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Araceli Delgado Hernández y Carmen Évora García Profesora Titular 

y Catedrática, respectivamente, del área de Farmacia y Tecnología 

Farmacéutica del Departamento de Ingeniería Química y Tecnología 

Farmacéutica,  

Hacen constar: 

1. Que Dª Patricia García García, Graduada en Farmacia ha realizado este 

trabajo de Tesis Doctoral que lleva por título: “Estrategias para 

regeneración ósea en osteoporosis: estructuras 3D y liberación controlada”  

2. Que una vez revisada la memoria de Tesis Doctoral y, previo informe 

favorable de la Comisión Académica del Programa de Doctorado de 

Ciencias de la Salud, expresan su conformidad para que sea defendida ante 

el Tribunal correspondiente designado al efecto, ya que reúne los requisitos 

necesarios para optar al grado de Doctor.  

Para que conste y surta los efectos oportunos, firman el presente documento 

en San Cristóbal de La Laguna, a 29 de junio de 2021 

 

 

Dra. Araceli Delgado Hernández  Dra. Carmen Évora García  

Directora     Codirectora 
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“Todo aquello que el hombre es capaz de imaginar es susceptible de 

llegar a suceder” 

Eiichirō Oda 
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Aunque probablemente nunca vayas a leerlo, esto es para ti abuela 

 

También para alguien que lo leyó con muchísimo interés, para Patri Díaz 
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Glossary 

Glossary  

α-ER: α-estrogen receptor 

AdT: adipose tissue 

ALD: alendronate 

ALP: alkaline phosphatase 

BCIP: 5-bromo-4-chloro-3-indolyl  

BLT: bone like tissue 

BMa: bone marrow 

BSA: bovine serum albumin 

BMP: bone morphogenetic protein (proteína morfogenética ósea) 

CEIBA: Ethics Committee for Animal Care of the University of  La Laguna 

CB: cortical bone 

CBT: cortical bone thickness 

CCM: completed culture media 

CHT: chitosan (quitosano) 

CT: connective tissue  

Ct.Wi: cortical bone thickness 

DPI: 4′,6-diamidino-2-phenylindole  

DCC: N, N’-dicyclohexylcarbodiimide  

DCM: methylene chloride  

DEX: dexametasone 21-isonicotinate  

DMEM: Dubelcco’s modified Eagle’s medium  

DMSO: dimethyl sulfoxide 

DPBS: Dulbecco's modified phosphate buffered saline  
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Glossary 

 

DS: defect site 

DSC: differential scanning calorimetry 

ECM: extracellular matrix 

FBS: fetal bovine serum 

FDA: Food and Drug Administration 

FGF: fibroblast growth factor (factor de crecimiento fibroblástico)  

GF: growth factor (factor de crecimiento) 

EMA: European Medicines Agency 

HAP: hidroxiapatite (hidroxiapatita) 

HBSS: Hank’s balanced salt solution  

HFIP: hexafluoroisopropanol  

HP-γ-CD: 2-Hidroxipropil γ-Ciclodextrin 

HT: hyaline tissue 

IB: inmature bone 

ICS: intercortical space 

IGF: insulin-like growth factor (factor de crecimiento insulínico) 

IM: intramuscular  

IP: intraperitoneal  
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Resumen 

En el presente trabajo se desarrollaron sistemas de distinta naturaleza 

conteniendo microesferas cargadas con sustancias activas para la regeneración 

ósea en osteoporosis empleando un defecto crítico de calvaria en osteoporosis. 

En todos los sistemas se empleó la proteína morfogenética ósea 2 (BMP-2) 

incluida en microesferas que fue combinada con otras sustancias activas. El 

primer sistema desarrollado fue un gel a base de quitosano y colágeno cargado 

con 17β-estradiol (en microesferas, films, o disperso) y nano-hidroxiapatita que 

se implantó en animales sanos y osteoporóticos. In vivo se cedió 

aproximadamente un 70% de la BMP-2 cargada durante las primeras 6 semanas. 

Los datos indicaron la regeneración de aproximadamente un 50% del defecto en 

todos los grupos sin observarse diferencias entre los diferentes perfiles de 

liberación del 17β-estradiol asociado a las diferentes estrategias empleadas para 

su incorporación. Estos resultados denotaron la necesidad de retrasar la cesión 

de la BMP-2 y desarrollar estructuras tridimensionales más efectivas. De esta 

manera, en una siguiente aproximación se desarrollaron dos estructuras de igual 

composición, pero diferente consistencia, un hidrogel y una esponja, ambos de 

alginato. Además, se probó a estudiar el efecto de la incorporación de células 

madre mesenquimales (MSC) de ratas osteporóticas sembradas en la estructura 

tridimensional previo a la implantación. Aunque no se observó ningún efecto 

sinérgico entre las MSCs y la BMP-2, sí que se obtuvieron resultados de 

regeneración muy prometedores, un 80% del defecto, pero sin alcanzar un nivel 

adecuado de mineralización. Por ello, en el último ensayo se optó por hacer una 

esponja a base de quitosano incorporando, además de BMP-2, otras moléculas 

terapéuticas para mejorar la mineralización, un bifosfonato (alendronato) y la 

metaloproteinasa 10 (MMP10). Los resultados sugieren que la estructura 

desarrollada es adecuada para la regeneración en animales osteoporóticos. Sin 

embargo, al contrario de lo que se puede esperar, no resulta óptima para 

animales sanos. Esto señala que es necesario llegar a un equilibrio entre la 

estructura tridimensional diseñada, las sustancias activas a utilizar y la cinética 

de liberación de las mismas para alcanzar la respuesta terapéutica deseada. 
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Abstract 

In the present work, systems of different nature were developed containing 

microspheres loaded with active substances to induce bone regeneration in a 

critical calvaria defect in osteoporosis. Bone morphogenetic protein 2 (BMP-2) 

was included in microspheres and combined with other active substances. The 

first developed system was a chitosan and collagen gel loaded with 17β-estradiol 

(in microspheres, films, or dispersed) and nano-hydroxyapatite that was implanted 

in healthy and osteoporotic animals. Approximately, 70% of the loaded BMP-2 

was released in vivo during the first 6 weeks. The experimental data indicated a 

regeneration of approximately 50% of the defect in all groups independently of 

the obtained 17β-estradiol release profiles, associated with the different 

incorporation strategies used. These results denoted the need to further delay the 

release of BMP-2 and develop other more effective three-dimensional structures. 

In this way, in a following approach, two structures of the same composition, but 

different consistency, were developed, a hydrogel and a solid system (sponge), 

both made of alginate. In addition, the effect of the incorporation of mesenchymal 

stem cells (MSC) from osteoporotic rats seeded in the three-dimensional structure 

prior to implantation on bone regeneration was tested. Although no synergistic 

effect was observed between MSCs and BMP-2, very promising regeneration 

results were obtained, 80% of the defect size was regenerated, but without 

reaching an adequate level of mineralization in osteoporotic rats. For this reason, 

in the last study chitosan-based sponges incorporating, in addition to BMP-2, 

other therapeutic molecules to improve mineralization, a bisphosphonate 

(alendronate) and metalloproteinase-10 (MMP-10). The results suggest that the 

developed structure is suitable for bone regeneration in osteoporotic animals. 

However, contrary to expected, these systems were not adequate to treat critical 

bone defects in healthy animals. Therefore, to obtain a suitable bone regeneration 

is necessary to reach a balance between the designed three-dimensional structure, 

the active substances to be used and their release kinetics.  
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Introducción  

1. El hueso y su proceso regenerativo 

El tejido óseo se encuentra en constante remodelación a lo largo de la vida 

adulta mediante un complejo proceso fisiológico en el cual intervienen 

células, citoquinas y factores de crecimiento. A diferencia de otros tejidos, 

las lesiones óseas se pueden curar dando lugar a un tejido indistinguible del 

hueso adyacente, poseyendo las mismas propiedades que el tejido original. 

El mecanismo seguido por el organismo para la reparación de una fractura 

se muestra de manera esquemática en la figura 1. Cuando se produce una 

fractura se produce un complejo proceso fisiológico para la reparación. En 

primer lugar, se produce una inflamación aguda, pérdida de integridad del 

tejido, destrucción de vasos sanguíneos con la consiguiente formación de 

un hematoma que es una fuente rica en citoquinas inductoras de 

inflamación y factores de crecimiento (GF) procedentes de plaquetas. 

Además, macrófagos y otras células inflamatorias se infiltran en el 

hematoma y liberan citoquinas y GF formándose una matriz provisional de 

fibrina rica en fibronectica. Los GF y la fibronectica regulan el crecimiento 

de capilares y la formación de un tejido de granulación. Los GF liberados 

atraen más leucocitos, que a su vez reclutan fibroblastos y MSC del 

periostio, de médula ósea o de la circulación adyacentes. Las MSC 

proliferan, se condensan y se diferencian para formar condrocitos que junto 

con los fibroblastos forman lo que se denomina callo blando, estabilizando 

el sitio de la fractura. El callo blando se remodela gradualmente por 

diferenciación de MSC a osteoblastos, dando lugar a la formación de la 

matriz proteico-mineral de baja calidad y estructuralmente desordenada en 

un proceso denominado osificación endocondral hasta que finalmente se 

produce la maduración del hueso (remodelado) que va reemplazando al 

callo duro y mejorando sus propiedades mecánicas hasta obtener las de un 

hueso sano (Sathyendra & Darowish, 2013). 
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Figura 1. Esquema de las fases de curación de la fractura, desde la formación del 

hematoma proinflamatorio hasta el hueso remodelado. Pasando por los 

intermedios de tejido granular, callo blando y callo duro. Se señalan los diversos 

tipos celulares implicados en cada una de las etapas. Adaptada (Lackington & 

Thompson, 2020).  

La remodelación es un proceso complejo mediante el cual el hueso viejo 

dañado se reemplaza por hueso nuevo. Este ciclo de remodelación se 

compone de tres fases principales: 

1- Fase de resorción ósea mediada por osteoclastos, durante la cual se 

disuelven tanto las matrices minerales como las de colágeno. 

2- El período de reversión, proceso de formación de nuevo tejido, que 

coincide en tiempo con el proceso de reabsorción. 

3- Deposición de la nueva matriz ósea por acción de los osteoblastos. 

1.1. Células implicadas en el proceso 

Los componentes celulares implicados en este ciclo son principalmente las 

células precursoras osteogénicas, osteoblastos, osteoclastos, osteocitos y 

elementos hematopoyéticos de la médula ósea. Siendo las células madre 

Células inflamatorias Osteoclastos
Células madres mesenquimales Osteoblastos

Fibroblastos
Condrocitos

Células vasculares

Hueso cortical

Médula ósea

Sitio de
fractura

Hematoma Tejido granular Callo blando Callo duro Remodelado



37 / 299

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3609551				Código de verificación: jZ6GNQ7q

Firmado por: Patricia García García Fecha: 30/06/2021 14:04:52
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 07/07/2021 15:10:56
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2021/65484

Nº reg. oficina:  OF002/2021/64712
Fecha:  01/07/2021 13:17:18

Introducción 

11 

 

mesenquimales (MSC) la población de células madre osteoprogenitoras 

adultas ubicadas en el hueso. 

1.1.1. Osteoclastos 

Los osteoclastos son células multinucleadas responsables de la resorción 

ósea: disolución de la fase inorgánica de la matriz ósea y degradación de 

las proteínas del colágeno, proceso controlado por mecanismos celulares y 

hormonales como los estrógenos. En particular, RANKL (ligando 

activador del receptor del factor nuclear B) es expresado por osteoblastos, 

como forma unida a membrana o liberado como citoquina; se une a su 

receptor RANK en precursores de osteoclastos y osteoclastos, regulando su 

diferenciación, supervivencia y actividad. En la interacción RANKL / 

RANK, la citoquina osteoprotegerina (OPG) ejerce una función 

fundamental ya que es un receptor señuelo soluble para RANKL, evitando 

su unión a RANK, inhibiendo la osteoclastogénesis y protegiendo así de la 

resorción ósea excesiva. Muy importante para la remodelación ósea. 

1.1.2. Osteoblastos 

Los osteoblastos son células maduras, metabólicamente activas y 

desempeñan un papel fundamental en el proceso de formación de hueso 

representando del 4 al 6% de la población celular. Estas células se derivan 

de las MSC que, después de comprometerse con el linaje osteogénico, se 

diferencian en progenitores de osteoblastos que expresan los genes Runx2 

(factor de transcripción) y Col1a1 (colágeno 1α1). Estos preosteoblastos 

evolucionan a osteoblastos maduros que experimentan cambios 

morfológicos aumentando de tamaño y transformándose en células 

cuboidales. Esta transición está relacionada con la síntesis de la matriz ósea 

que se produce en dos pasos: el depósito del material celular seguido de su 

posterior mineralización, en esta etapa los osteoblastos maduros pueden 

sufrir apoptosis o convertirse en osteocitos o en células de revestimiento 

óseo. 

1.1.3. Osteocitos 
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Los osteocitos representan el último estado de diferenciación de los 

osteoblastos que permanecen incrustados en la matriz ósea, residiendo en 

lagunas. Los osteocitos son células clave para las funciones esqueléticas 

normales, desempeñando un papel fundamental en el mantenimiento de la 

homeostasis ósea, actuando como mecanosensores, regulando la 

homeostasis del fosfato y orquestando el proceso de remodelación ósea a 

través de interacciones intercelulares en respuesta al entorno local. 

2. Problemas en la regeneración ósea 

Este es el mecanismo por el que se resuelven habitualmente las fracturas 

que no son críticas, es decir, el hueso es capaz de regenerarse por sí mismo 

sin la acción de ningún agente externo. Sin embargo, cuando hay una 

pérdida de masa ósea muy elevada el tejido no es capaz de regenerarse por 

sí mismo y se considera un defecto crítico (Fayaz et al., 2011). Para la 

reparación de estos defectos es necesario recurrir a una intervención 

quirúrgica y emplear material de relleno (Janicki & Schmidmaier, 2011; 

Pape et al., 2010). Habitualmente se emplean injertos óseos, que son 

utilizados en procedimientos ortopédicos y maxilofaciales, entre los 

injertos óseos el estándar es el auoinjerto, que consiste en la extracción de 

hueso del propio paciente, usualmente de las crestas ilíacas anterior y 

posterior de la pelvis, para injertar en la zona afectada. Los autoinjertos 

combinan los 3 pilares para una óptima regeneración, son osteoinductores 

(contienen factores de crecimiento y proteínas morfogenéticas óseas), 

osteogénicos (contienen células osteoprogenitoras) y osteoconductores 

(actúan como soporte para el nuevo tejido) (Bauer & Muschler, 2000; 

Fayaz et al., 2011; Janicki & Schmidmaier, 2011). Aunque los autoinjertos 

tienen numerosas ventajas, también presentan ciertos inconvenientes entre 

los que podemos incluir el procedimiento quirúrgico que conlleva la 

extracción del injerto con sus posibles complicaciones y molestias al 

paciente, aumentando además el tiempo de hospitalización y el gasto 

sanitario (Ahlmann et al., 2002; St John et al., 2003). Una alternativa a los 

autoinjertos son los aloinjertos, procedentes de donantes vivos o cadáveres, 

poseen las ventajas de que se pueden obtener en gran cantidad y los 

xenoinjerto obtenidos a partir de animales son otras alternativas, sin 
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embargo, sus propiedades osteoinductoras y osteoprogenitoras están 

disminuidas debido al proceso previo de esterilización que deben sufrir y 

las posibilidades de rechazo o reacciones inmonológicas son mayores 

(Janicki & Schmidmaier, 2011; Shibuya & Jupiter, 2015). Como se ha 

puesto de manifiesto, la reparación de un defecto crítico conlleva un 

proceso complejo para pacientes sanos, pero en el caso de pacientes con 

enfermedades el proceso de regeneración se complica, como en la 

osteoporosis.  

La osteoporosis es una enfermedad esquelética sistémica caracterizada por 

una disminución de la masa ósea y un deterioro de la microarquitectura 

ósea, lo que conduce a una mayor fragilidad del esqueleto y, por tanto, a un 

incremento del riesgo de fractura. Las fracturas de cadera asociadas a la 

osteoporosis son más costosas y están asociadas a una mayor tasa de 

mortalidad (Armas & Recker, 2012). Se estima que aproximadamente de 

los 15 millones de fracturas de cadera que se producen al año un 10-15% 

dan como resultado una curación deficiente (Cheung et al., 2016) este 

porcentaje aumenta hasta un 50% cuando la fractura ocurre junto con una 

lesión vascular grave (Bahney et al., 2015). Esto sumado al aumento del 

envejecimiento de la población hace que la osteoporosis pueda convertirse 

en un problema de salud grave con un elevado costo sanitario. La 

reparación en fracturas osteoporóticas presenta un patrón más complejo 

que en hueso sano, se produce la formación de un tejido más débil con poca 

cantidad de hueso esponjoso y cortical, lo que complica la fijación ósea de 

los implantes (Giannoudis et al., 2007; Nikolaou et al., 2009). Estudios, 

tanto en humanos como en animales, demuestran que la osteoporosis 

retrasa la consolidación de fracturas (Namkung-Matthai et al., 2001; 

Nikolaou et al., 2009; Xu et al., 2003) ya que tanto la formación del callo 

como la osificación endocondral están retardados (Giannoudis et al., 2007; 

Yingjie et al., 2007).  

En definitiva, a pesar de la elevada capacidad de autoregeneración del 

hueso, hay situaciones complejas como la osteoporosis en las que es 

necesario el desarrollo de nuevas estrategias basadas en ingeniería de 

tejidos para promover la regeneración de defectos críticos, combinando el 

uso de molécula terapéuticas, estructuras tridimensionales y células madre.   
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3. Ingeniería de tejidos en osteoporosis 

La ingeniería de tejidos aplica los principios de la biomedicina y la 

ingeniería para lograr reparar un tejido dañado mediante el uso de sustitutos 

que inducirán la respuesta natural del tejido, sus aplicaciones incluyen 

regeneración de cartílago (P. Lee et al., 2014), tejido hepático (Takeda & 

Vacanti, 1995) y tejido cardíaco (Engelmayr et al., 2008) además de la 

regeneración ósea. En todos los casos se busca estimular y acelerar la 

propia respuesta curativa del paciente (Chen & Liu, 2016). Para lograr este 

objetivo es indispensable el adecuado desarrollo de una estructura 

tridimensional biocompatible (que posee compatibilidad biológica) capaz 

de cargar y ceder fármacos (Chen & Liu, 2016; Chocholata et al., 2019; 

García-García et al., 2020; O’Brien, 2011).  

3.1. Moléculas terapéuticas  

Algunas sustancias activas como el uso del 17β-estradiol puede mejorar la 

formación de hueso induciendo la apoptosis de osteoclastos, implicados en 

el proceso de degradación de hueso. Ya que, en la OP posmenopáusica hay 

un retraso en la consolidación de la fractura debido a la deficiencia de 

estrógenos. Este estrógeno, además, induce la transcripción de la fosfatasa 

alcalina y estimula la expresión de la BMP-2 regulando la diferenciación a 

osteoblastos (Krum, 2011). Otras sustancias que actúa al mismo nivel que 

el 17β-estradiol son los bifosfonatos, como por ejemplo el alendronato. 

Estos bifosfonatos se utilizan de manera habitual en el tratamiento de la 

osteoporosis posmenopáusica (Otto et al., 2021).   

El uso de factores de crecimiento ha ido tomando importancia en las 

últimas décadas debido a su potencial para la regeneración de tejidos. Los 

factores de crecimiento son secretados por los osteoblastos y las células 

madre mesenquimales y actúan como moléculas de señalización uniéndose 

a receptores específicos de membrana para activar cascadas de señalización 

que tienen como objetivo inducir un complejo sistema de transducción de 

señales. (Heldin et al., 1997; Lee et al., 2011; Lieberman et al., 2002). Se 



41 / 299

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3609551				Código de verificación: jZ6GNQ7q

Firmado por: Patricia García García Fecha: 30/06/2021 14:04:52
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 07/07/2021 15:10:56
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2021/65484

Nº reg. oficina:  OF002/2021/64712
Fecha:  01/07/2021 13:17:18

Introducción 

15 

 

ha descrito que existen numerosos factores de crecimientos expresados 

durante el proceso de curación de una fractura ósea, destacando por su 

potencial como agentes terapéuticos el factor de crecimiento insulínico 

(IGF), el factor de crecimiento fibroblástico (FGF), factores derivados de 

plaquetas (PDGF), y los factores de crecimiento transformados-beta (TGF- 

β) (De Witte et al., 2018; Lieberman et al., 2002).   

Las proteínas morfogenéticas óseas (BMPs) son factores de crecimientos 

pertenecientes a la superfamilia del TGF-β, se han descrito unas 25 BMPs 

diferentes (Crane & Cao, 2014), entre ellas las que presentan un papel más 

importante en la morfogénesis ósea son la BMP-2, BMP-4, BMP-6, BMP-

7 y la BMP-9. Fue en 1971 cuando se acuño por primera vez el nombre de 

BMPs por Urits, y se demostró que podían inducir la formación de hueso 

ectópico en animales adultos (Urist & Strates, 1971).  

La BMP-2 es la que presenta un papel más prometedor en la regeneración 

ósea, su uso fue aprobado por la FDA en 2002, 2004 y 2007 para el 

tratamiento de la fusión espinal intersomática, fracturas de tibia abierta y 

para la elevación del seno y aumento de la cresta alveolar en defectos 

asociados a su extracción. Simultáneamente en 2002 fue aprobado por la 

EMA para su  uso en fracturas de tibia (Schmidt-Bleek et al., 2016). Las 

BMPs son junto con los factores de necrosis tumoral (TNF) de los 

principales quimioatrayentes de MSC al sitio del defecto. Tanto la BMP-2 

como la BMP-7 inducen la migración de las MSC y junto con la BMP-4, 

BMP-5 y BMP-6 inducen la diferenciación a osteoblastos (Fiedler et al., 

2002), por tanto, la señalización de las BMPs conduce a la activación y 

expresión de los genes necesarios para la diferenciación de las MSC a 

osteoblastos y la consecuente  osteogénesis (Chen et al., 2012; Song et al., 

2009) como se muestra en la figura 2. 



42 / 299

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3609551				Código de verificación: jZ6GNQ7q

Firmado por: Patricia García García Fecha: 30/06/2021 14:04:52
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 07/07/2021 15:10:56
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2021/65484

Nº reg. oficina:  OF002/2021/64712
Fecha:  01/07/2021 13:17:18

Introducción 

16 
 

 
Figura 2. Proceso de diferenciación de MSC a osteoblastos. Esquema de la 

formación. Las células MSC inducidas por la BMP-2 se diferencian a 

preostoeblastos y según los estímulos adecuados osteoblasto y osteocito. Al final 

de la formación ósea algunos osteoblastos permanecen fijados a la matriz 

calcificada en forma de osteocitos. Runx2: Factor de transcripción RunX2, ALP: 

fosfatasa alcalina; COL1: colágeno tipo 1; OCN: osteoclacina; OPN: 

osteopontina; BSP: sialoproteína ósea; DMP-1: fosfoproteína ácida de matriz de 

dentina 1; SOST: esclerostina; MEPE: fosfoglicoproteína extracelular de matriz.  

En general los huesos osteoporóticos, con poco hueso cortical y esponjoso, 

presentan una capacidad de autoreparación de fracturas reducida y un 

patrón de fractura más complejo, dando lugar a problemas para su fijación. 

Si combinamos la autoreparación deficiente con la disminución de la 

actividad anabólica del hueso y de la expresión génica de la BMP-2 por 

parte de las MSC osteoporóticas (Van Lieshout & Alt, 2016), la BMP-2 

resulta un factor prometedor para el tratamiento de fracturas osteoporóticas. 

Hasta ahora la evidencia clínica es prometedora, si bien, como diversos 

autores citan la preocupación son las elevadas dosis de BMP-2 que son 

necesarias para inducir la regeneración ósea. Otro problema a tener en 

cuenta con el uso de las BMPs es su vida media tan corta. Por ello, es 

necesario un adecuado vehículo para mantener concentraciones eficaces y 

evitar concentraciones elevadas fuera del lugar a tratar que produzcan 

efectos no deseados. (Khattar et al., 2019; Rosenberg et al., 2019; Zheng et 

al., 2021).  
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Más recientemente se ha demostrado que en la homeostasis y adecuada 

curación de la fractura intervienen más sustancias activas, como las 

metaloproteinasas (MMPs). Alguno estudios demuestran una 

sobreexpresión de la metalorpoteinasa-10 (MMP-10) en osteoblastos y 

condorcitos durante la formación de hueso (Mao et al., 2013). Esto junto 

con estudios que demuestran una mejora de la mineralización en su uso en 

combinación con la BMP-2 en un defecto crítico de calota de ratón sano 

(Reyes et al., 2018) la hacen una sustancia candidata para promover la 

regeneración ósea en osteoporosis.  

3.2. Estructuras tridimensionales 

En el caso específico de la regeneración ósea se recurre al uso de estructuras 

3D también denominados andamios (scaffolds) que hagan de guía al hueso 

nuevo en formación y permitan la encapsulación de principios activos y 

una liberación controlada de los mismos para mantener concentraciones 

óptimas en el sitio del defecto. Para este fin una estructura debe cumplir 

una serie de requisitos generales: 1) debe degradarse o reabsorberse para 

dejar espacio al tejido nuevo que se va formando; 2) ser biocompatible (De 

Witte et al., 2018), es decir, que no produzca una respuesta inflamatoria ni 

inmunológica (Porter et al., 2009); 3) idealmente tener unas adecuadas 

propiedades mecánicas, que le permitan adaptarse a la presión que sufre el 

tejido sin producir un ambiente que impida la supervivencia de las células 

del tejido (Garg et al., 2012); 4) tener una porosidad y tamaño de poro 

interno adecuado, permitiendo el adecuado transporte de los nutrientes y de 

productos de desecho, que facilite la migración celular y la 

revascularización del tejido, un tamaño de poro demasiado pequeño impide 

la penetración celular mientras que un poro demasiado grande dificulta la 

proliferación (Lyons et al., 2008; Rider et al., 2018) por ello el tamaño de 

poro ideal para regeneración ósea oscila entre 150 y 300 µm (De Witte et 

al., 2018) y 5) servir de guía y soporte al hueso, degradándose a medida 

que este comienza a crecer, para permitir al hueso nuevo ocupar el sitio. 

La estructura debe fabricarse con una arquitectura interna-externa adecuada 

y con una gran superficie específica para facilitar la adhesión, proliferación 

y la migración celular (Chung & Park, 2007; Khang et al., 2006). Por último 
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y no menos importante, actuar como sistema de liberación controlada de 

factores de crecimiento y/o fármacos.  

A la hora de seleccionar un material para el desarrollo de un andamio se 

debe tener en cuenta, además de sus propiedades mecánicas, 

degradabilidad y biocompatibilidad, su capacidad osteoconductora 

(facilitan la colonización celular y conducen la formación de hueso) y 

osteoinductora (promueven la formación de hueso). Para la fabricación de 

estructuras 3D para regeneración ósea se utilizan materiales de diversa 

naturaleza, que fundamentalmente se clasifican en polímeros de origen 

natural, polímeros sintéticos o materiales inorgánicos como cerámicas o 

metales. En el caso de algunos materiales de origen inorgánico como la 

hidroxiapatita (HAP) o el fosfato tricálcico beta (β-TCP) pueden tener 

capacidad osteoinductora. Estos compuestos se diferencian en su tiempo de 

permanencia y degradabilidad, la HAP posee una baja biodegradabilidad 

mientras que el β-TCP se degrada en un tiempo más corto, por ello, tienden 

a combinarse para forma andamios que promueven la regeneración de 

hueso.   

3.2.1. Materiales  

3.2.1.1. Polímeros naturales 

Los polímeros de origen natural podemos clasificarlos típicamente en dos 

grupos: proteínicos (colágeno, seda, gelatina, fibronectina, …) y de base 

polisacarídica (ácido hialurónico, celulosa, alginato, quitosano, …) (Chen 

& Liu, 2016). Los materiales de origen proteico habitualmente son aislados 

de animales, mientras que los de base polisacarídica se obtienen 

comúnmente de algas, como el caso del alginato, de caparazones de 

moluscos, como el quitosano, o de recursos microbianos como el dextrano 

y derivados. Las principales ventajas de los polímeros naturales son su 

biocompatibilidad, su capacidad para permitir la adhesión y proliferación 

celular, pero por lo general, poseen malas propiedades mecánicas y al ser 

obtenidos a partir de productos naturales son susceptibles de variabilidad 

en el proceso de producción dando lugar a diferencias entre lotes.  
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A continuación, se describen con mayor profundidad algunos de los 

polímeros de origen natural que han sido utilizados durante el desarrollo 

experimental de esta tesis, incluidos el colágeno I, el alginato sódico y el 

quitosano.  

- Colágeno 

Existen más de 29 tipos de colágenos (Sorushanova et al., 2019) aunque, el 

más utilizado para desarrollo de estructuras para regeneración ósea es el 

colágeno tipo I, el cual se utiliza para la fabricación de hidrogeles, esponjas 

liofilizadas o implantes de electrohilado. El colágeno tipo I es el más 

abundante en la mayoría de los tejidos conectivos, está formado por una 

cadena 2α y dos cadenas 1α.   El colágeno tipo I tiene una excelente 

biocompatibilidad y biodegradabilidad además de flexibilidad, alta 

resistencia a la tracción y alta afinidad por el agua y con buenas propiedades 

osteoinductoras (Lauritano et al., 2020). Habitualmente se combina con 

agentes inorgánicos como β-TCP (Kato et al., 2014), precursores de la 

hidroxiapatita (HAP) (Kajii et al., 2018; Kawai et al., 2017) e HAP (Ding 

et al., 2019; Gupta et al., 2016; Semyari et al., 2018) para mejorar sus 

pobres propiedades mecánicas. Para el uso del colágeno como biomaterial 

para el desarrollo de estructuras 3D comúnmente se recurre a la reticulación 

de sus fibras ya sea utilizando métodos físicos o químicos (Sorushanova et 

al., 2019).  Entre los agentes químicos más utilizados están los aldehídos 

como el glutaraldehído que estabilizan las cadenas de colágeno debido a su 

capacidad de autopolimerización. Sin embargo, el glutaraldehído sin 

reaccionar, así como sus productos de degradación pueden quedar unidos 

a la matriz del material dando lugar a toxicidad (Delgado et al., 2017; Lee 

et al., 2001).  Con respecto a los métodos físicos, estos son más lábiles que 

los químicos, pero carecen de toxicidad. Uno de los métodos físicos 

empleados es el uso de radiación ultravioleta en combinación con algún 

agente fotoreactivo como la rivoflabina (Ibusuki et al., 2007).  No obstante, 

se debe ser cuidadoso en controlar esta reticulación puesto que los métodos 

físicos se asocian con la posible desnaturalización del colágeno 

(Sorushanova et al., 2019).  
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- Alginato 

Durante las últimas décadas otros polímeros de origen natural como el 

alginato y el quitosano han sido ampliamente utilizados. El alginato es 

extraído de las algas pardas, se utiliza en ingeniería de tejidos, en la 

fabricación de sistemas de liberación de fármacos y la encapsulación de 

células debido a su biocompatibilidad y biodegradabilidad, baja toxicidad 

e inmonogenicidad además de su reticulación controlada (Lee & Mooney, 

2012; Tønnesen & Karlsen, 2002). El alginato tiene un carácter muy 

hidrofílico y comparado con otros materiales como el colágeno, posee la 

ventaja de que permite la encapsulación encapsular células vivas, por 

contraparte, posee como es habitual en los polímeros de origen natural, 

unas pobres propiedades mecánicas y tiene una degradación no controlada 

(Lauritano et al., 2020). El alginato se compone de dos unidades de 

monómeros, el ácido β-D-manurónico y del ácido α-L-gulurónico. Para el 

desarrollo de estructuras basadas en alginato habitualmente se recurre a 

entrecruzar sus cadenas utilizando cationes divalentes como por ejemplo el 

Ca2+, formando geles por gelificación iónica, por el contrario en presencia 

de cationes monovalentes se forman sales solubles (Tønnesen & Karlsen, 

2002). La interacción entre el catión divalente y los grupos carboxilos y los 

hidroxilos terminales del α-L-gulurónico forma enlaces que dan lugar a 

estructuras que se conocen como “caja de huevos” (Grassi et al., 2006; H.-

R. Lin et al., 2004). Los alginatos que poseen una mayor cantidad de 

bloques gulurónicos que de manurónico dan lugar a estructuras de una 

consistencia y resistencia mayor, debido a que los residuos de gulurónico 

tienen mayor afinidad por los cationes divalentes que los residuos de 

manurónico (Tønnesen & Karlsen, 2002). Habitualmente el alginato se 

utiliza para fabricar hidrogeles, además de para la elaboración de sistemas 

de liberación controlada de fármacos como pueden ser microesferas 

(Gainza et al., 2013; Zhai et al., 2015), pero también se ha utilizado en la 

fabricación de esponjas, fibras de electrohilado (Zamani et al., 2019).   

- Quitosano 

El quitosano procede del tratamiento industrial de caparazones de 

crustáceos. Es biocompatible, biodegradable, bioactivo (produce una 
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respuesta positiva en contacto con organismo), antibacteriano, y no 

inmonogénico (Lauritano et al., 2020). El quitosano tiene una similitud 

estructural con a la celulosa, está formado por unidades de 2-acetamino-2-

desoxi-β-D-glucosa. Entre las desventajas del quitosano, como es habitual 

en los polímeros de origen natural, se incluyen sus malas propiedades 

mecánicas y que en función de su grado de acetilación y su peso molecular 

se puede retardar en exceso su degradación (Croisier & Jérôme, 2013; 

Rodríguez-Vázquez et al., 2015). Además, dependiendo del tipo de 

quitosano, también se pueden presentar problemas de solubilidad (Preethi 

Soundarya et al., 2018). Habitualmente para su uso en regeneración ósea 

se recurre a su combinación con hidroxiapatita u óxidos de silicio y de 

titanio, para formar estructuras de mejores propiedades mecánicas (Li et 

al., 2018; Pallela et al., 2012). La carga positiva del quitosano permite la 

reticulación de sus cadenas mediante el proceso denominado gelificación 

iónica, el compuesto que usualmente se utiliza para ello es el tripolifosfato 

sódico  (Bugnicourt & Ladavière, 2016). Las estructuras a base de 

quitosano que se utilizan normalmente son esponjas liofilizadas de 

quitosano, hidrogeles, films y mallas de electrohilado.  

3.2.1.2. Polímeros sintéticos 

Con respecto a los polímeros sintéticos algunos de los más utilizados son 

la ε-policaprolactona (ε-PCL) los ácidos polílácticos (PLA) y polilácticos-

co-glicólicos (PLGA) e incluso el polietilen glicol (PEG). La principal 

ventaja que presentan estos polímeros es su síntesis controlada y su mayor 

reproducibilidad con respecto a las propiedades mecánicas y físicas. 

Además, tienen una serie de características fácilmente modificables como 

su cristalinidad, peso molecular y grupos terminales y controlando estas 

características se puede obtener una estructura tridimensional adecuada 

(Porter et al., 2009; Stratton et al., 2016).   

Los PLGAs y PLAs se obtienen por copolimerización de unidades de ácido 

láctico solo o con ácido glicólico, como en el caso del PLGA. La viscosidad 

inherente del polímero es dependiente del peso molecular (Kapoor et al., 

2015). Habitualmente ambos tipos de polímeros se pueden sintetizar 

poseyendo en su extremo terminal un grupo éster o un grupo carboxilo, los 
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terminados en grupo éster tienen una mayor resistencia a la degradación, 

importante para controlar la biodegradabilidad de la estructura. Es 

conocido que el PLGA con una proporción 50:50 de ambas unidades se 

hidroliza más rápido que aquellos que posee más unidades de una clase que 

de otra (Mir et al., 2017). Hay que tener en cuenta todos estos factores si se 

pretende desarrollar una nueva estructura o controlar la velocidad de 

liberación de un fármaco. El uso más extendido de los PLGAs y PLAs es 

la fabricación de sistema de cesión controlada de fármacos en diversas 

formas, microesferas, nanopartículas, nanocapsulas, nanofibras, etc. La 

liberación del fármaco, proteína o factor de crecimiento encapsulado se 

produce por difusión a través de la cubierta, por erosión y formación de 

poros en la misma o por una combinación de ambos mecanismos (Kumari 

et al., 2010). 

La estrategia más utiliza hoy en día para el desarrollo de estructuras 3D 

para ingeniería de tejidos es combinar polímeros naturales con polímeros 

de origen sintético, permitiendo aumentar la hidrofilia, biodegradabilidad 

y adhesión celular de estos últimos y en el caso de los naturales, la 

combinación con un polímero sintético mejora las propiedades mecánicas, 

además de la reproducibilidad del proceso de fabricación (Chen & Liu, 

2016; Chocholata et al., 2019; Rezvani Ghomi et al., 2021).   

3.2.2. Características morfológicas de las estructuras 

Con respecto a las estructuras en sí, hay infinidad de diseños, desde 

hidrogeles, a esponjas sólidas (Geiger, 2003; Granito et al., 2017) espumas 

de poliuretano (Rodríguez-Évora et al., 2013), diseños elaborados por 

lixiviación de partículas (Crane & Cao, 2014) y por impresión 3D  

(Bahraminasab, 2020), espumas de vidrio de fosfato cálcico (Sanzana et 

al., 2014), fibras de electrohilado (Garcia-Orue et al., 2019), etc.  

