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RESUMEN

El tejido dseo posee una notable capacidad de autorregeneracion, lo que le permite reparar
lesiones y adaptarse a las demandas mecanicas. Sin embargo, dicha capacidad puede
verse comprometida por factores como el envejecimiento o la presencia de enfermedades
concomitantes. El tratamiento habitual de estas lesiones se basa en la aplicacion de
injertos Oseos, siendo especialmente relevantes los de naturaleza ceramica debido a su
baja inmunogenicidad, alta disponibilidad y similitud con la fase mineral del hueso. No
obstante, atin no se ha logrado desarrollar un injerto que combine, de forma simultanea,
las propiedades quimicas, mineraldgicas, fisicas y bioldgicas necesarias para garantizar

la eficacia del implante a largo plazo.

En este contexto, la presente Tesis Doctoral plantea el disefio y desarrollo de andamios
multicapa, concebidos para combinar fases con propiedades complementarias que
permitan satisfacer dichos requisitos. Para ello, se formularon andamios que integran en
una Unica estructura las fases CaSiO3, CaxPsO17 y Ca3(PO4),. Las técnicas empleadas para
la obtencion de dichos andamios fueron el proceso sol-gel y la técnica de réplica de

esponja polimérica.

Los andamios desarrollados presentaron una estructura policristalina, con un nucleo
compuesto por S10: y cristales de Ca;P,07 embebidos en una matriz vitrea. Por otro lado,
los recubrimientos externos proporcionaron fases bioactivas y reabsorbibles, como CS,
B-TCP, whitlockita y akermanita. Respecto a las propiedades fisicas, los andamios
mostraron una resistencia mecanica en el rango de 1.8-2 MPa y una porosidad total

cercana al 85%, valores alineados con las propiedades del hueso trabecular.

Ademas, considerando el potencial del dopaje idnico para modular las propiedades de los
materiales, y el papel de los iones en la regulacion de procesos celulares clave, se
incorpord Li en la fase P6, y se dopd el recubrimiento externo de CS con Na, K, y
cantidades variables de Mg (0-0,75 g MgCO3).

La cantidad de Mg introducida como dopante no afectd significativamente a la porosidad
0 resistencia mecdnica, sin embargo, modul6 el comportamiento bioactivo y la
microestructura de los andamios CSX. Durante los ensayos de bioactividad, se determind
que cantidades de MgCOs entre 0,4 g (CS04) y 0,5 g (CS05) optimizaron la formacion
de apatito, promoviendo un precipitado temprano y sostenido a lo largo de los 21 dias de
estudio. En particular, el andamio CS04 presentd una microestructura lamelar, que fue
recubierta progresivamente por precipitado de apatito hasta quedar completamente
cubierta en el dia 14. Por su parte, el andamio CS05 exhibi6 una superficie heterogénea,

caracterizada por la presencia de estructuras granulares y abastonadas. Sobre esta
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superficie, se desarrolld un precipitado que experiment6 una evolucion desde estructuras
entrelazadas (dia 1) hacia una morfologia poliédrica (dia 3) y, posteriormente,
microesferas huecas de apatita (dia 7) que se mantuvieron hasta el dia 14. La formacion
de estas microesferas se atribuye al mecanismo de maduracion de Ostwald, favorecido
por la elevada densidad de carga superficial inducida por el dopaje con Mg. Desde una
perspectiva funcional, la topografia lamelar destaca por su biomimetismo estructural,
mientras que las microesferas representan una plataforma prometedora para la liberacion

controlada de farmacos o agentes bioactivos.

Una vez realizados los ensayos de bioactividad, se procedi6 a evaluar la
biocompatibilidad de los andamios CSO (control), CS04 y CS05, en lineas celulares
murinas (fibroblastos 3T3 y preosteoblastos MC3T3-E1) y humanas (fibroblastos HFF1
y células madre mesenquimales). Concretamente se evalud la citocompatibilidad, el
potencial osteogénico indirecto de los andamios mediante la exposicion de MSCs a los
productos de disolucion, asi como el potencial osteogénico directo en MC3T3-El.
Asimismo, se valor6 el potencial angiogénico mediante la cuantificacion de VEGF en
sobrenadantes celulares de MC3T3-E1. Adicionalmente, se comparo la proliferacion de
fibroblastos 3T3 sembrados sobre las diferentes topografias exhibidas por CS04 y CS05

antes y después de los ensayos de bioactividad.

Todos los andamios mostraron una citocompatibilidad adecuada, reflejada en una
proliferacion celular sostenida tanto en el enfoque directo como en el indirecto, una
morfologia fenotipicamente conservada y una interaccion célula-andamio robusta. El
analisis de los productos de disolucion reveld una liberacion predominante de silicio y
litio, elementos implicados en la activacion de rutas osteogénicas y angiogénicas,
especialmente la via Wnt. Asimismo, se determin6 que las modificaciones topograficas
inducidas por el Mg, tanto el patron lamelar de CS04, en particular su variante recubierta
por apatito, como las microesferas huecas observadas en CS05, favorecieron una mayor

proliferacion celular respecto al resto de morfologias.

En cuanto al potencial osteogénico, los ensayos en MSCs demostraron que los productos
de disolucion liberados por los andamios promovieron una mayor diferenciacion
osteoblastica tras 21 dias, como se refleja en el aumento de la expresion de ALP y en una
mayor mineralizacion respecto al control. De forma similar, en los ensayos directos, los
preosteoblastos MC3T3-E1 cultivados sobre los andamios presentaron una actividad
osteogénica superior, con una mayor deposicion de calcio y una actividad especifica de
ALP incrementada respecto al control tras 21 dias. Estos efectos fueron ligeramente mas
acentuados en el andamio CS04, lo que se atribuye a su topografia lamelar biomimética.
En cuanto al potencial angiogénico, se registré un aumento del 170 % en la liberacion de

VEGF en los sobrenadantes celulares de MC3T3-El, lo cual, junto con la elevada
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porosidad de los andamios, refuerza su idoneidad como soporte estructural para la

vascularizacidn tisular.

En conclusion, en la presente Tesis Doctoral se han desarrollado andamios bioactivos de
tercera generacion, con disefio multicapa y degradacion controlada, capaces de liberar
iones osteo- y angiogénicos de forma sostenida. Su elevada porosidad, topografias
biomiméticas y dopaje i6nico les confieren un comportamiento bioactivo avanzado,

presentandose como candidatos prometedores en ITO.
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ABSTRACT

Bone tissue possesses a remarkable capacity for self-regeneration, allowing it to repair
injuries and adapt to mechanical demands. However, this capacity can be compromised
by factors such as ageing or the presence of concomitant diseases. The usual treatment
for such lesions is based on the application of bone grafts, with those of a ceramic nature
being particularly relevant due to their low immunogenicity, high availability and
similarity to the mineral phase of bone. However, the development of a graft that
combines the chemical, mineralogical, physical and biological properties necessary to

guarantee the long-term efficacy of the implant has not yet been achieved.

In this context, this Doctoral Thesis proposes the design and development of multilayer
scaffolds, conceived to combine phases with complementary properties to meet these
requirements. In order to achieve this objective, scaffolds integrating CaSiO3, Ca;PcO17
and Caz(POs): phases into a single structure were formulated. The techniques used to
obtain these scaffolds were the sol-gel process and the polymer sponge replication

technique.

The developed scaffolds exhibited a polycrystalline structure, with a core composed of
Si0; and CayP>07 crystals embedded in a glassy matrix. Conversely, external coatings
provided bioactive and resorbable phases, such as CS, B-TCP, whitlockite and akermanite.
Regarding physical properties, the scaffolds demonstrated a mechanical strength within
the range of 1.8-2 MPa, and a total porosity close to 85%, values aligned with the
properties of trabecular bone.

Furthermore, considering the potential of ion doping to modulate material properties, and
the role of ions in regulating key cellular processes, Li was incorporated into the P6 phase,
and the outer CS coating was doped with Na, K, and varying amounts of Mg (0-0.75 g
MgCO:3).

The amount of Mg introduced as a dopant did not significantly affect the porosity or
mechanical strength, however, it was found to modulate the bioactive behaviour and
microstructure of the CSX scaffolds. During the bioactivity tests, it was determined that
amounts of MgCO3 between 0.4 g (CS04) and 0.5 g (CS05) optimised apatite formation,
promoting early and sustained precipitation throughout the 21-day study. In particular,
the CS04 scaffold exhibited a lamellar microstructure, which was progressively covered
by apatite precipitate until it was completely covered by day 14. Conversely, scaffold
CSO05 exhibited a heterogeneous surface, characterised by the presence of granular and
abased structures. On this surface, a precipitate developed and evolved from interlocking
structures (day 1) to a polyhedral morphology (day 3) and, subsequently, hollow apatite
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microspheres (day 7) that were maintained until day 14. The formation of these
microspheres is attributed to the Ostwald maturation mechanism, which is favoured by
the high surface charge density induced by Mg doping. From a functional perspective, the
lamellar topography stands out for its structural biomimicry, while the microspheres

represent a promising platform for the controlled release of drugs or bioactive agents.

Once the bioactivity assays were performed, the biocompatibility of the CSO (control),
CS04 and CSO05 scaffolds was evaluated in murine (3T3 fibroblasts and MC3T3-E1 pre-
osteoblasts) and human (HFF1 fibroblasts and mesenchymal stem cells) cell lines.
Specifically, the cytocompatibility, the indirect osteogenic potential, assessed by exposing
MSCs to the dissolution products, as well as the direct osteogenic potential in MC3T3-
E1 were assesed. Furthermore, angiogenic potential was evaluated by quantification of
VEGF release in MC3T3-E1 cell supernatants. Additionally, the proliferation of 3T3
fibroblasts seeded on the different topographies exhibited by CS04 and CS05 before and

after bioactivity assays was compared.

All scaffolds demonstrated adequate cytocompatibility, reflected in sustained cell
proliferation in both direct and indirect approaches, phenotypically conserved
morphology and robust cell-scaffold interaction. The analysis of the dissolution products
revealed a predominant release of silicon and lithium, elements involved in the activation
of osteogenic and angiogenic pathways, especially the Wnt pathway. It was also
determined that the topographical modifications induced by Mg, both the lamellar pattern
of CS04, in particular its apatite-coated variant, and the hollow microspheres observed in

CS05, favoured a higher cell proliferation than the other morphologies.

In terms of osteogenic potential, assays on MSCs demonstrated that the dissolution
products released by the scaffolds promoted increased osteoblast differentiation after 21
days, as reflected by increased ALP expression and increased mineralisation compared to
the control. Similarly, in direct assays, MC3T3-El preosteoblasts cultured on the
scaffolds exhibited superior osteogenic activity, with increased calcium deposition and
increased ALP-specific activity relative to the control after 21 days. These effects were
slightly more pronounced in the CS04 scaffold, which is attributed to its biomimetic
lamellar topography. Regarding the angiogenic potential, there was a 170% increase in
VEGF release in MC3T3-E1 cell supernatants, which, together with the high porosity of

the scaffolds, reinforces their suitability as a structural support for tissue vascularisation.

In conclusion, this Doctoral Thesis has developed third generation bioactive scaffolds,
with multilayer design and controlled degradation, capable of releasing osteo- and
angiogenic ions in a sustained manner. Their high porosity, biomimetic topographies and
ionic doping confer them an advanced bioactive behaviour, presenting them as promising
candidates in ITO.
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1. INTRODUCCION

1.1 Envejecimiento poblacional y salud dsea

El avance en el sistema sanitario en las ultimas décadas ha sido tan significativo que
logros que anteriormente se consideraban inimaginables, hoy son una realidad que ha
transformado de manera radical la medicina y la salud publica [1, 2]. Mejoras en la
higiene, la introduccion de vacunas, el desarrollo de la gendmica, la promociéon de un
estilo de vida saludable y el uso generalizado de agentes farmacoldgicos son solo algunos
de los hitos alcanzados [2]. Si bien este progreso ha venido acompafiado de un aumento
en la esperanza y calidad de vida, también ha causado grandes cambios en el perfil
demografico mundial. Segun la Organizacion Mundial de la Salud, se prevé que para
2050, la poblacién de personas mayores de 60 anos se duplique y alcance los 2.100
millones [3]. Todo esto plantea nuevos retos en salud publica derivados del
envejecimiento poblacional, en concreto los aspectos relacionados con las fracturas dseas
[4-6].

En consonancia con otros sistemas organicos, el esqueleto experimenta una serie de
procesos degenerativos asociados al envejecimiento que progresivamente comprometen
su funcionalidad [5, 6]. Este declive se manifiesta a través de una disminucion de la masa
0sea, denominada clinicamente como osteopenia u osteoporosis, un aumento en la
fragilidad estructural, y una disminucion en la capacidad de remodelacion y regeneracion
tisular [5, 6]. Como consecuencia, se eleva de forma significativa el riesgo de fracturas y
se favorece el desarrollo de morbilidad asociada y pérdida de autonomia funcional,
fenémenos especialmente relevantes en el contexto de una poblacion global que

experimenta un envejecimiento demografico sostenido.

Estudios recientes estiman que, anualmente se producen 178 millones de fracturas
nuevas, dentro de un total de 455 millones de casos prevalentes [4,5]. Ademas de la carga
econdmica que estas cifras suponen para el sistema sanitario y la productividad laboral,
las limitaciones de los tratamientos actuales conllevan, en muchos casos, consecuencias
en la calidad de vida del paciente incluyendo pérdida de movilidad permanente o periodos
prolongados de inmovilidad. Estos datos destacan la necesidad de seguir investigando

tratamientos eficaces que aborden diferentes aspectos relacionados con la salud 6sea.

1.2 Fisiologia 6sea

El hueso, componente principal del esqueleto, constituye una estructura multifuncional
que proporciona soporte mecanico al cuerpo y permite el movimiento como componente

esencial del aparato locomotor [7-12]. Ademas de proporcionar soporte estructural y



proteccion a los organos vitales, el sistema 0seo alberga la médula 6sea, responsable de
la formacién de las células sanguineas [5, 7-11]. Asimismo, se constituye como el
principal depdsito de calcio y fosforo del organismo, desempefiando un papel clave en el

mantenimiento de la homeostasis mineral sistémica [5, 7-11].

El esqueleto humano estd formado por una amplia variedad de huesos con distintas
morfologias, clasificados clasicamente en cuatro tipos: largos, cortos, planos e irregulares
[6, 8, 10, 11]. Esta diversidad estructural responde a las funciones especificas que cumple
cada tipo 6seo dentro del aparato locomotor. Independientemente de sus diferencias
morfoldgicas, todos los huesos comparten una organizacion interna jerarquica compuesta
por dos tipos de tejido 6seo: el hueso cortical y el hueso trabecular (Figura 1), cuya

proporcion relativa varia segtn la localizacion esquelética [6-8, 10].
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Figura 1 | Anatomia ésea. Estructura hueso cortical y trabecular [7].
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El hueso cortical, también denominado compacto, constituye aproximadamente el 80%
de la masa 6sea total y se localiza en la periferia de los huesos [10, 11]. Se caracteriza por
su alta densidad y baja porosidad (5-10%), lo que le confiere una elevada resistencia a la
compresion (100-230 MPa) [10, 11]. Su estructura estd altamente organizada en sistemas
de lamelas concéntricas alrededor de canales vasculares denominados canales de Havers,
a través de los cuales discurren vasos sanguineos y fibras nerviosas (Figura 1) [7, 10, 11,
13].

En contraste, el hueso trabecular, o esponjoso, representa el 20% restante y

tradicionalmente se encuentra en el interior de los huesos [11]. Esta constituido por una



red tridimensional de trabéculas interconectadas que delimitan espacios ocupados por la
médula 6sea hematopoyética. Su porosidad es notablemente mas alta (entre el 50 y el
90%, dependiendo de la localizacion), lo que se traduce en una resistencia mecanica es
muy inferior que la del hueso cortical (1.5-9 MPa) [7, 10, 11, 13]. No obstante, su funcién
no es simplemente estructural, también participa en la distribucion interna de cargas y el

amortiguamiento de impactos [10].

1.2.2 Matriz Extracelular

La matriz extracelular (MEC) 6sea constituye una estructura altamente compleja y
organizada, que no solo proporciona soporte mecanico al tejido, sino que también
desempefia un papel esencial en la homeostasis del hueso [11]. Desde el punto de vista
composicional, se trata de un material compuesto, o composite, formado por una fase
organica, una fase inorgéanica, agua y lipidos [11]. La fase orgdnica representa
aproximadamente entre el 20 y el 40% de la masa 6sea (en peso himedo) y estd compuesta
en su mayoria por colageno tipo I (alrededor del 90% de la fraccion organica), junto con
pequefias cantidades de colageno tipos III y V, y proteinas no coldgenas como

glicoproteinas y proteoglicanos, que contribuyen a conferir elasticidad y flexibilidad al
tejido [9-12, 14].

La fase inorganica del hueso representa entre el 50% y el 70% de su peso y, aunque se
acepta ampliamente que estd compuesta principalmente por hidroxiapatito
(Cai0(PO4)s(OH)2), un mineral que actiia como reservorio de calcio y fosforo, en realidad,
los apatitos bioldgicos no son estequiométricos [6, 8-10, 12, 14]. Estos presentan una
composicidn variable, caracterizada por una carbonatacion parcial, deficiencia en calcio
y sustituciones idnicas que modifican su estructura cristalina, solubilidad y resistencia
mecanica, lo que a su vez influye en las propiedades funcionales del hueso [12, 15, 16].
Algunos de los iones sustituyentes mas habituales son Na*, K*o Mg?" (sustituyendo al
Ca®"), SiO4* (sustituyendo al PO4>), o CI', F- y COs?" (sustituyendo al OH") [6, 8, 9, 12,
15].

Desde una perspectiva funcional, esta dualidad estructural es fundamental: mientras que
la matriz organica aporta tenacidad y capacidad de absorcion de energia, evitando la
fractura ante impactos subitos, la fase mineral confiere rigidez y capacidad de soportar
cargas [6, 8]. No obstante, esta relacion no es estatica. Durante el envejecimiento, se
observa un aumento progresivo del contenido mineral del tejido 6seo, lo cual incrementa
la rigidez y la resistencia a la deformacion pléstica, a expensas de una reduccion de la

tenacidad, es decir, una mayor fragilidad estructural [6].



1.2.3 Fraccion celular 0sea

La fraccion celular del tejido 6seo estd compuesta por células responsables de su

formacion y remodelacion: osteoblastos, osteocitos, BLCs y osteoclastos.

Los osteoblastos, derivados de MSCs, se diferencian mediante la activacion de rutas de
sefalizacion especificas como BMP y Wnt, y la expresion secuencial de factores clave
como Runx2 [6, 8-12, 14, 17, 20, 19]. Estas células se especializan en la sintesis de
proteinas del osteoide, incluyendo colageno tipo I, osteocalcina, osteopontina o TGF-p3,
entre otras [9-11, 14, 18, 19, 20]. Tras completar la formacion de la matriz 6sea organica,
los osteoblastos pueden sufrir apoptosis, quedar en estado quiescente como BLCs o
diferenciarse en osteocitos [20] (Figura 2).
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Figura 2 | Representacion esquematica de la regulacion de la osteoblastogénesis y
osteoclastogénesis [19]
Los osteocitos, alojados en la matriz mineralizada dentro de lagunas dseas, presentan una
morfologia dendritica con prolongaciones citoplasmaticas que recorren los canaliculos,
conductos que atraviesan la matriz mineral y permiten la comunicacién celular [6, 8-10,
17, 21]. Estas prolongaciones crean una red altamente interconectada permite a los
osteocitos actuar como mecanosensores detectando cargas mecanicas y regulando la
actividad de osteoblastos y osteoclastos, lo que posiciona a los osteocitos como

coordinadores clave en el remodelado dseo [8, 9, 17, 21].

Los osteoblastos que se transforman en BLCs, que permanecen de forma quiescente, se
encuentran recubriendo las superficies Oseas en reposo [8, 9]. Ademas, participan en la
preparacion de la matriz desmineralizada para la formacion osea y pueden reactivarse

como osteoblastos, especialmente en respuesta a estimulos anabolicos.



Por otro lado, los osteoclastos son células multinucleadas, terminalmente diferenciadas,
derivadas de progenitores hematopoyéticos del linaje monocito/macréfago (Figura 2) [6,
8-10, 12, 20]. Su diferenciacion es regulada por las vias de sefializacion M-CSF, ITAL-
RANKL y RANK-RANKL, en el que osteoblastos, osteocitos y células mesenquimales
osteoprogenitoras secretan M-CSF o RANKL para promover la osteoclastogénesis, o
osteoprotegerina que actia como el inhibidor competitivo de RANKL impidiendo la
osteoclastogenesis [8, 9, 18-20]. Una vez diferenciados, los osteoclastos estan
especializados en la reabsorcion del hueso. Por un lado, degrada la parte mineral mediante
la acidificacion del microambiente a través de bombas de protones y canales de cloro [8-
10, 12, 18]. Por otro lado, la liberacion de enzimas como catepsina K, digieren la fase
orgénica del hueso, originando, en ultima instancia, las lagunas de Howship [8-10, 18].
La degradacion del componente mineral del hueso, constituido principalmente por
cristales de HA, conlleva la liberacion de calcio y fosfato al medio extracelular. Este
mecanismo sittia al hueso como un reservorio mineral dindmico y le confiere un papel
clave en el mantenimiento de la homeostasis mineral, particularmente en la regulacion de

los niveles séricos de calcio.

124 Metabolismo dseo

A pesar de su apariencia inerte, el tejido 6seo constituye un sistema altamente dinamico
sometido a un proceso continuo de remodelacion, esencial para la reparacion de fracturas,
la adaptacion mecanica del esqueleto y el mantenimiento de la homeostasis mineral. Este
proceso es llevado a cabo por la accion coordinada de osteoclastos, osteoblastos,
osteocitos y células de revestimiento, cuya actividad esta regulada por senales locales y

sistémicas.

El ciclo de remodelacion 6sea comprende tres fases principales: (1) activacion de la
osteoclastogénesis en respuesta a estimulos locales como RANKL y M-CSF, o sistémicos
como la liberacion sostenida de PTH, que conducen a la resorcion del hueso; (2) una fase
de transicion, durante la cual la degradacion de la matriz 6sea libera factores almacenados
en el osteoide, como las BMPs o TGF-f, que inducen la diferenciacion de osteoblastos a
partir de MSCs; y (3) formacion de nuevo tejido 6seo mediante la sintesis del osteoide y
su posterior mineralizacion por parte de los osteoblastos (Figura 3) [9, 18-20]. Este
proceso esta finamente regulado por una red de sefiales intercelulares que permite a las
células oseas modular reciprocamente sus funciones en respuesta a las demandas
fisiologicas [18, 19]. Asi, los osteoblastos pueden secretar mediadores que regulan la
diferenciacion y actividad de los osteoclastos, mientras que estos Ultimos liberan factores
durante la resorcion que influyen en la maduracidon de los osteoblastos [10, 19]. Esta
comunicacion bidireccional, que incluye mecanismos previamente descritos como el

sistema RANKL/RANK/OPG, garantiza el equilibrio entre formacion y resorcion osea.
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Figura 3 | Fases del ciclo de remodelacion 6sea y mecanismos de regulacion implicados en el
mantenimiento de la homeostasis 6sea [20].
Sin embargo, con el envejecimiento este equilibrio tiende a desacoplarse, inclindndose a
favor de la resorcion dsea, lo que da lugar a una pérdida progresiva de masa Osea. Este
fendmeno afecta de forma mas temprana al hueso trabecular, debido a su mayor superficie
especifica y tasa de recambio, provocando el adelgazamiento y la pérdida de conectividad
de las trabéculas [6, 10]. Paralelamente, el hueso cortical experimenta un incremento de
la porosidad y un adelgazamiento de su grosor [6, 10]. En conjunto, estos cambios

comprometen la arquitectura 6sea y disminuyen la calidad y resistencia del esqueleto.

1.25 Biomecanica 0sea

El tejido 6seo es una estructura compleja con una notable capacidad de adaptacion a las
demandas mecanicas. Esta propiedad se debe a la combinacion de una MEC, que acttia
como un material compuesto dotado de rigidez, resistencia y cierta flexibilidad, y de un
componente celular encargado de regular la remodelacion oOsea. Gracias a esta
integracion, el hueso es capaz de soportar las cargas del movimiento y modificar su

estructura en funcion de ellas.



La mecanosensibilidad del tejido 6seo estd mediada principalmente por los osteocitos,
localizados en el sistema lacuno-canalicular [9, 10, 17, 21]. Ante estimulos mecanicos,
incluso dentro de rangos fisioldgicos, se generan microdeformaciones en la matriz que
provocan el desplazamiento del fluido intersticial [8, 6, 17, 21]. Este flujo activa
mecanorreceptores en la membrana de los osteocitos, desencadenando una cascada de
sefiales que modulan la actividad de osteoblastos y osteoclastos segun la magnitud,
frecuencia y duracion del estimulo [6, 8, 11, 17, 21, 22]. Este proceso se enmarca en la
Ley de Wolff, formulada por Julius Wolff en el siglo XIX, que establece que el hueso se

organiza y remodela estructuralmente en funcion de las cargas que soporta [11, 17, 22].

En condiciones fisioldgicas, se mantiene un equilibrio dindmico que preserva la masa y
la arquitectura 6sea [17, 22]. Sin embargo, la reduccion del estimulo mecanico, como
ocurre durante la inmovilizacion, la exposicion prolongada a microgravedad o en
situaciones de stress shielding inducidas por ciertos implantes metalicos que absorben la
carga, favorecen la resorcion 6sea [21-23]. Por el contrario, cargas elevadas o repetitivas
desencadenan una respuesta adaptativa con incremento localizado de la densidad osea,
como se observa en el radio distal de los tenistas, donde el tejido dseo se refuerza frente

a la tension mecanica repetida generada por el golpeo de la raqueta [24].

1.3 Sustitutos 0seos

Aungque el tejido 6seo posee una notable capacidad de autorregeneracion, esta habilidad
estd condicionada por diversos factores. La edad avanzada, el tamafio y la complejidad
de la lesion, asi como la presencia de patologias concomitantes, pueden comprometer
significativamente la eficacia del proceso reparativo [5, 6, 14, 16]. En estos casos, la
intervencion médica se vuelve necesaria para restaurar la integridad estructural y

funcional del hueso.

Actualmente, existen multiples estrategias terapéuticas basadas en el uso de injertos
0seos, que pueden clasificarse segun su origen en dos grandes grupos: injertos naturales
e injertos sintéticos.

1.3.1 Injertos naturales
Existen tres tipos de injertos naturales:

(1) EI autoinjerto 6seo, que consiste en la transferencia de tejido 6seo del propio
paciente desde un sitio donante a la zona lesionada y constituye el tratamiento de
referencia o gold standard cuando la capacidad regenerativa del hueso esta
comprometida [14, 16, 25-27]. Este tipo de injerto retne las propiedades
bioldgicas y mecénicas, sin riesgo de rechazo inmunoldgico ni transmision de
enfermedades [14, 16, 28, 27]. No obstante, su disponibilidad es limitada y su



principal desventaja radica en la morbilidad asociada al sitio donante, con
complicaciones como dolor crénico o infeccion [14, 16, 25-28].

(2) Como alternativa, pueden emplearse aloinjertos, derivados del tejido Oseo
humano esterilizado, y en ocasiones descelularizado, proveniente de donantes [25,
27, 28]. Si bien evitan la necesidad de una segunda intervencién quirdrgica,
presentan un mayor coste, asi como riesgo de transmision de enfermedades,
rechazo inmunolégico y menor integracion osea, lo que incrementa el riesgo de
fractura [16, 25-30].

(3) Los xenoinjertos, procedentes de otras especies, principalmente vaca, oveja o
cerdo, comparten estas limitaciones y presentan, ademads, barreras culturales y
¢éticas que pueden dificultar su aceptacion clinica [26, 27, 29, 30].

Ante estas limitaciones, los sustitutos dseos sintéticos han adquirido una creciente
relevancia en las ultimas décadas como alternativa prometedora para la regeneracion y
reparacion osea.

1.3.2 Injertos sintéticos

Los injertos Oseos sintéticos, o biomateriales, son materiales de origen artificial,
disefiados para interactuar de forma controlada y segura con tejidos vivos. En este
contexto, el prefijo bio- no implica que el material sea de origen bioldgico, sino que alude
a su biocompatibilidad, entendida como la capacidad del material para desempefiar su
funcion terapéutica sin inducir efectos adversos locales o sistémicos, como toxicidad o

respuesta inmune inapropiada [23].

En comparacion con los injertos de origen biologico, los biomateriales sintéticos ofrecen
ventajas notables, como su disponibilidad ilimitada, la reproducibilidad de sus
propiedades fisicoquimicas gracias a procesos de fabricacion estandarizados, y su
facilidad de esterilizacion [16, 25]. Estas caracteristicas los convierten en una opcion cada

vez mas empleada en el &mbito clinico [16, 28, 31].

Para ilustrar esta tendencia, en Alemania, segun datos de la Oficina Federal de Estadistica,
en 2008 el 74,1 % de las intervenciones quirurgicas que requerian sustitucion Osea
utilizaron autoinjertos, el 14,1 % emplearon aloinjertos y el 11,8 % recurrieron a injertos
sintéticos [31]. Sin embargo, en 2018, los autoinjertos representaron el 54,9 %, los
aloinjertos el 21,3 % y los injertos sintéticos el 23,9 %, lo que supone un incremento del

134,4 % en el uso de biomateriales como alternativa para la sustitucion 6sea [31].

1321 Generaciones de biomateriales

El uso de materiales con fines terapéuticos se remonta a la antigiiedad [32, 33]. Sin
embargo, el concepto moderno de biomaterial no comenzo a consolidarse hasta el periodo
posterior a la Segunda Guerra Mundial, cuando se produjo un notable impulso tanto en la
investigacion cientifica como en su aplicacion clinica [32, 34]. Desde entonces, el campo

de los biomateriales ha experimentado una evolucion significativa, clasificandose en tres



generaciones en funcion de su comportamiento biologico y del grado de interaccion con

el tejido huésped.
- Biomateriales de primera generacion

Introducidos a partir de la década de 1960, estos biomateriales fueron concebidos como
soluciones sustitutivas con fines estrictamente estructurales [29, 32, 35, 36]. Su disefio se
centra en reproducir las propiedades fisicas y mecanicas del tejido danado, son
biocompatibles y bioinertes, es decir, no interactian activamente con los tejidos
circundantes. Su presencia en el organismo genera una reaccion que conduce a la
formacion de una capsula fibrosa alrededor del implante, aislandolo del entorno bioldgico
[26, 29, 35, 36]. Entre los materiales mas representativos de esta generacion se encuentran
los metales, ceramicas como la alimina y la zirconia, y polimeros sintéticos como el

polimetilmetacrilato, entre otros [23, 26, 29].

- Biomateriales de segunda generacion

Desarrollados a partir de la década de 1970, los biomateriales de segunda generacion
supusieron un cambio de paradigma, ya que fueron disefiados no solo para sustituir tejido,
sino también para interactuar funcionalmente con ¢l [26, 35, 36]. Dentro de esta categoria

se distinguen los biomateriales bioactivos y los biodegradables.

Por un lado, los biomateriales bioactivos se caracterizan por su capacidad para inducir
una respuesta biologica especifica que favorece una union directa entre el material y el
tejido huésped [29, 35]. Por otro lado, los biomateriales biodegradables, se degradan
progresivamente en el entorno fisiologico, permitiendo su sustitucion por tejido
regenerado sin necesidad de intervencion quirtrgica adicional [29, 35, 36]. Algunos
ejemplos representativos de biomateriales bioactivos de segunda generacion incluyen
ceramicas como el HA y el CS, asi como materiales biodegradables, entre los que
destacan polimeros naturales como el colageno y poliésteres alifaticos sintéticos [15, 26,
29, 36].

- Biomateriales de tercera generacion

A partir de la década de 1990 surgieron los biomateriales de tercera generacion cuya
funcién principal es la regeneracion tisular [26, 35, 36]. Para ello se combinan
simultdneamente biomateriales de segunda generacion con propiedades bioactivas y
biodegradables, estructurados en forma de andamios tridimensionales temporales [35,
37]. Estos materiales no solo proporcionan resistencia mecanica, sino que también estan
disefiados para inducir procesos de regeneracion mediante la activacion de respuestas
celulares especificas [26, 35, 37]. Esta activacion puede lograrse mediante estrategias

como la modificacion superficial del material o la liberacion controlada de factores de



crecimiento, citocinas o iones [16, 26]. Dentro de los biomateriales de tercera generacion

destacan los biopolimeros, los hidrogeles funcionalizados y las bioceramicas [32, 38].

1322 Bioceramicas

Los materiales ceramicos constituyen una fuente esencial de biomateriales en el ambito
de la ingenieria biomédica. Segun su comportamiento en el entorno bioldgico, se
clasifican en tres grandes grupos: bioinertes, bioactivas y reabsorbibles [29, 37]. Desde
el punto de vista estructural, pueden diferenciarse por su grado de cristalinidad en
ceramicas cristalinas, vidrios amorfos y vitroceramicas [37]. Finalmente, atendiendo a su

composicién quimica, se agrupan principalmente en fosfatos y silicatos célcicos [37].

A continuacion, se describen las principales bioceramicas empleadas en regeneracion

Osea, con especial atencion a aquellas que son objeto de estudio en esta Tesis Doctoral.

- Fosfatos calcicos

Las bioceramicas bioactivas y biodegradables mas empleadas en regeneracion dsea estan
basadas en fosfatos calcicos, debido a su estrecha similitud con la fase mineral del tejido
oseo [15, 16, 26]. Estas estdn compuestas por iones calcio (Ca2+) combinados con
ortofosfatos (PO4>"), meta- (PO*), piro- (P.O7*) o ultrafosfatos, un término menos
definido que engloba estructuras altamente polimerizadas de fosfato [16, 28, 29]. En base
a su estabilidad energética, se degradan de menor a mayor estabilidad desde ultrafosfato

a ortofosfato pasando por pirofosfato. Este proceso facilita la mineralizacion 6sea [16, 39,
40].

En este sentido, el ultrafosfato célcico (CaxPsO17) y el pirofosfato calcico (CazP207),
ofrecen propiedades prometedoras. El primero, con una estructura densa y parcialmente
desordenada, ha demostrado su capacidad de densificacion cuando se emplea como
recubrimiento, rellenando fisuras preexistentes y mejorando la resistencia mecanica del
material [41, 42]. El segundo, considerado un intermediario en la mineralizacion del

osteoide, muestra buena biocompatibilidad y resistencia a la compresion [30].

Entre los compuestos mas utilizados se encuentran el o y B-TCP, (Cas(POs)2) y el HA
(Cai0o(PO4)s(OH)2), ampliamente valorados por su biocompatibilidad y capacidad de
unioén al tejido 6seo [16, 28, 29, 40, 43]. Mientras que el a y B-TCP es reabsorbible, el
HA sintético es altamente estable, lo que dificulta su reemplazo por tejido nuevo [16, 28,
40]. Por otro lado, ambos presentan limitaciones mecanicas, lo que restringe su aplicacion

en entornos sometidos a carga [16, 40].

- Silicatos calcicos

Los silicatos calcicos constituyen otra clase relevante de bioceramicas utilizadas en la

regeneracion de tejido dseo, principalmente por su elevada bioactividad [15, 26, 29]. Sin
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embargo, a diferencia de otros materiales bioactivos, los silicatos calcicos liberan iones
de silicio durante su degradacion, los cuales estan implicados en el metabolismo 6seo,
particularmente en la activacion de osteoblastos [15, 26, 28, 29]. En esta linea, los fosfatos
calcicos dopados con silicio han demostrado una mayor bioactividad y mejores

propiedades mecanicas en comparacion con sus homologos no modificados [15, 26, 29].

Entre los silicatos calcicos mas investigados se encuentra el CS (CaSiO3); el silicato
dicalcico (Ca2Si104); y la akermanita (CaMgSi,07) [26, 29]. De ellos, el CS ha suscitado
especial interés por su elevada bioactividad in vitro, correlacionada con una excelente
osteointegracion y biocompatibilidad en estudios in vivo [15, 26]. No obstante, su elevada
fragilidad contintia siendo un obstaculo para su aplicacion en contextos sometidos a

esfuerzos mecénicos significativos [15, 26].

Las limitaciones inherentes de los biomateriales desarrollados hasta la fecha han
impulsado la busqueda de alternativas y la evolucion de estrategias innovadoras, siendo

este el fin de la ingenieria de tejido dseo.

14 Ingenieria de tejido dseo

El campo de la ingenieria de tejido 6seo (ITO) se consolidd hace aproximadamente tres
décadas, apoyado en un conocimiento profundo de la estructura, biomecanica y
metabolismo del tejido dseo. Su objetivo principal es desarrollar injertos funcionales que
estimulen la regeneracion, superando las limitaciones de los injertos autologos,

alogénicos y xenogénicos tradicionales.

La ITO constituye una estrategia terapéutica prometedora para el tratamiento de lesiones
Oseas y trastornos esqueléticos. Su eficacia se basa en la integracion sinérgica de cuatro

componentes fundamentales:

- Andamios bioactivos y biocompatibles, disefiados para imitar con precision las
propiedades y funciones de la MEC del tejido 6seo [14, 42, 44- 46].

- Células osteogénicas, responsables de la sintesis y mineralizacion de la matriz
[38, 40, 42].

- Vascularizacion adecuada, esencial para aportar nutrientes, eliminar productos
de desecho y favorecer la integracion del en el entorno biologico [25, 27, 43, 44].

- Seiiales que dirigen el proceso regenerativo, como factores osteogénicos y/o
angiogénicos, capaces de promover el reclutamiento celular, la diferenciacion
fenotipica deseada y la formacion de nuevo tejido [40, 43-45].

En conjunto, la ITO se enmarca dentro del campo de los biomateriales de tercera
generacion, caracterizados por inducir procesos de autorregeneracion mediante la

activacion especifica de rutas celulares.
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A pesar de los avances logrados, persiste la necesidad de conseguir una integracion
funcional entre los andamios 6seos y el sistema vascular, de modo que se garantice una
coordinacion entre los procesos de osteogénesis y angiogénesis, condicion indispensable
para el éxito del implante y la regeneracion tisular sostenida a largo plazo [25, 27, 43,
44].

14.1 Andamios para la regeneracion 0sea

Los andamios son estructuras tridimensionales que actiian como soportes temporales para
células y tejidos durante el proceso de regeneracion, de modo que, a medida que el tejido
se regenera, el andamio se degrada de forma controlada y es reemplazado por tejido
neoformado [25, 33, 46, 44]. Su disefio debe considerar las particularidades del tejido
diana, con el objetivo de emular en la mayor medida posible sus propiedades estructurales

y funcionales.

El disefio de andamios para ITO exige una evaluacion rigurosa de sus propiedades
quimicas y mineralogicas, fisicas y bioldgicas, con el fin de reproducir fielmente la
estructura, funcion y comportamiento del tejido dseo nativo, y predecir con mayor

fiabilidad su comportamiento in vivo.

14.2 Diseiio de andamios

1421  Propiedades quimicas y mineralogicas

Las propiedades quimicas y mineraldgicas de un biomaterial son factores clave que
determinan su funcionalidad, biocompatibilidad y desempefio en sistemas bioldgicos.
Estas propiedades estan estrechamente vinculadas a su estructura atémica y molecular,
que define los tipos de enlaces quimicos presentes, asi como la organizacion estructural

y la cristalinidad, que influyen en la estabilidad y reactividad del material [39, 47, 48].

