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PREFACIO

Este documento se ha elaborado siguiendo la normativa de la Universidad Miguel Hernandez
para la “Presentacion de Tesis Doctorales con un conjunto de publicaciones”, y se ha dividido
en las siguientes partes:

1. Introduccion, en la que se presenta el tema de la Tesis, los antecedentes del trabajo

realizado, y se defienden los objetivos perseguidos

2. Resumen, donde se presentan los resultados mas relevantes obtenidos.
3. Conclusiones, finales derivadas del estudio.

4. Anexo I, que contiene los articulos publicados antes del depdsito de la Tesis:

o Maté Sanchez de Val JE, Calvo-Guirado JL, Gémez- Moreno G, Pérez-Albacete Martinez C,
Mazoén P, De Aza PN. Influence of hydroxyapatite granule size, porosity and crystallinity on
tissue reaction in vivo. Part A: synthesis, characterization of the materials and SEM
analysis. Clin Oral Implan Res. 2015. DOI: 10.1111/cIr.12722. Factor de implacto: 3.889
Puesto que ocupa / N2 de revistas en el Area de conocimiento de Dentistry, Oral Surgery &

Medicine 3/87.

e Maté Sanchez de Val JE, Mazdn P, Calvo Guirado JL, Delgado Ruiz RA, Ramirez Fernandez
MP, Negri B, Abboud M, De Aza PN. Comparison of three hydroxyapatite/b-tricalcium
phosphate/collagen ceramic scaffolds: An in vivo study. ] Biomed Mater Res Part A
2014:102A:1037-1046. Factor de Impacto: 3.369. Puesto que ocupa / N2 de revistas en el

Area de conocimiento de Engineering, Biomedical. 13 /76
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o Mate Sanchez de Val JE, Calvo Guirado JL, Ramirez Fernandez MP, Delgado Ruiz RA, Mazon
P, De Aza PN. 2015. In vivo behavior of hydroxyapatite/B-TCP/collagen scaffold in animal
model. Histological, histomorphometrical, radiological, and SEM analysis at 15, 30, and 60
days. Clin. Oral Impl. Res. DOI: 10.1111/clr12656. Factor de implacto: 3.889. Puesto que
ocupa / N2 de revistas en el Area de conocimiento de Dentistry, Oral Surgery & Medicine

3/87

Parte de esta tesis se realizé durante una estancia de investigacion en la Universidad de
Stony Brook Nueva York, USA en el Departamento de Medicina Oral, lo cual posibilita la

obtencién de la Mencidn Internacional en el Titulo de Doctor al que se opta.

La presente memoria de tesis cumple los requisitos necesarios para la obtencion de la
Mencion Internacional en el Titulo de Doctor establecidos en la normativa de ensefianzas

oficiales de postgrado de la Universidad Miguel Herndndez, y el Real Decreto RD1393/2007.
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1. INTRODUCTION

For decades, bone replacement materials have been used in maxillofacial surgery for filling
the defects, even when the bone surface is inadequate (Daculsi et al. 2003). The most
common biomaterials in use are calcium phosphate-based (Ca-P) bioceramics, which offer a
composition and structure similar to the mineral phase of bone and are osteoconductive.
Among the range of materials tested in recent years, tricalcium phosphate (TCP) has shown
promising results in tissue cultures, animal experiments, and clinical studies (Krekmanov

2006; Calvo et al. 2012; Yang et al. 2001).

A bone substitute material should have “bimodal” behavior, which, in the early stages of
differentiation, allows osteoblasts to build bridges between different sizes of grain and
integrate with other osteoblasts, supporting both proliferation and differentiation. New bone
formation will be stimulated by the activation of mesenchymal stem cells and their
absorption into surfaces with nano-scale topographic features (Fan et al. 2007). The ultimate
goal is the union of fully differentiated osteoblasts that will support bone matrix production.
This requires a porous structure with nanopores, micropores, and macropores, all involved
in different stages of absorption, adhesion, and bone material deposition on and within the

bone substitute material (Gauthier et al. 1999).

The presence of calcium phosphate in the bone replacement material favors initial
regeneration of the bone defect. Regeneration begins with the deposition of connective
tissue from the defect margins, which then reaches maturation through fixing host bone

minerals therein until autogenous bone consolidation is achieved.
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A biomaterial must be fully compatible with the host environment and must not provoke
abnormal inflammatory responses, which could be accompanied by the absence of

disordered bone formation or by osteoid formation or by cicatricial connective tissue.

Commercial HA and b-TCP have been tested for their suitability as bone substitute materials
in clinical situations (Ogose et al. 2006). Radiologic evaluations have revealed satisfactory
osteoconductive qualities for both materials in clinical trials of implants in humans (Le Geros
et al. 2003). Ceramics of higher porosity and so lower density provide more surface area for
vascularization and bony ingrowth. Furthermore, the regular and uniform surface
morphologies of HA and 3 -TCP facilitate cell proliferation and differentiation (Yuasa et al.
2005). When the ceramics are implanted into healthy bone, osteoids are produced on the
biomaterial surfaces in the absence of a soft tissue interface (Giannoudis et al. 2005). In this
way, HA and (-TCP act as osteoconductive scaffolds, providing a favorable environment for
bone cells. (Rawlings 1993; Spector 1994; Schmitz et al. 1999; Mate et al. 2014). Moreover,
synthetic ceramics need to be biodegradable in order to support the inflammation-free

formation of new tissue, but HA undergoes only minimal bio-degradation (Kim et al. 2009).

Today, there are several types of commercially available calcium phosphate products for
bone regeneration applications, including HA, B-TCP, and biphasic calcium phosphates (TCP/
HA). With a similar composition to bone, HA (Ca10(P0O4)s(OH)2) is one of the most widely
used chemistries for bioactive materials (Ginebra et al. 2006). Due to its ability to promote
osteoconduction, the presence of HA could enhance long-term performance of orthopedic

implants. The combination of hydroxyapatite with tricalcium phosphate type B gets an ideal
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regeneration process material, with “bimodal” behavior; hydroxyapatite acts as a matrix for
cell colonization and improves the mechanical properties of the material, with a long
resorption times. Furthermore, the B-TCP act in the early stages of remodeling of the
biomaterial, before being reabsorbed, and creating the ideal environment for the start of new
bone medium (Mac-Millan et al. 2014). The ultimate goal was the union of fully differentiated
osteoblasts that will support bone matrix production. This requires a porous structure with
nanopores, micropores, and macropores, all involved in different stages of absorption,
adhesion, and bone material deposition on and between the bone substitute material
(Gauthier et al. 1999; Rivera-Munoz et al. 2001). Initial regeneration of the bone defect is
favored by the presence of calcium phosphate in the bone replacement material (Baksh et al.

1998).

Bone substitutes based on calcium phosphates have differing physicochemical properties
related to mechanical stability. They also undergo rapid degradation and have a volume
instability, which does not allow new bone formation to retain the original volume (Wiltfang

etal. 2002; Broggini et al. 2014).

Main advantages of using synthetic materials derived from the combination of 3-TCP and
hydroxyapatite are the absence of morbidity produced by obtaining autologous grafts,
chemical similarity with the receiving medium and that it is fully compatible material that
does not produce any anomalous inflammatory reaction during the regeneration process.
Among the inconveniences, there is a lack of scientific basis related to the convergence of

mechanical and physical properties between the biomaterial and the receiving area of the

11
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graft; besides the lack of organic content in the formulation of HA/f- TCP, which would get

better adaptation to host bone (Fan et al. 2007; Dorozhkin 2009).

The use of biphasic calcium phosphates (BCP) is promising as conceptually it could
overcome the disadvantages of single-phase ceramics by combining two or more ceramic
phases. BCP ceramics offer controlled bioactivity and balanced biodegradation. They are
osteoconductive and offer the possibility of acquiring osteoinductive properties. The
conventional synthetic porous Ca-P ceramics have been composed of microscale grain size,
but recent studies have focused on producing bioceramics at the nanoscale. Nano-HA can
promote osteoblast cell activity and facilitate osteointegration better than microcrystalline
HA and so enhance new bone tissue formation. However, the superiority of biological
calcified tissues is also due to the presence of bioorganic polymers (proteins, mainly collagen
type 1), which give strength and partial elasticity. Therefore, the development of organic/
inorganic hybrid BCP scaffolds could provide excellent possibilities for optimizing

conventional bone substitutes (Huang et al. 2012; Mate-Sanchez de Val et al. 2014a,b).

The incorporation of collagen during a biphasic ceramic synthesis is a suitable option to
provide the organic part of the biomaterial, solving one of the main disadvantages of the
completely inorganic ceramic. This addition of collagen improves the ability of cell
attachment to the biomaterial and the beginning of the process of bone remodeling. There
are various studies of BCP with different weight % in the literature but little of this research
has been applied clinically. This is due to the controversy in the literature concerning the
optimum weight % composition, and the ideal weight % composition of BCP for clinical

application remains unclear. Furthermore, research has failed to confirm the beneficial

12
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effects of collagen coating on composite BCP scaffolds (Zheng et al. 2011; Mate-Sanchez de

Val et al. 2014b).

The reconstruction of bone defects with synthetic bone substitutes requires their adaptation
to the size and the location of the defects. Changes in the physicochemical properties of bone
substitute materials, i.e., porosity, shape and size, are described as influencing the outcome
of new bone formation and bone regeneration (Hulbert et al. 1972) and even promoting
osteoinductive properties (Habibovic & de Groot 2007; Habibovic et al. 2008; Carvalho et al.

2007).

Over the years, several modifications on parameters such as sintering temperature, pH and
purity of the starting products have given rise to calcium phosphates with distinct chemical
and physical characteristics such as specific surface areas, surface energy, surface charge,
roughness, grain size and porosity (Gauthier et al. 1999; Le Nihouannen et al. 2007; Hing et
al. 2007; LeGeros et al. 2003; Julien et al. 2007). There is widespread evidence the influence
of grain size in the process of integration and regeneration of biomaterials for bone
regeneration. This size directly affects the absorption patterns of the materials used as well
as the possibility of improving the mechanical properties of materials. Knowledge of
appropriate grain size for each clinical situation and the use of treatment options to help

achieve better end results in regenerative therapies.

The ability of a scaffold to enhance osteogenic signal expression and support new bone
formation is largely dependent on the pore size and porosity of the scaffold. Porosity refers

to the overall percentage of void space within a solid, while pore size reflects the diameter of

13
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individual voids in the scaffold (Karageorgiou & Kaplan 2005; Mistry & Mikos 2005; Murphy

etal. 2010).

The importance of scaffold porosity and pore size can be attributed to the native structure of
bone which itself is a porous tissue. Cortical bone is largely a dense structure, but within it
exists pores that give an overall porosity of 10% (Kim et al. 2009). Conversely, trabecular
bone is a highly porous structure with typical porosity values between 50 and 90%. Porous
regions of cortical bone allow for vascularization and cellular infiltration of the structure.
Porosity and pore size have significant ramifications on the ability of tissue engineering
scaffolds to support bone regeneration for several reasons. First, porosity and pore size have
been shown to affect cell attachment efficiency which consequently impacts the cell seeding

density, cell distribution and cell migration (Hollister et al. 2002; Klenke et al. 2008).

These factors have been shown to affect osteogenic differentiation through changes in
signaling distances (Byrne et al. 2008). Moreover, pore size and porosity have a significant
effect on the mechanical strength of a scaffold. Sufficient scaffold strength to provide
mechanical support to a defect is often required of a hard tissue engineering scaffold such as
bone, especially when the bone is load bearing (Kasten et al. 2008). Furthermore, porosity
and pore size affect the ability of the scaffold to promote in vivo osteoconduction and
vascularization. Integration of native tissue into a scaffold is fostered through growth into
interconnected pores, thus both optimal and minimal pore sizes have been established to

support tissue ingrowth (Karageorgiou & Kaplan 2005; Betz et al. 2010).

14
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Finally, pore size and porosity affect in vivo and in vitro cell signaling which in turn affects
osteoblastic differentiation of MSCs and the production of extracellular matrix (ECM)
proteins (Yang et al. 2001). It has been established that pore sizes of at least 40 pm are
required for minimal bone in growth while pore sizes of 100-350 pum are considered optimal
(Moyle et al. 1973). In a study analyzing the effect of pore size and porosity on bone healing
in a critical size rat cranial defect, it was shown that smaller pore sizes (100 pm) induce
greater amounts of bone healing than larger pore sizes (500 um) (Petrie Aronin et al. 2009).
This study also found a link to porosity, scaffold swelling, and degradation. In this work,
highly porous HA samples are subjected to an in vivo evaluation to evaluate bone
recolonization and the efficiency of the mean pore and crystallinity in a new elaborated HA

scaffold ceramic using polyurethane sponges as a template.
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2. OBJECTIVES

One of the most important challenges of the XXI century in biomedicine is to obtain materials
capable of stimulating the regeneration and repair of injured tissues in order to restore their
function. To apply the tissue engineering to bone tissue regeneration requires a new
generation of multifunctional materials that act temporarily supporting and encouraging

adherence, differentiation and colonization of osteoprogenitor cells.

The aim of the Doctoral Thesis is the design, preparation, characterization and in Vivo test of
materials, in the form of granules or scaffolds with high interconnected macroporosity, with
controlled degradability to improve osteoinductive and / or angiogenic capacity. It is propose
the design and synthesis of new biodegradable implant compositions, as well as the
manufacture of hierarchical structures (granules or scaffolding) with the right features. The
formulation of crystalline materials (single-phase or multiphase) will be based on the phase
equilibrium diagram P20s-Ca0. Such materials will be evaluated as bone substitutes. The
research was conducted by clinical, histological and histomorphometric examination in

various stages of time after implantation.

Materials analyzed were:

» Pure Hidroxyapatite (HA= Ca10(PO4)s(OH)2).

« Hydroxyapatite composites with different weight per cent of B-tricalcium phoshate (TCP=

Caz(P04)3 and collagen.
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2. OBJETIVOS

Uno de los retos del siglo XXI en biomedicina es conseguir materiales capaces de estimular
activamente la regeneraciéon y la reparacién de tejidos dafiados, de forma que puedan
restablecer su funcion. Para aplicar la ingenieria de tejidos a la regeneracién del tejido 6seo
se necesita una nueva generacion de materiales multifuncionales que actien temporalmente
soportando y estimulando la adhesién, diferenciaciéon y colonizacién de las células

osteoprogenitoras

El objetivo de la presente Tesis Doctoral es el disefio, preparacidén, caracterizacion y estudio
in vivo de materiales, en forma de granulados o andamiajes, con elevada macroporosidad
interconectada, que permitan el ajuste de la tasa de biorreabsorbibilidad con objeto de
mejorar su capacidad osteoinductiva y/o angiogénica.. Se propone el disefio y la sintesis de
nuevas composiciones para implantes biodegradables, asi como la fabricacién de estructuras
(granulados, o andamiajes) jerarquicas con las caracteristicas adecuadas. La formulacién de
los materiales cristalinos (monofasicos o multifasicos) se hara en base al diagrama de
equilibrio de fases P205-Ca0. Dichos materiales se evaluardn como sustitutos éseos. La
investigacion se ha realizado mediante un examen clinico, histolégico e histomorfométrico

en diversas etapas de tiempo después de la implantacion.

Los materiales analizados fueron:

* Hidroxiapatito puro (HA= Ca10(PO4)s(OH)2).

* Compuestos de hidroxiapatito con diferentes cantidades de B-fosfato tricalcico (TCP=

Ca3(P0O4)s3 y colageno.
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3. ABSTRACT

This research work for doctoral thesis was performed using the compendium of three

articles:

Based on the phase equilibrium diagram P20s-Ca0, a porous single phase of hydroxyapatite
(HA) prepared in three ways (amorphous low and high crystallinity) was obtained. HA is a
material highly used in clinical practice and has been used as reference material in front of
composite materials also developed in this PhD thesis. HA composites were mixtures thereof
with tricalcium phosphate (TCP) and collagen in the proportions 40/30/30 to 50/20/30 and
60/20/20 (in% by weight) and with different granulometry: Group I (2000-4000 microns),

Group II (1000-2000 microns) and Group III (600-1000 m).

All materials have been synthesized in the laboratory and characterized from the point of
view, physical, chemical, mechanical and mineralogical. After the characterization we
proceeded to study its osteoinductive potential in an animal model of New Zealand rabbits

by histological and histomorphometric studies at various stages of time after implantation.

The results show that depending on the degree of crystallinity, porosity and particle size, the
reference material comprising HA, behaved differently in vivo. Thus HA material with greater
porosity, low crystallinity and low grain is the one with lower stability and increased rate of
resorption. The porosity and pore interconnectivity has been required for diffusion of
nutrients and gases into the material and the elimination of metabolic waste from the cells
which have colonized the implant outward. However, the porosity adversely affects the
strength of the material, so you have to reach a suitable compromise for each specific clinical

application.

20
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All HA composites exhibit a microporous morphology in the form of aggregates of
nanoparticles. Depending on their physical characteristics the in vivo behavior of the

reference material has been different.

Histomorphometric analysis showed that Group A greater BIC (%) at 15, 30, and 60 days
(43.12 £ 0.14, 52.49 = 1.08 and 67.23 * 0.34) than Group B (38.84 + 1.32; 47.64 + 1.21 and
54.87 £ 0.32), followed by the C group (28.92 + 2.41, 35.94 + 1.92 and 48.53 * 0.31). SEM
analysis showed that the group III presented numerous regions of resorption, whereas group
Il showed a level intermediate resorption with respect to the other two study groups. Group I
showed the characteristics of smoother surface as compared to the other two groups. Also,
the presence of collagen in biomaterials studied succeeded in raising the bioactivity of these
materials compared with a lower proportion of collagen and especially compared with the

reference material without the presence of collagen.

As a general conclusion of the work done in this Doctoral Thesis we can say that the data
from this study show that changing the size, porosity and crystallinity of a bone substitute
material based on HA can influence the integration of biomaterials at the site of implantation
and new bone formation. So that we can design individualized biomaterials depending on

the condition to being treated.
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3. RESUMEN

Este trabajo de investigacion para Tesis Doctoral fue realizado mediante el compendio de

tres articulos:

En base al diagrama de equilibrio de fases P20s-Ca0, se obtuvo un material sintético poroso
monofasico de hidroxiapatita (HA) que se preparé en tres formas (amorfo, de baja
cristalinidado y de alta cristalinidad). El HA es un material altamente utilizado en clinica y se
ha utilizado como material de referencia frente a los materiales compuestos de HA también
desarrollados en la presente Tesis Doctoral. Los materiales compuestos de HA fueron
mezclas de éste con fosfato tricalcico (TCP) y colageno en las proporciones 40/30/30 a
50/20/30 y 60/20/20 (en % en peso) y con distinta granulometria: Grupo I (2000 hasta

4000 micras), Grupo II (1000-2000 micras ) y Grupo III (600-1000 m).

Todos los materiales han sido sintetizados en el laboratorio y caracterizados desde el punto
de vista, fisico, quimico, mecanico y mineralogico. Una vez caracterizados se ha procedido a
estudiar su potencial osteoinductivo en un modelo animal de conejos de Nueva Zelanda
mediante estudios histologicos e histomorfométrico en diversas etapas de tiempo después

de su implantacidn.

Los resultados ponen de manifiesto que dependiendo del grado de cristalinidad, porosidad
y granulometria, el material de referencia compuesto por HA, se ha comportado in vivo de
diferente forma. Asi el material de HA con mayor porosidad, baja cristalinidad y baja
granulometria es el que presenta menor estabilidad y la mayor tasa de reabsorcion. La
porosidad e interconectividad de poros ha sido necesaria para la difusion de nutrientes y

gases hacia el interior del material y la eliminacién de los residuos metabolicos de las células
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que han colonizado el implante hacia el exterior. Sin embargo, la porosidad influye
negativamente sobre la resistencia mecanica del material, de modo que hay que alcanzar un

compromiso adecuado para cada aplicacion clinica concreta.

En cuanto a los materiales compuestos de HA, todos ellos presentan una morfologia micro
porosa en forma de agregados de nanoparticulas. Dependiendo de sus caracteristicas fisicas

el comportamiento in vivo, al igual que ha pasado el material de referencia, ha sido distinto.

El analisis histomorfométrico que el Grupo A mostré un mayor BIC (%) a los 15, 30, y 60 dias
(43.12 £ 0,14; 52,49 + 1.08 y 67.23 + 0.34) que el Grupo B (38.84 + 1.32; 47.64 + 1,21y
54,87 + 0,32), seguido por el Grupo C (28,92 * 2,41; 35,94 + 1,92 y 48,53 £+ 0,31). El analisis
por SEM mostré que el grupo III presenté numerosas regiones de resorcidon, mientras que el
grupo II present6 un indice de resorcién intermedio con respecto a los otros dos grupos de
estudio. El grupo I mostro las caracteristicas de superficie mas lisas, en comparacion con los
otros dos grupos. Asi mismo, la presencia del coladgeno en los biomateriales estudiados
consiguid elevar la bioactividad de éstos en comparacién con los materiales con menor
proporcion de colageno y sobre todo en comparacion con el material de referencia sin

presencia alguna de colageno.

Como conclusidn general de los trabajos realizados en la presente Tesis Doctoral se puede
afirmar que los datos de este estudio muestran que cambiando el tamafio, la porosidad y la
cristalinidad de un material de sustitucién d6sea basado en HA se puede influir en la

integracion de los biomateriales en el sitio de implantacién y la nueva formacién de hueso.

23
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Con lo que podemos disefiar biomateriales a la carta dependiendo del tipo de patologia a

tratar.
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4. MATERIAL AND METHODS

4.1.- Biomaterials preparation

4.1.1.-HA Graft implants preparation
The sol-gel method was used for preparing the HA slurry as follows: first, the appropriate
amounts of Ca(NO3)24H20 and P,0s were separately dissolved in ethanol to form 1.67 and
0.5 mol/] solutions, respectively. The prepared solutions with Ca/P molar ratio of 10:6,
which is the observed Ca/P ratio in HA, were mixed together. The mixture was then stirred at
room temperature using a magnetic stirrer for 1 h. Porous scaffolds were fabricated by
impregnating a polyurethane sponge with the slurry. The sponge block was dipped into the
slurry and compressed slightly to remove the excess slurry on the foam. After the sponge was
dried at 70 C for 1 h, and then heat treatment at: (a) 600°C during 1 hour (b) 800°C during 1
hour and (c) 1000°C during 1 hour. From these temperatures the samples were slow cooled
inside the furnace until room temperature. Finally the resultant product was ground in three
different grain sizes of Group I (2000-4000 m), Group II (1000-2000 m) and Group III
(600-1000 m).