- Hidrogeles  

A partir de los años 60 se ha incrementado el uso de los hidrogeles como 

sistemas para regeneración de tejidos debido a su semejanza estructural y 

en composición con la matriz extracelular (Shevach et al., 2014).   
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Los hidrogeles son redes reticuladas de polímeros, comúnmente naturales 

como alginato, quitosano, ácido hialurónico, pero también se han fabricado 

de polímeros sintéticos como el polietilenglicol, pluronic, tetronic, etc 

(Gibbs et al., 2016; Rodríguez-Évora et al., 2013). Se caracterizan por ser 

altamente porosos, hidrofílicos y en ocasiones poseen características de 

inyectabilidad. La alta porosidad y su carácter acuoso les permite su 

integración en la mayoría de los tejidos además de la aceptación por parte 

de las células nativas de ese tejido (Hoffman, 2012). En los hidrogeles 

inyectables esta propiedad supone una ventaja, ya que no requiere de un 

proceso quirúrgico para su administración y supone un ahorro económico 

y mayor comodidad para el paciente. Los hidrogeles inyectables poseen la 

capacidad al inyectarse de cubrir toda la zona del defecto, alcanzando los 

bordes de este, es decir, la zona donde comienza la regeneración.  

Parece lógico optar por estos hidrogeles como candidatos para la 

regeneración de tejidos, si bien, existen algunas desventajas como puede 

ser su poco tiempo de permanencia en un defecto, que es necesario 

prolongar según el tipo de lesión.  

- Esponjas 

Algunas de las alternativas a los hidrogeles son la bioimpresión 3D, o la 

fabricación esponjas o espumas de mayor consistencia utilizando diferentes 

polímeros. Una manera sencilla de fabricar una estructura tipo esponja es 

por moldeado y posterior liofilización (De la Riva et al., 2010; García-

García et al., 2020).  La liofilización permite fabricar andamios, utilizando 

distintos tipos de polímeros, con una estructura interna porosa con poros 

interconectados. En función del tipo de polímero se pueden obtener 

estructuras con una menor o mayor tasa de degradabilidad, además de 

controlar las propiedades mecánicas (J. Sun & Tan, 2013). El objetivo es 

llegar a un punto medio, lograr una estructura que permanezca el tiempo 

necesario para la regeneración y se degrade a la velocidad adecuado, para 

permitir que el nuevo tejido vaya ocupando su espacio.  
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3.3. Sinergia entre células y materiales en la regeneración ósea 

Como se ha descrito anteriormente es fundamental desarrollar una 

adecuada estructura 3D pero además, la utilización de células 

osteoprogenitoras puede incrementar la efectividad del sistema.  

Originariamente la ingeniería de tejidos surgió como una solución 

prometedora para superar las limitaciones de las técnicas convencionales 

de regeneración de hueso, como los autoinjertos y aloinjertos. Las 

estrategias basadas en el uso de MSC requieren de una abundante cantidad 

de células mesenquimales multipotentes con potencial osteogénico que 

liberen los factores de crecimiento para inducir la diferenciación a 

osteoblastos además de un andamio con las características específica 

comentadas anteriormente (Zhang et al., 2020).   

El término MSC fue acuñado por primera vez por Caplan en 1991 (Caplan, 

1991) el cual las definió como células progenitoras pluripotentes que al 

dividirse dan lugar a tejidos esqueléticos como cartílago, hueso, tendón, 

ligamentos y tejido conectivo. Hoy en día se sabe que las MSC se pueden 

extraer de diversas fuentes como médula ósea, paredes de vasos, tejido 

adiposo, músculo, tendón, etc (X. Wang et al., 2013). En la ingeniería de 

tejidos el uso de células mesenquimales se está implementando debido a su 

potencial regenerativo. Las MSC carecen de inmunogenicidad in vitro, no 

expresan moléculas estimuladoras del complejo II de histocompatibilidad 

como CD40, CD80 y CD86 y más importante aún, no inducen la 

proliferación de linfocitos (H. Lin et al., 2019; X. Wang et al., 2013). 

Algunos autores manifiestan que la combinación de diferentes materiales 

con MSC y factores de crecimiento produce un aumento significativo de la 

formación de hueso, por ejemplo, la combinación con BMP y β-TCP 

produjo formación de hueso en músculo de perros (Yuan, 2001) o la 

combinación con BMP-2 y Factor derivado del estroma 1 (SDF-1) aumentó 

la migración y diferenciación de las MSC y en consecuencia la curación de 

la fractura (Granero-Moltó et al., 2009). Además la HAP no posee efectos 

tóxicos sobre las MSC y se ha puesto de manifiesto que aumenta la 

formación de hueso cuando se utiliza estructuras 3D de HAP en 

combinación con MSC en modelos in vivo de conejo (H. Wang et al., 2007). 

También es habitual ver descritos andamios compuestos por HAP y 
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colágeno tipo I como se mencionó con anterioridad (Ferreira et al., 2012). 

El colágeno permite la diferenciación de MSC y la osteogénesis, favorece 

un ambiente ideal para la formación de hueso.  

En cuanto a los polímeros sintéticos derivados del ácido poliláctico, hemos 

de decir que las estructuras elaboradas con PLA presembradas con MSC 

no afectan a la actividad metabólica de las células ni a su viabilidad, 

además, diversos estudios muestran que no son tóxicos, sino que son 

capaces de permitir el crecimiento celular y la expresión génica osteogénica 

(Velioglu et al., 2019). Además, se ha puesto de manifiesto que los 

biomateriales compuestos por PLA combinado con HAP mostraron buena 

adhesión y proliferación celular produciendo un aumento de la 

diferenciación a osteoblastos y de la actividad de la fosfatasa alcalina (S.-

S. Kim et al., 2006). Los PLGAs al contrario que los PLAs presentan una 

baja tasa de adhesión celular y pobre capacidad de osteoinducción (Zhang 

et al., 2020). Sin embargo, tanto los PLAs como los PLGAs combinados 

con materiales que aumentan su hidrofilia como el ácido hialurónico 

mejoran la biocompatibilidad, osteoconducción y diferenciación 

osteogénica (Ramesh et al., 2018). Las estructuras que utilizan PLGAs 

combinado con quitosano cargados con BMP-2 y presembrados con MSC 

humanas inducen un aumento de la proliferación celular con el tiempo y un 

incremento del grado de mineralización a los 21 días de cultivo (Zhang et 

al., 2020).  

El uso de MSC hasta ahora ha dado lugar a resultados muy prometedores, 

pero sigue existiendo una serie de brechas que solventar. Entre ellos la 

mejora de las técnicas de cultivo, el desarrollo de mejores estructuras para 

asegurar su viabilidad y actividad terapéutica. Una nueva línea de trabajo 

es el empleo de MSC modificadas genéticamente. Actualmente estas 

técnicas se encuentran en desarrollo y a la espera de la realización de un 

mayor número de estudios de toxicidad a corto y largo plazo (Qin et al., 

2014).   
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3.4. Estado actual de la regeneración ósea en osteoporosis 

Para concluir se pone de manifiesto que aún queda un camino largo que 

recorrer en la regeneración de defectos críticos en situaciones de 

osteoporosis. Durante los últimos 10 años el grupo de investigación al que 

me he incorporado ha trabajado en la regeneración de defectos críticos de 

tejido óseo, y ha testado distintos hidrogeles bioactivos cargados con 

micropartículas con BMP-2 en modelos de rata osteoporótica por 

ovariectomía. Entre ellos se ha estudiado la combinación de Tetronic®1307 

con alginato, reconstituido en plasma rico en factores de crecimiento 

(PRGF), y Tetronic®1307 combinado con Pluronic®F127 y α-

Ciclodextrina. Ambos estudios pusieron de manifiesto que tanto en 

animales osteoporóticos como animales sanos se formaba nuevo hueso, sin 

embargo, en animales osteoporóticos se trataba de un hueso muy poco 

mineralizado (Segredo-Morales, García-García, et al., 2018; Segredo-

Morales, Reyes, et al., 2018), y no se observó mejoría con el uso del PRGF.  

Algunos autores han estudiado otros factores de crecimiento en 

combinación con la BMP-2 como es el caso del factor de crecimiento 

recombinante derivado de plaquetas (rhPDGF-BB) y tampoco se 

encontraron mejorías en la formación de hueso en un defecto crítico en 

ratas osteoporóticas (H. J. Kim et al., 2021).   

La hidroxiapatita es otro material que se ha testado en combinación con 

terapia celular para resolver defectos críticos en animales osteoporóticos. 

Youhao Tang y colaboradores utilizaron una estructura tridimensional de 

HAP presembrada con MSC transfectadas y demostraron que a las 4 

semanas se formaba hueso en un defecto mandibular de rata osteoporótica 

(Tang et al., 2008). En otros estudios, andamios de HAP combinada con 

sulfato de calcio para la cesión de BMP-2, zoledronato y exosomas aislados 

de MSC, fueron evaluados en un modelo de defecto en cuello del fémur de 

rata osteoporótica poniendo de manifiesto que esta combinación mejoró las 

propiedades mecánicas. Los resultados indicaron además que el uso de 

exosomas en situaciones de osteoporosis, permite la disminución en las 

dosis de BMP-2 necesarias para la regeneración ósea (Qayoom et al., 

2020). Otro fármaco, aunque convencional pero no menos estudiado por su 

papel en la regeneración ósea es la simvastatina. Recientemente, se ha 
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observado que la combinación de esta estatina con HAP resulta eficaz para 

el relleno de un defecto óseo mandibular en rata OP y rata diabética 

(Camacho-Alonso et al., 2020).  

Otra estrategia prometedora utilizada para curar defectos en osteoporótica 

es el uso de membranas bioactivas. Tingfan Sun y colaboradores 

desarrollaron una membrana de submucosa del intestino delgado 

heparinizada, previamente mineralizada como vehículo para el péptido P28 

derivado de BMP-2. Esta estructura promovió in vitro la proliferación y 

viabilidad celular, la actividad de la fosfatasa alcalina y la expresión de 

RNAm de genes relacionados con la osteogénesis en cultivos de MSC 

aisladas de médula ósea de rata osteoporótica. La evaluación de este 

sistema en un defecto crítico en calota de ratas ovacteriomizadas mostró un 

importante incremento de la regeneración del defecto (T. Sun et al., 2018).  

Otra vía abierta es la identificación de alteraciones genéticas en ciertas 

patologías para poder actuar sobre ellas y regular su expresión. En este 

sentido, se ha identificado que la desmetilasa 5A específica de lisina 

(KDM5A) está sobre expresada en humanos y ratonas OP que a su vez 

también muestran una disminución de Runx2. Los autores concluyeron que 

la disminución de la diferenciación osteogénica inducida por la BMP-2 

observada en MSC osteroporóticas puede ser consecuencia en parte de la 

sobreexpresión de KDM5A. Además, observaron en un modelo de ratona 

OP que al silenciar KDM5A se recupera parcialmente la pérdida de masa 

ósea (C. Wang et al., 2016).  

Con esta somera revisión hemos querido poner de manifiesto que, aunque 

se ha trabajado mucho en la regeneración de defectos óseos sigue siendo 

escaso el interés en el desarrollo de estrategias para situaciones específicas 

como la OP teniendo en cuenta el gran porcentaje de población que afecta. 
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Objetivos 

El objetivo global de este trabajo de investigación ha sido diseñar, 

caracterizar y evaluar in vitro e in vivo estructuras tridimensionales 

conteniendo sustancias osteoreguladoras y estimulantes de la 

mineralización ósea para mejorar la calidad y contenido mineral del hueso 

que por la acción de distintas estrategias se forma en un defecto crítico en 

calota de animales osteoporóticos. 

Para ello, se han abordado los siguientes objetivos específicos: 

1. Definir el modelo de inducción de la osteoporosis de rata y ratón, 

incidiendo en la valoración de las transformaciones que se producen en 

fémures y calota, hueso en el que se realiza el defecto.  

2. Estudiar el efecto regenerativo en ratas normales y osteoporóticas de un 

hidrogel inyectable compuesto por colágeno, quitosano, hidroxipropil γ-

ciclodextrina y PEG, cargado con nano-hidroxiapatita y conteniendo 

BMP-2 y 17β-estradiol con perfiles de liberación variable.  

3. Evaluar la influencia del tiempo de permanencia y estructura de 

sistemas basados en alginato cargados con BMP-2 y 17-βestradiol, 

conteniendo o no células mesenquimales, sobre la regeneración ósea en 

rata osteoporótica.  

4. Estudiar el efecto de la combinación BMP-2 con MMP10 frente a 

BMP-2 y alendronato sobre la mineralización del hueso formado en un 

defecto crítico en ratones normales y osteoporóticos, empleando un 

andamio de quitosano.  
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1. Introduction 

Bone tissue is under continuous remodelling throughout our lifetime. 

However, its regeneration capacity is limited by defects size, blood 

perfusion, age and metabolic disorders (Michalski & McCauley, 2017). 

Craniofacial bone defects or craniofacial congenital malformations 

generally require surgery and defects to be refilled with natural or synthetic 

biomaterials to promote bone healing. Often scaffolds are not enough to 

induce osteogenesis, and the contribution of other key elements such as 

progenitor cells or signalling molecules is required to ensure clinical 

success. In addition, the defect size and the comorbidity with other diseases 

altering bone tissue metabolism, compromise complete bone healing. 

Specifically, osteoporosis (OP) is characterized by an imbalance between 

the processes of bone formation and resorption and, consequently, by a 

delay in bone defects regeneration (Russow et al., 2018).   

Bone morphogenetic proteins (BMPs) are a well-known growth factors 

family with osteo- and chondroinductive properties. Particularly, 

recombinant human BMP-2 (rhBMP-2) has shown a strong osteoinductive 

effect when incorporated in local delivery carriers placed in the injury site 

(Quinlan et al., 2015). Postmenopausal osteoporosis is related to multiple 

factors, emphasizing the decreased levels of estrogens. These molecules 

play a key role in bone cell metabolism through estrogen receptor α (ERα). 

Estrogens inhibit osteoclastic bone resorption, via increasing osteoclast 

apoptosis, reducing osteoblastic production of receptor activator of nuclear 

factor ĸB ligand (RANKL) and increasing osteoprotegerin production 

(Lyritis et al., 2010).  

Among the several natural polymers used for bone regeneration, chitosan 

(CHT) is a biomaterial frequently used for scaffold preparation. In a recent 

extensive review (Venkatesan et al., 2017) focused on CHT for bone tissue 

regeneration, different advantages were highlighted and discussed such as 

biocompatibility, capacity for BMPs sustained release, improvement of cell 

proliferation and increased in vitro and in vivo stem cells differentiation 



73 / 299

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3609551				Código de verificación: jZ6GNQ7q

Firmado por: Patricia García García Fecha: 30/06/2021 14:04:52
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 07/07/2021 15:10:56
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2021/65484

Nº reg. oficina:  OF002/2021/64712
Fecha:  01/07/2021 13:17:18

Chapter 1 

43 

 

and mineralization. However, to obtain a bone graft material able to 

simulate bone composition, collagen, the major extracellular matrix (ECM) 

of bone tissue, and hydroxyapatite (HAP), the mineral component of the 

bone, have also been widely studied (Ma et al., 2016; Teotia et al., 2017; 

Venkatesan et al., 2017). HAP has been incorporated in scaffolds in micro 

and nanoparticles to improve protein adsorption, cell adhesion and 

osteoinductivity (Teotia et al., 2017). The addition of HAP nanoparticles 

surface-grafted with poly (lactide acid) (PLA) to poly (lactide-co-glycolide 

acid) (PLGA) scaffolds enhanced the osteogenesis and the mineralization 

of the formed bone in critical size defects (B. Zhang et al., 2017; P. Zhang 

et al., 2009). Also, scaffolds prepared with microspheres of PLGA 

encapsulating tricalcium phosphate/HAP mixtures enhanced the 

expression of osteogenic markers in mesenchymal stem cells cultures 

(Gupta et al., 2016). Collagen/HAP scaffolds, loaded with PLGA 

microspheres containing bone active substances, have also been tested to 

accelerate bone regeneration (Quinlan et al., 2015; Wang et al., 2017).   

Although the aforementioned studies indicated positive results, their 

application in OP conditions have not always been successful (Segredo-

Morales et al., 2017). According to already published reports, the low level 

of estrogen in OP alters the evolution of calvarial bone repair due to 

estrogen, Transforming Growth Factor beta 1 (TGF-β1) and α-estrogen 

receptor (α-ER) interaction (Giovanini et al., 2018). Previous reports of our 

research group revealed that local implantation of scaffolds, loaded with 

combinations of BMP-2 and 17β-estradiol formulated in microspheres of 

PLA or PLGA in rat calvaria critical defects, increased the bone repair in 

OP rats but the new bone that refilled the defect was less mineralized 

compared to non-OP groups (Segredo-Morales, García-García, et al., 2018; 

Segredo-Morales, Reyes, et al., 2018).  
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2. Objectives 

Taking into account that: 1) estrogens are involved in the control of bone 

resorption; 2) post-menopausal OP is associated with an estrogen 

deficiency and 3) BMP-2 is involved in bone formation by stimulating 

mesenchymal stem cells (MSC) differentiation to osteoblast, in the first 

part of this research work we proposed a loaded BMP-2 and 17β-estradiol 

sandwich like system including HAP nanoparticles to regenerate a calvarial 

critical defect in OP rats. This sandwich system is composed by two 

polymeric external films and a core of a biocomposite hydrogel containing 

collagen, chitosan (CHT), citrate-coated carbonated apatite nanoparticles 

(nano-HAP) to improve mineralization, polyethylene glycol (PEG-400), 2-

Hidroxipropil γ-Ciclodextrin (HP-γ-CD) and microspheres to provide 

sustained release of active substances. The core hydrogel was previously 

characterized in terms of behaviour and mass-transfer (Pérez-Herrero et al., 

2019). In the present study, we aim to study the influence of the release rate 

of 17β-estradiol on the osteogenic effect after sandwich like system 

implantation in OP rats. Therefore, 17β-estradiol was incorporated into the 

system in 3 forms: dispersed in the core, encapsulated in microspheres 

prepared with a mixture of PLA and PLGA  dispersed within the hydrogel 

and, lastly, included in the PLGA films shell prepared by electrospun.  

To do this, the first step was to develop and select an adequate osteoporotic 

model in rat. OP was induced in the rats through three procedures: 

ovariectomy (OVX), dexametasone (DEX) chronic treatment and a 

combination of OVX and DEX (OD). The bones were histologically 

analyzed. Then, the bone repair obtained by the combination of BMP-2 in 

PLGA microspheres with 17β-estradiol in different formulations was 

quantified in OP and non-OP rats. 
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3. Materials and methods 

3.1. Microspheres preparation and characterization 

BMP-2 microspheres were prepared by the double emulsion method 

(w/o/w) as previously described (Hernández et al., 2012). Briefly 200 µL 

of 0.2% poly(vinyl alcohol) (PVA, Mw:30,000-70,000 KDa, 87-90% 

hydrolysed, Sigma-Aldrich) containing recombinant human bone 

morphogenetic protein 2, (Biomedal Life Sciences) (260µg) was 

emulsified with 1 mL of a [4:1] poly (lactide-co-glycolide) acid (PLGA) 

mixture (150 mg); PLGA-RG504 (PLGA 50:50, Resomer® RG504, 0.58 

dL/g, Evonik Industries):PLGA-RG858 (PLGA 85:15 Resomer®, 1.5 dL/g, 

RG858-S Evonik Industries) dissolved in methylene chloride (DCM, 

Sigma-Aldrich) by vortexing for 1 min (Genie® Industries 2, Sciences 

Industries Inc.). Then, this emulsion was poured into 10 mL of a 0.2% PVA 

solution, vortexed 15 seconds, poured into 100 mL of 0.1% PVA and kept 

under magnetic stirring for 1 hour for solvent evaporation.  

The 17β-estradiol (Sigma-Aldrich) microspheres were prepared by a 

modified emulsion solvent evaporation method as previously described 

(Segredo-Morales, Reyes, et al., 2018). The method is based on the 

emulsification of a 17β-estradiol (4mg) solution containing poly (lactide 

acid) (PLA-S, Resomer® RG203-S, Evonik Industries) (160 mg) and 

PLGA-RG858 (40 mg) in 0.6 mL of DCM:Methanol (DCM:MeOH) 

(80:20) with 4 mL of 1% PVA  aqueous solution by vortexing 1 min .Then 

this emulsion was added to 96 mL of 0.16% PVA solution, under magnetic 

stirring to allow organic solvent evaporation for 1 hour.  

Both types of microspheres were washed with double distilled water and 

collected by filtration (pore size 45 µm, Pall Corporation), lyophilized and 

stored at 4°C until use. Microspheres were characterized in terms of size 

(Mastersizer 2000, Malvern Instruments) and morphology by scanning 

electron microscopy after silver coating (SEM, Jeol JSM-6300).  
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To determine BMP-2 encapsulation efficiency and to carry out BMP-2 

release assays, some microspheres batches were prepared with 125I-BMP-

2. BMP-2 was labelled with 125INa (PerkinElmer) by the iodogen method 

(Fraker & Speck, 1978). Briefly, in 50 µg Iodogen coated tubes (Pierce® 

Pre-coated Iodination Tube, Thermo Scientific) 25 µL of the protein 

solution (1mg/mL) was mixed with 10 µL of 125INa (≈1 mCi) and taken to 

a final volume of 100 µL with phosphate buffer solution (PBS, 0.5M pH = 

7). This mixture was kept at room temperature for 15 minutes under 

continuous stirring (120 rpm), then, 50 µL of a saturated tyrosine (Sigma-

Aldrich) solution in PBS was added to remove any unreacted 125I, the 

solution was adjusted to a final volume of 200 µL with PBS. Labelled 

proteins were purified using ZebaTM Spin Desalting Column (Thermo 

Scientific). Labelling yields and stability were evaluated by instant thin 

layer chromatography (iTLC) using 11.5 x 0.8 cm silica gel coated strips 

(Varian Iberica SL) to which 5 µL of the labelled protein was added 

(30,000-40,000 cpm), using 85% methanol in water as mobile phase. A 

gamma counter (Cobra II, Packard®) was used to measure free 125I (Rf=1) 

and labelled proteins (Rf=0) as previously published (De la Riva et al., 

2009).  

To evaluate microspheres encapsulation efficiency radioactivity was 

measured on 3 microspheres aliquots using a gamma counter (Cobra II, 

Packard®) and compared to the total protein reactivity.  

On the other hand, the content of 17β-estradiol in the microspheres was 

determined spectrophotometrically at λ= 280 nm by dissolving an accurate 

amount of microspheres (10 mg) in a mixture of DCM:MeOH (80:20).  

To study the dispersion state of 17β-estradiol in the polymer matrix of the 

microspheres, differential scanning calorimetry (DSC 025, TA 

Instruments), was performed. 17β-estradiol and lyophilized microspheres 

were analyzed after drying in an oven at 37°C overnight. In addition, 

polymer blends (RG 203-S and RG 858, [4:1]) and polymer blends with 

17β-estradiol (8.5%) were dissolved in DCM: MeOH (80:20) and kept in a 
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hood for 24 hours. Then, samples were placed in a vacuum desiccator for 

48 hours to complete the evaporation of the organic solvent. The analysis 

of all samples was performed with the same settings using two thermal 

cycles under nitrogen atmosphere (50 mL/min). In the first cycle 

temperature was increased form RT to 40°C (10°C/min) and then cooled to 

-20°C (5°C/min) to avoid possible water interference. Once the samples 

were stabilized, they underwent a final heating cycle from -20°C to 270°C 

at 10°C/min. 

3.2. Film fabrication and characterization  

The polymer film was fabricated by a previously described electrospinning 

method (García-García et al., 2020). Briefly, 7 mg of 17β-estradiol and 300 

mg of a mixture of PLGAs, PLGA-RG755-S (PLGA 75:25, Resomer® 

RG755-S, Evonik Industries) and RG858 [4:1] were dissolved in 2 mL of 

hexafluoroisopropanol (HFIP, Sigma-Aldrich) and loaded into a Luer-lock 

syringe (Norm-Ject) equipped with a 18G needle. This solution was ejected 

at a continuous flow of 3 mL/h using a syringe pump (Harvard Apparatus, 

MA®) under an electric field of 7 KV. Fibers were collected on a cylindrical 

metal collector that rotates at 200 rpm located at a 10 cm distance from the 

syringe. The process took place at room temperature and 65% of relative 

humidity. 

Films were characterized in terms of thickness, porosity and fiber diameter. 

Mean fiber diameter was obtained measuring 50 fibers for each sample 

after silver coating using SEM images (SEM, Jeol JSM-6300) at a 1,500 

magnification by an image analysis software (ImageJ v1.52, National 

Institute of Health). Film thickness was obtained using stereomicroscope 

images (Leica M205 C, Leica LAS, v3 software).  

Real mesh density was obtained by helium pycnometry (Micromeritics, 

AccuPyc 1330) while apparent density was calculated from the weight and 

estimated volume. The volume was obtained from the length, width and 
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thickness as described in equation 1. Total porosity was calculated using 

real density and apparent density values as shown in equation 2.  

 

𝐴𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =
𝑤𝑒𝑖𝑔ℎ𝑡

(𝑙𝑒𝑛𝑔ℎ𝑡·𝑤𝑖𝑑𝑡ℎ·𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠)
                     (eq. 1) 

𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 (%) =
𝑟𝑒𝑎𝑙 𝑑𝑒𝑛𝑠𝑖𝑡𝑦−𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝑑𝑒𝑛𝑠𝑖𝑡𝑦

𝑟𝑒𝑎𝑙 𝑑𝑒𝑛𝑠𝑖𝑡𝑦
· 100            (eq. 2) 

3.3. Core system preparation and characterization 

Four solutions were used as follows: 1) 10 mg/mL type I collagen (bovine 

collagen type I, Mw: 376.37 Da, Sigma-Aldrich) cold solution in acetic 

acid (Merck) 0.043 M; 2) 0.43 g/mL aqueous solution of 2-Hidroxipropil 

γ-Ciclodextrin (HP-γ-CD, CAVASOL® W8 HP, Wacker Chemical) with 

riboflavin (RB, Sigma-Aldrich) (5 mg/mL); 3) 20 mg/mL aqueous solution 

of chitosan (CHT, 150 mPa.s, Protasan® UP-CL-213, NovaMatrix, 

Ultrapure Polymer Systems) and 4) poly (ethylene glycol) 400 (PEG 400, 

density: 1.128 g/mL, Sigma-Aldrich). The hydrogel was prepared by 

mixing the above-mentioned components by vortex to obtain the following 

final concentrations: 5 mg/mL of collagen, 34 mg/mL of HP-γ-CD (0.4 

mg/mL of RB), 5 mg/mL of CHT and 150 mg/mL of PEG 400. To prepare 

the core system 20 mg of microspheres were dispersed in 50 µL of the 

hydrogel. Also, when nano citrate-coated carbonated apatite nanoparticles 

(nano-HAP, kindly donated by Jaime Gómez-Morales, PhD, Laboratory of 

Crystallographic Studies, CSIC, Spain) were used an adequate amount of 

nanoparticles were added to the hydrogel. Afterwards, this hydrogel was 

cross-linked with 5% w/v pentabasic sodium tripolyphosphate (STPP; 

Sigma-Aldrich) sterile aqueous solution (0.5 µL/µL of hydrogel) under 

blue visible light at 468 nm (Dental device, quartz-tungsten halogen Hilux 

UltraPlus, Benlioglu Dental Inc) for 3 min (Pérez-Herrero et al., 2019). The 

dose of BMP-2 was 6 µg for each scaffold in microspheres and the total 

17β-estradiol dose was 200 µg/system in three different forms: electrospun 

films, microspheres or dispersed into the gel.  
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Hydrogels porosity, with and without microspheres, was calculated using 

the equation 1 using freeze-dried samples. To avoid collapse during freeze-

drying, the hydrogel was maintained in a mold and quickly frozen with 

liquid nitrogen before being exposed to a high-vacuum lyophilization 

process.  

In addition, water uptake and mass loss assays were carried out for the core 

hydrogel by incubation of 300 µL hydrogel aliquots with 5 mL of sterile 

MilliQ water (37ºC) under orbital agitation (25 rpm). At specific times, six 

samples were withdrawn, the excess of water was removed, samples were 

weighted and freeze-dried. Then, three samples were visualized by SEM 

(Jeol JSM-6300) to see the evolution of the internal structure after 

incubation and the other three samples were used to record the dried weight 

and calculate the percentage of mass loss and water uptake applying 

equations 3 and 4, respectively.  

𝑀𝑎𝑠𝑠 𝑙𝑜𝑠𝑠(%) =
(𝑊0−𝑊𝑑)

𝑊0
 𝑥 100                    (eq. 3) 

𝑊𝑎𝑡𝑒𝑟 𝑢𝑝𝑡𝑎𝑘𝑒(%) =
(𝑊𝑤−𝑊𝑑)

𝑊𝑑
 𝑥 100            (eq. 4) 

Where Wo was the estimated initial sample weight, and Ww and Wd were 

the weights of the wet and dried sample respectively, at the different times 

tested. 

Viscoelastic and thixotropic behaviors of the core hydrogel were obtained 

with a Bohlin CVOD 100 rheometer at 37ºC by means of a Peltier system, 

using cone-plate and parallel geometries with a diameter for the fixed lower 

plate of 60 mm and a gap between the fixed and rotating part of 1 mm. The 

evolution of viscosity with shear rate (from 0.071 to 30 s-1) was acquired 

by cone-plate geometry (diameter of cone 40 mm, angle 4º). The evolution 

of elastic (G’) and viscous moduli (G’’) with frequency (from 0.128 to 

4.015 Hz) was acquired by a parallel plate geometry (diameter of rotating 

upper plate 20 mm) at a constant shear stress of 0.2387 Pa.  
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To test the healing of the core system two syringes of 1 mL were loaded 

with the hydrogel including 17β-estradiol microspheres, up to 0.5 mL. 

Then, 4 doses of 50 µL each were unloaded from both syringes assayed for 

fluidity through a 20G needle and dose uniformity. For this, the discharged 

samples were lyophilized, and the 17β-estradiol content was evaluated by 

spectrophotometry at 280 nm after dissolution in DCM: MeOH (80:20).  

3.4. In vitro release assays 

BMP-2 in vitro release assays were carried out by incubating 3 mg of 125I-

BMP-2 microspheres in sterile MilliQ water at 37ºC and 25 rpm. The 

amount of BMP-2 released was calculated by measuring the radioactivity 

of the supernatants with a gamma counter at pre-set timepoints (Cobra® II, 

Packard).  

The in vitro release of 17β-estradiol from the different formulations 

(dispersed in the core system, included in microspheres incorporated to the 

core system and inside electrospun films) was carried out at 37°C and 25 

rpm using two release media: an aqueous solution of 1% sodium lauryl 

sulfate (SLS, Sigma-Aldrich) (The United States Pharmacopeial 

Convention, 2014) and MeOH:water (50:50) (Birnbaum et al., 2000; 

Zaghloul A, 2006). The 17β-estradiol released was measured in the 

supernatant using the spectrophotometric method. The effective diffusion 

coefficient, Deff in the matrix of the microspheres and the mass transfer 

coefficient of the drug in the boundary layer h, were calculated according 

to the non-steady-state Fick law, as previously described in detail (Pérez-

Herrero et al., 2019). The released fraction of 17β-estradiol from the 

microspheres dispersed or not in the core system was analyzed and 

equations 5 to 8 were applied for Deff and h calculation. 

𝑀𝑡

𝑀∞
= 1 − ∑

6 𝐿2

𝛽𝑛
2 (𝛽𝑛

2+𝐿2−𝐿)
𝑒𝑥𝑝 (−

𝛽𝑛
2

𝑅2  𝐷𝑒𝑓𝑓 𝑡) ∞
𝑛=1          (eq. 5) 
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Where Mt and M∞ are the total mass of drug released to the media at time t 

and at the end of the experiment, respectively. The βns are the infinite roots 

(eigenvalues) of the equation 6: 

𝛽𝑛 cot 𝛽𝑛 + 𝐿 − 1 = 0           (eq. 6) 

L is the dimensionless mass transfer Biot number, equation 7:  

𝐿 =
ℎ 𝑅

𝐷𝑒𝑓𝑓
           (eq. 7) 

For large values of L, the roots of equation 6 are multiple of the number pi 

and equation 4 can be simplified in the equation 8 that is a simplified 

solution of non-steady-state Fick law: 

𝑀𝑡

𝑀∞
= 1 −

6

𝜋2
∑

1

𝑛2
𝑒𝑥𝑝 (−

𝑛2 𝜋2

𝑅2
 𝐷𝑒𝑓𝑓  𝑡) ∞

𝑛=1          (eq. 8) 

As previously described, to minimize the residual sum of squares "genetic 

algorithms" already implanted in R software (R Foundation for Statistical 

Computing, version 3.6.1., 2019) were used (Pérez-Herrero et al., 2019).   

3.5. Animal experiments  

All animal experiments were carried out in conformity with the European 

Directive (2010/63UE) on Care and Use in Experimental Procedures. 

Furthermore, the animal protocols were approved on November 5th, 2014 

by the Ethics Committee for Animal Care of the University of La Laguna 

(CEIBA) with identification code CEIBA2014-0128. All surgical 

procedures were made under aseptic conditions.  

3.5.1 Animal model development  

40 female adult Sprague-Dawley rats approximately 12 weeks old, 

weighing 200-250 g, were divided in 4 groups of 10 each. The experimental 

osteoporosis was induced in 3 groups by three different protocols, 
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ovariectomy (OVX), chronic administration of dexamethasone (DEX) and 

ovariectomy + dexamethasone (OD). The fourth group was the sham, non 

osteoporotic control group (non-OP). A bilateral ovariectomy was carried 

out under isoflurane anaesthesia via dorsal approach for animals of OVX 

and OD groups. Analgesia consisted in buprenorphine administered 

subcutaneously (0.05 mg/kg) before surgery and paracetamol (70 

mg/100mL) in the water, for 3 days post-surgery. The DEX group received 

0.3 mg/kg body weight of dexamethasone-21-isonicotinate (Deyanil retard, 

Fatro Ibérica) administered subcutaneously once every two weeks 

(Govindarajan et al., 2013) for up to the time of euthanasia. Then, two 

weeks after the ovariectomy the OD group rats were chronically treated 

with DEX as the DEX group. The 40 rats were sacrificed after 12 weeks 

and the calvaria and femurs were extracted to be histologically analyzed. 

The results of these analyzes were used to evaluate the 3 protocols tested 

to induce OP. 

3.5.2. In vivo evaluation of the systems  

50 female Sprague-Dawley rats (12 weeks old), weighing 200-250 g, were 

dividing in 2 groups of 25 each, OP and non-OP. The OP group rats were 

ovariectomized as described for (OVX) and the non-OP group rats 

underwent similar surgery, but the ovaries were not resected. 12 weeks 

post-surgery, 8 mm critical size cranial defects were surgically created with 

a trephine burr under isoflurane anaesthesia and the systems were placed 

into the defects (Rodríguez-Évora et al., 2013). 

Afterwards rats were again divided in 5 groups of 5 rats each, and the 

regenerative treatment was applied as reflected in Table 1. The 

implantation of the system was carried out following a two-step procedure. 

First, a layer of film (bottom film), previously soaked with the blood 

produced during the surgery, was placed in the defect then 50 µL of the 

hydrogel mixed with the microspheres and partially crosslinked with UV 

light, was discharged on the defect. Secondly, the hydrogel was completely 

crosslinked by dripping 25 µL of STPP to form the core system, after 5 
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min, a second layer of film (soaked in blood) was placed on the top, like a 

sandwich and the wound was then closed with surgical clips.  

Table 1. Experimental groups to evaluate regenerative efficiency  

Group designations  Treatment 

Blank I (B) 
System loaded with blank microspheres and blank 

films  

Blank II (B HAP) 
System loaded with blank microspheres and 5 mg of 

nano-HAP and blank films  

BMPβeF 

System loaded with 6 µg of BMP-2 in microspheres 

and 200 µg of 17β-estradiol in the 2 films + 5 mg 

nano-HAP 

BMPβeMs 

System loaded with 6 µg of BMP-2 in microspheres 

and 200 µg of 17β-estradiol in microspheres, blank 

films + 5 mg nano-HAP 

BMPβeD 
System loaded with 6 µg of BMP-2 and 200 µg of 17β-

estradiol dispersed, blank films + 5 mg nano-HAP 

3.5.3. 125I-BMP-2 in vivo release assay  

The BMP-2 release kinetics was monitored periodically by measuring the 

remaining 125I-BMP-2 at the rat calvarial defect site using an external 

probe-type gamma counter (Captus®, Nuclear Iberica), as previously 

described and validated (Delgado et al., 2006). Briefly, at each sampling 

time point, five 1-min readings were taken at the 125I emission peak (27 

KeV) and the mean value was calculated and considered the remaining 

radioactivity. The initial measure (time = 0) is considered the administered 

dose (100%). After 6 weeks, the rats (n = 5) were sacrificed. 

3.6. Rat mesenchymal stem cells (rMSCs) osteogenic differentiation 

rMSCs were obtained from the bone marrow of the femur of OVX female 

Sprague-Dawley rats by centrifugal isolation as previously described 

(Dobson et al., 1999). Briefly, the cells were resuspended in Dulbecco’s 

modified Eagle’s medium (DMEM, HyClone®) supplemented with 10% 
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fetal bovine serum (FBS, Biowest, South America Origin), 1% penicillin-

streptomycin (Sigma-Aldrich) and 2 mM L-Glutamine (Biowest) 

(Complete Culture Medium, CCM). Then, cells were cultured in flasks of 

75 cm2 at 37°C and 5% CO2. The culture medium was changed every 2-3 

days.  

