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Resumen

El uso de injertos 6seos se ha convertido en una practica habitual en la
regeneracion de hueso enfermo, o hueso con problemas derivados de traumatis-
mos. Estos injertos se han desarrollado en base a diferentes tipos de materiales,
siendo los ceramicos los més destacados por su similitud con el componente
mineral del hueso. Sin embargo, debido a la complejidad estructural y fun-
cional del hueso, estructuras formadas por una tnica composicién quimica,
dificilmente pueden desempenar la funciéon de injerto 6seo. Ante esta necesi-
dad, en la presente Tesis Doctoral se propone el desarrollo de estructuras o
andamios ceramicos, porosos, tridimensionales, multicapa, constituidos por un
niicleo cuya composicién quimica aporte resistencia mecanica y recubrimientos
externos con composiciones que aporten bioactividad y biocompatibilidad.

El nicleo del andamio fue desarrollado con la siguiente composicién qui-
mica SiO2-68Ca0-25P505-6Li04 (% molar) y los recubrimientos externos con
la siguiente composicién quimica 29Si02-68Ca0-3P205 (% molar). Adicional-
mente, los recubrimientos externos fueron dopados con iones de zinc, estron-
cio, hierro y magnesio en diferentes concentraciones y configuraciones, para
estimular la bioactividad y respuesta celular. Las técnicas empleadas para la
obtencién de los andamios multicapa fueron el proceso sol-gel y la técnica de
réplica de esponja polimérica.

Gracias a la versatilidad del proceso sol-gel, se obtuvieron tres ntcleos
para los andamios, partiendo de la misma composicién quimica y variando
el tiempo de calentamiento de la disolucién. El primer ntcleo, constituido
principalmente por una mezcla de las fases CPP y TCP, se obtuvo mediante
el calentamiento, durante 30 minutos, de la disolucién descrita anteriormente
para el ntcleo. Mientras que esta disolucién, calentada durante 15 minutos y
1 hora, di6 lugar al segundo y tercer nicleo, formados principalmente por las
fases individuales de CPP y TCP, respectivamente. La caracterizacion fisica de
estos ntcleos, determind que la resistencia a la compresiéon y macroporosidad
varia entre 0.38-2.87 MPa y 42-77.6%, dependiendo de la proporcién de cada
fase cristalina y la cantidad de inmersiones de la esponja de poliuretano en las
distintas disoluciones.

Posteriormente, con el primer niicleo, se desarrollaron andamios multicapa,
recubiertos y dopados con zinc, estroncio e hierro. Los andamios dopados con
1% zinc, presentaron un aumento de la bioactividad in vitro, en comparacién
con el nicleo y el recubrimiento sin dopante. No obstante, dicha bioactividad
disminuy6 al aumentar el dopaje al 30% zinc. En base a estos resultados, se
estudiaron diferentes concentraciones de dopaje, utilizando en este caso iones
de estroncio. Con estos nuevos andamios, se determind que el dopaje entre



1% y 10% aumenta la bioactividad del andamio. Por el contrario, los dopajes
mayores al 10% provocan la pérdida de la bioactividad. Por tltimo, se observo
que en el caso particular de los andamios dopados con hierro, presentaban un
comportamiento variable en el tiempo, en relacién a la bioactividad, con dopa-
je del 1%, mientras que para dopaje del 3% presentaban un comportamiento
continuo.

Seguidamente, se desarrollaron andamios multicapa dopados con 1%, 3% y
10 % de magnesio, empleando los nticleos constituidos individualmente por las
fases de CPP y TCP. Con estos andamios, se realiz6 un estudio comparativo
de la influencia de las fases cristalinas del nicleo en el comportamiento gene-
ral de los andamios. Los resultados demostraron que los andamios elaborados
con el niucleo de CPP presentaron un comportamiento bioactivo variable en
el tiempo, con apatitos que precipitan y se disuelven continuamente. Mientras
que los andamios elaborados con el nicleo de TCP presentaron bioactividad
constante desde el dia 3 de inmersiéon en SBF, independientemente del por-
centaje de dopaje con magnesio.

Por 1ltimo, una vez conocido el comportamiento individual de los iones do-
pantes, se desarrollaron nuevos andamios multicapa con dopaje simultaneo de
hierro, estroncio y magnesio. Ademas se estudié la influencia de la disposiciéon
de los iones en las propiedades de los andamios. Para ello se desarrollaron
dos andamios, el primero llamado 3J, con el 3% de los iones en el mismo
recubrimiento externo, y el segundo llamado 3S, con el 3% de los iones en
recubrimientos externos separados. Con estos andamios se realizaron ensayos
de biocompatibilidad en presencia de células MG-63, mostrando un aumento
de la viabilidad celular mayor al 100%, en comparacién con el ntcleo de CPP.
Asi como también una mejor adherencia y proliferacion de las células en la
superficie. No obstante, a pesar de que los andamios 3J y 3S no presentaron
diferencias en cuanto a la respuesta celular, la bioactividad in vitro fue distin-
ta, el andamio 3J fue bioactivo a los 21 dias, mientras que el andamio 3S fue
bioactivo a los 3 dias.

En conclusién, en esta investigacién debido al diseno multicapa y la intro-
duccién de iones que juegan un papel fundamental en la biologia del hueso,
se logré obtener andamios que unifican en una unica estructura diferentes
propiedades. Algunas de estas propiedades son la porosidad y resistencia a la
compresiéon comparables a las del hueso trabecular, pero ademaés bioactividad
y biocompatibilidad. Todas estas caracteristicas convierten a los andamios
multicapa en futuras alternativas para aplicaciones en ingenieria de tejido
6seo.



Abstract

The use of bone grafts has become a common practice in the regenera-
tion of diseased bomne, or bone with problems resulting from trauma. These
grafts have been developed based on different types of materials, with ceramics
being the most outstanding due to their similarity with the mineral component
of bone. However, due to the structural and functional complexity of bone,
structures consisting of a single chemical composition can hardly perform the
function of a bone graft. In view of this need, this doctoral thesis proposes the
development of porous, three-dimensional, multilayer ceramic structures or
scaffolds, consisting of a core whose chemical composition provides mechani-
cal strength and external coatings with compositions that provide bioactivity
and biocompatibility.

The core of the scaffold was developed with the following chemical compo-
sition Si02-68Ca0-25P205-6Li0O2 (% molar) and the external coatings with
the following chemical composition 29S5i02-68Ca0-3P205 (% molar). Additio-
nally, the external coatings were doped with zinc, strontium, iron and mag-
nesium ions in different concentrations and configurations to stimulate bio-
activity and cellular response. The techniques used to obtain the multilayer
scaffolds were the sol-gel process and the polymer sponge replication techni-
que.

Thanks to the versatility of the sol-gel process, three cores for the scaffolds
were obtained, starting from the same chemical composition and varying the
heating time of the solution. The first core, consisting mainly of a mixture
of tha CPP and TCP phases, was obtained by heating the solution described
above for 30 minutes. While this solution, heated for 15 minutes and 1 hour,
resulted in the second and third cores, formed mainly by the individual phases
of CPP and TCP, respectively. The physical characterization of these cores
determined that the compressive strength and macroporosity vary between
0.38-2.87 MPa and 42-77.6 %, depending on the proportion of each crysta-
lline phase and the amount of immersions of the polyurethane sponge in the
different solutions.

Afterwards, with the first core, multilayer scaffolds coated and doped with
zinc, strontium and iron were developed. The scaffolds doped with 1% zinc
showed an increase in wvitro bioactivity compared to the core and undoped
coating. However, this bioactivity decreased with increasing doping to 30%
zinc. For this reason, different doping concentrations were subsequently stu-
died, using in this case strontium ions. From these studies it was determined
that doping between 1% and 10% increases the bioactivity of the scaffold. On
the contrary, doping higher than 10% causes a loss of bioactivity. Finally, it



was observed that in the particular case of iron-doped scaffolds, they showed
a variable behavior over time, in relation to bioactivity, with 1% doping, while
for 3% doping they showed a continuous behavior.

Subsequently, multilayer scaffolds doped with 1%, 3% and 10% magnesium
were developed, using the cores consisting of individual CPP and TCP phases.
A comparative study of the influence of the crystalline phases of the core on
the overall behavior of the scaffolds was carried out. The results showed that
the scaffolds prepared with the CPP core exhibited time-varying bioactive
with apatite’s precipitating and dissolving continuously. While the scaffolds
elaborated with the TCP core presented constant bioactivity from day 3 of
immersion in SBF, regardless of the percentage of doping with magnesium.

Finally, once the individual behavior of the dopant ions was known, new
multilayer scaffolds with simultaneous doping of iron, strontium and mag-
nesium were developed. In addition, the influence of ion disposition on the
properties of the scaffolds was studied. For this purpose, two scaffolds were
developed, the first called 3J, with 3% of the ions in the same external coating,
and the second called 3S, with 3% of the ions in separate external coatings.
Biocompatibility assays were performed with these scaffolds in the presence
of MG-63 cells, showing an increase in cell viability greater than 100% com-
pared to the CPP core. As well as improved cell adhesion and proliferation on
the surface. However, although the 3J and 3S scaffolds showed no difference
in cellular response, the in vitro bioactivity was different, the 3J scaffold was
bioactive at 21 days, while the 3S scaffold was bioactive at 3 days.

In general, in this research, due to the multilayer design and the introduc-
tion of ions that play a fundamental role in the biology of bone, it was possible
to obtain scaffolds that unify in a single structure different properties. Some
of these properties are porosity and resistance to compression comparable to
trabecular bone, but also bioactivity and biocompatibility. All these properties
turn multilayer scaffolds into future alternatives for bone tissue engineering
applications.



Capitulo 1

Introduccion

En este capitulo se presentarda una breve introduccién sobre el contexto
general que motivé la realizacion de la presente Tesis Doctoral, dirigida hacia
el desarrollo de estructuras cerdmicas para aplicaciones en ingenieria de tejido
0seo. Posteriormente, se definiran los fundamentos bésicos relacionados con la
ingenieria de tejidos y los biomateriales, especificamente las biocerdmicas, sus
requerimientos y principios asociados a los métodos de sintesis empleados.

1.1 Contexto general

El sistema musculoesquelético forma parte del conjunto de sistemas que
definen el funcionamiento del cuerpo humano, estando constituido por hue-
sos, musculos, articulaciones y tejidos blandos [1, 2]. Este sistema es de vital
importancia ya que proporciona la estructura que da forma y estabilidad al
cuerpo, ademas realiza las funciones de soporte mecénico, permite el movi-
miento, protege a los Organos vitales e interviene en importantes procesos
metabdlicos [3-6].

Todas estas funciones, sin embargo, pueden verse afectadas en algin mo-
mento de nuestra vida, ya que este sistema, al igual que los otros sistemas del
cuerpo, estd expuesto a sufrir danos o enfermedades. Hoy en dia se conocen
alrededor de 150 trastornos o enfermedades asociados al sistema musculoes-
quelético, las cuales se pueden encontrar en cualquier parte del cuerpo [7-9].
Algunas de ellas son artritis, afecciones de la columna vertebral, osteoporosis,
cancer de hueso, y traumatismos, entre otras [7, 10, 11].



En la actualidad, estos diagndsticos son tan frecuentes que un estudio de
2019 sobre el impacto de todas las enfermedades, advierte que aproximada-
mente 1714 millones de personas en todo el mundo sufren alguno de estos
trastornos, convirtiéndose en una de las principales causas de discapacidad en
el mundo [12]. En este sentido, el aumento ha sido tan significativo, que en los
paises en desarrollo se produjo un incremento del 60% de estas enfermedades
entre los anos 1990 y 2010 [7].

Parte importante de este incremento, se atribuye al envejecimiento de la
poblaciéon mundial, debido al aumento de la esperanza de vida de las dltimas
décadas. Siguiendo esta tendencia, se considera que los trastornos musculoes-
queléticos van a empeorar en los proximos anos, ya que se estima que para el
ano 2050 el nimero de personas mayores de 60 anos representard el 22% de
la poblacién mundial [9]. Esto constituye un aumento del 26% respecto a la
poblacién mayor de 60 anos en el afio 2019 [9].

A pesar de que la mayoria de las disfunciones se asocian al envejecimiento,
los ninos, adolescentes y adultos no estdn exentos de padecerlas. Algunos de
los trastornos pueden ser congénitos, pero muchos otros, como las fracturas,
pueden ser ocasionadas por traumatismos de diferentes tipos. Existen trauma-
tismos provocados por lesiones deportivas, pero en su mayoria, por accidentes
de trafico. El incremento en el uso de vehiculos a motor, no solo es un riesgo
para la salud debido a que reduce la actividad fisica, sino que también aumen-
ta la cantidad de accidentes, ocasionando traumatismos musculoesqueléticos
[7, 11].

Todas estas alteraciones del sistema musculoesquelético, independiente-
mente de la edad del paciente, suponen una serie de costes directos e indirectos
[2]. Entre los costes directos se encuentran los asociados a hospitalizacién, ci-
rugia, implantes y medicamentos, mientras que los costes indirectos se asocian
a pérdida de trabajo, reduccién de la movilidad y terapia fisica [3]. También
existen costes intangibles que estan relacionados con el dolor, el deterioro y la
depresién que, en el futuro, pueden derivar en otros trastornos [3].

Un ejemplo de estas afecciones relacionadas con el hueso es la osteoporosis.
Esta enfermedad se caracteriza por una disminucion de la densidad ésea, que
tiende a aumentar la fragilidad de los huesos y, por tanto, ocasionar su fractura
[13]. En el mundo, la osteoporosis causa mas de 9 millones de fracturas al ano,
es decir, una fractura cada 3 segundos [14]. En algunos paises de la Unién
Europea, dentro de los cuales se encuentran Francia, Alemania, Italia, Espana
y Suecia, ademas de Reino Unido, en el afio 2017, se produjeron 2.7 millones de
fracturas, con un coste anual de 37.5 billones de euros [14]. Ademads, se calcul6
que los anos de vida ajustados por discapacidad (nimero de afnos perdidos
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debido a la enfermedad) es de 21 anos, por cada 1000 individuos mayores de
50 anos, siendo mayor que lo estimado por derrame cerebral y enfermedades
pulmonares crénicas [14]. En este sentido, se espera que en la Unién Europea
para el ano 2030 las fracturas aumenten de 2.7 a 3.3 millones [14].

De todas las fracturas causadas por osteoporosis, la fractura de cadera es
la mas facil de contabilizar, ademas representa la de mayor impacto econémico
[15]. Se estima que en el mundo ocurren 1.6 millones de fracturas de cadera
cada ano, siendo 610.000 en la Unién Europea y 45.000 en Espana [16].

Un analisis de los costes directos de la fractura de cadera en pacientes
mayores de 65 anos (los 12 meses siguientes a la fractura), realizados por
regiones autéonomas en Espafia, muestra que tan solo en la Comunidad de
Madrid se gasta aproximadamente 12.300 €, mientras que en la Comunidad
Valenciana 8.000 € [17].

Todos estos costes sociales y econémicos, generan gran inquietud, ya que
la tendencia es que ésta y otras probleméaticas aumenten en los préximos afios,
incluso, después de la pandemia causada por la COVID-19, que ha ocasiona-
do la muerte de aproximadamente 2.5 millones de personas, en su mayoria
de avanzada edad. Esta tendencia se puede justificar en base a dos motivos,
en primer lugar, las lesiones musculoesqueléticas, durante la pandemia, pasa-
ron a ser menos prioritarias para los sistemas de control y prevencién [18].
Unicamente los pacientes con fracturas graves fueron operados, pero inme-
diatamente dados de alta, sin un adecuado tratamiento postoperatorio, atn
cuando las personas con fracturas por fragilidad tienen alta probabilidad de
sufrir una recaida [18]. En segundo lugar, la inmobilizacién hospitalaria debido
a las consecuencias ocasionadas por la COVID-19, y los tratamientos con glu-
cocorticoides, durante mucho tiempo, aumentan el riesgo de sufrir fragilidad
6sea y fracturas [18].

El escenario actual solo suma razones para pensar que las fracturas serdn
mucho maéas frecuentes, ademas, si los sistemas de prevencién no funcionan
correctamente, solo queda plantear soluciones a las fracturas que se van pro-
duciendo.

En este sentido, el hueso tiene la capacidad de regenerarse por si mismo
[19], salvo en el caso de grandes fracturas o aquellas que afectan a personas
mayores, donde muy dificilmente se auto-regenera. Cuando esto sucede, la
unica forma de reparar el dano es acudir a la utilizacion de implantes o injertos.

Los injertos naturales aunque son los candidatos idéneos, pueden ocasio-
nar complicaciones como rechazo o transmisién de enfermedades (si provienen
de otro paciente) o morbilidad (si proviene del mismo paciente) [20]. Por estas



razones, los injertos sintéticos se utilizan desde la antiguedad. Los primeros
materiales no bioldgicos utilizados en el cuerpo fueron piezas dentales de na-
car en la civilizacion maya, mientras que en Europa se utilizaban piezas de
hierro [21]. A principio del siglo XX se utiliz6 el acero al vanadio para reparar
fracturas y, posteriormente, el acero inoxidable y aceros aleados con cromo y
cobalto para la fijacién de fracturas [21].

Estos esfuerzos demuestran la bisqueda insistente, por parte de la huma-
nidad, de soluciones a los problemas que afectan el funcionamiento normal
del cuerpo. Este sentimiento no se aleja de la realidad actual, ya que gracias
al avance de la sociedad y las nuevas tecnologias, se ha abierto la posibili-
dad de emplear mejores materiales e incluso crear nuevas disciplinas como
la ingenieria de tejidos. En este sentido, el desarrollo de nuevas disciplinas ha
permitido un mejor entendimiento de los procesos bioldgicos. Este conocimien-
to ha posibilitado que dentro de especialidades como la ciencia de materiales,
se desarrollen implantes inspirados en los procesos naturales de regeneracién
Osea. Este concepto denominado biomimetismo ha impulsado el desarrollo de
la presente Tesis Doctoral.

A continuacién se realizard una breve introduccién sobre la ingenieria de
tejidos y como esta disciplina ha dado lugar al desarrollo de sustitutos biolé-
gicos, en concreto de injertos éseos.

1.2 Ingenieria de tejidos

La ingenieria de tejidos es una disciplina relativamente nueva que nacié en
el ano 1987, mostrando un gran crecimiento desde la década de los noventa
hasta la actualidad [22]. Esta disciplina combina dos términos muy impor-
tantes, la ingenieria y el tejido. La ingenieria hace referencia al conjunto de
conocimientos y practicas cientificas destinadas al desarrollo, construccion y
disefio de nuevas tecnologias [23]. Por su parte, el tejido se refiere al conjunto
de células que cumplen una determinada funcién [23]. La unién de estas dos
palabras describe una disciplina destinada a solucionar y mitigar los grandes
problemas derivados del deterioro o dano en los tejidos u érganos del cuerpo.
En términos generales se puede definir la ingenieria de tejido como un "campo
multidisciplinar que aplica los principios de la ingenieria y las ciencias de
la vida para el desarrollo de sustitutos bioldgicos que restauren, mantengan o
mejoren las funciones de los tejidos" [23].

Las aplicaciones son diversas, abarcando desde tejidos como cartilago, hue-
so, piel, injertos vasculares y cardiacos, hasta érganos como higado, pulmén,
rindén y corazoén [24]. A pesar de que el uso de sustitutos para mejorar defectos
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en el cuerpo se utilizan desde hace muchos anos, esta nueva disciplina propone
la implementacién de los avances en la ingenieria para obtener materiales més
eficientes.

La ingenieria de tejido se basa en tres grandes componentes o pilares como
son los andamios, células y factores de crecimiento [22, 25, 26], cuyas funciones
seran detalladas a continuacion:

¢ Andamios

Los andamios son las estructuras artificiales que sustituyen el tejido afecta-
do y que sirven como molde tridimensional para las células [23]. Este andamio
debe permitir la adhesion, proliferaciéon y diferenciacién de las células mien-
tras cumple su funcién dentro del organismo [22, 26]. La matriz puede estar
de forma permanente en el cuerpo o de forma provisional mientras se regenera
el tejido. Los andamios también pueden ser vehiculos para transportar dentro
del organismo ciertos nutrientes y farmacos [22].

e Células

Las células son las responsables de formar los tejidos y 6rganos. Su pre-
sencia e interaccién con el andamio determina el éxito de la recuperacion del
tejido o adaptacién en el cuerpo. Existen diferentes tipos de células, depen-
diendo de su origen. Estas puedan provenir del mismo paciente (autélogas)
o de otros pacientes (alogénicas o xenogénicas) [23, 25] y entre los distintos
tipos se encuentran las células madres, células maduras diferenciadas o mixtas
[22].

« Factores de crecimiento

Los factores biolégicos o de crecimiento son biomoléculas que se encargan
de regular las respuestas celulares, mediando en los mecanismos de sefializacion
de las células [22]. Estas biomoléculas pueden acelerar o mejorar el proceso
de sanacién [25]. Alguno de estos factores pueden ser hormonas, citoquinas,
acidos nucleicos, entre otros [22].

1.2.1 Tejido 6seo

Los huesos son el tejido mas importante del sistema esquelético, pudiendo
presentarse en diferentes formas como planos, largos, cortos e irregulares de-
pendiendo de la zona del cuerpo [4]. Entre sus funciones se encuentran dar la
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estructura al cuerpo, almacenar minerales, producir células sanguineas, sopor-
tar los musculos, mantener la homeostasis tanto del calcio como del hierro y
proteger 6rganos como el cerebro, la médula espinal, los pulmones y el corazén
[4, 22, 27].

Anatémicamente, el hueso presenta una estructura jerarquica que va desde
el nivel macro hasta el sub-nanométrico como se muestra en la Figura 1.1 [28].
A nivel macro se identifican dos estructuras, conocidas como hueso compacto
o cortical y hueso trabecular o esponjoso, los cuales representan el 80% y el
20% del esqueleto, respectivamente [4, 19, 29]. El hueso compacto corresponde
a la corteza externa del hueso y se encuentra mineralizado al 80-90%. Por su
parte, el hueso trabecular o esponjoso se encuentra en el interior del hueso y
se distingue por su estructura tipo red con un 80% de porosidad [5].

Figura 1.1: Estructura jerdrquica del hueso [28].

A nivel microestructural se distinguen estructuras concéntricas llamadas
osteonas, de 100 pym de diametro, por las cuales pasan vasos sanguineos y
nervios [28, 30]. También se encuentran los tres tipos de células responsables
en el metabolismo del hueso: osteoclastos, osteoblastos y osteocitos. Los os-
teoclastos son los responsables de la reabsorciéon del hueso viejo, mientras los
osteoblastos son responsables de la formacén de hueso nuevo, dando lugar
a un proceso de regeneracién constante [5, 19, 30, 31]. Por su parte, los os-
teocitos son depédsitos de células osteobldsticas, que se forman después de la
mineralizacion y actiian como reguladores de la actividad de los osteoclastos
y osteoblastos [5, 29-31].
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Por 1ltimo, a nivel nano y sub-nanométrico se observan con mayor de-
talle lamelas o fibras, las cuales estan integradas por colageno y cristales de
HA [27-30]. El coldgeno, principalmente tipo I, presenta una triple hélice de
1.5 pm de didmetro y 300 pum de largo. Mientras que los cristales de HA,
preferencialmente orientados en el eje ¢, presentan una forma rectangular con
dimensiones 50 nm x 25 nm x 3 nm [28]. Aunque en general el hueso esta cons-
tituido en un 60% por HA y 20% por coldgeno, existe en menor proporciéon
otros elementos como se muestra en la Tabla 1.1 [27].

Tabla 1.1: Composicién quimica del hueso (% en peso) [27].

Fase inorganica Fase organica

Hidroxiapatito =~ 60 Colageno =~ 20

Agua ~ 9 Proteinas ~ 3

Carbonatos ~ 4 Trazas: polisacaridos, lipidos, citoquinas.
Citratos =~ 0.9 Células: osteoblastos, osteoclastos y osteocitos.
Na®™ ~ 0.7

Mgt ~ 0.5

Cl~- =~ 0.13

Otros: KT, F~, Zn?*,
Fe2+, Cu2+, Sr2+, Pb2+

La composicién quimica del hueso, indica que los cristales de HA son los
responsables en gran medida de la densidad 6sea del hueso y, gracias a los
procesos celulares, son capaces de regenerarse constantemente. El hueso com-
pacto tiene una regeneracion anual de 2.5%, mientras que el hueso trabecular

del 25%. Esto permite que el esqueleto se renueve completamente cada 10 anos
[19].

La variacion en la densidad 6sea, acompaniada de los procesos celulares,
son mecanismos que se inician en los primeros anos de vida, continuando en
las diferentes etapas de crecimiento. En la Figura 1.2 [13], se observa que du-
rante las etapas de la nifiez y pubertad la densidad aumenta hasta alcanzar un
punto maximo en los primeros anos de la edad adulta. Este punto méximo de
densidad ésea, puede verse influenciado por diversos factores como la genética,
el sexo, la actividad fisica, la dieta, el peso del cuerpo y las hormonas [13].
Posteriormente, durante la mayor parte de la etapa adulta, la densidad del
hueso se mantiene, hasta alcanzar la vejez, donde la densidad 6sea comienza a
disminuir debido a la degeneracién de los procesos biolégicos. Indipendiente-
mente de los factores que afectan la densidad ésea, un hueso con baja densidad
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es susceptible a las fracturas, y si estas superan un tamano critico, el hueso no
es capaz de auto-regenerarse. Por ejemplo, el tamano critico del hueso largo
es 4-7 cm [32], siendo necesario en fracturas de mayor tamafio recurrir a la
utilizacién de injertos éseos.

Figura 1.2: Variacion de la densidad dsea en las diferentes etapas de la vida

[13].

1.2.2 Injertos 6seos

Hoy en dia existen diferentes tipos de injertos para el hueso, y se pueden
clasificar segiin su origen en: naturales y sintéticos [26, 33, 34]. Los injertos
naturales, a su vez, dependiendo de su procedencia se pueden clasificar en:
autoinjertos, aloinjertos o xenoinjertos [5, 20]. Por su parte, los injertos sinté-
ticos pueden ser clasificados segiin el material que lo constituye en: materiales
metalicos, cerdmicos, poliméricos o compuestos [29, 35].

e Injertos naturales

El injerto ideal hasta el momento considerado como el "estdndar de oro"
por su capacidad de sanacién es el autoinjerto [5, 20, 32, 36, 37|. Este tipo
de injerto es el que proviene del tejido del mismo paciente y, por lo general,
se extrae de la cresta iliaca, costilla o craneo [5, 36, 38]. Con este tipo de
injerto se garantiza una correcta aceptacién en el organismo con un 80-90%
de éxito y se evita la transmisién de enfermedades [32]. Sin embargo, los
inconvenientes son la limitacién de disponibilidad del tejido y la necesidad de
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realizar dos intervenciones quirurgicas [5, 32, 36, 37, 39], ya que el paciente
debe someterse a un procedimiento para extraer el tejido y otro para colocarlo
en la zona afectada, aumentando asi la posibilidad de infecciones y morbilidad
[5, 38]. Adicionalmente, en muchos casos el paciente padece alguna enfermedad
como osteoporosis o cancer de hueso, o simplemente estd sometido a algin
tratamiento como quimioterapia, donde resulta imposible la extraccién del
tejido [5, 38]. Lo mismo ocurre si el paciente es pedidtrico o si la zona afectada
es de gran tamano [5].

Otra alternativa son los aloinjertos, los cuales provienen del tejido de otro
paciente de la misma especie, bien sea donacién de pacientes vivos o cadaveres
[5, 36, 37]. Estos ofrecen la facilidad de ser encontrados en diferentes formas
y evitar los problemas asociados a la disponibilidad [5]. Antes de su utiliza-
cion los injertos deben pasar por procesos de esterilizacion, descelurarizacién y
desmineralizacion de forma controlada para evitar que pierdan colageno, pro-
teinas y algunos factores de crecimiento [5]. Para ello se utilizan técnicas como
congelacion, irradiacién y criocongelacién [5]. Todas estas técnicas disminu-
yen la posibilidad de transmisién de enfermedades, pero no en su totalidad,
ademads, suelen disminuir las propiedades mecénicas originales del hueso [5,
32]. También existe un alto riesgo de rechazo que hay que prevenir mediante
el suministro de inmunosupresores [5]. No solo las propiedades mecanicas se
ven afectadas, sino que también en comparacion con los autoinjerto, estos son
menos osteoconductivo, osteoinductivo y no osteogénico [5, 36].

Por tultimo, existe una tercera opcién para injertos naturales, los xenoin-
jertos. Estas piezas provienen de una fuente animal, por lo general bovinos,
porcinos y equinos [40]. Estos también son tratados antes de su utilizacion,
pero no estan exentos a ser portadores de virus infecciosos o de sufrir una res-
puesta inmunoldgica [37, 39]. Tampoco presentan propiedades osteoinductivas
u osteogénicas y, por lo general, se reabsorben mas rapido que los autoinjertos
[37, 40].

o Injertos sintéticos

Los injertos sintéticos se clasifican segtn el tipo de material del cual es-
tan constituidos como metales, cerdmicas, polimeros y compuestos [35]. Estos
grupos de materiales se diferencian entre si segin el tipo de enlace entre los
atomos y la estructura cristalina que forman, los cuales definen sus propieda-
des finales y por tanto sus aplicaciones.

Los injertos sintéticos son una excelente opcién para minimizar los riesgos y
limitaciones asociados con los injertos naturales [26, 34]. Estos injertos han ido
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evolucionando, pasando de utilizar los materiales disponibles en los inicios de
la humanidad [21], a aplicar las nuevas tecnologias, para desarrollar materiales
adaptados segun las necesidades.

1.3 Biomateriales

A lo largo de los anos han surgido diferentes definiciones para los materia-
les empleados en aplicaciones médicas, pero de forma general se puede decir
que "un biomaterial es cualquier material, natural o fabricado por el hombre,
que comprende la totalidad o parte de una estructura viva o un dispositivo
biomédico que realiza, mejora o sustituye una funcion natural" [21].

El uso de los biomateriales involucra un campo muy amplio. Algunas de las
aplicaciones son protesis de hueso, dentales, tendones, piel artificial, valvulas
para el corazon, catéter de didlisis, lentes intraoculares, entre otros [21, 41, 42].
Dependiendo de la aplicacion, los biomateriales son disenados en diferentes
formas y conformados por distintos tipos de materiales.

1.3.1 Tipos de materiales

Existen cuatro grandes grupos de materiales, clasificados en metales, cera-
micas, polimeros y materiales compuestos [35]. En primer lugar, los materiales
metalicos se caracterizan por su rigidez, resistencia y ductilidad [41]. Estas
propiedades, permiten su maleabilidad durante su conformacién y porterior-
mente, en servicio, tienen un comportamiento excelente soportando cargas
[21, 39, 41]. Los metales més utilizados en biomedicina son los aceros inoxida-
bles, aleaciones cobalto-cromo, titanio y sus aleaciones, metales pesados como
zirconia-niobio y tungsteno [21, 35]. Estos materiales han sido empleados co-
mo tornillos para fijaciones de fracturas, placas craneales, prétesis de hueso,
y en partes de 6rganos artificiales como marcapasos, catéteres y valvulas [21,
39, 41]. Sin embargo, una de las desventajas de los metales es que pueden
ocasionar "stress shielding" debido a su alta resistencia mecanica. Este proce-
so natural se caracteriza por una reabsorcién o pérdida del hueso adyacente
al injerto, debido a la falta de exposicién a las cargas mecanicas normales
que ahora estd soportando el injerto metélico [41]. Otros aspectos a tener en
cuenta al momento de utilizar un material metélico, es su vulnerabilidad a la
corrosion, y por tanto, a los productos derivados de su degradacién, que no
siempre son compatibles con el organismo [21, 41].

En segundo lugar, los materiales ceramicos destacan por su excelente bio-
compatibilidad, resistencia a la compresién, al desgaste y al ataque microbiano
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[35, 41]. Existen diferentes composiciones quimicas como HA, fosfatos calcicos,
silicatos de calcio, diéxido de zirconia, entre otros. En general sus aplicaciones
estdn orientadas a usos ortopédicos y reemplazo de tejidos duros [43]. Den-
tro de las desventajas se encuentra la fragilidad, baja resistencia a traccién y
dificultad para procesarlos homogéneamente [21].

Por otra parte, los materiales poliméricos son muy versatiles, ya que de-
pendiendo del tipo de polimero se pueden obtener diversas propiedades. Por
lo general, se caracterizan por su flexibilidad, resistencia a la fijaciéon de pro-
teinas y facilidad de fabricacién en diferentes formas [41]. Estos pueden ser
de origen natural como el coldgeno, gelatina, actina, keratina, seda, celulosa,
alginato entre otros o sintéticos como poliésteres, policarbonatos, polietilenos,
politetrafluoroetileno, polimetacrilato, entre otros [21, 35]. Generalmente los
polimeros son muy utilizados para la liberacién controlada de farmacos, pero
también en tejidos blandos, conectivos e implantes ortopédicos [43]. Algunas
de las desvestajas de los polimeros es que no son tan resistentes como los
metales, se deforman con el tiempo y se deterioran dependiendo del método
de esterilizacién, pudiendo liberar sustancias toxicas al organismo, generando
una respuesta inflamatoria [21, 41].

Por ultimo, se encuentran los materiales compuestos, los cuales son una
combinacién de materiales o fases, que difieren en forma, composicién y volu-
men (+5%) a una escala microscépica [21, 41]. De este modo se puede crear
un nuevo material que reuna las caracteristicas deseadas de cada material
individual [21]. Sin embargo, es dificil obtener una buena estructura, ya que
por lo general se requiere de una buena compatibilidad entre las fases, lo cual
puede derivar en una disminucién de las propiedades mecanicas [41]. Aunque
de esta manera se puede obtener un material ajustado a las necesidades de
ciertas aplicaciones, en muchos casos sigue prevaleciendo el uso de un solo tipo
de material, debido principalmente al coste econémico que esto supone [41].

1.3.2 Generaciones de biomateriales

A pesar de que el uso de los materiales en el cuerpo se remonta a tiempos
prehistéricos, en los tiempos modernos gracias a los avances en la ciencia se
ha obtenido un mayor entendimiento sobre las interacciones que existe entre
los material y el organismo. A lo largo de los afos, con cada innovacion,
fue posible establecer los requerimientos que debia presentar un material
para estar en contacto con el cuerpo, de esta manera surgen las distintas
generaciones de biomateriales.
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¢ Primera generacion

La primera generacion de biomateriales surge entre los anos 1950 y 1960
[42]. La caracteristica principal de esta generacion es la bisqueda de materia-
les inertes, es decir, materiales cuyas propiedades fisicas permitieran sustituir
el tejido con la minima respuesta inmune por parte del organismo [42, 44, 45].
En este momento histérico solo se disponian de materiales industriales que no
habian sido creado para fines médicos, como aceros inoxidables y aleaciones de
cobalto-cromo, siendo los primeros materiales metalicos usando en ortopedia
[44]. El titanio y sus aleaciones que eran utilizadas en el mundo de la aero-
nautica, empezaron a ser utilizados en la medicina. Las aleaciones de titanio
con niquel recibieron especial interés debido a sus propiedades mecanicas [44].
En relacion a los materiales cerdamicos, destacan la alumina y zirconia como
los més utilizados en este etapa [46-48]. Mientras que entre los materiales
poliméricos destacan la silicona, polietilenos, resinas acrilicas, poliuretanos,
polipropileno y polimetilmetacrilato [44].

El problema general que presentan estos materiales es que el organismo no
reconoce al material, terminando éste recubierto por un tejido fibroso que lo
encapsula e impide su integracion en el organismo [44].

¢ Segunda generacion

La segunda generacién de biomateriales surge entre los afios 1980 y 2000,
con el objetivo de eliminar los micro-movimientos que se producen en los mate-
riales de primera generacién como consecuencia de la encapsulacién con tejido
fibroso [42, 44]. En esta segunda generacién surgen los materiales bioactivos,
los cuales son capaces de tener una interaccién quimica controlada con el or-
ganismo [44, 45]. También aparecio el concepto de materiales reabsorbibles,
que tienen la capacidad de degradarse mientras el tejido danado se regenera
[42, 44, 45]. En esta generacién tienen mayor importancia los materiales ce-
ramicos y poliméricos, ya que los materiales metalicos no son ni bioactivos ni
reabsorbibles [44]. Entre las cerdamicas destacaron los compuestos de calcio y
fésforo, teniendo su mayor exponente en el HA, debido a su alta biocompa-
tibilidad y parecido con el componente mineral del hueso [45]. Se empezé a
entender la bioactividad como la capacidad de un material de formar una capa
de HA en su superficie, permitiendo la unién quimica con el tejido huésped [44,
49]. Las ceramicas de fosfatos célcicos y los biovidrios fueron los materiales
mas utilizados, destacando junto al HA mencionado anteriormente, los fosfa-
tos tricdlcicos y fosfatos calcicos amorfos [44, 45]. En relacion a los biovidrios,
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se observé que la presencia de silicio beneficia los procesos osteogénicos, por
eso surgieron formulaciones de vidrios constituidos principalmente por una red
de SiO9, asi como otro 6xidos como NaoO, CaO, P2O5, MgO y K,O [44, 45].

Por su parte, dentro de los materiales poliméricos destacaron aquellos de
origen natural o sintéticos capaces de degradarse. Los polimeros naturales tie-
nen una bioactividad intrinseca, destacando de estos el quitosano, acido hialu-
rénico, coldgeno, entre otros [44, 45]. Los polimeros sintéticos que destacaron
fueron el poliglicélico, polidcido lactico, polidioxanona, policaprolactona, po-
lihidroxibutirato, hidrogeles entre otros [44, 45]. Gracias a estos materiales
mejora el problema del "stress shielding" ya que se degradan en el tiempo,
transmitiendo carga al entorno [44]. En el caso de los polimeros degradables
y no bioactivos, sufrian procesos de modificacion de la superficie mediante la
adsorcién de proteinas y péptidos [44].

e Tercera generacién

El objetivo de los materiales de la tercera generacién es combinar la bioac-
tividad y biodegradabilidad, estimulando, ademas, la regeneracion del tejido
a través de factores de senalizacién [44]. Estos factores deben modular res-
puestas especificas como el comportamiento célular, induciendo la adhesion,
proliferacién y diferenciacion [44, 45]. En esta nueva generacién de biomate-
riales también se incluye como objetivo la liberacién controlada de farmacos,
ademas de la funcionalizacion con proteinas, péptidos y otros factores que fa-
vorecen la interaccién biolégica. Algunas de las estratégias para lograr respues-
tas especificas comprenden la utilizacion de factores solubles como citoquinas
y hormonas; factores insolubles como moléculas de la matriz extracelular; o
estimulos externos como cargas mecanicas [45].

Cronolégicamente la tercera generacion de biomateriales surge al mismo
tiempo que la ingenierfa de tejido [44, 45]. A partir de este momento se empieza
a considerar los andamios tridimensionales y su coexistencia con células y fac-
tores de crecimiento. Los materiales se consideran multifuncionales y deben ser
biocompatibles, biodegradables, osteoconductivos, osteogénicos, osteoinducti-
vos, resistentes mecdnicamente y porosos para permitir la vascularizaciéon y
paso de nutrientes, entre otras caracteristicas [45].

Nuevos materiales, e incluso, los ya conocidos en la segunda generaciéon de
biomateriales, fueron tratados quimicamente para mejorar sus propiedades.
Los materiales polimericos y los ceramicos fueron procesados en distintas com-
binaciones. Por ejemplo, polimeros naturales como alginato, quitosano o sin-
téticos modificados con el (TGF)-33 o proteinas y péptidos como RAD, ELK,
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EAK [44]. Las ceramicas, sobre todo, los fosfatos calcicos y biovidrios refor-
zados con polimeros, destacaron entre los nuevos materiales [44]. Los avances
tecnologicos permitieron la aplicaciéon de nuevas técnicas para la obtencién de
los andamios. De esta manera surgieron por ejemplo las espumas metélicas con
aleaciones de titanio o tantalio, las cuales a través de tratamientos quimicos
favorecen la respuesta celular [44].

1.4 Bioceramicas

Los materiales ceramicos son sin lugar a duda uno de los grupos de ma-
teriales que méas han aportado a la mejora en la calidad de vida de nuestra
sociedad. Sus aplicaciones abarcan desde el area eléctrica, Optica, energética
con los dieléctricos, semiconductores, piezoeléctricos, hasta aplicaciones mé-
dicas [48, 50]. El término de biocerdmica incluye a las cerdmicas, biovidrios y
vitroceramicos [48], englobando a todos los compuestos inorgénicos no meta-
licos como éxidos, sulfatos, nitratos, fosfatos, carbonatos y silicatos [50]. De
este grupo, los fosfatos y silicatos destacan por sus multiples aplicaciones.

1.4.1 Fosfatos calcicos

Los fosfatos céalcios se definen como los compuestos formados por cationes
de calcio unidos a grupos fosfatos, donde estos grupos se pueden presentar
como orto- (PO437), meta- (PO37), piro- (P207%7) o poly- (PO3™ ™) [27, 51].
En el mundo de los biomateriales, han despertando un gran interés debido a la
gran similitud que presentan con el componente inorganico o mineral del hueso.
A pesar de que las primeras ceramicas empleadas como sustitutos 6seos fueron
bioinertes, como la zirconia y la altimina, los primeros estudios centrados en la
regeneracion ésea plantearon la utilizacion de fosfatos calcicos como HA, TCP
o combinaciones de éstos [48, 52]. Sin embargo, en la actualidad se conoce un
amplio abanico de materiales de fosfatos célcicos cuya relaciéon Ca/P varia
desde 0.5 hasta 2 [27, 48|. Las caracteristicas de los fosfatos célcicos varian
segun su relacién Ca/P, pero en general destacan por su biocompatibilidad,
bioactividad, degradabilidad, osteoconductividad y osteoinductividad [27, 43,
43].

1.4.2 Silicatos

Los silicatos también juegan un papel importante como bioceramicas ya
que el silicio es esencial en procesos metabdlicos y en la formacion y calcifi-
cacién del tejido 6seo [53, 54]. Los materiales que combinan calcio y silicio
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estimulan la proliferaciéon y adhesién celular, promoviendo la formaciéon de
hueso in vivo [55, 56]. Algunos de estos materiales son por ejemplo la wo-
llastonita (CaSiOs), silicato dicalcico (CagSiOy4), akermanita (CagMgSiaO7) v
una amplia variedad de formulaciones vitreas. Principalmente, la liberacién de
silicio estimula la diferenciacién de los osteoblastos y motiva la osteogénesis,
osteointegracion y osteoconductividad [39, 57].

1.4.3 Sustitucién idnica

La incorporacién de iones metélicos en materiales como silicatos y fosfatos
calcicos es una estrategia que surge para imitar, ain mas, la estructura del
hueso, pero también como respuesta para solucionar ciertos problemas. Mu-
chos de estos elementos se encuentran naturalmente como trazas en el hueso,
participando en procesos metabdlicos, otros cumplen funciones terapéuticas o
evitan infecciones microbianas [58]. Asi entre estos elementos, podemos des-
tacar:

e Zinc

El zinc (Zn?T) es uno de los elementos esenciales en el cuerpo, que ma-
yoritariamente se encuentra almacenado en los huesos [59]. Interviene en el
metabolismo del hueso y funciona como cofactor de varias enzimas [53, 60].
El zinc detiene la resorcion del hueso al inhibir la actividad de los osteoclas-
tos, pero ademads, aumenta la actividad de la enzima ALP, favoreciendo la
actividad de los osteoblastos y, en consecuencia, la formacién de hueso [39,
53, 58, 60]. Al ser incorporado en los biomateriales destaca por mejorar la
osteogénesis [39], pero también por mostrar efectos antiinflamatorios [53] y
antimicrobianos [58].

« Estroncio

El estroncio (Sr?*) es un elemento no esencial en el cuerpo, representando
tan solo el 0.035% con respecto al total de calcio en los huesos [39, 59]. Sin
embargo, debido a su similitud quimica con el calcio, actia de forma similar
y se define como un elemento "bone-seeking", es decir, con gran afinidad a la
mineralizacién del hueso [39, 59]. Su principal efecto en los biomateriales es
la osteogénesis, al estimular la formacién de hueso por la activacién de los
osteoblastos e inhibir la resorcién, al frenar la actividad de los osteoclastos
[39, 53, 58, 60]. Durante anos el estroncio ha sido utilizado satisfactoriamente
en tratamientos para la osteoporosis, ya que reduce las fracturas de vertebra
en un 40% y de cadera en un 36% [39].
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« Hierro

El hierro (Fe?To Fe3T) es otro de los elementos importantes en nuestro
organismo, no solo para el metabolismo del hueso sino también para una serie
de procesos naturales como el transporte de oxigeno y nutrientes, sintesis de
ADN, formacién de vasos sanguineos, respiracién, proliferacién y diferencia-
cién celular, entre otros [58, 61]. La cantidad de hierro en el cuerpo es de 45
mg/kg en hombres y 35 mg/kg en mujeres [61]. En relacién a su incorporacién
en los biomateriales, los investigadores tienen un creciente interés debido a la
posibilidad de formar fases magnéticas, que permiten su utilizacién en hiper-
termia para el tratamiento contra el cadncer [58, 62]. Ademés de las propiedades
magnéticas ha mostrado efectos positivos en relacién a la biocompatibilidad
de los materiales [58].

