analysed in the form of KBr 

pellets, using 1 mg of sample mixed with 300 mg of dry KBr.  The 

mixture was homogenized in a Agata mortar. Pellets were obtained by 

compression in a 15 mm diameter die, under vacuum at 500 MPa of 

approximately 301 mg of the mixture per sample.   

 

Results and Discussion 

 

The morphology of the hydroxyapatite powders used to produce the 

porous scaffold is shown in figures 1 and 2. 

 
Figure 1- Scanning electron microscopy image of the hydroxyapatite powders 
used in the ceramic slurry preparation. The powders organise themselves into 
aggregates. 

 

 The hydroxyapatite powders used to produce the macroporous 

scaffolds possess an elongated shape and organize themselves as 

aggregates (figures 1 and 2).  
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The particles present an average diameter of ~50-100 nm (figure 1).  In 

addition, dense powder aggregates with sizes of ~3 µm were observed 

(figure 2).     

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2- Scanning electron microscopy image of the hydroxyapatite powders 
used in the ceramic slurry preparation. On the left side (13 000X) the 
hydroxyapatite aggregates may be visualized and on the right side (65 000X) a 
more detailed view of the hydroxyapatite aggregates is seen. 

 

Using the polymer replication method, it was possible to produce highly 

porous hydroxyapatite scaffolds [11-13, 25] as it may be seen in figure 3. 

 

 

 

 

 

 

 

 

 

 

Figure 3- Scanning electron microscopy of the hydroxyapatite scaffolds obtained 
by the polymer replication method. Presence of macropores and interconnected 
porosity (a) and detailed view of the micropores (b). 
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With SEM observations (figure 3), pore diameters ranging from 100 µm 

to 400 µm were observed. On the other hand, micropores from 1µm to 

10 µm were also visualized in the pores walls and struts. Taking into 

account the considerable presence of microporosity, it should be 

interconnected (as it is usual for values of microporosity above 10% in 

ceramics). 

Particle size distribution of the crushed hydroxyapatite powders and 

scaffolds is shown in figure 4. The hydroxyapatite powder presents a 

mono-modal distribution with an average particle size of 2,65 µm, 

whereas the crushed hydroxyapatite scaffolds present a bimodal 

distribution with two maxima at ~ 2 and ~ 56 µm. The hydroxyapatite 

powders specific surface area is larger than that of the hydroxyapatite 

porous scaffolds, presenting values of 1,87 m2/g and 0,80 m2/g 

respectively.   

Figure 5 shows the X-ray diffraction patterns of the hydroxyapatite 

scaffolds. No new phase (after sintering) is formed and all peaks 

correspond solely to hydroxyapatite phase. 
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Figure 4- Particle size distribution of the hydroxyapatite powder (starting 
material) and crushed sponges obtained by the replication method.  
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Figure 5- X ray diffraction pattern of the porous hydroxyapatite scaffolds obtained 
by the replication method. 

 

The FTIR spectrum of the sintered HA was obtained, presenting the 

characteristic peaks (figure 6).   

There is a clear OH- peak at 3571cm-1, followed by some broad peaks 

between 2920 and 2002 cm-1 that may correspond to HPO
4

2- groups as 

previously reported in the literature. [26]  

Phosphate υ
3
 bands were identified by two peaks at 1089 and 1037 cm-1, 

whereas the υ
1
 band is present at 960 cm-1.  

Furthermore, the phosphate υ
2
 band was also observed at 473 cm-1 being 

followed by phosphate υ
4
 bands at peaks 602 and 504 cm-1, respectively. 
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Figure 6 Fourier transform infrared (FTIR) spectrum of the sintered 
hydroxyapatite sponge. 

 

The samples were evaluated under compressive mechanical testing, with 

a maximum compressive stress value of 0,07 ± 0.03 N/mm2. These 

values are in accordance with the literature. [18] 

A typical compressive stress/displacement curve of the porous samples 

may be seen in figure 7. The curve shows an early abrupt descent, with 

stress values increasing until a maximum was reached. However, this 

maximum value cannot be considered has the maximum compressive 

stress of sample, since it corresponds to sample densification after it 

had collapsed and free powders or small aggregates were being jointly 

compressed. It was visible as the assay progressed, that the sample 

started to aggregate quickly and therefore, increasing its resistance to 

the compressive force applied.  

The pores started to be crushed and eventually the sample densification 

occurred and due to this phenomenon, some of the tested samples did 

not break. 

On the other hand, higher compression resistance values may eventually 

be achieved if a more refined hydroxyapatite starting powder is 

employed. Moreover, mixing bioactive glass onto the initial ceramic 

slurry can also contribute for a more resistant scaffold.[27]  

Other reports show that the mechanical properties of these scaffolds 

prepared by this method can be increase with the addition of specific 
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polymers, such as PLC. [18] One of the drawbacks of the polymer 

replication technique is the final thickness of the pore struts. Therefore, 

the addition of such elements (bioglasses or polymers) could lead to an 

increase in pore struts and in this manner, when solicited, the 

micropores would be able to withstand higher loads due to the coating 

migration to the inner pores. [18, 28] 
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Figure 7- Compressive stress/ displacement curve of the porous hydroxyapatite 
scaffolds. 

  

The fracture point of the evaluated samples was localised at their 

centres with fracture cracks propagating towards their periphery. SEM 

observations showed that the scaffolds collapsed due to the reduced 

pore struts thickness.  

 

 

 

 

 

 

 

 
 
 
 
Figure 8- Detailed SEM view of the porous hydroxyapatite scaffold fractured 
surface. 
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As a result, those inner fracture surfaces were chosen to be assessed by 

SEM (figure 8).  

The fracture surface is characterized by clear breakage (black arrows) 

showing a smooth fractured micropore surface with ceramic debris from 

the macropores. 

 

 

Conclusions 

 

In this work, it is shown that it was possible to produce porous scaffolds 

using a porous polymer sponge as a template.  

The hydroxyapatite powders used as starting materials were 

characterized by presenting elongated shape and by their assembly into 

aggregates. 

The hydroxyapatite starting powders presented a mono-modal 

distribution with an average particle size of 2,65 µm whereas the 

crushed hydroxyapatite scaffolds presents a bimodal distribution with 

particle size in the range of 2,65 µm and 56,23 µm.  This fact can be 

explained by the likely formation of hard aggregates during sintering. 

This seems to be confirmed by the decrease of specific surface area 

when compared to that of the powders. 

By SEM it was possible to observe that the porous hydroxyapatite 

scaffolds possess micropores and macropores that appear 

interconnected along the structure from the periphery until the centre, 

indicating that these are homogenous porous networks (figure 3).  

The scaffolds are constituted by crystalline hydroxyapatite and no 

additional phase was formed during the polymer replication process as 

assessed by XRD and FTIR.  

The compressive strength and SEM assays have indicated that the 

sponges fracture is initiated at their inner core and scaffolds collapsed 

due the reduced pore strut thickness.  

The data obtained in this study show that the produced porous 

structures appear to have good conditions to be used as scaffolds for 
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tissue engineering or even as a vehicle for the delivery of biological 

molecules. In vitro studies were already successfully carried out 

demonstrating the biocompatibility of the scaffolds in the presence of 

osteoblastic cells.[13] 

Currently, studies are being performed in order to incorporate collagen 

type I in these porous constructs, to improve their potential as bone 

mimicking scaffolds. 
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Abstract 

 

Calcium phosphate ceramics are widely used as bone substitutes since 

they are biocompatible and bioactive. Having a chemical composition 

close to natural bone, calcium phosphate ceramics are promising bone 

substitute materials in orthopaedics, maxillofacial surgery and dentistry. 

Hydroxyapatite (HA) and tricalcium phosphate (TCP) are the most 

commonly used calcium phosphates, because their calcium/phosphorus 

(Ca/P) ratios are close to that of natural bone and they are relatively 

stable in physiological environment.  HA is a major constituent of bone 

materials and is resorbed after a long time of residence in the body. 

In this work, highly porous hydroxyapatite scaffolds were produced by 

polymer replication method and their properties evaluated by Scanning 

Electron Microscopy (SEM) and micro-computerized tomography (µ-CT). 

Introduction 

 

Hydroxyapatite is a biocompatible ceramic widely used in dentistry and 

orthopaedic surgery and can be easily combined with other materials to 

improve its properties. In bone tissue engineering, the development of 

ceramics for restoration function and/or substitution has been studied, 

particularly in the production of three dimensional scaffolds.  

However, in order to be used in bone regeneration, some criteria must 

be achieved.  In addition to biocompatibility, porosity is also an 

important parameter to consider when designing a scaffold. The need 

for cell nutrient transport (oxygen, etc.) and cell attachment sites 

implies the presence of interconnected macroporosity and 

microporosity, respectively.[1]  

SEM is a good technique to visualize the presence of micropores, 

macropores as well as its distribution along a scaffold (if cross sections 

are made).  
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Nevertheless, in order to obtain a more accurate quantification of the 

macro/micro pores present in the structure, in addition to the 

interconnectivity measurement, it is necessary to compare with other 

methods.   

Micro-computerized tomography (µ-CT) is an excellent technique, not 

only to quantify the porosity present but also to visualise the scaffold 

internal structure.[2] In this work, macroporous hydroxyapatite scaffolds 

were produced using the polymer replication method [3] and µ-CT and 

SEM techniques were used to assess and quantify the scaffold porous 

structure. 

 

Materials and Methods 

 

Samples preparation 

 

Hydroxyapatite (commercially pure HA from Plasma Biotal, ref. P120) 

powder was sieved until a particle size less than 75 µm was achieved. 

The scaffolds were prepared using polyurethane sponges kindly 

provided by Recticel. These polyurethane sponges were impregnated 

with ceramic slurry as previously described.[3] 

Briefly, a ceramic slurry was prepared using several Hydroxyapatite: 

Water: Surfactant ratios. The polyurethane sponge was then immersed in 

this slurry and squeezed to remove slurry in excess. Next, the 

impregnated sponges were submitted to the following sintering cycle: 

heating at 1ºC/min followed by a 1h stage at 600ºC; heating at 4ºC/min 

followed by another stage of 1h at 1300ºC and then the samples were 

cooled inside the oven. The samples were partially immersed in resin 

and gold sputtered for SEM observations. Three-dimensional (3D) 

reconstruction of scaffolds was assessed by µ-CT (µCT 40 - Scanco 

Medical) using a resolution of 10 µm scans and a threshold range of 235 

to 1000. 
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Results 

 

The hydroxyapatite scaffold obtained can be visualised in figure 1. Its 

structure is characterized by a highly porous architecture, with both 

macro and micro pores, whereas connected pore channels can also be 

seen indicating the interconnectivity present.  By SEM it was possible to 

measure pores with a range diameter of 100 to 400 µm, as for the 

microporosity, 1 to 10 µm pore diameters were found. In order to 

visualise the interconnectivity µ-CT analysis was performed and cross 

sections of the scaffold were obtained (figure 2). 

 

 

 

 

 

 

Figure 1- SEM microphotographs of the porous hydroxyapatite scaffolds produced 
by the polymer replication method (a) 50X, (b) 270X and (c) 4000X 

 

 

 

 

 

 

 

 

 

 

 

Figure 2- µ-CT images of the hydroxyapatite porous scaffold (a), and cross 
sections (b), (c) and (d). 
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Analyzing the cross sections in figure 2, it can be observed that besides 

the macroporosity, the pore interconnectivity is present along the whole 

scaffold. Using µ-CT tools, the macropores diameter was determined, 

having a mean value of 290 µm whereas the interconnected pore density 

had a value of 30± 5%.  

Even tough some border areas of the scaffold are obstructed, these 

results indicate that the porous hydroxyapatite scaffolds may provide 

the adequate environment and conditions for cell attachment, 

proliferation and nutrient supply transport. 

 

Conclusions 

 

In this work, macroporous interconnected structures were obtained 

using the polymer replication method. The results demonstrate that the 

scaffolds produced are characterized by a homogeneous porous 

structure, with macropores ranging from 100 to 400 µm and micropores 

from 1 to 10 µm. Pore interconnectivity was also present and observed 

by both SEM and µ-CT.  µ-CT constitutes a powerful technique to 

evaluate the type of porosity and how its distribution is present, in 

porous scaffolds that possess large pore diameters that cannot be 

quantified by conventional techniques like mercury intrusion 

porosimetry. A 3D interconnected porous structure is desirable for 

tissue engineering, since the macroporosity induces osteoinduction and 

the microporosity allows improved cell adhesion, whereas the pore 

interconnectivity provides pathways for transport of proteins, nutrients 

and ultimately for tissue infiltration. 
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Abstract 

 

Calcium phosphate ceramics are widely used as bone substitutes since 

they are biocompatible and bioactive. Given that their chemical 

composition is close to natural bone, calcium phosphate ceramics are 

promising bone substitute materials in orthopaedics, maxillofacial 

surgery and dentistry. 

Hydroxyapatite (HA) and tricalcium phosphate (TCP) are the most 

commonly used calcium phosphates, because their calcium/phosphorus 

(Ca/P) ratios are close to that of natural bone and they are relatively 

stable in physiological environment.  

Furthermore, other critical parameters must be accomplished when 

designing a biomaterial for bone regeneration, namely: pore size, shape 

and interconnectivity. 

Porosity is one of the most important factors since it influences the 

adhesion, migration nutrient supply and ultimately, proliferation of 

mesenchymal stem cells. 

In this study, HA scaffolds with controlled porosity were obtained and 

their capacity to support human and rat mesenchymal stem cells 

attachment and proliferation was evaluated. 

 

Introduction 

 

The regeneration of damaged and/or lost bone tissue is the ultimate 

goal in orthopaedic surgery. Bone tissue engineering has emerged in 

recent years as an alternative strategy allowing the combination of cells 

with suitable carrier materials, namely scaffolds.  

To serve as a scaffold, the material needs to be biocompatible, 

osteoconductive, osteointegrative, and have enough mechanical 

strength in order to provide structural support during bone growth and 

remodeling processes. [1] 
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Also, a 3D interconnected porous structure is desirable to allow cell 

attachment, proliferation, differentiation and to provide pathways for 

proteins and nutrients.  

The use of bioceramics as osteoconductive materials for bone 

regeneration present advantages when compared with other materials.  

Hydroxyapatite (HA) is one of the most frequently used bioceramic for 

bone and dental reconstruction.  

Around 60 wt% of bone is made of HA - Ca
10
(PO

4
)
6
(OH)

2
  - and therefore it 

is clear that HA and related calcium phosphates (TCP) have been widely 

developed as a major component of scaffold materials for bone tissue 

engineering.  

Calcium phosphates have excellent biocompatibility due to their close 

chemical and crystal resemblance to bone mineral.  

Calcium phosphates certainly possess osteoconductive properties and 

may bind directly to bone under certain conditions.  

Bone marrow derived mesenchymal stem cells have the potential to form 

a variety of mesenchymal tissues including bone.  

In a previous work, macroporous ceramic scaffolds were obtained and 

its characterization was performed.[2] 

HA scaffolds with controlled porosity were obtained and loaded with 

human and rat mesenchymal stem cells, and their adhesion was 

assessed using methylene blue staining. 

 

Materials and Methods 

 

Samples preparation 

 

HA scaffolds were prepared using polyurethane sponges (PU) 

impregnated with ceramic slurry as reported previously.[3] 

Briefly, the ceramic slurry was prepared using several HA: Water: 

Tensioactive ratios, being the best ratio 6:4:0,2.  

The polyurethane sponge was squeezed to remove slurry excess and 

submitted to the following sintering cycle: heating at 1ºC/min followed 
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by a 1h stage at 600ºC ; heating at 4ºC/min followed by another stage 

of 1h at 1300ºC and then the samples were cooled inside the oven.  

Afterwards, the sponges were cut into 5x5x5mm cubes. For the SEM 

analysis, the samples were gold sputtered and observed. 

 

Cell culture procedures 

 

6 week-old male wistar rats were euthanized with CO
2
. Under sterile 

conditions, femurs were removed and placed in the culture, which 

consists of minimal essential medium (Life technologies), 15% heat-

inactivated fetal bovine serum (Cambrex), 100 U/mL penicillin (Life 

Technologies), 10 µg/mL streptomycin (Life Technologies), 0,2 mM 

ascorbic acid (Life Technologies), 2 mM L-glutamine (Life Technologies) 

and dexamethasone (Sigma, Chemical Co., St. Louis, MO, USA).  

Epiphyses were cut and diaphyses flushed using a 21-gauge needle 

connected to a 10mL syringe filled with the culture medium.  

The bone marrow cells from two rats were plated in four 75 cm2 tissue 

culture flask and incubated at 37 ºC with 5% humidified CO
2
 and the rat 

mesenchymal stem cells (RMSC) were isolated by their adherence to 

tissue culture plastic.  

After 24 hours, the non-adherent cells were removed by refreshing the 

medium. The medium was refreshed every 2-3 days until confluence was 

reached. The cells were harvested by tripsinization (0,25% trypsin and 1 

mM EDTA for 5 minutes at 37ºC) and counted.  

Human mesenchymal stem cells (HMSC) were obtained from a donor and 

comply with the rules of the ethical committee.  

Bone marrow aspirates (5–15 ml) were obtained from two donors that 

had given written informed consent. 