To test the osteogenic differentiation, 50,000 cells (passage 2) in 20 μL of 

CCM were added over aliquots of 300 μL of the core system (hydrogel with 

microspheres) with and without nano-HAP and incubated at 37°C and 5% 

CO2 for 1.5 hours to facilitate cell adhesion. The cell distribution was 

checked by light microscopy. Afterwards, 500 μL of CCM were added to 

each well, and, after 3 days of incubation the medium was changed to CCM 

supplemented with 10 mM β-glycerol phosphate (Sigma-Aldrich), 10–7M 

dexamethasone (Sigma-Aldrich) and 50 μM ascorbate-2-phosphate 

(Sigma-Aldrich) to induce osteogenic differentiation. At 7, 14 and 21 days 

of culture, three wells of each sample were washed (2 times) with Hank’s 

balanced salt solution (HBSS) cooled at 4°C. Then, 500 µL of 0.1 M buffer 

Tris-HCl, 0.1M NaCl and 0.05M magnesium chloride hexahydrate (MgCl2, 

Merck) (pH = 9.2-9.5) containing nitro blue tetrazolium chloride (NBT, 

Roche Diagnostics) and 5-bromo-4-chloro-3-indolyl phosphate (BCIP, 

Roche Diagnostics) were added and cells were incubated at 37°C and 5% 

CO2 under soft agitation for 1.5 hours. Then the NBT/BCIP was removed, 

and cells were fixed with a solution of 3.7-4% p-formaldehyde buffered to 

pH = 7.0 (PFA, Panreac®) during 30 min. After this, the formaldehyde was 

removed, and the wells were washed 3 times with HBBS. Immediately after 

this, cells were visualized by stereo microscopy (Leica M205C, Leica Las, 

v3 sofware). Afterwards, samples were dehydrated in a graded series of 

ethanol before being embedded in Paraplast® and cut using a microtome 

(Shandon Finesse 325), sections were observed by light microscopy (Leica 

DM 4000B).  
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3.7. Histological, immunohistochemical and histomorphometrical 

evaluation  

First, to check the osteoporotic-like condition, 12 weeks after the 10 rats 

underwent the different protocols were sacrificed and the femurs and 

calvaria were analysed. The femurs and calvaria were fixed with PFA, 

decalcified in Histofix® Decalcifier (Panreac) and prepared for histological 

analysis as previously described (Hernández et al., 2012; Rodríguez-Évora 

et al., 2013).  

Bone morphology was analysed by hematoxylin-erythrosin staining. The 

histomorphometric analysis was carried out in femurs by measuring the 

following parameters: thickness of the cortical bone (Ct.Wi) and number 

(Tb.N), width (Tb.Wi) and separation (Tb.Sp) of the trabeculae in 

cancellous bone. In the calvaria bone, the histomorphometric analysis was 

carried out by measuring the following parameters, cortical bone thickness 

(CBT) and intercortical space thickness (IST) occupied by trabecular bone 

in transversal sections of calvaria. 

To determine the capacity of the systems to regenerate the critical size 

defect practiced in the calvaria of the rats, samples of the 10 groups of 5 

rats each were examined. 

Samples were processed as previously described (Hernández et al., 2012). 

New bone formation was identified by hematoxylin-erythrosin staining. 

Bone mineralization was assessed with VOF trichrome stain, in which red 

and brown staining indicates advanced mineralization, whereas less 

mineralized, newly formed bone stains blue (Martínez-Sanz et al., 2011). 

Sections were analysed by light microscopy (Leica DM 4000B). Computer 

based image analysis software (Leica Q-win V3 Pro-Image Analysis 

System) was used to evaluate all sections. A region of interest (ROI) within 

the defect (50 mm2) for quantitative evaluation of new bone formation was 

defined. The ROI consisted of a circular region of 50 mm2, the centre of 

which coincided with that of the defect site. New bone formation was 
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expressed as a percentage of repair with respect to the original defect area 

within the ROI, applying the equation 9. 

% 𝑟𝑒𝑝𝑎𝑖𝑟 =
𝑛𝑒𝑤 𝑏𝑜𝑛𝑒 𝑎𝑟𝑒𝑎

𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑑𝑒𝑓𝑒𝑐𝑡 𝑎𝑟𝑒𝑎 𝑤𝑖𝑡ℎ𝑖𝑛 𝑡ℎ𝑒 𝑅𝑂𝐼
× 100             (eq. 9) 

From the total bone repair, the areas of mature bone (MB) and immature 

bone (IB) were determined and the MB/IB ratio for each experimental 

group as well as between non-osteoporotic and osteoporotic-like animals, 

was calculated. 

For immunohistochemical analysis, sections were deparaffined and 

rehydrated in Tris-buffered saline (TBS, pH 7.4, 0.01 M Trizma base, 0.04 

M Tris-HCl, 0.15 M NaCl), which was used for all further incubations and 

rinse steps. Sections were incubated in citrate buffer (pH 6) at 90ºC for 

antigen retrieval, followed by incubation in 0.3% hydrogen peroxide in 

TBS buffer for 20 min. After a rinse step, sections were blocked with 2% 

FBS in TBS–0.2% Triton X-100 (blocking buffer). The indirect 

immunohistochemical procedure was carried out by incubating the sections 

with osteocalcin (OCN) polyclonal antiserum (1:100) (Millipore, 

Barcelona) in blocking buffer overnight at 4 ºC. Sections were the rinsed 

three times, incubated with biotin-SP-conjugated donkey anti-rabbit F(ab) 

fragment (1:200) (Millipore, Barcelona) in blocking buffer for 1 h followed 

by, after another rinse step, a incubation in peroxidase-conjugated 

streptavidin (1:300) (Millipore, Barcelona) for 1 h. Peroxidase activity was 

revealed in Tris–HCl buffer (0.05 M, pH = 7.6) containing 0.05% of 3,3’-

diaminobenzidine tetrahydrochloride (Sigma, Poole, UK) and 0.004% 

hydrogen peroxide. Reaction specificity was confirmed by replacing the 

specific antiserum with normal serum or by pre-adsorption of the specific 

antiserum with the corresponding antigen. 

OCN staining was evaluated using computer-based image analysis 

software (ImageJ, v1.52, National Institute of Health). OCN staining was 

measured by applying a fixed threshold to select for positive staining within 

the ROI. Positive pixel areas were divided by the total surface size (mm2) 
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of the ROI. Values were normalized to those measured from blank 

scaffolds and are reported as relative staining intensities. 

Statistical analysis was performed with SPSS version 25 software. We 

compared the distinct treatments by means of a one-way analysis of 

variance (ANOVA) with a Tukey multiple comparison post-test. 

Significance was set at p<0.05 unless otherwise stated. Results are 

expressed as means ± SD. 

4. Results  

4.1. Systems characterization  

The characteristics of the developed microspheres, electrospun film and 

core system are shown in table 2.  

Table 2. Characteristics of the sandwich-like system components. Microspheres: 

size (µm) and encapsulation efficiency (EE). Electrospun film: thickness, porosity 

and average diameter of the fibers. Core system: porosity, water uptake and mass 

loss fresh and after incubation in MilliQ water, 37°C and 25 rpm for 7 or 28 days.  

Microspheres Size (µm) E.E. (%) 

17β-estradiol 101.4 (10% < 29.73, 90% < 198.31) 83.5 ± 1.84 

BMP-2 112.1 (10%<60.3, 90% <174.8) 71 ± 7 

Film 

 

 

Thickness (µm) Fiber diameter (µm) Porosity (%) 

63.4 ± 4.3 1.2 ± 0.26 71.9 ± 0.41 

Core system 

(Hydrogel + 

microspheres) 

Porosity (%) Incubation time 
Water 

uptake (%) 
Mass loss (%) 

72 
7 days 135.9 ± 2.6 18.85 ± 7 

28 days 138.9 ± 11.0 29.19 ± 4.88 
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The hydrogel porosity without microspheres was 81.62 ± 2.25% and 

decreased down to 69.98 ± 3.07% after microspheres addition (core 

system). The integrity of the system was assayed throughout 4 weeks. 

Figure 1 shows the morphology of the microspheres (Fig. 1A), the hydrogel 

(Fig. 1B, C) and the core system by SEM (fig. D-F). The images of the 

hydrogel internal structure (Fig. 1B, C), the core system freshly prepared 

(Fig. 1D) and after 4 weeks of incubation showed that the microspheres 

were homogeneously dispersed in the hydrogel while being trapped in the 

core system (Fig. 1E, F). The core system absorbed a significant amount of 

water during the first days of incubation which was maintained over time. 

On the contrary, the system lost less than 20% of the mass weight during 

the first week and approximately 35% after 4 weeks (Table 2).  

 

Figure 1. SEM images (A) microspheres; (B) hydrogel; (C) hydrogel high 

magnification detail; (D) core system freshly prepared; (E) internal structure of 

the core system after 4 weeks incubation in water at 37°C and 25 rpm and (F) high 

magnification detail of Fig. 1E. Scale bars (A, B, D, E) 100 µm, (C) 1 µm, (F) 20 

µm. 
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Figure 2. Evolution of the viscoelastic 

behavior of collagen with the incorporation 

of cyclodextrin, chitosan and PEG. (A) 

Variation of viscosity with shear rate in 

collagen (COL) versus a mixture of collagen 

and cyclodextrin (COL+CD) with a mass 

ratio equal to that in the core system. (B) 

Variation of viscosity with share rate in 

collagen–cyclodextrin mixture (COL+CD) 

versus a collagen–cyclodextrin–chitosan 

mixture (COL+CD+CS) with a mass ratio 

equal to that in the core system. (C) 

Variation of viscosity with shear rate in 

collagen–cyclodextrin–chitosan mixture 

(COL+CD+CS) versus the complete gel 

(COL+CD+CS+PEG) with a mass ratio 

equal to that in the core system.  
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Figure 3. Evolution of the viscoelastic 

behavior of collagen with the 

incorporation of cyclodextrin, chitosan 

and PEG. (A) Viscous moduli against 

frequency of collagen (COL) versus a 

mixture of collagen and cyclodextrin 

(COL+CD) with a mass ratio equal to 

that in the core system. (B) Viscous 

moduli against frequency in collagen–

cyclodextrin mixture (COL+CD) 

versus a collagen–cyclodextrin–

chitosan mixture (COL+CD+CS) with 

a mass ratio equal to that in the core 

system. (C) Viscous moduli against 

frequency in collagen–cyclodextrin–

chitosan mixture (COL+CD+CS) 

versus the complete gel 

(COL+CD+CS+PEG) with a mass 

ratio equal to that in the core system. 

 

 

 

 

 

 

 

Fig. 2A and 3A represents the variation in viscosity with the shear rate and 

the elastic and viscous moduli with the frequency, respectively, for a 

A)

B)

C)
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collagen solution (COL) and a mixture of collagen and cyclodextrin 

(COL+CD). In this regard, the incorporation of cyclodextrin to the collagen 

solution increases the viscosity values (Fig. 2A) and the gel behavior of 

collagen (both modulus increase, although the elastic to a greater extent, 

staying above in both cases) (Fig. 3A). Chitosan was added to the collagen–

cyclodextrin mixture to harden the hydrogel by crosslinking with TPP, this 

addition further increased the viscosity of the system (COL+CD). 

Moreover, the incorporation of chitosan (COL+CD+CS) increased the 

difference between elastic and viscous modulus (Fig. 2B, 3B). Note that 

the comparison between COL+CD and COL+CD+CS was performed at the 

same conditions as Fig. 2A and 3A. The PEG addition increased the 

viscosity (Fig. 2C). At low frequencies, the big difference between the 

elastic and viscous moduli of the collagen–cyclodextrin–chitosan mixture 

decreased when PEG is incorporated, as shown in Figure 3C. 

Moreover, the core system (COL+CD+CS+PEG) presented a thixotropic 

behavior. The forward and backward curves did not overlap, being the area 

between both (or hysteresis loop) (Fig. 2C) an indication of the magnitude 

of the thixotropic behavior. This characteristic allows the implantation of 

the core system in a minimally invasive way and facilitate the adjustment 

to the shape of the defect. In fact, the core system flew well through a 20 G 

needle and the average dose discharged was uniformed, 83.5 ± 6% of the 

loaded dose. 

The differential scanning calorimetry thermograms of the 17β-estradiol 

microspheres and components plotted in Fig. 4 allows to analyse the state 

of 17β-estradiol in the microsphere’s polymeric matrix. The glass transition 

temperature (Tg) of the RG 203-S and RG 858 [4:1] polymers mixture was 

located at 52-58 °C, between the Tg of PLA (RG203-S) and PLGA 

(RG858). The DSC analysis of pure 17β-estradiol showed three 

endothermic peaks (Fig. 4A), the first two at 118.1 °C and 174.4 °C were 

previously attributed to the partial and complete loss of hydrogen-bound 

water and reticular water, respectively. The third peak, located at 179.4 °C 

corresponds to the melting point (Turek et al., 2016). This last peak, 
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characteristic of the crystalline structure of 17β-estradiol, was neither 

detected for the polymer blend+17β-estradiol, nor in the microspheres 

thermogram (Fig. 4B). These results indicated that 17β-estradiol was 

dissolved in the polymer by at least 8.5%.  

 

Figure 4. Differential scanning calorimetry thermograms of (A) pure 17β-

estradiol and (B) PLA (RG203-S); PLGA (RG858), polymer blend (RG203-

S:RG858, [4:1]) and polymer blend with 8.5% of 17β-estradiol, previously 

dissolved in DCM:MeOH (80:20) and the curve of the microspheres of 17β-

estradiol.  

4.2. Osteogenic differentiation 

The count of rMSCs alkaline phosphatase positive cells (ALP +), cultured 

in the hydrogels with osteogenic differentiation culture medium, showed a 

discrete and progressive increase between 7 and 21 days of culture in the 

hydrogels without and with nano-HAP. However, the number of positive 
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cells was significantly higher in those hydrogels containing nano-HAP 

(Fig. 5). Likewise, qualitatively, the cells cultured in the hydrogels with 

nano-HAP, presented greater intensity of color, suggesting greater ALP 

activity (Fig. 5) than without nano-HAP. 

 

Figure 5. Alkaline phosphatase (ALP) activity in rMSCs cultures. (A) 

Representative images from hydrogels 21 days after cultured showing the APL 

positive (ALP+) cells morphology (arrowheads) culture in hydrogels without 

(Non HAP) and with nano-hydroxyapatite (HAP). (B) Number of APL+ cells/ 

microscopic field at different time points (7, 14 and 21 days). Scale bar = 20 µm. 

(*) Denotes statistical differences to non HAP group at each point, p<0.01.  

4.3. Release profiles of 125I-BMP-2 and 17β-estradiol 

Figure 6 shows the release profile of BMP-2. Although the hydrogel 

provoked a strong reduction of the burst effect, the in vitro release of BMP-

2 from the microspheres and from the core system showed a biphasic 

profile. During the first 24 hours approximately 7% of the protein was 

release from the core system versus 27% from the microspheres directly 
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dispersed in the medium. Afterwards, the release rate was kept in the range 

of 60-55 ng/day (Fig. 6). The in vivo release profile was also biphasic, with 

a first phase that lasted up to 7 days and approximately 50% of the protein 

released. Then the release rate was reduced to 70 ng/day, slightly higher 

than the in vitro rate. 

 

Figure 6. BMP-2 Release assays. In vivo release profile of 125I-BMP-2 from 

PLGA-microspheres in the system after implantation in the rat calvaria defect 

(n=5). In vitro release of 125I-BMP-2 (incubation in water at 37ºC and 25 rpm) 

from PLGA-microspheres and from the PLGA microspheres dispersed in the core 

system. 

The in vitro release rate of 17β-estradiol in the aqueous medium depended 

on the formulation (Fig. 7A). At the end point of the study 4 week 100% of 

the 17β-estradiol dispersed in the core system was released. On the other 

hand, for the same time point only 70% of the drug loaded in the 

electrospun films was released. The release profile was characterized by a 

high burst effect, approximately half of the dose was released during the 

first day. By contrast, the 17β-estradiol release rate was extremely slow for 

the microspheres alone and the microspheres included in the hydrogel (core 

system). Both release profiles were similar, less than 20% was delivered, 
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in 4 weeks. However, when the MeOH: water (50:50) medium was used, 

there were no differences in the transfer profiles. The presence of MeOH 

modified the solubility of 17β-estradiol, leading to a strong burst effect of 

70-85% of the dose released in the first 24 hours (Fig. 7A).  

 

Figure 7. In vitro 17-βestradiol release profiles in different release media at 37ºC 

and 25 rpm. (A) in MeOH:water (50:50) and (B) in aqueous solution of SLS 1%. 

ED: 17β-estradiol dispersed in the core system; EF: 17β-estradiol in the 

electrospun film; microspheres: 17β-estradiol pre-encapsulated in microspheres 

and core system: 17β-estradiol microspheres in the hydrogel. 

The estimated values of Deff  and h for 17β-estradiol release in the different 

media are show in Table 3. Although the value of Deff for 17β-estradiol in 

SLS was significantly lower compared to the MeOH:water (50:50), there 

were no differences for h regardless of the release media used. h is the 

contribution of hydrogel, as part of the boundary layer, to the whole mass 

transfer process, and the value of this coefficient should not change by 

varying the release media. The values of R2 (Table 3), together with the 

comparison of experimental and predicted values of the released fractions 

shows a good data fit to the proposed model for both release media. 
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Table 3. Estimated values of effective diffusion coefficient (Deff) and mass 

transfer coefficient (h) for 17β-estradiol release in different media applying 

equations 5-8. 

Release media Deff (m2/s) h (m/s) 
R2 (%) 

value 

MeOH:water 

(50:50) 

2.28·10-15 ± 

5.00·10-17 

7.56·10-10 ± 

2.89·10-10 

95.47 ± 

0.07 

SLS 1% 
5.58·10-16 ± 

9.81·10-17 

4.01·10-10 ± 

4.94·10-10 

92.49 ± 

2.71 

4.4. Histology, immunohistochemical and histomorphometrical evaluation  

4.4.1. Osteoporotic model assessment  

The osteoporotic models were assessed in both long bone (femur) and flat 

bone (calvaria). The histological analysis of calvaria showed evident 

changes in the structure and microarchitecture of the bone among the 

different experimental groups. While the non-OP animals showed a normal 

bone structure in cortical bone (CB), trabecular bone (TB) and intercortical 

space (ICS), in the different OP models (DEX, OVX and OD) (Fig. 8A) a 

progressive decrease in cortical bone thickness (CBT) and an increase in 

the intercortical space thickness (IST) was observed, being the group OD 

the one that presented greater alteration of the tissue bone structure (Fig. 

8B). 
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Figure 8. Validation of the OP model in calvarial bone. (A) Representative images 

in transversal section of calvaria in non-osteoporotic animals (non-OP) and in 

each of the different experimental models tested. (B) Histomorphometric analysis 

of the cortical bone thickness and intercortical space thickness evaluated in 

calvaria for the different models of osteoporosis. CB: cortical bone, BMa: bone 

marrow, ICS: intercortical space, TB: trabecular bone. Scale bar = 100 µm. (*) 

Denotes statistical differences to non-OP group. (#) Denotes statistical differences 

to DEX group.  
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The histological analysis of the femurs also showed evident changes in the 

structure and microarchitecture of the bone among the different 

experimental groups. While non-OP animals showed a normal bone 

structure, in the different OP models (DEX, OVX and OD) structural 

changes were observed, both at the level of cortical and cancellous bone, 

showing a less compact bone with a more porous structure (Fig. 9A). The 

histomorphometric analysis revealed differences in the measured 

cancellous bone parameters (Tb.N, Tb.Wi. and Tb.Sp.) with a significant 

reduction in all of them for the OVX and OD groups compared to the non-

OP and DEX animals (Fig. 9 B, C, D). However, the cortical bone thickness 

(Ct.Wi.), although showing a slight reduction in the groups OVX and OD 

with respect to the non-OP and DEX groups, this effect was not significant 

(Fig. 9 E). 
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Figure 9. Validation of the OP model in long bone (femur). (A) The left column 

shows representative panoramic images of rat femur longitudinal sections in non-

osteoporotic animals (non-OP) and in each of the different experimental models 

of osteoporosis tested. The right column shows high magnification images of the 

distal portion of the femur showing differences in the microarchitecture of the 

bone in the different models. Histomorphometric analysis of the different 

parameters evaluated in femur. (B) Tb. N (mm), (C) Tb. Wi (µm), (D) Tb. Sp. 

(µm) and (E) Ct. Wi (µm). CB: cortical bone, TB: Trabecular bone, BMa: bone 

marrow. Scale bars: Left column 250 µm. Right column 50 µm. (*) Denotes 

statistical differences between indicated groups. Fig. (B, C, D) p<0.001. 
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4.4.2. In vivo evaluation of the systems 

The histological analysis at the level of the calvarial defect showed low 

new bone formation in the blank groups (B and B HAP), being limited to 

the margins of the defect in both, non-OP and OP groups (Fig. 10). The 

groups implanted with BMP-2 + 17β-estradiol in the three different 

formulations showed a greater area of newly formed bone not only in the 

margins but also in inner zone of the defect (Fig. 10). The newly formed 

bone in the different experimental groups in both, non-OP and OP animals, 

showed a normal morphology and VOF staining revealed areas of 

mineralization, slightly more in the non-OP animals groups (Fig. 10). 

The histomorphometric analysis showed low repair response in the blank 

groups (B and B HAP) of non-OP and OP animals, with repair percentages 

between 6 and 8%. On the contrary, groups implanted with BMP-2 + 17β-

estradiol in the three different formulations, showed a significantly higher 

repair response, with values between 38 and 45%, no differences were 

observed between non-OP and OP animals (Fig. 11A). 

On the other hand, the analysis of mature and immature bone showed a 

higher quantity of mature bone and, therefore, a greater degree of 

mineralization, in the non-OP experimental groups with respect to OP 

animals. The ratio between mature and immature bone (MB/IB) showed 

individually higher values in all non-OP with respect to OP groups. 

Overall, the mean value of MB/IB for non-OP animals was 1.47 while for 

OP animals this value decreased to 0.99 (Fig. 11B, C). 
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Figure 10. Repair process in calvarial defect. Representative images in horizontal 

section of calvarial critical size defects in non-OP and OP rats showing the repair 

response at the defect level in the different experimental groups 12 weeks post 

implantation. BMa: bone marrow, CT: connective tissue, NB: newly formed bone, 

DS: defect site. Scale bar = 1 mm. 
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Figure 11. Repair process in calvarial defect. Histomorphometrical analysis (A) 

comparing the degrees of repair (%) among the different experimental groups in 

non-OP and OP rats 12 weeks post implantation. (B) Ratio overall between mature 

bone and inmature bone (MB/IB) among the different experimental groups, (C) 

and between non-OP and OP rats, estimated using VOF staining. Bars represent 

means ± SD (n=4). (*) Denotes statistical differences between indicated groups.  
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The immunohistochemical analysis of osteocalcin (OCN), a marker of late 

osteogenesis and mineralization, showed low immunoreaction for the blank 

groups (B and B HAP) in both, non-OP and OP animals, with no 

differences between them (Fig. 12). However, the immunoreaction was 

higher and more intense with respect to the blank groups for groups 

implanted with BMP-2+17β-estradiol in the three different formulations. 

Additionally, in this case, the response was slightly higher for the non-OP 

animals than for OP (Fig. 12). The histomorphometric analysis, showed 

slightly higher relative OCN staining values in the BMP-2 + 17β-estradiol 

groups in non-OP animals (Fig. 13).  
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Figure 12. OCN relative expression. Representative images in horizontal sections 

of calvarial critical size defects in non-OP and OP rats showing OCN 

immunoreactivity in the different experimental groups 12 weeks post 

implantation. CT: connective tissue, NB: newly formed bone. Scale bar = 100 µm.  
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Figure 13. OCN relative expression. Histomorphometric analysis showing the 

relative staining values for OCN-ir. Bars represent means ± SD (n=4). (*) Denotes 

statistical differences between indicated groups. 

5. Discussion 

In this first study a BMP-2-17β-estradiol hydrogel system with a porosity 

of approximately 70% was evaluated for the regeneration of a critical size 

defect in rat calvaria. The hydrogel presented adequate characteristics in 

terms of cell adhesion, viability and proliferation of MSC isolated from rats 

(Pérez-Herrero et al., 2019). The thixotropic behavior of the hydrogel 

allows its injectability and the characterization has been completed by 

testing the water uptake and mass loss as well as performing osteoblastic 

differentiation studies with osteoporotic rMSCs. In vitro release profiles of 

17β-estradiol in two media and the in vitro and in vivo release profile of 

BMP-2 form the developed systems, were also analyzed. 

The osteogenic differentiation of osteoporotic rMSCs seeded on the 

systems was assessed to test the effect of the nano-HAP incorporation on 
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cell behavior. The results showed greater ALP activity and a greater 

number of differentiated cells when cells are cultured in the systems with 

nano-HAP. Therefore, nano-HAP systems were subsequently used in the 

in vivo experiments. 

Despite the high number of OP studies and the several publications 

dedicated to tissue repair in non-OP specimens, very few reports devoted 

to bone defect regeneration in OP have been published. Therefore, as a first 

step to stablish an adequate OP model, a histological evaluation of the 

femur and calvaria of rats subjected to three different treatments for 

osteoporosis induction, was carried out. OP is a systemic bone disease 

characterized by the increase in bone porosity, loss of bone mass and 

changes in the microstructure of the skeletal tissue. Consequently, the OP 

population has an increased risk of fracture. As OP might be primary as 

post-menopausia, or secondary due to corticoid chronic administration, 

three animal models were used for OP induction: OVX, chronic 

glucocorticoid treatment and the combination of both.  

The bone histological study of the different treatments used to generate OP 

aims to test if the induced bone damage is treatment dependent. In general, 

OP condition is established through the analysis of long bones and lumbar 

spine but few data of the effect on the calvaria of the animals used as OP 

models are available (Calciolari et al., 2017). Most of the publications 

focused on the regeneration of calvaria critical size defects in OP animals 

do not report the effects of OP in this bone (Durão et al., 2014; Engler‐

Pinto et al., 2019). In the present study, histomorphometric analysis of the 

femurs and calvarias after the three treatments revealed that the effect of 

OVX was similar to OD combination, except for the higher separation of 

trabeculae in cancellous bone (Tb.Sp) observed in OD animals. Here, 

because we wanted to test the effect of sandwich like system loaded with 

17β-estradiol and to simplify the model and improve animal welfare, OVX 

was selected.  
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Given that some authors have observed a delay in bone consolidation of 

OVX rats (Cortet, 2011) and that, as we previously described, 

combinations of BMP-2 and 17β-estradiol formulated in microspheres 

applied to a critical calvaria defect improved bone healing in OP rats but 

the new bone was less mineralized (Segredo-Morales, García-García, et al., 

2018; Segredo-Morales, Reyes, et al., 2018), we tried to prolong the active 

substances release to cover this delay. Hence, drugs were incorporated to 

the hydrogel system pre-encapsulated in microspheres for prolonged 

controlled release. To reduce the release rate of the therapeutic molecules, 

microspheres were prepared with a mixture of polymers, 20% of RG 858 

was combinated with RG 504 for BMP-2 microspheres or with RG203-S 

for 17β-estradiol microspheres. RG 858 is a 85:15 PLGA, of high 

molecular weight with a degradation rate lower than RG 504 and RG203-

S. The BMP-2 release profiles showed a two-phase behavior with a weak 

burst effect observed during the first week. However, the burst effect of 

BMP-2 that observed for from the microspheres was damped by the 

hydrogel, probably due to the interaction of the protein with the HAP 

chemical groups (Quinlan et al., 2015; Teotia et al., 2017). Afterwards, the 

second phases were practically parallel, which indicated a mass transfer 

process controlled by the access of water inside the microspheres, 

dissolution, and diffusion of the protein through the pores of the polymeric 

matrix.  

To study the release profile of 17β-estradiol, two release media were used, 

MeOH:water (50:50) and an aqueous solution of SLS. The first selected 

media was used based on literature as the standard condition used for 17β-

estradiol release. However, due to the lack of biological relevance of such 

ethanol:water solvent an aqueous solution of SLS was also tested. 

Moreover, this last media is the recommended by the American 

Pharmacopeia (The United States Pharmacopeial Convention, 2014). 

Agreement with our hypothesis, the release of 17β-estradiol in 

MeOH:water was fast regardless of the loading technique. However, the in 

vitro release of 17β-estradiol was formulation dependent when an aqueous 

medium was used, the release rate was slower when 17β-estradiol was 
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loaded in microspheres. According to the DSC results, 17β-estradiol 

formed a solid solution in the microspheres, indicating the release process 

takes place by molecular diffusion of 17β-estradiol within the microspheres 

and governed by the partition coeficient. In addition, the higher estimated 

values of Deff in the MeOH:water compared with the aqueous medium, 

confirmed the dependency on the release media. The calorimetric analysis 

of the electrospun sheet was not carried out due to the low 17β-estradiol 

dose per fiber weight. Although 17β-estradiol is expected to be also 

dissolved in the polymer, the large specific surface area that microfibers 

have causes the fast release rate. Similarly, 17β-estradiol dispersed in the 

hydrogel was scarce maintained in the systems. Obviously, neither media 

are physiological, but it seems more correct to use an aqueous medium to 

predict in vivo release. Presumably, a slightly faster release rate is expected 

to take place in vivo, since the biological components present in the tissue 

could accelerate the drug release from the system.  

Despite the beneficial role of the nano-HAP controlling BMP-2 burst effect 

as well as its positive effect on the proliferation and osteogenic 

differentiation of rMSC which justifies the use of nano-HAP in the system, 

the reparative effect of the blank scaffolds with and without nano-HAP was 

not enough to be considered useful. Unlike the observed in this study, other 

authors showed better new bone formation compared to untreated defects 

in metaphyseal regions of osteoporotic chinese mountain goat model with 

a nanoparticulated HAP system with and without collagen type-1 (Alt et 

al., 2016). By contrast, in another study, (Teotia et al., 2017) similarly to 

the our findings, the use of nano-HAP and calcium sulfate bone scaffolds 

loaded with BMP-2 combined with zolendronic acid in rat critical calvaria 

defect showed no effect on repair and mineralization at 8 and 12 weeks 

with respect to the empty defect (Teotia et al., 2017).  

The three combinations of BMP-2 with 17β-estradiol showed the same 

effect at 12 weeks. However, the ratios of mature and immature bone in 

normal and osteoporotic animals showed significant differences, indicating 
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that the quality of the repaired bone, at least after 12 weeks, was better in 

non-OP animals.  

6. Conclusions 

The prepared core system resulted to be easily injectable allowing a reliable 

dose administration. The system helps to control the burst effect of BMP-

2 pre-encapsuled in PLGA microspheres probably due to the presence pf 

nano-HAP. The release of 17β-estradiol from PLA-PLGA microspheres 

was intricated and governed by the partition coefficient of the drug which 

is in solid dissolution in the microspheres. The system was biocompatible 

both in vitro and in vivo. However, the regenerative effect detected was 

independent of the 17β-estradiol release profile, and, therefore, we 

hypothesize the bone defect regeneration observed in both OP and non-OP 

rats, was mainly due to the osteogenic effect of BMP-2 released in a 

controlled manner for 6 weeks. A delay in the mineralization of the newly 

formed bone in OP animals was observed. Consequently, new strategies 

and alternative drugs will be explored trying to accelerate the 

mineralization in osteoporosis.     
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1. Introduction 

Scaffolds play an active role in bone regeneration as artificial 

extracellular matrix. Different biodegradable and/or osteointegrable 

materials of diverse nature (phosphates, bio-glass, natural and synthetic 

polymers) have been used to construct 3D-scaffolds. The design of these 

scaffolds is based on fulfilling several characteristics to facilitate tissue 

ingrowth, such as biocompatibility, porous structure with interconnected 

pores, permeability for blood perfusion, nutrients supply, cell adhesion 

and differentiation (Velasco et al., 2015). Hydrogels suit these 

characteristics, thus the development and preparation of biodegradable 

hydrogels for bone tissue engineering applications is currently of great 

interest (Hoffman, 2012; Peppas et al., 2006). In addition, scaffold 

bioactivity is required to successfully tackle critical size bone defect 

regeneration. One strategy to “activate” scaffolds is their loading with 

signalling molecules or cells involved in the remodelling event cascade 

such as growth factors, cytokines, hormones or mesenchymal stem cells 

(MSC). Particularly, BMP-2, is involved in most of the processes required 

for bone formation (Begam et al., 2017; Chen & Kawazoe, 2018; Fayaz et 

al., 2011; Hutmacher, 2000; Nauth et al., 2011; Vo et al., 2012). The 

benefits of rhBMP-2 have been already proven, nevertheless, the risk of 

adverse effects associated with the high dose required in the clinic and the 

inability of the carrier to retain the protein in the defect, site make 

necessary the development of scaffolds with controlled release capacity 

for greater efficacy and safety (El Bialy et al., 2017). Injectability and 

adaptability to the bone defect shape are among the most characteristic 

advantages of hydrogels (Hoffman, 2012; Peppas et al., 2006). However, 

their poor mechanical properties and short residence time in the defect 

could be a disadvantage depending on the type of bone lesion to be 

treated. Finally, their incapacity to regulate growth factors release has led 

to the development of different strategies to control drug release rate by 

increasing the drug binding to the hydrogel matrix (Agrawal & Sinha, 

2017; Kondiah et al., 2016; Moreno et al., 2016) or combining hydrogels 

with sustained release platforms  (Dorati et al., 2017; Kondiah et al., 

2016; Moreno et al., 2016). As we already mentioned in chapter 1 our 
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previous studies with hydrogels of different composition shown that the 

regenerated bone was less mineralized in OP groups than in non-OP 

groups (Segredo-Morales, García-García, et al., 2018; Segredo-Morales, 

Reyes, et al., 2018). Also in chapter 1, we studied the regeneration 

induced in the calvarial critical defect of a hydrogel composed by 

collagen and HAP aimed to improve mineralization and control BMP-2 

and 17β-estradiol release using microspheres. However, this strategy did 

not enhance the mineralization of the new bone filling in the defect. 

Given that all bone repair processes are impaired and bone healing time is 

delayed in OP (Cheung et al., 2016; Kubo et al., 1999; Namkung-Matthai 

et al., 2001; Oliver et al., 2013), to overcome the low mineralization 

observed in our previous studies we hypothesized that a longer residence 

time of the scaffold in the defect and a longer release of BMP-2 in OP is 

required. 

2. Objectives 

In this part, a new alginate hydrogel system, crosslinked in two steps and 

a solid sponge system with the same composition both loaded with 17β-

estradiol and BMP-2 within microspheres were compared. The goal is to 

keep similar physical and chemical properties for both systems such as 

composition, hydrophilicity/hydrophobicity, water uptake, swelling 

behaviour, porosity and BMP-2 and 17β-estradiol release rates. Therefore, 

the expected different between both systems is the scaffold residence time 

in the critical size calvarial defect. Microspheres were elaborated from a 

combination of alginate and poly (lactide-co-glycolide) acid (PLGA) with 

different lactide to glycolide ratio and molecular weight (Mw). Therefore, 

two β-estradiol-BMP-2-Alginate-PLGA systems, hydrogel (HY) and solid 

sponge (SS), were developed and in vitro characterized. The quality of the 

regenerated bone using both systems alone or seeded with OP 

mesenchymal stem cells (MSCs) was compared in a critical size defect in 

OP rats  
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3. Materials and methods 

3.1. Microsphere preparation and characterization  

Alginate-PLGA microspheres of BMP-2 were prepared by modifying a 

previously described double emulsion (w/o/w) method (Gainza et al., 

2013; Zhai et al., 2015). Briefly, an aqueous solution of 500 µL of 

rhBMP-2 (Biomedal Life Sciences) (500µg), 100 µL of 15% poly (vinyl 

alcohol) (PVA, Mw: 33,000-70,000 KDa, 87-90% hydrolysed, Sigma-

Aldrich) and 300 µL of 6% sodium alginate (Protasan® UP MVG, 

Novamatrix) (w/v) was emulsified with 2 mL of a mixture of PLGA 

75:25 (PLGA 75:25, Resomer® RG755, Evonik Industries) and PLGA 

85:15 (PLGA 85:15, Resormer® RG858, Evonik Industries) [4:1] in 

methylene chloride solution (125 mg/mL, DCM) by vortexing (Genie® 

Industries 2, Sciences Industries Inc.) for 1 min. Then, 5.2 mL of an 

aqueous solution of 2.5 mL of PVA (10% w/v), 2.5 mL of NaCl (10% 

w/v) (Merck) and 200 µL of CaCl2 (0.5M, Merck) was poured over the 

first emulsion and vortexed for 30 seconds (position 10). Finally, the 

organic solvent was evaporated in 100 mL of 0.25M CaCl2 aqueous 

solution under constant magnetic stirring for 1.5 hours.  

Microspheres of 17β-estradiol (Sigma-Aldrich) were prepared by the 

solvent evaporation method as in chapter 1 (section 3.1). Briefly a 

mixture of 17β-estradiol (6 mg), PLGA 75:25 (160 mg) and PLGA 85:15 

(40 mg) dissolved in 0.6 mL DCM:methanol (DCM:MeOH) [80:20] 

solution was emulsified with 4 mL of 1% PVA aqueous solution by 

vortexing for 1 min, poured into 100 mL of PVA (0.15% w/v) aqueous 

solution and left under magnetic stirring for 1 hour.   

Both types of microspheres were washed with double distilled water and 

collected by filtration (Supor®-450, 0.45 µm, 47 mm filters, Pall 

Corporation), lyophilized and conserved at 4ºC until use.  

The encapsulation efficiency of both type of microspheres was 

determined as described in chapter 1 (section 3.1), using 125I-BMP-2 as a 

tracer to determine rhBMP-2 or by spectrophotometry at λ= 280 nm for 
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17β-estradiol. Also, microspheres were characterized in terms of 

morphology and size distribution (see chapter 1, section 3.1). 

3.2. Electrospinning film fabrication and characterization 

The polymer film was fabricated by electrospinning as described in 

chapter 1 (section 3.2). A solution of 7 mg of 17β-estradiol, 240 mg of 

PLGA 75:25 and 60 mg of PLGA 85:15 in 2 mL of 

hexafluoroisopropanol (HFIP, Sigma-Aldrich) were electrospun using an 

18G needle at a flow rate of 3 mL/h under 10 kV power supply and the 

collector rotating at 200 rpm at 10 cm from the needle. 

