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ABSTRACT

The increase in life expectancy in a population also leads to its aging, thus increasing

the probability of suffering diseases related to bone tissue.

Therefore, the development of biomaterials destined to bone tissue regeneration is
necessary. In this thesis, it is proposed to obtain ceramic materials, within the Ca>SiO4-
Ca3(PO4)2 system, using the Polymer Sponge Replica m ethod (REP) by immersing a
polyurethane (PU) sponge in a Sol-gel suspension (SG) and another one from Slurry
(BR), followed by a thermal treatment in order to obtain ceramics with a porous 3D
structure. Subsequently, the physical-chemical, mineralogical, macro and microstructural
characterization of the previously obtained materials will be carried out, as well as their
bioactivity evaluation through in vitro tests in simulated body fluid (SFA) to study their

possible application in bone tissue regeneration.

The characterization of the materials obtained by both methods has been carried out
by different techniques, such as XRD, SEM, ATR-FTIR and Hg Porosimetry. The results
indicate the scaffolds acquired by SG and BR had similarities at the macrostructure level.
However, they present differences in terms of the phases present, microporosity and

microstructure.

The scaffolds have an open porosity (~95) whose pore size ranges from 300-600um.
However, significant differences have been found in relation to microporosity, being
12.83% and 48.9% in the BR and SG scaffolds, respectively, Regarding the mineralogical
composition, the BR scaffolds are biphasic due to the presence of the C2S and Nurse's A
phases, while the SG scaffolds are multiphasic because they present several minority
phases and C,S and TCP as majority ones. The results show a lamellar microstructure of
alternating layers of C2S and Nurse’s A for BR scaffolds, whereas SG scaffolds present
globular microstructure generated by an agglomeration of particles which have lost their

identity and have grown cylindrically.

The bioactivity evaluation of the 3D scaffolds was determined by changes in the
scaffold’s microstructure due to the dissolution/precipitation processes that take place
after immersion in SBF. The characterization was performed by SEM and ICP-OES. Both

samples are bioactive, because they generated a Hydroxyapatite (HA) precipitate, mineral



component of bone tissue, on its surface. However, SG scaffolds exhibited slower

bioactivity (14 d) compared to BR (6 h), thus presenting different reaction kinetics.



RESUMEN

El aumento de la esperanza de vida en una poblacion conlleva al envejecimiento de la
misma, aumentando asi la probabilidad de sufrir problemas relacionados con el tejido
6seo. Es por tanto necesario el desarrollo de biomateriales destinados a la regeneracion

de tejido oseo.

En esta tesis se propone la obtencion de materiales ceramicos, dentro del sistema
CaySi04-Ca3(PO4)2, mediante la técnica de Réplica de Esponja Polimérica (REP) por
inmersion de una esponja de poliuretano (PU) en una suspension de Sol-gel (SG) y otra
de Barbotina (BR), seguida de un tratamiento térmico para obtener ceramicas con una
estructura 3D porosa. Posteriormente se procede a la caracterizacion fisico-quimica,
mineraldgica, macro- y microestructural de los materiales previamente obtenidos, asi
como la evaluacion de su bioactividad mediante ensayos, in vitro, en suero fisiologico
artificial (SFA) con el objeto de estudiar su posible aplicacion en la regeneracion de tejido

0seo.

La caracterizacion de los materiales obtenidos por ambos métodos se ha llevado a cabo
por diferentes técnicas, tales como DRX, MEB, ATR-IRTF y Porosimetria de Hg. Los
resultados indican que los andamios obtenidos por SG y BR poseen similitudes a nivel
macroestructural. No obstante, presentan diferencias en cuanto a las fases presentes,

microporosidad y microestructura.

Los andamios presentan una estructura de porosidad abierta (~95 %), cuyo tamafio de
poro oscila entre 300-600pum. Sin embargo, diferencias significativas se han encontrado
en relacion a la microporosidad, siendo del 12,83% y 48,9% en los andamios de BR y
SG, respectivamente. En cuanto a la composicién mineralogica, los andamios de BR son
bifasicos debido a la presencia de las fases C>S y Nurse’s A, mientras que los andamios
de SG son multifésicos, ya que presentan diversas fases minoritarias y C2S y TCP como
fases mayoritarias. Los resultados muestran una microestructura laminar alternando
laminas de C>S y Nurse’s A para andamios de BR, mientras que los andamios de SG
presentan una microestructura globular generada por una aglomeracion de particulas que

han perdido su identidad y han crecido de forma cilindrica.

La evaluacion de la bioactividad de los andamios se determiné mediante cambios

producidos en la microestructura de los mismos debido a los procesos de



disolucion/precipitacion que tienen lugar tras inmersion en SFA. La caracterizacion se
realizo mediante MEB y ICP-OES. Ambas muestras son bioactivas, ya que generaron un
precipitado de Hidroxiapatito (HA), componente mineral del tejido 6seo, en su superficie.
Sin embargo, la cinética de reaccion fue distinta, siendo mas lenta para los andamios de

SG (14 d) frente a los de BR (6 h).



1. INTRODUCCION

El hecho de que la esperanza de vida de la poblaciéon mundial haya aumentado, pone
de manifiesto una evolucién notoria en las terapias y los tratamientos sanitarios
empleados. Esto conlleva una poblacion mundial envejecida. Asi el nimero de personas
de mas 60 afios se ha duplicado en todo el mundo desde 1980 y se prevé alcanzar la cifra
de 2000M en el 2050 [1]. Este rango de poblacion se caracteriza por la descoordinacion
neuromuscular y la disminuciéon de las funciones cognitivas. De este modo, el
envejecimiento se asocia a patologias tales como fracturas, osteoartritis, osteoporosis y

cancer de hueso, entre otros [2].

De acuerdo con los datos ofrecidos por la OMS, 3,5M de personas padecen
osteoporosis en Espafia, y en Europa un total de 27,5M. En Espafia, el nimero de fracturas
causadas por caidas o fragilidad 6sea asciende a 100.000/afio, mientras que, en Europa,
el nimero de fracturas de cadera producidas por fragilidad, en el 2010, fue de 610.000.
Ademas, en nuestro pais se contabilizan entre 63.000 y 65.000 fracturas de cadera/afio en
personas de avanzada edad [3]. Alejandonos del marco europeo, 31M de estadounidenses
sufrieron osteoartritis en el 2012 y se estima que el nimero de pacientes con dicha

patologia ascienda a 67M en 2030 [4].

Todas estas complicaciones tienen un gran impacto a nivel clinico, social y sobretodo,
economico. En 2010, los costes directos asociados a fracturas causadas por fragilidad
ascendieron a 29.000M de euros en cinco paises de la UE (Espafia, Italia, Francia,
Alemania y Gran Bretafia) y a 38.700M en toda la UE [3]. Por otra parte, en EE. UU se
realiza aproximadamente, 1M de reemplazos de rodilla y de cadera al afio, lo que supone
un coste de 25.000M de dolares [5]. Ademads, se necesitan injertos 6seos para mas de
600.000 casos alcanzados en EE. UU causados por patologias en el tejido 6seo cuya cifra

en costos, asciende a 2500M de dolares [6].

A la vista de las estadisticas, surge la necesidad, a nivel mundial, de satisfacer dos
grandes problemas: (1) tratamiento del deterioro de la salud de la poblacion envejecida y

(2) disminucion de los costes sanitarios para poder tratar a un mayor numero de pacientes
[7].

Actualmente, la investigacion basica esta realizando esfuerzos titdnicos para hallar la

solucion a las patologias que afectan al tejido 6seo y abaratar sus costes. No obstante, los



hallazgos producidos recientemente se encuentran muy lejos de las aplicaciones clinicas.
En nuestros dias, dichas patologias se solucionan gracias a la cirugia ortopédica-
restauradora cuyos tratamientos quirurgicos, para fracturas o reemplazos, se basan en la
utilizacion de implantes. Pero, tales implantes pueden ocasionar inconvenientes debido a
micromovimientos del mismo y su posible aflojamiento aséptico, ocasionando

inflamacion, resorcion dsea, osteolisis, desgaste y carga inadecuada [8].

Es por ello, que la cirugia ortopédica-restauradora combina tratamientos de activacion
de los mecanismos de regenercion de tejidos a nivel celular con la utilizacion de
biomateriales con el fin de abordar la necesidad de regenerar tejidos, asi como mejorar la
biocompatibilidad de los distintos implantes. Por otra parte, estos biomateriales tienen
una importancia significativa en el campo de la odontologia, ya que no solo permiten
devolver la funcionalidad de aquellas piezas dentales afectadas por patologias
bucodentales como caries, sino que también permiten devolver la estética sustituyendo
piezas dentales perdidas mediante el uso de implantes. Utilizando este tipo de
biomateriales se pretende mejorar la calidad de vida de los pacientes y reducir los costes

sanitarios.

1.1. Biomateriales y su clasificacion.

Entendemos por biomaterial “cualquier sustancia, que no sea un medicamento o una
combinacion de sustancias, naturales o sintéticas, que pueden ser utilizadas por un
periodo de tiempo, independientemente o como parte de un sistema que trata, reemplaza
o regenera cualquier tejido, organo o funcion del cuerpo”. Estos biomateriales destinados
a la fabricacion de implantes, deben poseer un conjunto de propiedades inamovibles
cuando estén en contacto con el medio biologico (no toxicos, resistentes a la corrosion,
bioreabsorbibles...), ya que los fluidos corporales proporcionan un ambiente altamente
agresivo para los materiales debido a la presencia de enzimas, acidos organicos y otro

tipo de factores externos [9].

Actualmente, los biomateriales representan un campo relevante para la investigacion
y la innovacion debido a su gran versatilidad y a sus infinitas aplicaciones en los campos
médico-sanitarios, hecho por el cual poseen un gran interés economico. Dichos materiales
se pueden clasificar dependiendo de su funcidn, interaccion con el tejido, naturaleza y su

generacion.



Atendiendo a su funcion.

Dependiendo de la funcidon que desempetien dentro o fuera del organismo pueden ser
materiales destinados al soporte con una finalidad ortopédica (caderas, vertebras,
rodillas...), pueden estar destinados a reemplazar zonas del sistema cardiovascular
(vélvulas cardiacas), pueden ir dirigidos a la ingenieria maxilofacial como implantes
dentales o rellenos maxilofaciales, pueden ser disefiados para la cura de heridas
producidas en tejidos blandos, incluso formar parte de dispositivos de diagnostico y de
instrumentos quirurgicos. Por otra parte, también pueden actuar como transportadores y/o

dosificadores de farmacos, liberandolos en un radio controlado [9].
Atendiendo a la interaccion Biomaterial-Tejido.

Dependiendo de como interactien con el tejido, se pueden subdividir en bioinertes,

bioactivos y bioreabsorbibles [9].

Los biomateriales inertes son aquellos que mantienen una interacciéon minima con el
tejido en el que han sido implantados, permaneciendo, de esta forma, aislados del entorno
mediante la formacion de tejido fibroso alrededor del mismo. Los materiales bioactivos
son aquellos que inducen una respuesta bioldgica especifica y establecen conexiones con
el tejido 6seo huésped [10]. Finalmente, los materiales bioreabsorbibles son materiales

que son degradados y/o asimilados por el cuerpo humano de una forma lenta y gradual

[9].
Atendiendo a su naturaleza.

Pueden ser de origen natural o sintético. Estos ultimos, a su vez pueden subdividirse

en polimeros, ceramicos, metalicos o composites [9].
Atendiendo a su generacion.

Dependiendo del momento en el que se desarrollaron los materiales y las propiedades
de los mismos se pueden subdividir en primera, segunda o tercera generacion. El objetivo
_ . . < " o
principal de un material de primera generacién es "lograr una combinacion adecuada
de propiedades fisicas para que coincidan con las del tejido reemplazado sin respuesta
toxica en el anfitrion "[11]. Son materiales que se han desarrollado para utilizarse en el
interior del cuerpo humano a modo de prétesis. Los materiales de segunda generacion

comparten las mismas caracteristicas que los de la primera, pero ademas son bioactivos



o reabsorbibles, mientras que los materiales de tercera generacion poseen ambas
propiedades y estimulan la regeneracion de tejido dseo, la proliferacion y diferenciacion

celular [12,7].

Sin embargo, a pesar de la gran versatilidad que poseen los biomateriales, hemos de
ser cautos, ya que el tejido humano es extremadamente sensible a sustancias extrafias y
la aplicacién incorrecta de este tipo de biomateriales podria desencadenar respuestas de
rechazo en los tejidos circundantes [9]. Los biomateriales utilizados en el cuerpo humano

pueden desencadenar diferentes respuestas en los tejidos [13].

A) Material toxico>Muerte celular. (por lo que no se consideraria
biomaterial).

B) Material no toxico y reabsorbible=> El tejido circundante lo sustituye.

C) Material no toxico y bioinerte> Formacion de capsula fibrosa alrededor
del material

D) Material no toxico y bioactivo> Unidon quimica interfacial tejido-

biomaterial.

1.2. Ingenieria de Tejidos y Bioceramicas.

La medicina regenerativa es una disciplina cuyo objetivo consiste en reparar o

regenerar tejidos heridos o perdidos, asi como recuperar funciones de dérganos.

Se pueden distinguir dos grandes campos en la medicina regenerativa: (1)
investigacion regenerativa y (2) terapia regenerativa. El primer campo posee dos
objetivos claramente diferenciados: (i) investigar biologicamente las células para
clarificar su desempefio en la regeneracion tisular y (ii) descubrir nuevos farmacos para
evaluar su toxicidad con células vivas. Por otra parte, el objetivo de la terapia regenerativa
es tratar patologias mediante la induccion in vivo de actividad celular destinada a la

regeneracion tisular [14].

Para satisfacer los objetivos propuestos por la medicina regenerativa naci6 una
disciplina denominada ingenieria de tejidos, la cual se aplicaba hasta mediados de los 80

en casos de manipulacion quirargica de tejidos u 6rganos [15].

En 1993, Langer y Vacanti [11] definieron esta disciplina de la siguiente forma: “La
ingenieria de tejidos es un campo interdisciplinario que aplica los principios de la

ingenieria. y ciencias de la vida hacia el desarrollo de sustitutos biologicos que



restauran, mantienen o mejoran la funcion del tejido”. Esta disciplina crea dispositivos
con un alto potencial, destinados a la integracion y regeneraciéon de un tejido tras su

implantacion [15].