Es esencial distinguir entre las propiedades quimicas superficiales y las de volumen, ya
que estas tienen implicaciones diferentes en el comportamiento del biomaterial [47].
Dado que la superficie constituye el limite de la estructura tridimensional del material,
los 4&tomos de esta zona no estan rodeados del maximo ntimero de 4tomos o iones, lo que
aumenta su reactividad en comparacion con los 4&tomos en el interior [47]. Mientras que
las propiedades superficiales afectan las respuestas celulares a través de aspectos como
la humectabilidad, la adsorcion de proteinas, la adhesion celular y, en consecuencia, la
biocompatibilidad, las propiedades internas regulan aspectos fundamentales como la
reactividad, la biodegradabilidad, y el caracter acido o basico del biomaterial, todos ellos
determinantes en su desempefio en un entorno biologico [39, 46-48]. La
biodegradabilidad de un biomaterial resulta particularmente relevante, dado que durante
el proceso de descomposicion se liberan subproductos tales como iones, fragmentos
poliméricos o particulas metalicas [26, 29, 39, 46, 48]. Estos subproductos pueden inducir
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diversos efectos bioldgicos, que abarcan desde respuestas citotoxicas no deseadas, hasta
efectos beneficiosos [29]. Un ejemplo representativo lo constituyen los fosfatos calcicos,
cuya disolucion da lugar a la liberacion de iones de calcio y fosfato que, a su vez, son
capaces de favorecer la diferenciacion osteoblastica y estimular la formacion de nueva

fase mineral dsea.

1422  Propiedades fisicas

Las propiedades mecanicas de un biomaterial son determinantes para su desempeiio en
aplicaciones sometidas a carga, como es el caso de los implantes 6seos. Estas propiedades
reflejan la capacidad del material para soportar esfuerzos sin experimentar fallos
estructurales ni deformaciones plasticas. En este contexto, resulta fundamental que los
andamios emulen el comportamiento mecanico del tejido Oseo, especialmente en
términos de resistencia a la compresion, traccion, flexion y fatiga, a fin de evitar la
fractura del implante o el “stress shielding”, que se caracteriza por la resorcion del hueso
nativo [23, 27, 40, 43, 49].

Por otra parte, la porosidad del material, a pesar de comprometer su resistencia mecanica
y aumentar la complejidad de fabricacion, resulta fundamental para su integracion
biolodgica [26, 28, 40, 41]. Una arquitectura porosa adecuada permite la difusion de
nutrientes y oxigeno, asi como la migracion celular y la formacion de vasos sanguineos,
favoreciendo la colonizacion del andamio [33, 39, 40, 43, 48- 51]. En particular, una
porosidad interconectada y jerarquizada es clave para facilitar procesos como la
angiogénesis y la osteoconduccion, contribuyendo a una fijacion estable y a una

integracion efectiva con el tejido 6seo circundante [29, 33, 40, 43, 49- 51].

Otro aspecto fisico fundamental en el disefio de andamios para aplicaciones Oseas es la
topografia superficial, al constituir la interfaz directa entre el biomaterial y el tejido
receptor [40, 43, 49]. Las propiedades topograficas, que comprenden tanto la rugosidad
como patrones definidos a micro y nanoescala, desempeiian un papel crucial en la
regulacion de la respuesta celular [33, 43, 50]. Diversas configuraciones, como
superficies rugosas, con surcos, lamelares, con cavidades, pilares, crestas o morfologias
esféricas, han sido ampliamente estudiadas por su capacidad para modular la adhesion
celular mediante la influencia en la adsorcion de proteinas sobre la superficie del andamio
[33, 40, 43, 50-52]. Este mecanismo resulta esencial para la interaccion con células
eucariotas, a diferencia de lo que ocurre con las bacterias, que pueden adherirse

directamente al material [40, 50].

En comparacidon con superficies lisas o pulidas, estas modificaciones topograficas
incrementan significativamente el area superficial, ampliando la extension disponible
para el anclaje celular [40, 43]. Ademas, las células perciben estas caracteristicas

mediante receptores de adhesion como las integrinas, lo que activa cascadas de
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sefalizacion intracelular [40, 51, 52]. Por ejemplo, se ha demostrado que las superficies
rugosas favorecen, respecto a las pulidas, la adsorcion proteica, la adhesion y
proliferacion celular, asi como la capacidad osteoinductiva del andamio v,
especificamente, las microestructuras alineadas, como las lamelares, inducen la expresion

de genes osteogénicos [40, 43, 50- 52].

1423  Propiedades biologicas

En el contexto de la ITO, los andamios deben cumplir una serie de requisitos bioldgicos
fundamentales. La biocompatibilidad es indispensable para asegurar una interaccion
adecuada con el entorno biolédgico, sin inducir efectos secundarios adversos [27, 29, 40].
Por otro lado, en aplicaciones orientadas a la regeneracion tisular, la bioactividad
adquiere un papel central. Este término hace referencia a la capacidad de un material para
inducir una respuesta biologica especifica que favorezca la formacién de una union

funcional entre el tejido y el biomaterial [56].

En el caso particular del tejido 6seo, la bioactividad suele asociarse con la capacidad del
material para inducir la precipitacion de HA sobre su superficie al estar en contacto con
fluidos bioldgicos, dado que el HA constituye el principal componente mineral de la MEC
oOsea [28, 29, 34, 49, 55].

En el disefo de andamios para ITO, se consideran tres conceptos clave: osteoconduccion,
osteoinduccion y osteointegracion [16, 25, 27, 49, 56]. Mientras que la osteoconduccion
se refiere a la capacidad del material para guiar el crecimiento del tejido 6seo a lo largo
de su superficie, la osteoinduccion alude a la induccion de la osteogénesis [29, 37, 49,
56]. En este sentido, los biomateriales osteoinductores son aquellos capaces de reclutar e
inducir la diferenciacion de MSCs hacia la linea osteoblastica, promoviendo asi la
formacion de tejido oOseo [37]. Por tultimo, la osteointegracion, estrechamente
relacionada con la bioactividad, describe la formacion de una unién estable y funcional
entre el andamio y el tejido 6seo del huésped, lo cual resulta determinante para el éxito

del implante a largo plazo [37].

1.4.3 Métodos de obtencion

Existen numerosas técnicas para obtener biomateriales en diferentes tipos de andamios,
que pueden agruparse en dos categorias principales: técnicas convencionales y técnicas
de fabricacion aditiva [50, 56]. Las primeras incluyen métodos como el electrospinning,
el secado por congelacion (freeze drying) o el proceso sol-gel, mientras que la
estereolitografia y la bioimpresion son ejemplos representativos de la fabricacion aditiva
[41, 46, 50, 56]. Cada una de estas metodologias afecta de forma distinta la arquitectura
interna del andamio, modificando propiedades como el tamafio, la morfologia y la

interconectividad de los poros, asi como sus caracteristicas mecénicas [41, 50, 56, 57].
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En esta Tesis Doctoral se emplea el método sol-gel combinado con la técnica de réplica
de esponja polimérica. A continuacion, se describen ambas metodologias y su aplicacion

en la obtencion de estructuras porosas tridimensionales para andamios en ITO.

1431  Proceso Sol-gel

El proceso de sintesis sol-gel para la obtencion de materiales ceramicos fue descubierto
en el siglo XIX, aunque su relevancia cientifica y tecnoldgica no se consolidé hasta el
siglo XX [35, 54]. En la actualidad, esta técnica es ampliamente utilizada en la fabricaciéon
de biomateriales avanzados, debido a su versatilidad y a su capacidad para modificar
superficies inorganicas mediante recubrimientos que mejoran propiedades como la
biocompatibilidad o la bioactividad [26, 35, 56-58].

El método sol-gel permite la obtencion de materiales vitreos, cerdmicos y vitrocerdmicos
de alta pureza y homogeneidad, a temperaturas considerablemente mas bajas que las
requeridas en los métodos tradicionales en estado solido [29, 35, 58]. Este proceso se basa
en la polimerizacion controlada de precursores dispersos en una solucion coloidal (sol),
compuesta habitualmente por dichos precursores, agua, un catalizador y, en determinados
casos, un co-disolvente [35, 57, 58]. Estos componentes experimentan una transicion
hacia un estado gelificado (gel) mediante reacciones de hidrélisis y condensacion. Los
precursores mas utilizados son los alcoxidos metalicos (M(OR),), donde M representa un
elemento metalico y R un grupo alquilo de alta reactividad con el agua, que facilita la
formacién de mondmeros reactivos que, tras condensarse, dan lugar a una red

tridimensional continua [35, 44, 56, 58].

M(OR),, + xH,0 > (OH), — M(OR),_, + xROH
(OR)p_xM — (OH)x + (OH)x = M(OR)p_x = (OR),_xM — O — M(OR),_x + H,0

La formacion de dicha red marca el inicio de la gelificacién, produciendo la transicién
del sistema desde la fase sol a gel, caracterizada por un incremento progresivo en la
viscosidad [35, 58]. El gel obtenido es una estructura porosa en la que se encuentra
atrapada una fase liquida, la cual debe eliminarse mediante un proceso de secado para
consolidar el material [35, 57, 58].

Posteriormente, se aplica un tratamiento térmico de sinterizado que permite densificar la
estructura y obtener el material final con las propiedades deseadas. En los casos en que
se pretende generar un recubrimiento, se requiere una etapa intermedia en la que el sol se
deposita sobre la superficie del sustrato antes del secado. Entre las técnicas mas
empleadas para este fin se destacan el dip-coating (inmersion), el spin-coating
(centrifugacion) y el spray-coating (pulverizacién), todas ellas ampliamente

documentadas en la literatura cientifica [35, 59].
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1432  Técnica de réplica de esponjas poliméricas

La técnica de réplica de esponjas poliméricas constituye un ejemplo representativo de
dip-coating compatible con el método sol-gel, desarrollada en la década de 1960 para la
fabricacion de materiales ceramicos porosos [59]. Esta metodologia se basa en el uso de
una plantilla polimérica y porosa desechable, cuya estructura se reproduce mediante la
deposicion por inmersion en una suspension ceramica (barbotina) o en una solucion sol-

gel. Posteriormente, se sinterizan sobre la esponja, eliminando la plantilla.

Las propiedades del producto final, como la porosidad o el espesor del recubrimiento,
pueden ajustarse en funcion del tipo de plantilla empleada y del nimero de inmersiones

realizadas, lo que confiere a esta técnica una notable versatilidad.

Una vez aplicada la suspension, se procede al sinterizado a temperaturas generalmente
superiores a 600 °C [47, 59]. Durante este tratamiento térmico, la esponja, de naturaleza
organica, se descompone y elimina, lo que permite obtener una estructura ceramica

porosa consolidada en un Unico paso.

Actualmente, la técnica de réplica de esponjas polimérica es reconocida por su
simplicidad, bajo coste y eficacia en la obtencién de andamios tridimensionales con
elevada porosidad e interconectividad capaces de reproducir la arquitectura del hueso
trabecular [47, 59].

14.4 Estrategias biomiméticas

Los enfoques biomiméticos en el disefio de biomateriales buscan alcanzar una
compatibilidad funcional, estructural y bioldgica con el tejido a reemplazar, con el fin de
favorecer la regeneracion de tejidos complejos. Actualmente, se han desarrollado
multiples estrategias dirigidas a reproducir las caracteristicas del tejido diana, bajo la
premisa, ampliamente aceptada, de que una mayor similitud con el entorno nativo
incrementa las probabilidades de éxito del implante a largo plazo. Estas estrategias
incluyen tanto aproximaciones estructurales y mecédnicas como la incorporacion de

sefales bioquimicas que modulan el comportamiento celular.

1441  Andamios multicapa

A pesar de los avances significativos en el desarrollo de biomateriales para aplicaciones
en ITO, atin no se ha logrado identificar un material que retina, de forma simultanea, todas
las propiedades necesarias para una regeneracion Osea eficaz. En este contexto, los
andamios multicapa se perfilan como una alternativa prometedora, al permitir la
combinacion de distintas fases con propiedades complementarias en una tinica estructura
[42, 53-55]. Esta estrategia se basa en la aplicacion de recubrimientos funcionales capaces
de modificar la topografia, la bioactividad y otras propiedades clave del andamio, con el
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fin de optimizar su rendimiento global. Por ejemplo, una fase con elevada resistencia
mecanica, pero limitada bioactividad, puede recubrirse con otra que favorezca la
osteointegracion incorporando diferentes iones. De este modo se logra un equilibrio entre
robustez estructural y capacidad de interaccion bioldgica. Este enfoque permite superar

las limitaciones asociadas a los materiales monofasicos y obtener materiales compuestos.

1442  Dopaje ionico

Los iones metalicos desempefian un papel esencial en los sistemas bioldgicos, actuando
como macro o microelementos que cumplen funciones estructurales y fisiologicas
fundamentales, ademas de participar en multiples reacciones bioquimicas [61, 62]. Su
importancia como agentes terapéuticos ha sido ampliamente reconocida, ya que actiian
como cofactores enzimaticos y modulan rutas de sefializacion clave en la regeneracion de
tejidos [61-63]. Debido a su potencial toxicidad a concentraciones elevadas, los iones
suelen incorporarse como dopantes en cantidades reducidas [27, 39, 42, 61, 62]. En este
contexto, el dopaje idnico se presenta como una estrategia atractiva, por su bajo coste,
estabilidad quimica y su compatibilidad con los procesos de fabricaciéon de andamios
bioactivos, que comunmente implican el uso de disolventes organicos o temperaturas

elevadas, condiciones que limitan la incorporacion de agentes terapéuticos orgédnicos [26,
62].

Ademéas de sus efectos bioldgicos, el dopaje idnico tiene la capacidad de modificar las
propiedades estructurales y superficiales de los materiales [39, 61]. En materiales
cristalinos, la inclusion de dopantes genera defectos que dificultan la propagacion de
grietas. También altera la morfologia de los cristales, modificando la topografia
superficial, un factor crucial en la interaccion entre las células y el material [61]. Asi, el
dopaje i6nico se posiciona como una estrategia eficaz para introducir nuevas

funcionalidades en los biomateriales.

Por otra parte, esta técnica puede considerarse una estrategia biomimética, dado que los
apatitos bioldgicos no son estequiométricos, sino que presentan deficiencias de calcio y
contienen diversos iones sustituyentes como Na*, K* o Mg2+. Asi, cuando el andamio se
degrada y libera estos iones al entorno fisiolégico, éstos pueden ser incorporados en el

HA, favoreciendo la formacién de una fase mineral mas semejante a la del hueso nativo.

1443 Liberacion controlada de moléculas bioactivas

Ademas de la liberacion controlada de iones metalicos mencionada previamente, los
andamios bioactivos pueden servir como vehiculos para la administracion localizada de
otros agentes terapéuticos, como farmacos o factores de crecimiento [25, 26, 45, 64]. Se
han desarrollado diversas estrategias de encapsulacion y liberacion, tales como la

incorporacion de estructuras degradables en la superficie del andamio, como
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nanoparticulas o microesferas, y el uso de polimeros biodegradables que facilitan la
formacion de sistemas de liberacion [16, 32, 33, 45, 46, 64]. En estos casos, los agentes
terapéuticos se pueden almacenar en cavidades internas, como dominios lamelares o

poros, dentro de la matriz del material.

En el contexto de la ITO, los andamios bioactivos pueden incorporar diversos agentes
terapéuticos que favorecen la regeneracion del tejido 6seo. Entre ellos se incluyen factores
de crecimiento, como M-CSF y BMPs, que estimulan la proliferacion y diferenciacion
osteoblastica, asi como farmacos con actividad antiresortiva, agentes antineoplésicos y
antibidticos que contribuyen a la prevencion de infecciones postquirurgicas asociadas al
implante [16, 25, 33, 45, 46]. Ademas, estos sistemas pueden ser disefiados para permitir
la liberacion localizada de células, como las MSCs, lo que amplia significativamente las
posibilidades terapéuticas al combinar la sefializacion bioquimica y celular en un mismo
dispositivo [45, 64].
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2.0BJETIVOS

A pesar de los avances en la ingenieria de tejido 6seo, todavia no se ha logrado desarrollar
un material que cumpla con todos los requisitos para una regeneracion 6sea efectiva.
Ademas, persisten desafios clinicos clave, como la integracion y la vascularizacion de los
injertos 0seos, factores esenciales para asegurar la funcionalidad del implante a largo

plazo.

Con el fin de obtener andamios que cumplan con los requisitos previamente descritos, la
presente Tesis Doctoral tiene como objetivo principal el desarrollo de andamios
multicapa que integren en una Unica estructura las fases CaSiOs, Ca;PsO17y Caz(PO4)..
Ademas, teniendo en cuenta el potencial del dopaje i6nico para modular las propiedades
de los materiales y la capacidad de los iones para regular procesos celulares clave, los

andamios seran dopados con Li,0O, Na>O, K>O y MgO.
Para el desarrollo del objetivo principal, se establecen los siguientes objetivos especificos:

1. Sintesis de los andamios: Desarrollar andamios mediante la combinacion del
método sol-gel y la técnica de réplica de esponja polimérica, basados en el sistema
S10,-Ca0-P20s, e incorporando Li2O, NaxO, KoO y MgO como dopantes y
modificadores de la red.

2. Optimizacion del proceso de sintesis: Mejorar el proceso de obtencién para
lograr andamios bioactivos, centrandose en la estabilidad de las fases formadas y
garantizando su efectividad en los ensayos posteriores.

3. Caracterizacion fisicoquimica y mineraldgica: Realizar un andlisis exhaustivo
de las propiedades fisicoquimicas y mineraldgicas de los andamios, evaluando las
variaciones que ocurren durante la deposicion de los distintos recubrimientos.

4. Modificacion de la topografia superficial: Modular la morfologia superficial de
los andamios mediante dopaje i6nico con concentraciones variables de MgO.

5. Evaluacion de la bioactividad in vitro: Determinar el comportamiento bioactivo
in vitro de los andamios mediante inmersion en SBF, siguiendo la normativa
ISO/FDIS 23317:2017.

6. Modificacion de la morfologia de los precipitados de apatito: Analizar el efecto
de las distintas concentraciones de MgO en la morfologia y la composicion
elemental de los precipitados de apatito formados durante los ensayos de
bioactividad.

7. Estudio de la citotoxicidad: Evaluar la citocompatibilidad de los andamios y sus

productos de disolucién en cultivos celulares de diferentes tipos (humanos y

19



10.

murinos), para determinar su impacto en la morfologia celular, la viabilidad y la
proliferacion.

Estudio de la influencia de la topografia en la proliferacion celular: Analizar
el impacto de las distintas morfologias desarrolladas en los objetivos 4 y 6 sobre
la proliferacion celular en diversos tipos celulares de origen humano y murino.
Estudio del potencial osteogénico: Analizar el potencial osteogénico de los
andamios y sus productos de disolucion, evaluando la capacidad de induccién de
la diferenciacion Osea en preosteoblastos MC3T3-E1 y MSCs (osteoinduccion),
asi como para favorecer la osteoconduccion.

Evaluacion del potencial angiogénico: Investigar la capacidad de los andamios
para estimular la liberacion de VEGF, un factor clave en la formacion de nuevos

vasos sanguineos.

20



3. MATERIALES Y METODOS

En esta Tesis Doctoral se desarrollaron andamios bioceramicos multicapa para la
regeneracion 6sea, combinando fases bioactivos y reabsorbibles con dopantes idnicos. En
este capitulo se describe el disefio y la metodologia de sintesis de los andamios, mediante
la combinacion del método sol-gel y la técnica de réplica de esponja polimérica. Ademas,
se presentan las técnicas empleadas para la caracterizacion fisicoquimica, mineralogica y
estructural, asi como la evaluacion de la bioactividad y biocompatibilidad in vitro

mediante ensayos con lineas celulares de origen humano y murino.

3.1 Diseiio de andamios multicapa

El disefio de los andamios multicapa, busca mejorar las propiedades para la regeneracion
6sea mediante la combinacién de materiales ceramicos dispuestos en capas, las cuales
poseen distintas caracteristicas. Estos andamios presentan una estructura que incluye un
nucleo vitroceramico (CS-P6), disefiado para proporcionar propiedades mecénicas,
recubierto por capas de materiales reabsorbibles (TCP) y bioactivos (CS) que favorecen
la regeneracion osea (Figura 1). El primer recubrimiento, formado por silicato calcico,
fue seleccionado para actuar como estructura molde 3D porosa y reservorio de calcio,
permitiendo la posterior deposicion de la capa vitrea P6 sin comprometer la integridad
estructural, ya que los moldes organicos empleados en la técnica de réplica de esponja

polimérica se calcinan a altas temperaturas.

La fase vitrea P6 se aplica como segunda capa para contrarrestar la fragilidad del silicato
calcico, formando el nticleo vitrocerdmico. Su capacidad para fundir lo convierte en un
material cementante que une los cristales y rellena grietas preexistentes, aumentando la
densificacion del sistema y, con ello, la resistencia a la compresion. Ademas, esta fase se
dop6 con iones de Li, lo que permite reducir la temperatura de fusién y mejorar ain mas

la resistencia mecanica.

Como tercer recubrimiento, se emple6 TCP, una fase reabsorbible que actia como
reservorio de iones calcio y fosfato, favoreciendo la deposicion de matriz mineral dsea.
Gracias a su similitud quimica con el HA (Caio(PO4)s(OH)2, el TCP (Ca3(PO4)2) también
favorece la osteointegracion. Finalmente, como recubrimiento externo e interfaz célula-
andamio, se utilizd nuevamente silicato calcico debido a su conocida bioactividad y
capacidad para estimular la regeneracion dsea. Este recubrimiento se dopd con iones de
sodio, potasio y magnesio, ajustando la concentracion de magnesio para modificar las

propiedades fisicoquimicas y bioldgicas del material.

21



3.2 Preparacion

Figura 4 | Esquema de las capas del andamio multicapa, indicando las formulas
quimicas de cada material y los dopantes empleados.

Silicalo Calcico (C5)

Ultrafosfato cilsico (P&)

Ca, P00y, + LI

Fosfato Tricalcico (TCP)

Silicato Calcico [CS)

CaSl0, + Na, K, Mg

A continuacion, se expone el procedimiento para la obtencion de los andamios multicapa,

asi como los materiales utilizados en su obtencion.

I: Preparacion de la disolucion sol-gel

Las disoluciones empleadas para la obtencion de las distintas capas del andamio

fueron preparadas mediante el proceso sol-gel. Para ello, se llevd a cabo la hidrdlisis

de los precursores TEOS y TEP en medio 4cido, ajustando el pH final de las

disoluciones en un rango de 2 a 3. En la Tabla 1 se presentan las cantidades de cada

reactivo empleado para la sintesis de cada una de las capas.

Tabla 1 | Composicion quimica detallada de los andamios multicapa, desglosada por

capas

Reactivos

Capa Composicion TEOS TEP H20 Etanol HCl CaCQOs3 Li2CO3 Na:CO3 K2CO3 MgCO3

(mL) €3]
1 CS 1928 - 20 5 1 8.62 - - -
2 P6 - 1846 20 5 2 3.72 - - -
3 TCP - 1096 20 5 2 9.68 - - -
4 CSo 1928 - 20 5 1 8.62 0.5 0.5 -
4 CS04 1928 - 20 5 1 8.62 0.5 0.5 0.4
4 CSo05 1928 - 20 5 1 8.62 0.5 0.5 0.5
4 CS06 1928 - 20 5 1 8.62 0.5 0.5 0.6
4 CS075 1928 - 20 5 1 8.62 0.5 0.5 0.75
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11: Recubrimiento y secado

Capa 1: Esponjas de poliuretano de 20 ppi, utilizadas como molde polimérico, se
sumergieron en la disolucion sol-gel. A continuacion, se retir6 el exceso y se secaron
brevemente a una temperatura de, aproximadamente, 185°C, repitiendo el proceso
hasta cubrir completamente la esponja, necesitando aproximadamente 0.1 g de

material. Una vez obtenidas, se procedio a la sinterizacion.

Capas 2-4: A continuacion, el andamio de CS obtenido en el paso anterior fue
recubierto con P6. Tras la inmersion en la disolucion correspondiente, se eliminé el
exceso y se procedid al secado del recubrimiento, seguido de su sinterizacion. Este

procedimiento se repitid para las capas de TCP y CS.

Para asegurar la funcionalidad de cada capa se depositaron los siguientes

recubrimientos y cantidades de material:

e Enlacapa 2 se aplicaron un total de 20 recubrimientos (aproximadamente 0.3
g de material).

e Enlacapa 3 se aplicod un tnico recubrimiento (aproximadamente 0.1 g) debido
a la alta viscosidad de la disolucion.

e En la capa 4, se aplicaron una media de 5 recubrimientos de alguna de las

formulaciones quimicas detallas en la Tabla 1, con un peso aproximado de 0.1
g.

1II: Sinterizacion

El proceso de sinterizacion de la primera capa (CS) consistid en un tratamiento
térmico que incluyd una rampa de calentamiento de 55 horas hasta alcanzar los
1050°C, seguida de 8 horas de mantenimiento y 12 horas de enfriamiento hasta

alcanzar la temperatura ambiente.

Para el resto de las capas (2-4), se empled un proceso de sinterizacion mas rapido que
consistio en una rampa de calentamiento de 9 horas hasta los 1050°C, que se mantuvo

durante 8 horas, para concluir con una rampa de enfriamiento de 12 horas.
1V: Ataque quimico

Debido a la alta reactividad de la fase vitrea P6, cuya disolucion excesiva puede
modificar el pH local e interferir en los ensayos de bioactividad o en los ensayos
celulares, se elimino el exceso de P6 mediante un ataque quimico. Para ello, se utilizd
una solucion TRIS, compuesta por HCI, tris(hidroximetil)aminometano y CaCl,, con
un pH de 7.3. Este tratamiento se aplico durante 24 horas a 50°C tras la deposicion de
la segunda capa (P6), formando asi el nucleo vitroceramico de CS-P6-TRIS.
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Para una descripcion mas detallada de las condiciones de preparacion de las
disoluciones sol-gel y el proceso de fabricacion de los andamios bioceramicos, se
remite a las secciones: “2.1. Design and fabrication of multilayer scaffolds™ del
Articulo 1y “2.1. Multilayer scaffolds assembly” del Articulo 2, “2.1. Fabrication of
multilayer scaffolds” del Articulo 3 y “2.1 Materials preparation” del Articulo 4.

3.3 Caracterizacion fisicoquimica y mineralogica

Los andamios fueron caracterizados desde el punto de vista mineral6gico mediante XRD,
con el objetivo de analizar la evolucion de la composicidn cristalina a medida que se
depositaban las distintas capas. Los difractogramas experimentales obtenidos se
compararon con los patrones de referencia de la base de datos COD, empleando el

software de analisis de fases Match! 3.

Adicionalmente, se identificaron los grupos funcionales presentes en las distintas capas
mediante FTIR, lo que permitid obtener una caracterizacion mas detallada de la

composicion quimica de los andamios.

Para caracterizar las propiedades fisicas, se realizd6 un estudio de la estructura
macroscopica de los andamios mediante microscopia Optica, mientras que el analisis de

la microestructura se llevo a cabo utilizando la técnica FESEM-EDX.

Adicionalmente, dentro de la caracterizacion de las propiedades fisicas, se determiné la
porosidad de los andamios a través de diferentes métodos segun el tamano de poro. Los
macroporos fueron caracterizados mediante picnometria segun el principio de
Arquimedes, mientras que la distribucion de microporos (<300 micras) se estudio
mediante porosimetria de mercurio. Ademas, se evaluod la resistencia mecanica de los
andamios mediante una prueba de compresion simple. Dentro de este contexto, se
investigo la biodegradabilidad de los andamios en una solucion de PBS, registrando la

pérdida de peso a lo largo del tiempo del estudio.

Las condiciones de ensayo para cada una de las técnicas mencionadas se detallan en la
seccion "2.2. Material physicochemical characterization" del Articulo 1, y en la seccion
"2.2. Physico-chemical characterization" y “2.4.1. Weight loss” del Articulo 2 y en la
seccion "2.2.1. Mineralogical characterization”, “2.2.2. Macro and microstructure

characterization" y “2.2.3. Physical characterization” del Articulo 3.

3.4 Bioactividad in vitro

Los ensayos de bioactividad in vitro evaluan la capacidad de los materiales para inducir
la precipitacion de apatito cuando se exponen a fluido biologico artificial (SBF), cuya

composicion i6nica simula la del plasma sanguineo. La precipitacion de apatito se utiliza
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como indicador de la osteointegracion o capacidad de los materiales para unirse

quimicamente al tejido 6seo in vivo [35].

Para realizar los ensayos de bioactividad in vitro, los andamios fueron introducidos en
SBF en un bafio en agitacion a 37°C, replicando las condiciones fisioldgicas, tal como
indican las directrices de la norma ISO/FDIS 23317:2017. Transcurridos intervalos de
tiempo, previamente establecidos, los andamios fueron extraidos y analizados mediante
FESEM-EDX. Ademas, se recolectaron alicuotas del SBF remanente para estudiar la

interaccion i6nica entre las bioceramicas y el SBF mediante ICP-OES.

Los detalles completos de los ensayos se encuentran en la seccion "2.3 In vitro bioactivity

evaluation" del Articulo 1 y en la seccion "2.3 In vitro bioactivity test" del Articulo 2.

3.5 Biocompatibilidad in vitro

La caracterizacion bioldgica de los andamios se realizé evaluando su comportamiento en
presencia de diversos tipos celulares de origen humano y murino. El objetivo fue
determinar su citocompatibilidad, osteoinduccién, osteoconduccion, inmunomodulacion

y propiedades proangiogénicas.
Los ensayos se llevaron a cabo utilizando los siguientes modelos celulares:

o Fibroblastos murinos 3T3

Para evaluar la citocompatibilidad de los andamios y sus productos de disolucion
sobre fibroblastos murinos 3T3, se emplearon los ensayos MTT y AlamarBlue,
los cuales proporcionan informacion sobre la viabilidad celular y la funcién
metabolica de las células en respuesta al material. Adicionalmente, se caracterizd

la composicion i6nica de los productos de disolucion mediante ICP-OES.

Los detalles de estos ensayos se pueden encontrar en la seccion “2.4 In vitro
biological evaluation” del Articulo 1 y seccion “2.4.2. lonic characterisation of
CCM”, “2.4.3. Indirect cell viability evaluation” y “2.5.3D direct cell culture”
del Articulo 2.

e Células madre mesenquimales de médula 6sea humana

Esta linea celular se empled para evaluar la citotoxicidad, osteoinduccion y
respuesta inflamatoria de los andamios y/o sus productos de disolucion. Este doble
enfoque permite estudiar el efecto directo del andamio sobre las células cultivadas
en su superficie y el efecto indirecto inducido por los productos de disolucion de

los andamios, simulando el efecto in vivo en células vecinas.

La citotoxicidad se evalud de forma directa e indirecta mediante el ensayo CCK-
8, que mide la viabilidad celular. Ademas, se emple6 SEM para analizar la
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morfologia celular de las MSCs cultivadas sobre los andamios y detectar posibles

alteraciones estructurales derivadas del contacto con el material.

La diferenciacion osteogénica, se evalué mediante la actividad de la fosfatasa
alcalina (ALP), un conocido marcador de diferenciacion osteogénica, mediante
tincion especifica. Asimismo, los depositos de calcio, indicadores de la
mineralizacion de la matriz extracelular, se detectaron mediante tincion con
alizarina roja (ARS) y Von Kossa. Estas técnicas permitieron evaluar la formacion
de matriz mineralizada tras la exposicion de las células a los productos de

disolucion del andamio.

Los detalles de estos ensayos se pueden encontrar en la seccion 2.6
Biocompatibility”, “2.7. Effect of the scaffolds in inflammatory response”, “2.8
Effect of the scaffolds on cell morphology” y “2.9 Osteogenic differentiation” del
Articulo 3.

Fibroblastos humanos HFF-1

Los fibroblastos, a pesar de no ser células 6seas, desempefian un papel crucial en
la regeneracion Osea mediante la formacion de tejido de granulacion, la
modulacién inflamatoria y la promocion de la diferenciacion de MSCs en
osteoblastos. Por ello, se estudi6 la citotoxicidad y la respuesta inflamatoria en

estas células.

La citotoxicidad, tanto de manera directa como indirecta, se evaludé mediante el
ensayo CCK-8, complementado por el analisis de la morfologia de los fibroblastos

fijados sobre los andamios mediante SEM.

Los detalles de estos ensayos se pueden encontrar en la seccion “2.6
Biocompatibility”, “2.7. Effect of the scaffolds in inflammatory response”, y “2.8
Effect of the scaffolds on cell morphology” del Articulo 3.

Preosteoblastos murinos MC3T3-E1

Los preosteoblastos murinos se utilizaron para estudiar el efecto celular de la
exposicion al andamio en células dseas en una etapa temprana de diferenciacion,
permitiendo investigar tanto los procesos de diferenciacion osteogénica como
otros aspectos clave de la regeneracion dsea. En este contexto, se evalud la
citocompatibilidad de los andamios y sus productos de disolucion, cuya
composicion fue determinada mediante ICP-OES, utilizando el ensayo CCK-8.
Ademas, se analiz6 la morfologia celular tras la exposicion directa e indirecta a
los andamios mediante SEM y microscopia de fluorescencia con tincion DAPI-

calceina. La diferenciaciéon osteogénica de los preosteoblastos expuestos
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directamente al andamio se evalu6 mediante la cuantificacion de la ALP y la
tincidon con rojo de alizarina, que tifie especificamente los depositos de calcio.
Finalmente, se evalu6 la capacidad proangiogénica de los andamios mediante la

cuantificacion de VEGF en los sobrenadantes celulares.

Los detalles de estos ensayos se pueden encontrar en la seccion “2.3 In vitro
biocompatibility assessment”, “”2.4 Osteogenic assessment” y “2.5 Angiogenic

assessment” del Articulo 4.
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4. RESULTADOS Y DISCUSION

Esta Tesis Doctoral se organiza en cuatro articulos que abordan diferentes aspectos del
desarrollo y de la evaluacion de andamios multicapa de tercera generacion. Los dos
primeros articulos se centran en la caracterizacion mineraldgica, fisicoquimica y
bioactiva de los andamios, junto con una evaluaciéon preliminar de la citotoxicidad para
descartar posibles efectos toxicos del material o de sus productos de disolucioén. Los dos
articulos restantes se enfocan en el andlisis de las propiedades biologicas necesarias para
la regeneracion Osea, como la osteoinduccion, osteoconduccion, inmunomodulacion y

propiedades angiogénicas.

4.1 Obtencion y caracterizacion fisicoquimica de las capas de los

andamios multicapa

Para evaluar el comportamiento de los andamios, se estudi6 la evolucién de sus
propiedades fisicoquimicas, mineralogicas y estructurales tras la deposicion y
sinterizacion de cada capa (Figura 4). Como resultado, se obtuvieron andamios de
geometria cilindrica con un didmetro de 0.9 + 0.1 cm y una altura de 0.8 = 0.1 cm, con

una arquitectura altamente porosa e interconectada (Figura 5).

Figura 5 | Imagenes representativas de los andamios multicapa, obtenidas mediante
microscopia optica, desde las perspectivas lateral (A) y superior (B).

411 Composicion cristalina

En ITO, la composicion mineraldgica de los andamios desempefia un papel crucial, ya
que condiciona su bioactividad, biodegradabilidad, biocompatibilidad y resistencia
mecanica [47, 48]. El empleo de andamios multicapa, compuestos por capas de materiales
ceramicos sol-gel con propiedades distintas, permite obtener estructuras multifasicas y

multifuncionales. Esto facilita el cumplimiento de los requisitos esenciales para una
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regeneracion oOsea efectiva, consiguiendo combinaciones de propiedades que serian

dificiles de alcanzar con un solo material.

La composicion mineralogica de los andamios, a medida que se depositaron las capas de
material, se muestra en la Figura 6. La Figura 6A muestra las fases cristalinas de las
primeras capas hasta obtener el nucleo vitroceramico (CS-P6-TRIS). La primera capa de
CS est4 formada por pseudowollastontia. Sin embargo, tras la aplicacion de la capa P6,
no se detectd CS, en su lugar aparecieron nuevas fases cristalinas. La composicion
mineraldgica de esta capa consistio en silice, pirofosfato de calcio y una menor
proporcion de B-TCP. Estas fases se formaron debido a la migracion ionica entre las capas
durante el tratamiento de sinterizacion. Este fendmeno se atribuy¢ a la presencia de P6,
un ultrafosfato de calcio con una estructura de alta energia. En presencia de calcio, la
estructura de este ultrafosfato se desestabiliza, facilitando la conversion de CaxP¢O17 a
CayP>07 y, en menor medida, a Ca3(PO4)2, lo que provoca la transformacion del CaSiOs

en SiO2, una fase libre de calcio, dado que el CS actia como fuente de Ca>".

Debido a que la transformacion del P6 en las fases anteriormente indicadas es incompleta,
y la reactividad del mismo en SBF es alta, se procedid a realizar un ataque quimico
utilizando TRIS para eliminar el exceso de ultrafosfato. Tras comparar las fases antes y
después del ataque quimico (Figura 6A), no se observaron variaciones significativas,
aunque si se registrd una disminucion en la sefial de fondo en la regién amorfa del material
(0< 26<10). Ademas, los iones liberados tras el ataque quimico fueron caracterizados
mediante ICP-OES (ventana Figura 6A) lo que permitié detectar la liberacion de P*-y Li*
a la solucion de ataque, produciendo la hidrolisis del P6 y, por lo tanto, la eliminacion del

exceso del mismo.

La Figura 6B-C muestra las fases cristalinas tras la adicion de la capa biodegradable (3-
TCP) y de la capa bioactiva dopada (CSX). Tras la adicion del B-TCP, la composicion
cristalina fue similar a la del nacleo vitroceramico, con un aumento notable en la sefial de
B-TCP (Figura 6B). Finalmente, en los andamios completos CSX, se identificaron SiO2,
CazP207 y Cas(POa)2 como los componentes predominantes, ademds de CaSiOs en menor
proporcion (Figura 6C). Asimismo, en las muestras CS04, CS05, CS06 y CS075, se
identificaron fases ricas en Mg, formadas debido al dopaje i6nico, como akermantita y
whitlockita, una variante no estequiométrica de B-TCP rica en Mg. La intensidad de los
picos correspondientes a estas fases fue directamente proporcional a la cantidad de Mg
utilizado como dopante. Asimismo, se observo una disminucion en la intensidad del pico
principal de Si02 (26 = 21.9°).

Cada una de las fases obtenidas en las distintas capas del andamio, cumplen con una
funcion fundamental en la regeneracion Osea. A continuacion, se describe brevemente su

funcion:
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En los andamios, la silice, aporta estabilidad estructural y, al ser biocompatible, estimula

la proliferacion celular y, por ende, promueve la regeneracion 6sea [66, 67].
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Figura 6 | Difractogramas de XRD de las distintas capas que conforman los andamios
multicapa. Leyenda: A -PW: CaSiOs; ¢- CB: SiO; @- CP: Ca;P,07; ¥ - TCP: Ca3(POs)2;
m- CS: CaSiOs; @-TD: SiO2; *-WH: Caio.115Mgo.385(PO4)7); P-AK: CaxMgSi>O7

El pirofosfato de calcio, presente en el nicleo del andamio, juega un papel fundamental
en la remodelacion 6sea [30], aunque ha sido menos investigado que otros fosfatos de
calcio. A pesar de que el pirofosfato ha sido tradicionalmente considerado un inhibidor
de la calcificacion, su interaccion con la ALP revela un comportamiento mas complejo
[68-71]. Esta enzima, que se expresa en osteoblastos durante la fase de maduracion de la
matriz dsea, hidroliza el pirofosfato inorganico, liberando fosfato y calcio, elementos
esenciales para la formacion de apatito, el principal componente mineral del hueso [68-

70, 72]. De este modo, la presencia de Ca;P>07 en el andamio puede facilitar la
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mineralizacion 6sea. Ademads, estudios in vivo realizados en bovinos y en humanos han
demostrado que los implantes que contienen este material presentan una tasa de
degradacion Optima, junto con una mayor integracion y mineralizacion del tejido 6seo
[70, 73, 74].