Human mesenchymal stem cells (hMSCs) were isolated and cultured as 

previously described.[4]  

Briefly, aspirates were plated at a density of 5x105 nucleated cells per 

cm2 and cultured in hMSC proliferation medium, which consists of 

minimal essential medium (α-MEM, Life Technologies), 10% heat-
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inactivated fetal bovine serum (FBS, Cambrex), 0,2 mM ascorbic acid 

(Asap, Life Technologies), L-glutamine (Life Technologies), 100 U/ml 

penicillin (Life Technologies), 10 mg/ml streptomycin (Life 

Technologies) and 1 ng/ml basic fibroblast growth factor (bFGF, 

Instruchemie, The Netherlands). Cells were grown at 37 ºC in a humid 

atmosphere with 5% CO
2
.  

Medium was refreshed twice a week and cells were used for further 

subculturing or cryopreservation upon reaching near confluence. Each 

scaffold was seeded with 100.000 cells/ 100µL of medium and 

incubated for four hours to allow cell adherence, after which 2 mL of 

medium was carefully added.  

The scaffolds were cultured for seven days, being the culture medium 

refreshed once. After this, the scaffolds were removed from culture, 

washed with PBS and fixated with 1,5% glutaraldehyde (AGA) in 0,14 M 

cacodylic acid buffer (Sigma) pH 7,3 for 10 minutes.  

After washing with PBS, the samples were immersed in methylene blue 

staining solution (Sigma) for 5 minutes and  washed carefully  several 

times with PBS. The cell adhesion was assessed using an optical 

microscope. 

 

Results and Discussion    

 

SEM observations demonstrated that the replication of the foam was 

successful and that it was possible to obtain interconnected porous 

structures (figure 1).  

In addition, the scaffolds also presented macropores (100-300 µm) and 

micropores (1-10 µm) in all their volume (figure 2). 
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      Figure 1- HA scaffold. 270X                  Figure 2- HA scaffold. 4000X  

 

 

 

 

 

 

 

 

   Figure 3- HA scaffold with RMSC.2X              Figure 4- HA scaffold with HMSC. 2X 

 

These kinds of structures are considered to be adequate for bone 

formation, since the interconnected macroporosity induces 

osteoinduction and the microporosity allows improved cell adhesion.  

In this case, cell adhesion and proliferation was quite extensive, 

covering the scaffold pores after seven days (figures 3 and 4). 

It can be seen that these hydroxyapatite scaffolds are attractive to both 

types of cells, since they both adhere well to the surface. 

 

Conclusions 

 

In this work, macroporous interconnected structures were obtained 

using the polymer replication method.  

Using methylene blue staining, it was possible to observe not only cell 

attachment and distribution all over the scaffold.  
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The results indicate that cell adhesion is quite extensive, being the 

scaffolds fully covered with cells.  

These results have shown that the scaffolds provide adequate 

environment for cell adhesion and migration. Further in vitro and in vivo 

studies to determine other parameters will follow.  
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Abstract 

 

Hydroxyapatite porous scaffolds can be used for tissue engineering 

applications since they can serve as templates for cell adhesion, 

proliferation and ultimately for tissue repair.  One way to address this 

issue is to evaluate the cell adhesion using several characterization 

techniques namely, cytotoxicity assays and cell visualization.  On the 

other hand, when using highly macroporous scaffolds some techniques 

may not be adequate for evaluation, such as MTT. 

In this work, cytotoxicity assay (MTS), scanning electron microscopy 

(SEM) and Confocal laser scanning microscopy (CLSM) were used to 

evaluate cell adhesion in highly macroporous hydroxyapatite scaffolds. 

It was possible to observe that some techniques were not suitable to 

evaluate cell adhesion. In addition, it was shown that for this kind of 

scaffolds, confocal laser scanning microscopy is a powerful tool for cell 

adhesion and proliferation evaluation. 

 

Introduction 

 

Tissue engineering is an interdisciplinary research field that seeks the 

development of techniques/materials to repair and/or reconstruct 

damaged or lost tissue and organs. 

Porous materials offer a promising strategy since they can act as 

templates for cell adhesion, proliferation and ultimately for tissue 

formation. 

However, to serve as a scaffold, the material must follow certain criteria:  

be biocompatible, osteoconductive, osteointegrative, and have enough 

mechanical strength to provide structural support during bone growth 

and remodelling.[1] 

In addition, scaffolds can serve as delivery vehicles for cytokines such as 

bone morphogenetic proteins (BMPs), transforming growth factors 

(TGFs) that can transform recruited precursor cells from the host into 

bone matrix producing cells, thus providing osteoconduction. 
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New centers for bone formation such as osteoblasts and mesenchymal 

cells that have the potential to commit to an osteoblastic lineage can be 

established when seeding the scaffolds before implantation with cells, 

leading to enhanced osteogenesis. 

Combining scaffolds, cytokines and cells to generate ex-vivo tissue-

engineered constructs is the next step in tissue engineering since it may 

provide more effective bone regeneration in vivo, when compared to 

biomaterial matrices alone.[2] The first question to be raised is how to 

achieve an optimal scaffold with adequate porosity. 

Porosity is defined as the percentage of void space in a solid and it 

influences the bone ingrowth, since it allows migration and proliferation 

of osteoblasts and mesenchymal cells, as well as vascularization.[3, 4] 

 The minimum pore size required to regenerate mineralized tissue is 

generally considered to be ~100 µm.  

However, pore sizes greater than 300 µm were observed to have a 

greater penetration of mineralised tissue in comparison with smaller 

pore sizes. 

At pore sizes of 75 µm, hardly any mineralised tissue is found within the 

scaffold. It is believed that for smaller pore sizes the penetration of 

neovascularisation, and nutrient supply, to the growing cells is slowed 

down.[1] 

Without a doubt there are several criteria in the design of scaffolds for 

tissue engineering that need to be obeyed, such as: highly porous 

structure to support cell attachment proliferation and extra-cellular 

matrix production; an interconnected pore network to promote nutrient 

and waste exchange; a biocompatible and bioresorbable substrate with 

controllable degradation rates. This will lead to a suitable surface 

chemistry for cell attachment, proliferation, and differentiation; 

mechanical properties to support, or equal, those of the tissues at the 

site of implantation and a reproducible architecture of clinically relevant 

size and shape. 
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Nevertheless, the scaffolds should mimic cancellous bone morphology, 

structure and function in order to optimize integration in the 

surrounding tissue.   

Bone is a structure composed of hydroxyapatite (Ca
10
(PO

4
)
6
(OH)

2
) crystals 

deposited within an organic matrix (~95% is type I collagen). 

Hydroxyapatite, has been used in medicine and dentistry for over 20 

years and is biocompatible and osteoconductive, and has excellent 

chemical and biological affinity with bony tissues.[5-9] 

In this work, highly porous hydroxyapatite samples are subjected to an 

in vitro evaluation to follow the cells behaviour in such environment. 

Scanning electron microscopy (SEM) and confocal laser scanning 

microscopy (CLSM) are useful visualization techniques of cell adhesion 

and proliferation.  In this work, these techniques will be applied and 

their adequacy to three dimensional materials will be evaluated. 

 

Materials and Methods 

 

The scaffolds were prepared using polyurethane sponges kindly 

provided by Recticel (Belgium). These polyurethane sponges were 

impregnated with ceramic slurry constituted by water, hydroxyapatite 

and a tensioactive. The ceramic slurry was prepared using several HA: 

Water: Tensioactive ratios, being the best ratio 6:4:0,2. The 

polyurethane sponge was squeezed to remove slurry excess and 

submitted to the following sintering cycle: heating at 1ºC/min followed 

by a 1h stage at 600ºC ; heating at 4ºC/min followed by another stage 

of 1h at 1300ºC and then the samples were cooled inside the oven.  

Afterwards, the sponges were cut with a sharp razor to the desired 

shape.[10-12] 

 

Cell culture procedures 

 

MG63 cells, derived from human osteosarcoma, express a number of 

features characteristic of osteoblasts and were used in these 
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experiments. They were cultured at 37 ºC in a humidified atmosphere of  

5% CO
2
 in air, in 75 cm2, flasks containing 10 ml of alpha minimum 

essential medium (α-MEM) (Gibco), 10% foetal calf serum (Gibco), 0,5% 

gentamicin (Gibco) and 1% fungizone (Gibco).  The medium was changed 

every third day. The scaffolds were autoclaved (120°C, 20 min), placed in 

non treated 96-well plates (14 mg/well, ca. 1 cm2 surface area) to avoid 

cell adhesion to the bottom of the wells. The cells were seeded at 104 

cells on the top of each scaffold and incubated at 37ºC overnight to 

allow cell adhesion. Afterwards, fresh medium was added until it 

reached a final volume of 150 µL per well. The MG63 osteoblasts cells 

were cultured onto hydroxyapatite scaffolds for periods of 1, 3 and 7 

days.  Control cultures were performed on tissue culture polystyrene 

under the same conditions as the scaffolds. At each time point, the 

samples were treated and cell adhesion, distribution and morphology 

were assessed by cytotoxicity assay (MTS), scanning electron microscopy 

(SEM) and confocal laser scanning microscopy (CLSM). Data are 

presented as the average of five replicates (mean ± standard deviation) 

and duplicate culture experiments were performed. All assays are 

described in detail below.   

 

MTS cytotoxicity assay 

 

The MTS cytotoxicity assay (Cell Titer 96 Aq Non-Radioactive Cell Assay, 

Promega), an alternative method of the widely used MTT assay, was 

used to screen the viability of the cells cultured on the hydroxyapatite 

scaffolds. The MTT test, in which the reaction product is water insoluble 

formazan, could not be used because the formed formazan was strongly 

attached to the surface of the scaffolds being impossible to obtain a 

correct measurement. In the MTS test, using a novel tetrazolium 

compound, the reaction product formed was soluble in the culture 

medium. 

Briefly, the MTS was added to the wells and incubated for 3h; the blank 

used was culture medium with MTS and absorbance was measured at 
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492 nm in an ELISA 96 well-plate reader. The results obtained were 

treated and represented by their mean value and standard deviation 

parameters. 

 

Scanning Electron Microscopy (SEM) 

 

Hydroxyapatite scaffolds were washed twice with PBS and fixed in 1,5% 

v/v glutaraldehyde in 0,14M 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. 

The samples were kept in absolute alcohol and taken to critical point, 

using CO
2
. The samples were then sputtered with a thin gold film for 

SEM analysis. 

 

Confocal Laser Scanning Microscopy (CLSM) 

 

Hydroxyapatite scaffolds  were washed twice with PBS, fixed in 4% v/v 

formaldehyde (methanol-free; Polyscience) for 15 min, permeabilized 

with 0,1% v/v Triton X-100 for 5 min, and incubated in 10 mg/mL bovine 

serum albumin and 100 g/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 

g/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 and the images were treated 

with Leica software. 

 

Results and Discussion 

 

MTS cytotoxicity assay 

 

The cytotoxicity/cell viability of the hydroxyapatite sponges was 

assessed by the MTS cytotoxicity assay (figure 1).  
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By analyzing the results obtained, it can be observed that the 

hydroxyapatite scaffolds are biocompatible and that the cells adhere 

and proliferate well when compared to the control. 

 
Figure1- MTS assay performed on hydroxyapatite scaffolds (HA) and tissue culture 
polystyrene (TCPS) samples cultured with MG63 cells (n=5). 

 

In addition, neutral red assays were performed and also revealed that 

the cells were able to grow and proliferate quite well. These data was 

not shown, since it does not give any additional information.[13] 

 

SEM and CLSM analysis 

 

The SEM micrographs of the hydroxyapatite scaffolds can be seen in 

figure 2. Analyzing the SEM micrographs it is possible to observe the 

presence of macropores (figures 2A and B) and micropores (figure 2C 

and D) as well as interconnected porosity (figure 2A). This kind of 

structure provides favourable conditions for cell adhesion and 

proliferation since it offers sites for cell adhesion as well as 

interconnectivity necessary for the nutrient and macromolecules 

transport. 
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Figure 2- SEM micrographs of the hydroxyapatite scaffold at different 
magnifications: 100X (A), 270X (B), 1500X (C) and 4000X (D). 
 

 

This matrix is characterized by macropores which average size is higher 

than 100 µm and micropores with an average size of 1µm.  In addition, 

the macroporosity was determined in a previous work [12] by the liquid 

displacement method; leading to porosity values of 67%.  In figure 3, it 

may be seen in detail, the cell adhesion and morphology to the 

hydroxyapatite in day 1, 3 and 7 of cell culture.  On the third day of cell 

culture, the cells are completely spreaded along the available surface of 

the hydroxyapatite scaffold inner pores. Also, the cells philopodia are 

strongly attached to several points of the pores as it can be observed in 

figures 3 B and C.   
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Figure 3- SEM micrographs of the hydroxyapatite scaffold seeded with MG63 cells 
at day 1 (A), day 3 (B) and day 7 (C). Detail of cell philopodia stretched on an inner 
pore of the scaffold. 

 

SEM is very helpful technique to observe cell morphology and 

distribution along the scaffold surface and its inner pores. 

In the case of the samples without cells the scaffolds was well 

characterized by SEM. It was possible to observe the microporosity in 

detail and also the pores interconnectivity, showing that this technique 

is adequate for such studies.  

However, in the case of the samples with cells, one issue that was 

difficult to address was the marking of the samples.  When preparing 

the samples for cell culture it was possible to detect that the sample 

marking was quite difficult to achieve due to the porosity of the 

samples. Several methods were tested bearing in mind that for cell 

culture, extra care should be provided due to the sensitivity of the cells 

to some components. In addition to the difficulty to identify the cell 

seeded side, complications in determining the correct side to perform 

the SEM analysis where raised.  
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On the other hand, this problem was overcomed by the use of confocal 

laser scanning microscopy. With this technique, it was possible to 

observe the cell adhesion, proliferation and distribution along the 

surface and inner pores of the scaffold without the need of marking the 

samples side. The confocal laser scanning microscopy images of 

scaffolds seeded with MG63 cells can be visualized in figures 4 and 5. 

With this technique, it may be seen that the cells in the first day of cell 

culture are already proliferating through the inner pores of the scaffold. 

In the next days of culture, the first layers of the scaffold are completely 

full of cells attached to their pore walls (figure 4). 

  

 
Figure 4- CLSM of the hydroxyapatite scaffolds on day 1 (A), day 3 (B) and day 7(c). 
The cells actin filaments are stained with green colour and the nuclei 
counterstained with red colour. 
 

With the software it was possible to edit the previous images and 

observe in more detail the distribution of cells along the scaffold surface 
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(figure 5). As a result, the nuclei appear stained in red and the matrix in 

grey allowing a more accurate observation.   

On day 1, the cells are spreaded along the pores and on day 3 they are 

starting to concentrate in a location forming a cell cluster. On day 7 it is 

possible to see that the proliferation increased, corroborating the 

previous data presented.  

  

 
Figure 5- CLSM of the hydroxyapatite scaffolds on day 1 (A), day 3 (B) and day 7(c). 

 

 

Conclusions 

 

In this work it was possible to obtain structures that were highly 

macroporous as well as microporous. 
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Furthermore, these hydroxyapatite scaffolds also possess 

interconnected porosity, which is a fundamental requirement for bone 

replacement substitutes. 

The method used provides reproducible matrices that can be used also 

in other fields such as drug or protein delivery. 

The results also demonstrate that the matrix is not cytotoxic and that 

the cells strongly adhere to the substrate in the first hours of cell/ 

substrate contact.  In addition, MTS assays reveal that the cells were 

able to grow and proliferate quite quickly. 

It has been demonstrated that SEM is a very good technique to asses the 

scaffolds porosity and surface. However, it was not the best technique to 

evaluate the cells proliferation and distribution. When working with 3D 

materials and if there is the need to visualise specific subjects, some 

techniques do not provide enough information and need to be 

complimented, as this was the case. CLSM is clearly a more appropriated 

tool to visualize the cells distribution and proliferation along the surface 

and subsequent inner pores. 
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Abstract 

 

Biocompatibility has long been associated with surface 

microtopography, microtexture and microchemistry. The surface 

topography eventually affects the nature and the intensity of the 

interactions that occur at biomaterial-biological interface (cell adhesion, 

mobility, spreading and proliferation). Therefore, it is necessary to 

produce and work with controlled microtopographical surfaces that 

present reproducible microdomains of a dimension similar to that of the 

biological elements of interest (in this case, osteoblasts). There are a 

number of substrates that already have been studied in terms of surface 

topography; however, few studies are related to hydroxyapatite 

substrates. 

 As it is well established, hydroxyapatite is a well known ceramic that is 

extremely used in medical applications, namely implants and coatings. 

In this work, the surface topography of dense hydroxyapatite substrates 

was altered by using KFr excimer laser. The surface was characterized 

by Atomic Force Microscopy (AFM) and Contact angle measurements, 

while the cell distribution and morphology was assessed by Scanning 

Electron Microscopy (SEM) and Confocal Laser Scanning Microscopy 

(CLSM). 

Results revealed that the surface is characterized by a homogeneous 

columnar structure with high specific area. Moreover, cells were able to 

attach and spread on the surface of the samples, and gradually grow 

into nearly confluent monolayers. 

 

Introduction 

 

With advances in ceramic technology, the application of calcium 

phosphate materials as bone substitute has recently received 

considerable attention, because they are remarkably biocompatible and 

bioactive. Having a chemical composition close to natural bone, calcium 
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phosphate ceramics are promising bone substitute materials in 

orthopaedics, maxillofacial surgery and dentistry. 

Hydroxyapatite (HA) and tricalcium phosphate (TCP) are the most 

commonly used calcium phosphates, because their calcium/phosphorus 

(Ca/P) ratios are close to that of natural bone and they are relatively 

stable in physiological environment. 