Tradicionalmente las patologias 0seas se trataban mediante la utilizacion de implantes,
ya fuesen autologos (el tejido/células implantadas provienen del mismo paciente),
alogénicos (el tejido/células implantadas provienen otro ser humano) o xenogénicos (el
tejido/células implantadas provienen de una especie diferente). No obstante, la utilizacion
de implantes, como gold estandar, tiene inconvenientes. En el caso de los autdlogos, el
principal inconveniente es la disponibilidad de tejido 6seo, mientras que en el caso de los

alogénicos y xenogénicos, es la presencia de respuesta inmunitaria en el organismo [8].

En nuestros dias, la ingenieria de tejidos busca la creacion de biomateriales cuyo
objetivo principal sea la sustitucion especifica del tejido bioldgico danado o la reparacion
del mismo, evitando lesiones o complicaciones que van ligadas a los métodos

tradicionales.

En las ultimas décadas, la ingeniera de tejidos ha estado investigando en el campo de
las bioceramicas cuyo principal campo de aplicacion es la ingenieria de tejido 6seo, ya
sea en el sistema esquelético, odontologia o cirugia maxilofacial [15,16,17]. Estas
bioceramicas se definen, teniendo en cuenta la norma ISO/TR 109939:1994 (E), como
“Material ceramico disefiado para lograr un comportamiento fisiologico especifico al
ser usado en la reconstruccion de protesis u organos artificiales internos”. La
composicion quimica y la topografia de superficie de una bioceramica son de vital
importancia, ya que estos parametros van a influir en la adsorciéon de proteinas,
interaccion celular y respuesta del tejido huésped [18]. Es por ello que sus principales
representantes son los materiales de Si-P-Ca, ya que presentan una analogia con la fase
mineral del hueso, en términos estructurales y de composicion quimica [19]. Ademas,
presentan propiedades conductivas y son capaces de proporcionar una interfaz
biocompatible entre la superficie del material y el propio tejido 6seo sin formar tejido
cicatricial [20,21]. Estas bioceramicas son porosas, bioactivas y reabsorbibles, reaccionan
con el medio y se degradan gradualmente durante un periodo de tiempo concreto mientras
son reemplazadas por el tejido huésped, por lo tanto, desapareceran una vez hayan

cumplido su papel. [22,23].



Por otra parte, encontramos biocerdmicas generadas a partir de HA sintético (Caio
(PO4)s (OH)2) que, desde un punto de vista cristalografico, es la fase de fosfato de calcio
que mas se asemeja a la apatita del hueso natural. Sin embargo, las propiedades quimicas
del HA sintético difieren del HA del hueso. El HA sintético es mas estable y, por tanto,
la tasa de reabsorcion es mas lenta que la de regeneracion 6sea. A modo de solucidn, se
pueden generar bioceramicas derivadas del HA, mezclando fosfatos célcicos con una tasa
de reabsorcion mas rapida, como el B-TCP. De esta forma se han creado distintas

formulaciones bifasicas HA/B-TCP [24].

Asi, el HA se utiliza como material bioactivo destacado en atencion medica debido a
su biocompatibilidad, no toxicidad y propiedades osteoconductoras. Ademads, puede
favorecer la adhesion y proliferacion de osteoblastos y osteoclastos, asi como inducir
diferenciacion osteogénica de células madre. No obstante, estos materiales poseen baja
resistencia a la traccion y a la fractura, ya que son rigidos, pero quebradizos. Estas
bioceramicas no se utilizan principalmente para la fabricacion de prétesis completas que
soporten grandes cargas. Su principal uso es en forma de polvo o particulas de diverso
tamafio, aunque también se usa en la obtencion de andamios porosos destinados a injertos
o en rellenos 6seos, asi como en recubrimientos para biofuncionalizar protesis metalicas

[25].

No obstante, para que las bioceramicas sean consideradas como aspirantes Optimos en
el campo de la ingenieria de tejido 6seo, no basta con una composicion quimica y una
topografia superficial adecuada, sino que han de poseer una estructura tridimensional con
una red interconectada de poros abiertos cuyo objetivo es simular la estructura y
propiedades mecanicas del hueso trabecular. Esta estructura porosa desempeia un papel
fundamental en la regeneracion 6sea, ya que modulard el proceso de osteogénesis
mediante el control de la migracion y proliferacion celular a través del material,
angiogénesis, suministro de nutrientes, liberacion de desechos, y circulacion de productos

celulares [15,26,27,28,29].

Por otro lado, la presencia de silicio en la composicion de las bioceramicas desempeia
un papel fundamental en la regeneracion 6sea. El silicio esta involucrado en el proceso
de mineralizacion, formacion y remodelacion 6sea. También mejora la bioactividad, la
proliferacion de osteoblastos y la diferenciacion de CMM vy protoblastos a linajes

osteogénicos [30,31,32].



Las propiedades que han de poseer este tipo de bioceramicas, para cumplir el proposito

principal de la ingenieria de tejidos, son las siguientes [15]:

e Propiedades mecanicas adecuadas. Debe soportar el manejo de la cirugia y las
cargas en el lugar de implantacion, proporcionando un soporte temporal en el

tejido implantado.

e Resistencia a la corrosion en ambientes acuosos. El biomaterial estara
implantado en el interior del organismo exponiéndose a fluidos corporales

altamente corrosivos y degradativos.

e Biocompatibilidad. Creacion de una interfaz entre la superficie del
biomaterial/tejido implantado sin procesos cicatriciales, ni respuesta
inmunitaria, a la vez que mantiene la actividad celular normal incluyendo
sefializacion molecular sin efectos locales toxicos y sistémicos para el tejido
huésped

e Biodegradabilidad. Reabsorcion del material, de forma gradual y controlada,

a medida que va siendo sustituido por tejido nuevo.

e Bioactividad. Capacidad de crear una capa de HA en la superficie del material
y en el interior cuando éste esta en contacto con fluidos corporales.

e Osteoconductividad. Presencia de una red porosa interconectada que
promueva la penetracion y proliferacion celular, y que permita la
vascularizacion del sistema, favoreciendo el transporte de nutrientes y la
eliminacion de residuos celulares.

e Osteoinductividad. Capacidad del material para promover diferenciacion

celular hacia linajes osteogénicos.

1.3. Diagrama de fases aplicados al disefio de biomateriales.

El disefio de una bioceramica requiere el conocimiento de la composicion, fases y
microestructura de la misma. Esta informacion se puede obtener a partir de los diagramas
de equilibrio de fases que son utilizados para predecir y entender el comportamiento de
un material con respecto a las variables de estado (temperatura, presion y composicion
quimica), y son representaciones graficas de las condiciones termodinamicas de
equilibrio de un sistema. Aplicando estos diagramas podemos disefiar una amplia
variedad de materiales siguiendo su tendencia termodindmica (fases estables y

condiciones de equilibrio). Se entiende como estado de equilibrio termodindmico de un



sistema aquel en el cual sus propiedades no cambian con el tiempo, a menos que se ejerza
una variacion de temperatura, presion o composicion. Los diagramas de fase mas
comunes representan temperatura frente a composicion quimica, dado que la mayoria de

las reacciones tienen lugar a presion atmosférica.

El fundamento tedrico en el que se basan los diagramas de fases es la ley de Willard
Gibbs, conocida como la regla de las fases, que para sistemas no condensados es:
F+L=C+2. Donde L= grados de libertad; F= nimero de fases presentes en el equilibrio;
C= Numero de componentes del sistema; 2= Variables de estado (Temperatura, presion
y composicidn). Si se tratase de un sistema condensado, la formula se reescribiria de la

siguiente forma: F+L=C+1.

Esta ley nos indica la relacion existente entre el numero de fases y el niimero de
variables de estado independientes. La aplicacion de dicha ley mostrara como varia el
equilibrio cuando ocurren variaciones en dichas constantes. De esta manera,
representando esquematicamente el equilibrio de fases en funcion de las variables de
estado, se construyen los diagramas de equilibrio de fases. La mayoria de los diagramas
se clasifican dependiendo de las reacciones invariantes que ocurran en el mismo. Si la
reaccion tiene lugar en presencia de fase liquida, podemos encontrar, entre otras,
reacciones eutécticas, monotécticas y peritécticas. No obstante, si se trata de una reaccion
en estado so6lido donde hay ausencia de fase liquida, podemos encontrar, entre otras,

reacciones eutectoides, peritectoides, etc...

1.3.1. Biomateriales en el sistema Ca;SiO4-Ca3(PO4):2

El sistema binario Silicato dicalcico (CaxSi04, CoS) — Fosfato tricalcico (Caz(POs4)2,
TCP) fue estudiado por primera vez por Nurse y col. en 1959 [33] utilizando microscopia
de alta temperatura y rayos X. En ¢l se identificaron dos compuestos intermedios
formados por reaccion en estado sélido a bajas temperaturas: la silicocarnotita, estable
por debajo de 1450 °C, y una nueva fase denominada “Nurse’s A”, estable por debajo de
1125 °C que posee una composicion estequiométrica 7Ca0-P,05-2S102 que no debe
confundirse con el mineral de la misma composicion identificado como Nagelshdmedita
[33]. Para cualquier proporcion de C>S/TCP se encontré una solucion solida de alta
temperatura formada por a-C>S y a’-TCP denominada “R”, la cual es metaestable a

temperatura ambiente. Posteriormente dicho diagrama fue modificado por Fix y col. [34],



incluyendo cambios importantes referentes a la extension de los campos de las fases

solidas:

e La solucion solida correspondiente a la silicocarnotita tiene un campo de
estabilidad menor que el que describe Nurse y col. Ademas, el punto eutectoide
Silicocarnotita-TCP también se modifica.

e La fase Nurse's A puede trasformar a fase “R” sobre los 1350 °C.

e Fue posible obtener fase “R” metaestable a temperatura ambiente no solo
mediante enfriamiento rapido (quenching), sino también por enfriamiento

lento, a bajas concentraciones de TCP.

Todos estos cambios modifican notablemente el diagrama inicialmente propuesto por
Nurse y col. [32]. Por otra parte, el diagrama de Fix y col. ha sido modificado
recientemente por Rubio y col. [35], por Martinez y col. [36], y por P. Ros y col.[37] en
los cuales se han realizado revisiones parciales de dicho sistema que han conducido a la
modificacion de los tres puntos invariantes eutectoides dentro de los subsistemas C>S-

Fase Nurse’s A, Fase Nurse’s A-Silicocarnotita y Silicocarnotita-TCP.

1.3.2. Silicato dicalcico: C,S (CazSiOy)

El silicato dicélcico existe en varias formas polimorficas, de baja a alta temperatura,
que son a, o', By y. De los polimorfismos mencionados, solo la forma y es metaestable
a temperatura ambiente sin la necesidad de ningun estabilizante. Por otra parte, la forma
B se encuentra comunmente en el cemento Portland, constituyendo ademads, una fase
importante para protesis cementadas utilizadas en odontologia [38]. El C2S es un
importante constituyente de materiales refractarios y recubrimientos resistentes al calor,
no obstante, recientes estudios, como el de Gou y col. [39] han demostrado el potencial
del CoS como biomaterial debido a su buena bioactividad, biocompatibilidad y sus

propiedades mecanicas [38].

1.3.3. Fosfato tricalcico: TCP (Caz(POy):

El TCP presenta tres polimorfismos, de baja a alta temperatura, que son 3, a, y o, de
los cuales, solo dos (a-TCP, B-TCP), son utilizados para la fabricacion de biomateriales,
ya que o'-TCP no es estable a temperatura ambiente. Las aplicaciones que presentan los
materiales basados en TCP estan practicamente limitadas a cementos de a-TCP, los cuales

son usados en cirugia odontoldgica, craneofacial y maxilofacial, asi como en
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procedimientos de vertebroplastia y cifoplastia. También pueden desempeiiar la funcion

de transportadores de farmacos [40].

Por otra parte, en 1986, se acufi6 el término fosfato de calcio bifasico (FCB) para
describir una biocerdmica que consistia en una mezcla de HA y B-TCP. Los FCB
pertenecen a una familia de cerdmicas bifdsicas que combinan la baja solubilidad y
osteoconductividad de HA con la osteoinductividad de una fase mas soluble como TCP.
Incluyen diferentes proporciones de HA/B-TCP, HA/a-TCP y, maés recientemente,
incluso B-TCP/a-TCP

Estos FCB comerciales estan disponibles como bloques, particulas (granulos) y formas
personalizadas, como cufias para osteotomia de apertura tibial, conos para columna y

rodilla e insertos para fusion de la caja vertebral [41].
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2. OBJETIVOS

Los biomateriales ceramicos 3D con porosidad abierta son candidatos para ser
utilizados en ingenieria de tejidos Oseos, por lo que mediante la informacion
proporcionada por el diagrama de equilibrio de fases 2Ca0O-Si0,-3Ca0-P,0s se pretende,
como objetivo principal de esta tesis, disefiar y sintetizar un material cerdmico de
composicion eutectoide (31% en peso TCP (3CaO-P20s) — 69% en peso CaoS (
2Ca0-Si0»), que posteriormente se caracteriza fisica, quimica, mineraldgicamente y se
evaltia su bioactividad y biocompadibilidad, in vitro, en forma de andamios, con una

elevada porosidad interconectada que favorezca sus capacidades osteogénicas.
Para desarrollar el objetivo principal de la tesis se plantean varios objetivos parciales:

L Me¢étodos de conformado para la sintesis de los andamios. Se ha utilizado
el método REP, tanto en BR como en SG.

IL Optimizacion de la sintesis.

II1. Caracterizacion fisico-quimica, mineraldgica, micro y macroestructural de
los andamios.

IV.  Estudios de bioactividad in vitro, en SFA de los andamios y analisis de los
procesos de disolucion/precipitacion en la interfaz de reaccion en funcion

del tiempo de inmersion en SFA.
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3. MATERIALES Y METODOS

3.1. Andamios 3D porosos en Barbotina.

El polvo cerdmico destinado a la produccion de andamios porosos fue sintetizado
mediante una reaccion en estado solido, en la cual se mezclaron, en cantidades
estequiométricas, hidrogeno fosfato calcico anhidrico (CaHPO4 > 98.0 %, Acros),
carbonato calcico (CaCO3 > 99.0 %, Acros) y didxido de silicio (SiO2 > 99.7 %, Stream
Chemicals) para obtener la composicion eutectoide final 31% en peso TCP (3CaO-P»0s)
— 69% en peso C2S (2Ca0-Si02), que tras la sintesis especificada en el apartado
“Materials and processing methods”, del primer articulo (pag. 35) y en el apartado
“Materials and Methods ”, del segundo articulo (pag. 71-74), sirvieron como material de
partida para elaborar una barbotina. Se prepar6 una suspension al 60% en s6lidos donde
se impregnaron las esponjas de PU, que tras los tratamientos térmicos adecuados (véase
el apartado “Creation of ceramic 3D porous scaffold”, del primer articulo (pag.35-36) y
el apartado “Materials and Methods”, del segundo articulo (pag. 71-74)) di6 lugar a la

obtencion de unas estructuras 3D con porosidad abierta.