A diferencia del pirofosfato de calcio, el B-TCP es un material ampliamente utilizado, y
reconocido por su capacidad osteoconductora y osteoinductora [16, 40]. Su naturaleza
bioresorbible permite conseguir una degradacion progresiva, facilitando asi que los
andamios sean reemplazos por tejido 6seo neoformado [16, 28, 40]. En los andamios, esta
fase coexiste con su variante parcialmente sustituida por magnesio, la whitlockita, un
mineral que se encuentra muy presente en el hueso humano, lo que mejora el
biomimetismo de la estructura [40]. Ademas, es rico en magnesio, un elemento esencial
en la diferenciacion osteogénica [40, 64]. De manera similar, la akermanita, también
presente en el andamio, actia como una fuente de magnesio, ademas de proporcionar

bioactividad, biocompatibilidad y osteoconductividad [29, 64].

Finalmente, el CS, presente en la superficie del andamio, combina bioactividad y
biocompatibilidad [15, 26, 29]. Al estar en contacto con el medio bioldgico, su capacidad
para inducir la precipitacion de apatito desde las primeras etapas del proceso regenerativo
es crucial para lograr una osteointegracion optima. Ademas, el CS promueve la adhesion
celular y la proliferacion de osteoblastos, favoreciendo la regeneracion de la zona dafiada
[26, 29, 75, 76].

412 Composicion quimica

La Figura 7 muestra los espectros FTIR de los andamios CS04 y CS05 en representacion
de todos los andamios CSX. Esta técnica proporciond informacién complementaria a la
obtenida por XRD (Figura 6). Mientras que XRD identifica las fases cristalinas, FTIR
permite detectar los grupos funcionales presentes, ofreciendo una caracterizacion

complementaria.

En ambos andamios, se identificaron los grupos funcionales Si-O-Si, PO4*, P,O7* y
HPO4* mediante espectroscopia FTIR. Las bandas asociadas a los fosfatos (PO4>)
corresponden a distintos modos vibracionales: (i) estiramiento asimétrico a 1000 y 1030
cm’!, (ii) estiramiento simétrico a 940 y 975 cm™! y (iii) flexién a 600, 588 y 550 cm™.
Asimismo, el grupo HPO4>" se identificé a 920 cm™. El grupo fosfato es caracteristico del
B-TCP y la whitlockita, ambos identificados en XRD. Sin embargo, la similitud de los
patrones de difraccion entre el B-TCP y la whitlockita dificulta una identificacion
concluyente de esta variante sustituida. En este contexto, la espectroscopia FTIR permite
la deteccion del grupo HPO4*, un marcador estructural exclusivo de la whitlockita,
confirmando la identificacion de esta fase en la muestra [77, 78].
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Para el grupo Si-O-Si, se observaron bandas en dos regiones principales: (i) estiramiento
asimétrico o flexion en el rango de 1216-1000 cm™ y (ii) estiramiento simétrico con
sefiales a 975 y 795 cm’!. También se detectd una banda de oscilacién de Si-O-Si a 458
cm’! y otra a 920 cm™! correspondiente al enlace Si-O-NBO. Estos resultados FTIR, junto
con los datos de XRD, permiten confirmar la presencia de wollastonita, akermanita y

cristobalita en la muestra.

Por tltimo, la presencia del grupo P.O7* se confirmé en ambos andamios mediante
sefiales a 725,920y 1216 cm™.. Estos datos son consistentes con el pirofosfato de calcio,

previamente detectado mediante XRD.
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Figura 7 | Espectros FTIR de los andamios CS04 y CS05

La comparacion de los espectros de CS04 y CS05 revela un patron general similar, con
la mayoria de las bandas coincidiendo. Sin embargo, en CSO05, las bandas
correspondientes a los fosfatos son significativamente mas anchas. Este efecto se atribuye
a la mayor concentracion de MgCOs utilizado como dopante en CS05 [79]. La
introduccion de dopantes genera defectos cristalinos y variabilidad en los enlaces, lo que
provoca desplazamientos en las frecuencias de vibracion. Esta variabilidad altera la forma
en que los enlaces interactian con la radiacion infrarroja, lo que resulta en un

ensanchamiento de las bandas de los espectros FTIR.

4.1.3 Propiedades fisicas: Resistencia mecanica y porosidad

En esta seccion, correspondiente a la caracterizacion fisica, las Figuras 8 y 9 muestran los
valores obtenidos de macroporosidad, resistencia a la compresion, asi como la porosidad

acumulativa y diferencial de los distintos andamios desarrollados.
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La Figura 8 presenta los resultados de picnometria y resistencia mecanica. Tras la
deposicion de la primera capa de CS, se obtuvo una estructura con una macroporosidad
del 95%, determinada por el molde polimérico, y una resistencia mecanica insuficiente
para su manipulacion y caracterizacion. La incorporacion de la fase vitrea P6 increment6
significativamente la resistencia a la compresion, alcanzando 2.4 MPa, y redujo la
macroporosidad al 89%. Este efecto se atribuye a la funcién cementante y cohesiva de
P6, que favorece la compactacion de las particulas y la formacion de una estructura mas
densa. Ademas, el dopaje con litio, respaldado por estudios previos en fosfatos calcicos,

potencia las propiedades mecanicas del material [61, 80].

Tras el ataque con TRIS y la consiguiente hidrolisis del P6, la resistencia a la compresion
disminuy6 a 1.9 MPa, acompaniada de un ligero aumento en la macroporosidad, que
ascendio al 90%. La aplicacion de las dos capas exteriores adicionales, TCP y CSX, no
produjo cambios significativos en las propiedades mecanicas ni en la macroposidad total

tal y como se puede observar en la Figura 8.
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Figura 8 | Evolucion de la macroporosidad y la resistencia a la compresion tras la
deposicion sucesiva de cada capa.

La Figura 9 y la Tabla 2 muestran la evolucion de la distribucion de la microporosidad,
determinada por porosimetria de Hg, conforme se aplican las distintas capas del andamio.
Para la primera capa CS, se observo un mayor volumen de mercurio intruido, lo que
refleja una mayor microporosidad (45%), con un predominio de la porosidad
interparticula (>1 um), que representa el 27 %. En cuanto al tamafio de los poros, se
identificaron tres regiones principales: (200-61 pm), (25-4 um) y, finalmente, los poros

en la region intraparticula (0.1-0.01 um), que representan el 18 % restante.
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Tabla 2 | Distribucion de la microporosidad

Microporosidad Microporosidad Microporosidad
Muestra interparticula intraparticula total
>1 pm) (<1 pm) (<300 pm)

(%) (%) (%)
CS 27 18 45
CS-Po6 16 17 33
Niucleo-TCP 25 11 35
CSo 23 13 36
CS04 22 12 34
CS06 26 11 37

Tras el segundo recubrimiento de P6, se observd una disminucién significativa de la
microporosidad total hasta el 33%, reflejado por una caida en el volumen intruido de Hg.
Asimismo, se identificd una reduccion de la porosidad interparticula hasta el 16%,
reflejada por un desplazamiento hacia la derecha de la curva. La porosidad intraparticula
se mantuvo practicamente invariable, representando el 17% restante. En cuanto a los
tamafios de poro, se observan dos principales regiones: de 200-4 um y de 4.6 a 0.05 um.
Este efecto se atribuye a la densificacion inducida por la fase P6, cuya alta viscosidad

favorece la obstruccion de los poros.
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Figura 9 | Curvas obtenidas mediante la técnica de porosimetria por intrusion de
mercurio: (A) porosidad acumulativa (B) porosidad diferencial de los andamios mas
representativos.
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El ataque quimico con TRIS provoco6 la hidrélisis parcial del P6, favoreciendo en cierta
medida la apertura de los poros. Esto permitié que, tras la aplicacion del recubrimiento
de TCP, se recuperase el predominio de la porosidad interparticula (25 %) y, en parte, la
microporosidad total, que aumenté al 35 %. Respecto al tamafio de los poros, se
identificaron dos regiones principales comprendidas entre 230 y 0.4 um, y entre 0.2 y
0.01 um. Aunque estos rangos son comparables a los de CS-P6, su presencia fue mayor,

como indica el incremento en el volumen intruido de mercurio.

Finalmente, para evaluar la microporosidad de los andamios multicapa CSX, se
seleccionaron CS0, CS04 y CS06 como andamios representativos, ya que no se
observaron diferencias significativas atribuibles a la variacién en el dopaje con Mg
(Figura 8). Los andamios CSX no mostraron cambios notables en la distribucion de
tamafios de poro, observandose principalmente dos regiones: una primera entre 200 y 5
pm, y una segunda entre 0.2 y 0.01 pm. En cuanto a la microporosidad, se mantuvo
relativamente constantes: porosidad interparticula (22-26 %), intraparticula (11-13 %) y
microporosidad total (34-37 %).

Para evaluar la idoneidad de estos implantes, es fundamental comprobar su
compatibilidad fisica y mecéanica con el hueso, con el fin de evitar riesgos como la
resorcion Osea o la fractura del implante. Aunque los valores pueden variar segun la
localizacion, o factores como la edad o el sexo, se estima que la porosidad del hueso
trabecular oscila entre el 50% y el 90%, y su resistencia mecanica entre 1.7y 7.5 MPa [7,
10, 13]. Al comparar estos valores con los obtenidos de los andamios, se observa que
estan comprendidos dentro de este rango (Figura 8). Este rango no solo favorece una
integracion efectiva, sino que también permite aplicar carga controlada durante el proceso
regenerativo. Este factor es crucial, ya que, segiin la Ley de Wolff, la estimulacion
mecanica favorece la remodelacion y mineralizacion 6sea, mejorando la calidad del tejido
regenerado [11, 17, 22]. Como resultado, se acelera tanto la regeneracion 6sea como la

recuperacion del paciente.

La porosidad jerarquizada es fundamental para la regeneracion tisular, ya que influye en
procesos biologicos que ocurren a distintas escalas. Los andamios estudiados presentan
una estructura porosa que varia desde macroporos, que permiten la formacion de vasos
sanguineos, hasta microporos (50-150 um) que promueven la migracion celular, y poros
en la region intraparticula (< 1 um) que permiten el intercambio de nutrientes y desechos.
Esta organizacion jerarquica es esencial para lograr una regeneracion 6sea eficiente [24,
26].
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414 Modulacion de la microestructura mediante dopaje ionico

El analisis microestructural realizado mediante FESEM-EDX, permitié observar la
evolucion de la morfologia superficial, a medida que se depositaron y sinterizaron las

distintas capas del andamio (Figura 10).

El andamio inicial, compuesto exclusivamente por CS, presentd una topografia
homogénea caracterizada por estructuras globulares con una relacion Ca/Side = 1, lo que
permiti6 confirmar la presencia de CaSiOs, previamente detectado mediante XRD (Figura
6A). Tras recubrir la estructura con P6, se observd una superficie con estructuras
poligonales con una relacion Ca/P = 1 en la periferia, tipica del pirofosfato, y una relacion
Ca/P = 1.4 en la region central, proxima al valor del TCP. En esta region central, ademas,
se distinguid un grano redondeado, rico en silicio y deficiente en calcio. Estos resultados
respaldan la hipotesis planteada en el apartado 4.1.1 sobre la migracion idnica entre capas,
sugiriendo que el grano central corresponde a SiO», derivado de la transformacion de
CaSiO; tras la cesion de calcio al P6. Como resultado de esta transformacion, las regiones
cercanas al grano reciben una mayor cantidad de calcio, favoreciendo la formacion de
TCP. Por el contrario, en las zonas distales, el ultrafosfato se transforma en una fase
estable con una relaciéon Ca/P mas baja, como el pirofosfato de calcio. Estos cristales se
encuentran rodeados por una fase vitrea deficiente en calcio (Ca/P + Si = 0.017),

correspondiente al remanente amorfo de las transformaciones.

Tras el ataque quimico con TRIS, los limites de grano quedaron mas expuestos, debido a
la hidrolisis parcial del P6. Posteriormente, al aplicar el tercer recubrimiento, compuesto
por TCP, se observo una superficie laminar cuya composicion coincidio con la del TCP
Ca/P = 1.5, consistente con los resultados de XRD (Figura 6B).

A continuacién, se analizd la microestructura de los andamios dopados con distintas

cantidades de Mg. En el caso de CS0, tras la aplicacion de la Gltima capa, se identifico

u

una superficie con estructuras redondeadas similares a gotas, con una relacion Ca/Si
0.5, acompanadas de granos poligonales de mayor tamafio con un Ca/P = 1.5,

correspondientes a TCP.

La topografia del andamio CS04 presentd un patron lamelar, con estructuras de 4 = 0.2
um de ancho y un espaciado de 7.0 = 0.1 pum, formadas por granos de silicofosfatos
calcicos con una relacion Ca + Mg/P + Si = 0.9. Esto sugiere la posible presencia de
CaSiOs parcialmente sustituido con Mg?* en lugar de Ca**, y POs* reemplazando a SiO4*.
Esta microestructura es de particular relevancia para la regeneracion esquelética, dado
que el hueso se organiza en ldminas distribuidas de manera irregular. Este biomimetismo
no solo proporciona una ventaja bioldgica significativa, sino también biomecanica, al

permitir una distribucion adecuada de las cargas.
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La superficie del andamio CS05 resultd ser heterogénea, con estructuras en forma de
bastones con un Ca/Si = 2, sugiriendo la presencia de silicato dicalcico (CazSi0s), y

granos poligonales de silicofosfatos célcicos con un Ca/P +Si = 1.5.

La microestructura del andamio CS06 fue similar a la de CS0, pero con una mayor
cantidad de cristales de TCP. Finalmente, CS075 presentd una estructura angulosa,

constituida exclusivamente por granos poligonales de TCP y pirofosfato de calcio.

Figura 10 | Topografia de los andamios tras la deposicion sucesiva de cada capa.
Micrografias obtenidas mediante FESEM-EDX de CS (A), CS-P6 (B), CS-P6-TRIS (C),
Nucleo-TCP (D), CSO (E), CS04 (F), CS05 (G), CS06 (H) y CS075 (I).

Los datos sugieren que pequefias variaciones en la cantidad de MgCOs; afectan la
microestructura y composicion superficial de los andamios. A través del dopaje idnico, se
ha logrado modular la morfologia superficial, observandose una transiciéon desde
estructuras redondeadas hasta la formacion de bastones o ldminas. Ademas, la presencia
de fosfatos célcicos estd directamente relacionada con la cantidad de Mg dopante, lo que
sugiere que el Mg compensa el déficit idnico causado por la migracion de calcio entre
capas. Este mecanismo podria explicar la formacién de whitlockita, observada en los
difractogramas XRD (Figura 6C), y confirmada mediante FTIR (Figura 7), asi como la
disminucion en la intensidad del pico principal de la cristobalita a medida que se
incrementa la cantidad de MgCO3 utilizado como dopante (Figura 6C).
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4.1.5 Biodegradacion

La biodegradacion es un aspecto fundamental de los andamios de tercera generacion cuya
finalidad es la regeneracion y no el reemplazo del tejido dafiado. En la Figura 11 se
muestran los perfiles de biodegradacion de los andamios completos CSX a lo largo de 21
dias en PBS (pH 7.4; 37 °C). Durante los primeros 7 dias, la tasa de degradacion muestra
una clara relacion con la cantidad de dopante, siendo considerablemente superior en los
andamios dopados en comparacion a CSO0. A partir de la segunda semana, las tasas tienden

a estabilizarse, alcanzando un valor cercano al 15% al cabo de 21 dias.
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Figura 11 | Biodegradacion in vitro de los andamios CSX durante 21 dias en PBS.

Para comprender esta variabilidad inicial, es necesario considerar la composicion de la
superficie expuesta al PBS. Como se describe en el apartado anterior 4.1.4, el Mg?" podria
compensar el déficit idnico y favorecer la formacion de TCP en la capa externa, que, dada
su naturaleza reabsorbible, podria favorecer la disolucién. Ademas, en los andamios
dopados, se encuentra presente junto con su variante rica en Mg, la whitlockita. Esta
sustitucion i6nica genera distorsiones en la estructura que disminuyen la cristalinidad y
estabilidad, facilitando la disolucion. Estos resultados resaltan el efecto del dopaje con
Mg en la biodegradacion, lo que sugiere que esta modificacion podria ser utilizada para
regular la tasa de degradacion inicial de los andamios. Este aspecto es fundamental, ya
que si el andamio se disuelve demasiado rapido, pierde su funcion estructural y
compromete la regeneracion osea. Por otro lado, una disolucion excesivamente lenta

puede reducir el espacio disponible para el crecimiento del nuevo tejido.

4.2 Bioactividad in vitro

El éxito de un implante 6seo radica, entre otras cosas, en conseguir una buena

osteointegracion. Esta capacidad de unirse al hueso in vivo es fundamental para la
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funcionalidad a largo plazo y evitar el desajuste del implante. En este sentido, se estudio

la bioactividad in vitro de los andamios completos CSX (Figura 9).

Inicialmente, el andamio CSO presentd una superficie compuesta por estructuras de
silicatos calcicos con diferente contenido en fosforo. En el dia 1 se identificaron
estructuras fibrilares entrelazadas, con una relacion Ca/P+Si = 0.5, hasta bastones mas
definidos tras 3 dias, caracterizados por una mayor contribucion de P, resultando en un
Ca/P+Si = 1. Este comportamiento se mantuvo hasta el séptimo dia, lo que favorecié la
formacion de un precipitado con morfologia similar al apatito y un ratio Ca/P = 1.6, muy
proximo al del hidroxiapatito estequiométrico. Ademas, se identifico un contenido
residual de Mg (0.5 at. %), proveniente del SBF, que se mantuvo sin grandes
modificaciones a lo largo del estudio. A partir de este momento, el contenido en silicio
del precipitado comenz6 a aumentar, con la consecuente reduccion de fosforo, lo que
resulté en un Ca/P~2.3 en el dia 14 del estudio. Dado que altas relaciones Ca/P favorecen
la disolucion de los apatitos, se identificaron areas donde el precipitado habia comenzado
a disolverse. Finalmente, tras 21 dias, el precipitado se disolvidé por completo, revelando
cristales con una distribucion de Ca/P a lo largo de su estructura similar a la observada en
el ntcleo, siendo proxima a 1 en la periferia y proxima a 1.5 en la region central, asi como

estructuras redondeadas con un Ca/Si = 0.5.

La superficie lamelar de CS04 presentdé un patrén morfologico distinto respecto a su
analogo no tratado con SBF (Figura 7). Tras un dia de inmersion, las lamelas se volvieron
notablemente mas delgadas, revelando nanolamelas de 700 + 100 nm y microlamelas de
1.5 £ 0.9 um, con un espaciado promedio de 2.8 £ 0.4 pum y una longitud de 9.4 £2.2 pm.
A partir del tercer dia, se observé la formacion de un delgado precipitado en la superficie
que cubria parcialmente la estructura lamelar. Este precipitado presentd una relacion Ca/P
~ 1.7 con una presencia de Mg de = 0.9 at. %. Al cabo de una semana, el precipitado
mantuvo una relaciéon Ca/P constante (= 1.7) y una ligera disminucién en el contenido de
Mg (= 0.8 at. %). A pesar de la acumulacion de precipitado, la estructura lamelar todavia
claramente reconocible mostrando canales de aproximadamente 343 = 52 nm (A) en su
superficie. A las dos semanas, el precipitado acumulado cubri6 completamente la
estructura lamelar subyacente, adoptando una morfologia uniforme que permaneciod
estable hasta el final del estudio, con una composicion constante. Los canales previamente
identificados aumentaron su densidad con el tiempo, lo que indica un proceso continuo
de modificacién en la superficie. El Ca/P se mantuvo en = 1.6, y el contenido de Mg en =
0.7 at. %. La microestructura biomimética laminar del andamio, mantenida hasta el dia 7,
permite orientar el crecimiento celular, pudiendo contribuir a una regeneracion eficiente

y organizada [43, 81].
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El andamio CS05 exhibi6 la formacion temprana de un precipitado de tipo apatito,
observable desde el primer dia de inmersion en SBF. Inicialmente, dicho precipitado se
present6 en forma de fibras o bastones entrelazados dispersos sobre una matriz de granos
poligonales. Tras tres dias, el precipitado cubri6 homogéneamente la superficie,
adoptando una morfologia cuadrangular poco definida. No obstante, al cabo de una
semana, evolucion6 hacia una estructura mas ordenada, caracterizada por cristales
aciculares tipicos del hidroxiapatito, dispuestos en microesferas de aproximadamente 2-
3 um de didmetro, con un orificio central profundo que sugiere una estructura hueca. Estas
microesferas persistieron hasta el dia 14 para finalmente fusionarse y desaparecer a 21

dias, resultando en la formacion de un recubrimiento continuo.

Los cambios morfologicos observados fueron consecuencia de modificaciones en la
composicion quimica y en la cristalinidad del precipitado. El anélisis EDX mostré una
evolucioén en la relacion Ca/P, con valores de aproximadamente 1.3 en el dia 1, 1.7 en el
dia 3, acompanado de un elevado contenido de Si (Ca/Si =~ 2.2), 1.6 enlos dias 7y 14,y
1.5 en el dia 21. Este proceso estuvo acompanado por una reduccion progresiva en el
contenido de Mg que pas6 de 1.2 at. % en el dia 1 a 0.9 at. % en el dia 7, manteniéndose

en ese valor hasta el final del estudio.

La morfologia cuadrangular observada al tercer dia fue la menos definida y, la de menor
cristalinidad, lo que puede atribuirse a la incorporacion de iones silicato (SiO4*) en la red
del apatito mediante la sustitucion parcial de los grupos fosfato (PO4>") [15, 82-85]. Este
fendmeno genera distorsiones estructurales que restringen el crecimiento cristalino,

reduciendo el tamafio de los cristales y alterando su morfologia.

Por otro lado, la formacion de microesferas huecas estd influenciada por la presencia de
Mg?*, con mayor densidad de carga que el Ca®". Su incorporacion en la estructura del
apatito induce tensiones internas que favorecen procesos de disolucion-reprecipitacion.
Este mecanismo, asociado al fendmeno de maduracion de Ostwald, promueve una
redistribucion progresiva del Mg?" en la solucién, generando un precipitado inicial con
alto contenido de este elemento y elevado estrés cristalino [79, 86, 87]. Conforme el
precipitado madura, su estructura se reconfigura, favoreciendo la formacién de
microesferas huecas, como las observadas en CS05-7D y CS07-14D. Esta hipdtesis

también podria explicar la aparicion de los canales identificados en CS04.

Las microesferas huecas presentan un alto potencial como sistemas de liberacion
controlada de moléculas bioactivas, dado su caracter biodegradable y su composicion
bioactiva basada en apatitos. Ademds, su composicion confiere un doble efecto
terapéutico, derivado tanto de la liberacién del agente terapéutico como de los iones
liberados durante la degradacion de las microesferas, tales como Ca*", PO+*", Mg*" y

S104*, estrechamente ligados a la fisiologia 6sea [61, 64]. Asimismo, aunque el tamafio
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de estas microesferas (2—3 um) es mayor que el de otros sistemas habitualmente
empleados para la liberacion de moléculas bioactivas, como nanoparticulas poliméricas,
liposomas o nanoparticulas mesoporosas de silice, su escala permite que actiien como

vehiculos capaces de inmovilizar o encapsular dichas nanoparticulas [88, 89].

1D 3D 7D 14D 21D

CS504

CSo0s5

Cs075

Figura 12 | Comportamiento bioactivo de los andamios CSX a lo largo de 21 dias

Continuando con los resultados de bioactividad, el primer dia de estudio del andamio
CS06, presentd una superficie similar a la observada en CS0, caracterizada por estructuras
redondeadas con una relacion Ca/Si = 0.5, junto con cristales poligonales de mayor
tamafio con Ca/P = 1.5. Tras tres dias de inmersion en SBF, se form6 un precipitado
formando esferas irregulares, con una relacion Ca/P = 1.4 y un 1.2 at. % de Mg,
depositadas sobre un fondo de cristales con Ca/P = 1.5. Sin embargo, a diferencia de las
esferas observadas en CS05-7D, estas estructuras eran compactas. La superficie
permanecid practicamente inalterada hasta el séptimo dia, mostrando un precipitado con
una relacion Ca/P = 1.6 y un contenido en Mg invariable. A los 14 dias, se identificé una
mayor acumulacién del precipitado, aunque sin llegar a cubrir completamente la
superficie. Respecto a la composicion elemental, se registrd una ligera disminucion en la
relacion Ca/P hasta = 1.4 y un aumento en la concentracion de Mg hasta un 2.2 at. %,
acompafiado de una morfologia aplanada y menos definida. Finalmente, al cabo de 21
dias, el precipitado desaparecio, dejando expuesta una microestructura muy similar a la
observada en el control no expuesto a SBF (Figura 10) y en CS06-1D.
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El andamio CS075 presentd una rapida formacion de precipitado. Tras un dia de
inmersion en SBF, se identificaron aglomerados esféricos similares a los observados en
CS06, formados por estructuras que recuerdan la morfologia cuadrada de CS05-3D. Su
composicion elemental reveld una relacion Ca/P = 1.5, con un alto contenido en silicio,
resultando en un Ca/Si = 1.5 y un contenido de Mg de un 1.4 at. %. Después de tres dias,
la superficie quedd completamente cubierta por un precipitado acicular, con una relacion
Ca/P = 1.5 y un menor contenido de Si, reflejado en un Ca/Si = 3.5 y mayor de Mg hasta
un 1.9 at. %. No obstante, tras siete dias, se observd una microestructura en forma de
anillos cuya composicion elemental mostré Ca/P = 1.5. A los 14 dias, la superficie
adquiri6 un aspecto diferente, caracterizado por la presencia de estructuras poligonales
con un Ca/P = 1.3 en la zona central y Ca/P = 1 en la periferia. Finalmente, al cabo de 21
dias, se observaron cristales con una relaciéon Ca/P = 1.8. Estos hallazgos sugieren un
proceso de disolucion progresiva del andamio. Inicialmente, el material mostro
bioactividad (D1-D3), seguida por la aparicion de una estructura anillada con una
composicion Ca/P = 1.5, correspondiente a la del fosfato tricalcico (D7). La disolucién

continud hasta alcanzar una estructura consistente con el nticleo del material (D21).

Uno de los objetivos de esta tesis es inducir modificaciones morfologicas en el apatito
precipitado mediante el dopaje i6nico del recubrimiento externo CSX. Durante el proceso
de disolucion, iones como Na®, K, Mg*, Ca*" y Si*’, se liberan al medio vy,
posteriormente, se incorporan a los cristales de apatito, mejorando el biomimetismo del
sistema. Las sustituciones i6nicas en la estructura cristalina de los apatitos han sido
ampliamente estudiadas, y es bien conocido que la composicion del apatito biologico
difiere de la formula estequiométrica (Caio(PO4)s(OH)2) [83-85]. Habitualmente, estos
apatitos son deficientes en calcio y presentan iones sustituyentes como Mg**, CI, Na®,
COs* o SiO4*, los cuales inducen distorsiones en la red cristalina y reducen su
cristalinidad, como se observa en CS05-3D y CS075-1D.

Entre las sustituciones ionicas identificadas en los ensayos de bioactividad, los apatitos
enriquecidos en silicio han demostrado promover la osteogénesis in vivo y favorecer una
remodelacion 6sea aproximadamente el doble de rapida que los deficientes en Si [82, 84].
Por su parte, los apatitos dopados con magnesio favorecen la regeneracion Osea al
estimular procesos clave como la diferenciacion osteogénica y la mineralizacion de la

matriz 6sea, ademas de exhibir actividad antimicrobiana [82, 90, 91].

Los resultados de bioactividad no solo actGan como indicadores cualitativos de
osteointegracion, sino que también reflejan la velocidad y eficiencia de este proceso.
Kokubo et al. describieron la correlacion entre la rapidez de precipitacion de apatitos y el
grado de crecimiento tisular, mostrando que los materiales capaces de formar apatito en

menor tiempo logran una unién 6sea mas rapida in vivo, favoreciendo la regeneracion
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[92]. En este sentido, CS04 y, especialmente CS05, podrian favorecer una unioén al hueso

acelerada.

Para estudiar la liberacion de iones de los andamios y su incorporacion en el precipitado
de apatito, se evaluo la composicion ionica del SBF a lo largo del estudio (Figura 13).
Los resultados obtenidos evidencian una tendencia comun en todos los andamios
bioactivos, caracterizada por una relacion inversa entre el Si*" y el P*". A medida que el
andamio se disuelve, se observa un incremento en la concentracion de Si*' en el SBF,
mientras que la concentracion de P** disminuye, como consecuencia de su incorporacion
a los precipitados de apatito. Este proceso se prolonga hasta alcanzar un estado de
saturacion, que resulta en la precipitacion de compuestos ricos en silicio, como se observa
en CS0-21D y CS06-21D (Figura 12). Estos compuestos desempefian dos funciones: por
un lado, inducen la disolucion del apatito existente y, por otro, actian como nucleos para
la formacion de nuevo apatito. Este mecanismo de bioactividad intermitente ha sido

previamente descrito en otros materiales por otros autores [93].
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Figura 13 | Variacion de las concentraciones i6nicas en el SBF a lo largo del estudio de
bioactividad

En el caso del andamio CSO0, la disminucion de la concentracion de P> es constante hasta
el dia 7, mientras que en los andamios CS04 y CS05 se mantiene a lo largo de todo el
estudio hasta alcanzar valores cercanos a 0. El andamio CS06 muestra una disminucion
de P’ durante los primeros 7 dias, seguida de una meseta hasta el dia 14 y un ligero
aumento en el dia 21, coincidiendo con la precipitacion y disolucion del apatito.
Finalmente, en el andamio CS075, la concentracion de P*~ cae inicialmente hasta el dia 3,
coincidiendo con la formacién de los primeros precipitados, aumentando posteriormente

debido a su disolucion (Figura 12). A partir del dia 14, vuelve a descender, mostrando el
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comportamiento intermitente descrito. Este comportamiento dinamico es andlogo al del

hueso, que experimenta un proceso continuo de formacién y resorcion (ver Apartado
1.2.4).

A pesar de la relacion esperada entre la variacion de P>* y la de Ca*, esencial para la
precipitacion de apatito, los niveles de Ca*" permanecen elevados (>100 mg/L) y no
muestran una correlaciéon directa con P*. Esto sugiere que la concentracién de Ca en los
andamios es lo suficientemente alta como para equilibrar la cantidad precipitada con la

disuelta.

En cuanto a los iones dopantes minoritarios, como Li* y Mg?*, se observaron ligeras
variaciones. Dado que el Li se encuentra en el nicleo como dopante de P6, su liberacion
puede servir como un indicador de la degradacion del andamio. Los andamios con menor
contenido de Mg (CS0, CS04, CS05 y CS06) muestran una liberacion mas sostenida y
menos pronunciada de Li" en comparacion con CS075, donde la liberacién aumenta
significativamente tras 14 dias. Esto coincide con los resultados de biodegradacion
(Figura 7), que indican una mayor tasa de degradacion para el andamio CS075, debido a
su composicion superficial mas rica en Mg (Apartados 4.1.4 y 4.1.5). El comportamiento
del Mg** es similar en todas las muestras: tras un dia de inmersion en SBF, su
concentracion disminuye y se estabiliza en torno a 30-40 mg/L. Como se ha observado
mediante FESEM-EDX, los precipitados de apatito incorporan Mg en su estructura, lo
que estd estrechamente relacionado con la formacion de microesferas huecas y la
aparicion de canales. Segun el mecanismo de maduracion de Ostwald [86, 87], seria este
precipitado inicial rico en Mg, el responsable de introducir tensiones estructurales que
favorecen su disolucion y posterior reorganizacion, dando lugar a microesferas huecas en
CSO05 o a canales en CS04, dependiendo de la cantidad de Mg dopante empleada. En el
caso de CS0, aunque también se observa la precipitacion inicial de Mg, este proviene
exclusivamente del SBF, lo que limita su disponibilidad y, por ende, su efecto en la

reorganizacion estructural del precipitado.

4.3 Biocompatibilidad

La seleccion de los andamios para la caracterizacion biologica in vitro se bas6 en los
resultados obtenidos de la caracterizacion fisicoquimica y bioactiva. Aunque todos los
andamios CSX presentaron una composicion, propiedades fisicas y un perfil de
biodegradacion adecuados, los andamios CS04 y CS05 destacaron por su mayor
idoneidad para aplicaciones en ingenieria de tejido 6seo. En particular, ambos mostraron
bioactividad temprana, en el tercer dia para CS04 y en el primer dia para CS0S5, y
sostenida a lo largo del estudio, acompafiada de modificaciones morfologicas

significativas. Las ldminas de CS04 podrian inducir el direccionamiento del crecimiento
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celular, mientras que las esferas huecas de CS05 resultarian idoneas para la encapsulacion

y liberacién controlada de moléculas bioactivas.

En los articulos 1 y 2, la caracterizacion biologica se limito al analisis de citotoxicidad
con el objetivo de descartar efectos adversos sobre la viabilidad celular. Una vez
confirmada la citocompatibilidad de los andamios, en los articulos 3 y 4 se realiz6 una
caracterizacion biologica mas detallada, centrada en evaluar propiedades especificas para
la regeneracion del tejido dseo. Ademas, en el articulo 3, el andamio CSO se incluy6 como
control experimental debido a su ausencia de magnesio, con el objetivo de evaluar si la
incorporacion de este ion en el andamio CSO5 podria inducir efectos biologicos

beneficiosos adicionales a su implicacion en la formacion de microesferas huecas en SBF.

431 Citotoxicidad

Se realiz6 un estudio in vitro de la compatibilidad celular de los andamios CS0, CS04 y
CS05, asi como de sus productos de disolucion, utilizando tres ensayos colorimétricos
distintos: MTT, alamarBlue y CCK8, empleados para evaluar la viabilidad celular y la

actividad metabdlica.

Asimismo, estos ensayos permitieron investigar como la microestructura superficial
influye en el comportamiento celular. Con este objetivo, se compararon las diferentes
topografias obtenidas en un mismo andamio a lo largo del estudio de bioactividad (Figura
12), en relacion con el andamio no expuesto a SBF (Figura 7). En el articulo 1, se compar6
la viabilidad celular del andamio CS05-0D, antes de la inmersion en SBF, con la
morfologia cuadrada de CS05-3D, las microesferas huecas de CS05-7D y la superficie
lisa de CS05-21D. Por otro lado, en el articulo 2, se compard la proliferacion celular tras
la exposicion a las distintas topografias del andamio CS04, incluyendo las laminas
gruesas de CS04-0D, las laminas delgadas de CS04-1D, las laminas con precipitado de
apatito de CS04-7D vy la superficie lisa de CS04-14D.

4311 Efecto directo

La citotoxicidad directa, ensayada sobre el propio andamio, se evalud en distintos tipos
celulares mediante los ensayos MTT, alamarBlue y CCK-8 (Figura 14).

El ensayo MTT sobre fibroblastos murinos 3T3, reveld una proliferacion celular mayor
en los andamios recubiertos con apatito (CS05-3D, CSO05-7D y CS05-21D) en
comparacion con CS05-0D (Figura 14A). Aunque las diferencias eran sutiles tras el
primer dia de cultivo, se hicieron mas evidentes a las 48 horas y alcanzaron su punto
maximo al tercer dia. Entre los distintos grupos, CS05-7D mostro la respuesta bioldgica
mas favorable, lo que sugiere que su morfologia de microesferas, al igual que las ldminas

en CS04, aumenta el area superficial efectiva del andamio, lo que facilita la adhesion
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celular. Asimismo, se observé un crecimiento constante de la poblacion celular para todos

los grupos de estudio, confirmando la citocompatibilidad de CSO0S5.

De manera similar, el ensayo alamarBlue revelo6 diferencias significativas en la viabilidad
celular en funcidn de la microestructura del andamio CS04 (Figura 14B). Desde el primer
dia, los andamios con precipitados de apatito (CS04-7D y CS04-14D) presentaron una
mayor viabilidad celular en comparacioén con los grupos sin precipitados, destacaindose
CS04-7D como el mas favorable. A partir del tercer dia y hasta el final del estudio, CS04-
7D mantuvo una proliferacion celular significativamente superior, en particular frente a
CS04-1D, cuya microestructura es analoga, salvo por la ausencia del recubrimiento de
apatito. Esto sugiere que la presencia de apatito promueve el crecimiento de fibroblastos
3T3. Este hallazgo se encuentra en concordancia con estudios previos que indican que el
hidroxiapatito no solo es biocompatible, sino que también puede estimular la
proliferacién celular en fibroblastos [94, 95]. Asimismo, la comparacion entre los
andamios recubiertos con apatito mostré una CS04-7D mayor poblacion celular, lo que
indica que su microestructura laminar ofrece un entorno mas propicio para la adhesion y
proliferacion celular. Este efecto podria atribuirse al aumento del area superficial
generado por la disposicion laminar, lo que incrementa la disponibilidad de sitios para el

anclaje celular y potencia la interaccion célula-material.

Para ampliar el estudio a células humanas, se realizé un andlisis de citotoxicidad en
fibroblastos primarios humanos HFF-1. En este caso, se evaluo la proliferacion celular a
los 3 y 7 dias de cultivo en los andamios CS0-0D y CS05-7D mediante el ensayo CCK-8
(Figura 14C). Los resultados mostraron un aumento en la poblacion celular con el tiempo,
lo que indica la citocompatibilidad de ambos andamios. Ademas, al igual que en los
resultados obtenidos en fibroblastos murinos (Figura 14A-B), que mostraron una mayor
proliferacion celular en los andamios recubiertos con apatito, CS05-7D favorecio una

mayor proliferacion celular en comparacion con CS0-0D, que no contiene apatito.

Asimismo, se evaluo6 la viabilidad y la capacidad proliferativa de las MCSc humanas
sembradas sobre los andamios CS0-0D y CS05-7D mediante el ensayo CCK-8 (Figura
14D). Los resultados tras 3 y 7 dias de cultivo mostraron un incremento significativo en
la poblacion celular con el tiempo, siendo este aumento particularmente pronunciado en
las MSCs cultivadas sobre CS05-7D. Este hallazgo resulta particularmente relevante, ya
que una adecuada respuesta celular por parte de las MSCs es crucial para el éxito de los
tratamientos de regeneracion Osea, debido a su capacidad para diferenciarse en

osteoblastos y participar activamente en la formacion de nuevo tejido 6seo.

Por ultimo, se llevo a cabo el ensayo CCK-8 en preosteoblastos murinos MC3T3-E1
sembrados sobre los andamios CS04 y CS05 (Figura 14E). A diferencia de las MSCs, que

son células indiferenciadas con potencial osteogénico, la linea celular MC3T3-El
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presenta un grado de diferenciacion mas avanzado dentro del linaje 6seo, lo que permite
evaluar el desempeno de los andamios en células comprometidas con la formacidn 6sea.
Se observo un aumento progresivo en la poblacion celular para ambos andamios, lo que
confirma su citocompatibilidad. Aunque las diferencias no alcanzaron significacion

estadistica, CS05 mostré una tendencia a favorecer una mayor viabilidad celular en

comparacion con CS04.
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Figura 14 | Evaluacion de la citotoxicidad de los andamios en distintas lineas
celulares. Resultados de la viabilidad celular determinados mediante los ensayos MTT
(A) y alamarBlue (B) en fibroblastos murinos 3T3, y mediante CCK-8 en fibroblastos
humanos HFF-1 (C), MSCs humanas de médula 6sea (D) y preosteoblastos murinos
MC3T3-El (E).