HA is a major constituent of bone materials and is resorbed after a long 

time of residence in the body.  

In previous work [1], a novel approach was used to induce high surface 

area on dense hydroxyapatite (HA), by changing the surface topography 

via a KrF excimer laser treatment. 

Excimer lasers produce high-intensity, pulsed ultraviolet radiation and 

are especially well suited for materials processing due to their large 

beam cross-section area, which permits the use of mask projection 

technologies to process relatively large areas in a single step. 

With this treatment, it is possible to change the surface morphology, 

while maintaining the chemical and mechanical properties of the base 

material.[2-6] In particular cone shaped formations were obtained, leading 

to an increase in the actual surface area [7-10]. However, when developing 

such surface modified materials for biomedical applications, it is of 

outmost relevance to obtain a complete characterization of the 

biological interactions that occur at the bone tissue/material interface. 

These interactions are influenced by the surface topography of the 

substrata.[11-13]  

These events can be evaluated by the in vitro investigation assays. For 

biomaterials thought for contact with bone tissue, osteoblastic cell lines 

are commonly used for biocompatibility tests (cytotoxicity) and 

proliferation assays since they are efficient, reproducible and easy to 

culture. 

In addition, the use of sarcoma and transformed osteoblasts in in vitro 

assays is widely accepted. [14-16] 

In this study, Atomic Force Microscopy and contact angle measurements 

were performed in order to study the laser modified surface. 
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Additionally, Scanning Electron Microscopy and Confocal Laser Scanning 

Microscopy were used to assess cell adhesion, distribution and 

morphology on the substrate surface. 

  

Materials and Methods 

 

Samples Preparation 

 

Hydroxyapatite (commercially pure HA from Plasma Biotal, ref. P120) 

powder was sieved until aparticle size less than 75 µm was achieved. 

Cilindrical hydroxyapatite discs with a diameter of 5,5 mm were then 

obtained by uniaxial compression at 157 MPa (Mestra Snow P3). The 

sintering cycle is described as follows: sintering for 1 hour at 1200 ºC, 

with a heating rate of 4 ºC/min. 

The sintering cycle was completed with a cooling process inside the 

furnace. 

 

Laser surface treatment 

 

For the laser surface treatment a KrF excimer laser with 248 nm 

radiation wavelength and 30 ns pulse duration was applied. Processing 

was performed using a mask projection micromachining system. 

A square mask was used to define the laser spots projected onto the 

material surface, while a beam homogenizer allowed to obtain a uniform 

fluence at the surface. The following laser processing parameters were 

selected: laser fluence of 1 J/cm2, pulse frequency of 10 Hz, and 1000 

laser pulses per spot. 

 

Surface Characterization 

 

The surface of the samples was assessed by Atomic Force Microscopy 

(AFM) and Contact angle measurements. The protocols are described in 

detail below. 
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Contact angle measurements 

 

Two liquids were used to evaluate the wettability of the surface: 

deionised water and supplemented cell culture medium, and a Data 

Physics GA15 contact angle analyser was used. The sessile drop method 

was applied. 

The drops had a total volume of 2 µL and the analysis was carried out 

until the total time of the experiment reached 300 seconds. 

 

Atomic Force Microscopy (AFM) 

 

AFM studies were carried out, on laser-treated and non-treated samples, 

with the objective of comparing both nanotopographies. An atomic force 

microscope type PicoPlus from Molecular Imaging (USA) was used.  

The images were obtained only in contact mode in air, using a silicon 

nitride gold plated V-shape tip with a spring constant of C = 0,38N/m. 

The force set point used was between -0,600V and -1,300V, with 

scanned areas of 2000 x 2000 nm. 

 

Cell culture procedures 

 

MG63 cells, derived from human osteosarcoma, express a number of 

features characteristic of osteoblasts and were used in these 

experiments.  

They were cultured at 37 ºC in a humidified atmosphere of 5% CO
2
 in air, 

in 75 cm2, flasks containing 10 ml of alphaminimum essential medium 

(α-MEM) (Gibco), 10% foetal calf serum (Gibco), 0,5 % gentamicin (Gibco) 

and 1 % fungizone (Gibco). 

The medium was changed every third day and, for sub-culture, the cell 

monolayer was washed with phosphate-bufered saline (PBS) (Sigma) and 

incubated with trypsin/EDTA solution (0,25% trypsin,1 mM EDTA; Sigma) 

for 5 min at 37ºC to detach the cells. 
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The effect of trypsin was then inhibited by adding the complete medium 

at room temperature. The passage of the cells was the 27th. 

The discs were steam sterilized (120ºC, 20 min), placed in non treated 

96-well plates (14mg/well,ca. 1 cm2 surface area) to avoid cell adhesion 

to the bottom of the wells. The cells were seeded at 104 cells per well 

and incubated at 37ºC for three hours to allow cell adhesion. 

Afterwards, fresh medium was added until it reached a final volume of 

150 µL per well. 

The MG63 osteoblasts cells were cultured onto the untreated and laser 

surface treated hydroxyapatite discs for periods of 1, 3 and 7 days.  

At each time point the samples were treated and cell adhesion, 

distribution and morphology were assessed by scanning electron 

microscopy (SEM) and confocal laser scanning microscopy (CLSM). All 

assays are described in detail below. 

 

Scanning Electron Microscopy (SEM) 

 

Hydroxyapatite discs were washed twice with PBS and fixed in 1,5% v/v 

glutaraldehyde in 0,14M 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. The samples were 

kept in absolute alcohol and taken to critical point, using CO
2
. The 

samples were then sputtered with a thin gold film for SEM analysis. 

 

 

Confocal Laser Scanning Microscopy (CLSM) 

 

Hydroxyapatite discs were washed twice with PBS, fixed in 4 % v/v 

formaldehyde (methanol-free; Polyscience) for 15 min, permeabilized 

with 0,1% v/v Triton X-100 for 5 min., and incubated in 10 mg/mL 

bovine serum albumin and 100 g/mL RNAse for 45 min at room 

temperature.  
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F-actin filaments were stained with Alexafluor-conjugated phalloidin 

(Molecular Probes) for 20 min and nuclei were counterstained with 10 

g/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. 

 

Results 

 

Contact Angle measurements 

 

Table 1 displays the results obtained for volume drops of 2 µL and for 

300 seconds of time of analysis. In this experiment, water and culture 

medium were used to evaluate the contact angles on both surfaces. 

The results indicate that the laser surface treated discs have a lower 

contact angle than the untreated ones, since this parameter is related 

with the increased specific surface area. 

It is important to use as a test liquid not only water but also culture 

medium, since the presence of proteins that are included in the culture 

medium may influence the contact angle, thus influencing cell 

attachment. 

 

Table1- Contact angle measurements for untreated and laser treated surface 
hydroxyapatite discs. 
 

Liquid 
Untreated HA 

disc 

Laser Surface Treated HA 

disc 

Water 90,32 ± 6,75 56,69 ± 8,22 

Cell culture 

medium 
76,60 ± 5,54 62,15 ±6,98 
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AFM characterization of laser-treated and non-treated surfaces 

 

AFM studies were carried out both on laser treated and untreated 

samples with the objective of comparing their surface 

nanotopographies. 

In previous SEM observations [1], columnar structures were observed and 

the general macroroughness morphology was assessed.  

However, with AFM, it was possible to assess nanoroughness at peaks 

and areas of the columnar structure at the surface.  

Analysing these micro and nano surfaces, flat areas in the surface of the 

samples were found and allowed to perform a correct assessment of the 

nanoroughness. 

These areas should be compared to sites of similar size randomly found 

in non-treated samples. The results, shown in figure 1, have indicated 

that while in non-treated samples typical structures of sintered HA 

crystals with well defined grain borders, edges and angles can be 

detected, presenting an homogeneous structure, in the case of the laser 

treated samples, a very “eroded” surface was produced, where flatter 

sites were obtained, as a consequence of the melting and fast cooling 

processes taking place during laser treatment, with larger areas being 

covered by each grain, and loosing the typical appearance of a 

crystalline structure. 
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Figure 1- AFM images of non-treated (A) and laser treated (B) surfaces of 
hydroxyapatite discs. 

 

These results indicate that at a very fine scale, the laser treatment, 

besides inducing macro/micro roughness, also induces very significative 

changes at the nanoscale. 

In fact, while SEM revealed the significant increase in micro roughness 

and consequently of the actual surface area of the samples, the 

nanoscale effect is a flattening of the crystalline topography due to the 

re-melting process. 
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SEM analysis of osteoblast-ceramic interactions 

 

In previous work a homogeneous columnar structure on the discs 

surface was obtained with this type of laser surface treatment [1]. The 

surface of the untreated and laser surface treated discs can be 

visualized in figure 2. 

  
Figure 2- SEM microphotograph of untreated (a) and laser treated hydroxyapatite 
discs (b). 

 

On day 1 of cell culture, the cells attached and started spreading very 

well on both surface samples (figure 3). It may be observed that the cell 

philopodia are extending along the surface in the case of the untreated 

samples (B). 

Besides, the cells are randomly attached to the surface, not showing any 

preference of attachment onto the surface of the discs (data not shown). 

In the case of the laser treated samples, the cells are more spread out 

and flatter and are attaching to the void spaces of the columnar 

structure, adapting their shape. It was also noted that the cells have a 

preference for the laser treated locations moving towards them (data not 

shown). 
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Figure 3- SEM microphotographs of untreated (A, B) and laser treated (C, D) 
surface hydroxyapatite discs on day 1 of cell culture. 

 

At day 3 of cell culture, the surface coverage is much larger on both 

discs than at day 1. The surface is almost totally covered with a 

heterogeneous layer of cells in the case of the untreated discs (figure 4). 

Although in the case of the laser treated samples the cell layer is not so 

dense, the cells do have a location preference being positioned in 

between the cones, connecting them by standing at the void spaces. It 

may be seen that the cells are spreading as much as they can, trying to 

reach several regions of different columns (figures 4C and 4D). 
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Figure 4- SEM microphotographs of untreated (A, B) and laser treated (C, D) 
surface hydroxyapatite discs on day 3 of cell culture. 
 

By day 7 the cells reached confluency in both cases being more 

prominent in the laser treated samples (figure 5). 

The surface of the untreated samples is almost fully covered with no 

significant changes between day 3 and day 7. 

For the laser treated samples, the surface is fully covered with cells 

being unable to distinguish the columnar structure that is characteristic 

to this kind of samples. 
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Figure 5- SEM microphotographs of untreated (A, B) and laser treated (C, D) 
surface hydroxyapatite discs on day 7 of cell culture. 

 

It may be seen that a second layer of cells is starting to be developed on 

the surface (figures 5C and 5D). 

 

CLSM analysis of osteoblast-ceramics interactions 

 

In order to study cell morphology and distribution, detailed views of 

sites at untreated and laser treated hydroxyapatite samples were 

obtained, as seen in figures 6 and 7, respectively. In the case of the 

untreated surface it may be seen that cells are in mitosis state which 

means that on day 1 they are already proliferating. Also, in laser surface 

treated samples there are a few cells dividing but there are a lot of cells 

homogeneously spreading along the surface. 
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Figure 6- CLSM of untreated hydroxyapatite discs for day 1 (A), day 3 (B) and day 7 
(C) of cell culture. 
 

On day 3 it could be seen that the cells reached confluency covering 

almost all the surface available on both samples. 

On day 7 the surface is fully covered with cells on both samples (figures 

6 C and 7 C), being the laser surface treated ones characterized by 

stretched cells (figure 7C). 

In some sites of the discs, the cells are quite compact in the case of the 

untreated samples leaving virtually no free space to allow the other cells 

to stretch. 
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Figure 7- CLSM of laser treated surface hydroxyapatite discs for day 1 (A), day 3 
(B) and day 7 (C) of cell culture. 
 

In contrast on the laser surface HA samples, it can be observed that the 

cells have enough space to stretch and are extending their philopodia 

along the surface, probably inside the columnar surface, as previously 

seen by SEM analysis. 

These observations suggest that the topography of the surface requires 

the cells to adapt their morphology to the substrate architecture as 

already stated in literature [17]. 

Cell morphology plays a critical role in the physiological behaviour of 

cell adherence, spreading and proliferation. 

On smooth surfaces, the proliferation rates are higher as seen in CLSM; 

however its adherence may be weaker. Cell attachment is dependent on 

how cells interact with the substrate. There are a number of mechanisms 

that regulates their interaction with the substrate, from specific binding 



Chapter 6 

96 

of integrins to proteins that may be adhered at the substrate surface (for 

instance, fibronectin), not forgetting also the surface composition and 

chemistry. [17-38] 

In the case of the laser treated surfaces, it could be observed with the 

SEM analysis, that the cells philopodia are strongly bonded to spaces 

between the columnar structures of the surface, implying that the cell 

adherence to this kind of surface is very solid and resistant. 

Even though the layer of the untreated samples is more homogeneous at 

some sites of the disc surface, it is believed that the cell attachment is 

not as strong as for the laser treated samples. This fact can be 

explained since during this study, it could be observed that every time 

that the disc of the untreated samples was moved to a different 

position, a thick layer of cells was removed from its original position. 

This fact reveals that the thick layer of cells present on the untreated 

samples surface is quite fragile and not well adhered to the surface in 

contrast to the laser treated surface samples. 

Even though the cell proliferation in the untreated samples is more 

significant than in the laser treated ones, other parameters may have 

been reduced, for instance alkaline phosphatase specific activity and 

osteocalcin levels, according to specific literature. [17] 

When designing a surface for a bone related biomaterial, it is important 

to have cell adherence and proliferation, but other parameters cannot be 

dismissed, not to risk obtaining biomaterials that may support cell 

attachment and spreading (thus, favouring connective tissue interfaces) 

but not bone formation. [17] 

  

Conclusions 

 

Through this work it was possible to obtain surfaces characterized by a 

homogeneous and reproducible microtopography, microtexture and 

microchemistry. 

Surface topographic changes induced by the laser treatment on HA have 

been of different types when compared at different scales, as they have 
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both produced a major enhancement of the actual surface area, by 

introducing this cone-like topography at micro-scale, while at nanoscale, 

and at the top of the cones, it has produced an eroded like surface 

caused by the re-melting and fast cooling processes, that have made the 

typical homogenous crystal structure of the sintered samples disappear. 

The wettability studies have shown that the laser surface treatment 

induced a reduction in contact angles.  

Additionally, the surface topography is a very important factor since it 

clearly affects cell adhesion, spreading and proliferation parameters as 

seen by the SEM and CLSM analysis. 

As previously described, osteoblasts assume different morphologies 

according to the topographical features of their substrate. 

In the case of the untreated samples, since its surface is quite smooth, 

the cells adopt a fibroblast appearance.  

In the laser surface treated surfaces, the cells were stretched, anchoring 

their long philopodia in the peaks and valleys of the substrate.  

Furthermore, the cells and their philopodia were also infiltrated in the 

voids between the columnar structures, adapting their shape to the 

surface topography, as seen in SEM analysis.  

The results showed that the surface topography of the substrates is 

indeed attractive to cells, since they adhere very strongly to the surface, 

being their philopodia attached between the valleys of the laser induced 

columnar texture. These results are very encouraging and extended cell 

culture periods will be performed as well as more detailed studies 

regarding cell/surface interactions. 
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Abstract 

 

This study concerns the preparation and in vitro characterization of 

functionalized hydroxyapatite (HA) porous scaffolds which are intended 

to be used as drug-delivery systems and bone-regeneration matrices. 

Hydroxyapatite scaffolds were prepared using the polymer replication 

method and, after being submitted to a specific sintering cycle, collagen 

type I was incorporated on the surface. After the coating procedure, 

collagen was crosslinked using the N-(3-dimethylaminopropyl)-N’-

ethylcarbodiimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS) 

conjugation method. In this study, hydroxyapatite scaffolds, 

hydroxyapatite scaffolds with uncrosslinked and crosslinked type I 

collagen were evaluated.  

Cell morphology and deposition of extracellular matrix were assessed by 

scanning electron microscopy, whereas cell distribution was visualized 

by means of methylene blue staining. MTS and total DNA quantification 

assays were used to evaluate the viability and proliferation of human 

bone marrow cells cultured on all the materials for 28 days. Results 

showed that the cells were able to adhere, proliferate and form a 

mineralized matrix on the surface of all the materials. Furthermore, the 

cells were able to spread from one pore to another and form cell 

clusters. The results show that these scaffolds are good candidates to 

serve as drug delivery vehicles and for tissue engineering purposes. 

 

Introduction 

 

Several techniques using calcium phosphates have been developed over 

the years in order to obtain a porous scaffold that combines all the 

requirements necessary for bone tissue engineering.[1-10] 

Despite the classical approaches such as autografts, allografts or 

xenografts, there are well known drawbacks associated to these 

therapies.  
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There is the need to develop a material that can serve as a template for 

cell infiltration, adhesion, proliferation and ultimately provide the 

necessary conditions for bone formation.  

Calcium phosphates have been widely used in several areas of medicine 

over the years. [11-25] Due to its biocompatibility and easy processing, 

hydroxyapatite (HA) is one of the most used calcium phosphates for 

tissue engineering purposes.[1, 3, 14, 21, 26-31] 

On the other hand, the requirement for a three dimensional scaffold led 

to the development of numerous processing techniques such as the 

incorporation of volatile organic particles in HA powders, gel casting of 

foam [32, 33], and replication of a polymer sponge.[34]  

The later method produces highly porous ceramic scaffolds using a 

porous polymer sponge as a template. The scaffolds prepared by the 

polymer sponge replication method have a controllable pore size, 

interconnected pores, and desired geometry.   