4.1.2 Compositeimplants preparation

4.1.2.1. HA synthesis

HA was synthesized by solid-state reaction from a stoichiometric mixture of calcium

hydrogen phosphate anhydrous (CaHPO,, Sigma), and calcium carbonate (CaCO;, Sigma)

with an average particle size of <15 Im and a Ca/P ratio of 1.72. The mixture of CaHPO4 and

CaCO3 was heated in a platinum crucible to 1200 °C for 6 h at a heating rate of 10 °C /min

followed by cooling to room temperature at a rate of 6.5 °C/min. The obtained material was
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ground to an average particle size of 2 Im (Mastersizer 2000E device-Malvern) and then
characterized by X-ray diffraction (XRD).

4.1.2.2. TCP synthesis
TCP was synthesized by solid-state reaction from a stoichiometric mixture of calcium

hydrogen phosphate anhydrous (CaHPO,, Panreac) and calcium carbonate (CaCO;, Fluka)
with an average particle size of <15 Im and a Ca/P ratio of 1.60. The mixture of CaHPO, and
CaCO5 was heated in a platinum crucible to 1000 °C for 12 h followed by slow cooling. The

obtained material was ground to an average particle size of 5 Im and then characterized by
XRD.

4.1.2.3. Collagen.
Collagen type I of porcine origin (Sigma- Aldrich), a particle size of 80-120 pum, was used in
the study.

4.1.2.4. Ceramic scaffold preparation
The chosen constituents (Table I) were weighed out and thoroughly dry mixed in a mixing
miller with partially stabilized zirconia balls. After the milling process, the powder mixture
was cold isostatically pressed at 200 MPa. The pressure was maintained for 30 min, after

which it was slowly depressurized to 1 atm. The whole process took 1 h.

Compound Group A Group B Group C
HA 40 50% 60%
B-TCP 30 20% 20%
Collagen 30 30% 20%

Table 1. Study groups of HA/TCP/Collagen scaffolds.
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4.2. Biomaterials characterization

All biomaterials have been characterized from the point of view, physical, chemical,
mechanical and mineralogical before their implantation.

In order to analyze the biomaterials from mineralogical point of view, these were reduced to
powder and spread over the analytical cylindrical sample holder of the X-ray diffractometer
Bruker-AXS D8 Advance (XRD). XRD patterns were recorder from to 2 scans in parafocusing
Bragg-Brentano geometry with line focused copper K (cuxi = 1.54056A) radiation from a
conventional sealed tube source. The diffractometer was equipped with a scintillation
detector. Scans were taken from 20 to 502 (2) in 0.05° steps with counting times of 6s per
step.

The crystal size of the ha samples was estimated from the XRD patterns using the Sherrer
equation (Patterson 1939). According to the equation, a single crystal dimension

perpendicular to the (hkl) plane (Dnk; nm) can be estimated from the peak broadening as

k]
B:i, €OsBhy

-

Dur =

where k is the Scherrer constant (0.89) which depends on the crystal shape, the diffraction
line indexes (Shull 1946) and the dispersion of crystallite sizes of the powder), k is the
wavelength of the Cu K (=1.54056A4); B1/2 corresponds to full width at half maximum (rad)
for (hkl) reflection, nq is the diffraction angle (°). The line broadening of the (300) reflection

corresponding to the maximum intensity peak was used to evaluate the crystal size.
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In order to analyze the functional groups and structural changes of the samples were
measured using Fourier Transformed Infrared Spectroscopy (FTIR- ThermoNicolet IR200,
Waltham, MA, USA). The FTIR spectra were recorded between 400 andd 4000 cm™! at 2 cm™!
resolution. The pellets were prepared by mixing each sample powder with KBr matrix at a
level of 1 wt%. The background data were collected for the KBr matrix and subtracted from
each spectrum. All spectra were recorded at ambient temperature.

The physical characterization analyzed in terms of density and porosity: Apparent density
measurement was performed on each sample using Archimedes’ method by immersion in
Hg. Sample mass was determined using an electronic balance and relative density (RD) was

calculated with the following equation:

RD = P2x100
P

where grand q, are the samples’ theoretical density and apparent density, respectively.

The porosity of the prepared ceramic, three samples of the foams were selected for each
sintering temperature and each composition and the porosity of the bulk specimens was
measured by Archimedes method. The apparent porosity, which measures the
interconnected porosity, was determined by weighing the dry ceramic (Wd), and then
reweighing the ceramic both when it is suspended in water (Ws) and after it is removed from

the water (Ww).

X ‘VV!’ B ‘Vd
Aparent porosity = We — W x100
W e J
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The true porosity includes both interconnected and closed pores. The true porosity, which

better correlates with the properties of the ceramic, is:

. p—B
True porosity = I - |x100
where
Wy
= W — W

B is the bulk density and r is the theoretical density or specific gravity of the ceramic. The
bulk density is the weight of the ceramic divided by its volume.

We used three-point bending strength (r) in order to study the mechanical properties of the

biomaterials. The test was made using a Microtest universal testing machine set at a cross-
head speed of 0.33 mm s*! and a span of 40.0 mm. Fracture toughness (Kic) was also
obtained in the 3-point bending test as a function of loading rate by the single edge
precracked-beam method.? Measurements were performed at room temperature using the

rectangular-shaped samples (3 mm x 4 mm x 45 mm) with a notch width of <0.5 mm. The
ratio between notch depth and sample thickness was 0.4. Young’s modulus (E) was evaluated
from the stress-strain curves obtained with the flexural strength test. Seven replicates were

determined for each material and the results were expressed as mean 6 standard deviation.
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Finally, the microstructure of the HA graft implants and the HA/TCP/collagen composistes
were characterized using a scanning electron microscope (SEM, HITACHI S-3500N, Japan).
Quantitative analyses were made by an Electronic Dispersive X-ray Spectroscopy (EDX)
system coupled to the electron microscope (Oxford Instruments INCA 300 EDX Analytical
System (Abingdon, Oxfordshire, U.K.) using ZAF (atomic number, absorption and
fluorescence) correction software and Bayer standards. Microanalysis data was obtained
from the mean of ten independent determinations. Every sample was embedded in an epoxy
polymer with vacuum, polished with diamond paste down to 1m and etched with diluted
acetic acid (1.0%v/v) for 6s. Then, they were gently cleaned in an ultrasonic bath with
distilled water, dried and palladium coated under an argon atmosphere using a sputtering

machine (Polaron K550X Sputter Coater, Germany) for SEM-EDS observations.

4.3. Animal experimentation

Main protocol. The study protocol was approved by the Animal Ethics Committee of the
University of Murcia, following Spanish Government and European Community Guidelines
for animal care. Fifteen male New Zealand rabbits of 3.5-4.5 kg in weight were used. The six
materials were implanted into the animals’ calvariae and tibiae. General anesthesia included
ketamine plus chlorbutol (5-8 mg/kg intravenously), 0.5-1 mg/kg acepromazine maleate as
a coadjutant, and 0.05 mg/kg atropine. Amoxicillin (0.1 mL/kg intramuscularly) was

administered at the end of surgery.
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4.3.1 HA and composite implants
Three groups of 15 rabbits were used, a total of 50 with 160 critical size defects each of
cylindrical shape (6 £ 0.01 mm in diameter and 2 + 0.01 mm in length). The sample were
divided into two general groups: GROUP 1 (HA/-TCP/collagen composite ) and GROUP 2: (HA

pure).

GROUP 1: The ratios of three constituents HA/-TCP/collagen (in wt % varied as follows:
group A: 40/30/30; group B: 50/20/30; and group C: 60/20/20). A fourth group, group D

(unfilled critical size defect), acted as control.

GROUP 2: divided in 4 groups: Group I filled with hydroxyapatite granules (2000-4000 um),
Group II filled with hydroxyapatite granules (1000-2000 pm) and Group III filled with

hydroxyapatite granules (600-1000 pm), Group IV empty defect, acted as control.

These were distributed randomly amongst critical size defects in rabbit calvarias and tibiae
by means of random number generator software, SPSSR v.18.0. (IBM Corporation, New York,

NY).

4.3.2 Surgical procedure.
Two critical defects (6 mm @) were created in each calvaria or tibia respectively. The surgical
approach was in the proximal-medial area of the calvaria and in the proximal area of the
tibia, several millimeters below the frontal tuberosity. Bone tissue was removed with
spherical surgical drills of 6 mm in diameter at low rotation speed with constant irrigation

[Fig. 1.1(a-c) & 1.2 (a-d)].
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Figure 1. Surgical procedure: Calvariae: surgical approach (1a), defect preparation (1b), graft placement

(1c). Tibia: surgical approach (1d), defect preparation (1e & f), graft placement (1g).

4.4, Post-mortent implant characterization

4.4.1. Histological and histomorphometric analysis

After the elapse of the 60-day implantation time, the implants together with the surrounding
tissues were removed and fixed in 10% neutral buffered formalin and decalcified. The
decalcification method utilized Osteomoll Merck KbaA (Germany) containing HCI (10%) and

CH,0 (4%), immersing samples for 17 days and renewing the so- lution every 24 h.

Subsequently, all samples were paraffin embedded, sectioned at 5 Im depth and stained
using hematoxylin-eosin. The entire circumference of each section (containing bone, graft,
and connective tissue) was traced manually to create an individual region of interest.
Histomorphometric evaluations consisted of measurements of the area of graft material in

relation to the total area of interest. These were carried out using Image ] software
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[developed by the National Institute of Health (NHS), Bethesda, MD]. Examinations were
performed under a Nikon Elipse 80i microscope (Teknooptik AB, Huddinge, Sweden),
equipped with an Easy Image 2000 system (Teknooptik AB) using 103 to 403 lenses for
descriptive evaluation and morphometric measurement. Images were generated using a
Leica Z6 APO microscope connected to a Leica DC 500 (Barcelona, Spain) digital camera,
enlarged 233. After calibrating the system and digitalizing images, interactive measurements
of the areas of interest were obtained using image analysis software Leica QWin V3

(Barcelona, Spain). Histomorphometric analysis produced one

4.4.2.Resorption rate and pattern of surface resorption

The image analysis program Image ] (National Institutes of Health, Bethesda, MD, USA) was
used to calculate the resorption rate of the different material compositions. This was
performed by demarcating the area of interest as the total biomaterial at the time of
implantation, measuring its perimeter, and comparing this with the residual material after

15, 30, and 60 days.

4.4.3. Scanning electron microscope study

Twenty samples of each material were studied after 15, 30, and 60 days of implantation
comparing variations in the ratios of Ca/P percentages. The samples were fixed by
immersion in 4% formalin solution, dehydrated in a graded ethanol series, and embedded in
plastic resin (Technovit A 7210VCL; Kulzer& Co, Hanau, Germany). They were then polished
using a manual grinder with 800 grit silicon carbide paper, mounted on an aluminum stub

and carbon coated (using a Polaron sputter coater). Samples were examined using the SEM-
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Hitachi S-3500N at a working distance of 19 mm, an acceleration voltage of 15 kv and 159
magnification, with an Oxford Instruments INCA 300 EDX System (Abingdon, Oxfordshire,
UK), evaluating elemental composition of the graft material and bone in the medullary area.
Areas of interest were delimited by the inner cortical walls and reached into the medullary
core. Elemental mapping was performed in order to determine the chemical degradation

process and changes to medullary composition in all four study groups.

4.4.4.Radiological study

Digital radiographs were taken (using a Kodak 6100, Eastman Kodak, Rochester, NY, USA)
following sample removal using a custom-made acrylic support to ensure reproducibility of
the technique. Exposure parameters were standardized. Each radiograph was studied using

image analysis software Image J (National Institute of Health, Bethesda, MD, USA).

4.5. Statistical analysis

Statistical analysis was performed using PASW Statistics v.18.0.0 software (SPSS Inc). Values
were recorded as mean * standard deviation and medians. Nonparametric Friedman test
was applied to the comparison of medians and to quantify relationships between differences
(P < 0.05). Equal means were regarded as the null hypothesis, whilst the existence of
differences between means acted as an alternative hypothesis. As significant differences

between the means existed, the null hypothesis was rejected.
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RESULTS
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5.1. HA Biomaterial Characterization

The XRD patterns of the HA grafts implants, sintered at a different temperatures in the range
of 600°C to 1000°C is shown in Figure 2. The diffraction patterns have been identified for
those belonging to the HA phase. Good agreement was found between the XRD pattern of the

prepared HA powder and the stoichiometric HA [XRD JCPDS data file No. 09-0432.].

200
150
100 {C
50
0
20 25 30 35 40 45 50

20

Figure 2. XRD of the HA grafts (A) at 600°C, (B) at 800°C and (C) at 1000°C.

No new phase (after sintering) is formed. The lower temperatures, 600°C and 800°C, the
shift was significant suggesting a great lattice distortion. Based on XRD patterns, the crystal

size of HA graft implants studied are given in Table 2. The crystal size increased with the
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5. RESULTS

increasing temperature of sintering from 325 nm to 732 nm. Table 3 summarizes physical
properties of HA graft as a function of sintering temperature. The sample that shows highest
crystallinity and crystal size corresponding to that of group I. The differences in density are

not very significant.

Heat Crystalline Grain size.

Treatment phasg (um)
Group I 1000°C HA 2000-4000
Group 11 800°C HA 1000-2000
Group 111 600°C HA 600-1000

Table 2. Heat treatment and the physical characteristic of the HA graft.

Crystall size Porous size True Porosity | Apparent Porosity.
(nm) (mm) (%) (%)
Group | 325 0.5(20.1) 71 (21.9) 51(x2)
Group 11 458 0.5(+0.1) 67(x1.4) 46(+1.8)
Group 111 732 0.6(0.1) 65(+1.8) 45(+1.7)

Table 3. Physical properties of HA graft as a function of sintering temperature.

Figure 3 displays the FTIR spectra of the milled samples after thermal treatment in the range
of 600-1000°C for 1h. In general, the characteristic groups of apatites are PO43~, OH™ and
HPO4%~ groups which commonly appears in 4000-400 cm-1 region in the FTIR spectra
[26,29,30]. The characteristic bands of the synthesized materials are: After 1 h of sintering,
two bands were detected at 3432.2 and 1642.6 cm™! as a result of the vibration of the
adsorbed water in apatites. These bands shifted to 3236.5 and 1684.3 cm™!, 3200.1 and

1684.5 cm™, after heating at 800, and 1000°C, respectively.

38



3 g S 1 i

o L1 8 7 1 n 8 1

=2 s & >

3 3

2 - g ‘4

5 3 J| &

B & o I *2

- — —
A 8¥s B Y5 C 5%

4000 3000 2000 1000 400 4000 3000 2000 1000 400 4000 3000 2009 1000 400

Wavenumber {cm™ 1) Wavenumber (ecm’ 1) Vavenumber (em™ )

\V-'ﬁL_u‘:I :'\A.I;hl;l;( ‘; c~m- X L:Em-.,;n (N" lem”? .'\SHEI!I!INI! N* cm' Assigniment '\'t;n ¥ \—\un:m'nenl \r |r|.ln ‘}-.;._.;,Eu
I 4733 [w.(r0,5) |5 11\,4.” v, (PO (737 1w, .p()l 3 1ET 4 e (PO L4098 v (PO 15 [IIMT8 v (PO
2 5679 lv (rO,5) 6 10917 Jv, (PO, '2,__,~r~' v (PO 6 10826 [v. (O™ {2 15676 h.(m.'“. 6 [1087.7 |v, (PO,
3 [h07 1_ \‘qpul | ' n..v i uo 3 “."L-L.‘L&J.!'_U_-- 7 |f.xx 1 HO h rlN \:(H);' y 17 |. %45 H A
46 v (PO, |8 [H322 [HO (4 e0a v, p0,) |8 (32565 [0 419582 [v,(PO,5) I8 (519610 [H,0°

José Eduardo Maté Sanchez de Val

Figure 3. FITR of the HA grafts (A) at 600°C, (B) at 800°C and (C) at 1000°C.

The intensity of these bands declined dramatically after thermal treatment especially at 1000°C.

Also the PO4*> bands shifted for the annealed sample at 800°C in comparison with the heat-treated

specimen at 1000°C. With an increasing of the annealing temperature, the PO43~ vibration peaks

merged gradually. Figure 4 shows SEM micrographs of the HA grafts sintered at 600, 800 and

1000 °C for 1 h. SEM micrographs showed that the obtained HA grafts structure consisted of a

highly spherical porous network with the pore size of 0.5 mm in average. Figure 4 shows Sem

images of the samples previous to the animal implantation.
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Figure 4. SEM micrographs of the HA grafts (A,B) at 600°C, (C,D) at 800°C and (E,F) at 1000°C.
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5.2. HA Implant characterization

5.2.1. SEM and EDS analysis

Figure 5 presents the micrographs of the implants’ cross sections after the implantation for
60 days. The SEM morphological examination showed that all the implants were well
integrated into the host tissue, and developed an uneven surface caused by their gradual

degradation..

Figure 5. SEM micrographs of the 60 days HA graftsimplants. (A,B) at 1000°C, (C,D) at 800°C and (E,F) at 600°C.
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The group III implant showed numerous resorption regions (marked by the arrows in the
Figure 5E and 5F), mainly on its surface, and also more uneven surface morphology in
comparison with the other implants. The group II implant presented an average resorption
rate of all the implants (Figure 5C & 5D). The group I (Figure 5A and 5B) displayed smoother
surface features, in comparison with the other two implants.

According to the EDS analysis and high magnification SEM examination of the interfaces
developed between all the studied implants and the surrounded tissue, the reaction zone
was characterized by the intermittent presence of calcium phosphate phase, which
corresponded in structure and morphology to a new bone tissue. Also The Ca/P ratio related
to new bone formation level was greater in the group I implant in comparison with the other

groups (Table 4)

Element Group I Group 11 Group IT1
Weight% | Atomic% | Weight% | Atomic% | Weight% | Atomic%

CK 21.93 43.17 7.77 13.69 28.00 4491
0K 16.14 23.86 45.07 59.61 31.32 37.71
Na K 0.65 0.60 9.61 5.98
PK 13.75 10.49 14.41 9.84 19.27 9.26
Ca K 32.02 18.89 30.01 15.84 11.80 2.14
PdL 16.16 3.59 2.09 0.42

Totals 100.00 100.00 100.00
Ca/P 238 | 18 208 | 160 061 | 023

Table 4. EDS analysis at the interface of the HA grafts after 60 days implantation.

5.3. Preoperative composites characterization

The X-ray diffraction patterns of the synthesized powder of TCP and HA as well as the

composite ceramic powder materials is shown in figure 6. It can be seen that the
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polymorphic form obtained was b- TCP in the rhomboetral crystalline system with main
diffraction plan [021] and corresponded to JCPDS card no. 9- 0169. On the other hand, the
HA corresponded to JCPDS card no. 09-0432 and presents hexagonal system with main
diffraction plan [211]. No other secondary phases were detected. The XRD patterns of the

composite ceramic compositions showed peaks corresponding with b-TCP and HA.
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Figure 6. X-ray diffraction patterns of synthetic HA, TCP raw materials and HA/TCP/collagen compositions.

The physical and mechanical properties of the ceramic scaffolds are reported in Table 5. As
the collagen content increased (from 20 to 30 wt%), the porosity increased by about 4% for
group B composition to about 9% for Group A. Bending strengths ranged between 7.76 and
8.21 MPa. Although there was almost no difference between the composites, it was obvious

that the addition of collagen produced various responses among the different ratios in

43



José Eduardo Maté Sanchez de Val

relation with porosity and mechanical properties of the compounds. Fracture toughness, the
material’s resistance to crack propagation, is an important parameter for assessing a
material’s susceptibility to failure. In general, toughness was seen to increase for Group B
and decrease for Group A with the addition of collagen. When each group was compared,
significant differences were recorded (to facilitate comparison, the properties of sintered HA,

b-TCP, cortical, and cancellous bone are also included).

Crystalline | Porosity Density RD Bending Young's Fracture
phases (%) (g.cm?) (%) strength, modulus, toughness,
o (MPa) E (GPa) Kic (MPam1/2)
Group A HA/B-TCP 324123 | 2182056 | 76.25+2.34 7.76+1.02 315+1.12 0.34 +0.03
Group B HA/B-TCP 27 +1.07 | 220+ 0.67 | 7812 + 256 8.21+ 099 3.18 + 0.89 0.40+0.12
Group C HA/B-TCP 23+098 | 235+0.38 85.25 £3.01 792+1.76 3.16+1.02 0.37 +0.07
Sintered HA HA 99.2+ 098 115-200 80-110 1.0
Sintered TCP f-TCP 99.7 £ 0.87 140-154 33.90
Cortical bone CHA 5-12 1.8-2.0 60-147 11-19 2-11
Cancellous CHA 46-95 0.09-1.0 0.5-8.0 0.06-1.5
bone

Table 5. Physical and mechanical properties of the materials studied. For comparative purposes the mechanical properties

of sintered HA, sintered TCP and cortical and cancellous bone are also included.

Table 6 shows the results of the specific surface on the nanostructured powders after milling

b-TCP, HA, and the ceramic composites. The results show higher values for the HA matrix,
getting to 10.4 mz/g. Also the HA powder present a morphology formed by clustered

nanoparticles smaller in size by 50 nm, and the b-TCP powder shows nano-particles bigger to

those found for HA. The results found for the b-TCP, and HA nano-structured powder after
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the mill shows a change of the nanoparticles surface, generated by the process in the
attrition mill. This superficial change of the nanoparticles has already been identified by
other authors that have used the high-energy method of attrition milling in the development

of ceramic powders (Camargo et al. 2012, 2014).