Otro indicador esencial de la salud y funcionalidad celular en ingenieria de tejido 6seo es
la morfologia celular. Una morfologia fenotipica extendida sugiere una interaccion
favorable entre la célula y el material, favoreciendo la adhesion, proliferacion y
diferenciacion celular. Por el contrario, en superficies no biocompatibles, las células
tienden a adoptar una forma contraida, minimizando el 4rea de contacto con el material.
Estos cambios morfolégicos suelen estar asociados con estrés celular y pueden

comprometer la adhesion, llegando incluso a inducir apoptosis o necrosis.
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En este sentido, complementando los ensayos de viabilidad celular, se analizé mediante
SEM la morfologia de las células HFF-1, MSCs y MC3T3-E1 fijadas sobre los andamios
(Figura 15).
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Figura 15 | Morfologia celular tras cultivar distintos tipos celulares sobre los andamios
CS0y CS05-7D (A-B) y CS04 y CS05 (C).

Las células HFF-1 fijadas sobre CS0-0D y CS05-7D tras 3 y 7 dias de cultivo (Figura
15A 1), mostraron una morfologia, alargada y fusiforme extendiéndose a lo largo del
andamio, con un aspecto similar al del control en plastico (Figura 15A). Ademas, se
observé una acumulacion progresiva de células en la superficie de los andamios, lo que

sugiere una interaccion celular favorable.

De manera similar, las MSCs fijadas sobre CS0-0D y CS05-7D tras 3 y 7 dias de cultivo
(1), presentaron una morfologia alargada caracteristica del tipo celular, lo que confirma

la biocompatibilidad del material (Figura 15B).
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Finalmente, las células MC3T3-E1 fijadas sobre los andamios CS04 y CS05 mostraron
una morfologia extendida, con presencia de filopodios y lamelipodios, lo que indica una
adhesion y migracion celular adecuadas (Figura 15C). Asimismo, se observd una
colonizacion progresiva de la superficie del andamio a lo largo de los 21 dias de estudio,

aunque no se alcanz6 una cobertura completa.

4312 Efecto indirecto

Los andamios, en el entorno fisioldgico, experimentan un proceso de disolucion debido a
la interaccion con los fluidos bioldgicos. Evaluar el efecto indirecto de los andamios, a
través de sus productos de disolucion, permite analizar su impacto en las células vecinas,
las cuales, aunque no estén en contacto directo con el material, pueden influir en el

proceso de regeneracion 6sea mediante la sintesis y mineralizacion de la matriz 6sea.

Este efecto indirecto se estudi6 en todos los tipos celulares ya mencionados mediante dos
enfoques. El primero es un abordaje acumulativo, donde el andamio intacto se sumerge
en medio de cultivo celular durante 24, 48 o 72 horas, permitiendo su disolucion
progresiva y la acumulacion de los productos liberados. El segundo consiste en preparar
disoluciones de concentracion definida (10 y 100 mg/mL) de andamios triturados. A
diferencia del anterior, en este caso, la disolucioén ocurre de forma simultanea para todas
las capas. Ademas, esta solucion se mantiene en paralelo con el estudio celular, renovando

el medio de cultivo de forma periddica, lo que imita el aclaramiento fisiologico.

En primer lugar, se evalud la viabilidad celular de los fibroblastos murinos 3T3 tras 1, 2
y 3 dias de exposicion a los productos de disolucion de CS04 y CS0S5, utilizando el
enfoque acumulativo a concentraciones de 15 y 30 mg/mL.

Los resultados del ensayo MTT, que evalua la respuesta celular al cCCM de CSO05,
mostraron un crecimiento celular constante que incluso superd al del control tratado con
medio de cultivo sin productos de disolucion, permitiendo descartar efectos citotoxicos
(Figura 16A). Ademas, se observd que, para ambas concentraciones, aunque de forma
mas pronunciada para 15 mg/mL, el efecto pro-proliferativo era directamente
proporcional al tiempo de disolucion de los andamios (cCCM-7D > ¢cCCM-3D > cCCM-

1D), lo que sugiere que la acumulacién de los productos de disolucion resulta beneficiosa.

De forma similar, el ensayo alamarBlue permitié evaluar la citotoxicidad del cCCM de
CS04 en fibroblastos 3T3 (Figura 16B). En este caso, se prepararon tres disoluciones:
cCCM-1D, cCCM-2D y cCCM-3D, nuevamente a concentraciones de 15 y 30 mg/mL.
Como en los resultados obtenidos con el ensayo MTT, se observd un crecimiento celular
que superd al del control. Esta induccion de la division celular fue, en general, mayor para
la concentracion de 30 mg/mL. Entre todas las disoluciones, cCCM-2D, a ambas
concentraciones, fue la que mostr6 la mayor capacidad de inducir proliferacion celular.
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Figura 16 | Evaluacion de la citocompatibilidad de los productos de disolucion de los
andamios mediante enfoques acumulativo (A-D) y no acumulativo (E-F). Analisis de
viabilidad celular en fibroblastos murinos 3T3 tras la exposiciéon al cCCM de CS05
mediante MTT (A) y al cCCM de CS04 mediante alamarBlue (B). Evaluacion de la
proliferacion mediante CCK-8 en HFF-1 (C) y MSCs de médula 6sea (D) tras la
exposicion al cCCM de CS0-1D y CS05-1D. En el enfoque no acumulativo, se evalud la
viabilidad (E) y morfologia celular (F) de MC3T3-El tras la exposicion al ncCCM de

CS04 y CS05.
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También se evaluo, mediante el ensayo CCK-8, el efecto del cCCM-1D de CS0 y CS05-
7D sobre la viabilidad celular de fibroblastos humanos HFF-1 tras 3 y 7 dias de cultivo
(Figura 16C). Los resultados mostraron un comportamiento similar al observado en
fibroblastos murinos 3T3, con proliferacion continua y ligeramente superior al control.
Sin embargo, este efecto fue menos pronunciado que en el caso anterior, probablemente
debido a que, tras 1 dia de disolucion, se acumulan menos productos de disolucion, lo que
resulta en un impacto méas moderado sobre la viabilidad celular. Los resultados indicaron
una buena citocompatibilidad de los productos de disolucion, sin diferencias
estadisticamente significativas entre los cCCM-1D de CS0 y CS05-7D.

El efecto de los cCCM-1D de CS0 y CS05-7D también se evalué en MSCs mediante el
ensayo CCK-8, tras 3 y 7 dias de cultivo, observandose el mismo comportamiento que en
los fibroblastos HFF-1 (Figura 16D).

Para continuar con este estudio, se procedi6 a analizar los efectos de los productos de
disolucion mediante un enfoque no acumulativo, un enfoque replicando el proceso de
aclaramiento corporal. En este caso los medios de cultivo acondicionados se denominaran
no acumulativos, o ncCCM. Se estudiarad el ncCCM de CS04 y CS05 a lo largo de 21 dias
en preosteoblastos MC3T3-El.

La Figura 16E muestra un incremento progresivo en la poblacion celular a lo largo del
tiempo en cada grupo de tratamiento, lo que sugiere que los productos de disolucion del
andamio son citocompatibles. Aunque la viabilidad celular es ligeramente inferior a la del
control al inicio, a partir del séptimo dia se observa un aumento significativo en todos los
grupos tratados. En particular, CS05, a ambas concentraciones, mostrd valores
significativamente mas altos que el control y CS04 a la misma concentracion. A partir del
dia 14, la proliferacion celular parece alcanzar un punto de saturacion, dado que el cultivo
2D ha ocupado toda el area disponible, limitando el crecimiento posterior. Sin embargo,
en el caso de CS04 a 100 mg/mL, debido a la menor poblacion celular inicial, se observo
un ligero aumento en la viabilidad, probablemente porque aun quedaba superficie

disponible para la proliferacion.

Finalmente, se evalu6 la morfologia celular de MC3T3-El a lo largo de 7 dias tras la
exposicion al ncCCM de CS04 y CS05 a 10 y 100 mg/mL (Figura 16F). Tras 1 dia de
cultivo, se observaron células adheridas a la placa de cultivo, mostrando su morfologia
caracteristica fusiforme, cuya densidad aumento a lo largo del estudio. Aunque el ensayo
CCK-8 se realiz6 hasta el dia 21, solo se incluyeron imagenes hasta el dia 7, ya que, como
se muestra en la Figura 16E, a partir de este dia la proliferacion celular alcanzé una
meseta, probablemente debido a la saturacion de la placa, que impidid6 obtener

informacion adicional.
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Para obtener una vision mas clara del mecanismo o los iones involucrados en esta
respuesta celular, se caracteriz6 i6nicamente el cCCM-XD y el ncCCM mediante ICP-
OES (Figura 17). Los iones pueden clasificarse en tres categorias segun su

comportamiento: iones liberados, iones capturados e iones fluctuantes.

Respecto a los iones liberados, en el cCCM-XD de CS04 y CS05, se observo la liberacion
de Si*", Li" y P*. Sin embargo, en el ncCCM de CS04 y CS05, se observo la liberacion
de Ca*", Si*" y Li". La liberacion de Si*' es particularmente relevante en aplicaciones
ortopédicas debido a su conocido papel en la osteogénesis, estando bien documentado su
impacto en la mejora de la diferenciacion osteogénica y la mineralizacion osea [27, 64,
82]. Al comparar el grado de liberacion entre ambos enfoques, se observo que en el
cCCM-XD, tan solo en 3 dias se alcanza una concentracién de Si*' muy similar a la
liberada por el ncCCM a la mayor concentracion, lo que sugiere que su acumulacion

durante periodos mas prolongados podria resultar citotoxica.

Respecto al litio, aunque es un metal alcalino toxico, se ha demostrado que tiene
propiedades angiogénicas y osteogénicas cuando se incorpora como dopante en
materiales cerdmicos, tanto en condiciones in vitro como in vivo [61, 64, 96]. Wang et al.
demostraron que el litio tiene un efecto pro-proliferativo sobre las células madre
mesenquimatosas oseas [96], ademas de actuar como un activador de la via Wnt,
implicada en la formacion de vasos sanguineos y osteogénesis [30, 61]. Al comparar las
cantidades liberadas en los enfoques acumulativo y no acumulativo, se observa una mayor

liberacion en el primero, como era de esperar, aunque sin alcanzar niveles toxicos.

Por otro lado, la liberacion de Ca®" ocurre en el enfoque no acumulativo, pero no en el
acumulativo. Esto podria explicarse porque, en el enfoque acumulativo, el andamio se
disuelve capa por capa. Segln la teoria de la migracion i6nica del calcio entre capas
(apartado 4.1.1), el calcio tiende a difundir hacia el niicleo del andamio, lo que hace que
no esté tan presente en la superficie. Sin embargo, en el enfoque no acumulativo, se
exponen a la disolucion todas las fases del material, incluyendo las del nacleo, debido a
que el andamio ha sido triturado. Dado el alto contenido de CaO en las muestras, no es

sorprendente que el calcio se libere en este caso.

En cuanto a los iones capturados por el andamio en cCCM-XD de CS04 y CS05, se
destacan principalmente el Ca*>" y el Mg?*, mientras que en el caso del ncCCM, los iones
predominantes son el P>y el Mg?*. Dado que las diferencias esperadas en los productos
de disolucion de los andamios dependen principalmente de la cantidad de MgCO3
utilizado como dopante, y dado que no se observo liberacion de Mg** en los andamios
que contienen este ion, se decidid no caracterizar el cCCM de CSO0, ya que este no incluye
Mg en su composicion. No obstante, seria interesante realizar estudios adicionales en
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presencia de osteoclastos, capaces de resorber minerales, lo que podria promover la

liberacion de estos iones al medio.

Finalmente, en ambos casos se observo que los iones Na" y K, que estan presentes en
altas concentraciones en el medio de cultivo (control), mostraban un comportamiento

oscilante, siendo capturados y liberados de manera ciclica por los andamios a lo largo del

estudio.
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Figura 17 | Variacion de la concentracion ionica de los productos de disolucion de CS04 y CS05
mediante un enfoque acumulativo (A) y no acumulativo (B).

4.3.2 Diferenciacion osteogénica

Los andamios formados por materiales de tercera generacion desempefian un papel
fundamental en la regeneracion Osea, ya que no solo proporcionan soporte estructural,

sino que también estimulan activamente la diferenciacion osteogénica.
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Para evaluar la capacidad de osteoinduccion de los andamios multicapa, se analizé su
capacidad para inducir la diferenciaciéon osteoblastica mediante dos enfoques
complementarios (Figura 15). En primer lugar, se llevé a cabo mediante un enfoque
indirecto, en el que se estudio la diferenciacion de las MSCs cultivadas en presencia de
cCCM-1D de CSO y CS05-7D durante 21 dias (Figura 15A). Posteriormente, en un
enfoque directo, se evalud la diferenciacion de preosteoblastos MC3T3-E1 cultivados
sobre los andamios CS04 y CSO05 (Figura 15B). Para ello, se emplearon tres técnicas de
tincion ampliamente utilizadas en el estudio de la osteogénesis: ARS, von Kossa y ALP.
Mientras que las tinciones de ARS y von Kossa permiten identificar la deposicién de
calcio en la matriz extracelular, la tincion de ALP proporciona informacién sobre la
actividad enzimatica de la fosfatasa alcalina, un marcador ampliamente reconocido de

diferenciacion osteogénica [67, 98].

Respecto al método indirecto, todas las muestras analizadas presentaron una adecuada
proliferacion celular, manteniendo una morfologia fenotipica caracteristica (Figura 15A).
Sin embargo, se observaron diferencias en la intensidad de las tinciones, siendo
significativamente mayor en las células tratadas con cCCM en comparacion con el
control. Este resultado concuerda con los datos obtenidos mediante ICP-OES, que
revelaron una mayor concentracion de Si*, Li* y P>~ en el cCCM. Si bien el papel del Si
y el Li en la osteogénesis ha sido previamente discutido (ver apartado 4.3.1.2), el P
también desempefia una funcion clave. Estudios previos han demostrado que los iones de
P> pueden modular multiples procesos osteogénicos, incluida la activacién de la

expresion de osteopontina, una proteina esencial en la formacion 6sea [98, 99].

En el enfoque directo, se evalud la actividad osteogénica de los andamios CS04 y CS05
mediante ARS y la cuantificacion de la actividad de la ALP en cultivos de MC3T3-E1
durante 21 dias (Figura 18B-D). Dado que la tincion ARS detecta depositos de calcio y
los andamios CS04 y CSO05 presentan un alto contenido de CaO, se sometid a estos
andamios al mismo protocolo de tincion para establecer un control (0D) que permitiera
discriminar la senal de fondo atribuible al material. Desde el dia 0, la tincion ARS en los
andamios mostr6 un tono rosado, que progresivamente adquirié una tonalidad morada al
dia 7, y un rojo intenso a los dias 14 y 21, lo que reflejé una mineralizacion gradual de la
matriz extracelular (Figura 18B). La cuantificacion de ARS, presentada en la Figura 18C,

mostrd una evolucion colorimétrica similar entre el control y los andamios.

Durante los primeros 14 dias, la sefial de ARS fue mayor en el control, lo que coincidi6
con la aparicion de los primeros nodulos de mineralizacion. No obstante, tras 21 dias, se
observo una mayor mineralizaciéon en las células cultivadas sobre CS04 y CS0S5,
especialmente en CS04, que presento diferencias estadisticamente significativas respecto

al control. Estos resultados son consistentes con estudios previos que indican que el
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subclon MC3T3-E1 comienza a depositar matriz 6sea aproximadamente a los 10 dias de

cultivo.
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Figura 18 | Evaluacion de la capacidad de osteoinduccion de los andamios mediante
un enfoque indirecto (A) y directo (B-D). Evaluacion de la mineralizacion celular en
MSCs mediante diferentes tinciones (A), y en MC3T3-El mediante ARS (A, B) y
cuantificacion de la actividad de la ALP (D).

La diferencia observada entre la deposicion de calcio en CS04 y CS05 puede atribuirse a
la microestructura de CS04, que forma estructuras lamelares similares a las del tejido
6seo. El papel de la microestructura en la diferenciacion de osteoblastos ha sido
ampliamente documentado en la literatura cientifica. [33, 40, 43, 49, 50, 52, 100, 101].
Ademas, Abagnale et al. destacaron que las superficies con ranuras, como los surcos y

crestas o las laminas, son especialmente beneficiosas para la diferenciacion 6sea [101].

Como complemento a este estudio, se cuantifico la actividad especifica de la ALP en los
preosteoblastos cultivados sobre los andamios CS04 y CS05 (Figura 18D). Se observo
una mayor actividad en las células cultivadas sobre los andamios en comparacion con el
control 2D, manteniéndose esta diferencia a lo largo del estudio. Este incremento puede
atribuirse al alto contenido de fosfatos de calcio en los andamios, principalmente
pirofosfato de calcio y B-TCP, asi como a su variante parcialmente sustituida, whitlockita,
que actian como sustrato para la enzima. Ademas, la alcalinizacion del medio inducida
por la liberacion de SiO4~ genera un entorno bioquimico 6ptimo para la actividad de ALP,

cuya funcidn es mas eficiente en condiciones alcalinas.

4.3.3 Propiedades angiogénicas

Para lograr una regeneracion oOsea efectiva, es fundamental la combinacién de
osteogénesis y angiogénesis. Entre las diversas vias angiogénicas, la sefalizacion

mediada por VEGF es la mas ampliamente estudiada. En este contexto, se evalud el
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potencial angiogénico de los andamios CS04 y CS05 mediante la cuantificacion de la
liberacion de VEGF en los sobrenadantes celulares, tomando como referencia el 100% de

la liberacion observada en el grupo control (Figura 19).

Durante la primera semana del estudio, no se observaron diferencias estadisticamente
significativas entre las células del control y aquellas cultivadas sobre los andamios. Sin
embargo, a los 14 dias, estas diferencias se hicieron evidentes, con niveles de liberacion
de VEGF del 160% para CS05 y del 170% para CS04. A los 21 dias, estas diferencias no
solo se mantuvieron, sino que también mostraron un incremento en su significancia
estadistica. En conjunto con los resultados de porosidad (Figura 8), estos hallazgos
sugieren que los andamios podrian favorecer la formacion de una red vascular que infiltre

su estructura, proporcionando el soporte nutricional necesario para las células en su

interior.
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Figura 19 | Liberacion de VEGF en sobrenadantes celulares de MC3T3-E1.
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S. CONCLUSIONES Y
PROYECCIONES FUTURAS

En este capitulo se recogen los principales resultados obtenidos a lo largo de la presente
Tesis Doctoral, de acuerdo con los objetivos planteados en la misma. Ademas, se expone
el impacto potencial de dichos resultados en el &mbito de los biomateriales y la ingenieria
de tejido 6seo, asi como las posibles lineas de investigacion futuras encaminadas a

avanzar hacia su optimizacion y validacion clinica.

51 Conclusiones

En el presente estudio, se han desarrollado andamios vitroceramicos de tercera generacion
dentro del sistema SiO>-CaO-P»0s, mediante la técnica de replicacion de esponjas
poliméricas, que permitid crear estructuras tridimensionales con una macroporosidad
interconectada del 85%. A través del método sol-gel, se realizaron recubrimientos
multiples de los andamios por inmersion en la solucion precursora de cada capa. Como
resultado de la combinacion de fases del enfoque multicapa, se obtuvieron andamios
multifuncionales, compatibles fisica y mecdnicamente con el hueso trabecular,

biodegradables, bioactivos y biocompatibles.

La disposicion secuencial de los recubrimientos, desde las capas internas hacia las

externas, contribuy6 de distinta forma a las propiedades finales del andamio:

e Elrecubrimiento de CS sirvié como molde y fuente de Ca>".

e El recubrimiento de P6 modificado con o6xido de litio (Li2O), mejord las
propiedades mecanicas, resultando una resistencia final a la compresion de 1.8
MPa.

e El recubrimiento de TCP actué como reservorio idénico para la deposicion de
apatito.

e El recubrimiento de CS fue modificado con la incorporacion de 6xidos de sodio
(Na20), potasio (K20) y distintas concentraciones de 6xido de magnesio (MgO),

aportando bioactividad y modificaciones en la topografia superficial.

Desde el punto de vista funcional, el Mg?*, debido a la elevada densidad de carga, generd

los resultados mas significativos:

e Se identificé un rango 6ptimo de MgCOs entre 0,4 y 0,5 g (correspondiente a los
andamios CS04 y CS05), que presentd los mejores resultados desde el punto de

vista bioactivo y topografico.
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e El andamio CS04 presentd una microestructura laminar biomimética, que se
mantuvo hasta el séptimo dia del ensayo de bioactividad, momento en el que
quedo oculta bajo un denso precipitado de apatito.

e El andamio CS05-7D present6 la formacidon de microesferas huecas de apatito,
asociadas al fendmeno de maduracion de Ostwald, con potencial aplicacion para

el almacenamiento y la liberacion controlada de farmacos o biomoléculas.

Ademas, la diversidad mineralogica inducida por la combinacién de la estrategia
multicapa y el dopaje i6nico, produjo la liberacion de iones que, junto con las
caracteristicas topograficas de los andamios, desempefiaron un papel fundamental en el

comportamiento biologico in vitro, arrojando los siguientes resultados:

e Los andamios CS0, CS04 y CS05 demostraron ser citocompatibles y evidenciaron
una adecuada interaccion célula-andamio en todos los tipos celulares evaluados.

e Los productos de disolucién resultaron citocompatibles tanto en el enfoque
acumulativo (cCCM) como en el no acumulativo (ncCCM), y propiciaron una
proliferacion celular mayor en todos los tipos celulares evaluados en comparacion
con el control.

e Se identifico la liberacion de Si** y Li*, dos iones con actividad osteogénica y
angiogénica, en ambos enfoques. Adicionalmente, se detecto la liberacion de P?~
en el cCCM y de Ca** en el ncCCM.

e Los estudios de osteoinduccion mediante el método indirecto en MSCs humanas
revelaron que el cCCM de los andamios CS0O y CSO05 fue capaz de inducir una
mayor expresion de la ALP y un incremento en la mineralizacion.

e En el método directo, los andamios CS04 y CS05 demostraron su capacidad
osteogénica al estimular una mayor actividad especifica de la ALP en
preosteoblastos MC3T3-E1, asi como una mayor formacion de depositos de calcio
respecto al control.

e Los andamios CS04 y CSO05 estimularon significativamente la liberacion de
VEGF en preosteoblastos MC3T3-E1, con incrementos de hasta un 170 % en

comparacion con el control, lo que demuestra su capacidad angiogénica.

5.2 Proyecciones Futuras

De cara a futuras lineas de investigacion, resulta de especial interés evaluar el potencial
efecto antimicrobiano de los andamios, asociado a la presencia y liberacion de iones de
silicio, dada su implicaciéon en la inhibicion del crecimiento bacteriano [27]. La
confirmacion de esta propiedad contribuiria a la prevencion de infecciones
postoperatorias, una de las principales complicaciones asociadas a la implantacion de

dispositivos médicos.
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En segundo lugar, se plantea un andlisis de la capacidad de carga y liberacion controlada
de agentes terapéuticos, aprovechando tanto los espacios interlamelares como las
microesferas huecas generadas por la accion del magnesio. Estas estructuras presentan un
elevado potencial como reservorios, permitiendo la liberacion local de moléculas
bioactivas personalizadas segin el perfil clinico del paciente. Por ejemplo, la
encapsulacion de bisfosfonatos en pacientes con osteoporosis, agentes antineopldsicos en
casos de osteosarcoma, o factores de crecimiento en situaciones que requieran una

regeneracion tisular acelerada.

Una vez caracterizadas estas funciones adicionales, el siguiente paso consistiria en el
desarrollo de estudios preclinicos en modelos animales. Estos ensayos permitiran evaluar
no solo la capacidad osteoinductora y osteoconductora de los andamios en condiciones
fisiologicas reales, sino también aspectos clave como la calidad del tejido 6seo
neoformado, la vascularizacién inducida, la integracion con el hueso huésped y la

respuesta inmunologica asociada.
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6. CONCLUSIONS

In this study, third-generation vitroceramic scaffolds were developed within the SiO»-
Ca0O-P,0s system using the polymer sponge replication technique, which allowed the
creation of three-dimensional structures with an interconnected macroporosity of 85%.
Using the sol-gel method, multiple coatings were applied to the scaffolds by immersion
in the precursor solution of each layer. As a result of the combination of phases in the
multilayer approach, multifunctional scaffolds were obtained that are physically and
mechanically compatible with trabecular bone, biodegradable, bioactive, and

biocompatible.

The sequential arrangement of the coatings, from the inner to the outer layers, contributed

in different ways to the final properties of the scaffold:

e The CS coating served as a template and source of Ca".

e The P6 coating modified with lithium oxide (Li2O) improved the mechanical
properties, resulting in a final compressive strength of 1.8 MPa.

e The TCP coating acted as an ionic reservoir for apatite deposition.

e < The CS coating was modified by adding sodium oxide (Na>O), potassium oxide
(K20) and different concentrations of magnesium oxide (MgO), providing

bioactivity and modifications to the surface topography.

From a functional point of view, Mg?", due to its high charge density, generated the most

significant results.

e An optimal range of MgCOs3 between 0.4 and 0.5 g (corresponding to scaffolds
CS04 and CS05) was identified, which exhibited the best results from a bioactive
and topographical point of view.

e The CS04 scaffold presented a biomimetic laminar microstructure, which
remained intact until the seventh day of the bioactivity test, at which point it was
concealed beneath a dense apatite precipitate.

e < The CS05-7D scaffold showed the formation of hollow apatite microspheres,
associated with the Ostwald ripening phenomenon, with potential application for

the storage and controlled release of drugs or biomolecules.

Furthermore, the mineralogical diversity induced by the combination of the multilayer
strategy and ionic doping led to the release of ions which, together with the topographical
characteristics of the scaffolds, played a fundamental role in in vitro biological behaviour,
yielding the following results:
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The CS0, CS04, and CSO0S5 scaffolds proved to be cytocompatible and showed
adequate cell-scaffold interaction in all cell types evaluated..

* The dissolution products were found to be cytocompatible in both the cumulative
(cCCM) and non-cumulative (ncCCM) approaches, and promoted higher cell
proliferation in all cell types evaluated compared to the control.

The release of Si*" and Li*, two ions with osteogenic and angiogenic activity, was
identified in both approaches. Additionally, the release of P> was detected in the
c¢CCM and Ca*" in the ncCCM.

* Osteoinduction studies using the indirect method in human MSCs revealed that
the cCCM of scaffolds CSO and CS05 was capable of inducing greater ALP
expression and increased mineralisation.

In the direct method, CS04 and CS05 scaffolds demonstrated their osteogenic
capacity by stimulating greater specific ALP activity in MC3T3-El
preosteoblasts, as well as greater calcium deposit formation compared to the
control.

The CS04 and CSO05 scaffolds significantly stimulated VEGF release in MC3T3-
El preosteoblasts, with increases of up to 170% compared to the control,

demonstrating their angiogenic capacity.
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1 | INTRODUCTION

Pablo Velasquez'

| Angel Murciano’ | Piedad N. De Aza'

Abstract

This work proposes the use of multilayer scaffolds as a strategy for developing
biomimetic structures for bone tissue regeneration. The scaffolds consist of a
glass—ceramic core composed of CaSiO;/Ca,Ps0,;, which provides mechanical
properties of 2.3 MPa and a total porosity of ~74%. To modify the surface mor-
phology a double bioactive coating consisting of Caz;(PO,),/CaSiO; doped with
Na* and K™, along with varying amounts of Mg?* (0-0.75 g MgCO5) was carried
out giving a total porosity of 89.8%. The resulting scaffolds were assessed for in
vitro bioactivity according to ISO 23317. After immersion in SBF, the W-05 scaf-
folds displayed diverse surface morphologies: square HA structure (W-05-3D),
hollow HA spheres (W-05-7D) and smooth HA layer (W-05-21D). Cell viabil-
ity of 3T3 fibroblasts exposed to W-05 scaffolds in direct and indirect assays at
concentrations of 15 and 30 mg/mL was assessed according to ISO 10993-5. Ini-
tially, cell proliferation decreased compared to controls, but differences became
non-statistically significant after 72 h. Hollow spheres (W-05-7D) enhanced cell
viability compared to other morphologies and plastic controls. Additionally,
degradation products of W-05 stimulated cell division, underscoring scaffold
biocompatibility.

KEYWORDS
bone tissue engineering, hydroxyapatite, multilayer scaffolds, sol-gel

include surface roughness, interporosity with adequate
pore size, biodegradability, suitable mechanical proper-

The field of bone tissue engineering (BTE) has significant
potential for treating bone injuries and skeletal disor-
ders. Its goal is to achieve effective bone regeneration by
combining bioactive scaffolds, osteoprogenitor cells, and
growth factors.! ™

However, to successfully integrate and support bone
regeneration, scaffolds must exhibit characteristics sim-
ilar to the native bone structure.>”’ These properties

ties and biocompatibility.*~* Despite significant progress in
this field, critical challenges still remain.

In this sense, ceramic materials are a well-established
source of biomaterials for bioengineering applications,
particularly in BTE.*!°"1? They are a promising choice for
the design of bone scaffolds due to their biocompatibil-
ity, similarity to bone tissue, osteoconductive properties
and biodegradability.”'° Calcium phosphates (CaP) are
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of particular interest as they closely resemble the inor-
ganic component of the bone matrix, both structurally
and chemically.'>'* Within this group, there are two
main phases: hydroxyapatite (HA) and S-tricalcium phos-
phate (B-TCP). These phases are known for their high
biocompatibility and in vitro bioactivity.*'>

Another family of ceramic materials that has
attracted the attention of researchers is calcium sili-
cate minerals.'®!1?0 They exhibit excellent bioactivity
due to apatite formation and cell proliferation stimulation,
in addition to a suitable degradability rate for enabling
hard tissue formation.?’>> Among these materials, wol-
lastonite (CaSiO;) stands as an interesting biomaterial
due to its biocompatibility, biodegradability, and in vitro
bioactivity.'®?*?!  However, the practical application
of CaSiO; is limited by its inherent brittleness, low
mechanical strength, and high ionic dissolution.'®?°

Another common approach to achieve hard tissue
regeneration is the employment of bioactive glasses (BG).
These materials typically consist of silicate-, phosphate- or
borate- based compositions, often incorporating elements
such as sodium and calcium.?*?* BGs exhibit an excel-
lent bone-bonding ability derived from their well-known
bioactivity.?>?® Furthermore, their biodegradability facili-
tates material dissolution, yielding products that promote
biological regenerative mechanisms including both angio-
genesis and osteogenesis.”®?’

On the basis of the above, the objective of this research
is to create scaffolds that imitate the complex func-
tion and structure of bone. In this sense, the devel-
opment of multilayer scaffolds stands as an interesting
approach. These scaffolds incorporate several layers of
different composition, which remain integrated into a
single structure.”*=Y In this manner, each coating can
be tailored to offer specific functions and features, such
as mechanical support, improved cell adhesion and dif-
ferentiation, or controlled release of bioactive molecules
such as drugs or growth factors. This versatility pro-
vides an intriguing opportunity to exploit and com-
bine the properties of different phases typically used in
BTE.

The layered structures were specifically designed to ful-
fil different functions. Wollastonite was chosen as the
internal material and template for subsequent layers. A
coating of the glassy P6 phase (Ca,P40;,) was then applied
to increase mechanical strength due to its cohesive activ-
ity and ability to fill preexisting cracks.*! The amorphous
phase was doped with lithium (Li*) to improve its mechan-
ical properties.>’ Together, wollastonite and P6 form the
ceramic-glass core.

The third layer of the structure contained 5-TCP, which
functioned as a reservoir for two ions closely linked to bone
metabolism: phosphorus (PO,>~) and calcium (Ca?*).

Wollastonite was chosen as a surface coating to provide
silanol groups.?! To enhance the bioactivity of the system
and modify the morphology of the precipitated HA, it was
doped with varying amounts of ions related to bone phys-
iology, including sodium (Na™),** potassium (K*),>* and
magnesium (Mg?*).%

2 | MATERIALS AND METHODS

2.1 | Design and fabrication of multilayer
scaffolds

The multilayer scaffolds were obtained by preparing dis-
tinct layers using the sol-gel technique. Table 1 summa-
rizes the chemical composition for manufacturing each
coating. The initial number indicates the layer sequence,
with 1 representing the innermost and 4 the outermost
layer, followed by the name of the respective phase. In the
case of the fourth layer, the numerical values after W indi-
cate the quantity of magnesium carbonate in grams used
to dope the outer layer of wollastonite, being 05 and 075,
0.5 g and 0.75 g of magnesium carbonate respectively.

Sol-gel solutions were formulated using appropriate
reactants. Tetraethyl orthosilicate (TEOS, Aldrich 98%);
triethyl phosphate (TEP, Aldrich > 99.8%); calcium car-
bonate (CaCOs, Sigma > 99%); lithium carbonate (Li,COs,
Sigma-Aldrich > 99%); sodium carbonate (Na,COs, Sigma
> 99%); potassium carbonate (K,COj;, Sigma > 99%);
magnesium carbonate (MgCOs, Sigma Aldrich > 99%);
Ethanol (C,H;OH, Carlo Erba > 96%) as solvent and finally
hydrochloric acid (HC1 37%, Ensure) as a catalyst.

In all cases, the corresponding compounds were reacted,
and the solution’s final pH was adjusted to a value between
2 and 3. In order to obtain the first layer, polyurethane
sponges with a porosity of 20 ppi (quality materials) were
submerged in the sol-gel solution with the 1-W composi-
tion, shown in Table 1. After immersion, the samples were
dried for 10 min at a temperature of 185°C. The treatment
is repeated ten times in order to ensure a uniform coating
of the polyurethane sponge. Subsequently, a heat treat-
ment was conducted, comprising a heating ramp of 55 h
to reach 1050°C, followed by an 8 h maintenance period
before allowing the system to cool to room temperature.
Once the initial layer (1-W) has been formed, the second
layer (2-P6-Li) of composition shown in Table 1, is obtained
using the same methodology described earlier. Lithium is
incorporated in a small amount in the formulation to facil-
itate the melting of the glassy phase. This assembly of the
two innermost layers (1-W/2-P6-Li) is referred to as the core
scaffold.

The excess of both, lithium and glassy phase of core scaf-
folds, is eliminated by immersion in 50 mL of the solution
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TABLE 1 Chemical composition of multilayer scaffold coatings.
Reactives
Layer TEOS TEP H,0 Ethanol HC1 CaCo; Li,CO; Na,CO; K,CO; MgCO;
(mL) ®
1-wW 19.28 - 20 5 1 8.62 - - - -
2-P6-Li - 18.46 20 5 2 3.72 1 - - -
3-TCP - 10.96 20 5 2 9.68 - - - -
4-W-0 19.28 - 20 5 1 8.62 - 0.5 0.5 -
4-W-05 19.28 - 20 5 1 8.62 - 0.5 0.5 0.5
4-W-075 19.28 - 20 5 1 8.62 - 0.5 0.5 0.75
Abbreviations: TEOS, tetraethyl orthosilicate; TEP, triethyl phosphate.
called TRIS, prepared by diluting tristhydroxymethyl)- 222 | Physical evaluation

aminomethane and CaCl, in a ratio of 6.5:1 in distilled
water to a final volume of 900 mL. The pH was adjusted
to between 7.3 and 7.4 using HCL

The core scaffold, after undergoing chemical etching
with TRIS, was coated in accordance with the aforemen-
tioned methodology, using the 3-TCP and 4-W (0-0.75)
compositions delineated in Table 1. The outermost lay-
ers were obtained through a heating ramp of 9 h to
reach 1050°C, followed by 8 hours of maintenance before
returning to room temperature.

2.2 | Materials physicochemical
characterization

The cylindrical multilayer scaffolds underwent physico-
chemical characterization. They measured approximately
11.5 mm in diameter and 9.2 mm in height and weighed
0.45+0.09 g.

221 | Mineralogical characterization: X-ray
diffraction

X-ray diffraction patterns were acquired using an auto-
mated Bruker-AXS D8 Advance diffractometer employing
CuKa radiation (1.54059 A) to establish the mineralogi-
cal composition of the multilayer scaffold. Data collec-
tion was carried out following the vertical geometrical
Bragg-Brentano (6/26) configuration in plane reflection
mode between 5° and 55° (26). The measurement steps
were carried out in increments of 0.05°, with a dura-
tion of 5 s, while the X-ray tube was operated at 40 kV
and 30 mA. The resulting diffractograms were compared
to those in the Crystallography Open Database (COD)
using Power Diffraction Match! version 3.16 Build 288
software.

FESEM-EDX microstructure analysis

The microstructure’s morphology and composition were
analyzed using a field emission scanning electron micro-
scope (FESEM, ZEISS SIGMA 300 VP) coupled with
energy dispersive X-ray spectroscopy (EDX, ZEISS Smart-
EDX). All samples were palladium coated prior to analysis.

Mechanical compressive strength test

To test the scaffold’s compressive strength, scaffolds were
subjected to a compression test using a simple manual test
stand (SVL-1000 N, IMADA).

Porosity study

An exhaustive analysis of pore distribution and poros-
ity (< 300 um) was undertaken through the mercury
porosimetry technique. A Poromaster 60 GT device man-
ufactured by Quantachrome Instruments was used for
this purpose, operating within a pressure range of 0.927-
35248.6 psi. Porosity associated with pore sizes exceeding
300 um was determined using a pycnometer filled with
water, followed by the application of Archimedes’ princi-
ple.

2.3 | Invitro bioactivity evaluation
In vitro bioactivity assays were conducted according to
ISO/FDIS 23317 standard guidelines.*® The scaffolds were
immersed in 50 mL of simulated body fluid (SBF) and kept
at37 + 0.5°Cin awater bath with agitation for 1, 3, 7,14, and
21 days. After drying the samples, FESEM-EDX was used
to search and identify precipitates on the scaffold surfaces.
The SBF was analyzed using inductively coupled plasma
optical emission spectrometry (ICP-OES, Perkin-Elmer
Optima 2000™) to monitor changes in elemental concen-
trations.
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2.4 | Invitro biological evaluation

The response of the W-05 scaffold to cells in vitro was
evaluated according to ISO 10993-5 standards.?” The study
examined the direct effect of the W-05 scaffold on 3T3
murine embryonic fibroblasts before and after SBF expo-
sure, as well as the indirect impact on cells mediated by its
dissolution products (DP).

The 3T3 fibroblast cells were cultured in Petri dishes
Dulbecco’s modified Eagle medium (DMEM—Gibco) sup-
plemented with 10% fetal bovine serum (FBS—Corning)
and 1% penicillin/streptomycin (PS—Gibco) and incu-
bated at 37°C in a humidified atmosphere with 5%
CO,. The cell culture medium was refreshed every
48 hours and subcultured when 80% confluence was
reached.

2.41 | Direct cell culture

The study analyzed the cytotoxicity of the W-05 scaf-
fold and the impact of its surface morphology on cells.
Cell proliferation was compared across different scaf-
fold topographies, including the scaffold without SBF
(W-05-0D), the square morphology after 3 days of SBF
exposure (W-05-3D), the hollow spheres on day 7 (W-
05-7D), and the regular surface on day 21 (W-05-21D).
The control group consisted of cells seeded on plastic.
Before starting the assays, the scaffolds were sterilized
by exposing each side of the structure to UV light for
4h.