The film quality and fiber diameter were analysed using SEM (Jeol, JSM-

6300) images and the film thickness was measured by stereo-microscop 

(Leica M205C, Leica Las, v 3 sofware). The real density was measured in 

a helium pycnometer (AccuPyc 1330, Micromeritics) and the porosity 

was calculated (see equation 1 and 2, chapter 1 section 3.2). 

Water uptake and mass loss assays were carried out, as described in 

chapter 1 (section 3.2). Samples square pieces of 3 x 3 cm of electrospun 

film were incubated in water (37ºC) under orbital agitation (25 rpm). At 

specific times, three samples were withdrawn, the excess of water 

removed, weighted and freeze-dried to record the dry weight. The 

percentages of mass loss and water uptake were calculated applying 

equation 3 and equation 4, (chapter 1, section 3.2), respectively.  

3.3. Systems preparation and characterization 

Solid system (SS). To prepare the alginate solid sponge system 15 mg of 

microspheres were dispersed in 100 µL of 2% alginate aqueous solution 

and freeze-dried. The alginate was then cross-linked by incubation with 

100 µL of 1% CaCl2 during 3 min and washed with 100 µL of sterile 

MilliQ water three times and freeze-dried. All the systems were stored at 

4ºC until use.  
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Hydrogel system (HY). To prepare the alginate hydrogel system 4.5% 

w/w sodium alginate sterile aqueous solution was partially cross-linked 

by sufficient quantity of a 1% w/w CaCl2 sterile aqueous solution to give 

a final concentration of 4% w/w of sodium alginate and 0.12% w/w of 

CaCl2. Then, 15 mg of microspheres were dispersed in the partially cross-

linked hydrogel (PC-HY). Afterwars, the hydrogel was cross-linked with 

5% w/w CaCl2 sterile aqueous solution (0.7 µL/ µL of hydrogel). 

The systems were characterized in terms of porosity, water uptake and 

mass loss, as previously described in chapter 1 (section 3.2 and 3.3, 

equations 1-4). Morphology and structural characteristics were observed 

by SEM (Jeol JSM-6300). Described in chapter 1 (section 3.3).  

In addition, the rheological characteristics of the PC-HY, freshly prepared 

with and without microspheres, and after 4 hours at rest (PC-HY +4h), 

were obtained with a Bohlin CVOD 100 rheometer at 20ºC and 37ºC by 

means of a Peltier system, using cone-plate and parallel geometries with a 

diameter of the fixed lower plate of 60 mm and a gap between the fixed 

and rotating part of 1 mm. The evolution of viscosity with shear rate 

(from 0.071 to 30 s-1) was acquired by a cone-plate geometry (diameter of 

cone 40 mm, angle 4º). The evolution of elastic (G’) and viscous moduli 

(G’’) with frequency (0.128 a 6.93 Hz) was acquired by a parallel plate 

geometry (diameter of rotating upper plate 20 mm) at a constant shear 

stress of 0.2387 Pa. 

The systems to be implanted were prepared under aseptic conditions and 

all contained 6 µg of BMP-2 in microspheres. In addition, the solid 

sponge systems were loaded with 300 µg of 17β-estradiol in microspheres 

(SS-BMPβe). However, in the hydrogel system the dose of 17β-estradiol 

was divided: 240 µg in microspheres dispersed in the hydrogel and 60 µg 

in two electrospun films placed forming a sandwich system (HY-

BMPβe). Both systems, solid sponge and hydrogel, seeded with MSCs 

obtained from osteoporotic rats, SS-BMPβe-MSC and HY-BMPβe-MSC, 

were also implanted. 
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3.4. In vitro release assays 

The rhBMP-2 in vitro release assays were carried out by incubating 

(37ºC, 25 rpm orbital stirring) each system in sterile MilliQ water. The 

amount of the 125I-BMP-2 released was calculated by measuring the 

radioactivity of the supernatants (Cobra® II, Packard). The in vitro assays 

of 17β-estradiol from free microspheres, microspheres in the HY, 

microspheres in the SS and samples of the electrospun films were carried 

out in an aqueous solution of SLS (1% w/v), in MeOH:water (50:50) and 

in dimethyl sulfoxide (DMSO, Acofarma):water (40:60) at 37ºC with 

orbital stirring (25 rpm).   

3.5. Cell isolation and culture 

Osteoporotic bone marrow rat rMSC were obtained as described in 

chapter 1 (section 3.6) (Dobson et al., 1999). SS-BMPβe-MSC and HY-

BMPβe-MSC systems were seeded with a 5x105 rMSCs suspension in 

passage 2 (60 µL) approximately 20 min before implantation. 

The 60 µL of the rMSC suspension were dropped on the solid sponge 

system or mixed with the hydrogel system. In previous in vitro studies we  

demonstrated that all materials are biocompatible and rMSCs allow their 

adhesion and viability (Reyes et al., 2013; Vayas et al., 2019).  

3.6. Animal experiments  

3.6.1. Surgical procedures 

30 female Sprague-Dawley rats, weighing 250-300 g, underwent 

ovariectomy (OVX) and three months post-OVX, critical size (8 mm 

diameter) calvarial defects were created surgically. Surgeries were made 

under aseptic conditions  described in chapter 1 (section 3.5.2).  
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3.6.2. In vivo evaluation of the systems 

The 30 female rats pre-OVX were divided in 6 groups of 5 rats each, 2 

groups of 5 OP rats each were implanted with SS-125I-BMPβe and HY-
125I-BMPβe to determine the 125I-BMP-2 release kinetics. After 6 weeks 

the rats were sacrificed. 

The other four groups were used to evaluate the bone regeneration 

induced by a combination of BMP-2 and 17β-estradiol with and without 

rMSC in the two systems. 2 groups were implanted with the solid 

systems: SS-BMPβe (6 µg BMP-2 + 300 µg β-estradiol) or SS-BMPβe-

MSC (6 µg BMP-2 + 300 µg 17β-estradiol + 5x105 rMSC, Passage 2) and 

2 groups were implanted with the hydrogel system, HY-BMPβe or HY-

BMPβe-MSC. The animals were sacrificed at 12 weeks post-

implantation, and the defects enclosing samples were resected from the 

calvaria.  

3.6.3. In vivo 125I-BMP-2 release assays 

In vivo 125I-BMP-2 release assay was carried out with the non-invasive 

method used in chapter 1 (section 3.5.3).  

3.7. Histology and histomorphometrical evaluation 

The samples were fixed (10% formalin solution) decalcified in Histofix® 

Decalcifier (Panreac) and prepared for histological analysis, as previously 

described in chapter 1 (section 3.7). New bone formation and the presence 

of adipose and connective tissue was identified by hematoxylin-erythrosin 

staining based on their different morphological characteristics and the 

degree of new bone mineralization with VOF trichrome stain. Similarly, 

adipose or connective tissue were identified in the ROI and the percentage 

calculated from the ratio between the area occupied by each specific 

tissue and the area of the original defect. 

Statistical analyses were performed using SPSS version 25 software. One-

way analysis of variance (ANOVA) and a Tukey multiple comparison 
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post-test were used to compare the overall performance of the different 

groups. Results are expressed as mean ± standard deviation. Significance 

was set at p <0.05 unless otherwise stated. 

4. Results 

4.1. Scaffolds Characterization  

The mean volume diameters of the alginate-PLGA microspheres 

containing BMP-2 and PLGA microspheres with 17β-estradiol were 64.0 

µm (10% <14.8 µm; 90% <111.6 µm) and 171.4 µm (10% <46.2 µm; 

90% <286.0 µm) respectively. The encapsulation efficiency was 71% and 

99% for the BMP-2 and 17β-estradiol, respectively. 

Mentioned scaffolds were prepared by dispersing a mixture of the above 

microspheres in an alginate aqueous solution from which a final 

presentation of solid sponge or hydrogel was set. The SS scaffold 

presented a higher porosity (89.4 ± 1.8%) than the freeze-dried HY 

system (63 ± 2.2 %) (Fig. 1A, B). For in vivo administration the HY was 

assembled between two electrospun membranes (Fig. 1C). The 

characteristics of the film was: 63.4 ± 4.3 µm of thickness, microfiber 

diameter of 1.2 ± 0.26 µm and 71.4 ± 4.1% of porosity (Fig. 1C). 

The incubation of the systems in water at 37ºC, showed most of the water 

uptake (Fig. 1D) and mass loss (Fig. 1E) occurred during the first days 

but in a different ratio depending on the system. The SS water uptake was 

more than double (500%) of that showed by HY (200%) or the film 

(150%). On the other hand, the HY suffered a very important mass loss 

(40%) compared with that detected in the other two systems (6%). 
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Figure 1. Scanning electron microscope images of alginate solid sponge (A) and 

cross-linked hydrogel (B) containing BMP-2 and 17β-estradiol microspheres as 

well as the PLGA electrospinning film (C) containing 17β-estradiol. Water 

uptake (D) and mass loss (E) of the above mentioned systems during incubation 

in water at 37ºC under orbital agitation (25 rpm). 

 

4.2. Hydrogel viscoelastic behaviour  

Viscoelastic behaviour of partially cross-linked alginate hydrogel freshly 

prepared (PC-HY) as well as after 4 hours at rest or containing 

microspheres analysed.  

All the samples evaluated showed a progressive viscosity decrease with 

the shear rate (Fig. 2), characteristic of a pseudo-plastic material. 

However, the viscosity curves with the increase (forward curve) and 

decrease (backward curve) of the shear rate in the freshly prepared PC-

HY and after 4h at rest, do not overlap, which reveals a thixotropic 

behaviour that was more evident at 20 ºC than at 37 ºC, according to a 

smaller hysteresis loop area recorded at this latter temperature. The area 

of the hysteresis loop characterizes the energy associated with the sol-gel 
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transition and the time for the material reorganization, hence the greater 

the area, the longer the time to recover its initial state after stress 

(Barbucci et al., 2008). The 4% w/w aqueous solution of alginate showed 

no thixotropic behaviour (Fig. 2). 

The viscosity values of the freshly prepared PC-HY and after 4 h at rest 

or containing microspheres, were markedly superior to those of the 

alginate solution (4% w/w), especially at low shear rates (Fig. 2). In all 

the analysed samples, the viscosity was lower at 37°C than at 20°C (Fig. 

2). 

 

Figure 2. Evolution of the viscosity with shear rate at 20ºC and 37ºC, of pure 

alginate aqueous solution (4% w/w) and partially cross-linked hydrogel (4% 

w/w alginate and 0.12% w/w of CaCl2) freshly prepared (PC-HY) and after 4 

hours at rest (PC-HY + 4h). In the upper right part of the figure is shown the 

change in viscosity of the PC-HY with the inclusion of microspheres. The curve 

direction (forward and backward) is indicated by arrows. 

 

For the different samples, the evolution of elastic (G’) and viscous moduli 

(G’’) with the frequency (Fig. 3) confirms the above results. The highest 

Ms
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G’ and G’’ values were found in the PC-HY containing microspheres, 

followed by PC-HY after 4h at rest and freshly prepared, the lowest 

values were obtained with the alginate aqueous solution (4% w/w). The 

alginate solution (4% w/w) showed a viscous behaviour, as indicated by 

G’’ values being higher than those of G’ throughout the studied frequency 

range, while in PC-HY systems an evolution towards more elastic 

behaviour was observed. Thus, the freshly prepared PC-HY presented 

similar values of both G’ and G” moduli but after 4 hours at rest those 

values separated resulting in an elastic modulus higher than the viscous 

modulus. The inclusion of the microspheres further increased this 

difference between the elastic and the viscous moduli due to a greater 

predominance of a solid-like behaviour of the system. 
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Figure 3. Viscoelastic behaviour at 20ºC and 37ºC, of pure alginate aqueous 

solution (4% w/w) and partially cross-linked hydrogel (4% w/w alginate and 

0.12% w/w of CaCl2) freshly prepared (PC-HY) and after 4 hours at rest (PC-

HY +4h). Behaviour of PC-HY with the inclusion of microspheres (PC-HY + 

Ms) at 37ºC is also shown.  

Ms

Ms
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4.3. 125I-BMP-2 and 17β-estradiol release profiles 

The in vivo release profiles of BMP-2 from SS-125I-BMP and HY-125I-

BMP were similar. During the first 24 h approximately 20% of the dose, 

equivalent to 1,2 µg of the BMP-2, was released (Fig. 4). At 6 weeks, the 

percentage of BMP-2 released was about 43-48%. However, the in vitro 
125I-BMP-2 release profiles were faster than in vivo. Around 15-20% was 

released in the first day reaching a 57-60% released at 6 weeks. A similar 

in vitro release profile (Fig. 4) was obtained from the microspheres alone 

dispersed in the medium, which indicates that the release profile of BMP-

2 from both systems, SS and HY, is governed by the microspheres. 

 

Figure 4. BMP-2 in vitro and in vivo release assays. Release profile of 125I-

BMP-2 from alginate-PLGA microspheres alone or included in the hydrogel 

(HY-BMPβe) and solid sponge (SS-BMPβe) systems in water at 37°C (n=3) or 

after implantation in the rat calvarial defect (n=5). 

 

The 17β-estradiol release profiles showed a faster release rate from the 

film (Fig. 5D) than from the microspheres or the microspheres 

incorporated in HY or SS (Fig. 5A, B, C). After 4 weeks, 25% of the dose 

was released from microspheres and 78% from the film (Fig 5). 

Moreover, compared with the microspheres, the 17β-estradiol release rate 

Fig. 4
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was slightly reduced during the first days by their incorporation in the SS 

or the HY. 

 

Figure 5. Release profiles of 17β-estradiol from PLGA microspheres alone 

(PLGA Ms) or included in the solid sponge (SS-BMPβe) or hydrogel (HY-

BMPβe) systems as well as from the electrospinning film, at 37°C, in three 

different release media: methanol:water (50:50), dimethyl sulfoxide:water 

(40:60) and sodium lauryl sulphate 1% in water. (n=3). 

 

 

4.4. Histological and histomorphometrical evaluation 

Visual inspection of the SS and HY systems at 12 weeks post-

implantation showed a different degree of the defect filling, being higher 

for groups implanted with the SS scaffold.  
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The macroscopic analysis of the calvaria showed that in groups implanted 

with the SS, the defect appeared completely filled with a homogeneous 

tissue of homogeneous aspect similar to the adjacent normal bone (Fig 

6A). This was observed both in the groups treated with BMPβe and in 

those treated with BMPβe + MSC. The histological analysis confirmed 

the new bone formation (Fig. 6C, D). In all these experimental groups, the 

repair was observed not only in the margins but also inside the defect.  

However, a more detailed analysis showed that the repaired bone 

presented a somewhat fragmented appearance, with areas of bone 

surrounded by connective tissue and the presence of adipose tissue 

between both (Fig. 6G).  
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Figure 6. Histological evaluation of the implanted systems, solid system sponge 

(SS) or crosslinked alginate hydrogel in situ (HY), containing BMP-2 and β-

estradiol (BMPβe) with and without MSCs in the calvarial defect of OP rats. (A, 

B). Macrophotographs of the defect area (dashed line) showing the 

characteristics of the repaired tissue; (C-F) horizontal photomicrographs 

showing the repaired bone and the presence of connective and adipose tissue in 

the defect; (G, H) details showing the morphological characteristics of the 

repaired tissue; (I) detail of the HY-BMPβe group showing remnants of the 

hydrogel surrounded by newly formed bone. AdT: adipose tissue; BLT: bone-

like tissue; CT: connective tissue; DS: site of defect; HT: hyaline tissue; M: 

Material; NB. New bone; sps: spaces. Scale bars = a - f: 2 mm; g: 250 µm; h: 

500 µm; i: 350 µm. 

A B

C D
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In the animals implanted with the HY, the macroscopic analysis of the 

calvaria allowed to clearly observe the morphology of the defect, filled 

with a tissue of semi-transparent hyaline appearance (Fig 6B). The 

histological analysis confirmed these results, the new bone formation in 

these animals was lower than that observed for the SS scaffold (Fig. 6D, 

F). The tissue repair in this case was mainly limited to the margins of the 

defect (Fig. 6D, F). The newly formed bone also showed a fragmented 

appearance, with a higher abundance of adipose tissue and numerous 

spaces of variable size that were sometimes occupied by what appeared to 

be rests of scaffold material (Fig. 6H, I).  

The qualitative histological results were confirmed by the 

histomorphometrical analysis of the samples. A higher percentage of 

repair, between 74% in the group treated with BMPβe + MSC and 79% in 

that with BMPβe alone, was found in the animals implanted with the SS 

compared with those implanted with the HY, which ranged between 40% 

for the group treated with BMPβe + MSC and 50% in the group with 

BMPβe alone (Fig 7A). In fact, significant differences were found 

between the implanted systems, SS and HY, although no differences were 

observed between the applied treatments, with or without rMSC. On the 

other hand, in all animal groups, the proportion of mature bone, with a 

high degree of mineralization, was greater than the immature bone, 

independently of the treatment and the implanted system (Fig 7B). The 

mature bone/immature bone ratios ranged between 1.42 and 1.67, the 

animals implanted with the HY presenting the lower values. Nevertheless, 

the statistical analysis of the data did not show significant differences 

neither between treatments nor between the implanted system type (Fig 

7B). 

The analysis of adipose and connective tissues in the area of the defect, 

revealed the existence of slightly higher amounts of adipose (22% and 

17% with HY and SS respectively) than of connective tissue (18% and 

10% with HY and SS respectively), being the percentages of both tissues 

higher with the HY systems than with the SS systems. Consequently, the 

ratio of adipose or connective tissue to bone present in the defect area 
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(Fig 7C) were significantly higher in the HY systems compared to the SS 

systems for both tissues. Differences due to the treatment with BMPβe or 

withBMPβe +MSC were not found in any case. 

 

Figure 7. Histomorphometrical evaluation of the implanted systems: (A) Degree 

of bone repair (%); (B) the ratio of mature bone/immature bone (MB/IB) 

estimated using VOF staining and (C) the ratios of adipose or connective 

tissue/bone (T/B) in the different experimental groups. Bars represent means ± 

SD (n=3), p<0.05. (*) Denotes statistical differences with SS-BMPβe-MSC. (#) 

Denotes statistical differences with SS-BMPβe.  

*
#

* #
* #

A)

B)

C)
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5. Discussion 

This chapter is dedicated to evaluate the permanence time effect of BMP-

2 and 17β-estradiol systems with and without rMSC, on an OP rats 

critical size bone defect regeneration. Since bone regeneration is slower in 

OP animals than in non-OP, the system permanency in the defect and the 

maintenance of local therapeutic concentrations of BMP-2 and 17β-

estradiol may play an important role in tissue regeneration. The 

biomaterials osteointegration and/or degradation rate should ideally match 

the bone formation rate. Therefore, the preparation of two BMP-2-β-

estradiol PLGA-alginate systems, a solid sponge and a hydrogel, with the 

same composition, were suitable to test our hypothesis. Both systems 

exhibited high porosity and great water uptake capacity, these 

characteristics facilitate the free diffusion of oxygen and nutrients 

including endogenous growth factors and other cytokines providing an 

optimum environment for bone tissue ingrowth. Furthermore, the release 

profiles of both drugs from the two systems were similar as the release 

rate was controlled by the microspheres. In comparison with the sponge, 

the hydrogel had better characteristics for minimally invasive 

administration. Immediately after the addition of a small amount of cross-

linker, the alginate solution increases its viscosity forming a dense 

polymer network with thixotropic behaviour, especially at 20C. 

Therefore, the viscosity of the material decreases when subjected to a 

certain mechanical stress, and gradually recovers at rest. This behaviour 

allows for the injection of highly viscous materials, even at room 

temperatures, and facilitate their adaptation to the target site. The 

incorporation of microspheres to the hydrogel increased the viscosity by 

10 times while maintaining its thixotropic behaviour. To ensure 

formulations remain at the defect for a sufficient time, both hydrogel and 

sponge were placed between two electrospun polymer sheets forming a 

sandwich system. Despite of this, the hydrogel mass loss was greater than 

that of the sponge, hence its defect permanence time would be shorter. 

This characteristic probably prevents the hydrogel formulation from 

remaining long enough on the defect to guide tissue growth as reflected 

by the in vivo repair results. 
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Although the hydrogel formulation has the advantage of being easily 

injectable, sponges were also flexible and adapted perfectly to the defect 

edge. The histological analysis clearly showed the better efficiency of the 

sponge system, approximately 75% of defect was regenerated against the 

approximately 50% reached for the hydrogel. In addition, the architecture 

of the repaired tissue was different, the newly formed tissue in the defects 

treated with the hydrogel presented a more disorganized structure with 

large hollow spaces, probably due to the rapid and large hydrogel mass 

loss observed in vitro. Also, a greater presence of adipose tissue, typical 

of osteoporosis, was found, evidencing a lower quality of the repaired 

tissue in this group. By contrast, the implantation of sponges led to a more 

compact tissue, with a lower presence of connective tissue, probably as a 

consequence of the higher percentage of regeneration achieved, as this 

tissue plays an important role guiding and regulating the repair process at 

the initial steps of bone formation (Chermnykh et al., 2019; Reinke & 

Sorg, 2012).   

As already reported, hydrogels of variable composition loaded with BMP-

2 and 17β-estradiol within microsphere showed similar bone regeneration 

rate on calvarial defects in OP and non-OP rats. However, the 

mineralization process was tremendously reduced in OP rats (Segredo-

Morales, García-García, et al., 2018; Segredo-Morales, Reyes, et al., 

2018). For this reason, two new strategies were incorporated: the addition 

of rMSC and the microspheres composition modification to reduce the 

BMP-2 release rate. First, the use of polymers characterized by a 

relatively slow degradation rate and, second, the incorporation of 

negatively charged alginate, in the internal aqueous phase, to interact with 

the positive charge of the proteins and facilitate their retention inside the 

microspheres we reflected in an extension of the BMP-2 release time. 

After 6 weeks approximately 46% of the BMP-2 dose was released in 

vivo. For 17β-estradiol, as we already discussed in chapter 1, the 

unavailability of the radio labelled molecule (that allows to monitor the in 

vivo release kinetics) together with its low aqueous solubility makes 

difficult to predict the release profiles from the implanted system. 

However, an increase when compared to the in vitro release rate is 
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expected due to the continuous blood flow, which will increase as new 

tissue refills the defect. In any case, the in vivo release of 17β-estradiol 

from the microspheres would not be very fast because of the poor water 

solubility but would be supplemented by the rapid release of the drug 

incorporated in the electrospun polymer sheets due to the large specific 

surface area of the fibers as described in chapter 1.  

Unfortunately, none of the tools applied accelerated the mineralization of 

the formed bone. No differences were observed in the mineralization 

degree with either of the scaffolds with or without rMSC. The addition of 

rMSC to the systems pre-loaded with BMP-2 did not improve neither the 

regeneration rate nor the mineralization of the new bone tissue. The 

osteogenic effect of rMSC and BMP-2 is widely documented in the 

literature in different animal models. Furthermore, the synergistic effect 

of the combination of these two elements has been demonstrated in a 

calvarial defect  (Aquino-Martínez et al., 2017; Del Rosario et al., 2015; 

He et al., 2014; Ho et al., 2016; Keller et al., 2015; Kim et al., 2015; 

Kong et al., 2019; Li et al., 2019; Stephan et al., 2010; Zhang et al., 2019) 

which is the animal model used in this study. The different composition 

and architecture of scaffolds, and the BMP-2 doses used by some authors 

together with the lack of literature (PubMed database) referred to the 

osteoporotic rMSC and BMP-2 combination efficacy for bone 

regeneration in osteoporosis, hinders direct comparison of our data with 

previous works. To the best of our knowledge, this is the first time that 

the combination of BMP-2 and osteoporotic rMSC has been assayed in an 

osteoporotic rat critical defect. The molecular alterations of osteoporotic 

rMSC are reflected on a proliferative capacity decrease (Tsiridis et al., 

2007), production of type I collagen-deficient matrix and a tendency to 

adipogenic differentiation (Rodríguez et al., 2000) leading to significant 

deficiencies in self-repair and an impaired differentiation.  
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6. Conclusion 

In this work, two physically different PLGA-alginate scaffolds, SS and 

HY, have been successfully elaborated presenting the same BMP-2 and 

17β-estradiol release rate. Both systems promoted bone regeneration in a 

critical size calvarial defect in OP rats, although SS showed a 

significantly higher percentage of bone formation. Moreover, SS 

promoted the formation of bone with better quality, in terms of lower 

proportion of adipose and connective tissue. Since the active substances 

release rate was similar, this difference in bone regeneration can be 

related to the shorter permanence time of HY in the defect and highlights 

the importance of the scaffold's physical configuration to optimize the 

effect of the sustained delivery of active molecules. Finally, the 

incorporation of osteoporotic MSCs in the scaffolds did not improve the 

bone regeneration process in any case. 
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1. Introduction 

In previous chapters, scaffolds loaded with combinations of BMP-2 and 

17β-estradiol formulated in microspheres were tested in an osteoporotic 

rat calvarial bone critical defect. Experimental results showed the new 

bone formed in OP rats was less mineralized than in non-OP rats as we 

have already observed other strategies (García-García et al., 2020; 

Segredo-Morales, García-García, et al., 2018; Segredo-Morales, Reyes, et 

al., 2018). On the other hand, bisphosphonates are routinely used for OP 

treatment. These antiosteoclastic agents systemically administrated or 

integrated into scaffolds of different nature have been reported to support 

bone defects regeneration in both OP and non-OP animals (Hur et al., 

2016; Kim et al., 2016; Mardas et al., 2017; van Houdt et al., 2018; Wang 

et al., 2018). Yet, some authors stated no bisphosphonates effect in the 

regeneration of calvarial bone defects (Toker et al., 2012).  

Moreover, BMPs have been combined with different bisphosphonates to 

reduce the excessive osteoclastogenesis that they induce consequence of 

their strong osteogenesis (Huntley et al., 2019).  This combination 

formulated in local release systems generally caused a remarkable 

improvement in the bone defect regeneration induced by BMP-2 (Little et 

al., 2005; Raina et al., 2018).  However, very few publications are 

devoted to study the effect of this combination in osteoporotic animals. In 

fact, only two reports were found describing the effect of an IV or 

subcutaneous zoledronate single dose on the regeneration of a calvarial 

defect or a mid-diaphyseal open femoral fracture treated with a local 

release of BMP-2 or BMP-7, respectively (Lee et al., 2015; Mathavan et 

al., 2018).   

The outcomes of both studies were different, the combination of a BMP-2 

embedded collagen carrier with IV zoledronate had initially a negative 

effect in bone quantity and quality induced by rhBMP-2. Although this 

undesirable effect disappeared at long term assessments, the combination 

did not exceed the regeneration capacity of BMP-2 alone (Lee et al., 

2015).  Conversely, the local implantation of BMP-7 incorporated in a 

collagen putty combined with zolendronate injected subcutaneously, 
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suggested the hypothesis that osteoporosis is a disease that delays or 

hinders bone regeneration is incorrect (Mathavan et al., 2018). However, 

the aforementioned studies are complicated to compare as defect models, 

experimental designs and the BMPs used were different. 

Lastly, Matrix metalloproteinases (MMPs) are enzymes that play pivotal 

roles in tissue remodelling, by degrading a wide variety of matrix or 

nonmatrix substrates. MMPs expression, detected in osteoblasts and 

osteoclasts, has been shown to be required for bone homeostasis and 

proper fracture healing. In fact, altered cartilage remodelling and 

vascularization leading to impaired fracture repair has been reported in 

murine models with genetic deficiency in MMP9 (Colnot et al., 2003) or 

MMP13 (Kosaki et al., 2007; Stickens et al., 2004), while delayed bone 

remodelling has been observed in MMP2-KO mice (Lieu et al., 2011). 

Among them, MMP-10 has been shown to be expressed in osteoblasts 

and chondrocytes during bone formation in humans (Bord et al., 1998).  

Interestingly, this MMP can enhance the in vitro osteoblastic 

differentiation of myoblastic cells induced by BMP-2 (Mao et al., 2013). 

Moreover, we have recently demonstrated that MMP-10 is overexpressed 

in calcified human aortic valves (AVs) and active MMP-10 promotes 

calcification of valvular interstitial cells isolated from human AVs, 

through Akt phosphorylation (Matilla et al., 2020). Besides, we have also 

shown that MMP-10 accelerates bone repair by enhancing BMP-2 

induced bone healing and improving the mineralization rate in a murine 

model of calvaria critical size defect (Reyes et al., 2018).  

2. Objectives 

Taking into account the previous results regarding better quality of the 

bone regenerated with the alginate sponge than with the hydrogel in OP 

rats, together with the higher mineralization observed with the 

combination of BMP-MMP in non-OP animals, the aim of this last part of 

this work is to further analyze the in vitro and in vivo MMP-10 pro-

mineralization effect when combined with BMP-2 on a solid 3D scaffold. 

To do so, different MMP-10 doses were tested. Moreover, the MMP-

10+BMP-2 activity was compared to scaffolds incorporating alendronate, 
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a bisphosphonate, and BMP-2. Both proteins and bisphosphonate were 

formulated on microspheres and embedded on a crosslinked chitosan 

foam. The obtained foams were then surrounded by electrospun meshes 

loaded or not with alendronate to form the final scaffold with a sandwich-

like structure. The in vitro promotion of ALP activity and in vivo 

mineralization using a critical size calvarial defect was assessed in both 

healthy and osteoporotic conditions. 

3. Materials and methods 

3.1 Microspheres preparation and characterization  

3.1.1. Microspheres Preparation  

Different drug-loaded poly (lactide-co-glycolide acid) (PLGA) 

microspheres were designed for the experiment and prepared following 

different protocols (Table 1). PLGA microspheres loaded with BMP-2 

and MMP-10 were prepared by a double emulsion method (w/o/w). To 

obtain loaded microspheres 35 µg of BMP-2 (GenScript) and 2.1 µg or 

8.5 µg rhMMP-10 (obtained equally to (Orbe et al., 2011)) as described in 

Table 1 were dissolved in 200 µL of 0.8% poly (vinyl alcohol) (PVA, 

Mw: 30,000-70,000 KDa, 87-90% hydrolysed, Sigma-Aldrich). This 

aqueous phase was added to 1 mL of oil phase formed by the PLGA-

RG755 (PLGA, 75:25, Resomer® RG755, 0.54 dL/g, Evonik Industries) 

and PLGA-RG858 (PLGA 85:15, Resomer® RG858, 1.5 dL/g, Evonik 

Industries) mixture  at 9 to 1 ratio at 150mg/mL in methylene chloride 

(DCM, Sigam-Aldrich) and homogenized for 1 minute by vortex. Then, 

3mL of a second aqueous solution prepared with 2.5% PVA was added to 

the first emulsion and homogenized for one minute. Finally, the solvent 

was evaporated as previously described.   

Alendronate (ALD; Sigma-Aldrich) microspheres were prepared by a 

double emulsion method as described above with slight modifications. An 

internal aqueous phase (450 µL) was prepared containing PVA at 0.8%, 

chitosan (CHT, 150mPa.s, Protasan® UP-CL-213, NovaMatrix, Ultrapure 

Polymer Systems) at 1% and 75 µg ALD. The oil phase prepared as 
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described above was added to this aqueous phase and homogenized for 

one minute. The second aqueous phase was added as previously described 

and the solvent was evaporated by pouring the microspheres in 100 mL of 

0.1% PVA and 2.5% of pentabasic sodium tripolyphosphate (STPP; 

Sigma-Aldrich) for one hour under continuous stirring. 

The obtained microspheres were washed with double distilled water, 

filtered through a 0.45 μm pore size filter (Pall Corporation, Sigma-

Aldrich), freeze-dried and stored at 4ºC until use. Then, the microspheres 

were characterized as described in chapter 1 (section 3.1).  

Table 1. Developed PLGA microspheres and drug amounts used per batch. 

Microspheres type BMP-2 (µg) ALD (µg) 
MMP-10 

(µg) 

Blank PLGA - - - 

PLGA-BMP-2 35 µg - - 

PLGA/Chitosan-BMP-2+ALD 35 µg 75 µg  - 

PLGA-BMP-2+Low MMP-10 35 µg - 2.1 µg 

PLGA-BMP-2+High MMP-10 35 µg - 8.5 µg 

3.1.2. Microspheres loading efficiency  

Protein loading efficiencies were evaluated using radiolabeled BMP-2 

(125I-BMP-2) as described in chapter 1 (section 3.1).  

ALD loading efficiency was evaluated on microspheres loaded with 
99mTechnetium radiolabeled ALD. Drug labelling was performed as 

described by Gundogdu and coworkers (Gundogdu et al., 2018).  In Brief, 

5 mg of ALD was mixed with 1 mg of ascorbic acid and 0.5 mg of tin 

chloride dihydrate (SnCl2·2H2O) and kept under inert atmosphere. 

Afterwards, 0.5 mL of ultrapure water was added (MilliQ). Once 

dissolved, 100 µL of the generator eluate (≈0.5-1 mCi) was added and the 

solution was stirred (120 rpm) at room temperature for 15 minutes.  
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Labelling yields and stability were evaluated by instant thin layer 

chromatography (iTLC) using 11.5 x 0.8 cm silica gel coated strips 

(Varian Iberica SL) to which 5 µL of the labelled protein or ALD were 

added (30,000-40,000 cpm). For proteins 85% methanol in water was 

used as mobile phase. A gamma counter (Cobra II, Packard®) was used to 

measure free 125I (Rf=1) and labelled proteins (Rf=0) as previously 

published (De la Riva et al., 2009). For ALD chromatography acetone or 

0.9% NaCl were used as mobile phase, the chromatography performed in 

acetone, separates free 99mTc (99mTcO4
-) (Rf=1) from ALD-99mTc and 

hydrolyzed 99mTc (TcO2) (Rf=0). On the other hand, when 0.9% NaCl is 

used as mobile phase both free 99mTc and ALD-99mTc migrate to the front 

(Rf=1) while hydrolyzed 99mTc does not migrate (Rf=0). These values can 

be used to calculate the percentage of labelled ALD applying equation 1: 

%(99mTc-ALD) = 100 – [%99mTcO4
- + % 99mTcO2]        (eq.1) 

Then, to evaluate microspheres encapsulation efficiency radioactivity was 

measured on 3 microspheres aliquots as described for protein 

encapsulation efficiency in chapter 1 (section 3.1).  

3.2. Preparation and characterization of electrospun meshes  

3.2.1. PLGA functionalization with Alendronate  

To obtain ALD-loaded electrospun fibers two acid-terminated PLGA 

polymers with 50:50 lactide:glycolide ratio, RG 502 (Resomer® RG502,  

0.19 dL/g, Evonik) and RG 504-H (Resomer® RG504, 0.4 dL/g, Evonik), 

were chemically conjugated with ALD following the protocol described 

by Choi and coworkers (Choi & Kim, 2007). A 10% PLGA solution was 

prepared in 20 mL acetone to which 60 mg of N-hydroxysuccinamide 

(NHS, Sigma-Aldrich) and 100 mg of N, N’-dicyclohexylcarbodiimide 

(DCC, Sigma-Aldrich) were added and allowed to react in inert 

atmosphere under stirring for 24 hours at room temperature. Afterwards, 

the reaction mixture was filtrated through 0.45 µm (Chromafil® Xtra 

PET-45/25, Macherey-Nagel) to remove dicyclohexylurea, the obtained 

PLGA-NHS was precipitated in cold ethyl ether (Scharlau®) and 
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dissolved in DCM. This solution was concentrated at room temperature 

until drying using a rotavapor. 

ALD conjugation was performed by dissolving 1.9 grams of the obtained 

PLGA-NHS in 19 mL of acetone: DMSO (50:50) and adding an adequate 

amount of ALD previously dissolved in 1 mL of water. This mixture was 

allowed to react at room temperature for another 24 hours. Then, the 

solution was concentrated by rotavapor at high vacuum and 37°C. The 

obtained ALD conjugated polymer (PLGA-ALD) was dissolved in the 

minimum amount of acetone, precipitated in ethyl ether and dissolved 

again in DCM to avoid free ALD. Finally, this solution was dried for 24 

hours under high vacuum and the PLGA-ALD was precipitated with 

distilled water, filtrated through 0.45 μm and freeze-dried. To ensure 

adequate functionalization the obtained polymer was characterized by 

proton Nuclear Magnetic Resonance. 1H-NMR spectra were recorded at 

500 MHz (Bruker Avance 500), and chemical shifts are reported in ppm 

and calibrated on non-deuterated solvent residual peak. Elemental 

analysis was performed using a CHNS “TruSpec Micro” analyser 

(LECO). 

3.2.2. Electrospun meshes preparation 

Electrospun meshes composed by RG504-ALD: RG502-ALD: RG 855 at 

1:1:1 ratio were prepared by the electrospinning method as in chapter 1 

(section 3.2). For this, 375 mg of the polymer mixture was dissolved in 

2.5 mL of HFIP. The electrospinning conditions were: 18G needle, flow 

rate of 2.75 mL/h, power supply of 7 KV, collector at a 10cm from the 

needle and 200 rpm.  Blank meshed with the same polymer proportions 

and conditions were also obtained using unfunctionalized PLGAs.  

Blank and ALD loaded electrospun meshes were surface treated with 

plasma (O2) The plasma oxygen treatment was carried out under vacuum 

during 4 minutes for each side of the meshes. The generator power was at 

75% of the capacity (Diener electronic, Plasma-Surface-Technology). 
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3.2.3. ALD-loaded and Blank meshes characterization 

Meshes were characterized in terms of thickness, porosity, and fiber 

diameter following the methodology described in chapter 1 (section 3.2).  