¢ Magnesio

El magnesio (Mg?") es uno de los iones metélicos esenciales de nuestro
cuerpo, siendo el cuarto elemento mas abundante [54, 59|, encontrando en
dientes y huesos el 65% del total [39]. Una deficiencia de magnesio puede oca-
sionar la reduccién del hueso trabecular, generando problemas como osteopo-
rosis y la posibilidad de fracturas [53, 59]. Adicionalmente, los biomateriales
dopados con magnesio han destacado principalmente por impulsar la angio-
génesis, es decir, la formacién de nuevos vasos sanguineos [39]. También se
ha observado que mejora la adhesién celular, debido a la interaccién con la
integrina de los osteoblastos [53], aumenta la capacidad para formar apatito
y controla la reabsorcion de materiales como el TCP [58].

o Litio

El litio (Li*) es otro de los elementos no esencial en el organismo, pero
genera efectos positivos en el mismo [59]. Desde hace aflos, el litio ha sido ad-
ministrado para atender desordenes mentales como la depresion y bipolaridad.
Recientemente se ha empezado a incorporar en los biomateriales, mostrando
resultados beneficiosos en relacién a la formacién de hueso [39, 58, 59]. Se ca-
racteriza principalmente por mejorar la osteogénesis [39], aumentar la masa
Osea e incrementar la resistencia a la compresién de materiales como el TCP

[63].
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1.5 Andamios porosos tridimensionales

El hueso es un tejido dificil de imitar, al ser una estructura jerarquica com-
pleja, formada por una fase organica y otra inorganica, pero sobre todo, porque
ocurren infinidad de procesos biolégicos. Por este motivo, los requerimientos
a tener en cuenta al momento de disefiar andamios que actiien como injerto
0seo son amplios. Algunos de los mas importantes se describen a continuacion:

o Porosidad: debe poseer poros de diferentes tamanos, para permitir el
desarrollo de las funciones vasculares, el transporte de oxigeno y nutrien-
tes al interior y de desechos al exterior del andamio, para asi mantener la
actividad celular [32, 64-66]. El andamio debe presentar una porosidad
similar a las del hueso trabecular (50-90%), con diferentes tamanos de
poros (macro y micro).

¢ Resistencia mecéanica: debe poseer propiedades mecdnicas cercanas
al hueso para permitir la correcta distribucién de la carga [20, 32]. De
lo contrario, se produciria el fenémeno conocido como "stress shielding",
que se caracteriza por la reabsorcién del hueso natural como se describié
anteriormente [45].

o Bioactividad: capacidad inherente del material de participar en reac-
ciones biolégicas [27].

¢ Biocompatibilidad: adecuada respuesta con el hueso natural sin ge-
nerar efectos toxicos [20, 27, 32, 65].

¢ Biodegradabilidad: algunos andamios no solo estimulan la regenera-
ci6én Gsea, sino que también sirven de soporte mientras esto ocurre [20,
27, 65]. La velocidad de degradacion debe ser coherente con la de rege-
neracién del tejido y los compuestos liberados no deben generar efectos
adversos en el organismo [20, 32].

¢ Osteointegracién: capacidad de integrarse correctamente con el tejido
huésped sin formar tejido fibroso en la interfase [27].

¢ Osteoconduccion: capacidad de que las células se puedan adherir, pro-
liferar, migrar y diferenciarse [64-66].
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o Osteoinduccién/Osteogénico: capacidad de inducir la formacién de
hueso nuevo mediante el reclutamiento de células y su diferenciacion [27,
65].

¢ Fabricacién: capaz de ser fabricado por técnicas que permitan obtener
diferentes formas para atender todos los tipos de defectos [20, 64].

o« Comercializacién: capacidad de ser fabricado a costes aceptables para
su comercializacién [20, 64].

1.5.1 Sintesis de los andamios

La sintesis y preparacién de andamios para aplicaciones en ingenieria de
tejidos comprende un amplio niimero de técnicas y procesos como: evapora-
cién de disolvente (solvent casting), liofilizacién (freeze-drying), electrohilado
(electrospinning), saturacién con gas (gas foaming), sol-gel, esterolitografia,
impresién 3D, entre otros [64, 67]. No obstante, en el ambito de esta Tesis
Doctoral se desarrollara detalladamente tanto el proceso sol-gel, como la téc-
nica de réplica de esponja polimérica, dado que son las técnicas empleadas en
la obtencién de los andamios porosos tridimensionales multicapa.

1.5.1.1 Fundamentos del proceso Sol-Gel

El proceso sol-gel es un técnica que permite obtener materiales cerdmicos
y vitreos, a través de la formacién de una disolucién denominada “sol”, que
posteriormente condensa para formar un “gel”; a partir del cual se pueden
obtener diferentes formas o estructuras.

El término “sol” hace referencia a la dispersion en un medio fluido de par-
ticulas coloidales de tamafio menor a 1000 nm, las cuales se obtienen a partir
de un precursor inorganico o alcéxido [68-70]. Por su parte, el término “gel” se
refiere a una red tridimensional porosa, formada por la unién de las particulas
coloidales, que atrapa en su interior una fase liquida [71]. Este gel puede ser
manipulado de diferentes formas para evaporar o extraer el disolvente, hasta
obtener aerogeles, xerogeles, ceramicas densas, fibras, recubrimientos, entre
otros [72].

Esta técnica requiere de costes moderados debido a los reactivos utilizados,
no siendo un factor limitante frente a la posibilidad de obtener materiales
solidos homogéneos y de gran pureza, con diferentes formas y a temperaturas
relativamente bajas [69, 70, 73].
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El proceso sol-gel conlleva una serie de etapas desde la mezcla de los reac-
tivos hasta la obtenciéon del producto final. Estas etapas seran descritas a
continuacién:

a) Hidroélisis y Condensacion

El proceso se inicia con la mezcla del precursor liquido con agua, disolvente
y catalizador, dando lugar a las reacciones de hidrolisis y condensacién. Los
precursores alcoxidos son los mas populares debido a su elevada reactividad
con componentes nucleofilicos [69, 74]. Poseen la forma M(OR),,, donde M
es el elemento metélico o catiéon con valencia n, O es oxigeno y R un radical
alquilo [70, 74]. Este precursor al mezclarse con agua se hidroliza formando
grupos M-OH, que posteriormente condensan dando como resultado los
enlaces M-O-M [69, 70]. Ambas reacciones pueden ocurrir en presencia de
un catalizador acido (Figura 1.3) o bésico (Figura 1.4) [68, 71, 75].

Las reacciones en medio acido ocurren por la protonacion del oxigeno del
alcoxido como se muestra en la Figura 1.3. Esto genera cambios en la den-
sidad de cargas, convirtiendo al &tomo central del alcoxido en un electréfilo
facilmente atacable por agua durante la hidrélisis o por otros grupos hi-
drolizados durante la condensacién [71].

Figura 1.3: Reaccion de hidrdlisis (1) y condensacion (2) en medio dcido [68,
71, 75].

Por su parte, las reacciones en medio béasico ocurren por ataque nucleofilico
al nicleo del precursor como se muestra en la Figura 1.4. Esto genera
inestabilidad de cargas que termina con la ruptura del grupo alcoxi en el
precursor [72].

En ambas Figuras se muestra que la reaccién de hidrélisis ocurre solo en
un grupo alquilo, no obstante, dependiendo de la cantidad de agua y cata-
lizador, la hidrélisis puede ocurrir de forma completa en todos los grupos
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Figura 1.4: Reaccion de hidrdlisis (1) y condensacién (2) en medio bdsico
[68, 11, 75].

alquilo del precursor [74]. Igualmente, la reaccién de condensacién se mues-
tra entre dos moléculas parcialmente hidrolizadas (condensacién con salida
de agua) pero también puede ocurrir entre una molécula hidrolizada y otra
no hidrolizada (condensacién con salida de un alcohol).

Los procesos de hidrdlisis y condensacién ocurren de forma simultéanea,
donde la velocidad de reaccién depende de diferentes variables como: tipo
de precursor, pH, tipo de disolvente, relacién entre los grupos alcoxi y agua,
presencia de electrolitos y temperatura [71, 76].

El precursor, segtin el tipo y longitud de sus ramificaciones, puede ocasionar
una disminucion en la velocidad de hidrolisis, debido a los efectos estéricos.
La relacién entre los grupos alcoxi y las moléculas de agua (R), también
es un factor determinante [71]. A mayor cantidad de agua (menor R), los
procesos de hidrélisis y condensacién se aceleran, influenciando directa-
mente las propiedades finales de los geles [71]. En relacién al catalizador,
a pH éacidos, la hidrélisis ocurre a una velocidad mayor que la condensa-
cién, produciendo geles poco entrecruzados. Por el contrario, a pH basico,
la velocidad de condensacién es mayor que la hidrolisis, produciendo geles
altamente entrecruzado [75].

Por su parte, los disolventes, son especies necesarias para lograr la perfec-
ta homogenizacién de los reactivos. Pueden utilizarse disolventes polares
como el agua, alcoholes y formamida, o, disolventes no polares como tetra-
hidrofurano y dioxano [71].

En cuanto a los electrolitos o iones, estos pueden modificar la doble capa
eléctrica entre las particulas, afectando la interaccién entre ellas. Particu-
larmente, disminuyen las fuerzas de repulsién y, por tanto, influyen en el
proceso de gelificacién. Muchos de los iones son contraiones del disolvente



o del catalizador, convirtiéndolos en variables que se deben cuidar para
alcanzar la reproducibilidad del material [71].

Sin embargo, los iones pueden ser incorporados intencionalmente para la
obtencién de geles con iones dopantes que interrumpen los enlaces M-O-M,
formando enlaces i6nicos con los oxigenos de dos moléculas parcialmente
hidrolizadas. Ademas de iones introducidos en la red, pueden formarse
redes con dos elementos metalicos o cationes al mezclar dos precursores
diferentes [70].

Gelificacién.

En la etapa de gelificacién las particulas del sol comienzan a condensar,
formando aglomerados que continuamente aumentan de tamafo hasta for-
mar una red tridimensional que retiene en su interior al disolvente [76].
Estas particulas condensan debido a las fuerzas de atraccién de Van der
Waals [69].

Maduracién.

En la etapa de maduraciéon contintian las reacciones quimicas en el gel,
como policondensacion, sinéresis, engrosamiento y transformacién de fases
[75]. Estas reacciones provocan cambios en las propiedades del gel, prin-
cipalmente una disminucion de la porosidad, aumento del grosor entre las
particulas y aumento de la resistencia [76].

Secado.

En la etapa de secado se elimina el liquido remanente en los poros del
gel [76]. Es un proceso que debe realizarse de forma controlada ya que
implica la contraccién del gel. El secado se lleva a cabo por evaporacion
del disolvente o secado supercritico. Dependiendo del tipo de secado se
obtienen estructuras diferentes como aerogeles, xerogeles, entre otros [75].

Sinterizado.

La sinterizacion es la ultima etapa del proceso dependiendo del propésito
final del gel. En esta etapa se produce principalmente la densificacion del
material, ocurriendo cambios quimicos en la superficie, reorganizacién o
eliminacién de poros y cristalizacion [75, 76].

1.5.1.2 Fundamentos de la técnica de réplica de esponja polimérica

La técnica de réplica de esponja polimérica consiste en la utilizacién de

una esponja, generalmente de poliuretano, que sirve como plantilla de sacrificio
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para la obtencién de materiales porosos de diferentes formas y tamanos. El
método se inicia con la obtencién de una barbotina o una disolucién con
la composicién quimica deseada. La plantilla se impregna con esta disolucién
varias veces hasta cubrir por completo el material de la esponja. Finalmente se
somete a un proceso de secado y posterior calentamiento o sinterizado, donde
se elimina el material polimérico, obteniendo una pieza con la composicién
deseada y la forma de la plantilla [77-79].

Esta técnica comienza a ser utilizada alrededor del afio 2000 para la ob-
tenciéon de materiales porosos en aplicaciones 6seas. Tian et al. y Ramay et
al. obtuvieron andamios porosos de HA utilizando esta técnica [79, 80]. Chen
et al. por su parte, obtuvieron andamios porosos, resistentes y biodegradables
de vitroceramicas basados en la formulacion del biovidrio 45S5 [77]. Posterior-
mente, a lo largo de los anos, han surgido nuevas composiciones quimicas que
han permitido obtener distintos andamios porosos. También han surgido va-
riaciones en la técnica para obtener estructuras més resistentes con porosidad
controlada [78, 81].
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Capitulo 2

Objetivos

En esta Tesis Doctoral se parte de la hipotesis de que andamios ceramicos
multicapa formado por diferentes composiciones ceramicas, son una excelente
alternativa para unificar en una estructura la mayor cantidad de requerimien-
tos necesarios para un injerto 6seo. Para demostrar esta hipotesis se establecié
como ruta de sintesis la combinacion de los métodos de réplica de esponja po-
limérica y el proceso sol-gel. En base a la hipétesis descrita se plantearon los
siguientes objetivos.

El objetivo general de esta Tesis Doctoral es sintetizar y caracterizar
nuevos andamios porosos tridimensionales multicapa, basados en un nicleo
con composicién perteneciente al sistema SiO9-CaO-P2O5-LiOs, y recubri-
mientos externos con composicién dentro del sistema SiO9-CaO-P50s5, dopado
con iones de zinc, estroncio, hierro y magnesio.

Para alcanzar el objetivo general se plantean los siguientes objetivo es-
pecificos:

1. Obtener mediante el proceso sol-gel, combinado con la réplica de esponja
polimérica el nicleo del andamio multicapa, con composicion dentro del
sistema SiO9-Ca0-P505-Li0Os.

2. Modificar el comportamiento del ntcleo del andamio mediante recubri-
mientos con capas de composicién pertenecientes al sistema SiO9-CaO-
P205.
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. Desarrollar estructuras multicapa con capacidad de liberar iones zinc,

estroncio, hierro y magnesio en diferentes concentraciones.

Caracterizar mineraldgica, quimica y fisicamente los andamios multica-
pa.

. Evaluar la bioactividad in wvitro de los andamios multicapa mediante

inmersién en SBF segtn la norma ISO/FDIS 23317.

. Evaluar la influencia de las variables del procesado en las propiedades

mineralégicas, fisico-quimicas y bioactividad in wvitro del nicleo del an-
damio.

Evaluar la influencia de las fases cristalinas del nticleo en la bioactivi-
dad in vitro de andamios multicapa dopados con magnesio en diferentes
concentraciones.

. Obtener mediante el proceso sol-gel y réplica de esponja polimérica an-

damios multicapa con dopaje simultaneo, respecto a los moles de calcio
de las capas externas, con estroncio (3%), hierro (3%) y magnesio (3%)
en dos configuraciones diferentes. Los tres iones en la misma capa ex-
terna (Configuracién 1) y los tres iones en capas externas separadas
(Configuracién 2).

. Evaluar la influencia de la disposicién de los tres iones dopantes (Confi-

guracion 1y 2) en la bioactividad in vitro del andamio multicapa.

Evaluar la biocompatibilidad in wvitro del ntcleo y los andamios multi-
capa con los tres iones dopantes (Configuracién 1y 2) mediante ensayos
de viabilidad, citotoxicidad, adhesién y proliferaciéon de células de osteo-
sarcoma MG-63.



Capitulo 3

Materiales y Métodos

En la presente Tesis Doctoral se desarrollaron diferentes andamios mul-
ticapa dopados con iones en varias concentraciones. En este capitulo se de-
tallardn las formulaciones quimicas empleadas para la conformacién de cada
andamio multicapa, describiendo posteriormente las técnicas de caracteriza-
cién mineraldgicas, fisica y quimica, asi como la evaluacién de la bioactividad
y biocompatibilidad in wvitro.

3.1 Formulaciones quimicas de los andamios multi-
capa

Las formulaciones quimicas utilizadas a lo largo de esta Tesis Doctoral se
presentan en la Tabla 3.1. Estas formulaciones corresponden al nicleo del an-
damio, el recubrimiento externo original y las modificaciones debido al dopaje
i6nico, que dié lugar a la obtencién de diferentes tipos de andamios multicapa.

3.2 Preparacion de los andamios multicapa

Los andamios fueron preparados empleando las técnicas de sol-gel y réplica
de esponja polimérica de acuerdo con los siguientes pasos:

1. Preparacion de la disolucién sol-gel con la composicién deseada.

2. Inmersion de la esponja polimérica en la disolucién.
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Tabla 3.1: Formulaciones quimicas de los

andamios multicapa (% molar).

SiOQ P205 CaO Li02 I\/IIOyU‘
Andamios sin nicleo Andamio 1% Zn** 29 3 67.3 0.7
dopados con zinc Andamio 30% Zn?*t 52.3 ) 14
Andamio multicapa Niicleo L 2 o8 6 )
Recubrimiento (R) 29 3 68 - -
Andamio multicapa Nicleo 1 25 68 6 -
dopado con zinc R con 1% Zn?t b 29 3 67.3 - 0.7
Nicleo 1 25 68 6 -
R con 1% Sr?* 67.3 0.7
Andamios multicapa R con 3% Sr?* 66 2
dopados con estroncio R con 10% Sr?* 29 3 61 - 7
R con 25% Sr?* 51 17
R con 50% Sr?+ 34 34
Andamios multicapa Niicleo . ! 2 o8 6 .
dopados con hierro R con 1% Fe?* 29 3 67.3 - 03
R con 3% Fe?t 66 1
Ntcleo 1 25 68 6 -
Andamios multicapa R con 1% Mg?* 67.3 0.7
dopados con magnesio R con 3% Mg?* 29 3 66 - 2
R con 10% Mg2+ 61 7
Ntcleo 1 25 68 6 -
Andamios multicapa R con 9% (Fe*+Sr2++Mg?+)e 63 2-2-1
dopados con hierro, R con 3% Fe?t @ 99 3 67 1
estroncio y magnesio R con 3% Sr?t ¢ 66 - 2
R con 3% Mgt ¢ 66 2

* M, 0, 6xido del dopante (M = Zn, Sr, Fe o Mg), ® Porcentaje del ion dopante respecto a los
moles de calcio del recubrimiento, © Andamio formado por el ntcleo y un solo recubrimiento
dopado con Fe**t, Sr?* y Mg®T (Configuracién 1 - 3J) ¢ Andamio formado por el niicleo y

tres recubrimientos dopados con Fe*T, Sr*T y Mg®T (Configuracién 2 - 35).

3. Centrifugacion de la esponja para eliminar el exceso de liquido en los

poros.

4. Secado en la estufa.

5. Sinterizado de las muestras: 55 horas hasta 950 °C, 8 horas a 950 °C y
enfriamiento hasta temperatura ambiente.

Los pasos 2-4 se repiten dependiendo de la viscosidad de la disoluciéon hasta
cubrir por completo la estructura de la esponja polimérica.

Una vez obtenido el andamio que corresponde al niucleo, se procede a
la obtencién de los andamios multicapa. Para ello se repite el procedimiento
descrito anteriormente pero ahora utilizando el niicleo previamente sinterizado
en vez de la esponja de poliuretano. El proceso de sinterizado de las capas
externas se realiza a 950 °C durante 3 horas.
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Los reactivos utilizados para la preparacién del sol-gel del nicleo fueron
TEOS (98% - Sigma Aldrich) como fuente de silicio, TEP (> 99.8% - Sig-
ma Aldrich) como fuente de fésforo, carbonato de calcio (CaCO3 > 99.8%-
Sigma Aldrich) y carbonato de litio (LioCO3 99% - Sigma Aldrich). Los io-
nes dopantes se afiadieron a través de carbonato de zinc (ZnCOs - Sigma
Aldrich), carbonato de estroncio (SrCOs 99% - Alfa Aesar), carbonato de
magnesio (MgCOs - Acros organics) y sulfato de hierro (II) heptahidratado
(FeSO4.7TH20 - Merck).

Los primeros andamios desarrollados en esta Tesis Doctoral fueron el ni-
cleo y andamios basados en la formulacion del recubrimiento externo dopados
al 1% y 30% de zinc. Posteriormente se prepararon los andamios multicapa,
constituidos por el niicleo y recubrimiento externo dopado al 1% de zinc, como
se muestra en la Tabla 3.1. Estos andamios se obtuvieron utilizando esponjas
de poliuretano con 20 poros por pulgada (ppi 20) y de forma cilindrica, con
10 mm de didmetro y 5 mm de alto. La preparaciéon de estos andamios se
describe en la seccién "2.1. Materials preparation" del Articulo 1.

Los siguientes andamios multicapa fueron los dopados entre 1% y 50% con
estroncio, como se muestra en la Tabla 3.1. A partir de estos andamios se
utilizaron esponjas de poliuretano ppi 20 de forma cilindrica, con 12.7 mm de
didmetro y 10 mm de alto. La preparaciéon de estos andamios se describe en
la seccién "2.1. Materials preparation" del Articulo 2.

Seguidamente, se prepararon los andamios multicapa dopados al 1% y 3%
de hierro, como se muestra en la Tabla 3.1. La preparacion de estos andamios
se describe en la seccién "2.1. Preparation of the scaffolds" del Articulo 3.

Los andamios multicapa dopados con zinc, estroncio e hierro fueron obteni-
dos utilizando un nicleo cuya disolucién sol-gel se calenté a 100 °C durante 30
minutos. Posteriormente, se varié el tiempo de calentamiento de la disolucién
a 15 minutos y 1 hora.

Los niicleos preparados con la disolucién calentada durante 15 minutos y 1
hora, se utilizaron para preparar los andamios multicapa dopados al 1%, 3% y
10% de magnesio. La preparacién de estos andamios se describe en la seccién
" Experimental part" del Articulo 4 y seccién "2. Materials and methods" del
Articulo 5.

Por 1ltimo, se prepararon los andamios multicapa dopados con hierro,
estroncio y magnesio en las configuraciones 1 y 2, como se muestra en la
Tabla 3.1. La preparacion de estos andamios se describe en la seccion "Scaffolds
preparation’ del Articulo 6.
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3.3 Caracterizacion de los andamios

Los andamios fueron caracterizados mineralégica, quimica y fisicamen-
te a través de diferentes técnicas. La caracterizacién de la macroestructura
de los andamios se realizé mediante un microscopio éptico, mientras que la
microestructura fue evaluada utilizando la técnica SEM-EDX. La caracteri-
zacién mineraldgica se realizé6 mediante XRD, analizando los difractogramas
mediante el sotfware Math! 3 y las bases de datos: JCPDS, COD y ICSD. La
composicién quimica se estudio a través de espectroscopia Raman y FTIR. La
porosidad de los andamios se estudio a través de diferentes técnicas de acuerdo
con el tamafio del poro. Los macroporos se evaluaron mediante picnometria
con agua segun el principio de Arquimedes; los microporos a través de la técni-
ca de porosimetria de mercurio y los mesoporos a través la adsorcién-desorcién
de nitrégeno seguido del método BET y cédlculos BJH. Por tltimo, se estudi
la resistencia mecanica de los andamios mediante la técnica de compresiéon
simple.

Las condiciones de ensayo para cada una de las técnicas mencionadas, se
detallan en la seccion "2.2. Materials characterization" del Articulo 1 para
los andamios dopados con zinc, en la seccién "2.2. Material characterization'
del Articulo 2 para los andamios dopados con estroncio, en la seccién "2.2.
Characterization of the scaffolds" del Articulo 3 para los andamios dopados con
hierro, en la seccién " Experimental part" del Articulo 4 y seccién "2. Materials
and methods" del Articulo 5 para los andamios dopados con magnesio y por
ultimo, la seccion "Scaffold characterization" del Articulo 6 para los andamios
dopados con hierro, estroncio y magnesio.

3.4 Bioactividad in wvitro de los andamios

La bioactividad in wvitro se estudi6 en base a la capacidad de los andamios
para precipitar apatito en su superficie al estar en contacto con SBF. La
formacion de apatito en la superficie de los materiales ayuda a predecir la
capacidad de unirse con el tejido éseo huésped [82].

Los ensayos se realizaron de acuerdo con la norma ISO/FDIS 23317:2017.
Los andamios se sumergieron en el SBF durante diferentes intervalos de tiem-
po. Al finalizar, la superficie de los andamios se evalué mediante SEM-EDX.
Alicuotas del SBF resultante se analizaron mediante ICP-OES, para estudiar
las variaciones i6nicas entre las cerdmicas y el SBF.

Los detalles de los ensayos se describen en la seccion "2.2.4. In vitro beha-
viour in bioactivity terms" del Articulo 1 para los andamios dopados con zinc,
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en la seccion "2.3. In vitro bioactivity evaluation" del Articulo 2 para los anda-
mios dopados con estroncio, en la seccién "2.2.3. In vitro bioactivity evaluation
of the scaffolds" del Articulo 3 para los andamios dopados con hierro, en la sec-
cién " FExperimental part" del Articulo 4 y seccién "2. Materials and methods"
del Articulo 5 para los andamios dopados con magnesio y por ltimo, la sec-
cién "In vitro bioactivity evaluation" del Articulo 6 para los andamios dopados
con hierro, estroncio y magnesio.

3.5 Biocompatibilidad in vitro de los andamios

Los ensayos de biocompatibilidad se realizaron al nicleo y a las estructuras
multicapa dopadas con hierro, estroncio y magnesio con las configuraciones 1
y 2.

Estos ensayos se realizaron de forma directa e indirecta, utilizando la linea

celular de osteosarcoma MG-63. Los detalles sobre el cultivo, crecimiento y
siembra de las células se describen en la seccién "Cell culture" del Articulo 6.

El ensayo indirecto consistié en el cultivo de las células con medio de
cultivo celular previamente en contacto con el andamio particulado, en con-
centraciones de 10 mg/ml y 100 mg/ml durante 24 y 96 horas. Se evalu6 el
pH vy la liberacién de los iones en los medios de cultivo celular en contacto
con el material, mediante ICP-OES. Después de 1 y 3 dias de cultivo de las
células con los distintos medios, se evalué la viabilidad celular mediante el
ensayo WST-8 y la citotoxicidad mediante el andlisis de la enzima LDH. Los
detalles de estos ensayos se describen en la seccién "Indirect cell culture' del
Articulo 6.

Por su parte, el ensayo directo consistio en la siembra directa de las células
en la superficie de los andamios. Las muestras se incubaron durante 1, 3, 7,
14 y 21 dias. Después de cada periodo se evalud la viabilidad celular mediante
el ensayo WST-8. La citotoxicidad se evalué mediante el ensayo LDH después
de 7, 14 y 21 dias. Por ultimo, se evalu6 la morfologia de las células de forma
visual mediante el microscopio de fluorescencia y SEM. Los detalles de estos
ensayos se describen en la seccién "Direct cell culture" del Articulo 6.
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Capitulo 4

Resultados

En este capitulo se realizard una descripcién global de los resultados ob-
tenidos en el desarrollo de la presente Tesis Doctoral. Para ello, los resultados
se presentan siguiendo el progreso de los andamios multicapa.

4.1 Andamios dopados con zinc

Este estudio comienza con la obtencién del niicleo y la evaluacién de varios
andamios para seleccionar la composiciéon adecuada para los recubrimientos
externos.

Estos primeros resultados se presentan en el Articulo 1, que se inicia
con la caracterizacién del nicleo (llamado 3D-CaLi) como se evidencia en
la Figura 1 (pag. 77). Dicha caracterizacién muestra que la microestructura
del nucleo es homogénea y estd formada por granos hexagonales, los cuales,
estan constituidos principalmente por las fases CPP y TCP. Adicionalmente,
en relacion a las propiedades fisicas, esta estructura presentd una resistencia
a la compresion de 1.0-1.7 MPa y 74% de porosidad.

Seguidamente, se desarrollaron nuevos andamios para determinar las for-
mulaciones quimicas adecuadas para el recubrimiento externo del nicleo. Estas
nuevas formulaciones presentan mayor porcentaje de silicio y menor porcen-
taje de foésforo respecto al nucleo (andamio 3D-Ca). Adicionalmente, estas
formulaciones fueron dopadas con iones de zinc al 1% y 30% respecto a los
moles totales de calcio (andamios 3D-Ca 1%-Zn y 3D-Ca 30%Zn). Finalmente,
se obtuvieron los andamios con la macro- y microestructura mostrada en la
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Figura 2 (pdg. 78), en las cuales se pueden observar los poros interconectados,
adquiridos de la esponja de poliuretano.

Los andamios 3D-Ca, 3D-Ca 1%-Zn y 3D-Ca 30%Zn, presentaron las fa-
ses cristalinas identificadas en los difractogramas de la Figura 3 (pag. 78).
En particular, los andamios 3D-Ca y 3D-Ca 1%-Zn estaban constituidos por
una fase de silicato de calcio amorfo junto con otras fases identificadas co-
mo cristobalita (SiOgy - tetragonal) y tridimita (SiOz - triclinico), mientras
que en el andamio 3D-Ca 30%Zn se identificaron las fases de hardystonita
(Ca2ZnSizOr), cuarzo (SiO; - trigonal) y wollastonita-2M (CaSiOg).

Posteriormente, se evalud la bioactividad in vitro de estos andamios como
se observa en la Figura 4 (pag. 79). En estas imédgenes se evidencia que el
andamio 3D-Ca desde el primer dia present6 precipitados esféricos en su su-
perficie, los cuales fueron aumentando hasta los 7 dias de inmersiéon en SBF.
Estos precipitados esféricos presentaron una morfologia tipo varillas (rod-like
shape), con relacién Ca/P cercana al carbohidroxiapatito. Por su parte, en el
andamio 3D-Ca 1%-Zn los precipitados formaron una capa continua tan solo
1 dia después de la inmersién en SBF. La morfologia de estos precipitados
fue tipo hoja (blade-like shape), con una relaciéon Ca/P después de 7 dias si-
milar al HA. Por el contrario, el andamio 3D-Ca 30%Zn no presenté ningin
precipitado en su superficie en los tiempos evaluados.

Una vez conocida la bioactividad de estos andamios, se decidié recubrir el
ntcleo con capas de la composicion 3D-Ca 1%-Zn, debido al aumento de la
bioactividad observada anteriormente. Una vez obtenido este nuevo andamio
multicapa (3D-CaLiZn), se realizé la caracterizacién microestructural como se
muestra en la Figura 5 (pdg. 80). En estas imagenes, se observan fragmentos
del recubrimiento sobre la microestructura del nicleo previamente caracteri-
zado. En el andlisis de las fases cristalinas de este andamio presentado en la
Figura 6 (pag. 80), se determiné que la fase predominante es la fase de TCP,
seguido por las fases de tridimita y silicato de calcio con zinc.

Por tltimo, se realizé la evaluacion de la bioactividad in wvitro del ntcleo
y del andamio multicapa como se muestra en la Figura 7 (pdg. 81). Este
estudio concluyé que el ntcleo del andamio no presenta bioactividad durante
el tiempo de estudio, mientras que el andamio 3D-CaLiZn después de 1 dia de
inmersion empezd a presentar precipitados. Después de 14 dias, se observd que
el precipitado cubria la totalidad de la superficie del andamio y, un estudio
mas detallado, revel6 que alguno de estos presentaban una morfologia de esfera
hueca como se observa en la Figura 7-j (pag. 81).
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4.2 Andamios dopados con estroncio

En el Articulo 2 se desarrollaron nuevos andamios multicapa, basados en
la misma composicién quimica del niicleo anterior (Articulo 1) y con recu-
brimientos externos dopados con iones de estroncio. Se utilizaron diferentes
concentraciones de dopante para determinar su influencia en la bioactividad
i vitro.

La Figura 1 (pag. 87) de este articulo, muestra la macroestructura de los
nuevos andamios, donde es posible observar sus dimensiones y poros interco-
nectados. Seguidamente, en la Figura 2 (pag. 88) se observa la microestructura
del ntcleo y de los andamios recubiertos y dopados. En el caso del nicleo, se
evidencia que éste presenta granos hexagonales, con una relacién Ca/P que
varia desde el borde hasta el centro entre 1.2-1.3, asi como también pequefios
cristales con relaciéon Ca/P de 1.6 y bastones con relacién Ca/P de 1.2. Por
su parte, en la superficie de los andamios con los recubrimientos, se observa
una nueva capa sobre los granos hexagonales. A medida que aumenta el por-
centaje de dopante, se forman particulas distribuidas por toda la superficie. A
su vez, el andlisis por EDX indica, la presencia de silicio y estroncio en estas
particulas superficiales.

El analisis por XRD, cuyos difractogramas se muestran en la Figura 3
(pag. 89), confirman nuevamente que el nicleo esté constituido principalmente
por las fases de CPP y TCP, ademas de las fases de fosfato calcico con litio
(LiCa(PO4) y Cag.95Li1 05(PO4)7), cristobalita y cloroapatito (Cas(PO4)3Cl).
En cambio, en los andamios con los recubrimientos, aparecen nuevas fases
como SraSi04 y [(Cay.655r0.35)(Si04)], cambiando la intensidad de los picos
de las fases del niicleo, observandose una disminucién de los picos de la fase

CPP.

Adicionalmente, en la Figura 4 (pag. 89) se muestran los espectros obte-
nidos mediante FTIR, en los cuales se identificaron las bandas de los grupos
Si-O-Si, PO4*~ y P2O7%~ para el caso del niicleo. Por su parte, en los anda-
mios con los recubrimientos sin y con estroncio, se evidencié una disminucién
de las bandas correspondientes al grupo PoO7%~ y aparicién de las bandas
del grupo Si-O-2NBO, que corresponde a las vibraciones de grupos Si-O con
dos oxigenos del tetraedro SiO4, no unidos debido a la presencia de elementos
alcalinotérreos como calcio y estroncio.

En relacién a la porosidad de los andamios, en la Figura 5 (pag. 90) se
muestran las curvas obtenidas mediante la técnica de porosimetria de mercu-
rio. En ellas se observa que el niicleo presenta una distribuciéon de tamano de
poro bimodal, con la mayoria de los poros alrededor de las 80 pm. En general,
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el nicleo presenté una microporosidad (< 300 pum) del 41.9% y macroporosi-
dad (> 300 um) del 71.9%, obtenida mediante el principio de Arquimedes. Por
su parte, el andamio recubierto y sin dopaje (andamio C/EL-0Sr), presenté
una distribucién de tamano de poros més amplia (entre 108 y 0.5 pm), con
una microporosidad del 52.5% y una macroporosidad del 64.2%. Mientras que
el andamio recubierto y dopado con estroncio al 50% (C/EL-50Sr, muestra
representativa de los andamios dopados), presenté una distribucién amplia de
poros entre 189 y 3.8 um, con una microporosidad del 40.8% y macroporosidad
del 69.4%.

Para completar la caracterizacién fisica de los andamios, se estudio la
resistencia a la compresion, obteniendo una resistencia del ntcleo de 0.9-1.6
MPa, y los nicleos con los recubrimientos una resistencia de 0.9-1.8 MPa.

Finalmente, la evaluacién de la bioatividad in wvitro mostré nuevamen-
te que el nicleo del andamio no es bioactivo y al recubrirlo con la segunda
composicién, sin dopaje, el andamio presenta bioactividad a partir de los 14
dias (Figura 6 (pag. 91)), con una relacién Ca/P de 1.67. Posteriormente, al
dopar la muestra con estroncio al 1%, la bioactividad aumenta, apareciendo
precipitados de apatita tan solo a 3 dias, y una relacion Ca/P de 1.66. Sin
embargo, al aumentar el porcentaje de dopaje en més del 25%, la bioactividad
desaparece. Con excepcién del andamio dopado al 50% de estroncio, el cual
después de 7 dias presenté un precipitado en su superficie que podria corres-
ponder a un apatito, debido a la relacion (Ca+Sr)/P de 1.7, pero al disolverse
posteriormente, se pierde el caracter bioactivo del andamio.

4.3 Andamios dopados con hierro

Los andamios multicapa desarrollados anteriormente con estroncio
(Articulo 2), permitieron determinar la cantidad de dopaje idénea para au-
mentar la bioactividad in vitro. Es por ello, que partiendo de esta informacién,
en el Articulo 3 se desarrollaron nuevos andamios multicapa, pero esta vez
dopados con hierro, en las concentraciones de 1% y 3%.

En la Figura 1 (pdg. 99) de este articulo, se presentan las microestructuras
observadas mediante SEM. En estas imagenes se advierten las capas agrietadas
del recubrimiento externo de los andamios dopados al 1% (andamio C/EL-1Fe)
y 3% (andamio C/EL-3Fe) sobre la microestructura caracteristica del nicleo.

Seguidamente, en la Figura 2 (pag. 99) se muestran los difractogramas
obtenidos por XRD, donde se identificé que los niicleos recubiertos y dopados
con hierro presentaron una nueva fase de fosfato célcico dopado con hierro
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(Cag.93Fe1 167(POy4)7). Adicionalmente, se observé un aumento de los picos
correspondientes a la fase de cristobalita, y disminucién de los picos de la fase
de CPP presente en el nicleo.

En relacion a las propiedades fisicas de los andamios, se estudiaron distin-
tos tipos de porosidad: mesoporos (entre 2-50 nm), microporos (< 300 pym) y
macroporos (> 300 um). El resultado del estudio de los mesoporos se observa
en la Figura 3 (pag. 100), donde se presentan las isotermas obtenidas median-
te adsorcién y desorcion de nitrégeno. En este caso, tanto el ntcleo como los
andamios C/EL-1Fe y C/EL-3Fe, presentaron una distribucién de mesoporos
entre 3 nm y 10 nm, siendo la mayoria de los mesoporos alrededor de 3 nm
aproximadamente.

En segundo lugar, se realizo el estudio de los microporos, mediante la téc-
nica de porosimetria de mercurio, cuyo resultado se muestra en la Figura 4
(pag. 100). Segun estas curvas, el nicleo del andamio presenté poros entre
123 pm y 10 pm, con una microporosidad total del 30.6%, mientras que los
andamios C/EL-1Fe y C/EL-3Fe, entre 150 ym y 0.5 pum, con una microporo-
sidad del 51.3% y 54.1%, respectivamente. Por tltimo, a través del principio de
Arquimedes se determiné la macroporosidad, en este caso, el nicleo presentd
un 77.6%, mientras que los andamios C/EL-1Fe y C/EL-3Fe presentaron una
macroporosidad del 57.4% y 51.9%, respectivamente.

En cuanto a la resistencia a la compresion de estos andamios, se obtuvo
para el nicleo una resistencia de 0.9-1.6 MPa, para el andamio C/EL-1Fe
0.4-1.2 MPa y para el andamio C/EL-3Fe 1-1.5 MPa.

Finalmente, se realiz6 la evaluacién de la bioactividad in vitro. Los resulta-
dos del nicleo se muestran en la Figura 5 (pag. 101), en la cual se observa que
este fue no bioactivo entre 3 y 28 dias. Por su parte, el andamio C/EL-1Fe cuya
evaluacién de bioactividad se presenta en la Figura 6 (pag. 102), mostré que
durante las primeras horas del ensayo (6 y 9 horas), el recubrimiento se disuel-
ve hasta revelar la microestructura del nicleo. No obstante, después de 1 dia
se observd la formacion de los primeros precipitados, los cuales continuaron
creciendo hasta los 13 dias. Estos precipitados presentaron una morfologia
globular caracteristica del apatito, con una relacion Ca/P de 1.35-1.71. Sin
embargo, después de los 18 dias gran parte de los precipitados se disolvieron,
revelando nuevamente la microestructura del nicleo. Este comportamiento de
precipitacién y disolucion se repitié nuevamente, ya que a los 23 dias se formé
una nueva capa de precipitado y a los 28 dias se disolvié.

Por el contrario, el andamio C/EL-3Fe present6 un comportamiento dis-
tinto, como se evidencia en la Figura 7 (pag. 103). Si bien hasta el tercer
dia el comportamiento fue similar al anterior, después de 8 dias se formaron

35



precipitados en la superficie, los cuales se mantuvieron hasta los 28 dias del
ensayo, presentando una relaciéon Ca/P de 1.25-1.75.

Por ultimo, en la Figura 8 (pag. 103) se muestran las curvas de la con-
centracion ioénica en el SBF durante el tiempo de contacto con los diferentes
andamios. Para el caso del nicleo, de forma general, ocurrié una ligera dis-
minucién de calcio en el medio, demostrando la adsorciéon de este ion en la
superficie del material. Por el contrario, la concentraciéon de fésforo aumentéd
en el SBF debido a la liberacién de este ion del material, mientras que la con-
centracion de silicio no varié con el tiempo, permaneciendo aproximadamente
cercana a cero.

En cuanto al intercambio iénico de los andamios C/EL-1Fe y C/EL-3Fe,
en general, ambos presentaron una disminucion de la concentracion de calcio
en el SBF. Por su parte, las concentraciones de fosforo y silicio presentaron
un comportamiento opuesto entre ellos. Es decir, una liberacién de fosforo
acompanado de adsorcién de silicio y viceversa. Adicionalmente, comparan-
do el estudio realizado por SEM, se observd que los precipitados de apatito
aparecen cuando ocurre una liberacién de silicio y, en consecuencia, adsorcién
de fésforo. Es por ello que el andamio C/EL-1Fe, al presentar precipitacién
y disolucién de apatito, en las curvas de concentracién idnica se evidencio
un comportamiento oscilatorio entre el fésforo y el silicio. Por el contrario, el
andamio C/EL-3Fe, al mostrar precipitados estables a partir de los 8 dias, pre-
sent6 adsorcién de fésforo y liberaciéon de silicio hasta alcanzar practicamente
la estabilidad durante el resto del ensayo.

4.4 Andamios dopados con magnesio

Hasta el momento, los andamios multicapa dopados con zinc, estroncio
e hierro poseen un nicleo comin constituido principalmente por las fases de
CPP y TCP. Este nucleo de composicién inicial SiO92-68Ca0-25P505-6Li0,
(% molar), se obtuvo mediante la inmersién sucesiva (20-30 veces) de la es-
ponja de poliuretano en la disoluciéon preparada por los reactivos mencionados
anteriormente, y calentada a 100 °C durante 30 minutos.

Sin embargo, se quiso estudiar la influencia en las propiedades del niicleo,
de algunas variables implicadas en el proceso sol-gel. Para ello, se seleccio-
naron variables como el tiempo de calentamiento de la disolucién antes de la
inmersion de la esponja y la cantidad de recubrimientos.

En el Articulo 4 se muestra el desarrollo de los nuevos ntcleos, partien-
do de la misma composicién quimica empleada anteriormente y calentando
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la disoluciéon durante 1 hora y 15 minutos a 100 °C. La disolucién calentada
durante 1 hora fue utilizada para recubrir 10 veces la esponja de poliuretano,
obteniendo el llamado niicleo A. Mientras que la disolucién calentada duran-
te 15 minutos fue utilizada para recubrir 30 veces la esponja, obteniendo el
llamado nicleo B.

Una vez sinterizadas estas estructuras se procedié con su caracterizacion,
cuyos resultados se muestran en la Figura 2 (pag. 111) de este articulo. En
esta figura se observa que el niucleo A estd constituido principalmente por
la fase TCP, y las fases minoritarias de CPP, cristobalita y fosfatos de litio
y cloro. Asi mismo, su observé que su microestructura es una superficie lisa
donde se distinguen algunos bordes de granos hexagonales. El andlisis por
EDX confirmé la presencia de silicio y cloruros, ademés de una relacién Ca/P
en la superficie de 1.06 y 1.40.

Por el contrario, el ntcleo B estd constituido principalmente por la fase
CPP y las fases minoritarias de cristobalita y fosfato de litio. En consecuencia,
su microestructura estd formada por granos hexagonales de diferentes tama-
fios, y cuyo andlisis por EDX demostré la presencia de silicio en algunos puntos
de la superficie, con una relacion Ca/P de 0.93 y 1.09.

Adicionalmente, en la Figura 3 (pag. 112) se presentan los espectros Ra-
man de ambos ntcleos, donde se identificaron las vibraciones de los grupos
quimicos presentes en cada muestra. En el nicleo A se identificaron las ban-
das vibracionales del grupo PO43~. Mientras que en el niicleo B se identificaron
las vibraciones caracteristicas de los grupos P-O-P y POs.

Una vez conocidas las caracteristicas principales de los ntcleos, se estudi
la influencia de las fases cristalinas de ambos ntcleos en las propiedades finales
de los andamios multicapa. Para ello se desarrollaron andamios multicapa

dopados al 1%, 3% y 10% de magnesio utilizando como base ambos niicleos
(A y B).
En primer lugar, se realizé la caracterizacién de los andamios multicapa

obtenidos a partir del niicleo A, recubiertos y dopados al 1% (CoreA-1Mg),
3% (CoreA-3Mg) vy 10% (CoreA-10Mg) de magnesio.

En la Figura 4 (pdg. 113) se muestran los difractogramas obtenidos
para estos andamios (CoreA-XMg), en los cuales se evidencia la forma-
cion de una nueva fase cristalina de fosfato calcio dopado con magnesio
(Ca10.115Mgo.385(PO4)7). Asi mismo, también se observé la disminucién de
la fase de CPP y cloroapatito.

En la Figura 5 (pdg. 114) se observa la microestructura de estos andamios
estudiada por SEM. En la superficie de los andamios CoreA-1Mg y CoreA-3Mg
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se observa placas separadas del recubrimiento sobre la superficie del ntucleo,
mientras que en la superficie del andamio CoreA-10Mg se observa, en toda la
superficie, particulas del recubrimiento.

En cuanto a las propiedades fisicas de los andamios, se evalué la porosidad
mediante la técnica de porosimetria de mercurio para el nticleo A y el andamio
CoreA-10Mg, como muestra representativa (Figura 6 (pag. 114)). En las curvas
se observa que el ntcleo A presenté una microporosidad de 57.46% con poros
entre 250 pm y 1.7 pm, mientras que el andamio CoreA-10Mg present6 una
microporosidad de 65.49% y poros entre 173 pm y 0.5 pm. En relacién a la
macroporosidad y resistencia a la compresion, el nicleo A presenté un 72.50%
con 0.38-1.84 MPa y el andamio CoreA-10Mg 53.29% con 0.40-2.00 MPa.

Finalmente, se evalud la bioactividad in vitro comenzando por el niicleo A,
como se muestra en la Figura 7 (pag. 115). En estas imagenes se observa que
a partir del dia 7, se empieza a disolver la microestructura inicial revelando
una estructura con lamelas, sobre la cual empieza a precipitar apatito después
de 14 dias. Ambas microestructuras (estructura con lamelas y precipitados)
siguieron evolucionando hasta los 28 dias del ensayo.

Por su parte, los tres andamios dopados con magnesio, presentaron preci-
pitados de apatito en la superficie a los 3 dias de inmersiéon en SBF, perma-
neciendo hasta los 28 dias, como se muestra en la Figura 8 (pag. 116).

Una vez conocido las propiedades y comportamiento in wvitro de los an-
damios con el nicleo A, se procedié al estudio de los mismos andamios pero
ahora con el nicleo B. Dichos resultados se presentan en el Articulo 5.

En la Figura 1 (pdg. 124) de este articulo se observan los difractro-
gramas de los andamios dopados con 1% (3D-[Ca/P/Si]-1Mg), 3% (3D-
[Ca/P/Si]-3Mg) y 10% (3D-[Ca/P/Si]-10Mg) de magnesio. En estos anda-
mios nuevamente se identific la fase de fosfato calcico dopado con magnesio
(Ca10.115Mgo.385(PO4)7).