Then, the scaffolds underwent a pretreatment proce-
dure to achieve surface wetting, allowing for protein
adsorption and subsequent cell adhesion. The procedure
involved completely covering the scaffold surface with cul-
ture medium supplemented with 10% FBS and incubating
for 30 min at 37°C under a 5% CO, atmosphere. 24-well
plates were used in this case due to the dimensions of the
scaffold. After the incubation period, the culture medium
was removed, and the cell seeding process began. Exactly
50,000 cells were seeded onto each scaffold in a 25 um
droplet, positioned at the central region of the scaffold sur-
face to minimize cell adhesion to the plastic substrate of
the well plate. The cells adhered for 30 min at 37°C with
5% CO,. Culture medium was added to each well, ensur-
ing complete coverage of the scaffold. The samples were
incubated with cells for 24, 48, and 72 h.

Cell viability was assessed using the colorimetric via-
bility 3-[4,5-dimethyl-2-thiazolyl]-2,5 diphenyltetrazolium
bromide or MTT assay from Sigma-Aldrich.

The Microplate Reader RT-2100C (Neuvar Inc.) was
used to obtain absorbance readings at 570 nm, following
the manufacturer’s instructions.

After each assay interval, the culture medium was
removed. The scaffolds were then transferred to a new 24-
well plate to exclude cells attached to the bottom of the well
and not to the scaffold. As the scaffolds could not fit in the
plate reader, 200 pL from each well were transferred to a
96-well plate, and the absorbance was measured at 570 nm.

2.4.2 | Indirect cell culture

To investigate the impact of ions released by the W-05
scaffold on cells, samples were incubated in DMEM sup-
plemented with 10% FBS and 1% PS. After sterilization,
the scaffolds were weighed, and two dilutions were made,
always ensuring complete coverage of the sample. For the
first dilution, 1 mL of culture medium was added for every
15 g of scaffold, while for the second dilution, 1 mL was
added for every 30 g. Samples were incubated for 1, 3, and
7 days.

To study the effect of DP on cells, 96-well plates
were seeded with a density of 15,000 cells/cm?, 24 hours
before the experiment to allow cell adherence. The cul-
ture medium was then replaced with conditioned medium,
except for the control wells where fresh, unconditioned
culture medium was added. The cells were incubated for
24,48, and 72 h and MTT assay was performed.

2.5 | Statistical analysis

At each designated time point of the study, between-group
comparisons were conducted using one-way analysis of
variance (one-way ANOVA), followed by multiple compar-
isons using Tukey’s test. Differences among groups were
assessed for statistical significance using a predetermined
alpha threshold of 0.05 and a 95% confidence level. Data
are presented as mean + SD. All statistical analyses were
performed using GraphPad 8.0 software.

3 | RESULTS

3.1 | Physicochemical characterization of
the core

The scaffolds were obtained through the creation of a
glass-ceramic core, followed by the application of a double
bioactive coating.

The experimental diffractograms of the W-P6-Li
core before and after TRIS chemical etching are dis-
played in Figure 1A. The core scaffolds (W-P6-Li) were
composed of cristobalite-SiO, (COD 96-900-8225) and cal-
cium diphosphate-Ca,P,0; (COD 96-100-1557) as major
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The effect of TRIS etching on the W-P6-Li core was characterized by X-ray diffraction (XRD) (A), field emission scanning

electron microscope (FESEM)-energy dispersive X-ray spectroscopy (EDX) before (B), and after (C) treatment and inductively coupled

plasma optical emission spectrometry (ICP-OES) (D).

crystalline phases, as well as a residual amount of 3-TCP-
Ca3(P0Oy,), (COD 96-151-7239) before TRIS exposure. These
phases were also found in W-P6-Li attacked scaffolds.
However, TRIS-etching resulted in a slight decrease in
background at low 26 angles.

To confirm the presence of the glassy phase visually, the
sample underwent FESEM-EDX scanning (Figure 1B,C).
Upon comparing the core’s microstructure before and
after the attack, it is evident that the core initially dis-
played large crystals that were covered by an amorphous
phase (Figure 1B). However, after the TRIS treatment, the
surface glassy phase decreased significantly (Figure 1C).
Elemental analysis showed that this vitreous phase con-
sisted mainly of Si and P with a low Ca content (Table
S1 and Figure S1). Although the proportion of P and Si
varied considerably, the Ca/P + Si ratio remained within
the range of 0.015-0.018. However, large crystals were defi-
cient in Si and showed a decreasing Ca/P ratio from the

center (1.43-1.55) to the crystal boundary (0.93-1.14). On
closer examination of the crystals, a small central grain
(M) composed of Si and poor in Ca can be seen. Addition-
ally, precipitation of Ca-rich grains was observed following
chemical etching.

The chemical treatment resulted in an increase in the
concentration of P, Li, and Si in the TRIS solution, pre-
sumably from the core scaffolds. However, a decrease in
Ca concentration was observed (Figure 1D).

3.2 | Physicochemical characterization of
the scaffolds

As for the mineralogical characterization, the experimen-
tal XRD spectra (Figure 2) confirmed the presence of some
of the formulated phases: wollastonite () (COD 96-900-
5779) and 3-TCP (5%) (COD 96-151-7239). However, the new
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FIGURE 2 X-ray diffraction (XRD) spectra of overall scaffolds W-0, W-05, and W-075.

FIGURE 3
and W-075 (C).

crystalline phases were detected in the three scaffolds,
including chlorapatites-Cas(PO4);Cl (W) (COD 96-210-
5266), as well as cristobalite (@) (COD 96-900-8225) and
calcium diphosphate (/\) (COD 96-100-1557), which were
previously found in the core (Figure 1A). In addition, Mg-
rich compounds were identified in W-05 and W-075 scaf-
folds. These phases were whitlockite-Ca;g 115Mg3.85(PO4)6
(@) (COD 96-901-2137), a non-stoichiometric, Mg-rich
phase derived from S-TCP, and akermanite-Ca,MgSi, 0,
(D, (COD 96-900-6942).

Figure 3 displays the microstructure analysis of the scaf-
folds W-0, W-05 and W-075 using FESEM-EDX. Sample
W-0 (Figure 3A) outlines the deposition of two distin-
guishable layers: 3-TCP (») and 4-W-0 (*). Although the
surface of 4-W-0 appears smooth, enlarged images reveal
rounded structures composed mainly of Ca and Si in a ratio
of 0.55 to 0.75, as indicated by the EDX spectra (Table S2
and Figure S2). However, the surface of the W-05 scaffold
exhibited various regular structures (Figure 3B). The ele-

Field emission scanning electron microscope (FESEM) micrographs of the microstructure of scaffolds W-0 (A), W-05 (B),

mental composition analysis revealed that grains XI and
XII (see figure), were rich in calcium, silicon, and phos-
phorus. The Ca/P ratios were 2.63 and 4.48, the Ca/Si ratios
were 3.47 and 2.36, and the Ca/P + Si ratios were 1.49 and
1.54, respectively. However, the elongated structures con-
tained only Ca and Si in a ratio of 2.06-2.13. Regarding
W-075 scaffold, the surface was homogeneously covered by
polygonal CaP crystals. The Ca/P ratio ranged from 1.44 to
1.47 in the central zone and 1.35-1.37 at the edge.

With regard to the analysis of porosity, Figure 4A illus-
trates a representative scaffold of all the samples employed
for the mercury porosimetry tests, which exhibits intercon-
nected open porosity. The analysis of the W-P6-Li, W-0 and
‘W-05 samples revealed similar pores characteristics, with
two distinct regions (Figure 4B). The W-0 scaffolds mainly
exhibited interparticle porosity, with an approximate pore
diameter of 230-1.3 um, and to a lesser extent intra-particle
pores between 0.45 and 0.01 um. Similarly, the porosity
of the W-05 samples was mainly interparticle, with pore
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Representative optical image of the scaffolds (A)

diameter.

diameters ranging from 190 to 4.3 um. Intraparticle pores
varied between 0.79 and 0.05 um. Although the interparti-
cle pore sizes of the core, W-P6-Li, were similar to those of
samples W-0 and W-05 (199-1.23 um), the abundance was
notably lower. This is reflected by a decrease in the volume
of intruded mercury. Figure 4B shows that the W-0 and W-
05 scaffolds have the majority of pores in the range of 150 to
7 um. However, the core exhibits a wider and more homo-
geneous range, with the main peak at 2.3 um, shifted to
the right compared to that of the W-0 and W-05 scaffolds.
Additionally, all three samples exhibit pores below 100 nm.

Table 2 summarizes the physical properties of the
scaffolds, including the compression test results which

provided additional insights into the porosity results due
to their inverse relationship.

Scaffold W-075 exhibited physical properties similar to
those of scaffold W-05, indicating that the additional 0.25 g
MgCO; did not have a significant impact.

3.3 | Invitro bioactivity evaluation
Regarding the bioactivity assays, the FESEM-EDX scan-
ning revealed significant changes in surface morphology
of the samples (Figure 5). Scaffold W-0, initially showed a
Ca-Si precipitate resembling tangles with a ratio of 0.56—
0.61 (Table S3 and Figure S3). A residual amount of P
was also present, resulting in a Ca/P + Si ratio of about
0.5. After 3 days, the precipitate adopted an elongated
morphology with a higher P content than the previous
precipitate, resulting in a Ca/P ratio of 4.65-4.74, Ca/Si of
1.24-1.5 and Ca/P + Si of 0.98. However, after 1 week, the
precipitate assumed a morphology very similar to that of
HA and was composed mainly of Ca and P, with a Ca/P
of 1.64-1.68, Ca/Si of 1.31-1.53 and Ca/P + Si of 24.08-
25.7. After 2 weeks, the surface still showed apatite-type
precipitates, although in some areas they had begun to
dissolve. Elemental analysis showed that the precipitate
was rich in silicon, calcium and phosphorus. The Ca/P
ratios were 2.35-2.47, Ca/Si 8.17-9.4 and Ca/P + Si1.76-1.81.
On Day 21, polygonal grains of calcium and phosphorus
were identified with a Ca/P ratio of 1.43-1.57 in the central
region and 1.03-1.21 at the edge. There was also a rounded
calcium-silicon phase with a Ca/Si ratio of 0.47-0.7.

Scaffold W-05 displayed a precipitate from the first day
of immersion in SBF, which gradually accumulated as
the immersion time increased. The precipitate underwent
significant morphological changes, initially forming tan-
gles, adopting a square shape after 3 days, and evolving
into spheres on the seventh day. These spheres, consist-
ing of thin needles, persisted until day 14 before coalescing
and disappearing on day 21. EDX analyses showed Ca/P
ratios of 1.32-1.35 on Day 1, 1.6-1.75 on Day 3, 1.54-1.6 on
Day 7, 1.6-1.69 and 1.53-1.6 on Day 21. It should be noted
that although the precipitates did not contain significant
amounts of Si on Days 1, 7, 14 and 21, a high Si content was
detected on Day 3. This resulted in a Ca/Si ratio of 2-2.5
and a Ca/P + Si ratio of 0.88-1.03.

With regards to W-075 scaffold, small spherical precip-
itates appeared after one day of immersion in SBF. The
elemental analysis revealed high levels of Ca, Si, and P,
with the following ratios: Ca/Si of 1.22-1.73, Ca/P of 1.46—
1.53, and a Ca/P + Si ratio of 0.53-0.81. After 3 days, the
spherical precipitates were evenly distributed across the
surface, with an almost unchanged Ca/P ratio of 1.51-1.53,
as well as a Ca/Si of 3.19-3.81 and Ca/P + Si of 1.03-1.1.
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TABLE 2 Porosity and compressive strength of the core (W-P6-Li) and the overall W-0 and W-05 scaffolds.
Intraparticle Interparticle Porosity Porosity Compressive
Porosity™* Porosity™* (<300 pm)* (> 300 pm)** Strength***
Sample (%) (MPa)
W-P6-Li 11.38 9.38 20.8+0.1 745+ 0.1 23+0.5
W-0 7.47 18.11 25.6 + 0.1 87.6 +£0.1 19+0.3
W-05 3.24 2713 30.4+0.1 89.8+0.1 1.8 +0.6

*Hg Porosimetry Technique.
**Picnometry.
***Simple Manual Test Stand.

W-0s

W-O75s

FIGURE 5
in simulated body fluid (SBF).

However, the precipitate disappeared completely after 7
days, revealing a ring-shaped microstructure based on cal-
cium and phosphorus in a ratio of 1.43-1.5. After 14 days
in SBF, no precipitates were observed, only calcium phos-
phate crystals, with a Ca/P ratio of 1.29-1.33 in the central
part and of 1.01-1.19 in the peripheral part. Finally, after 21
days of immersion, calcium phosphate crystals were again
identified, but in this case with a higher calcium content,
resulting in a Ca/P ratio of 1.62-1.86.

The variation of Si, Ca, P, Li and Mg was monitored by
ICP-OES throughout the 21-day test to complement the
bioactivity studies. Figure 6 displays the curves obtained
for each scaffold. The results indicate that when the sample
is bioactive and has a CaP precipitate, there is a decrease in
the concentration of P in the SBF. Conversely, when the
sample loses bioactivity, the P concentration in the SBF
increases.

While samples W-0 and W-05 show almost no
changes in lithium concentration, a noticeable oscil-
lating behaviour of Li is observed in the W-075 scaffold.

Scanning electron microscope (SEM) micrographs of W-0, W-05 and W-075 scaffolds after 1, 3, 7, 14 and 21 days of immersion

Specifically, the concentration in SBF increases from Days
7 to 14 before falling again on Day 21.

3.4 | Invitro biological evaluation

The W-05 scaffold was chosen for in vitro cellular assays
as the primary aim of this research is to modulate the
surface morphology of scaffolds to enhance their biologi-
cal properties. According to the in vitro bioactivity results,
this scaffold displayed hollow HA-like spheres, making it
a potential controlled release agent.

The study investigated the impact of W-05 scaffold sur-
face morphology on cell proliferation before (Figure 3B)
and after SBF exposure (Figure 5-3D, 7D, 21D), in addition
to assessing cytotoxicity.

Regarding the direct assay (Figure 7A), a decrease
in cell viability was observed in all scaffold types after
24 h of treatment when compared to the control group.
This difference was particularly noticeable in W-05-3D
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FIGURE 6 Changes in the concentration of Ca, Si, P, Li and Mg in simulated body fluid (SBF) as the immersion time of scaffolds W-0

(A), W-05 (B), and W-075 (C) in SBF increases.

and W-05-21D, although it was also observed in W-05-
0D and W-05-7D. After 48 h, the differences were no
longer statistically significant for the W-05-7D scaffold,
while they persisted for W-05-0D, W-05-3D, and W-05-21D.
Furthermore, W-05-7D exhibited increased cell prolifera-
tion compared to W-05-0D and W-05-21D. After 72 h of
incubation, W-05-7D showed an increase in cell viabil-
ity compared to W-05-21D. It is important to note that
both control and scaffold-exposed wells showed a general
growth trend over time.

Figure 7B,C shows the viability of cells incubated with
the different DPs. The MTT assay results for the 15 mg/mL
concentration (Figure 1B) showed a significant increase
in cell proliferation in cells incubated with conditioned
medium compared to the control, particularly for DP-3D
and DP-7D, although to a lesser extent also for DP-1D.
These differences persisted throughout the study. Simi-
larly, DP at 30 mg/mL (Figure 7C) induced higher cell
viability compared to cells incubated in plastic, again
particularly for DP-3D and DP-7D.

4 | DISCUSSION

In this study, three types of multilayer 3D porous ceramic
scaffolds with different surface morphologies were fabri-
cated using the sol-gel method. It is challenging to find a
single material that can mimic all the characteristics of the
bone extracellular matrix.*® Recognizing the versatility of
the sol-gel method, which offers the possibility of deposit-
ing coatings on other materials,*® multilayer scaffolds have
been developed in this research. This has enabled the cre-
ation of novel and more biomimetic structures for potential
clinical applications.

Four different coatings, each with a specific function,
were applied to a polyurethane sponge template using the
polymer sponge replication technique. The first step was
to synthesize the ceramic-glass core W-P6-Li, followed by

chemical etching with TRIS solution, to remove the excess
glassy phase.

On the basis of XRD results, it was found that the W-
P6-Li core is primarily composed of silicon dioxide and
calcium pyrophosphate crystalline phases, with a resid-
ual amount of B-TCP (Figure 1A). These phases were
likely formed through ionic migration during the sintering
treatment from the innermost layer of wollastonite to the
following layer, P6-Li.

This migration is attributed to Ca,PsO;;, a calcium
ultraphosphate comprising layers of rings of six phospho-
rus atoms bonded through oxygen atoms. The negative
charge from the phosphorus atoms is balanced by two
calcium atoms.*’ The structure is characterized by high
energy, which it is able to reduce by capturing calcium
and breaking the rings. The phase obtained by this pro-
cess is Ca,P,0;. In the presence of an adequate calcium
concentration, calcium pyrophosphate can be formed. In
this instance, the 1-W wollastonite serves as a source of cal-
cium, facilitating the transformation of ultraphosphate to
pyrophosphate. Consequently, the wollastonite undergoes
a transformation, adopting the form of SiO, (Figure 1A,B),
a calcium-free phase. FESEM-EDX analysis of the core
(Table S1) corroborated these data. Crystals found in the
core, had a Ca/P ratio of about 1.5 within the central
region, consistent with 3-TCP. Additionally, the Ca/P ratio
decreased to approximately 1 at the edge, which coin-
cides with the Ca/P of calcium pyrophosphate. Upon closer
inspection of the crystals, a small central grain (A ) that is
rich in Si and poor in Ca is visible, indicating the presence
of SiO,. Based on these data, it can be inferred that the SiO,
grain was most likely wollastonite. However, after releas-
ing Ca?" ions to the surrounding glassy phase, it remains as
SiO,. Consequently, the nearby zones will receive a greater
calcium contribution, promoting the formation of 8-TCP.
Meanwhile, the distant regions, such as grain boundaries,
will be forced to form another stable phase with a lower
calcium content, namely calcium pyrophosphate.
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All these crystals are surrounded by a glassy phase
which, in addition to matching the elemental composition
of 2-P6-Li, was rich in Si. This is probably a conse-
quence of the wollastonite transformation in which some
of the Si migrates into the glassy phase and changes its
composition. Although the glassy phases do not produce
characteristic peaks to identify them, the low 20 region
in the XRD pattern is sensitive to amorphous phases and
can manifest itself as increased background, as observed in
Figure 1A.

The core was then subjected to a chemical attack with
TRIS to remove the excess vitreous phase. The attack was
characterized by ICP-OES (Figure 1D), which indicated the
liberation of P, Li, and Si. This suggests the hydrolysis of
P6-Li. XRD validated this elimination by showing a reduc-
tion in background in the amorphous region (Figure 1A).
This was also visually verified by FESEM-EDX (Figure 1C).
Although there is evidence of calcium migration into the
sample, the amount is negligible and does not affect the
mineralogical composition.

W-0, W-05 and W-075 scaffolds shared most of the
phases (Figure 2). Among them, SiO, and Ca,P,0; were
formed through ion migration, while the Cas(PO,4);Cl
crystals likely originated from the HCI catalyst used dur-
ing synthesis. Furthermore, the phases Caz(PO,), and
CaSiO; were also detected. The W-05 and W-075 samples
contained two extra phases: akermanite (Ca,MgSi,0), a
bioceramic with excellent bioactivity and degradation rates
that is known for its osteoinductive properties,*** and
whitlockite, a non-stoichiometric phase derived from -
TCP thatisrich in magnesium (Ca; 115 Mg 335(PO4)g). This
is an interesting finding considering that whitlockite con-
solidates as the second most abundant inorganic phase in
bone, after HA.**** It stands out for its biocompatibility
and superior osteogenic properties compared to 5-TCP and
HA.*** For this reason, it has been the subject of much
research in recent years.**~40

FESEM-EDX scanning of the scaffolds revealed that
even small variations in the amount of dopant Mg in
the wollastonite coating produced significant microstruc-
tural changes (Figure 3). The presence of surface calcium
phosphates was found to be directly correlated with the
amount of Mg used as a dopant, showing a proportional
relationship. A plausible explanation is that Mg serves to
compensate for the calcium deficit resulting from ionic
interlayer migration. This phenomenon could also explain
the presence of whitlockite, in the XRD spectra of samples
W-05 and W-075 (Figure 2). 8-TCP could compensate for its
loss of Ca?* by sequestering Ca’* or Mg?* from the surface
wollastonite, resulting in the formation of whitlockite.

Mechanical compatibility between implants and bone
is an important consideration. Trabecular bone strength
varies with age and anatomical region, with compressive
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strength previously measured between 1.5 and 9.3 MPa.*’
The compressive strength of the scaffolds was approxi-
mately 1.79-1.93 MPa, as shown in Table 2.

Although these scaffolds demonstrate mechanical prop-
erties similar to those of trabecular bone, their clinical
application only becomes meaningful when combined
with sufficient porosity to allow cellular infiltration,
product exchange, and vascular growth.*® The results
(Figure 4B,C) reveal pore diameters ranging from approx-
imately 150 to 0.06 um, this range of pore diameters is
divided into inter- and intraporosity (Table 2). The poros-
ity for W-P6-1i is 20.8%, for W-0 it is 25.6%, and for W-05
it is 30.4%. The evolution of the porosity can be jus-
tified on the basis that W-P6-Li is a ceramic structure
(W), characterized by being coated with a glassy phase
(P6-Li). Consequently, the interparticle porosity is the low-
est at 9.38%. This is because of the fact that the glass
provides cohesion between the grains, thereby reducing
the interparticle porosity. Subsequently, the aforemen-
tioned structure was coated with an undoped wollastonite
ceramic (W-0), resulting in the generation of a granular
structure and an increase in interparticle porosity (18.11%).
When the coating was doped with Mg, a slight increase
in the size of the porosity (27.13%) was observed. How-
ever, both scaffolds remained within the same range of
interparticle porosity.

With regard to the intraparticle porosity, the applica-
tion of successive coatings involving thermal treatments
has been observed to result in a notable densification of
the structure. This is evidenced by a reduction in the
intraparticle porosity, obtaining values of 11.38% for W-
P6-Li and in the range of 7.47-3.24% for W-0 and W-05,
respectively.

One of the objectives of this research was to modu-
late the morphology of the precipitated HA-like in the in
vitro tests by doping the outer coating with Na*, K*, and
Mg?** ions. Upon exposure to SBF, these ions are released
into the solution and can be incorporated into the pre-
cipitated HA-like. The integration of ions into the crystal
lattice of apatites is extensively documented in scientific
literature.*? This mineral group has a loose structure
that allows the inclusion of non-lattice atoms or particles
substituting for Ca?* and PO,3~.4%°%->3 The accumulation
of these ion substitutions induces lattice distortions, which
explains why the crystallinity of ion-doped HA is usually,
but not always, lower than that of its pure counterpart.**>

The presence of ions such as Mg, which have a higher
volumetric charge density than Ca®", can result in the
phenomenon known as Ostwald ripening.>*>° This pro-
cess, which involves dissolution and recrystallisation, ulti-
mately leads to the formation of hollow sphere. In the
initial stages of the HA-like precipitation process, the HA-
like contains a higher amount of Mg?*, being in a less

crystalline form. As the precipitate develops, the concen-
tration of Mg2+ in the solution will decrease, thereby
increasing the crystallinity of the HA-like. The initial HA-
like structure, with a high Mg?* content, is stressed. The
dissolution of this structure results in the formation of an
HA-like hollow sphere, which is characterized by a reduc-
tion in stress. The evolution of this process is accelerated in
confined areas such as crevices, due to the smaller volume
of the dissolution that occurs in these spaces. An example
of this can be seen in sample W-05-7D (Figure 5), where
the needles are thinner and more crystalline as compared
to the rest of the micrographs.

As mentioned earlier, these modifications in the unit
cell are expected to induce morphological changes in the
precipitated HA-like. Following this objective, the samples
W-0, W-05 and W-075 were scanned for apatite-like precip-
itates by FESEM-EDX as the SBF soaking time increased
(Figure 5).

Sample W-0 showed a trend of losing Si and gaining P
over time, until reaching an almost stoichiometric HA-like
on day 7. The high Si content detected at 14 days resulted
in a Ca/P ratio of approximately 2.35. Since high ratios
promote HA dissolution,* it is not unexpected that the
precipitate began to dissolve and eventually disappeared
at 21 days, giving way to CaP crystals. This theory was con-
firmed by ICP-OES (Figure 6A). The increasing P content
of the precipitate until day 7 led to a decrease in the P
concentration in the SBF. However, from day 14 onward,
the dissolution of the precipitate resulted in an increase
in the P concentration, which was observable until day
21.

As for scaffold W-05, it showed a very interesting sur-
face morphology. This composition was not only bioactive
on all days of the study, but also showed great morpho-
logical changes. The initial precipitate has a crystalline
structure in the form of needles forming spheres, which
could be considered typical. However, after 3 days, it adopts
a square shape, which, contrary to the above, indicates a
lower crystallinity. A plausible explanation for the decrease
in crystallinity is ionic substitutions. Among the possible
replacements that can occur in HA-like is the substitu-
tion of PO,>~ tetrahedra by SiO,*~ tetrahedra.***>” When
this occurs, the crystal size is reduced and the grain struc-
ture of the material changes,”*>*’ assuming a square
shape as shown in Figure 5 (W-05-3D) and consistent
with the results of the EDX analysis, which shows sig-
nificant amounts of Si (Table S3). This is very interesting
from a therapeutic point of view, since silicate groups in
the calcium-phosphate system are associated with a sig-
nificant increase in the rate of osteogenesis in vivo after
implantation. Furthermore, it is known that bone tissue
remodeling is approximately twice as fast in silica-rich HA
as in silica-deficient HA.%*>’
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After 1 week in SBF, spheres of approximately 2-3 um
appear, which are hollow. It is hypothesized that this phe-
nomenon is the result of the dissolution process occurring
at a faster rate in confined areas. As previously stated,
these spheres were located in a crevice where the concen-
tration of ions of high volumetric charge density, such as
Mg?*, is lower. As internal atomic mobility and reorga-
nization reduce crystalline defects over time, the higher
crystallinity of HA-like on day 7 compared to day 14
demonstrates the significant effect of ionic exposure on
HA-like.

The ICP-OES results demonstrate a constant decrease of
the P concentration in the SBF (Figure 6B), associated with
apatite precipitation. This precipitate is shown in Figure 5
sample W-05, where a continue bioactivity over times is
noticed.

With regards to scaffold W-075, CaP precipitates were
observed after 1 and 3 days of immersion in SBF, but
disappeared on days 7, 14 and 21. Similar to W-05-3D, a
high Si content was detected on the precipitate on day
1, which modified the HA-like morphology by thicken-
ing it and reducing the size of the crystals.”” Although
the morphology of the precipitate is similar to that of W-
05-7D, the spheres in this case are compact and lack the
capacity for drug loading. On the third day, the Si content
decreased, resulting in thinner and more crystalline HA
needles. There was a decrease in P concentration in SBF
on Days 1 and 3 (Figure 6C), which corresponds mainly
to the deposition of HA-like. Conversely, on Days 7, 14
and 21, the precipitate dissolves and the phosphorus con-
centration increases. These results suggest the progressive
dissolution of the scaffold. Initially, the sample is bioac-
tive, followed by the detection of 5-TCP (Figure 5-7D), the
third layer of the scaffold. After 14 days (Figure 5-14D),
pyrophosphate, the main component of the W-P6-Li core
along with cristobalite, is observed on the surface. Between
Day 7 and 14, there is a significant increase in lithium con-
centration (only present in P6) in the SBF, indicating core
dissolution.

Although all scaffolds showed interesting behavior, scaf-
fold W-05 stands out for its consistent bioactivity through-
out the 21-day study period. Additionally, on the seventh
day following immersion in SBF, the formation of hol-
low HA-like spheres is observed. The three-dimensional
porous structure and biodegradability of HA-like hollow
spheres make them an optimal vehicle for controlled drug
release.”®>° This discovery represents a remarkable ther-
apeutic advantage, allowing the combination of tissue
engineering with sustained drug release.

This involves the integration of a scaffold into the dam-
aged area to facilitate the restoration of the structure and
function of the damaged tissue, together with the action
of bioactive molecules, such as drugs or growth factors,

which are released directly at the target site. This in turn
avoids side effects due to systemic distribution or first-pass
hepatic metabolism, allowing the dose administered to be
reduced.”® Given all these advantages, the combination of
scaffolds for tissue engineering and drug delivery has been
the subject of intense research in recent years.®’-%?

In this sense, the MTT cell viability assay was performed
on 3T3 fibroblasts exposed to the W-05 scaffold (direct
assay) and its DP (indirect assay). This was done not only
to assess the potential cytotoxicity of the samples, but also
to determine whether variations in the surface morphol-
ogy of the W-05 scaffold exhibited biologically enhanced
properties.

In the direct assay (Figure 7A), lower cell proliferation
was observed in fibroblasts seeded on the scaffolds com-
pared to the control group cultured on plastic during the
first 48 h. However, these differences disappeared by 72 h,
indicating that the scaffolds are biocompatible. Further-
more, when comparing the different scaffolds, higher cell
growth was observed on scaffold W-05-7D, which even
exceeded that of the control group after 72 hours. These
results suggest that surface morphology, based on hollow
HA spheres, induces greater cell proliferation. This behav-
ior has already been described by other authors. Jun Jiet al.
fabricated nano-HA/chitosan/gelatin (nHA/CG) scaffolds
with rod-nHA and sphere-nHA particles and found that
sphere-nHA/CG significantly enhanced the proliferation
and osteogenic differentiation of hiPSCs from hGF in
vitro.®* In particular, the cell number in sphere-nHA/CG
was almost twice as high as in rod-nHA/CG after 12 weeks.

The results of the indirect assay showed higher cell via-
bility in the wells containing DP-3D and DP-7D. While this
difference was more pronounced for the 15 mg/mL con-
centration (Figure 7B), a very similar trend is observed for
the 30 mg/mL concentration (Figure 7C). These results
are very encouraging as they indicate that the degrada-
tion products are not only nontoxic but also cell division
inducing.

5 | CONCLUSIONS

In this research work, innovative multilayer glass—ceramic
scaffolds, with surface morphology modulation, have been
developed for BTE through the application of the sol-gel
method. The scaffolds’ core, composed mainly of silicon
dioxide, calcium pyrophosphate, and the vitreous phase
P6-Li, provides mechanical strength comparable to that of
cancellous bone. This characteristic, combined with a total
porosity of the complete scaffolds over 87%, provides an
environment conducive to cell infiltration and other phys-
iological processes, making them suitable for load bearing
applications.

85UB017 SUOWIWOD SAEaID 3|(cedl|dde 8Ly A peusenob ae Sa(iie O ‘8SN JO S9|nJ 10} A%Iq1T8UIIUO AB]1M UO (SUORIPLOD-PUE-SWLBYW0D A8 | M ARe.q Ul [Uo//Sdny) SUOIPUOD pue SWB | au 88S *[5202/50/82] Uo Ariqiauliuo /8|1 ‘(-uleAnde) aqnopesy Aq 69202 @98 (/TTTT 0T/I0p/W00" A3 | 1M Alelq | pul|Uo SO IR e0//Sciy Wwo.j pepeo|umod ‘€ ‘6202 ‘9T62TSST



RIOSALIDO ET AL.

sars | JOUrNA

eramic Society

Concerning the bioactive coatings, the outer layer mod-
ulates the morphological and bioactive behavior of the
scaffolds through ion doping. Scaffold W-05, in particular,
presented a surface covered by hollow HA spheres after 1
week of immersion in SBF, demonstrating its potential as
an agent for controlled drug release. Additionally, this scaf-
fold proved to be biocompatible, showing no evidence of
toxicity on cells, either through direct contact or mediated
by its dissolution products. Notably, the hollow spheres of
W-05-7D were found to stimulate cell proliferation com-
pared to the other scaffolds and the control. Additionally,
the dissolution products of W-05 were found to increase
cell viability compared to the control. These results suggest
the potential for combining tissue engineering and drug
delivery to provide significant therapeutic benefits while
promoting bone regeneration.
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ABSTRACT

In this investigation, three distinct multiphasic scaffolds, comprising primary crystalline phases of SiOz, CazP207,
and Cas(PO.)2, were developed. These scaffolds feature surface coatings that have been functionalised with Na, K,
and varying molar proportions of Mg (0-1%). The samples were extensively characterised to evaluate a number
of key properties including microstructure, porosity, mechanical properties, biodegradation profile, biocom-
patibility and in vitro bioactivity. The scaffolds demonstrated a mechanical strength of 1.8 MPa, accompanied by
a high macroporosity of over 85 % and micropores ranging from 200 to 6 pm. All scaffolds showed bioactivity.
Notably, CS0.7 Mg exhibited a distinctive topography characterised by non-periodic, irregular lamellae at both
the micro- and nanoscale. During the bioactivity assays, the lamellae were progressively covered by HA until
they were completely obscured after 14 days in SBF. This bioactive behaviour was accompanied by gradual
degradation in PBS, with a 15 % weight loss over 21 days, indicating suitability for bone regeneration. In
addition, ICP-OES analysis demonstrated ionic exchange from the scaffolds into the culture medium at both
concentrations of 15 mg/mL and 30 mg/mL, which promoted the proliferation of 3T3 fibroblasts. Cells seeded on
the CS0.7 Mg scaffold also showed sustained cell proliferation over time. This proliferation was found to be
influenced by the topography of the scaffold, with the greatest enhancement observed in the CS0.7 Mg-7D

samples, which had HA-covered lamellae.

1. Introduction

The regeneration of critical-sized bone defects remains a significant
clinical challenge and a substantial burden on the global healthcare
system [1-3]. These defects, which exceed the body’s natural healing
capacity, account for approximately 0.4 % of all bone fractures and 11.4
% of all open fractures, according to a 10-year fracture register [4]. They
often require complex surgical interventions, with an associated cost
estimated at billions of dollars annually worldwide [5]. Conventional
therapeutic approaches, including autografts, allografts, and xenografts,
present several disadvantages. These include limitations in the avail-
ability of donor and implantation sites, the necessity for additional
surgical procedures, the potential for disease transmission, and the
occurrence of immune responses following implantation [1,6]. These
shortcomings have prompted the search for novel strategies. Among
these, biomaterials offer significant advantages, including high avail-
ability and the absence of disease risk, which are likely to shift the future

trend towards their use.

In this sense, a number of inorganic materials have been demon-
strated to be beneficial for bone tissue regeneration. Among these,
CaSiOs (calcium silicate, CS) is recognized for its excellent bioactivity,
promoting the formation of hydroxyapatite in body fluids more rapidly
than other bioactive glass ceramics, while supporting bone bonding and
ultimately osteointegration [7,8]. Another one is tricalcium phosphate
(Cas(PO4)2, TCP), a well-known biodegradable material, often used in
bone regeneration due to its osteoconductivity, allowing bone cells to
grow along its surface, and its controlled degradation rate, which
matches the rate of new bone formation [9,10].

Nevertheless, in order to guarantee the full integration of these
medical devices and the long-term functionality of the regenerated tis-
sue, it is important to consider not only their bulk properties but also the
properties of their surfaces, which interact dynamically with human
body tissues [11,12].

In this sense, structural features play a crucial role in resembling the
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cellular environment at a macroscopic, microscopic and nanoscopic
levels [11,12]. A variety of techniques can be employed to design bio-
mimetic scaffolds at the nano- and micrometric scale, with the objective
of enhancing the biofunctions of implants. One way of achieving
structural modifications along with enhanced biomimicry is ion doping
[13-15]. In comparison to other strategies, ion doping is presented as a
cost-effective and simple approach, with remarkable stability and high
efficacy at low concentrations.

A variety of ions have traditionally been employed for hard tissue
regeneration. Among these are alkaline earth metal ions, such as mag-
nesium (Mg) and calcium (Ca). Magnesium plays a pivotal role in bone
metabolism, constituting approximately half of the mineral content in
bone tissue and directly influencing osteogenesis [13,16]. Previous
studies have demonstrated the ability of Mg?* to enhance the expression
of vascular endothelial growth factor (VEGF), which is crucial for
ensuring adequate blood perfusion to the interior of implants [16,17].
Additionally, calcium, the most abundant mineral in the body and pri-
marily stored in the skeleton, is essential for the deposition of new bone
mineral phases [18,19]. The challenge of calcium deficiency in bone
regeneration suggests that the ionic dissolution products of these im-
plants may benefit cellular activities and promote osseous regeneration
[20-22].

Alkali metal ions like lithium (Li), sodium (Na), and potassium (K),
considered labile elements, have been employed to improve the bioac-
tivity of materials used in bone regeneration by generating distortions in
the crystal lattice that enhance bioreactivity [14,23-25]. Particularly,
lithium has been recognized for its positive effects on bone health,
especially in promoting osteogenesis [13,22,25]. It stimulates the dif-
ferentiation of osteoblasts, enhances mineralization processes, and ac-
tivates the Wnt/p-catenin signaling pathway, which is crucial for bone
development and maintenance [13,17,22,25].

Additionally, non-metallic ions such as silicon (Si) have been utilized
[25-27]. Silicon is considered an essential element at sites of active
calcification within human bones, participating directly in the miner-
alization process during bone growth [28-31]. It is particularly noted for
its ability to accelerate bone mineralization and stimulate collagen
synthesis [29-31].

Despite the advantages of bone regeneration biomaterials over
traditional methods, significant challenges remain. These include inef-
fective vascularisation, poor integration with host tissue and difficulties
in balancing mechanical strength with bioactivity [32,33]. Stronger
materials often lack the bioactivity needed to promote bone formation
and angiogenesis, while more bioactive materials tend to be mechani-
cally weaker [33].

In order to overcome these limitations, this research has developed
three distinct types of multilayer scaffolds based on the SiO5-CaO-P50s5
system. These combine the chemical resemblance to the bone mineral
phase of ceramic calcium phosphates [34,35], the bioactivity and
angiogenic properties of calcium silicates [36,37], mechanical proper-
ties of glassy calcium phosphate phases [38], within a single structure.
Furthermore, the strategy of ion doping has been employed to modify
the surface topography and enhance by optimising material-host inte-
gration. The objective of this approach is to provide a viable solution
that promotes bone regeneration, vascularisation and the required me-
chanical strength for effective bone healing.

2. Materials and methods
2.1. Multilayer scaffolds assembly

The multilayer scaffolds were fabricated through the synergistic
utilisation of the Sol-Gel methodology and the polymeric sponge repli-
cation technique. The polyurethane foams, with a porosity of 20 ppi
(Eurofoam-Germany-PU), measuring 1 cm x 1 cm, underwent a coating
process using different solutions comprising the distinct layers of the
scaffold. The pH of all the solutions was adjusted between 2 and 3. The
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reagents used to formulate each layer are summarised in Table 1.
@ Glass-Ceramic Core

The innermost layer, designated as CS (CaSiOs), was generated by
combining 19.28 mL of TEQOS, 8.62 g of CaCOs, 5 mL of ethanol (97°), 20
mL of distilled water, and 1 mL of HCI 37 %.

The polyurethane foams were immersed in the aforementioned so-
lution until complete coverage was achieved. Subsequently, the coated
foams were subjected to the sintering process. The treatment involved a
prolonged ramp over 55 h, reaching a temperature of 1050 °C, which
was then held for 8 h to achieve a balance between densification and
porosity, thereby improving the mechanical and structural properties of
the materials [39-42]. Subsequently, it was permitted to cool to room
temperature over a period of approximately 12 h.

Subsequently, the CS scaffold was coated with the glassy phase,
designated as P6 (CazPsO17), doped with Li. The composition was ach-
ieved by mixing 18.46 mL of TEP, 3.72 g of CaCOs, 1 g of Li=COs, 5 mL of
ethanol (97 %), 20 mL of distilled water, and 1 mL of HCl 37 %.
Following the coating process, a faster temperature ramp was employed,
reaching 1050 °C in 9 h. The temperature was then maintained for 8 h
and subsequently allowed to cool to room temperature over a period of
approximately 12 h. This procedure was conducted twice.