B-TCP HA Group A Group B | GroupC
Superficial 8,7 0,5 10,4=0,5 8,6=0,5 8.8+0.5 9,320,5
Area (m?/g)

Table 6. Specific surface of the presintered materials as well as the composites.

Fig. 7 shows surface morphology of the three composites. If the micrographs obtained on the
different composites are comparable, it is possible observe that the materials revealed a
microporous morphology formed by aggregated nanoparticles independently of the
composition of the composite. The particles present an average diameter of ~50- 60 nm. In

addition, dense powder aggregates with sizes of ~2-5 Im were observed.

45



José Eduardo Maté Sanchez de Val

Figure 7. SEM images of materials obtained: (3a) Group A, (3b) Group B, (3c) Group C. (100 microns).

5.4. Composite implants characterization.

5.4.1. Histological and resorption analysis

Analysis of the histological sections of each of the three materials was performed at 60 days
post implantation. None of the grafted materials elicited a significant inflammatory reaction.
In all samples, woven bone was identified around and in close contact with the material and,
as might be expected in rabbit calvarial bone, small marrow spaces were observed in the
peri-material bone, which had reached maturity over 60 days. The volume of the graft block
in group A decreased progressively as bone formation increased at the periphery and within
the block, leading to its virtual disappearance and almost complete closure of the cortex at

60 days. In group C, graft blocks showed slower resorption than the other groups;
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histological results showed that after implantation, changes to residual block content,
peripheral bone resorption, new bone formation, and closure of the cortex were minimal in
comparison with the other graft compositions (Fig. 8). In calvariae treated with group B
blocks, there was intermediate block stability, much greater resorption than in group C, but
lower than in group A and an intermediate rate of neoformation. In the control group, no
spontaneous closure of the defect was seen, as might be expected of a critical defect [Fig.
8(a)]- The resorption pattern was variable across the groups. Group A samples [Fig. 8(b)]
showed numerous resorption foci on block surfaces, which produced a much more irregular
surface compared with other samples (peaked resorption pattern). Group B samples [Fig.
8(c)] presented intermediate behavior showing a moderate resorption pattern, with fewer
unfilled regions and less irregularity, after a wavy resorption type across the surface. Finally,
in group C, a linear pattern was observed with few resorption foci that were more regular

and less active (Fig. 8(d)].
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Figure 8. Analyses of histological sections were performed at 60 days for each of the three materials: Control (a), Group A

(b), Group B (c) and Group C (d). Black: residual material. Yellow: bone remodeling site. (resorption foci). (200x).

In tibiae, analysis of the histological sections of each of the three materials was performed at 15,
30, and 60 days post-implantation. None of the grafted materials elicited a significant
inflammatory reaction. In al samples, woven bone was identified around and in close contact with
the material and, as might be expected in rabbit tibia bone, small marrow spaces were observed in
the peri-material bone, which had reached maturity over 60 days. The volume of the graft block in
Group A decreased progressively during the time of study, starting with minimal signs at 15 days
until the material reabsorbed at 60 days and increased new bone formation surrounding and inside

the biomaterials, bone formation increased at the periphery and within the block, leading to its
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virtual disappearance and almost complete closure of the cortex at 60 days. In Group C, graft
blocks showed slower resorption than the other groups; histological results showed that following
implantation, changes to residual block content, peripheral bone resorption, new bone formation

and closure of the cortex were minimal in comparison with the other graft compositions (Fig. 9).

Control

Figure 9: Histologic results at 15, 30 & 60 day implantation. Group A (40/30/30), Group B (50/20/30), Group C

(60/20/20) and control. Detailed images of biomaterials with ROI. (Magnification 50x).

In tibiae treated with Group B blocks, there was intermediate block stability, much greater
resorption than in Group C, less than Group A, and an intermediate rate of neoformation. In the
control group, no spontaneous closure of the defect was seen, as might be expected of a critical

defect. The resorption pattern was variable across the groups being observed a progressive
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resorption during the time of study to achieve greater resorption at 60 days. Thus, 15 days thereis
a partia resorption, being higher for group A, followed by group B and group C where finally
reabsorption is partial. Similarly to 30 days resorption rates are higher with respect to the 15-day
study and lower than those found at 60 days for the three study groups. Group A samples showed
numerous resorption foci on block surfaces, which produced a much more irregular surface
compared with other samples (peaked resorption pattern). Group B samples presented
intermediate behavior showing a moderate resorption pattern, with fewer light areas and less
irregularity, following a wavy resorption type across the surface. Finally, in Group C, a linear
pattern was observed with few resorption foci that were more regular and less active (linear

resorption pattern).

5.4.2. Histomorphometric analysis

Histomorphometric analysis was carried out to establish BIC values for the three materials,
with Group A showing best BIC (%) at 15, 30 and 60 days (43.12 + 0.14; 52.49 + 1.08 and
67.23 + 0.34) (without empty spaces) than Group B (38.84 + 1.32; 47.64 + 1.21 and 54.87 +
0.32), followed by Group C (28.92 + 2.41; 35.94 * 1.92 and 48.53 * 0.31) , in which close
contact between bone and graft was significantly less. Moreover, new bone ingrowth, defect
closure, and residual biomaterial were recorded and analyzed, showing better values for

Group A samples in comparison with the other groups (Table 7).
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Group A Group B Group C Control
Time (days) 15 in 60 15 30 60 15 a0 60 15 10 60
BIC (%) 43.12 = 5246 = 67.23¢ 384 = 47.64 = 5487 = 2892 = 3594 = 4853« 0.00= 000 = 0.00=
.14 1.08°* 034~ 1.32 1.21°* 032* 241 1.92 031" 0.00 0.00 0.00
New bone 39.32= 5838 = 78.23 1 34.73 = 5603z | 7412= 2075 = 63.48= | 72522 2484z [2984=] 3738=
3.01 214" 265" 10.65 1.74* 283* 1.10 301° 249" 0.05 213 3.97
ingrowth
Defect 18.64 = 7.43 6334+ 1632 = 3463= | 3954« 19.94 = 32.24 6046 2 1021= [ 2398+ | 3421=
1.13 241 343" 201 3.21° 332° 2.01 +0.64 a1 0.32 3.10 2.34"°
Closure
Residual 7832 = 65.00 = 5934+ §0.09 = 72522 6343 = 81.12 7434 = 7939« 0.00 = 0.00 = 0.00 =
1.04* 094"~ 295 1.05* 098" 290 231" .64 298 0.00 0.00 .00
Biomaterial
Resorption 2168 = 34.91 = 40.66 + 1991 = 2748 = 3657 = 16.68 = 2566 = 20612 0.00 = 0.00= 0.00 =
2.18 321° 3.10° 0.39 243" 2.64° 1.22 1.18* 3.01 0.00 0.00 0.00
rate

Table 7. Histomorphometric analysis to evaluate BIC for the three materials. Non Parametric Friedmann Test. Significant
differences (*) p<0.05. Mean * Sd.

5.4.3. SEM and EDS analysis

SEM images showed complete integration of all specimens, without significant differences

between the groups. In all cases, the cell growth was observed to be orderly and structured;

there was cell attachment to the biomaterial and the establishment of an interface between

the biomaterial and the old bone (Fig. 10). Examining the details of each panoramic image,

group A showed integration of the graft in the calvarial bone [Fig. 10(a)], as well as cellular

arrangement over the graft block [Fig. 10(b)]. In group B, integration existed in the

surrounding
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Figure 10. Post-extraction SEM images of samples in calvariae. Group A: panoramic and detailed (a, b); Group B: panoramic

and detailed (c, d); and Group C: panoramic and detailed (e, f)
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bone [Fig. (c)] and an equally cellular arrangement and growth over the graft [Fig. (d)]. In

group C, a higher percentage of residual graft material was observed at 60 days

[Fig. (e)], as well as cellular surface growth and integration. The interrelation with the
peripheral bone was worse in comparison with the other two composites [Fig. (f)]. EDS
analysis showed higher content of Ca and P in the new bone region for the composites of

higher collagen content.

In tibiae, SEM images showed complete integration of all specimens, without significant
differences between the groups. In all cases, the cell growth was observed to be orderly and
structured; there was cell attachment to the biomaterial and the establishment of an
interface between the biomaterial and the old bone (Fig. 11). Examining the details of each
panoramic image, Group A showed integration of the graft in the tibial bone (a), as well as
cellular arrangement over the graft block (b). In Group B, integration existed in the
surrounding bone (c) and an equally cellular arrangement and growth over the graft (d). In
Group C, a higher percentage of residual graft material was observed at 60 days (e), as well
as cellular surface growth, but integration arranged on the surface. The interrelation with the
peripheral bone was worse in comparison with the other two composites (f). EDS analysis
showed higher content of Ca and P in the new bone region for the composites of higher
collagen content. The best results were recorded for Group A. The Ca/P ratio at the interface

was best for Group A, as listed in Table 8.
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Ca/P New Bone Residual Biomaterial Interface

Ratio | Group A | Group B | Group C | GroupA | Group B | Group C | Group A | Group B | Group C

15days [ 213 2191 243 ¢ 222% 206 244 234 % 223 % 242 %
0.23 1.02 0.10* 1.2 1.43 0.45* 0.99 1.25 0.59*

30days | 223 % 220+ 246 % 219% 212 + 248 £ 229% 230+ 241+
0.16 0.65 0.61* 1.02 0.54 1.01* 0.67 111 0.27

60days | 2.26 223+ 249+ 223% 2.08+ 245+ 270% 2.06 £ 220+
0.64 0.93 1.23* 0.88 0.43 098* 1.02* 1.10 0.75

Table 8: EDS analysis with content of Ca and P in the new bone region, interface and residual biomaterial for the composites

at 15, 30 & 60 days. Non Parametric Friedmann Test. Significant differences (*) p<0.05. Mean * Sd.

Group A Group B Group C

15 days

30 days

60 days

Figure 11: SEM analysis of samples in tibiae after 15, 30 & 60 days implantation showing biomaterials, interface and new
bone; Group A (40/30/30), Group B (50/20/30) and Group C (60/20/20), images show correct integration of the implant

and the absence of peripheral gaps surrounding the materials. (Original magnification: 50x; 200 pum).
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The BSE imaging was used to highlight contrasts between resin, bone, and biomaterial. EDX
was used to identify and evaluate the relative concentrations of all chemical elements
present in the tissues, using point analysis to determinate mineral distribution. EDX spectra
were collected at discrete points in each biopsy (* from Fig. 11). Elemental composition

(atomic %) of the graft materials and bone were calculated from the spectra.

In BSE images, particles of HA/TCP/ collagen implant were seen to be a white-gray color due
to low organic content and a relatively high Ca/P ratio (atomic %), whereas newly formed
bone had a darker gray color because of the presence of collagen, marrow, and fat. SEM-BSE
evaluation confirmed that the residual graft particles were surrounded by newly formed
bone, which presented characteristics of mature bone with well-organized lamellae and

numerous small osteocytic lacunae (Fig. 11).

The bone-to-biomaterial interface was characterized by small numbers of projections of
newly formed bone reaching into the graft particles. In many areas, much bigger regions
containing exposed and partly loose parent implant particles were present, as a result of the

material degradation in the physiological environment.

After 15 days of implantation, the implant was already well integrated into the host tissue,
forming an irregular surface boundary caused by gradual degradation of the material, Fig.
11. The interface developed between the implant and the surrounded tissue was
characterized by intermittent presence of calcium phosphate phase, which corresponded in
structure and morphology to new bone tissue. The EDS analysis and histological studies

backed up these findings. In many areas, much bigger regions containing exposed and partly
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loose parent implant particles were present, as a result of the material degradation in the
physiological environment. At 30 days, the outside surface of the implant presented active
regions, where the degradation process of the material originated. These observations led to
the conclusion that interfacial activities at 60 days were already well in progress, remodeling

the chemistry and morphology of the interface.

5.4.4. Radiological study

Radiographs were obtained after sample extraction, observing integration with the host
bone in all study groups. The radiographic density varied with the chemical content of the
samples, with group A showing correct integration and partial resorption that corresponded
to the histological findings [Fig. 12(a)]; group B behaved similarly and was seen to be fully
integrated with the surrounding bone [Fig. 12(b)]; group C showed a greater presence of
residual biomaterial and correct integration [Fig. 12(c)]. There was no spontaneous closure

of the defect, as expected for a critical defect [Fig. 12(d)].

Figure 12. Radiological analysis of the implanted
samples. Radiographic density: Group A (6a),

Group B (6b), Group C (6¢) and Control (6d).
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In tibiae, radiographs were made following sample extraction, observing integration with the
host bone in all study groups (Fig. 13). The radiographic density varied with the chemical
content of the samples, with Group A showing correct integration and partial resorption that
corresponded to the histological findings; Group B behaved similarly and was seen to be fully
integrated with the surrounding bone; Group C showed a greater presence of residual
biomaterial and correct integration. There was no spontaneous closure of the defect, as could

be expected for a critical defect.

15 days

Figure 13: Radiological images of samples after 15, 30 & 60 days implantation showing remaining materials and control.
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DISCUSSION
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6. DISCUSSION

Porous calcium-phosphate ceramic scaffolds were tested for their bone-healing capacity and
osteoinductivity. Critical-sized calvarial wing defects were used to compare bone formation
following the implantation of ceramics. For bone tissue engineering, the design of calcium
phosphate scaffolds should mimic the structure and properties of the bone extracellular
matrices and this study set out to produce and test scaffolds with physical and biological
properties similar to natural bone. (Zheng et al. 2011).

Different composition ratios of HA/TCP/Collagen can also produce different biological
responses and so an ideal balance between these two phases should improve the physical,
mechanical properties as well as the biological behavior of calcium-phosphate scaffolds. The
effect of collagen can be understood as a facilitator of the early stages of cell anchorage to the
biomaterial and as a vehicle to allow the action of bone cells to initiate biomaterial and new
bone substitution. Currently, several synthetic routes have been utilized for the preparation
of calcium-phosphate ceramic powders with different composition ratios. In this study, a
solid-state reaction followed by cold isostatic pressing was used successfully for preparation
of porous calcium-phosphate ceramic scaffolds. This technique is simple and economical.
Brodie et al. 2006, reported that collagen coating increases the strength of HA/TCP 50/50
(wt%), whereas it weakens HA/TCP 25/75 (wt%) and pure TCP discs. These inconsistent
mechanical behaviors are in accordance with our results.

All the materials in this study were found to offer biocompatibility, sufficient mechanical
strength and did not produce any adverse inflammatory reactions at the insertion site. The
fact that they are absorbable allowed their rapid replacement by the new bone without

causing any reactions to foreign bodies. The fastest resorption rate of the material in Group
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A> Group B> Group C (Study 1) was related to the percentage of HA in each material and also
collagen in the composition. There were no inflammatory reactions either near the grafts or
the controls. Rapid replacement by new bone allows a bone matrix to become established
within the material, giving the host area physical properties similar to the bone (Ono et al.
2011).

A significant difference in resorption time and in the stability of the material was found in
Group C, which showed greater stability and less resorption than the other groups.

The HA/B-TCP scaffold in cylinder form allows a precise evaluation of resorption,
dimensional stability and replacement by new bone (Ebrahimi et al. 2010). It is known that
an appropriate concentration of collagen in this biomaterial acts as an integration stimulant,
promoting bone matrix and ion exchange with the implant environment.

According to Araujo et al. 2010, who studied an in vivo experimental model, the material
produced appropriate bone replacement, cell differentiation and stimulated osteoblasts, the
authors observing increased amounts of mineralized bone and osteoblast activity.

Despite the New Zealand rabbit’s rapid metabolic activity, other studies have established its
validity as an experimental model for testing biomaterials used for bone replacement. (Calvo
et al 2012) In view of this, the results in this study were enhanced through the creation of
critical defects of 6 mm diameter, which will not close spontaneously and therefore
demonstrate the regenerative potential of the biomaterials under observation.

Resorption patterns in the groups containing the highest percentage of collagen and less HA

were more active than in the groups with lower percentages, which showed more irregular
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shapes and became smoother as the collagen content was reduced. This corresponds to
collagen’s proven osteogenic capacity, increasing foci of resorption and new bone formation.
In the study of bone-to-implant contact, all the materials showed appropriate percentages of
integration. The presence of collagen in group A produced higher bone-to-implant contact
values, with a much larger pattern of interdigitation in comparison with the other two
groups. The addition of 30 wt% of collagen and the reduction in the HA content with higher
presence of more soluble TCP also improved the rate of new bone formation at the implant
periphery. The percentage of new bone formation for Group A samples was significantly
higher than in the other groups; the presence of collagen allows internal replacement of the
material by new bone within a favorable time span, as demonstrated by the presence of new
bone within the material and at its periphery. (Maté et al. 2014).

The results obtained from the x-ray diffractometry on the ceramic composites powders show
the presence of representative peaks from the B-TCP and HA phases for all the powder
compositions, where only a slight variation in the intensities of the peaks between the
compositions, which is related to the presence of the concentration of phases in % in each
two phase powder composition.

The presence of a larger concentration of the matrix HA in the composites was prepared,
which lead to a slight reduction of the specific surface for these compositions, if these results
are associated to the HA matrix. This small variation in the specific surface between the
compositions can be explained by the slight variation of the morphological characteristics,
previously observed through the micrographs represented by figures 3a, 3b and 3b, (study 2)

where there is a thin morphology of nanoparticles for the HA matrix. Morphological
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characterization has shown that the powder HA has a morphology that is more refined than
the powder B-TCP. It has been observed that this fine morphology of the powder HA has also
influenced the values of the superficial area obtained by BET, showing slightly superior
superficial area, for the compositions with a larger concentration of the matrix HA. These
fine morphologies found can be a potential in the development of biomaterials for bone
replacement and leads to innovative results in the microstructural level of microporosity and
of surface grains and microporos. The literature shows that the developments of 3-TCP-HA
nanostructured powders and biphasics compositess have two basic targets: improve physical
characteristics as open porosity, superficial area of grains and microporus, and biomaterial
solubility.

In this paper (Study 2) three different compositions of the combination of hydroxyapatite, B-
TCP and collagen are formulated. The differences in the proportions of the three synthesized
materials must produce different reactions in vivo in animals which are implanted; as these
variations of the composition will provide different resorption times, different mechanical,
physical properties and therefore a different in vivo behavior of the tested biomaterials.
(Keaveny et al. 1993)

The adaptation of the properties of the biomaterial to the receiving area in relation to the
physical, mechanical properties, their structure and biological behavior directly affects the
remodeling process. So the greater convergence is achieved between the biomaterial and the
receiving area, the better it will behave the biomaterial. The effect of collagen can be
understood as facilitating the early stages of cell anchorage to the biomaterial and as a

vehicle allowing the action of bone cells to initiate biomaterial substitution by new bone.
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Currently, several synthetic routes have been utilized for the preparation of calcium-
phosphate ceramic powders with different composition ratios. In this study, a solid-state
reaction followed by cold isostatic pressing was used successfully for preparation of porous
calcium-phosphate ceramic scaffolds. This technique is simple and economical. (Dorozhkin
etal. 2009).

The surface roughness of biomaterials directly influences the possibility to create a zone of
facilitated cell anchorage. This synthesis process achieves a highly rough and irregular
surface appearance with some micro-cracks, creating a favorable environment for the initial
attachment of cells and the beginning of the process of bone remodeling. Studies of the
effects of collagen on the behavior of ceramic composite scaffolds have not found any
significant differences in physical-mechanical properties arising from different ratios of
collagen content (Maté et al. 2014). Therefore, other factors such as porosity and density
must play a major role in determining the physical, mechanical properties and biological
behavior of HA/TCP/collagen ceramic scaffolds. When the present study data was compared
with human bone (Table 2), the materials’ Young’s moduli were quite different from that of
cortical bone but were closer to cancellous bone (Keaveny et al. 1993).

Brodie et al. 2007 reported that collagen coating increases the strength of HA/TCP 50/50
(wt%), whereas it weakens HA/TCP 25/75 (wt%) and pure TCP discs. These inconsistent
mechanical behaviors are in accordance with our results.

One of the main disadvantages of the cold isostatic method is the poor mechanical strength
of the materials for load bearing applications (Table 2). Although a highly porous scaffold is

preferred, as it will favor bone cell adhesion and regeneration, this is achieved at the expense
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of mechanical strength and resistance. However, the method can be improved by
incorporating collagen into the composite material to achieve improved mechanical strength
and optimum physicobiological properties.

Multiple light microscopy and SEM evaluations of the implant-bone interface show how the
same structure is represented differently according to the examination method selected. The
precision and reliability of a histomorphometric study of newly formed bone depends upon
the correct identification and ultra structural characterization of all the cellular components
that might play a role in the osseointegration process. Optical microscopy lacks the resolving
power required for detailed structural analysis (Orsini et al. 2005; Wierzchos et al. 2008;
Jasty et al. 1989).

SEM analysis of the samples studied, revealed intimate contact between biomaterials and
bone receptor areas, with significant absences spaces that could lead to the conclusion that it
is wrong the integration of biomaterials used. The three compositions behaved in a similar
way, an increased mineral content observed in those samples where the hydroxyapatite
content is higher (60%).

Elemental analysis of the bone tissue demonstrated the presence of calcium and phosphorus,
pointing to the presence of mineralized bone tissue. This observation suggests that the graft
surface may provide an optimal stratum for bone tissue ingrowth (Skedros et al. 1993;
Ramirez et al. 2012). The highest concentrations of calcium in the interface region were
recorded for group A, indicating the highest levels of new bone formation, due to the faster
ion exchange rate in the interface area. The presence of extracellular CaZ+ resulting from

resorption activity might be involved in the stimulation of osteoblasts.
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Groups A and B had a high degree of porosity facilitating the implants” resorption process as
the external and internal surface areas of the pores were exposed to the medium over the
several microns distance beyond the graft body (as the results from the elemental mapping
indicated), in turn facilitating osteoconduction. Analysis was carried out at a selection of
different points, taking different points of interest from the middle and from the periphery of
the samples to detect changes to Ca/P ratios. This element mapping revealed an increase in
the areas of Ca and P reaching from within the biomaterial graft towards its periphery. It
could be that this ion increases areas of biological apatite on the agglutinated Ca and P
deposits and crystals, which in turn facilitate osteoconduction. In al cases, a decrease in the
percentage of Ca and P was found in the residual biomaterial, with respect to the initial
composition, while a gradual increase in the percentages of Ca and P ratio was found at the
interface, suggesting an increase in the osteoinductive capacity of the material and
replacement by new bone at its periphery.