A continuacién, en la Figura 2 (pag. 124) se muestran los espectros obte-
nidos por FTIR del nicleo B y el andamio 3D-[Ca/P/Si]-10Mg, como muestra
representativa de todos los andamios. En estos espectros se identificaron vi-
braciones de los grupos Si-O-Si, PO43~, P,O7*~, PO, y PO.

Seguidamente, se realizé el estudio de la microestructura de los andamios
como se muestra en las imdgenes de la Figura 3 (pag. 125). En ellas se ob-
serva que el nicleo esta formado por granos hexagonales, en cuyos bordes se
logra identificar una fase vitrea de unién entre cada grano. En cambio, en
los andamios multicapa se observan las capas del recubrimiento para el anda-
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mio 3D-[Ca/P/Si]-1Mg y a medida que aumenta el porcentaje de dopante se
forman particulas de diferentes tamafios y morfologias.

Por su parte, las curvas obtenidas mediante porosimetria de mercurio se
observan en la Figura 4 (pag. 125). En este caso el nicleo B presenté poros
entre 0.1 pm y 0.004 pm, con una microporosidad total de 23.76 %. Por el
contrario, el andamio 3D-[Ca/P/Si]-10Mg presenté una distribucién de poros
entre 200 ym y 35 pm, y entre 33 ym y 4.5 pm, con una microporosidad
de 49.50 %. Por ultimo, la macroporosidad y resistencia a la compresion del
nicleo B fue 42% y 2.87 MPa, mientras que el andamio 3D-[Ca/P/Si]-10Mg
present6 34% y 3.38 MPa.

En la Figura 5 se presentan los resultados de la evaluacién de la bioacti-
vidad in vitro del nicleo (pag. 126). Estos resultados muestran que durante
el tiempo de ensayo ocurrié degradacion de la fase vitrea entre los granos he-
xagonales, lo que ocasioné el redondeamiento de los bordes. Ademés, a los 28
dias se observo precipitados de silicio en la superficie.

Por otro lado, los distintos comportamientos de los andamios 3D-
[Ca/P/Si]-XMg, se observan en la Figura 6 (pag. 127). En este caso, el andamio
3D-[Ca/P/Si]-1Mg present6 precipitados de apatito a los 3 dias, sin embargo,
se disuelven después de 7 dias y se vuelven a formar a partir de los 21 dias.

Por su parte, el andamio 3D-[Ca/P/Si]-3Mg después de 7 dias revela la
microestructura del nicleo. No obstante, a los 14 dias se forman precipitados
en la superficie, los cuales se disuelven a los 21 dias y aparecen de nuevo a los
28 dias junto con la revelaciéon de una estructura formada por lamelas.

El andamio 3D-[Ca/P/Si]-10Mg hasta los 7 dias se comporta de forma
similar al andamio 3D-[Ca/P/Si]-3Mg. Posteriormente, a los 14 y 21 dias se
forman precipitados con forma de algodén (cotton-like) y después de 28 dias
desaparecen.

Para finalizar, se realizé el estudio de la variaciéon de los iones en el SBF,
cuyas curvas se muestran en la Figura 7 (pag. 128). Para el caso del niicleo,
se observo adsorcién de calcio y liberacion de fésforo al SBF, mientras que
el comportamiento de los andamios 3D-[Ca/P/Si]-XMg fue de liberacién y
adsorcion de calcio durante el ensayo, junto con el comportamiento inverso
entre el fésforo y el silicio.
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4.5 Andamios dopados con hierro, estroncio y mag-
nesio

Una vez estudiada la interaccion de los iones por separado en los andamios
multicapa (Articulo 2, 3 y 4), se procedi6é a desarrollar nuevos andamios
multicapa con el dopaje simultdneo de los iones hierro, estroncio y magnesio.
En funcién de los resultados obtenidos anteriormente, se realizé6 un dopaje al
3% para cada ion. Adicionalmente, se estudié el efecto de la disposicién de los
iones dopantes en las propiedades de los andamios multicapa.

En este estudio, se utilizé el nicleo B y los recubrimientos externos se colo-
caron en dos configuraciones diferentes. En la primera configuracién llamada
andamio 3J, 3% de los iones de hierro, estroncio y magnesio se colocaron en
la misma capa, mientras que en la configuracién 2, llamada andamio 3S, 3%
de los iones se colocaron en capas separadas.

Los resultados de caracterizacion, evaluacién de la bioactividad y biocom-
patibilidad in vitro de estos andamios multicapa se presentaron en el Articulo
6.

En la Figura 1 (pdg. 136) de este articulo, se observan los difractogramas
del nicleo y los andamios 3J y 3S. Estos resultados confirman que el niicleo esta
formado principalmente por la fase cristalina de CPP, sin embargo, presentd
un leve desplazamiento hacia grados 26 mayores.

Por su parte, los andamios 3J y 3S mantienen los picos de la fase CPP
pero muchos mas desplazado hacia la derecha. Esto indica la sustitucién de
iones de menor tamafio en la red cristalina, como por ejemplo iones de mag-
nesio, esta hipdtesis fue confirmada al identificarse la fase de pirofosfato de
magnesio (MgoP20O7). También se formaron nuevas fases como silicatos de
calcio sustituidos por magnesio, hierro y estroncio (Cag1FepsMgi 3(SiO3)2 v
Cag.9Mgo.71Feg.25(Si03)2, Caq 65910.35(Si04)) v fases de fosfatos célcicos dopa-
dos con hierro, magnesio y litio (039.333F61.167(PO4)7, Ca10_115Mg0,385 (PO4)7,
CaLi(POy4), ademds de un aumento en los picos de la fase de cristobalita.

Por otro lado, en la Figura 2 (pdg. 136) se presentan las microestructuras
obtenidas por SEM. Nuevamente se observa en el niicleo los granos tipicos de
este material, y al recubrirlo, se observan las placas del recubrimiento. En el
caso del andamio 3J se puede observar debajo del recubrimiento la microes-
tructura del nucleo, mientras que en el andamio 3S, debajo de las placas del
recubrimiento se observa la microestructura del recubrimiento anterior.

En relacién a las propiedades fisica de los andamios, se evalu6 la porosidad
y la resistencia a la compresién cuyos resultados se muestran en la Figura 3
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(pag. 137). En estas curvas se observa que el nticleo presenté una porosidad de
65%, que va disminuyendo con la cantidad de recubrimientos y una resistencia
a la compresién de 1.00 4= 0.47 MPa que aumenta hasta 2.74 + 0.52 MPa en
el andamio 3S.

Posteriormente, se evalué la bioactividad in wvitro como se muestra en la
Figura 4 (pag. 137). En este tipo de andamios se observé que el andamio
3J presentd precipitados de apatito en la superficie después de los 21 dias,
mientras que el andamio 3S presenté los precipitados desde el dia 3.

Los resultados de la variacién i6nica en SBF se muestra en la Figura 5
(pag. 138). En general, se observé adsorcién de calcio y liberacion de fésforo,
silicio, litio y estroncio. Mientras que la concentracién de los iones de hierro
y magnesio se mantuvo igual durante el tiempo de estudio, a excepcién del
andamio 3S después de 21 dias cuando experimenté adsorcion de magnesio.

Por ltimo, se realizaron los ensayos de biocompatibilidad in vitro con cé-
lulas de osteosarcoma MG-63. En este sentido, se realizaron ensayos indirectos
en los cuales se estudié la influencia de los iones liberados por los andamios
particulados, en el comportamiento de las células. Ademads, se realizaron en-
sayos directos de las células en contacto con la superficie de los andamios.

En cuanto a los resultados, el ensayo indirecto mostré que los iones libe-
rados por el nicleo disminuyen el pH del medio, provocando posteriormente
la disminucién de la viabilidad celular, pero sin efectos citotdxicos, como se
muestra en las Figuras 6-9 (pag. 139-141). Por su parte, el andlisis de los iones
liberados en el medio de cultivo celular (Figura 7 (pag.140 )), demostré que el
niucleo presenta una fuerte liberacién de fésforo y litio y en menor proporcion
silicio.

Por el contrario, la viabilidad celular de los andamios 3J y 3S aumentd
ligeramente respecto al control (células en contacto con medio de cultivo celu-
lar original). Del andlisis de la variacién iénica destaca la liberacién de silicio,
ya que la variacion del resto de los iones no fue significativa en el tiempo de
€nsayo.

Por otro lado, en el ensayo directo, se observé que la viabilidad celular
de los andamios 3J y 3S después de 14 y 21 dias aumento significativamente
respecto al ntcleo, con un aumento porcentual de més del 100%, como se
muestra en la Figura 10 (pag. 141). Adicionalmente, el ensayo de citotoxicidad,
cuyos resultados se presentan en la Figura 11 (pag. 142), muestran que el
niicleo después de 21 dias induce la disminucién del niimero de células, que no
ocurre en el caso de los andamios 3J y 3S.

Finalmente, se evalué la morfologia de las células, a través de las imagenes
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de microscopia de fluorescencia presentadas en la Figura 12 (pdg. 142) y SEM
presentada en la Figura 13 (pag. 143). En primer lugar, en los resultados
de fluorescencia después de 3 dias, se observaron células de forma redonda,
algunas individuales y otras formando aglomerados en la superficie del nicleo.
Por el contrario, en los andamios 3J y 3S se observaron mayor cantidad de
células en la superficie, algunas de ellas expandidas. Ademas, después de 7 dias,
en el caso del ntcleo, las células continuaron aglomeradas en la superficie, pero
en los andamios 3J y 3S, se formaron nuevas colonias de células.

Por ltimo, en el estudio por SEM, se observa que después de 3 dias hay
células en la superficie del ntcleo, pero méas en la superficie de los andamios
3J y 3S. Como consecuencia, en la superficie de los andamios 3J y 3S, después
de 14 dias se formo6 una capa densa y continua de células, la cual se densifi-
¢6 mucho mas después de 21 dias. En el nicleo también se formé una capa
continua de células pero después de los 21 dias.
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Capitulo 5

Discusion

En este capitulo se realizard una discusién general de los resultados des-
critos anteriormente, resaltando las caracteristicas més importantes de los
andamios y su contribucién en el drea de ingenieria de tejido éseo.

Esta disciplina, en la actualidad, se centra cada vez mas en buscar opcio-
nes que imiten el hueso tanto estructural como funcionalmente, garantizando
la restauracion de sus funciones y mejorando la calidad de vida de las per-
sonas. Es por este motivo, que la presente Tesis Doctoral se ha basado en el
desarrollo de andamios multicapa, que surgen como una alternativa de injerto
sintético. Estos andamios pretenden cumplir con gran parte de los requeri-
mientos necesarios, para su aplicacién en regeneraciéon 6sea, evitando asi los
inconvenientes asociados a los injertos naturales. Ademés, se propone el uso
de una metodologia recientemente adaptada, que permite obtener andamios
tridimensionales, porosos multicapa, combinando la versatilidad del proceso
sol-gel v la técnica de réplica de esponja polimérica.

Partiendo de estas metodologias, el proceso de conformacién de los an-
damios multicapa, se inicié con el estudio de varias composiciones quimicas,
dentro del sistema SiO3-CaO-P205-XMO, hasta definir la composicién ade-
cuada para el nicleo y los recubrimientos externos. Posteriormente, en funcién
de las propiedades fisicas y la bioactividad in wvitro, se identificé el andamio
con la composicién Si02-68Ca0-25P205-6Li02 (% molar) como la opcién idé-
nea para el nicleo y la composicién 29Si02-68Ca0-3P205 (% molar) para los
recubrimientos externos.

En relacién al nicleo, las caracteristicas mas importantes para su selec-
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cién fueron la resistencia a la compresion y la porosidad, que destacaron en
comparacién con otros andamios ceramicos. Por ejemplo, andamios de HA
obtenidos mediante réplica de esponja polimérica, presentaron una resistencia
a la compresién entre 0.29 y 0.03 MPa, para una porosidad entre 69% y 86%
[80, 83, 84].

Adicionalmente, el nicleo presenté estabilidad quimica debido a las fases
cristalinas que lo conforman. A pesar de estar constituido por la fase TCP,
conocida por su bioactividad in vitro [85], también se identificé la fase CPP,
que inhibe la cristalizacién de apatito in vitro debido a los enlaces P-O-P del
grupo pirofosfato de su estructura [86, 87]. Este pirofosfato, se conoce por ser
un fuerte regulador de la mineralizacion en el cuerpo, que en presencia de ALP
y segun la necesidad del cuerpo, se hidroliza y da lugar a grupos fosfatos que
producen la mineralizacién del hueso [88, 89].

Finalmente, la resistencia a la compresién, porosidad y estabilidad quimica
de esta estructura, lo convirtieron en un excelente candidato para el nticleo, ya
que al no degradarse rapidamente, funciona como soporte mucho mas tiempo
para las capas del recubrimiento externo.

Por su parte, las capas externas seleccionadas, destacaron por presentar
bioactividad. Esta diferencia respecto al nicleo se debe a la alta concentracién
de silicio y la disminucién de la fase inhibidora. Principalmente, el silicio y sus
fases amorfas, benefician la bioactividad debido al intercambio i6nico con el
SBF, que genera puntos de nucleaciéon para el apatito, segin el mecanismo
propuesto por Hench [90].

Adicionalmente, la composicién quimica de los recubrimiento se modificd
incorporando iones dopantes. Inicialmente se utilizé zinc en dos concentracio-
nes (1% y 30% Zn) y se escogié la composiciéon dopada con menor cantidad
debido a la bioactividad mostrada en los tiempos iniciales (incluso mayor res-
pecto a la misma composicién sin iones dopantes). Esto demostré que los iones
introducidos en la red, aceleran la disolucién y generan mas puntos de nuclea-
cién para la precipitacién de apatito. Sin embargo, altas concentraciones de
zinc, inhibe la bioactividad al modificar los dngulos de los enlaces P-O-P y for-
mar la fase cristalina CaoZnSisO7, que presenta poca disolucién y, por tanto,
interfiere en el intercambio iénico.

Finalmente, con la estructura del nicleo y la composicion dopada con zinc
se obtuvo el primer andamio multicapa que combina la estabilidad del niicleo
y al mismo tiempo la bioactividad in wvitro. De esta manera se garantiza una
correcta integracién del andamio con el tejido huésped, pero también durabi-
lidad mientras se regenera el hueso en la zona afectada. Esto representa un
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gran avance, ya que muchos andamios de diferentes tipos de materiales, pre-
sentan un excelente comportamiento bioactivo pero se degradan rapidamente,
perdiendo efectividad para las aplicaciones de sustitucién 6sea [91]. Ademas,
estos primeros resultados, destacan de otros andamios realizados, ya que po-
cos estudios han explorado la obtencién de andamios multicapa [92, 93] v,
ninguno, utilizando esta metodologia.

Posteriormente, a partir de este primer andamio multicapa se empezaron a
desarrollar nuevos andamios utilizando otros dopantes. Por ejemplo, el dopaje
con estroncio, permitié definir las concentraciones adecuadas para modular
la bioactividad. Con esto se logré demostrar que el andamio multicapa sin
dopaje presenta bioactividad a los 14 dias, mientras que al dopar al 1%, 3% y
10% la bioactividad aparece después de 3 y 7 dias. Sin embargo, un dopaje al
25% y 50% disminuyen el comportamiento bioactivo.

Estas variaciones en la bioactividad se atribuyeron a la distorsién en la
red cristalina que se genera al sustituir iones de calcio por iones de estroncio
con radio i6nico mayor [94, 95]. Como consecuencia, esta distorsiéon provoca
la inestabilidad que permite el intercambio i6nico con el SBF y desencadena
la nucleacién de apatito [95, 96]. Sin embargo, al aumentar la concentracién
de dopante, ocurre igual que con los iones de zinc, se forman fases cristalinas
que dificultan su disolucién y creacién de puntos de nucleacién [96].

Una vez conocido las concentraciones de dopante para alcanzar la bioac-
tividad, se realizaron los andamios multicapa dopados con hierro (1% y 3%),
observandose dos comportamientos bioactivos diferentes: el andamio dopado
al 1% presento bioactividad variable y el andamios dopado al 3% bioactividad
estable en el tiempo. Este comportamiento se atribuye a la diferencia en la
cantidad de la fase Cag gsFej 167(PO4)7, que conduce a un intercambio iénico
diferente, logrando estabilizar los precipitados de apatito.

A pesar de que estos comportamientos no fueron confirmados en ensayos
in vivo, se considera que ambos andamios pueden ser utilizados en diferentes
situaciones segun el tipo de paciente. Para ello hay que tener en cuenta las
diferentes etapas de crecimiento del tejido 6seo [97, 98]. En los primeros afios
de vida los huesos se encuentran poco mineralizados (poca densidad ésea) y
van aumentando la densidad debido a los procesos bioldgicos que se llevan a
cabo en la nifiez y juventud. Una vez en la etapa adulta, se alcanza el punto
méaximo de mineralizacién y, al envejecer, empieza a disminuir la densidad
6sea al igual que los procesos biologicos [13, 99-101].

En consecuencia, al ser diferente el hueso de un nifio al de un adulto, se
puede considerar que el injerto para un nino no debe mineralizarse tan rapido
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como el de un adulto. Es por ello que se plantea el uso del andamio con bio-
actividad variable para el caso de pacientes en edad de crecimiento, ya que se
ajusta mejor al hueso adyacente y, junto con los procesos biologicos, alcanzara
la, mineralizacién en el momento correcto. Por el contrario, el andamio con
bioactividad estable puede ser més apropiado para pacientes adultos, con un
hueso completamente mineralizado.

Hasta este punto, se habian desarrollados varios andamios multicapa y se
establecieron las cantidades de dopaje i6énico para modular la bioactividad
in vitro. Estos andamios tienen en comun que fueron construidos partiendo
del mismo niicleo. Sin embargo, posteriormente, gracias a la versatilidad del
proceso sol-gel, se pudieron obtener nicleos con diferentes fases cristalinas,
partiendo de la misma composicién quimica y variando una de las variables
del procesado.

De esta forma, se determiné que el tiempo de calentamiento de la diso-
lucién antes de sumergir la esponja de poliuretano, es una de la variables
determinante en la formacién de las fases cristalinas. El tiempo de calenta-
miento empleado originalmente fue de 30 minutos y di6 como resultado la
formacién de ntcleos con un mezcla de las fases CPP y TCP. Posteriormente,
al disminuir el tiempo a 15 minutos se obtuvieron ntcleos formados por la fase
de CPP y, al aumentar a 1 hora, se obtuvieron nicleos formados por la fase
TCP.

Esta diferencia en la formacion de una fase cristalina o mezcla de ambas,
se debe a la concentracién de iones calcio disponibles durante el proceso de
condensacion de las moléculas hidrolizadas. Esta disponibilidad de calcio es-
ta relacionada con la cantidad de agua remanente y depende del tiempo de
calentamiento. A menor tiempo de calentamiento se forman dos fases visibles
en la disolucion, una fase aceitosa que contiene las moléculas hidrolizadas y
condensadas, y una fase liquida que corresponde al agua remanente. De esta
forma, las moléculas de agua disuelven y solvatan los iones calcio, evitando
su interaccién con la fase aceitosa y, por tanto, favoreciendo la formacion de
moléculas con poco calcio como CPP. Por el contrario, si el tiempo de calenta-
miento es mayor, gran parte del agua se evapora permitiendo la interaccion de
todas las moléculas con el calcio, favoreciendo la formacién de las moléculas
de TCP que requieren mayor cantidad de calcio. En definitiva, la ausencia
o presencia de calcio determina la formacion de las fases, como también fue
observado por Zyman et al. [102].

Estos procesos permitieron, por lo tanto, obtener tres nticleos con propie-
dades totalmente diferentes. Por ejemplo, la resistencia a la compresién, ya
que el nicleo de CPP es mas resistente que el nicleo de TCP. La bioactividad
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también fue diferente en cada nicleo, siendo el ntucleo de TCP mas bioactivo
que el de CPP y la mezcla de ambas fases.

En vista de que la bioactividad es diferente en cada nucleo, se procedid a
estudiar andamios multicapa empleando ambos tipos de ntcleos y con recu-
brimientos externos dopados con magnesio.

Estos nuevos andamios a pesar de tener los mismos recubrimientos ex-
ternos, presentaron una bioactividad in wvitro diferente. Los andamios con el
nicleo de TCP, presentaron bioactividad estable desde el tercer dia, mientras
que los andamios con el niicleo de CPP, presentaron bioactividad solo en al-
gunos dias del ensayo. Esto evidencia que el nicleo de TCP al no presentar el
efecto inhibidor del pirofosfato, potencia la bioactividad de los recubrimientos
externos. Por su parte, los andamios con el niicleo de CPP también presenta-
ron bioactividad, pero menor en comparacion al caso anterior, debido al efecto
inhibidor del pirofosfato.

Sin embargo, en los andamios con el nicleo de CPP se observé bioactividad
variable (precipitacién y disolucién de apatito), pudiendo ser atribuido a la
fase vitrea observada entre los granos hexagonales de la microestructura. Esto
quiere decir, que si bien la bioactividad se activa debido al intercambio iénico
del silicio, que genera los primeros puntos de ntucleacién, la fase vitrea poste-
riormente comienza a liberar cadenas de PoO7%~. Estas cadenas de polifosfato
generan efecto quelante con los cationes divalentes [103], es decir, reaccionan
con el calcio del apatito recientemente precipitado, produciendo la ruptura de
la estructura y su disolucién. Estos procesos de liberacion de silicio y fosforo
se producen de forma opuesta y continua en el tiempo, produciendo el efecto
de bioactividad variable en la superficie del andamio. Este comportamiento
fue corroborado por las curvas de concentracion i6nica durante el desarrollo
del ensayo.

Por 1ltimo, y una vez conocida la influencia de los tipos de ntucleo y las
concentraciones de dopaje adecuada, se desarrollaron nuevos andamios mul-
ticapa, con dopaje simultidneo de los iones de hierro, estroncio y magnesio.
La concentracién de dopante seleccionada fue 3% para cada ion, debido a la
bioactividad mostrada en los andamios con dopaje individual y, ademds, para
garantizar que el total de los tres iones no superase el 10%, que es el dopaje
limite, a partir del cual los andamios pierden la bioactividad. Adicionalmen-
te, estos iones se colocaron en dos formas diferentes (configuracién 3J y 3S)
para estudiar la influencia de la disposicion en el comportamiento general del
andamio.

Al realizar los primeros ensayos de caracterizacion, se identificé que a pesar
de que los andamios 3J y 3S presentaban la misma composicién quimica, se
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evidencié por XRD que los iones se organizaron formando diferentes fases
cristalinas o en distintas proporciones. La causa principal de esta distribucién
se debe a los tratamientos térmicos realizados a cada andamio, en los cuales
se promueve la difusién atémica.

En general, en el procedimiento planteado para la obtencién de los an-
damios multicapa, se establecié que después de cada recubrimiento realizado
sobre la base del andamio (nicleo), se debe realizar un tratamiento térmico de
sinterizacién. Como resultado, los andamios con los tres iones dopantes en la
misma capa sufrieron un proceso de sinterizacién, mientras que los andamios
con los tres iones en capas separadas sufrieron tres procesos de sinterizacién
(uno por cada capa). Esto significa que los dtomos del andamio con los iones
dopantes en capas separadas estuvieron expuestos por mas tiempo a los pro-
cesos de difusién y, por tanto, a un reordenamiento diferente. Ademads, este
andamio al tener dos recubrimientos més respecto al andamio 3J, presentaba
mayor cantidad de dtomos de silicio, calcio y fésforo.

La mayor cantidad de recubrimientos no solo afecté en las fases cristalinas,
sino también en las propiedades fisicas como la porosidad y resistencia a la
compresiéon. Los andamios con la configuraciéon 3S al tener mayor cantidad
de recubrimientos, presenté menor porosidad, ya que al colocar cada capa se
fueron cerrando los poros originales del ntcleo. Sin embargo, al disminuir la
porosidad aumenté la resistencia a la compresién.

Por otro lado, respecto a la bioactividad in vitro, los andamios presentaron
comportamientos diferentes. El andamio con la configuraciéon 3J presenté los
primeros precipitados de apatito después de 21 dias, mientras que el andamio
3S a tan solo 3 dias. Esta diferencia se debe a la mayor cantidad de silicio que
posee el andamios 3S, al tener dos capas maés respecto al andamio 3J. Ademés
de poseer mayor cantidad de fases de TCP y menos CPP, como resultado del
reordenamiento llevado a cabo en los procesos de sinterizado.

Como resultado, tanto las fases de silicio como el TCP contribuyen con
la rapida precipitacién de apatito, debido a los mecanismos previamente des-
critos, que permiten superar el efecto inhibidor del CPP. En consecuencia,
el andamio 3J al presentar mas fase CPP que TCP (en comparacién con el
andamio 3S), su mecanismo de bioactividad in vitro se relentiza y queda condi-
cionado inicamente al asociado con la liberacién de silicio, segiin el mecanismo
de Hench [90].

Finalmente, se realiz6 el estudio de biocompatibilidad in vitro de los an-
damios, empleando células de osteosarcoma MG-63. Los ensayos de viabilidad
indirectos, donde se estudié la influencia de los iones liberados por los anda-
mios, demostraron que el nicleo tiende a disminuir la viabilidad de las células,
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debido principalmente a la disminucién del pH. Esta acidificaciéon del medio,
se asocia con la ruptura de los enlaces del grupo P-O-P de la molécula de CPP,
debido al ataque de las moléculas de agua, formando los grupos 2P04>~ y HT,
siendo este ultimo el responsable de la disminucién del pH. Este comporta-
miento concuerda con los resultados obtenidos en las curvas de concentraciéon
ionica del SBF durante el ensayo.

Posteriormente, los ensayos directos de las células en contacto con la su-
perficie de los andamios, indicaron que la viabilidad celular de los andamios 3J
y 3S, después de 14 y 21 dias, aumenté significativamente respecto al ntcleo.
Este aumento de aproximadamente 100%, se asocia a la liberacién de iones
como el silicio y el estroncio principalmente, asi como la presencia de los iones
de magnesio y hierro.

Adicionalmente, los ensayos de citotoxidad no revelaron efectos negativos
de los andamios a excepcion del nicleo después de 21 dias, pudiendo ser el
resultado de la acidificaciéon prolongada del medio. Sin embargo, estos incon-
venientes se atribuyen a la alta concentracién de moléculas de pirofosfato,
ya que otros autores han reportado excelente biocompoatibilidad del CPP a
menores concentraciones [104, 105].

En cuanto a la morfologia de las células en la superficie, para el caso del
niicleo, se observaron pocas células y muchas de ellas redondeadas y aglome-
radas. Esta falta de adherencia y proliferacién de las células en la superficie se
debe, ademas de a la acidificacién local, a la falta de precipitados de apatito
que favorezcan la interaccién con las células, como también fue observado por
Benerjee et al. [85].

Por el contrario, en la superficie de los andamios 3J y 3S, se observé que las
células se adhirieron y proliferaron. Muchas de ellas se expandieron desde los
primeros dias del ensayo, llegando a formar después de 14 dias, una capa den-
sa y contintia de células cubriendo toda la superficie. Esta buena interacciéon
entre las células y el material es atribuido principalmente al silicio, conocido
por aumentar la proliferacién y diferenciacién celular [106]. Sin embargo, tam-
bién se debe considerar el aporte de los iones de hierro, estroncio y magnesio
que anteriormente han mostrado biocompatibilidad y efecto positivos en la
morfologia, proliferacion y viabilidad celular [62, 107-109).

En general, se observé una buena interacciéon de las células con los anda-
mios 3J y 3S, independientemente de la colocaciéon de los iones. Esto quiere
decir, que la disposicion de los iones en las capas externas solo influyé en
la distribucion de las fases cristalinas y, por lo tanto, en la velocidad de la
bioactividad in witro.
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Por otro lado, en relacién al niicleo, a pesar de que no mostré un buen
desempeiio, debido a los efectos negativos, se pudo demostrar que los recu-
brimientos externos del andamio aportan bioactividad y biocompatibilidad.
Pudiendo, incluso, superar el aporte negativo del nicleo y aumentar signifi-
cativamente la viabilidad del andamio. Ademés, se espera que in vivo, en un
medio dindmico, el nicleo no provoque la acidificacién prolongada, que afec-
ta a las células, y se regularice el efecto inhibidor del pirofosfato al estar en
presencia de la ALP.

Para finalizar, volviendo a las propiedades fisicas de los andamios, se obser-
v6 que cada tipo de estructura present6 una porosidad, distribucién de poros y
resistencia a la compresion diferentes segun el tipo de nicleo y recubrimiento
externo. Todos los andamios presentaron caracteristicas apropiadas en com-
paracién con el hueso trabecular y su estructura jerarquica. En general, todos
presentaron macro-, micro- y mesoporos responsables de ciertos procesos du-
rante el crecimiento del hueso. Por ejemplo, los macroporos son necesarios
para la colonizacion y migracién de las células a través del andamio, asi como
también para el suministro de nutrientes, eliminacién de residuos y formacién
de nuevos vasos sanguineos [40, 52, 110-112]. Por su parte, la meso- y micro-
porosidad permite la retencion de proteinas que facilitan la interaccién entre
el material y las células [52, 110].

En cuanto a la resistencia a la compresion, desde el inicio se evidencidé que
los andamios obtenidos en este estudio presentan una resistencia superior a
otros andamios realizados por técnicas similares [113-115]. Adicionalmente, los
valores reportados en este estudio fueron cercanos al limite inferior o dentro
del rango reportado para la resistencia a la compresién del hueso trabecular.
Segtn Gibson et al. dicho valor se encuentra entre 0.2 y 4 MPa [116], mientras
que Caeiro et al. reporta entre 1.5 y 9.3 MPa, segun la zona del cuerpo [117].

Finalmente, en funcién de lo abordado anteriormente, se puede decir que
todos los andamios desarrollados en la presente Tesis Doctoral, presentaron las
caracteristicas requeridas, agrupadas en un sola estructura gracias al disefio
multicapa. Especialmente, los andamios multicapa con dopaje simultaneo de
los tres iones, destacaron al mostrar los primeros indicios positivos en relacién
al comportamiento celular. Aunque todavia se debe profundizar en los aspectos
biolégicos in vitro, estos andamios representan una excelente alternativa para
futuras aplicaciones en ingenieria de tejido.
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Capitulo 6

Conclusiones y Proyecciones
Futuras

En este capitulo se expondran las conclusiones mas importantes derivadas
de la presente Tesis Doctoral, que responden a los objetivos planteados para
esta investigacién.

Por dltimo, se presentaran algunas de las proyecciones futuras que se ori-
ginaron a partir de este estudio, con el objetivo de orientar la investigacion a
niveles mas avanzados de caracterizacion y asi, lograr en el futuro la aplicaciéon
clinica de estos materiales.

6.1 Conclusiones

Una de las primeras y mas importantes conclusiones derivadas de esta Te-
sis Doctoral fue la posibilidad de obtener andamios con un disefio innovador,
partiendo de una nueva metodologia. Esta metodologia, plantea combinar el
ya usado y conocido método de réplica de esponja polimérica, con el proceso
sol-gel modificado, que permite obtener materiales ceramicos a temperaturas
relativamente bajas. Adicionalmente, con este método fue posible desarrollar
un nuevo disefio de andamios multicapa, combinando en una sola estructura
dos 0 méas composiciones quimicas diferentes. Esto permitié convertir un nai-
cleo sin bioactividad y biocompatibilidad, pero poroso y con resistencia meca-
nica cercana al hueso trabecular, en un andamio con todas estas propiedades,
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cuyas capas externas aportan o aumentan la bioactividad y la respuesta celu-
lar. Estos andamios con diseno multicapa retinen caracteristicas que andamios
de composicién individual no serian capaz de presentar.

Adicionalmente, se confirmé la versatilidad del proceso sol-gel, no solo en la
obtencion de los andamios multicapa, sino también en la posibilidad de obtener
materiales con distintas fases cristalinas, partiendo de la misma composicién
quimica. Se concluy6 que el tiempo de calentamiento de la disolucién sol-gel
es una de las variables determinante para la formacién de las fases cristalinas.

De esta forma fue posible obtener tres nucleos constituidos por las fases
de TCP, CPP y mezcla de ambas. En general, los nticleos se diferenciaron por
sus caracteristicas fisicas, pero sobre todo por la diferencia en la bioactividad
in vitro. Se confirmé que la fase de TCP produce bioactividad, y al actuar
como nucleo del andamio multicapa, contribuye al aumento de la bioactividad
proporcionada por los recubrimientos externos. Por el contrario, se confirmé
el efecto inhibidor in wvitro de la fase CPP, aunque sigue siendo considerado
una buena opcidn, ya que se espera que in vivo, en presencia de la ALP,
se produzca su hidrolisis de acuerdo con la necesidad de mineralizaciéon del
cuerpo. Se concluyé que los nicleos no solo sirven como soporte mecanico
para los recubrimientos externos, sino que también influyen en la bioactividad
general del andamio.

En relacién a los recubrimientos externos, se comprobé que aportan bioac-
tividad debido a la alta concentracién de silicio. Adicionalmente, se determiné
que la incorporacion de los iones dopantes, en bajas concentraciones, aumenta
mucho mas la bioactividad, debido a la inestabilidad creada en la red crista-
linas. Por el contrario, altas concentraciones de iones dopantes, contribuyen
a la formacion de fases cristalinas estables, que no se disuelven y, en conse-
cuencia, limitan la bioactividad. En base a estos resultados, se concluyé que
la cantidad adecuada de iones dopantes en los recubrimientos externos, para
garantizar la bioactividad, es entre 1% y 10%.

Por otro lado, en cuanto a las propiedades fisicas de los andamios multica-
pa, se observd que los recubrimientos externos también aportan en el aumento
de las propiedades mecénicas, pero disminuyendo la porosidad total.

Otro de los resultados importantes obtenidos en este estudio, fue que los
andamios dopados con hierro y magnesio, presentaron tanto comportamiento
bioactivo estable como variable en el tiempo. Estos comportamientos se deben
a las fases cristalinas que se forman con los iones dopantes o debido a la fase
vitrea del niicleo. En base a estos comportamiento, surgio la idea de que estos
andamios pueden ser utilizados segtin la edad del paciente y el grado de mine-
ralizacién del hueso. Ademas, este comportamiento de bioactividad variable,
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es un resultado innovador que, hasta donde alcanza nuestro conocimiento, no
ha sido reportado anteriormente.

Finalmente, los tltimos andamios obtenidos en esta investigacién (anda-
mios multicapa con dopaje simultdneo), fueron el resultado de todos los ha-
llazgos obtenidos a partir de los andamios anteriores. Se logré desarrollar an-
damios con dopaje de hierro, estroncio y magnesio en dos configuraciones
diferente. Con estos andamios se comprobd que gracias a la diferencia en la
cantidad de tratamientos térmicos, los iones se reordenaron de forma distinta.
Se concluyd que este cambio en la proporcién y tipo de fases, influyen en la
bioactividad, siendo el andamio con los tres iones dispuestos en recubrimientos
separados, el que presenta bioactividad m&s temprana, por tener mas capas
de silicio respecto al andamio con los tres iones en un solo recubrimiento.

Sin embargo, a pesar de la diferencia en la bioactividad, la respuesta celular
fue igual en ambos andamios, concluyéndose que los recubrimientos externos
aumentan en mas del 100% la viabilidad celular. Adem4s, superficialmente
mejoran la adherencia y proliferacién en comparacién con el nicleo, debido
principalmente a la liberacion de silicio y la presencia de los iones dopantes.

Por tltimo, de acuerdo con todas las caracteristicas obtenidas por los anda-
mios multicapa, se concluye que estos materiales presentan un gran potencial
en el drea de ingenieria de tejido éseo y, por lo tanto, es de gran interés la
continuidad de su investigacion.

6.2 Proyecciones Futuras

En funcién de los resultados obtenidos y siguiendo con el objetivo final de
utilizar estos materiales en aplicaciones de ingenieria de tejido 6seo, a con-
tinuacion se presentan algunos aspectos a considerar en futuros trabajos de
investigacién.

e En primer lugar, seria adecuado estudiar y optimizar el proceso de ob-
tencion de los andamios para lograr desarrollar piezas a mayor escala.

e En segundo lugar, seria idéneo estudiar la factibilidad de sustituir el
acido clorhidrico usado en la preparacién del sol-gel, por otros tipos
de acidos y, asi, disminuir las posibles complicaciones asociadas con la
acidificacién in wvitro.

e En cuanto a las propiedades de los andamios, es necesario realizar un
estudio detallado sobre la velocidad de degradacion en diferentes medios.
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Por otro lado, seria conveniente realizar un estudio profundo sobre la
cinética de formaciéon de las fases cristalinas y amorfas, para entender
mejor los mecanismos de interaccién e intercambio idnico del material
con el medio.

En relacion a los ensayos de bioactividad, en esta investigacién tnica-
mente se realizaron en un medio estatico. Por esta razon, seria adecuado
realizar ensayos en un medio dindamico, para confirmar la bioactividad
de los andamios y el comportamiento variable y estable observado en
algunos de los materiales.

La influencia de los iones dopantes en el material también requiere de
mayor indagacién. Es necesario realizar ensayos en presencia de bacte-
rias, para evaluar posibles efectos antibacterianos aportado por los iones.

En cuanto a la biocompatibilidad de los andamios, es necesario que sea
estudiada de forma mas amplia. Seria idéneo realizar ensayos como:
evaluacién de la diferenciacién celular, posibilidad de formar nédulos de
mineralizacién y expresion de marcadores celulares de superficie, para
evaluar mejor la interaccién entre el material y las células.

Por ultimo, se plantea la realizacién de estudios in vivo, especificamen-
te en modelos animales para corroborar la efectividad de los andamios
multicapa.



Capitulo 7

Conclusions

One of the first and most important conclusions derived from this research
was the possibility of obtaining scaffolds with an innovative design, based on
a new methodology. This methodology proposes to combine the already used
and well known polymeric sponge replication method with the modified sol-gel
process, which allows obtaining ceramic materials at relatively low temperatu-
res. Additionally, with this method it was possible to develop a new multilayer
scaffold design, combining in a single structure two or more different chemical
compositions. This made it possible to convert a core without bioactivity and
biocompatibility, but porous and with mechanical strength close to trabecu-
lar bone, into a scaffold with all these properties, whose outer layers provide
or increase bioactivity and cellular response. These scaffolds with multilayer
design bring together features that scaffolds with individual scaffolds of indi-
vidual composition would not be able to present.

Additionally, the versatility of the sol-gel process was confirmed not only in
obtaining multilayer scaffolds, but also in the possibility of obtaining materials
with different crystalline phases, starting from the same chemical composition.
It was concluded that the heating time of the sol-gel solution is one of the
determining variables for the formation of the crystalline phases.

In this way, it was possible to obtain three cores consisting of TCP, CPP
and a mixture of both phases. In general, the cores were differentiated by their
physical characteristics, but above all by the difference in in wvitro bioactivity.
It was confirmed that the TCP phase produces bioactivity, and by acting as
the core of the multilayer scaffold, contributes to the increased bioactivity
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provided by the external coatings. On the contrary, the in wvitro inhibitory
effect of the CPP phase was confirmed, although it is still considered a good
option, since in vivo, in the presence of ALP, its hydrolysis is expected to occur
according to the body’s need for mineralization. Finally, it was concluded that
the cores not only serve as mechanical support for the external coatings, but
also influence the overall bioactivity of the scaffold.

In relation to the external coatings, it was found that they provide bioac-
tivity due to the high concentration of silicon. Additionally, it was determined
that the incorporation of dopant ions, in low concentrations, increases bioacti-
vity, due to the instability created in the crystalline network. In contrast, high
concentrations of dopant ions, contribute to the formation of stable crystalline
phases, which do not dissolve and, consequently, limit bioactivity. Based on
these results, it was concluded that the appropriate amount of dopant ions in
external coatings, to ensure bioactivity, is between 1 % and 10 %.

On the other hand, regarding the physical properties of the multilayer
scaffolds, it was observed that the external coatings also contribute to the
increase of the mechanical properties, but decreasing the total porosity of the
scaffolds.

Other important results obtained in this study were that the iron and mag-
nesium doped scaffolds, presented stable and time-varying bioactive behavior.
These behaviors are due to the crystalline phases formed with the dopant ions
or due to the glassy phase of the core. Based on these behaviors, it was sugges-
ted that these scaffolds can be used according to the age of the patient and the
degree of bone mineralization. Moreover, this variable bioactivity behavior is
an innovative result that, to the best of our knowledge, has not been reported
before.

Finally, the last scaffolds obtained in this research (multilayer scaffolds
with simultaneous doping), were the result of all the findings obtained from
the previous scaffolds. In this case, it was possible to develop scaffolds with
iron, strontium and magnesium doping in two different configurations. With
these scaffolds it was found that due to the difference in the number of heat
treatments, the ions were rearranged differently. It was concluded that this
change in the proportion and type of phases, influences the bioactivity, being
the scaffold with the three ions arranged in separate coatings, the one that
presents earlier bioactivity, because it has more silicon layers with respect to
the scaffold with the three ions in a single coating.

However, despite the difference in bioactivity, the cellular response was
equal in both scaffolds and, concluding that the external coatings increase cell
viability by more than 100 %. In addition, superficially both scaffolds improve
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adhesion and proliferation compared to the core, mainly due to the release of
silicon and the presence of dopant ions.

Finally, according to all the characteristics obtained by the multilayer scaf-
folds, it is concluded that these materials present a great potential in the area
of bone tissue engineering and, therefore, it is of great interest the continuity
of their research.
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Biomedical applications

The goal of this work is to develop multilayer scaffolds with a high durability core and bioactive external layers.
Different ceramics were analysed by Scanning Electron Microscope fitted with Energy-Dispersive X-Ray
Spectroscopy, X-Ray Diffraction and they were subjected to in vitro testing using simulated body fluid. A non-
bioactive porous ceramic scaffold, composed fundamentally of calcium pyrophosphate and tricalcium phos-
phate, constituted the core of the final multilayer ceramic. Otherwise, a highly bioactive ceramic, composed

fundamentally of a major amorphous calcium silicate phase with traces of Zn in its composition, constituted the
external layers of the final multilayer ceramic. When the multilayer ceramic was analysed, the mineralogical
phases changed compared with core ceramic individually, and it was demonstrated that bioactive external layers
provided this capacity to the core ceramic, constituted by a material that was initially non-bioactive.

1. Introduction

Nowadays, bone defects are usually treated using metallic elements
as prosthesis, plates and screws, that is, first generation biomaterials,
which have some drawbacks. These materials release toxic metallic
ions, have a low bioresorption rate and induce chronic pain, among
others. Furthermore, differences between the mechanical properties of
these surgical materials and natural bone tissue induce the stress
shielding phenomenon, which causes bone loss as a result of dimished
physiological bone loading that affects long-term functional outcomes
[1,2]. For all these reasons, it is necessary to study different bioma-
terials, such as polymers, ceramics and composites. In the last 50 years,
ceramics have been used in medical-surgical areas, like traumatology,
odontology and maxillofacial surgery, to replace and repair damaged
hard tissues. They offer satisfactory results thanks to their biocompat-
ibility, bioactivity and osteoconductivity. This good performance of
ceramics is directly related with their chemical composition and their
interaction with the microenvironment.

In bone development, calcium, phosphorus (as phosphate and pyr-
ophosphate groups) and silicon are three of the most important in-
organic elements. Calcium, along with phosphate groups, is the most
important component of the mineralised matrix. Calcium acts as a
signal transduction molecule for cell behaviour, migration, prolifera-
tion, and differentiation of osteoblasts during in vivo bone formation.

" Corresponding author.

However, it has been demonstrated that calcium levels up to 300 mg/L
are cytotoxic for cells [3]. Silicon is able to regulate the expression of
osteoblastic genes in osteoblasts and human bone marrow-derived
mesenchymal stem cells (BMSCs). Nevertheless, other important ions
exist for bone tissue regeneration, such as copper, zinc, magnesium and
strontium. Zinc is related with in vitro osteoblastic activity stimulation
and in vivo bone resorption inhibition [4], for which concentration is
very important. High concentrations of Zn inhibit the crystallization of
hydroxyapatite [5], whereas slow Zn release promotes bone formation
and accelerates patient recovery [6]. Another inorganic element that
plays an essential role in skeletal mineralization is pyrophosphate (PP1i).
Given its ability to inhibit the precipitation of hydroxyapatite, excess
PPi induces a decreased in skeletal mineralization, while extracellular
PPi deficiency leads to the formation of excess hydroxyapatite in the
skeleton [7-10]. Biological enzymes, such as alkaline phosphatase
(ALP), present in active osteoblasts, can hydrolyse pyrophosphate
groups, promoting the loss of the inhibitory capacity of pyrophosphates
and supersaturating the extra-cellular fluid with phosphates groups,
capable of initiating mineralization [11]. Materials that present the
pyrophosphate phase in their composition have been developed in re-
cent years. Examples of these materials are bioactive calcium pyr-
ophosphate glass-ceramics [12,13] and 3D sol-gel glasses [14].

One of the main difficulties for developing 3D scaffolds with po-
tential applications in bone tissue engineering is to obtain a bioactive
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material, which provides structural support during the healing process.
Usually when a biomaterial is stiff and resistant, it has no bioactivity
and its reabsorption rate is very low. However when a biomaterial is
bioactive, its mechanical strength is poor [15]. Therefore, in order to
gradually replace the material with newly grown bone tissue, it is ne-
cessary to strike a balance between bioactivity and durability, under-
standing last one as permanence time in the body. For this reason, it is
necessary to develop more complex materials, such as multilayer ma-
terials, that comprise layers with different chemical compositions. The
scaffolds core could be made from materials with pyrophosphate, which
provides a greater durability and adequate structural support for re-
pairing damaged tissue, and the external layers could be composed of a
bioactive and osteoinductive material [16]. As far as our knowledge is
concerned, no such material has been studied to date. Therefore, the
goal of this work is to develop multilayer scaffolds with a high dur-
ability core and bioactive external layers. For this reason, the physico-
chemical and mineralogical characterization of different ceramics was
evaluated to fulfil the above-mentioned goal and to select the adequate
chemical composition for the core and the external layers.

2. Materials and methods
2.1. Materials preparation

Different ceramics were prepared by the sol-gel method to study
their microstructure, chemical and mineralogical composition, and
their in vitro bioactivity. Table 1 summarizes the composition of each
ceramic where, in order to simplify the writing, each composition was
labelled as 3D-Ca, 3D-Ca 1%-Zn, 3D-Ca 30%-Zn and 3D-CalLi ceramics.