The excess of P6 was removed by chemical etching using a solution
designated as TRIS. The solution was prepared by dissolving 1.17 g of
CaCl: and 7.61 g of tristhydroxymethyl)aminomethane in water,
adjusting the pH to a range of 7.35-7.4 with 1M HCIl, and gauging to a
final volume of 1L. The scaffolds were immersed in 50 mL of the TRIS
solution for a period of 24 h at a temperature of 50 °C, resulting in the
formation of the glass-ceramic core (GCC).

@ Dual Bioactive Shell

The subsequent step involved the application of a first coating to the
GCC, comprising TCP, a well-known bioactive material. This layer was
formulated through the chemical reaction of 10.96 mL of TEP, 9.68 g of
CaCOs, 5 mL of ethanol (97°), 20 mL of distilled water, and 10 mL of HCl
37 %. Following the application of the coating, the scaffolds were sub-
jected to a sintering process analogous to that employed for the P6
coating. This entailed 9 h of incremental heating to 1050 °C, 8 h of
holding, and a final cooling period of approximately 12 h to room
temperature.

Finally, the GCC-TCP scaffold was coated with the second coating
comprising one of the CS ion-functionalised compositions summarised
in Table 2. The name of each coating is derived from the molar per-
centage of MgCOj3 used to dope the CS. In this sense, CSOMg contains 0 %
molar MgO, whereas CS0.7 comprises 0.7 % molar MgO, and CS1Mg
contains 1 % molar MgO. The formulation of this layer was achieved as

Table 1
List of chemical reagents with chemical formula and suppliers, used as precursor
materials.

Reagents Chemical Purity Supplier
Formula (%)

Calcium carbonate CaCOs >99 Sigma-Aldrich

Calcium chloride CaCl, 97 Riedel-de Haén

Hydrochloric acid HClL 37 Carlo Erba

Lithium carbonate Li»CO3 >99 Sigma Aldrich

Magnesium carbonate MgCO3 >99 Sigma Aldrich

Potassium carbonate K>CO3 >99 Sigma-Aldrich

Sodium carbonate Na2COs >99 Riedel-de Haén

Tetraethyl Orthosilicate Si(OCzHs)4 >99 VWR Chemicals
(TEOS) BDH

Triethyl Phosphate (TEP) (C2Hs)3POa4 >99.8 Sigma-Aldrich

Tris(hydroxymethyl) C4H11NO3 >99.8 Sigma-Aldrich
aminomethane

Ethanol C,HsOH >96 Carlo Erba
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Table 2

Molar distribution of the compositions under study.
Oxide Composition (mol %)

CS-P6 CSOMg CS0.7 Mg CS1Mg

SiO, 22.4 24.82 24.66 24.75
CaO 41.67 49.35 49.12 48.53
P,0s 28.91 20.63 20.36 20.6
LiO 7.03 3.8 3.87 3.85
NaO 0 0.7 0.72 0.71
K20 0 0.58 0.57 0.57
MgO 0 0 0.7 1

previously described, with the addition of 0.5 g of Na=COs, 0.5 g of K2COs
and a varying quantity of MgCOs (0-0.6 g), resulting in the molar ratios
described in Table 2.

Once more, the scaffolds were subjected to a thermal treatment
comprising a heating ramp to 1050 °C, which took approximately 9 h,
followed by 8 h of holding, and a final cooling period of approximately
12 h to room temperature.

2.2. Physico-chemical characterisation

X-ray diffraction (XRD) patterns for each layer were obtained using
an automated Bruker-AXS D8 Advance diffractometer, which was
equipped with CuKa radiation (A = 1.54056 A). The data were collected
in accordance with the vertical geometrical Bragg-Brentano configura-
tion in plane reflection mode. The measurements were taken in in-
crements of 0.05° with a 5-s duration per step. Subsequently, the
experimental diffractograms were compared to those stored in the
Crystallography Open Database (COD) using Power Diffraction Match!
Version 3.16 Build software.

In addition, the microstructure of the different scaffolds, was eval-
uated using a field emission scanning electron microscope (FESEM,
ZEISS SIGMA 300 VP) coupled with energy dispersive X-ray spectros-
copy (EDX, ZEISS SmartEDX).

To assess the compressive strength of the scaffold as layers were
added, a simple manual testing apparatus (SVL-1000 N, IMADA) was
employed. This apparatus enabled the application of pressure manually
and in stages until structural failure occurred.

Furthermore, to examine the microporosity (<300 pum), a Poro-
master 60 GT device manufactured by Quantachrome Instruments was
utilized, operating within a pressure range of 6.393 KPa to 242,995.531
KPa. Finally, to address the macroporosity (>300 pum), a water-filled
pycnometer was used.

2.3. In vitro bioactivity test

In accordance with the procedures outlined in ISO 23317 [43], the
multilayer scaffolds were placed in falcon tubes containing 50 mL of
simulated body fluid (SBF) and incubated for varying periods of time
(1-21 days) in a shaking bath at 37 °C, simulating physiological con-
ditions. Subsequently, samples were analysed by FESEM-EDX. This was
done both before (control) and after SBF treatment. Prior to analysis, all
samples were subjected to palladium sputtering.

Concurrently, the residual SBF was subjected to analysis by induc-
tively coupled plasma optical emission spectrometry (ICP-OES, Perki-
nElmer Optima 2000™) to ascertain whether any ionic alterations had
occurred.

2.4. Biodegradation

2.4.1. Weight loss

Given the significance of biodegradation, a comprehensive investi-
gation was conducted to elucidate the underlying mechanisms. Weight
loss was monitored over a 21-day period. Multilayer scaffolds were
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placed in Falcon tubes containing 50 mL of phosphate-buffered saline
(PBS) (pH 7.4) and maintained in a shaking bath at 37 °C to simulate
physiological conditions. Subsequently, the samples were dried and
weighed in order to calculate the percentage of scaffold degradation.
This was achieved by applying the following formula, where Wy, is the
initial weight prior to PBS exposure and W is the weight at each time
point:

(Wo —Wy)

Degradation % = x 100

2.4.2. Ionic characterisation of CCM

In this instance, the scaffold exhibiting the most biologically relevant
topography was selected for further in vitro biological characterisation,
based on the bioactivity results. The scaffolds were subjected to a 4-h
ultraviolet (UV) light sterilisation process on each side. Subsequently,
the samples were immersed in Dulbecco’s modified Eagle medium
(DMEM, Gibco) culture medium, which was supplemented with 10 %
fetal bovine serum (FBS, Corning) and 1 % penicillin/streptomycin (PS,
Gibco). The procedure was conducted at two different concentrations:
15 mg/mL and 30 mg/mL. Following this, the samples were incubated
for 24, 48 and 72 h. Finally, the culture medium containing the disso-
lution products released by the scaffolds was collected. This medium is
referred to as the conditioned culture medium (CCM). The CCM was
stored at 4 °C for further ICP-OES analysis and cell culture.

2.4.3. Indirect cell viability evaluation

Finally, the effect of the CCM on the viability of 3T3 mouse embry-
onic fibroblasts was evaluated through the alamarBlue assay (Invi-
trogen, Thermo Fisher Scientific) following ISO 10993-5 standards [44],
after 1-3 days. The cells were cultured in Petri dishes with supplemented
DMEM and incubated at 37 °C in a humidified atmosphere with 5 %
CO». Subculturing was initiated when the cells reached 80 % confluence.
Twenty-four hours prior to commencing the assay, 24-well culture plates
were seeded at a density of 5000 cells per cm?, allowing the cells to
attach to the plate. Subsequently, the culture medium was carefully
replaced with CCM, with the exception of the control wells, where it was
renewed with fresh unconditioned culture media. All studies were
conducted in triplicate. Subsequently, the alamarBlue assay was con-
ducted in accordance with the instructions provided by the supplier. The
absorbance at 570 nm was quantified using the Microplate Reader
RT-2100C (Neuvar Inc.).

2.5. 3D direct cell culture

Three-dimensional direct cultures were performed in triplicate to
assess the cytotoxicity of the CS0.7 Mg scaffold and to examine the
cellular response to its varying surface morphologies, CS0.7 Mg-XD (X =
0-14 days following immersion in SBF).

Following sterilisation, a wetting pre-treatment was performed in
order to facilitate cell attachment. This entailed the complete coverage
of the scaffolds with culture medium. The plates were then placed in an
incubator at 37 °C under a 5 % CO: atmosphere for 30 min. Subse-
quently, the culture medium was aspirated, and a 25-pL drop containing
20,000 cells was carefully deposited onto each scaffold. Once more, the
plate was incubated for 30 min to permit the cells to adhere to the
scaffold. Lastly, a fresh culture medium was added. Following each
study interval (1-10 days), the culture medium was removed, and the
scaffolds were transferred to a new 24-well plate. This approach allows
for the avoidance of cells adhered to the bottom of the plate instead of
the scaffold. Finally, the alamarBlue assay was conducted, and the
resulting absorbance was read.

2.6. Statistical analysis

For each specific time point, a one-way ANOVA was employed to
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perform between-group comparisons. Subsequently, post-hoc analyses
were conducted using Tukey’s test to identify specific differences among
the groups. The statistical significance was determined using an alpha
level of 0.05 and a 95 % confidence interval. The results are presented as
mean + standard deviation (SD). All statistical analyses were conducted
using GraphPad version 10.0.

3. Results
3.1. Physico-chemical characterisation

The mineralogical analysis of the ground scaffold, conducted via
XRD, revealed the presence of various crystalline structures as new
coatings of material were incorporated to the scaffold (Fig. 1).

Fig. 1A illustrates the crystalline phases of the Glass-Ceramic Core. It
is evident that the CS layer consists of pseudowollastonite-CaSiOs (PW)
(COD 96-900-2251). However, in the CS-P6 layer, CaSiOs was absent,
and instead, the presence of new crystalline phases was detected. It was
found to consist of cristobalite-SiO5 (CB) (COD 96-900-8225), calcium
pyrophosphate-CasP207 (CP) (COD 96-100-1557), and a minor pro-
portion of tricalcium phosphate-Ca3(PO4)s (B-TCP) (COD 96-151-7239).
Following chemical etching with TRIS, the GCC scaffold showed no
significant variations in the crystalline composition.

Fig. 1B shows the crystalline phases upon the addition of the dual
bioactive shell. GCC-TCP scaffold showed the same phase composition
as GCC, albeit with a notable increase in the proportion of f-TCP. For the
CSOMg, CS0.7 Mg and CS1Mg scaffolds, SiO, CagP207 and B-TCP were
identified as the predominant components in addition to wollastonite-
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CaSiO3 (CS) (COD 96-900-5779) in a smaller proportion. Additionally,
in the CS0.7 Mg and CS1Mg samples, Mg-rich phases were identified:
akermantite-CapMgSisO; (AK) (COD 96-900-6942) and whitlockite-
Cay0.115Mg3.85(PO4)s (WH) (COD 96-901-2137), a non-stoichiometric
Mg variant of B-TCP. The intensity of the peaks corresponding to these
phases was directly proportional to the amount of Mg contained in the
structure.

The microstructure of each layer of the scaffold was examined using
FESEM-EDX, as illustrated in Fig. 2. The EDX data are presented in
Supplementary Table 1. The CS scaffold scan revealed a globular
morphology with a Ca/Si ratio of 0.9 £ 0.1, which is very close to that of
stoichiometric CaSiOs. In contrast, CS-P6 exhibited large polygonal
crystals with a Ca/P ratio of 1.4 & 0.2 in the centre, which closely ap-
proximates the TCP ratio. The Ca/P ratio at the periphery was 1.1 + 0.1,
similar to that of calcium pyrophosphate. The crystals were wrapped
and completely covered by an amorphous matrix (o) comprising pri-
marily P and Si, with a minor contribution from Ca. The Ca/P + Si ratio
was maintained within the range 0.017 + 0.005. Following treatment
with TRIS, a more exposed surface is visible as a result of the removal of
the excess glassy phase. This has resulted in the exposure of the calcium
phosphate crystals, which have become more prominent and angular.

Finally, sample GCC-TCP displayed a laminated surface. The
elemental analysis revealed that the samples were primarily composed
of calcium and phosphorus, with a Ca/P ratio of 1.5 + 0.1.

The scaffold CSOMg, exhibited the presence of small spherical
structures that were uniformly dispersed over the surface, with a Ca/Si
ratio of 0.5 + 0.3 (Fig. 5). Furthermore, larger and angular crystalline
formations with a Ca/P ratio of 1.4 4+ 0.2 were observed.
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Fig. 1. XRD spectra of the scaffold as successive coatings were applied to form the GCC (A) and

the Dual Bioactive Shell (B). Identified phases include PW -

Pseudowollastonite (CaSiO3), CB - Cristobalite (SiO5), TD - Tridymite (SiO5), CP - Calcium Pyrophosphate (CasP,0-), p-TCP - Tricalcium Phosphate (Ca3(PO4)5), CS -

Wollastonite (CaSiO3), WH - Whitlockite (Ca;g.115Mg3.85(PO4)s), AK - Akermanite (Ca,MgSi»07).
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Dual Bioactive Shell
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Fig. 2. FESEM-EDX micrographs of the microstructure of each layer of the scaffolds. The locations of elemental analysis are indicated by the numbers I-XII.

In contrast, the CS0.7 Mg sample, exhibited a ribbed surface (Fig. 5).
The lamellas were identified within the microscale with a thickness of
4.1 + 0.1 pm and an average lamellar spacing of 7.0 &+ 0.1 pm. These
features were composed of small calcium silico-phosphates crystals with
a minor magnesium contribution. The lamellae body is composed pri-
marily of small, rounded grains with a Ca + Mg/P + Siratio of 0.8 £ 0.2,
interspersed with slightly larger, angular grains with a Ca + Mg/P + Si
ratio of 1.0 & 0.1. While both have silicon and phosphorus as their main
components, the rounded crystals have a greater silicon contribution
than the polygonal ones, which have a larger phosphorus contribution.

With regard to CS1Mg, it exhibited similar characteristics to those
observed in CSOMg (Fig. 5), namely spherical structures with a Ca/Si
ratio of 0.5 + 0.2. However, in this case, the quantity of accompanying
Ca-P grains, with a Ca/P ratio of 1.5 & 0.2, was considerably higher.

Fig. 3 and Table 3 provide a detailed analysis of the microporosity
(<300 pm) of the scaffold layers, obtained through Hg porosimetry. The
CS scaffold exhibits a predominant interparticle porosity (>1 pm),
representing a 27 %. This porosity is characterised by a pore size dis-
tribution comprising three distinct ranges of gas incorporation. The first
range encompasses pores between 200 pm and 61 pm, while the second
ranges from 25 pm to 4 pm. Lastly, pores within the intraparticle region
(0.1-0.01 pm), account for 18.4 %, resulting in a total microporosity
value of 45 %.

Table 3
Microporosity study of scaffolds with successive material layer additions.

Sample Interparticle Porosity ~ Intraparticle Porosity ~ Total Microporosity
(%) (%) (%)
CS 27 18 45
CS-P6 16 17 33
GCC- 25 11 35
TCP
CSOMg 23 13 36
CS0.7 22 12 34
Mg
CcS1Mg 26 11 37

Following the addition of the glassy P6 phase, a shift in the pore size
distribution to the left was observed in the CS-P6 scaffold, which is likely
attributed to the viscous nature of the material. This results in a
reduction in the volume of intruded mercury and an increase in the
proportion of intraparticle porosity, which represents 17 % of the total
porosity, with pore sizes ranging from 4.6 pm to 0.05 pm. This was
accompanied by a notable reduction in interparticle porosity, which
decreased to 16 % with pores between 200 and 4 pm, and in total
microporosity, which decreased to 33 %.
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Fig. 3. Mercury porosimetry curves: cumulative porosity (A, B) and differential porosity (C, D).
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The TCP coating resulted in a partial compensation of the total
microporosity, which increased to 35 % of which 11 % was intraparticle
and 25 % intraparticulate. This was reflected by an increase in the
volume of intruded mercury. Two distinct pore size regions were iden-
tified, spanning from 230 pm to 0.4 pm and a second region corre-
sponding to pores between 0.2 pm and 0.01 pm.

The CSOMg, CS0.7 Mg, and CS1Mg scaffolds exhibit two distinct
regions in their pore size distribution. The first region exhibited an
increased intruded volume, corresponding to pores of larger diameter
(200 pm-5 pm), indicative of a predominant interparticle porosity (11
%-13 %). The second region encompasses smaller pore sizes, ranging
from 0.2 to 0.01 pm, indicative of an intra-particle porosity between 22
% and 26 %. The total porosity of the scaffolds is observed to range
between 34 % and 37 %.

Fig. 4 provides a comprehensive analysis of the physical character-
isation as new coatings are applied to the CS core. The CS Core scaffold
obtained through the indicated methodology and with a porosity of 95
% presents a mechanical resistance that hardly allowed its manipula-
tion, preventing its mechanical characterization. For this reason, no
value is shown in Fig. 4 A. The addition of 0.3 g of P6, representing 80 %
of the total weight of the sample (Fig. 4B), resulted in a notable
enhancement in compressive strength, reaching approximately 2.4 MPa
(Fig. 4A). This incorporation also led to a reduction in macroporosity
from 93 % to 89 %, which exemplifies the inverse correlation between
mechanical strength and porosity. However, after TRIS etching,
approximately 0.06 g (20 % of the total P6) is hydrolysed, resulting in a
reduction in compressive strength to 1.9 MPa and a slight increase in
porosity to 90 %. In particular, the application of the dual bioactive
shell, TCP and ion-functionalised CS, contribute 0.08 g and 0.07 g
respectively, without significantly altering the mechanical properties or
the overall macroporosity, which remains above 85 % of the total
volume.

The CS1Mg scaffold displayed comparable physical properties to the
CS0.7 Mg scaffold, suggesting that the additional 0.3 % molar MgO did
not exert a significant influence.

3.2. In vitro bioactivity assay

The microstructure of the samples CSOMg, CS0.7 Mg, and CS1Mg
was examined using FESEM-EDX, both before SBF exposure (control,
0D) and after 1, 7, 14, and 21 days of treatment, as depicted in Fig. 5 and
in Supplementary Table 2.

The control scaffold CSOMg (0D), exhibited the calcium-silicate
small spherical structures with a Ca/Si ratio of 0.5 + 0.1 with large
polygonal calcium phosphate grains with a Ca/P of 1.5 + 0.1 (Fig. 5).
After one day of immersion in SBF, entangled filamentary structures
with a Ca/Si ratio of 0.6 & 0.1 and a lower P content (1.5 £ 0.2 at. %)
were identified. However, on the seventh day, apatite-type precipitates
forming spheres were detected, with a Ca/P ratio of 1.6 + 0.1, which is
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very close to the stoichiometric value of 1.67 for HA. Upon closer ex-
amination, the typical HA needle-like structures were observed, which,
according to EDX analysis, had a low content of Na (1.2 & 0.1 at. %), Mg
(0.7 £ 0.1 at. %), and Si (0.6 & 0.1 at. %). This precipitate persisted until
day 14, exhibiting greater uniformity and compactness. Moreover, the
HA-needles displayed a Ca/P ratio of 1.7 + 0.1, accompanied by an
almost unchanged Na and Mg content and an increased Si content (2.6
+ 0.1 at. %). Finally, after 21 days of immersion, the surface exhibited
no needle-like precipitates, but a microstructure that was strikingly
similar to that of the CSOMg-0D scaffold, consisting of spherical struc-
tures with a Ca/Si ratio of 0.5 + 0.01.

In contrast, the CS0.7 Mg sample at 0 days, exhibited a ribbed surface
(Fig. 5). The lamellas were identified within the microscale with a
thickness of 4.1 + 0.2 pm and an average lamellar spacing of 7.0 + 0.1
pm. These features were composed of the small calcium silico-
phosphates rounded (a) and angular grains (@) with a Ca + Mg/P +
Siratio of 0.8 + 0.1, interspersed with slightly larger, angular grains (@)
with a Ca + Mg/P + Siratio of 1.0 + 0.1. Upon immersion in SBF for one
day, the lamellae experienced a notable reduction in thickness, resulting
in more defined structures. Both the nanolamellae (700 + 100 nm) and
the microlamellae (1.5 &+ 0.9 pm) can be distinguished with an average
spacing of 2.8 &+ 0.4 pm and 9.4 + 2.2 pm length. In addition, an apatite-
like precipitate was observed after seven days of immersion, with a Ca/P
ratio of 1.7 £ 0.1. Furthermore, it was rich in Si (2.2 + 0.1 at. %), Mg
(0.7 £ 0.1 at. %), and Na (0.9 + 0.1 at. %). While the precipitate
maintained the original lamellar structure, it had widened the thickness
to approximately 3.2 pm + 0.8 pm and narrowed interlamellar gap to
1.0 pm £ 0.2 pm. However, after two weeks, the lamellar structure was
no longer visible, giving way to a dense HA mantle with a Ca/P ratio of
1.6 £ 0.1, which is closer to the stoichiometric HA ratio. This was
accompanied by a diminished Si content (0.2 + 0.1 at. %). Furthermore,
the emergence of channels with a diameter of 263 + 65.7 nm can be
observed. Finally, after 21 days, the density of the channels was reduced,
while the HA precipitate remained with a practically unchanged
elemental composition.

The CS1Mg-0D sample exhibited a microstructure that was very
similar to that of the CSOMg-0D sample, characterised by the presence of
Ca-Si rounded structures (Ca/Si = 0.5 + 0.1) and large polygonal Ca-P
crystals (Ca/P = 1.5 + 0.1). This microstructure is similarly main-
tained after one day of treatment with SBF. After one week of immer-
sion, an apatite-like precipitate with a Ca/P ratio of 1.6 & 0.1 appeared
in the form of isolated tangled spheres on top of Ca-P crystals with a Ca/
P of 1.4 £ 0.1. Furthermore, the previously detected ions Si (3.0 + 0.1
at. %), Mg (1.2 £ 0.1 at. %) and Na (1.6 + 0.1 at. %) were identified in
the HA precipitate. Although the quantity of precipitate increased after
14 days, it exhibited a lower Ca/P ratio of 1.4 + 0.1, with a less defined
and flattened shape, accompanied by a decline in Si content (0.2 + 0.1
at. %) and an increase in Mg content (2.1 + 0.1 at. %) while Na
remained unchanged. The HA precipitate finally disappeared on day 21,

Fig. 4. Evolution of physical properties with deposition of new coatings. Representative optical image of scaffolds (window). Evolution of porosity and compressive
strength of the scaffolds (A). Evolution of the total weight of the sample (cumulative weight) and weight contribution at each stage of scaffold formation (differential

weight) (B).
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CE0Mg

C50.7Mg

CEiMg

Fig. 5. In vitro bioactivity micrographs of the samples CSOMg, CS0.7 Mg, CS1Mg, prior to SBF exposure (control, OD), and following 1, 7, 14 and 21 days of
treatment. The EDX analysis points are indicated by Roman numerals (I-XXIX). In the microstructure of sample CS0.7 Mg-0D, a symbols indicate rounded grains,

while @ symbols denote angular grains.

revealing the sphered structures of the control.

The concentration of specific ions was monitored as the immersion
time elapsed during the in vitro bioactivity assay (Fig. 6). The ICP-OES
results demonstrate the ionic interaction between the samples and the
SBF. It can be observed that when the scaffolds presents an apatite-like
precipitate and is therefore bioactive, there is a reduction in the con-
centration of P, which is used to deposit HA. Conversely, when HA is
dissolved and bioactivity is lost, the concentration of P increases.
Additionally, a contrary trend is evident in the behaviour of Si and P: an
increase in the concentration of one is accompanied by a decrease in the
concentration of the other.

3.3. Biodegradation

Fig. 7A depicits the biodegradation of the scaffolds in PBS (pH 7.4;
37 °C) over a period of 21 days. During the first week, the CSOMg sample
exhibited slightly lower degradation compared to CS0.7 Mg and CS1Mg.
However, after 14 days of immersion, the degradation levels were found
to be nearly identical. Ultimately, after 21 days, the total degradation of
all the samples under study was approximately 15 %.

The CS0.7 Mg scaffold was identified as a promising candidate for
further biological characterisation, based on its demonstrated capacity
for sustained bioactivity in vitro and its topographical resemblance to
native bone tissue.

The ICP-OES technique was employed to detect ionic variations in
CCM and to relate them to cellular behaviour (Fig. 7B-E). At a con-
centration of 15 mg/mL, the CS0.7 Mg scaffold was observed to release
quantifiable amounts of P and Si base ions, in addition to K and Li dopant
ions. However, the variations in Mg and Na were found to be negligible.
Conversely, the concentration of calcium in the CCM was observed to
decrease. Similarly, for the 30 mg/mL concentration, P and Si were
released into the solution along with K and Li in slightly higher con-
centrations than for the 15 mg/mL concentration. Once more, there was

CSEmg

CHILTHY

no significant alteration in the concentrations of Mg and Na, while a
decrease was observed in the concentration of Ca.

Cell viability of cells exposed to the CCM are depicted in Fig. 7F-G.
The results reveled that at a concentration of 15 mg/mL, CCM-48 was
capable of inducing a statistically significant increase in cell prolifera-
tion compared to the control on Day 3 (***p < 0.001), and a moderate
but significant increase on Day 2 (*p < 0.05) when compared to the
control. Also, CCM-72 was found to enhance cellular viability (**p <
0.05) on Day 3. For the 30 mg/mL concentration, a significant increase
in cellular population was observed on fibroblast exposed to CCM-48 on
Days 1 and 3 (**p < 0.01), and a highly significant increase on Day 2
(***p < 0.001).

3.4. 3D cell culture

In light of the in vitro bioactivity test results for the CS0.7 Mg sample,
which reveal interesting modifications in surface topography along with
bioactivity, an alamarBlue assay was conducted to assess the impact of
microstructure on cellular behaviour. This test was performed on CS0.7
Mg samples both prior to SBF immersion and after up to 14 days of
immersion, given that the lamellar morphology is lost due to the for-
mation of a dense HA precipitate.

The 3D direct assay revealed variations in cell viability based on
CS0.7 Mg surface topography (Fig. 8). Initially, higher cell proliferation
was observed in CS0.7 Mg-7D scaffolds, whose surface morphology
consists of HA-coated lamellae (see Fig. 5), as well as in CS0.7 Mg-14D
scaffolds, which present ion leakage channels on their surface, compared
to CS0.7 Mg-0D scaffolds not exposed to SBF. After three days, the dif-
ferences between the CS0.7 Mg-0D and CS0.7 Mg-1D groups disappear,
but the difference between the CS0.7 Mg-1D and CS0.7 Mg-7D groups
becomes statistically significant. After five days of culture, these dif-
ferences are maintained, and statistically significant differences between
the CS0.7 Mg-0D and CS0.7 Mg-7D groups reappear. Although no
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Fig. 6. SBF Ionic release during in vitro bioactivity assessment.
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Fig. 8. Cellular proliferation based on CS0.7 Mg scaffold topography. Data are
shown as means + SD. N = 3, *p < 0.05.

differences between the groups are apparent at 7 days, a significant
difference between CS0.7 Mg-0D and CS0.7 Mg-7D is observed at 10
days. As illustrated in Fig. 8, over time, there is constant cell growth,
indicating desirable cytocompatibility in vitro.

4. Discussion

The design of bone scaffolds that support tissue regeneration in a safe
and efficient manner presents a multifaceted challenge. In this study,
multilayer scaffolds, based on the SiO»-CaO-P,05 system, were devel-
oped, which enables a strategic material integration to achieve more
biomimetic scaffolds. Additionally, ion doping was employed to modify
the surface topography and enhance bioactivity. The objective of these
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scaffolds is to closely mimic the natural bone environment, thereby
enhancing their integration and performance in clinical settings.

Although the material composition consists of a Glass-Ceramic Core
with a Dual Bioactive Shell functionalised with Na, K, and Mg (0-1%
molar), the high temperatures employed during multiple sintering pro-
cesses facilitated ionic migration between layers and phase trans-
formation. Consequently, while the XRD analysis (Fig. 1A) indicated the
presence of CS in the innermost layer, new crystalline phases, namely
SiO2 and CazP:07, along with minor amounts of Cas(PO.)2, appeared
following coating with P6. This is likely due to the sequestration of
calcium ions from CS (CaSiOs3) layer into the P6 (CagPgO;7), forming
SiO2 and CazP20v, and to a lesser extent Cag(PO4)2, due to its higher Ca/P
ratio. This is clearly observed in the FESEM-EDX micrographs of the CS-
P6 and GCC microstructure (Fig. 2). Polygonal crystals are observed
with a decreasing Ca/P ratio from the centre towards the periphery. The
regions with a higher calcium supply, are able to form p-TCP, while the
more distal regions form calcium pyrophosphate. Regarding the glassy
phase binding the crystals, it also underwent ionic exchange reactions,
transitioning from an amorphous calcium phosphate (CaPsO17) to a
silicon-phosphate with reduced calcium content (Ca/P + Si ~ 0.017).
Furthermore, following TRIS-etching, although no appreciable varia-
tions were detected on XRD analysis (Fig. 1A), FESEM-EDX demon-
strated that the presence of the glassy phase was significantly reduced
(Fig. 2). This phase, due to its high reactivity, could cause local pH
disruptions that not only impede the bioactivity of the system but also
adversely affect cell metabolism and survival [45]. For this reason,
various methods of preconditioning glass-based materials have been
described in the scientific literature, including TRIS buffer solutions [45,
46].

These phases detected in the GCC contribute to the synergistic
functionality of the scaffolds. This is corroborated by the findings of
Pattanashetti et al., who demonstrated that the incorporation of silica
into polycaprolactone scaffolds led to a notable enhancement in cell
proliferation in pre-osteoblast cells (MC3T3-E1), particularly at higher
silica percentages [47]. Furthermore, this modification resulted in an
improvement in the mechanical properties of the scaffold, which renders
it a promising option for use in bone tissue engineering applications
[47]. CagP207 is traditionally viewed as an inhibitor of bone minerali-
zation [48], but its role becomes more complex in the presence of
alkaline phosphatase (ALP), a key enzyme involved in bone formation
and mineralization. Normally inhibitory, calcium phosphate undergoes
enzymatic hydrolysis by ALP, resulting in the release of phosphate ions
that serve as essential precursors for HA formation [49,50].

In the GCC-TCP scaffold, an increase in the intensity of the p-TCP
peaks was observed (Fig. 1B), which was confirmed by FESEM-EDX as a
B-TCP layer covering the entire surface (Fig. 2). Upon the application of
the dual bioactive shell, the presence of CS was again detected, along
with other phases derived from ion doping. These included whitlockite,
a non-stoichiometric phase of p-TCP with Mg, and akermanite, a calcium
magnesium silicate (Fig. 1B).

Porosity represents a pivotal factor that exerts a profound impact on
cellular processes. In addition to providing a structural framework, it
facilitates cell infiltration and differentiation, affects extracellular ma-
trix deposition, waste removal and vascularisation [51]. In this sense,
the overall multilayer scaffolds (GCC + Dual Bioactive Shell) demon-
strated comparable microporosity (<300 pm) (Fig. 3) and microporosity
(>300 pm) (Fig. 4B) values regardless of the proportion of doping ions.
The microporosity constituted 35 % of the total volume, with pore sizes
ranging from 200 to 5 pm. These findings are encouraging, as pore di-
ameters of 50-150 pm have been demonstrated to create an optimal
environment for bone cell infiltration, while smaller pores facilitate
nutrient and waste exchange throughout the scaffold and enhance pore
interconnectivity [52,53]. In contrast, the macroporosity constituted 85
% of the total volume, which is notably high in comparison to other
ceramic-glass scaffolds. Li et al. reported a similar total porosity of 75 %,
which was demonstrated during in vivo studies to promote angiogenesis,
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thereby supporting osteogenesis [54].

These porosity values become particularly significant when com-
bined with a mechanical strength of approximately 2 MPa, which, ac-
cording to G. Kaur et al., falls within the range of trabecular bone
strength (1.7-7.5 MPa) [55].

However, to achieve optimal osteointegration, it is essential for the
scaffolds to form a layer of HA on their surface upon exposure to SBF. In
vitro bioactivity tests (Fig. 5) revealed that the three samples, CSOMg,
CS0.7 Mg, and CS1Mg, exhibited distinct behaviours over the 21-day
study period. Initially, the control samples CSOMg and CS1Mg, exhibi-
ted similar microstructures. These were characterised by the presence of
plates covered with spherical calcium silicates (Ca/Si ~ 0.5) and larger
polygonal grains of -TCP (Ca/P =~ 1.5). In contrast, the surface of CS0.7
Mg exhibited striations, with grains of calcium silicophosphates con-
taining a small amount of magnesium. This resulted in a Ca + Mg/P + Si
ratio of approximately 0.8 (a) or 1 (@), which suggests a wollastonite
structure substituted with PO3~ tetrahedra and Mg?*.

Upon early exposure to SBF (1 day), none of the samples exhibited
the presence of HA. The surface of CSOMg evolved into a filamentous
structure, while CS1Mg remained practically unchanged. However, the
striated structure of CS0.7 Mg became more defined, with thinner micro-
and nanolamellae distributed arbitrarily. Given that bone microstruc-
ture is also irregular and lamellar, CS0.7 Mg-1D exhibited a high degree
of trabecular bone mimicry, which is beneficial from both cellular and
biomechanical perspectives, enabling proper load distribution.

Following seven days of SBF exposure, all three samples demon-
strated bioactivity, as indicated by HA nucleation on their surfaces.
Notably, clear differences were observed among the samples. CSOMg
displayed extensive HA deposits covering the entire surface, whereas
CS1Mg showed small HA spheres on a still visible p-TCP background.
CS0.7 Mg, on the other hand, retained its previously detected lamellar
structure, now covered with HA doped with Si, Na and Mg. This further
enhances bone mimicry by combining structural lamellar similarity with
the presence of HA, the primary mineral phase in bone. Additionally,
biological apatites are typically Ca-deficient and doped with other ions
such as Si, Mg, and Na, which enhance their reactivity and bioactivity
[56,57]. This finding positions CS0.7 Mg as a promising candidate for
bone tissue regeneration.

After 14 days, all scaffolds maintained their HA deposits. In the case
of CS0.7 Mg, the HA deposits significantly increased, obscuring the
lamellae. In contrast, the HA deposits in CS1Mg increased to a lesser
extent, allowing the underlying B-TCP crystals to be seen. After 21 days,
CSOMg and CS1Mg lost their HA deposits, which dissolved, exposing
surfaces that were very similar to their controls. In contrast, the HA
deposit on CS0.7 Mg remained.

This behaviour has been previously described by N. Mata et al., who
report an intermittent bioactive behaviour [58]. The general behaviour
is based on the inverse correlation between the concentrations of silicon
and phosphorus in the SBF. An increase in the concentration of silicon
and a decrease in that of phosphorus result in the precipitation of HA.
Conversely, an increase in phosphorus concentration and a decrease in
silicon indicates that previously precipitated HA is dissolved. This occurs
because the previous elevation of silicate concentration reaches a satu-
ration point, resulting in the precipitation of silicon- and calcium-rich
phases that extract calcium from the previously precipitated HA. The
dissolution of HA will result in an increase in the concentration of
phosphate groups, which will eventually cause HA reprecipitation and
thus generate a cyclic behaviour.

In consideration of the variations in bone remodelling throughout
the lifespan, which are most pronounced during childhood and less
active in adulthood, this approach allows for the potential customisation
of the Mg content of implants to exhibit continuous or discontinuous
bioactivity, according to the age and needs of the patient [58,59].

Biodegradation represents a fundamental aspect of third-generation
ceramics, which are intended to regenerate rather than replace bone.
The process allows for the progressive replacement of an implant with
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regenerated tissue, while also conferring therapeutic benefits derived
from the dissolution products [60]. In this context, the biodegradation
profiles of overall multilayer scaffolds as potential therapeutic candidate
for bone injuries, were studied.

Firstly, the weight loss of the samples was monitored over a period of
21 days in PBS (Fig. 7A). Initially, CSOMg exhibited a less pronounced
biodegradation profile; however, over time, its degradation rate became
similar to that of CS0.7 Mg and CS1Mg, reaching approximately 15 % by
the 21st day. Ding et al. reported comparable in vitro biodegradability in
SBF in GSG-1 hydrogels, which, in subsequent in vivo studies, correlated
well with new bone deposition in rat models [61].

To gain further insight into the impact of biodegradation products on
cells, fibroblasts were incubated with CCM at concentrations of 15 and
30 mg/mL (Fig. 7F-G). This indirect approach simulates the in vivo
environment, providing valuable information about the impact on sur-
rounding cells that are not in direct contact with the implant but
contribute to extracellular matrix formation [62].

The results demonstrated that cell viability was enhanced in CCM-
treated cultures, with the most pronounced improvement observed in
those treated with CCM-3D and, to a lesser extent, in those treated with
CCM-7D. The ionic composition of CCM, as determined by ICP-OES
(Fig. 7B-E), indicated an increase in the ionic concentration of Si, P,
K, and Li at both concentrations. This suggests that the observed
improvement in cell proliferation is due to the synergistic effect of these
ions. It is noteworthy that Na and Mg were not significantly released.
While the simultaneous doping of scaffolds with Li, P and Si ions has not
been documented in the literature, previous studies have highlighted the
individual contributions of these ions to cell proliferation. Alali et al.
demonstrated that lithium-doped titanium surfaces significantly
enhanced the proliferation of human gingival fibroblasts [63]. Similarly,
Pattanashetti et al. reported that silicon positively affects cell prolifer-
ation [47]. Furthermore, Shirali-Pour et al. found a positive correlation
between the amount of $-TCP in poly(e-caprolactone)/TCP composites
and the proliferation of mesenchymal stem cells, highlighting the role of
P in this process [64]. Furthermore, potassium is intimately linked with
bone metabolism [65], and may facilitate cell viability by sustaining
homeostasis and regulating membrane potential [66].

However, it is also essential to study the effect of the scaffold on the
cells with which it is in direct contact. This direct approach, which
involved three-dimensional cultures, revealed different proliferation
rates depending on the topographies of CS0.7 Mg scaffold. While all
topographies demonstrated an increase in cell population over time
(Fig. 8), indicating good cytocompatibility, CS0.7 Mg-7D, which has the
highest bone mimicry based on HA-coated lamellas, exhibited the
highest proliferation among all time points studied. This effect can be
attributed to the higher surface area, which provides more anchorage
points for cells, thus enhancing cell adhesion and ultimately prolifera-
tion [67].

In addition, lamellar microstructures are well suited for drug loading
and controlled release applications. Their layered nature provides
multiple interlamellar pockets, which can serve as reservoirs for bioac-
tive molecules such as drugs or growth factors. Lamellae also provide
directional guidance for cells [67]. In this regard, osteoblasts may align
with the lamellae, promoting the formation of organized bone tissue.

5. Conclusions

It is of great importance to optimise the structural properties of the
bone scaffold in order to enhance its performance. By employing a
combination of strategic material integration and ion doping, multilayer
scaffolds were engineered to optimise their biological behaviour and
osteointegration.

The designed scaffolds comprise a core primarily composed of SiOo,
CapP207, and a Ca-deficient Si-P glass phase. Together, these phases
provide a structural support with mechanical properties comparable to
those of trabecular bone. Furthermore, the dual bioactive shell, confers
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bioactive properties,
osteoconduction.