Here, mesh surface wettability was measured by contact angle 

assessments using a drop shape analyzer (DSA100; Krüss GmbH) and 

distilled water as the liquid media. The obtained images were analyzed 

with an image analyze software (ImageJ v1.52, National Institute of 

Health).  

A proton NMR spectrum was performed on a 500 MHz equipment to 

determine the amount of ALD present on ALD-loaded electrospun 

meshes. To do so 4.41 mg of the sheet were dissolved in 0.6 mL of 

CDCl3, and 18.4 μL of a standard solution of 1,1,2,2-tetrachloroethane 

(Cl2CHCHCl2) in CDCl3 (33.07 mM) was added. In this way, the amount 

of Cl2CHCHCl2 was four times the theoretical amount of alendronate 

presented in the polymer sheet. The quantity of ALD was obtained by 

integrating the signals corresponding to 1,1,2,2-tetrachloroethane (5.96 

ppm) and the alendronate signal of the protons (2.98 ppm). These 

measurements were performed also at different time points on ALD-

loaded meshes incubated in water at 37°C to evaluate ALD release. To 

this end, samples were washed twice with water and freeze-dried previous 

to NMR characterization.  

3.3. Foams preparation and characterization  

3.3.1. Foam preparation 

Chitosan foams including adequate drug-loaded microspheres as shown in 

Table 2 were obtained.  Microspheres prepared under aseptic conditions 

as described in section in 3.1.1. 4mg were homogenously dispersed in 30 

µL of a 3% chitosan solution, frozen at -20ºC and freeze-dried. 

Lyophilized systems were then crosslinked with 15 µL of 5% STPP, 

washed three times with 100 µL MilliQ water, frozen and again freeze-
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dried. Afterwards, foams were stored at 4ºC until use. The porosity of the 

foam was calculated as described in chapter 1 (section 3.2). 

Table 2. Developed cross-linked chitosan foams and their correspondent final 

drug amount adjusted by microsphere drug loading. 

Nomenclature Loaded molecules (dose) Used microspheres 

Control foam - Blank PLGA 

BMP-2 foam BMP-2 (600ng) PLGA-BMP-2 

BMP-2+ALD foam BMP-2 (600ng) + ALD (75 µg) 
PLGA/Chitosan-

BMP-2+ALD 

BMP-2+Low MMP-

10 foam 

BMP-2 (600ng) + MMP-10 (30 

ng) 

PLGA-BMP-2+Low 

MMP-10 

BMP-2+High MMP-

10 foam 

BMP-2 (600ng) + MMP-10 

(120 ng) 

PLGA-BMP-

2+High MMP-10 

3.3.2. Foams wettability and degradation 

Foam water uptake and weight loss was analyzed by incubation in 

ultrapure water at 37ºC under continuous stirring (25 rpm). At different 

time points samples were removed, weighted after discarding the excess 

of water and then freeze-dried to determine their mass loss.  

3.3.3. In vitro drug release 

Foams containing microspheres loaded with 125I radiolabeled proteins or 

ALD were incubated in sterile MilliQ water at 37°C and 25 rpm. The 

amount of released proteins was quantified by measuring the radioactivity 

of the supernatant with a gamma counter (Cobra® II, Packard) every other 

day. On the other hand, the released ALD at the same time points was 

measured using a derivatization method as previously reported (Dolci et 

al., 2019). Briefly, supernatants were reacted with o-pthaldialdehyde 

(OPA, Sigma-Aldrich) and 2-mercaptoethanol (Sigma-Aldrich). Then the 

derivatization subproduct was measurement immediately using a 

spectrophotometer (Ultrospect 3300 pro, Biochrom) (λ= 334nm). In both 
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cases supernatants were removed at each time point and replaced by fresh 

media.  

3.4. Osteoporosis mouse model  

To induce the osteoporosis condition FVB mice were used. The 

osteoporosis was produced by a surgical procedure consisting of a dorsal 

incision ovariectomy (OVX) under inhaled anesthesia isoflurane  

(ISOFLO®, Abbott Laboratories), as described in chapter 1 (section 

3.5.1.) for rats. In addition, three weeks after OVX, a 3 mg/kg 

dexamethasone 21-isonicotinate (DEX, Deyanil Retard, Fatro Ibérica) 

was administered subcutaneously every week for three months. To 

confirm the development of the OP condition in mice, Bone Mineral 

Density (BMD) at different time points (0, 15, 30, 60 and 120 days post-

OVX) was analyzed using a densitometer (PIXImus, GE Lunar). To 

perform the test, mice were anesthetized with medetomidine (1 mg/kg/IP) 

and ketamine (75 mg/kg/IP). To revert the anesthesia, atipamezole (0.1 

mg/kg/IP) was administrated immediately after finishing the 

densitometry. Complementary, animal weight and height was monitored 

throughout the experiment.  

Additionally, histological assessments of healthy and OP mice bone tissue 

four months after ovariectomy were performed. Mice were euthanized 

and femurs were extracted, fixed in 3.7-4% p-formaldehyde (PFA, pH = 

7) and decalcified in Histofix® Decalcifier (Panreac). Samples were 

prepared for histological analysis as previously described in chapter 1 

(section 3.7).  
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3.5. Cell isolation and characterization 

3.5..1 Osteoporotic and normal mMSCs isolation  

Normal and OP murine Mesenchymal Stem Cells (mMSC or OP mMSC) 

were isolated from tibia and femur of 8 weeks-old FVB healthy and 

osteoporotic mice respectively as described previously by Soleimani and 

Nadri with slight modifications (Soleimani & Nadri, 2009).  Mice were 

sacrificed by cervical dislocation and both tibias and femurs were 

extracted. Muscle and periosteum were dissected and isolated bones were 

stored in Dulbecco's phosphate buffered saline (DPBS, Lonza) and 

processed for mMSC extraction. Both epiphyses were ruptured and a 

syringe equipped with a 20G needle loaded with 10 mL of Dulbecco's 

Minimal Essential Medium (DMEM, Lonza) supplemented with 10% 

fetal bovine serum (FBS, Biowest), 2 mM L-glutamime (Sigma-Aldrich) 

and 1% penicillin-streptomycin (Sigma-Aldrich) was used to flush the 

bone marrow to elute mMSC. This process was repeated twice for each 

bone. Eluates were then collected and centrifuged at 2.000 rpm for 5 min, 

the resulting pellets were combined, resuspended in 15 mL of DPBS and 

centrifuged again under the same conditions. The resulting pellet was 

resuspended in 1.5 mL of complete DMEM, cells were seeded on a petri 

dish and incubated at 37°C and 5% CO2. Cell CCM was changed every 

day for 72 hours, then trypsinized (Trypsin-EDTA 0.25% in HBSS free of 

calcium, magnesium and phenol red, Biowest) and seeded in cell culture 

flasks where they were allowed to grow until confluency. 

3.5.2. Characterization of isolated cells 

The obtained normal and OP mMSC were characterized in terms of 

surface markers expression by flow cytometry analysis. Cells were 

cultured until passage 3, trypsinized and stained with calcein AM (1 µM; 

Sigma-Aldrich) for 30 minutes at room temperature. Afterwards, cells 

were washed three times with DPBS divided into 4 tubes and incubated 

with the correspondent APC-labelled primary antibody for CD45, CD44 

and Sca-1 or APC-labelled isotype control (ThermoFisher Scientific) for 

30 minutes at 4°C. The concentration used for both control and specific 
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antibodies was the same 10 µg/mL. Then, cells were washed three times 

with DPBS and stored at 4°C until characterization. Flow cytometry was 

performed using the Macsquant Analyzer 10. Untreated cells were used as 

control. 

3.6 In vitro biological performance of chitosan foams and electrospun 

meshes 

3.6.1 Evaluation of developed foams osteogenic capacity  

Alkaline phosphatase activity was used to evaluate the osteogenic and 

mineralization effect of the drug-loaded chitosan foams described in 

Table 2 on normal and OP mMSC. Experiments were performed using 

isolated murine MSCs. Cells were trypsinized and resuspended at high 

density 1x106 cells/mL in CCM. Then, 20 µL of the cell suspension was 

added to the foams and incubated for 1.5 hours at 37°C and 5% CO2 to 

increase cell attachment. Afterwards, 500 µL of complete medium was 

added to each well and media was changed every other day. After 7 and 

21 days of culture, samples were collected in triplicate to evaluate 

osteogenic differentiation. Foams were washed twice with DPBS at 4°C 

and 500 µL of the developer solution was added an incubated at 37°C and 

5% CO2 under gentle agitation for 1.5 hours. The developer solution was 

a solution of tetrazolium nitro blue chloride (NBT, Roche Diagnostics) 

and 5-bromo-4-chloro-3-indole phosphate (BCIP, Roche Diagnostics) 

prepared in 0.1M Tris-HCl, 0.1M NaCl and 0.05M MgCl2 (pH = 9.2-9.5). 

After incubation, samples were washed twice with DPBS and fixed with 

buffered PFA. After 30 minutes’ fixation at room temperature, foams 

were washed twice, dehydrated, included in paraffin (Paraplast®) and cut 

with the microtome (5 µm thickness; Shandon Finesse 325, Thermo 

Fisher Scientific). Images of the obtained sections were taken in a 

microscope (Leica DM4000B). The percentage of cells stained positive 

for alkaline phosphatase activity was obtained comparing the number of 

positive cells against total cell numbers using an image software (ImageJ 

v1.52, National Institute of Health). 
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3.6.2. Evaluation of cell viability and adhesion to electrospun meshes  

OP mMSC viability and adhesion to the plasma-treated electrospun 

meshes was also evaluated. Electrospun meshes were cut in disks of 8 

mm diameter and placed on 48-well plates. Then, 100 µL of the cell 

suspension (2.5 x105 cells/mL) were added to the meshes and incubated 

for 1.5 hours at 37ºC and 5% CO2 to promote cell adhesion followed by 

the addition of 400 µL of CCM to each well. After 24 hours of seeding, 

cell viability was evaluated by the XTT assay (XTT Cell Viability Kit, 

Cell Signaling Technology) following the manufacturer’s instructions. 

Absorbance was measured at 445 nm using a plate reader (Biotek). Cells 

seeded on tissue culture treated polystyrene were used as control (100% 

viability).  

To study cell adhesion, cells were seeded and incubated 24 hours with the 

meshes as described above and then fixed with PFA. To evaluate cell 

morphology cells were stained with Rhodamine phalloidin (Invitrogen) 

and 4′,6-diamidino-2-phenylindole (DAPI). Samples were washes twice 

with DPBS and permeabilizated with 0.1% Triton X100 in DPBS for 15 

minutes. Then samples were after washed twice again with DPBS and 

phalloidin solution in 1% BSA was added and incubated at room 

temperature for 40 minutes. Afterwards, samples were washed twice with 

DPBS and 1µg/ml DAPI was added and incubated for 5 minutes at room 

temperature. Finally, samples were washed twice with DPBS, mounted 

with Fluromount (Invitrogen) and observed under a fluorescence 

microscope (Leica DM4000B, Leica Microsystems). Images were 

acquired using a digital camera (Leica DFC300FX). Cells per field were 

counted using an image analysis software (ImageJ v1.52, National 

Institute of Health).   
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3.7. In vivo experiments 

3.7.1. Surgical procedure  

For this study, 16-week-old FVB female mice weighing between 25-35 g 

were used. Mice were divided into two groups, healthy mice (non-OP 

group) and osteoporotic mice (OP group). After 4 months, both mice 

groups were subjected to a surgical procedure under inhalation anesthesia 

in which a 4 mm diameter critical bone defect was performed in the 

calvaria. Critical bone defects were made as described in chapter 1 

(section 3.5.2), following a previously published protocol (Rodríguez-

Évora et al., 2013). Electrospun meshes containing ALD for the BMP-

2+ALD foam group (Table 3) or blank electrospun meshes for the 

remaining groups (Control, BMP-2 foam, BMP-2+Low MMP-10 foam 

and BMP-2+High MMP-10 foam; Table 3) were placed on the defect. 

Adequate foams were then placed above the meshes and the defect was 

closed placing another electrospun mesh on top of the foams with or 

without ALD depending on the treatment group. Finally, the wound was 

closed with surgical clips. Analgesia consisted of buprenorphine 

administered subcutaneously (0.01 mg/kg) before surgery and 

paracetamol (200 mg/kg) in water for 3 days after intervention. Both non-

OP and OP groups were subjected to 4 different treatments (10 mice 

each) as shown in Table 3. An additional control group including control 

foam and blank electrospun mesh was added to non-OP group as control 

of bone formation and mineralization without any drug treatment. Two 

time points were tested, 6 and 12 weeks, and 5 mice were used for each 

time point. During all the experiment, both OP and non-OP mice were 

monitored for bone mass loss by densitometry (PIXImus, GE Lunar) as 

described in section 3.4.  
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Table 3. Treatment groups for the in vivo assessment of scaffold performance. 

The same treatment groups were used for control mice (non-OP group) and 

osteoporotic mice (OP group).  

 Sandwich-like scaffolds 

Treatment Group  Chitosan foam  Electrospun mesh  

BMP  BMP-2 foam Blank mesh 

BMP+ALD  BMP-2+ALD foam ALD-mesh 

BMP+MMP-L  
BMP-2+Low MMP-10 

foam 
Blank mesh 

BMP+MMP-H  
BMP-2+High MMP-10 

foam 
Blank mesh 

  

3.7.2 In vivo drug release 

To evaluate the in vivo protein delivery, foams loaded with radiolabeled 

BMP-2 (125I-BMP-2) or MMP-10 (125I-MMP-10) were used. The release 

rate was evaluated by measuring the amount of radiolabeled proteins 

remained in the scaffold at different time points using the non-invasive 

method already described in chapter 1 (section 3.5.3).  

3.7.3 Histological and histomorphometric evaluation 

To label the mineralization front, animals were injected with 

oxytetracycline-HCl (40 mg/kg, IM) and calcein blue (15 mg/kg, SC) 12 

and 4 days previous to euthanasia, respectively. 

To assess the in vivo effects of the different treatments, histological and 

histomorphometric assessments of the samples were performed. After 

tissue fixation in 10% formalin solution (pH = 7.4), undecalcified bone 

specimens were prepared for histological analysis as previously described 

(Del Rosario et al., 2015). Briefly, the samples were dehydrated in a 

graded series of ethanol and embedded in methyl methacrylate. Following 

polymerization, 10 μm thick longitudinal sections were prepared 

throughout the scaffold, using a sawing microtome technique (Leica SM 
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2500). The sections were stained with Goldner's Trichrome to identify 

new bone formation, or left unstained for detection of fluorochrome 

labels, and analyzed by light microscopy (Leica DM 4000B).  

For histomorphometrical analysis, all sections per specimen were 

evaluated using computer-based image analysis software (Leica Q-win 

V3 Pro-image analysis system). The procedure was de same described in 

chapter 1 (section 3.7). In addition, the distance between tetracycline and 

calcein blue labels was measured under ultraviolet light for the calculation 

of mineral appositional rate (MAR). For calculation of MAR, 10 

measurements at random points were made between both labeling fronts 

in 10 different sections along the defect in all the animals of each 

experimental group. The average was divided by the time elapsed 

between the administration of each fluorochromes, and this value was 

represented as the MAR. 

3.8 Statistical analysis 

Statistical analysis was performed with SPSS version 25 software. All 

experiments were run at least in triplicate. Differences between the 

treatment groups were analyzed by a one-way analysis of variance 

(ANOVA) with a Tukey multiple comparison post-test. For the in vivo  

studies different treatments at each time point (6 weeks and 12 weeks) 

were compared by means of a two-way ANOVA with a Tukey multiple 

comparison post-test. Significance was set at p<0.05 unless outside 

satated. Results are expressed as mean ± SD.  

4. Results 

4.1. Physicochemical performance of developed systems 

4.1.1. Polymeric microspheres 

Polymeric microspheres were obtained by a double emulsification method 

using an initial aqueous internal phase of either PVA+H2O (PLGA 

microspheres) or PVA+Chitosan+H2O (PLGA/Chitosan microspheres). 
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Both types of microspheres showed similar mean diameter being 69.18 ± 

1.6 µm for PLGA microspheres and 65.98 ± 0.04 µm for PLGA/Chitosan 

microspheres with a single distribution peak. Microspheres loading 

efficiencies were obtained using radiolabeled proteins or ALD. PLGA 

microspheres showed high encapsulation efficiencies for BMP-2 (70 ± 

6.8%) and MMP-10 (74.05 ± 25.9%). On the other hand, the obtained 

ALD encapsulation efficiency was slightly lower, 63.11 ± 11.02%.  

4.1.2. Electrospun meshes 

To obtain electrospun meshes incorporating ALD, the drug was 

covalently linked to two different PLGAs. 1H NMR study (Fig. 1A-B) 

was performed to confirm the conjugation. The chemical shift (δ), 

expressed in ppm, gives information on the type of hydrogen generating 

the signal. When the lower molecular weight PLGA was used to link 

ALD, Resomer® RG 502, chemical shifts were observed at 1.57 (m, 

321H), 2.98 (s, 2H), 4.54-4.98 (m, 183H) and 5.07-5.38 (m, 91H). On the 

other hand, when Resomer® RG 504 H was used as the polymer backbone 

for drug incorporation, signals at δ 1.57 (m, 352H), 2.97 (s, 2H), 4.54-

4.98 (m, 246H) and 5.07-5.38 (m, 114H) were recorded. Integrating the 

signals obtained from PLGA (5.25-5.16 ppm) and the alendronate signal 

at approximately 3 ppm, the obtained percentage of polymer 

functionalization was 76.3% for Resomer® RG 502 and 98.8% for 

Resomer® RG 504. Moreover, the percentage of RG 502-ALD and RG 

504-ALD polymers over the theoretical amount on the final mesh was 

determined in triplicate by comparing the integrals of Cl2CHCHCl2 (used 

as internal standard) and the alendronate signal at 3 ppm correspondent to 

"a", a (R-CH2-X) proton X being the Nitrogen (N) of ALD (Fig. 1). The 

obtained value was 89% ± 7% indicating no loss of the linked ALD 

during storage and electrospinning. Therefore, the ALD dose on the 

meshes was 7 ng per mg of electrospun mesh. On the other hand, samples 

soaked for 72 hours in water did not show any ALD signal (Fig. 2) 

indicating the release of the drug at this time point. These effect could be 

more related to polymer hydrolysis than to the hydrolysis of the amide 

group that is formed in the conjugation of ALD with the polymer. 
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Figure 1. 1H-NMR spectrum of (A) PLGA-ALD from Resomer® RG 502 H; 

(B) PLGA-ALD from Resomer® RG 504 H and (C) Electrospun meshes soaked 

72 hours in water (Cl2CHCHCl2 was used as internal standard). The signal at 

7.26 ppm corresponds to the signal from the solvent CHCl3. 
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Figure 2. 1H-NMR spectrum of Electrospun meshes soaked using Cl2CHCHCl2 

as internal standard to quantify the amount of PLGA-ALD. The signal at 7.26 

ppm corresponds to the solvent signal CHCl3. 

The obtained sheets were, afterwards, treated with plasma to decrease the 

surface hydrophobicity conferred by PLGA. Indeed, blank treated meshes 

showed contact angle values around 90°, the threshold for hydrophobic 

materials, (88.2 ± 10.7) while ALD-meshes showed a slightly higher 

mean contact angle of 93.43 ± 8.17. However, both types of meshes 

presented lower contact angle than those previously reported for non-

treated PLGA meshes 114.1 ± 8.3 (María Rodríguez-Évora et al., 2014).  

Furthermore, the physical properties and morphology of the meshes were 

characterized in terms of thickness, fiber diameter and total porosity (Fig. 

3). The obtained blank and ALD-loaded fibers presented a smooth surface 

(Fig. 3A-B) characterized by a similar microscale fiber diameter (≈ 1.3 

µm). As expected, both systems are highly porous showing a total 

porosity above 80%. However, the thickness of ALD meshes was 

significantly higher than the one for blank meshes (Table 4). 
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Figure 3. Scanning electron microscopy images at 1500X magnification of: (A) 

Blank Meshes, (B) Alendronate meshes both treated with plasma oxygen.   

Table 4. Thickness, microfiber diameter and porosity of the blank and ALD 

linked meshes. 

 Thickness (µm) 
Microfiber diameter 

(µm) 
Porosity (%) 

Blank 89.79 ± 4.10 1.40 ± 0.30 82.11 

ALD 103.65 ± 3.13 1.32 ± 0.28 90.92 

4.1.3. Microspheres-loaded chitosan foams 

Chitosan foams including adequate microspheres based on the desired 

scaffold composition were obtained by ionic crosslinking using a straight 

forward approach. The obtained foams were characterized by high 

porosity, 94.6 ± 1.2%, and water uptake with 366.5 ± 13.9 % of swelling 

after 24 hours (Fig. 4A). Moreover, the obtained foams showed high 

stability with a mass loss of only 10.9 ± 5.13 % after 28 days of study. 

Interestingly, the mass loss was stable throughout the experiment being 

15.1 ± 5.7% just after 24 hours.  

Thickness (µm) Microfiber diameter (µm) Porosity (%)

Blank 89.79  4.10 1.40  0.30 82.11 

ALD 103.65  3.13 1.32  0.28 90.92

A B

C

25 µm 25 µm
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Figure 4. (A) Water uptake and mass loss and (B) drug release profiles of 

microsphere-loaded chitosan foams. 

On the other hand, the in vitro release studies showed a diffusion-

controlled release profile for both of the incorporated proteins reaching 

around 70% of protein release, 69.98 ± 2.62% for BMP-2 and 83.28 ± 

4.21% for MMP-10, after 18 days of study (Fig. 4B). However, ALD 

showed a more pronounced burst release with 55.41 ± 3.21 % of the drug 

released just after two days of study followed by a sustained release rate. 

Despite the high burst release effect observed, the incorporation of ALD 

microspheres into the chitosan matrix was able to decrease the burst effect 

showed by plain microspheres characterized by almost all the drug 

released just after 2 days (94.4% ± 5.6 %) (Fig. 5).  
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Figure 5. In vitro drug release profiles of ALD from microsphere-loaded 

chitosan foams (ALD foam) and plain microspheres (ALD microspheres). 

4.2. Osteoporosis instauration 

To obtain OP-like mMSC and to evaluate the in vivo scaffold 

performance in OP-like environments an osteoporotic mice model was 

developed. Both healthy and OP mice showed normal growth. 

Densiometry results (Fig. 6A) showed significantly lower BMD values 

for OP-mice two weeks after ovariectomy when compared to control 

animals (p < 0.001). From then, this difference was maintained during the 

remaining time of the experiment. Moreover, the histomorphometric 

assay results confirmed the OP condition (Fig. 6B). Femurs from OP mice 

showed significantly lower cortical bone thickness (Ct.Wi), width and 

number of trabeculae (Tb, Wi, Tb.N) in cancellous bone and higher 

separation of trabeculae (Tb. Sp) in cancellous bone. 
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Figure 6. (A) Bone mineral density (BMD; g/cm2) values for control and OP 

animal at 0, 15, 30, 60 and 120 days of ovariectomy. (B) Histomophometric 

analysis in femurs measuring thickness of the cortical bone (Ct.Wi) and width 

(Tb.Wi), separation (Tb.Sp) and number (Tb.N), of the trabeculae in cancellous 

bone. (*) denotes statistical significance differences compared to non-OP group 

(control) p < 0.001. 

4.3. Characterization of OP-like mMSC and “healthy” mMSC  

Cell surface markers expression was analyzed for OP-like mMSCs and 

control/healthy mMSC to validate the isolation procedure selected. Flow 

cytometry results (Fig. 7) showed the expected mMSC surface markers 

expression with positive expression of mMSC; stem cell antigen-1 (Sca-

1) and CD44 and no expression (OP mMSC) or slight expression (non-OP 

mMSC) of hematopoietic markers (CD45). 

Ct.Wi (µm) Tb.Wi (µm) Tb.Sp (µm) Tb.N (mm)

Non-OP 171.7 ± 17.9 58.8 ± 16.7 88.3 ± 15.2 14.6 ± 3.7

OP 94.7 ± 15.7* 31.3 ± 5.4* 154.6 ± 27.2* 6.3 ± 1.6*
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Figure 7. Cell surface markers of mouse mesenchymal stem cells extracted from 

healthy/control (non-OP mMSC) and osteoporotic mice (OP mMSC).  

4.4. In vitro performance of chitosan foams and electrospun meshes 

Alkaline Phosphatase (ALP) is a crucial enzyme on the biomineralization 

process increasing the local concentration of inorganic phosphate and a 

good predictor of neotissue mineralization (Golub & Boesze-Battaglia, 

2007). Both non-OP and OP mMSCs were cultured on microsphere-

loaded chitosan foams to analyze whether the presence of BMP-2 alone or 

combined with MMP-10 or ALD successfully promoted MSC osteogenic 

differentiation and mineralization in both cell populations. After 7 and 21 

days ALP activity was evaluated, foams were fixed, cut and mounted on 

slides. The microscopic analysis showed the presence of positively 

stained cells (ALP + cells) in all the experimental groups at the two time 

points analyzed. The level of ALP activity in most cells is qualitatively 

high as shown by the intensity of the labelling (Fig. 8A, B), however, 

slight qualitative differences were observed between mMSC from normal 

mice (non-OP mMSC) and mMSC from OP mice, observing a higher 

labelling intensity in the first ones (Fig. 8A, B). 
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Quantification showed a significant increase in the number of non-OP 

mMSC ALP + cells at 7 days of culture in all the treated groups with 

respect to the control group, being the highest when cells were cultured 

on chitosan foams combining BMP-2 and ALD or BMP-2 and MMP-10 

at low amount (Fig 8C). In fact, cells grown on these foams showed 

significantly higher ALP activity than those cultured on systems including 

BMP-2 alone. The same trend was observed after 21 days of culture 

where drug-loaded foams showed significantly higher number of ALP+ 

cells than blank foams. Moreover, the combination of BMP-2 with ALD 

or MMP-10 on the foams led to an increased ALP activity when 

compared to the addition of BMP-2 alone.  

By contrast, this beneficial effect of the BMP-2 and ALD mixture or 

MMP-10 was not observed on OP mMSC ALP activity (Fig 8D). In these 

circumstances, the incorporation of BMP-2 to chitosan foams successfully 

increased the number of ALP+ cells after 7 days of culture but no 

additional effect was observed by its combination with ALD or MMP-10. 

Moreover, after 21 days of culture only the treatment combining BMP-2 

and low dose of MMP-10 presented a significantly higher number of 

ALP+ cells compared to control foams. In general, foams seeded with OP 

mMSC, at 7 and 21 days post-seeding, showed a lower number of ALP+ 

cells per field than those seeded with non-OP mMSC. Therefore, a clear 

difference in mineralization potential can be observed between control 

and OP mMSC. 
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Figure 8. Panels A and B show representative images of mesenchymal stem 

cells from non-OP (A) and OP (B) animals cultured for 7 and 21 days and 

revealed for alkaline phosphatase activity. Histograms in C and D show the 

mean number of ALP positive cells per field at 400x magnification in non-OP 

and OP animals respectively. The arrows in the upper left image indicate ALP 

positive cells. Histograms represent mean ± SD values. (*) denotes statistical 

significant differences compared to Control treatment at the correspondent time 

point, (#) denotes statistical significant differences compared to BMP treatment 

at the correspondent time point. Ms: microspheres. Scale bar = 30 µm.  
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Moreover, OP mMSC were cultured on electrospun PLGA meshes 

containing or not ALD. Cell viability and attachment were evaluated to 

analyze the effect of ALD presence on cell behavior. Interestingly, the 

presence of ALD on the meshes significantly improved cell viability (Fig. 

9A). Fluorescence images confirm this trend (Fig. 9B-C) showing a 

higher number of attached cells on ALD-linked electrospun meshes.   

 

Figure 9. (A) Cell viability relative to control (Polystyrene plate) of OP mMSC 

cultured on plasma-treated electrospun meshes containing or not covalently 

linked ALD. (B)  ALD-linked electrospun meshes or (C)  blk electrospun 

meshes. Blank (blk) stands for meshes without ALD (*) denotes statistical 

significance differences compared to non-OP group (control) p< 0.001. 

4.5. In vivo evaluation of sandwich-like scaffolds 

4.5.1. In vivo protein drug release 

The in vivo release of BMP-2 and MMP-10 incorporated in chitosan 

scaffolds showed similar profiles to those observed in vitro but with a 

slight increase on the burst effect (Fig. 10). The amount of protein 

released after 24 hours of implantation represented the 22.32 ± 2.68 % of 

the dose for BMP-2 and 25.51 ± 2.22 % of the dose for MMP-10. The 

release rate of both proteins fit the Higuchi model, characteristic of 
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release processes controlled by diffusion also explained by the high 

chitosan foam stability previously observed. The Higuchi constant (KH) 

was 13.05 h-1 for BMP-2 release (R2 = 0.99) and 11.31 h-1 for MMP-10 

(R2 = 0.97). Therefore, the complete dose of BMP-2 and MMP-10 would 

be released after 8 weeks and 11 weeks respectively indicating the 

achievement of a stable prolonged release.  

 

Figure 10. In vivo BMP-2 and MMP-10 release at different time points after 

implantation of the developed scaffolds on control animals. Release profiles 

were obtained using radiolabeled BMP-2 and MMP-10. 

4.5.2. In vivo bone formation induced by sandwich-like scaffold 

containing BMP-2 alone or combined with ALD or MMP-10 

The ability of the developed sandwich-like scaffolds to promote new bone 

formation and tissue mineralization was evaluated on a critical size 

calvarial bone defect on both normal (non-OP) and OP animals. When 

scaffolds were implanted on control “healthy animals” a high proportion 

of connective tissue surrounding the scaffold and low new bone formation 

restricted to the margins of the defect was observed for all experimental 

groups (Fig. 11A). Twelve weeks post-implantation, a significant increase 
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in the repair response was observed with newly formed bone at the 

margins of the defect and isolated ossification foci within it (Fig. 11). The 

histomorphometric analysis showed significantly higher repair 

percentages for all the treatments compared to control scaffolds (data non 

shown) except for the combination of BMP-2 and MMP-10 with high 

dose of the MMP. Both BMP and BMP+ALD treatments showed similar 

percentage of repair at both 6 weeks (≈ 30%) and 12 weeks (≈ 50%) post-

implantation. Conversely, the combination of BMP+MMP at the two 

ratios tested led to a significant decrease in the percentage of repair at 

both time points when compared to both BMP and BMP+ALD. The 

combination of 120 ng MMP-10 and BMP-2 was only able to achieve a 

27% of bone repair after 12 weeks of implantation (Fig. 11C).  

The mineralization rate, determined by the mineralization fronts marked 

with calcein blue and oxytetracycline, revealed significantly lower 

mineral apposition rates (MAR) at six weeks post-implantation than at 

twelve weeks for all the experimental groups (Fig. 10D). Contrary to the 

results in bone repair, the combination of BMP-2 and MMP-10 led to a 

significant increase in mineral apposition rates compared to BMP-2 alone. 

In fact, when the higher dose of MMP-10 was used, 120 ng, the MAR 

was significantly higher to that observed for both BMP and BMP+ALD 

treatment groups.  

Scaffold’s performance was also evaluated on the developed OP mice 

model. In osteoporotic animals the relative proportion of connective 

tissue in the area of the defect was similar to that observed in normal 

animals (Fig. 11B). Following the same trend as for control animals the 

obtained percentage of repair and mineral apposition rates were 

significantly higher at the last time point studied (12 weeks) than at 6 

weeks post-implantation (Fig. 11C-D). At this point of analysis, new bone 

formation was observed not only in the margins but also in larger areas of 

the defect. However, a shift in MMP-10 effect on tissue repair in OP 

animals was clearly observed when compared with control non-OP 

animals. In diseased animals the combination of BMP-2 and MMP-10 at 

either of the doses selected promoted a significant increase in tissue repair 

compared to BMP-2 alone and BMP+ALD (Fig. 11C). The highest 
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percentages of repair were observed on mice implanted with BMP+MMP-

L with a value of 44% after 6 weeks of implantation and 54% after 12 

weeks of implantation. On the other hand, the lowest percentages of 

repair were obtained with scaffolds containing plain BMP showing values 

of 17% after six weeks of implantation and 35% after 12 weeks.  

In this case, the results of mineral apposition rate match the results above 

mentioned for tissue repair (Fig. 11D). The combination of BMP-2 and 

MMP-10 at either of the doses selected promoted a significant increase in 

mineral apposition rate compared to the use of scaffolds including BMP-2 

alone or combined with ALD.  
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Figure 11. Representative panoramic images of the bone defect in the different 

experimental groups of non-OP (A) and OP (B) animals, showing the reparative 

response at 6 and 12 weeks post-implantation. Insert: Detail corresponding to the 

BMP + MMP-H group that shows active bone neoformation in the peripheral 

area of the scaffold. C and D. Histomorphometric analysis showing the percent 

of repair (C) and the mineral apposition rate (MAR) (D), six (blue) and twelve 

(orange) weeks post-implantation, in the different experimental groups of non-
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OP (squares) and OP (points) animals. Histograms represent mean ± SD values. 

The identical letter/symbol on different bars indicates significant differences. 

BMa: Bone marrow, CT: Connective tissue, DS: Defect site, MB: Mineral bone, 

Ms: Microspheres, NB: New bone, Os: Osteoid, Sc: Scaffold. Scale bars: A and 

B: 1 mm, Inset: 80 µm. (*) denotes statistical significance differences between 

groups. 

5. Discussion 

The development of biomaterials designed for bone regeneration has been 

one of the main objectives in the tissue engineering field for the last 

decades. The strategy of these scaffolds has been mostly centered on 

fulfilling requirements related to scaffold mechanical performance and 

stem cell osteogenic induction capacities recognized as crucial to ensure 

the recovery of the bone function. However, not only the characteristics 

of the scaffold should be considered but also the quality of the 

regenerated bone should be taken into account, specially when scaffolds 

are used in pathologies characterized by an impaired bone quality. 

Increased bone mineral content and improved microarchitecture is 

directly correlated to enhanced mechanical properties and desirable for 

osteoporosis treatments (Faibish et al., 2006). In this study we propose to 

use already well-known biocompatible and biodegradable raw materials 

to develop sandwich-like scaffolds designed to obtain better bone quality 

increasing the mechanical resistance of bone. To do so, scaffolds were 

doped with BMP-2 alone, with already known osteogenic induction 

capacities, or with combinations of BMP-2 and an antiresorptive drug 

(ALD) or BMP-2 and metalloprotease 10 (MMP-10) at different doses.  

To achieve a desirable growth factor and ALD or MMP-10 controlled 

release avoiding the risk of undesirable side effects derived from high 

concentration, therapeutic molecules were included on PLGA 

microspheres. The developed microspheres were characterized by high 

encapsulation efficiencies over 60% in all cases being even 10% higher 

for BMP-2 and MMP-10. The addition of chitosan in the internal phase 

during the synthesis of ALD-loaded PLGA microspheres aimed at 

increasing their drug encapsulation capacity a challenge due to the high 
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aqueous solubility of the drug. Indeed, the developed microspheres 

presented a 5 fold-increase in ALD encapsulation efficiency compared to 

previously reported ALD-loaded PLGA microspheres prepared following 

a similar double emulsification method (Deca et al., 2015). Moreover, 

other reports already reported lower ALD encapsulation efficiencies using 

a double emulsification method with levels as low as 0.2% (Nafea et al., 

2007).  

Microspheres were then incorporated in to chitosan networks serving as 

molds to obtain cross-linked foams with high water uptake capacity, 

porosity and remarkable stability. Chitosan is a natural polymer widely 

used for bone tissue engineering applications due to its several advantages 

as easy chemical modification and high biocompatibility (LogithKumar et 

al., 2016). Plain chitosan foams have been previously tested as substrates 

for osteoblasts attachment indicating adequate performance (Seol et al., 

2004; Sukul et al., 2021). However, chitosan is commonly combined with 

either ceramics and/or other polymers to improve mechanical 

performance and confer osteoinductive capabilities (Ikono et al., 2019). 

The strategy used on this study proposed to include microspheres loaded 

with BMP-2 and MMP-10 or ALD into chitosan foams serving as 

therapeutic molecules’ reservoir and conferring osteoinductive 

capabilities to the developed systems. In agreement with our hypothesis, 

the incorporation of the microspheres to chitosan foams led to a 

controlled release of the therapeutic molecules both in vitro and in vivo 

characterized by a diffusion-controlled profile. Moreover, the 

incorporation of PLGA microspheres to chitosan foams could improve the 

mechanical performance of the systems. 

The ability of the incorporated therapeutic molecules to conferee 

osteoinductive capabilities to the developed foams was evaluated by 

culturing MSC from “healthy” and OP animals on them analyzing the 

alkaline phosphatase activity. The testing of the scaffold performance 

using both cell populations is justified by the already known alterations in 

differentiation and proliferation capacity of OP MSC (Paspaliaris & 

Kolios, 2019). Cell populations were characterized by flow cytometry 

showing different profiles for Sca-1 and CD44 expresion. Sca-1 deficient 
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mice were previously reported to undergo osteoporosis and are 

characterized by a decreased self-renewal of osteogenic stem cells 

(Bonyadi et al., 2003; Hidestrand et al., 2008; Paspaliaris & Kolios, 

2019). In fact, the administration of Sca-1 + sorted MSC to osteoporotic 

animals was able to improve bone mineral density (Agata et al., 2019). 