Collagen is a major structural protein in the human body and provides 

strength and structural integrity to tissues like skin, bone, tendon and 

cartilage.[35] However to stabilize collagen based materials and to prevent 

a rapid degradation, collagen is frequently crosslinked.  

The crosslinking procedure can be performed using several methods. [36-

38] However, the use of N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide 

hydrochloride (EDC) and N-hydroxysuccinimide (NHS) provide an 

adequate and non-toxic crosslinking.[39-43]  

In this work, porous hydroxypatatite scaffolds were successfully 

produced by the polymer replication method. In order to obtain a 

scaffold with a composition resembling the one of bone, collagen type I 

was incorporated at the hydroxyapatite scaffold pores and crosslinking 

with the EDC/NHS conjugation method was performed in a set of 

samples. Biological response of the scaffolds to human bone marrow 

cells was evaluated.  

For all tested scaffolds, cell adhesion and proliferation were studied by 

means of MTS cytotoxicity assay, DNA quantification, methylene blue 

staining and scanning electron microscopy for 28 days of culture.  
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The results show that the scaffolds present favourable conditions to 

support cell adhesion and proliferation, exhibiting by day 28, deposition 

and subsequent mineralization of a collagenous ECM. 

 

Materials and Methods 

 

Scaffolds preparation 

 

The scaffolds were prepared using polyurethane (PU) sponges kindly 

provided by Recticel (Belgium). These PU sponges were impregnated 

with a ceramic slurry as reported previously. [34, 44] 

Briefly, a ceramic slurry was prepared using several Hydroxyapatite (HA): 

Water: Tensioactive ratios, with 6:4:0,2 being the best ratio. [34, 44] 

The PU sponge was squeezed to remove the excess slurry and submitted 

to the following sintering cycle: heating at 1ºC/min followed by a 1h 

stage at 600ºC; heating at 4ºC/min followed by another stage of 1h at 

1300ºC and then the samples were cooled inside the oven. Afterwards, 

the sponges were cut into 5 mm cubes. 

Type I insoluble collagen (Sigma) was swollen overnight in 0,01M HCl 

(Sigma) at 4ºC. The dispersion was later homogenized (Ultra Turrax T25, 

IKA) and filtered.  

HA scaffolds were impregnated with uncrosslinked collagen (HA COL) by 

applying vacuum as a driving force. To increase the resistance of the 

HA/Collagen composites, collagen was crosslinked by EDC/NHS 

conjugation method (HA COL XL). [39-43] After the modification procedure 

the composites were frozen in liquid nitrogen and lyophilized. The later 

were sterilized by gamma irradiation by exposure to a 60Co source of 

900,000Ci (Gammaster, Ede, The Netherlands) until a total dose of 

25KGy was reached.  The HA scaffolds were sterilized by autoclaving 

(120 ºC during 20 minutes). 
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Cell culture procedures 

 

Human bone marrow cells (HBMC) were obtained from a patient and 

complying with the rules of the ethical committee. 

HBMC were isolated and cultured as follows. Briefly, bone marrow 

suspension was cultured in minimal essential medium (α-MEM, Life 

Technologies), 10% heat-inactivated fetal bovine serum (Gibco), 50 

µg/ml ascorbic acid (Asap, Life Technologies), L-glutamine (Life 

Technologies), 100 U/ml penicillin (Life Technologies), 10 mg/ml 

streptomycin (Life Technologies).  

Cells were grown at 37 ºC in a humid atmosphere with 5% CO
2
. Medium 

was refreshed twice a week and cells were used for further subculturing 

or cryopreservation upon reaching near confluence. Upon seeding, 

cultures were maintained in an osteogenic medium consisting in the 

previous referred medium further supplemented with 10 mM β-

glycerophosphate and 10-8 M dexamethasone.  

Each scaffold was seeded with 100.000 cells/ 100 µL of medium and 

incubated overnight to allow cell adherence, after which 2 mL of 

medium was carefully added. The scaffolds were cultured for 28 days, 

being the culture medium refreshed twice a week. 

At each time point, the samples were treated and cell adhesion, 

distribution and morphology were assessed by cytotoxicity assay (MTS), 

DNA quantification, methylene blue staining and scanning electron 

microscopy (SEM).  

Data are presented as the average of five replicates (mean ± standard 

deviation) and duplicate culture experiments were performed. All assays 

are described in detail below.   

 

MTS cytotoxicity assay 

 

The MTS cytotoxicity assay (Cell Titer 96 Aq Non-Radioactive Cell Assay, 

Promega), an alternative method of the widely used MTT assay, was 

used to screen the viability of the cells cultured on the hydroxyapatite 
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scaffolds. The MTT test, in which the reaction product is water insoluble 

formazan, could not be used because the formed formazan was strongly 

attached to the surface of the scaffolds being impossible to obtain a 

correct measurement.  

In the MTS test, using a novel tetrazolium compound, the reaction 

product formed was soluble in the culture medium. Briefly, the MTS was 

added to the wells and incubated for 3h; the blank used was culture 

medium with MTS and absorbance was measured at 492 nm in an ELISA 

96 well-plate reader. The results obtained were treated and represented 

by their mean value and standard deviation parameters. 

 

Cell proliferation assay 

 

The cell proliferation was assessed by CyQUANT cell proliferation assay 

according to the manufacturer's instructions (Molecular Probes).  

Cell numbers were determined at different times points by incubation 

with CyQUANT dye and fluorescence was measured with filters for 480 

nm excitation and 520 nm emission.  

 

Methylene blue staining 

 

At specific timepoints, the scaffolds were removed from culture, washed 

with PBS and fixed with 1, 5% glutaraldehyde (AGA) in 0,14 M cacodylic 

acid buffer (Sigma) pH 7,3 for 10 minutes. After washing with PBS, the 

samples were immersed in methylene blue staining solution (Sigma) for 

5 minutes and washed carefully several times with PBS. The cell 

adhesion was assessed using a light microscope. 

 

Scanning electron microscopy (SEM) 

 

Hydroxyapatite scaffolds were washed twice with PBS and fixed in 1,5% 

v/v glutaraldehyde in 0,14M sodium cacodylate (pH 7,4) for 30 min at 

room temperature. Dehydration was performed by sequential immersion 
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in serial diluted ethanol solutions of 50, 60, 70, 80, 90, and 100% v/v. 

The samples were kept in absolute alcohol and taken to critical point, 

using CO
2
. The samples were then sputtered with a thin gold film for 

SEM analysis. 

 

Results and discussion 

 

Porosity is an important parameter when designing scaffolds for tissue 

engineering; it is essential for cell infiltration (within the macroporous 

structure) to have adequate conditions for cell migration from one site 

to another. Furthermore, it is also necessary to have sites for cell 

adhesion, enhancing the important role played by porosity (in this case 

microporosity). In figure 1, SEM images of the scaffolds obtained are 

presented. After the impregnation procedure with a ceramic slurry, the 

scaffolds were sintered and highly porous hydroxyapatite scaffolds were 

produced. The collagen type I solution was incorporated within the 

structure and after crosslinking the samples were visualized by SEM 

(figures 1b and c).  

 

   

 

 

 

 

 

 

 

 

 

 

Figure 1- SEM images representing the scaffolds morphology: a) hydroxyapatite, 
b) hydroxyapatite with uncrosslinked collagen and c) hydroxyapatite scaffold with 
crosslinked collagen. (200X) 

 

c) 

a

) 

b) 
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It may be seen that the scaffolds are characterized by a porous 

interconnected structure with macropores and micropores (figure 1). 

Macropore sizes ranging between 100 and 400 µm were observed as 

well as 1 to 10 µm (corresponding to microporosity).   

The incorporation of collagen did not affect the overall structure of the 

scaffolds that presented adequate conditions for cell adhesion and 

proliferation. 

HBMC were seeded on the surface of the materials with an initial density 

of 100.000 cells/scaffold and their metabolic activity was assessed by 

the MTS cytotoxicity assay at specific timepoints (figure 2). 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2- MTS assay performed on hydroxyapatite scaffolds (HA), hydroxyapatite  
scaffold with uncrosslinked collagen (HA COL), hydroxyapatite scaffold with 
crosslinked collagen (HA COL XL) and tissue culture polystyrene (TCPS).  
 

By analyzing the results obtained, one can observe that the cells were 

viable in the presence of all the tested scaffolds. In fact, the viability 

levels were similar among different scaffolds; and did not exert any 

cytotoxic effect on the human bone marrow cells.   

The scaffolds were stained at specific timepoints with methylene blue to 

analyse the cell proliferation and distribution along the scaffold. The 

results are presented in figure 3.   
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Figure 3- Methylene blue stained scaffolds with HBMC at day 1 ( a - c)), at day 7 ( d 
- f)) , at day 14 ( g -  i), at day  21 ( j - l) and at day 28 ( m - o). (50X) 

 

Cell proliferation was evaluated by the total DNA quantification assay 

which is illustrated in figure 4. Cells proliferated during the first two 

weeks of culture, reaching a maximum peak at day 14, continuing 
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during day 21 (on which mineralization takes place), decreasing 

afterwards for all conditions tested at day 28, as expected. 
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Figure 4- DNA quantification assay performed on hydroxyapatite scaffolds (HA), 
hydroxyapatite with uncrosslinked collagen (HA COL), hydroxyapatite scaffold 
with crosslinked collagen (HA COL XL) and tissue culture polystyrene (TCPS).  
 

These results were confirmed by the SEM analysis of human bone 

marrow cells cultured for 28 days on the surface of all scaffolds, which 

are presented in figure 5.  

Cell proliferation on day 1 was extensive in all tested samples, with 

some cells adopting a round shape while others were spread. As from 

day 7 until day 14, cells maintain their flat, well spreaded shape taking 

up all the available pores surface area available and initiating the 

formation of monolayers.  

In addition, cells were able to establish bridges between pores. At day 

21 and 28, respectively, some areas of the pores were filled with dense 

and compact layers of cells.  
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Figure 5- SEM images of the scaffolds with HBMC:  at day 1 (a - c), at day 7 (d - f), 
at day 14 (g - i), at day 21 (j - l) and at day 28 (m - o).  
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Figure 6- SEM images of the scaffolds at day 28 of cell culture with HBMC showing 
the mineralization crystals present on the pores surface: a) 2000x, b) 20000X 

 

The presence of mineral material on the surface of the scaffolds was 

observed at day 28 as it may be seen in figures 6 and 7.  All scaffolds 

exhibited well defined and rounded shape minerals constituted by 

calcium phosphates as analysed by EDS (figure 7). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
Figure 7- SEM image and EDS analysis of the scaffolds with collagen at day 28 of 
cell culture with HBMC showing the mineralization crystals present on the pores 
strut surface. 5000X 
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Conclusions 

 

Currently, there is the need to develop three dimensional materials that 

might support the adhesion and proliferation of cells in order to be used 

for bone tissue engineering. In this work, hydroxyapatite three 

dimensional scaffolds were obtained using the polymer replication 

method. The scaffolds exhibited controllable pore size, geometry and 

interconnected porosity. On the other hand, for bone tissue engineering 

it is important to have a composition as similar to bone as possible, 

therefore, collagen type I was successfully incorporated on the surface 

of the porous hydroxyapatite scaffolds. To avoid fast in vivo resorption, 

the scaffolds with collagen were crosslinked using the EDC/NHS 

conjugation method. 

The porosity of the scaffolds was evaluated by SEM, and it was possible 

to observe the presence of interconnected macropores as well 

micropores.  

Human bone marrow cells were isolated and cultured on the scaffolds 

and their behaviour studied for 28 days in the presence of osteogenic 

medium. The results indicate that the scaffolds are biocompatible and 

cells proliferate in all tested scaffolds as confirmed by MTS and DNA 

quantification assay, respectively. 

The cells proliferated from the periphery throughout the scaffold until 

the other end of the scaffolds was reached as seen by the methylene 

blue staining. The cells migrated also towards the centre of all the 

scaffolds (data not shown). By SEM, it was observed that the cells 

occupied all the available pore surface area, forming dense layers of 

cells as from day 21 onwards.  The formation of well defined minerals 

was also detected at day 28 in all scaffolds. 

The results show that these scaffolds seem promising materials for bone 

tissue engineering and that the incorporation of collagen can be an 

advantage in terms of molecules coupling since it does not affect the 

scaffolds structure and cell adhesion and proliferation. 
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Abstract 

 

During the last decades different materials of both natural and synthetic 

origin have been developed with the aim of inducing and controlling 

osteogenic differentiation of mesenchymal stem cells. In order for that 

to happen it is necessary that the materials to be implanted obey a 

series of requirements, namely: osteoconduction, biocompatibility and 

biodegradability. Additionally, they must be low-priced, easy to produce, 

to shape, sterilize and store. 

Hydroxyapatite is a well known ceramic with composition similar to the 

mineral component of bone and is highly biocompatible and easy to 

obtain and/or process. On the other hand, collagen is the main 

structural protein present in the human body and in bone. However, 

there is the need to improve its mechanical properties and rate of 

degradation when applied to bone tissue engineering, thus leading to 

the employment of crosslinking procedures. Thus, N-(3-

dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC) and N-

Hydroxysuccinimide (NHS) were used as crosslinking agents.  

In this work, highly porous hydroxyapatite scaffolds were produced and 

coated with collagen type I. Scanning electron microscopy was used to 

assess scaffold porosity, cell adhesion and distribution. Furthermore, we 

accessed the in vivo bone forming potential of mesenchymal stem cells 

from two different species seeded on the different scaffolds.  

 

Introduction 

 

During the last years, tissue engineering has emerged as one of the 

most promising areas for treatment of patients that have lost or 

damaged organs or tissues. Its aim has been the development of bone 

inducing therapies using a combination of materials and cells. However, 

a scaffold for bone tissue engineering has to comply to a series of 

requirements, namely: porosity, osteoconduction, biocompatibility, 
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biodegradability and others.[1] Additionally, they should be easy to 

process, produce, store and more importantly, cost effective.  

Ceramic scaffolds have been developed for many years for bone tissue 

engineering as key alternatives to allografts or xenografts. One of the 

most widely used ceramics in this field is hydroxyapatite (HA). This 

ceramic, with a composition similar to bone, has received attention for 

its excellent biocompatibility, relative biodegradability, easy processing 

and osteoconductive properties. [2, 3] 

Additionally, the scaffold architecture has an important function when 

designing an implant for bone regeneration, since it may determine the 

rate and degree of bone ingrowth into the construct. [2, 3] 

Parameters such as macroporosity (which facilitates cell migration and 

enhances nutrient and ion transport); microporosity (to improve bone 

ingrowth due to its high specific area and provides attachment locations 

for osteoblasts) and pore interconnectivity (facilitates bone ingrowth, 

provides volume area necessary for vascularization to occur as well as 

removal of waste products) are crucial. 

On the other hand, collagen is the main structural protein present in the 

human body. The good biological properties of collagen, as well as its 

biocompatibility, biodegradability and easy processing have resulted in a 

frequent use of this protein for biomedical applications. [4, 9]  

Hydroxyapatite is a biocompatible, osteoconductive calcium phosphate 

and can be easily combined with other materials in order to improve its 

properties. The most common examples are hydroxyapatite reinforced 

with synthetic polymers (e.g. PLLA and PGLA) or even hydroxyapatite 

combined with natural polymers (e.g. chitosan and collagen).[10-27] 

However, there is the need to improve collagen mechanical properties 

and rate of enzymatic degradation, thus leading to the employment of 

crosslinking procedures.[4, 28, 29] There are several methods to crosslink 

collagen, but the chemical methods are the most efficient. Agents such 

as glutaraldehyde, formaldehyde and diisocyanates introduce crosslinks 

between two e-amino groups of lysine and/or hydroxylysine residues 

and characterize the chemical crosslinking. Crosslinking of collagen 
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using N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride 

(EDC) and N-Hydroxysuccinimide (NHS) was shown to be non-cytotoxic 

in vitro and its biocompatibility was previously demonstrated. [4, 28-31] 

In order to obtain a scaffold that meets the criteria above described, a 

highly porous hydroxyapatite scaffold was obtained using the polymer 

replication method. [32]  

To improve its biological properties and mimic the bone composition, 

collagen type I was coated onto the surface of the ceramic scaffold. In 

this way, the ceramic scaffold can act as a support template whereas the 

collagen can serve as a promoter of cell adhesion and proliferation. [8, 33] 

The goal of this study was to evaluate the in vivo osteogenic potential of 

mesenchymal stem cells (MSCs) from two different species seeded on 

the different hydroxyapatite based porous scaffolds with collagen type I.  

  

Materials and Methods 

 

Scaffold preparation 

 

The scaffolds were prepared using polyurethane (PU) sponges kindly 

provided by Recticel (Belgium). These PU sponges were impregnated 

with a ceramic slurry as reported previously. [32] Briefly, a ceramic slurry 

was prepared using several Hydroxyapatite (HA):Water:tensioactive 

ratios, with the best ratio being 6:4:0,2. [32] The PU sponge was squeezed 

to remove the excess slurry and submitted to the following sintering 

cycle: heating at 1ºC/min followed by a 1h stage at 600ºC; heating at 

4ºC/min followed by another stage of 1h at 1300ºC and then the 

samples were cooled inside the oven. Afterwards, the sponges were cut 

into 5 mm edge cubes. Type I insoluble collagen (Sigma) was swollen 

overnight in 0,01 M HCl (Sigma) at 4ºC. The dispersion was later 

homogenized (Ultra Turrax T25, IKA) and filtered. HA scaffolds were 

impregnated with uncrosslinked collagen (HA COL) by applying vacuum 

as a driving force.  
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To increase the resistance of the HA/Collagen composites, collagen was 

crosslinked using the EDC/NHS conjugation method (HA COL XL). [4, 30, 31, 

34, 35] After the modification procedure, the composites were frozen in 

liquid nitrogen and lyophilized. The latter were sterilized by gamma 

irradiation by exposure to a 60 Co source of 900,000 Ci (Gammaster, 

Ede, The Netherlands) until a total dose of 25 KGy was reached.  