In agreement with an earlier study of the mineral degradation process of B-tricalcium
phosphate using the SEM-BSE technique (Calvo et al. 2012), the present study found a
release of Ca and P ions, which was seen to promote new bone growth; it is possible that high
levels of Ca and P stimulate osteogenesis due to their effects on osteoblast gene expression,
as described by Lazary et al 2007 [34]. In normal calcified bone, the Ca/P molar ratio
increases with increasing calcification.

The three compositions studied were completely biocompatible with perfect mechanical
properties to accommodate the environment in which they were implanted. All were

gradually reabsorbed without producing any abnormal inflammatory reaction. This process
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of partial and progressive resorption, allowed to create an ideal location for the gradual
replacement by new bone. The fastest resorption rate of the material was in Group A> Group
B> Group C and was related to the percentage of HA in each material and also collagen in the
composition. (Ebrahimi et al. 2012). A significant difference in resorption time and in the
stability of the material was found in Group C, which showed greater stability and less
resorption than the other studied groups during 15, 30 and 60 days.

Thus the pattern of resorption and the grain size are two of the factors that will affect the handling
and use of a biomaterial for bone regeneration and their potential clinical applications. Secondary
surface porosity is established to start the resorption process on the surface of the material and the
change of initial porosity to the final stage of the process of resorption, is directly related to the
grain size and the ease of the cells to bind to the biomaterial surface. A completely resorbable
ceramic has been the goal of severa studies; however, a high rate of resorption or solubilization
can interfere with bone formation as the biomaterial may degrade faster than the rate of bone
formation. This phenomena leads to a change in the bioceramic’s physical structure, i.e., loss of
the concavity in the macropore and the mechanical stability of the surface, which will interfere
with cell attachment (Yuan et a. 2001]. Moreover, the release of high concentrations of calcium to
the microenvironment results in a change of the pH, promotes a mild inflammatory response and
favors fibrous tissue formation (Chou et a. 2005). Furthermore, higher calcium ion levels have
been shown to effect osteoclastic activity, varying from its inhibition to its stimulation or no
effects (Berger et a. 2001; Zaidi et al. 2004).

The present study (study 3) has demonstrated that none of the HA granules used induced any toxic

tissue reaction, i.e. necrosis or a severe inflammatory response. These findings reveal the purity of
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the granules used and underline data which established a correlation between the presence of
granule fragments within lymphatic nodes and their non purity (Yang et al. 2001). SEM and EDS
analysisrevealed a close relation between the newly formed bone matrix and the graft surface. The
increase of surface porosity in the three study materials suggest that there is a rapid remodeling of
the material surface due to the cellular action, increasing the size and number of the pores on the
surface and thus enabling the arrival and anchor cell and bone resorption and replacement by new
bone in the recipient area. Group |1l material with lower grain size is the fastest undergoes
remodeling and thus a further increase in the secondary porosity, so it can be considered as the
most active in terms of resorption and new bone formation. Elemental analysis of the bone tissue
demonstrated the presence of calcium and phosphorus, pointing to the presence of mineralized
bone tissue. This observation suggests that the graft surface may provide an optimal stratum for
bone tissue ingrowth (Ramirez-Fernandez et a. 2013). The highest concentrations of calcium in
the interface region were recorded for group Ill, indicating the highest levels of new bone
formation, due to the faster ion exchange rate in the interface area. The presence of extracellular
Ca2+ resulting from resorption activity might be involved in the stimulation of osteoblasts.

Yamaguchi et al. showed that moderately high extracellular Ca2+ is a chemotactic and
proliferating signal for osteoblasts and stimulates pre-osteoblast differentiation (Yamaguchi et al.
2010). Groups Il and I11 had a small grain size, so improve the surface resorption and increase the
surface porosity, facilitating the implants” resorption process as the external and internal surface
areas of the pores were exposed to the medium over the several microns distance beyond the graft

body (as the results from the elemental mapping indicated), in turn facilitating osteoconduction.
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Analysis was carried out at a selection of different points, taking different points of interest from
the middle and from the periphery of the samples to detect changes to Ca/P ratios. This element
mapping revealed an increase in the areas of Ca and P reaching from within the biomaterial graft
towards its periphery. It could be that this ion increases areas of biological apatite on the
agglutinated Ca and P deposits and crystals, which in turn facilitate osteoconduction. In al cases, a
decrease in the percentage of Ca and P was found in the residual biomaterial, with respect to the
initial composition, while a gradual increase in the percentages of Ca and P ratio was found at the
interface, suggesting an increase in the osteoinductive capacity of the material and replacement by
new bone at its periphery.

In agreement with an earlier study of the mineral degradation process of B-tricalcium phosphate
using the SEM-BSE technique (Calvo-Guirado et a. 2012; Lazary et a. 2007), our study found a
release of Ca and P ions, which was seen to promote new bone growth; it is possible that high
levels of Ca and P stimulate osteogenesis due to their effects on osteoblast gene expression, as
described by Lazary et al. (Lazary et a. 2007)) In normal calcified bone, the Ca/P molar ratio
increases with increasing calcification.

All the materialsin this study were found to offer biocompatibility, sufficient mechanical strength
and did not produce any adverse inflammatory reactions at the insertion site. The fact that they are
absorbable alowed their replacement by new bone without causing any reactions to foreign
bodies. The fastest resorption rate of the material was in Group I11> Group 11> Group | and was
related to the granulometry of each material. There were no inflammatory reactions near either the

grafts or the controls. Rapid replacement by new bone alows a bone matrix to become established
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within the material, giving the host area physical properties similar to the bone (Ebrahimi et al.
2012).
A significant difference in resorption time and in the stability of the material was found in Group I,

which showed greater stability and less resorption than the other groups.
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. CONCLUSIONS

Ceramic synthetic biomaterials of HA / B-TCP can be used as bone substitutes in situations
of bone regeneration process. Due of its high safety, dimensional stability and its bimodal
behavior, offers an effective alternative to other graft materials. Biomaterials proved to be
biocompatible, bioresorbable and osteoconductive.

The inclusion of collagen in the composition of the biomaterial provides a medium to
accelerating bone regeneration, since it allows the prompt arrival cell and replacing it with
new bone material.

The cold isostatic method was used successfully for fabricating HA/TCP/Collagen ceramic
scaffolds of desired shape and high porosity.

SEM and elemental analysis revealed that newly formed bone was closely attached to the
synthetic material, there was a gradual diffusion of Ca ions from the biomaterial into the
newly forming bone at the interface.

Changes in the size, porosity and crystallinity of one HA-based bone substitute material
can influence the integration of the biomaterials within the implantation site and the new
bone formation. High porosity led to cell and fiber in-growth within the center of the bone
substitute, while lowering the porosity gave the material “place holder” properties. The
HA with high porosity, low crystallinity and low granule size present low stability and high
resorption rate.

This study demonstrates that variations in the physical properties of a bone substitute
material clearly influence in the tissue reaction. As a consequence, biomaterials can be
designed to demand depending on the needs of resorption, dimensional stability and

handling needed for each case.
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. CONCLUSIONES

Los biomateriales compuestos, sintéticos ceramicos de HA / B-TCP pueden utilizarse
como sustitutos 6seos en regeneraciéonn désea. Debido a su alta seguridad, estabilidad
dimensional y su comportamiento bimodal, ofrece una alternativa eficaz a otros
materiales de injerto. Se ha demostrado que son materiales biocompatibles,
bioabsorbibles y osteoconductivos.

La inclusion de colageno en la composicion del material compuesto de HA/TCP
proporciona un medio de acelerar la regeneracion 6sea, ya que permite a la célula un
medio de actuacion rapido y formar nuevo material dseo.

El estudio por SEM y el andlisis elemental, revel6 que el hueso recién formado se
encuentra estrechamente unido al material sintético, produciéndose -una difusioén gradual
de iones de Ca desde el biomaterial a la interfase neoformada.

Los cambios en el tamafio, la porosidad y la cristalinidad de un material de sustitucién
0sea basada en HA pueden influir en la integracion de los biomateriales. El material
poroso de HA con alta porosidad, baja cristalinidad y baja granulometria disminuye la
estabilidad y aumenta la tasa de reabsorcion del mismo.

Este estudio demuestra que las variaciones en las propiedades fisicas de un material de
sustitucién ésea influyen claramente en la reaccion de los tejidos. Como consecuencia, los
biomateriales pueden ser disefiados a demanda en funcién de las necesidades de la

reabsorcion, estabilidad dimensional y manipulacion necesarios para cada caso.
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Abstract

Objective: The aim of this study was the synthesis and analysis of the tissue reaction to three

different Hydroxyapatite (HA)-based bone substitute materials differing only in granule size,

porosity, and crystallinity through an animal experimental model at 60 days.

Materials and methods: Three different HA-based biomaterials were synthesized and characterized

by X-ray diffraction, SEM, and EDS analysis, the resultant product was ground in three particle

sizes: Group | (2000-4000 um), Group Il (1000-2000 um), and Group Il (600-1000 um). Critical size
defects were created in both tibias of 15 rabbits. Four defects per rabbit for a total of 60 defects
were grafted with the synthesized materials as follows: Group | (15 defects), Group Il (15 defects),
Group Il (15 defects), and empty (15 defects control). After animals sacrifice at 60 days samples
were obtained and processed for SEM and EDS evaluation of Ca/P ratios, elemental mapping was
performed to determine the chemical degradation process and changes to medullary composition
in all the four study groups.

Results: The tendency for the density was to increase with the increasing annealing temperature;
in this way it was possible to observe that the sample that shows highest crystallinity and crystal
size corresponding to that of group I. The SEM morphological examination showed that group IlI
implant showed numerous resorption regions, group Il implant presented an average resorption
rate of all the implants. The group | displayed smoother surface features, in comparison with the
other two implants.

Conclusion: The data from this study show that changing the size, porosity, and crystallinity of
one HA-based bone substitute material can influence the integration of the biomaterials within
the implantation site and the new bone formation.

The reconstruction of bone defects with syn-
thetic bone substitutes requires their adapta-
tion to the size and the location of the
defects. Changes in the physico-chemical
properties of bone substitute materials, i.e.,
porosity, shape, and size, are described as
influencing the outcome of new bone forma-
tion and bone regeneration (Hulbert et al.
1972) and even promoting osteoinductive
properties (Habibovic & de Groot 2007);
Habibovic et al. 2008); (Carvalho et al. 2007).

Calcium phosphate ceramics have been
widely applied as bone substitutes, coatings,
cements, drug delivery systems, and tissue
engineering scaffolds due to their resem-
blance to the mineral portion of the bone tis-
sue, relative ease in processing and good cell
attachment (Gauthier et al. 1999; Barrere

© 2015 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd

et al. 2006; Le Nihouannen et al. 2007; Khan
et al. 2008). Its biocompatibility, safety, pre-
dictability, unlimited availability, lower mor-
bidity for the patient, and cost effectiveness
represent important advantages over auto-
grafts and allografts (Schawartz et al. 1999;
Le Nihouannen et al. 2007) and make them a
good choice for reconstructive surgery, ortho-
pedics, dentistry, maxillo and craniofacial
surgeries, spinal arthrodesis, and neuro-
surgery (Schawartz et al. 1999; Le Nihouan-
nen et al. 2007; Schindler et al. 2008).

Over the years, several modifications on
parameters such as sintering temperature, pH
and purity of the starting products have given
rise to calcium phosphates with distinct
chemical and physical characteristics such as
specific surface areas, surface energy, surface
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charge, roughness, grain size, and porosity
(Gauthier et al. 1999; LeGeros et al. 2003;
Hing et al. 2007; Julien etal. 2007; Le
Nihouannen et al. 2007). There is widespread
evidence the influence of grain size in the
process of integration and regeneration of bio-
materials for bone regeneration. This size
directly affects the absorption patterns of the
materials used as well as the possibility of
improving the mechanical properties of mate-
rials. Knowledge of appropriate grain size for
each clinical situation and the use of treat-
ment options to help achieve better end
results in regenerative therapies.

The ability of a scaffold to enhance osteo-
genic signal expression and support new bone
formation is largely dependent on the pore
size and porosity of the scaffold. Porosity
refers to the overall percentage of void space
within a solid, whereas pore size reflects the
diameter of individual voids in the scaffold
(Karageorgiou & Kaplan 2005; Mistry & Mikos
2005; Murphy et al. 2010). The importance of
scaffold porosity and pore size can be attribu-
ted to the native structure of bone which itself
is a porous tissue. Cortical bone is largely a
dense structure, but within it exists pores that
give an overall porosity of 10% (Kim et al.
2009). Conversely, trabecular bone is a highly
porous structure with typical porosity values
between 50 and 90%. Porous regions of corti-
cal bone allow for vascularization and cellular
infiltration of the structure. Porosity and pore
size have significant ramifications on the abil-
ity of tissue engineering scaffolds to support
bone regeneration for several reasons. First,
porosity and pore size have been shown to
affect cell attachment efficiency which conse-
quently impacts the cell seeding density, cell
distribution, and cell migration (Hollister
et al. 2002; Klenke et al. 2008). These factors
have been shown to affect osteogenic differen-
tiation through changes in signaling distances
(Byrne et al. 2008). Moreover, pore size and
porosity have a significant effect on the
mechanical strength of a scaffold. Sufficient
scaffold strength to provide mechanical sup-
port to a defect is often required of a hard tis-
sue engineering scaffold bone,
especially when the bone is load bearing (Kas-
ten et al. 2008). Furthermore, porosity and

such as

pore size affect the ability of the scaffold to
promote in vivo osteoconduction and vascu-
larization. Integration of native tissue into a
scaffold is fostered through growth into inter-
connected pores, thus both optimal and mini-
mal pore sizes have been established to
support tissue ingrowth (Alsberg et al. 2001;
Karageorgiou & Kaplan 2005; Sundelacruz &
Kaplan 2009; Betz et al. 2010). Finally, pore
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size and porosity affect in vivo and in vitro
cell signaling which in turn affects osteoblas-
tic differentiation of MSCs and the production
of extracellular matrix (ECM) proteins (Yang
et al. 2001). It has been established that pore
sizes of at least 40 um are required for mini-
mal bone in growth, whereas pore sizes of
100-350 um are considered optimal (Moyle
et al. 1973). In a study analyzing the effect of
pore size and porosity on bone healing in a
critical size rat cranial defect, it was shown
that smaller pore sizes (100 um) induce
greater amounts of bone healing than larger
pore sizes (500 pm) (Petrie Aronin et al. 2009).
This study also found a link to porosity, scaf-
fold swelling, and degradation. In this work,
highly porous HA samples are subjected to an
in vivo evaluation to evaluate bone recolo-
nization and the efficiency of the mean pore
and crystallinity in a new elaborated HA scaf-
fold ceramic using polyurethane sponges as a
template.

The aim of this study was the synthesis
and analysis of the tissue reaction to three
Hydroxyapatite (HA) with different particle
size-based bone substitute materials differing
only in granule size, porosity, and crys-
tallinity through an animal experimental
model at 60 days.

Material and methods

Animal experimentation

The experimental protocol was approved by
the Ethical Committee of the University of
Murcia (Spain) following the local and Euro-
pean regulations. Fifteen male New Zealand
rabbits of 3.5-4.5 Kg in weight were used.
General anesthesia included ketamine plus
chlorbutol (5-8 mg/Kg
0.5-1 mg/Kg acepromazine maleate as a

intravenously),

coadjutant, and 0.05 mg/Kg atropine. Amoxi-
(0.1 ml/Kg
administered at the end of surgery. Two

cillin intramuscularly)  was

defects were performed in each tibiae for a

total of 60 defects and four groups were cre-
ated — Group I filled with hydroxyapatite
granules (20004000 pm), Group II filled with
hydroxyapatite (1000-2000 pm),
Group III filled with hydroxyapatite granules
(600-1000 um), and Group IV empty defect.

granules

Surgical procedure

Two critical defects (6 mm @) were created
in each tibia. The surgical approach was in
the proximal-medial area of the tibiae, sev-
eral millimeters below the frontal tuberosity.
Bone tissue was removed with spherical
surgical drills of 6 mm in internal diameter
at low rotation speed with constant irrigation
(Fig. 1a, b & c). Distance between defects
was of 5 mm.

Graft implants preparation

The sol-gel method was used for preparing
the HA slurry as follows: first, the appropriate
amounts of Ca(NO;3),4H,O and P,05 were
separately dissolved in ethanol to form 1.67
and 0.5 mol/l solutions, respectively. The pre-
pared solutions with Ca/P molar ratio of
10 : 6, which is the observed Ca/P ratio in
HA, were mixed together. The mixture was
then stirred at room temperature using a mag-
netic stirrer for 1 h. Porous scaffolds were fab-
ricated by impregnating a polyurethane
sponge with the slurry. The sponge block was
dipped into the slurry and compressed slightly
to remove the excess slurry on the foam. After
the sponge was dried at 70°C for 1 h, and then
heat treatment at: (a) 600°C during 1 h, (b)
800°C during 1 h, and (c) 1000°C during 1 h.
From these temperatures the samples were
slow cooled inside the furnace until room
temperature. Finally the resultant product
was ground in three different grain sizes of
Group I (2000-4000 pm), Group II (1000-
2000 pm), and Group III (600-1000 um).

Graft implants characterization
To analyze the HA graft implants; these were

reduced to powder and spread over the ana-

Fig. 1. Detail of surgical procedure. The surgical approach was in the proximal--medial area of the tibiae.

© 2015 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd



lytical cylindrical sample holder of the X-ray
diffractometer Bruker-AXS D8
(XRD). XRD patterns were recorder from 6 to
20 scans

Advance

in parafocusing Bragg-Brentano
geometry with line focused copper Ko (Acy,
Kot = 1.54056A) radiation from a conventional
sealed tube source. The diffractometer was
equipped with a scintillation detector. Scans
were taken from 20 to 50° (26) in 0.05° steps
with counting times of 6s per step.

The crystal size of the ha samples was esti-
mated from the XRD patterns using the Sher-
rer equation (Patterson 1939). According to
the equation, a single crystal dimension per-
pendicular to the (hkl) plane (Dy; nm) can
be estimated from the peak broadening as

kn
Phia = By /5 cosbyi
where k is the Scherrer constant (0.89) which
depends on the crystal shape, the diffraction
line indexes (Shull 1946), and the dispersion
of crystallite sizes of the powder), A is the
wavelength of the Cu Ko (& = 1.54056A); By,
corresponds to full width at half maximum
(rad) for (hkl) reflection, and 6y is the
diffraction angle (°). The line broadening of
the (300) reflection corresponding to the max-
imum intensity peak was used to evaluate
the crystal size.

To determine the porosity of the prepared
ceramic, three samples of the foams were
selected for each sintering temperature and
each composition and the porosity of the
bulk specimens was measured by Archi-
medes method. The apparent porosity, which
measures the interconnected porosity, was
determined by weighing the dry ceramic
(Wg), and then reweighing the ceramic both
when it is suspended in water (W) and after
it is removed from the water (W,,).

W, - W
Aparent porosity = {Wiwd X 100}
w S

The true porosity includes both intercon-
nected and closed pores. The true porosity,
which better correlates with the properties of
the ceramic, is given by the following

equation:

-B

True porosity = {p X 100}

where
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B is the bulk density and r is the theoreti-
cal density or specific gravity of the ceramic.
The bulk density is the weight of the ceramic
divided by its volume.

The
changes in the samples were measured using

functional groups and structural
Fourier-transformed  infrared spectroscopy
(FTIR-ThermoNicolet TR200, Waltham, MA,
USA). The FTIR spectra were
between 400 and 4000/cm at 2/cm resolu-
tion. The pellets were prepared by mixing

each sample powder with KBr matrix at a

recorded

level of 1 wt%. The background data were
collected for the KBr matrix and subtracted
spectra were
recorded at ambient temperature.

from each spectrum. All

The microstructure and the composition of
the HA graft implants were characterized
using a scanning electron microscope (SEM,
HITACHI S-3500N, Japan). Quantitative anal-
yses were made by an electronic dispersive
X-ray spectroscopy (EDX) system coupled to
the electron microscope (Oxford Instruments
INCA 300 EDX Analytical System (Abingdon,
Oxfordshire, UK) using ZAF (atomic number,
absorption, and fluorescence) correction soft-
ware and Bayer standards. Microanalysis data
were obtained from the mean of 10 indepen-
dent Every
embedded in an epoxy polymer with vacuum,

determinations. sample was
polished with diamond paste down to 1 um,
and etched with diluted acetic acid (1.0%v/v)
for 6 s. Then, they were gently cleaned in an
ultrasonic bath with distilled water, dried and
palladium coated under an argon atmosphere
using a sputtering machine (Polaron K550X
Sputter Coater, Germany) for SEM-EDS obser-
vations.

Scanning electron microscopy

Fifteen samples of each material were studied
before and 60 days after implantation compar-
ing variations in Ca/P ratios. The samples were
fixed by immersion in 4% formalin solution,

dehydrated in a graded ethanol series, and
embedded in plastic resin (Technovit A
7210VCL; Kulzer& Co, Hanau, Germany).
They were then polished using a manual grin-
der with 800 grit silicon carbide paper,
mounted on an aluminum stub, and carbon
coated (using a Polaron sputter coater). Sam-
ples were examined using the above-men-
tioned SEM-EDS at a working distance of
19 mm, an acceleration voltage of 15 kv and
15x magnification. The areas of interest were
outlined by the inner cortical walls and reached
into the medullary core. Elemental mapping
was performed to determine the chemical
degradation process and changes to medullary
composition in all four study groups.