On the other hand, similarly to Sca-1, CD44 seemed to be decreased in 

OP mMSC. The absence of this cell surface hyaluronan receptor has been 

correlated to increased osteoclastogenesis and bone loss under 

inflammatory environments in mice (Hayer et al., 2005). Moreover, CD44 

has been described as crucial for MSC migration, a cell function reported 

to be decreased in OP mMSC (Sanghani-Kerai et al., 2017; Zhu et al., 

2006). Altogether, the modified positive expression of Sca-1 and CD44 

observed for OP mMSC (Fig. 7) could be associated to the disease 

instauration and the associated lower MSC migration, proliferation, and 

differentiation capacity (Agata et al., 2019; Bonyadi et al., 2003; Hayer et 

al., 2005; Hidestrand et al., 2008; Holmes et al., 2007; Paspaliaris & 

Kolios, 2019; Sanghani-Kerai et al., 2017; Zhu et al., 2006).  Indeed, OP 

mMSC showed lower number of ALP+ cells than non-OP mMSC for all 

the evaluated treatments at both of the time points selected. Analyzing the 

response of both cell populations to BMP-2 alone or combined with the 

other therapeutic molecules clear differences were pointed out. The 

addition of BMP-2 significantly increased the number of ALP+ cells for 

both populations but while the combination of BMP-2 + ALD and BMP-2 

+ MMP-10 at low dose produced an even higher number of ALP+ cells 

for non-OP cells, no effect was observed for OP mMSC. The ability of 

MMP-10 to increase the number of ALP+ cells under an osteogenic 

environment has been already described in vitro  on aortic valve 

interstitial cells (Matilla et al., 2020). This effect has been hypothesized to 

be mediated mainly by the PI3K/AKT cell signaling pathway, a critical 

signaling pathway involved in OP (Xi et al., 2015). This fact could 

explain the differences in cell response to MMP-10. On the other hand, in 

agreement with our findings for non-OP mMSC, ALD has been 

previously reported to promote osteogenesis and an enhancement in ALP 

expression on human MSC (Chan et al., 2009).  
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A new strategy was used to load PLGA electrospun meshes with ALD. In 

this case, the drug was efficiently conjugated to different PLGA polymer 

chains. Thus, the obtained meshes presented a drug content directly 

controlled by the amount of functionalized polymers used for 

electrospinning and not affected by storage. Plasma-treated electrospun 

meshes presented high porosity, microscale fiber diameter and, therefore, 

a high surface-area-to-volume ratio adequate characteristics to resemble 

natural extracellular matrix (Jun et al., 2018). Indeed, osteoporotic-like 

cells seeded on the developed meshes showed good attachment improved 

by the presence of ALD on their surface. These differences could be 

attributed to the acid character of un-functionalized electrospun meshes 

due to the carboxylic acid terminal group of not modified PLGA. 

To obtain suitable scaffolds for bone regeneration the developed chitosan 

foams were surrounded by two electrospun meshes generating a 3D 

sandwich-like scaffold. To the best of our knowledge, no previous work 

has been devoted to combine BMP-2 and MMP-10 on microspheres 

embedded in a scaffold for the regeneration of critical size bone defects in 

OP animals. Furthermore, the results of this combination were compared 

to scaffolds containing BMP-2 alone or BMP-2+ALD. In our previous 

work, microspheres loaded with BMP-2 and MMP-10 were dispersed in a 

hydrogel and implanted on a critical size bone defect (Reyes et al., 2018). 

The regenerative effect was evaluated after 4 and 8 weeks of implantation 

and the ratios tested for BMP-2: MMP-10 were 20:1 and 200:1. The 

obtained results suggested higher percentage of bone repair and 

mineralization apposition rates for the higher MMP-10 dose (20:1; 30ng 

MMP-10) after 4 weeks of implantation (Reyes et al., 2018).  

As already described above, bone formation is impaired in OP. Moreover, 

our previous results revealed a slow release rate of BMP-2 can be 

beneficial for bone regeneration promotion in OP animals. Besides, the 

development of solid scaffolds able to remain longer on the defect site led 

to better bone repair (Chapter 2). Therefore, in the present study scaffolds 

were designed to persist in the defect site for long time and to slowly 

release the therapeutic molecules. In fact, the presence of the scaffolds on 

the defect area was evident, at both six and twelve weeks of implantation. 
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Likewise, a complete infiltration of the scaffold by connective tissue was 

observed, with presence of cells both, between the microspheres and 

inside them. However, this long-term stability of the scaffolds had a 

negative effect on non-OP animals hindering the rapid regeneration 

observed on these animals and leading to lower regeneration percentages 

to those previously reported for BMP-2+MMP-10 (Reyes et al., 2018). 

This fact could also explain the in vivo lack of positive response in 

percentage of repair for the BMP+MMP and BMP+ALD treatments 

compared to plain BMP-2 despite the beneficial effects in ALP activity 

observed for these treatments in vitro. Moreover, the dose-dependent 

negative effect of MMP-10 addition on the regenerative response could 

be attributed to a catabolic effect aimed to degrade the scaffold. Despite 

the decrease observed in tissue repair, the mineralization rate for 

BMP+MMP treatments was significantly higher than BMP-2 confirming 

the positive effect of MMP-10 addition on bone mineralization.  

The results obtained suggested the designed sandwich-like scaffolds 

match closer the requirements for bone tissue repair in OP animal. In 

these animals, the combination of BMP-2 and MMP-10 induced a 

regenerative effect and an improved mineral apposition rate when 

compared to scaffolds containing BMP-2 alone or BMP-2+ALD. These 

observations suggested the requirements to achieve a good bone 

regeneration in the osteoporotic population are different than those in 

healthy animals.  

6. Conclusions 

Sandwich-like scaffolds were obtained combining PLGA electrospun 

meshes and drug-loaded chitosan foams. Therapeutic molecules were 

efficiently loaded and released from microspheres embedded on the 

chitosan network acting in vivo and in vitro as therapeutic molecules 

reservoirs for the developed scaffolds. This versatile strategy for scaffold 

development has allowed to test the effect of BMP-2 and BMP-2 + MMP-

10 or BMP-2 + ALD on osteogenic induction and bone regeneration. The 

obtained results point out the crucial role of the bone tissue repair activity 

on the treatments success. The designed BMP-2 + MMP-10 combinations 
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showed the desired effect of tissue repair promotion on OP animals but 

the opposite effect was observed on control animals.  
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1. Discusión general 

Teniendo en cuenta que en esta memoria ya se han discutido los resultados 

en cada uno de los capítulos correspondientes, en esta última sección se 

pretende discutir y comparar los resultados más destacados del trabajo en 

su conjunto. 

El tejido óseo es un tejido del sistema esquelético especializado, 

heterogéneo, complejo y estructurado jerárquicamente. Su matriz 

extracelular consta de una fase mineral formada por hidroxiapatita (HAP), 

una fase orgánica compuesta por aproximadamente un 90% de colágeno 

tipo I, un 5% de otras proteínas, aproximadamente un 2% de lípidos en peso 

y agua (Faibish et al., 2006). 

El hueso es un "tejido dinámico" sujeto a un continuo ciclo de "formación-

destrucción", llamado remodelación. El estrecho acoplamiento de las 

actividades de los osteoblastos y los osteoclastos garantiza el correcto 

reclutamiento espacial y temporal de las células solo en el sitio a 

reemplazar, con el fin de mantener la estructura ósea (Rucci, 2008). Cuando 

se pierde el equilibrio el proceso se desacopla y las fases no se coordinan 

correctamente en tiempo y lugar, dando lugar a distintas patologías entre la 

que se destaca la osteoporosis (OP).  

El proceso de remodelación ósea demuestra claramente que el hueso es un 

órgano regenerativo y explica la capacidad del hueso para auto-regenerarse. 

De hecho, la mayor evidencia de regeneración ósea es la curación de 

fracturas. 

En la figura 1, se ilustra el proceso fisiológico que se desencadena cuando 

se produce una fractura y el tejido óseo reacciona para autorepararse así 

como la posibilidad de facilitar el proceso de regeneración o reparación 

ósea mediante el empleo de diferentes moléculas terapéuticas de actúan 

bien a nivel de promover la formación de hueso sobre osteoblastos o células 

madre mesenquimales o bloqueando la actividad de las células que 

degradan la matriz extracelular del hueso (osteoclastos) (Jakob et al., 2013). 
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Figura 1. Representación de los principales factores que intervienen en la 

formación, regeneración y resorción de hueso. Las flechas verdes indican 

inducción y las rojas inhibición. La BMP induce la diferenciación de células 

mesenquimales a osteoblastos interviniendo en el proceso de remodelación y los 

estrógenos y bisfosfonatos actúan a nivel de la resorción ósea, disminuyendo la 

actividad osteoclástica. Figura adaptada de (Jakob et al., 2013).  

En resumen, para el normal funcionamiento del tejido óseo y para estimular 

su reparación, se requiere de la presencia de células, factores de 

crecimiento, citoquinas y hormonas, es decir moléculas de señalización que 

organicen la respuesta celular y que desemboca en la diferenciación de las 

células mesenquimales pluripotenciales a osteoblastos (De Witte et al., 

2018). Con ello se pone en evidencia el fundamento de las estrategias 

desarrolladas en este trabajo basadas en la utilización de MSC, BMP-2, 

17β-estradiol, MMP-10, alendronato, hidroxiapatita y colágeno. 

Este trabajo de investigación se inició después de que el grupo de 

investigación hubiera realizado una serie de estudios en animales 

osteoporóticos que revelaron que la implantación local de andamios, 

cargados con combinaciones de BMP-2 y 17β-estradiol formulados en 

microesferas de ácido poliláctico (PLA) o poli(láctico-co-glicólico) PLGA, 
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en defectos críticos de calota de rata, aumentaron la reparación ósea en ratas 

OP pero el hueso nuevo que rellenaba el defecto estaba menos mineralizado 

en comparación con los grupos sin OP (Segredo-Morales, García-García, 

et al., 2018; Segredo-Morales, Reyes, et al., 2018). Por tanto, las estrategias 

desarrolladas en el presente trabajo van principalmente dirigidas a mejorar 

la mineralización del hueso formado por acción de factores 

osteoestimulantes.  

En primer lugar, cabe destacar el estudio inicial que se realiza y se detalla 

en el capítulo 1, relativo al establecimiento del modelo de rata OP. En los 

trabajos anteriores se había utilizado la combinación de ovariectomía y 

tratamiento con corticoides para inducir la OP, pero no se había realizado 

el análisis histológico para comprobar el estado de huesos de referencia 

como el fémur y lo que es más importante, la calota. Como comentamos, 

el modelo de defecto crítico en calota es muy popular para estudios de 

regeneración, por ello, se debe de resaltar la importancia de conocer cómo 

afectan los tratamientos utilizados para la inducción de la OP en el hueso 

que empleamos para evaluar la eficacia de nuestras estrategias. Estos 

resultados nos pusieron en evidencia que, efectivamente la OP inducida por 

la ovariectomía afecta tanto a huesos largos como a huesos planos y por 

tanto, es perfectamente válida para evaluar nuestros sistemas en el modelo 

de defecto crítico de calota de rata, sin producir un deterioro físico mayor 

en el animal. 

Nuestra estrategia para este tipo de OP, simulación de la OP 

postmenopáusica, ha sido la presencia de 17β-estradiol y BMP-2 en los 

sistemas. El 17β-estradiol para suplir por un lado el déficit de estrógenos 

como consecuencia de la ovariectomía y por otro debido al importante 

papel que juega en la actividad de los osteoclastos. Mientras que la BMP-

2 se empleó como factor involucrado en todas las etapas del proceso de 

regeneración de una fractura y, en el ciclo de remodelación ósea 

estimulando la diferenciación de las MSC a osteoblastos (Fig. 1). Estas 

medidas son eficaces en cuanto a regeneración, pero no alcanzan una 

correcta mineralización, por ello, el hidrogel de colágeno también fue 

enriquecido con HAP, como componentes del hueso. De hecho, los 
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resultados en cultivos celulares apoyaron nuestra hipótesis de que la 

presencia de HAP podría mejorar la mineralización. 

Por otro lado, la baja solubilidad del 17β-estradiol en medios acuosos nos 

hizo incorporarlo en distintas formas para que se liberara a lo largo del 

tiempo. En las etapas iniciales podría disponerse del 17β-estradiol 

procedente del film o del disperso en el hidrogel mientras que a tiempos 

más largos sería liberado desde las microesferas. Así mismo, teniendo en 

cuenta que el proceso de reparación ósea en OP está retrasado hemos 

intentado que la liberación de las sustancias activas se prolongue más allá 

de las 4 semanas que había resultado útil en animales sanos (García-García 

et al., 2019; Segredo-Morales, García-García, et al., 2018; Segredo-

Morales, Reyes, et al., 2018). Sin embargo, de acuerdo con los resultados 

ya comentados en el capítulo 1, no se observa una mejoría en la 

mineralización por ello, insistiendo un poco en la misma línea, se planteó 

el estudio recogido en el capítulo 2 en el que también se incorporan MSC 

con el objetivo de facilitar el efecto de la BMP-2 desde el inicio del proceso. 

Además, las microesferas de BMP-2 se elaboraron incluyendo alginato en 

la fase acuosa para retener la proteína y a su vez tener disponibilidad de la 

misma en etapas más tardías cuando se supone que el sistema estaría más 

poblado de células. Igualmente, nos preocupaba que el tiempo de 

permanencia de un hidrogel en el defecto fuera insuficiente para ejercer la 

función de guía para el crecimiento del tejido y, por ello, se comparó en 

esta segunda parte con un sistema en esponja que podría permanecer más 

tiempo en el lugar del defecto.  

Si comparamos las liberaciones obtenidas (Fig. 2) vemos que 

efectivamente las estrategias aplicadas consiguen controlar la cesión de la 

BMP-2. Con el 17β-estradiol creemos que también podrían ser correctas 

las medidas aplicadas, aunque la imposibilidad de monitorizarlo in vivo 

sólo nos permite suponer que es así. Sin embargo, ni la incorporación de 

HAP, ni la presencia de rMSC, ni el retraso en la liberación de las 

sustancias activas, ni la mayor permanencia del sistema resultaron útiles 

para aumentar la mineralización del nuevo tejido.  
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Figura 2. Cinética de liberación in vivo de 125I-BMP-2 desde los diferentes 

sistemas ensayados.  

La comparación de las figuras 3A y 3B, siempre con reservas porque son 

experimentos diferentes, nos muestra buenos resultados de regeneración en 

animales OP pero una incompleta mineralización. Si bien, analizando los 

resultados obtenidos con los hidrogeles frente a la esponja de alginato 

vemos que se confirma que una permanencia más prolongada del andamio 

en el defecto facilita la regeneración y la mejor calidad del tejido formado 

con un menor porcentaje de tejido adiposo y conectivo. 
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Figura 3. Representación gráfica en la que se compara el porcentaje de reparación 

(A) y la tasa de hueso maduro e inmaduro (MB/IB) (B) observados tras la 

implantación de los diferentes sistemas ensayados en calota de rata osteoporótica. 

(*) Indica diferencias estadísticamente significativas con el grupo B HAP, (#) 

indica diferencias estadísticamente significativas con BMPβeD, BMPβeMs, 

BMPβeF y con HY-BMPβe-MSC, ($) indica diferencias estadísticamente 

significativas con BMPβeMs, (&) indica diferencias estadísticamente 

significativas con BMPβeF.  

Por último, hay que indicar que los resultados de mineralización descritos 

en los dos primeros capítulos se han realizados en muestras decalcificadas 

mediante la tinción de VOF. Esta técnica de coloración permite evaluar de 
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forma indirecta la mineralización del hueso y por tanto la madurez del 

mismo. El fundamento de dicha técnica se basa en que la deposición de 

hidroxiapatita en la matriz extracelular del hueso deja una impronta que 

permite la tinción diferencial de la misma en función del grado de 

mineralización, coloreándose de color azul las zonas menos mineralizadas 

o de mineralización más reciente (hueso inmaduro) y de color rojo oscuro 

a marrón las zonas más mineralizadas o de mineralización menos recientes 

(hueso maduro).  

Por todo lo expuesto y, porque anteriormente el grupo de investigación 

había demostrado el efecto de la metaloproteinasa-10 (MMP-10) en la 

mineralización del hueso regenerado por la acción de la BMP-2, en un 

defecto crítico de calota en ratones sanos, en la última parte de esta 

memoria se decidió probar esta combinación en ratones OP (Reyes et al., 

2018).  

Por tanto, hemos cambiado de especie animal y por ello no hemos 

comparado los resultados con los anteriores. Además, en esta parte se 

realizó un trabajo in vitro en cultivos celulares exhaustivo y de acuerdo con 

los resultados la esponja de quitosano que se empleó tiene mayor 

consistencia que la esponja de alginato descrita anteriormente con el fin de 

facilitar su permanencia en el defecto. Así mismo, indicar que se elimina el 

17β-estradiol pero se incluye en su lugar alendronato que actúa al mismo 

nivel que el estrógeno (Fig 1). Las microesferas elaboradas para encapsular 

las proteínas, BMP-2 y MMP-10 (en dos proporciones), permiten una 

liberación más prolongada en el tiempo que en nuestro estudio anterior 

(Reyes et al., 2018). Finalmente, con el fin de ser más precisos en la 

valoración de la mineralización del hueso formado, se inyectó azul calceína 

y oxitetraciclina a los animales, como marcadores de la tasa de 

mineralización y las muestras se analizaron sin descalcificar. 

Los resultados nos confirman el efecto positivo de la combinación de 

MMP-10 con BMP-2, la tasa de mineralización para los tratamientos con 

BMP-2 + MMP-10 fue significativamente más alta que con BMP-2. Sin 

embargo, se observa una escasa regeneración de tejido en el defecto en 

comparación con los resultados expuestos en los capítulos anteriores. 
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Además, en el grupo de animales no-OP la regeneración en comparación 

con los resultados previamente publicados es significativamente menor. El 

conjunto de los resultados de este estudio junto con la experiencia anterior, 

indica que los scaffolds diseñados se ajustan más a los requisitos para la 

reparación del tejido óseo en animales OP que en animales sanos. En 

ratones OP, la combinación de BMP-2 y MMP-10 indujo un efecto 

regenerativo y una tasa de aposición mineral mejorada en comparación con 

los scaffolds que contienen BMP-2 sola o la combinación BMP-2 + ALD.  

Por último, nuestros resultados en general sugieren que las necesidades 

para lograr una buena regeneración ósea en la población osteoporótica son 

diferentes a las de los animales sanos. 
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Conclusions 

The conclusions of the developed work can be summarized as follows: 

1- Among the osteoporosis models performed in rats, OVX and OD were 

characterized by alterations in calvaria and femur indicative of OP 

instauration. However, based on animal welfare OVX was selected in 

rats. Furthermore, an OP model was successfully developed and validated 

on mice following the OD strategy. 

2- The in vitro release profile of 17β-estradiol depends on the release 

media selected and is highly conditioned by its aqueous solubility. BMP-2 

release from PLGA microspheres can be tailored by modulating the 

microspheres composition. 

3- The developed collagen-chitosan composite hydrogels were easily 

injectable and able to control BMP-2 release, probably due to the 

presence of nano-HAP. These systems induced a 40% bone regeneration 

in a calvaria critical defect in both non-OP and OP rats. No effect of the 

17β-estradiol release profile was observed on the above-mentioned 

regeneration capacity.  

4- In osteoporotic rats, the presence of BMP-2 and 17β-estradiol loaded 

solid scaffolds promoted a higher bone formation than hydrogels showing 

a similar release profile. This effect was associated to the residence time 

of the systems on the defect. 

5- The incorporation of MMP-10 to scaffolds containing BMP-2 

improved the mineral apposition rate of the bone regenerated in non-OP 

and OP mice. Moreover, the use of scaffolds containing MMP-10 and 

BMP-2 showing slow-release profile and high stability resulted in low 

regeneration capacity in non-OP animals but improved regeneration in OP 

animals.  
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6- The development of adequate systems for bone regeneration require to 

consider the tissue catabolic/anabolic balance to obtain biomaterials with 

a degradation/release behaviors suited for the existing tissue status. 

Among the strategies tested in this work; BMP-2, 17β-estradiol, 

alendronate, MMP-10 and seeding with MSC, the addition of MMP-10 to 

solid scaffolds was the only one able to promote suitable mineralization in 

OP animals. 
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1. Introduction 

As previously discussed, the new bone formed using the developed 

strategies in Chapters 1, 2 and 3 can be further improve. To enhance the 

quality of the regenerated bone a new approach was designed based on 

the use of hybrid nanoparticles (NPs) loaded with GapmeRs. To do this, I 

performed an international period at University of Oporto devoted to 

learn how to prepare NPs through microfluidic methods, their 

characterization and optimization. The use of gene therapy strategies 

devoted to control osteoblast activity and bone homeostasis have 

successfully increased osteogenesis in vitro in osteoporotic-derived 

mesenchymal stem cells and promoted mature bone formation in an in 

vivo model of osteoporosis (OP) (García‐García et al., 2019).  

Gene silencing has emerged as a promising tool for treating complex 

diseases such as cancer or systemic metabolic disorders as OP (Lundin et 

al., 2015). Despite the huge potential of synthetic oligonucleotides as 

gene silencing molecules, their efficient administration remains a 

challenge to beat due to their low stability, small cell internalization and 

lack of specificity (Juliano, 2016). Among synthetic oligonucleotides, 

GapmeRs are antisense oligonucleotides comprised of a synthetic single 

strand containing a central block of DNA nucleotides flanked by locked 

nucleic acids on each side. This structure provides several advantages as 

increased stability and decreased size when compared to other synthetic 

oligonucleotides (Abewe et al., 2020). Nanoparticulated systems allow for 

the incorporation of several therapeutic molecules on their structure that, 

owing to their surface modification abilities, can be specifically released 

to the target cells (Machado Cruz et al., 2019).  

The main techniques to produce PLGA-based NPs are emulsion-based 

methods or nanoprecipitation. Recently, the microfluidic-based 

fabrication of NPs has been introduced. Microfluidic-based technology 

allows the manipulation of fluids within micro-scale channels that assures 

laminar flow patterns (Chiesa et al., 2018; Liu et al., 2018), offering a 



207 / 299

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3609551				Código de verificación: jZ6GNQ7q

Firmado por: Patricia García García Fecha: 30/06/2021 14:04:52
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 07/07/2021 15:10:56
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2021/65484

Nº reg. oficina:  OF002/2021/64712
Fecha:  01/07/2021 13:17:18

                                                                                 Ongoing experiments and future perspectives    

177 

 

controlled, homogenous and mild environment for NPs generation 

without turbulence. All these lead to numerous advantages over the 

conventional methods, such us batch-to-batch reproducibility, easy scale-

up, high yield production, low reagent volumes, increased mass and heat 

transfer and narrow particle size distributions (Liu et al., 2018; Martins et 

al., 2018). A good mixing pattern is the main requirement in 

microfluidics-based technology. Mixing is produced by a molecular 

diffusion process because of the small mixing path and high contact 

surface involved (Liu et al., 2018). Regarding NPs preparation by 

nanoprecipitation using microfluidic methods they allow a rapid exchange 

between the solvent (partially water miscible organic solvent) and the 

non-solvent (aqueous phase) by diffusion throughout the interface 

between phases. This approach avoids the undesired NPs aggregation and 

decreases the average particle size and polydispersity index (PdI), since 

the nucleation happens first when the diffusion of the solvent starts 

instead of being a second step as is the case for conventional methods 

(Liu et al., 2018; Xu et al., 2017).  

The physicochemical characteristics and composition of nanoparticles 

(NPs) condition both their in vivo and in vitro performance. Therefore, the 

development of nanomaterials with tailorable characteristics based on the 

selected application is a crucial step in the formulation development 

(Patra et al., 2018). However, the establishment of the formulation 

characteristics (composition, formulation procedures, concentrations…) 

responsible for the final formulation properties is complex. The nanosize 

nature of NPs makes these systems highly sensitive to any minimal 

change during formulation leading to unexpected formulation properties 

(Rouco et al., 2018). In order to obtain robust and reproducible 

formulations is crucial to understand the effect of the different 

components on the formulation characteristics. Moreover, NPs surface 

characteristics have been recognized as critical factors conditioning 

nanoparticle-cell interactions and proteins recognition (Godara et al., 

2020). However, NPs surface electric charge should also be considered as 

it conditions nanoparticles bioavailability, absorption and cell uptake (Du 

et al., 2018). The entrance of NPs into the cells is an important step to 
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ensure therapeutic efficacy when designing formulations aimed at 

intracellular delivery, usually the case for antisense oligonucleotides 

delivery systems. Recently, the effect of cell status as cell cycle position 

and cell type on NPs endocytosis has been pointed out (Rees et al., 2019).  

Hybrid lipid-polymer NPs are composed by a polymeric core surrounded 

by a lipid shell. They have numerous advantages combining the favorable 

characteristics of polymeric and lipid nanoparticles. Therefore, they 

possess high stability and physical integrity due to the polymeric core, 

and ease of functionalization, high stability in general circulation and cell 

uptake due to the lipid shell (Mukherjee et al., 2019). These 

characteristics make hybrid nanoparticles a promising next generation of 

drug delivery platforms. In hits sense, Zhu and coworkers (Zhu et al., 

2017) proposed the preparation of self-assembled PEG-lipid-polymer 

hybrid NPs of different composition by a modified nanoprecipitation 

method to entrap siRNA with an EE of 50-60 % in PLGA-lipid PEG.  

2. Objectives 

The main objective of this work is to develop hybrid nanosystems able to 

incorporate GapmeRs suitable for intramedullary administration to 

improve the maturation of the induced bone formation in a critical bone 

defect. To obtain tailor made nanoparticles with the desired properties to 

target bone marrow MSC we initially aimed at understanding the effect of 

the shell lipid composition on nanoparticles physicochemical properties. 

NPs were prepared by two methods: conventional nanoprecipitation and 

microfluidic-based nanoprecipitation. On a next step, we evaluated the 

GapmeRs loading efficiency of the developed hybrid NPs.  

3. Materials and methods 

3.1. GapmeR condensation using protamine 

The ability of the cationic protein protamine to interact with GapmeR and 

promote its complexation was evaluated using three different 

oligonucleotide:protein weight ratios (1:2, 1:1 and 1:0,5). GapmeRs were 
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allowed to interact with the protein for 40 minutes at room temperature. 

Samples were then loaded on 15 % acrylamide gels and electrophoresis 

was performed for 45 min. The migration of the GapmeR was visualized 

by ethidium bromide staining. 

3.2. Hybrid nanoparticles preparation 

3.2.1. Conventional nanoprecipitation method 

Lipid-polymer hybrid nanoparticles were prepared by a modified single-

step nanoprecipitation method. Briefly, poly (lactide.coglycolide acid) 

(PLGA, Resomer® RG 502 H, Mw: 7,000-17,000, Evonik Industries) or 

PLGA+DOTAP (1,2-dioleoyl 1.3-trimethylammonium-propane, Sigma-

Aldrich) at the desired concentrations depicted in Table 1 were dissolved 

in acetone (1mL) then, 50µL of an aqueous solution of protamine or 

protamine+GapmeR were added and mixed. Immediately, this mixture 

was poured on an aqueous solution (4% ethanol in water; 10mL) 

containing the required amount of DSPE-PEG2000 (Nanosoft Polymers) 

with or without lecithin (L-α-phosphatidylcholine, Avanti Polar Lipids) 

(Table 1). Lecithin was previously dissolved on the aqueous phase by 

heating the solution to 65 °C. To obtain GapmeR loaded nanoparticles the 

oligonucleotide was condensed with the protamine at a 

oligonucleotide:protamine 1:2 weight ratio for 40 minutes before their 

addition. The GapmeR was custom designed and synthesized by 

Integrated DNA Technologies.  

3.2.2. Microfluidic-based nanoprecipitation 

Hybrid nanoparticles were prepared by a nanoprecipitation method using 

two different micromixer chips (A: Part N° 3000158, B: Part N° 3200401, 

Dolomite microfluidics). The used settings are shown in Figure 1. 

Aqueous and organic phases were prepared as described above for the 

conventional method using the amounts described in Table 2. In this case, 

two different organic solvents were tested acetone (ACT) and acetonitrile 

(ACN). When protamine was used on the NPs (M3) 50 µL of the solution 

at 0.9mg/mL were added to the organic phase and mixed. Both phases 
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were filtered using 0.45 µm filters in order to remove potential 

precipitates before their loading on the syringe. Afterwards, the aqueous 

phase was introduced in the selected micromixer chip at a flow rate of 1 

mL/min, by means of a syringe pump (KD scientific, model 569), until a 

total aqueous phase volume of 6 mL per formulation was achieved. 

Simultaneously, the organic phase was also introduced in the micromixer 

chip using a Mitos-Duo-XS-Pump (Dolomite microfluidics) at a flow rate 

of 200 µL/min, until a total organic phase volume of 1 mL per 

formulation was achieved. 

Nanoparticle suspensions were collected during the formulation process 

in a beaker and kept under constant stirring until the remaining organic 

solvent was completely evaporated.  

 

Figure 1. Schematic representation of the microfluidic system employed. 

3.3. Physicochemical characterization of hybrid nanoparticles 

The physicochemical properties of the nanoparticles were characterized in 

terms of average diameter, polydispersity index (PdI) and Zeta-potential 

(ζ-potential) on a Zetasizer Nano-ZS (Malvern Instruments). Samples 

were adequately diluted in ultrapure Milli-Q water and sonicated for one 

minute on a water bath before characterization (P Selecta). All 

measurements were performed in triplicate for each sample. 
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3.4. Encapsulation efficiency of hybrid nanoparticles 

To analyze the encapsulation efficiency of NPs, fluorescently labelled 

GapmeRs were used (IDT Technologies). Formulations were prepared as 

described above and NPs suspensions were filtered through 10 KDa 

MWCO (Millipore Amicon) filters. Non-encapsulated oligonucleotide 

was quantified on the filtrate by measuring the fluorescence on a plate 

reader (Biotek). Oligonucleotide concentration was assessed by means of 

the correspondent calibration curve. The physicochemical properties of 

GapmeR-loaded NPs were also analyzed as described above. 

4. Results  

4.1. Protamine complexation of the selected GapmeR 

Figure 2 shows the migration of GapmeRs alone (denoted as 1:0) or 

complexed with variable amounts of protamine. The addition of 

protamine to the oligonucleotide solution indeed promoted its 

complexation with the protein avoiding GapmeR migration. Moreover, 

while the GapmeR:Protamine ratio 1:0.5 led to some free oligonucleotide, 

an increase in the protein amount (1:1 and 1:2 ratios) completely blocked 

oligonucleotide migration indicating its successful complexation with 

protamine. Therefore the selected ratio used for further experiments was 

1:2 GapmeR:Protamine.  
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Figure 2. Gel electrophoresis of GapmeR alone (1:0) or GapmeR:Protamine 

complexes at 1:0.5, 1:1 and 1:2 weight rations in a 15 % acrylamide gel.  

4.2. Analysis of composition-properties relationship of NPs obtained by 

the conventional nanoprecipitation method 

Hybrid nanoparticles with suitable physicochemical properties were 

successfully obtained by a modified single-step nanoprecipitation method 

without the need of synthetic surfactants. The physicochemical 

characteristics of the developed formulations are shown in Table 1. As 

indicated below, the core components were kept constant for all the 

formulations (PLGA 5mg/batch and protamine 45 µg/batch) while the 

lipid components of the shell were combined of variable proportions. The 

amount of DOTAP tested varied from 0 to 0.5 mg, DSPE-PEG2000 was 

used in variable amounts from 0 to 1.45 mg and soy lecithin was studied 

using proportions from 0 to 2 mg. Further compositions were tested but 

discarded due to high size (> 200 nm) and/or PdI (> 0.20). All the 

selected formulations presented adequate size ranging from 137.6 to 

179.77 nm with low standard deviation. The PdI values of the analyzed 

formulations was between 0.08 and 0.19 also with low standard deviation. 

As expected, ζ-potential values were highly variable, obtaining 

formulations from -34.30 to +51.7 mV with different standard deviation 

depending on the composition.  
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Table 1. Shell composition and physicochemical characteristics of the analyzed 

formulations prepared by nanoprecipitation using the conventional method. Core 

components were kept constant (PLGA 5mg/batch and protamine 45 µg/batch). 

 DOTAP 
DSPE-

PEG2000 
Lecithin Size (nm) PdI ζ-potential 

 mg mg mg Mean SD Mean SD Mean SD 

C1 - - 2.00 179.77 3.76 0.18 0.03 38.97 3.24 

C2 - - 1.20 171.75 5.87 0.13 0.04 -6.33 28.57 

C3 - 0.43 0.60 150.77 0.78 0.11 0.01 -34.30 1.85 

C4 - 0.85 0.60 178.47 2.48 0.09 0.02 -24.47 2.91 

C5 - 1.45 0.55 161.50 0.36 0.19 0.02 -25.57 2.06 

C6 - 1.10 0.4 170.34 20.81 0.12 0.01 -20.68 5.70 

C7 0.10 - 0.30 176.45 11.29 0.08 0.01 28.72 9.64 

C8 0.10 - 0.40 176.22 0.12 0.12 0.04 32.23 2.12 

C9 0.20 - 0.30 178.07 2.42 0.10 0.04 51.07 2.58 

C10 0.20 - 0.40 184.02 5.49 0.08 0.01 44.72 0.64 

C11 0.20 0.43 0.30 167.77 0.91 0.10 0.004 35.33 3.20 

C12 0.20 0.43 0.40 163.56 9.66 0.13 0.06 13.87 8.86 

C13 0.20 0.43 0.60 173.57 5.81 0.10 0.03 14.33 0.23 

C14 0.20 1.10 0.20 168.85 21.96 0.08 0.01 0,30 11,46 

C15 0.40 - - 167.40 0.72 0.06 0.002 49.43 1.31 

C16 0.40 0.55 - 153.93 1.79 0.10 0.004 39.55 0.64 

C17 0.40 0.43 - 165.03 0.45 0.10 0.02 44.37 2.75 

C18 0.40 0.85 - 144.97 1.40 0.10 0.01 28.07 1.40 

C19 0.40 0.85 0.60 166.10 4.37 0.16 0.06 19.80 0.50 

C20 0.4 1.10 - 162.90 14.97 0.09 0.01 25,08 6.89 

C21 0.50 0.90 0.10 145.37 0.49 0.11 0.01 35.30 0.89 
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Based on the results obtained the surface charge of the nanoparticles can 

be tailored by controlling the amount of DOTAP on the lipid shell. 

4.3. Analysis of the composition-properties relationship by microfluidic 

nanoprecipitation method 

In order to select the most suitable solvent for the preparation of lipid-

polymer hybrid NPs by microfluidic-based nanoprecipitation, two blank 

formulations (without including protamine) of identical composition, 

were prepared using either acetone (ACT; M1) or acetonitrile (ACN; M2) 

as organic solvents. As shown in Table 2, hybrid nanoparticles exhibiting 

a low particle size, a narrow size distribution, along with a negative 

surface charge were obtained in both cases. As for the conventional 

nanoprecipitation method further compositions were tested but discarded 

due to high size and/or PdI. Among the adequate formulations M2 

exhibited superior properties in terms of particle size and size distribution. 

Furthermore, while in the case of M1 a PLGA precipitate was formed in 

the micromixer channels during the formulation process, in F2 this 

precipitate was not noticeable, and therefore, acetonitrile was selected as 

organic solvent to continue with further assays.  

Starting from the basis of M2 and grounded on the effect of surface 

modification DOTAP addition this lipid was added to the organic phase to 

modulate surface charge. In addition, due to the absence of a PLGA 

precipitate with the use of acetonitrile as organic solvent, the polymer 

concentration was increased in order to improve NPs loading capacity. In 

this case, a different micromixer (chip B) was selected to prepare this last 

formulation. This micromixer type is known to lead to NPs exhibiting 

lower particle sizes and distributions due to the presence of several 

mixing points, but it is also more sensitive to polymer precipitation in the 

microchannels, and therefore could not be employed in the previous step.  

In this way, as can be derived from Table 2, hybrid nanoparticles 

exhibiting suitable particle sizes together with highly narrow particle size 

distributions were obtained (M3). Moreover, a slight decrease in zeta 

potential values related to the presence of DOTAP was observed 
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regarding the previous formulations consistent with the effect observed 

after DOTAP addition on conventional nanoprecipitation. 

Table 2. NPs composition and physicochemical characteristics of the analyzed 

formulations prepared by microfluidic-based nanoprecipitation. *Denotes the 

formulation including protamine. 

 

4.4. Encapsulation efficiency of lipid-polymer hybrid NPs 

The capacity of some of the developed NPs to incorporate 

oligonucleotides was determined. Three compositions were selected 

based on their variable surface charge C6, C14 and C20. All nanoparticles 

showed high GapmeR encapsulation efficiency with no significant 

differences between the samples being of 83.27 ± 1.14 % for C6, 84.55 ± 

0.41 % for C14 and 84.47 ± 0.52 % for C20. Moreover, while no effect of 

GapmeR incorporation was observed on NPs size, the NPs surface charge 

was modified on a composition-dependent manner. NPs presenting almost 

neutral surface charge (C14) significantly decreased their ζ-potential with 

the incorporation of GapmeR reaching a value of -20.83 ± 0.94. 

5. Discussion 

Lipid-polymer hybrid nanoparticles were obtained without requiring the 

use of surfactants, other than soy lecithin, showing a monodisperse 

distribution with an adequate diameter by both of the methods used. 

Remarkably, the formulations we prepared following our developed 

protocols presented similar size or even lower than those reported by 

other authors for hybrid PLGA nanoparticles using similar methodology 

(Ling et al., 2010; Yue et al., 2011). Surfactants are commonly included in 

nanoparticulated systems during the formulation step to control the 
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formation, morphology, and surface properties of NPs (Wang et al., 

2005). Moreover, their use as stabilizers to avoid particle aggregation is a 

common practice for both metallic and polymeric NPs (Kennedy et al., 

2018; Khan et al., 2019). However, the presence of synthetic surfactants 

on NPs surface hinders their interaction with the surrounding components 

while conditioning cell binding and target recognition (Khan et al., 2019). 