Biphasic calcium phosphate (BCP) particles were used as control and 

were prepared using the hydrogen peroxide foaming method as 

previously described.[36, 37]  For the preparation of the ceramic, in-house 

made BCP powder was used. Porous green bodies were produced by 

mixing this powder with 2% hydrogen peroxide solution (1 g powder/1,2 

± 0,05 mL solution) and naphthalene particles (100 g powder/30 g 

particles) at 60°C. The naphthalene was then evaporated at 80°C and the 

green porous bodies were dried. Afterwards, the porous bodies were 

sintered at 1300°C for 8 hours. The HA scaffolds and the BCP particles 

were sterilized by autoclaving (120ºC during 20 minutes).  

 

Scaffold characterization  

 

The porous structure of the scaffolds was analyzed by scanning electron 

microscopy, on which prior to observation, the surface was gold 

sputtered (Carringdon) and analyzed on a Philips XL 30 ESEM- FEG. 

 

Cell culture 

 

Six weeks-old male wistar rats were euthanized using CO
2
. Under sterile 

conditions, femurs were removed and placed in culture medium (CM) 

consisting of α-minimal essential medium (α-MEM, Life Technologies, 

Baltimore, MD), 15% fetal bovine serum (FBS, Cambrex, Walkersville, 

MD), 100 U/mL penicillin (Life Technologies), 10 µg/mL streptomycin 

(Life Technologies), 0,2 mM ascorbic acid (Asap, Life Technologies), 2 

mM L-glutamine (Life Technologies) and 10-8 M dexamethasone (Sigma, 

St. Louis, MO). The epiphyses were cut and the diaphyses flushed using 
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a 21-gauge needle connected to a 10 mL syringe filled with the culture 

medium. The cells from two rats were pooled, resuspended and plated 

in four 75 cm2 tissue culture flasks and grown at 37ºC in a humid 

atmosphere with 5% CO
2
. Rat mesenchymal stem cells (rMSCs) were 

isolated by their adherence to tissue culture plastic. After two days, 

medium was changed and non-adherent cells were removed. Medium 

was refreshed twice a week until cells reached confluence. Upon 

confluence, cells were trypsinized with 0,25% trypsin - 1 mM EDTA for 

five minutes at 37ºC and counted. 

Bone marrow aspirates (5-20 mL) were obtained from donors with 

written informed consent. Human mesenchymal stem cells (hMSCs) were 

isolated and proliferated as described previously.[38] Briefly, aspirates 

were resuspended using 20 G needles, plated at a density of 5x105 

cells/cm2 and cultured in hMSCs proliferation medium (PM) consisting of 

α-MEM, 10% FBS, 0,2 mM Asap, 2 mM L-glutamine, 100 U/mL penicillin, 

10 µg/mL streptomycin and 1 ng/mL basic fibroblast growth factor 

(bFGF, Instruchemie, The Netherlands). Cells were grown at 37ºC in a 

humidified atmosphere with 5% CO
2
. After two days medium was 

changed and non-adherent cells removed. Medium was refreshed twice a 

week until cells reached confluence. Cells were then trypsinized with 

0,25% trypsin - 1 mM EDTA for five minutes at 37ºC and counted. hMSCs 

osteogenic medium (OM) was composed of hMSCs proliferation medium 

with 10-8 M dexamethasone. 

 

Cell proliferation assay 

 

To quantify the number of cells on the scaffolds prior to implantation we 

performed a CyQuant DNA assay (Invitrogen). Briefly, the scaffolds 

loaded with cells were gently washed with PBS and lysed using a 0.1% 

Triton X-100 solution in PBS. After sonication the samples were 

centrifuged for 10 minutes at 3500 rpm and 4ºC and the pellet was 

discarded. DNA was quantified using the CyQuantGR dye by measuring 

the fluorescence at 520 nm. 
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Scanning electron microscopy analysis 

 

In order to analyze the distribution of the cells immediately after 

seeding and prior to implantation, the samples were analyzed by 

scanning electron microscopy (SEM). Briefly, the culture medium was 

removed, the samples were washed twice with PBS and fixed with 1,5% 

glutaraldehyde in 0,14 M sodium cacodylic acid buffer at pH 7,3 for 30 

minutes at room temperature.  Dehydration was performed with a series 

of ethanol solutions of increasing concentration beginning with 70% and 

progressing through 80%, 90%, 96% and 100% absolute ethanol. The 

samples were kept in absolute ethanol and transferred to the critical 

point dryer and dried using CO
2
. The samples were gold sputtered 

(Carringdon) and analyzed on a Philips XL 30 ESEM- FEG. 

 

Ectopic bone formation 

 

To evaluate the in vivo bone forming potential of rat and human cells 

seeded on the different scaffolds, 1,5x105 and 2x105 cells in 150 µL of 

medium were seeded onto 5 mm HA scaffolds and 2-3 mm BCP 

particles, respectively. Three particles were used per condition and cells 

were left standing for 4h in 150 µL of medium. After 4h, 2 mL of 

osteogenic medium were added and the cells were grown for 7 days 

prior to implantation. During this period the medium was refreshed 

once.   Six immune-deficient male mice (Hsd-cpb:NMRI-nu, Harlan) were 

anesthetized with  isoflurane. Four subcutaneous pockets were made 

and each pocket was implanted with the three particles loaded with 

cells. The incisions were closed using a vicryl 5-0 suture. After 6 weeks 

the mice were sacrificed using CO
2
 and samples were explanted, fixed in 

1,5% glutaraldehyde (Merck, Rahway, NJ) in 0.14 M cacodylic acid (Fluka, 

Haupphage, NY) buffer at pH 7,3, dehydrated and embedded in 

methylmethacrylate (Sigma) for sectioning. Approximately 10 µm thick 

sections were processed on a histological diamond saw (Leica saw 

microtome cutting system). The sections were stained with basic fuchsin 
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(stains newly formed bone pink) and methylene blue (stains the 

remaining fibrous tissue blue). The HA based and the BCP scaffolds 

remained unstained and appeared black in the sections. At least five 

sections were made from each sample and scanned using a Minolta 

Dimage Scan system. The bone formation was expressed as the 

percentage of bone area relative to the total available pore area. All 

experiments with animals were approved by the local Animal 

Experimental Committee.  

  

Results and discussion 

 

Scaffolds characterization 

 

Scaffolds architecture was observed by SEM as shown in figure 1. The 

HA scaffolds (figure 1a) used in this study were characterized by a 

homogeneous macroporosity with a diameter over 300 µm and 

micropores of 1-10 µm with well established interconnectivity [39]. Upon 

incorporation of collagen no significant changes were observed in terms 

of porosity (Figure 1b). 

In order to observe the presence of collagen on the HA scaffolds, energy 

dispersive spectroscopy (EDS) characterization was performed (figure 2). 

Figure 1- SEM micrographs of the hydroxyapatite (HA) based scaffolds used in the 
study. The figures represent the surface and the microstruture of HA scaffolds 
without collagen (a), and with collagen (b). The HA based scaffolds present 
macroporosity (100-400 µm), microporosity (1 to 10 µm) and interconnected 
porosity.  The incorporation of collagen did not affect the porosity of the 
materials, being the surface characterized by fine collagen coating and spread 
fibers (b).  Scale bar: 60 µm. 

a b 
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The collagen coating was heterogeneous and characterized by a thin 

and dispersed mesh of collagen fibers deposited on the HA surface.  

 

 

 

 

 

 

 

 

 

 

 
Figure 2- SEM micrograph and EDS spectra of the scaffold with collagen.  The 
figure shows the heterogeneous composition of the scaffold, showing HA (green 
box) and collagen (blue box) and their respective EDS graphs. Note the presence 
of the calcium and phosphorous peaks, as expected. After collagen incorporation, 
the coating is characterized by the appearance of the carbon peak. 

 

The Fourier transform infrared spectrometry (FTIR) spectra of the HA 

scaffold with and without collagen type I were obtained and the 

characteristic peaks may be observed in Figure 3. There is a clear OH- 

peak at 3571cm-1, followed by some broad peaks between 2920 and 

2002 cm-1 that may correspond to HPO
4

2- groups as previously reported 

in literature. [40]  

Phosphate υ
3
 bands were identified by two peaks at 1089 and 1037 cm-1, 

whereas the υ
1
 band is present at 960 cm-1. Furthermore, the phosphate 

υ
2
 band was also observed at 473 cm-1 being followed by phosphate υ

4
 

bands at peaks 602 and 504 cm-1, respectively. With the incorporation of 

collagen, the typical amide bands appear at 3426, 1738, 1638 and 1539 

cm-1. 
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Figure 3- FTIR spectra of the HA scaffold with and without collagen. The figure 
shows the presence of the characteristic peaks associated to both hydroxyapatite 
and collagen. Note the appearance of the typical amide bands upon the 
incorporation of collagen at 3426, 1738, 1638 and 1539 cm-1. There is a clear OH- 
peak at 3571cm-1 and characteristic phosphate peaks at 1089, 1037 cm-1 and 960 
cm-1.    

 

Cell number and distribution on the scaffolds 

 

In order to analyze the distribution of the cells in the scaffolds, SEM 

analysis was performed on the scaffolds loaded with cells at day 7. The 

bioceramics loaded with rMSC were removed from culture after seven 

days and their structures were visualised by environmental scanning 

electron microscopy.  

Analyzing figure 4, it can be seen that the cells completely covered the 

external surface of the porous hydroxyapatite structure, illustrating the 

high cell adhesion as it was previously confirmed by methylene blue 

staining (data not shown).  
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Figure 4- ESEM micrographs of rat MSCs seeded on HA scaffolds with collagen at 
day 1. The cells were cultured for 7 days in the presence of osteogenic medium.  
Note that the cells attached and proliferated onto the scaffold pores surface. Scale 
bar: 100 µm. 

 

In the case of HA scaffolds, the cells were well spread and present on 

several areas of the scaffolds whereas on the collagen coated scaffolds, 

the presence of a dense mesh of collagen fibers seemed to obstruct the 

cell migration into the pores. 

 

On the other hand, since the morphology and size of the rat cells is 

different from the human cells (cell morphology more spreaded and 

smaller size cells), it can be assumed that due to this fact the hMSC have 

their access to the pores more restricted. Moreover, the crosslinked 

collagen samples were characterized by a denser mesh of fibers, which 

can be explained due to the crosslinking procedure applied. The control 

samples (BCP particles) showed good cell adhesion and proliferation 

even inside the pores, as previously reported in literature. [36, 37] 

To quantify the number of cells at day 1 (after seeding) and day 7 (prior 

to implantation), and also to estimate the proliferation of the cells along 

the time and between the different constructs, a DNA quantification 

assay was performed (figure 5).  
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Figure 5- DNA assay for rat and human MSCs seeded on the different ceramics.  
Rat and human MSCs were grown during 7 days in vitro in the presence of 
osteogenic medium. A quantitative DNA assay was performed at day 1 and 7 after 
seeding. The difference between rat and human can be explained by the different 
initial cell seeding densities (1,5x105 and 2x105, respectively). 

 

The results showed that there were no differences in cell attachment 

between rMSCs and hMSCs, as it may be seen at day 1.  

Since more hMSCs than rMSCs were implanted, that explains the higher 

values for the DNA assay in the case of hMSCs. Moreover, the 

incorporation of collagen seems to have a negative effect on cell 

adhesion/proliferation in the case of rMSCs. 

In contrast, in the case of hMSCs, the incorporation of uncrosslinked 

collagen seems to have a positive effect on adhesion/proliferation.  

This effect disappears upon crosslinking of the collagen resulting in 

lower amount of DNA when compared to the control.  

 

Prior to implantation (day 7) the results showed a relative difference 

between the number of rMSCs and hMSCs indicating that rMSCs do not 

proliferate at the same rate as hMSCs, when seeded on the scaffolds. 

Moreover, it was observed that the number of cells between HA and HA 

with uncrosslinked collagen were similar whereas for the case of HA 
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with crosslinked collagen there was a decrease in the number of cells. 

This indicates that the negative effect observed at day 1 for rMSCs on 

HA with uncrosslinked collagen was overcome whereas the positive 

effect in uncrosslinked collagen in the case of hMSCs at day 1 

disappears at day 7.  

In both cell types the uncrosslinked collagen produced  a slight decrease 

in cell number both at day 1 and day 7. 

Due to differences in the chemical composition and structure, the 

number of cells between HA scaffolds and BCP were not compared, since 

the later was included in the experiment only as a control. 

 

In vivo bone formation 

 

In order to analyze the in vivo bone forming potential of rMSCs and 

hMSCs seeded on HA scaffolds and HA scaffolds with collagen 

crosslinked or uncrosslinked, the cells were seeded onto the different 

scaffolds and cultured in vitro during 7 days.  

BCP particles were used as a control. After 7 days of in vitro culture in 

the presence of osteogenic medium, the constructs were implanted in 

immuno-deficient mice. Six weeks later the samples were explanted and 

processed histologically. 

After quantifying the amount of bone per scaffold area, a substantial 

difference in newly formed bone between rat and hMSCs was found even 

though initially more hMSCs were seeded on the constructs (Figure 6).  

This can be explained, besides the difference between species which 

consistently results in more bone formed by rMSCs than hMSCs, by 

differences in the differentiation potential between the two cell types. [41]  

Moreover, since rMSCs were exposed to dexamethasone (an osteogenic 

stimulus) immediately after isolation, that might have triggered the cells 

towards the osteogenic lineage, whereas in the case of hMSCs the cells 

were only exposed to an osteogenic stimulus 7 days prior to 

implantation. [41] 
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Figure 6 – In vivo bone formation by rat and human MSCs. Ceramics seeded with 
rat (A) or human (B) MSCs were implanted during 6 weeks in nude mice. The 
constructs were recovered after 6 weeks and stained for newly formed bone with 
basic fuchsin. At least 5 sections per scaffold were imaged and the percentage of 
bone per scaffold area was calculated. Note that in the case of rat MSCs the 
percentage of bone per scaffold area on the HA scaffolds was significantly 
different from the BCP, whereas in the case of human MSCs there was a 
significant reduction in the percentage of bone per scaffold area for HA with 
collagen. 

 

Moreover, comparing the effects of the different scaffolds regarding in 

vivo bone formation, it was observed that in the case of rMSCs the 

presence of collagen does not have any effect when compared to the HA 

scaffold alone. 

Although the chemistry of the two scaffolds differs, we also observed 

that HA scaffolds performed better regarding in vivo bone formation 

than the BCP particles used as control. 

This might be explained by the difference in the number of cells 

between HA and BCP scaffolds if we assume that most of the cells are 

differentiated into the osteogenic lineage and, by doing so, excluding 

the effects of the scaffold on the differentiation of the cells. 
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Figure 7- Representative histological section of the hydroxyapatite scaffold with 
collagen showing newly formed bone (NB) and bone marrow (BM) by rat MSCs 
after 6 weeks implanted in nude mice. The newly formed bone is present in the 
periphery of the scaffold as well as in the pores interior (black arrows). The 
histological sections were stained with fuchsin. Magnification: 40X. 

 

In contrast with rMSCs, it was observed that the incorporation of 

collagen in the HA scaffolds had a slightly negative effect on the in vivo 

bone forming potential by hMSCs. In comparison with the case of rMSCs, 

similar amounts of bone was formed between HA and BCP scaffolds.  

 

Conclusions 

 

In this study, several types of scaffolds for bone tissue engineering were 

evaluated. It was possible to produce scaffolds that met key properties 

that bone tissue engineering scaffolds should exhibit, namely: 

macroporosity, microporosity and pore interconnectivity. Macropores 

with diameter wider than 100 µm were obtained as well as a highly 

defined microporosity, with pores ranging from 1 to 10 µm. 

Interconnected porosity was also achieved as observed by SEM and 

confirmed by other techniques such as µ-CT. [39] 

Analyzing the bone forming ability of cells seeded on the different 

scaffolds it was observed that relevant amounts of bone were formed, 

regardless the presence of collagen, for rMSCs. In the case of hMSCs, it 
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was found that the HA scaffolds performed as well as the control 

scaffold (BCP). Nevertheless, the presence of collagen had a slight 

negative effect on in vivo bone formation, independently of the 

crosslinking process. 
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Abstract 

 

Currently, in bone tissue engineering research, the development of 

appropriate biomaterials for the regeneration of bony tissues is a major 

concern. One of the strategies is the use of three dimensional porous 

scaffolds that can provide a physical support for cell attachment, 

proliferation, nutrient transport and new bone tissue infiltration. Bone is 

composed of the structural protein, collagen type I, on which calcium 

phosphate crystals are enclosed. Collagen type I constitutes an attractive 

substrate for cell adhesion and proliferation and has a great affinity for 

binding molecules of interest like growth factors. Hydroxyapatite is a 

well known biocompatible calcium phosphate, widely used in dentistry 

and bone tissue engineering.  In this work, three dimensional porous 

hydroxyapatite scaffolds were produced and coated with collagen type I. 