Seguidamente, las estructuras ceramicas 3D se caracterizaron mediante el empleo de
las técnicas instrumentales citadas en el apartado “Characterisation of ceramic 3D
porous scaffolds”, del primer articulo (pag. 36-37) y en el apartado “Materials and
Methods ™ , del segundo articulo (pag. 71-74).

3.2. Andamios 3D porosos en Sol-Gel.

Para elaborar la solucion de Sol-Gel, en la cual se impregnaron las esponjas de PU, se
partié de una reaccion en estado liquido mezclando las cantidades estequimétricas de
tetra-etil-ortofosfato (TEP, Aldrich-98%, St. Louis, MO, USA), tetra-etil-ortosilicato
(TEOS, Aldrich-98%, St. Louis, MO, USA), carbonato calcico (CaCOs, Sigma, > 99%,
St. Louis, MO, USA), agua, etanol y acido clorhidrico, para obtener la misma
composicion eutectoide citada anteriormente. Las condiciones y parametros de
procesamiento son los citados en el apartado “Materials and Methods”, del segundo

articulo (pag. 71)
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Una vez obtenidos los andamios ceramicos 3D porosos, éstos fueron completamente
caracterizados mediante las técnicas instrumentales mencionadas en el apartado

“Materials and Methods”, del segundo articulo (pag. 73-74).

3.3. Bioactividad

El ensayo se llevé a cabo siguiendo el protocolo propuesto por Kokubo y col. en 2006
[42] e incorporado en la norma ISO/FDIS 2331:2014, mediante la inmersion de la esponja
en SFA a diferentes periodos de tiempo y analizando tras los mismos, la morfologia de la
superficie y las concentraciones i6nicas del SFA. Las condiciones y tiempos de ensayo,
asi como las técnicas de andlisis de los resultados, se especifican en el apartado
“Bioactiviy analysis”, del primer articulo (pag. 37) y en el apartado.” Materials and
Methods”, del segundo articulo (pag. 74). El tiempo de inmersion en SFA en el caso de
los andamios de Sol-gel fue de 3d al4d, mientras que en el caso de la barbotina de 6h a

21d.
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4. RESULTADOS.

En la presente tesis doctoral se han desarrollado biomateriales ceramicos bifasicos y
multifasicos mediante el método REP por inmersion de una esponja de PU en una
suspension de BR y SG dentro del sistema silicato dicélcico— fosfato tricalcico. Las
variables de procesado se han estudiado y optimizado para ambos métodos, seguido de la
caracterizacion de los andamios porosos. Finalmente, la posible aplicacion de los mismos
como andamios en ingenieria de tejido 6seo se ha determinado mediante ensayos de

bioactividad, in vitro, en SFA.

4.1. Andamios 3D porosos en Barbotina.

Caracterizacion

En el analisis mediante DRX de la ceramica utilizada para preparar la barbotina se
observaron dos fases cristalinas claramente diferenciadas: a’- C2S y Nurse’s A (Fig. 1.
Articulo 1). Dichas fases no cambiaron después del procesado de los andamios. El tiempo
de molienda 6ptimo establecido para el material fue de 2h, ya que, a este tiempo, la
distribuciéon de tamano de particula fue la mas estrecha, presentando un tamano de

particula promedio de 13,76pum en el 50% de la muestra (Fig.2. Articulo 2).

Los andamios porosos presentaron la misma estructura macroscopica que las plantillas
de PU, a pesar del 37,3% de contraccion que suftrieron tras el tratamiento térmico (Fig. 3.
Articulo 1). Tras ser analizados por microscopia electronica de barrido (MEB) se observo
la presencia de una estructura 3D porosa con poros interconectados cuyo tamafio oscilaba
entre los 300-600um. Ademads, también se observod una topografia tipica del punto
eutectoide, constituida por laminas alternadas de Nurse's A y a’- C2S. (Fig. 4. Articulo
1). Los andamios exhibieron un 95 % de macroporosidad y un 12,8% de microporosidad
(8,76% de microporosidad interparticular y 4,07% de microporosidad intraparticular (Fig.
6. Articulo 1). Por ultimo, la espectroscopia de infrarrojo IRTF mostré que los enlaces
quimicos presentes en los andamios correspondieron a grupos fosfatos (PO4>/515, 538,
584cm™/1000-1300cm™) y a la red de silicatos (Si-O-Si/873cm™/1080-1100cm™), los
cuales  presentaron  distintos modos  vibracionales como:  estiramiento

simétrico/antisimétrico y flexion (Fig. 5. Articulo 1).
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Bioactividad.

Los ensayos de bioactividad in vitro mostraron un cambio significativo en la
morfologia superficial de los andamios debido a la rapida precipitacion de una capa de
HA en la superficie del material, en las primeras etapas del ensayo (6h) (Fig. 7. Articulo
1). Tras ensayos de IRTF, dicha capa fue identificada como carbo-hidroxiapatito (CHA),
ya que su patron de infrarrojo presentaba grupos quimicos OH™y C-O a 3000-3600cm’!
/1600cm™ y a 1450-1490cm™!, respectivamente (Fig. 8. Articulo 1).

Finalmente, los procesos de precipitacion/disolucion estudiados mediante
espectrometria de emision Optica de plasma acoplado inductivamente (ICP-OES) (Fig. 9.
Articulo 1) nos ayudaron a comprender el comportamiento de los materiales ceramicos
3D tras la inmersion en SFA. A etapas tempranas de dicho ensayo (3h-1d) se produjeron
dos procesos de manera simultdnea: (I) disolucion del andamio ceramico poroso, y (II)
precipitacion de CHA en la superficie del material. A etapas tardias del ensayo (7d-21d)

se produjo una precipitacion masiva de CHA en la superficie del material.

4.2. Andamios 3D porosos en Sol-Gel

Caracterizacion

Los andamios 3D porosos obtenidos por inmersion de una esponja de PU en una
suspension de Sol-gel presentaron 5 fases tras ser analizados mediante DRX: Tridimita,
Cristobalita, Fosfato tricalcico, Pirofosfato y a'n-Silicato dicalcico (Fig. 1. Articulo 2).
Estos presentaron una estructura porosa con poros interconectados cuyo tamafio oscilaba
entre 300-500pum. La microestructura superficial revel6 una aglomeracion de particulas
que experimentaron un crecimiento considerable de grano hasta aproximarse a particulas
cilindricas (Fig. 3. Articulo 2). Dichos andamios, tras ser analizados mediante
porosimetria de mercurio, presentaron un 94,8% de macroporosidad y un 48,9% de
microporosidad (39,66% de microporosidad interparticular y 9,24% de microporosidad

intraparticular) (Fig. 6. Articulo 2).

Finalmente, los enlaces quimicos presentes en los andamios 3D correspondieron a
grupos fosfatos (PO4*/560-585cm™/900-1100cm™) y a la red de silicatos (Si-O-Si/1000-
1300cm™, Si-O-2NBO/848cm™ y Si-O-NBO/840-975cm™), los cuales presentaron
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distintos modos vibracionales como: estiramiento simétrico/antisimétrico y flexion (Fig.

2. Articulo 2)
Bioactividad

Los ensayos de bioactividad in vitro no mostraron ningiin cambio en la superficie de
los andamios en etapas tempranas. Sin embargo, mostraron una precipitacion tardia de la
capa de HA en la superficie del material (14d). Dicho precipitado estaba formado por
particulas de forma esférica con un didmetro promedio de 30um, que al unirse entre si
formaron una capa continua y compacta. Dicha capa, debido al secado de la muestra antes
del estudio por MEB, mostr6é un craqueo, indicando que se habia depositado una capa

relativamente gruesa de HA. (Fig. 7. Articulo 2).

Atendiendo a los procesos de disolucion/precipitacion, se pudo comprender como
reaccionan los andamios porosos cuando estan en contacto con el suero. En este caso la
concentracion en suero de los iones de Si, Ca y P aumentd hasta los 3d, implicando la
disolucion del andamio, mientras que de 7d-14d hubo un descenso de la concentracion de

los iones Ca y P, indicando la formacién y precipitacion de la capa de HA en la superficie

del material (Fig. 9. Articulo 2)
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5. DISCUSION.

La ingenieria de tejidos esta en continuo desarrollo y la creacion de sustitutos 6seos
biosintéticos ha experimentado mejoras notables, llegando al punto de eliminar el uso de
injertos autdlogos oseos [43]. Mejoras en este tipo de materiales son necesarias para una
mejor interaccion entre el material y el tejido huésped [44]. Como consecuencia, se
generan nuevas estructuras capaces de reparar, restaurar y regenerar tejido 6seo danado.
Es por ello que el material ideal para la regeneracion de tejido dseo debe poseer una
estructura y propiedades mecanicas similares a las del hueso. Ademas, ha de ser al mismo
tiempo bioactivo, biocompatible, osteoinductivo, osteoconductivo, osteogénico y
biodegradable en productos no téxicos para las células, ya que actia como un soporte
temporal. Finalmente debe poseer una estructura 3D de poros abiertos, porque ésta
modulard el proceso de formacion de tejido 6seo mediante el control del suministro de
nutrientes, la circulacion de productos celulares de desecho, angiogénesis y contacto

celular desde el interior del mismo [45,46,4727,26,27].

Después de considerar todos los aspectos anteriormente mencionados, en esta tesis se
ha llevado a cabo el procesamiento y la caracterizacion de nuevos andamios ceramicos
porosos bioactivos, producidos por REP en una suspension de SG y BR de una
composicion eutectoide del 31% en peso TCP-69% en peso C,S dentro del sistema C>S-

TCP [35].

La caracterizacion mineraldgica de los andamios producidos por BR muestra un
material bifdsico compuesto por las fases a'-C,S y Nurse's A (Fig. 1. Articulo 1), de
acuerdo a la linea de Alkemade Ca>2SO4-Ca3P20Os contenida en el sistema SiO2-CaO-P20s
[48]. Sin embargo, en el caso del SG, los precursores (TEOS/TEP), total o parcialmente
hidrolizados, se unen entre si por una reaccion de condensacion y polimerizacion [29]. A
partir del TEOS se generan las uniones Si-O-Si, y a partir del TEP se generan las P-O-P.
Tras la sinterizacion de los andamios, las uniones Si-O-Si inducen la formacion de las
fases polimorficas SiO2 y CazSiOs4, mientras que las uniones P-O-P favorecen la
formacion de CazP>Og y CaxP>O7. Como consecuencia se produce una desviacion en la
linea de Alkemade Ca>S04-CazP>0Os, implicando la presencia de multiples fases en los

andamios generados por SG (Fig. 1. Articulo 2).

Independientemente del método de procesado, se obtuvo una alta porosidad a nivel

macroscopico (~95%). Esta red tridimensional podria mejorar la distribucion celular en
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el andamio y la difusion a través del mismo, de nutrientes y metabolitos celulares. Los
andamios mantuvieron la misma estructura tridimensional que las esponjas de PU.
Ademas, el tamano de poro de la red 3D es muy similar en ambos andamios (300-500um
para SG y 300-600um para BR). Esta pequefia diferencia se debe a la diferente cantidad
de recubrimientos que fue necesaria en cada caso para obtener una adecuada
manipulabilidad. En el caso del SG se realizaron 25 recubrimientos mientras que
solamente 3 fueron necesarios para los andamios de BR. La microestructura de ambos
andamios mostrd diferencias significativas. Los andamios de BR presentaron una
topografia especifica mostrando rosetas que se asemejaron a la microestructura laminar
tipica de la composicion eutectoide observada por Rubio y col., que trabajaron con el
material denso en 2011 [35]. Mientras que los andamios de SG mostraron una
aglomeracion de particulas cilindricas que perdieron su identidad y experimentaron un

crecimiento considerable de grano (Fig. 4. Articulo 1 y Fig. 3 y 4. Articulo 2).

Analizando la microporosidad de los andamios obtenidos por ambos métodos,
mediante porosimetria de Hg, los resultados fueron el 48,9% y el 12,83% de
microporosidad total para las muestras de SG y de BR, respectivamente. Considerando
microporosidad intraparticular (1um <@ Poro <300pm) e interparticular (@ Poro <Ium),
el 9,24% represento la microporosidad intraparticular de los andamios de SG y el 39,66%
represent6 la interparticular. Por otra parte, en el caso de los andamios de BR, el 4,07%
representd la microporosidad intraparticular, mientras que la interparticular quedo
representada con un 8,76% (Fig. 6. Articulo 1,2). El hecho de que hayamos sintetizado
andamios con distintos niveles de porosidad alcanzando la escala nanométrica, pone de
manifiesto una estructura jerarquizada, la cual va a proporcionar multiples ventajas

correspondientes al proceso de bioactividad y regeneracion de tejido 6seo.

En la bibliografia se han encontrado discrepancias correspondientes al tamafio de poro
ideal de un biomaterial. Esta establecido por algunos autores que poros inferiores a 10um
proporcionan una mayor area superficial repercutiendo en un mayor contacto entre la
superficie y el hueso natural. Como consecuencia, aumenta el intercambio i6nico en la
interfase mejorando la bioactividad, la adsorcidon de proteinas y la nueva formacion de

tejido dseo [49,50,51].

Ascendiendo en la jerarquia del tamafio de poro, como regla general se puede decir

que aquellos que rondan los 100-150pum mejoran la adhesion celular de los osteoblastos
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y facilitan su proliferacion y migracion a través del material [52,53]. Finalmente, aquellos
que superan los 300um favorecen la migracion celular y la formacion de una red de vasos
sanguineos a través del material cuyo principal propdsito es el suministro nutricional a
las células, asi como la retirada de sus productos de desecho, los cuales son toxicos para
las propias células y las adyacentes [54,27,45,46]. A parte de la porosidad, las micro-
macroestructuras mencionadas anteriormente también favorecen la adhesion celular, y su
expansion, mejorando, asi, las capacidades bioactivas y regenerativas de los andamios

[28,48].

La caracterizacion de las uniones quimicas presentes en los distintos andamios
mediante el uso de la IRTF no mostr6 grandes diferencias entre los mismos. Los espectros
obtenidos fueron caracterizados utilizando como referencia las unidades tetraédricas
SiO4* y PO4*. Los resultados mostraron uniones caracteristicas de silicatos célcicos y
fosfatos calcicos. En ambas muestras se identificaron bandas relacionadas con grupos
fosfato a bajas longitudes de onda (500-600cm™'/800-1100cm™') y bandas relacionadas
con la red de Si-O-Si a 800-1100cm™. Pero dadas las similitudes de las unidades
tetraédricas (SiOs*/PO4>) y debido a que las fases cristalinas inorgénicas comparten
varios grupos vibracionales, se observo un solapamiento de dichas bandas (Fig. 5.