All the ceramic samples were obtained following these general
steps: i) preparing the initial sol-gel solution using the adequate re-
actants; ii) immersing polyurethane sponges of 0.39 cm® (1 cm dia-
meter, 0.5cm high) in the sol-gel solution, removing the excess by
centrifugation (the number of immersions depends on the topography
and manageability required), getting a new layer in each immersion, as
it is described in the previous literature [16]); iii) drying samples for
15 min at 180 °C after each immersion; iv) the green 3D structures, or
core ceramics, were sintered by heat treatment for 55 h until 950 °C was
reached, they were maintained at this temperature for 8 h, and were
slowly cooled for about 24 h.

Once the four general stages used in the development of ceramics
have been described, the preparation of the specific solutions needed
for the different ceramics is described below.

e 3D-Ca ceramics

The 3D-Ca ceramics were prepared using 29.4 wt% SiO, — 67.8 wt%
Ca0 - 2.9wt% P,0s5 as the sol-gel composition, with 10.9 mL of Si
(OCyHs)4, 1.6mL of (CyHs)3PO, (TEOS, Aldrich-Tetraethyl
Orthosilicate, and TEP, Aldrich-Trietyl Phosphate, respectively) and
11.3 g of calcium carbonate (CaCO3 Sigma) as reactants.

e 3D-Ca 1%-Zn ceramics

Table 1
Chemical compositions of the different ceramics sintered in this work.
Ceramic wt% wt% wt% wt% wt%
Si0, P,Os Ca0 Li,O Zn0
3D-Ca 29.3 2.9 67.8 - -
3D-Ca 1%-Zn 29.4 2.8 67.3 - 0.5
3D-Ca 30%-Zn 30.8 3.0 52.3 - 13.9
3D-CalLi 1.4 26.0 69.5 3.1 -
3D-CaLiZn Core — 3D-CaLi 1.4 26.0 69.5 3.1 -
External layers — 29.4 2.8 67.3 - 0.5

3D-Ca 1%-Zn
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The 3D-Ca 1%-Zn ceramics were prepared using 29.4 wt% SiO, —
67.3wt% CaO — 2.8 wt% P05 — 0.5wt% ZnO as the sol-gel composi-
tion, with TEOS, TEP, CaCO; and zinc carbonate (ZnCOs;, Sigma-
Aldrich) as reactants. It was necessary to dissolve 4.2g of CaCO3 in
10mL of distilled water and chlorhydric acid drop by drop (HCI,
Applichem Panreac), to obtaine a homogeneous solution with a pH
between 2 and 3. Simultaneously, a sol-gel solution was prepared by
mixing 10.9 mL of TEOS, 1.6 mL of TEP, 5 mL of ethanol 97°, 12 mL of
distilled water and, after 30s, 0.1 g of ZnCO3 and 7,0 g of CaCO3, get-
ting a solution with a pH between 2 and 3. Once the two solutions were
available, both were mixed, obtaining a final homogeneous solution
with a pH between 2 and 3.

® 3D-Ca 30%-Zn ceramics

The 3D-Ca 30%-Zn ceramics were prepared using 30.8 wt% SiO, —
52.3wt% CaO — 3.0 wt% P,0s — 13.9wt% ZnO as the sol-gel compo-
sition, with TEOS, TEP, CaCO3 and zinc carbonate (ZnCOj, Sigma-
Aldrich) as reactants. It was necessary to dissolve 2.3 g of CaCO3 in
10mL of distilled water and chlorhydric acid drop by drop (HCI,
Applichem Panreac), to obtain a homogeneous solution with a pH be-
tween 2 and 3. Simultaneously, a sol-gel solution was prepared by
mixing 10.9 mL of TEOS, 1.6 mL of TEP, 5mL of ethanol 97°, 12 mL of
distilled water and, after 30s, 3.4 g of ZnCO3 and 6.0 g of CaCO3, get-
ting a solution with a pH between 2 and 3. Once the two solutions were
available, both were mixed, obtaining a final homogeneous solution
with a pH between 2 and 3.

e 3D-Cali ceramics

Stratified porous scaffolds of 3D-CaLi, which will be the core of the
multilayer ceramic, were prepared using 1.4 wt%SiO, — 26.0 wt%P,O5
— 69.5 wt%CaO — 3.1 wt%Li,O as the sol-gel composition, with 0.4 mL
of Si(OCoHs)s, 10.2mL of (CyHs)3PO4, 5mL of CoHsOH, 20 mL of
destilled water, 0.5 g of lithium carbonate (Li,CO3, Sigma-Aldrich) and
8.0 g of calcium carbonate, as reactants. After mixing them all, HCl was
added drop by drop to obtain a homogeneous solution with a pH of 3.
Having dissolved all the CaCO3, the solution was heated until almost all
the water had evaporated, which gave an emulsion, which acted as the
initial sol-gel solution.

e Multilayer ceramics with a 3D-CaLi core and 3D-Ca 1%-Zn external
layers: 3D-CaLiZn

The new class of multilayer ceramics with a 3D-CaLi core and 3D-Ca
1%-Zn external layers, hereinafter referred to as 3D-CaLiZn, were pre-
pared to improve the physico-chemical properties of both independent
ceramics. Firstly, a 3D-CaLi ceramic was obtained following the above
described procedure. After sintering the ceramic, it was immersed in a
3D-Ca 1%-Zn sol-gel solution, prepared following the above described
procedure.

Finally, the 3D-CaLi core covered with 3D-Ca 1%-Zn was subjected
to a second sintering using the same heat treatment used before: 55h
until 950 °C was reached and maintained for 8h, followed by slow
cooling.

2.2. Materials characterization

After obtaining all the ceramics, they were physically, chemically
and mineralogically characterized by an optical microscope, a Scanning
Electron Microscope (SEM) and X-Ray Diffraction (XRD). Finally, the in
vitro behaviour was studied using simulated body fluid (SBF) and SEM-
EDX (SEM fitted with Energy-Dispersive X-Ray Spectroscopy).

2.2.1. Macroscopic and microscopic morphology of the sintered bioceramics
The macroscopic morphology structure was examined under a
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Fig. 1. a) SEM micrograph of the microstructure; b) EDX results of Si, P and Ca; and c¢) XRD pattern, of the 3D-CaLi ceramics.

Nikon SMZ1500 stereomicroscope equipped with a Nikon DXM1200F
digital camera. Otherwise, microscopic morphology was analysed by
SEM-EDX.

2.2.2. Mineralogical characterization by X-Ray Diffraction

The XRD patterns were obtained in a Bruker-AXS D8 Advance au-
tomated diffractometer using CuKa 1.2 radiation (1.54056 A). Data
were collected in the Bragg-Brentano (6/26) vertical geometry (in the
flat reflection mode) at 0.05° steps, by counting 6 s per step. The X-ray
tube was operated at 40kV and 30 mA, as described in the previous
literature [16]. The diffractograms of samples were compared with the
database provided by the Joint Committee on Powered Diffraction
Standards (JCPDS) and with the database provided by the Crystal-
lography Open Database (COD), using the Power Diffraction Match! 3
version 33.6.2.121 software.

2.2.3. Mechanical properties of the core

The compression strength of foams was measured by a Microtest
SCM3000 mechanical tester at a crosshead speed of 1.00 mm/min.
Samples were cylindrical shaped and measured 7.0 mm in high with a
7.5 mm diameter. During the compression test, load was applied until
the densification of the porous samples started to occur.

2.2.4. In vitro behaviour in bioactivity terms

The materials' potential bioactivity was evaluated in vitro by im-
mersing samples in Kokubo's [17] SBF at a ratio of 3:1 (ceramic mass, in
mg: SBF volume, in mL). The samples in SBF were incubated at
37 + 0.5°Cin ashaking water bath for 1, 3, 7 and 14 days. After these
time periods, samples were dried at 50 °C for 24 h. The newly-formed
Ca-P precipitate on the ceramic surface was chemically identified by
SEM-EDX (SEM-Hitachi S-3500N and the INCA system, Oxford In-
struments Analytical, UK), by covering samples with palladium after
each soaking time in SBF, as described in the previous literature [16].

3. Results and discussion

In order to select the chemical composition of the core and the
external layers of the multilayer ceramic, the microstructure and in vitro
bioactivity of different ceramics were studied.

First of all, the material which would constitute the core of the
multilayer material, the 3D-Cali ceramic, was analysed to study its
microstructure, and its chemical and mineralogical composition.

Fig. 1a shows the SEM microstructure of the 3D-CaLi ceramic. It
shows a homogeneous distribution of hexagonal shaped grains, which
was attributable to the presence of calcium pyrophosphate and tri-
calcium phosphate (TCP), as the previous literature describes [18,19].
An interconnected porosity is also observed, which is necessary for new
tissue ingrowth an vascularization constructs [20]. The EDX results
(Fig. 1b) showed an absence of silicon and a predominance of calcium
and phosphorus, with Ca/P ratios of about 1.32 + 0.06, which corre-
sponds to an intermediate Ca/P ratio value between TCP and calcium
pyrophosphate [21]. These results were corroborated with the results
obtained with the samples’ XRD patterns, shown in Fig. 1c. The 3D-CaLi
ceramics are composed fundamentally by calcium pyrophosphate, and
tricalcium phosphate (COD-96-100-1557 and COD-96-151-7239, re-
spectively). It has other mineralogical phases, such as calcium and li-
thium orthophosphate (COD-96-722-2995), dicalcium silicate (COD-96-
154-6028), cristobalite (COD-96-900-8111) and dilithium oxide (COD-
96-151-4095). All these results are in accordance with the reactants
used in the initial sol-gel solution, from which the 3D-CaLi ceramic was
obtained.

Once the 3D-Cali ceramic was characterized, the microstructure
and in vitro bioactivity of the different ceramics were studied to select
the adequate chemical composition for the external layers, which will
constitute the bioactive portion of the final multilayer ceramic.

Different scaffolds were fabricated by the sol-gel and polymer re-
plication methods, getting the final ceramics observed in Fig. 2. They all
showed uniform dimensions and interconnected porosity. Fig. 2 a-h
display the ceramics with different compositions: 3D-Ca and 3D-Ca 1%-
Zn, with some plugged channel pores and wide struts. However, Fig. 2 i-

7
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Fig. 2. Macroscopic structure of the different stratified 3D porous scaffolds: (a—c) 3D-Ca, (e—-g) 3D-Ca 1%-Zn and (i—k) 3D-Ca 30%-Zn; microscopic structure of d) 3D-

Ca, h) 3D-Ca 1%-Zn and 1) 3D-Ca 30%-Zn.

Fig. 3. XRD patterns of the 3D-Ca, 3D-Ca 1%-Zn and 3D-Ca 30%-Zn ceramics.O
= cristobalite; 4~ = tridymite;© = Quartz;©t = wollastonite-2M;$3 = hardystonite.

1 show the 3D-Ca 30%-Zn ceramics, with all their pores completely
opened and with thicker struts. These observations were confirmed
when samples were observed by SEM.

Dipping thickness depends on the viscosity of the sol solution. When the
Zn concentration was increased, the viscosity of the initial solution de-
creased, reducing the plugging of pores and increasing the number of

78

opened pores.

The mineralogical compositios of the 3D-Ca, 3D-Ca 1%-Zn and 3D-
Ca 30%-Zn ceramics are shown in Fig. 3. The 3D-Ca and 3D-Ca 1%-Zn
ceramics are composed fundamentally by a major amorphous calcium
silicate phase with small amounts of silica (cristobalite and tridymite —
JCPDS 82-1403 and JCPDS 70-8142, respectively). However, the 3D-
Ca 30%-Zn ceramics has a completely different mineralogical compo-
sition. It is composed fundamentally by hardystonite (JCPDS 72-1603)
and quartz (JCPDS 86-1560), and small amounts of wollastonite-2M
(JCPDS 84-0655).

As a result of using the sol-gel method, polymorphous phases of SiO,
appeared in all the ceramics. In this technique, Si-O-Si bonds were
established to stabilize the 3D structure. Although cristobalite is a SiO»
high temperature phase (over 1470 °C), it appeared in the 3D-Ca and
3D-Ca 1%-Zn ceramics. This fact is due to the presence of phosphorus
traces in these samples. This ion induces the crystallization of high
temperature SiO, phases at low temperatures [22].

In addition, Zn ions are a primary network modifier. This ion de-
creases the structure's local symmetry by increasing the number of non-
bridging oxygen (NBO) atoms [5]. Accordingly, a high Zn concentration
induces changes in the phases composition of 3D-Ca 30%-Zn, where
hardystonite appears as the majority phase in samples. This new phase
could be good because it has been demonstrated that bone marrow
mesenchymal stem cells adhere well to this ceramic, and its implanta-
tion in vivo has shown rapid new bone growth compared to other ma-
terials, such as 3-TCP [23].
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Summary of the physical parameters of different SiO,-CaO-P,05 ceramics and glasses.

Compressive strength (MPa) Reference

Material Pore size (um) Porosity (%)
Si0,-Ca0-P,05 — 3D-CaLi 400-700 74
Si0,-Ca0-P,05 250-400 90-95
Si0,-Ca0-(Mg/Na/K),Ox 200-400 90-95
Si-aTCP 300-1000 80

HA 420-560 86

HA 490-1130 69-86
HA 200-400 70-77
4585 Bioglass® 510-720 89-92
Glass-reinforced HA 420-560 85-97.5
70S30C bioactive glass Up to 600 70-95
HA +BTCP 200-400 73

1.0-1.7 Present work
0.18-0.40 [16]
0.02-0.03 [24]
0.72 [25]
0.21 [26]
0.03-0.29 [27]
0.55-5 [28]
0.27-0.42 [29]
0.01-0.175 [30]
0.5-2.5 [31]
9.8 [47]

Fig. 4. SEM micrographs of the 3D-Ca, 3D-Ca 1%-Zn and 3D-Ca 30%-Zn stratified porous scaffolds after immersion in SBF: a-c) 3D-Ca after 1,3 and 7 days; d-f) 3D-Ca

1%-Zn after 1,3 and 7 days; g-i) 3D-Ca 30%-Zn after 1,3 and 7 days.

Very few reports are available about the mechanical properties of
different polycrystalline porous SiO>—CaO-P,Os scaffolds obtained by
polymer replica methods [16,24,25]. To the best of our knowledge,
Table 2 summarizes the characteristics of highly porous bioactive
ceramic and glass foams developed for bone tissue engineering, in-
cluding pore size, pore structure, and compressive strength data. In
general, compressive strength varies significantly with scaffold por-
osity. For example, the compressive strength of HA scaffolds, synthe-
sized by the polymer-sponge method, decreased from 0.29 to 0.03 MPa
when porosity increased from 69% to 86% [26-28]. It is obvious that
today's 45S5 Bioglass-based foams are generally stronger than HA-
based foams with similar porosities [29-31]. The bonding strength
herein developed between the core and external layers is chemical
bonding which allows the multilayer ceramic material to behave like
one/a single body. The handling of the 3D ceramic is strong enough
(compressive strength ~1.0-1.7 MPa) to keep the external layer at-
tached to the core during the mechanical test.

Fig. 4a—c show the surface morphologies of the 3D-Ca multilayer
porous scaffolds after different immersion times in SBF. After 1 day of
immersion in SBF (Fig. 4a), the first changes to the material's surface in
the 3D-Ca ceramics were observed, along with the presence of spherical
particles that covered its entire surface. At this point, the EDX analysis
revealed slight silicon presence and Ca/P ratios were about
1.79 = 0.07, which were higher than those in the stoichiometric

hydroxyapatite (HA), which is 1.67. When the immersion time came to
3 days (Fig. 4b), the calcium phosphate particles formed a compact
layer covering the whole ceramic surface. This layer was formed as a
result of the size and number of precipitate particles increasing, which
join one another. At this time, silicon was lower than after 1 day of SBF
immersion and the Ca/P ratios were enhanced with values of
1.84 = 0.12, which is higher than before. Finally, after 7 days of im-
mersion, particles continued to grow, acquiring rod-like shape, and
creating a massive compact precipitate plaque over the ceramic's sur-
face (Fig. 4c). When the atomic percentage was calculated at that time,
Ca/P ratios exceeded 2.04 + 0.34. This Ca/P approximately corre-
sponded to a carbonated hydroxyapatite (CHA, Ca/P of 2.15) [32],
which is the main component of the bone mineral phase. This CHA
corresponds to an hydroxyapatite with carbonate groups substituting
the hydroxyl and phosphate groups [33].

3D-Ca 1%-Zn in vitro bioactivity (Fig. 4 d-f) showed a similar be-
haviour to the 3D-Ca samples, but with one remarkable difference: a
thin continuous plaque appeared after only 1 day of immersion in SBF
(Fig. 4d). This fact indicates that 3D-Ca 1%-Zn ceramics have a really
high bioactivity, higher than some other bioactive materials described
in the literature [34-37]. The precipitate morphology also differed from
one of 3D-Ca. In this case, the precipitate had a blade-like morphology
and not a rod-like one. The EDX results gave Ca/P ratios that went from
1.24 = 0.13 after 1 day of SBF immersion to 1.66 = 0.30 after 7 days
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Fig. 5. SEM micrographs of the a) 3D-CaLi, b) 3D-CaLiZn ceramics and ¢) EDX results of Si, P and Ca of the 3D-CaLiZn ceramics (3D-CaLi core and 3D-Ca 1%-Zn

external layers).

Fig. 6. X-Ray Diffraction patterns of the 3D-CaLi and 3D-CaLiZn ceramics.O
= cristobalite; X = tricalcium phosphate; [] = calcium and lithium orthopho-
sphate; A = calcium pyrophosphate; & = dicalcium silicate; 4~ = tridimite; ¢
= zinc modified calcium silicate (Ca 1/2Si 0.8Zn); ¢ = dilithium oxide.

of immersion. The initial precipitate was assigned to an octacalcium
phosphate (Ca/P = 1.33) after 1 day of immersion, passed through an
amorphous calcium phosphate (Ca/P = 1.5) after 3 days of immersion
and, finally, after 7 days, the obtained precipitate was hydroxyapatite
(Ca/P = 1.67), as described in the literature [38]. It is necessary to
highlight that this small quantity of Zn is capable of changing the
sample's bioactivity velocity, speeding up the initiation of the nuclea-
tion and crystallization of the hydroxyapatite layer, and is able to
modify the precipitate morphology.

The 3D-Ca 30%-Zn samples did not show any precipitate on its
surface after any SBF immersion time (Fig. 4 g-i), and the EDX results
were invariable in time. These samples were not bioactive at any study
time, which falls in line with the previous literature [5,39-42]. When
the Zn concentration in solution is high enough, it slows down the HA
formation process. This behaviour is due to the Zn** ions modifying
chain P-O-P bond angles because the Zn?>* atomic radius is smaller
than the Ca®>* one, which indicates that the places where Zn enters
instead of Ca are not capable of forming HA and the material's
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bioactivity is delayed. The higher the Zn concentration, the more likely
Zn will occupy the Ca places and, therefore, no precipitate is formed.
Furthermore, Zn?* ions modify chain P-O-P bond angles, interfering
with the HA precipitation. Finally, as see with the XRD results, Zn can
react with Ca, Si and O, forming a new crystal phase of Ca;ZnSi>O,
which has been proved to have a low dissolution, altering the ion ex-
change with SBF.

After demonstrating the high bioactivity of the 3D-Ca 1%-Zn
ceramic, the composite multilayer ceramic, with a core constituted by
the 3D-CaLi composition and the external layers by the bioactive 3D-Ca
1%-Zn composition was studied. The objective was to develop struc-
tures with a controlled time of remaining in the human body, in ac-
cordance with bone tissue regeneration stages but by maintaining, at
the same time, an excellent bioactivity, allowing thus a direct contact
implant-bone.

Fig. 5a and b shows the SEM micrographs of the 3D-CaLi (core) and
the 3D-CaLiZn (core coated by bioactive layers) ceramics micro-
structures, respectively. The surface morphology of the multilayer 3D-
CaLiZn shows the presence of hexagonal shaped grains, characteristic of
the 3D-Cali ceramics, constituting which was called the ceramic core.
On this core, it was possible to see fragmented plaques that corre-
sponded with the external 3D-Ca 1%-Zn composition layers. Its het-
erogeneous and fragmented presence was due to the shrinkage that
ceramics underwent after the second sintering treatment. This external
plaque modify not only the ceramic's chemical composition, but also
the surface's roughness, which is an essential characteristic for cell
adhesion and proliferation [43].

The EDX results (Fig. 5¢) supported the SEM observations. When the
EDX data were collected in the 3D-Cali core zones, they showed that
silicon was absent due to the low Si concentration used to prepare it.
Otherwise, when the EDX data were collected on the external plaques
(3D-Ca 1% Zn), they showed that silicon was present, as expected. The
external layers were too thin and the presence of Zn was too slight in
the sol-gel initial composition, so EDX was unable to detect it. Finally,
the Ca/P ratios were different. In 3D-CalLi, the Ca/P ratios were about
1.32 = 0.06, which corresponds to an intermediate Ca/P ratio value
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Fig. 7. SEM micrographs of the 3D-CaLi and 3D-CaLiZn multilayer porous scaffolds after different immersion times in SBF: a-c) 3D-CalLi after 3,7 and 14 days; d-g)
3D-CaLiZn after 1, 3, 7 and 14 days; h-j) 3D-CaLiZn detail micrographs after 3, 7 and 14 days.

between TCP and calcium pyrophosphate [21]. However, it decreased
in the 3D-CaLiZn samples, with values of 1.22 + 0.02.

The mineralogical composition of the 3D-CaLi and 3D-CaLiZn
ceramics is shown in Fig. 6. The 3D-CaLiZn ceramics have a different
distribution of mineralogical phases compared to the 3D-CaLi ceramics
(shown and described in Fig. 1). In the 3D-CaLiZn multilayer ceramics,
tricalcium phosphate is also the predominant phase, but has fewer less
intense peaks. Furthermore, phases such as tridimite (COD-96-900-
0521) and zinc modified calcium silicate (COD-96-810-0091) appears.
These results reveal that the second sintering process of the final mul-
tilayer ceramic modified the mineralogical pattern compared to the
core alone (3D-CalLi), changing its behaviour.

The bioactive behaviour of both the core (3D-CaLi) and the core
coated with bioactive layers (3D-CaliZn) was evaluated by SEM
images. Fig. 7 shows the SEM micrographs of 3D-CaLi and 3D-CaLiZn
scaffolds after being soaked in SBF for 3, 7 and 14 days.

Any surface modification and precipitate were observed in 3D-CaLi
scaffolds after any immersion time in SBF (Fig. 7a—c). These results
mean that the 3D-CaLi ceramics were not bioactive at any study time.
By considering that the 3D-CaLi ceramics are fundamentally composed
by calcium pyrophosphate and tricalcium phosphate, as the DRX results
showed, these results agree with the previous literature, which has
demonstrated that pyrophosphate molecules contain P-O-P bonds that
block the formation and/or growth of HA critical nuclei and crystals
[10,44].

Instead, the 3D-CaLiZn ceramics exhibited a completely different
behaviour when immersed in SBF. After 1 day of immersion (Fig. 7d),
only the 3D-Ca 1%-Zn external layers showed spherical precipitates,
which were scattered heterogeneously over the surface of the ceramics.
However, the 3D-CaLi core had a different morphology, despite not
presenting any type of precipitate. It was difficult to delimit the

characteristic grains observed in the 3D-CaLi ceramics. When the SBF
immersion time was increased to 3 days, all the 3D-CaLiZn ceramic
surface showed precipitates on it (Fig. 7e). No defined spherical pre-
cipitate exists, but the whole surface was modified. After 7 days of SBF
immersion (Fig. 7f), spherical precipitates were seen in the 3D-CaLi
core, but the formed plaque was too thin to obtain reliable EDX results.
Finally, when the samples were immersed in SBF for 14 days (Fig. 7g),
all the surface samples were covered by a calcium phosphate pre-
cipitate, but were still too thin. The detailed micrographs (Fig. 7h—j),
show the variation in the spherical precipitate morphology, as well as
the increase in its size and number at different SBF immersion times,
even hollow spheres were observed after 14 days of immersion. The
addition of external 3D-Ca 1%-Zn layers on the 3D-CaLi core modified
the in vitro behaviour of the 3D-CaLi ceramic, making it bioactive. Small
amounts of Zn accelerated the bioactivity in the 3D-Ca ceramics, as
shown in Fig. 4d. However, in this last case, it was capable of inducing
the precipitation of a calcium phosphate component on a non-bioactive
material. By bearing in mind the strong metal ion chelating capacity of
some ions, such as Ca?* and Zn2" [45,46], the 3D-Ca 1%-Zn external
layers were added, creating the 3D-CaLiZn ceramics. Zn and Ca ions
compete for pyrophosphate binding sites, which allows enough Ca ions
in the ceramic-SBF interphase to initiate the nucleation and crystal-
lization of HA precipitate on the ceramic surface.

4. Conclusions

This work demonstrates that it is possible to develop a new class of
multilayerporous materials by the sol-gel process. This new material is
composed of a high durability core and a highly bioactive external
coating. The ceramic, which will constitute the core of the final mul-
tilayer ceramic (3D-CalLi), was elaborated based on quaternary system
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§i0,-P,05-Ca0-Li»0, and its mineralogical analysis revealed the pre-
sence of calcium pyrophosphate and tricalcium phosphate phases fun-
damentally. In bioactivity terms, the study of its in vitro behaviour,
demonstrated that the 3D-CaLi ceramics were not bioactive at any study
time.

The external bioactive layers were elaborated based on quaternary
system SiO,-P»05-CaO-ZnO. It has been demonstrated that certain
quantities of a cation, such as Zn?*, induce major changes in behaviour
in ceramics. Initially, a 1% addition of Zn was able to accelerate the
bioactivity of a bioactive ceramic (3D-Ca), keeping its mineralogical
composition. However, when 30% Zn was added, bioactivity was in-
hibited and the whole mineralogical composition changed. When the
3D-Ca 1%-Zn solution was added, as external layers, to a non-bioactive
ceramic (3D-CaLi), the multilayer 3D-CaLiZn ceramic was obtained,
which was capable of modifying the mineralogical phases of the in-
dividual 3D-CalLi ceramic, and of inducing the precipitation of calcium
phosphate species on the surface of the ceramic's core. In short, large
quantities of Zn inhibit a material's bioactivity, but small quantities are
capable to provide this capacity to a non-bioactive material.
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ABSTRACT
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Biomedical applications

In this study, multilayer ceramic scaffolds were prepared by sol-gel and polymeric replication methods. The
objective was to fabricate scaffolds based on two different compositions: a core with composition
Si0,-25P,05-68Ca0-6Li,O (mol%) to confer mechanical resistance and external layers with composition
29Si0,-3P,05-(68-x)Ca0-xSrO (mol%) (x = 0, 0.7, 2, 7, 17 and 34) to provide modulated bioactivity. The
obtained scaffolds were characterized by X-ray diffraction (XRD), Fourier Transform Infrared Spectroscopy
(FTIR), Scanning Electron Microscopy with Energy Dispersive X-Ray Spectroscopy (SEM-EDX) and Mercury
Porosimetry Techniques. In vitro bioactivity was evaluated by soaking samples in simulated body fluid (SBF). The
results revealed that the core was not bioactive, but bioactivity could be modulated when the core was covered
with external layers. The samples doped with 0.7 and 7 mol% SrO showed bioactivity after 3 days in SBF, while
the sample doped with 2 mol% SrO displayed bioactivity after 14 days. The samples doped with 17 and 34 mol%
SrO presented no bioactivity, rather precipitates on the surface after 14 days and 7 days, respectively, which
could correspond to a modified apatite. Variation in bioactivity with increasing dopant concentrations is at-
tributed to the fact that a certain amount of Ca** ions substituted for Sr** can distort the network at different
levels. This makes the material more unstable, which favors the ion exchange needed for hydroxyapatite nu-

cleation.

1. Introduction

One of the most important clinical challenges of recent times has
been to find alternatives to combat the increase in structural bone da-
mage caused by trauma and diseases, which especially affect the el-
derly. Until recently, natural implants like autografts, homografts and
xenografts, were the best option. However, autograft implants are
limited by not only poor donor area availability, but also by the pos-
sibility of causing morbidity. The use of homograft and xenograft im-
plants is limited by the high risk of transmitting diseases and rejections
[1,2]. For this reason, tissue engineering has led to research to find new
alternatives that imitate the human bone, like synthetic implants [3].

Currently, the ideal implant must act as a temporally template while
bone regeneration occurs. This means that the scaffold should be
bioactive, biodegradable at the same bone regeneration rate, os-
teoinductive and osteoconductive, and must promote osseointegration.
The scaffold must be porous and present surface properties to allow cell
proliferation and vascular ingrowth, and to promote cell fixation

* Corresponding author.
E-mail address: nmata@umbh.es (N.A. Mata).
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[1,3,4]. In line with all sense, ceramic materials stand out for pre-
senting some of these requirements, especially calcium phosphates [5].
The excellent biocompatibility of this ceramic type is due to chemical
similarity with biological bone, constituted in approximately 60% by
calcium phosphate called hydroxyapatite [4]. The structure of this
biological apatite contains trace elements or ions that perform a fun-
damental function in angiogenesis and bone metabolism. Even these
can be important enzyme cofactors during bone tissue growth. Some
such ions are Na*, Mg?*, K*, CO3%>~, C1~ and F~, and they enter the
apatite by ion substitution for ca*? [3,6].

In order to create a material that better resembles biological bone,
recent studies have used calcium phosphate, which has been previously
studied to dope them with ions and to promote a special function in the
scaffold [7-10]. One of these elements is strontium (Sr), which corre-
sponds to 0.335% in relation to the total calcium content in the human
body [7]. Strontium has been used to treat osteoporosis for several
years given its ability to decrease bone resorption and to promote bone
growth [11]. The Sr** ion has been replaced in some calcium

Received 24 July 2019; Received in revised form 3 September 2019; Accepted 5 September 2019

Available online 06 September 2019
0272-8842/ © 2019 Elsevier Ltd and Techna Group S.r.1. All rights reserved.

85



N.A. Mata, et al.

phosphate ceramic scaffolds, which demonstrates its cooperative role
with calcium. Both ions suppress the activity of osteoclasts and promote
the functions of osteoblasts [10]. The effects of Sr on osteoblast have
been experimentally demonstrated in vitro and are attributed to the
increased expression of alkaline phosphate activity, collagen type I and
osteocalcin [12].

Another of the molecules found in mineralized tissue, such as teeth
and bones, is pyrophosphate, which represents 0.5% of the total
phosphate content [13]. Its chemical structure consists of two inorganic
phosphate molecules joined by a hydrolysable ester [14]. Previous
studies have shown that pyrophosphate is an important regulator of the
bone mineralization process, and very much depends on the perfor-
mance of other enzymes [15,16]. According to requirements, pyr-
ophosphate can be released extracellularly or be formed from ATP
breaking down due to the action of enzyme NPP1. This pyrophosphate
prevents mineralization by binding strongly to the surface of hydro-
xyapatite crystals, which, as a result, blocks nucleation points for future
crystals. However, in the presence of the TNAP enzyme, pyrophosphate
is hydrolyzed into two phosphate molecules that will subsequently
promote bone formation and mineralization. In general, the relation-
ship between pyrophosphate and phosphates is a factor that regulates
the bone mineralization process [17].

This pyrophosphate and the doped calcium phosphate were syn-
thesized previously and used as ceramic implants. Some methods em-
ployed to fabricate scaffolds include rapid prototype, electrospinning,
gas foaming, freezing-drying, gel casting replica, polymer foam re-
plication, impregnate sintering, solvent casting, particulate leaching,
3D printing, etc. [3,18]. The polymer sponge replica method is one of
the most widely used because it allows scaffolds with high inter-
connected porosity to be obtained. This method consists in impreg-
nating a polymeric sponge with ceramic slurry, which is subsequently
dried and sintered to eliminate organic material and to promote den-
sification [18-20]. However, the majority of the ceramic that presents
biocompatibility, when fabricated by these methods, results in very
porous scaffolds without adequate mechanical strength to function as
bone implants [20]. The most recent idea is to create a multilayer or
stratified material, where the internal scaffold layers consist of che-
mical formulations that provide mechanical resistance, while outer
layers confer bioactivity and biocompatibility [21].

The objective of this work was to obtain 3D porous ceramic scaffolds
with multiplex layers. A 3D scaffold with composition SiO,-25P,0s5 —
68Ca0-6Li,0 (mol%) (referred to as the core from this point onward)
was coated with layers with composition 29Si0>-3P,05 — 68Ca0 (mol
%). The external scaffold layers were doped with Sr*>* ions at different
concentrations (0%, 1%, 3%, 10%, 25% and 50%) in relation to the
total Ca®* moles.

2. Materials and methods
2.1. Material preparation

Multilayer 3D scaffolds were made by combining the sol-gel and
polymeric sponge replication methods. The solution of the core with
composition Si0,-25P,05 — 68Ca0-6Li,0 (mol%) was prepared in two
stages. In the first stage, hydrolysis commenced by mixing 0.38 mL of Si
(OC3Hs) (TEOS, Aldrich - Tetraethyl Orthosilicate 98%), 10.2mL of
(CoHs)3PO,4 (TEP, Aldrich - Triethyl Phosphate = 99.8%), 20 mL of
distilled water, 5 mL of ethanol 97° and 10 mL of hydrochloric acid (HCI
37%, Ensure). The mixture was stirred for 30 min to promote the re-
action. Subsequently in the second reaction stage, 0.5g of lithium
carbonate (Li,CO3, Sigma-Aldrich 99%) was added to reinforce me-
chanical properties, as were 8.04 g of calcium carbonate (CaCO3, Sigma
=99%). The pH of the final solution was adjusted between 2 and 3 with
HC, added drop by drop. Finally, the solution was heated to 100 °C for
30 min until an oil solution capable of wetting sponges was achieved.

Polyurethane sponges (20 ppi, 12.7 mm diameter, 10 mm high)
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were submerged in the sol-gel solution and dried in an oven at 140 °C
for 20 min. Once the first layer had dried, the process was repeated
about 30 times until all the sponge bridges were covered. Then it was
sintered at a heating rate of 18.5°C/h to reach 950 °C, which was
maintained for 8 h.

After obtaining the manipulable scaffold core, the sol-gel solution of
the external layers was made, whose composition was 29Si0,-3P,05 —
68Ca0 (mol%). This solution was obtained by mixing 11.03mL of
TEOS, 1.63 mL of TEP, 20 mL of distilled water, 5mL of ethanol 97°,
10 mL of HCl and 11.33 g of CaCOs. The pH of the solution was adjusted
between 2 and 3 by the addition of HCI, added drop by drop. For the
samples coated with the external composition doped with Sr**, the
original calcium carbonate moles were replaced with strontium car-
bonate (SrCOj3, Alfa Aesar 99%) according to the corresponding sub-
stitution percentage. The amounts of strontium carbonate added in each
solution were 0.17 g, 0.50g, 1.67 g, 4.18g and 8.36 g, which corre-
spond to 1%, 3%, 10%, 25% and 50% of calcium molar substitution,
respectively. For all the above solutions, the remaining moles (neces-
sary to complete the original CaO moles) were added as calcium car-
bonate.

Afterward, the core was coated with each previous solution and
dried at 200 °C for 5min. This process was repeated 5 times to not
eliminate the core scaffold porosity. Finally, scaffolds were resintered at
a heating rate of 92.5 °C/h to reach 950 °C, which was maintained for
3h. The composition and label of the final scaffolds are found in
Table 1.

2.2. Material characterization

The morphology of the ceramic scaffolds was characterized by
Scanning Electron Microscopy with Energy Dispersive X-Ray
Spectroscopy (SEM-EDX) by a Hitachi S-3500 N with INCA system by
Oxford Instruments Analytical.

The composition and crystalline phases were evaluated by X-Ray
Diffraction (XRD, Bruker- AXR D8 Advance) using Cu-K, radiation
(1.5418740 A) with Bragg-Bretano thetha-2thetha geometry and sec-
ondary graphite monochromator. Data were collected between 21° and
36° (20) at 0.02 steps, counting 8s per step. The X-Ray tube was op-
erated at 40kV and 30 mA. The diffractograms of samples were com-
pared with the Crystallography Open Database (COD) and the Inorganic
Crystal Structure Database (ICSD). All diffractograms were analyzed by
the version 3.7.1.132 of the Match! software.

Chemical composition was evaluated by Fourier Transform Infrared
Spectroscopy (FTIR, spectrometer Thermo Scientific Nicolet iS5
equipped with an iD5 ATR accessory). Spectra were collected between
550 cm ' - 1450 cm ™~ ! at room temperature and a resolution of 4 cm ™!
using 64 scans.

The porosity and pore distribution of the 3D scaffolds were eval-
uated by the Mercury Porosimetry Technique (Poremaster 60 GT
Quantachrome instruments) at a pressure range between 66.6 bar and
4104.84 bar.

The mechanical strength of both the core and the core coated with

Table 1
Composition (mol%) of scaffolds.

Core External layers

$i0, P,0s CaO  Li,0 S0, CaO  P,0s  StO
Core 1 25 68 6 - - - -
C/EL-0Sr 1 25 68 6 29 68 3 -
C/EL-1Sr 1 25 68 6 29 67.3 3 0.7
C/EL-3Sr 1 25 68 6 29 66 3 2
C/EL-10Sr 1 25 68 6 29 61 3 7
C/EL-25Sr 1 25 68 6 29 51 3 17
C/EL-50Sr 1 25 68 6 29 34 3 34
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Fig. 1. Optical images of the representative ceramic 3D scaffolds obtained by
the sol-gel and polymer replication methods.

the outer layers was evaluated by the compressive strength of the
scaffolds by a Microtest SCM3000 mechanical tester. Tests were carried
out by applying loads to 25 cylindrical scaffolds of the core and core
coated (8.5mm diameter, 7.0 mm high) at a speed of 1.00 mm/min
until the scaffold completely broke.

2.3. Invitro bioactivity evaluation

In order to evaluate bioactivity, scaffolds were soaked in simulated
body fluid (SBF), which was prepared according Kokubo's guidelines
[22]. All the samples soaked in SBF were immersed in a water bath at
37°C for 3 days, 7 days and 14 days. After each time, samples were
characterized by SEM-EDX.

3. Results
3.1. Sample characterization

The ceramic scaffolds fabricated by the sol-gel and polymer re-
plication methods were observed under an optical microscope. Fig. 1
shows how the scaffolds looked, which presented a cylindrical shape
and interconnected pores.

The microstructure of all different scaffold types was studied by
SEM-EDX (Fig. 2). Fig. 2 (a) shows the microstructure of the core of
scaffolds, which presents hexagonal grains (@) and a Ca/P ratio varying
from the edge to the middle of these grains. At the edges of the hex-
agonal grains, the Ca/P ratio is 1.3, and is 1.2 in the middle. On the
surface, the presence of small crystals was observed (*) with a Ca/P
ratio of 1.6, and rods (—) with a ratio of 1.2. Fig. 2 (b) shows the C/EL-
08r scaffold microstructure with the previous hexagonal grains present
in the core, but now coated with a new layer with a Ca/P ratio of 1.2
(#). Another structure observed on the sample surface was bright pre-
cipitates which, when analyzed by EDX, were seen to be formed only by
silicon (V). The following figures (Fig. 2(c—e)) show the microstructure
of the Sr-doped scaffolds. In these cases when the percentage of Sr ions
rises, the amount of silicon precipitates on the surface increases. The
EDX results demonstrated that the silicon content in the bright pre-
cipitates varied from 7.76 wt% of Si to 19.09 wt% of Si for samples C/
EL-0Sr and C/EL-508r, respectively. The amount of Sr was not detected
in samples C/EL-1Sr and C/EL-3Sr because it went below the SEM-EDX
detection limit. However, Sr content varied from 3.30 wt% of Sr to
28.06 wt% of Sr in samples C/EL-10Sr and C/EL-508r, respectively.

Fig. 3 shows the diffractions patterns of the core, samples C/EL-0Sr
and samples C/EL-25Sr and C/EL-50Sr, as being representative of all
the doped scaffolds. The XRD pattern of the core showed characteristic
peaks of the following phases: calcium diphosphate (CazP»0,) (COD 96-
100-1557), beta tricalcium phosphate (B-Caz(PO4),;) (COD 96-151-
7239), LiCa(PO,4) (COD 96-722-2995), Cag gsLi 05(PO4)7 (COD 96-152-
6054), cristobalite (SiO,) (COD 96-900-8228) and chlorapatite
(Cas(P0O4)3Cl) (COD 96-210-5266). Sample C/EL-0Sr presented the
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same phases as the core, but showed a modified crystallinity for some
phases. A decrease in the peaks corresponding to the Ca;P,07 phase and
an increase in the peaks of phases B-Caz(PO4), LiCa(POy),
Cag o5Lit.05(PO4)7, and SiO, can be seen.

Furthermore, the diffraction patterns of samples C/EL-25Sr and C/
EL-508r, also shown in Fig. 3, presented the characteristic peaks of the
phases found in the core and a two new phases containing Sr. These
phases corresponded to strontium silicate (Sr2SiO,4) (ICSD 35667) [23]
and nonstoichiometric calcium/strontium silicate (Caj g5Sro.35) (SiO4)
(COD 96-153-5820). In both samples, a decrease in the peaks corre-
sponding to phase CayP,0; took place, as well as a drop in the crys-
tallinity of sample C/EL-50Sr compared to sample C/EIl-25Sr. Particu-
larly, sample C/EL-50Sr showed a low expression of the peaks
corresponding to  phases Ca,P,0,  B-Cas(PO4),  LiCa(POy,),
Cag gsLit 05(PO4)7, but an increase in the peaks corresponding to phases
SrySi04, (Cay 65Sr0.35) (S8i04), Cas(PO4)3Cl and SiO,.

Fig. 4 presents the FTIR spectra of all the samples, while Table 2
shows the vibration modes assigned to each observed signal. In the
spectrum to the core, different signals were observed between
1000 cm ™! and 1185 cm ™!, which correspond to the superposition of
the asymmetrical stretching of the groups Si-O-Si and PO,>~, that
usually present vibrational modes between 1000-1300 cm ™' [24-28]
and 1000-1100 cm ~ ! [24], respectively. The presence of group Si-O-Si
was also corroborated by the 800 cm ™! signal, which corresponds to
symmetrical stretching or bending vibration, previously reported be-
tween 760 cm ™! and 850 cm ! [24,28]. Likewise, the signals observed
at 938cm ™! and 969 cm ™!, and those at 584cm ™! and 668 cm™?,
correspond to the symmetrical stretching and bending vibration of
group PO,>~, that are reported in 900-970cm™' [24] and 520-
660 cm ! [4,24,29], respectively. Finally, the presence of the pyr-
ophosphate group (P,0,*”) was observed given the signals at
1208 cm ™! [30], 919 cm ™! [30] and 724 cm ™! [9,30].

The samples coated with outer layers (with and without Sr ions)
presented diminished intensity for the signals between 1027 cm ™~ and
1200 cm ™', However, signals remained around 1000cm ™, which
could be attributed to the presence of groups Si-O-Si and PO,*>~. A
diminished intensity of the peaks corresponding to the pyrophosphate
group was observed and a signal at 848 cm ™! appeared, which could be
attributed to the vibration of group Si-O-2NBO [24,25]. This group
corresponded to the stretching modes of Si-O with two non bonding
oxygens per SiO, tetrahedron, due to the presence of alkaline earth
elements, such as Ca and Sr. Another group identified was Si-O-NBO at
900cm ™!, which is usually reported between 890 and 975cm ™!
[24,25].

Fig. 5 presents the curves obtained by the Mercury Porosimetry
Technique, and Table 3 shows the total porosity and specific surface
area obtained by the core, sample C/EL-0Sr and C/EL-50Sr, as being
representative of all the doped scaffolds. Fig. 5 (a) shows how the core
presents two regions of intruded volume. The first region shows a
bigger intruded mercury volume, which corresponded to a range of
pore diameters between 125 um and 15 um. The second region displays
a smaller intruded mercury volume, which corresponded to a pore
diameter that varied between 2.7 ym and 0.5 um. Fig. 5 (b) shows that
the core had a bimodal pore size distribution with more pores around
80 pm, as well as a second group of pores, with a diameter around 2 pm.
In general, the Mercury Porosimetry Technique allows information to
be obtained about pores smaller than 300 um. For the core, total por-
osity was 41.9% (< 300 um), with a specific surface area of 0.71 m?/g
(see Table 3). Additionally, Archimedes' principle allows the porosity
corresponding to pores bigger than 300 um to be obtained. In this case,
the core's total porosity was 71.9%.

Scaffold C/EL-OSr presented a bigger intruded mercury volume
compared to the core, which fell within the 108 pm-0.5 pm pore dia-
meter range, as shown in Fig. 5 (a). This sample had a bigger total
porosity of 52.5% (< 300 um) and a wider pore size distribution. Fig. 5
(b) depicts how the sample presented four pore diameter peaks
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Fig. 2. SEM images of scaffolds: (a) Core; (b) C/EL-0Sr; (c) C/EL-1Sr; (d) C/EL-3Sr; (e) C/EL-108r; (f) C/EL-25Sr; (g) C/EL-50Sr. Identified morphologies: hexagonal
grain (@), small crystals (*), rods (—), external layer (#) and bright precipitates (W).

corresponding to 46.2pm, 15pum, 9.5um and 3.3 pm. However, the
sample also had a specific surface area of 0.32 m?/g, which represents a
decrease compared to the core. According to the Archimedes results,
this sample's total porosity was 64.2% (> 300 um).

Finally, sample C/EL-50Sr had a similar amount of intruded volume
to the core, with pore diameter values ranging between 189 ym and
3.8 um: see Fig. 5 (a). Unlike the core however, the sample showed a
wider pore size distribution with peaks at 101 pm, 46.8 um and 30 pm:
see Fig. 5 (b). This sample had a total porosity of 40.8% (< 300 pm)
and its specific surface area was 1.83m?/g. The Archimedes results
revealed that this sample's total porosity was 69.4% (> 300 um).

Regarding the scaffolds’ compressive strength, Table 3 presents the
values obtained for the core and the core coated with outer layers. The
core presented a range of compressive strength values between 0.9 and
1.6 MPa, while the core coated with the doped and undoped layers
presented a range of values between 0.9 and 1.8 MPa.
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3.2. In vitro bioactivity

In relation to the in vitro bioactivity results, Fig. 6 shows the ob-
tained SEM images corresponding to the core and sample C/EL-OSr.
Fig. 7 provides the Sr-doped samples.