Statistical analysis

Statistical analysis was performed using
PASW Statistics v.22.0.0 software (SPSS Inc,
IBM, New Orchard Road, Armonk, NY,
USA). Values were recorded as means + stan-
dard deviation and medians. Friedman test
was applied for the comparison of the medi-
ans, assuming level of significance of 95%
(P < 0.05).

Results

Material characterization

Fig. 2 shows the XRD patterns of the HA
graft implants, sintered at a different tem-
peratures in the range of 600°C to 1000°C.
The diffraction patterns have been identified
for those belonging to the HA phase. Good
agreement was found between the XRD
pattern of the prepared HA powder (Fig. 2)
and the stoichiometric HA [XRD JCPDS
data file No. 09-0432.]. No new phase (after
sintering) is formed. The lower tempera-
600°C and 800°C, the
significant suggesting a great lattice distor-

tures, shift was

tion. Based on XRD patterns, the crystal
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Fig. 2. XRD of the HA grafts (a) at 600°C, (b) at 800°C, and (c) at 1000°C.
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size of HA graft implants studied are given
in Table 1. The crystal size increased with
the temperature of sintering
from 325 nm to 732 nm. Table 2 summa-

increasing

rizes physical properties of HA graft as a
of sintering The
sample that shows highest crystallinity and
crystal size corresponding to that of group

function temperature.

1. The differences in density are not very
significant.

Fig. 3 displays the FTIR spectra of the
milled samples after thermal treatment in
the range 600-1000°C for 1 h. In general, the
characteristic groups of apatites are PO,>~,
OH~, and HPO,>~ groups which commonly
appears in 4000-400/cm region in the FTIR
spectra (Klenke et al. 2008; Mistry & Mikos
2005; Moyle et al. 1973). The characteristic
bands of the synthesized materials are: After
1 h of sintering, two bands were detected at
3432.2 and 1642.6/cm as a result of the vibra-
tion of the adsorbed water in apatites. These

Table 1. Heat treatment and the physical char-
acteristic of the HA graft

Heat Crystalline  Grain size

Treatment phase (um)
Group | 1000°C HA 2000-4000
Group Il 800°C HA 1000-2000
Group Il 600°C HA 600-1000

bands shifted to 3236.5 and 1684.3/cm,
3200.1 and 1684.5/cm, after heating at 800,
and 1000°C, respectively. The intensity of
these bands declined dramatically after ther-
mal treatment especially at 1000°C. Also the
PO, bands shifted for the annealed sample
at 800°C in comparison with the heat-treated
specimen at 1000°C. With an increasing of
the annealing temperature, the PO, vibra-
tion peaks merged gradually.

Fig. 4 shows SEM micrographs of the HA
grafts sintered at 600, 800, and 1000°C for
1 h. SEM micrographs that the
obtained HA grafts structure consisted of a
highly spherical porous network with the

showed

pore size of 0.5 mm in average.

SEM and EDS analysis

Fig. 5 presents the of the
implants’ cross sections after the implanta-
tion for 60 days. The SEM morphological
examination showed that all the implants

micrographs

were well integrated into the host tissue, and
developed an uneven surface caused by their
gradual degradation. The group III implant
showed numerous resorption regions (marked
by the arrows in the Fig. 5¢, F), mainly on its
surface, and also more uneven surface mor-
phology the other
implants. The group II implant presented an
average resorption rate of all the implants.

in comparison with

The group I (Fig. 5a, b) displayed smoother
surface features, in comparison with the
other two implants.

According to the EDS analysis and high
magnification SEM examination of the inter-
faces developed between all the studied
implants and the surrounded tissue, the
reaction zone was characterized by the inter-
of

corresponded

mittent presence calcium phosphate
phase, which
and morphology to a new bone tissue. Also

the Ca/P ratio related to new bone forma-

in structure

tion level was greater in the group I implant
in comparison with the
(Table 3).

other groups

Discussion

Crystallite size is an indication of the crys-
tallinity of the material and can be defined as
the average size of a domain within a material
that has a coherently diffracting the monocrys-
talline structure. By increasing the sintering
temperature, the XRD patterns of the HA graft
exhibited an increase in peak height and a
decrease in peak width, thus indicating an
increase in crystallinity and crystallite size.
The crystal size is inversely proportional to
the peak width. The broadening of the peaks
was evident at lower sintering temperatures,

Table 2. Physical properties of HA graft as a function of sintering temperature. Friedman test was applied for the comparison of the medians, assum-

ing level of significance of 95% (p < 0.05)

Crystal size (nm)

Porous size (mm)

True Porosity (%)

Apparent Porosity (%)

Mean + SD  Median  P-value Mean + SD  Median  P-value Mean + SD Median  P-value Mean + SD  Median P-value
Group | 325 325 0.16 0.5 + 0.1 0.5 0.21 71 £ 1.9*% 71 0.01 51 + 2* 51 0.03
Group I 458 458 0.13 0.5 £ 0.1 0.5 0.17 67 + 1.4 67 0.21 46 + 1.8 46 0.14
Group Il /87284 732 0.00 0.6 +£ 0.1* 0.6 0.02 65 + 1.8 65 0.11 45 + 1.7 45 0.09
*Significant differences.
El B TN 7 [T—— 3TN
S 8 & 7 L & 8 1
9] o 5} 7
o Q Q
g 5 g 5
£ £ A £
2 2 2
c g 32 s 3
= = =
(@) (b) 64s (c) 6¥s
4000 3000 2000 1000 400 4000 3000 2000 1000 400 4000 3000 2000 1000 400
Wavenumber (cm™) Wavenumber (cm-1) Wavenumber (cm-1)
_No_cm‘1 :Assignment No:cm’1 :Assignment_ _No_cm‘1 :Assignment No:cm_1 Assignment _No:cm"1 _Assignment_No_cm‘1 Assignment |
1 4733 |v, (PO,*) |5 |1047.0 |v5(PO,>) | |1 ]473.7 |v, (PO,>) [5 [1047.4 |v; (PO,>) |1 469.8 |v, (PO,>) |5 |1047.8 |v3(PO,*) |
2 567.9 v, (PO,>) |6 10917 |v5 (PO,>) 2 567.9 |v,(PO,>) |6 11082.6 |v5(PO,>) 2 567.6 |v,(PO,°) 6 1087.7 |v(PO,>)
3 607.3 |v, (PO,*) |7 [1642.6 |H,0 3 1607.4 |v, (PO,>) |7 [1688.3 |H,0 3 608.7 |v, (PO,>) 7 1684.5 |H,0
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Fig. 3. FITR of the HA grafts (a) at 600°C, (b) at 800°C, and (c) at 1000°C.
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Fig. 4. SEM micrographs of the HA grafts (a,b) at 600°C, (c,d) at 800°C, and (e,f) at 1000°C.

indicating the initial state of crystal formation.
At higher sintering temperatures, the growth
of the crystal was evidenced by the sharpening
to the peaks. Related with physical properties,
the tendency for the density was to increase
with the increasing annealing temperature.

In agreement with an earlier study of the
mineral degradation process of P-tricalcium
phosphate using the SEM-BSE technique (Calvo-
Guirado et al. 2012; Lazdry et al. 2007), our study
found a release of Ca and P ions, which was seen
to promote new bone growth; it is possible that
high levels of Ca and P stimulate osteogenesis
due to their effects on osteoblast gene expression,
as described by Lazdry et al. (Lazdry et al. 2007))
In normal calcified bone, the Ca/P molar ratio
increases with increasing calcification.

The fact that they are absorbable allowed
their replacement by new bone without caus-
ing any reactions to foreign bodies. The fast-
est resorption rate of the material was in
Group I > Group II > Group I and was

related to the granulometry of each material.
There were no inflammatory reactions near
Rapid
replacement by new bone allows a bone
matrix to become established within the

either the grafts or the controls.

material, giving the host area physical proper-
ties similar to the bone (Ebrahimi et al. 2012).
A significant difference in resorption time
and in the stability of the material was found
in Group I, which showed greater stability
and less resorption than the other groups.
According to Aradjo et al. (Aradjo et al.
2010), who studied an in vivo experimental
model, the material produced appropriate
bone replacement, cell differentiation, and
stimulated osteoblasts, the authors observing
increased amounts of mineralized bone and
osteoblast activity. A completely resorbable
ceramic has been the goal of several studies;
(Carvalho et al. 2007), however, a high rate of
resorption or solubilization can interfere with
bone formation as the biomaterial may

© 2015 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd

degrade faster than the rate of bone forma-
tion. This phenomena leads to a change in
the bioceramic’s physical structure, i.e., loss
of the concavity in the macropore and the
mechanical stability of the surface, which
will interfere with cell attachment (Yuan
et al. 2001). Moreover, the release of high
concentrations of calcium to the microenvi-
ronment results in a change of the pH, pro-
motes a mild inflammatory response and
favors fibrous tissue formation (Chou et al.
2005). Furthermore, higher calcium ion levels
have been shown to effect osteoclastic activ-
ity, varying from its inhibition to its stimula-
tion or no effects. In the same way, element
Na K in group I is not present, whereas in
group II it represents (0.65) weight % and in
group III represents (9.61) weight %. Previous
that
Na-dependent phosphate transport in the
osteoclast led to reduced ATP levels and
diminished bone resorption. (Berger et al.
2001; Yang et al. 2001; Zaidi et al. 2004).
SEM and EDS analysis revealed a close rela-
tion between the newly formed bone matrix
and the graft surface. Group III material with
lower grain size is the fastest undergoes

studies demonstrated inhibition of

remodeling and thus a further increase in the
secondary porosity, so it can be considered as
the most active in terms of resorption and
new bone formation. Elemental analysis of
the bone tissue demonstrated the presence of
calcium and phosphorus, pointing to the
presence of mineralized bone tissue. This
observation suggests that the graft surface
may provide an optimal stratum for bone tis-
sue ingrowth (Ramirez-Fernindez et al.
2013). The highest concentrations of calcium
in the interface region were recorded for
group I1I, indicating the highest levels of new
bone formation, due to the faster ion
exchange rate in the interface area. The pres-
ence of extracellular Ca2+ resulting from
resorption activity might be involved in the
stimulation of osteoblasts.

Yamaguchi et al. showed that moderately
high extracellular Ca2+ is a chemotactic and
proliferating signal for osteoblasts and stimu-
lates pre-osteoblast differentiation (Yamauchi
et al. 2010). Groups II and Il had a small
grain size, so improve the surface resorption
and increase the surface porosity, facilitating
the implants’ resorption process as the exter-
nal and internal surface areas of the pores
were exposed to the medium over the several
microns distance beyond the graft body (as
the results from the elemental mapping indi-
cated), in turn facilitating osteoconduction.
Analysis was carried out at a selection of dif-

ferent points, taking different points of inter-
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Table 3. EDS analysis at the interface of the HA grafts after 60 days implantation. Values as Medians. Friedman test was applied for the comparison
of the medians, assuming level of significance of 95% (P < 0.05)

Group | Group I Group Il

Element Weight% Atomic% Weight% Atomic% Weight% Atomic% P values
CcK 21.93 43.17 7.77 13.69 28.00* 44.91 0.02

O K 16.14 23.86 45.07* 59.61 31.32 37.71 0.01

Na K 0.65 0.60 9.61* 5.98 0.03

P K 13.75 10.49 14.41 9.84 19.27* 9.26 0.02

Ca K 32.02* 18.89 30.01 15.84 11.80 2.14 0.01

Pd L 16.16* 3.59 2.09 0.42 0.03
Totals 100.00 100.00 100.00

Ca/P 2.38* 1.8 2.08 1.60 0.61 0.23 0.01

*Significant differences.

Fig. 5. SEM micrographs of the 60 days HA grafts implants. (a,b) at 1000°C, (c,d) at 800°C, and (e,f) at 600°C.

est from the middle and from the periphery
of the samples to detect changes to Ca/P
ratios. This element mapping revealed an

6 | Clin. Oral Impl. Res. 0, 2015 / 1-8

increase in the areas of Ca and P reaching
from within the biomaterial graft toward its
periphery. It could be that this ion increases

areas of biological apatite on the agglutinated
Ca and P deposits and crystals, which in turn
facilitate osteoconduction. In all cases, a
decrease in the percentage of Ca and P was
found in the residual biomaterial, with
respect to the initial composition, whereas a
gradual increase in the percentages of Ca and
P ratio was found at the interface, suggesting
an increase in the osteoinductive capacity of
the material and replacement by new bone at
its periphery.

Despite the New Zealand rabbit’s rapid
metabolic activity, other studies have estab-
lished its validity as an experimental model
for testing biomaterials used for bone replace-
ment (Calvo-Guirado et al. 2012). In view of
this, the results in this study were enhanced
through the creation of critical defects of
6 mm diameter, which will not close sponta-
neously and therefore demonstrate the regen-
erative potential of the biomaterials under
observation (Sharifi et al. 2012).

In conclusion, the data from this study
show that changing the size, porosity, and
crystallinity of one HA-based bone substitute
material can influence positively the integra-
tion of the biomaterial within the implanta-
tion site and the new bone formation.
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Abstract: Calcium-phosphate ceramics, which have a compo-
sition similar to bone mineral, represent a potentially inter-
esting synthetic bone graft substitute. In the present study,
three porous hydroxyapatite (HA)/B-tricalcium phosphate
(B-TCP)/collagen ceramic scaffolds were developed, charac-
terized, and tested for their bone repairing capacity and
osteoinductive potential in a New Zealand Rabbit model. The
ratio of the ceramic components HA/-TCP/collagen varied
from 40/30/30 to 50/20/30 and 60/20/20 (in wt %), respectively.
None of the ceramic scaffolds succeeded in completely bridg-
ing the 6 mm calvarian defect with new bone after 60 days
implantation. 60/20/20 ceramic scaffolds showed significantly
more bone formation in the pores and in the periphery of the
graft than the other two materials. Histomorphometric

analysis revealed that the 40/30/30 scaffold produced best
bone-to-implant contact (67.23 *= 0.34% with higher quality,
closer contact) in comparison with 50/20/30 (54.87 = 0.32%),
and 60/20/20 (48.53 * 0.31%). Both physicochemical and
structural properties of the ceramic composites affected their
in vivo behavior, either dependently or independently,
emphasizing the importance of assessing bone repair param-
eters individually. The scaffolds may offer clinical applica-
tions in reconstructive surgery for treating bone pathologies.
© 2013 Wiley Periodicals, Inc. J Biomed Mater Res Part A: 102A: 1037-
1046, 2014.

Key Words: bioceramics scaffolds, collagen, tricalcium phos-
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INTRODUCTION

Bone replacement materials have been used for decades in
maxillofacial surgery and for filling defects, even when the
bone surface is inadequate.’™ The most common biomateri-
als in use are calcium-phosphate (Ca-P)-based bioceramics.
Ca-Ps have a composition and structure similar to the min-
eral phase of bone and are osteoconductive. Among the vari-
ous materials used in recent years tricalcium phosphate
(TCP) has shown promising results in tissue culture, animal
experiments and clinical studies.”™”

A bone substitute material should present “bimodal”
behavior that, in the early stages of differentiation, will allow
osteoblasts to build bridges between its grains of different
sizes and integrate with other osteoblasts, supporting both
proliferation and differentiation. Intrinsic stimulation of new
bone formation will be supported by the activation and
absorption of mesenchymal stem cells into surfaces with
nanoscale topographic features.®*° The ultimate goal is the
union of fully differentiated osteoblasts that will support

bone matrix production. This requires a porous structure
with nanopores, micropores, and macropores, all involved in
different stages of absorption, adhesion, and bone material
deposition on and between the bone substitute material.***?
Initial regeneration of the bone defect is favored by the pres-
ence of Ca-P in the bone replacement material.'®

The physicochemical properties of bone substitutes
based on tricalcium phosphates influence their mechanical
stability. They also undergo rapid degradation and have a
volume instability that does not allow new bone formation
to retain the original volume.'* Ca-Ps are now in common
use in the medical field because of their biocompatibility,
safety, unlimited availability, and cost effectiveness. How-
ever, the Ca-P bioceramics also have some disadvantages:
poor mechanical properties, time-consuming fabrication,
and low-yield production, lack of an organic phase, presence
of impurities, nonhomogenous particle size, and shape.'>*®

The use of biphasic calcium phosphates (BCP) is promis-
ing as conceptually it could overcome the disadvantages of
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single-phase ceramics by combining two or more ceramic
phases. BCP ceramics offer controlled bioactivity and bal-
anced biodegradation. They are osteoconductive and offer
the possibility of acquiring osteoinductive properties. The
conventional synthetic porous Ca-P ceramics have been
composed of microscale grain size, but recent studies have
focused on producing bioceramics at the nanoscale. Nanohy-
droxyapatite (nano-HA) can promote osteoblast cell activity
and facilitate osteointegration better than microcrystalline
HA and so enhance new bone tissue formation.'” However,
the superiority of biological calcified tissues is also due to
the presence of bioorganic polymers (proteins, mainly colla-
gen type 1), which influence the material’s strength and
elasticity. Therefore, the development of organic/inorganic
hybrid BCP scaffolds could provide excellent possibilities for
optimizing conventional bone substitutes.'®*?

The incorporation of collagen into BCP ceramics might
represent a convenient way of improving the organic phase
of these materials and procuring the organic properties of
biological calcified tissues. There are various studies of BCP
compounds in the literature but little of this research has
been applied clinically, due to the controversy concerning
their optimum composition for clinical application. Further-
more, research so far has failed to confirm the beneficial
effects of collagen coating on composite BCP scaffolds.?*?*

The objective of this study was to fabricate and charac-
terize HA/B-TCP/collagen ceramic scaffolds of various com-
ponents’ ratios, and compare their physical and in vivo
behavior. The effect of the collagen incorporation was also
evaluated. The hypothesis was that the utilization of a sim-
ple method of collagen incorporation may improve the phys-
ical properties of HA/B-TCP scaffolds and increase their
biocompatibility. In addition, histological and histomorpho-
metric analyses were performed in order to evaluate the
osseointegration of each composition. Radiological analysis
was performed to further determine the clinical behavior
and resorption of these materials.

MATERIALS AND METHODS

Raw materials and composition

The raw materials used in the present study were commer-
cial collagen, synthesized HA, and synthesized TCP.

HA synthesis

HA was synthesized by solid-state reaction from a stoichio-
metric mixture of calcium hydrogen phosphate anhydrous
(CaHPO,4, Sigma), and calcium carbonate (CaCOsz, Sigma)
with an average particle size of <15 um and a Ca/P ratio of
1.72. The mixture of CaHPO, and CaCO; was heated in a
platinum crucible to 1200°C for 6 h at a heating rate of
10°C/min followed by cooling to room temperature at a
rate of 6.5°C/min. The obtained material was ground to an
average particle size of 2 um (Mastersizer2000E device-Mal-
vern) and then characterized by X-ray diffraction (XRD).

TCP synthesis

TCP was synthesized by solid-state reaction from a stoichio-
metric mixture of calcium hydrogen phosphate anhydrous
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(CaHPO,4, Panreac) and calcium carbonate (CaCOs, Fluka)
with an average particle size of <15 pm and a Ca/P ratio of
1.60. The mixture of CaHPO, and CaCO; was heated in a
platinum crucible to 1000°C for 12 h followed by slow cool-
ing. The obtained material was ground to an average parti-
cle size of 5 um and then characterized by XRD.

Collagen: Collagen type [ of porcine origin (Sigma-
Aldrich), a particle size of 80-120 pum, was used in the study.

Ceramic scaffold preparation

The chosen constituents (Table I) were weighed out and
thoroughly dry mixed in a mixing miller with partially stabi-
lized zirconia balls. After the milling process, the powder
mixture was cold isostatically pressed at 200 MPa. The
pressure was maintained for 30 min, after which it was
slowly depressurized to 1 atm. The whole process took 1 h.

Ceramics characterization
XRD (Bruker-AXS D8Advance) analyses of the raw materials
and the ceramic composites were performed to determine
crystallography and phase identification using Cu-Ka radia-
tion at 40 kV and 30 mA. The scans were performed at
20values varying from 20° to 55° at a rate of 0.05°/min.
The morphology of the porous ceramic composites was
studied using a scanning electron microscope (HITACHI S-
3500N, Japan). Quantitative analyses were made by an elec-
tron dispersive X-ray spectroscopy (EDX) system coupled to
the electron microscope using ZAF (atomic number, absorp-
tion, and fluorescence) correction software and Bayer stand-
ards. Microanalysis data were obtained from 10 independent
determinations. The samples were precoated with palladium
for scanning electron microscopy (SEM) images and carbon
coated for EDX analysis, under an argon atmosphere using a
sputtering machine (Polaron K550X Sputter Coater, Germany).
Apparent density measurement was performed on each
sample using Archimedes’ method by immersion in Hg. Sam-
ple mass was determined using an electronic balance and rel-
ative density (RD) was calculated with the following equation:

RD = Pax100

Pt

where p, and p, are the samples’ theoretical density and
apparent density, respectively.

The relative total porosities (P) of sintered scaffolds
were calculated by the gravimetric method using the follow-
ing equation:

%P=((p,—ps)/pe)*100

TABLE I. Composition of HA/TCP/Collagen Scaffolds

Compound Group A Group B (%) Group C (%)
HA 40 50 60
B-TCP 30 20 20
Collagen 30 30 20
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where p, is the theoretical density of materials, and pg is
the density of the dried samples, which was calculated by
the following equation:

ps=ms/V

where mjg is the total mass, and V is the volume, calculated
by Archimedes method. In the above calculations, the theo-
retical theoretical density of HA and TCP was considered as
3.156 and 3.07 g/cm?, respectively.

The three-point bending strength (o7 was measured
with a Microtest universal testing machine set at a cross-
head speed of 0.33 mm s ' and a span of 40.0 mm. Frac-
ture toughness (Kic) was also obtained in the 3-point
bending test as a function of loading rate by the single edge
precracked-beam method.”> Measurements were performed
at room temperature using the rectangular-shaped samples
(3 mm X 4 mm X 45 mm) with a notch width of <0.5 mm.
The ratio between notch depth and sample thickness was
0.4. Young's modulus (E) was evaluated from the stress-
strain curves obtained with the flexural strength test. Seven
replicates were determined for each material and the results
were expressed as mean * standard deviation.