The differences in molar percentage of MgO led to the formation of
distinct microstructures, while no significant variations were evident in
the physical properties. Among the scaffolds studied, CS0.7 Mg exhibi-
ted an interesting lamellar topography, which was maintained during in
vitro bioactivity tests (0-21 days), covered by a HA deposit until
obscured. This microstructure has a high biomimicry with native bone
and is suitable as a drug carrier due to its multiple interlamellar pockets.
Biodegradation of this scaffold resulted in the release of Li, P, Si and K,
which in indirect cell studies were found to increase cell viability of 3T3
fibroblasts compared to the control. In direct cell studies involving the
different CS0.7 Mg scaffold topographies, the CS0.7 Mg-7D HA lamellar
scaffold showed the highest cell proliferation, demonstrating its
biocompatibility.

thereby facilitating osseointegration and
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ABSTRACT

This research examines the biological behavior of multilayer ceramic-glass scaffolds for bone tissue engineering.
The scaffolds consist of a high-strength core of wollastonite and P6 (CazPs0;7), with a sequential coating of TCP
and wollastonite doped with Na*, K+ and Mg?" ions to confer bioactivity to the system. Two formulations were
investigated: a magnesium-deficient one, which served as a microstructure control, and a magnesium-rich one in
which hollow hydroxyapatite (HA) spheres precipitated after one week of immersion in simulated body fluid
(SBF). These formulations are denoted as C-Scaffold and HA-Scaffold, respectively. Further exploration and
comparison of the physiological effects of both scaffolds is necessary to fully understand their potential as drug
release agents and associated therapeutic advantages. The study considered aspects such as protein adhesion, cell
morphology, and the inflammatory response. The results showed that the HA-Scaffold had over 34 % more
plasma protein adhesion compared to the C-Scaffold. Similarly, cell proliferation assays showed increased cell
growth in both HFF-1 fibroblasts and mesenchymal stem cells (MSCs) treated with HA-Scaffold compared to C-
Scaffold. This may be attributed to the higher protein adsorption, which acts as a facilitator for cell adhesion.
Three-dimensional photography from computerized microtomography confirmed that the scaffolds have a
similar morphology and porosity to the intricate structure of trabecular bone in the humeral head. The study
shows that the scaffolds made of Wollastonite/CagP¢O17/TCP/Doped-Wollastonite with HA hollow spheres are
highly suitable for use in this bone segment due to their overall porosity of over 86 % and approximate me-
chanical strength of 1.6 MPa. These findings demonstrate the biocompatibility and enhanced biological prop-
erties of the scaffolds, making them an excellent material for bone tissue engineering.

1. Introduction

remains the gold standard for treating skeletal defects, it is burdened by
substantial drawbacks, encompassing high costs and associated risks

The world population, characterized by constant aging, is facing a such as inflammation, neurovascular damage, immune rejection, or
significant increase in the frequency of bone defects [1-3]. This phe- inadequate osseointegration [4-7].
nomenon is reflected in concerning statistics, highlighting the urgent The limitations of current therapeutic options drive research efforts
need to address these conditions effectively. While bone transplantation toward more effective and innovative solutions. In this context, bone
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tissue engineering arises to overcome the inherent challenges in osseous
regeneration by formulating artificial, functional structures that exhibit
properties and an architecture resembling those of native bone [3,7,8].
In this regard, the careful choice of both the material and the fabrication
method is critical [7,8]. Among the various methodologies available, the
Sol-Gel approach stands out as an essential tool, distinguished by its
versatility and ability to generate scaffolds with specific properties
[9-11]. This method offers the possibility of integrating different ma-
terials into a single structure through the deposition of various coatings,
resulting in the formation of multilayer scaffolds.

The strategic choice of these materials seeks to provide beneficial
and essential functions to stimulate and direct bone regeneration,
highlighting properties such as mechanical strength, crucial in osseous
defects affecting bone under load, as well as biocompatibility, bioac-
tivity and osteoinduction.

The multilayer scaffolds under study are comprised, progressively
from the core outwards, of wollastonite, the glassy phase known as P6
(CazPs017), tricalcium phosphate (TCP) and, as the surface phase,
wollastonite doped with Na*, K™ and Mg?" ions. The combination of the
properties of P6 as a cohesive agent, TCP as a source of Ca and P, and the
bioactivity of wollastonite, together with the ion doping strategy, makes
these scaffolds a promising clinical alternative to current treatments.
Our recent study reported the fabrication of alumina based-wollastonite
multilayer porous scaffolds for bone tissue engineering [12]. Earlier
studies also attempted to investigate the bone regenerative ability of
multilayer wollastonite scaffolds combined with TCP [13,14], fibrin
[15]1, poly(lactic acid) [16], Zn and Mg doping [17], poly(i-lactide)/a-
patite [18], and chitosan/apatite [19]. Furthermore, previous studies
have outlined that, upon immersing these scaffolds in simulated body
fluid (SBF), hollow spheres of hydroxyapatite (HA) precipitate,
revealing their potential as agents for controlled drug release [20-22].
Given the associated advantageous prospects, this study investigated the
interaction of these scaffolds with biological systems, aiming to predict
their in vivo response.

2. Materials and methods
2.1. Fabrication of multilayer scaffolds

The multilayer scaffolds were fabricated using the Sol-Gel method
along with the polymer sponge replication technique. A 20 ppi poly-
urethane sponge served as a template for depositing the different ma-
terials that comprise the scaffolds, selecting the indicated porosity of the
polyurethane sponge in order to obtain a final open porosity within the
range 50-300 pm. The wollastonite internal layer was formed by
combining 19.28 mL of Tetraethyl Orthosilicate (TEOS, Aldrich 98 %),
8.62 g of calcium carbonate (CaCOs3, Sigma >99 %), 5 mL of ethanol, 20
mL of distilled water, and 1 mL of hydrochloric acid (HCI 37 %, Ensure).
After sintering, the polymer sponge was replaced by wollastonite, which
served as the new ceramic template for the following layers.

Next, a layer containing the vitreous phase P6 was added to the
scaffold in order to enhance the mechanical strength and tackle the
brittleness of the wollastonite core. The composition was created by
mixing 18.46 mL of Triethyl Phosphate (TEP, Aldrich >99.8 %), 3.72 g
of CaCOs, 1 g of lithium carbonate (LioCO3, Sigma-Aldrich >99 %), 5 mL
of ethanol, 20 mL of distilled water, and 2 mL of HCl 37 %. The excess
glassy phase was removed from the core through a chemical attack
process using an etching solution called TRIS. To create this solution,
7.6 g of tris(hydroxymethyl)aminomethane (NHyC(CH;OH)s, Sigma
Aldrich >99.8 %); and 1.168 g of calcium chloride (CaCly, Riedel-de
Haén >97 %) were diluted in distilled water and HCI to a final vol-
ume of 1 L. The pH was finally adjusted to a value ranging from 7.3 to
7.4. The cores were then immersed in 50 mL of the solution and main-
tained at 50 °C for 24 h. The subsequent step involved the application of
a third layer, comprising TCP, which served as a source of calcium and
phosphate ions to facilitate HA deposition. The layer was formed
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Table 1
The molar fraction of the studied scaffolds.

Component Molar fraction
C-Scaffold HA-Scaffold

SiO, 0.248 0.244
CaO 0.494 0.494
P20s 0.207 0.204
Li-O 0.039 0.038
Naz0 0.007 0.007
K20 0.005 0.005
MgO - 0.008

through a chemical reaction involving 10.965 mL of TEP, 9.68 g of
CaCOs, 5 mL of ethanol, 20 mL of distilled water, and 2 mL of 37 % HCI.

Finally, wollastonite was once again chosen as the surface layer. The
layer was formulated as described above, with the addition of 0.5 g
sodium carbonate (NapCOs, Sigma >99 %), 0.5 g of potassium carbonate
(K2COg3, Sigma >99 %) (C-Scaffold), and an additional 0.5 g of magne-
sium carbonate (MgCOs, Sigma Aldrich >99 %) (HA-Scaffold). It is
worth noting that the pH of all syntheses was adjusted to a value of 2-3.
After applying sufficient layers of each material, the sample underwent a
sintering process. The temperature was gradually increased from room
temperature to 1050 °C, with a holding time of 8 h, and finally cooled to
room temperature. The heating rate for the initial layer was approxi-
mately 0.32 °C/min, while it was significantly accelerated up to 2 °C/
min for the subsequent layers.

To enhance the bio-functional properties, the hollow HA spheres
were precipitated on the HA-Scaffold after 7 days of immersion in
simulated body fluid (SBF) and were sustained for an additional 7 days
during in vitro bioactivity tests (ISO 23317). Subsequently, HA-Scaffold
samples were immersed in Falcon tubes containing 50 mL of SBF and
incubated for 7 days in a shaking water bath set to physiological tem-
perature (37 + 0.5 °C). Therefore, the C-Scaffold, which lacks Mg2+ and
HA, was used as the control scaffold. Table 1 shows the molar per-
centages of both specimens.

2.2. Characterization

2.2.1. Mineralogical characterization

Once the two types of scaffolds were obtained, the mineralogical
characterization was carried out by X-ray diffraction (XRD). A Bruker-
AXR D8 Advance automated diffractometer using Cu-Ko radiation
(1.54056 f\) was used. The Bragg-Brentano theta-2thetha (6/20) ge-
ometry was employed to collect the experimental data between 15° and
40° (20) at 0.05 steps, and a scanning speed of 5 s. The experimental data
was analyzed with the Power Diffraction Match! version 3.16 Build 288
software. The thermal degradation profile of the fabricated scaffold was
done by thermogravimetric analysis (TG, Japan Hitachi STA200) in a
nitrogen atmosphere with a temperature ranging from 35 to 1100 °C.

2.2.2. Macro and microstructure characterization

The macrostructure of the scaffolds was analyzed using a Nikon
SMZ1500 stereomicroscope equipped with a Nikon DXM1200F digital
camera. Additionally, the microstructure of the scaffolds was investi-
gated through Field Emission Scanning Electron Microscopy (FESEM)
using a ZEISS Sigma 300 VP instrument, coupled with Energy-dispersive
X-ray spectroscopy (EDX) from ZEISS SmartEDX. The scanning resolu-
tion was set to 5 kV. To improve electrical conductivity and acquire
more precise images and spectral data, the samples were metalized with
palladium before electron microscopy.

2.2.3. Physical characterization

Given the importance of scaffold porosity, a study of this feature was
carried out using the mercury porosimetry technique. A Poromaster 60
GT (Quantachrome Instruments) was used, which worked with a
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pressure between 6.393 KPa and 242,995.531 KPa. Pycnometric anal-
ysis was also used to determine the macroporosity of the sample. These
data were supplemented with the mechanical strength of samples. A
compression test was conducted using a Simple Manual Test Stand (SVL-
1000 N, IMADA) where samples were subjected to increasing values of
manually applied pressure until the sample breakage occurred.

2.3. Effect of scaffolds in plasma protein adhesion

In order to determine the plasma protein adhesion, both the C-
Scaffold and HA-scaffolds were incubated in Fetal Bovine Serum (FBS) at
37 °C for 4 h. Then, the FBS was removed, and the scaffolds were washed
with Phosphate Buffer Saline (PBS) gently twice, followed by staining
with Coomassie Brilliant blue (CBB) G-250 for 2 h at 37 °C. The excess
stain was washed out with a destaining solution containing a methanol-
water-acetic acid mixture overnight. The FBS untreated scaffolds
(Blank) were also stained with CBB G-250. The amount of protein
absorbed on the scaffold was determined by measuring the optical
density of the supernatant at 590 nm as per our previous method [23].

2.4. Cell culture

The Mesenchymal Stem Cells (MSC) from human bone marrow
(CTCC-113-HUM) and Human Foreskin Fibroblasts (HFF-1) (CTCC-001-
0346) were purchased from Zhejiang Matson Cell Technology Co., Ltd.
(MeisenCTCC), Shanghai, China). The cells were cultured as per the
seller’s recommendations. Briefly, the MSC cells were cultured in
mesenchymal stem cell growth medium (Cat No: CTCC-S019-HUM-M,
Lot No: M23SF2204) without FBS and HFF-1 cells were cultured in
Dulbecco’s Modified Eagle Medium (DMEM) medium containing 15 %
FBS with 1 % antibiotics (Penicillin and Streptomycin). The cells were
cultured in a standard way until 80 % confluence and then sub-cultured.
The cells from passages 3-8 were used for the following experiments.
Samples (C-Scaffold and HA-Scaffold) were UV-sterilized for 30 min
before cell culture use. The sterilized samples were briefly washed with
PBS and equilibrated with respective culture mediums for cell culture.

2.5. Effect of the scaffold on MSC proliferation

The effect of both the C-Scaffold and HA-Scaffold on the proliferation
of MSCs was determined as per the previous method [24]. Briefly, the
MSCs with a cell density of 5 x 10° seeded on scaffolds in 48 well plates
were cultured with a mesenchymal stem cell growth medium.

In parallel, the cells were cultured with Scaffold Conditioned Me-
dium (SCM). The SCM was prepared by incubating scaffolds in mesen-
chymal stem cell growth medium for 24 h and collected by centrifuge at
2000 g for 5 min. The cells without scaffold or SCM were considered as
controls. Both scaffold-seeded and SCM-treated cells were cultured for 3
days and 7 days. After the treatment, the cells were briefly washed with
PBS prior to the cck-8 experiment. The proliferation rate of cells was
determined by culturing the cells with basal culture medium containing
cck-8 reagent for 2 h and measured at 450 nm.

2.6. Biocompatibility

The biocompatibility of both the C-Scaffold and HA-Scaffold was
investigated by using HFF-1 cells. Briefly, the HFF-1 cells with a cell
density of 1 x 10° per well in 48 well plates, were seeded on both the C-
Scaffold and HA-Scaffold and were cultured with DMEM medium con-
taining 15 % FBS for 3 days and 7 days. The compatibility of scaffolds on
HFF-1 cells was investigated by the cck-8 method following the previous
method. The cells cultured without scaffolds were considered as control.

2.7. Effect of the scaffolds in inflammatory response

To further confirm the biocompatibility, the cellular inflammatory
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Fig. 1. XRD diffraction patterns of the C-Scaffold (A) and HA-Scaffold (B).

response was measured after treating cells with scaffolds. The MSCs and
HFF-1 cells with a cell density of 5 x 10° per well in 98 well plates were
seeded on scaffolds and cultured with mesenchymal stem cell growth
medium and DMEM medium, respectively, for 3 days and 7 days. After
treatment, the cell supernatant was collected after centrifuge at 2000 g
for 5 min, and stored at —20 °C until use. The level of cellular cytokines
was determined by using IL-2 and IL-6 ELISA kits. The quantitative
measurement of IL-2 and IL-6 was determined by following the manu-
facturer’s instructions. The reference standard curves for IL-2 with
gradient concentrations (0, 20 pg, 40 pg, 80 pg, 160 pg and 320 pg) and
for IL-6 with gradient concentrations (0, 10 pg, 20 pg, 40 pg, 80 pg
and160 pg) were plotted (Supplementary Fig. S1 and Fig. S2) for
measuring the test sample concentrations.

2.8. Effect of the scaffolds on cell morphology

Changes in the morphological features of MSC and HFF-1 after being
cultured on scaffolds were determined by SEM [Oxford Xplore, ZEISS
GeminiSEM 300]. For this purpose, the MSCs and HFF-1 cells with a cell
density of 1 x 10° per well in 24 well plates were cultured on both the C-
Scaffold and HA-Scaffold with respective culture media for 3 days and 7
days. After cell culture, the cells on scaffolds were washed with PBS and
fixed with 2.5 % glutaraldehyde for 30 min and 4 % formaldehyde for
30 min. After fixation, the scaffold samples with cells were dehydrated
with gradient alcohol concentrations (0, 25 %, 50 %, 75 % and 100 %
ethanol in PBS) for 10 min each. The dehydrated scaffold cells were air-
dried overnight in a sterile biosafety cabinet. Then, scaffold cells were
sputter-coated with gold and images were captured by SEM at different
magnifications with 15 kV resolution.

2.9. Osteogenic differentiation

The ability of scaffolds in stem cell regeneration was further
confirmed by osteogenic differentiation of MSCs culturing with scaffold
condition medium. In brief, the MSCs (1 x 10%/well) were seeded in 24
well plates and cultured for 21 days with osteogenic medium containing
supplements (Shanghai QiDa Biotechnology Co., Ltd, Lot No: P1301)
along with scaffold conditioned medium. Osteogenic differentiation was
confirmed by standard osteogenic staining methods using alizarin red
and von Kossa stains for calcium deposition, and alkaline phosphatase
stain.

2.10. Statistical analysis

All the experiments were conducted with triplicate samples, and a
concordant value was obtained from these experiments. The values were
expressed as means + SD unless otherwise indicated. The statistical
difference and comparisons were made using one-way ANOVA analysis
and a p-value less than 0.05 was noted as statistical significance after
treating the data in GraphPad Prism 9.4.0 software.
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Fig. 2. Structural study of multilayer scaffolds. Optical images of the macro-
structure in the top (A) and front view (B), together with FESEM-EDX images of
the microstructure of the C-Scaffold (C) and HA-Scaffold (D).

3. Results and discussion
3.1. Mineralogical characterization

As for the mineralogical examination, Fig. 1 shows the XRD spectra
of C-Scaffold (Fig. 1A) and HA-Scaffold (Fig. 1B). The XRD spectra
confirmed the presence of three layers in both C-Scaffold and HA-
Scaffold, and several phases were identified in both scaffolds. These
phases were cristobalite (A) (COD 96-900-8225), calcium diphosphate
(B) (COD 96-100-1557), TCP (C) (COD 96-151-7239), wollastonite (D)
(COD 96-900-5779), and chlorapatite (E) (COD 96-210-5266). In addi-
tion, the HA-Scaffold also exhibited magnesium-rich compounds,
namely whitlockite, with Cajg 115 Mgs gsPO4 formula, (F) (COD 96-901-
2137) and akermanite, CapMgSi2O7, (G) (COD 96-900-6942), as well as
HA (H) (COD 96-901-4314).

Considering that ionic conductivity is directly proportional to tem-
perature, ionic migration is expected to increase during sintering [25].
This would explain the formation of cristobalite and calcium pyro-
phosphate (from CaSiO3 and CayPgOq7) and whitlockite (from
CaSiO3-Na™t, K+, Mg?* and TCP). However, the chlorapatites was likely
formed due to the HCI used in the synthesis process.

Control scaffold

Ha-scaffold

Ceramics International 50 (2024) 37779-37789

The presence of HA peak in the HA-Scaffold confirmed the successful
deposition of HA during SBF incubation and the bioactivity of the
sample. HA (Ca;o(PO4)6(OH)s5) is the primary inorganic component of
human bone [3,7] and is commercially used in bone implants due to its
good biocompatibility and ability to integrate seamlessly with natural
bone tissue [3,26-28].

3.2. Microstructure

The scaffolds exhibited a macrostructure with open porosity and
interconnected porosity, as shown in Fig. 2A and B. As for the micro-
structure, the surface of the C-Scaffold (Fig. 2C) showed a regular
pattern consisting of circular structures mainly composed of calcium and
silicon, with a Ca/Si ratio of 0.5 + 0.07, suggesting the presence of
calcium disilicide (CaSiy). Silicates are thought to play an important role
in promoting bone matrix formation, given their ability to form a surface
HA layer, activated by the dissolution of calcium and silicate ions [29,
30].

Upon scanning the HA-Scaffold, their surface was completely
covered by a dense, and elongated precipitate (Fig. 2D). This precipitate
was rich in calcium and phosphorus at a ratio of 1.62 + 0.07, which is
very similar to the stoichiometric HA Ca/P ratio of 1.67. Additionally,
hollow spheres formed by the same elongated structures with a Ca/P
ratio of 1.69 + 0.11 were observed on this deposit. The precipitation of
HA can be attributed to the silicate outer layer of the scaffold. This layer
promotes the formation of a HA layer through ionic exchange reactions,
as described by Hench [31]. Also, this HA layer is capable of binding to
bone and a potentially a pro-osteoinductive factor [29]. The morphology
of the hollow HA spheres is controlled by the magnesium concentration,
while the amount of HA spheres precipitated is controlled by the days of
immersion in SBF. Only with seven days of soaking in SBF hollow HA
spheres are deposited.

3.3. Physical characterization

As for the physical characterization, the Hg porosimetry technique
was used to evaluate the microporosity (<300 pm) of both the C-Scaffold
and the HA-Scaffold. The C-Scaffold presented a total porosity of 26.61
%, of which 19.22 % was attributed to interparticle porosity, with a
diameter range of 121 - 5.21 pm. The remaining 7.39 % corresponded to
intraparticle porosity, characterized by smaller pores with diameters
ranging from 0.342 to 0.018 pm. In comparison, the HA-Scaffold

Ha-scaffold

Fig. 3. Micro-CT images (A), Reference image (B) showing Rod and plate distribution in a human humeral head [41] and Thermogravimetry analysis (C) of

C-Scaffold and HA-scaffold.
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Fig. 4. The efficiency of Protein adsorption of C-Scaffold and HA-Scaffold treated with fetal bovine serum (FBS). B-C-Scaffold: Blank control scaffold (FBS un-
treated), B-HA-Scaffold: Blank HA-scaffold (FBS untreated), C-scaffold: control scaffold after FBS treatment, HA-scaffold: HA-scaffolds after FBS treatment. * denotes

statistical significance with respective blank, p < 0.05.

showed, on average, total values, and a larger pore size. Total porosity
was 32.4 %, distributed as 28.06 % interparticle porosity and 4.34 %
intraparticle porosity. Interpore diameters varied from 172 to 6.16 pm,
while intrapore diameters ranged from 0.82 to 0.034 pm. These findings
are of biological significance since previous research has shown that
pore sizes between 50 and 150 pm promote the exchange of nutrients
and waste products through the scaffold, as well as facilitating cell
colonization [32].

Furthermore, pycnometry results showed a total macroporosity,
corresponding to pores >300 pM, of 86.1 + 0.4 % in the C-Scaffold and
87.3 + 0.6 % in the HA scaffold, relative to the total volume of the
samples. These values are quite high compared to other ceramic scaf-
folds [33-35]. In addition, a higher rate of angiogenesis has been
demonstrated to be directly related to the high scaffold macroporosity
[36]. These data were complemented by the results of the compression
test. The mechanical behavior of both samples was very similar, showing
an approximate strength of 1.57 + 0.2 MPa for the C-Scaffold and 1.68
+ 0.17 MPa for the HA-Scaffold. The reported strength is within the
range of trabecular bone as reported by Caeiro et al. [37].

3.4. Micro-CT

Micro-CT images of both the C-Scaffold and HA-Scaffold are pre-
sented in Fig. 3A. The 3D images of micro-CT results showed that both
scaffolds possessed more interconnected micro- and macro-porous
structures. Interestingly, in the present study, the porous structures of
scaffolds exactly mimic the trabecular spacing, trabecular rods and
trabecular plates of the human humeral head (Fig. 3B).

The TGA analysis investigated the thermal denaturation profile of
both the C-Scaffold and HA-scaffolds (Fig. 3C). The results showed that
the first derivative of the TGA curve i.e. DTG curve, which measures the
rate of sample decomposition with regards to time and temperature, was
decreased slowly with respect to temperature in both the C-Scaffold and
HA-scaffold. The maximum percentage of DTG was obtained at
1086.56 °C for the C-Scaffold and 1092.21 °C for HA-Scaffold, respec-
tively. Previously, the decomposition of wollastonite hydrogel
composed of silicon, Sr/Se/Zn/Mg-substituted hydroxyapatite/chitosan
had a maximum TGA curve at ~850 °C [38]. In another study, the
degradation behavior of f-wollastonite derived from natural waste
showed that the exothermic peak observed at 778 °C indicated the
starting temperature for crystallization of B-wollastonite [39]. These
authors further concluded that the thermal decomposition of p-wollas-
tonite takes place in different steps, i.e. 8.4 % weight loss from room
temperature to 220 °C, 5.18 % weight loss from 220 to 600 °C and 2.5 %
weight loss from 600 to 750 °C were occurred due to removal of residual
water, low-temperature, and high-temperature decarbonisation,
respectively [39,40].
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Fig. 5. The MSCs proliferative effect of C-Scaffold, HA-Scaffold and their
conditioned medium (SCM). Control: cells cultured without scaffolds, C-Scaf-
fold: cells cultured on control scaffold, HA-scaffold: cells cultured on HA-
scaffold, SCM C-Scaffold: cells cultured on SCM of control scaffolds, SCM HA
scaffold: cells cultured on scaffold conditioned medium of HA scaffolds. * de-
notes statistical significance compared to the control group (without scaffold),
P < 0.05.

3.5. Protein adsorption

To evaluate the interaction ability of scaffolds with plasma protein
receptors, scaffolds were treated with FBS and stained with CBB G-250.
The protein adsorption of the C-Scaffold was about 2.6 + 0.26 (61.2 %),
which was lower than the HA-Scaffold (3.5 + 0.11, 82.4 %), proving
that the HA precipitate on the scaffold stimulated the interaction be-
tween matrix and plasma protein (Fig. 4). In addition, the blank C-
Scaffold (15.9 %) and blank HA-Scaffold (11.3 %) were also partially
stained with CBB G-250, even without FBS incubation, which might be
due to the possible interaction of CBB G-250 dye with the active func-
tional groups present in wollastonite and HA, respectively. Interestingly,
the protein adsorption highly occurred in the interior component (inside
the porous structure) of both the C-Scaffold and HA-Scaffold as evi-
denced by the high staining intensity of CBB G-250 observed in those
regions. Our previous studies also claimed the same effect of protein
adsorption in germanium-coated hydroxyapatite biomaterials and the
surface coating of these materials with ethanol did not contribute to
protein adsorption [23]. In the present study, the adsorption of plasma
protein by scaffold was increased by HA precipitation, which was sup-
ported by earlier reports [42,43].

3.6. Effect of the scaffold on MSC proliferation

In order to investigate the cell proliferative effect of C-Scaffold and
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Fig. 6. The HFF-1 proliferative effect of C-Scaffold, HA-Scaffold and their
conditioned medium (SCM). Control: cells cultured without scaffolds, C-Scaf-
fold: cells cultured on control scaffold, HA-scaffold: cells cultured on HA-
scaffold, SCM C-Scaffold: cells cultured on SCM of control scaffolds, SCM HA
scaffold: cells cultured on scaffold conditioned medium of HA scaffolds. * de-
notes statistical significance compared to the control group (without scaffold),
P < 0.05.

HA-Scaffold, the MSCs were cultured on scaffolds for 3 days and 7 days
followed by the cck-8 experiment. As expected, the number of cells was
higher in the 7-day culture compared to the 3-day culture in all the
groups (Fig. 5). On day 3, the cell number was not altered between
control cells and scaffold cultured cells, except for cells cultured on HA-
Scaffold. There was not much difference between scaffold cultured cells
and SCM cultured cells on 3 days of culture. On day 7, the proliferation
rate of MSCs was much higher in cells cultured on HA-Scaffolds
compared to control cells (P < 0.05) and other scaffold-cultured cells.
At the same time, the cells cultured on C-Scaffold and SCM also had a
higher proliferative rate than control cells (P < 0.05). In contrast, the
cells cultured in HA-SCM did not accelerate the proliferation of MSCs
compared to cells cultured on HA-scaffold and there was no significant
difference in the proliferative rate of cells cultured on C-Scaffold and C-
SCM on day 7.

To support the present results, many studies substantially proved the
MSCs proliferative effect of wollastonite [44], wollastonite scaffold
containing chitosan/carboxymethyl cellulose [45], apatite-wollastonite
[46,47], apatite/wollastonite-derived porous bioactive glass-ceramic
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scaffolds [48], and collagen/wollastonite nanowire hybrid scaffolds
[49]. Our recent data concluded that the C2S(2P6)C2S) 3D-porous
scaffold coated with strontium accelerated the proliferation of mesen-
chymal stem cells (MSCs) [50].

3.7. Biocompatibility

The in vitro biocompatibility of both the C-scaffold and HA-Scaffold
was investigated by culturing HFF-1 cells on both scaffolds for
different periods, followed by cck-8 experiments. As shown in Fig. 6,
cells cultured on day 7 had higher proliferation in C-Scaffold and
scaffold-cultured cells compared to cells cultured on day 3. The cell
proliferation rate of control was higher than C-Scaffold and their
respective conditioned medium on day 3, however, they were not sta-
tistically significant. Interestingly, the cells cultured on HA-Scaffold had
significantly higher proliferation than control and C-Scaffold or SCM
cultured cells (P < 0.05), however, this effect was not observed in HA-
SCM cultured cells.

To support the present findings, several authors investigated the
biocompatibility of silk fibroin/wollastonite composite scaffolds in L929
mouse fibroblasts [51], chitosan/carboxymethyl cellulose/mesoporous
wollastonite in MG-63 cells [45], wollastonite-gelatin scaffold in human
mesenchymal amniotic fluid stem cells [52] and wollastonite/p-TCP in
fibroblasts [53].

3.8. Effect of the scaffolds in inflammatory response

The in vitro biocompatibility and proliferative effect of C-Scaffold
and HA-Scaffold was further confirmed by measuring cellular cytokines
(IL-2 and IL-6) levels in MSCs and HFF-1 cells using ELISA experiments.
On day 3, the level of IL-2 was decreased in C-Scaffold treated HFF-1
cells compared to control, however, it was not observed in HA-Scaffold
treated cells. In contrast, the HA-Scaffold decreased the IL-2 level of
HFF-1 cells than control and C-Scaffold cells on day 7. There were no
significant changes observed in IL-2 level of MSCs between control and
Scaffold cultured cells on day 3 and day 7 (Fig. 7). On the other hand, the
level of IL-6 in MSCs and HFF-1 cells was not altered by either scaffold
compared to their respective controls on day 3 and day 7. Recently,
Kamboj et al. investigated the cytokines and anti-inflammatory factors
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Fig. 7. The level of inflammatory cytokines (IL-2. and IL-6) in MSCs and HFF-1 cultured on C-scaffold and HA-scaffold. A-Level of IL-2 on day 3, B-Level of IL-2 on
day 7, C-Level of IL-6 on day 3 and D-Level of IL-6 on day 7. Control-cells cultured without scaffolds. * denotes statistical significance compared to control, P < 0.05.
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Fig. 8. Morphological structure of MSCs cultured on both C-Scaffold (C) and HA-Scaffold (HA). A- Cells without scaffolds on day 3 and day 7, B and C -Scaffolds with
cells on day 3 and 7, respectively, 1, 2 and 3: images with 100, 50 and 20 uM scale bars, respectively.

of MSCs cultured on laser-sintered bio-inspired silicon-wollastonite
scaffolds and concluded that the level of certain cytokines such as
TGFp, IL8, TSG6 and TGFp was affected by the scaffolds, demonstrating
possible immunomodulation effect and bone remodeling [54].

3.9. Effect of the scaffolds on cell morphology

The surface morphology of MSCs cultured on both C-Scaffold and

HA-Scaffold is shown in Fig. 8. MSCs cultured on glass slides showed
spindle and flattened shapes in both 3-day and 7-day cultures, however,
the distribution of cells was increased on day 7 than on day 3 (Fig. 8A).
On day 3, MSCs cultured on the C-Scaffold had a more flattened struc-
ture, whereas fibrillar cell clumps with nodules were observed in HA-
Scaffold cultured cells (Fig. 8B). Fig. 8C clearly shows that on day 7
there were more cells than on day 3 and that they firmly adhered to both
the control scaffold and the HA scaffolds. In the C-scaffold, the cells had
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Fig. 9. Morphological structure of HFF-1 cultured on C-Scaffold (C) and HA-scaffold (HA). A- Cells without scaffolds on day 3 and day 7, B and C -Scaffolds with cells
on day 3 and 7, respectively, 1, 2 and 3: images with 100, 50 and 20 pM scale bars, respectively.

a more flattened dense fibrous structure, while in the HA-scaffold
cultured cells grew more in the hydroxyapatite crystal deposited re-
gion. Earlier studies reported an elongated spindle shape of MSCs
cultured on apatite-wollastonite-glass ceramics for 7, 14 and 21 days
[55] and long filopodia or lamellipodia shapes of Human bone
marrow-derived stromal cells cultured on poly-
hydroxybutyrate-co-hydroxyvalerate/wollastonite composite scaffolds
for 7 days and 14 days [56].

Fig. 9 shows the microstructural images of HFF-1 cells cultured on
scaffolds. Similar to MSCs, the HFF-1 cells were firmly grown on both
the C-Scaffold and the HA-Scaffold. As observed earlier, the cell numbers
were higher in 7 days culture compared to 3 days culture and more
fibrillar cell structures were observed in cells cultured on C-Scaffold for
3 days than HA-Scaffold cultured cells. Compared to MSCs, the HFF-1
cells grew faster and covered all the scaffold surfaces on day 7. For
instance, the surfaces of the C-Scaffold and HA-Scaffold were closely
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Fig. 10. Osteogenic stimulatory effect of C-Scaffold and HA-scaffold. Control-cells cultured without scaffolds, C-scaffold- cells cultured with control scaffold
conditioned medium, and HA-scaffold- cells cultured with HA-scaffold condition medium. Images A- Alizarin red stain, images B- von Kossa stain and images C-

Alkaline phosphatase stain. Scale bar- 100 pM.

covered by HFF-1 cells, which directly confirmed the compatibility of
both scaffolds in fibroblast cell culture.

3.10. Effect of the scaffolds on cell differentiation

To test the cell regenerative ability of scaffolds, MSCs were differ-
entiated into osteogenic cells in presence of scaffold conditioned me-
dium. The differentiation of osteogenic cells from MSCs was confirmed
by three major staining methods such as alizarin-red, von Kossa and
alkaline phosphatase staining (Fig. 10). The results revealed that the
control cells cultured without scaffold conditioned medium showed less
staining intensity compared to those cells cultured with scaffold condi-
tioned medium. Among the scaffold’s groups, HA-scaffold conditioned
medium significantly accelerated the staining intensity especially in von
Kossa and alkaline phosphatase stains. Previously, Chen et al. reported
that heparinised gelatine-hydroxyapatite-tricalcium phosphate scaffold
enhanced the new bone regeneration and bone mineral density [57].
Similarly, Fu et al. observed the osteogenic stimulatory effect of Nano-
—/micro-scaled hydroxyapatite bioceramics [58]. The bone regenera-
tion mechanism of Wollastonite and tricalcium phosphate was
extensively reviewed by dos Santos et al. and concluded that the
regenerative ability of these bioceramics depends on their
physical-chemical, structural, functional (osteoinductivity and osteo-
conductivity) and biomimetic properties [59]. The present study results
revealed that the osteogenic stimulatory effect of MSCs was accelerated
by scaffolds, especially HA-scaffold, which directly proved the regen-
erative ability of this scaffolds.

4. Conclusion

The present investigation explores a novel multilayer scaffold
composed of Wollastonite/CazPsO17/TCP/Doped-Wollastonite, in which
hollow hydroxyapatite spheres precipitate upon immersion in SBF. The
scaffold design adheres to a structural configuration comprising a core
consisting of the two innermost layers and a dual bioactive coating.
Mineralogical analysis revealed that the core was predominantly
composed of SiO2 and CazP-0+, possibly attributed to interlayer ionic
migration. In addition, TCP and wollastonite, representing the outer
bioactive layers, were also identified as predominant phases. Physical
characterization of the scaffolds revealed an average overall macro-
porosity exceeding 85 % of their volume, along with a mechanical
strength of approximately 1.6 MPa. The fabricated scaffolds resemble
the trabecular spacing, trabecular rods and trabecular plates of the
human humeral head. The MSCs proliferation rate was 61 % increased
by HA-Scaffold compared to control cells, whereas it was 16 % in HFF
cells. Interestingly, the scaffolds did not accelerate IL-2 and IL-6 cyto-
kine levels in both MSCs and HFF cells, which further evidence the
biocompatibility of these samples in tissue engineering applications. The
osteogenic ability of MSCs was accelerated by HA-Scaffolds, proving
their regenerative ability in stem cells. Overall, the fabricated multilayer
Wollastonite/Ca2P¢O17/TCP/Doped-Wollastonite scaffold could be a
suitable biomaterial for tissue engineering applications. However, the
abilities of these materials in bone and dental cell differentiation using
stem cells need to be addressed with extensive molecular signaling
studies.
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and CSO05, were prepared, varying the amount of MgO (0.38; 0.49% w/w). The prepared scaf-
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Sol-gel surface topography and bioactive behaviour, resulting in a lamellar microstructure (CS04)
Bone regeneration and precipitation of hollow HA spheres (CS05). From a biological point of view, the scaffolds
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promoted MC3T3-E1 cell proliferation, calcium deposition and osteoblastic differentiation,
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Andamios bioactivos con modificaciones i6nicas para promover la
osteogénesis y la angiogénesis en la regeneracion 6sea

RESUMEN

Palabras clave:
Andamios multicapa
Sol-gel
Regeneracién 6sea
Biocompatible

Este estudio propone la modificacién de andamios multicapa basados en el sistema SiO,-
Ca0-P,0s mediante la incorporacién de iones bioactivos, como el magnesio o el litio,
con e objetivo de potenciar los procesos celulares implicados en la regeneracién désea. Se
prepararon dos tipos de andamios, CS04 y CS05, con diferentes concentraciones de MgO
(0,38%; 0,49% p/p). Los andamios obtenidos presentaron una estructura porosa interconec-
tada, con fases cristalinas predominantes de SiO,, CayP,07 y B-Cas(PO4),, una resistencia
a la compresién de 1,8 MPa y una porosidad superior al 75%. Los ensayos de bioactividad
mostraron que pequenas variaciones en la cantidad de MgO modificaron la topografia super-
ficial y el comportamiento bioactivo, generando una microestructura laminar (CS04) y a la
precipitacién de esferas huecas de HA (CS05). Desde una perspectiva biolégica, los andamios
demostraron ser biocompatibles, al igual que sus productos de disolucién a 10 y 100 mg/mL.
Ambos andamios estimularon la proliferaciéon celular en MC3T3-E1, la deposicién de calcio y
la diferenciacién osteoblastica, reflejado en un incremento de la actividad de la ALP. Ademas,
se observé liberacién de VEGF en MC3T3-E1, sugiriendo su potencial angiogénico. Estos
resultados indican que los andamios presentan propiedades éptimas para su aplicacién en

regeneracion dsea.

© 2025 Los Autores. Publicado por Elsevier Espana, S.L.U. en nombre de SECV. Este es un
articulo Open Access bajo la licencia CC BY-NC-ND (http://creativecommons.org/licenses/

by-nc-nd/4.0/).

Introduction

Advancements in medicine and healthcare have signifi-
cantly increased human life expectancy, leading to a shift
in the global demographic profile [1,2]. Consequently, there
has been an escalating prevalence of various age-related
conditions, including bone fractures, which are frequently
attributed to bone fragility and bone loss [2-5]. While
individuals with healthy bones generally experience nat-
ural healing and regeneration of fractures [6], especially
smaller ones, more severe fractures or those complicated
by comorbidities such as osteoporosis, diabetes or other
chronic inflammatory conditions can overwhelm the bone’s
ability to regenerate [7,8]. In such cases, external inter-
vention becomes necessary to promote effective healing.
This is where the field of biomaterials has made significant
advancements, offering promising solutions to enhance bone
regeneration [9-11].

The first generation of biomaterials employed for osseous
regeneration focused primarily on bioinert materials intended
to simply replace lost bone mass [12,13]. Such materials
included metallic implants (e.g. titanium and stainless steel),
synthetic polymers (e.g. polymethyl methacrylate and Teflon),
and ceramics (e.g. alumina and zirconia) [9,12,14]. However,
these materials are inert and do not integrate with surround-
ing tissues, failing to support biological regeneration despite
minimising immune responses and foreign body reactions
[12,13].