Fig. 6(a—c) depicts the core's morphology after SBF immersion at 3
days, 7 days and 14 days, respectively. After the SBF immersions, the
sample still presented hexagonal grains, small crystals and rods, which
were observed before being soaked in SBF (Fig. 2 (a)).

Fig. 6(d-f) shows sample C/EL-0Sr's morphology after SBF immer-
sion at 3 days, 7 days and 14 days, respectively. Fig. 6 (d) reveals that
after 3 immersion days, no morphological changes were observed
compared to the same sample being soaked in SBF before (Fig. 2 (b)).
After 7 days in SBF (Fig. 6 (e)) the sample presented a dissolution of the
original precipitates, which covered the core's hexagonal grains and
revealed bright precipitates on the surface, which contained silicon as
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Fig. 3. The XRD diffraction patterns of the core and scaffolds C/EL-0Sr, C/EL-25Sr and C/EL-50Sr (@ CaP,07, m B-Caz(PO4),, o LiCa(PO,), o Cag osliy os(PO4)7, w
Cas(PO4)3Cl, » SiOy, ASr,Si04 and ¥ (Caq,65S70.35) (Si04)).

Fig. 4. The scaffold's FTIR spectra.

Table 2
The scaffold's FTIR vibrational modes.

Wavenumber (cm ™)

Vibrations

1000-1185
1000-1099
1208
938/969

919

900

800

848

724
584/602/668

Si-O-Si asymmetrical stretching

PO,®~ asymmetrical stretching

P,0,*

PO,®~ symmetrical stretching

P,0,*

Si-O-NBO stretching

Si-O-Si symmetrical stretching or bending
Si-O-2NBO stretching

P,0,*

PO, bending
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corroborated by EDX.

However after 14 days in SBF, Ca-P precipitates with globular
morphology formed on the sample's surface (see Fig. 6 (f)). EDX gave a
Ca/P ratio of 1.67, which corresponded to hydroxyapatite [31].

Fig. 7 shows the changes in the Sr-doped scaffolds after being
soaked in SBF. Fig. 7(a—c) presents the surface morphology of sample C/
EL-1Sr soaked in SBF. After 3 days in SBF (Fig. 7 (a)), the sample
presented precipitates with a globular morphology and a Ca/P ratio of
1.66, which corresponded to the Ca/P ratio of hydroxyapatite. This Ca/
P ratio did not change after 7 days and 14 days (Fig. 7(b—c)), which
means that hydroxyapatite continuously precipitated. After 3 days
however, the globular morphology size was 4.8 um. After 7 days and 14
days, these individual globules joined and formed larger precipitates, as
indicated by the red arrow (above) in Fig. 7(a—c). The hydroxyapatite
that precipitated at 3 days was covered with a second precipitate, as
revealed by EDX, and corresponded to NaCl crystals (A). However,
these crystals progressively dissolved for longer immersion times.

Fig. 7(d-f) shows sample C/EL-3Sr after being soaked in SBF. After 3
days of immersion in SBF (Fig. (d)), the sample displayed no morpho-
logical modifications compared to its initial state (Fig. 2 (d)). However
after 7 days and 14 days in SBF, Ca-P precipitates with a globular
morphology appeared on the surface (Fig. 7(e—f)). EDX gave a Ca/P
ratio of 1.6 for both these times, which corresponded to the hydro-
xyapatite ratio. Like sample C/EL-1Sr, the globular morphology was
united and formed larger precipitates, as shown by the red arrows in
Fig. 7(e-f).

Fig. 7(g-i) illustrates sample C/EL-10Sr after being soaked in SBF.
After 3 days in SBF, the sample presented precipitates on the surface,
similarly to the hydroxyapatite observed in previous samples. The EDX
analysis revealed that besides these precipitates containing Ca and P,
they also presented Sr and Si. In this case, the (Ca + Sr)/P ratio had to
be considered because 10 mol% of Ca** ions were substituted for Sr**.
On the precipitate surface, this ratio was 1.64, which indicated the
existence of hydroxyapatite substituted for Sr. EDX also confirmed the
presence of 5.50wt% of Si, which was maintained by the
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Fig. 5. Mercury porosimetry curves: (a) Cumulative and (b) Differential intrusion vs. pore diameter in scaffolds.

microstructure after immersion in SBF. Notwithstanding after 7 days
and 14 days of SBF immersion (Fig. 7(h-i)), the Ca/P ratio was 1.60 for
both times, which corresponded to the hydroxyapatite ratio obtained in
previous samples. In these cases, EDX did not detect any Sr or Si on the
surface, which could be due to these ions being released from the
sample or the thick hydroxyapatite layer not allowing these ions to
migrate from the material to the outside. The precipitate presented a
globular morphology after 7 days of immersion. After 14 days, the
different globular morphologies were joined to form the only pre-
cipitate-like plates on the surface, as seen in Fig. 7(h-i).

Fig. 7(j-1) shows sample C/EL-25Sr after being soaked in SBF. After
3 days in SBF (Fig. 7 (j)), this sample presented initial coating dis-
solution (Fig. 2 (f)) and the characteristic hexagonal grain of the core
was noted after 7 days (Fig. 7(k)). Nevertheless after 14 days in SBF
(Fig. 7 (1)), surface precipitates formed and the EDX analysis revealed
that the surface of the sample content was 13.3wt% of Si. Finally,
Fig. 7(m-o) shows sample C/EL-50Sr after being soaked in SBF. After 3
days (Fig. 7 (m)), the sample showed the initial coating dissolution
observed in Fig. 2 (g). However, precipitates formed on the sample's
surface after 7 days in SBF (Fig. 7 (n)). EDX revealed the presence of Sr
and, as well as sample C/EL-10Sr, it was necessary to consider the
(Ca + Sr)/P ratio. This ratio was 1.7, which indicates that the pre-
cipitate could correspond to a type of hydroxyapatite modified by the
presence of Sr. After 14 days in SBF, the whole precipitate on the sur-
face was dissolved, as shown in Fig. 7 (0), and the characteristic hex-
agonal grains of the core surrounded by rods with a Ca/P ratio of 1
appeared (Fig. 7 (0)).

4. Discussion

In this study, ceramic scaffolds with composition SiO,-CaO-P,0s
were manufactured by the sol-gel and polymer sponge replica methods.
The combination of these methods has been previously used by other
researchers to obtain porous scaffolds for future tissue engineering
applications. However, in this work, two new variants were

Table 3
Total porosity, surface area and compressive strength.

incorporated into the manufacturing process that have been studied
separately to date. The first variant was to create multilayer scaffolds
composed of two different compositions (core + outer layers), while
the second involved doping outer layers with Sr ions at different con-
centrations.

4.1. The scaffolds’ porosity and compressive strength

In the scaffolds’ design, porosity was one of the factors to control
because macroporosity (pore size > 100pum) [5] and microporosity
(pore size < 10 um) [5] play an important role in the cellular processes
that promote bone growth. The polymer sponge replication method
allowed interconnected porous to be obtained, whose size varied be-
tween 200 pm and 3 nm depending on the type of sponge [20]. How-
ever, when this method was combined with the sol-gel method, thanks
to the quick gelation of the sol solution, pores can progressively close
after each coating. For this reason, it is necessary to control the number
of coatings and to create a compromise between the appropriate pore
size and the number of coatings required to create a hard core after
sintering. Fig. 5 shows that the scaffold core presents two average
groups of different pore sizes: one up to 80 pm and another up to 2 pm.
Part of this porosity is observed in Fig. 2 (a). Some correspond to the
micropores formed when the hexagonal grains came into contact with
the rods.

Furthermore, the curve of sample C/EL-0Sr, which corresponded to
the core after coating, showed the formation of more pores with dif-
ferent sizes ranging from 108 um to 0.5pum. This indicated that the
coating was not completely smooth and presented certain roughness, as
shown in Fig. 2 (b). The specific surface area reduced compared to the
core because the whole initial microstructure was covered with the new
layers that filled the micropores. Finally, for the sample doping done
with the maximum amount of Sr (C/EL-50Sr), pore size was between
189 um and 3.8 um, but the number of pores lowered compare to C/EL-
0Sr. This decrease was attributed to the silicon agglomerates, as ob-
served in Fig. 2 (g), which covered the previously rough coating

Sample Porosity (%) < 300 pm" Porosity (%) > 300 umh Surface Area (mz/g) Compressive strength (MPa)
Core 41.9 71.9 0.71 0.9-1.6

C/EL-0Sr 52.5 64.2 0.32 0.9-1.8

C/EL-50Sr 40.8 69.4 1.83

2 Obtained by the Mercury Porosimetry Technique.
b Obtained by Archimedes principle.
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Fig. 6. SEM images of the core (above) and sample C/EL-0Sr (below) soaked in SBF for: (a,d) 3 days, (b,e) 7 days and (c,f) 14 days, respectively.

observed in sample C/El-0Sr. Consequently, these agglomerates caused
the specific surface area to increase. A similar result was obtained by
Hesaraki et al. [8], who observed how the specific surface area aug-
mented when increasing the amount of Sr ion doping in glasses with
composition Ca0-SiO,—P,0s They suggested that this was due to the
stress induced in the network while ions were being substituted. The
ionic radius of Ca*2 was 1.00 A and it was 1.13 A for Sr*2. Therefore,
introducing larger ions created stress for the network and reduced
particulate size and, consequently, increased the specific surface area.

Regarding the scaffolds’ porosity, the total porosity corresponding
to pores < 300 um and > 300 pum was between 52.5% and 40.8%, and
between 71.9% and 64.2%, respectively. In short, the porosity of the
three analyzed scaffolds lay between 1 and 20 um, which is important
for the cell development, orientation and directionality of cellular in-
growth [18]. Macropores of around 100 um (detected by the Mercury
Porosimetry Technique) and over 300 um (detected by Archimedes
principles) are necessary for nutrient supply, the waste removal of cells
and for regenerating mineralized bone [18,32,33].

Another aspect considered while evaluating scaffolds was resistance
to compression. The core provided a resistance around 0.9-1.6 MPa and
the external layers increased the scaffolds' resistance to 0.9-1.8 MPa.
The herein fabricated scaffold displayed greater resistance to com-
pression than in other studies. For example by the sol-gel technique,
other authors have obtained a resistance of 0.18-0.40 MPa and
0.02-0.03 MPa in system SiO,-CaO-P,0s5 and system SiO,-CaO-(Mg/
Na/K),O,, respectively [19,20]. Regarding the influence of the dopant
on the material's strength, Feng et al. [34] observed reduced com-
pression resistance when doping B-TCP with more than 2.5 wt% of ZnO.
Conversely, the resistance to compression of the material synthesized in
the present study fell within the same range of values, regardless of the
amount of dopant employed.

Human bone has a complex hierarchical structure that can be di-
vided into cortical and trabecular bone in macro terms. Material ob-
tained during present investigation is structurally comparable to tra-
becular bone or sponge, whose compressive strength is 0.2-4 MPa. In
comparison, synthesized material's compressive strength came closer to
the lower limit than to the upper limit of trabecular bone. However, as
discussed by Chen et al. [35], a scaffold must have adequate mechanical
resistance to allow it to be manipulated when it is applied but the
scaffold's resistance does not need to equal bone because the cell culture
and the new tissue to be formed in vitro will increase mechanical
strength over time.
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4.2. The scaffolds’ chemical and mineralogical characterization

The scaffolds' chemical and mineralogical composition was eval-
uated by XRD, FTIR and SEM-EDX. Phases were identified for the core,
sample C/EL-0Sr and doped samples C/EL-25Sr and C/EL-50Sr, which
represent the intermediate and maximum amounts of the doped Sr ions.
The XRD patterns of these samples are provided in Fig. 3. As observed,
one of the phases present in the core was calcium diphosphate, con-
stituted by two calcium ions joined to a pyrophosphate group (P,0,* ).
Pyrophosphate is a natural molecule found in the human body and an
important regulator of the bone mineralization process. Some re-
searchers have shown that pyrophosphate inhibits crystallization in
vitro, but not in vivo [13], mainly because if the TNAP enzyme is present
in vivo, it is able to hydrolyze the pyrophosphate molecule and form two
phosphate groups to promote bone mineralization. The relation be-
tween pyrophosphate and phosphates is a determining factor during
bone growth and the enzymes of the body act according to the orga-
nism's requirements. Pyrophosphate is able to prevent soft tissue cal-
cification, and can cause diseases and abnormalities in bone tissue if it
is lacking or found in excess [17].

The remaining phosphorus introduced into the material formed the
tricalcium phosphate phase (Ca3(PO4),) and two additional phases
containing lithium, one of which was stoichiometry (LiCa(PO,4)) and the
other was non stoichiometry (Cag.gsLii.05(PO4)7). The chloroapatite
(Cas(P0O4)3Cl) phase was also identified in the core, whose formation
was attributed to hydrochloric acid (HCI) being added while preparing
the sol-gel solution. Chloropatite is a material that began to be studied
only quite recently given its ability to transform into hydroxyapatite
when immersed with water [36]. Fahami et al. have demonstrated that
the Zeta potential of chloropatite is negative at pH 5, 7.4 and 9, and a
negative Zeta potential is a factor that favors osseointegration, apatite
nucleation and bone regeneration. Likewise, they obtained bioactivity
after a 14-day incubation in SBF [37]. Finally, one phase with silicon
that corresponded to cristobalite (SiO,) was identified.

The FTIR curves (Fig. 4) corroborate the presence of the phases
identified by XRD. The signals at 724 cm ™%, 919 cm ™! and 1208 cm ™!
confirm the presence of the pyrophosphate group, present in the cal-
cium diphosphate phase. Another vibrational mode detected in the core
group was PO,>~, which formed the tricalcium phosphate, chlorapatite
or lithium-calcium phases. One group Si-O-Si was also detected, which
may belong to the cristobalite phase.

Given the presence of different phases in the core, the micro-
structure observed by SEM (Fig. 2 (a)) corresponded to a combination
of this. Generally, the tricalcium phosphate phase has shown a
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Fig. 7. The SEM images of C/EL-1Sr, C/EL-3Sr, C/EL-10Sr, C/EL-25Sr and C/EL-50Sr soaked in SBF for: (a,d,g,j,m) 3 days, (b,e,h,k,n) 7 days and (c,f,i,1,0) 14 days.

hexagonal grain [38] with a Ca/P ratio of 1.5. In this study however,
the grain observed by SEM presented a different Ca/P ratio in the
middle and on the edges of the hexagonal grains. This means that the
structure was not pure beta tricalcium phosphate, but comprised a
combination of the other phases.

Conversely, sample C/EL-0Sr showed a decrease in the peaks of
phase Ca,P,07 and an increase in the peaks of phases 3-Ca3(PO4),, LiCa
(PO,4) and Cag gsLiq 05(PO4);. This behavior is attributed to the new
interactions that took place during the second sintering process be-
tween the ions present in the core and the new ions added to the outer
layers, which resulted in a new combination of phases. Phase CayP,07
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had a Ca/P ratio of 1 and phase -Ca3(PO,), had a Ca/P ratio of 1.5.
Therefore during the first core sintering, the phase with the lowest Ca/P
ratio would be preferentially formed in relation to those phases that
needed a larger quantity of Ca ions per P. However, by coating the core
with the outer layers, which contained more Ca ions, the diffusion of
these ions could occur during the sintering process and favor the for-
mation of phase B-Caz(PO4),. This was why a decrease in phase
Ca,P,0, and an increase in phase -Ca3(PO4), occurred, including the
phases of B-Ca3(PO4), modified by the presence of lithium, which
formed stoichiometric phase LiCa(PO4) and nonstoichiometric phase
Cag gsLiy 05(PO4)7, respectively. An increase in the peaks corresponding
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to SiO, also took place as a result of incorporating the outer layers,
whose composition provided a larger amount of Si.

The diffractograms of samples C/EL-25Sr and C/EL-50Sr showed the
presence of the previously identified phases, and of two new phases that
contained Sr. For the Sr-doped samples, a different behavior was ob-
served than for sample C/EL-0Sr. Phases Ca,P,0, and B-Cas(PO,),,
which decreased and increased in sample C/EL-0Sr, both decreased in
this case. On this occasion, ions were organized differently, which fa-
vored the formation of phases Cas(PO4)3Cl, Sr2SiO4 and (Caj ¢5570.35)
(Si0,). Likewise, loss of crystallinity was observed from sample C/EL-
258r to sample C/EL-50Sr, which indicates that adding a bigger amount
of Sr distorts the network of the initially obtained material by produ-
cing a bigger quantity of amorphous phase.

Other studies have reported accomplishing the formation of stron-
tium silicate phases in bioglasses with compositions SiO2—P;0s5-CaO
and SiO,-P,05-CaO-Na,O with doping between 0-36 and 0-23.08%,
respectively [27,29]. Both studies have shown that increasing doping
enhances the crystallinity of samples, except for the maximum doping
performed by Macon et al. This sample corresponded to composition
608i0,-4P,05-36SrO (%mol) and the SEM evaluation indicated the
presence of a mixture of particle morphology, i.e. needle-like and glassy
particles. This sample could be the equivalent to C/EL-50Sr, and like
the sample of Macon et al., XRD evidenced amorphousness compared to
sample C/EL-258r. Likewise, the SEM analysis (Fig. 2(c-g)) showed that
as the amount of Sr increased in the samples, the scaffolds’ surface
presented a more irregular morphology.

The EDX analysis performed on the surface of the doped samples
(Fig. 2(c-g)) showed that agglomerates contained Si and Sr, and that as
the amount of Sr rose, the agglomerates distributed over the entire
surface increased. This could be due to more phases Sr,SiO, and
(Cay 65STo.35) (SiO4) forming, or to amorphous phases forming that
would have been created in the material as a result of the distortion
caused by Sr in the material's network.

As for the FTIR of the coated samples (Fig. 4), the spectrum showed
that the peaks corresponding to the pyrophosphate groups decreased, as
did the intensity of the overlapping peaks of groups PO, and Si-O-Si
between 1000 and 1200 cm™'. The latter could be attributed to the
lower phosphorus oxide content on the outer layers and to an increase
in the amount of silicon oxide. Therefore, the larger amount of peaks
within that range was attributed to group Si-O-Si. Another modifica-
tion observed in sample C/EL-0Sr was the appearance of a peak at
848 cm ™!, which was attributed to the existence of group Si-O-2NBO
that corresponded to nonbonding alkaline earth metals like Ca. Ad-
ditionally, when this sample was doped with Sr, a new peak appeared
around 900 cm ~ !, which was attributed to the vibrations in group Si-O-
NBO due, in this case, to the bigger amount of alkaline earth metals like
Sr.

4.3. Scaffolds’ in vitro characterization

Samples were immersed in SBF to evaluate the material's ability to
transform into apatite precipitates and to, therefore, demonstrate their
bioactivity in vitro. The scaffold's core presented no bioactivity for any
of the times it came into contact with SBF, which confirms that the
presence of pyrophosphate group inhibited the crystallization of hy-
droxyapatite in vitro [16]. However, for the core coated with the layers
of different chemical compositions (sample C/EL-0Sr), the material
displayed bioactivity after 14 days in SBF. The appearance of apatite
precipitates on the surface could be attributed to the following factors:
(i) an increase in the amorphous phase; (ii) an increase in the chlor-
opatite phase; and/or (iii) a decrease in the phase containing group
pyrophosphate. Although the material presented no bioactivity in less
than 14 days, this does not necessary mean a negative aspect because
this study enabled the material's bioactivity to be modulated by doping
the formulation of the outer layers with Sr ions at different con-
centrations.
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In the Sr-doped scaffolds, samples C/EL-1Sr and C/EL-10Sr showed
bioactivity after only 3 days in SBF, while sample C/EL-3Sr, which
represented an intermediate doping concentration compared to the
aforementioned samples, presented bioactivity after 7 days. Sample C/
EL-258r presented no hydroxyapatite precipitates after 3 and 7 days in
SBF (Fig. 7 (j) and (k)). On the contrary, the material that initially
coated the core (Fig. 2 (f)) was dissolved, and it was possible to observe
the core's characteristic microstructure. After 14 days immersed in SBF,
precipitates similar to hydroxyapatite appeared on the surface which,
when analyzed by EDX, were seen to be formed mainly by Si. Finally,
the behavior of sample C/EL-50Sr was similar to that of sample C/EL-
25Sr because after 3 days in SBF (Fig. 7 (m)), the dissolution of the
material that initially coated the core took place (Fig. 2 (g)). After 7
days in SBF (Fig. 7 (n)), hydroxyapatite precipitates appeared on the
surface and EDX showed that they were formed by Ca, Sr and P, and
that hydroxyapatite could be doped with Sr. However, this precipitate
was unstable because it disappeared after 14 days in SBF (Fig. 7 (0)).

The accelerated bioactivity of the scaffold's outer layers with small
amounts of Sr (sample C/EL-1Sr compared to sample C/EL-0Sr) was due
to the substitution of Ca®* ions for Sr?*, which caused distortions in
the network. This distortion made the material less stable and allowed
ions to be more easily released and exchanged with SBF, and to thus
create new hydroxyapatite nucleation points. For example, Shahrabi
et al. argues that bioglasses doped with Sr release more Si ions to the
environment when they are immersed in SBF and, therefore, accelerate
bioactivity [28]. According to the general mechanism of bioactivity,
Si—0-Si bands must break and form two Si—-OH groups by releasing one
of these to the medium, while another Si-OH group remains at the
interface by creating nucleation points of hydroxyapatite [39,40]. This
means that depending on the dopant concentration, different phases
form and Si is released in SBF to a greater or lesser extent, which
modified the material's bioactivity. This would explain the iterative
behavior observed in the other doped samples, as well as the differences
found in previous studies in the effect that Sr had on the material's
bioactivity. Macon et al. [27] and Fredholm et al. [29] obtained an
accelerated formation of hydroxyapatite layers by increasing the per-
centage of doped Sr in samples. Heseraki et al. [8] reported a delay in
apatite layer formation, and suggested that the energy required to break
the Sr-O bond of group Si—O-Sr exceeded that required to break Ca—O
from group Si-O—Ca [8].

The in vitro tests carried out in this research work allowed the
bioactivity of polycrystalline ceramic materials to be interpreted ac-
cording to two new variants. First, the concept of “layers of bioactive
formulations” in the SiO,-CaO-P,Os system was created, which can be
incorporated into mechanically resistant ceramic scaffolds that do not
have bioactivity. Second, it was demonstrated that these bioactive
layers’ bioactivity is modulated by adding doping elements at different
concentrations, which allows to adjust the precipitation time of hy-
droxyapatite in already known formulations.

5. Conclusions

Ceramic scaffolds with multiplex layers were fabricated by the sol-
gel and polymer sponge replica methods. The scaffold consists of a core
with composition SiO,~25P,05-68Ca0-6Li,O (mol%) and outer layers
with composition 295i0,-3P,05-(68-x)Ca0O-xSrO (x = 0, 0.7, 2, 7, 17,
34) (mol%).

The fabricated scaffolds had adequate porosity and mechanical
strength to be used in the bone tissue engineering field. In relation to
the samples' bioactivity, the core's chemical formulation was not
bioactive, although it was possible to coat it with layers of bioactive
chemical formulation in the SiO,-CaO-P,Os system, and bioactivity
was achieved after 14 days in SBF. The outer layer's bioactivity was
modulated by doping with Sr ions at different concentrations. The
variation in the bioactive behavior of the samples doped with SrO in-
dicates that the network is distorted at certain dopant concentrations,
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and the capacity of dissolution and ion exchange with the medium can
be modified and, consequently, the ability to precipitate hydroxyapatite
on the surface can vary.

Specifically, samples C/EL-1Sr and C/EL-10Sr were very interesting
as they were bioactive only after 3 days in SBF, and also for their
composition presenting Sr ions, which will provide in vivo benefits.
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Biomedical applications

New multilayer porous ceramic scaffolds, constituted by a core covered with external layers, are proposed as
future bone tissue implants. The core with composition SiO, - 25P,05 — 68Ca0-6Li,O (mol%) provided suitable
compressive strength (0.9-1.6 MPa) to act as an initial support during bone tissue regeneration. The external
layers with composition 29Si0, - 3P,0s - (68-x) CaO - xFe;03 (mol%) (x = 0.3 and 1) (samples C/EL-1Fe and C/
EL-3Fe, respectively) conferred a bioactive character to scaffolds. The surfaces of both samples showed apatite

precipitates after coming into contact with simulated body fluid (SBF). Sample C/EL-1Fe exhibited non-
continuous bioactive behavior, with precipitates of apatite that precipitated and dissolved between days 1 and
28. Sample C/EL-3Fe showed precipitates after 8 days that remained until the end of the study time. This
variation in material, achieved by modifying the amounts of iron in external layers, represents an important
advance in the ability to control an implant's bioactivity in line with requirements of future applications.

1. Introduction

In recent years, the number of research works about developing
ceramic materials to be used as bone substitution implants has in-
creased. Ceramic materials are proven excellent candidates thanks to
the similarity of their properties to human bone, and the possibility of
mimicking the functions performed by this complicated tissue [1-3].
Human bone is a hierarchical structure formed by several structural
levels. Levels begin with macrostructures, whose main components are
cortical and cancellous bone, until nanostructures are formed by mo-
lecules [4,5]. This tissue is the framework that supports the body, fa-
cilitates movements, protects organs and participates in important
biological mechanisms [6]. For all these reasons, it is so important to
find alternatives to replace and repair the bone tissue affected by
trauma or defect during aging.

Currently, the biggest challenge in manufacturing implants is
combining different properties that initially seem to act in opposite
ways. For example, the mechanical strength of ceramic scaffolds must
come close to bone strength, and its porosity should allow cell growth.
Additionally, the external surface that comes into contact with the or-
ganism must be bioactive and biocompatible [7].

Given this combination of requirements, the development of porous
ceramic scaffolds constituted by multiplex layers is proposed to provide
different functions. The feasibility of this multilayer system has been

* Corresponding author.
E-mail address: nmata@umbh.es (N.A. Mata).
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demonstrated by manufacturing porous 3D scaffolds with compositions
in the SiO>-CaO-P,0s system and using ion doping, such as zinc and
strontium, to potentiate natural bone processes [8,9]. Traces of these
elements are found in the human body and play an important role in
bone metabolism. Both stimulate new bone formation, while zinc has
anti-inflammatory effects and strontium possesses an osteogenic ex-
pression [10,11].

The present work proposes using a new multilayer system with
external layers doped with small percentages of iron. This element is a
micronutrient that forms part of several biological processes, such as
oxygen transport and DNA synthesis, among others. It is also an es-
sential component of some metalloproteins, and is present in small
amounts in teeth and bones [12,13]. Previously, iron has been doped in
biomaterials, e.g. hydroxyapatite, and shown improvements in bacter-
icidal and mineralization properties [12,14]. Other researchers have
studied the influence of iron and its concentration on B-Cas(PO,),,
Vahabzadeh et al. reported effects on physico-mechanical properties,
and the in vitro proliferation and differentiation of osteoblasts [15].
Singh et al. demonstrated that an adequate amount of iron produces
hyperthermia and biocompatibility effects [16]. Finally, the iron in-
corporated in mesoporous silicate bioactive glass enhanced mitochon-
drial activity and the expression of osteogenic genes [17].

In this case, the resistant core is coated by external layers with a
composition in the SiO,-CaO-P,0s system, and doped with 1% and 3%
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Table 1

Reagents used in the sol-gel preparation for the core and scaffolds’ external layers®.

Ceramics International 46 (2020) 16388-16396

Sample Core External layers
TEOS (ml) TEP (ml) CaCOs (g) Li,CO5 (8) TEOS (ml) TEP (ml) CaCOs (g) FeS0,4.7H,0 (g)
C/EL-1Fe 0.36 11.4 8.38 0.5 10.29 1.75 11.22 0.31
C/EL-3Fe 10.99 0.94

2 All the preparations were carried out with 20 ml of distilled water, 5 ml of ethanol and 10 ml of HCI to obtain 10 g of sol.

of iron in relation to the total moles of calcium. This new material was
characterized and in vitro bioactivity was studied.

2. Materials and methods
2.1. Preparation of the scaffolds

The multilayer 3D scaffolds were made by sol-gel and polymeric
sponge replication methods. First, the ceramic scaffold core was made
with composition SiO, - 25P,05 — 68Ca0-6Li,0 (mol%). To do so, the
reagents shown in Table 1 were mixed in the following order: (1)
triethyl phosphate (TEP, Aldrich = 99.8%); (2) distilled water; (3)
ethanol 97°; (4) tetraethyl orthosilicate (TEOS, Aldrich 98%); (5) hy-
drochloric acid (HCl 37%, Ensure); (6) lithium carbonate (Li,COs,
Sigma-Aldrich 99%); (7) calcium carbonate (CaCOj, Sigma =99%).
The mixture's pH was adjusted to between 2 and 3 by adding HCI drop
by drop. Polyurethane sponges (20 ppi), with a 12.7 mm diameter and
10 mm high, were immersed 20 times in the solution and dried in an
oven at 140 °C for 20 min after each immersion. Subsequently, sponges
were sintered by heat treatment for 50 h until 950 °C, maintained for
8 h and slowly cooled to room temperature.

Second, the external layer's solutions were prepared with composi-
tion 29Si0, - 3P,05 - (68-x) CaO - xFe,03 (mol%) (x = 0.3 and 1).
Table 1 shows the reagents and quantities used to prepare sol-gel, and
they follow the same above-presented order. The mixture's pH was
adjusted to between 2 and 3 by adding HCl drop by drop. The core was
coated by this new solution and dried at 200 °C for 5 min. This process
was repeated 5 times and resintered for 10 h until 950 °C, maintained
for 3 h and, finally, slowly cooled to room temperature.

2.2. Characterization of the scaffolds

2.2.1. Chemical and mineralogical characterization of the scaffolds

The microstructural characterization of scaffolds was evaluated by
Scanning Electron Microscopy with Energy Dispersive X-Ray
Spectroscopy (SEM-EDX, Hitachi S-3500 N with INCA system by
Oxford Instruments Analytical).

The composition and crystalline phases were evaluated by X-Ray
Diffraction (XRD, Bruker, AXR D8 Advance) with a secondary graphite
monochromator using Cu-K, radiation (1.5418740A). The X-Ray tube
operated at 40 kV and 30 mA. Data were collected between 10° and 38°
(20) at 0.02 steps by counting 8 s per step. All the diffractograms were
compared to the Crystallography Open Database (COD) and were
analyzed using the version 3.8.2.148 of the Match! software.

2.2.2. Physical characterization of the scaffolds

Mesopores (pores between 2 and 50 nm) were evaluated using the
nitrogen adsorption and desorption technique performed at 77.3 K
(Quantachrome, QuadraSorb instruments) followed by the Brunauer-
Emmet-Teller (BET) method and the Barrett-Joyner-Halenda (BJH)
calculation to obtain the specific surface area, the mesopore volume
and the pore size distribution.

Pores smaller than 300 pm were evaluated by the Mercury
Porosimetry Technique (Poremaster 60 GT Quantachrome instru-
ments). Those larger than 300 um were evaluated by picnometry with
H,0 by Archimedes principle.
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The core's mechanical strength was previously evaluated by a
simple compression test [9] and the same technique was herein used to
obtain the compressive strength of samples C/EL-1Fe and C/EL-3Fe.
Tests were carried out by applying loads to the cylindrical scaffolds
(8.5 mm diameter, 7.0 mm high) at a speed of 1.00 mm/min until the
scaffold completely broke using a Microtest SCM3000 mechanical
tester. In all, 25 samples of each composition (C/EL-1Fe and C/EL-3Fe)
were tested.

2.2.3. In vitro bioactivity evaluation of the scaffolds

In vitro bioactivity was evaluated by soaking samples in simulated
body fluid (SBF) at different times [18]. These samples came into
contact with SBF and were subsequently submerged in a water bath at
37 °C from 6 h to 28 days. The test was carried out with samples C/EL-
1Fe and C/EL-3Fe using the core without external layers as the control.

After each testing time, samples were evaluated morphologically by
SEM-EDX, while the resulting SBF was assessed by inductively coupled
plasma optical emission spectrometry (ICP-OES, Perkin-Elmer Optima
2000™) to monitor any variations in the concentrations of the silicon,
phosphorus and calcium ions.

3. Results
3.1. Characterization of the scaffolds

Fig. 1 shows the morphologies of the samples observed by SEM.
Fig. 1 (A-C) depicts the microstructures formed on the scaffold's cores,
constituted by hexagonal grains over the entire surface. In Fig. 1 (D-F)
and Fig. 1 (G-I), which correspond to samples C/EL-1Fe and C/EL-3Fe,
we can identify the layers of the external coatings (A) on top of the
microstructures constituting the core (@). Specially, sample C/EL-3Fe
presented a higher coating coverage, which makes it difficult to identify
the core's microstructures. We can also see how a cracked rough coating
formed in both cases instead of a continuous smooth layer such as the
core.

Fig. 2 shows the diffractograms of the core, as well as samples C/EL-
1Fe and C/EL-3Fe, with the corresponding phases identified by XRD.
The core presented the following phases: calcium diphosphate
(CayP205) (COD 96-100-1557); beta tricalcium phosphate (B-
Caz(PO4)2) (COD 96-151-7239); LiCa(PO4) (COD 96-722-2995),
Cag gsLiy 05(PO4); (COD 96-152-6054); cristobalite (SiO,) (COD 96-
900-8228). Samples C/EL-1Fe and C/EL-3Fe presented the same phases
identified in the core, and also phase Cag 33Fe; 167(PO4); (COD 96-400-
2456). The layers external to samples C/EL-1Fe and C/EL-3Fe increased
the intensity of the peaks corresponding to the cristobalite phase. Also,
in both samples, the intensity of the peaks of the calcium diphosphate
phase diminished.

Fig. 3 shows the nitrogen adsorption and desorption isotherms with
pore size distribution curves of the core and samples C/EL-1Fe and C/
EL-3Fe. The curves show that all three materials presented mesopores
between 3 nm and 10 nm. The parameters obtained by this technique
are shown in Table 2. The specific surface area and the volume of the
mesopore increased from the core to the C/EL-3Fe sample and the
diameter of the pore obtained by the DJH calculation was around the
3 nm.

Fig. 4 shows the curves obtained by the Mercury Porosimetry
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Fig. 1. SEM images of scaffolds: (A-C) core, (D-F) C/EL-1Fe and (G-I) C/EL-3Fe. Identified structure: (@) core and (A) external layers.

Technique. The three samples displayed single mode conduct in rela-
tion to pore size, with the core between 123 ym and 10 pm, and samples
C/EL-1Fe and C/EL-3Fe between 150 um and 0.5 pm. The scaffolds with
external coatings showed a bigger amount of intruded mercury, which
meant more pores compared to the core. Table 3 presents the total
porosity obtained by this technique, where the core presented 30.6%, as

well as increases of 51.3% and 54.1% for samples C/EL-1Fe and C/EL-
3Fe, respectively.

By Arquimedes principle, total porosity above 300 pm was de-
termined and is presented in Table 3. The core presented a porosity of
77.6%, and decreases of 57.4% and 51.9% were seen for samples C/EL-
1Fe and sample C/EL-3Fe, respectively.

Fig. 2. XRD diffraction patterns of the core, sample C/EL-1Fe and sample C/EL-3Fe (T: B-Ca3(PO4)2, L: Cag osLiy 05(PO4)7, P: CasP507, S: SiO,, M: LiCa(PO,), F:

Cag 33Fe1.167(PO4)7).
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Fig. 3. Nitrogen adsorption-desorption isotherm with pore size distribution of the core and samples C/EL-1Fe and C/EL-3Fe.

Table 2
Parameters obtained by nitrogen adsorption-desorption technique.

Sample Specific surface area Mesopore volume Mesopore diamater
(m?/g) (cm®/g) (nm)
Core 0.835 0.0016 3.41
C/EL-1Fe 2.146 0.0039 3.83
C/EL-3Fe 2.265 0.0043 3.42

Fig. 4. Mercury porosimetry curves: (A) cumulative and (B) differential intru-
sion vs. pore diameter in scaffolds.

Finally, Table 3 also provides the scaffolds' compressive strength
results. The scaffold's core had a compressive strength of 0.9-1.6 MPa
[91, sample C/EL-1Fe had a value of 0.4-1.2 MPa and sample C/EL-3Fe
gave a value of 1-1.5 MPa.
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3.2. In vitro bioactivity evaluation of the scaffolds

The evaluation of the scaffolds’ in vitro bioactivity was done by SEM-
EDX to observe microstructural changes, and by ICP-OES to obtain the
ion exchange between samples and SBF. Fig. 5 shows the images of the
core obtained by SEM after immersion in SBF at 3, 7 and 28 days. The
results revealed that regardless of the time during which the core re-
mained in contact with SBF, the microstructure of the hexagonal grains
remained the same as that observed before the evaluation began (Fig. 1
(A-C)).

Figs. 6 and 7 are the SEM images obtained after immersion in SBF at
different times for samples C/EL-1Fe and C/EL-3Fe, respectively.

Fig. 6 illustrates that after the sample C/EL-1Fe surface had been in
contact with SBF for 6 h and 9 h, the initially observed microstructure
was presented (Fig. 1 (D-F)). Part of the external layer was observed at
6 h (Fig. 6A) and, subsequently, hexagonal grains of the core became
evident at 9 h (Fig. 6B), but with undefined edges. However, a pre-
cipitate began to form on the surface after 1 day (Fig. 6C). This pre-
cipitate continued to grow after 3, 8 and 13 days (Fig. 6 (D-F)). The EDX
analysis revealed that these precipitates had a Ca/P ratio of 1.30-1.35
on day 1, 1.24-1.30 on day 3, 1.24-1.37 on day 8 and 1.35-1.71 on day
13. After being in contact with SBF for 18 days, the Ca-P precipitates
observed on day 13 disappeared. This left the microstructure of the core
visible again with some small globular precipitates (Fig. 6G). After 23
days, the precipitate reappeared (Fig. 6H) and disappeared again on
day 28 (Fig. 61).

Fig. 7 shows the results of sample C/EL-3Fe. In this case, and as in
the previous sample, the external layer dissolved and revealed the core's
microstructure after 6 h (Fig. 7A) and 9 h (Fig. 7B). Later after 1 day
(Fig. 7C), new precipitates appeared on the surface. The EDX analysis
showed that the precipitate that formed on day 1 has a Ca/P ratio of
1.41-1.74. Unlike the previous case however, the presence of silicon on
the surface was revealed. Fig. 7D shows that after 3 days, the pre-
cipitate disappeared and part of the hexagonal grains dissolved to re-
veal a laminar structure. After 8 days (Fig. 7E) of being in contact with
SBF, precipitates formed again on the surface and remained with time,
even after 28 days (Fig. 7I). The EDX analysis revealed that the Ca/P
ratio for this precipitate was 1.25-1.75.

Fig. 8 depicts the curves of the ICP-OES performed with SBF after
being contact with the core, and samples C/EL-1Fe and C/EL-3Fe at
different times. The core's curves showed a lower calcium concentration
in SBF because the sample adsorbed this ion. On the contrary, the ionic
phosphorus concentration slightly increased in SBF because the sample
released this ion. Finally, the ionic silicon concentration remained at
around zero throughout the study period.

For samples C/EL-1Fe and C/EL-3Fe, an initial increase and a later
decrease in the ionic concentration of calcium took place between 6 h
and 1 day. With time however, these samples generally displayed
lowering ionic concentrations of calcium in SBF and, consequently, this
ion was adsorbed by these samples.
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Table 3
Scaffold's porosity and compressive strength.
Sample Porosity Porosity Compressive
(%) < 300 um” (%) > 300 um" strength (MPa)
Core 30..6 77.6 0.9-1.6
C/EL-1Fe 51.3 57.4 0.4-1.2
C/EL-3Fe 54.1 51.9 1-1.5

2 Obtained by the Mercury Porosimetry Technique.
> Obtained by Archimedes principle.

The silicon concentration rose in both samples. Particularly, sample
C/EL-1Fe presented rapid silicon release until 13 days of being in
contact with SBF, and then silicon dropped. In sample C/EL-3Fe, a rapid
release in silicon took place after 8 days of being contact with SBF, from
which point the ionic concentration slightly increased for the other
study times.

Finally, the ionic phosphorus concentration differed in both sam-
ples. After 1 day, the phosphorus concentration in SBF lowered with
sample C/EL-1Fe, and the lowest ionic phosphorous concentration in
SBF was observed at 13 days. From this point, the phosphorus con-
centration in SBF increased up to 28 days, and exceeded the initial
values of this ion concentration in SBF. With sample C/EL-3Fe, the
phosphorus concentration slightly lowered from the time it came into
contact with SBF up to 1 day. Between days 1 and 3, the phosphorus
concentration rose and lowered until 8 days. This concentration re-
mained practically constant until day 23, when it lowered slightly after
28 days.

Another piece of information obtained from the curves of the doped
samples revealed an opposing behavior between the ion concentrations
of silicon and phosphorus. An increase in the concentration of one re-
presented a decrease in the other ion, and behavior was specular.

4. Discussion

The objective of this research was to develop materials with similar
properties and characteristics to human bone to be used as an implant.
The scaffold herein obtained was manufactured with CaO-P,05-SiO»
system compositions using iron as a dopant on external layers. The
scaffold's core presented a calcium diphosphate phase, which inhibits in
vitro bioactivity [19], but provides mechanical resistance to act as a
bone implant and to confer the porosity needed to allow new bone
growth processes. It also demonstrated the possibility of modulating the
sample's bioactivity by coating the core with external layers using the
composition in the same system, but by doping with different con-
centrations of strontium ions [9]. The bioactive character of outer
layers was due to the modifications made by the dopant when it entered
the material's crystalline network and produced different crystalline
phases, which subsequently determined the sample's ionic exchange
with SBF.

In the present work, the modifications of the crystalline network
were made by adding iron as a dopant. The ionic substitution was made
in relation to the initial calcium moles and modifications differed
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depending on the dopant's size. The cationic size of Fe>* is 0.64 A [20]
and that of Ca®* is 1.00 A [20]. Therefore, a large ion was substituted
for a smaller one. The characterization techniques herein used sought to
understand the changes that iron produced in the material's crystalline
network to understand the variations made in our samples' bioactivity.

4.1. Characterization of the scaffolds

The microstructural characterization carried out by SEM showed
that samples C/EL-1Fe (Fig. 1 (D-F)) and C/EL-3Fe (Fig. 1 (G-I)) pre-
sented plates of the material on top of the core's microstructure. These
plates corresponded to the external layers on the scaffold's core. In both
samples, the formation of fragments of the coating distributed along the
surface took place, which meant that a continuous layer did not form on
top of the core. This can be attributed to the contraction undergone by
the ceramic material during drying and sintering.

The obtained XRD diffractograms showed the modifications made in
the phases of the core with external layers. The intensity of the cris-
tobalite phase peaks increased because the outer layers had 29% mol of
SiO,. Moreover, the calcium diphosphate phase peaks decreased and
the nonstoichiometric phase CaggsFe; 167 (PO4); appeared. The re-
duction in the calcium diphosphate phase was attributed to the diffu-
sion processes that occurred between the core and the external layer,
where a new iron-containing phase was favored.

The chemical characterization of scaffolds revealed that the external
layer doped with small amounts of iron maintained the ceramic mate-
rial's polycrystalline character. As far as we know, no other fully crys-
talline materials with compositions in system CaO-P,Os-SiO>-Fe,O3
have been reported. Several studies, like that by Wu et al., have shown
that mesoporous bioactive glass scaffolds can be obtained with a molar
ratio of 5Fe/10Ca/5P/80Si and 10Fe/5Ca/5P/80Si, whose character-
ization by XRD indicates that the material is formed predominantly by
an amorphous phase [17]. Baino et al. developed sol-gel ceramic ma-
terials with compositions 60Si0,-38Ca0-2Fe,03 and
60Si0,-30Ca0-10Fe,05. By XRD, they found that only the composition
with 10Fe,O3 presented crystalline phases, while the others displayed
only an amorphous phase [21].

In relation to the pores, the evaluation of mesopores showed that
the three materials presented a type IV(a) isotherm with a H3-type
hysteresis loop [22]. Although mesopores are between 2 nm and 50 nm,
the materials of this study presented a size distribution between 3 nm
and 10 nm. As well as a low specific surface area and mesopore volume
compared to other work that use the sol-gel method but for bioactive
glass [23].

The total microporosity (< 300 um) in the scaffold's core was
30.6%. In the core with external layers, this porosity rose to 51.3% and
54.1% in samples C/EL-1Fe and C/EL-3Fe, respectively. This was be-
cause coatings had a rough surface above the core that allowed greater
mercury intrusion. The porosimetry curves showed that the three
samples had a unique pore distribution, but samples C/EL-1Fe and C/
EL-3Fe displayed a wide pore distribution as a result of the rough
surface above the core.

The macroporosity (> 300 pm) in the core was 77.6%, which

Fig. 5. SEM images of the core soaked in SBF for: (A) 3 days, (B) 7 days; (C) 28 days.
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Fig. 6. SEM images of sample C/EL-1Fe soaked in SBF for: (A) 6 h; (B) 9 h; (C) 1 day; (D) 3 days; (E) 8 days; (F) 13 days; (G) 18 days; (H) 23 days; (I) 28 days.

dropped to 57.4% and 51.9% in the core with external layers in samples
C/EL-1Fe and C/EL-3Fe, respectively. This was because each outer
coating layer increased the thickness of the initial strut in the poly-
urethane sponge.

Scaffolds presented adequate meso-, micro- and macroporosity to
act as ideal implants. Macroporosity is necessary for colonization and
angiogenesis to occur in bone growth, and for scaffold bioresorption.
Microporosity is also required to promote protein adsorption, cell ad-
hesion and permeability [24]. Some studies indicate that bone growth
occurs in scaffolds with pores exceeding 100 um [25], while others
mention that the optimal pore size is 300 pm [26]. In relation to mi-
cropores, between 1 pm and 3 pm are required for interaction between
cells and the surface, and between 3 pm and 12 pm for cell migration
through scaffolds [27].