Material properties

Three groups of 20 implants were tested, each of cylindrical
shape (6 = 0.01 mm in diameter and 2 = 0.01 mm in
length). The ratios of three constituents HA/-TCP/collagen
(in wt % varied as follows: group A: 40/30/30; group B:
50/20/30; and group C: 60/20/20). A fourth group, group
D (unfilled critical size defect), acted as control. These were
distributed randomly amongst critical size defects in rabbit
calvariae by means of random number generator software,
SPSSR v.18.0. (IBM Corporation, New York, NY).

Animal experimentation

Main protocol. The study protocol was approved by the
Animal Ethics Committee of the University of Murcia, follow-
ing Spanish Government and European Community Guide-
lines for animal care. Fifteen male New Zealand rabbits of
3.5-4.5 kg in weight were used. The three materials were
implanted into the animals’ calvariae. General anesthesia
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included ketamine plus chlorbutol (5-8 mg/kg intrave-
nously), 0.5-1 mg/kg acepromazine maleate as a coadjutant,
and 0.05 mg/kg atropine. Amoxicillin (0.1 mL/kg intramusc-
ularly) was administered at the end of surgery. The total
sample size was 20 rabbits with two defects in each, a total
of 40 defects, randomized in four groups of 10 for each ma-
terial composition.

Surgical procedure. Two critical defects (6 mm @) were
created in each calvaria. The surgical approach was in the
proximal-medial area of the calvaria, several millimeters
below the frontal tuberosity. Bone tissue was removed with
spherical surgical drills of 6 mm in diameter at low rotation
speed with constant irrigation [Fig. 1(a-c)].

Histological and histomorphometric analysis
After the elapse of the 60-day implantation time, the
implants together with the surrounding tissues were
removed and fixed in 10% neutral buffered formalin and
decalcified. The decalcification method utilized Osteomoll
Merck KbaA (Germany) containing HCl (10%) and CH,0
(4%), immersing samples for 17 days and renewing the so-
lution every 24 h. Subsequently, all samples were paraffin
embedded, sectioned at 5 um depth and stained using he-
matoxylin-eosin. The entire circumference of each section
(containing bone, graft, and connective tissue) was traced
manually to create an individual region of interest.
Histomorphometric evaluations consisted of measure-
ments of the area of graft material in relation to the total
area of interest. These were carried out using Image ] soft-
ware [developed by the National Institute of Health (NHS),
Bethesda, MD]. Examinations were performed under a
Nikon Elipse 80i microscope (Teknooptik AB, Huddinge,
Sweden), equipped with an Easy Image 2000 system
(Teknooptik AB) using 10X to 40X lenses for descriptive
evaluation and morphometric measurement. Images were
generated using a Leica Z6 APO microscope connected to a
Leica DC 500 (Barcelona, Spain) digital camera, enlarged
23X. After calibrating the system and digitalizing images,
interactive measurements of the areas of interest were
obtained using image analysis software Leica QWin V3 (Bar-
celona, Spain). Histomorphometric analysis produced one

FIGURE 1. Surgical procedure: surgical approach (a), defect preparation (b), and graft placement (c). [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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bone-to-implant contact (BIC) measurement, measured as
the percentage of the circumference and length of the cylin-
der in contact with new bone.

Resorption analysis

The image analysis program Image ] (NIH) was used to cal-
culate the resorption rate of the scaffolds. This was done by
measuring the perimeter of the biomaterial at the time of
implantation and comparing it with the residual material af-
ter 60 days.

Scanning electron microscopy

Twenty samples of each material (A: 40/30/30; B: 50/20/
30; and C: 60/20/20) were studied after 60 days implanta-
tion comparing variations in Ca/P ratios. The samples were
fixed by immersion in 4% formalin solution, dehydrated in
a graded ethanol series and embedded in plastic resin
(Technovit A 7210VCL; Kulzer& Co, Hanau, Germany). They
were then polished using a manual grinder with 800 grit
silicon carbide paper, mounted on an aluminum stub and
carbon coated (using a Polaron sputter coater). Samples
were examined using the scanning electron microscope
(Hitachi S-3500N) at a working distance of 19 mm, an accel-
eration voltage of 15 kV and 15X magnification, fitted with
an Oxford Instruments INCA 300 EDX Analytical System
(Abingdon, Oxfordshire, UK). The areas of interest were out-
lined by the inner cortical walls and reached into the med-
ullary core. Elemental mapping was performed to determine

the chemical degradation process and changes to medullary
composition in all four study groups.

Radiological study

Digital radiographs were taken (using a Kodak 6100; East-
man Kodak, Rochester, NY) after sample removal using a
custom-made acrylic support in order to ensure reproduci-
bility of the technique. Exposure parameters were standar-
dized. Each radiograph was studied using image analysis
software Image J.

Statistical analysis

Statistical analysis was performed using PASW Statistics
v.18.0.0 software (SPSS). Values were recorded as mean =
standard deviation. One-way analysis of variance was
applied for the comparison of the means, assuming level of
significance of 95% (p < 0.05). Equal means were regarded
as the null hypothesis, while the existence of significant dif-
ferences between means acted as an alternative hypothesis.
As significant differences between the means existed, the
null hypothesis was rejected.

RESULTS

Preoperative material characterization

Figure 2 shows the XRD patterns of the synthesized TCP
and HA powders, as well as the composite ceramic composi-
tions. The polymorphic form of the TCP corresponded to
JCPDS card no. 9-0169 and HA data corresponded to JCPDS
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FIGURE 2. X-ray diffraction patterns of synthetic HA, TCP raw materials, and HA/TCP/collagen compositions.
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TABLE Il. Physical and Mechanical Properties of the Scaffolds
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Bending Young’'s Fracture
Crystalline Porosity Density Strength, Modulus, Toughness,
Phases (%) (g/cm?®) RD (%) o (MPa) E (GPa) Kic (MPa m"?)

Group A HA/B-TCP 32 +1.23 2.18 = 0.56 76.25 + 2.34 7.76 = 1.02 3.15 = 1.12 0.34 = 0.03
Group B HA/B-TCP 27 = 1.07 2.20 *+ 0.67 78.12 + 2.56 8.21 = 0.99 3.18 = 0.89 0.40 = 0.12
Group C HA/B-TCP 23 = 0.98 2.35 = 0.38 85.25 + 3.01 7.92 + 1.76 3.16 = 1.02 0.37 = 0.07
Sintered HA HA 99.2 = 0.98 115-200 80-110 1.0
Sintered TCP B-TCP 99.7 + 0.87 140-154 33-90
Cortical bone CHA 5-12 1.8-2.0 60-147 11-19 2-11
Cancellous bone CHA 46-95 0.09-1.0 0.5-8.0 0.06-1.5

To facilitate comparison, sintered HA, sintered TCP, and cortical and cancellous bone data have also been included.

card no. 09-0432. No other secondary phases were detected.
The XRD patterns of the composite ceramic compositions
showed peaks corresponding with 3-TCP and HA, regardless
of the addition of collagen.

The physical and mechanical properties of the ceramic
scaffolds are reported in Table II. As the collagen content
increased (from 20 to 30 wt %), the porosity increased by
about 4% for group B composition and about 9% for group
A. Bending strengths ranged between 7.76 MPa for group A
and 8.21 MPa for group B although this difference was stat-
istically insignificant. Fracture toughness, the material’s re-
sistance to crack propagation, is an important parameter for
assessing a material’s susceptibility to failure and toughness
was seen to be best for group B and lowest for group A,
with statistically significant difference. For comparison, the
properties of sintered HA, B-TCP, cortical, and cancellous
bone are also included in Table II.

Figure 3 shows surface morphology of the three compo-
sites. The scaffold was composed of variable particle sizes
ranging from 2-5 pm.

Histological and resorption analysis

Analysis of the histological sections of each of the three
materials was performed at 60 days post implantation.
None of the grafted materials elicited a significant inflam-
matory reaction. In all samples, woven bone was identified
around and in close contact with the material and, as might
be expected in rabbit calvarial bone, small marrow spaces
were observed in the perimaterial bone, which had reached

maturity over 60 days. The volume of the graft block in
group A decreased progressively as bone formation
increased at the periphery and within the block, leading to
its virtual disappearance and almost complete closure of the
cortex at 60 days. In group C, graft blocks showed slower
resorption than the other groups; histological results
showed that after implantation, changes to residual block
content, peripheral bone resorption, new bone formation,
and closure of the cortex were minimal in comparison with
the other graft compositions (Fig. 4). In calvariae treated
with group B blocks, there was intermediate block stability,
much greater resorption than in group C, but lower than in
group A and an intermediate rate of neoformation. In the
control group, no spontaneous closure of the defect was
seen, as might be expected of a critical defect [Fig. 4(a)].
The resorption pattern was variable across the groups.
Group A samples [Fig. 4(b)] showed numerous resorption
foci on block surfaces, which produced a much more irregu-
lar surface compared with other samples (peaked resorption
pattern). Group B samples [Fig. 4(c)] presented intermedi-
ate behavior showing a moderate resorption pattern, with
fewer unfilled regions and less irregularity, after a wavy
resorption type across the surface. Finally, in group C, a lin-
ear pattern was observed with few resorption foci that were
more regular and less active (Fig. 4(d)].

Histomorphometric analysis
Histomorphometric analyses were carried out to establish
BIC data for the three materials, with group A showing best

FIGURE 3. SEM morphology of the scaffolds’ surfaces: (a) group A, (b) group B, and (c) group C.
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FIGURE 4. Histological cross sections at 60 days for each of the three materials: control (a), group A (b), group B (c), and group C (d). Black: re-
sidual scaffold. Yellow: bone remodeling site. (resorption foci). [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

BIC (67.23 = 0.34%; with closer contact observed) than
group B (54.87 = 0.32%), followed by group C (48.53 =+
0.31%), in which close contact between bone and graft was
significantly smaller. Moreover, new bone ingrowth, defect
closure and residual biomaterial were recorded and ana-
lyzed, showing better results for group A samples in com-
parison with the other groups (Table III).

SEM and EDS analysis

SEM images showed complete integration of all specimens,
without significant differences between the groups. In all
cases, the cell growth was observed to be orderly and struc-
tured; there was cell attachment to the biomaterial and the
establishment of an interface between the biomaterial and the
old bone (Fig. 5). Examining the details of each panoramic
image, group A showed integration of the graft in the calvarial
bone [Fig. 5(a)], as well as cellular arrangement over the graft
block [Fig. 5(b)]. In group B, integration existed in the sur-
rounding bone [Fig. 5(c)] and an equally cellular arrangement

TABLE lll. Histomorphometric and BIC Measurements

and growth over the graft [Fig. 5(d)]. In group C, a higher
percentage of residual graft material was observed at 60 days
[Fig. 5(e)], as well as cellular surface growth and integration.
The interrelation with the peripheral bone was worse in com-
parison with the other two composites [Fig. 5(f)]. EDS analy-
sis showed higher content of Ca and P in the new bone
region for the composites of higher collagen content.

Radiological study

Radiographs were obtained after sample extraction, observing
integration with the host bone in all study groups. The radio-
graphic density varied with the chemical content of the sam-
ples, with group A showing correct integration and partial
resorption that corresponded to the histological findings [Fig.
6(a)]; group B behaved similarly and was seen to be fully
integrated with the surrounding bone [Fig. 6(b)]; group C
showed a greater presence of residual biomaterial and cor-
rect integration [Fig. 6(c)]. There was no spontaneous closure
of the defect, as expected for a critical defect [Fig. 6(d)].

Group A Group B Group C Control
BIC (%) 67.23 + 0.34° 54.87 = 0.32 48.53 + 0.31 0.00 *= 0.00
New bone ingrowth (%) 78.23 * 2.65° 7412 + 2.83 72.58 + 2.49 37.38 + 3.97
Defect closure (%) 63.34 * 3.43° 59.54 *+ 3.32 70.43 + 3.01° 34.21 + 2.34
Residual biomaterial (%) 59.34 + 2.95 63.43 + 2.90 79.39 * 2.98° 0.00 * 0.00

aSignificant differences p < 0.05.
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FIGURE 5. Postextraction SEM images of the cross sections. Group A (a and b), group B (c and d), and group C (e and f). a, ¢, and e, Panoramic
views and (b, d, and f) higher magnifications. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

DISCUSSION
In the present study, three newly developed porous Ca-P
ceramic scaffolds were tested for their bone-healing capacity
and osteoinductivity. Critical-sized calvarial wing defects
were used to compare bone formation after the implanta-
tion of three ceramics. For bone tissue engineering, the
design of Ca-P scaffolds should mimic the structure and
properties of the bone extracellular matrices and this study
set out to produce and test scaffolds with physical and bio-
logical properties similar to natural bone.?3

Different ratios of HA/BTCP/collagen in the scaffolds can
also produce different biological responses, so an ideal bal-
ance between these two phases should improve the physical
and mechanical properties, as well as the biological behavior
of Ca-P scaffolds. The effect of collagen can be understood
as a facilitator of the early stages of cell anchorage to the
biomaterial and as a vehicle to allow the bone cells to popu-
late the biomaterial and bring about new bone substitution.
Currently, several synthetic routes have been utilized for the
preparation of Ca-P ceramic powders with different compo-
sition ratios. In this study, a solid-state reaction followed by
cold isostatic pressing was used successfully for preparation

JOURNAL OF BIOMEDICAL MATERIALS RESEARCH A | APR 2014 VOL 102A, ISSUE 4

of porous Ca-P ceramic scaffolds. This technique is simple
and economical.

The surface morphology of the phosphate-collagen scaf-
folds was rather rough and irregular and should favor the
cell attachment after in vivo implantation. The surface
porosities were indistinct and some cracks were present.
Studies of the effects of collagen on the behavior of ceramic
composite scaffolds have not found any significant differen-
ces in physicomechanical properties arising from different
content of collagen.® Therefore, other factors such as po-
rosity and density must play a major role in determining
the physical, mechanical properties and biological behavior
of HA/TCP/collagen ceramic scaffolds. When the present
study data was compared with human bone (Table II), the
materials’ Young’s modulus was quite different from that of
cortical bone but matched cancellous bone more closely.?*

Brodie et al.2® reported that collagen coating increases the
strength of HA/TCP 50/50 (wt %), whereas it weakens HA/
TCP 25/75 (wt %) and pure TCP discs. These inconsistent
mechanical behaviors are in accordance with our results.

One of the main disadvantages of the cold isostatic
method is the poor mechanical strength of the materials for
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FIGURE 6. Radiological images of the implanted scaffolds showing density differences: group A (a), group B (b), group C (c), and control (d).

load bearing applications (Table II). Although a highly po-
rous scaffold is preferred, as it favors bone cell adhesion
and regeneration, this is at the expense of mechanical
strength and resistance. However, the optimum physicobio-
logical properties can be improved by incorporating colla-
gen into the ceramic compositions (Table IV).

Multiple light microscopy and SEM evaluations of the
implant-bone interface show how the same structure is rep-
resented differently according to the selected examination
method.?® The precision and reliability of a histomorphomet-
ric study of newly formed bone depends upon the correct
identification and ultra structural characterization of all the
cellular components that might play a role in the osseointe-
gration process. Optical microscopy lacks the resolving
power required for detailed structural analysis.?”

In the present study, SEM and EDX analysis revealed a
close relation between the newly formed bone matrix and
the graft surface. Elemental analysis of the bone tissue dem-
onstrated the presence of calcium and phosphorus, pointing
to the presence of mineralized bone. This observation sug-
gests that the graft surface may provide an optimal stratum
for bone tissue ingrowth.?® The highest concentrations of
calcium in the interface region was recorded for group A,
due to the faster ion exchange rate in the interface area,
resulting in highest levels of new bone formation. The

TABLE IV. EDX Analysis Before and After 60 Days Implantantion

presence of extracellular Ca®" resulting from resorption ac-
tivity might be involved in the stimulation of osteoblasts.

Yamaguchi et al.>* showed that moderately high extracel-
lular Ca?* is a chemotactic and proliferating signal for
osteoblasts and stimulates preosteoblast differentiation.
Groups A and B had a high degree of porosity facilitating
the implants’ resorption process as the external and internal
surface areas of the pores were exposed to the medium,
over the several microns distance beyond the graft body,
facilitating osteoconduction, as the results from the elemen-
tal mapping showed. The elemental point analysis was car-
ried out from the middle to the periphery of the grafts. In
the present study, this was made visible in element map-
ping, which revealed an increase in the areas of Ca and P
reaching from within the graft body, facilitating osteocon-
duction, as the results from the elemental analyses showed.
In all cases, a decrease in the percentage of Ca and P was
found in the residual biomaterial, with respect to the initial
composition, whereas a gradual increase in the percentages
of Ca and P ratio was found in the interface, suggesting an
increase in the osteoinductive capacity of the material and
replacement by new bone at its periphery.

In agreement with an earlier study of the mineral degra-
dation process of B-TCP using the SEM-backscattered elec-
tron technique,®3® the present study found a release of Ca

Initial Biomaterial Residual Biomaterial Interface
Group A Group B Group C Group A Group B Group C Group A Group B Group C
Ca/P ratio 2.26 2.23 2.49 2.23 2.08 2.45 2.70 2.06 2.20
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and P ions, which was seen to promote new bone growth; it
is possible that high levels of Ca and P stimulate osteogene-
sis due to their effects on osteoblast gene expression, as
described by Lazéary et al®>* In normal calcified bone, the
Ca/P molar ratio increases with increasing calcification.

All the materials in this study were found to offer bio-
compatibility, sufficient mechanical strength and did not
produce any adverse inflammatory reactions at the insertion
site. The fact that the scaffolds were absorbable allowed
their rapid replacement by the new bone without causing
any reactions to foreign bodies. The fastest resorption rate
of the material in group A > group B > group C was related
to the percentage of HA and also collagen in the composi-
tions. Rapid replacement by new bone allows a bone matrix
to become established within the material, giving the host
area physical properties similar to the bone.”

A significant difference in resorption time and stability
from the other scaffolds was found in group C, which
showed greater stability and less resorption than the other
groups.

The HA/B-TCP scaffold in cylinder form allows a precise
evaluation of resorption, dimensional stability and replace-
ment by new bone.*® It is known that an appropriate concen-
tration of collagen in this biomaterial acts as an integration
stimulant, promoting bone matrix and ion exchange with the
implant environment.

According to Aratjo et al.?” who studied an in vivo ex-
perimental model, the material produced appropriate bone
replacement, cell differentiation and stimulated osteoblasts.
The authors observed increased amounts of mineralized
bone and osteoblast activity.

In spite of the New Zealand rabbit’s rapid metabolic ac-
tivity, other studies have established its validity as an exper-
imental model for testing biomaterials used for bone
replacement.>® In view of this, the results in this study were
enhanced through the creation of critical defects of 6 mm
diameter, which did not close spontaneously and therefore
demonstrated the regenerative potential of the biomaterials
under observation.*®

Resorption patterns in the groups containing the highest
percentage of collagen and less HA were more active than
in the groups, which showed more irregular shapes and
became smoother as the collagen content was reduced. This
corresponds to collagen’s proven osteogenic capacity,
increasing foci of resorption, and new bone formation.

In the study of BIC, all the materials showed appropri-
ate percentages of integration. Group A produced higher
BIC values, with a much larger pattern of interdigitation in
comparison with the other two groups. The composition of
30% of collagen, lower HA content but higher content of
more soluble TCP, also improved the rate of new bone for-
mation at the implant periphery® The percentage of new
bone formation for group A samples was significantly
higher than in the other groups; the presence of higher col-
lagen content allowed internal replacement of the material
by new bone within a favorable time span, as demonstrated
by the presence of new bone within the material and at its
periphery.
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CONCLUSIONS

The cold isostatic method was used successfully for fabricat-
ing HA/TCP/collagen ceramic scaffolds of desired shape and
high porosity. The main shortcoming of these materials is
their poor physical and mechanical properties, which were
found to be similar, independently of the composition.

HA/TCP/collagen biomaterials proved to be biocompati-
ble, bioresorbable and osteoconductive when used as a bone
substitute material. SEM revealed that newly formed bone was
closely attached to the synthetic materials. Elemental analysis
showed that there was a gradual diffusion of Ca ions from the
biomaterials into the newly forming bone at the interface.

Each of the studied compositions can be used in specific
clinical applications in reconstructive surgery of bone pathol-
ogy. Group A, with a faster resorption rate, can be used in sit-
uations requiring rapid replacement by autogenous bone.
Group B, which represents the moderate resorption pattern,
allows implementation in situations requiring partial replace-
ment by autologous bone with matrix in place over the longer
time. Group C, with a slow resorption pattern, is suitable
when dimensional implant stability is required.
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Objective: The aim of this study was to fabricate and characterize HA/B-TCP/collagen ceramic

scaffolds of different composition ratios and compare their physical and In vivo mechanical

behavior.

Materials and methods: Three groups of twenty samples each one of calcium-phosphate ceramic

scaffold cylindrical implants (6 &+ 0.01 mm in diameter and 2 + 0.01 mm in length) were studied
with varying wt % HA/wt % TCP/wt % Collagen composition: Group A: 40/30/30; Group B: 50/20/
30; Group C: 60/20/20. A fourth group, Group D (unfilled critical size defect), acted as control.

Three times of work were established 15, 30, and 60 days. Characterization, histological,

histomorphometric, SEM, and radiological analysis were performed.
Results: Micrographs obtained on the different composites are comparable, it is possible observe
that the materials revealed a microporous morphology formed by aggregated nanoparticles

independently of the composition of the composite. BIC values for the three materials, with Group
A showing best BIC at 15, 30, and 60 days (43.12 + 0.14; 52.49 + 1.08 and 67.23% + 0.34) (with
closer contact observed) than Group B (38.84 + 1.32; 47.64 + 1.21 and 54.87 + 0.32), followed by
Group C (28.92 + 2.41; 35.94 + 1.92 and 48.53 + 0.31).

Conclusions: The influence of time on the biological behavior of biomaterials studied has been
demonstrated by varying the percentage of bone-implant contact and bone formation to obtain

the best results at 60 days.