Articulo 1 y Fig. 2. Articulo 2).

El estudio de bioactividad permite determinar la capacidad del material de inducir la
formacion de una capa de precipitado de HA en la superficie del mismo mediante la

inmersion en SFA.

El estudio in vitro, sumergiendo andamios en SFA durante varios periodos de tiempo
para evaluar la bioactividad de los materiales, mostr6 que ambos andamios son
bioactivos, no obstante, presentaron distinta cinética de reaccion. Los andamios de BR
presentaron una bioactividad temprana (a las 6h de ensayo), mientras que los andamios
de SG presentaron una bioactividad tardia (a los 14d de ensayo) (Fig. 7. Articulo 1 y Fig.
7y 8. Articulo 2). Esta diferencia se debe a las fases cristalinas presentes en los andamios
y a la microestructura superficial de los mismos. Por un lado, la caracterizacion
mineralogica de los andamios de SG mostrd que eran multifasicos, siendo una de las fases
presentes el pirofosfato. Una baja concentracion de pirofosfato inhibe o ralentiza, no solo

el crecimiento, si no la precipitacion de cristales de HA en la superficie de los materiales
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tanto in vitro como in vivo [55,56,57]. Por otro lado, atendiendo a la microestructura
superficial, las muestras de BR presentaron una microestructura laminar, y es en estas
laminas donde se produce el mayor intercambio idnico entre el SFA y la muestra,

acelerando, de esta manera, el mecanismo que produce la precipitacion de HA.

Otros autores como Padilla y col. [58], Karamian y col. [59] y Lenka Novotna y col.
[60], sintetizaron materiales bifasicos con una estructura granular, muy similar a la
generada por los andamios de SG. Dichos autores evaluaron la bioactividad, utilizando la
misma metodologia citada anteriomente y los resultados obtenidos fueron muy similares
a los obtenidos en los andamios de SG. En las muestras de SG la capa de HA se presento
a los 14d, mientras que en el caso de los tres autores mencionados anteriormente se
visualizé a los 7d, 28d y 21d, respectivamente. Como se puede observar, contrastando la
literatura con los resultados de esta Tesis Doctoral, los andamios que poseen una
microestructura granular y pirofosfato presentan una cinética de reaccion tardia frente a
los materiales que exhiben una microestructura laminar y ausencia de pirofosfato. En la
bioactividad de un biomaterial influye tanto su composicion quimica como su

microestructura superficial.

A la luz de estos resultados, el mecanismo de bioactividad se puede describir como
procesos de disolucidon/precipitacion. Para ello se ha determinado los cambios en la
concentracion de los iones Si, P y Ca en el SFA, tras el ensayo de bioactividad, mediante

la técnica ICP-OES (Fig. 9. Articulo 1 y Fig. 9 Articulo 2).

Los resultados obtenidos en las muestras de BR reflejan que en la primera parte del
ensayo, se estd disolviendo una de las fases presentes en el material debido al incremento
de la concentracion de Si en el SFA. Ademas, se observd una pequeia reducciéon en la
concentracion de iones Ca en el SFA, que se corresponde con una ligera precipitacion de
HA. La fase que se esta disolviendo deberia ser la de C,S, ya que solo las concentraciones
de los iones Ca y Si aumentan en el SFA. Si se tratase de la disolucion de la fase de TCP,
aumentaria también la concentracion de los iones P en el SFA. En la segunda parte del
ensayo ocurren dos procesos de manera simultanea. La fase Nurse’'s A empieza a
disolverse al mismo tiempo que ocurre la precipitacion de HA. Esto queda reflejado por
el incremento de la concentracion de los iones Ca y por el descenso en la concentracion
de iones P, respectivamente. Destacar que la cantidad de iones Ca y P que se necesitan

para precipitar la nueva capa de HA es mayor que la cantidad de iones que liberan los
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andamios al SFA. Finalmente, una gran cantidad de HA se deposita en la superficie del
material, siendo mecanicamente inestable, Como consecuencia, ésta se desprende de la
superficie y cae al suero aumentando las concentraciones de iones Ca y P (Fig. 8 y 9.

Articulo 1).

Los resultados obtenidos en los andamios de SG muestran que la concentracion de los
tres iones principales, Ca, P y Si, aumenta en el SFA en la primera parte del proceso. Sin
embargo, la liberacion de estos iones se realizé en menor proporcion que en las muestras
de BR. Este aumento en la concentracion de dichos iones en el SFA va ligado a una
disolucion de una de las fases del andamio. Por otro lado, en la segunda parte del ensayo
se puede observar un descenso evidente en las concentraciones de Ca y P. Dicho descenso
se relaciona con la precipitacion de la capa de HA en la superficie del material (Fig. 9.

Articulo 2).

Nuestro objetivo fue comparar dos tipos de andamiajes elaborados a partir de dos
métodos diferentes, pero con una misma composicion quimica. Solo los andamios de BR
presentaron la microestructura laminar tipica de una composicion eutectoide y que esta
compuesta por dos fases con diferentes ratios de degradacion, mientras que los andamios
de SG, debido a los productos de partida, presentaron un microestrtuctura globular
producida por una aglomeracion de particulas aproximadamente cilindricas. Este tipo de
andamios podria ser un buen punto de inicio para el desarrollo de materiales de tercera
generacion. El tamafio de poro, su distribucion y su nivel de porosidad necesitan estar
equilibrados para poder guiar el crecimiento de hueso correctamente. Finalmente,

estudios celulares se necesitan para evaluar la biocompatibilidad de los andamios.
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6. CONCLUSIONES Y PROYECCIONES
FUTURAS.

6.1 Conclusiones.

Se ha producido un material ceramico de composicion eutectoide (31 % en
peso de TCP y 69% en peso de C,S) dentro del sistema C>S-TCP.

Mediante la técnica de Réplica de Esponja Polimérica por inmersion de una
esponja de PU en una suspension de SG y BR se han obtenido andamios
ceramicos 3D.

Ambos procesos producen andamios con una misma macroporosidad (~95%)
pero diferente microporosidad debido al nimero de recubrimientos realizados
durante el procesado.

Todos los andamios presentan una estructura jerarquizada, en cuanto al tamafio
y distribucion de poro, alcanzando la escala nanométrica.

Los andamios obtenidos por BR presentan dos fases (a'-C2S y Nurse’s A)
mientras que los andamios obtenidos por SG son multifasicos.

Se desarroll6 una microestructura laminar en el caso de los andamios obtenidos
por BR y globular/granular en los andamios obtenidos por SG.

Ambos andamios son bioactivos, pero con una cinética de reaccion diferente.
Los andamios de BR presentaron una bioactividad temprana (6h) mientras que
los andamios de SG presentaron una bioactividad tardia (14). Estos resultados
ponen de manifiesto que hay una relacion entre la microestructura
/composicion quimica con el grado de bioactividad.

Se ha analizado por IRTF la capa de precipitado presente en la superficie de
ambos materiales, y se ha observado que dicha capa no es HA estequiométrico,
sino que en realidad es de CHA debido a la presencia de grupos OH y CO*.
Los grupos CO5 sustituyen a los grupos PO+ en la estructura cristalina del HA
tratandose de una sustitucion tipo B.

La composicidon quimica, la estructura 3D y la microestructura del material
desempefian un papel fundamental en la cinética de reaccion y, por tanto, en la

bioactividad de los mismos.
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6.2 Proyecciones Futuras.

En este estudio hemos evaluado la bioactividad sumergiendo las muestras en
SFA estatico. Sin embargo, las condiciones reales del cuerpo humano no son
estaticas. Los fluidos corporales son bombeados de manera continua,
renovando el suministro de nutrientes y las concentraciones idnicas y
eliminado las sustancias de desecho. Es por ello, que para recrear estas
condiciones es necesario llevar a cabo el ensayo de bioactividad sumergiendo
las muestras en SFA dindmico, con un flujo controlado y semejante al del
interior del organismo, mediante, por ejemplo, el uso de una bomba
peristaltica.

Por otra parte, hay que realizar ensayos de biocompatibilidad in vitro mediante
el uso de células madre mesenquimales humanas (CMM), cuya finalidad es
determinar la capacidad del material para inducir la diferenciacion celular hacia
linajes osteogénicos, asi como la capacidad de favorecer la adhesion celular en
su superficie y la proliferacion celular en su interior.

Finalmente, es necesario realizar ensayos de biocompatibilidad in vivo

mediante la implantacion del material en un modelo animal adecuado.
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The aim of this research was the processing, characterisation and in vitro bioactivity of a novel ceramic 3D
porous scaffold to be used in the bone tissue engineering field. A calcium silicophosphate scaffold, with nominal
composition 31 wt% tricalcium phosphate (TCP-3CaO-P,05)-69 wt% dicalcium silicate (C,S-2Ca0-Si0O,), was
produced by the polymer sponge replica method. The scaffold was analysed by Scanning Electron Microscopy
(SEM), X-Ray Diffraction (XRD), Fourier Transform Infrared Spectrometry (FTIR) and Hg porosimetry techni-

ques. The results indicated that the biphasic porous Si-Ca—P scaffolds presented a lamellar microstructure of
alternating a'-C,S and a - TCP phases and an interconnected porous network (95 + 3%), with a hierarchical
distribution in pore size terms (55.12 nm-600 pum). The scaffold displayed good and fast bioactivity, which was
confirmed by the presence of CHA on its surface after being immersed 6h in simulated body fluid (SBF) ac-
cording to Kokubo guidelines. These results confirm that the scaffold is suitable for bone tissue engineering.

1. Introduction

Today's life expectancy has increased considerably due to health
advances. In spite of this progress enhancing people's quality of life and
longevity, it also increases the incidence of problems related to bone
and joint degeneration, such as fractures, osteoporosis, bone metastasis,
etc., in older people with diminished bone regeneration capacity. This
means that 50% of chronic patients in developed countries aged more
than 50 years will suffer bone problems [1,2].

Traditionally, these bone injuries have been treated by re-
constructive surgery using autologous, allogeneic or xenogeneic im-
plants, which involve restrictions such as bone tissue availability or
immunological responses. Given these disadvantages, the need to de-
velop a new discipline such as tissue engineering came about, which is
able to create new treatments and techniques for bone tissue re-
generation. This discipline advances towards the creation of a new kind
of biomaterials with good bioactivity and excellent mechanical prop-
erties. In general terms, the ideal scaffold should be designed to provide
temporal support by inducing bone regeneration and promoting cell
and molecular stimuli in a controlled manner, while the scaffold re-
absorbs itself [2-8].

A large scaffold surface area mimics the human cancellous bone
structure to promote good adhesion of biological tissue cells and new
bone phase growth. Porosity is important for promoting cellular

migration from bone tissue to the internal scaffold area. Although no
consensus has been reached by authors about an optimal pore size, it is
well-established as a general rule that pores below 10 um provide a
larger surface area for the natural bone-implant interaction, protein
adsorption, ion exchange and new bone formation [9,10]. Pores around
100 um improve the initial adhesion of osteoblasts and allow their
migration to the biomaterial [11], but larger pores (> 300 um) are
needed to improve new bone formation [12,13]. Highlight, porosity
also allows vascular network growth through the material, supplying
nutrients to the cells growing inside it. These characteristics allow the
scaffold to be integrated into the damaged bone involved [14].

A wide variety of techniques have been used to produce 3D scaf-
folds: solvent casting/particulate leaching [15], gas foaming [16],
emulsification freeze-drying [17], phase separation [18], electrospin-
ning [19], 3D printing [20] and polymer sponge replica [2].

In the present study, ceramic 3D scaffolds were prepared by the
polymer sponge replica method in accordance with the eutectoid
composition reported in the literature [21]. Despite it not being a novel
technique compared to current ones, the sponge replica method offers
advantages such as: it is a low-cost technique that allows ceramics with
a controllable pore size and an interconnected porous network, and
porous ceramics with good thermal properties and high resistance to
chemical attacks, to be obtained. It is a versatile technology as porous
ceramics properties can be molded by only modifying some slurry
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variables [22,23].

Synthetic 3 D scaffolds with eutectoid composition (31 wt% tri-
calcium phosphate (TCP-3CaO-P,05)-69wt% dicalcium silicate
(C,S-2Ca0-Si0,)) were developed. Ceramics were studied in-depth to
manufacture bioactive and biodegradable scaffolds with structural and
microstructural optimised properties. These properties were also tested
under in-vitro conditions in SBF. To our knowledge, there are no studies
about porous scaffolds with a eutectoid composition.

2. Material and methods
2.1. Materials and processing methods

The chemicals used in the ceramic powder synthesis were the fol-
lowing  oxides: calcium  hydrogen phosphate  anhydrous
(CaHPO,4 > 98.0 wt%, Acros), calcium carbonate (CaCO3; > 99.0 wt%,
Acros) and silicon oxide (SiO, > 99.7 wt%, Stream Chemicals).
Chemicals were mixed according to the stoichiometry of the eutectoid
composition (31 wt% TCP-69 wt% C,S) and homogenised with acetone
as suspension media and powder was cold isostatically pressed at
1400 bar.

The green bars were put in a platinum crucible and heated for 6 h at
1500 °C. Then they were liquid nitrogen quenched by being rapidly
withdrawn from the furnace. The obtained material was ground in a
laboratory miller (MM301-Retsch) using PSZ-zirconia balls and iso-
propyl alcohol as suspension media. After the milling process, powder
was cold isostatically pressed and heated up to 1550 °C, and kept at
1550 °C for 3h with a subsequent annealing step at 512 °C, 5 °C below
the invariant temperature. Once the final ceramic material had been
obtained, it was ground for different times by a mill (PM100-Retsch)
and its particle size was measured by laser diffraction
(Mastersizer2000E Device-Malvern).

2.2. Creation of ceramic 3D porous scaffolds

Ceramic slurry was prepared by mixing the final ceramic material
with deionised water, and by adding Dolapix CE 64 (Zschimmer &
Schwarz) and Optapix PAF 35 (Zschimmer & Schwarz) to achieve the
proper rheological features.

A polyurethane sponge (@ 1cm, height 0.7 cm) was immersed 3
times in the resultant slurry to obtain a thick enough structure to hold
the scaffold's weight. Any excess material was removed by squeezing
the sponge and pores were opened using compressed air to ensure that
no pores closed. After coating, the 3D scaffolds were dried at room
temperature and heated up to 1550 °C, left at this temperature for 3 h,
followed by slow cooling to 512 °C, kepping at this temperature for
24 h. The resultant scaffold had an @ of 0.9 cm and was 0.6 cm high.