Finally, a slight decrease in compressive strength compared to the
core was observed for sample C/EL-1Fe, although an increase occurred
for sample C/EL-3Fe with a similar compression resistance range to the
core (Table 3). This resistance corresponds to one of the highest com-
pression resistance values reported to date for scaffolds manufactured
using sol-gel and polymer sponge: 0.18-0.40 MPa in SiO,—CaO-P,0s
scaffolds [28], 0.02-0.03 MPa in SiO,-CaO-(Mg/Na/K),Oy scaffolds
[29]; 0.51 MPa in hydroxyapatite scaffolds [30].

4.2. In vitro bioactivity evaluation of scaffolds

Bioactivity is understood as a material's ability to form apatite
precipitates on the surface with a similar chemical composition to the
hydroxyapatite found in human bone. The formation of this precipitate
is related to the ion exchange that takes place between the sample and
SBF. For this reason, samples' bioactivity was studied using surface
characterization by SEM-EDX and SBF ions by ICP-OES.

102

16393

The results of the in vitro bioactivity evaluation of the core revealed
that its initial morphology presented no modifications and, conse-
quently, no bioactivity (Fig. 5). This behavior can be attributed to two
factors: first, the presence of calcium diphoshate phases, which contain
the pyrophosphate group that inhibits the crystallization of hydro-
xyapatite in vitro [19]; second, the low ionic concentration of silicon
observed in Fig. 8, which plays an important role in the bioactivity
mechanism. This mechanism has been previously described, and pro-
poses that Si-O-Si bonds are broken and form two Si—-OH groups, one of
which is released to the medium and the other is maintained on the
sample surface to act as the apatite nucleation point. At these nuclea-
tion points, the exchange with the calcium and phosphorus ions of SBF
occurs to form Ca-P precipitates [31].

Although the core is not bioactive, bioactivity can be modulated
with external layers doped with small amounts of iron, as seen in Figs. 6
and 7.

The precipitation of apatites on the surface of samples C/EL-1Fe and
C/EL-3Fe is related to the ionic exchange observed in Fig. 8. At the
initial contact times (6 h and 9 h) for both samples, a slight dissolution
of the outer coating layers occurred. The most significant changes took
place from day 1, which begin to appear precipitated on the material's
surface. This corresponded to ionic silicon release and calcium and
phosphorus adsorption (see Fig. 8).

In sample C/EL-1Fe, the precipitate continued to grow until a cau-
liflower-like morphology appeared on the whole surface after 13 days
(Fig. 6(C-F)). The ionic behavior noted between days 1 and 13 showed
the release of silicon ions and phosphorus and calcium adsorption that
the sample performed. This implies that the Ca-P precipitate was
formed on the sample's surface by following the above-described
bioactivity behavior. EDX revealed that these precipitates had a Ca/P
ratio like apatite ratios. The stoichiometric hydroxyapatite ratio is 1.67
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Fig. 7. SEM images of sample C/EL-3Fe soaked in SBF for: (A) 6 h; (B) 9 h; (C) 1 day; (D) 3 days; (E) 8 days; (F) 13 days; (G) 18 days; (H) 23 days; (I) 28 days.

and can reach lower values for calcium-deficient hydroxyapatite Ca;g.x
(PO4)6x(HPO,) (OH), [32]. Values below 1.67 have also been re-
ported, which correspond to hydroxyapatites combined with pB-
Caz(POy4),. Values of 1.71 correspond to hydroxyapatite with excess
calcium [32]. However, the formed precipitates were unstable and part
of the precipitate disappeared after 18 days (Fig. 6G), which coincided
with the silicon adsorption and calcium and phosphorus release per-
formed by the sample (Fig. 8). At 23 and 28 days, apatite once again
precipitated and dissolved (Fig. 6 (H-I)). The nature of sample C/EL-
1Fe was generally bioactive and varied with time. The ICP-OES curves
indicated that the sample adsorbed calcium ions from SBF, but silicon
and phosphorus ions were released and adsorbed differently while the
study was underway. Silicon and phosphorus ions exhibited an opposite
release and adsorption behavior, and a maximum point of silicon re-
lease by the sample meant minimal phosphorus adsorption and, in turn,

apatite precipitates appeared on the surface.

The precipitate of sample C/EL-3Fe disappeared after 1 day and
once again precipitated on day 8 to remain even until day 28 (Fig. 7 (D-
). As in the previous case when the precipitate disappeared, then ionic
adsorption of silicon and calcium and phosphorus release occurred. The
opposite ionic behavior occurred when the apatite precipitated. As
precipitates were maintained from day 8 to day 28, slight or insignif-
icant changes in ionic concentrations were observed. The only variation
in the phosphorus concentration took place from day 23 to day 28,
when the almost total adsorption of this ion present in SBF occurred.

The iron detection range in the ICP-OES equipment is
0.1-100.0 mg/L. However, given the low concentrations at which this
element was added to the external scaffold layers, it was impossible to
detect its concentration in SBF.

The difference in bioactive behavior of samples C/EL-1Fe and C/EL-

Fig. 8. Variation in the concentrations of the calcium (Ca), phosphorous (P) and silicon (Si) ions in SBF after the interaction with the core and samples C/EL-1Fe and

C/EL-3Fe at different times.
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3Fe can be attributed to sample C/EL-3Fe presenting a larger amount of
iron and, therefore, a bigger amount of the Cag 33Fe; 167(PO4); phase.
This nonstoichiometric phase could have led to a different ion exchange
with SBF to allow the stabilization of the apatite precipitate after 8
days.

Recent research has guided the use of ceramic doping with iron ions
to provide magnetic properties that can be used in hyperthermia
treatments and to, thus, combat diseases like cancer [33]. Baino et al.
prepared bio-glass scaffolds both with and without iron by sol-gel
foaming (60Si0»-40Ca0, 60Si0,-38Ca0-2Fe,03 and 60Si0,-30Ca0-
10Fe;03). They reported that regardless of the amount of iron em-
ployed, the materials were very well able to form globular apatite with
a cauliflower-like morphology. They proposed that these bioactive
materials with ferromagnetic properties would be excellent candidates
to regenerate bone affected by cancer [23].

However, iron not only provides magnetic benefits, but is also an
essential element in our body and forms part of vital biological pro-
cesses. The incorporation of iron into bone implants not only involves
the release of iron ions to the body, but also improves the implant's
biological properties. Pon-On et al. demonstrated that substituting iron
in hydroxyapatite improved the implant's biological activity, and ob-
served how this better adsorbed protein like bovine serum albumin
[34]. Their results also showed that their iron-doped material was not
only an excellent bone tissue regeneration candidate, but also a po-
tential protein-releasing agent.

The scaffold herein manufactured revealed that the amount of do-
pant modified the materials’ bioactive behavior, with C/EL-1Fe dis-
playing variable bioactivity over time and C/EL-3Fe exhibiting stable
bioactivity after 8 days. To date, the in vivo benefits of this variation in
precipitation and apatite dissolution on the scaffold surface have not
yet been demonstrated. However, this behavior might imply that the
implant can be used in accordance with patient requirements.

It is known that bone tissue does not remain the same throughout an
individual's life because factors like bone mineral content and bone
mineral density (hydroxyapatite (g/cm?)), and cellular processes, differ
from the first months of life to adulthood [35, 36]. Bone modeling and
remodeling processes occur in the first years of life (balance between
the bone's resorption and formation) due to considerable cellular ac-
tivity with less bone mineral content. However, adults display less
cellular activity and higher bone density [37-39]. For this reason, it is
estimated that possible bone implant requirements should change.

Accordingly, sample C/EL-1Fe (noncontinuous bioactivity) and
sample C/EL-3Fe (stable bioactivity) may be an excellent candidate for
individuals in early life stages and for adults, respectively. Future stu-
dies will attempt to demonstrate how variation in an implant's bioac-
tivity can benefit the regenerative process of tissue and be used in a
particular way with each patient.

As far as we are aware, there are no known materials with layers of
different compositions capable of presenting variable bioactivity. For
this reason, it would be interesting to study the effect of other ions as
dopants of external layers and their interference with bioactivity.

5. Conclusions

Multilayer ceramic scaffolds doped with small amounts of iron were
successfully prepared. Scaffolds presented adequate porosity, mechan-
ical resistance and surface chemical composition, and were capable of
promoting apatite precipitation on the surface, which make it a
bioactive material. Sample C/EL-1Fe's bioactivity varied with time,
with precipitates on its surface after 3 days that appeared and dis-
appeared even after 28 days. Sample C/EL-3Fe's bioactivity appeared
after 8 days and remained stable with time. The differences in these
samples' bioactive behavior were attributed to the changes in the
crystalline phases that took place when replacing iron in the material's
crystalline network. Both samples can be potentially used as specialized
implants in line with patient requirements. Our study results
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demonstrate the need to continue studying the advantages and dis-
advantages of materials that exhibit variable bioactivity in vitro and in
vivo.
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Andamios porosos multifasicos 3D de fosfatos cilcicos dopados
con silicio y magnesio

RESUMEN
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constituidas por silicio y magnesio, obteniendo andamios multicapa. Los andamios fueron
caracterizados fisica y quimicamente y la bioactividad in vitro evaluada mediante inmersién
en suero fisiolégico artificial. Los resultados de bioactividad in vitro mostraron que el ntcleo

revelé una microestructura lamelar con algunos precipitados de apatito después de 14 dias,
mientras que los andamios multicapa presentaron precipitados sobre la superficie en solo
3 dias. La bioactividad acelerada y las propiedades generales del andamio multifasico y

multicapa, demuestran el potencial de este material en el area de ingenieria de tejido.

© 2021 SECV. Publicado por Elsevier Espaiia, S.L.U. Este es un articulo Open Access bajo
la licencia CC BY-NC-ND (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Ceramics are an outstanding alternative in the repair or
replacement of damaged bone. Specially, calcium phosphates
stand out for their similarity to the mineral component of
bone and have demonstrated excellent biocompatibility [1,2].
However, the success of an implant does not depend only
on biocompatibility, other requirements are also necessary.
Some of these requirements are bioactivity, osteoconductiv-
ity, osteoinductivity, biodegradability, mechanical properties,
and porous structure [3,4].

It is difficult for an implant with a single calcium phos-
phate phase to satisfy all these characteristics. For example,
tricalcium phosphate (TCP) is biocompatible and is best known
for its resorbability, however, presents poor mechanical resis-
tance [1,5,6].

In view of this problem, materials with more than one
calcium phosphate phase (biphasic, triphasic and multipha-
sic) receive a special interest, because they can combine the
advantages of individual phases [1,7].

There are many techniques to obtain multiphasic cal-
cium phosphate materials, such as solid-state reaction, spray
pyrolysis, sol-gel, hydrothermal treatments, and mechanical
mixing [7]. Of all these techniques, sol-gel has the advantage
of synthesizing ceramic materials at relatively low tempera-
tures. Recently it has been used in the preparation of bioactive
glass, being able to obtain crystalline phases by controlling the
heat treatment [8]. The control of crystallinity is important as
it will influence the mechanical properties and degradation of
the material [3].

In this research, the sol-gel and polymer sponge replica
techniques will be used to obtain a three-dimensional porous
material (core of the scaffold). The gelation time of the sol-gel
will be varied to developed different crystalline phases of cal-
cium phosphate and other phases formed by the incorporation
of silicon and lithium. The presence of silicon is due to the
fact that it has been shown to influence the differentiation
and proliferation of osteoblasts, that are the cells responsible
for bone regeneration [9]. Instead, lithium has been added in
tricalcium phosphates and has shown improved mechanical
properties [10].

The core with more phases will be coated with a second
chemical composition (multilayer scaffold) to improve bioac-
tivity. This second composition will have a lower percentage of
phosphorus and a higher percentage of silicon with respect to
the chemical composition of the core. In addition, the calcium
ions will be doped with magnesium in three different percent-
ages to improve the cellular behaviour [11,12]. Gu et al. [11]

demonstrated that TCP scaffolds doped with 1% MgO could
improve the migration and spreading of cells such as human
bone marrow mesenchymal stem cells and human umbilical
vein endothelial cells. They also observed that magnesium
induces the mineralization of the extracellular matrix and
favors the increase of biomarkers such as Runx2, Col-I, ALP,
OCN and BSP that regulate osteogenic differentiation. Addi-
tionally, Ke et al. [12] demonstrated that the presence of MgO
and SiO, in TCP scaffolds significantly improved formation of
new bone after 16 weeks of implantation compared to TCP
without dopants.

Previously, multilayer scaffolds have been developed, but
by doping with strontium and iron [13,14]. These ions also
have positive effects during the bone regeneration process
and their incorporation at low concentrations in the scaffolds
accelerated in vitro bioactivity.

As far as we know, there are materials of various calcium
phosphates, but no scaffold with multilayer configuration that
combines a multiphasic core with outer layer containing a
higher percentage of silicon and magnesium. In this study,
different characterization techniques and in vitro bioactivity
tests will be used to evaluate the potential of this material as
a future bone implant.

Experimental part

Ceramic scaffolds were prepared following the methodology in
Fig. 1. The preparation process was divided into stage 1 (cores
preparation) and stage 2 (core coatings).

Table 1 shows the reagents and quantities used for the scaf-
fold core and the external coatings doped with magnesium in
three different concentrations. All reagents were supplied by
Sigma-Aldrich, except the magnesium carbonate from ACROS
organics.

Stage 1, the cores were obtained by following these steps:
(i) mixing of the reagents, (ii) agitation to produce the hydroly-
sis, (iii) addition of the carbonates, (iv) heating the solution to
100°C for 1h (solution A) and 15min (solution B), (v) immer-
sion of the polyurethane sponge (20 ppi, 13mm @ x 10mm
long), (vi) centrifugation of the sponge at 200rpm to remove
the excess solution, (vii) drying in the oven, and (viii) sinter-
ing at 950°C. Given the gelation level of the solutions, and
to ensure the template’s macroporosity, steps (v-vii) were
repeated 10 times for solution A and 30 times for solution B.

Stage 2, the core coating was made following these steps:
(i) mixing of the reagents, (ii) immersion of the cores, (iii) cen-
trifugation, (iv) drying in the oven and (v) sintering at 950°C.
Steps (ii-iv) were repeated 6 times for each type of c_lo?]t(i)ng.
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Fig. 1 - Schematic representation of the multilayer scaffolds preparation.

The X-ray diffraction (XRD) technique was followed to
evaluate the crystalline phases of the ceramic scaffolds. The
Bruker — AXR D8 Advance diffractometer was used with
secondary graphite monochromator and Cu Ko radiation
(1.5418740 A) with Bragg-Brentano thetha-2thetha geometry.
The X-ray tube operating conditions were 40kV and 30maA,
and the test conditions were angles 20 from 10° to 40° with
0.02 steps by counting 8s per step. The diffractograms were
analyzed with the Match! Software, version 3.11.2.188, using
the database provided by the Crystallography Open Database
(Cop).

A scanning electron microscope with energy disper-
sive X-ray spectroscopy (SEM-EDX) (Hitachi S-3500N
and INCA system by Oxford Instrumental Analytical)
was used to evaluate the microstructure and qual-

itatively the chemical scaffold
surface.

Raman spectra were acquired by a LabRAM HR 800 Raman
system brand Horiba-Jobin Yvon with an integrate Olympus
BX41 confocal microscope. Spectra were collected between 300
and 1300cm™? at a resolution of 1cm~? using a 514 nm laser.

The mercury porosimetry technique was followed to deter-

mine pore distribution and porosity <300 um. A Poromaster

composition of the

60 GT Quantachrome instruments was used, with pressure
between 0.851psi and 59153.25psi. The pycnometer with
water, followed by the application of Archimedes’ principle,
was employed to determine porosity >300 pm.

A total of 15 samples of each type (8.5mm diameter and
7.0 mm high) were tested in compression using a Simple Man-
ual Test Stand (NEURTEK instruments SVL-1000N). Force was

Table 1 - Chemical composition and reagents used in the preparation of the cores and external coatings.?

Scaffold Chemical Triethyl Tetraethyl Li,COs3 (g) CaCos (g) MgCOs (g) Substitution
composition phosphate orthosilicate of Cat by
(mol%) TEP (ml) TEOS (ml) Mg+

Core A/B Si0,-25P,05-6Li, 0-68Ca0 10.2 0.38 0.5 8.04 - -

CoreA-1Mg 29Si0,-3P,05-67.3Ca0-0.7MgO 11.2 0.1 1%

CoreA-3Mg 295i0,-3P,05-66Ca0-2MgO 1.63 11.03 = 11 0.3 3%

CoreA-10Mg 29510,-3P,05-61Ca0-7MgO 10 1 10%

2 All the preparations were carried out with 20 ml of distilled water, 5 ml of ethanol and 10 ml of HCI to obtain 10 g of sol.
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Fig. 2 - Diffractograms and SEM images of Core A (a and b) and Core B (c and d) (P: CazP,07, I: Li(PO3), S: SiO2, T: B-Caz(PO4)2,

L: LiCa(POq), o: Cag,gsLi1.05(P04)7, C: Cas(POq)3C1).

applied constantly over the entire sample surface. A digital
force gauge dst/dsv SERIES was employed to record force until
the scaffold completely broke.

Porosity and compressive strength tests were performed
on the Core A and CoreA-10Mg scaffolds as representative
samples of the other scaffolds.

Scaffolds’ in vitro bioactivity was evaluated by soaking them
in simulated body fluid (SBF) from 3 days to 28 days at 37°C
according to Standard ISO/FDIS 23314:2014 [15]. The sam-
ple was evaluated by SEM-EDX after each testing time. Ion
exchange was evaluated by inductively coupled plasma opti-
cal emission spectrometry (ICP-OES) with Thermo iCAP 6500
DUO equipment. For this purpose, an aliquot of the resulting
SBF was taken for the analysis. The remaining chloride ions
in the SBF aliquot were analyzed by the ion chromatography
technique (IC) using Metrohm equipment.

Results
Characterization of cores

The crystalline phases formed in Cores A and Core B are seen
in Fig. 2, together with the surface images obtained by SEM.
Core A (Fig. 2(a) and (b)) presented mostly the B-TCP
phase (COD 96-151-7239), and the phases with the phosphate
group (PO4)>~, but with lithium and chlorine: Cag gsLiz o5(PO4)7
(COD 96-152-6054); LiCa(PO,) (COD 96-722-2995); Cas(PO4)3Cl
(COD 96-101-917, COD 96-210-5266). The other phase that
Core A less intensely presented was the calcium pyrophos-
phate phase (CayP,07 — CPP) (COD 96-100-1557) and the SiO,
phase (COD 96-900-8225). This core had a smooth surface,
and the edges of a possible hexagonal grain were noticed
in some areas. The Ca/P ratios on the sample surface were
1.06 and 1.40. The presence of chlorine and silicon was also
detected, but the latter was zero on some surface points.

Core B (Fig. 2(c) and (d)) presented mostly the Ca,P,07
phase, followed by the Li(PO3) phase (COD 96-210-2137) and
the SiO, phase. This core was characterized by a surface made
up of different sized hexagonal grains measuring ~10-15 pm
on average. The Ca/P ratios on the sample surface were 0.93
and 1.09. Silicon was also detected, but only on some surface
points.

Fig. 3 shows the Raman spectra of both cores. Table 2 indi-
cates the vibration groups assigned to each frequency. In Core
A, the characteristic bands of the PO43~ group of the TCP
phase appeared, including calcium phosphate substituted for
lithium and chloroapatite. In Core B, the vibrations of the
P-O-P and PO3 groups corresponding to the CPP phase, or even
the Li(POs) phase, were identified.

Characterization of the CoreA-XMg scaffolds

Fig. 4 presents the diffractograms of the CoreA-XMg scaf-
folds. These samples showed the following phases: B-TCP
(COD 96-151-7239); Cazg115Mgo385(PO4); (COD 96-901-2137);
LiCa(PO,) (COD 96-722-2995); Cao gsLi1 os(POs); (COD 96-152-
6054); Cas(PO4)3Cl (COD 96-101-917, COD 96-210-5266); SiO,
(COD 96-900-8228).

When Core A was coated, the CPP phase peaks completely
disappeared, while the phase of the calcium phosphate substi-
tuted for magnesium appeared. Moreover, when magnesium
doping increased, the phase of calcium phosphate substituted
for magnesium also increased, while the phase chloroap-
atite decreased. During intermediate doping (CoreA-3Mg), the
intensity of these peaks was equal and inversed during the
minimum (CoreA-1Mg) and maximum (CoreA-10Mg) doping.

Fig. 5 shows the SEM images of the CoreA-XMg scaffolds.
Two images are presented per scaffold: one with low magnifi-
cation, where the microstructure of the new coatings made on
Core A are seen; the second images are presented at high mag-
nification, where these coatings can be seen in more detail. On
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Fig. 3 - Raman spectra of Core A and Core B.

Table 2 - Frequencies of the bands observed in the Raman spectra of Core A and Core B.

Raman shift (cm~?) Vibrational group Ref.
Core A Core B
- 344 3 (PO3) sym stret [16]
= 357 d (PO3) sym stret [16,17]
- 404 3 (PO3) sym stret [16]
406 - vy (POg)3~ [17]
440 - vy (PO4)3~ [17]
482 483 3 (PO3) sym stret [16]
= 512 d (PO3) sym stret [16,17]
- 542 3 (PO3) asym stret [16]
550 - vg (PO4)3~ [17]
= 585 d (PO3) asym stret [16]
590 - vg (PO4)3~ [17]
611 - v (PO4)*~ [17]
= 623 8 (PO3) asym stret [16]
631 - vg (PO4)3~ [17]
738 738 v(P-O-P) sym stret [16,17]
928 922 v(P-O-P) asy stret [16]
948 - vq (PO4)3~ [17]
960 - vy (PO4)3~ [17]
970 - v1 (PO4)3~ [17]
- 1000 1(PO3) sym stret [16]
= 1027 v(PO3) sym stret [16]
1047 1047 v(PO3) sym stret [16,17]
- 1063 v(PO3) sym stret [18]
1084 1085 v(PO3) asym stret [18]
1100 1100 v(PO3) asym stret [16]
- 1137 v(PO3) asym stret [16,17]
- 1158 v(PO3) asym stret [18]
- 1172 v(PO3) asym stret [16]
= 1178 v(PO3) asym stret [17]
- 1207 v(PO3) asym stret [16]
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Fig. 4 - Diffractograms of the Core A and CoreA-XMg scaffolds: P: CayP,07, S: SiO3, T: B-Caz(PO4s)2, M: Ga0.115Mgo.385(P04)7,

L: LiCa(PO4), O: Cag.gsLil.os(P04)7 and C: Cas(P04)3Cl.

the CoreA-1Mg and CoreA-3Mg scaffolds, the coating-formed
plates are distributed over the entire Core A surface. The
CoreA-10Mg scaffold coating presented no defined plates like
the previous scaffolds. In this case, different sized particles
covered the entire surface.

The EDX performed on the surface of these coatings
revealed the presence of calcium, phosphorus, chlorine,
magnesium and silicon. The atomic percentage averages of
magnesium and silicon at the different points were 0.45% and
15.15% for the CoreA-1Mg scaffold, 1.42% and 21.27% for the
CoreA-3Mg scaffold and 4.75% and 16.09% for the CoreA-10Mg
scaffold, respectively.

On scaffolds’ porosity, the mercury porosimetry technique
and pycnometer allowed information on both micro- and
macroporosity to be acquired. Fig. 6 shows the mercury
porosimetry curves and Table 3 presents the total microp-
orosity, which is divided into intra- and interparticle porosity.
Core A presented more interparticle pores compared to intra-
particle ones. The CoreA-10Mg scaffold displayed the same
mercury intrusion behavior, but despite the percentage of
intraparticle pores being approximately the same, the per-
centage of interparticle pores was higher compared to Core A.
As a result, the total microporosity of Core A was 57.46% and
that of CoreA-10Mg was 65.49%. The pore distribution curve
shows that Core A had the most pores, approximately between
250 um and 1.7 pm, with a mean value of 121 pm. The pore
distribution of CoreA-10Mg was roughly between 173 um and
0.5 um, with a mean value of 38 pm.

Table 3 also shows scaffolds’ macroporosity obtained by
pycnometry and Archimedes’ principle. For Core A it was

72.50% and 53.29% for the CoreA-10Mg scaffold. Finally, the
compressive strength presented in Table 3 falls within a range
of 0.38-1.84 MPa for the Core A and one of 0.40-2.00 MPa for
the CoreA-10Mg scaffolds.

Evaluation of the in vitro bioactivity of the Core A
and CoreA-XMg scaffolds

Fig. 7 shows the SEM images obtained after the in vitro bioac-
tivity evaluation of Core A. Fig. 7(a) depicts how the surface
presented no morphological changes up to 7 days immersed
in SBF, when the original smooth scaffold surface (Fig. 2(b))
began to dissolve, shown by the arrow in Fig. 7(b). After
14 days in SBF (Fig. 7(c)), the zone observed at 7 days resembled
a lamellar structure surrounded by the original microstruc-
ture. Additionally, spheres with an apatite-like appearance
precipitated on the entire surface. On the following days (21
and 28) the lamellar structure continued to evolve until it occu-
pied most of the surface which was, in turn, covered by a
bigger number of precipitates (Fig. 7(d) and (e)). On average,
the Ca/P ratios of lamellas were (1.34+0.24) in the middle
and (1.53+0.16) on the edge of lamellas. For precipitates, the
Ca/Pratio was (1.31+0.12), and other elements like silicon and
chlorine were also detected.

Fig. 8 shows the SEM images obtained after the in vitro
bioactivity evaluation of CoreA-1Mg, CoreA-3Mg and CoreA-
10Mg. The three afore-mentioned scaffolds presented precip-
itates after 3 days in SBF and even remained until 28 days
(image not shown). These precipitates distributed over the
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Fig. 5 - SEM images of (a and b) the CoreA-1Mg, (c and d) CoreA-3Mg and (f and g) CoreA-10Mg scaffolds.

sample’ entire surfaces were globular in shape with needle-
like structures.

The Ca/P ratio of precipitates changed over time and, due
to magnesium doping, the (Ca+Mg)/P ratio was also consid-
ered. From 3 to 21 days, the CoreA-1Mg scaffold presented

an average Ca/P ratio of (1.21+0.13) and a (Ca +Mg)/P ratio of
(1.31+0.16). However, at 28 days, the Ca/P ratio changed to
(1.52+£0.03) and the (Ca +Mg)/P ratio to (1.57 +0.04).

The CoreA-3Mg scaffold presented a Ca/P ratio of
(1.46 £0.18) and a (Ca+Mg)/P ratio of (1.54 4 0.22). Finally, the

Fig. 6 - Mercury porosimetry curves: (a) cumulative and (b) differential volume intruded vs. pore diameter of the Core A and

Core%- ]1?1Mg scaffolds.
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Table 3 - Summary of the porosity and compressive strength of the Core A and CoreA-10Mg scaffolds.

Sample Interparticle Intraparticle Scaffold Scaffold Compressive
porosity (%)? porosity (%)° microporosity (%) macroporosity (%) strength (MPa)

Core A 50.11 7.35 57.46 72.50 0.38-1.84

CoreA-10Mg 58.37 7.13 65.49 53.29 0.40-2.00

@ Corresponding to pores between 1 pm and 300 pm.
 Corresponding to pores <1 um.

Fig. 7 - SEM images obtained by SEM after the in vitro bioactivity evaluation of the Core A scaffold: (a) 3 days, (b) 7 days, (c)

14 days, (d) 21 days and (e) 28 days.

CoreA-10Mg scaffold had a Ca/P ratio of (1.64+0.22) and a
(Ca+Mg)/P ratio of (1.77 £0.22).

Fig. 9 presents the curves obtained by ICP-OES and IC for
the different scaffolds. It shows the concentration of ions in
SBF during the evaluation of the in vitro bioactivity. The ionic
behavior in the SBF that was in contact with Core A (Fig. 9(a))
showed: (i) calcium concentration generally lowered from the
first day to 28 days, and displayed oscillatory behavior at inter-
mediate times; (ii) phosphorous concentration lowered on day
3, but this concentration rose at other times; (iii) silicon whose
initial concentration in SBF was zero, remained the same for
the rest of the study time; (iv) lithium whose initial concen-
tration was also zero, progressively increased during the rest
of the study time; and (v) chloride concentration rose on day
7, and lowered to the initial concentration values for longer
immersion times.

Fig. 9(b)-(d) shows the curves of the CoreA-1Mg, CoreA-3Mg
and CoreA-10Mg scaffolds. In summary, the ionic behavior
was as follows: (i) chloride ions showed similar behavior to the
core but rose on day 3; (ii) calcium ions concentration in the
CoreA-1Mg scaffold lowered until 21 days when it rose, while
the other scaffolds showed opposite behavior; (iii) silicon con-
centration rose in the early day, except for the CoreA-10Mg
scaffold which showed a slight adsorption after 28 days; (iv)
phosphorous concentration generally lowered in the SBF,
(v) lithium concentration rose over time and finally (vi) part

of the magnesium ions from the SBF was adsorbed by the
scaffolds after 28 days, mainly on the CoreA-10Mg scaffold.

Discussion
Characterization of cores

Cores A and B were manufactured by the same method. The
only difference between the two cores was the heating time
of the sol solution (Fig. 1). This variation led to both cores pre-
senting a different chemical phase, according to the XRD and
Raman characterization results.

While preparing cores, the hydrolysis of TEOS and TEP first
occurred, and then condensation was activated by adding car-
bonates. An acid catalyst was used to accelerate the hydrolysis
reaction and, at the same time, to avoid rapid gelation in
the condensation reaction. Fig. 10 summarizes the hydroly-
sis and condensation reactions of TEP. It is worth mentioning
that although complete TEP hydrolysis can be seen, it rarely
occurs. Therefore during condensation, water or alcohol can
be obtained as a product of the reaction depending on the
degree of TEP molecule hydrolysis. The reaction that took
place while adding calcium carbonate is also shown. Note that
it was the majority carbonate in the reaction, and that lithium
carbonate was also added. As all these processes occurred
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Fig. 8 - SEM images obtained after the in vitro bioactivity evaluation of the CoreA-XMg scaffold at 3 days, 7 days, and 21 days.

simultaneously, calcium ions were incorporated into the reac-
tion, interfered with condensation, and could form TCP and/or
CPP molecules.

The extension of the reactions (see Fig. 10) was modified
according to heating time to generate the solution of Cores A
and B. The difference in the two solutions was the amount
of water in the final solution, which modified the condensa-
tion process. In solution A, and after heating for 1h, all the
water had evaporated and, therefore, all the added calcium
ions came into contact with the hydrolyzed and condensed
molecules, which favored the formation of TCP (Ca/P=1.5).
Solution B, with a 15-min heating time, still held most of
the initial water. Visually, the solution separated into two
phases: one oily and one liquid. The oily phase contained
the molecules produced by hydrolysis and condensation,
and the liquid phase was water. Thus, water molecules tended
to dissolve calcium ions and leave the oily phase with a cal-
cium deficit, which favored CPP formation (Ca/P=1).

In the presence or absence of water molecules, this mecha-
nism of action of calcium, explains the existence of two cores
with different phases. The formation of the TCP or CPP phases,
due to the deficiency (or not) of calcium ions, has also been
observed by other authors [19]. In Core A, the other phases
containing the PO43~ group formed along with the TCP phase,
but were combined with other ions like lithium and chlorine.
These ions were in the solution and, like calcium, they can
form part of condensation. Consequently, other phases were
obtained. In sol-gel synthesis is usual to find the formation of
additional or residual phases to those desired [20].

116

Both cores were constituted of calcium phosphates, which
are interesting as biomaterials. The main components were
TCP and CPP, which are biocompatible [1,21]. Another phase
present as chloroapatite, is not a good biomaterial at high
concentration because it acidifies the environment, however,
thanks to this, it can help in the dissolution of alkaline salts,
digest the organic matrix and activate the bone resorption pro-
cess produced by osteoclasts [22,23]. The phases of calcium
phosphate substituted for lithium are phases that, as far as
we know, have barely been studied. However, it is known that
lithium is found in small traces in the human body and it stim-
ulates the proliferation of certain cells and bone densification,
as well as improving the mechanical properties by adding it to
TCP [10,23].

The presence of a high number of phosphate phases in the
Core A, makes it an ideal material to study the synergistic
effects between the phases. Additionally, in order to improve
the behavior of the core, it is coated with phases constituted of
silicon and magnesium, obtaining a multilayer scaffold. The
study of Core B under the same conditions is proposed for a
future work.

Characterization of the CoreA-XMg scaffolds

The increase in intensity of the silica peaks in the three
diffractograms in Fig. 4 corroborates the presence of the exter-
nal coatings, which presents more silicon than the core. The
decrease in the CPP phase was attributed to the diffusion
processes that occur during the second sintering where the
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Fig. 9 - The ion concentration in SBF at different times after soaking scaffolds: (a) Core A, (b) CoreA-1Mg, (c) CoreA-3Mg,
and (d) CoreA-10Mg.

Fig. 10 - TEP hydrolysis and condensation reactions in the presence of calcium during core preparation.

117

Please cite this article in press as: N.A. Mata, et al., 3D multiphasic porous scaffolds of calcium phosphates doping with silicon and magnesium,
Bol. Soc. Esp. Ceram. Vidr. (2021), https://doi.org/10.1016/j.bsecv.2021.03.004




BSECV-274; No. of Pages 13

BOLETIN DE LA SOCIEDAD ESPANOLA DE CERAMICA Y VIDRIO XXX (202 1) XXX-XXX 11

pyrophosphate was redistributed to form a phase with a Ca/P
ratio above 1. The presence of magnesium also explained the
disappearance of CPP. Different studies have shown that it
tends to preferentially stabilize the TCP phase [24]. The inten-
sity of the XRD peaks decreased with increased magnesium,
which could imply loss of crystallinity.

Competition occurs between the formation of calcium
phosphate with magnesium and chloroapatite. Compared
to Core A, the intensity of the phase chloroapatite
increased with coatings. However, this phase decreased
with increased of magnesium because the formation of
calcium phosphate substituted for magnesium phase was
favored.

The coated scaffolds$urface changed (Fig. 5) compared to
the Core A surface (Fig. 2(b)). The coating of the CoreA-1Mg and
CoreA-3Mg scaffolds formed separate plates that covered the
core surface. The fact that was no continuous layer could be
attributed to the contractions that occurred during heat treat-
ment. The reason why the CoreA-10Mg scaffold coating did not
form plates, but different sized precipitates instead, could be
due to the amount of magnesium that now competed with cal-
cium. According to the studies by Zhou and co-workers, Ca%*
and Mg?* ions can react with PO43~ to form needle and plate
particles, but when both ions coexist in the PO43~ reaction,
they form a mesoporous structure [24].

The atomic percentage of silicon was practically the same
in all three scaffolds. Thus the difference in peak intensity,
observed by XRD, could be due to the difference between the
crystalline and amorphous phases, which was not detected.
The percentage of magnesium consistently rose with the
increase in doping.

During the bone growth, the porosity is fundamental for
defining the cells/scaffold interaction. In this work, pores
larger than 300 um were designated as macropores, while
those smaller than 300 um as micropores. Although an ideal
pore size has not yet been established, it is known that both
types are fundamental. Microporosity favors cells/material
interaction as they are responsible for protein adsorption and
retention, which will later interact with cells promote their
adhesion [25]. Macroporosity is responsible for enabling cells
to penetrate and migrate throughout the scaffold [25].

Microporosity increased with the coatings on the core
because CoreA-10Mg scaffold surface was more porous
(Fig. 5(f) and (g)) than Core A (Fig. 2). In the case of macroporos-
ity, this decreased due to the coatings on Core A, which closed
the original template pores. Despite the decreased macrop-
orosity, another property was favored: compressive strength.
As aresult of increased compressive strength, the CoreA-10Mg
scaffold could be compared to cancellous bone which, accord-
ing to Polo-Corrales et al. [26], lies between 2 MPa and 4 MPa.

Evaluation of the in vitro bioactivity of the Core A
and CoreA-XMg scaffolds

The in vitro evaluation of Core A showed that the material
generally behaved by dissolving its original microstructure
to form a lamellar structure which was, in turn, colonized by
precipitates. After 7 days the lamellas appeared together with
a release of chlorides, calcium and lithium. According to the
released ions, the dissolved phases could the chloroapatite

and lithium phases. The average Ca/P ratio was (1.53+0.16)
on the edge of lamellae, which indicates the presence of the
B-TCP phase, it would suggest that the dissolved phases were
the CPP, lithium phases or chloroapatite. The dissolution
of the CPP phase cannot be ionically verified as other phases
also contained calcium and phosphorus. However, lithium
release was evident. After 14 days, precipitates appeared and
adsorption of chloride and calcium occurred that could be
incorporated into the new precipitates.

Globular apatite-like precipitates had an average Ca/P ratio
of (1.31+0.12). Although this would not correspond to the
Ca/P ratio of hydroxyapatite, the presence of both silicon and
chlorine retained in the precipitate could affect hydroxyap-
atite detection or formation. The mechanism by which these
precipitates appeared on the material’s surface, together with
lamellae formation, can be attributed to the presence of the
B-TCP phase, according mechanism proposed by Kim et al.
[27].

The in vitro behavior displayed by the CoreA-XMg scaffolds
was different compared to Core A, but similar to each other.
After only 3 days of being in contact with SBF, the three scaf-
folds showed precipitates, which covered the entire surface,
and even remained until 28 days.

From the analysis done of scaffolds’ ionic behavior, it was
concluded that chloride ions influenced the appearance of
precipitates as this was released after 3 days (Fig. 10), which
coincided with their appearance (Fig. 9). The phosphorous
concentration always lowered in the three scaffolds; that is,
phosphorous was adsorbed by the sample until all the phos-
phorus present in SBF was consumed. This adsorption is
associated with the formation of precipitates.

The ionic behavior of calcium and magnesium was differ-
ent in the three scaffolds. In the CoreA-1Mg scaffold, in the
first days the sample adsorbed calcium and then released it
after 28 days. The other two scaffolds released calcium until
14 days and then adsorbed it. This behavior is due to the
doping with magnesium. The scaffolds with the highest
percentage of doping initially formed the precipitates with
magnesium, even adsorbing the magnesium ions from the SBE.
On the contrary, the scaffold with lower percentage of magne-
sium formed the precipitates with calcium adsorbed from SBF.
In general, lithium was released by all the scaffolds, indicating
the dissolution of the coating and contact with the core. Like-
wise, silicon was released by scaffolds and it is suggested that
the bioactivity of these is due to the greater amount of silica
in the external coatings, following the mechanism proposed
by Hench [28].

The Ca/P and (Ca+Mg)/P ratios in the initial times do not
correspond to the hydroxyapatite ratio (1.67). However, with
the immersion time this ratio increased, reaching the ratio of
calcium deficient hydroxyapatite. Only the CoreA-10Mg scaf-
fold presented hydroxyapatite ratios.

In short, the sol-gel method’s versatility was demonstrated
by obtaining a multiphase material of calcium phosphates.
This method allowed different elements to be incorporated
to form complex and varied phases. The different phases
conferred Core A a bioactive characteristic, but also the devel-
opment of a lamellar structure when it came into contact
with SBE. By incorporating the second coatings on Core A, a
multilayer scaffold with a marked bioactivity character was
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created. The bioactivity of the multiphase core was improved
with coatings that accelerated bioactive behavior after being
in contact with SBF for only 3 days. Previously, Ciro et al.
[29] improved the bioactivity of material with crystalline
phases of a/B-TCP, CPP and CaHPOy4, by adding 10 and 15% of
bioglass with composition 31Si0,-56Ca0-2Mg0-11P,0s. How-
ever, with the development of multilayer scaffold, besides
promoting the bioactivity with the external layer, it is pro-
posed to maintain the characteristics such as porosity and
mechanical resistance provided by the composition of the
core.

Previously, multilayer scaffolds doped with strontium and
iron were studied, which also showed an acceleration of in vitro
bioactivity [13,14]. In the case of strontium, the ion substi-
tuted the calcium silicate phase, while iron and magnesium
substituted the calcium phosphate phase. Although all three
studies show positive effects on bioactivity, the core of the
strontium and iron doped scaffolds are different from the
one used in this study and therefore cannot be directly com-
pared.

The presence of magnesium on apatite precipitates might
promote tissue growth than to its good interaction with cells,
and silicon release may contribute to this process, as dis-
cussed above. Although the three doped scaffolds presented
precipitates at only 3 days, the CoreA-10Mg scaffold could
prove the most favorable for cells given the larger amount of
magnesium contained on the surface. It is worth highlight-
ing that, although doped coatings provide bioactivity, the core
presented a chemical composition that was capable of mim-
icking cancellous bone with macroporosity and compressive
strength.

Conclusions

In this work, it was demonstrated the versatility of the sol-gel
process in obtaining multiphase materials. Using a single
chemical composition and varying the heating time of the
solution, three-dimensional porous scaffolds with different
crystalline phases were obtained. Additionally, through this
method it was possible to obtain multilayer structures doped
with silicon and magnesium in the outer layers. The multilayer
scaffold developed in this work combines several chemical
compositions that provide different characteristics such as
mechanical strength, porosity, and in vitro bioactivity, which
are difficult to obtain in scaffolds of a single chemical com-
position. Silicon accelerated bioactivity and the presence of
magnesium in apatite precipitates can enhance cellular pro-
cesses.
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Novel pyrophosphate glass ceramic scaffolds (3D-Ca-P;) were fabricated and coated with several layers of CaO-
P,05-Si0,-MgO [3D-[Ca/P/Si]-XMg (X = 1,3 and 10 mol%)] as potential bioactive scaffolds for bone regener-
ation. The core scaffolds present a homogeneous distribution of polygonal grains consisting of 97% CayP207 with
Ca0-P,0s glass as the matrix phase. Incorporating MgO into coatings led to extremely porous layers, assembled
by nanosized equiaxed particles, which favoured the formation of different phases of tricalcium phosphate
instead of pyrophosphate. Possible applications were determined based on Standard ISO/FDIS 23317:2014 for
ceramics and powder samples. The 3D-Ca-P, scaffolds’ non-bioactivity was modulated by coatings of different
bioactivity behaviours depending on MgO contents. 3D-[Ca/P/Si]-10Mg was the best scaffold as precipitated
hydroxyapatite (HA), was more amorphous than in the other scaffolds because Mg was incorporated into the HA
network, which could favour subsequent cell adhesion. The multilayer scaffold provides advantages over others
developed until now because in a unique structure all the characteristics required for an implant are combined.
On a physical level, mechanical resistance, and porosity, and on a chemical level, a combination of calcium
phosphate phases, similar to the mineral phase of bone, doped with Mg ions, which are capable of being

transformed into HA in different periods of time.

1. Introduction

The incentive of the present work resulted from the authors making
longstanding efforts to develop: (i) unconventional CaO-P05-SiOy
scaffolds as bone substitutes; (ii) the full-bodied synthesis of such bio-
materials. Traditionally, CaO-P205-SiO2 system compositions have been
developed as monophasic [1,2], biphasic materials [3,4] and multiphase
materials [5,6]. Moreover, the incorporation of silicon into calcium
phosphate in an optimal composition can control the material’s biode-
gradability and bioactivity [7,8]. However, the main phases are
noticeably orthophosphates, while calcium pyrophosphate (Ca-P2) re-
mains relatively unexplored. Pyrophosphate is an essential molecule for
the body and is present in plasma, teeth and bone [9-11].

Calcium phosphate solids formation is essentially relevant as calcium
phosphate that comes in the calcium hydroxyapatite (HA) form is the
main skeletal system constituent. Calcium phosphate deposition in body
regions that ought not to calcify takes place under many pathological
conditions: e.g., arthritis, bursitis, dental calculus, other ectopic calci-
fication forms, etc. [12]. Several authors have clearly demonstrated the

role of tripolyphosphate, pyrophosphate and long-chain phosphates to
inhibit HA formation both in vitro and in vivo [13,14].

Most of the materials developed show good biocompatibility, but few
are developed as three-dimensional scaffolds with excellent physical
characteristics such as mechanical strength and porosity. For this
reason, our most recent idea was to fabricate a multilayer of stratified
materials, where each layer would provide the final material a combi-
nation of different requirements. We propose manufacturing a material
of non-bioactive behaviour to bioactive, or even intermittent bioactive
behaviour, depending on the needs of the implantation site or the pa-
tient’s health. We hypothesised that by simply modifying the technique
used in our above work would lead to a new full-bodied synthesis of
Ca0-P205-SiO scaffolds consisting of cristobalite, calcium pyrophos-
phate and different tricalcium phosphate phases as the main phases. An
extensive literature search did not detect any previous works along these
lines which is, hence, the choice of topic for the present study. Another
effort herein made is to assess the possible effects of Mg?* as an additive
during the synthesis process and on bioactivity behaviour. We have
several reasons for choosing Mg?™. First of all, Mg?" is the fourth most
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abundant ion in the human body, mainly in bones [15]. Secondly, Mg?*
tends to help retain the amorphous phase of calcium phosphates [16].
Thirdly, cell adhesion and proliferation are favoured by amorphous
hydroxyapatite [17]. Finally, Mg?* tends to help stabilise tricalcium
phosphate (TCP) as opposed to pyrophosphate [18].

2. Materials and methods

In order to obtain pyrophosphate 3D scaffolds (3D-Ca-P2), 20 ppi-
Polyurethane foams (Eurofoam-Germany-PU) of 13 mm @ x 10 mm
long were coated with a sol-solution composed mainly of: 98% Tet-
raethyl Orthosilicate, Aldrich (TEOS) as a silicon source; > 99.8%
Triethy Phosphate, Aldrich (TEP) as a phosphorus source; > 99% cal-
cium carbonate, Sigma, as a calcium source. Finally, 99% lithium car-
bonate, Sigma-Aldrich, was added as a reinforcing agent. In order to
obtain an oily solution that was viscous enough to wet the PU foams and
would not drip, it was adjusted with 37% hydrochloric acid, Ensure,
until pH 2-3, followed by heating for 15 min at 100 °C. Table 1 shows
the amount of the different reagents used to obtain the sol-solution.
Finally, 30 impregnations of the PU foam in sol-solution were neces-
sary to create a thick enough coating before burning the PU foam and
sintering the 3D-Ca-P3 ceramic at 950 °C/8 h.

In order to improve the bioreabsorption and osteogenesis of the
sintered pyrophosphate glass ceramic scaffold, it was coated with silicon
and magnesium. New sol-solutions with 1, 3 and 10 mol% MgO were
prepared according to Table 1. The 3D-Ca-P, ceramic scaffolds were
coated 6 times in each new sol-solution and dried at 200 °C for 5 min.
Finally, the new 3D-[Ca/P/Si]-XMg-coated scaffolds were sintered at
950 °C/3 h.