Furthermore, synthetic surfactants are highly toxic and compromise the 

cytocompatibility of the final formulations. In this context, natural 

surfactants as lecithins have been proposed as alternatives in NPs 

formulation due to their high biocompatibility and amphiphilicity, 

presenting great emulsifying properties (Vater et al., 2019). Therefore, the 

NPs designed in this work presented adequate characteristics evading the 

drawbacks of synthetic surfactants.  

NPs with variable composition (C6, C14 and C20) were loaded with 

nucleic acids (GapmeRs) by their incorporation in the polymeric core. 

Oligonucleotides were condensed with the cationic protein (protamine) 

showing adequate complexation (Figure 2). This approach led to high 

encapsulation efficiencies for all the formulations tested. Hybrid 

nanoparticles have been already tested as gene delivery systems. 

However, these NPs were superficially loaded with oligonucleotides 

based on a surface charge-dependent mechanism through electrostatic 

complexation (Dave et al., 2019). This strategy entangles the risk of nucleic 

acid desorption during storage or administration and higher exposure to 

nucleases in the extracellular space (Roberts et al., 2020; Yang et al., 2019). 

On the other hand, the method followed on this work, unlike superficial 

ionic loading, allowed to reach an adequate oligonucleotide incorporation 

independent of NPs surface charge.  

6. Conclusion  

The results obtained in this study proved the conventional 

nanoprecipitation technique is adequate to obtain lipid-polymer NPs with 

adequate encapsulation capacity and physicochemical properties for the 

intended purpose. According to the bibliography consulted, microfluidics 

allows to obtain a production of NPs with less difference between batches 
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and with a more homogeneous and narrow distribution size than 

conventional strategies. However, our experimental data do not show a 

clear difference between NPs obtained by both methods but clearly points 

out to the need of changing the solvent to adapt to the microfluidic 

synthesis method. Therefore, according to the results obtained so far, we 

still need to optimize the conditions to obtain NPs with improved 

properties using microfluidic-based nanoprecipitation.  
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Abstract

A hydrogel based on chitosan, collagen, hydroxypropyl-c-cyclodextrin and polyethylene glycol was

developed and characterized. The incorporation of nano-hydroxyapatite and pre-encapsulated hy-

drophobic/hydrophilic model drugs diminished the porosity of hydrogel from 81.62 6 2.25% to

69.98 6 3.07%. Interactions between components of hydrogel, demonstrated by FTIR spectroscopy

and rheology, generated a network that was able to trap bioactive components and delay the burst

delivery. The thixotropic behavior of hydrogel provided adaptability to facilitate its implantation in

a minimally invasive way. Release profiles from microspheres included or not in hydrogel revealed

a two-phase behavior with a burst- and a controlled-release period. The same release rate for

microspheres included or not in the hydrogel in the controlled-release period demonstrated that

mass transfer process was controlled by internal diffusion. Effective diffusion coefficients, Deff, that

describe internal diffusion inside microspheres, and mass transfer coefficients, h, i.e. the contribu-

tion of hydrogel to mass transfer, were determined using ‘genetic algorithms’, obtaining values be-

tween 2.64�10�15 and 6.67�10�15 m2/s for Deff and 8.50�10�10 to 3.04�10�9 m/s for h. The proposed

model fits experimental data, obtaining an R2-value ranged between 95.41 and 98.87%. In vitro cul-

ture of mesenchymal stem cells in hydrogel showed no manifestations of intolerance or toxicity,

observing an intense proliferation of the cells after 7 days, being most of the scaffold surface occu-

pied by living cells.

Keywords: hydrogel; collagen–cyclodextrin–chitosan; rheology; mass transfer; estradiol; FITC-dextran

Introduction

Hydrogels are three-dimensional hydrophilic polymeric networks,

which are able to absorb and retain large quantities of water, sol-

vents or biological fluids in the free space of their structure without

being dissolved in the same media. They can be generated through

physical crosslinking by weak cohesive forces, like ionic or hydrogen

bonds and p–p or van der Waals interactions, or chemical crosslink-

ing by stable covalent forces that improve the mechanical properties

VC The Author(s) 2019. Published by Oxford University Press. 149
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of the hydrogel. However, the toxicity derived from the use of cross-

linking agents, like glutaraldehyde, and the possibility of irreversible

broken bonds that can fracture the structure, are some of the draw-

backs of the chemical crosslinking [1–3]. The high permeability and

porosity of hydrogels facilitates, not only integration in the majority

of tissues, but also incorporation by the cells, and their biocompati-

bility and biodegradation avoid surgery to remove polymer after

treatment [2, 3]. Moreover, their similarity to the extracellular ma-

trix or tissues, low interfacial tension between gel and solvents, and

minimal irritation after application due to their water content and

soft nature [2, 3] have made hydrogels the ideal candidates for bio-

medical and pharmaceutical applications, such as implants and

sutures, wound dressings, controlled drug delivery, diagnostic imag-

ing, medical and biological sensors or microfluidics [3, 4]. In this re-

gard, ‘in situ’ two-step forming injectable hydrogels have attracted

the attention of scientific community since they can be implanted

without surgery directly by injection in the treatment site, where the

crosslinker agent forms stable scaffolds. Rheology of this type of

hydrogels provides adaptability to the shape of the area to be

treated, an easy ‘in vivo’ implantation in a minimally invasive way

and capacity to incorporate bioactive substances and/or cells.

A long list of biodegradable natural or synthetic polymers has

been used to prepare hydrogels. Natural polymers include

polysaccharide-based polymers (chitosan, alginate, cellulose, dex-

tran, gellan or guar gum, cyclodextrins and hyaluronic acid) and

protein-based polymers (gelatin, collagen, albumin, fibrin or hepa-

rin). Although they are abundant in nature and can be part of bio-

logical events, such as signaling or cell adhesion, they do not have

good mechanical properties and tunable degradation by themselves

and can lead to possible immunogenic responses [4, 5]. In particular,

polysaccharide-based hydrogels offer interesting options to enclose

molecules since they can be easily formed by mild conditions meth-

ods, like ionic gelation or complexation in aqueous environments at

room temperature, avoiding the use of organic solvents and high

shear homogenization or ultrasonication. In fact, chitosan, a cat-

ionic natural linear polymer derived from chitin and composed of D-

glucosamine and N-acetyl-D-glucosamine units, gels by interaction

with polyanions, like the negatively charged and nontoxic tripoly-

phosphate (TPP) [6]. Chitosan-based hydrogels have been used as in-

jectable platforms in controlled drug delivery and tissue engineering

applications [5]. Moreover, chitosan can be mixed with the protein-

based polymer collagen since both solutions are miscible and chito-

san does not denature collagen [7]. The strategy of adding collagen

to hydrogel formulation brings advantages like enhanced mechani-

cal strength, biocompatibility and biodegradability, and a more effi-

cient cellular growth [4]. Although collagen can form gels by natural

means, the resulting mechanical strength is weak, being necessary

the use of crosslinking agents. For example, glutaraldehyde or form-

aldehyde have demonstrated effectiveness in creating crosslinking

structures in collagen but limit their application in biomedical sys-

tems because of their cytotoxicity [3, 8]. Another option to crosslink

collagen is the use of water-soluble carbodiimides, although they are

not usable when the enclosed bioactive substances are proteins be-

cause they react with them [3]. Riboflavin combined with

ultraviolet-A light has been widely used in clinic to reinforce the col-

lagen structure of the cornea in the treatment of keratoconus [9, 10].

Therefore, this seems to be a good strategy to induce crosslinking of

collagen and increase its mechanical strength without compromising

cell viability. Moreover, the addition of cyclodextrins, a cyclic oligo-

saccharide composed of six to eight glucopyranose units, can lead to

the formation of inclusion complexes with certain polymer regions.

The toxicity of these compounds decreases with increasing number

of glucopyranose units, thus, gamma cyclodextrins are less toxic

than alpha or beta ones [11]. Synthetic polymers, like poly(DL-lac-

tide-co-glycolide) (PLGA), poly(DL-lactide) (PLA), poly(vinyl alco-

hol) (PVA), poly(acrylic acid) (PAA), polyethylene glycol (PEG), can

enhance and control the mechanical strength and degradation rates

of hydrogels. Still, they do not provide the optimal environment for

cell inclusion and tissue regeneration, so, a combination of both

types of polymers, natural and synthetic, must be used for the bio-

medical application of hydrogels [5, 12, 13]. Moreover, the incorpo-

ration of inorganic components into the hydrogel structure, such as

hydroxyapatite (HAp) i.e. part of the bone matrix, have been used

in hard tissue repair to reinforce the mechanical properties of the hy-

drogel [14]. In this regard, nanosized HAp (nano-HAp) should be

used to promote their degradation by osteoblastic enzymes, like the

alkaline phosphatase, and form new tissue by osteoblasts, being this

size the optimum for enhanced cell adhesion and proliferation [14].

Bioactive substances can be released from hydrogels by either

degradation of polymer or diffusion through the pores of their struc-

ture, or by a combination of both. Release profiles in these systems

typically reveal a two-phase behavior, a burst step followed by a

slow controlled release period. Because of burst may cause high con-

centrations of bioactive substances in the application site and conse-

quently loss of these drugs, more complex systems are required to

reduce such burst profiles, maintaining the total delivery values in

longer periods.

In this work, an innovative hydrogel based on biocompatible

and biodegradable polymers, such as, chitosan, collagen, hydroxy-

propyl-c-cyclodextrin (HP-c-CD) and PEG, has been designed, de-

veloped and characterized in terms of porosity, rheology and mass

transfer studies. The hydrogel was injectable, adaptable to treatment

sites with diverse dimensions and shapes, easily crosslinked by

means of TPP and blue light and presented adequate characteristic

for good cell adhesion, viability and proliferation. Moreover, 17-b-

estradiol or rhodamine-B-isothiocyanate-dextran (RITC-dextran),

as low molecular weight hydrophobic or high molecular weight hy-

drophilic model drugs, respectively, were encapsulated in PLGA/

PLA microspheres and included in the hydrogel, together with the

nano-HAp for further use in bone regeneration.

Materials and methods

Materials
PLGA ResomerVR RG504 (acid-terminated, lactide:glycolide 50:50,

Mw 38–54 kDa) and RG858S (ester-terminated, lactide:glycolide

85:15, Mw 190–240 kDa) and PLA ResomerVR RG203-S (ester-termi-

nated, Mw 18–28 kDa) were acquired from Boehringer-Ingelheim

(Germany). HP-c-CD (CAVASOLVR W8 HP) was obtained from

Wacker (Germany). Ultrapure chitosan ProtasanTM UP-CL-213

(86% deacetylation, viscosity 150 mPa�s at 1 wt. % aqueous solu-

tion) and ultrapure alginate PronovaTM UP MVG were purchased

from NovaMatrix (Norway). Bovine collagen, type I, was purchased

from CellSystems Biotechnologie Vertrieb GmbH (Germany).

Calcium chloride dihydrate (Bioxtra, �99% pure), sodium citrate

tribasic dihydrate (ACS reagent, �99% pure), disodium hydrogen

phosphate (ACS reagent, �99% pure), sodium carbonate monohy-

drate (ACS reagent, 99.5% pure), hydrochloric acid (ACS reagent,

37 wt. % in H2O), 17b-estradiol, dichloromethane (puriss �99, 0%

pure), PVA (Mw 30–70 kDa, 87–90% hydrolyzed), riboflavin

(�98% pure), PEG 400 (for synthesis), RITC-dextran (average Mw

70 kDa) and TPP (practical grade, 90–95% pure) were provided

150 Pérez-Herrero et al.
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from Sigma Aldrich (St. Louis, MO, USA). All solutions were pre-

pared with ultrapure water (0.22 lS, 25�C, Milli-Q, Millipore).

High glucose DMEM and penicillin/streptomycin were acquired to

HyClone (Utah, USA) and PAA laboratories (Pashing, Austria),

respectively. Fetal bovine serum (South America Origin) and L-gluta-

mine were provided from Biowest (France). Calcein-AM and p-

formaldehyde were purchased from Fluka Analytical (USA) and

Panreac (Spain), respectively.

Microspheres preparation
RITC-dextran-loaded PLGA microspheres were prepared, as previ-

ously described [15], by double emulsion solvent evaporation

method (water/oil/water). Briefly, a first emulsion was formed by

mixing (vortex) 200ml of a solution of 14.4 mg/ml of RITC-dextran

(2880mg) in 0.2% w/v PVA with 1 ml of DCM containing 150 mg

of PLGA [RG504: RG858S (4:1)]. Then, this first emulsion was

poured into 10 ml of 0.2% w/v PVA under vortex, forming the sec-

ond emulsion that was added over 100 ml of 0.1% w/v PVA under

magnetic stirring. This preparation was then left for 1 h under mild

agitation to evaporate the solvent. Microspheres were collected by

filtration, lyophilized and stored at 4�C until required. Blank micro-

spheres were prepared with the same method but using as aqueous

phase 200ml of a solution of 0.2% w/v PVA without RITC-dextran.

17-b-Estradiol-loaded PLA/PLGA microspheres were prepared

by simple emulsion solvent evaporation method (oil/water). Briefly,

0.6 ml of an organic phase DCM: MeOH (83:17) containing 200 mg

of polymer PLA/PLGA [RG-203S: RG858S (4:1)] and 4 mg of 17-b-

estradiol were mixed by vortex with 4 ml of 1% w/v PVA to form

an emulsion that was poured into 96 ml of 0.16% w/v PVA under

magnetic stirring. Then, the formulation was left 1 h under mild agi-

tation to allow the evaporation of the solvent. Microspheres were

collected by filtration, lyophilized and stored at 4�C until use. Blank

microspheres were synthetized using the same method but removing

17-b-estradiol from the organic phase.

Carbonated apatite nanoparticles preparation

(nano-hydroxyapatite)
Citrate-coated carbonated apatite nanoparticles were prepared by

the thermal decomplexing of metastable solution containing Ca2þ–

citrate complexes in the presence of phosphate and carbonate ions

at pH¼8.5 [16, 17]. Powders were synthesized as follows: 50 ml of

a solution (a) of composition 0.06 M Na2HPO4þ0.1 M Na2CO3

was poured into 50 ml of a solution (b) of composition 0.1 M

CaCl2þ0.2 M Na3(cit) at 4�C. Then, pH was adjusted to 8.5 with

diluted HCl. The mixed solution was introduced into a bottle sealed

with a screw cap, immediately submerged in a water bath at 80�C

and then moved to an oven with circulated forced air at the same

temperature. The experiments lasted 96 h. Upon completion, the

precipitates were washed with ultrapure water by six consecutive

cycles of centrifugation to remove unreacted species or salts.

Afterward they were freeze-dried overnight. Theoretical reaction

yielding carbonated apatite nanoparticles can be represented by:

5CaðcitÞ� þ 3HPO4
� þ ðx þ yÞ CO3

2� þ OH�

! Ca5ðOHÞ1�xðCO3ÞxðPO4Þ3�yðCO3Þy þ 5cit3�

þ 3Hþ þ xOH�

Hydrogel preparation
A 10 mg/ml type I collagen solution in a cold solution of acetic acid

0.043 M, a 0.43 g/ml aqueous solution of HP-c-CD with riboflavin

(5 mg/ml) and a 20 mg/ml solution of chitosan in water were pre-

pared. In addition, pure PEG 400 (density: 1.128 g/ml) was used.

Hydrogel was prepared by mixing with vortex the enough quantity

of all the previous components to obtain the following final concen-

trations, 5.3 mg/ml of collagen, 33.8 mg/ml of HP-c-CD (0.4 mg/ml

of riboflavin), 5.3 mg/ml of chitosan and 148.4 mg/ml of PEG 400.

Afterward, this hydrogel was crosslinked with 25ml of 5% w/v TPP

sterile aqueous solution per 50ml of hydrogel under blue visible light

(468 nm, quartz-tungsten halogen Hilux UltraPlus, Benlioglu Dental

Inc.). In addition, hydrogels with microspheres and nano-HAp were

prepared by adding 14 mg of blank or 17-b-estradiol-loaded PLA/

PLGA microspheres, 5 mg of blank or RIBD-dextran-loaded PLGA

microspheres and 5 mg of nano-HAp per 50ml of hydrogel, simulat-

ing the therapeutic doses of 17-b-estradiol and osteogenic proteins,

such as BMP-2, in 50ml of hydrogel.

Characterization of microspheres, nano-HAp and

hydrogels
Size and morphology of microspheres were determined by laser dif-

fractometry (Mastersizer 2000, Malvern Instruments) and scanning

electron microscopy (SEM, Jeol JSM-6300), respectively.

Size and morphology of nano-HAp were performed by transmis-

sion electron microscopy (TEM) with a Carl Zeiss Libra 120. The

composition analysis of the carbonated apatite nanoparticles were

carried out by X-ray diffraction (XRD) and Fourier transform infra-

red (FTIR) spectroscopy. XRD data were collected by using a

Bruker D8 Advance Vario diffractometer with Bragg–Brentano par-

afocusing geometry. FTIR spectrum of the sample was recorded in

transmittance mode with a Perkin-Elmer Spectrum One FTIR spec-

trometer within the wavenumber range from 4000 to 400 cm�1 at a

resolution of 4 cm�1, using a pellet that was prepared by mixing

�1 mg of sample with 100 mg of anhydrous KBr and then pressed

with a hydraulic pump into 13 mm diameter discs.

Porosity of hydrogels, with and without microspheres and nano-

HAp, was calculated from the true density (helium pycnometer,

Micromeritics AccuPyc 1330) and the apparent density of the

freeze-dried hydrogels prepared in a graduated cylindrical mold. To

avoid collapse processes during freeze-drying, the hydrogel was

maintained in a mold and quickly frozen with liquid nitrogen before

being exposed to a high-vacuum lyophilization process. The exis-

tence of true pores was verified by means of SEM.

Viscoelastic and thixotropic behaviors of hydrogel were obtained

with a Bohlin CVOD 100 rheometer at 37�C by means of a Peltier

system, using cone-plate and parallel geometries with a diameter for

the fixed lower plate of 60 mm and a gap between the fixed and ro-

tating part of 1 mm. The evolution of viscosity with shear rate (from

0.071 to 30 s�1) was acquired by cone-plate geometry (diameter of

cone 40 mm, angle 4�). The evolution of elastic (G’) and viscous

moduli (G’’) with frequency (from 0.128 to 4.015 Hz) was acquired

by a parallel plate geometry (diameter of rotating upper plate

20 mm) at a constant shear stress of 0.2387 Pa. Note that for the vis-

coelastic characterization, the final crosslinking step with blue light

and 5% w/w TPP was not used and only blank microspheres were

used.

Analysis of the functional groups of the components of the hy-

drogel were determined by FTIR spectroscopy with a Bruker IFS 66/

S, in transmittance mode, within the wavenumber range from 4000

to 400 cm�1 at a resolution of 4 cm�1, using the attenuated total re-

flectance accessory that permit to examine samples in the solid state.

In vitro release profiles and encapsulation efficiencies of 17-b-es-

tradiol and RITC-dextran from microspheres and microspheres-
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loaded hydrogels were determined at 37�C and 120 rpm (orbital agi-

tator) with a spectrophotometer (Ultrospec 3300 ‘pro’, Amersham

Biosciences) at 280 or 555 nm, respectively. Precisely, 26 mg of

17-b-estradiol-loaded PLA/PLGA microspheres (382mg), included

or not into 100ml of hydrogel were placed in a vessel with 4 ml of re-

lease medium. Simultaneously, 70 mg of RITC-dextran-loaded

PLGA microspheres (1071mg) included or not into 200ml of hydro-

gel were placed in a vessel with 2.5 ml of release medium. The re-

lease media consisted of 0.9% NaCl solution, which was mixed

with methanol in a ratio 60:40 to increase the solubility of the hy-

drophobic drug and then assess the sink condition, or ultrapure wa-

ter. Two methods of sampling were used, 500ml of media was

collected at different time points and then either returned to the ves-

sel (batch) or removed and replaced with fresh medium (semi-

continuous).

All the experiments performed to characterize the microspheres

and the hydrogel were performed in the SEGAI (Servicio General de

Apoyo a la Investigación) of the Universidad de La Laguna.

Cell culture
Cell isolation

All animal experiments were performed according to the EC direc-

tive 2010/63/EU on Care and Use of Animals in Experimental

Procedures. Furthermore, animal experiments were approved by the

committee for animal studies of Universidad de La Laguna.

Mesenchymal stem cells from femur bone marrow of 6 weeks-old

male Sprague Dawley rats (rMSC) were obtained by centrifugal iso-

lation as previously described by Dobson et al. [18]. Briefly, the cells

were resuspended in high glucose DMEM supplemented with 10%

fetal bovine serum, 1% penicillin/streptomycin and 2 mM

L-glutamine stable (complete culture medium, CCM). They were

seeded in flasks of 75 cm2 and incubated at 37�C and 5% CO2.

Every 2–3 days the culture medium was changed until �80% of

confluence.

Culture of rMSC in the hydrogel and cell viability

Aliquots of 300ml of crosslinked collagen gel were placed into a

48-well plate. Then, 50 000 cells in 20ml of CCM were added to

each well and incubated at 37�C and 5% CO2 for 1.5 h for cell ad-

hesion. The homogeneous cell distribution was confirmed by light

microscopy. Afterward, 500ml of CCM were added to each well,

and the plates were incubated during 7 days and the medium

changed every 3 days.

The seeded cell viability was tested with calcein-AM. After 1, 5 h

and 1, 3 and 7 days of culture, 3 wells of each time were washed (3

times) with Hank’s balanced salt solution (HBSS 1�). Then 500ml

of 1mM calcein-AM in HBSS solution were added and incubated at

37�C and 5% CO2 under soft agitation for 30 min. Then, calcein

was removed and cells were fixed with a solution of 3.7–4% p-form-

aldehyde buffered to pH¼7.0 during 30 min. After this, formalde-

hyde was removed, and the wells were washed 3 times with HBSS

1�. Immediately after this, viable cells were visualized using a fluo-

rescence inverted microscope (EVOS FL, Life Technology,

Invitrogen).

Results and discussion

Nano-HAp characterization
The nanoparticles displayed plate-shape morphologies with average

length (L¼40.0 6 5.0 nm) and width (W¼9.5 6 1.2 nm) (TEM).

The XRD pattern of the sample is reported on Fig. 1A and corre-

spond to the apatite phase (PDF 01-1008), with peaks at

2h¼25.87� corresponding to the (002) plane, the triplet at 31.77�,

32.19� and 32.90� (planes (211), (112) and (300)) respectively, the

reflections at 33.9� and 39.81� (planes (202) and 310)) and other

minor peaks in the 2h range from 40
�

to 55�. The absence of octacal-

cium phosphate (OCP) is witnessed by the absence of the main re-

flection at 4.74�, plane (100), (OCP, PDF 44-0778).

Figure 1B shows the FTIR spectrum of the sample in 400–

1800 cm�1 region. The main band at 1000–1100 cm�1 corresponds

to the asymmetric stretching mode of PO3�
4 groups (t3 PO4). The

shoulder at �965 cm�1 is ascribed to the symmetric stretching (t1

PO4) while less intense bands at �608 and 565 cm�1 are due to the

(t4 PO4) bending mode of PO3�
4 groups [17, 19]. The presence of

carbonate (CO2�
3 ) bands is attested by vibrational signatures due to

the t3CO3 mode, with maxima around �1415 and 1473 cm�1, and

the t2 CO3 mode with a peak around 873 cm�1. Detailed analysis of

the t2CO3 region shows the signals at �879 and 872 cm�1 corre-

sponding to A-type and B-type carbonate substitutions, with carbon-

ate ions replacing respectively OH� and PO3
4
� lattice ions. Beside

apatitic vibrational contributions, a band at �1590 cm�1 is also no-

ticed on all samples, which can be ascribed to the antisymmetric

stretching frequencies of the carboxylate groups of the citrate. Bands

at �2930 cm�1 (not shown) and �840 cm�1 (shoulder) are assign-

able to tCH2 and dCOO modes of the citrate ions [20], respectively.

Figure 1. (A) XRD pattern of carbonated apatite prepared by thermal decomplex-

ing of Ca/citrate/phosphate/carbonated solutions at pH¼8.5 at 80�C. (B) FTIR

spectrum in transmittance mode of carbonated apatite prepared by thermal

decomplexing of Ca/citrate/phosphate/carbonated solutions at pH¼8.5 at 80�C

152 Pérez-Herrero et al.



227 / 299

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3609551				Código de verificación: jZ6GNQ7q

Firmado por: Patricia García García Fecha: 30/06/2021 14:04:52
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 07/07/2021 15:10:56
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2021/65484

Nº reg. oficina:  OF002/2021/64712
Fecha:  01/07/2021 13:17:18

The presence of carbonate substituting –OH and PO3
4
� lattice

ions in the crystal structure as well as of a citrate layer coating the

surface of the nano-HAp crystals is also a characteristic feature of

the bone apatite. In bone, the apatite component is poorly crystalline

and also displays a plate-like morphology and is doped with carbon-

ate [21]. Recently, Hu et al. [22] have revealed that citrate, which

accounts for about 5.5 wt % of total organic matrix of bone, is

found strongly bound to the surface of the apatite nanoparticles.

The use of carbonate and citrate in the mother solutions is thus, a

straightforward nature inspired strategy to prepare bonelike apatites

to be used in combination with the new hydrogels for the tissue

regeneration.

Microspheres and collagen based-hydrogel

characteristics
The mean diameters in volume of the RITC-dextran-loaded PLGA

microspheres and b-estradiol-loaded PLA/PLGA microspheres were

99.70 6 5.00mm and 119.14 6 0.25mm, respectively. Both PLGA

and PLA/PLGA microparticles were generated using PVA which is

adsorbed in the surface of the particle and protect them from ag-

glomeration. Shakesheff et al. [23] indicated that part of PVA mole-

cules remain in the surface of the particles after consecutive washing

and cannot be removed since PVA forms a stable network with

PLGA. Figure 2A shows a SEM image of the generated PLGA micro-

spheres. The encapsulation efficiency of RITC-dextran and b-estra-

diol in the microspheres was 80.1 6 7.4% and 74.8 6 5.2%,

respectively. The high porosity of dry hydrogel, 81.62 6 2.25%, was

decreased up to 69.98 6 3.07% when microspheres and nano-HAp

were incorporated. Figure 2B shows a SEM image of the porous in-

ternal structure of the hydrogel after the incorporation of

microspheres.

PLGA and PLA/PLGA microspheres were generated without the

use of a porogen to avoid a rapid release of the model drugs. Oh

et al. [24] showed a decrease in encapsulation efficiency and a large

increase in the release rate of budesonide when ammonium bicar-

bonate (porogen) was included to generate PLGA microspheres. As

can be seen in the SEM image (Fig. 2A), the surface of microspheres

is solid and flat and no pores can be seen. Zhang et al. [25] reported

the synthesis of porous and non-porous PLGA microspheres by the

simple emulsion solvent evaporation method. In the absence of a

porogen, no pores were found in the resultant particles that had a

smooth surface; however, by using 2-methylpentane in the oil phase

as porogen, porous particles were generated. In the case of the tech-

nique of double emulsion solvent evaporation, several authors have

demonstrated the generation of porous PLGA microspheres by the

addition of ammonium bicarbonate [24, 26] or phosphate buffered

saline [27] in the first aqueous phase. In the absence of a porogen,

these authors did not found pores in the particles that showed a

smooth surface.

In the other hand, citrate-coated carbonated apatite nanopar-

ticles prepared by thermal decomplexing are non-porous and tend to

aggregate with time in mesoporous materials with a mean pore di-

ameter in the range between 100 and 200 Å [16].

The inclusion of non-porous microparticles and mesoporous

nano-HAp to the highly porous hydrogel will lead to a reduction in

their porosity. In fact, Wang et al. [26] showed the reduction of po-

rosity of sintered scaffolds by the inclusion of non-porous PLGA

microspheres (from 87.50 6 5.23% for scaffolds including porous

particles generated with a 1:10 porogen–polymer ratio to

43.2 6 9.39% for scaffolds including non-porous particles).

Viscoelastic behavior and interactions of compounds

on hydrogel
The incorporation of cyclodextrin, chitosan and PEG to the initial

collagen solution (10 mg/ml) (COL) did not add additional viscosity,

but generated consecutive dilutions as can be seen in Fig. 3, where

viscosity versus shear rate at 37�C is represented. As expected, the

incorporation of microspheres and nano-hydroxyapatite produced

an increase in the viscosity values (Fig. 3, top right box).

Collagen, as many other polymers with long chains, has a non-

Newtonian pseudoplastic behavior, i.e. viscosity decreases as the

shear rate increases, being this process reversible when the stress is

removed. In particular, collagen solutions have thixotropic proper-

ties, taking some time to recover the initial viscosity values after

stress have been removed since the rearrangement of its structure is

a time-dependent process. In Fig. 3, the values of viscosity after the

application (forward curve) and removal (backward curve) of stress

did not match, mainly for the collagen solution (COL) and the com-

plete gel with spheres (COLþCDþCSþPEGþ spheres). The for-

ward and backward curves did not overlap, being the area between

both (or hysteresis loop) an indication of the magnitude of the thixo-

tropic behavior that permit the implantation of hydrogel in a mini-

mally invasive way and facilitate the adaptation to the shape of the

area to be treated, before being crosslinked ‘in-situ’ by means of

blue light and TPP.

The different interactions between the components of the hydro-

gel: collagen, cyclodextrin, chitosan and PEG, generate a gel net-

work i.e. able to trap the bioactive components, i.e. the pre-

encapsulated bioactive substances and nano-hydroxyapatite.

Collagen is a protein with a special and atypical combination of

amino acids, being glycine (Gly), proline (Pro) and hydroxyproline

(Hyp) the most repeated units that are responsible of the

Figure 2. (A) SEM image of lyophilized PLGA microspheres. (B) SEM image showing the internal structure of hydrogel
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triple-helical structure. Glycine, the dominant unit in collagen, facil-

itates the formation and stabilization of collagen structure by inter-

nal hydrogen bonding. This amino acid can be mostly part of the

sequences, Gly–Pro–X or Gly–X–Hyp, where X can be any other

amino acid with different functional groups, like carboxyl and

amino groups, in the outside part of the helix that are available for

reaction with other molecules [28, 29]. At the very end of both sides

of collagen molecules, there are terminal carboxyl and amino groups

that are not incorporated in the triple-helix and are part of two non-

helical domains (telopeptides) that are available for reaction with

other molecules [30]. The existence of hydrophobic residues within

the telopeptides region may allow their incorporation to the hydro-

phobic cavities of cyclodextrins, compromising the crosslinking pro-

cess in collagen and the subsequent fibrillogenesis and aggregation

processes [30]. In fact, cyclodextrin is a fundamental component in

the hydrogel by allowing the incorporation of hydrophobic com-

pounds, like the b-estradiol, directly in the gel without the need to

pre-encapsulate them in spheres. Moreover, cyclodextrin can rein-

force the collagen matrix by means of hydrogen bonds between the

multiple hydroxyl groups of cyclodextrin and the terminal and/or

side hydroxyl, amino, amide or carboxyl groups of collagen.

Figure 4A and B represents the variation of viscosity with the shear

rate and the elastic and viscous modulus with the frequency, respec-

tively, for a collagen solution (COL) and a mixture of collagen and

cyclodextrin (COLþCD). These figures demonstrated the above-

mentioned interactions between collagen and cyclodextrin. In this

regard, the incorporation of cyclodextrin to the collagen solution

increases the viscosity values (Fig. 4A) and the solid behavior of col-

lagen (both modulus increase, although the elastic to a greater ex-

tent, staying above in both cases) (Fig. 4B). Note that the same mass

ratio of the complete gel and the same collagen concentration was

maintained to avoid the dilution effect that was commented above

(Fig. 3).

The existence of hydrogen bonds between cyclodextrin and col-

lagen is observed in Fig. 5A, from the comparison of the fingerprint

region of the FT-IR spectra (from 1700 to 500 cm�1) of collagen so-

lution and collagen/cyclodextrin mixture. The collagen spectra

shows the typical bands at 1627 cm�1 (amide I: C¼O stretching)

and 1546 cm�1 (amide II: N–H deformation and C–N stretching).

The incorporation of cyclodextrin to collagen produces a shift in the

amide I band to higher wave numbers (1658 cm�1) and a great

decrease in the intensity of the amide II band (1546 cm�1) in com-

parison with the amide I band that may suggest the formation of

new hydrogen bonds between peptide carbonyl groups in collagen

and hydroxyl groups in cyclodextrin. Note that the amide II band is

not present in the cyclodextrin spectra. The appearance of the band

at 1014 cm�1 is due to the C–O vibrations because of the contribu-

tion of ether and hydroxyl groups of cyclodextrin molecules to the

mixture as can be seen in the cyclodextrin spectra of Fig. 5A.

Chitosan was added to the collagen–cyclodextrin mixture to

harden the hydrogel by crosslinking with TPP. Hydroxyl and amino

groups in chitosan are able to form hydrogen bonds with side groups

or carboxyl and amino end groups of collagen. Ionic interactions be-

tween the positively charged amino groups in chitosan and the nega-

tively charged carboxyl end groups in the telopeptide areas of

collagen are also possible [31]. Because of these interactions, chito-

san may be rolled around triple-helix of collagen, forming a complex

with an increased viscosity compared to the collagen–cyclodextrin

mixture. This behavior can be seen in the evolution of viscosity with

shear rate of collagen–cyclodextrin (COLþCD) and collagen–cyclo-

dextrin–chitosan (COLþCDþCS) mixtures (Fig. 4C). Moreover, the

incorporation of chitosan (COLþCDþCS) increase the elastic be-

havior of the collagen–cyclodextrin mixture (COLþCD) since the

difference between elastic and viscous modulus becomes bigger

(Fig. 4D). Note that the comparison between COLþCD and

COLþCDþCS was performed at the same conditions as Fig. 4A

and B.

The incorporation of chitosan to the collagen/cyclodextrin mix-

ture did not produce major changes in the fingerprint region of the

IR-spectra (Fig. 5B), showing the amide I band at 1658 cm�1, the

amide II band of much lower intensity at 1546 cm�1 and the C–O

band at 1014 cm�1. This absence of changes in the IR-spectra indi-

cates the predominance of the ionic interactions between the cat-

ionic amino groups in chitosan and the anionic carboxylic end

groups in collagen against the hydrogen bonds between both

molecules.

Chitosan spectra in the fingerprint region (Fig. 5B) showed

mainly the amide I band at 1623 cm�1 and the C–O stretching at

1050 cm�1. This spectra also shows a band at 1515 cm�1 that may

be due to the N–H bending of primary amines, since its greater in-

tensity with respect to the amide I band do not match with the amide

II band, which is not present in this spectra.

Figure 3. Variation of viscosity of collagen solution (10 mg/ml), before (COL) and after cyclodextrin (COLþCD), chitosan (COLþCDþCS) and PEG

(COLþCDþCSþPEG) incorporation, with shear rate at 37�C. The upper box shows the viscosity versus shear rate of the complete gel, before (COLþCDþCSþPEG)

and after the incorporation of microspheres and nano-hydroxyapatite (COLþCDþCSþPEGþ spheres)

154 Pérez-Herrero et al.



229 / 299

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3609551				Código de verificación: jZ6GNQ7q

Firmado por: Patricia García García Fecha: 30/06/2021 14:04:52
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 07/07/2021 15:10:56
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2021/65484

Nº reg. oficina:  OF002/2021/64712
Fecha:  01/07/2021 13:17:18

The last component to be incorporated to hydrogel was PEG

that may produce the molecular crowding of collagen, forming

aligned fibrils. However, minor reversible interactions between col-

lagen and PEG by hydrogen bonding and ionic interactions may be

also possible [32, 33]. These facts may be supported by the increase

on viscosity in all the range of shear rate (Fig. 4E), when PEG is in-

cluded to the collagen–cyclodextrin–chitosan mixture. At low fre-

quencies, the big difference between the elastic and viscous modulus

of the collagen–cyclodextrin–chitosan mixture is decreased when

the PEG is incorporated, as shown in Fig. 4F. This behavior may be

caused by an approach to a Newtonian behavior because of the

great dilution of the final mixture, but, despite this, the hydrogel

remains elastic in the complete gel since the elastic module is above

the viscous module in all the frequency range. Note that comparison

between COLþCDþCS and COLþCDþCSþPEG were generated at

the same conditions as Fig. 4A and B. Although it is well known the

formation of inclusion complexes (polyrotaxanes) between alpha-

cyclodextrin and PEG [34, 35], the utilization of beta or gamma cy-

clodextrin as an alternative of alpha-cyclodextrin avoid the forma-

tion of polyrotaxane structures [36].

PEG 400 IR-spectra in the fingerprint region (Fig. 5C) shows the

C–H bands at 1457 and 1350 cm�1, the C–O bands corresponding

to alcohol at 1292 and 1245 cm�1, and the C–O–C of ether at

1099 cm�1. The incorporation of PEG 400 to the hydrogel did not

alter the previously commented IR-spectra of collagen/cyclodextrin/

chitosan mixture, beyond the superimposition of both spectra. Only

Figure 4. Evolution of the viscoelastic behavior of collagen with the incorporation of cyclodextrin, chitosan and PEG. Variation of (A) viscosity with shear rate and

(B) elastic and viscous moduli with frequency in collagen (COL) versus a mixture of collagen and cyclodextrin (COLþCD) with a mass ratio equal to that in the final

gel, maintaining the collagen concentration in both samples (COL) and (COLþCD). Variation of (C) viscosity with shear rate and (D) elastic and viscous moduli

with frequency in collagen–cyclodextrin mixture (COLþCD) versus a collagen–cyclodextrin–chitosan mixture (COLþCDþCS) with a mass ratio equal to that in the

final gel, maintaining the collagen and cyclodextrin concentration in both samples (COLþCD) and (COLþCDþCS). Variation of (E) viscosity with shear rate and (F)

elastic and viscous moduli with frequency in collagen–cyclodextrin–chitosan mixture (COLþCDþCS) versus the complete gel (COLþCDþCSþPEG) with a mass

ratio equal to that in the final gel, maintaining the collagen, cyclodextrin and chitosan concentrations in both samples (COLþCDþCS) and (COLþCDþCSþPEG)
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a small increase in the difference between the intensities of the amide

I and amide II peaks (Fig. 5C) can be observed. This small change

may indicate a higher probability of occurrence of hydrogen bind-

ings and ionic interactions between collagen and PEG over the mo-

lecular crowding of collagen.