2.3. Characterisation of ceramic 3D porous scaffolds

The mineralogical characterisation was carried out by X-Ray dif-
fraction (XRD) (Bruker-AXS D8Advance automated diffractometer) to
determine crystalline phases using CuK, 1.2 radiation (1.54056 A).
Data were collected in the Brag-Brentano(6/26) vertical geometry.
Phases were identified by the database provided by the crystallography
open database (COD).

The sample porosity and pore size distribution for the scaffold were
determined by mercury porosimetry in a Poremaster-60 GT
(Quantachrome Instruments, Boyton Beach, FL, USA) within the 13.789
Bar to 4102.24 Bar pressure range, which corresponds to a pore dia-
meter range between 1068.82 um and 0.003585 pm. Three samples (-
0.8 g) were analysed by this technique. One more sample was also used
in each case if the obtained porosity values differed by more than 5%.
He picnometry (Quantachrome Instruments, Boyton Beach, FL, USA)
was done to establish the sample's density.

The material's microstructure and its pore size (5 samples/20
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measures per sample) were characterised by Scanning Electron
Microscopy fitted with an Energy-Disperse X-Ray spectroscopy (SEM-
EDS, SEM-Hitachi S-3500 N and INCA system, by Oxford Instruments
Analytical, UK, respectively) by coating samples with palladium.
Finally, to know the scaffolds’ chemical bond composition, Fourier
Transform Infrared Spectrometry (ATR-FTIR, Thermo SCIENTIFIC
Nicolet iS5 equipped with an iDR ATR accessory) was utilised.

2.4. Bioactivity analysis

Bioactivity was checked for several time periods according to the
protocol suggested by Kokubo [24] who, in 2006, proposed Tris-Buf-
fered SBF with an ion concentration that almost equalled human blood
plasma. Scaffolds were placed into falcon tubes (50 ml) for several time
periods (from 3 h to 21 days), and they were incubated at 37C° = 0.5C°
in a shaking water bath. Samples were removed from SBF for each
tested assay time and their bioactivity were observed by SEM-EDS. The
remaining SBF was used to determine the Si, Ca, P ion concentrations
by inductively Coupled Plasma Optical Emission Spectrometry (ICP-
OES PerkinElmer Optima 2000™) [25].

Finally, an ATR-FTIR was performed using the same equipment as
that mentioned above to determine the chemical bond composition of
the new Ca-P precipitate present in the outside and inside scaffold area
after being soaked in SBF for 21 days.

3. Results
3.1. Characterisation of ceramic powder

The ceramic powder obtained after proper heat treatment was mi-
neralogically characterised by XRD (Fig. 1) and showed a mixture of
two crystalline phases: a'-C,S (COD card no. 96-210-3317) and Nurse's
A Phase (COD card no. 00-011-0676). The diffraction peaks were
slightly displaced in relation to the cited cards as both phases were solid
solutions. The displacement was 0.1° for a'-C,S and 0.3° for Nurse's A
phase. These two phases agreed with the composition corresponding to
the eutectoid point, 31 wt% TCP-69 wt% C,S, as described in the lit-
erature [21]. No other crystalline phases were observed.

In order to create 3D scaffolds by the polymer sponge replica
method, it was necessary to use the smallest and narrowest particle size
distributions. Bearing in mind these requirements, the ceramic was
milled with PSZ-zirconia balls for different time periods (Fig. 2 A). The
best milling time was 2 h (pink line) due to its narrow and small particle
size distribution, which showed an average particle size of 13.76 um in
the 50% sample volume. A XRD analysis was also performed to assess
possible crystallinity loss due to milling (Fig. 2 B). Slight differences in
the crystalline degree were observed with increasing milling times.
Consequently, the background increased and some peaks disappeared.
These effects became more evident 1.5 h after milling.

3.2. Characterisation of ceramic 3D scaffolds

Fig. 3 A, B, shows the ceramic 3D scaffold after the sintering
treatment and presented a similar open porous structure to the poly-
urethane sponge template in spite of an average shrinkage of 37.3%.
The XRD run with the ceramic 3D scaffold (Fig. 3 C.) did not show any
extra phase, but slight crystallinity loss was detected due to the minor
increase in the background.

The SEM micrographs of the ceramic 3D scaffolds were taken for the
microstructural characterisation. An interconnected porous structure
(Fig. 4 A) with a pore size ratio between 300 um and 600 um was ob-
served. The ceramic 3D scaffolds were chemical-etched with acetic acid
1% for 60s to observe the characteristic morphology of a eutectoid
material. Fig. 4 B-D shows the 3D scaffold at different magnifications
and exhibits a specific surface topography. This topography corre-
sponds to an irregular lamellar morphology, which is typical of the
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Fig. 1. The XRD pattern of the ceramic composition, (*) Nurse's A phase and (#) o'dicalcium silicate.

eutectoid invariant point. According to the XRD, this lamellar mor-
phology corresponds to dicalcium silicate and Nurse's A phase phases
(Fig. 3C). The two phases were so intimately mixed that it was im-
possible to distinguish between them by EDS (Fig. 4 E).

The scaffold's chemical bond characterisation was made by ATR-
FTIR (Fig. 5). The spectra of silicates and phosphates were char-
acterised by the Si042~ and PO,>~ tetrahedral units. In fact, these
groups presented similar vibrational modes given their similarities in
terms of the tetrahedral molecular units [13]. As Fig. 5 depicts, there

are two zones with significant absorption bands. The first corresponds
to the bands between 500 and 600 cm ™! and the second to the bands
between 870 and 1300 cm ™. In the first zone, the presence of bands
corresponding to 515, 538 and 584 cm ! belong to the bend vibrational
mode of the PO,>~ groups. In the second zone, Si-O-Si bending at
873cm~ !, Si-0-Si/P0O,>~ symmetrical stretching at 906 cm™!,
Si-0-Si stretching between 1080 and 1100 cm ™' and PO,*~ asymme-
trical stretching between 1000 and 1300 cm ™! were identified [26].
Note that the absorption bands corresponding to the second spectra

36

Fig. 2. (A) Particle size and (B) the XRD analysis for the different milling times.
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Fig. 3. (A, B) Optical micrographs of the ceramic 3D scaffolds and (C) the XRD of the Ceramic 3D scaffold.

zone overlap.

When a granular porous material is analysed by mercury por-
osimetry, two kind of empty spaces can be detected: those corre-
sponding to the empty spaces among particles, known as interparticle
spaces, and those corresponding to the empty spaces of the particles
themselves, called intraparticle spaces. By looking at Fig. 6 A, the in-
trusion profiles showed significant mercury penetration into pores be-
tween 65.8 um and 28.3 um, and minor mercury penetration between
1.02 um and 0.049 um. The pore size range is represented more clearly

in Fig. 6 B, where we can see many pores that might mimic cancellous
bone (51.28 pym) and nanometer-sized pores (from 91 nm to 55.12 nm).
The first mercury intrusion corresponds to the filling of the interparticle
spaces, which results in interparticle porosity of 8.76%, while the fol-
lowing mercury intrusion corresponds to the filling of intraparticle
spaces, which results in an intraparticle porosity of 4.07%. To sum-
marise, we can state that the scaffold presents a total strud porosity of
12.83%, and a total macroporosity (determined by the Archimedes
method) of 95%. All the physical results are summarised in Table 1.

Fig. 4. SEM micrographs showing (A) the porous network, (B-D) detailed surface topography and (E) the EDS microanalysis.
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Fig. 5. The ATR-FTIR spectra of the ceramic 3 D scaffold.

Fig. 6. Mercury intrusion curves (A) cumulative intruded volume versus pore
diameter and (B) differential-intruded volume versus pore diameter.

3.3. The SBF in vitro test

The scaffold's bioactivity was analysed by soaking samples from 3 h
to 21 days in SBF, which was prepared according to the protocol

Table 1
Summary data from the porosimetry test.

Ceramics International 45 (2019) 21716-21724

proposed by Kokubo in 2006 [24]. A large part of the scientific com-
munity has recognised this assay to be a valuable method for the pre-
liminary assessment of biomaterials bioactivity [12,27,28]. The results
from 6 h to 5d are shown in Fig. 7. A surface analysis was carried out by
SEM-EDS to evaluate the scaffold's bioactivity, which is characterised
by the Ca-P precipitated formation on the scaffold surface when it came
into contact with SBF. At the beginning of the assay (1 d), the Ca/P ratio
measured by EDS was 1.45 < Ca/P < 1.6 and was 1.65 < Ca/
P < 1.75at the end of the assay (21 d). In this way, we conclude that
the Ca—P precipitate was apatite-like.

As shown in Fig. 7 A, the ceramic 3D scaffold surface was covered
by isolated apatite-like spheres at 6 h. At 1 d, the material's surface was
completely covered by apatite-like (Fig. 7 B, bottom) and started to
close the micropores due to the continuous precipitation of apatite-like
around them (Fig. 7 B, upper). Yet despite continuous precipitate
growth, the 3D macropores structure remained unchanged, as shown at
3d (Fig. 7C, upper). From this time point (3 d), microcracks appeared
due to the air-dried samples, which indicates thick apatite layer de-
position (Fig. 7C, bottom). Finally, apatite-like thickness increased with
longer exposure times in SBF (5 d), as shown in Fig. 7 D (bottom). This
increased thickness was due to the continuous apatite-like deposition
over the sample surface, which took place layer by layer.

The bioactivity study was prolonged until 21 d to complete the es-
tablished immersion times ending the full test. These data (7 d-21 d)
are not shown in Fig. 7 because the morphology observed at 5d (Fig. 7
D) remained until the assay ended. The results obtained at 3 h are not
shown in Fig. 7 as the eutectoid material's lamellar microstructure re-
mained unchanged and no precipitation was detected (Fig. 4B-D).

An ATR-FTIR of the 21-day sample (both outside and inside) was
performed to determine if SBF flowed through the interconnected
porous network and reached all the scaffold zones. It was also per-
formed to establish the apatite type that precipitated over the scaffold
surface (Fig. 8).

The infrared spectra showed the presence of precipitate in both
sample areas (Fig. 8 B). The spectra before (Fig. 5) and after SBF (Fig. 8
B) presented coincidences according to the PO,>~ groups and the sili-
cate network. They showed intensive IR absorption bands at different
ratios: 560-600 cm ~ ! corresponding to PO,>~ double flexion and 1000-
1300cm ™! corresponding to PO,>~ asymmetrical stretching. Re-
grettably, the bands between 1080 and 1100 cm ™' that corresponded
to the silicate network could not be distinguished because the PO,>~
groups overlapped. However, a peak corresponding to the silicate net-
work was detected at 872 cm ™! in the inside scaffold part (Fig. 8 B, red
spectra). This peak was also detected before SBF (Fig. 5.), but was not
found in the outside scaffold part, which suggests that in the inside
scaffold area remained a phase containing Si.

New bands related to the presence of OH ™ groups were found in the
inside and outside scaffold areas (Fig. 8 B). The first was found at
1633cm™'/1635cm™" and the second at 3396cm”'/3332cm ™!
[29-31]. Finally, other new bands related to the CO52~ groups were
detected between 1460 and 1530 cm ™! in both scaffold areas, which
indicates that the apatite-like is actually carbonate-hydroxyapatite
(CHA).

An ICP-OES test was needed to observe the Ca, P and Si ion con-
centration changes in the SBF measured at the different soaking times
(Fig. 9). The ceramic 3D scaffold releases silicon and calcium ions,
which increases the concentrations in SBF. This behaviour may be

Macroporosity (%) Total strud porosity (%) Interparticle porosity (%)

Intraparticle porosity (%)" Apparent density (g/cc) Surface area (m?)/g

95 12.83 8.76

4.07 2.58 0.36

@ Corresponding to pores < 1 pm.
b Corresponding to 1 um < 300 pm.
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(A) (B)

Fig. 7. SEM micrographs of the ceramic 3 D scaffolds after soaking in SBF for (A) 6h, (B) 1d, (C) 3d and (D) 5dat low (upper micrographs) and high (bottom
micrographs) magnifications.

related to the scaffold dissolution. Furthermore, during certain time
periods, calcium ions were removed from the media in parallel with
phosphorous ions, which underwent a gradual ion concentration de-
crease. These changes indicate the formation of a precipitate on the
scaffold surface. Finally, the marked increase in the concentration of Ca
ions between 14d and 21d may be related to the precipitate-layer
dissolution. This might happen given the large amount of precipitate on
the scaffold surface. This precipitate is mechanically unstable and,
consequently, breaks off from the structure and dissolves in the SBF.

4. Discussion

Bone tissue engineering is continuously being developed and the
creation of biosynthetic bone substitutes is enhanced, which may elude
the need to use autologous bone tissue [32]. Advances in this discipline
generate new kind of structures that are able to repair, restore and
regenerate bone tissue to a healthy state. An ideal 3D scaffold must
have similar structure and mechanical properties to bone tissue, and be
osteoinductive, osteoconductive and osteogenetic at the same time. It
must also degrade over time into non-toxic products, which can be
metabolised as the scaffold acts as a temporary support.

Materials bioactivity can be improved by adding inorganic elements
to scaffolds, as previously reported in bio-glass or bio-ceramics

© (D)

Fig. 9. Changes in the calcium (Ca, Orange, ll), phosphorous (P, Blue, @), and
silicon (Si, Grey, A) ion concentrations with soaking times in SBF solution.

Fig. 8. SEM micrograph at (A) 21 d and (B) ATR-FTIR spectra from the outside and inside part of the 21 d SBF soaked sample.
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containing CaO, SiO,, and P,Os [33,34]. However, scaffold composi-
tion is not enough to act as an excellent bone tissue engineering can-
didate because it must have a network of interconnected pores to de-
velop the scaffold's full potential as a bone regenerating material. The
presence of this network is of critical importance because it will mod-
ulate the bone formation process by controlling nutrient supply, waste
cellular products circulation, angiogenesis, close contact with cells, and
bone tissue in-growth [35-39].

After considering all the aforementioned aspects, the processing and
characterisation of a new synthetic Si-Ca—P ceramic 3D porous scaffold
was achieved from a eutectoid composition 31 wt% TCP - 69 wt% C,S
after heat treatment as regards the nominal composition described in
the literature [21].