Since collagen’s degradability can be considered as a drawback for its 

use in bone tissue engineering, crosslinking using N-(3-

dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC) and N-

hydroxysuccinimide (NHS) was employed as an efficient and non-toxic 

crosslinking method in this research. Furthermore, collagen has a high 

affinity for growth factors indicating that this system could be used as a 

delivery vehicle. With the incorporation of heparin, sustained delivery of 

growth factors of interest could be achieved, such as bone 

morphogenetic proteins (BMP’s). In this work, we describe our current 

research on the production and characterization of highly porous 

hydroxyapatite scaffolds with surfaces that were coated with collagen or 

collagen/ heparin conjugate. In addition, BMP-2 binding and release of 

non-heparinized and heparinized scaffolds was assessed.  
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Introduction 

 

The current strategies capable of repairing and/or substituting damaged 

or lost bone tissue consist of using autografts and allografts.  

However, these options bring some disadvantages, namely, tissue 

availability, transmission of diseases and donor morbidity.[1] 

Consequently, different approaches are required, including the 

development of alternative therapies for the repair/substitution of 

damaged bone tissue. Bone tissue engineering is a promising area that 

aims at developing implants specifically through the use of scaffolds 

that are combined with the appropriate cells. 

To be used as a scaffold, a 3D structure must meet some criteria. First, 

the scaffold must have an adequate macroporosity to allow cell 

migration. Second, the scaffold should present microporosity thereby 

creating locations for cell attachment. Another requirement is the 

presence of interconnected porosity, providing conditions for nutrient 

transport, tissue infiltration and vascularization. Several materials may 

be used as scaffolds namely, polymers, glasses and calcium phosphates, 

being the latter a very interesting choice. On the other hand, since these 

materials will be in contact with cells, it is important to choose a 

scaffold material that facilitates cell adhesion, differentiation and assist 

the formation of new bone tissue. In order to provide these conditions 

to cells, the scaffold material is preferably similar to the natural bone’s 

composition. Given that the mineral phase of bone is mainly constituted 

by calcium phosphate crystals, hydroxyapatite is then one of the most 

employed ceramics for maxilo-facial, dentistry and orthopaedic 

applications. [1] Hydroxyapatite (HA) is biocompatible, osteoconductive 

and can be easily combined with other materials. The most common 

examples are hydroxyapatite associated with synthetic polymers (PLLA, 

PGLA, etc.)[2-6], or even nanohydroxyapatite combined with natural 

polymers (chitosan, collagen). [7-10] 
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Collagen is the most important structural protein present in bone. 

Collagen as a biomaterial is widely used in the form of gels, powders or 

films. 

However, due to its degradation rate, crosslinking must be applied to 

overcome its fast resorption in vivo. In order to do that, several 

crosslinking agents can be applied, being glutaraldehyde one of the 

most common. Although glutaraldehyde is considered to be a toxic 

crosslinking agent, it is still one of the most widely applied. Recently the 

use of N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride 

(EDC) and N-hydroxysuccinimide (NHS) has proven an  effective non-

toxic collagen crosslinker [11-13]  and was used in the production of 

collagen scaffolds.[11, 12, 14-17] In addition, collagen based systems can also 

be used as carriers for the delivery of molecules of interest such as bone 

morphogenetic proteins (BMP’s), vascular endothelial factors (VEGF’s), 

etc.[18, 19] 

Heparin is well known for its affinity to bind to certain proteins, namely 

collagen and growth factors. Coating heparin onto a surface of a 

biomaterial can result in the development of a localized drug delivery 

system, capable to perform a sustained release of growth factors, or 

other important molecules. [14, 20-23] 

One important aspect in the development of bioengineered tissue is 

vascularization.[14] The use of growth factors such as bone 

morphogenetic proteins (BMP’s) have a great influence in promoting 

newly formed bony tissue. On the other hand, heparin has great binding 

affinity to these factors and can promote its sustained release. [12, 14, 16, 18, 

19] 

Nevertheless, when designing a scaffold for bone tissue engineering, 

collagen/heparin systems are not the best proposition due to their low 

mechanical strength. [12, 14, 16] 

In this work, highly macroporous hydroxyapatite scaffolds were 

produced and collagen type I was deposited on the pores surface. The 

EDC/NHS crosslinking method was then applied to stabilize the collagen 

coating. Additionally, heparin was successfully conjugated to the 
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collagen, and BMP-2 binding and release of non-heparinized and 

heparinized scaffolds was also evaluated, showing the potential of this 

composite to be used not only as a bone regenerating tissue scaffold, 

but as a localized drug delivery system for the sustained release of 

growth factors. 

 

Materials and Methods 

 

Sample Preparation 

 

The scaffolds were prepared using polyurethane sponges kindly 

provided by Recticel (Belgium). These polyurethane sponges were 

impregnated with ceramic slurry as reported previously. [24] Briefly, a 

ceramic slurry was prepared using a mixture of hydroxyapatite (Plasma 

Biotal, P120), water and surfactant (LM-3, NeoDisher), in a ratio of 6 to 4 

to 0,2 (w/w).  

The polyurethane sponge was squeezed to remove the excess slurry and 

submitted to the following sintering cycle: heating from 20 ºC to 600 ºC 

at 1 ºC/min followed by 1h at 600 ºC; heating from 600 ºC to 1300ºC at 

4 ºC/min followed by 1h at 1300 ºC. Then the samples were slowly 

cooled inside the oven. Afterwards, the sponges were cut into 5 mm 

edge cubes.  

Bovine Achilles tendon collagen type I from Sigma-Aldrich was swollen in 

hydrochloric acid (0,01M) overnight at 4 ºC. The slurry was shredded for 

10 min at 9500 rpm using an Ultra-Turrax T25. The temperature was 

kept below 4 ºC. The resulting mixture was filtered using a 74 µm filter 

(Bellco Glass Inc.) to give a homogeneous collagen dispersion. 

Collagen films were prepared by casting the collagen dispersion onto a 

PTFE surface using a casting knife.  After drying at room temperature, a 

collagen film with a thickness of approximately 50 µm was obtained. 

The hydroxyapatite scaffolds were impregnated with the collagen 

dispersion by applying vacuum as a driving force.  
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Collagen crosslinking 

 

The collagen in the scaffolds was either crosslinked with glutaraldehyde 

(Aga) or with a mixture of N-(3-dimethylaminopropyl)-N’-

ethylcarbodiimide hydrochloride (EDC, Fluka) and N-hydroxysuccinimide 

(NHS, Fluka) as described previously. [15-17] 

For collagen dispersions and films, the crosslinking procedure applied 

was the same. Due to the fact that collagen assays (denaturation 

temperature and free amino group content) could not be performed on 

the collagen coating present in the scaffolds, they were performed on 

collagen films and dispersions prepared from the same collagen starting 

material. 

For glutaraldehyde crosslinking, 5 mL of a freshly prepared collagen 

dispersion was added to a mixture of 190 mL of PBS (phosphate 

buffered saline buffer, pH 7,4, Sigma) and 5 mL of glutaraldehyde (10% 

v/v) solution and the resulting mixture was gently shaken for 2 h at 

room temperature. Afterwards, the crosslinking solution was removed 

and the samples were rinsed with tap water (15 min), 4M NaCl (30 min) 

and demineralized Millipore water (2 times for 30 min), respectively. 

After the washing, the samples were frozen with liquid nitrogen and 

freeze dried. 

Crosslinking of collagen present in the scaffolds by the activation 

method using EDC and NHS was performed by first equilibrating the 

samples in a buffer of 2-morpholinoethane sulfonic acid (MES buffer, 

0,05M, pH=5,40, Sigma) for 30 min.  

To a solution of 3,766 g of heparin in 188,3 mL of MES buffer were 

added 0,433 g of EDC and 0,157 g of NHS. The films were then 

incubated in this preactivated solution for 2 h to afford both 

crosslinking and heparin immobilization. Afterwards, the samples were 

removed and placed in a PBS solution for 2 h to stop the immobilization 

reaction. The samples were then washed with 2 M NaCl (6 times for 4 h), 

4 M NaCl (4 times for 6 h), and distilled water (3 times for 8 h), 
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respectively. Samples were then frozen with liquid nitrogen and freeze 

dried for 48 h. 

 

Scanning Electron Microscopy (SEM) 

 

The samples were partially immersed in resin and gold sputtered. 

Scanning electron microscopy was carried out using a JEOL JSM 6301F 

microscope.  

 

Differential Scanning Calorimetry (DSC) 

 

The denaturation temperature of non crosslinked and crosslinked 

collagen was measured using a Perkin Elmer DSC7 DSC apparatus. The 

samples (with a dry weight between 3 and 5 mg) were incubated 

overnight in 50 µL of phosphate buffered saline solution (PBS) before 

measurement. The samples were heated from 20 ºC to 90 ºC at a rate of 

5 ºC per minute. A sample containing 50 µL of PBS was used as a 

reference. The maximum of the endothermic peak was taken as being 

the denaturation temperature.  

 

Determination of free amino groups (TNBS) 

 

The free amino groups content of native and cross-linked samples was 

determined using the 2,4,6-trinitrobenzenesulfonic acid (TNBS, Fluka) 

assay. [15-17] 

Samples of freeze dried collagen fibrils or films of 3-5 mg were 

incubated for 30 min in 1 ml of a 4 wt % solution of NaHCO
3
. To this 

mixture, 1 ml of a freshly prepared solution of TNBS (0,5 wt %) in 4 wt % 

NaHCO
3
 was added. The resulting mixture was incubated for 2 h at 40 

ºC. After the addition of HCl (3 ml, 6 M), the temperature was raised to 

60 ºC. Solubilization of collagen was achieved within 90 min. The 

resulting solution was diluted with 5 ml Millipore water and cooled to 
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room temperature.  The absorbance at 420 nm was measured using a 

Varian Cary 300 Bio spectrophotometer.  

A blank was prepared applying the same procedure, except that HCl was 

added before the addition of TNBS. The absorbance was correlated to 

the concentration of free amino groups using a calibration curve 

obtained with glycine.  The free amino group content was expressed as 

the number of free amino groups per 1000 amino acids (n/1000). 

 

Alcian Blue Staining 

 

Alcian blue is a group of polyvalent basic dyes that are water soluble.  

This stain solution was used to visualize the immobilized heparin in the 

crosslinked collagen samples. Samples were incubated in an acetic acid 

solution (3% v/v, pH 2,5) for 3 min, being subsequently transferred to 

the Alcian Blue staining solution (Sigma), where they remained for 30 

min. Samples were then washed with Millipore water four times for 15 

min.  

 

Toluidine Blue  

 

The heparin content of the collagen films was determined using a 

colorimetric method based on binding of toluidine blue. Samples were 

incubated in a toluidine blue solution (0,15 mg/mL, Fluka) and the 

decrease in absorption of the toluidine solution was measured at 630 

nm. To quantify the immobilized heparin content on the collagen films, 

1 mg of sample was incubated in 0,5 mL of water and 0,5 mL of 

toluidine blue solution (0,15 mg/mL) for 24 h.  

Next, 1 mL of cyclohexane was added and the mixture was thoroughly 

vortexed. The mixture was left to rest, in order to allow the phases to 

separate. The upper layer was then removed, and 0,3 mL of the lower 

phase were re-suspended with 3 mL of water and the absorbance was 

measured at 630 nm. A calibration curve was prepared with known 

concentrations of heparin and its absorbance was measured. 
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BMP-2 binding 

 

BMP-2 (Source Company, 5 µg in 100 µl of 1% bovine serum 

albumin/phosphate buffered saline (BSA/PBS)) was loaded onto the 

surface of all porous scaffolds: hydroxyapatite (HA), hydroxyapatite with 

collagen (HA COL XL) and hydroxyapatite with collagen and heparin (HA 

XL Hep) using vacuum as a driving force. The samples were kept at 4ºC 

overnight before incubation with 1mL of release medium (1% bovine 

serum albumin/phosphate buffered saline (BSA/PBS). The release 

medium was collected and replaced with fresh one at specific time 

points: 1h, 6h, 12h, 24h, 48h, 72h, 96h, 120h and 168h.  

All collected solutions were stored at -20ºC until their concentration was 

analysed by means of enzyme linked immunoabsorvent assay (ELISA). 

The ELISA procedure was adapted from Human BMP-2 Quantikine ELISA 

kit (DBP200, R&D Systems) for human BMP-2. A monoclonal antibody 

specific for BMP-2 was used as capture antibody and a substrate solution 

was used as detection antibody. The samples were then read in a ELISA 

plate reader (ELX 808, Biotek Intrusments, Inc.) at 450 nm with a 

wavelength correction set to 540 nm. 
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Results and discussion 

 

In the design of scaffolds for tissue engineering, an important criterium 

is the porosity of the scaffold. In order for cells to be able to migrate 

from one location to another, adequate size macroporosity must be 

present. Furthermore, the scaffold needs to provide locations for cells to 

properly adhere and for that reason, microporosity plays an important 

role as well.  

Nevertheless, one of the most important requirements is 

interconnectivity. Without adequate pore interconnectivity, the cells 

would be unable to migrate from the scaffold periphery to its centre; 

transport of nutrients would not occur, and vascularization would not be 

possible. 

In figure 1, SEM images of a hydroxyapatite scaffold obtained by the 

replication method are presented. In the replication method, 

polyurethane sponges were impregnated with ceramic slurry. The 

polyurethane/hydroxyapatite composite was submitted to a sintering 

cycle to remove the polyurethane, leaving a highly porous 

hydroxyapatite scaffold. 

 

     

Figure 1- SEM images of the hydroxyapatite scaffold showing macroporosity and 
interconnected porosity (a). Detailed view of the pore strut surface on which 
microporosity can be observed (b).  

 

The SEM images presented in figure 1 clearly show that the obtained 

scaffold meets the criteria regarding porosity mentioned above.  

a b 
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The surface offers sites for cell attachment (figure 1B), and contains 

macropores (with diameters ranging 300 µm), which are completely 

interconnected throughout the scaffold, leading to a high 

interconnectivity (figure 1A).  

From this analysis and previous performed µ-CT measurements [25], it 

may be concluded that the scaffold meets the required criteria for bone 

tissue engineering applications in terms of porosity.  

To improve cell adhesion, a collagen type I coating was added to the 

scaffold surface. This was done by incubating the scaffolds in a 

suspension of collagen fibrils.  

These fibrils were either non crosslinked or crosslinked prior to the 

incubation step using different crosslinking techniques. Because the 

effects of crosslinking on the properties of collagen coating were 

difficult to determine, thin films were prepared of the same material and 

subsequently analyzed. Using DSC, the denaturation temperature of 

collagen non-crosslinked and collagen crosslinked with either 

glutaraldehyde or EDC/NHS method was determined and the results are 

shown in table 1. 

The free amino group content (lysine, hydroxylysine residues) of the 

collagen materials decreased upon crosslinking. For glutaraldehyde 

treatment the values are somewhat lower than found upon crosslinking 

using EDC/NHS activation. 

These results are commonly observed in collagen crosslinking using 

these methods. Despite this, the shrinkage temperature measurements 

show that there is only a slight difference between glutaraldehyde and 

EDC/NHS values, indicating that EDC/NHS is a viable alternative as a 

non-toxic crosslinker, as reported in the literature. [15-19]  

DSC measurements were also performed (Table 1) showing that, the 

incorporation of heparin did not interfere with the shrinkage 

temperature of the developed system. 
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Table 1- Denaturation temperatures and free amino groups of (non) crosslinked 
collagen and collagen heparin conjugates.  

 

The collagen coating present in the porous hydroxyapatite scaffold 

before and after crosslinking was visualised by SEM and representative 

images are presented in figures 2 and 3.   

It can be seen that the incorporation of collagen (native and crosslinked) 

in the structure of the porous hydroxyapatite scaffold does not alter 

significantly the scaffold’s porous inner structure. 

 Denaturation 

Temperature 

(º C) 

Free amino 

groups 

(n/1000) 

Heparin content 

(µg/mg) 

Uncrosslinked 

Collagen 
59 ± 1 23 -- 

Collagen 

Crosslinked with 

Glutaraldehyde 

78 ± 1 8 -- 

Collagen crosslinked 

with EDC/NHS 
75 ± 1 12 -- 

EDC/NHS 

Crosslinked collagen 

with heparin 

75 ± 5 -- 16 ± 1 

Non-crosslinked 

collagen with 

heparin 

-- -- 12 ± 1 
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Figure 2- SEM images of the hydroxyapatite scaffold coated with non-crosslinked 
collagen. (a) The pore surface has a compact collagen coating whereas at higher 
magnification (b) it is possible to see how regularly the collagen fibers are 
distributed. 

 

      

Figure 3- SEM images of the hydroxyapatite scaffold coated with EDC/NHS 
crosslinked collagen.  (a) The pore surface is characterized by a fine collagen 
coating and at higher magnification (b) the heterogeneous collagen distribution 
may be seen. 

 

Heparin was then incorporated in the composite to improve 

biocompatibility and also to study the possibility of carrying other 

heparin-binding molecules to be used for controlled and sustained 

release. 

In order to carry out a qualitative and quantitative analysis of the 

heparin present in the composite, Alcian Blue Staining and the Toluidine 

Blue assays were performed on films prepared from collagen-heparin 

conjugates. 