The use of biomaterials for bone regeneration
is widely applied in the fields of bone recon-
structive surgery, both in situations of bone
atrophy, as in those where there are defects
(Daculsi et al. 2003; Aghaloo & Moy 2007;
Browaeys et al. 2007; McAllister & Haghig-
hat 2007). An ideal material should have os-
teoinductive, osteoconductive,
osteogenic properties, which are achieved

and

only by autologous bone regeneration, an
ideal biomaterial should contain at least ele-
ments of conduction and induction to the
formation of new bone. Within the group of
synthetic biomaterials, formulations most
commonly used are those composed of
hydroxyapatite,

tricalcium phosphate, and

© 2015 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd

combinations of both. Calcium phosphates
have a composition and structure similar to
the mineral phase of bone and are osteocon-
ductive. Among the various materials used in
recent years tricalcium phosphate (TCP) has
shown promising results in tissue culture,
animal experiments, and clinical studies
(Krekmanov 2006; Esposito et al. 2008; Cho-
pra et al. 2009).

Today, there are several types of commer-
cially available calcium phosphate products
for bone regeneration applications, including
HA, B-TCP, and biphasic calcium phosphates
(TCP/HA). With a similar composition to
bone, HA (CalO(PO4)6(OH)2) is one of the
most widely used chemistries for bioactive
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materials (Ginebra et al. 2006). Due to its abil-
ity to promote osteoconduction, the presence
of HA could enhance long-term performance
of orthopedic implants. The combination of
hydroxyapatite with tricalcium phosphate
type B gets an ideal regeneration process mate-
rial, with “bimodal” behavior; hydroxyapatite
acts as a matrix for cell colonization and
improves the mechanical properties of the
material, with a long resorption times. Fur-
thermore, the B-TCP act in the early stages of
remodeling of the biomaterial, before being
reabsorbed, and creating the ideal environ-
ment for the start of new bone medium (Mac-
Millan et al. 2014). The ultimate goal was the
union of fully differentiated osteoblasts that
will support bone matrix production. This
requires a porous structure with nanopores,
micropores, and macropores, all involved in
different stages of absorption, adhesion, and
bone material deposition on and between the
bone substitute material (Gauthier et al. 1999;
Rivera-Munoz et al. 2001). Initial regeneration
of the bone defect is favored by the presence of
calcium phosphate in the bone replacement
material (Baksh et al. 1998).

Bone substitutes based on calcium phos-
phates have differing physicochemical proper-
ties related to mechanical stability. They also
undergo rapid degradation and have a volume
instability, which does not allow new bone
formation to retain the original volume
(Wiltfang et al. 2002; Broggini et al. 2014).

Main advantages of using synthetic materi-
als derived from the combination of B-TCP
and hydroxyapatite are the absence of mor-
bidity produced by obtaining autologous
grafts, chemical similarity with the receiving
medium and that it is fully compatible mate-
rial that does not produce any anomalous
inflammatory reaction during the regenera-
tion process. Among the inconveniences,
there is a lack of scientific basis related to
the convergence of mechanical and physical
properties between the biomaterial and the
receiving area of the graft; besides the lack of
organic content in the formulation of HA/B-
TCP, which would get better adaptation to
host bone (Fan et al. 2007; Dorozhkin 2010).

The use of biphasic calcium phosphates
(BCP) is promising as conceptually it could
overcome the disadvantages of single-phase
ceramics by combining two or more ceramic
phases. BCP ceramics offer controlled bioac-
tivity and balanced biodegradation. They are
osteoconductive and offer the possibility of
acquiring osteoinductive properties. The con-
ventional synthetic porous Ca-P ceramics
have been composed of microscale grain size,
but recent studies have focused on producing

2 | clin. Oral Impl. Res. 0, 2015 / 1-12

bioceramics at the nanoscale. Nano-HA can
promote osteoblast cell activity and facilitate
osteointegration better than microcrystalline
HA and so enhance new bone tissue forma-
tion. However, the superiority of biological
calcified tissues is also due to the presence of
bioorganic polymers (proteins, mainly colla-
gen type I), which give strength and partial
elasticity. Therefore, the development of
organic/inorganic hybrid BCP scaffolds could
provide excellent possibilities for optimizing
conventional bone substitutes (Huang et al.
2012; Maté-Sanchez de Val et al. 2014a,b).

The incorporation of collagen during a
biphasic ceramic synthesis is a suitable
option to provide the organic part of the bio-
material, solving one of the main disadvan-
tages of the completely inorganic ceramic.
This addition of collagen improves the ability
of cell attachment to the biomaterial and the
beginning of the process of bone remodeling.
There are various studies of BCP with differ-
ent weight % in the literature but little of
this research has been applied clinically. This
is due to the controversy in the literature
concerning the optimum weight % composi-
tion, and the ideal weight % composition of
BCP for clinical application remains unclear.
Furthermore, research has failed to confirm
the beneficial effects of collagen coating on
composite BCP scaffolds (Zheng et al. 2011;
Maté-Sanchez de Val et al. 2014b).

The objective of this study was to fabricate
and characterize HA/B-TCP/collagen ceramic
scaffolds of different composition ratios and
compare their physical and In vivo mechani-
cal behavior. The effect of collagen incorpora-
tion was also evaluated. The hypothesis was
that the mechanical and physical properties
would vary depending biomaterial implanta-
tion time and analysis. In addition, histologi-
cal and histomorphometric analyses were
performed to evaluate the osseointegration of
each composition and by doing so, the influ-
ence of the HA/TCP/collagen ratio. Radiolog-
ical analysis to further
determine the clinical behavior and resorp-
tion of these materials.

was performed

Material and methods

Raw materials and composition

The raw materials for this study were com-
mercial collagen, hydroxyapatite (HA), and
tricalcium phosphate (TCP). HA and TCP
were obtained by solid-state reaction sinter-
ing. Details of the technique can be found in
previous publications (Maté-Sanchez de Val
et al. 2014a,b).

Table 1. Proportions of the constituents
weighed out at the different biomaterials prep-
arations

Group Group
Compound Group A B (%) C (%)
HA 40 50 60
B-TCP 30 20 20
Collagen 30 30 20

Ceramic scaffold preparation

The proportions of the constituents have
been weighed out and thoroughly dry mixed
in a mixing miller with PSZ-zirconia balls in
a relation shown in Table 1. After the mill-
ing process, the powder mixture was cold iso-
statically pressed at 200 MPa. The pressure
was maintained for 30 min, after which it
was slowly depressurized to 101 325.00 Pa.
The whole process took around 1 h.

Ceramics characterization

The mineralogical characterization of the
powder material was performed by XRD (Bru-
ker-AXS D8Advance, Bruker AXS GmbH,
Karlsruhe, Germany) using Cu-Ka radiation
at 40 kV and 30 mA. Scans were performed
with 20 values varying from 20 to 55° at a
rate of 0.05°/min.

The morphology of the porous ceramic
composites was studied using a scanning
(SEM, HITACHI S-
3500N, Tokio, Japan). Quantitative analyses

electron microscope

were made by an Electronic Dispersive X-ray
Spectroscopy (EDX) system coupled to the
above-described electron microscope using
ZAF (atomic number, absorption, and fluores-
cence) correction software and Bayer stan-
dards. Microanalysis data were obtained from
the mean of ten independent determinations.
The samples were precoated with palladium
for SEM images and carbon coated for EDX
analysis, under an argon atmosphere using a
sputtering machine (Polaron K550X Sputter
Coater, Berlin, Germany).

Apparent density measurement was taken
on each sample using Archimedes’ method
by immersion in Hg. Sample mass was deter-
mined using an electronic balance, and rela-
tive density (RD) was calculated with the
following equation:

RD = P4 100,

Pt

where p; and p, are the samples’ theoretical
density and apparent density. The theoretical
density of HA and B-TCP was considered as
3.156 and 3.07 g/cm, respectively.

The pore size of different ceramic compos-
ites was evaluated using SEM micrographs.

© 2015 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd



Thirty readings for each composite were taken
to calculate an average porosity value. Particle
size distribution was measured by Laser scat-
tering (Mod. Mastersize by Malvern). The spe-
cific surface area was measured by the
chromatographic method (mod. Monosorb
from Quantachrome Instruments, Boynton
Beach, FL, USA) using BET model.
Three-point bending strength (of) was mea-
sured with a Microtest universal testing
machine set at a crosshead speed of 0.33 mm/
s and a span of 40.0 mm. Fracture toughness
(KIC) was also obtained in the 3-point bending
test as a function of loading rate by the single
edge precracked-beam method (Swab et al.
2015). Measurements were taken at room
temperature using the rectangular-shaped
samples (3 x 4 x 45 mm) with a notch width
of less than 0.5 mm. The ratio between notch
depth and sample thickness was 0.4. Young’s
modulus (E) was evaluated from the stress—
strain curves obtained with the flexural
strength test. Seven replicates were deter-
mined for each material, and the results were
expressed as mean + standard deviation.

Material properties

Three groups of twenty samples each one of
calcium-phosphate ceramic scaffold cylindri-
cal implants (6 & 0.01 mm in diameter and
2 + 0.0l mm in length) were studied with
varying wt% HA/wt% TCP/wt% collagen
composition: Group A: 40/30/30; Group B:
50/20/30; Group C: 60/20/20. A fourth group,
Group D (unfilled critical size defect), acted
as control to verify that there was no inter-
ference in the process of regeneration. Three
times of work were established, randomizing
the four groups at each time by means of ran-
SPSSR

dom number software,

generator
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v.18.0. (IBM Corporation, New York, USA).
The sample was divided into three periods of
work, and in turn each time randomly for
each study group.

Animal experimentation

Main protocol

The study protocol was approved by the Ani-
mal Ethics Committee of the University of
Murcia, following Spanish Government and
European Community Guidelines for animal
care. Fifteen male New Zealand rabbits of
3.5-4.5 kg in weight were used. The three
material variations were implanted in the
animals’ tibiae. General anesthesia included
ketamine plus chlorbutol (5-8 mg/kg intrave-
nously), 0.5-1 mg/kg acepromazine maleate
as a coadjutant, and 0.05 mg/kg atropine.
Amoxicillin (0.1 ml/kg intramuscularly) was
administered at the end of surgery. The total
sample size was 15 rabbits with two defects
in each tibia, a total of 60 defects, random-
ized in four groups of 15 for each material
and control.

Surgical procedure

Two critical defects (6 mm @) were created
in each tibia, making a total of 60. The surgi-
cal approach was in the proximal-medial area
of the tibia, several millimeters below the
frontal tuberosity. Bone tissue was removed
with spherical surgical drills of 6 mm in
diameter at low rotation speed with constant
irrigation (Fig. la—d).

Histological and histomorphometric analysis

After the elapse of each period implantation
time, the implants together with the sur-
rounding tissues were removed and fixed in

Fig. 1. Clinical images of surgical defect preparation and biomaterials placement.

© 2015 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd

10% neutral buffered formalin and decalci-
fied. The decalcification method utilized Os-
teomoll Merck KbaA (Germany) containing
HCI (10%) and CH,O (4%), immersing sam-
ples for 17 days, and renewing the solution
every 24 h. Subsequently, all samples were
paraffin embedded, sectioned at 5 pm, and
stained using hematoxylin—eosin. The entire
circumference of each section (containing
bone, grafted particles, and connective tissue)
was traced manually to create an individual
region of interest (ROI).

Histomorphometric evaluations consisted
of measurements of the area of graft material
in relation to the total measurement area.
These were carried out using Image J software
(developed by the National Institute of Health
[NIH] of the United States of America). Exam-
inations were performed under a Nikon Elipse
80i microscope (Teknooptik AB, Huddinge,
Sweden), equipped with an Easy Image 2000
system (Teknooptik AB) using 10-40x lenses
for descriptive evaluation and morphometric
measurement. Images were generated using a
Leica Z6 APO microscope connected to a Le-
ica DC 500 (Barcelona, Spain) digital camera,
enlarged 23 x . After calibrating the system
and digitalizing images, interactive measure-
ments of the areas of interest were obtained
using image analysis software Leica QWin V3
(Barcelona, Spain). Histomorphometric analy-
sis produced one bone-to-implant contact
(BIC) measurement, measured as the percent-
age of the circumference, and length of the
cylinder in contact with new bone.

Resorption rate and pattern of surface
resorption

The image analysis program Image |
(National Institutes of Health, Bethesda, MD,
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USA) was used to calculate the resorption
rate of the different material compositions.
This was performed by demarcating the area
of interest as the total biomaterial at the
time of implantation, measuring its perime-
ter, and comparing this with the residual
material after 15, 30, and 60 days.

Scanning electron microscope study

Twenty samples of each material (A: 40/30/
30; B: 50/20/30; C: 60/20/20) were studied
after 15, 30, and 60 days of implantation
comparing variations in the ratios of Ca/P
percentages. The samples were fixed by
immersion in 4% formalin solution, dehy-
drated in a graded ethanol series, and embed-
ded in plastic resin (Technovit A 7210VCL;
Kulzer& Co, Hanau, Germany). They were
then polished using a manual grinder with
800 grit silicon carbide paper, mounted on an
aluminum stub and carbon coated (using a
Polaron sputter coater). Samples were exam-
ined using the SEM-Hitachi S-3500N at a
working distance of 19 mm, an acceleration
voltage of 15 kv and 15x magnification, with
an Oxford Instruments INCA 300 EDX Sys-
tem (Abingdon, Oxfordshire, UK), evaluating
elemental composition of the graft material
and bone in the medullary area. Areas of
interest were delimited by the inner cortical
walls and reached into the medullary core.
Elemental mapping was performed in order
to determine the chemical degradation pro-
cess and changes to medullary composition
in all four study groups.

Radiological study

Digital radiographs were taken (using a
Kodak 6100, Eastman Kodak, Rochester, NY,
USA) following sample removal using a cus-
tom-made acrylic support to ensure reproduc-
ibility of the technique. Exposure parameters
were standardized. Each radiograph was stud-
ied using image analysis software Image J
(National Institute of Health, Bethesda, MD,
USA).

Statistical analysis

Statistical analysis was performed using
PASW Statistics v.18.0.0 software (SPSS Inc).
Values were recorded as mean + standard
deviation. Nonparametric Friedman test was
applied to the comparison of medians and to
quantify relationships between differences
(P < 0.05). Equal means were regarded as the
null hypothesis, whilst the existence of dif-
ferences between means acted as an alterna-
tive hypothesis. As significant differences
between the means existed, the null hypothe-
sis was rejected.
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Fig. 2. X-ray diffraction patterns of the synthesized powder of TCP and HA as well as the composite ceramic pow-

der materials.

Results

Preoperative material characterization

Fig. 2 shows the X-ray diffraction patterns of
the synthesized powder of TCP and HA as
well as the composite ceramic powder mate-
rials. It can be seen that the polymorphic
form obtained was B- TCP in the rhomboetral
crystalline system with main diffraction plan
[021] and corresponded to JCPDS card no. 9-
0169. On the other hand, the HA corre-
sponded to JCPDS card no. 09-0432 and pre-
sents hexagonal system with main diffraction
plan [211]. No other secondary phases were
detected. The XRD patterns of the composite
ceramic compositions showed peaks corre-
sponding with B-TCP and HA.

The physical and mechanical properties of
the ceramic scaffolds are reported in Table 2.
As the collagen content increased (from 20 to
30 wt%), the porosity increased by about 4%
for group B composition to about 9% for
Group A. Bending strengths ranged between
7.76 and 8.21 MPa. Although there was
almost no difference between the composites,
it was obvious that the addition of collagen
produced various responses among the differ-
ent ratios in relation with porosity and
mechanical properties of the compounds.
Fracture toughness, the material’s resistance
to crack propagation, is an important parame-
ter for assessing a material’s susceptibility to
failure. In general, toughness was seen to
increase for Group B and decrease for Group
A with the addition of collagen. When each
group was compared, significant differences
were recorded (to facilitate comparison, the
properties of sintered HA, B-TCP, cortical,
and cancellous bone are also included).

Table 3 shows the results of the specific
surface on the nanostructured powders after
milling B-TCP, HA, and the ceramic compos-
ites. The results show higher values for the
HA matrix, getting to 10.4 m?/g. Also the
HA powder present a morphology formed by
clustered nanoparticles smaller in size by
50 nm, and the B-TCP powder shows nano-
particles bigger to those found for HA. The
results found for the B-TCP, and HA nano-
structured powder after the mill shows a
change of the nanoparticles surface, gener-
ated by the process in the attrition mill. This
superficial change of the nanoparticles has
already been identified by other authors that
have used the high-energy method of attri-
tion milling in the development of ceramic
powders (Camargo et al. 2012, 2014).

Fig. 3 shows surface morphology of the
three composites. If the micrographs obtained
on the different composites are comparable,
it is possible observe that the materials
revealed a microporous morphology formed
by aggregated nanoparticles independently of
the composition of the composite. The parti-
cles present an average diameter of ~50-
60 nm. In addition, dense powder aggregates
with sizes of ~2-5 um were observed.

Histological and resorption analysis

Analysis of the histological sections of each
of the three materials was performed at 15,
30, and 60 days postimplantation. None of
the grafted materials elicited a significant
inflammatory reaction. In all samples, woven
bone was identified around and in close con-
tact with the material and, as might be
expected in rabbit tibia bone, small marrow
spaces were observed in the peri-material

© 2015 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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Table 2. Microstructural characterization of materials. Physical and mechanical properties of the ceramic scaffolds

Group A Group B Group C Sintered HA Sintered TCP Cortical bone Cancellous bone
Crystalline phases HA/B-TCP HA/B-TCP HA/B-TCP HA B-TCP CHA CHA
Porosity (%) 32 +1.23 27 +1.07 23 + 0.98 5-12 46-95
Density (g/cm?) 2.18 + 0.56 2.20 + 0.67 2.35 + 0.38 99.2 + 0.98 99.7 + 0.87
RD (%) 76.25 + 2.34 78.12 + 2.56 85.25 + 3.01 1.8-2.0 0.09-1.0
Bending strength, o (MPa) 7.76 + 1.02 8.21 + 0.99 7.92 + 1.76 115-200 140-154 60-147 0.5-8.0
Young'’s modulus, E (GPa) 3.15 + 1.12 3.18 + 0.89 3.16 + 1.02 80-110 33-90 11-19 0.06-1.5
Fracture toughness, 0.34 + 0.03 0.40 + 0.12 0.37 + 0.07 1.0 2-11
Kic (MPam1/2)
Table 3. Specific surface of the presintered materials as well as the composites 54.87 £0.32), followed by Group C
B-TCP HA Group A Group B Group C (28.92 + 2.41; 3594 £ 1.92 and
Superficial area (mg) 87 + 05 10.4 + 0.5 86 + 0.5 8.8 + 0.5 93 + 05 48.53 £ 0.31), in which close contact

bone, which had reached maturity over
60 days. The volume of the graft block in
Group A decreased progressively during the
time of study, starting with minimal signs at
15 days until the material reabsorbed at
60 days and increased new bone formation
surrounding and inside the biomaterials;
bone formation increased at the periphery
and within the block, leading to its virtual
disappearance and almost complete closure of
the cortex at 60 days. In Group C, graft
blocks showed slower resorption than the
other groups; histological results showed that
following implantation, changes to residual
block content, peripheral bone resorption,
new bone formation and closure of the cortex
were minimal in comparison with the other
graft compositions (Fig. 4). In tibiae treated
with Group B blocks, there was intermediate
block stability, much greater resorption than
in Group C, less than Group A, and an inter-
mediate rate of neoformation. In the control
group, no spontaneous closure of the defect
was seen, as might be expected of a critical
defect. The resorption pattern was variable
across the groups being observed a progres-
sive resorption during the time of study to

achieve greater resorption at 60 days. Thus,
15 days there is a partial resorption, being
higher for group A, followed by group B and
group C where finally reabsorption is partial.
Similarly to 30 days resorption rates are
higher with respect to the 15-day study and
lower than those found at 60 days for the
three study groups. Group A samples showed
numerous resorption foci on block surfaces,
which produced a much more irregular sur-
face compared with other samples (peaked
resorption pattern). Group B samples pre-
sented intermediate behavior showing a mod-
erate resorption pattern, with fewer light
areas and less irregularity, following a wavy
resorption type across the surface. Finally, in
Group C, a linear pattern was observed with
few resorption foci that were more regular
and less active (linear resorption pattern).

Histomorphometric analysis
Histomorphometric analysis was carried out

to establish BIC values for the three materi-
als, with Group A showing best BIC at 15, 30
and 60 days (43.12 + 0.14; 52.49 + 1.08 and
67.23% =+ 0.34) (without empty spaces) than
Group B

(38.84 +£ 1.32; 47.64 £1.21 and

Fig. 3. Surface morphology of the three composites. SEM Images at 100 pm.

© 2015 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd

between bone and graft was significantly less.
Moreover, new bone ingrowth, defect closure,
and residual biomaterial were recorded and
analyzed, showing better values for Group A
samples in comparison with the other groups
(Table 4).

Scanning electron microscopy and EDS analysis
SEM images showed complete integration of
all specimens, without significant differences
between the groups. In all cases, the cell
growth was observed to be orderly and struc-
tured; there was cell attachment to the bio-
the
interface between the biomaterial and the old

material and establishment of an
bone (Fig. 5). Examining the details of each
panoramic image, Group A showed integra-
tion of the graft in the tibial bone (5a), as
well as cellular arrangement over the graft
block (5b). In Group B, integration existed in
the surrounding bone (5¢) and an equally cel-
lular arrangement and growth over the graft
(5d). In Group C, a higher percentage of resid-
ual graft material was observed at 60 days
(5e), as well as cellular surface growth, but
integration arranged on the surface. The
interrelation with the peripheral bone was
worse in comparison with the other two
composites (5f). EDS analysis showed higher
content of Ca and P in the new bone region
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Group A

Group B

Group C

Control

Fig. 4. Histologic results at 15, 30 and 60 day implantation. Group A (40/30/30), Group B (50/20/30), Group C (60/20/20) and control. Detailed images of biomaterials with

ROI. (Magnification 50x).

for the composites of higher collagen content.
The best results were recorded for Group A.
The Ca/P ratio at the interface was best for
Group A, as listed in Table 5.