The mineralogical characterisation showed a biphasic material that
was composed of a'-C,S and Nurse's A Phase. The sharp peaks and low
background suggested that the material was highly crystalline with
both phases co-existing in equilibrium (Fig. 1). Another critical aspect
to create 3D scaffolds by the polymer sponge replica method is particle
size. Fig. 2 A shows all the particle size distributions for the different
milling times tested herein (from 30 min to 4 h). This was carried out
because particle size was directly related to slurry preparation and
sintering as some forces increase in line with particle size to produce
agglomerates that precipitate, which is a limiting factor in stable slurry
production [40]. It is emphasised that the suspension must be suffi-
ciently fluid-like to enter the 3D structure and must have the capacity to
remain in the sponge once impregnations have been made. As a result,
we obtained a fine ceramic powder with a narrow particle size dis-
tribution to cover the polymer walls uniformly and sintered into a dense
ceramic material [41]. In parallel to this study, a XRD analysis was
performed to assess the crystallinity degree of the ceramic material
milled at different times (Fig. 2 B). With increasing milling times, the
mechanical energy of the Zr balls also rose, but the sample crystal size
became smaller [42]. In our case, at long milling times Zr balls were
able to more easily to deform the small crystals making up the material,
which resulted in crystallinity loss from 1.5h, being higher as the
milling time period increases. At the end of both studies, the optimal
milling time was 2 h, which led to the most homogenous particle size
distribution and an average particle size of 32.30 um in a 90% sample
volume.

By the polymer sponge replica method, we coated the polymer
sponges with the above ceramic slurry, dried them at room temperature
for 1 d and sintered them using optimised heat treatment. In this way, a
ceramic 3D scaffold was obtained (displayed in Fig. 3 A, B) with open
pores, uniform dimensions and a macroscopy morphology. SEM was
used to observe the interconnected porosity and its microstructure,
shown in Fig. 4 A. The resultant scaffolds presented an interconnected
porous network with an open pores structure that resembled the
polyurethane sponge acting as a template. The obtained size pores
corresponded to an average size range of 300 um-600 pm, which
agreed with the pore size of the polyurethane template. After chemical
etching with HAc (1%) for 60s, the sample surface with a nominal
composition presented a specific topography showing rosettes (Fig. 4
D), which resembled the lamellar structure of the eutectoid composi-
tion. These results clearly agree with those previously published by
Rubio, et al., who worked with a dense ceramic in 2011 [21].

In order to characterise the sample's chemical bond, ATR-FTIR was
run on the scaffold. The silicates and phosphate spectra were char-
acterised by the Si04>~ and PO4>~ tetrahedral units. Spectra (Fig. 5)
showed bands related to the phosphate groups at low wavelengths of
500-600 cm ™' and between 800 and 1100cm ™. Bands were also
found to be related with the Si-O-Si network (800-1100cm ™), but
were overlapped by the bands corresponding to the PO,>~ groups. The
presence of such groups in the ATR-FTIR spectra indicated that it was a
Si-P ceramic scaffold.

The mercury porosimetry technique was employed to measure the
scaffold's porosity. As seen, the cumulative volume curve (Fig. 6 A)

Ceramics International 45 (2019) 21716-21724

denoted a high volume intrusion in the structure with a pore size be-
tween 65.8 um and 28.3 ym, followed by a plateau to 1.02 um, where
no intrusion volume was detected. Then a stepped volume intrusion
was observed between 1.02 pm and 0.049 um. The first volume intru-
sion curve (Fig. 6 A) corresponded to a pore size of about 51.28 pym
(Fig. 6 B) and the stepped volume intrusion (Fig. 6 A) corresponded to
the pores size range between 667 nm and 55.12 nm (Fig. 6 B). The first
volume intrusion curve corresponded to the interparticles spaces filling,
whereas the second stepped one corresponded to the intraparticles
spaces filling. We were able to create a porous scaffold with a hier-
archised structure reaching a tiny nanometric pore size. According to
the porosity effect on bone regeneration and bioactivity, authors like
Lew, et al. have reported that pores around 100-150 um enhance cel-
lular adhesion and pre-osteoblasts proliferation [11]. Other authors
such as Hadjicharalambous, et al. and Rabadan, et al. have reported
that pores > 300 um improve cell migration, osteoblast proliferation/
spreading and new vascular tissue formation through the structure,
which improves the supply of nutrients to the cells located inside the
porous network by enhancing new bone tissue formation [13,43]. The
presence of microporosity may enhance ionic exchange on the scaffold
surface that comes into contact with SBF, which improves scaffold
bioactivity [44]. Increased pore size is linked to an increase in the
volume of empty spaces, which gave poor mechanical properties [39].
However, the obtained scaffolds presented good manipulability. By
bearing in mind the data summarised in Table 1, the scaffold would
have good osteoconductive and osteoinductive properties given a sy-
nergistic combination between macroporosity and microporosity that
would result in 95% total open porosity.

Strong in vitro bioactivity took place when scaffolds were soaked in
SBF (6 h) (Fig. 7 A). This marked bioactivity is related to the chemical
composition and the particular microstructure topography of the eu-
tectoid material [12]. The mayor ion exchange between the sample and
SBF took place in this lamellar structure. The lamellar microstructure
increased the specific surface (0.36 mz/g in the scaffold) and enhanced
the ionic exchange because more material came into contact with SBF
to allow ionic release than if it were a smooth surface. Other authors,
like Padilla et al. [45], and Karamian et al. [46], created a biphasic
material by mixing HA with different amounts of 55S powder (5% and
20%) and varying amounts of baghdetite (0%-30%), respectively.
These biomaterials presented a polycrystalline biphasic microstructure
with a granular distribution. The surface was completely covered by HA
after soaking for 7 days SBF for Padilla and after 28 days for Karamian.
Another biphasic scaffold was created by Lenka Novotna et al. by the in
situ foaming of a dispersion of dissocyanate, polyol, H,O and HA which,
after heat treatment, transformed into a biphasic calcium phosphate
scaffold. They sintered scaffolds at 1050 °C, 1200 °C and 1350 °C. All
the scaffolds also presented a granular microstructure. After being
soaked for 21 d in SBF, the 1050 °C scaffold showed no HA layer on its
surface, and the 1200 °C/1300 °C scaffolds were almost covered by an
HA layer [28]. Given these examples, we could state that a proper
surface microstructure combined with an appropriate composition may
result in a condition used to develop materials with suitable bioactivity.

In light of these results, the bioactivity mechanism is a dissolution/
precipitation process. In the first part of the assay, the phase dissolution
process was denoted by an increase in the Si ions in SBF and by a slight
precipitation process of CHA, which corresponded to a reduction in Ca
in SBF (Fig. 9). This behaviour was also supported by the changes in the
scaffold surface morphology (Fig. 7 A) compared to the scaffold mor-
phology before soaking in SBF (Fig. 4). We are unaware of the dissol-
ving phase, but it might be the C,S phase because only the Si and Ca ion
concentrations increased. In the second part of the assay, two processes
occurred at the same time: Nurse's A phase started to dissolve at the
same time as the CHA precipitation process occurred. Nurse's A phase
dissolution explained the higher Ca ion concentration, while the CHA
precipitation process explained the lowered P ion concentration. The
new precipitated layer needed more P and Ca ions than the amount of
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ion released from the scaffold. Finally, at the end of the assay, a huge
amount of CHA was deposited on the sample surface (Fig. 7 D) and was
mechanically unstable. Therefore, CHA dropped from the sample and
fell into SBF increasing the Ca ions concentration (from 14 d to 21 d and
from 460.32 mg/1 to 624.8182 mg/l, respectively) and the P ions con-
centration (from 14d to 21d and from 80.7 mg/1 to 81.15mg/1, re-
spectively). At the end of the test, SBF was slightly cloudy, which re-
inforces the fact that part of the new precipitated layer had fallen from
the scaffold surface.

SBF reached all the scaffold zones due to its interconnected porosity,
and ion change took place in all the scaffold areas that came into
contact with SBF. This was verified by the presence of a precipitate in
both the outside and inside areas. After being analysed by ATR-FTIR,
spectra showed bands related to both OH™ and CO3>~. This indicates
that the CO5>~ groups substituted the PO,>~ groups in the HA crys-
talline structure (B-type substitution). This was also confirmed by the
absence of the 1130 cm ™! peak [29,30]. These results suggest the for-
mation of B-type carbonate hydroxyapatite (CHA) when the sample
comes into contact with SBF.

We conclude that a scaffold with an irregular lamellar micro-
structure composed by two phases of different degradation rates would
be a good new approach to develop scaffolds with hierarchical pore
distribution and level to serve as a bone tissue engineering guide.
Finally, cell studies need to be conducted to assess its biocompatibility.

5. Conclusions

By using the subsystem 7CaOP,052Si0,-2Ca0SiO, in the system
C,S - TCP, a biphasic 3D porous ceramic scaffold with chemical com-
position 31 wt% TCP-69 wt% C,S and an irregular lamellar morphology
of alternative lamellae of C,S, Nurse's A phases as well as high inter-
connected porosity (- 95%) was created.

The combination of specific physico-chemical factors caused the
scaffold's particular in vitro behaviour. These results confirmed that our
scaffold possesses fast (6 h) and strong bioactivity by showing at the
end of the assay a partial material transformation into CHA on both
scaffold's areas. This confirms that the 3D porous scaffold obtained
herein favours the flow of SBF through the whole porous network to
allow a complete ion exchange between SBF and the full sample surface
area. The scaffold's bioactivity not only depends on physiological SBF
features, but also on the chemical composition, structure and micro-
structure. These results suggest that scaffolds could be useful for future
applications in bone tissue engineering.
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Biomedical applications

A material, whose composition was based on the SiO,-CaO-P,0s5 system, was used to prepare 3D porous ceramic
scaffolds made by the foam replication technique linking the sol-gel route or ceramic slurry in barbotine sus-
pension processes. With an appropriate heat treatment, it was possible to obtain a 3D-scaffold containing two
crystalline phases or more, and a controlled nano-to microscale microstructure. The obtained scaffolds presented
an interconnected and well-defined porous structure. Its pore size was 0.060-600 pm. It had a rough pore wall
that could potentially benefit ingrowth and cell adhesion.

In terms of hydroxycarbonate apatite formation in simulated body fluid (SBF), the 3D scaffolds’ bioactivity
was confirmed after 3 and 14 days of immersion in SBF. This clearly confirms that these new scaffolds are
suitable for bone regeneration applications. Processing technology allows 3D scaffolds to be adapted with
particular microstructures to increase/decrease their in vitro behavior.

1. Introduction

In the last decade, much interest has been shown in dense ceramic
materials based on monolithic [1,2] and biphasic Si-Ca-P (SCP) [3,4],
and even in three phasic materials [5], to develop new implant mate-
rials. Porous SCP-based scaffolds for bone tissue engineering have re-
cently attracted increasingly more attention thanks to their competency
and bioactivity to act as a 3D template for bone growth [6,7]. Of all the
methods available to produce these scaffolds, the foam replication
technique allows highly interconnected (trabecular) pore structures
with a controllable pore size to be obtained with a sacrificial poly-
urethane foam template [8,9].

Bioactive 3D scaffolds synthesized by the sol-gel route provide
particles with a large surface area and superficial porosity [8,10], while
ceramic slurry in a barbotine suspension generates scaffolds with sui-
table pore size and controlled porosity to imitate bone structure by
enabling the material to act as a framework for new bone tissue de-
position [4,11,12].

Most scaffolds developed today are polycrystalline biphasic scaf-
folds with a granular distribution of phases, like silicocarnotite/Nurse's
A [11]. HA/TCP [13], or diopside/Calcium-phosphate [14]. The

dissolution of one phase or several leads to loss of mechanical proper-
ties as large pores are generated. It is well-known that in dense ceramics
with structures developed by the slow cooling down of a composition
belonging to an invariant point, a polycrystalline structure with an ir-
regular lamellar distribution of phases is obtained [15,16]. The dis-
solution of the greater solubility phase allows that of lower solubility to
remain by transforming a ceramic dense into a porous one given the
mechanical support during bone neoformation [17,18]. Our intention
was to develop structures with interconnected porosity and a eutectoid
composition in the SiO,~CaO-P,05 system.

The crystallization stages of the eutectoid 2Ca0SiO>—-3CaOP50s
ceramic were herein investigated to develop biodegradable and bioac-
tive scaffolds with structural and microstructural optimized properties.

The 3D scaffolds' bioactivity was investigated in terms of hydro-
xycarbonate apatite (HCA) formation in SBF as an initial indicator of
such bioactivity. The effect of both phase composition and the micro-
structure on the 3D scaffold ceramics’ in vitro behavior in SBF was
studied.
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2. Materials and methods

In order to obtain 3D scaffolds with the nominal composition
24.3 wt% Si05-61.65 wt%Ca0-14.18 wt% P,0s that belongs to the in-
variant eutectoid point, two processing routes were used.

(i) A water-based sol prepared according to Ros-Tarraga et al. [8] was
used. In a classic synthesis procedure: 8.93 mL of TEOS (Aldrich-
98%, St. Louis MO, USA), 3.39 mL of TEP (Aldrich-98%, St. Louis
MO, USA), 5mL of ethanol 97° and 10 mL of HCl drop by drop to
avoid TEOS gelation were added to 20 mL of distilled water with
constant stirring at room temperature for 30 min for complete
homogenization. To this solution, 11 g of CaCO3 (Sigma, > 99 wt%,
St.Luis, MO, USA) were added. A final transparent solution with a
pH between 2 and 3 was obtained.

(ii) Ceramic slurry in a barbotine suspension was prepared with 60%
solid contents of SiO, > 99.7 wt% (Strem Chemicals Inc.,
Newburyport, MA, USA), CaCO3; > 99.0 wt% (Sigma St. Louis MO,
USA) and CaHPO, (Panreac, Castellar del Valles, Spain) previously
synthesized in our laboratory [3] whose particle size was 13.76 pm
(Mastersizer, Malvern, PA, USA) in water media. We employed 2 wt
% of defloculant (Dolapix CE-64—Zschimmer Schwartz, Germany)
and 8wt % of binder (Optapix PAF-35—Zschimmer Schwartz,
Germany) to obtain a powder/water ratio of 60:40.

Polyurethane (PU-Eurofoam, Germany) foams with 30 ppi (1 cm
diameter, 0.7 cm height) were utilized as sacrificial nonconductive
templates to manufacture the scaffolds.

Normally when using sol-solutions or barbotine suspension, several
impregnations are necessary before burning out the PU in order to
create a thick enough structure to hold the scaffold's weight. In our
case, 25 PU immersions were performed in the sol-solution and 3 im-
mersions in the barbotine suspension. Slurry in excess was squeezed
out. Then the PU foam was blown using compressed air to ensure that
the coating on the PU foam surface was uniform, and that no closing
faced the next dives. Finally, the PU covered with the solutions was
dried until constant weight was measured (10 min at 160-180 °C.).