Since the composites were coated with a thin film of collagen and some 

assays require critical collagen content, the assays were on collagen-

heparin films. 

a b 

a b 
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Figure 4- a) Digital photos of the non-crosslinked collagen films with heparin, b) 
crosslinked collagen films with heparin, b) detail of the crosslinked films with 
heparin. 

 

In table 1, it may be seen that the amount of heparin retained is higher 

than the one present in the non-crosslinked collagen system. 

Furthermore, the distribution of heparin throughout the collagen film is 

more homogeneous in the crosslinked system than in the non-

crosslinked system, being the latter characterized by a heterogeneous 

distribution (figure 4). 

BMP-2 (5 µg in 100 µl of release medium) was loaded in hydroxyapatite 

scaffolds, with collagen and heparin and its cumulative release profile 

evaluated (figure 5).  

The samples were collected at specific time points and their 

concentration measured by means of ELISA.   

For all tested samples, it can be seen from figure 5 that the cumulative 

release profile consists of two phases: an initial burst release occurring 

during the first 24h and then a linear and progressive release phase for 

the rest of the time course (48h until 168h).  

The cumulative release profiles show that the collagen and collagen 

heparin conjugates gave a reduced initial burst and subsequent slow 

release of the growth.  

The hydroxyapatite samples gave a high growth factor release in the 

first hour. 

In order to estimate the amount of non released BMP-2, the remaining 

BMP-2 present in the scaffolds was also determined. 

a) b) 
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The scaffolds were kept after the experiment, crushed and their 

supernatant removed and the concentration was determined by means 

of ELISA (figure 6). 
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Figure 5- BMP 2 cumulative release profiles of all the tested samples: 
hydroxyapatite scaffold (♦♦♦♦), hydroxyapatite scaffold coated with collagen (����) and 
hydroxyapatite scaffold coated with collagen/ heparin conjugate (����). 

 

By analysing figure 6, it can be seen that a higher amount of BMP-2 was 

retained by the collagen/heparin coated samples than by the non-

modified material.  

This fact also supports the cumulative release profile obtained, that 

showed a slower release of the growth factor at all time points evaluated 

(1h until 168h) in the case of heparin containing samples. 



Chapter 9 

158 

0

200

400

600

800

1000

1200

1400

HA HA COL XL HA XL HEP

BM
P-
2
 r
et
ai
n
ed
 (
p
g
/m

L)

 

Figure 6- Concentration of BMP 2 retained in all the tested samples: 
hydroxyapatite scaffold (HA), hydroxyapatite scaffold coated with collagen (HA XL 
COL) and hydroxyapatite scaffold coated with collagen/ heparin conjugate (HA 
COL HEP). 

 

Conclusion 

 

Several attempts have been made to develop alternative crosslinking 

methods for collagen, since glutaraldehyde is considered a toxic agent. 

Collagen crosslinking using EDC and NHS has proven to be an efficient 

and non-toxic crosslinking method. 

In this work, non-crosslinked collagen and glutaraldehyde crosslinked 

collagen were used as references. In order to characterize the shrinkage 

temperature and the crosslinking density, differential scanning 

calorimetry and free amine groups quantification methods were used, 

respectively. 

DSC results showed that the collagen crosslinking with EDC/NHS is very 

efficient and proved to be almost as effective as glutaraldehyde. 
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The TNBS assay results indicate that the EDC/NHS crosslinking density is 

relatively close to that of glutaraldehyde crosslinking (table). These 

results are in agreement with the literature.[15] 

With the replication method it is possible to produce macroporous 

structures. Interconnective macroporosity and microporosity were well 

evident, as shown in SEM images. The mechanical properties of these 

scaffolds produced by the replication method were also evaluated 

(manuscript in preparation) and for hard tissue engineering these can be 

improved by repeated calcium phosphate slurry impregnation, thus 

leading to increased thickness of the pores struts.  

The deposition of collagen in the pores surface allowed having a coating 

that was not changed during the following crosslinking step with 

EDC/NHS.  

The pore size was not significantly altered after crosslinking and round 

pores were observed in both cases. 

The addition of heparin to the hydroxyapatite/collagen composite is an 

important factor since it allows for the incorporation of growth factors 

and their sustained release.[16]  

The collagen coating was chemically treated with EDC and NHS in the 

presence of heparin in order to covalently bind heparin.  During the 

crosslinking procedure, an amine group of the collagen molecule reacts 

with a carboxylic group of heparin and the degree of the crosslinking 

was analysed by the quantification of the remaining free amino groups 

(TNBS assay). 

The heparin incorporated in the coating was characterized by qualitative 

and quantitative methods, namely the Alcian Blue staining and the 

Toluidine Blue assay. Furthermore, DSC tests were performed on the 

heparin/collagen system (table 1). As observed in the DSC results, the 

shrinkage temperature of the crosslinked collagen/heparin is quite close 

to that of the crosslinked collagen, showing that there is no significant 

change in terms of stability of the collagen. 

Furthermore, it was seen that in the crosslinked and heparinized films 

the heparin was homogeneously distributed along the surface, whereas 
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in the non-crosslinked films the heparin was dispersed in small clusters 

along the film surface. This indicated that the crosslinking step is a very 

important parameter since it influences the distribution of the heparin 

along the film. In addition, it was possible to quantify the heparin 

content present in the system with the toluidine blue assay. 

These results indicate that higher amounts of heparin are retained in the 

crosslinked system than in the non-crosslinked system, as expected, 

and confirmed by the alcian blue staining assay. 

In this work, coating of the hydroxyapatite scaffolds with a collagen 

heparinin conjugate led to a higher quantity of retained BMP-2 compared 

with non-modified collagen and hydroxyapatite alone. This could be due 

to stronger binding of BMP-2 to heparin compared with collagen, as it is 

known that BMP-2 contains a binding site for heparin. 

The retarded release of BMP-2 from heparinized collagen scaffolds was 

characterized by a reduced initial burst release phase followed by a 

controlled and prolonged release of the growth factor when compared 

to the other samples.  

Interestingly, the release of BMP-2 from a collagen coating shows a 

similar profile with a slightly higher burst release compared tot the 

collagen/heparin conjugate coating. 

These results demonstrate that EDC/NHS is an efficient, non-toxic 

crosslinking method and that the successful incorporation of heparin in 

the composite is an important asset to consider, when designing a 

scaffold for tissue engineering applications.  

This system also offers the possibility of incorporating important 

heparin binding molecules such as growth factors (BMP-2), thus, 

resulting in an important vehicle for a sustained, localized release. 
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Abstract 

 

When designing biomaterials for tissue engineering, namely for 

repairing critical size defects, there is the need to accelerate the 

remodelling process. A well vascularized network is essential for 

nutrient transport and cell delivery, thus contributing for bone 

formation. Angiogenesis, the process responsible for the growth of new 

blood vessels from pre-existing ones, should be considered as an 

important parameter. One of the most well accepted models, the chick 

embryo chorioallantoic membrane assay (CAM), was used to evaluate the 

angiogenic potential of 3D macroporous scaffolds based on 

hydroxyapatite/collagen type I modified with heparin.  

The scaffolds were produced using the replication method. Polyurethane 

sponges were used as a template and impregnated with a ceramic slurry 

composed by hydroxyapatite (HA), water and surfactant. After sintering, 

collagen was incorporated.  

To increase the resistance, collagen was crosslinked by EDC/NHS 

conjugation method and heparin was added.  

In this study, VEGF (vascular endothelial growth factor) release from the 

HA, HA/collagen and HA/collagen/heparin composites was investigated 

during 7 days. 

In order to investigate the angiogenic potential of all the scaffolds, the 

CAM assay was used as a model. VEGF loaded scaffolds and controls 

were placed on the CAM on day 7, sealed and returned to the incubator. 

On day 10, images were captured using a light microscope.  

The VEGF loaded scaffolds performed better than the scaffolds alone, as 

expected. The later are characterized by a non-organized blood vessel 

network whereas VEGF loaded possess a structured and similar network 

to the control samples. 
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Introduction 

 

The success of a developed biomaterial is not only dependent on the 

growth and functioning of the tissue specific cells on the biomaterial 

itself but also on its ability to provide conditions for adequate 

vascularization when implanted.  

The process of vascularization involves angiogenesis; the formation of 

new blood vessels that spread through the implant material and supply 

the existing cells the necessary nutrients to survive. [1] 

Even though angiogenesis is an important requirement nowadays in 

tissue engineering, it is usually considered to be only a small element, 

since the prime goal is the need to replace diseased or damaged tissues 

using a matrix or scaffold within which cells are attached, grown and 

guided towards the regeneration of new tissue. [2, 3]  

Nevertheless, angiogenesis is a parameter that should be studied 

carefully. Biomaterials designed for tissue engineering purposes, such 

as porous scaffolds or gels, are required to be non-toxic and to display 

the appropriate biocompatibility characteristics. The intrinsic angiogenic 

properties of a scaffold should therefore be assessed using an adequate 

model for the study of angiogenesis.  

Angiogenesis is a multifactor process, which is regulated by a number of 

factors, one of the most important being the vascular endothelial growth 

factor (VEGF). VEGF stimulates the activation of endothelial cells that 

initiate the degradation of their surround basement membrane by 

releasing matrix metalloproteinases (MMPs). Consequently, the 

endothelial cells proliferate and migrate towards the interstitium, where 

new capillary buds and sprouts are formed. [4] 

A number of growth factors known as heparin-binding factors- among 

these VEGF- interact with heparin-like domains of heparin sulphate 

proteoglycans on cells surfaces, in the ECM and basement membranes. 

This interaction is important for the storage, release and stabilization of 

these growth factors.[5] 
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The Chick Chorioallantoic Membrane (CAM) assay is currently one of the 

most widely used assays to assess angiogenesis. [5-15]  

In comparison to other animal models there is no need for a high level 

of technical skill and the low cost using the CAM assay is also an 

advantage when compared to the skin windows and rat aorta models of 

angiogenesis. [10, 16-20]  

The CAM of the developing chick embryo is an extra embryonic 

membrane mediating gas and nutriment exchanges until hatching. Since 

the CAM has a very dense capillary network, it is commonly used to 

study in vivo new vessel formation. 

The chick embryo development lasts for 21 days before hatching and 

the 21-day incubation period corresponds to 46 stages, known as the 

HH stages, which are not uniformly distributed over the time of 

development.  

However, in most studies on DDS, a different classification is followed: 

the first day of incubation is considered as the first day of embryonic 

development, termed as embryo development day (EDD).  

Three extra embryonic membranes protecting and nourishing the 

embryo are formed during development: the yolk sac membrane, the 

amnion, and the CAM. The latter is a transparent and highly 

vascularized membrane, formed during the EDD 4 to 5 by the fusion of 

the mesodermal layers of both the allantois and the chorion, resulting in 

a highly vascularized mesoderm composed of arteries, veins, and an 

intricate capillary plexus (Figure 1).  

Rapid capillary proliferation continues until day 11. The mitotic index 

then dramatically decreases and growth rate stays minimal. The vascular 

system of the chick embryo attains its final arrangement on day 18, just 

before hatching. The main function of the CAM is to serve as the 

respiratory organ for the embryo. [14] 
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 Figure 1- Chick embryo chorioallantoic membrane (CAM). Adapted from Vargas et 
al. [14] 
 
a) CAM image taken from the top of the egg after opening the eggshell at day 10 
of incubation. 
b) Localization of the CAM (in red) around the embryo and in direct contact with 
the eggshell at day 12 of incubation. c) Illustration of a cross-section of the CAM 
at day 10–12 of incubation. 1: chorionic epithelium; 2: mesoderm with blood 
vessels depicted in red; 3: allantoic epithelium. 

 

In order to enhance vascularization in scaffolds, several strategies may 

be employed, namely the development of specific scaffold design and 

incorporation of growth factors. In this study, VEGF was incorporated 

onto hydroxyapatite/collagen scaffolds with heparin and their 

angiogenic potential assessed. The growth factor release profile of all 

the scaffolds was studied before the implantation.  

 

Materials and methods 

 

Sample Preparation 

 

The scaffolds were prepared using polyurethane sponges as a template. 

These polyurethane sponges (with an average pore size of 200 µm), 

kindly provided by Recticel (Belgium), were impregnated with ceramic 

slurry as previously reported. [21, 22] 

The hydroxyapatite powders (P120, Plasma Biotal) were sieved until a 

particle size smaller than 75 µm was achieved. Afterwards, a ceramic 

slurry composed by hydroxyapatite (g), water (mL) and surfactant (mL, 
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LM-3, Neodisher) was prepared. Several composition ratios were 

impregnated onto the polyurethane sponges and the 6 g (HA):4 mL 

(H
2
O): 0,2 mL (tensioactive) ratio was considered as the best scaffold 

produced due to its adequate strength to withstand manipulation. The 

polyurethane sponge was squeezed to remove slurry excess and treated 

according to the following sintering cycle: heating at 1ºC/min followed 

by a 1h plateau at 600ºC ; heating at 4ºC/min followed by another 

plateau of 1h at 1300ºC. Then, power was turned off and the samples 

were allowed to cool inside the furnace for 24h. Next, the scaffolds were 

cut into 5mm cubes with a sharp razor. 

Type I insoluble collagen (Sigma) was swollen overnight in 0,01 M HCl 

(Sigma) at 4ºC. The dispersion was later homogenized (Ultra Turrax T25, 

IKA) and filtered.  HA scaffolds were impregnated with uncrosslinked 

collagen (HA COL) by applying vacuum as a driving force. To increase 

the resistance of the HA/Collagen composites, collagen was crosslinked 

by EDC/NHS conjugation method (HA COL XL). [23-27] 

The scaffolds were incubated in MES buffer (0,05 M, pH 5.60) for 30 

minutes. A solution containing 3,766 g of heparin in 188.3 mL of MES 

buffer was prepared and 0,433 g of EDC and 0,157g of NHS were later 

added. The scaffolds were then incubated in this preactivated solution 

for two hours to allow both crosslinking and heparin immobilization. 

Afterwards, the samples were removed and placed in a PBS solution for 

2 h to stop the immobilization reaction. The samples were then washed 

with 2 M NaCl (6 times for 4 h), 4 M NaCl (4 times for 6 h), and distilled 

water (3 times for 8 h), respectively. Samples were then frozen with 

liquid nitrogen and freeze dried for 48 h. 

 

VEGF binding 

 

VEGF (Biosource, 100 ng in 100 µl of 1% bovine serum 

albumin/phosphate buffered saline (BSA/PBS)) was loaded onto the 

surface of all porous scaffolds: hydroxyapatite (HA), hydroxyapatite with 

collagen (HA COL XL) and hydroxyapatite with collagen and heparin (HA 
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XL Hep) using vacuum as a driving force. The samples were kept at 4ºC 

overnight before incubation with 1 mL of release medium (1% bovine 

serum albumin/phosphate buffered saline (BSA/PBS)). The release 

medium was collected and replaced with fresh one at specific time 

points: 1h, 6h, 12h, 24h, 48h, 72h, 96h, 120h and 168h.  

All collected solutions were stored at -20ºC until their concentration was 

analysed by means of enzyme linked immunoabsorvent assay (ELISA). 

The ELISA procedure was adapted from HuVEGF ELISA Immunoassay kit 

(KHG0112, Biosource) for human VEGF. As capture antibody, a 

polyclonal antibody specific for human VEGF was used and a biotinylated 

anti-human VEGF antibody was used as detection antibody. For 

detection, streptavidine peroxidise and tetramethylbenzidine as 

substrate were applied. The samples were then read at 450nm in an 

ELISA plate reader (ELX 808, Biotek Instruments, Inc.) 

 

CAM Assay 

 

Fertilized eggs were purchased from a local farm (Enschede, The 

Netherlands) were washed with 70% ethanol and placed horizontally in a 

incubator at 37ºC. After 3 days, 4 ml of albumin was removed using a 

19 G needle, from the obtuse end of the egg and a hole made at the 

opposite end, so that the membrane fell away from the shell. 

Afterwards, a window was cut and the viability of the eggs determined, 

before sealing up the window with adhesive tape and returning to the 

incubator. [5]  

The samples loaded with 25 ng of VEGF each (using the procedure as 

previously described), were placed on the CAM on day 7, sealed and 

returned to the incubator.  

Eggs with no samples and scaffolds without growth factor loaded were 

considered as controls. Images were captured on day 10 using a light 

microscope. Afterwards, the membrane was fixed with 4% 

paraformaldehyde (v/v) and the scaffolds excised. 
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Results and discussion 

 

Scaffolds of all variants (HA, HA COL XL and HA XL Hep) were loaded 

with 100 ng of VEGF. After overnight incubation at 4ºC, 1ml of release 

medium was added to each growth factor loaded scaffold. The 

quantification of VEGF was determined using an enzyme linked 

immunoabsorvent assay (ELISA). 

For all samples tested, it can be seen from their cumulative release 

profile in figure 2, that there are two phases present: a phase 

characterized by an initial burst release that occurs within the first 24h 

and then a second phase illustrated by a linear and progressive release  

from 48h until 168h of total releasing time.  

 

The cumulative release profile shows that all samples are characterized 

by a similar reduced initial burst phase, being reduced in the case of the 

scaffolds with heparin.  

Regarding the collagen based scaffolds (HA COL XL and HA XL Hep) the 

latter are characterized by subsequent slower, prolonged and constant 

growth factor release whereas the hydroxyapatite scaffolds have an 

increasing release over time. 

In order to estimate the binding efficiency of the VEGF into the scaffolds 

the amount of non-bound VEGF was also evaluated (figure 3). After 

overnight incubation at 4ºC, each sample was washed four times with 

250 µL of release medium and the VEGF concentration was determined.  