Based on Standard ISO/FDIS 23317:2017 for ceramics and powder
samples [19], the possible bone tissue repair application of both the
3D-Ca-P; scaffolds and 3D-[Ca/P/Si]-XMg coated scaffolds was deter-
mined. The 3D scaffolds were immersed in simulated body fluid (SBF) up
to 28 days at 37 °C.

The composition and crystalline phases of the manufactured 3D-Ca-
P, scaffolds and 3D-[Ca/P/Si]-XMg-coated scaffolds were evaluated by
X-Ray Diffraction (XRD, Bruker-AXR D8Advance) using Cu-K, radiation
(1.5418740 A). Data were collected between 10° and 50° (26) at 0.02
steps, counting 8 s per step. The X-Ray tube was operated at 40 kV and
30 mA. Version 3.7.1.132 of Software Match! was used for the Rietveld
analysis of difractograms and the database provided by the Inorganic
Crystal Structure Database (ICSD) and the Crystallography Open Data-
base (COD). Next the Fourier-Transform Infrared Spectra (FTIR, Thermo
Scientific Nicolet iS5, equipped with iD5 ATR) were collected between
1500 cm ! and 450 cm ™! at a resolution of 4 cm™! and room temper-
ature by employing 64 scans.

The physical characterization of the scaffolds was performed on the
manufactured 3D-Ca-P, and 3D-[Ca/P/Si]-10Mg scaffolds as a repre-
sentative sample. The porosity and distribution of the pores between
300 pm and 0.004 pm was evaluated by the Mercury Porosimetry
Technique using a Poremaster 60 GT Quantachrome instruments, with a
pressure between 6.789 KPa and 407,031 KPa. The total porosity of the
scaffold was evaluated by pycnometer with water following the Archi-
medes principle. Compressive strength was evaluated by crushing until
rupture with a Microtest SCM3000 instrument. The force was applied
axially to the cylindrical scaffolds at a speed of 1.00 mm/min.

The morphology of the uncoated and Mg-coated scaffolds before and
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after soaking in SBF was characterised by Scanning Electron Microscopy
with Energy Dispersive X-Ray Spectroscopy (SEM-EDX) using a Hitachi
S-3500 N and the INCA system by Oxford Instruments Analytical.
Scaffolds were electron beam conductive by coating with palladium
prior to the SEM study.

To determine the bioactivity and/or biodegradability of the 3D-Ca-
P, scaffold and 3D-[Ca/P/Si]-XMg-coated scaffolds, changes in the ionic
concentration in SBF were established by ICP-OES (inductively-coupled
plasma atomic emission spectroscopy; PerkinElmer Optima 2000).
Scaffolds were extracted from SBF and examined by SEM-EDX at regular
time points.

3. Results

The mineralogical study of the 3D-Ca-P, and 3D-[Ca/P/Si]-XMg-
coated scaffolds after milling displayed several crystalline phases. The
XRD pattern of the 3D-Ca-P; scaffold (see Fig. 1) displayed the typical
peaks in these phases; e.g., cristobalite-SiO2 (COD 96-900-8225), cal-
cium diphosphate-CayP207 (COD 96-100-1557) and Li(PO3) (COD 96-
210-7073). The 3D-[Ca/P/Si]-XMg-coated scaffolds showed non-
stoichiometric Mg-Tricalcium phosphate (Mg-TCP)
Ca10.115Mgo.385P7028 (COD 96-901-2137), non-stoichiometric Li-Tri-
calcium phosphate (Li-TCP) Cag gsLij 05(PO4)7 (COD 96-152-6054) and
LiCaPOy4 (COD 96-722-2995). The Rietveld Analysis provided in Table 2
displayed calcium diphosphate from the 3D-Ca-P; scaffold as the main
phase, followed by non-stoichiometric Mg-TCP in the 3D-[Ca/P/Si]-1Mg
and 3D-[Ca/P/Si]-3Mg-coated scaffolds and non-stoichiometric Li-TCP
in 3D-[Ca/P/Si]-10Mg.

Fig. 2 depicts the FTIR of the 3D-Ca-Py scaffold, along with the
spectrum of the 3D-[Ca/P/Si]-10Mg as being representative of all the
3D-[Ca/P/Si]-XMg-coated scaffolds. The Si-O-Si and PO3  groups
overlapped, and the P,0%~ and PO, groups were present.

The vibration of the PO groups in the scaffolds was denoted by
several peaks that grouped in three main zones: (i) asymmetric bending
modes by several well-resolved peaks between 526 cm ™! and 610 cm™?;
(ii) the symmetric stretching vibration mode by several peaks between
920 cm ™! and —970 cm™Y; (jii) the asymmetric stretching vibration
mode by another group of several peaks between 1000 cm ™! and 1084
em ! [20]. According to several studies [21,22], the peak at around 800
em~! was for HPOj, which is characteristic of non-stoichiometric cal-
cium phosphates.

The Si-O-Si vibration groups were also found in two main regions: (i)
symmetrical stretching or bending, 800-970 cm ™! and (ii) asymmetrical
stretching, 1000-1207 cm L. However, the presence of alkali-earth el-
ements, like magnesium and calcium, modified these structures and a
new band that corresponded to Si-O-NBO appeared at 920 cm ™! [23,24].

The pyrophosphate group (P,0%7) was present and detected by sig-
nals at 725 em™ !, 920 em ™! and 1207 ecm™! [25] in both scaffolds.
Nonetheless, these peaks were much larger in the 3D-Ca-P; scaffold.

Finally, the presence of glass in the 3D-Ca-P; scaffold was observed
by the signals of the PO, groups at 1155 cm™' asymmetric and 1065
em ™! symmetric, and the PO group at 970 cm™! and (P—0) at 1280
em™! [26]. All these peaks were much smaller in the coating scaffolds.
Moreover, the fact that 1280 cm ™! disappeared was noteworthy.

The SEM-EDX examination of the microstructure of the 3D-Ca-P, and
3D-[Ca/P/Si]-XMg-coated scaffolds is shown in Fig. 3. The 3D-Ca-P,
scaffolds’ microstructure is provided in Fig. 3A-C, which depicts a

Table 1
Chemical composition for manufacturing the glass ceramic and coatings.

TEP (ml) TEOS (ml) CaCOs (g) Li>CO3 (8) H,0 (ml) Ethanol (ml) HCI (ml) MgCOs3 (8)
3D-Ca-P, 10 0.5 8 0.5 20 5 10 -
3D-[Ca/P/Si]-1Mg 1.6 11 11.2 - 20 5 10 0.1
3D-[ Ca/P/Si]-3Mg 1.6 11 11 20 5 10 0.3
3D-[ Ca/P/Si]-10Mg 1.6 11 10 20 5 10 1.0
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Fig. 1. XRD of the 3D-Ca-P, and 3D-[Ca/P/Si]-XMg-coated scaffolds.

Table 2
Rietveld analysis.
Sample Phase (%) x
3D-Ca-P » CazP,07 97.1 2.0
Li(PO3) 1.7
SiO, 1.1
3D-[Ca/P/Si] -1Mg CasP20, 61.3 2.0
Cay0.115Mgo.385P7028 19.3
Si0y 14.2
LiCa(PO,) 45
3D-[Ca/P/Si] -3Mg CasP20, 57.5 25
Cay0.115Mgo.385P7028 29.7
Cag,o5Li1.05(PO4)7 7
Si0y 5.8
3D-[Ca/P/Si]-10Mg CayP,07 58.6 2.0
Cag g5Li1.05(PO4)7 27
Cay0.115Mgo.385P702s8 87
Si0, 5.6

highly porous structure (porosity ~ 70% and pore size ~400-700 pm)
obtained by the sol-gel processing route. Fig. 3A depicts a low-
magnification microstructure of the 3D-Ca-P; scaffolds. At increasing
magnification, a microstructure, performed by the homogeneous dis-
tribution of polygonal grains with 0.93 < Ca/P < 1.06, was distin-
guished and came very close to the Ca/P ratio of the main phase in the
Rietveld analysis (97% of CayP207). Bordering these polygonal crystals
appeared a glassy phase, mainly in triple points (arrows in Fig. 3B and
C), with a 0.25 < Ca/P < 0.35 ratio. The XRD did not show the typical
broadband when glass is present in material. So the amorphous glass
phase was not enough to be detected by the XRD, but conferred the
scaffold a whitish vitreous appearance.

Fig. 3D-F shows the 3D-[Ca/P/Si]-XMg-coated scaffolds’ micro-
structure. As magnesium content increase, the coated layers became
bigger and covered a larger surface of the 3D-Ca-P; scaffolds. The coated
layers related to non-stoichiometric Mg-TCP and the Li-TCP phases were
found to be extremely porous materials, which were assembled by
nanosized equiaxed particles (Fig. 3G). The EDX results revealed that Mg
content only came to 25% of (Ca + Mg). The Ca/P or (Ca + Mg)/P ratio
in the 3D-[Ca/P/Si]-XMg-coated scaffolds respectively came close to 1
and 1.5, which matched the chemical formulae of CayP20; from the
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Fig. 2. The ATR-FTIR spectra of the 3D-Ca-P; scaffold and 3D-[Ca/P/Si]-10Mg
as being representative of all the coated scaffolds.

bottom scaffold and those of Cajg.115Mgo.385P702g from the coating. The
Li* content in the 3D-[Ca/P/Si]-XMg coatings was negligible as it went
below the limit of detection for SEM.

Fig. 4 shows the results obtained by Mercury Porosimetry Technique.
According to the volume of the intruded mercury, the curves show
(Fig. 4A-B) that the uncoated scaffold (3D-Ca-P5) had a greater number
of intraparticle pores, with a pore distribution of approximately 0.1
pm-0.004 pm, and less interparticle pores between 200 pm and 10 pm.
On the contrary, this same sample, but now coated (3D-[Ca/P/Sil-
10Mg), presented mostly interparticle pores, with two important ranges
of intruded mercury. The first of these ranges was between 200 pm and
35 pm and the second between 33 pm and 4.5 pm. Table 3 shows the
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Fig. 3. SEM micrographs of the 3D-Ca-P, (A-C) and 3D-[Ca/P/Si]-XMg-coated scaffolds with 1 mol%Mg (D), 3 mol%Mg (E) and 10 mol%Mg (F) [arrows in B and C

denote the glass phase].

Fig. 4. Mercury porosimetry curves of the 3D-Ca-P, and 3D-[Ca/P/Si]-10Mg
scaffold. (A) differential and (B) cumulative volume intruded versus
pore diameter.

percentages of both types of pores as well as other physical properties of
these scaffolds. The total porosity of the material network was 23.76%
for sample 3D-Ca-P2 and 49.50% for sample 3D-[Ca/P/Si]-10Mg. The

porosity of the scaffolds and compressive strength were 42% and 2.87
MPa for 3D-Ca-P; scaffold and 34% and 3.38 MPa for 3D-[Ca/P/Si]-
10Mg scaffold.

Figs. 5 and 6 show the surface morphology changes of the 3D-Ca-Py
and 3D-[Ca/P/Si]-XMg-coated scaffolds, respectively, after being
soaked in SBF for different times.

No morphological changes were observed at the beginning of the
assay in the 3D-Ca-P, microstructure (Fig. 5A). After 7 soaking days, the
polygonal grains of calcium diphosphate appeared to be more individ-
ualised due to glass phase degradation (Fig. 5B). After 21 soaking days,
the polygonal grains had rounded edges and the glass phase did not
completely dissolve as the 3D structure remained throughout the test
(Fig. 5C). At high magnification, the polygonal grains were glued by the
rest of glass phase that acts a bonding agent. A small white precipitate,
composed mainly of silicon, was also observed sporadically after 28
testing days (Fig. 5D).

After 3 soaking days, the morphology of the 3D-[Ca/P/Si]-1Mg-
coated scaffolds completely differed from the original one (Fig. 1D). A
dense spherical precipitate layer coated the whole scaffold surface
which, at high magnification, was formed by needle-like crystals. The
EDX analysis revealed that these spherical precipitates gave 1.36 < Ca/
P < 1.50. After 7 and 14 soaking days, the new spherical layer seemed to
disappear. At low magnification, the image taken on day 7 revealed the
bottom 3D-Ca-P, microstructure with some minor remains of the pre-
cipitate dispersed on the surface. Details of the remaining phase were
observed at high magnification on day 7. On day 21, the surface was
once again coated with a spherical precipitate. At high magnification, it
was formed by needle-like crystallites. The EDX done of the spherical
precipitate on day 21 gave 1.11 < Ca/P < 1.39 or 1.15<(Ca + Mg)/P <
1.46,and 1.30 < Ca/P < 1.44 or 1.40<(Ca + Mg)/P < 1.54 on day 28. At
14 and 21 days, small conglomerates of white cauliflower-like pre-
cipitates were dispersed on the surface (arrow for days 14 and 21). EDX
indicated a composition made up mainly of silicon. On day 28, the new
precipitate’s morphology did not change.

On soaking days 3 and 7, the 3D-[Ca/P/Si]-3Mg-coated scaffolds’
morphology showed polygonal grains of the calcium diphosphate from
the 3D-Ca-P; scaffold, together with some remains of the 3D-[Ca/P/Si]-
3Mg coating scattered on the scaffold surface. After 14 soaking days,
morphology drastically changed with the appearance of a new spherical
precipitate coating with 1.23< Ca/P < 1.31 or 1.33<(Ca + Mg)/P <
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Table 3
Summary of the physical characterization of the scaffolds.

Ceramics International 47 (2021) 14612-14620

Sample Interparticle Porosity Intraparticle Porosity Total Porosity Network ~ Apparent Density Network Scaffold Porosity Compressive strength
(%) %) (%) (8/cc) (%) (MPa)
3D-Ca-P, 7.38 16.38 23.76 1.66 42 2.87
3D-[Ca/P/Si]- 48.85 0.65 49.50 1.52 34 3.38
10Mg

 Corresponding to pores between 1 pm-300 pm.
b Corresponding to pores <1 pm.

Fig. 5. SEM micrographs of the 3D-Ca-P, scaffolds after (A) 3 days, (B) 7 days, (C) 21 days and (D) 28 days of SBF soaking.

1.36. On day 21, the spherical precipitate coating neither seemed as
dense as the 14-day precipitate, nor formed a continuous layer on the
entire surface. At the end of the 28-day soaking time, the spherical
precipitate formed again. Although it still did not cover the whole sur-
face, it seemed denser than the 21-day layer. A lamellar microstructure
was observed beneath the new precipitate given the partial dissolution
of the glass from the 3D-Ca-P; scaffold (28 days, inner).

After 3 and 7 soaking days, the 3D-[Ca/P/Si]-10Mg-coated scaffold
showed a similar microstructure to the 3D-[Ca/P/Si]-3Mg scaffold and
at the same soaking time. This indicated the grains of the 3D-Ca-P»
scaffold with rounded edges given their partial dissolution and the
dissolution of the glass phase. Sporadically, part of the coating remained
on the rounded calcium pyrophosphate grains. After 14 and 21 days of
soaking, a dense globular precipitate layer coated the scaffold surface
which, at high magnification, had a cotton-like morphology. The EDX
analysis revealed that these globular precipitates had 1.18 < Ca/P <
1.21 or 1.21<(Ca + Mg)/P < 1.31. At the end of the soaking time, the
new globular precipitate had partially dissolved to reveal rounded
grains beneath the 3D-Ca-P, scaffold.

The ion changes in SBF, due to the different scaffolds’ behaviours
after several soaking times in SBF, are presented in Fig. 7. We can see
that the behaviour of the calcium, phosphorous and silicon ions vastly
differed depending on the scaffold type being tested.

The 3D-Ca-P scaffolds showed calcium ion adsorption from SBF as it
was depleted in the surrounding medium. Phosphorous ions were
released from the scaffold to SBF. Finally, the silicon ion concentration
did not change while the study was underway.

In contrast, the changes in the 3D-[Ca/P/Si]-XMg-coated scaffolds
were more drastic and sinusoidal behaviour was noted throughout the
trial. For the 3D-[Ca/P/Si]-XMg scaffold, silicon and phosphorous be-
haviours displayed the inverse behaviour when the silicon concentration
rose and the phosphorus one lowered, except at the beginning of the trial
(day 3), when P rose in 3D-[Ca/P/Si]-3Mg and slightly lowered in 3D-
[Ca/P/Si]l-10Mg.

4. Discussion

The 3D-Ca-P, scaffolds were obtained by immersing polyurethane
foams in sol-solutions followed by heat treatment [27]. In order to
obtain a 3D material consisting of CaP207 crystals, crystals should be
dispersed in a matrix phase. CagP207 crystals reinforced with CaO-P20s
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glass matrix materials are believed to be good candidates for developing
3D scaffolds with excellent mechanical strength, because viscosity and
proportion of glass phase, at the desired temperature, vary with
composition [28]. According to the CaO-P205 phase diagram, CayP207
firstly presents the appearance of the liquid phase at 950 °C [29]. For
this reason, the 3D material consisted of CayP207 crystals, in which a
small amount of CaO-P,0s glass was intentionally prepared. The
3D-Ca-P; scaffold had a vitreous appearance related to the glass phase,
which was not enough to detect a broadband in XRD, and its presence
was determined by the 155 em™, 1065 em ™! and 970 cm ™! signals in
FTIR [26] (Fig. 2).

3D-Ca-P, scaffold densification took place during heating, with a
maximum shrinkage of ~30%. Glass acted as a bonding agent to inter-
link the CaP207 polygonal crystals in the 3D-Ca-Py scaffold (Fig. 2B and
C). The glass phase did not crystallise upon cooling. The final micro-
structure comprised grains with a broad size distribution ranging from
relatively small (10-15 pm) to quite large (70-75 pm). The micro-
structure reflected the liquid-phase sintering process by the dissolution/
crystallization mechanism, when bigger grains further enlarged and
smaller grains were dissolved during the CaO-P;Os melt. The XRD
pattern of the milled 3D-Ca-P, scaffold after sintering included 97.1%
CagP207, 1.7% Li(PO3) and 1.1% cristobalite (Table 2).

The 3D-Ca-P, scaffolds were coated with 3D-[Ca/P/Si]-XMg and
developed a scaffold with a high porous coatings. The porosity of the
coatings was verified with the curves in Fig. 4 and the data reported in
Table 3. The intra- and interparticle porosity is the total microprosity of
the scaffolds (pores < 300 pm) and for the 3D-[Ca/P/Si]—10Mg scaffold
it was much higher compared to the same uncoated scaffold as a
consequence of the superficial change observed between both (Fig. 3).
The 3D-Ca-P; scaffold originally had mostly intraparticle pores and by
coating it with the second composition the interparticle pores increased.
At macro level (pores > 300 pm), the opposite happened, the decrease of
the total porosity of the 3D-Ca-P; scaffold with respect to the 3D-[Ca/P/
Si]—10Mg scaffold was due to the fact that the coatings made on the
porous scaffold reduced the diameter of the big pores originally found in
the polyurethane sponge. The presence of submicron and nanosized
pores gives the scaffold excellent characteristics for future applications.
This means they can be suitably used as both bone substitutes and
bimolecular carriers [30]. Although there is no consensus on the ideal
pore size of a scaffold, both macro- and microporosity are necessary.
According to Rustom et al. pores larger than 100 pm are required for
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Fig. 6. SEM micrographs of the 3D-[Ca/P/Si]-XMg-coated scaffolds after different soaking times in SBF.
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Fig. 7. Ton concentration changes in SBF during the soakings of the 3D-Ca-P, and 3D-[Ca/P/Si]-XMg-coated scaffolds.

bone growth, but also pores smaller than 50 pm because they provide
additional spaces for bone growth and contribute to the improvement of
mechanical strength as a result of filling those spaces [31].

The compression strength of the 3D-Ca-P, scaffold was high but
increased with the coatings. This is due to the reduced macroporosity
presented by the 3D-[Ca/P/Si]—10Mg scaffolds. However, despite the
decrease, both scaffolds showed a compressive strength comparable to
trabecular or spongy bone. According to Caeiro et al., depending on the
region of the skeleton, the compressive strength of the trabecular bone
varies between 1.5 and 9.3 MPa [32]. While Gibson et al., presented a
compressive strength between 0.2 and 4 MPa when the relative density
is around 0.1 [33].

Given the EDX and XRD results, the 3D-[Ca/P/Si]-XMg scaffolds
included the CagP207 and SiO; phases of the 3D-Ca-P; scaffold, plus
Ca10_115Mg0_335P7023, Cag_gsLil_os(PO4)7, and LiCaPO4_ The different
TCP-containing phases increased as the sol-solution rose from 1 mol%
Mg to 10 mol% Mg. (Fig. 1, Table 2). The Mg?" with an ionic radius
(0.65 A) smaller than Ca®* (0.99 A) allowed Ca®" to be replaced with
Mg?* in TCP. The EDX results indicated that Mg?" content only
amounted to 25% of (Ca + Mg). This finding agrees with Zhou et al.
[34], who reported up to 22% Mg?* of Ca 2* replacement in calcium
pyrophosphate, and agrees with Yasukawa et al. [35], who reported
30% Mg?".

When the Ca*" and Mg®" contents from the 3D-[Ca/P/Si]-XMg sol-
solution increased, two processes occurred at the same time: (i) part of
the glass began to dissolve (the FTIR peaks related to the glass phase
were much smaller; Fig. 2), and reacted with the coating to give rise to
new LiT phases; (ii) the CapP207 phase started to transform into TCP
(Ca/P increased from 1 to ~1.5). So that Ca>" and Mg 2+ concentrations
rose, the CayP,0; phase decreased and the non-stoichiometric-TCP
phases increased, as observed in the Rietveld analysis of the 3D-[Ca/
P/Si]-XMg scaffolds (Table 2). The formation kinetics of the highly
porous coat (Fig. 3D-G) is complex and unclear. It has been suggested
that the formation of a nano-sized equiaxed crystals structure from the
coating is related to a battle of free Ca%* and Mg?" to bind to PO3". This
battle between Ca** and Mg?* ions has been reported by several au-
thors, who describe how, depending on the type/s of calcium phosphate
phase/s present in the material, needle-like and plate-like particles [36],

Fig. 8. Bioactivity kinetics of the 3D-Ca-P, scaffold and 3D-[Ca/P/Si]-XMg
coated scaffolds.
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and even amorphous spheres [37,38], can be generated. The 3D-Ca-P;
scaffolds presented no bioactivity at any assay time point. The
3D-[Ca/P/Si]-XMg-coated scaffolds displayed intermittent bioactivity,
which meant that the amount of Mg-dopant modified scaffolds’ in vitro
behaviour. Fig. 8 shows a summary of the different bioactivity kinetics
of the glass-ceramics studied.

The non-bioactive behaviour of pyrophosphate is well-documented
given the presence of P,0%~ groups that inhibit hydroxyapatite precip-
itation [39-41]. Conversely, all the 3D-[Ca/P/Si]-XMg scaffolds
exhibited intermittent bioactivity at different testing times. What they
all have in common is that when there is an incorporation of silicon and
decrease in phosphorus into the medium, HA precipitation occurs
(Figs. 5 and 6). For example, on days 3, 21 and 28 in the 3D-[Ca/P/Si]-
1Mg scaffolds; on days 14 and 28 in the 3D-[Ca/P/Si]-3Mg scaffolds; on
days 14 and 21 in the 3D-[Ca/P/Si]—10Mg scaffolds (Figs. 5 and 6). On
the contrary, when P increases and Si decreases in the medium, the
dissolution of HA takes place (HA previously precipitated on scaffold
surfaces), and starts to precipitate to a phase rich in Si (probably Si-OH)
by generating possible anchor points on the surface so that the new HA
precipitate can nucleate and grow. This was seen on days 7 and 14 in the
3D- [Ca/P/Si] -1 Mg scaffolds; on day 21 in the 3D- [Ca/P/Si] -3 Mg
scaffolds; on day 28 in the 3D- [Ca/P/Si] —10 Mg scaffolds. Some re-
mains of the previously precipitated HA layer were observed on the
scaffolds, together with a new white silicon-rich precipitate (34.22 > Si
> 1.89). The polygonal grains from the 3D-Ca-P; scaffold were visible
underneath.

In order to explain the dissolution of the HA precipitate layer in
scaffolds, it is necessary to contemplate the dissolution of glass. The
glass presents in the material that came into contact with SBF was
hydrolysed and produced the dissolution of the glass phase of the 3D-Ca-
P, scaffold by releasing groups (P,077) to the medium. The chelating
effect of polyphosphates present in glasses on divalent cations is well-
known [42], which can react vigorously with the Ca®" of the precipi-
tated HA to break the crystalline structure of (Ca;o(PO4)s(OH)2). As far
as we know, this is the first bioactivity mechanism based on the
competitive process between a core generator of pyrophosphate and the
coating source of HA.

The incorporation of Mg into the HA network leads to HA precipitate
crystallinity. This network distortion is not so marked for low Mg?*
concentrations and, consequently, HA is more crystalline (3D-[Ca/P/
Si]-1 Mg at 21 days) than for high Mg*? concentrations, where HA is
more amorphous (3D-[Ca/P/Si]-10 Mg at 14 days). This favours sub-
sequent cell adhesion because cells are favoured by amorphous HA, as in
human bone, than with crystalline HA [43].

The scaffold obtained in this study stands out for (i) having a
multilayer structure that allowed combining the benefits of two different
chemical compositions, (ii) presenting a core mainly constituted by the
calcium pyrophosphate phase, which inhibits the crystallization of HA in
vitro, but provides mechanical resistance and (iii) presenting external
coatings that provided bioactivity, with magnesium ions that improve
cell adhesion.

These three characteristics allowed the scaffold to present a bioac-
tivity mechanism promoted by the vitreous phase of the core and the
external layers. In addition, depending on the magnesium
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concentration, the HA precipitate was formed at different times and with
different morphologies.

In general, the scaffold presents characteristics difficult to obtain ina
single structure such as mechanical resistance, porosity and modulated
bioactivity.

5. Conclusions

Novel pyrophosphate glass ceramic scaffolds containing polygonal
grains of calcium pyrophosphate with CaO-P;05 glass as the matrix
phase were manufactured and coated with several CaO-SiO-MgO [3D-
[Ca/P/Si]-XMg (X = 1, 3 and 10 mol%)] layers by sol-gel and the
polymer replication method. The core of multilayer scaffold provided a
three-dimensional structure with mechanical resistance and porosity to
support the external coatings that provided the bioactivity.

We were able to modulate scaffolds’ bioactivity from a non-bioactive
material like the 3D-Ca-P; core to scaffolds with intermittent bioactivity
depending on the coating’s magnesium content. Of all the coated scaf-
folds that we prepared, in our view that with the best bioactivity was 3D-
[Ca/P/Si]-10Mg because the formed HA was more amorphous due to the
incorporation of Mg?" into the HA lattice. This made the precipitated
HA similar to the biological HA of human bone, which would allow cells
to adhere better. This means that we can produce materials according to
the specific needs of each application.
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Efecto de la sustitucién de Sr, Mg y Fe en las propiedades fisico-quimicas
y biolégicas de andamios multicapa de Si-Ga-P

RESUMEN

En este trabajo se propone una nueva combinacién de materiales ceramicos para aplica-
ciones en ingenieria de tejido dseo. Se prepararon andamios multicapa formados por un
nucleo principalmente de pirofosfato cdlcico y recubrimientos externos de silice y cal-
cio dopados con Fe*, Sr?* y Mg?*. Para estudiar la influencia de la disposicién de los
iones dopantes en los recubrimientos externos, se desarrollaron dos andamios diferentes:
andamios 3] con un recubrimiento externo con 9 mol% de Fe3*, Sr** y Mg?*; y andamios 3S
con tres recubrimientos externos, cada uno con 3 mol% de Fe**, Sr>* y Mg?*. Posteriormente,
se realizé caracterizacién fisicoquimica, se evalué su bioactividad in vitro y respuesta celu-
lar en presencia de células MG-63. Los resultados mostraron que el nucleo del andamio no
presentaba bioactividad nibuena respuesta celular, pero servia de soporte para los recubrim-
ientos externos debido a la resistencia mecdnica. La viabilidad celular de los andamios 3] y
3S aumenté en mas de 100% respecto al ntcleo y mejord la proliferacién y adhesién celular,
dando lugar a una densa capa de células en la superficie de los andamios. La disposicién de
los iones en los recubrimientos externos no influyé en la respuesta celular, pero determiné
la tasa de bioactividad.

© 2021 SECV. Publicado por Elsevier Espaiia, S.L.U. Este es un articulo Open Access bajo
la licencia CC BY-NC-ND (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Tissue engineering is a multidisciplinary field that uses engi-
neering tools and health science to solve tissue degradation
and regeneration problems [1]. This field involves three indis-
pensable components: (i) cells; (ii) scaffolds and (iii) biological
factors [2-5]. Scaffolds play an important role because they act
as the physical matrix where biological entities are deposited
to promote the integration and/or restoration of damaged tis-
sue. For this reason, the choice of the scaffold’s biomaterial
must be in accordance with the tissue type to be treated.

In recent years, bone has become one of the most replaced
tissues, mainly by the increase in skeletal system trauma due
to motor vehicle use and degenerative diseases as a result of
increased life expectancy [6,7]. The selection of a biomaterial
that mimics bone is complicated because of the hierarchical
structure and the biological processes that occur in this kind
of tissue [8,9].

Ceramic materials are an excellent choice for restor-
ing hard tissues for their similarity to the bone mineral
component [10-12]. Although ceramic materials are able to
chemically imitate bone and provide biocompatibility, a scaf-
fold with a single chemical composition is not sufficient
to fulfill all the requirements that a scaffold must meet:
good mechanical strength, porous structure, osteoconductiv-
ity, osteoinductivity, biodegradability, among others [8,13,14].
For this reason, previous studies have proposed creating mul-
tilayer scaffolds consisting of coatings with different chemical
compositions to provide several characteristics [15-18].

The present research work proposes creating a core formed
by a chemical composition that confers mechanical resis-
tance, and it is subsequently coated by bioactive compositions
doped with ions like Fe3*, Sr?* and Mg?*. Naturally, these ions
are found in bone and participate in different processes, which

is why these ions have been widely incorporated into various
ceramic and glass materials [19-22]. Strontium behaves sim-
ilarly to calcium, stimulates osteoblast activity and restricts
osteoclast differentiation [19,23]. Magnesium stimulates new
bone formation and increases cell adhesion [24]. Iron par-
ticipates in tissue growth and blood vessel formation [19].
These ions have been previously incorporated individually
into external coatings of multilayer scaffolds to present apatite
precipitates during in vitro bioactivity evaluations [16-18].

Hence this research work aims to integrate these three
ions (in the ideal ionic concentration obtained in the previ-
ous studies) into a unique scaffold to enhance the benefits of
each ion. Multilayer scaffolds were prepared with the same
calcium phosphate core but were coated by external coatings
of mainly calcium silicate doped with Fe3*, Sr>* and Mg?* in
two different configurations. The first configuration included a
single external coating with 3 mol% of each ion (Fe3*, Sr?* and
Mg?*); i.e. 9mol% doping in relation to the total calcium moles.
In the second configuration, coatings of 3mol% of each ion
were incorporated into three different layers; i.e. the first was
airon-doped coating, the next was a strontium-doped coating,
and the most external was a magnesium-doped coating. Scaf-
folds were physico-chemically characterized. Subsequently,
the in vitro bioactivity and behavior in cell culture were eval-
uated by indirect (extracts of material powder) and direct
(scaffold) assays.

Materials and methods
Scaffold preparation
Scaffolds were prepared by sol-gel and the polymer replica

method. The reagents used to prepare the sol-gel solution
were tetraethyl orthosilicate (TEOS - Si(OC,Hs)s) as a source
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Table 1 - Formulations of ceramics (mol%).

Formulation Si0, P,0Os CaO Li,O SrO MgO FeyO3
Formulation 1 1 25 68 6 - - -
Formulation 2 29 3 63 2 2 1
Formulation3 29 3 67 - - - 1
Formulation4 29 3 66 - 2 - -
Formulation5 29 3 66 - - 2 -

of silicon, triethyl phosphate (TEP — (C,Hs)3PO4) as a source of
phosphorous, and calcium carbonate as a source of calcium.
They were all provided by Sigma-Aldrich. The reagents used
to introduce ions into the sol-gel solution were lithium car-
bonate (Li,CO3), strontium carbonate (SrCO3) and magnesium
carbonate (MgCOs), all provided by Sigma-Aldrich, and ferrous
sulfate heptahydrate (FeSO4-7H,0) supplied by Merck. Solu-
tions were prepared in a medium with distilled water, 37%
hydrochloride acid (HCI - Ensure) and 97% ethanol (C,HsOH
- Guimana). Table 1 shows all formulations made by this
method. The employed polymer template was a polyurethane
sponge with 20 pores per inch, 12.7 mm diameter and 10 mm

high.
Multilayer ~ scaffolds  were  constituted by a
core and external layers. Core composition was

Si0,—25P,05—68Ca0—6Li,0 mol% (Formulation 1)
and the composition of external coatings was
29S5i0,—3P,05—68Ca0 mol%. To introduce the dopant, the
latter composition was modified to obtain formulations 2-5.
Based on these formulations, two different configurations
were selected for the scaffolds.

Core

The solution of formulation 1 was prepared with 11.4 ml of TEP,
20 ml of distilled water, 5 ml of ethanol, 0.36 ml of TEOS, 10 ml
of HC], 0.5 g of Li,CO3 and 8.38 g of CaCOs. Before adding car-
bonates, the solution was stirred for 30 min. Drops of HCl were
added to keep the solution’s pH between 2 and 3. The solutions
with all the reagents were heated for 30 min at 100 °C with stir-
ring. After this time, the solution formed an oily phase capable
of covering the polymeric sponge. The polyurethane templates
where immersed into the solution 30 times. After each immer-
sion, sponges were centrifuged at 500rpm and oven-dried at
140°C to ensure the formation of a coating. Finally, the green
bodies were sintered at 950°C at a heating rate of 18°C/h and
maintained for 8 h.

Scaffold configuration 1 (scaffold 3J)

The configuration 1 (labeled 3]) consisted of a core scaffold
coated with Formulation 2. In this formulation, 9% of the
original total calcium moles were substituted by 3% of each
doping ion (Fe*?, Mg*? and Sr*?). The solution was prepared
with 11.01 ml of TEOS, 20 ml of distilled water, 5 ml of ethanol,
1.64ml of TEP, 10ml of HCI, 0.5g of SrCOs3, 0.29 g of MgCOs,
0.94 g of FeS04.7H,0 and 10.3 g of CaCO3. Core scaffolds were
immersed in this solution 6 times. After each immersion, sam-
ples were centrifuged and oven-dried. Finally, samples were
sintered at 950°C at a heating rate of 92.5°C/h and maintained
for 3h.

1

Scaffold configuration 2 (scaffold 3S)

The configuration 2 (labeled 3S) consisted of a core scaffold
coated with Formulations 3, 4 and 5. In all these formulations,
3% of the total calcium moles were substituted by Fe*?, Sr+?
and Mg*?, respectively. The first coating layer was doped with
iron. Subsequently, it was coated with the strontium-doped
coating and finally by the magnesium-doped coating. The
amounts of ions were selected so that the ion concentrations
were the same. Three solutions were prepared with 11.01ml
of TEOS, 20ml of distilled water, 5ml of ethanol, 1.64ml of
TEP, 10ml of HCl, 11g CaCOs, and each solution with 0.5g of
SrCOs3, 0.29 g of MgCO3 and 0.94 g of FeSO4-7H,0, respectively.
For each layer, the sample was immersed 6 times in solution.
Before coating with the next layer, the sample was sintered at
950°C at a heating rate of 92.5°C/h and maintained for 3h.

Scaffolds characterization

Mineralogical characterization by X-ray diffraction

The chemical and mineralogical characterizations of scaf-
folds were evaluated by X-ray diffraction (XRD). A Bruker AXR
D8 Advance equipment was used with a secondary graphite
monochromator and Cu-Ka radiation (1.5418740 A). The X-ray
tube operated at 40kV and 30 mA with 0.02 steps by counting
8s per step. Data were collected between 20 and 40 degrees (26).
The software Match!, version 3.9.0.158, was used for the analy-
sis, and diffractograms were compared to the Crystallography
Open Database (COD).

Microstructural characterization

The microstructure and morphology of scaffolds were studied
by Scanning Electron Microscopy with Energy Dispersive X-ray
(SEM-EDX). A Hitachi S-3500N with INCA system by Oxford
Instruments Analytical was used. Samples were gold- and
palladium-coated prior to evaluation.

Physical characterization

Ten scaffolds of each type were employed to study physi-
cal properties (8.5 mm diameter and 7.0 mm high). Scaffolds’
porosity was measured by a pycnometer according to
Arquimedes’ principle. Scaffolds’ maximum compressive
strength was measured by a Simple Test Stand (NEURTEK
instruments SVL-1000N). Force was applied to the scaf-
folds surface until total failure and the maximum force was
recorded with a digital force gauge dst/dsv SERIES. Maximum
compressive strength was calculated according to the follow-
ing equation:

Fm

‘A

Om =

where oy, (MPa) is maximum compressive strength, Fy, (N) is
maximum force and A (mm?) is the area perpendicular to the
applied force.

In vitro bioactivity evaluation

Scaffolds’ in vitro bioactivity was evaluated by the ability
to precipitate apatite on the surface when immersed in
simulated body fluid (SBF). Scaffolds 3] and 3S were soaked in
SBF prepared according to Standard ISO/FDIS 23317:2017 for
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ceramics and powder samples during different periods. The
ceramic scaffolds (8.5mm diameter and 7.0mm high) were
immersed in 50ml of SBF and kept for 3, 14 and 21 days in
water bath at 37°C.

After each period, a sample was evaluated by SEM-EDX and
the SBF aliquot was assessed by inductively coupled plasma
optical emission spectrometry (ICP-EOS). In the last test, a
Thermo iCAP 6500 DUO equipment was used to analyze the
ionic element concentration in the resulting SBF. The in vitro
bioactivity of the scaffolds’ core has been previously studied
[18].

Indirect cell culture

Ion release

In order to study the influence of the ions released by mate-
rials with cells, the powder from each scaffold was put into
contact with cell culture medium (CCM) before seeding cells.
The core and scaffolds 3] and 3S were ground using an agate
mortar and sterilized at 160 °C for 2h. Powders at 10 mg/ml and
100 mg/ml were brought into contact with Dulbecco’s modified
Eagle Medium (DMEM - Gibco) supplemented with 10% Fetal
Bovine Serum (FBS - Corning) and 1% penicillin/streptomycin
(PS - Gibco) in 15 ml falcon tubes for 24 h, and then for 96h in
a shaking incubator at 90 rpm and 37 °C.

Analysis of the released ions

An aliquot of the CCM, which was brought into contact with
the powder of each scaffold at both concentrations for 24h
and 96 h, was analyzed by ICP-OES to know which ions were
released by each material. The pH of the CCM was measured
with a Mettler Toledo instrument (FiveEasy Plus).

Cell culture

Cell assays were performed using osteosarcoma cell line MG-
63. Cells were cultured in 75cm? culture flasks with DMEM
supplemented with 10% FBS and 1% PS and incubated at 37 °C
in a humidified atmosphere with 5% CO; and in a 95% air
environment. Every 2 days, cells were passaged when 80% con-
fluency had been reached. During the passage, the medium
was removed to eliminate non-adherent cells, washed with
Dulbecco’s Phosphate Buffered Saline (DPBS - Gibco) and,
finally, cells were collected using trypsin-EDTA (Gibco). Cells
were counted using trypan blue and a hemocytometer. One
day before the indirect assay, cells were seeded in 24-well
plates at a concentration of 100,000 cells/ml. After 24h and
96 h, the falcon tubes with the CCM and powders were cen-
trifuged at 2000rpm for 5min. Then the CCM supernatants
were transferred to the 24-well plates with the previously
seeded cells and incubated at 37°C in a humidified atmo-
sphere with 5% CO,. The control for this assay was cells
brought into contact with the non-conditioned CCM.

Cell viability

After incubating for 1 day (D1) and 3 days (D3), cell viability
was studied by the cell-counting kit containing water-soluble
tetrazolium salt (WST-8). This salt reduces cell dehydro-
genase, which results in a water-soluble formazan that is
characterized as being yellow-colored and is proportional to
the number of viable cells. For this assay, the CCM of each well

was transferred to Eppendorf tubes and reserved at incubator
conditions during the analysis. Subsequently, 500l of a
solution containing 1vol% WST-8 and 99vol% of the CCM
were added to each well. After a 2 h incubation at 37°C,
100 pl of each well were transferred to a 96-well plate and
the absorbance was measured at 450 nm (FLUOstar Omega,
BMG LABTECH). The absorbance value of the 1vol% WST-8
solution was subtracted from all the absorbance values. After
a 1-day analysis, the solution was removed from the 24-well
plate, washed with DPBS, and the previously reserved CCM
was returned to each well to continue the incubation period
until day 3, time at which the procedure was repeated.

LDH activity

Lactate dehydrogenase (LDH) activity was studied after 3 days.
LDH is an enzyme that is found inside cells and is released
when cell membrane damage occurs. LDH activity is used to
not only study cytotoxicity, but also to measure the number
of cells that remain until the end of the assay by rupturing
the membrane so they can be released. The LDH enzyme cat-
alyzes the conversion of lactate and pyruvate by reducing NAD
to NADH, which is then detected by absorbance. For this assay,
the CCM was removed, washed with DPBS and 1ml of lysis
buffer (containing 0.1 wt% Triton X, 20 mM TRIS, 1 mM MgCl,
and 0.1 mM ZnCl,) was added to each well and left for 30 min.
Subsequently, the lysis buffer was transferred from each well
to Eppendorf tubes and centrifuged at 2000rpm for 5min.
140 pl of the supernatant from each Eppendorf tube and 60 .l
of the LDH solution were added (containing 20 ul of the LDH
assay substrate solution, 20 pl of the LDH assay dye and 20 pl
of the LDH assay cofactor solution) to a 48-well plate. Finally,
the well plate was incubated in the dark for 30 min, the reac-
tion was stopped with 300 pl of HCl 1M, and the absorbance
was measured at 490 nm.

Direct cell culture

Sample preparation and cell seeding.

The core and scaffolds 3] and 3S were sterilized at 160°C for
2h. Samples were pre-conditioned to wet the scaffold surface
and prepare it for cell attachment. For this purpose, scaffolds
were placed inside a 24-well plate together with 1.5 ml of the
CCM and were incubated for 30 min at 37 °C and 5% CO,. After
the pre-conditioning time, the CCM was removed and seeding
was performed with the previously cultured MG-63 cells in a
drop-wise manner by placing a drop of 25 pl containing 50,000
cells on the surface of each scaffold to be incubated for 30 min
at 37°C and 5% CO,. This procedure was repeated once again.
After the last 30-minute period, the CCM was added to each
well. Samples were incubated for 1, 3, 7, 14 and 21 days. The
CCM was refreshed every 2 days.

Cell viability

The viability of the cells in each scaffold was studied by WST-
8. After each assay time (1, 3, 7, 14 and 21 days), the CCM
was removed and scaffolds were transferred to a new 24-well
plate to avoid considering the cells at the bottom of wells.
Subsequently, 1.5ml of a solution containing 1vol% WST-8
and 99vol% CCM was added to each well and incubated for
3h at 37°C and 5% CO,. Afterward, 100 pl of each well were
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transferred to a 96-well plate and absorbance was measured
at 450nm.

LDH activity

After 7, 14 and 21 days, scaffolds were transferred to a new
24-well plate and cells were lysed with 1.5 ml of lysis buffer to
each sample. After 30 min, the procedure described above for
the indirect assay was repeated.

Cell morphology evaluation

The evaluation of cell morphology, adhesion and proliferation
on scaffolds’ surface was performed by fluorescence staining
and SEM. Fluorescence staining was carried out using rho-
damine phalloidin red staining to observe the cytoplasm and
DAPI (4/,6-diamidino-2'-phenylindole, dihydrochloride) blue
staining to view cell nuclei. Images were obtained with a flu-
orescence microscope (Axio Scope A.1, Carl Zeiss).

For SEM, the cells on the surface of samples were fixed
with two solutions for 1h, the first containing glutaraldehyde
and sodium cacodylate and the second with glutaraldehyde,
sodium cacodylate and paraformaldehyde. Next a dehydra-
tion process was carried out with a series of alcohols from
30% to 99.5% ethanol, and each alcohol was brought into con-
tact with the samples for 30 min. Finally, samples were dried at
the critical point (Leica EM CPD300) and viewed by SEM (Auriga
CrossBeam, Carl Zeiss).

Statistics

The results are shown as the mean values and standard devia-
tion. The significant difference between values was calculated
with the Origin software and the one-way analysis of variance
ANOVA by a Tukey test. The significance level is given by a
p-value of p<0.05=".

Results
Scaffold characterization

Ceramic scaffolds obtained after the sintering process main-
tained the cylindrical shape with 8.5 mm diameter and 7.0 mm
high approximately, as well as a weight of (0.35+0.10) g.

Fig. 1 - (A) The XRD patterns of the core and scaffolds 3]
and 3S. (B) Details of the principal peaks. P: Ca,P,07, S:
Si0y, L: Li(PO3), H: Mg>P2 0y, F: Cag 333Fe1.167(POa)7, M:
Cay0.115Mgo.385(P04)7, E: Cag.1Feg sMg1.3(Si0s3)2, C:
Cao,goMgo_nFeOAzs(Si03)2, D: Ca1,555r0,35(si04), N: CaLi(PO4).

The mineralogical characterization carried out by XRD to
study the scaffolds crystalline phases is shown in Fig. 1. In
this figure, it is observed that the core is formed mainly by
calcium pyrophosphate (CaP,07 — COD 96-100-1557) and by
a minority of silicon dioxide (SiO; — COD 96-101-0939) and
Li(PO3) (COD 96-210-7073). Additionally, the principal peaks of
CayP,07 phase reported at 26 29.57° and 29.65° were slightly
shifted to 26 29.60° and 29.68°.