The PU with the sol-solution was sintered in a muffle furnace
(Nabertherm, Lilienthal/Bremen, Germany) at 950 °C at a slow heating
rate of 0.5°/min. in order to evaporate the remaining solvents and to
burn out the PU, which was left at 950 °C for 8 h to consolidate the 3D
scaffold. Next the power was switched off to let the scaffolds cool down
inside the furnace. The diameter and length of the final scaffolds was
0.8 cm and 0.5 cm, respectively. The PU with the barbotine suspension
was sintered in a high-temperature electrical furnace (Enthec-Jumo
Imago 500 model, Angelholm, Sweden) in two different sintering
stages: 1550 °C/3 h at a heating rate of 3 °C/min, a cooling rate of 1 °C/
min until 512 °C/24 h, followed by a drop in room temperature within
24 h. The final scaffolds had a diameter of 0.9cm and a length of
0.6 cm.

In order to establish the crystalline phases precipitated in the scaf-
folds’ heat treatment, an X-Ray Diffraction (XRD) analysis was run to
qualitatively identify them. Next scaffolds were ground to less than
60 um, and XRD patterns were carried out by an X-Ray Bruker-AXS D8
Advance automated diffractometer with CuKal.2 radiation
(1.541874 A) and a secondary curved graphite monochromator. Data
were acquired by the Bragg-Brentano (Theta/2Theta) vertical geometry
(in the flat reflection mode) from 10° to 60° (2Theta) and in 0.02° steps
by counting 20s/step. The X-ray tube ran at both 40kV and 30 mA.
Phases were identified by the Power Diffraction Match! 3 version
33.6.2.121 software and the database provided by the Crystallography
Open Database (COD).

An attenuated total reflectance (ATR) Fourier Transform Infrared
Spectrometry (FTIR) spectrometer IF66s, Bruker was used to obtain the
chemical composition of the scaffolds. A potassium bromide (KBr) ta-
blet was used with 1 mg of KBr for every 150 mg of milled scaffold to be
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pressed at 10000 tons. Data were acquired between 4000 and
500 cm ™! at 20 °C and a 300-scan resolution.

The 3D scaffolds’ microstructure was characterized by Scanning
Electron Microscopy (SEM-EDX, SEM-Hitachi S-3500 N) equipped with
an Energy-Dispersive X-Ray Spectroscopy (INCA system, Oxford
Instruments Analytical, UK), by covering samples with palladium. In
order to investigate the effect of the process parameters on the final
microstructure, the scaffolds' ultrastructure was carried out in a Fiel
Emission SEM (FESEM MerlinTM VP compat, Car Zeiss Microscopy S.L.
Oberkochen, Germany).

Information on the scaffolds’ pore size distribution and on macro-
and micro-porosities (%) was obtained by mercury porosimetry with
Poremaster-60 GT (Quantachrome Instruments, Boyton Beach, FL, USA)
within the 0.200 PSIA-59498.39 PSIA pressure range corresponding to
a range of pore diameters from 300 pum to 0.0035pum. Four samples
were studied for each scaffold (~0.4816 g). If a difference > 5% in the
porosity values was found, one more sample was analyzed.

To comprehensively investigate both the developed scaffolds’ effi-
cacy in order to release bioactive ions to their microenvironments, and
their capability to produce CHA, the scaffolds were soaked in SBF,
which was prepared according to the protocol of Kokubo et al. and has
similar chemical composition and pH to human blood plasma [19].
These bioactivity tests were run inside an incubator in normal air at
70 rpm and 37 °C. Three immersion times were tested (3, 7 and 14
days). No SBF was replaced throughout the incubation period. Fourier
Transform Infrared Spectroscopy (FTIR) (Nicolet 6700, Thermo Scien-
tific Germany) was used to assess CHA formation using KBr pellets, 32
scans and a resolution of 4 cm™?, which were repeated within the
4000-500 cm ' wavenumber range. The above-mentioned SEM was
performed to see if any changes in scaffolds took place with time. SBF
was removed after some immersion periods, and the calcium, silicon
and phosphorus ions were established in the removed SBF by means of
inductively coupled plasma optical emission spectrometry (ICP-OES
PerkinElmer Optima 2000).

3. Results

Diffractograms showed that the crystalline phases were associated
with the SCP-based materials. The scaffold obtained from ceramic
slurry in the barbotine suspension processes, referred to henceforth as
S-BS, gave a mixture of crystalline calcium silicophosphate
(Ca;P,Si»014) and crystalline o’y-dicalcium silicate (Ca,SiO4) (Fig. 1A).
The scaffold obtained from a sol-gel route, referred to henceforth as S-
SG, was composed of a mixture of silicon oxide (SiO5) in the poly-
morphs form of trydimite and cystoballite, tricalcium phosphate
(CazP,0g), pyrophosphate (CayP,0;) and o’y-dicalcium (Ca,SiO4)
(Fig. 1 B).

The ATR-FTIR spectra of both scaffolds are shown in Fig. 2 and
Table 1. The three main vibrational modes of the Si-O-Si groups were
observed in the region lying between 700 and 1300 cm ~*. The Si-O-Si
vibration group was noted between 760 and 975 cm !, where oxygen
moved at right angles to both the Si-O-Si planes and Si-Si lines. The
last bands that went from 1000 to 1300 cm™' were related to the
asymmetrical stretching Si-O-Si mode, where the bridging oxygen
atoms moved in the opposite direction to their Si neighbors, and ran
approximately in parallel to the Si-Si lines. However, the existence of
modifier elements in the network as alkali-earth elements, like calcium
in our scaffolds [20,21], modified these structures, with two new bands
appearing at 848 cm ™! (Si-O-2NBO) and between 890 and 975 cm ™!
(Si-O-NBO) given the increasing number of non bridging oxygen. These
bands can shift toward lower wavenumbers and can broaden [22,23].

The presence of PO4 > groups in the scaffolds was demonstrated in
three main regions: (i) two well resolved peaks at 563/566 em ™! and
586,583 cm ™! assigned to the asymmetric bending modes; (ii) several
peaks between 900 and 970 cm ™' corresponding to the symmetric
stretching vibration mode; (iii) another group of several peaks between
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Fig. 1. XRD of (A) powder scaffolds S-BS and (B) S-SG.

1080 and 1100cm ™! associated with the asymmetric stretching vi-
bration mode [18]. The lower intensity, broadening and shifting of
these peaks were found in those samples with either poor stoichiometry
or less crystallinity.

The SEM examination (Figs. 3-5) revealed a highly porous structure
for both prepared scaffolds, with pore interconnectivity regardless of
the processing method. The SEM observation revealed that the S-SG
material comprised typical big spherical pores (porosity ~95% and
pore size ~ 300-600 um, Table 2) and small interconnecting oval pores,
as Fig. 3 depicts. The large spherical pore size was roughly 600 pm.
Many small pores were distributed around the big spherical pore walls,
and generally fell within the 1-6 um size range (Fig. 3B). These pores
were highly interconnected, as confirmed by mercury porosimetry, and
as Fig. 6 and Table 2 show. Many small pores within the size range of
several um, or even smaller, were found. These walls could have been
formed by adding the surfactant (Fig. 3C).

S-BS (Fig. 4A) also showed a highly porous (porosity ~94.8%, pore
size ~ 300-600 um, Table 2) structure with some broken struts and a
triangular hole that the PU left when it was eliminated by heat treat-
ment. Fig. 4B shows the wall microstructure features, which consisted
of the homogeneous presence of swallowing and microcracks, probably
due to heat treatment. A close up (Fig. 4C) reveals a dendritic feature of
nanometric size, together with microcracks.

The typical FESEM microstructure of the chemical etched S-BS
scaffold is shown in Fig. 5. The dendritic feature presents a lamellar
morphology composed of lamellae with different etching rates. The
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Fig. 2. ATR-FTIR spectra of (A) scaffolds S-BS and (B) S-SG.

Table 1
Assignments of the ATR-FTIR vibrational modes of the synthesized 3D scaf-
folds [14-18].

Wavenumbers (cm ™ %) Vibrations

1200 P-O-P asymmetric stretching
1000-1300 Si—0-Si asymmetric stretching
1080-1100 PO,>~ asymmetric stretching
900-980 Si—-OH symmetric stretching
900-970 PO,>~ symmetric stretching
890-975 Si-O-NBO stretching
760-850 Si—0O-Si bending

848 Si—-O-2NBO stretching

720 P—O-P stretching

500-600 PO,*~ asymmetric bending

scaffold wall was made up of very thin lamellae that constituted di-
calcium silicate and calcium silicophosphate (Fig. 1A). The EDS ana-
lysis confirmed that the phase eliminated by chemical etching was di-
calcium silicate, while that observed actually corresponded to
phosphorous deficient calcium silicophosphate (Fig. 5B). This was
checked by the comparison made with the previously reported calcium
silicophosphate monophasic material (Fig. 5C) [2].

Mercury porosimetry gave us information about two types of spaces:
interparticle spaces related to the empty spaces between particles; in-
traparticle spaces related to the spaces of the particles themselves
(commonly identified as pores). The scaffold obtained by the sol-gel
route showed constant mercury intrusion in the pores within practically
the whole range of the porosimetry equipment (300 pm and 0.0035 pm)
(Fig. 6A). So the range to distinguish between the intra- and inter-
particle spaces was not clear. The intraparticle pores range became
more evident for the scaffold obtained from a barbotine suspension, in
which an intense peak at 51.3 um was clearly visible and corresponded
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Fig. 3. SEM image of the S-SG scaffold at different magnifications.

to the mercury intrusion in the interparticle spaces. Nevertheless, the
division that formed between the intra- and interparticle spaces was not
always that ostensible. This interpretation helps to clarify the kind of
information that can be drawn from the pore size distribution curves,
and highlighted the importance of always specifying the size range of
the measured pores. In this case, the interparticle spaces were between
the upper limit detection and 1 um, while the intraparticle spaces were
between 1 um and the lower limit detection. It should be indicated that
the mercury porosimetry technique is particularly apt for examining
intraparticle pores, but not for measuring big spaces (> 300 pm).

In Fig. 6B, S-SG presents a slope in the pores between 300 um and
4.2 um, followed by another small slope between 4.2 and 0.18, after
which no intrusion was detected. Scaffold S-BS shows a high con-
centration of pore size. A considerable mercury intrusion close to the
vertical slope can be seen between 70 and 38 pum, followed by a plateau
where no mercury intrusion is detected until 1 um. Afterward, there are
small mercury intrusions, followed by small plateaus until 0.052 pm.

Table 2 summarizes these results. The analysis of Table 2 indicated
that the highest porosity (48.9%) went to S-SG. Nevertheless, about
39.66% of this porosity corresponded to submicron pore entrances.
However, S-BS exhibited much smaller porosity (12.83%). According to
the obtained macroporosity, both scaffolds were seen to have a similar
total porosity (around 95%).

Figs. 7 and 8 present the surfaces of both S-SG and S-BS after im-
mersion in the SBF solution for 3, 7 and 14 days, respectively. These
images clearly show differences in these surfaces’ morphologies. S-SG
was mineral precipitates-free and continued to be almost intact up to 7
days of SBF immersion (Fig. 7). On day 14, the precipitate covering the
material was spherical-shaped and its average diameter was 30 pm,
which joined together to form a compact continuous layer on the sur-
face. The 3D morphology remained after 14 days of immersion, despite
the mineral precipitate layer. The larger pores did not close, which
indicates that the material can be a priori colonized by cells in vivo. The
higher-magnification SEM image revealed that the agglomerate com-
prised many minute worm-like crystals whose crystallite size was ap-
proximately 350-450 nm long and with a diameter of 75-100 nm. Some
microcracks were observed on the scaffold, which were caused by the

soaked scaffolds shrinking in air, and suggests a thick deposition layer
forming. The EDS analysis showed that the mineral precipitates con-
sisted mainly in Ca and P, with the slight presence of Si elements.

S-BS behaved similarly to S-SG, but slightly differently. Scaffold S-
BS (Fig. 8) seemed more reactive because the scaffold's surface mor-
phology changed after 3 days of immersion given the presence of a
precipitated mineral. On day 3 of immersion, the scaffold surface was
covered by cauliflower particles with an average size of 2-3 um.

On day 7 of immersion, the precipitate progressively grew to form a
continuous compact layer on the surface and, consequently, the original
scaffold morphology completely changed (Figs. 4 and 5). This mor-
phology did not further change with soaking time but, instead, particles
enlarged with longer immersion periods and lost their cauliflower-like
morphology. Finally, their average diameter was ~5 um after a 14-day
immersion and they joined as a bigger dense layer. In the same way as
with S-SG, the surface cracked due to the scaffold drying. A cross-sec-
tion of a strut was seen on day 14, which revealed that all the scaffolds
had been transformed into a compact Ca-P layer, and left a hollow
space that PU occupied when the scaffold was made. Despite the
thickness of the precipitated Ca—P layer, it was not enough to close the
scaffold's macroporosity and it maintained its 3D structure, but pores
were somewhat smaller than the original ones due to the layer of pre-
cipitate.

This new layer of precipitate was determined as being hydro-
xyapatite (HA)-like by the SEM-EDS microanalysis. The Ca/P ratio of
the HA-like layer was, on average, ~ 2.8 for S-SG and ~ 2.4 for S-BS. In
both cases, the ratio was higher than that in the HA stoichiometrics.
This fact suggests that carbonate-apatite formed on the surface of both
scaffolds.

The changes in the concentrations of the calcium, phosphorous and
silicon elements and the ions of SBF measured at different soaking times
are shown in Fig. 9. Both scaffolds had increased Si, Ca and P con-
centrations in the SBF at the beginning of the reaction, released Ca and
P at the end of the assay, and only the Si ion increased throughout the
experiment. Both scaffolds behaved similarly, but at different times and
with varying amounts.

In relation to S-BS, the Si, Ca and P ion dissolutions from the

Fig. 4. SEM image of the S-BS scaffold at different magnification level.

47

18341



C. Navalén, et al.

Ceramics International 45 (2019) 18338-18346

Fig. 5. (A) FESEM image of the chemical etched (Using 1 vol% acetic acid for 4 s) surface of the S-BS scaffold, (B) the EDS microanalysis from the lamella in Fig. 5A
and (C) the EDS microanalysis of a calcium silicophosphate material for comparative purposes [2].

Table 2
Physical characteristics of both scaffolds.
(part I)
Materials Intruded Mode of Total Intraparticle Interparticle
Volume Intraparticle Porosity  Porosity (%)®  Porosity (%)"
(cc/g) Pores (um) (%)?
S-BS 0.610 0.76-0.0039 12.83 4.07 8.76
S-SG 0.410 0.6-0.058 48.9 9.24 39.66

@ corresponding to 1 ym < pores < 300 pm; b corresponding to pores < 1pm.