Consequently, the field advanced to second-generation
biomaterials, which function not only as structural replace-
ments but are also engineered to elicit controlled responses in
the physiological environment, thereby facilitatingintegration

with host bone tissue [12,13]. These materials include syn-
thetic and natural biodegradable polymers, including collagen
and polyesters, bioactive bioceramics such as calcium silicate
(CS) or bioactive glasses (both silica and non-silica based), as
well as bioresorbable bioceramics like tricalcium phosphate
(TCP) and hydroxyapatite (HA) [9,12,14,15].

The advent of third-generation biomaterials has led to
the development of scaffolds that support bone regeneration
while guiding self-healing processes through the induction of
favourable cellular responses [9,12,13]. This can be achieved
through various strategies, including surface modifications,
the use of external stimuli, or the sustained release of soluble
factors, such as growth factors, cytokines, or other chemical
substances, such us biologically active ions, to enhance tissue
repair and regeneration [9].

Despite these advances, there remain significant clinical
challenges, particularly in achieving full biological integra-
tion and vascularisation of bone grafts, which is imperative
for their long-term functionality and success [16,17]. The
present study proposes a cost-effective approach to address
these issues by means of ionic modification, with the
aim of achieving improved biological performance. Through
ionic substitutions, it is possible to alter the surface struc-
ture, electric charge and reactivity of materials, which
may influence its behaviour in physiological environments
[18,19]. The bioengineered third-generation scaffolds com-
bine bioactive CS (CaSiOs), resorbable B-TCP (Ca3(PO4);) and
the lesser-known vitreous phase P6 (CayP¢O;7) into a sin-
gle structure, seeking to create a scaffold that mimics the
natural bone structure. Along with the ion-doping strat-
egy, this combination is intended to enhance regeneration
related processes of bone tissue and enable implant long-term
functionality.
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Materials and methods
Materials preparation

The preparation of the multilayer scaffolds was achieved
through the implementation of the sol-gel process and the
foam replica method, following the methodology illustrated
in Fig. 1.

The various stages of this process have been described in
detail in previous publications [20,21]. In summary, for the CS
core, as well as the CS04 and CS05 outer layers, the raw mate-
rials were simply mixed and stirred to facilitate the hydrolysis
of the precursors (Fig. 1A). For the P6 and TCP coatings, the
mixture was subjected to agitation and heating to facilitate
the complete evaporation of the water. Prior to the application
of the TCP coating and after the P6 layer, a preconditioning
chemical treatment with TRIS (pH 7.35-7.4) was conducted.
The TRIS solution was prepared by dissolving 1.17 g of CaCl,
and 7.61 g of tris(hydroxymethyl)aminomethane (tris) in 1L of
distilled water. This step was essential to prevent the exces-
sive reactivity of the glassy phase, which could alter the pH of
the solutions during in vitro bioactivity and cellular assays [19].
Following the application of each layer, a sintering process was
carried out (Fig. 1B). The resulting multilayer scaffolds con-
sisted of four layers: an internal CS (CaSiOs) core, followed by
a P6 (CayPs017) glassy phase coating doped with Li to improve
the mechanical strength and tackle the brittleness of the CS
core. A third layer of B-TCP (Cas(PO4),) was then added, fol-
lowed by an outer CS layer doped with Na, K, and varying
amounts of Mg, which defined the nomenclature of the result-
ing scaffolds. Thus, CS04 contains 0.4 g of MgCOs, while CS05
contains 0.5g.

Materials characterisation

The X-ray diffraction (XRD) technique was employed for
the mineralogical characterisation of the multilayer scaf-
folds. An automated Bruker-AXR D8 Advance diffractometer,
equipped with a secondary graphite monochromator and Cu
Ko radiation (1.5418740A), was utilised in accordance with
the Bragg-Brentano geometry in 6-26 configuration. The X-
ray tube operating conditions were set to 40kV and 30maA,
and the angle range was set from 15° to 40° with 0.05°
increments, with 5s assigned for each step. Subsequently,
the resulting diffractograms were analysed using the Match!
software, version 4.1. Peak analysis was conducted using
the database provided by the Crystallography Open Database
(COD).

The chemical composition was analysed by Fourier Trans-
form Infrared Spectroscopy (FTIR) using a IRAffinity-1S
Shimadzu spectrometer. Spectra were scanned in transmit-
tance mode over a wavenumber range of 1400 to 400 cm~* with
40 scans at a resolution of 4cm~1.

Given the critical role of mechanical resistance and poros-
ity in scaffolds performance, macroporosity was assessed
using a water-filled pycnometer. Additionally, a manual com-
pression test was conducted using an SVL-1000N device
(IMADA) to evaluate the compressive strength of the scaffolds
(n=5).

Additionally, the microstructure of the multilayer scaf-
folds was examined using a field emission scanning electron
microscope (FESEM, ZEISS SIGMA 300 VP) coupled with energy
dispersive X-ray spectroscopy (EDS, ZEISS SmartEDX). This
was conducted both before and after one week of Simulated
Body Fluid (SBF) treatment in accordance with ISO 23317 [22],
and based on our previous investigations showing that the
resulting bioactive topography promotes cellular proliferation
[20,21].

In vitro biocompatibility assessment

Cell culture

Cell assays were conducted on the murine preosteoblast
cell line MC3T3-El. The cells were cultured in 75cm?
culture flasks with «-MEM culture medium (Gibco), supple-
mented with 10% Foetal Bovine Serum (FBS, Corning), 1%
penicillin-streptomycin (PS, Gibco) and 1% L-glutamine (L-Glu,
Gibco). The flasks were incubated at 37°C in a humidified
atmosphere with 5% CO,. Once the cells had reached 80%
confluence, they were passaged in accordance with standard
laboratory practice.

Prior to initiating the cytotoxicity assays, the scaffolds
CS04 and CS05 were dry-sterilised in a furnace at 160°C for
a period of two hours. The cytotoxicity was evaluated through
two distinct approaches: an indirect approach, in which pre-
osteoblasts were incubated as Culture Medium containing
Ionic Dissolution Products (CM-IDP) and a direct approach,
whereby cells were seeded on the scaffolds.

Indirect approach

For this purpose, solutions containing powders from pow-
dered scaffolds at a concentration of 10 mg/mL and 100 mg/mL
were prepared in supplemented o-MEM, designated as CM-
IDP, which was renewed every two days. Following each study
interval (1, 3, 7, 14 and 21 days) CM-IDP aliquots were col-
lected and stored at 4 °C for subsequent analysis of the ionic
composition by inductively coupled plasma optical emission
spectrometry (ICP-OES, Perkin-Elmer Optima 2000™) and for
monitoring of any pH alterations. The remaining medium was
entirely removed and replenished with fresh supplemented «-
MEM, simulating the clearance processes observed in vivo. This
approach enabled the extraction of the dissolution products
after each interval, preventing its accumulation and facilitat-
ing an understanding of its potential in vivo effects.

In parallel and 24h prior to assay commencing, pre-
osteoblasts were seeded at a density of 5000 cells/cm? to allow
cell attachment with supplemented «-MEM. Subsequently,
the supplemented o-MEM was removed from the wells and
replaced with the CM-IDP, except for the control wells, where
it was renewed. The aliquots for ICP-OES and pH measure-
ment were also collected. After 24 h of exposure (day 1), the
viability assay WST-8 (CCK-8, Sigma-Aldrich) was performed
and absorbance was read (FLUOstar Omega, BMG LabTech).

Afterwards wells were rinsed with Dulbecco’s Phosphate
Buffered Saline (DPBS, Gibco) and incubated with CM-IDP
except from control wells. This procedure was repeated on
days 3, 7, 14 and 21 of the study.

To complement WST-8 assay, cells were live stained with
calcein acetoxymethyl-ester (Calcein AM, Invitrogen), fixed
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Fig. 1 - Diagram of the multilayer scaffold preparation process: sol-gel method and sintering (A); assembly of layers and
scaffold preconditioning (B).
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with 3.7% formaldehyde for and finally stained with DAPI
(Sigma Aldrich) to evaluate their morphology after DP-CM
exposure. Images were adquired through a Axio Scope A.1,
Carl Zeiss Fluorescence Microscope.

Direct approach
MC3T3-E1 cells were plated at a density of 5000 cells/cm? onto
the scaffolds CS04 and CS05. WST-8 assays were conducted at
1, 3,7, 14, and 21 days, as previously described.

After the various study periods, the cells were subjected to
a process of fixation and subsequent examination using SEM,
with the objective of assessing the morphology of the cells.
Two distinct fixation solutions were utilised for 1h each: the
initial solution consisted of 0.1% glutaraldehyde, 2% formalde-
hyde and 5% sucrose, while the second solution included
0.3% glutaraldehyde, 3% formaldehyde. Subsequently, a dehy-
dration process was conducted utilising a series of ethanol
solutions, ranging from 30% to 99.9%, with each concentra-
tion applied for a period of 30 min. Subsequently, the samples
were subjected to critical point drying (Leica EM CPD300) and
analysed using SEM (Auriga CrossBeam, Carl Zeiss).

Osteogenic assessment

For osteogenic assays, 50pg/mL L-ascorbic acid (Sigma
Aldrich), 10 mM B-glycerophosphate (Sigma), and 10 nM dex-
amethasone (Sigma Aldrich) were added to the supplemented
a-MEM to create an osteogenic differentiation medium for cul-
turing MC3T3-E1.

Alizarin red staining (ARS) was employed to assess the
deposition of calcium on CS04 and CSO5 scaffolds. In brief,
cells were seeded on scaffolds for 7, 14, and 21 days, after
which they were fixed with 3.7% formaldehyde for 1h, stained
for 10min with ARS (2%; pH 4.3) in darkness, and rinsed
with DPBS and dH,O as many times as necessary until the
washing solution was transparent. A qualitative analysis was
conducted using images of the scaffolds obtained through
an optical microscope (Primo vert, Carl Zeiss). For the quan-
titative analysis, a 10% acetic acid solution was employed
for 30 min with gently shaking to remove the stain, and the
absorbance was subsequently quantified at 405nm. In con-
sideration of the elevated calcium content of the scaffolds, the
baseline staining of the scaffolds was assessed and employed
for the standardisation of the values.

To assess the impact of multilayer scaffolds on osteoblast
differentiation, the specific alkaline phosphatase (ALP) activ-
ity was quantified at 3, 7, 14 and 21 days. The activity of ALP
was evaluated through an enzymatic and colorimetric assay,
whereby the formation of yellow p-nitrophenol (pNP) result-
ing from the hydrolysis of nitrophenylphosphate (p-NPP) by
ALP was quantified. In this regard, the cells were lysed and
subjected to centrifugation to obtain the proteins present in
the supernatant. Subsequently, 150 pL of the supernatant were
combined with 50 pL of the ALP mixture (1M Tris, 2mM MgCl,,
9mM p-NPP), which provides the requisite conditions and sub-
strate for ALP. The mixture was incubated at 37°C until a
colour change was observed, after which 1M NaOH was added
to terminate the reaction. The absorbance was determined at
a wavelength of 405nm. Concurrently, the total protein con-
tent of the supernatants was determined through the Bradford

assay. For this purpose, 25 pL of cell lysates supernatants were
mixed with 975 pL of the Bradford reagent, which were incu-
bated for 10 min in the dark. The absorbance was measured at
595 nm. The specific ALP activity was calculated based on the
ALP measurement and the Bradford assay and is presented
as the activity of hydrolysing a certain amount of nanomolar
PNPP per minute and milligramme of total protein.

Angiogenic assessment

In order to investigate the potential angiogenic impact of mul-
tilayer scaffolds on the MC3T3-E1 cell line, the RayBio® Mouse
VEGF-A ELISA Kit was utilised to quantify the liberation of
VEGF in cell supernatants, in accordance with the instruc-
tions provided by the suppliers [23]. The data are presented as
the percentage of VEGF secretion relative to the control mean
(considered as 100%) for each time point of the study.

Statistical analysis

One-way ANOVA was utilised to compare groups at each
time point. Following this, post hoc analyses were carried out
using Tukey’s test to determine specific differences between
the groups. Statistical significance was established with an
alpha level of 0.05 and a 95% confidence interval. Results are
expressed as mean +standard deviation (SD). All statistical
analyses were performed using GraphPad version 10.3.1.

Results

The resulting scaffolds exhibited an interconnected porous
structure with final dimensions 0f 0.9 £ 0.1 cm in diameter and
0.8 £0.1cm in height (inset Fig. 2A).

Materials characterisation

The XRD patterns (Fig. 2) revealed the crystalline compo-
sition of the multiphasic scaffolds which included calcium
phosphates, silicates, and magnesium-rich phases. Among
the calcium phosphates, characteristic peaks of calcium
pyrophosphate (CayP,07) (COD 96-100-1557) were observed
at 20=29.6°, 33.5°, while those of B-tricalcium phosphate (8-
TCP, Caz(PO4)2) (COD 96-151-7239) appeared at 20 =31.01° and
34.3°. For thessilicates, wollastonite (CaSiO3) (COD 96-900-5779)
was identified with peaks at 26 =29.9°, while cristobalite (SiO3)
(COD 96-900-8225) was detected at 20=21.9°.

The magnesium-rich phases included akermanite (AK,
Cap;MgSi,07) (COD 96-900-6942), with peaks at 260=31.1° and
whitlockite (WH, Ca10.115Mg0.385(P04)7) (COD 96-901-2137)
displays characteristic diffraction signals that are slightly
shifted to the right with respect to those of -TCP, at 26=31.1°
and 27.8°. The magnesium substitution within whitlockite
results in lattice parameter distortion, leading to slight shifts
in its diffraction peaks in comparison to the stoichiometric
B-TCP. The superposition of the peaks from whitlockite and
B-TCP results in a broadening effect in the XRD patterns, as
observed at 20=31° and 27.8° (e.g.).

Fig. 2B depicts the FTIR spectra of scaffolds CS04 and CSO05.
The presence of Si—O—Si and PO43~ groups was confirmed,
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Fig. 2 - Materials characterisation. Chemical composition assessed using XRD (a) and FTIR (b). A small inset showing an
optical image of the scaffold (top view) is included in (a). XRD legend: ¢ SiO,; ¢ Ca,P,07; A Gaz(POgs),; m CaSiOs; * Gaj.115Mg

3.85(PO4)7; ¥ Ca,MgSi,05.

with some overlapping bands. Furthermore, the presence of
P02~ and HPO4?~ groups was identified.

The PO43~ groups gave rise to the appearance of several
bands, which were associated with various vibrational modes:
(i) asymmetric stretching peaks at 1000 and 1030cm™?; (ii)
symmetric stretching at 940 and 975cm™?; and (iii) bending
modes at 600, 588 and 550cm~!. Furthermore, the HPO42~
group was identified at 920 cm—1.

With regard to the Si—O—Si group, bands were observed
in two principal regions. (i) asymmetric stretching or bending
in the range 1216-1000cm~!, and (ii) symmetric stretching,
with bands at 975 and 795 cm 1. In addition to these regions,
a Si—0—Si rocking band was also observed at 458 cm~1, as well
as a new band corresponding to Si—O—NBO at 920 cm ™.

Finally, the pyrophosphate group (P,0;%2") was present,
with signals at 725, 920 and 1216 cm~? detected in both scaf-
folds.

A comparison of the two spectra reveals that, despite
the similarity in background and the majority of peaks, the
bands corresponding to the phosphates in CS05 are markedly
broader than those observed in CS04.

With regard to their physical properties, CS04 and CS05
exhibited comparable characteristics. Both exhibited a com-
pressive strength of 1.84+0.1MPa and a porosity greater
than 75%. CS04 demonstrated a macroporosity of 76 +2%,
while CSO05 revealed a slightly higher macroporosity of
77 £1%.

The SEM characterisation of the microstructure of the scaf-
folds prior and after SBF exposure is shown in Fig. 3. The
surface of CS04 exhibits elongated and interconnected chan-
nels, which manifest a lamellar appearance. The lamellae
were composed of Ca-P—Si grains, with a similar contribu-
tion of P and Si resulting in a Ca/P+Si of 0.7 £0.1. In terms
of dimensions, the lamellas range from 5 to 10 um in length
and 1 to 3 um in thickness, exhibiting an overall rough texture
and irregular edges.

In contrast, CSO5 displayed a surface characterised by a
granular texture and elongated grains, with a rod shape mor-
phology (A ), rich in calcium and silicon (Ca/Si ratio of 2+0.1)
(Fig. 3). These rod-shaped Ca-Si structures were observed to
have a length of between 5 and 15 pm and a width of between

CE04

C505

Fig. 3 — Surface analysis. FESEM-EDS micrographs depicting
the microstructure of the scaffolds prior to (0D) and
following 7 days of SBF exposure.

1 and 2 pm. Big angular Ca-P-Si grains (e ) were also detected
with a Ca/P+Siratio of 0.6 +0.1.

Following a seven-day immersion period in SBF, both
scaffolds exhibited evidence of mineral deposition on their
surfaces. In the case of CS04, the original lamellar structure
is still discernible, but it is now covered by a precipitate. The
elemental composition of the mineral layer, as determined
by EDS, indicates a composition based on Ca and P (Ca/P of
1.6 +0.1), with variable amounts of substituent ions such as
Mg?* (0.8 +0.1at%), SiO4%~ (2.6 +0.2at%) or Na* (1.2 0.1 at%)
which are typically found in biological apatites [24,25]. How-
ever, CSO5 displays a distinctive bioactive behaviour. The
surface is observed to be densely covered with spherical Ca-P
particles (Ca/P ratio of 1.7 +£0.1), with a diameter of approxi-
mately 1-3 um. A close-up view of the precipitated particles
reveals the presence of a central cavity, suggesting the pres-
ence of a hollow structure. Furthermore, the precipitates were
found to contain Mg?* (0.9+0.1at%), SiOs*~ (2.7+£0.1at%)
and Na* (1.2+£0.1at%) dopants upon elemental examination
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Table 1 - EDS analysis of the scaffold surface before and after 7 days of immersion in SBF.

EDS spot Atomic %

Ca B Si Mg Na
1 38.6 34.3 27.1 - -
2 43.6 30.4 26 = -
3 41.3 25.2 335 - -
4 60.2 35.1 2.8 0.7 1.2
5 57.3 38.2 25 0.9 1.1
6 58.1 36.9 2.7 0.9 14
7 67.7 - 323 - -
8 65.5 - 345 - -
9 66.2 - 33.8 - -
10 37.5 20.8 41.7 - -
11 40.7 21.2 38.1 = =
12 393 215 39.2 - -
13 61 34.2 2.6 0.9 13
14 58.2 37.2 2.8 0.8 1
15 59.3 36 2.6 1 1.2

(Fig. 3B). Lithium and potassium were found to be below the
equipment’s detection limit. For further details regarding the
EDS analysis, see Table 1.

In vitro biocompatibility assessment

Following the physicochemical characterisation of the scaf-
folds, cell viability and cell morphology was evaluated to
assess scaffolds biocompatibility.

Firstly, an indirect method was employed to evaluate the
cytocompatibility of CM-IDPs in vitro and their effect on cell
behaviour. This approach was used to assess the effect of the
scaffolds on neighbouring cells, which also contribute to the
deposition of new ECM. In order to achieve this, the solutions
described in Section “Indirect approach” were prepared and
the ionic variations of the CM-IDPs were monitored over 21
days (Fig. 4).

The ion release patterns observed in the scaffolds can be
categorised into three distinct behaviours: release, absorp-
tion, and stability. For releasing ions, calcium was leaked in
greater amounts at higher concentrations (100 mg/mL) com-
pared to lower concentrations (10 mg/mL), with CS04 showing
a higher release at the same concentration. A comparable
trend was observed for silicon, which was released to a greater
extent at higher concentrations, with CS04 exhibiting a higher
release than CS05. A direct relationship between lithium lib-
eration and concentration was also observed, albeit with CS05
releasing more lithium. It was observed that the released ions
remained within a range of 30 mg/mL above the basal level.

With regard to the absorbed ions, magnesium demon-
strated enhanced incorporation into the sample at elevated
concentrations, with a slight increase in uptake observed for
CS05. Conversely, phosphorus exhibited higher levels of pre-
cipitation or uptake at higher concentrations, particularly for
CS04. It is noteworthy that phosphorus and silicon demon-
strated an inverse relationship; as one increased, the other
decreased.

Finally, sodium and potassium concentrations fluctuated
but remained close to baseline levels throughout the study.
As anticipated, the ionic variations resulted in alterations in
the mean pH. With regard to CSOX at 100 mg/mL, there is a

tendency towards alkalinisation in comparison to the control
(pH 8.3). However, for CSOX at 10 mg/mL, the pH variations
are not particularly marked and remain closer to the baseline.
While CS04 initially basifies the pH of the medium, CS05 acid-
ifies it. At day 21, both pH values are almost equal, indicating
a slight acidification.

The results of the WST-8 assay show that CS04 and CS05
scaffolds, through an indirect approach and direct approach,
are biocompatible and favour cell viability of murine MC3T3-
E1 preosteoblasts (Fig. 5).

Fig. 5A illustrates a gradual increase in cell population
over time in each treatment group, indicating that the scaf-
fold dissolution products are cytocompatible. A more detailed
analysis reveals that, during the initial three-day period, cell
viability is slightly lower in the treatment groups relative to
the control, particularly for CS04 at 100 mg/mL. However, these
differences are not statistically significant. By day 7, cell via-
bility is notably higher in all treated groups, with CS05 at both
concentrations demonstrating statistically higher and signif-
icant values in comparison to the control and CS04 at the
same concentration. From day 14 onwards, cell proliferation
appears to reach a saturation state, given that the 2D culture
has occupied the available surface area, thereby limiting fur-
ther growth. However, in the case of CS04 100 mg/mL, due to
the smaller initial cell population, a slight increase in viability
was still observed, likely because there was still some surface
area available for proliferation.

In the direct approach (Fig. 5B), increasing cell viability is
observed over time for all scaffolds tested, confirming their
cytocompatibility. Although no statistically significant differ-
ences were found between CS04 and CSO05, a slightly higher
cell viability was generally observed for CS05.

Fig. 6A depicts the behaviour of MC3T3-E1 preosteoblasts
treated with the different CM-IDP preparations over a seven-
day period. The assay was limited to day 7 because, as
indicated in Fig. 5A, a saturation point was reached due to
complete colonisation of the culture plate, which prevented
the visualisation of individual cell morphology and provided
no additional information. At the 24-h mark, cell adhesion
is evident across all treatment groups. The cells exhibit
their characteristic spindle-like morphology, indicating good
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Fig. 4 - Monitoring of ionic concentration and pH variations of CM-IDP over 21 days.

cellular health. However, a lower cell density is observed for
CS04-100 mg/mL compared to the control and other treat-
ments, a trend that persists throughout the seven-day study
period. Additionally, a consistent increase in cell population

is noted over time, with the cells progressively spreading and

nearly reaching confluence

by day seven.

As shown in Figure 6B, the SEM micrographs demon-
strate evidence of cell adhesion within 24 hours. While the
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Fig. 6 — Evaluation of MC3T3-E1 morphology upon exposure to CM-IDP (A) and plated on scaffolds CS04 and CS05 (B).

well-defined filopodia are evident, indicating a robust interac-
tion with the material. With time, the cells are seen to disperse
throughout the surface of the scaffold, although they do not
achieve complete confluence.

morphology varies, displaying both star-shaped cells and
spindle-like cells (e.g.,, CSO0X, 1D), which are particularly
evident in CS05 at 21 days, the cells in all cases appear flat-
tened and well-spread on the scaffold surface. Furthermore,
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Osteogenic assessment

To assess the osteogenic potential of the scaffolds, ARS and
specific quantification of ALP activity were performed (Fig. 7).
To initiate the study, ARS staining was performed on the cell-
free scaffolds to avoid background interference during the
mineralisation assessment. The staining at day O generated
a basal pinkish hue which subsequently evolved into a more
intense purple on day 7. Finally, the scaffolds exhibited a red-
dish hue by day 14, with an intensification observed after 21
days, particularly at CS04. Fig. 7B quantifies the ARS staining,
demonstrating a notable elevation in optical density (ODsos)
for the scaffolds on day 14.

With regard to ALP activity, an overall enhancement in spe-
cific activity was observed in cells seeded on the scaffolds
in comparison to the 2D control, indicating an augmented
osteoblastic activity in cells exposed to the scaffold.

Angiogenic assessment

The angiogenic potential of the CS04 and CSO5 scaffolds
was evaluated by quantifying the release of VEGF in cell
supernatants, with the release observed in the control group
considered as the 100% reference (Fig. 8). It was observed
that, while no statistically significant differences were found
between the control cells and those seeded on the scaffolds
during the first week of the study, after 14 days, these differ-
ences became pronounced, with VEGF release levels of 160%
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Fig. 8 - Assessment of angiogenic potential. VEGF secretion
in the supernatants of cells cultured on 2D control or
scaffolds CS04 and CS05.

for CS05 and 170% for CS04. These differences remained sig-
nificant at 21 days, with an increase in the level of significance.

Discussion

In this study, the design of third-generation multilayer porous
scaffolds aims to optimise scaffold performance by combining
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phases that closely mimic the mineral composition and phys-
iological properties of bone tissue. The strategic incorporation
of inorganic elements such as magnesium, lithium and other
bioactive ions into the scaffold matrix has the potential to
significantly enhance the bioactivity of the materials, the bio-
chemical cell-material interactions, as well as the mechanical
strength and biological performance of the materials.

The resulting scaffolds with a final diameter of 0.9 +£0.1cm
and a height of 0.8+0.1cm displayed an interconnected
porous structure. According to the experimental XRD spec-
tra, the predominant phases identified in the scaffolds
were CapP,07, B-Cas(PO4),, SiO,, together with CaSiOs,
Ca10.115Mgo.385(PO4)s, and CaMgSi,O; to a lesser extent
(Fig. 2A). While CS and B-TCP were initially formulated, the
additional phases were formed as a result of ionic doping
with magnesium (e.g., Ca10.115Mgo 385 (PO4)s and Cap,MgSiy O7)
or due to ionic migration between layers during the sinter-
ing process (e.g., CapP,07 and SiOy). The latter process can be
described as a calcium migration phenomenon induced by the
interaction between CS and the amorphous phosphate coat-
ing P6. At 1050 °C, calcium migration from CaSiO3 to CayPs017
destabilises CS, resulting in its transformation to SiO;. At
the same time, the ultraphosphate phase CayPgO17, which
exhibits structural disorder, is transformed into a more sta-
ble crystalline phase, calcium pyrophosphate (CayP,07), by
incorporating calcium from the CS [26].

In consideration of the in vivo behaviour of each material,
the scaffolds incorporate rapidly resorbable phases, includ-
ing B-TCP and WH [12,14]. These phases facilitate the release
of essential ions that promote matrix mineralisation and
other osseous-related processes [13,27,28]. They also contain
bioactive materials, such us CS and AK, which enhance the
scaffold’s capacity to bond with hard tissue [28,29]. Addition-
ally, the incorporation of calcium pyrophosphate and silica
plays a pivotal role in improving the mechanical proper-
ties and modulating the degradation rates of the scaffold,
respectively, thus ensuring compatibility with physiological
processes [27,29,30].

The presence of these phases was additionally corrobo-
rated by FTIR (Fig. 2B). The signals at 724cm™!, 919cm~? and
1208 cm~? indicate the presence of the pyrophosphate group,
which is characteristic of CayP,0;. Additionally, another
phosphate vibrational mode, PO43~, was identified, which is
associated with the B-TCP and WH phases. The Si—0—Si group
was also detected, which is indicative of the cristobalite, cal-
cium silicate and akermanite phases.

As mentioned above, the crystal structures of B-TCP and
WH are closely related, resulting in almost identical XRD pat-
terns. Therefore, reliable identification of WH is not possible
without the use of vibrational spectroscopy, which allows the
observation of signals from the HPO4%~ group at 920cm™?
(Fig. 2B). This structural unit can be used as a reliable spec-
tral marker as it is only present in the crystal structure of WH
[31].

FTIR spectra also revealed that increasing the magnesium
content broadened the phosphate bands and reduced their
intensities, reflecting reduced crystallinity due to competi-
tion between Mg?* and Ca?* for binding with pyrophosphate
(P20727) and phosphate (PO43") [32]. The ionic radius

mismatch between Mg?* and Ca?* caused lattice distortions
leading to a disruption of crystallinity.

With regard to the physical characterisation of the scaf-
folds, a compressive strength of 1.8 £0.1 was observed, along
with a porosity over 75%, which is in accordance with
the requirements for bone tissue regeneration applications
[16,33]. While the compressive strength is lower than that
of cortical bone, it is comparable to that of trabecular bone
(1.7-7.5MPa) [34]. In particular, the mechanical strength is
expected to increase as new mineral phase is deposited, com-
pensating for scaffold degradation, as reported in previous
studies of ceramic scaffolds in vivo [35].

The porosity of the scaffolds is beneficial for facilitating
angiogenesis and vascular infiltration, which are essential for
the transportation of nutrients, oxygen and growth factors
[10,16,33]. In addition, increased porosity increases the sur-
face area of the scaffold, promoting enhanced cell infiltration,
adhesion and migration — key processes for effective bone
regeneration [17,36].

However, porosity should be coupled with an appropriate
microstructure that facilitates optimal cell-material adhe-
sion while promoting the deposition of bone-like minerals.
Both scaffolds, CS04 and CS05, exhibited surface character-
istics consistent with materials tailored for bone regeneration
(Fig. 3) [9,13,16,17]. The lamellar structure of CS04, composed
of calcium silico-phosphate crystals, provides nucleation sites
for HA formation due to its silicon content. Although these
lamellae are not strictly classified as “pores”, they create voids
that significantly increase the surface area of the scaffold. Sim-
ilarly, CSO5 had a Ca-Si based surface which also provided
nucleation sites for mineral deposition.

Subtle variations in Mg content were found to influence
both the scaffold topography and the bioactive behaviour.
After one week in SBF, both scaffolds showed deposition
of apatite-like precipitates enriched in Mg?*, SiO4% or Na*
as substitutes for Ca?*, PO,3~ and OH- ions and devi-
ating from the stoichiometric formula of hydroxyapatite,
Ca10(PO4)s(OH),. For CS04, the lamellar structure was main-
tained under these precipitates, whereas CS05 developed
hollow microspheres (1-3 pm) on its surface. Similarly, Bauer
et al. reported that the incorporation of Mg?* ions into calcium
phosphate scaffolds resulted in surface morphology modifica-
tions and precipitation of microspheres during SBF tests, with
sizes tunable as a function of Mg content [32].

The chemical composition of these apatite-like precipitates
underlines the ability of the scaffold to mimic physiological
bone mineralisation, considering that biological apatites are
deficientin calcium [24,25]. This ability is essential to allow the
scaffold to integrate with the surrounding bone. In addition,
these biomimetic, non-stoichiometric apatites offer distinct
advantages over stoichiometric synthetic HA. While synthetic
HA is widely used for implants due to its high stability, its
low solubility results in slower resorption rates compared to
physiological tissue regeneration [37]. In contrast, biomimetic
substituted HA ensures higher biodegradability and bioac-
tivity, as well as sustained release of biologically active
ions [38].

The field of ion-releasing scaffolds for biomedical appli-
cations has experienced significant growth over the past two
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decades, driven by the recognition of the potential benefits of
ion release for tissue repair therapies [28].

In this regard, the concentration of constituting ions (P, Si
and Ca?*) as well as doping ions (Li*, Mg?*, Na* and K*) were
monitored over a 21-day period in a non-cumulative degrada-
tion study (Section “Indirect approach”). The ions that were
predominantly released were calcium, silicon and lithium
(Fig. 4).

Calcium plays an essential role in bone and its metabolism,
as akey component of the mineral phase in the form of HA [33].
Previous research has shown that the release of calcium in vitro
is associated with enhanced osteogenic differentiation [39,40],
proliferation of bone marrow stem cells [40], and increased
ALP activity [28,41], among other beneficial effects.

Silicon has been extensively documented to play a pivotal
role in a number of biological processes, including bone min-
eralisation, collagen synthesis and osteogenesis [12,29,42,43].
These processes include ALP expression and the early differ-
entiation of osteoblasts, as previously reported by Sun et al.
[44]. Additionally, Siions have been demonstrated to facilitate
the formation of apatite layers, thereby enhancing bioactivity
[12,29].

Although lithium is a toxic alkaline metal, it has been
demonstrated to exhibit angiogenic and osteogenic properties
when incorporated into bioactive glasses in both in vitro and
in vivo conditions [45-47]. Tal et al. demonstrated that lithium
concentrations of 125pm to 1mM had a pro-proliferative
effect on bone mesenchymal stem cells, being 500 pm the opti-
mal concentration [46]. This concentration, which equals to
approximately 3.5mg/L, was found, additionally, to activate
Whnt signalling, needed for VEGF expression and bone regen-
eration, even in the presence of XAV-939 inhibitor [46]. In Fig. 4
itcan be appreciated that for both scaffold and concentrations,
lithium liberation remained above this value, being closer
to 3.5mg/L at 10mg/L concentration. In addition, Clément-
Lacroix et al. reported an increase in both bone mass and bone
formation in mice treated with lithium chloride, a result of the
activation of the Wnt canonical signalling [47]. Consequently,
the liberation of lithium may contribute to the osteogenic and
angiogenic potential of these scaffolds.

Regarding the constituting ions P and Si, an inverse rela-
tionship is evident between their respective concentrations:
a reduction in phosphorus concentration is accompanied by
an increase in silicon concentration, and vice versa. Given that
the scaffolds are bioactive in SBF, and alpha-MEM is supersat-
urated with respect to HA, this could suggest the dissolution
of a silicon-rich surface phase, followed by the precipitation
of HA in a cyclic manner. This behaviour has already been
described by Mata et al. [30]. Furthermore, this process is
accompanied by a decline in magnesium levels, which may
indicate the precipitation of Mg-enriched HA, as observed in
bioactivity assays. While this would typically be expected to
coincide with a decrease in calcium concentration, similar
behaviour has been previously observed in our studies con-
ducted in SBF [20,21]. This phenomenon may be attributed
to a higher release of calcium from the scaffold, due to its
high CaO content (37 wt%), which outpaces the rate of HA
precipitation.

Lastly, the fluctuating behaviour of the doping ions sodium
and potassium, which are consistently near baseline levels,

may suggest that they could be incorporated as substituents in
the precipitating and dissolving HA phases. This substitution
is aligned with the dynamic ion exchange processes inherent
to bioactive materials. The results suggest that, although there
is no release of Mg?*, Na*, or K*, in a context involving osteo-
clasts where the mineral phase is resorbed, these ions could
still have a beneficial effect on osteogenic processes, particu-
larly considering the crucial role of magnesium in osteogenic
processes [28,48].

These mechanisms were accompanied by a change in pH.
A general trend of alkalinisation was observed at concentra-
tions of 100 mg/mL for both scaffolds. In contrast, at 10 mg/mL,
the pH remained closer to control values, demonstrating a
decrease by the end of the study. It has been previously
demonstrated that an alkaline pH exerts beneficial effects on
MC3T3-E1 preosteoblasts [49,50]. Gallow et al. reported that
this alkalinisation not only enhanced the expression of genes
typically activated at pH 7.4 but also induced the expression of
additional genes related to osteogenesis [49]. Moreover, Gallow
et al. observed enhanced MC3T3-E1 proliferation at pH levels
between 8.2 and 8.8 [50].

In vitro biological characterisation of the scaffolds demon-
strated their overall robust performance. WST-8 assays were
conducted to evaluate the biocompatibility of the CM-IDP of
the scaffolds and the material itself. The results demonstrated
consistent cell population growth, confirming the biocom-
patibility of both the scaffold in solution and in solid form
(Fig. 5). In the indirect approach, a lower cell viability was
observed for CS04-100 mg/mL, particularly during the initial
seven days of the study (Fig. 5A). From the ICP-OES results it
can be concluded that this decrease is due to the increased
release of silicon and combined with a pH of 9, which is above
the level recommended by Gallow et al. [50]. Conversely, the
findings from the direct approach (Fig. 5B) corroborate the bio-
compatibility of the scaffolds, as evidenced by the sustained
proliferation of cells over time.

The biocompatibility of the material was further confirmed
through fluorescence microscopy and SEM (Fig. 6). The cellu-
lar morphology observed during the indirect study revealed
no differences between the treatment groups and the control,
indicating that the IDP are cytocompatible (Fig. 6A). Addi-
tionally, in the direct approach, cells plated on the scaffolds
displayed an extended morphology throughout the study,
indicating a good cell-material interaction (Fig. 6B). If this were
not the case, contracted cells minimising contact with the
interface would have been observed.

Given the previous in vitro bioactivity (Fig. 3, Table 1)
and ICP-OES results (Fig. 4) suggesting good osteogenic prop-
erties, the specific activity of alkaline phosphatase in cell
lysates, a recognised marker of osteoblast differentiation,
was quantified. The results showed a higher specific ALP
activity compared to the control group. The high content
of calcium phosphates in the scaffolds, mainly calcium
pyrophosphate and B-TCP, together with its partially Mg-
substituted phase, whitlockite, provides a substrate for the
enzyme. This, together with the alkalinisation of the medium
induced by Si04~4, creates an optimal biochemical environ-
ment for ALP activity, as the enzyme functions more efficiently
under alkaline conditions, which would explain its increased
activity.
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Calcium deposition was also evaluated using the ARS assay.
The results showed the formation of mineralised nodules
in the 2D control group after 14 days (Fig. 7A). Similarly,
an increase in red staining was observed in both CS04
and CSO5 scaffolds on day 14, with the effect becoming
more pronounced after 21 days. These results are con-
sistent with previous studies showing that the MC3T3-El
subclone begins to deposit a well mineralised extracellular
matrix (ECM) as early as 10 days [51]. In addition, Delior-
manl et al. reported comparable behaviour in MC3T3-E1
cells cultured on graphene-containing PCL/bioactive glass
scaffolds, with a significant increase in mineralisation after
21 days [52].

These scaffolds also demonstrated their angiogenic poten-
tial, as evidenced by the stimulation of VEGF release compared
to the control, which was detected from day 14 onwards. This,
combined with their appropriate porosity could support the
formation of a vascular network that infiltrates the scaffold,
in turn facilitating tissue regeneration.

Conclusion

Third generation porous multilayer scaffolds were designed
based on the Si0,-Ca0O-P,0s5 system, incorporating Li, O, Na, 0,
K,0, and MgO (0.38; 0.49 wt%) as network modifiers. The MgO
content was varied to optimise the physical, topographical,
and biological properties of the scaffolds. While the phys-
ical characteristics remained unchanged, the MgO content
influenced the scaffold’s topography and bioactive behaviour,
leading to the formation of either a lamellar structure (CS04)
or the precipitation of HA hollow microspheres (CS05) upon
7-day SBF exposure.

In vitro biological characterisation yielded promising
results in three key areas: (i) the scaffolds and their
degradation products were biocompatible, promoting cellu-
lar proliferation and osteogenic processes, (ii) the scaffolds
induced osteogenic differentiation, as evidenced by cal-
cium deposit formation and increased ALP specific activity,
and (iii) the scaffolds stimulated VEGF release by up to
170% compared to the control. The structural and func-
tional optimisation potential of these scaffolds highlights
their promise in addressing critical challenges in bone tissue
engineering.

Future investigations will focus on studying the capacity for
loading therapeutic agents, utilising the interlamellar spaces
and hollow microspheres of the scaffolds. These structures
offer significant potential for the localised delivery of bioac-
tive molecules tailored to specific clinical needs. Moreover,
preclinical studies in animal models will assess the osteoin-
ductive and osteoconductive properties of the scaffolds, in
addition to their effects on the quality of bone tissue, vas-
cularisation, integration with the host bone, and immune
response.
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