 

It may be seen that the VEGF binding efficiency to the scaffolds is similar 

in all the evaluated scaffolds. In addition, compared to the initial amount 

of loaded VEGF, only small quantities of VEGF were not incorporated into 

the scaffolds. 

The amount of retained VEGF on all tested scaffolds was also obtained. 

Briefly, the samples were crushed and 1mL of release medium was 

carefully added. After centrifugation, the supernatant was removed and 

its concentration determined by means of ELISA (figure 4). 
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Figure 2- VEGF cumulative release profile of all the tested samples: hydroxyapatite 
scaffold (♦♦♦♦), hydroxyapatite scaffold with collagen (����) and hydroxyapatite 
scaffold with collagen and heparin (����). 
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Figure 3- Quantification of the non-bound VEGF. Each sample was loaded with 100 
ng of VEGF in 100 µL of release medium. After incubation at 4ºC overnight, each 
sample was washed with 250 µl of release medium four times. The non-bound 
fraction was determined by ELISA.  
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Figure 4- Quantification of retained VEGF present on all samples. Each sample was 
crushed and 1 mL of release medium was added. After centrifugation, the 
supernatant was analyzed and its concentration determined by ELISA. 

 

Figure 4 illustrates the amount of retained VEGF on all tested scaffolds. 

As expected, heparin containing samples were able to retain more VEGF 

when compared to the other scaffolds. 

After analyzing the VEGF release behaviour when loaded onto the 

scaffolds, their angiogenic potential was evaluated by the CAM assay. 

 

As previously described, the eggs were incubated and after 3 days a 

window was made and their membrane viability evaluated (figure 5a). 

The eggs were further incubated for 7 days until the VEGF loaded 

scaffolds were placed on top of the CAM membrane (figure 5b). 
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Figure 5- CAM topical view at day 3 of incubation (a) and scaffold placement on 
top of the CAM membrane at day 10 (b). 

 

Angiogenesis is allowed to proceed for 3 days after which the eggs are 

removed from the incubator and analyzed at the microscope to assess 

the vessel infiltration into the scaffolds (figure 6). 

 

    

Figure 6- CAM topical view at day 10 of incubation: control (a) and with scaffold 
(b). Magnification: 1X. 
 

Afterwards, the eggs were terminated, the membrane fixed and the 

scaffolds were removed for observation (figure 7). 

As expected the VEGF loaded scaffolds performed better than the 

scaffolds alone. These are characterized by an unorganized blood vessel 

network whereas VEGF loaded possess a structured and similar network 

to the control (figure 7g).  

The VEGF loaded hydroxyapatite samples have a simpler blood vessel 

network, that increases in complexity ( number of blood vessels and 

bifurcations) as collagen is incorporated and finally with heparin 

conjugation being their structure more similar to the control membrane. 

 

a) b) 

a) b) 
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Figure 7- CAM images of the scaffolds with and without VEGF. The scaffolds were 
placed on the CAM for 3 days: hydroxyapatite (a-b), hydroxyapatite with collagen 
(c-d) and hydroxyapatite/collagen/heparin (e-f).  CAM without samples was used 
as control (g). Magnification: 4X. 
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Conclusions 

 

High initial rates of VEGF can be considered harmful has excess 

amounts of VEGF can cause vascular leakage or can lead to a 

overproduction of malformed and disorganized vessels. 

In this work, the release behaviour of VEGF from 

hydroxyapatite/collagen modified scaffolds was evaluated. It was 

observed that heparin has a positive effect on the VEGF release leading 

to a reduced initial burst and subsequent slow and constant delivery. 

Even though, the incorporation of collagen alone had also a positive 

influence on the VEGF release, with heparin it was observed that the 

released growth factor concentration was decreased during time. 

The CAM assay was used to determine the angiogenic potential of the all 

the materials, without cells or modifications, determining if changes in 

composition of the scaffolds (incorporation of collagen and heparin) 

were able to alter the angiogenic potential.  

All the VEGF loaded materials presented an angiogenic response, 

depicted by the increase in the number of vessels and bifurcations. 

These results draw attention to the future prospective use of these 

materials for tissue engineering purposes as bone regeneration 

materials as well as growth factor carriers. 
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General Discussion and perspectives 

 
1. General Discussion 
 
Tissue engineering is an interdisciplinary area of research that aims  at 

the development of functional devices that might 

regenerate/restore/replace a function of a damaged and/or lost 

tissue/organ. In the case of bone tissue engineering, such tissue injuries 

can occur due to degenerative, surgical and traumatic processes that 

compromise the patients’ quality of life.  

 

The current strategies to treat such conditions, which include the use of 

autologous bone grafts, allografts and xenografts, have the inherent 

problems of morbidity, limited availability of donor’s tissue, possible 

transmission of donor’s pathogens, immunogenic responses and higher 

risks of infection. Thus, tissue engineering has appeared as an 

alternative potential therapy to treat patients with minimally invasive 

techniques. 

The basis for this concept is that cells from the patient’s own body are 

isolated, allowed to proliferate in vitro and seeded on an adequate 

scaffold before implantation in the patient’s body. 

 

The scaffold material should obey certain requirements namely: 

biocompatibility, suitable degradation rate, appropriate porosity and 

interconnectivity, adequate surface to allow cell attachment, 

proliferation and differentiation and mechanical properties close to 

those of bone.  

A vast number of biomaterials have been developed and evaluated, such 

as metals, ceramics, natural and synthetic polymers, and composites. 

During the last decades calcium phosphates have been among the most 

widely used materials for bone tissue substitution due to their biological 

properties. 
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The aim of this thesis was to develop bioactive ceramics with 

osteoconductive properties that should allow their use as bone fillers or 

growth factor carriers for bone tissue engineering purposes.  

 

Hydroxyapatite (HA) and other calcium derivatives (tricalcium 

phosphates, etc.) are the most commonly used calcium phosphates, due 

to their calcium/phosphorus (Ca/P) ratios that are close to that of 

natural bone and also to their stability when in contact with 

physiological environment. In addition, they can be manufactured as 

gels, pastes, and solid blocks or even as porous matrices, with 

orthopaedics and dentistry being their main areas of application.  

 

During the course of this work, two types of materials were produced: 

porous ceramics and surface modified dense ceramics.  

Porous materials offer a promising strategy since they can act as 

templates for cell adhesion, proliferation and ultimately for tissue 

formation. It has been reported in the literature that the minimum pore 

size required to regenerate mineralized tissue is generally considered to 

be ~100 µm. However, pore sizes greater than 300 µm were observed to 

have a greater penetration of mineralised tissue in comparison with 

smaller pore sizes. At pore sizes of 75 µm, hardly any mineralised tissue 

is found within the scaffold. It is believed that for smaller pore sizes the 

penetration of neovascularization, and nutrient supply, to the growing 

cells is slowed down. [1] 

 

Several techniques have been developed in order to meet the required 

criteria and produce porous scaffolds, such as the use of gel casting [2, 3], 

gas foaming [4], slip casting [5, 6], fiber compacting [7], solid free form 

fabrication [7, 8] and freeze casting. [6] 

On the other hand, the polymer replication method offers the possibility 

of producing tailored scaffolds with controllable pore size using 

polyurethane sponges as template. [9-12] 



Chapter 11 

185 

Thus, hydroxyapatite powders were used as starting materials and the 

polymer replication method was applied, being possible to obtain highly 

porous scaffolds. Macropores with a diameter greater than 100 µm were 

achieved as well as a highly defined microporosity with pores ranging 

from 1 to 10 µm. The scaffolds also exhibited interconnected porosity 

as established by SEM and by other techniques such as µ-CT. 

By FTIR and XRD it was possible to determine that the scaffolds are 

constituted by crystalline hydroxyapatite and no additional phase was 

formed during the polymer replication process. 

The biological assessment of the hydroxyapatite scaffold was performed 

using several techniques. By methylene blue and it was possible to 

observe not only cell attachment and distribution all over the scaffold 

after seven days of culture with RMSC and HMSC. 

MTS, SEM and CLSM were used as tools to evaluate cytotoxicity, cell 

morphology and distribution, respectively. 

The results demonstrated that the scaffolds were not cytotoxic and that 

the cells strongly adhered to the substrate in the first hours of cell/ 

substrate contact. By SEM and CLSM, it was possible to monitor cell 

adhesion, proliferation and distribution. Cells adhered and were 

completely spread along the available surface of the hydroxyapatite 

scaffold inner pores, by day 3 of cell culture. Also, the cells philopodia 

were strongly attached to several points of the pores.  

 

Additionally, the biomaterials surface topography plays a very important 

role in the improvement of cell adherence and proliferation. 

It has been reported that biocompatibility has long been associated with 

surface microtopography, microtexture and microchemistry.  

To study these aspects related to the materials developed in this thesis, 

an approach was followed in which dense hydroxyapatite substrates 

were produced and their surface was modified by a KFr excimer laser, 

aiming at introducing a surface topography derived from the surface re-

melting process induced by laser and the consequent accumulation of 

considerable amounts of energy leading to surface alterations at a very 
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small scale. The surface was characterized by AFM and contact angle 

measurements, while the cell distribution and morphology was assessed 

by SEM and CLSM. 

The topographic changes induced by the laser treatment on the HA 

substrates surfaces produced a major enhancement of the actual surface 

area. This led to a cone-like topography at micro-scale, while at 

nanoscale, and at the top of the cones, an eroded-like surface was 

obtained caused by the re-melting and consecutive cooling processes, 

that have made disappear the typical homogenous crystal structure to 

disappear on the sintered samples surface. By SEM, it was observed that 

the cells philopodia were strongly bonded to spaces between the 

columnar structures of the surface, with flattened shape and covering 

the surface at day 7 of cell culture. Furthermore, the cells and their 

philopodia were also infiltrated through the voids in between the 

columnar structures, adapting their shape to the surface topography. 

 
However, given that porous scaffolds may serve as templates for cell 

adhesion, proliferation and ultimately for guided tissue repair, porous 

hydroxyapatite scaffolds were chosen as materials to be studied in more 

detail in terms of their potential as bone fillers and as delivery vehicles. 

These porous scaffolds can have their biological properties enhanced by 

the presence of other materials namely some natural polymers such as 

collagen. 

Collagen is the main structural protein present in the human body. The 

good biological properties of collagen, as well as its biocompatibility, 

biodegradability and easy processing have resulted in a frequent use of 

this protein for biomedical applications. The subsequent step consisted 

in the incorporation of type I collagen onto the porous hydroxyapatite 

scaffolds and the assessment of the biological properties of this 

composite scaffold. However, it was necessary to overcome the collagen 

enzymatic fast degradation, through the use of N-(3-

dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC) and N-

hydroxysuccinimide (NHS) as crosslinking agents.  
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Human bone marrow cells were isolated and cultured on the scaffolds 

and their behaviour studied for 28 days. The results indicated that the 

scaffolds are biocompatible and cells proliferated in all tested scaffolds 

as confirmed by MTS and DNA quantification assays, respectively. 

Moreover, the cells proliferated from the periphery until the other end of 

the scaffolds was reached and also towards the centre of all the 

scaffolds  

It was observed by SEM that the cells occupied all the available pore 

surface area available, forming dense layers of cells as from day 21 

onwards. The formation of well defined mineral deposits was also 

detected at day 28 for all scaffolds. 

 

On the other hand, it was important to analyze the in vivo bone forming 

potential of the scaffolds. RMSCs and HMSCs were seeded on HA 

scaffolds and HA scaffolds with crosslinked or uncrosslinked collagen. 

The cells were seeded onto the different scaffolds and cultured in vitro 

during 7 days being afterwards implanted in an ectopic site in mices. 

Analyzing the bone forming ability of cells seeded on the different 

scaffolds, it was observed that relevant amounts of bone were formed, 

regardless of the presence of collagen, for rMSCs. In the case of hMSCs, 

we found that the HA scaffolds performed as well as the control scaffold 

(BCP). 

 

To evaluate the potential of the scaffold as delivery vehicles, the 

scaffolds were functionalized with heparin, a well known protein that 

can modulate the release behaviour of certain molecules, acting as a 

reservoir. Heparin is well known for its affinity to bind to certain 

proteins, namely collagen and growth factors. Coating  the surface of a 

biomaterial with it may result in the development of a localized drug 

delivery system, capable to generate a controlled release of growth 

factors, or other important molecules.[13-17] 
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The use of growth factors such as bone morphogenetic proteins (BMP’s) 

has great influence in promoting newly formed bony tissue. On the 

other hand, heparin has great binding affinity to these factors and can 

promote their sustained release. [16, 18-20]  

The collagen coating was chemically treated with EDC and NHS in the 

presence of heparin in order to covalently bind to heparin. Our results 

indicated that EDC/NHS is an efficient, non-toxic crosslinking method 

and that heparin can be successfully incorporated into the system. 

Furthermore it was possible to incorporate BMP in the collagen/heparin 

system and its release was studied. 

 

Angiogenesis is a multifactor process, regulated by a number of factors 

including the action of the vascular endothelial growth factor (VEGF). 

VEGF stimulates the activation of endothelial cells that initiate the 

degradation of their surrounding basement membrane by releasing 

matrix metalloproteinases (MMPs). Thus, the endothelial cells proliferate 

and migrate towards the interstitium, where new capillary buds and 

sprouts are formed. [21] 

To evaluate the angiogenic potential of the scaffolds, VEGF was loaded 

and its release profile was studied. Afterwards, one of the most well 

accepted models, the chick embryo chorioallantoic membrane assay 

(CAM), was employed.[22-25] The VEGF loaded scaffolds performed better 

than the scaffolds alone, as expected. The later were characterized by 

the formation of a non-organized blood vessel network whereas VEGF 

loaded scaffolds possess a structured network similar to that of control 

samples. 

It is therefore clear from the sum-up of all these studies that the use of 

such porous scaffolds based on hydroxyapatite associated to a 

disrupted film of crosslinked collagen, distributed throughout the 

structure has proven to be an effective solution with potential to be 

applied in bone tissue applications and in the release of growth factors, 

showing both in vitro and in vivo adequate charateristics, including 

osteoconductive behaviour in a particular animal model.  
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2. Perspectives 

 

The work developed during the course of this thesis has shown the 

potential of the macroporous scaffolds as bone fillers and growth factor 

delivery vehicles to be used in bone tissue engineering. 

However, several issues still need to be investigated in more detail in the 

future. One issue still requiring attention is the mechanical behaviour 

evaluation of the scaffolds. To overcome this, some strategies could be 

employed such as: 

 

Addition of reinforcement elements 

 

One of the weaknesses of these scaffolds consists on their mechanical 

properties. Higher compression resistance values could be achieved if a 

more refined hydroxyapatite starting powder was employed. Also, the 

addition of bioactive glass or specific polymers onto the initial ceramic 

slurry could contribute for a more resistant scaffold 

 

Using dual impregnation method 

 

A strategy that could eventually be applied to try and avoid this situation 

would be the use of multiple impregnations, in order to increase the 

pore strut thickness of the porous scaffolds. This could lead to an 

increase in pore struts and in this manner, when solicited; the 

micropores would be able to withstand higher loads due to the coating 

migration to the inner pores. 

 

Furthermore, the degradation of the scaffolds is a significant aspect that 

should be addressed. It is important to assess the degradability of the 

scaffold in order to observe the integrity of both scaffold and growth 

factor when implanted in vivo. This result can be very useful to 

determine the range of applications of the system considering the 

degradation period and extent of the scaffold. In addition, the 



Chapter 11 

190 

degradation of the scaffold can also influence the growth factor release 

rate. [26, 27]  

A more detailed study regarding the release of growth factors or other 

molecules should also be addressed in the future. It is important to 

understand how heparin and collagen can modulate the release of the 

growth factors. It was possible, during the course of this work to obtain 

scaffolds loaded with growth factors and in the presence of heparin, to 

reduce the characteristic inital burst release phase which is often seen in 

many delivery systems. 

It has been reported in the literature [26] that in the presence of heparin 

the growth factor release is slow and continuous. However, the 

degradation of heparin itself (and also collagen) may have an influence 

the release of the growth factor.  

Due to this fact, it is important to assess the influence of heparin in the 

release of growth factors in order to tune the desired release rate 

according to the application. Therefore longer release studies should be 

performed as well as bioactivity efficiency assessment of the released 

growth factor. Since heparin concentration can play a significant role in 

the growth factor release rate [26], different heparin concentrations 

should be further investigated in addition to its in vitro evaluation. 

 

In this work, porous hydroxyapatite scaffolds were successfully prepared 

by the polymer replication method. These scaffolds displayed 

macropores, micropores and interconnected porosity. After 

characterization by means of XRD, SEM, FTIR, µ-CT, biological evaluation 

with osteoblastic cells was followed.  

Since topography plays a role in cell adhesion, dense hydroxyapatite 

substrates modified by means of laser and their properties studied.  

Afterwards, and with the purpose of developing materials for guided 

tissue repair, the porous scaffolds were chosen and enhanced by 

incorporating type I collagen on its surface in order to mimic bone 

composition.  After in vitro and in vivo evaluation, heparin was added to 

the system in order to investigate the possibility of using these 
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composites as growth factors carriers. On the other hand, the potential 

of VEGF to stimulate therapeutic angiogenesis could be demonstrated by 

VEGF loaded scaffolds. Even though there are some improvements to be 

performed, some of the main key points when developing a 

osteoconductive biomaterial for bone tissue engineering were 

investigated during the course of this thesis. 
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