The BSE imaging was used to highlight
contrasts between resin, bone, and biomate-
rial. EDX was used to identify and evaluate
the relative concentrations of all chemical
elements present in the tissues, using point
analysis to determinate mineral distribution.
EDX spectra were collected at discrete points
in each biopsy (* from Fig. 5). Elemental
composition (atomic %) of the graft materials
and bone were calculated from the spectra.

In BSE images, particles of HA/TCP/ colla-
gen implant were seen to be a white-gray color
due to low organic content and a relatively
high Ca/P ratio (atomic %), whereas newly
formed bone had a darker gray color because of
the presence of collagen, marrow, and fat.
SEM-BSE evaluation confirmed that the resid-
ual graft particles were surrounded by newly
formed bone, which presented characteristics
of mature bone with well-organized lamellae

6 | clin. Oral Impl. Res. 0, 2015 / 1-12

and numerous small osteocytic lacunae
(Fig. 5).

The bone-to-biomaterial
characterized by small numbers of projec-

tions of newly formed bone reaching into the

interface was

graft particles. In many areas, much bigger
regions containing exposed and partly loose
parent implant particles were present, as a
result of the material degradation in the
physiological environment.

After 15 days of implantation, the implant
was already well integrated into the host tis-
sue, forming an irregular surface boundary
caused by gradual degradation of the material,
Fig. 4. The interface developed between the
implant and the surrounded tissue was char-
acterised by intermittent presence of calcium
phosphate phase, which corresponded in
structure and morphology to new bone tissue.
The EDS analysis (Table 5) and histological
studies backed up these findings. In many
areas, much bigger regions containing exposed
and partly loose parent implant particles were
present, as a result of the material degradation

in the physiological environment. These par-
ticles are marked by arrows in Fig. 4.

At 30 days, the outside surface of the
implant presented active regions, where the
degradation process of the material originated.
These observations led to the conclusion that
interfacial activities at 60 days were already
well in progress, remodelling the chemistry
and morphology of the interface.

Radiological study

Radiographs were made following sample
extraction, observing integration with the
host bone in all study groups (Fig. 6). The
radiographic density varied with the chemical
content of the samples, with Group A show-
ing correct integration and partial resorption
that corresponded to the histological findings;
Group B behaved similarly and was seen to be
fully integrated with the surrounding bone;
Group C showed a greater presence of residual
biomaterial and correct integration. There
was no spontaneous closure of the defect, as
could be expected for a critical defect.

© 2015 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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Table 4. Histomorphometric analysis to evaluate BIC for the three materials

Group A

Time (days) 15 30 60 P values
BIC (%) 43.12 + 0.14*(43.12) 52.49 + 1.08* (52.50) 67.23 + 0.34* (67.23) 0.012
New bone ingrowth 39.32 + 3.01%(39.32) 58.38 + 2.14* (58.38) 78.23 + 2.65* (78.22) 0.026
Defect closure 18.64 + 1.13 (18.64) 37.43 + 2.41* (37.43) 63.34 + 3.43* (63.34) 0.031
Residual biomaterial 78.32 + 1.09* (78.32) 65.09 + 0.94* (65.10) 59.34 + 2.95 (59.34) 0.009
Resorption rate 21.68 + 2.18 (21.68) 34.91 + 3.21* (34.91) 40.66 + 3.10* (40.66) 0.038
Group B

Time (days) 15 30 60

BIC (%) 38.84 + 1.32 (38.84) 47.64 + 1.21* (47.64) 54.87 + 0.32* (54.87) 0.017
New bone ingrowth 34.73 + 10.65 (34.73) 56.03 + 1.74* (56.04) 74.12 £ 2.83* (74.12) 0.030
Defect closure 16.32 + 2.01 (16.33) 34.63 + 3.21* (34.63) 59.54 + 3.32* (59.55) 0.025
Residual biomaterial 80.09 + 1.05* (80.09) 72.52 + 0.98* (72.52) 63.43 + 2.90 (63.43) 0.006
Resorption rate 19.91 £ 0.39 (19.91) 27.48 + 2.43* (27.49) 36.57 + 2.64* (36.57) 0.041
Group C

Time (days) 15 30 60

BIC (%) 28.92 + 2.41 (28.92) 35.94 + 1.92 (35.94) 48.53 + 0.31* (48.53) 0.029
New bone ingrowth 29.75 + 1.10 (29.75) 68.48 + 3.01* (68.48) 72.52 + 2.49* (72.52) 0.003
Defect Closure 19.94 + 2.01 (19.94) 32.24 + 0.64 (32.24) 60.46 + 3.01* (60.47) 0.015
Residual Biomaterial 83.32 + 2.31* (83.32) 74.34 + 0.64 (74.34) 79.39 + 2.98 (79.40) 0.019
Resorption rate 16.68 + 1.22 (16.67) 25.66 + 1.18* (26.66) 20.61 + 3.01 (20.61) 0.007
Control

Time (days) 15 30 60

BIC (%) 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00

New bone ingrowth 24.84 + 0.05 (24.84) 29.84 + 2.13 (29.84) 37.38 + 3.97 (37.38) 0.069
Defect Closure 10.21 + 0.32 (10.21) 23.98 + 3.10 (23.99) 34.21 + 2.34 (34.20) 0.003
Residual Biomaterial 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00

Resorption rate 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00

Nonparametric Friedmann test. Significant differences *P < 0.05. Mean + SD (Median).

Discussion

The results obtained from the x-ray diffrac-
tometry on the ceramic composites powders
show the presence of representative peaks
from the B-TCP and HA phases for all the
powder compositions, where only a slight
variation in the intensities of the peaks
between the compositions, which is related
to the presence of the concentration of
phases in % in each two phase powder com-
position.

The presence of a larger concentration of
the matrix HA in the composites was pre-
pared, which lead to a slight reduction of
the specific surface for these compositions,
if these results are associated with the HA
matrix (Table 4). This small variation in
the specific surface between the composi-
tions can be explained by the slight varia-
tion of the morphological characteristics,
previously observed through the micro-
graphs represented by Fig. 3a-c, where there
is a thin morphology of nanoparticles for
the HA matrix. Morphological characteriza-
tion has shown that the powder HA has a
morphology that is more refined than the

powder B-TCP. It has been observed that
this fine morphology of the powder HA has
also influenced the values of the superficial
area obtained by BET, showing slightly
superior superficial area, for the composi-
tions with a larger concentration of the
matrix HA. These fine morphologies found
can be a potential in the development of bi-
omaterials for bone replacement and leads
to innovative results in the microstructural
level of microporosity and of surface grains
and microporos. The literature shows that
the developments of B-TCP/HA nanostruc-
tured powders and biphasic composites have
two basic targets: improve physical charac-
teristics as open porosity, superficial area of
grains and microporus, and biomaterial sol-
ubility.

In this paper, three different compositions
of the combination of hydroxyapatite, B-TCP
and collagen are formulated. The differences
in the proportions of the three synthesized
materials must produce different reactions In
vivo in animals which are implanted, as
these variations of the composition will pro-
vide different resorption times, different
mechanical, physical properties and therefore

© 2015 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd

a different In vivo behavior of the tested bi-
omaterials. (Keaveny & Hayes 1993).

The adaptation of the properties of the bio-
material to the receiving area in relation to
the physical, mechanical properties, their
structural and biological behavior directly
affects the remodeling process. So the greater
convergence is achieved between the bioma-
terial and the receiving area, the better it will
behave the biomaterial. The effect of collagen
can be understood as facilitating the early
stages of cell anchorage to the biomaterial
and as a vehicle allowing the action of bone
cells to initiate biomaterial substitution by
new bone. Currently, several synthetic routes
have been utilized for the preparation of
calcium-phosphate ceramic powders with
different composition ratios. In this study, a
solid-state reaction followed by cold isostatic
pressing was used successfully for prepara-
tion of porous calcium-phosphate ceramic
scaffolds. This technique is simple and eco-
nomical (Dorozhkin 2009).

Additionally, the integration of all HA/
TCP/Collagen bone substitute materials
within their implantation bed was observed,
focusing on the pattern of tissue in-growth
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Fig. 5. SEM analysis of samples after 15, 30, and 60 days implantation showing biomaterials, interface, and new bone; Group A (40/30/30), Group B (50/20/30), and Group C
(60/20/20), images show correct integration of the implant and the absence of peripheral gaps surrounding the materials. (Original magnification: 50x; 200 pm).

Table 5. EDS analysis with content of Ca and P in the new bone region, interface, and residual biomaterial for the composites at 15, 30, and 60 days

New Bone

Ca/P Ratio Group A Group B Group C P values
15 days 2.13 + 0.23 (2.13) 2.19 + 1.02 (2.19) 2.43 £ 0.10* (2.43) 0.005
30 days 2.23 + 0.16 (2.23) 2.20 + 0.65 (2.20) 2.46 + 0.61* (2.46) 0.038
60 days 2.26 + 0.64 (2.26) 2.23 + 0.93 (2.23) 2.49 + 1.23* (2.49) 0.012

Residual Biomaterial

Group A Group B Group C
15 days 2.22 + 1.2 (2.22) 2.06 + 1.43 (2.06) 2.44 + 0.45* (2.44) 0.021
30 days 2.19 + 1.02 (2.18) 2.12 £+ 0.54 (2.12) 2.48 + 1.01* (2.49) 0.031
60 days 2.23 + 0.88 (2.22) 2.08 + 0.43 (2.08) 2.45 + 0.98* (2.45) 0.001

Interface

Group A Group B Group C
15 days 2.34 + 0.99 (2.34) 2.23 + 1.25 (2.23) 2.42 + 0.59* (2.42) 0.047
30 days 2.29 + 0.67 (2.29) 2.30 + 1.11 (2.30) 2.41 + 0.27 (2.41) 0.064
60 days 2.70 + 1.02* (2.70) 2.06 + 1.10 (2.06) 2.20 + 0.75 (2.20) 0.024

Nonparametric Friedmann test. Significant differences *P < 0.05. Mean + SD (median).

into the granules in relation to their particle hand, group A with the smaller particle size = Changes in particle size, porosity, and mor-
size, porosity, and morphology. Group C pres- presents the faster resorption pattern and phology of HA/TCP/Collagen implants induce
ent a slow resorption pattern according to the group B with middle particle size presents a  not only different resorption pattern also the
biggest particle size (Table 3). On the other moderate resorption pattern (Tables 3 and 4).  residual of biomaterial after the study.
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Fig. 6. Radiological images of samples after 15, 30, and 60 days implantation showing remaining materials and control.

Human cortical bone bears a total porosity
of 5-12% depending on different anatomical
sites with the pores in the range of nano to
macroscale that are well interconnected
(Table 2). However, the total porosity of HA/
TCP/collagen implants in this study was
much higher and in the range of 23-32%
with high interconnectivity. Interconnections
between pores must have a key influence on
bone ingrowth and are necessary to promote
body fluid circulation,
communication, and migration to the core of

angiogenesis, cell
the implant. It is reported that the degree of
interconnectivity of implants is more impor-
tant than the size of pores as it greatly affects
the vascularization for new bone penetration
and formation.

The surface roughness of biomaterials
directly influences the possibility to create a
zone of facilitated cell anchorage. This syn-
thesis process achieves a highly rough and
irregular surface appearance with some
micro-cracks, creating a favorable environ-
ment for the initial attachment of cells and

the beginning of the process of bone remodel-

Maté Sanchez de Val et al - Synthetic complex Biomaterials, in vivo analysis

ing. Studies of the effects of collagen on the
behavior of ceramic composite scaffolds have
not found any significant differences in phys-
properties
different ratios of collagen content (Maté-
Sanchez de Val et al. 2014a,b). Therefore,
other factors such as porosity and density
must play a major role in determining the
physical, mechanical properties, and biologi-

ical-mechanical arising  from

cal behavior of HA/TCP/collagen ceramic
scaffolds. When the present study data were
compared with human bone (Table 2), the
materials’ Young’s moduli were quite differ-
ent from that of cortical bone but were closer
to cancellous bone (Keaveny & Hayes 1993).

Brodie et al. (2006) reported that collagen
coating increases the strength of HA/TCP
50/50 (wt%), whereas it weakens HA/TCP
25/75 (wt%) and pure TCP discs. These
inconsistent mechanical behaviors are in
accordance with our results.

One of the main disadvantages of the cold
isostatic method is the poor mechanical
strength of the materials for load bearing
applications (Table 2). Although a highly por-

© 2015 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd

30 days

60 days

ous scaffold is preferred, as it will favor bone
cell this is
achieved at

adhesion and regeneration,
the expense of mechanical
strength and resistance. However, the
method can be improved by incorporating
collagen into the composite material to
achieve improved mechanical strength and
optimum physicobiological properties.

Multiple light microscopy and SEM evalua-
tions of the implant-bone interface show
how the same structure is represented differ-
ently according to the examination method
selected. The precision and reliability of a
histomorphometric study of newly formed
bone depends upon the correct identification
and ultra structural characterization of all
the cellular components that might play a
role in the osseointegration process. Optical
lacks the
required for detailed structural analysis (Jasty
et al. 1989; Orsini et al. 2005; Wierzchos
et al. 2008).

It is widely known that bone calcification

microscopy resolving power

is preceded by the formation of an extracellu-
lar organic matrix, primarily secreted by bone
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cells. Bone-forming cells — active osteoblasts
and osteocytes — control the synthesis of this
regulate  the
exchange between ions present in bulk extra-

extracellular matrix and
cellular fluid and those present in calcified
bone. In this way, only a detailed in situ
study and precise visualization of all the
components at the interface between the bio-
material surface and newly formed bone will
provide an adequate assessment of the bone
integration process.

In the present study, SEM and EDX analy-
sis revealed a close relation between newly
formed bone matrix and graft particle surface.
Elemental analysis of the bone tissue demon-
strated the presence of calcium and phospho-
rus, pointing to the presence of mineralized
bone tissue on the particle surface. This
observation suggests that the graft surface
could provide an optimal stratum for bone
tissue ingrowth. Furthermore, SEM analysis
showed that a new bone matrix had devel-
oped over the graft surface.

SEM analysis of the
revealed intimate contact between biomateri-

samples studied,

als and bone receptor areas, with significant
absences spaces that could lead to the con-
clusion that it is wrong the integration of
biomaterials used. The three compositions
behaved in a similar way, an increased min-
eral content observed in those samples where
the hydroxyapatite content is higher (60%).

Elemental analysis of the bone tissue dem-
onstrated the presence of calcium and phos-
phorus, pointing to the presence of
mineralized bone tissue. This observation
suggests that the graft surface may provide
an optimal stratum for bone tissue ingrowth
(Skedros et al. 1993a,b; Ramirez et al. 2013).
The highest concentrations of calcium in the
interface region were recorded for group A,
indicating the highest levels of new bone for-
mation, due to the faster ion exchange rate
in the interface area. The presence of extra-
cellular Ca®* resulting from resorption activ-
ity might be involved in the stimulation of
osteoblasts.

Yamauchi et al. 2010; showed that mod-
erately high extracellular Ca®>* is a chemo-
tactic and proliferating signal for osteoblasts
and stimulates pre-osteoblast differentiation.
Groups A and B had a high degree of poros-
ity facilitating the implants’ resorption pro-
cess as the external and internal surface
areas of the pores were exposed to the med-
ium over the several microns distance
beyond the graft body (as the results from
the elemental mapping indicated), in turn
facilitating osteoconduction. Analysis was
carried out at a selection of different points,
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taking different points of interest from the
middle and from the periphery of the
samples to detect changes to Ca/P ratios.
This element mapping revealed an increase
in the areas of Ca and P reaching from
within the biomaterial graft towards its
periphery. It could be that this ion increases
areas of biological apatite on the aggluti-
nated Ca and P deposits and crystals, which
in turn facilitate osseoconduction. In all
cases, a decrease in the percentage of Ca and
P was found in the residual biomaterial,
with respect to the initial composition,
while a gradual increase in the percentages
of Ca and P ratio was found at the interface,
suggesting an increase in the osseoinductive
capacity of the material and replacement by
new bone at its periphery.

In agreement with an earlier study of the
mineral degradation process of B-tricalcium
phosphate using the SEM-BSE technique
(Calvo et al. 2012), the present study found a
release of Ca and P ions, which was seen to
promote new bone growth; it is possible that
high levels of Ca and P stimulate osseogene-
sis due to their effects on osteoblast gene
expression, as described by Lazdry et al.
(2007). In normal calcified bone, the Ca/P
molar ratio increases with increasing calcifi-
cation.

The three compositions studied were com-
pletely biocompatible with perfect mechani-
cal properties  to
environment in which they were implanted.
All were gradually reabsorbed without produc-
ing any abnormal inflammatory reaction. This

accommodate  the

process of partial and progressive resorption,
allowed creating an ideal location for the grad-
ual replacement by new bone. The fastest
resorption rate of the material was in Group
A > Group B > Group C and was related to
the percentage of HA in each material and
also collagen in the composition (Ebrahimi
et al. 2012). A significant difference in resorp-
tion time and in the stability of the material
was found in Group C, which showed greater
stability and less resorption than the other
studied groups during 15, 30 and 60 days.

Despite the New Zealand rabbit’s rapid met-
abolic activity, other studies have established
its validity as an experimental model for test-
ing biomaterials used for bone replacement
(Ono et al. 2011). In view of this, the results in
this study were enhanced through the creation
of critical defects of 6 mm diameter, which
will not close spontaneously and therefore
demonstrate the regenerative potential of the
biomaterials under observation.

In relation to the bone-implant contact, all
materials present a high percentage of inte-

gration, increasing progressively during the
study period from 15 to 60 days, where the
percentages are highest. The results show
that the presence of collagen increases the
percentage of integration of biomaterials
studied as well as better results for group A
are seen most new bone formation both in
the periphery and inside of biomaterials.
These results are progressively increased
throughout the study period (Calvo et al.
2012). Therefore the increased collagen pro-
duces a material with a faster resorption
time, and controlled resorption inside and
periphery pattern. The dimensional stability
of biomaterials is directly related to the con-
centration of hydroxyapatite, being slower
the reabsorption in group C compared to the
other two study groups.

The percentage of new bone formation for
Group A samples was significantly higher
than in the other groups; the presence of col-
lagen allows internal replacement of the
material by new bone within a favorable per-
iod of time, as demonstrated by the presence
of new bone within the material and at its
periphery.

Conclusions

The
nanostructured powders is a current research
topic and has generated new perspectives in
the development of biomaterials for bone tis-

development of calcium phosphates

sue replacements. These new biomaterials
can be used in orthopedics, in traumatology
and dentistry, as a matrix element in filling
defects and regeneration of bone tissue. The
results obtained by BET show that the nano-
structured powders offer nanometric morpho-
logies with a superficial area that promises
wettability, adherence and cellular prolifera-
tion in these surfaces The cold isostatic
method was used successfully for fabricating
HA/TCP/Collagen scaffolds  of
desired shape and high porosity. Biomaterials
proved to be biocompatible, bioresorbable
SEM and elemental
analysis revealed that newly formed bone
was closely attached to the synthetic mate-
rial, there was a gradual diffusion of Ca ions
from the biomaterial into the newly forming

ceramic

and osseoconductive.

bone at the interface.

The influence of time on the biological
behavior of biomaterials studied has been
demonstrated by varying the percentage of
bone-implant contact and bone formation to
obtain the best results at 60 days. Group A,
have a faster resorption rate, Group B pre-
sents a moderate resorption pattern and

© 2015 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd



Group C a slow resorption pattern. Each
material should have different clinical appli-
cations in relation with its In vivo behavior
and with its resorptions patterns.
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In vivo behavior of hidroxiapatite/ B-TCP/ collagen scaffold in animal model. Histological,
histomorphometrical, radiological and SEM analysis at 15, 30 and 60 days
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Background: The use of biomaterials for bone regeneration is widely applied in the fields of bone reconstructive surgery, both
in situations of bone atrophy, as in those where there are defects. (Daculsi et al. 2003; McAllister et al. 2007; Browaeys et al.
2007; Aghaloo et al. 2007). Within the group of synthetic biomaterials, formulations most commonly used are those composed
of hydroxyapatite, tricalcium phosphate and combinations of both. The incorporation of collagen during a biphasic ceramic syn-
thesis is a suitable option to provide the organic part of the biomaterial, solving one of the main disadvantages of the completely
inorganic ceramic. This addition of collagen improve the ability of cell attachment to the biomaterial and the beginning of the
process of bone remodeling.

Aim/Hypothesis: The aim of this study was to fabricate and characterize HA/ B-TCP/ collagen ceramic scaffolds of different com-
position ratios and compare their physical and in vivo mechanical behavior.

Material and methods: Three groups of twenty samples each one of calcium-phosphate ceramic scaffold cylindrical implants
(6 £ 0.01 mm in diameter and 2 + 0.01 mm in length) were studied with varying wt% HA/ wt% TCP/ wt% Collagen composi-
tion: Group A: 40/30/30; Group B: 50/20/30; Group C: 60/20/20. A fourth group, Group D (unfilled critical size defect), acted as
control. Three times of work were established 15, 30 and 60 days. Characterization, histological, histomorphometric, SEM and
Radiological analysis were performed.

Results: Micrographs obtained on the different composites are comparable, it is possible observe that the materials revealed a
microporous morphology formed by aggregated nanoparticles independently of the composition of the composite. BIC values for
the three materials, with Group A showing best BIC at 15, 30 and 60 days (with closer contact observed) than Group B, followed
by Group C. (Table 4). SEM images showed complete integration of all specimens, without significant differences between the
groups. The radiographic density varied with the chemical content of the samples, with Group A showing correct integration
and partial resorption that corresponded to the histological findings; Group B behaved similarly and was seen to be fully inte-
grated with the surrounding bone; Group C showed a greater presence of residual biomaterial and correct integration.
Conclusions and clinical implications: The influence of time on the biological behavior of biomaterials studied has been demon-
strated by varying the percentage of bone-implant contact and bone formation to obtain the best results at 60 days.
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