Subsequently, the diffractograms of scaffolds 3] and 3S
were analized. The following changes can be distinguished in
the diffractograms:

(i) The diffractograms of scaffolds 3] and 3S are shifted
to the right in relation to the core, as shown in detail
in Fig. 1(B). The main peaks shifted to 26 29.68° and
29.76°. This means that ions entered the crystalline
structure of calcium pyrophosphate. Specifically, phase
Mg,P,07 (COD 96-201-7953) was identified. At these peaks

Fig. 2 - SEM-EDX images of the core (A, B), and scaffolds 3] (C, D) and 3S (E, F).
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(i)

(i

(iv)

=

new phases were identified and corresponded to non-
stoichiometric calcium silicate substituted for iron and
magnesium ions (Cag 1Fep sMgi.3(SiO3)2 - COD 96-152-9618
and Cao_goMgo,71Feo_25(5103)2 - COD 96-153-0360).

The calcium pyrophosphate phase peaks of the core
decreased, and new phases appeared that corresponded
to tricalcium phosphate (TCP) substituted for iron
(Ca9,333Fe1,167 (PO4)7 - COD 96-400-2456, TCP-PE) and mag-
nesium (Ca1o_115Mg0_3g5 (PO4)7 - COD 96-901-2137, TCP-Mg).
In both scaffolds, the two phases were identified but not
in the same proportion. In scaffolds 3], the main phase
was the TCP-Fe phase, whereas in scaffolds 3S the TCP-Mg
phase was identified.

The peak corresponding to SiO, phase identified at 26
22.02° increased, especially in scaffolds 3S.

A minor strontium silicate phase (Caj65Sr0.35(Si04) - COD
96-153-5820) was identified in both scaffolds at 26 32.90°.

A TCP phase substituted for lithium (CaLi(PO4) - COD 96-
722-2995, TCP-Li) was identified at 26 23.63° and 32.89° in
scaffolds 3S.

Fig. 3 - Porosity and compressive strength representation
of the core and scaffolds 3] and 3S.

Fig. 4 - SEM images of scaffolds 3] (A-C) and 3S (D-F) after 3, 14 and 21 days of immersion in SBF.
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Fig. 5 - Variation in the ionic concentration in SBF after the immersion of scaffolds 3] and 3S at different times.

Fig. 2 (A, B) illustrates the core’s microstructure formed by
grains of different sizes and shapes. Fig. 2(C-F), which cor-
responds to the surfaces of scaffolds 3] and 3S, depicts the
plates of coatings (marked by dotted lines) over the core. For
scaffolds 3], the core’s microstructure lies underneath plates.
For scaffold 3S, the previous Sr coating lies beneath the exter-
nal Mg coating. The EDX analysis on the surface is inserted
into the images of each scaffold. This analysis confirmed that

138

the core contained mainly calcium and phosphorus. In addi-
tion to calcium and phosphorus, scaffolds 3] contained silicon,
strontium, iron and magnesium. In scaffolds 3S, in addition to
calcium, phosphorus and silicon, the presence of the dopant
ions was detected depending on the surface point.

Fig. 3 shows the scaffolds’ physical characteristics, such as
compressive strength and porosity. The core’s porosity was
65%, which decreased to 40% due to the coatings in scaffolds
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Fig. 6 - Variation in pH in the CCM (pH 8.5) after coming
into contact with the core, 3J and 3S powders at 10 mg/ml
and 100 mg/ml for 24h and 96 h.

3S. Mechanical strength rose from (1.00 + 0.47) MPa in the core
to (2.74 £ 0.52) MPa in scaffolds 3S (see Fig. 3).

In vitro bioactivity evaluation

Fig. 4 shows the SEM images of scaffolds 3] and 3S after immer-
sion in SBF. Fig. 4(A, B) depict how scaffolds 3] still have part of
the coating after 3 and 14 immersion days. However, after 21
days (Fig. 4C), spherical precipitates were observed on the sur-
face. In contrast, after 3 days the scaffolds 3S showed these
precipitates on the surface (Fig. 4D), which remained even
up to 21 days (Fig. 4F). The EDX analysis revealed that these
precipitates were apatite-like.

Fig. 5 illustrates the study of the ionic interaction between
scaffolds 3J/3S and SBF. Scaffolds 3] showed calcium adsorp-
tion and phosphorus release during the test, while silicon and
strontium started to be released from the beginning of the test
with a significant release at 21 days. In contrast, scaffold 3S
displayed strong calcium and phosphorus adsorption and the
release of silicon and strontium at the beginning of the test.
The release of lithium took place in both scaffolds. In relation
to magnesium, only scaffold 3S showed adsorption at 21 days.
No iron ions were detected.

Indirect cell culture

The indirect cell assay revealed how the ions released by the
scaffolds influenced cell behavior. Fig. 6 shows the first param-
eter herein considered, the variation in pH after 24h and 96 h
of exposing the powder of each scaffold with CCM. The powder
of scaffolds 3] and 3S at concentrations of 10 and 100 mg/ml
brought about a slight drop in the medium’s pH after 96 h, but
no more than 3.5%. In contrast, the core powder at a 10 mg/ml
and 100mg/ml concentration lowered the pH by 8.4%, and
13.7%.

The release of ions in the CCM for each material at both
concentrations, and after 24h and 96h, is shown in Fig. 7. In
the core material, at both concentrations, the release of phos-
phorus, lithium and silicon ions took place. At the 10 mg/ml
concentration, the supernatant of the scaffolds 3] showed only
silicon release. When the concentration rose to 100 mg/ml,
the release of silicon, calcium and strontium became greater.
Finally, at the above-mentioned concentrations, only signifi-
cant silicon release was observed for scaffold 3S.

The viability of the cells incubated with the different con-
ditioned CCMs is shown in Fig. 8. After 1 day (D1), the viability
of the cells corresponding to the core’s medium, and at both
concentrations (10 mg/ml and 100 mg/ml) and times (24h and
96 h), significantly decreased compared to the control. After 3
days (D3), the viability of the cells in contact with the core’s
medium at 10 mg/ml and both times increased to values that
equaled the control. In contrast, the cells in contact with the
core’s medium at 100 mg/ml and both times were lower than
the control. The viability of the cells in contact with the media
of 3] and 3S at both concentrations and times also equaled
the viability of the control or was slightly higher, which was
the case of the cells in contact with the media of 3] and 3S at
10 mg/ml and both times.

The number of cells after 3 days in each case is shown in
Fig. 9. Although a slight decrease in the number of cells was
observed in relation to the control, no significant difference
appeared.

Direct cell culture

After evaluating the influence of the released ions on cells, the
behavior of the cells that came into direct contact with the
scaffold was studied. Fig. 10 shows the results of the viability
of the cells in contact with the core and scaffolds 3] and 3S.
The viability of cells in contact with the core increased over
time, with no significant difference from day 1 to day 21. In
contrast, the cell viability of scaffolds 3] and 3S increased with
time, with a significant difference from day 1. After 14 and
21 days, the viability of the cells in scaffolds 3] and 3S was
significantly higher compared to the core. Cell viability after
21 days increased by approximately 110% in scaffold 3] and by
130% in scaffold 3S compared to the core.

Fig. 11 shows the results obtained from analyzing LDH
activity. The number of cells in scaffolds 3] and 3S was nearly
the same after 7, 14 and 21 days. In contrast, the number of
cells in the core significantly decreased after 14 days.

Regarding the visual evaluation of the cells on the scaf-
folds, Figs. 12 and 13 show images of the surface obtained by
fluorescence microscopy and SEM.

Fig. 12 depicts the surface of the core (Fig. 12A, B) and scaf-
folds 3] (Fig. 12C, D) and 3S (Fig. 12E, F) after 3and 7 days. Due to
staining, cell nuclei are denoted in blue and the cytoskeleton
in red. On the core’s surface, single round cells were observed,
while others formed agglomerates. No difference in cell devel-
opment appeared between days 3 (Fig. 12A) and 7 (Fig. 12B).
With scaffolds 3J (Fig. 12C) and 3S (Fig. 12E), after 3 days a
higher number of round-shaped cells were observed on the
surface. Some of these cells spread as indicated by the arrow.
After 7 days (Fig. 12D, F), cell proliferation was obs%r%eqd due
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Fig. 7 - Variation of the ionic concentration in the CCM after coming into contact with the core, 3] and 3S powders at
10mg/ml and 100 mg/ml for 24h and 96 h.
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Fig. 8 - Cell viability of the MG-63 cells after 1 day (D1) and 3 days (D3) incubated with the CCM that had been previously in
contact with the core, 3] and 3S powders at 10 mg/ml and 100 mg/ml for 24h and 96 h. * means a significant difference

(p <0.05) compared to the control.

Fig. 9 - LDH activity of the MG-63 cells after 3 days
incubated with the CCM that had previously been in contact
with the core, 3] and 3S powders at 10 mg/ml and

100 mg/ml for 24h and 96 h.

to the formation of new cell colonies. Some cells were still
round-shaped, but others had partially expanded.

Fig. 13illustrates the SEM images. At 3 days, some cells were
observed on the core’s surface (Fig. 13A), but more cells were
noted on the surface of scaffolds 3] (Fig. 13B) and 3S (Fig. 13C).
The cells observed on the surface of scaffold 3] started to
expand (dotted line), while those cells on the surface of scaf-
fold 3S were more elongated. After 14 days on scaffolds 3J
(Fig. 13E) and 3S (Fig. 13F), a dense and large layer of cells cover-
ing the entire scaffold surface formed, which became denser
after 21 days (Fig. 13H-I). In contrast, on the core surface, a
layer of cells began to form after 21 days (Fig. 13G).

Discussion

In order to implement new strategies to cover bone-implant
demands, this research work proposes a new combination of
ceramic materials. These new multilayer ceramic scaffolds,

Fig. 10 - Cell viability of the MG-63 cells in contact with the
core and scaffolds 3] and 3S between 1 and 21 days. *
means a significant difference (p <0.05) compared to the
core.

doped with iron, strontium and magnesium in two different
configurations, allowed to cover the following properties in a
single scaffold: mechanical strength, porosity, bioactivity, and
good interaction with cells.

First, the core of the scaffold was obtained and the most
outstanding characteristic was the mechanical resistance. The
compressive strength of the scaffold’s core, constituted mainly
by calcium pyrophosphate (Fig. 1), was close to the lower tra-
becular bone strength limit reported as 1.5-7.5MPa (Fig. 3)
depending on the body area [25]. The lithium added in the
core formulation contributes to this mechanical strength, as
was reported in another study with TCP materials [26].

As regards in vitro bioactivity, it has been previously found
that this scaffold did not present in vitro bioactivity due to
the inhibitory effect of pyrophosphate [18,27]. In fact, the sili-
con added to promote ion exchange and generate nucleation
points was not enough to overcome the effect of pyrophos-

hate.
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Fig. 11 - LDH activity of the MG-63 cells in contact with the
core and scaffolds 3] and 3S after 7, 14 and 21 days. * means
a significant difference (p <0.05) compared to the control.

However, the present study demonstrates its behavior in
the presence of cells. By an indirect cell culture assay, the ions
released by the core lowered the pH (Fig. 6), which acidified the
medium and, therefore, decreased cell viability (Fig. 8). The
most significant ionic variation in the core was the release
of phosphorus, lithium, and silicon (Fig. 7). The release of
lithium and silicon to the medium created attraction points
for the protons of water molecules, which led to the release
of OH~ that was unable to explain the drop in pH. This sug-
gests that medium acidification resulted from the breaking
of P—O—P bonds due to the attack of water molecules, which
caused 2P043~ +2H* to form and, consequently, the release
of H* protons to the medium. Due to the excessive release of
phosphorus, a drop in pH was the predominant effect. Despite
diminished cell viability, no significant cytotoxic effects were
evidenced in the indirect assay in relation to the control
(Fig. 9).

Although cell viability remained practically constant over
time in the direct assay (Fig. 10), a drop in the number of cells
was observed after 21 days (Fig. 11). The viability and cytotox-

icity assays complement each other. The first one only shows
the mitochondrial activity of the cells in the material and the
second one effectively demonstrates how many cells remain
in contact with the material. In this case, the lower amount
of cells observed after 21 days, indicates the consequences of
prolonged medium acidification.

In addition, nor were cell adhesion and proliferation on the
surface favored (Figs. 12 and 13). This behavior has also been
reported by Banerjee et al.,, who compared the TCP surface
and attributed this behavior to the interface’s instability and
to lack of apatite precipitates, which beneficially interact with
cells [28].

The core’s negative response in the presence of cells dif-
fered from that indicated by other studies that have reported
calcium pyrophosphate as a biocompatible material [29-31].
However, when comparing other studies to the present work,
we found that none of them analyzed pH variations in cell
culture medium over time, and the material concentrations
were low (1000 pg/ml) compared to those herein employed
[29,31]. In addition, calcium pyrophosphates reported in other
research works were prepared by different methods. The
materials obtained by the sol-gel process, as in this work,
were characterized by a large specific surface area and were,
therefore, more reactive [32]. In any case, material acidifi-
cation, which triggers reduced cell activity, is an effect that
can take place thanks to the static conditions in the study,
but in dynamic conditions, in vivo, this might not be an
inconvenience. Calcium pyrophosphate occurs naturally in
the organism and is a bone mineralization regulator together
with the action of other enzymes [33].

Despite the drawbacks presented by the core in the cellular
assays in vitro, it served as a support for the external coat-
ings with a higher percentage of silicon and dopant ions. The
scaffolds’ mechanical strength doubled after coatings (Fig. 3)
and overcame the lower compressive strength limit reported
for trabecular bone [25]. Consequently, porosity decreased by
approximately 25% in relation to the core due to the pore plug-
ging caused by the more viscous coatings (Fig. 3). The SEM
images illustrate the presence of coating layers. By analyz-
ing surface areas by EDX, the presence of dopant ions was
confirmed (Fig. 2).

Although the coatings of scaffolds 3] and 3S were con-
stituted by the same ions, the sintering thermal treatments

Fig. 12 - Fluorescence staining of the nuclei (blue) and cytoskeleton (red) of the MG-63 cells on the surface of the core (A, B),

and scaAffblds 3] (C, D) and 3S (E, F) after 3 and 7 days.

Please cite this article in press as: N.A. Mata, et al., Effect of Sr, Mg and Fe substitution on the physico-chemical and biological properties of
Si—Ca—P multilayer scaffolds, Bol. Soc. Esp. Ceram. Vidr. (2021), https://doi.org/10.1016/j.bsecv.2021.11.005




BSECV-318; No. of Pages 15

12 BOLETIN DE LA SOCIEDAD ESPANOLA DE CERAMICA Y VIDRIO XXX (202 1) XXX-XXX

Fig. 13 - SEM images of the core (A, D, G) and scaffolds 3] (B, E, H) and 3S (G, F, I) after 3 (A-C), 14 (D-F) and 21 days (G-I) of

immersion in the CCM with MG-63 cells.

differed. Scaffolds 3] were resintered after coating, while scaf-
folds 3S had three different coatings and were sintered 3
more times. These processes allowed the dopant ions to be
distributed differently in each scaffold as evidenced by XRD
(Fig. 1). The first noteworthy behavior was the shift in peak at
29.57°, which corresponded to calcium pyrophosphate. This
meant that a distortion occurred in the crystal lattice from
substituting calcium ions for smaller ions that tensed the
lattice. The ionic radius of Ca* was 1.00A [34] and that of
dopant ions Sr2* was 1.18A [34], with 0.72A for Mg?* [34]
and 0.64 A for Fe?* [35]. This suggests that ions smaller than
calcium moved to the crystal lattice, such as magnesium,
because the magnesium-substituted calcium pyrophosphate
(Mg,P,07) was identified. This shift has also been reported by
Kim et al. when doping calcium pyrophosphate with 1, 3 and
S5wt% Mg?* [34].

Another change observed by XRD was the tendency to form
phases substituted by ions smaller than calcium such as iron
and magnesium. Sintering processes in the presence of dopant
ions promoted the conversion of calcium pyrophosphate into
TCP.

Due to the presence of a higher silicon content in external
coatings, new combined phases were formed, such as silica,
strontium silicate and non-stoichiometric silicates with mag-
nesium, iron and calcium. The combined phases with iron
and magnesium showed that the competitive behavior of both
ions was smaller in size than calcium, while strontium was
bigger and formed an independent phase. Although a small
amount was identified from the strontium silicate phase, it
was assumed that the remaining species formed an amor-
phous phase. The peak corresponding to silica increased in

scaffolds 3S compared to scaffolds 3] because having three
coatings presented 3-fold the amount of silicon.

Although scaffolds 3] and 3S had the same phases, as
expected because both contained the same ions, the pro-
portion of each phase differed. With each sintering process,
calcium pyrophosphate decreased and non-stoichiometric
TCP increased with differentions. It is even observed that TCP-
Mg phase was the main phase in relation to the TCP-Fe phase
confirming that magnesium ions tended to stabilize TCP, as
reported by Torres et al. and Zhou et al. [36,37].

The lithium ions introduced into the core formed the
Li(PO3) phase and were introduced into the calcium pyrophos-
phate lattice given the peak shift. Due to coatings and heat
treatments, these lithium ions subsequently formed part of
the diffusion processes that led to the TCP-Li phase in scaf-
fold 3S. In the 3] scaffold this phase was not observed since
having only one sintering process compared to the 3S scaf-
fold, the reduced diffusion did not allow the formation of any
crystalline phase. Therefore, the lithium remained forming
amorphous phase or within the crystalline lattice of the cal-
cium pyrophosphate. All these changes between scaffolds 3S
and 3] are summarized insofar as scaffolds 3S formed more
TCP phases and possessed a larger amount of silicon.

The in vitro bioactivity evaluation showed that scaffolds
3] exhibited bioactive behavior at 21 days, while scaffold 3S
did so at 3 days (Fig. 4), due to the presence of precipitates
with a typical apatite morphology [38,39]. On the first testing
days, dissolution of coating layers was observed on the sur-
face of scaffolds 3], which was also evidenced by the release of
phosphorus to SBF (Fig. 5) and calcium adsorption on the scaf-
fold surface. After 21 days, when silicon and strontium were
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released, apatite precipitation occurred. Conversely, scaffold
3S released silicon and strontium on day 3, which led to the
adsorption of calcium and phosphorus from SBF to apatite
precipitate.

Due to the number of crystalline and non-crystalline
phases in scaffolds, establishing a mechanism to explain the
bioactivity is complicated. However, due to the amount of
silicon in external coatings and the formation of new non-
stoichiometric TCP phases, bioactivity could be explained by
the mechanisms already proposed by Hench for bioactive glass
ceramics and calcium phosphates [40,41]. Scaffolds 3S had
more silicon and its release on day 3 created nucleation points
for apatite precipitates. This confirmed the rapid decrease of
calcium and phosphorus on day 3. Strontium was released
simultaneously with silicon, which could be related to either
the dissolution of the strontium silicate phase identified by
XRD or the amorphous phase between silicon and strontium.
The bioactivity of scaffolds 3S could also be due to the TCP
phases. Itis known that given its negative surface, TCP attracts
Ca?* ions from SBF and creates a nucleation point for apatite
precipitates [28,41]. Zhou et al. have confirmed that the TCP-
Mg surface is more negative than TCP and can, therefore, more
strongly attract ions, and can even adsorb magnesium ions
from SBF, which occurred at 21 days [37]. Both effects pro-
vided scaffolds 3S a significant bioactive behavior. In contrast,
as scaffolds 3] did not have many silicon and TCP phases,
the mechanisms were delayed until 21 days when silicon was
released. Moreover, it also had larger amounts of calcium
pyrophosphate and magnesium pyrophosphate phases in the
inner part, which are known to inhibit apatite precipitation
in vitro due to the P-O-P bond of the pyrophosphate group
[18,27].

Regarding the interaction between scaffolds 3] and 3S and
MG-63 cells, the ions released by the materials in the indi-
rect assay slightly increased cell viability after 3 days (Fig. 8).
The analysis of the ionic concentrations indicated that the
release of silicon could be primarily responsible for the slight
increase in viability as the dopant ions of strontium, iron
and magnesium were not significantly released during the
study time, except for the extracts of scaffolds 3] at 100 mg/ml
(Fig. 7). silicon plays a key role in cellular response. Han et al.
have demonstrated that silicon enhances cell proliferation,
differentiation and mineralization [42]. This could be another
reason for the better performance of scaffolds 3] and 3S com-
pared to the core. Xing et al. utilized the benefits of silicon and
strontium to demonstrate the synergistic effect when com-
bining both ions in a single structure, and they observed the
stimulation of cell proliferation and osteogenic differentiation
[43]. The release of silicon is closely related to the presence of
strontium, as demonstrated by Yin et al. when doping boron
bioglasses with strontium, these authors noted a faster release
of silicon and the increased proliferation of MG-63 cells [44].
This could explain the joint release of silicon and strontium
herein evidenced.

The effect of dopants and their arrangement on viability
were studied by the direct assay. When cells were evaluated
directly on the scaffolds surface, cell viability increased with
time, and increased by more than 100% compared to the
core after 21 days (Fig. 10). In relation to cell morphology,

144

cell proliferation on the surfaces of scaffolds 3] and 3S was
greater than on the core’s surface (Figs. 12 and 13). The cell
colonies in the core were initially more agglomerated, while
cells were more spread out and adhered to the surface of
scaffolds 3] and 3S. The dense and continuous layers of the
cells that formed on the surface of scaffolds 3] and 3S after 14
days demonstrated not only the positive effect of ions on the
surface that had not yet been released, but also the influence
of the silicon released to the medium.

The dopant ions herein used had positive effects on cel-
lular response. Strontium and iron ions possess angiogenic,
osteogenic and antibacterial properties, and strontium is
widely used to treat osteoporosis [19,22,45]. Magnesium influ-
ences the activity of osteoblasts and osteoclasts [19]. To our
knowledge, however, there is no material that combines stron-
tium, iron and magnesium ions. Some studies have reported
the combination of two of these ions. For example, Kim
et al. have demonstrated that calcium pyrophosphate doped
with strontium and magnesium is a biocompatible mate-
rial [34]. The same has been observed by Singh et al. and
Vahabzadeh et al. when doping tricalcium phosphate with
iron ions [46,47]. Tricalcium phosphate has been doped with
magnesium at different concentrations, and Gu et al. have
reported how magnesium not only increases cell prolifera-
tion, but also improves cell morphology and viability [48].
During the cell culture assays in the above study, the authors
observed how magnesium and calcium ions decreased in the
medium over time (which was also the case in our work),
and they attributed this behavior to apatite deposition and
mineralization. Although no release of magnesium ions was
seen, these ions may enhance cell adhesion by influencing
the interaction with integrin that acts as an adhesion protein
[24,49]. Lithium was also one of the ions released mainly by the
core. This ion has long since been used to treat mental disor-
ders but has recently been employed to improve compressive
strength and has positive effects on angiogenesis [26,50]. How-
ever, the influence of this ion on the cells that came into
contact with the core was not observed in our work due to
the effect of lowering the pH, while the release of lithium
in scaffolds 3] and 3S could enhance the effect of the other
ions.

It was generally found that the behavior of the cells that
came into contact with scaffolds 3] and 3S was similar, with
no direct influence of ion arrangement on the interaction with
cells. On the contrary, the ion arrangement affected crystalline
phases and their in vitro bioactivity behavior.

It is possible to consider that the core, being the com-
mon base of the scaffolds 3] and 3S, may cause cytotoxic
effects when the coatings dissolve. However, the indirect cell
assays revealed that the core’s acidification effect disappeared
after crushing the scaffolds and mixing the core material
with outer coatings. This could be due to the decrease in the
calcium pyrophosphate phase which, as sintering proceeded
was transformed into TCP phases, and would mean that the
amount of calcium pyrophosphate would not be sufficient to
cause acidification. As previously mentioned, acidification is
a negative effect in static in vitro tests, but should not be a
drawback in vivo because pyrophosphate is a natural bone
mineralization regulator.
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Conclusions

In this research work, multilayer ceramic scaffolds were devel-
oped as a future alternative for bone tissue engineering
applications. The scaffold’s core, constituted mainly by cal-
cium pyrophosphate, did not show a good cellular response,
but its structure exhibiting mechanical resistance served as a
support to apply the external coatings constituted mainly by
calcium and silicon, and doped with iron, strontium and mag-
nesium ions (3] and 3S). Cell viability in scaffolds 3] and 3S
increased by more than 100% vs. the core, and cell prolifera-
tion and adhesion improved by the formation of a dense layer
of cells that covered the entire surface after 21 days. In cel-
lular terms, there was no significant difference between the
arrangement of dopant ions. In bioactivity terms, however,
scaffolds 3S (ions in separate coatings) presented bioactivity
at 3 days, while scaffolds 3] (ions in the same coating) did so at
21 days, which was attributed to the larger amount of silicon
in the external coatings.

Conflict of interest

None.

Acknowledgements

Ph.D. student Nayarit A. Mata was funded by a grant from the
Generalitat Valenciana with reference GRISOLIAP/2018/037
and pre-doctoral mobility co-financed by the European
Social Fund and the Generalitat Valenciana with reference
BEFPI/2021/056. This publication is part of the Grant PID2020-
116693RB-C21 funded by MCIN/AEI/10.13039/501100011033.

REFERENCES

[1] P. Verma, V. Verma, Concepts of tissue engineering, Anim.
Biotechnol. (2020) 295-307,
http://dx.doi.org/10.1016/B978-0-12-811710-1.00013-6,
Elsevier.

[2] A. Przekora, The summary of the most important
cell-biomaterial interactions that need to be considered
during in vitro biocompatibility testing of bone scaffolds for
tissue engineering applications, Mater. Sci. Eng. C 97 (2019)
1036-1051, http://dx.doi.org/10.1016/j.msec.2019.01.061.

[3] JJ. Li, D.L. Kaplan, H. Zreiqat, Scaffold-based regeneration of
skeletal tissues to meet clinical challenges, J. Mater. Chem. B
2 (42) (2014) 7272-7306, http://dx.doi.org/10.1039/c4tb01073f.

[4] H. Qu, H. Fu, Z. Han, Y. Sun, Biomaterials for bone tissue
engineering scaffolds: a review, RSC Adv. 9 (45) (2019)
26252-26262, http://dx.doi.org/10.1039/c9ra05214c.

[5] Pearlin, S. Nayak, G. Manivasagam, D. Sen, Progress of
regenerative therapy in orthopedics, Curr. Osteoporos. Rep.
16 (2) (2018) 169-181,
http://dx.doi.org/10.1007/5s11914-018-0428-x.

[6] M.P. Murphy, M.R. Borrelli, D.T. Montoro, M.T. Longaker, D.C.
Wan, Skeletal tissue engineering, Princ. Tissue Eng. (2020)
1007-1021, http://dx.doi.org/10.1016/B978-0-12-818422-
6.00057-5, Elsevier.

[7] S.V. Dorozhkin, Current state of bioceramics, J. Ceram. Sci.
Technol. 9 (4) (2018) 353-370,
http://dx.doi.org/10.4416/JCST2018-00026.

[8] A. Wubneh, E.K. Tsekoura, C. Ayranci, H. Uludag, Current
state of fabrication technologies and materials for bone
tissue engineering, Acta Biomater. 80 (2018) 1-30,
http://dx.doi.org/10.1016/j.actbio.2018.09.031.

[9] W. Wang, K.W.K. Yeung, Bone grafts and biomaterials
substitutes for bone defect repair: a review, Bioact. Mater. 2
(4) (2017) 224-247,
http://dx.doi.org/10.1016/j.bioactmat.2017.05.007.

[10] Y. Yang, Y. Kang, M. Sen, S. Park, Biomaterials in tissue
engineering, Biomater. Tissue Eng. Appl. A Rev. Past Futur.
Trends (2011) 1-564,
http://dx.doi.org/10.1007/978-3-7091-0385-2, Springer-Verlag.

[11] G.M. Raghavendra, K. Varaprasad, T. Jayaramudu,
Biomaterials: design, development and biomedical
applications, Nanotechnol. Appl. Tissue Eng. (2015) 2144,
http://dx.doi.org/10.1016/B978-0-323-32889-0.00002-9,
Elsevier.

[12] N. Eliaz, N. Metoki, Calcium phosphate bioceramics: a review
of their history, structure, properties, coating technologies
and biomedical applications, Materials 10 (4) (2017),
http://dx.doi.org/10.3390/ma10040334.

[13] I. Denry, L.T. Kuhn, Design and characterization of calcium
phosphate ceramic scaffolds for bone tissue engineering,
Dent. Mater. 32 (1) (2016) 43-53,
http://dx.doi.org/10.1016/j.dental.2015.09.008.

[14] S. Bose, M. Roy, A. Bandyopadhyay, Recent advances in bone
tissue engineering scaffolds, Trends Biotechnol., 30(10)
546-554, doi:10.1016/j.tibtech.2012.07.005.

[15] P. Ros-Tarraga, N.A. Mata, A. Murciano, P. Velasquez, P.N. De
Aza, Multilayer ceramic materials: a method to link
bioactivity and durability, Ceram. Int. 45 (17) (2019)
23611-23618,
http://dx.doi.org/10.1016/j.ceramint.2019.08.072.

[16] N.A. Mata, P. Ros-Téarraga, P. Velasquez, A. Murciano, P.N. De
Aza, Synthesis and characterization of 3D multilayer porous
Si-Ca-P scaffolds doped with Sr ions to modulate in vitro
bioactivity, Ceram. Int. 46 (1) (2020) 968-977,
http://dx.doi.org/10.1016/j.ceramint.2019.09.058.

[17] N.A. Mata, P. Ros-Téarraga, P. Velasquez, A. Murciano, P.N. De
Aza, New iron-doped multilayer ceramic scaffold with
noncontinuous bioactive behavior, Ceram. Int. 46 (10) (2020)
16388-16396,
http://dx.doi.org/10.1016/j.ceramint.2020.03.198.

[18] N.A. Mata, P. Velasquez, A. Murciano, P.N. De Aza, Multilayer
Mg-pyrophosphate glass ceramic with discontinuous
bioactivity. Physicochemical characterization, Ceram. Int. 47
(10) (2021) 14612-14620,
http://dx.doi.org/10.1016/j.ceramint.2021.02.044.

[19] V.M. Schatkoski, et al., Current advances concerning the
most cited metal ions doped bioceramics and silicate-based
bioactive glasses for bone tissue engineering, Ceram. Int. 47
(3) (2021) 2999-3012,
http://dx.doi.org/10.1016/j.ceramint.2020.09.213.

[20] S. Meininger, et al., Effect of strontium substitution on the
material properties and osteogenic potential of 3D powder
printed magnesium phosphate scaffolds, Mater. Sci. Eng. C
98 (2019) 1145-1158,
http://dx.doi.org/10.1016/j.msec.2019.01.053.

[21] D. Ke, S. Tarafder, S. Vahabzadeh, S. Bose, Effects of MgO,
ZnO, SrO, and SiO; in tricalcium phosphate scaffolds on
in vitro gene expression and in vivo osteogenesis, Mater. Sci.
Eng. C 96 (2019) 10-19,
http://dx.doi.org/10.1016/j.msec.2018.10.073.

145

Please cite this article in press as: N.A. Mata, et al., Effect of Sr, Mg and Fe substitution on the physico-chemical and biological properties of
Si—Ca—P multilayer scaffolds, Bol. Soc. Esp. Cerdm. Vidr. (2021), https://doi.org/10.1016/j.bsecv.2021.11.005




BSECV-318; No.of Pages15

BOLETIN DE LA SOCIEDAD ESPANOLA DE CERAMICA Y VIDRIO XXX (202 1) XXX-XXX 15

[22] M. S. Araujo, A. C. Silva, B. Cabal, J. F. Bartolomé, and S.
Mello-Castanho, In vitro bioactivity and antibacterial
capacity of 4555 Bioglass®»based compositions containing
alumina and strontium, J. Mater. Res. Technol., 13, 154-161.
doi:10.1016/j.jmrt.2021.04.053.

[23] S.M. Rabiee, N. Nazparvar, M. Azizian, D. Vashaee, L. Tayebi,
Effect of ion substitution on properties of bioactive glasses: a
review, Ceram. Int. 41 (6) (2015) 7241-7251,
http://dx.doi.org/10.1016/j.ceramint.2015.02.140.

[24] A. Hoppe, N.S. Giildal, A.R. Boccaccini, A review of the
biological response to ionic dissolution products from
bioactive glasses and glass-ceramics, Biomaterials 32 (11)
(2011) 2757-2774,
http://dx.doi.org/10.1016/j.biomaterials.2011.01.004.

[25] G. Kaur, et al., Mechanical properties of bioactive glasses,
ceramics, glass-ceramics and composites: state-of-the-art
review and future challenges, Mater. Sci. Eng. C 104 (2019),
http://dx.doi.org/10.1016/j.msec.2019.109895, 109895.

[26] C.Q. Zhao, et al., Doping lithium element to enhance
compressive strength of B-TCP scaffolds manufactured by
3D printing for bone tissue engineering, J. Alloys Compd. 814
(2020), http://dx.doi.org/10.1016/j.jallcom.2019.152327.

[27] H. Fleisch, S. Bisaz, Mechanism of calcification: inhibitory
role of pyrophosphate, Nature 195 (4844) (1962) 911,
http://dx.doi.org/10.1038/195911a0.

[28] S.S. Banerjee, A. Bandyopadhyay, S. Bose, Biphasic resorbable
calcium phosphate ceramic for bone implants and local
alendronate delivery, Adv. Eng. Mater. 12 (5) (2010) 148-155,
http://dx.doi.org/10.1002/adem.200980072.

[29] E. Alsubhe, et al., Analysis of the osteogenic and mechanical
characteristics of iron (Fe?*/Fe3*)-doped B-calcium
pyrophosphate, Mater. Sci. Eng. C 115 (2020) 111053,
http://dx.doi.org/10.1016/j.msec.2020.111053.

[30] S.R. Vasant, M.J. Joshi, A review on calcium pyrophosphate
and other related phosphate nano bio-materials and their
applications, Rev. Adv. Mater. Sci. 49 (1) (2017) 44-57.

[31] A.D. Anastasiou, et al., B-Pyrophosphate: a potential
biomaterial for dental applications, Mater. Sci. Eng. C 75
(2017) 885-894, http://dx.doi.org/10.1016/j.msec.2017.02.116.

[32] G.J. Owens, et al., Sol-gel based materials for biomedical
applications, Prog. Mater. Sci. 77 (2016) 1-79,
http://dx.doi.org/10.1016/j.pmatsci.2015.12.001.

[33] LR. Orriss, T.R. Arnett, R.G.G. Russell, Pyrophosphate: a key
inhibitor of mineralisation, Curr. Opin. Pharmacol. 28 (2016)
57-68, http://dx.doi.org/10.1016/j.coph.2016.03.003.

[34] D.W. Kim, ].S. An, L.S. Cho, Effects of Mg and Sr co-addition
on the densification and biocompatible properties of calcium
pyrophosphate, Ceram. Int. 44 (8) (2018) 9689-9695,
http://dx.doi.org/10.1016/j.ceramint.2018.02.198.

[35] L Ullah, et al., Simultaneous co-substitution of Sr**/Fe* in
hydroxyapatite nanoparticles for potential biomedical
applications, Ceram. Int. 44 (17) (2018) 21338-21348,
http://dx.doi.org/10.1016/j.ceramint.2018.08.187.

[36] P.M.C. Torres, et al., Influence of Mg-doping, calcium
pyrophosphate impurities and cooling rate on the allotropic
a<B-tricalcium phosphate phase transformations, J. Eur.
Ceram. Soc. 36 (3) (2016) 817-827,
http://dx.doi.org/10.1016/j.jeurceramsoc.2015.09.037.

[37] H. Zhou, et al., Synthesis of 3-TCP and CPP containing
biphasic calcium phosphates by a robust technique, Ceram.

146

Int. 42 (9) (2016) 11032-11038, http://dx.doi.org/
10.1016/j.ceramint.2016.03.246.

[38] E.E. Ciraldo, et al., Fabrication and characterization of Ag-
and Ga-doped mesoporous glass-coated scaffolds based on
natural marine sponges with improved mechanical
properties, J. Biomed. Mater. Res. — Part A (2020) 1-19,
http://dx.doi.org/10.1002/jbm.a.37123.

[39] M. Arango-Ospina, K. Lasch, J. Weidinger, A.R. Boccaccini,
Manuka Honey and Zein coatings impart bioactive glass
bone tissue scaffolds antibacterial properties and superior
mechanical properties, Front. Mater. 7 (2021) 1-12,
http://dx.doi.org/10.3389/fmats.2020.610889.

[40] L.L. Hench, Bioceramics: from concept to clinic. J. Am. Ceram.
Soc. 72 (1993) 93-98. J. Am. Ceram. Soc., 74 (1991) 1487-1510.

[41] H.M. Kim, T. Himeno, T. Kokubo, T. Nakamura, Process and
kinetics of bonelike apatite formation on sintered
hydroxyapatite in a simulated body fluid, Biomaterials 26
(21) (2005) 4366-4373,
http://dx.doi.org/10.1016/j.biomaterials.2004.11.022.

[42] P. Han, C. Wu, Y. Xiao, The effect of silicate ions on
proliferation, osteogenic differentiation and cell signalling
pathways (WNT and SHH) of bone marrow stromal cells,
Biomater. Sci. 1 (4) (2013) 379-392,
http://dx.doi.org/10.1039/c2bm00108;.

[43] M. Xing, X. Wang, E. Wang, L. Gao, J. Chang, Bone tissue
engineering strategy based on the synergistic effects of
silicon and strontium ions, Acta Biomater. 72 (2018) 381-395,
http://dx.doi.org/10.1016/j.actbio.2018.03.051.

[44] H. Yin, et al., Fabrication and characterization of
strontium-doped borate-based bioactive glass scaffolds for
bone tissue engineering, J. Alloys Compd. 743 (2018) 564-569,
http://dx.doi.org/10.1016/j.jallcom.2018.01.099.

[45] S.H. Lin, WJ. Zhang, X.Q. Jiang, Applications of bioactive ions
in bone regeneration, Chin. J. Dent. Res. 22 (2) (2019) 93-104,
http://dx.doi.org/10.3290/j.cjdr.a42513.

[46] R.K. Singh, M. Srivastava, N.K. Prasad, S. Awasthi, A.
Dhayalan, S. Kannan, Iron doped B-tricalcium phosphate:
synthesis, characterization, hyperthermia effect,
biocompatibility and mechanical evaluation, Mater. Sci. Eng.
C 78 (2017) 715-726,
http://dx.doi.org/10.1016/j.msec.2017.04.130.

[47] S. Vahabzadeh, S. Bose, Effects of iron on physical and
mechanical properties, and osteoblast cell interaction in
B-tricalcium phosphate, Ann. Biomed. Eng. 45 (3) (2017)
819-828, http://dx.doi.org/10.1007/5s10439-016-1724-1.

[48] Y. Gu, J. Zhang, X. Zhang, G. Liang, T. Xu, W. Niu,
Three-dimensional printed Mg-doped B-TCP bone tissue
engineering scaffolds: effects of magnesium ion
concentration on osteogenesis and angiogenesis in vitro,
Tissue Eng. Regen. Med. 16 (4) (2019) 415-429,
http://dx.doi.org/10.1007/s13770-019-00192-0.

[49] H. Zreiqat, et al., Mechanisms of magnesium-stimulated
adhesion of osteoblastic cells to commonly used orthopaedic
implants, J. Blomed. Mater. Res. 62 (2) (2002) 175-184,
http://dx.doi.org/10.1002/jbm.10270.

[50] L. Liu, et al., Lithium-containing biomaterials stimulate bone
marrow stromal cell-derived exosomal miR-130a secretion to
promote angiogenesis, Biomaterials 192 (2019) 523-536,
http://dx.doi.org/10.1016/j.biomaterials.2018.11.007.

Please cite this article in press as: N.A. Mata, et al., Effect of Sr, Mg and Fe substitution on the physico-chemical and biological properties of
Si—Ca—P multilayer scaffolds, Bol. Soc. Esp. Ceram. Vidr. (2021), https://doi.org/10.1016/j.bsecv.2021.11.005




Agradecimientos

En primer lugar, me gustaria agradecer a la Conselleria de Innovacién, Uni-
versidades y Sociedad Digital de la Generalitat Valenciana por la concesion de
la subvencién del programa Santiago Grisolia (GRISOLIAP/2018/037), con
la cual ha sido posible desarrollar el presente trabajo doctoral, incluido el apo-
yo para estancias predoctorales en centros fuera de la Comunidad Valenciana
(BEFPI/2021/056). Asi como a la Agencia Estatal de Investigacién y el Mi-
nisterio de Ciencia e Innovacién (MCIN/AEI/10.13039/501100011033) por el
proyecto PID2020-116693RB-C21.

En segundo lugar, me gustaria agradecer a los profesores encargados de
esta subvencion, la profesora Piedad N. De Aza y los profesores Pablo Velds-
quez y Angel Murciano, por haber confiado en mi para la realizacién de esta
Tesis Doctoral y brindarme la oportunidad de venir a Espana en condiciones
excepcionales.

Especialmente, a mi directora de tesis, la profesora Piedad N. De Aza debo
agradecerle por todo el apoyo ofrecido desde antes de mi llegada. Asi como
la confianza brindada durante todos estos afios, junto con los conocimien-
tos transmitidos sobre el area de biomateriales y las orientaciones recibidas
entorno al mundo de la investigacién.

A mi co-director de tesis, el profesor Angel Murciano le agradezco enorme-
mente por inspirarme con su pasion por la investigacion. Sin duda alguna, ha
sido un excelente guia, no solo por los conocimientos transmitido sino también
por involucrarse y enfrentar conmigo en primera linea las dificultades que sur-
gieron en el desarrollo experimental, incluso durante las largas jornadas en el
laboratorio. Su entrega es lo que realmente lo define como un verdadero men-
tor y para mi vale més que todos los logros que alcanzamos a nivel académico.
Por dltimo, debo agradecerle por los conocimientos culturales y gastronémicos
que nos ensend a mi y a mis compaineros que sin duda nunca olvidaremos.

Igualmente me gustaria agradecer al profesor Pablo Veldsquez, por quien
tengo un gran aprecio. Gracias por haber estado dispuesto ayudarme en todo
momento, por la confianza brindada en todo lo relacionado con el manejo del
laboratorio y por ayudarme en el desarrollo de mi tesis doctoral. Pero sobre
todo, gracias por su amistad y por aconsejarme en muchos aspectos.

También me gustaria agradecer especialmente a la profesora Delia Gutié-
rrez, porque sin ella todo esto no hubiese sido posible. Gracias por confiar en
mi y por el inmenso apoyo brindado durante el proceso inicial. Principalmente
me gustaria agradecerle por ser ejemplo de constancia y por formar parte del
conjunto de profesores de la Universidad Simén Bolivar, a quienes debo gran



parte de mi formacién profesional y por quienes siento una profunda admi-
racién por su vocacién, por su compromiso, por su valentia pero sobre todo
por ensenarnos que se puede hacer MUCHO partiendo de muy poco. A todos
ustedes, cuyo ejemplo llavaré a todos los rincones que visite, infinitas gracias.

Agradezco también al profesor Aldo R. Boccaccini por darme la oportuni-
dad de realizar una estancia en el Instituto de Biomateriales de la Universidad
de Erlangen-Nuremberg en Alemania. Por su rdpida aceptacién y por darme la
oportunidad de explorar nuevas areas de investigacién que enriquecieron enor-
memente mi formacién. De esta experiencia, me gustaria también agradecer a
Marcela Arango Ospina por orientarme durante mi estancia, por su paciencia,
por su apoyo experimental y por todos los conocimientos compartidos.

También me gustaria agradecer a mis compaifieros de laboratorio Anabel
Diaz y Carlos Navalén, en primer lugar por los conocimientos transmitidos,
pero sobre todo por brindarme su amistad y por haber hecho que mis dias
en el laboratorios fuesen mas amenos. Simplemente gracias porque cada uno
me ensend algo, me llevo grandes experiencias, momentos de infinitas risas y
otros no tan alegres pero que siempre recordaré con gran carino. También debo
agradecer a Patricia Ros porque aunque fue poco el tiempo que compartimos
en el laboratorio es inmenso y enriquecedor el legado que me ha dejado para
realizar esta tesis doctoral. Gracias por siempre estar dispuesta ayudarme en
cualquier momento aun estando fuera del laboratorio y por supuesto por la
bonita amistad que hemos formado durante estos anos.

Por ltimo, me gustaria agradecer inmensamente a toda mi familia, espe-
cialmente a mis padres y a mi hermana por todo el amor y por todo el apoyo
que me han dado no solo en esta etapa sino también en las anteriores. Desde
la distancia han sabido levantarme en los momentos mas dificiles y han estado
ahi para ayudarme a volar cada vez mas alto. Finalmente, me gustaria agra-
decer a Abian, mi compaiiero desde el inicio de este proceso y quien sin duda
ha sido un pilar fundamental. Gracias por ayudarme a alcanzar este logro,
por escucharme con paciencia y ayudarme a enfrentar todas las adversidades,
pero sobre todo por ensenarme a ver las cosas desde una mejor perspectiva.

Indudablemente mi estancia en Espana ha estado marcada por todos uste-
des pero también por muchas otras personas que aunque no menciono direc-
tamente, al cruzarse en mi camino de una u otra forma aportaron un granito
de arena. A todos ustedes, gracias.



	Índice general
	Nomenclatura
	Índice de figuras
	Índice de tablas
	Resumen
	Abstract
	Introducción
	Contexto general
	Ingeniería de tejidos
	Tejido óseo
	Injertos óseos

	Biomateriales
	Tipos de materiales
	Generaciones de biomateriales

	Biocerámicas
	Fosfatos cálcicos
	Silicatos
	Sustitución iónica

	Andamios porosos tridimensionales
	Síntesis de los andamios
	Fundamentos del proceso Sol-Gel
	Fundamentos de la técnica de réplica de esponja polimérica



	Objetivos
	Materiales y Métodos
	Formulaciones químicas de los andamios multicapa
	Preparación de los andamios multicapa
	Caracterización de los andamios
	Bioactividad in vitro de los andamios
	Biocompatibilidad in vitro de los andamios

	Resultados
	Andamios dopados con zinc
	Andamios dopados con estroncio
	Andamios dopados con hierro
	Andamios dopados con magnesio
	Andamios dopados con hierro, estroncio y magnesio

	Discusión
	Conclusiones y Proyecciones Futuras
	Conclusiones
	Proyecciones Futuras

	Conclusions
	Bibliografía
	Anexos
	Artículo 1
	Artículo 2
	Artículo 3
	Artículo 4
	Artículo 5
	Artículo 6
	Agradecimientos