(part II)

Materials Pore size Scaffold Apparent Density ~ Surface Area
(um) Porosity (%) (gr/cc) (m*/g)

S-BS 300-600 94.8 2.59 0.36

S-SG 300-500 95 1.19 1.19

material helped increase the concentration of these ions in SBF until
day 7. Element ions P and Ca were removed from SBF on day 14 be-
cause of the massive formation of the HA-like phase on the scaffold's
surface. The new HA-like precipitated layer was thin (day 7), and even
allowed the dissolution of the material and the contribution of new ions
to the medium. With time (day 14), the new layer became thicker and,
thus, it did not allow the dissolution of the material. Indeed the diffu-
sion processes of the ions across the new HA-like phase to the medium
began to become difficult. Thus the only decrease to take places was in
the ions as they were consumed to form the new HA-like phase that
precipitated on the scaffold.

In relation to S-SG, all the ions in SBF increased until day 3, and this
continued (within the equipment error limits) on day 7. This implies a
dissolution of the scaffold. On day 14 an evident descent in Ca and P
took place, which indicates the formation of the HA-like layer. These
results agree with the SEM results (Fig. 7).

Before soaking, only absorption bands shown for the ATR-FTIR
spectra (Fig. 2) were under 1400 cm-' and corresponded chiefly to the
silicate and phosphorous bands, which both overlapped. After soaking,
the ART-FTIR spectra (Fig. 10) gave rise to new bands emerging, which
corresponded to the surface product. It contains the characteristic peaks
due to the vibration of the water adsorbed in apatites, a wider one at
3000-3600 cm ™! and a narrower one at 1600 cm ™! (see the commer-
cial HA for similar peaks). The new precipitate presents carbonate ad-
sorption bands at about 1450-1490 cm-1 because of the partial sub-
stitution of the phosphate groups in the HA-like crystalline structure
[25,26].

4. Discussion

Developing synthetic biomaterials for bone regeneration purpose is
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Fig. 6. Mercury intrusion curves of scaffolds S-SG scaffold (Black line) and S-BS
(Red line) measured by mercury porosimetry: (A) differential volume intruded
volume versus pore diameter; (B) cumulative intruded volume versus pore
diameter.

demanded for patients’ rehabilitation. Improvements made to the
structure and composition of such materials are needed for better in-
teractions between the material and the host tissue and, hence, to
achieve enhanced bone deposition [27].

This study describes the successful development of new bioactive
ceramic scaffolds capable of simultaneously releasing three bioactive
ions to the surrounding environment, and which are essential for con-
ferring the signals needed for bone formation.

By controlling the processing route, we designed two scaffold
ceramic materials whose nominal composition was the same (24.3 wt%
Si0,-61.65 wt% Ca0-14.18 wt% P,0s), but with a different micro-
structure: the sol-gel route produced a multiphase material with high
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Fig. 7. SEM images of the S-SG scaffold after soaking in SBF for different times.

microporosity (Figs. 1A and 3). The ceramic slurry in the barbotine
suspension processes generated a biphasic material with a lamellar
morphology of calcium silicophosphate and o’g-dicalcium silicate
(Figs. 1B, 4 and 5), in agreement with the Alkemade line Ca,SiO4 -
CasP,0g [3,18] contained in the SiO,-CaO-P50s5 system.

In the S-SG scaffold, the precursors (TEOS and TEP in this study)
were total or partially hydrolyzed according to acid catalysis. Two
partially hydrolyzed molecules can be linked by a condensation

reaction [28]. This reaction can be extended to many molecules by the
polymerization process. The bond between two monomers is made
through Si-O-Si bonds for the TEOS precursor, and through P-O-P
bonds for the TEP precursor. Once the ceramic has sintered, the
aforementioned Si—O-Si and P-O-P bonds enhance the formation of the
polymorphous phases of SiO, and Ca,P,0,. Once the ceramic has sin-
tered, the Si-O-Si bonds enhance the formation of the polymorphous
phases of SiO, and Ca,SiO4, and the P-O-P bonds enhance the

Fig. 8. SEM images of the S-BS scaffold after soaking in SBF for different times.
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Fig. 9. Changes in the Ca, P, Si elements in the SBF after different soaking
times.

formation of CasP,0g and Ca,P,0,. This implies a deviation of Alke-
made line Ca,SiO,4 - CazP,0g. S-BS remains within the Alkemade line
and, consequently, has only two phases (Ca,SiO4 and Ca;P,Si»0;4) and
an irregular lamellar morphology (Figs. 1B, 4 and 5).

The ATR-FTIR spectra collected for both scaffolds were dominated
by the internal modes of the PO4 * and SiO4*~ tetrahedral units, and
showed the characteristic bonds corresponding to the inorganic and
calcium silicates, and to the calcium phosphates (tricalcium phosphate,
pyrophosphate) and the calcium silicophosphates phases found in XRD
(Fig. 1). Given the similarities of the tetrahedral SiO4*~ and PO, *
groups, a combination and the overlapping of these bands were ob-
served. As the above-mentioned inorganic crystalline phases shared
many similarly spaced vibrational modes [20-26], the spectra analysis
was not easy.

The SEM microstructural analysis confirmed high interconnected
porosity for the S-BS and S-SG scaffolds (Figs. 3 and 4), which could
improve not only uniform cell distribution and seeding, but also nu-
trient and metabolites diffusion. The random pore distribution was si-
milar in both scaffolds (300-600 um for S-BS, 300-500 um for S-SG).
The small difference was because S-BS was obtained after 3 immersions
in the barbotine suspension, while it took 25 immersions to obtain the
S-SG in the sol-solution before obtaining a scaffold with sufficient ma-
nipulability.

Apart from macroporosity information, mercury porosimetry was
performed to collect information about the microporosity in the scaf-
folds (Table 2). The micropores on the macropore surface considerably
increased the surface area of the potential implant. S-SG displayed
greater interparticle porosity (39.66%) compared to S-BS (8.76%),
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which implies a large surface area (1.19 m?/g for S-SG versus 0.36 m?/g
for S-BS) for the scaffolds obtained by means of interconnected porosity
and allows a better bone-scaffold interaction.

Despite some disagreements about the ideal pore size, it has been
well-established that pores below 10 um provide a larger surface area
for the implant-natural bone interaction, which adds protein adsorp-
tion, ion exchange and new bone formation [29,30], while pores
around 100 um enhance osteoblast initial adhesion and allow their
migration to the biomaterial [6,13]. However, bigger pores (> 300 pm)
are needed to also improve new bone formation [11,12]. Depending on
specific needs, a balanced combination of macro- and micropores
should be custom-made for cell penetration and protein adsorption
purposes [29-31].

The results of Table 2 confirmed a network porosity of 48.9% for S-
SG and of 12.83% for S-BS, as well as differences in intra- and inter-
particle porosity. However, it is worth bearing in mind that the mercury
porosimetry technique is more suitable for intra- and interparticle pore
analysis, with the upper detection limit of the technique being 300 pm.
In fact part of the porosity observed by SEM is not herein presented.
Macroporosity was studied by the Archimedes method in H,O (10
samples per scaffold) given a high porosity of up to ~95% in both
scaffolds.

The swallowing shown in Fig. 4B of the S-BS scaffold ceramic sin-
tered at 1550 °C could be to the formation of a low-viscosity calcium-
silicophosphate liquid that penetrated the open pores by capillarity,
and led them to close, as observed by the large round pores presented in
the microstructure. An ultrastructural analysis was done by FESEM to
obtain a better resolution (Fig. 5A), where these lamellae also presented
a roughness topography due to grain sintering. Surface textures, apart
from porosity, favor adhesion and cells spreading, which improve
bioactivity and tissue regeneration [6,17,18]. The lamellar structure
was assumed to be composed of alternative lamellae of dicalcium sili-
cate and calcium silicophosphate. Although several chemical etching
times and dissolutions were studied, only one lamella was identified.
The EDS composition analysis of this lamella confirmed that it did not
correspond to any of the phases initially present in the material. The
dicalcium silicate phase degraded because of acid etching, and calcium
silicophosphate appeared as a phosphorous-deficient calcium silico-
phosphate, as seen in the EDS analysis by making a comparison with
that corresponding to the single-phase calcium silicophosphate (Fig. 5B
and C).

Both scaffolds, compared to other scaffolds made by different routes
[31-33], were weaker, which made their handling more difficult. For
this reason, 25 PU immersions were performed in the sol-solution, with
three in the barbotine suspension, which did not compromise the

Fig. 10. ATR-FTIR spectra of the precipitated layer on scaffold S-BS after 21 days of immersion in SBF, representative of both scaffolds, and the commercial HA for

comparison purposes.

50

18344



C. Navalén, et al.

densification process. During this process, the ceramic structure was
strengthened via atomic diffusion mechanisms, and depended directly
on both temperature and sintering time. Therefore, the thermal stability
of the developed scaffolds was good and, thus, resulted in a much
denser and stronger microstructure.

The role played by ceramic scaffolds aims to create space for os-
teoblasts to grow, adhere and proliferate, and to supply channels in
order to transport nutrients and metabolic waste while diseased or
damaged bone is repaired [6,11,12,28-30]. Based on the above results,
evidently both scaffold materials displayed excellent in vitro bioactive
behavior when immersed in SBF. Both scaffolds were bioactive, but
differently.

In relation to S-BS, the changes recorded in the Si, Ca and P ion
concentrations (Fig. 9- S-BS) showed that when soaking began, the
scaffold released the three ions to the medium. The Si concentration
continuously rose throughout the experiment to reach 32 mg/L after 14
days of soaking. This means that the phase that was or the phases that
were dissolving contained a high Si content. Therefore, they will be o’y-
dicalcium silicate and/or calcium silicophosphate. In the second
soaking step, the concentration of the Ca ions in SBF lowered to
460 mg/L due to the precipitation of the HA layer that coated the
scaffold surface (Fig. 8). The P concentration also lowered to 80 mg/L
over 14 days.

We think that the first phase during dissolving was a’y- dicalcium
silicate with the release of Ca 2+ and HSi0,°~, and due to increasing
the activities of these ions in the neighborhood of the reacting scaffold
surface until they exceeded the solubility product of HA. With the re-
lease of the Ca®™ ions from o’y- dicalcium silicate, many Si-OH groups
formed on the surfaces of S-BS. These silanol groups induced the het-
erogeneous nucleation of apatite, and the released Ca®* ions increased
the ionic activity product of apatite by enhancing apatite nucleation.
The partial dissolution of calcium silicophosphate in SBF also occurred
with the release of SiO4 *, HPO,2~ and Ca®™.

Next the nucleation of an HA layer took place on the scaffold's
surface by the reaction of the HPO,2 ™~ ions with the excess of Ca™" ions
released to SBF by the partial dissolution of the calcium silicophosphate
phase. Once apatite nuclei had formed on the scaffold's surface, they
were able to grow spontaneously by consuming the calcium and
phosphate ions from the surrounding SBF solution.

In relation to the scaffold made by the sol-gel method, the Si, Ca,
and P ion concentrations in SBF (Fig. 9- S-SG) showed that when
soaking began, S-SG released the three ions to the medium in a much
smaller proportion than S-BS. The first HA precipitate was found after
the scaffold had been soaked in SBF for 14 days (Fig. 7). Thus S-SG
bioactivity drastically decreased compared to S-BS, where the first HA
precipitation took place after 3 days of soaking. Furthermore, given the
precipitation kinetics, clear differences were found in the geometrics of
the obtained precipitate. As seen in S-SG (Fig. 7), the surface was
covered by a homogeneous spherulitic-shaped layer that joined to-
gether and was formed by tiny worm-like crystals. S-BS presented
cauliflower particles which, with time, joined and formed a large dense
layer of smooth spheres (Fig. 8.)

Although S-SG had a bigger surface area (Fig. 3C and Table 2 part II)
than S-BS, and as bioactivity should be theoretically faster, the presence
of pyrophosphate (Ca,P»0;) delayed the appearance of HA. It is well-
known that low inorganic pyrophosphate concentrations inhibit not
only the growth, but also the precipitation, of hydroxyapatite crystals in
vitro and in vivo [34-36]. Bone is renewed constantly by balanced os-
teoblastic bone formation and osteoclastic bone resorption activities.
This bone remodeling process is relevant for achieving not only normal
bone mass and strength, but also mineral homeostasis. Body fluids are
supersaturated in relation to phosphate and calcium, whereas the pre-
sence of nucleating agents facilitates mineralization. Collagen is a major
nucleator, and supersaturated phosphate and calcium levels were
maintained by the presence of inhibitors. Pyrophosphate inhibitory
actions have been widely studied in bone. Today it is believed that the
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phosphate-to-pyrophosphate ratio is a fundamental regulator of skeletal
mineralization in the bone microenvironment [37]. Accordingly, pyr-
ophosphate is an essential molecule for the remodeling of bone tissue.
This molecule plays an important role by inhibiting the crystallization
of hydroxyapatite in connective tissue, the urinary tract and other ex-
tracellular fluids [37,38].

In addition, bone regeneration can be done using active compounds
like pyrophosphates because they are able to promote osteoblast pro-
liferation and differentiation when inhibiting osteoclast genesis in vitro
[39]. Despite the exact biological role that silicon plays in bone health
remaining unclear, it benefits bone health by playing a key role in bone
homeostasis and regeneration and, hence, represents a potential trace
element to treat and prevent bone diseases like osteoporosis.

Our objective was to compare two materials with the same nominal
composition that were obtained by different methods. Only S-BS had a
lamellar microstructure, which remained after the heat treatment in the
Alkemade line Ca,SiO, - CasP,0g. So the scaffolds with a lamellar mi-
crostructure, and composed of two phases of different degradation
rates, would be an excellent starting point to develop third-generation
biomaterials. Thus interconnectivity, pore size, pore distribution and
porosity level need to be balanced to guide proper tissue ingrowth, and
a balance must be struck with scaffold degradation as it must provide
mechanical support during regeneration. To our knowledge, this is the
first study about porous scaffolds with a eutectoid composition.

5. Conclusions

With the system SiO,—CaO-P,0s, we designed and processed two
materials with a chemical composition of the invariant eutectoid point
and different structures (a single polycrystalline or lamellar mor-
phology). The combination of structural, chemical and morphological
factors was responsible for the various in vitro behaviors displayed by
the two materials, and shared a common composition. Our results
confirm that not only the physiological medium has to be properly
selected, but also the materials' chemical composition, structure and
microstructure have to be studied in-depth to determine a given ma-
terial's in vitro potential bioactivity.
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