In vitro release profiles
In vitro release profiles of b-estradiol (Fig. 6) or RITC-dextran

(Fig. 7) from the microsphere-loaded hydrogel reveal a two-phase

behavior with a burst and a controlled release period. By comparing

these results with the respective profiles of microspheres, it is

Figure 5. FT-IR spectra in transmittance mode for (A) collagen, cyclodextrin and the mixture of both; (B) chitosan, collagen/cyclodextrin and collagen/cyclodex-

trin/chitosan mixtures; (C) PEG, collagen/cyclodextrin/chitosan and collagen/cyclodextrin/chitosan/PEG mixtures

156 Pérez-Herrero et al.
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possible to conclude that burst release was reduced (see enlargement

of Fig. 6 or 7) because of the different interactions between the com-

ponents of the hydrogel previously mentioned and the crosslinking

process that entrap the bioactive substances. Burst release for b-es-

tradiol is accentuated during the first 24 h, while for RITC-dextran

is moderate the first 2–3 days, being the damping effect of the hydro-

gel much more visible in the case of the latter. The controlled release

period is produced the following 15 days or 3 weeks for b-estradiol

or RITC-dextran, respectively. The fact that this period occurs at

the same rate for the microspheres included or not in the hydrogel

may indicate that the release process is mainly controlled by internal

diffusion within microspheres. However, depending on the sampling

method, the final released fraction varies. When media is returned

after the measurement (Fig. 6B or 7B), the drug is accumulated con-

tinuously and the total drug released before the process stops will be

less than in the case of removing the sample after the measurement

(Fig. 6A or 7A). This is because in the latter case, the media is

renewed continuously and the concentration gradient between the

spheres and the media is increased each sampling time, which forces

the remaining drug to be released from the spheres until the concen-

tration inside them is at equilibrium with the media.

Experiments were carried out under sink conditions for both, hy-

drophobic and hydrophilic model drugs. Thus, b-estradiol was al-

most completely released from the spheres, i.e. 97 or 92% for the

semi-continuous or batch sampling methods, respectively (Fig. 6),

being able to assure that there was not crystallization inside the par-

ticles. However, not all the RITC-dextran molecules diffuse out and

the final released fraction was in the range between 29 and 47% for

all the experiments with this molecule (Fig. 7). These data are in ac-

cordance with the literature [37–39] and may be due to electrostatic

interactions between the negatively charged deprotonated carboxyl

groups of PLGA and the positively charged amine groups of rhoda-

mine from the RITC-dextran at pH values between 6 and 7 [40].

The complete release of this model drug can be achieved at acidic

pH values of 4–5 [40]. Note that the slower release rate of RITC-

dextran with respect to the data from literature is due to the high

molecular weight of dextran.

Mass transfer studies for hydrophobic and hydrophilic

drugs
The mass transfer process that occurs from polymeric microspheres,

as isolated systems or included in porous hydrogels, to the media in

body cavities with low clearance rates was simulated using two

model compounds, 17-b-estradiol and RITC-dextran, which mimic

low molecular weight hydrophobic and high molecular weight hy-

drophilic drugs, respectively.

Some systems based on natural polymers, like alginate or chito-

san, with short release times [41–43] behave as concentrated sys-

tems, i.e. uniform drug concentration within microspheres. Then,

diffusional resistance inside the microspheres is negligible compared

to the liquid boundary layer resistance i.e. the rate-limiting step, be-

ing able to describe the simplified release process by means of the

mass transfer coefficient, h [41, 42]. However, based on the experi-

mental in vitro profiles mentioned above, a distributed system must

be assumed, where the concentration gradient inside the micro-

spheres is rate limiting. Thus, the release process is mainly described

by means of the diffusion process inside the spheres and therefore by

the effective diffusion coefficient, Deff [44, 45].

Diffusion process from the spherical microparticles is governed

by Fick’s second law of diffusion in radial coordinates [44], accord-

ing to the Equation (1):

oC

ot
¼ Deff

o2C

or2
þ 2

r

oC

or

� �
for 0 < r < R; (1)

where C is the concentration of the drug, Deff is the effective diffu-

sion coefficient, t is the time, r is the radial coordinate and R is the

radius of the microparticles.

Equation (1) is solved with the surface boundary condition of no

accumulation described by Equation (2), which assumes that the

mass flow rate of the drug i.e. released to the media is equal to the

mass flow rate of the drug that reach the surface of the spheres by

diffusion [44, 45]:

�Deff
oC

or

� �
¼ h CS;sf � C0;1

� �
for r ¼ R; (2)

where CS,sf is the drug concentration inside the spheres, but in the

surface; C0,1 is the drug concentration in equilibrium with the liq-

uid; Deff is the effective diffusion coefficient; r is the radial coordi-

nate; R is the radius of the microparticles and h is the mass transfer

coefficient in the boundary layer.

Resolution of Equation (1) with Equation (2) for a spherical ge-

ometry, considering a homogeneous distribution of the drug inside

the spheres at the beginning of the process, i.e. C(r) = C0 at t¼0, for

0< r<R (monolithic system), leads to Equation (3). This expression

Figure 6. In vitro release profile of b-estradiol from microspheres and microspheres-loaded hydrogel. In the upper right part of the figure is shown a magnifica-

tion of the first hours. (A) Semi-continuous sampling method; (B) batch sampling method
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permits the calculation of the fraction of the cumulative amount of

drug leaving the microspheres as a function of time [44, 45]. Note

that, C0 is the initial drug concentration inside the spheres, and per-

fect sink conditions during all the experiments were assured.

Mt

M1
¼ 1�

X1
n¼1

6 L2

bn
2 bn

2 þ L2 � L
� � exp �bn

2

R2
Deff t

� �
; (3)

where Mt and M1 are the total mass of drug released to the media

at time t and at the final of the process, respectively. M1 can be

obtained from the concentration of the drug inside the spheres at the

beginning of the process (t¼0) i.e. the value obtained by dissolution

of the spheres. The bns are the infinite roots (eigenvalues) of the

Equation (4):

bncotbn þ L� 1 ¼ 0: (4)

L is the dimensionless mass transfer Biot number, described by

the Equation (5):

L ¼ h R

Deff
: (5)

For L below 0.01, the drug concentration within microspheres is

uniform, so the liquid boundary layer surrounding the spheres is

rate limiting and the spheres behaves as a concentrated system;

while for L above 10 the spheres acts as a distributed system, being

the resistance inside the polymer matrix of the spheres rate limiting.

For large values of L, the roots of Equation (4) are multiple of

the number pi and Equation (3) can be simplified in Equation (6) i.e.

a simplified solution of Fick’s second law of diffusion:

Mt

M1
¼ 1� 6

p2

X1
n¼1

1

n2
exp �n2 p2

R2
Deff t

� �
: (6)

Since microspheres in all cases are assumed as distributed sys-

tems, they must contribute in the same way to the global mass

transport process, whether or not they are included in the hydro-

gel. Thus, the latter can be considered as part of the boundary

layer between the spheres and the media. Equations (3–6) de-

scribe the complete mass transfer process, permitting to deter-

mine not only the effective diffusion coefficient in the polymer

matrix of the spheres, Deff, but also the mass transfer coefficient

in the boundary layer, h, to which the hydrogel contributes to a

greater extent.

Table 1 shows, for each sampling method, batch and semi-

continuous, the values of Deff that describe the internal diffusion of

17-b-estradiol and RITC-dextran inside microspheres and are in the

range of 2.64�10�15 to 6.67�10�15 m2/s. The contribution of hydro-

gel to the mass transfer process throughout the values of h, which

are in the range of 8.50�10�10 to 3.04�10�9 m2/s, are also shown in

Table 1. The behavior of both model drugs was similar in the system

regardless of the sampling method and no tendency was detected.

To obtain Deff and h, deviations between experimental released

fractions, M/M1, from microspheres included or not in hydrogels

and the predicted M/M1 according to Equations (3–6) were mini-

mized. This was made for each model drug and sampling method

with ‘genetic algorithms’, already implemented in ‘R software’ (R

Foundation for Statistical Computing, version 3.5.1., 2018, Vienna)

[46, 47], because of the ill-conditioned nature of diffusion equation.

The ‘residual sum of squares (RSS)’ values obtained were between

4.44�10�4 and 2.27�10�3 and the R2-values were ranged between

95.41 and 98.87%. The mathematical form of diffusion models is

an infinite series of terms itself nonlinear, making difficult the use of

the classical methods to fit nonlinear models. The RSS allows identi-

fying two common problems: multiple minima and strong nonlinear

profiles, which can result in a relative minimum, not the absolute

one. Note that predicted M/M1 was obtained using Equation (6) for

microspheres and Equations (3–5) for microspheres included in

hydrogels. The value of Deff was the same for microspheres, whether

they were included or not in the hydrogel, for each condition. The

hydrogel contributed to the mass transfer process with h, as part of

the boundary layer. The location of the predicted Deff and h within

the RSS level curves, obtained for a great variety of values of both

coefficients (Fig. 8), and the comparison (Fig. 9) of the experimental

released fractions, M/M1, (points) versus the simulated ones (lines)

demonstrate that the proposed model fits the experimental data for

both model drugs.

In vitro cell culture in hydrogels
The hydrogel presented adequate characteristics for a good cell ad-

hesion, viability and proliferation. The green fluorescent intensity

produced by the living cells was increased over the time (Fig. 10). At

1.5 h a few cells were observed on the surface of the scaffold. The

cell proliferation increased and after 7 days, most of the scaffold was

occupied by living cells.

Figure 7. In vitro and in vivo release profiles of RITC-dextran from microspheres and microspheres-loaded hydrogel. (A) Semi-continuous sampling method;

(B) batch sampling method
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Conclusions

An innovative thixotropic hydrogel based on chitosan, collagen,

HP-c-CD and PEG has been developed. In order to target its use in

bone regeneration, the hydrogel incorporated nano-hydroxyapatite

and microspheres loaded with hydrophobic or hydrophilic model

drugs (17-b-estradiol or RITC-dextran) that slightly diminished the

porosity of hydrogel to 69.98 6 3.07%.

The changes in the FT-IR spectra, the increase of viscosity and the

intensification of the solid behavior of collagen with the incorporation

of cyclodextrin suggested the incorporation of the residues of the telo-

peptide region of collagen inside the cavities of cyclodextrins and the

formation of new hydrogen bonds between both molecules. In a similar

way, the rheological parameters indicated the formation of hydrogen

bonds between chitosan and collagen; however, the FTIR spectroscopy

suggested the predominance of ionic interactions over the hydrogen

bonds between both molecules. The increase on viscosity, the mainte-

nance of the elastic behavior and the lack of variation in FT-IR spectra

when PEG was incorporated to the rest of components, suggested the

existence of ionic interactions between collagen and PEG. The interac-

tions between components together with the rheological behavior of hy-

drogel explain the formation of a gel network that allows to trap the

bioactive components and facilitate the adaptation and injection of the

hydrogel to diverse treatment sites.

In vitro release profiles of pre-encapsulated model drugs showed

a two-phase behavior with a burst release period that was damped

by hydrogel and a controlled release period with a similar rate

whether they are included or not in hydrogel, which indicated a

mass transfer process controlled by internal diffusion within micro-

spheres. Thus, a distributed system was assumed to model mass

transfer process of drugs from polymeric microspheres, as isolated

systems or included in porous hydrogels, to the media in body cavi-

ties with low clearance rates. The calculated effective diffusion coef-

ficients, Deff, that describe the internal diffusion of the model drugs

inside the microspheres, and the mass transfer coefficients, h, i.e. the

contribution of hydrogel to the mass transfer process, as part of the

boundary layer, did not show any tendency regardless of the sam-

pling method or the model drug used.

The in vitro culture of rMSC in hydrogel showed no signs of in-

tolerance or toxicity, observing an intense proliferation of the cells

after 7 days, being most of the scaffold surface occupied by living

cells.

Since mass transfer process is controlled by the internal diffusion

within microspheres, in order to obtain an optimal release profile,

an improvement in the structure of the microspheres would be nec-

essary. To do that, new combinations of polymers to form their ma-

trix or different type of coatings should be tested. Moreover, as long

Table 1. Effective diffusion coefficient, De (m2/s), and mass transfer coefficient, h (m/s), values for 17-b-estradiol and RITC-dextran according

to Equations (3–6)

Sampling method De (m2/s) h (m/s) R2 (%)/RSS values

b-Estradiol RITC-dextran b-Estradiol RITC-dextran b-Estradiol RITC-dextran

Batch 2.9281�10�15 6.6716�10�15 8.5030�10�10 3.0350�10�9 98.87/1.2857�10�3 95.41/4.4388�10�4

Semi-continuous 3.9852�10�15 2.6409�10�15 9.2152�10�10 1.2050�10�9 98.29/2.2671�10�3 95.72/8.6032�10�4

Figure 8. Location of the predicted Deff and h within the residual sum of squares (RSS) level curves. (A) 17-b-Estradiol, batch sampling method; (B) 17-b-estradiol,

semi-continuous sampling method; (C) RITC-dextran, batch sampling method; (D) RITC-dextran, semi-continuous sampling method
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as the hydrogel continues to be a good support for bioactive sub-

stances and presents good cell adhesion, viability and proliferation

properties, a greater contribution of the hydrogel in the mass trans-

fer process would be desirable.
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Abstract: The controlled release of active substances—bone morphogenetic protein 2 (BMP-2) and
17β-estradiol—is one of the main aspects to be taken into account to successfully regenerate a
tissue defect. In this study, BMP-2- and 17β-estradiol-loaded microspheres were combined in a
sandwich-like system formed by a hydrogel core composed of chitosan (CHT) collagen, 2-hidroxipropil
γ-ciclodextrin (HP-γ-CD), nanoparticles of hydroxyapatite (nano-HAP), and an electrospun mesh
shell prepared with two external electrospinning films for the regeneration of a critical bone defect in
osteoporotic rats. Microspheres were made with poly-lactide-co-glycolide (PLGA) to encapsulate
BMP-2, whereas the different formulations of 17β-estradiol were prepared with poly-lactic acid
(PLA) and PLGA. The in vitro and in vivo BMP-2 delivered from the system fitted a biphasic profile.
Although the in vivo burst effect was higher than in vitro the second phases (lasted up to 6 weeks)
were parallel, the release rate ranged between 55 and 70 ng/day. The in vitro release kinetics of
the 17β-estradiol dissolved in the polymeric matrix of the microspheres depended on the partition
coefficient. The 17β-estradiol was slowly released from the core system using an aqueous release
medium (Deff = 5.58·10−16

± 9.81·10−17m2s−1) and very fast in MeOH-water (50:50). The hydrogel core
system was injectable, and approximately 83% of the loaded dose is uniformly discharged through
a 20G needle. The system placed in the defect was easily adapted to the defect shape and after 12
weeks approximately 50% of the defect was refilled by new tissue. None differences were observed
between the osteoporotic and non-osteoporotic groups. Despite the role of 17β-estradiol on the bone
remodeling process, the obtained results in this study suggest that the observed regeneration was
only due to the controlled rate released of BMP-2 from the PLGA microspheres.

Keywords: BMP-2-microspheres; hydrogel system; 17-βestradiol release; bone regeneration;
osteoporosis; poly-lactide-co-glycolide; polylactic acid

1. Introduction

Regeneration of bone critical defects is still a challenge in the orthopedic field. Local treatment with
bone morphogenetic protein (BMP-2) incorporated in different biomaterial scaffolds has demonstrated
to be efficient to induce new bone formation for critical bone defect in several animal models. Nowadays,
collagen sponges loaded with recombinant BMP-2 are clinically available as bone graft substitutes
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for the treatment of nonunion and critical-sized bone defects. Although BMP-2 is a potent osteogenic
agent, a controlled release profile is required for safety and efficacy. Thus, the scaffold to fill the bone
defect should not only be designed to act as support and guide for tissue growth, but also to control
the release rate of active substances. Although many materials and structures have been proposed to
construct these scaffolds, the control of the release rate has not always been taken into account. In fact,
in some cases the protein is incorporated in the material by incubation and, unless a material-protein
interaction occurs, a burst release at an early period would be expected. Consequently, a high dose
of BMP-2 would be in blood circulation, leading to a high risk of side effects and, at the same time,
a significant loss of the protein in the site of action. In addition, some authors showed that BMPs in these
cases might also stimulate bone resorption due to the high dose of BMP-2 associated to uncontrolled
release [1]. To minimize the osteoclastic effect of BMPs, some authors proposed the addition of an
anti-catabolic agent. The most frequently studied combination has been BMP-2 with bisphosphonates
as anti-resorption agents such as alendronate [2,3] and zolendronate [4]. The results indicated good
bone regeneration with improved bone quality and mineralization in different localizations compared
to BMP-2 alone [5,6].

Among the several natural polymeric scaffolds prepared for bone regeneration, chitosan is a
biomaterial frequently used for this purpose. In a recent extensive review [7] based on chitosan (CHT)
applied in bone tissue regeneration, different advantageous aspects were showed and discussed such as
biocompatibility, capacity for BMPs sustained release, improvement of cell proliferation, and increase
of in vitro and in vivo differentiation and mineralization. However, bone graft materials to simulate
bone structure, e.g., collagen, the major ECM of bone tissue, and hydroxyapatite (HAP), a mineral
component of the bone, have also been widely studied [6,8–14].

Although the aforementioned studies indicated positive results, the mentioned strategies applied
in osteoporosis (OP) conditions have not always been effective [15]. According to recent reports,
the prolonged subcutaneous administration of alendronate and the low level of estrogen in OP alters
the evolution of calvarial bone repair due to estrogen, Transforming Growth Factor beta 1 (TGF-β1),
and α-estrogen receptor (α-ER) interaction [16]. Menopausal women are the population most affected
by this disease due to estrogen deficiency. Previous reports revealed that local implantation of scaffolds
loaded with combinations of BMP-2 and 17β-estradiol formulated in microspheres of polylactic acid
(PLA) or PLGA, in rat calvaria critical defects increased the bone repair in OP rats, but the new bone
that refilled the defect was less mineralized compared to non-OP groups [17,18].

As some biomaterials may promote bone regeneration, controlled release of the active substances
is required for efficient and safe bone regeneration [19,20]. In this study, we propose a loaded BMP-2
and 17β-estradiol sandwich-like system, comprising two polymeric external films and a core of a
biocomposite hydrogel containing microspheres, to provide sustained release of active substances.
The core system composed of CHT, collagen, HAP nanoparticles (nano-HAP), polyethylene glycol
(PEG-400) and 2-Hidroxipropil γ-Ciclodextrin HP-γ-CD was previously characterized in terms of
composition, rheological behavior and mass-transfer using RITC-dextran as macromolecule model and
17β-estradiol in microspheres [21]. In the present study, we aim to study the influence of the release
rate of 17β-estradiol on the osteogenic effect induced by BMP-2 released from PLGA microspheres
within core system after sandwich-like system implantation in a OP rats critical size defect. Therefore,
17β-estradiol was incorporated into the system in 3 forms: free and dispersed in the core, encapsulated
in microspheres prepared with a mixture of PLA and PLGA dispersed within the hydrogel and lastly
encapsulated in the PLGA films shell prepared by electrospinning technique.

2. Materials and Method

2.1. Materials

PLGA 75:25 (Resomer® RG755-S), PLGA 50:50 (Resomer® RG504), PLGA 85:15 (Resomer® RG858-S),
and PLA (Resomer® RG203-S) were supplied by Evonic Industries (Darmstadt, Germany). Chitosan



239 / 299

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3609551				Código de verificación: jZ6GNQ7q

Firmado por: Patricia García García Fecha: 30/06/2021 14:04:52
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 07/07/2021 15:10:56
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2021/65484

Nº reg. oficina:  OF002/2021/64712
Fecha:  01/07/2021 13:17:18

Pharmaceutics 2019, 11, 648 3 of 19

(Protasan® UP-CL-213) was purchased from NovaMatrix (Sandvika, Norway). 2-Hidroxipropil
γ-Ciclodextrin (CAVASOL® W8 HP), was supplied by Wacker Chemical (Burghausen, Germany).
The bovine collagen type I was purchased from CellSystems Biotechnologie (Vertrieb GmbH,
Germany). Riboflavin (RB), Poly(ethylene glycol) 400, Poly(vinyl alcohol) (PVA, Mw 33–70 kDa;
87–90% hydrolyzed), 17β-estradiol, and all the other reagents were purchased from Sigma-Aldrich,
(St. Louis, MO, USA). The recombinant human bone morphogenetic protein 2 (BMP-2) was bought from
Biomedal Life Sciences (Sevilla, Spain). Citrate-coated carbonated apatite nanoparticles (nano-HAP)
were kindly donated (Jaime Gómez-Morales, PhD, Laboratory of Crystallographic Studies, CSIC,
Granada, Spain).

2.2. Microspheres Preparation and Characterization

The BMP-2 microspheres were prepared by the double emulsion method (w/o/w) previously
described [22]. Briefly, 200 µL of an aqueous solution (0.2% PVA) of BMP-2 (260 µg) was emulsified
with 1 mL of a PLGA mixture (150 mg) of RG504 and RG858 [4:1] in methylene chloride (DCM) by
vortexing 1 min (position 10, Genie® Industries 2, Sciencies Industries Inc. USA). Then, this emulsion
was poured into 10 mL of 0.2% PVA solution vortexed 15 s, then poured into 100 mL of 0.1% PVA and
kept under magnetic stirring for 1 h for solvent evaporation.

The 17β-estradiol microspheres were prepared by a modified solvent evaporation method
previously described [17]. Briefly a mixture of 17β-estradiol (4 mg), PLA-S RG203-S (160 mg) and
PLGA RG858 (40 mg) dissolved in 0.6 mL of DCM:Methanol (DCM:MeOH) (80:20) was emulsified
with 4 mL of 1% PVA aqueous solution by vortexing 1 min (position 10), and then added to 100 mL of
0.16% PVA solution, under magnetic stirring for organic solvent evaporation (1 h).

Both type of microspheres were collected by filtration (Pall Corporation, pore size 45 µm,
Sigma-Aldrich, USA), lyophilized, and stored at 4 ◦C until use.

Microspheres were characterized in terms of size (Mastersizer 2000, Malver Instruments, Malvern,
UK) and morphology (SEM, Jeol JSM-6300, Tokyo, Japan). To determine the BMP-2 encapsulation
efficiency and to carry out the BMP-2 release assays, some batches were prepared with 125IBMP-2.
The BMP-2 was labeled with 125INa (Perkin-Elmer) by the iodogen method [23]. The content of
17β-estradiol in the microspheres was determined spectrophotometrically at λ = 280 nm previous
dissolution in a mix of DCM:MeOH (80:20).

To determine the solubility of 17β-estradiol in the polymer matrix of the microspheres, differential
scanning calorimetry (DSC 025, TA Instruments, New Castle, DE, USA) was performed. 17β-estradiol
and lyophilized microspheres were analyzed after drying in an oven at 37 ◦C overnight. In addition,
samples of polymer blends (RG 203-S and RG 858, 4:1) and samples of the polymer blend with excess
17β-estradiol (8.5%) were dissolved in DCM:MeOH (80:20) and maintained in a hood for 24 h. Then,
samples were placed 48 h more in a vacuum desiccator to complete the evaporation of the organic
solvent. The analysis of all samples was performed with the same thermal program in two thermal
cycles under a nitrogen atmosphere (50 mL/min). In the first cycle, temperature was increased to
40 ◦C (10 ◦C/min) and then cooled to −20 ◦C (5 ◦C/min) to avoid possible water interference. Once the
samples were stabilized, they underwent a final heating cycle from −20 ◦C to 270 ◦C (10 ◦C/min).

2.3. Fabrication and Characterization of the Film

The film was fabricated by a previously described electrospinning method [24]. Briefly, 7 mg of
17β-estradiol and 300 mg of a mixture of PLGAs, RG755-S and RG858 [4:1] were dissolved in 2 mL
of hexafluoroisopropanol (Sigma-Aldrich, Steinheim, Germany) and electrospun at 7kV; flow rate of
3.0 mL/h and 10 cm of distance from the collector.

The film quality was checked in terms of porosity, thickness and fiber diameter using helium
pycnometer (AccuPyc 1330, Micromeritics, Norcross, GA, USA), stereo microscopy (Leica M205C,
Leica Las, v3 sofware), and SEM (Jeol, JSM-6300, Tokyo, Japan), respectively.
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2.4. Core System Preparation and Characterization

To prepare the core system, approximately 20 mg of microspheres were dispersed in 50 µL of the
hydrogel composed by a mixture of collagen type I (5 mg/mL), HP-γ-CD (34 mg/mL), RB (0.4 mg/mL),
CHT (5 mg/mL), PEG-400 (150 mg/mL), and 5 mg of nano-HAP. Then, the hydrogel was cross-linked
with 5% w/w TPP sterile aqueous solution (0.5 µL/µL of hydrogel) and visible light blue at 468 nm
(Dental device) for 3 min [21]. The dose of BMP-2 was 6 µg in microspheres and the total 17β-estradiol
dose was 200 µg in three different forms: electrospun films, microspheres, or dispersed into the gel.

The quality of the core system was checked according to its rheological characteristics and
porosity previously described [21]. In addition, water uptake and mass loss assays were carried out by
incubation of aliquots of 300 µL of the core system in 5 mL of sterile MilliQ water (37 ◦C) under orbital
agitation (25 rpm). At specific times, six samples were withdrawn, we then removed excess water,
weighed, and freeze-dried the samples. Then, three samples were visualized by SEM (Jeol JSM-6300) to
see the evolution of the internal structure after incubation. The other three samples were used to record
the dried weight and calculate the percentage of mass loss and water uptake, applying Equations (1)
and (2), respectively, where W0 is the initial weight of the sample and Ww and Wd are the weights of
the wet and dried sample, respectively, at the different times tested.

Mass loss(%) =
(W0 −Wd)

W0
× 100 (1)

Water uptake(%) =
(Ww −Wd)

Wd
× 100 (2)

To test the syringeability of the core system two syringes of 1 mL were loaded with a suspension
of microspheres of 17β-estradiol in the hydrogel, up to 0.5 mL. Then, 4 doses of 50 µL each were
unloaded from both syringes assayed for fluidity through a 20G needle and dose uniformity. For this,
the discharged samples were lyophilized, and the 17β-estradiol content evaluated by spectrophotometry
at 280 nm, after dissolution in DCM: MeOH (80:20).

2.5. In Vitro Release Assays

BMP-2 in vitro release assays were carried out by incubating an amount of 125I-BMP-2 microspheres
and an amount of core system with the same amount of 125I-BMP-2 microspheres in sterile MilliQ water
at 37 ◦C and 25 rpm. The amount of BMP-2 released was calculated by measuring the radioactivity of
supernatant samples with a gamma counter (Cobra® II, Packard).

The in vitro release of 17β-estradiol from the different formulations (dispersed in the core system,
microspheres, microspheres incorporated to the core system, and electrospun films) was carried out at
37 ◦C and 25 rpm using two release media: an aqueous solution of sodium lauryl sulfate (SLS) 1% [25]
and MeOH:water (50:50) [26,27]. The released 17β-estradiol was measured in the supernatant using the
spectrophotometric method. The effective diffusion coefficient, Deff in the matrix of the microspheres
and the mass transfer coefficient of the drug in the boundary layer h, were calculated according to the
non-steady-state Fick law, as previously described in detail [21]. Whether or not the released fraction
of 17β-estradiol from the microspheres dispersed in the core system was analyzed, and Equations
(3)–(6) were applied for Deff and h calculation.

Mt

M∞
= 1−

∞∑
n=1

6 L2

β2
n

(
β2

n + L2 − L
) exp

(
−
β2

n

R2 De f f t
)

(3)

where Mt and M∞ are the total mass of drug released to the media at time t and at the end of the
experiment, respectively. The βns are the infinite roots (eigenvalues) of the Equation (4):

βn cot βn + L− 1 = 0 (4)



241 / 299

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3609551				Código de verificación: jZ6GNQ7q

Firmado por: Patricia García García Fecha: 30/06/2021 14:04:52
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 07/07/2021 15:10:56
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2021/65484

Nº reg. oficina:  OF002/2021/64712
Fecha:  01/07/2021 13:17:18

Pharmaceutics 2019, 11, 648 5 of 19

L is the dimensionless mass transfer Biot number Equation (5):

L =
h R

De f f
(5)

For large values of L, the roots of Equation (4) are multiples of the number pi and Equation (3) can
be simplified in the Equation (6), that is, a simplified solution of non-steady-state Fick law:

Mt

M∞
= 1−

6
π2

∞∑
n=1

1
n2 exp

(
−

n2 π2

R2 De f f t
)

(6)

As stated previously, to minimize the residual sum of squares, “genetic algorithms” already
implanted in R software (R Foundation for Statistical Computing, version 3.6.1., 2019, Vienna, Austria)
were used [21].

2.6. Animal Experiments

All animal experiments were carried out in conformity with the European Directive (2010/63UE)
on Care and Use in Experimental Procedures. Furthermore, the animal protocols were approved on 5
November 2014 by the Ethics Committee for Animal Cares of the University of La Laguna (CEIBA)
with identification code CEIBA2014-0128. All surgical procedures were made under aseptic conditions.

2.6.1. Animal Models

Forty female adult Sprague-Dawley rats approximately 12 weeks old, weighing 200–250 g,
were divided in 4 groups of 10 each. The experimental osteoporosis was induced in 3 groups by
three different protocols, OVX, chronic administration of DEX and OD. The forth group was the
sham, non-osteoporotic control group (non-OP). The bilateral ovariectomy was carried out under
isoflurane anesthesia, via dorsal approach to the animals of OVX and OD groups. Analgesia
consisted in buprenorphine administered subcutaneously (0.05 mg/kg) before surgery and paracetamol
(70 mg/100 mL) in the water, for 3 days post-surgery. The DEX group received 0.3 mg/kg body weight
of dexamethasone-21-isonicotinate (Deyanil retard, Fatro Ibérica, Barcelona, Spain) administered
subcutaneously once ievery two weeks [28] up to the time of euthanasia. Then, two weeks after the
ovariectomy, the rats of group OD were chronically treated with DEX as the DEX group. The 40 rats
were sacrificed after 12 weeks and the calvaria and femurs were extracted to be histologically analyzed.
The results of these analyzes were used to evaluate the 3 protocols tested to induce OP.

2.6.2. Animals Groups

Fifty female Sprague-Dawley rats (12 weeks old), weighing 200–250 g, were divided into 2 groups
of 25 each: OP and non-OP. The rats of the OP group were ovariectomized and the rats of the non-OP
group underwent similar surgery but the ovaries were not resected. Twelve weeks post-surgery, 8 mm
critical size cranial defects were created surgically with a trephine burr in the rats under isoflurane and
the systems were placed into the defects [20]. Analgesia treatment was administrated.

Female rats were divided into 5 groups of 10 rats each—5 OP and 5 non-OP—and the applied
regenerative treatment is reflected in Table 1. The implantation of the systems was carried out following
a two steps procedure. First, a layer of film (bottom film), previously soaked in the blood produced
during the surgery, was placed in the defect then 50 µL of the hydrogel mixed with the microspheres
and partially cross-linked with UV light, was discharged. Second, the hydrogel was completely
cross-linked by dripping 25 µL of sodium tripolyphosphate (TPP) forming the core system, after 5 min,
a second layer of film (soaked in blood) was placed on the top, like a sandwich, and the wound was
then closed.
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Table 1. Experimental groups to evaluate regenerative efficiency.

Group Designations Treatment

Blank I (B) System loaded with blank microspheres and blank films

Blank II (B-HAP) System loaded with blank microspheres and 5 mg of nano-HAP and
blank films

BMP+EF System loaded with 6 µg of BMP-2 in microspheres and 200 µg of
17β-estradiol in the 2 films

BMP+EMs System loaded with 6 µg of BMP-2 in microspheres and 200 µg of
17β-estradiol in microspheres, blank films

BMP+ED System loaded with 6 µg of BMP-2 and 200 µg of 17β-estradiol
dispersed, blank films

2.6.3. 125I-BMP-2 in Vivo Release Assay

The BMP-2 release kinetics was monitored periodically by measuring the remaining 125I-BMP-2 at
the rat calvarial defect site (n = 5) using an external probe-type gamma counter (Captus ®, Capintec
Inc., Ramsey, NJ, USA), as previously described and validated [29].

2.7. Rat Mesenchymal Stem Cells (rMSCs) Osteogenic Differentiation

The rMSCs were obtained by centrifugal isolation as previously described [30] from the bone
marrow of the femur of OVX female Sprague-Dawley rats. Briefly, the cells were resuspended in
high glucose DMEM (HyClone® Utah) supplemented with 10% fetal bovine serum (Biowest, South
America Origin), 1% penicillin–streptomycin (PAA, Pasching, Austria), and 2 mM l-Glutamine stable
(Biowest, France) (Complete Culture Medium, CCM). Then, cells were cultured in flasks of 75 cm2 and
subcultured by incubating at 37◦C and 5% CO2. The culture medium was changed every 2–3 days.

To test the osteogenic differentiation, 50,000 cells (passage 2) in 20 µL of CCM were added over
aliquots of 300 µL of the core system (hydrogel with microspheres) with and without nano-HAP
and incubated at 37 ◦C and 5% CO2 for 1.5 h for cell adhesion. The homogeneous cell distribution
was checked by light microscopy. Afterwards, 500 µL of CCM were added to each well, after 3 days
incubation the medium was changed to CCM supplemented with 10 mM β-glycerol phosphate, 10–7 M
dexamethasone and 50 µM ascorbate-2-phosphate. At 7, 14, and 21 days of culture, three wells of each
time point were washed (2 times) with Hank’s balanced salt solution (HBSS 1x) and cooled at 4 ◦C. Then,
500 µL of 0.1 M buffer Tris-HCl, 0.1M NaCl, and 0.05 M MgCl2 (pH = 9.2–9.5) containing Nitro blue
tetrazolium chloride (NBT, Roche Diagnostics, Mannheim, Germany) and 5-Bromo-4-chloro-3-indolyl
phosphate (BCIP, Roche Diagnostics, Mannheim, Germany) were added and incubated at 37 ◦C
and 5% CO2 under soft agitation for 1.5 h. Then, the NBT/BCIP was removed and the cells were
fixed with a solution of 3.7–4% p-formaldehyde buffered to pH = 7.0 (Panreac®, Barcelona, Spain)
during 30 min. After this, the formaldehyde was removed, and the wells were washed 3 times with
HBBS 1x. Immediately after this, cells were visualized by stereo microscopy (Leica M205C, Leica
Las, v3 software). In addition, samples were dehydrated in a graded series of ethanol before being
embedded in Paraplast® and microtome (Shandon Finesse 325, Thermo Fisher Scientific, Madrid,
Spain) sections were observed by light microscopy (LEICA DM 4000B, Barcelona, Spain).

2.8. Histology, Immunohistochemical, and Histomorphometrically Evaluation

First, to check the osteoporotic-like condition, 12 weeks after the 12 rats undergone the different
protocols were sacrificed and the femurs and calvaria were analyzed. The femurs and calvaria were
fixed (4% paraformaldehyde solution), decalcified in Histofix® Decalcifier (Panreac, Barcelona, Spain)
and prepared for histological analysis as previously described [20,22].

Bone morphology was analyzed by hematoxylin–erythrosin staining. The histomorphometric
analyze was carried out in femurs by measuring the following parameters; thickness of the cortical
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bone (Ct.Wi) and number (Tb.N), width (Tb.Wi) and separation (Tb.Sp) of the trabeculae in cancellous
bone. In the calvaria bone, the histomorphometric analysis was carried out by measuring the following
parameters, cortical bone thickness (CBT) and intercortical space thickness (IST) occupied by trabecular
bone in transversal sections of calvaria.

To determine the capacity of the bone active substances, so as to regenerate the critical size defect
practiced in the calvaria of the rats, samples of the 10 groups of 5 rats each were examined.

Samples were processed as previously described [22]. New bone formation was identified by
hematoxylin–erythrosin staining. Bone mineralization was assessed with VOF trichrome stain, in which
red and brown staining indicates advanced mineralization, whereas less mineralized, newly formed
bone stains blue [31]. Sections were analyzed by light microscopy (LEICA DM 4000B, Barcelona, Spain).
Computer-based image analysis software (Leica Q-win V3 Pro-Image Analysis System, Barcelona,
Spain) was used to evaluate all sections. A region of interest (ROI) within the defect (50 mm2) for
quantitative evaluation of new bone formation was defined. New bone formation was expressed as a
percentage of repair with respect to the original defect area within the ROI. From the total bone repair,
the areas of mature bone (MB) and immature bone (IB) were determined, and the MB/IB ratio for each
experimental group as well as between non-osteoporotic and osteoporotic-like animals was calculated.

For immunohistochemical analysis, sections were deparaffined and rehydrated in Tris-buffered
saline (TBS) (pH 7.4, 0.01 M Trizma base, 0.04 M Tris hydrochloride, 0.15 M NaCl), which was
used for all further incubations and rinse steps. Sections were incubated in citrate buffer (pH 6)
at 90 ◦C for antigen retrieval, followed by incubation in 0.3% hydrogen peroxide in TBS buffer for
20 min. After a rinse step, sections were blocked with 2% FBS in TBS–0.2% Triton X-100 (blocking
buffer). The indirect immunohistochemical procedure was carried out by incubating the sections
with osteocalcin (OCN) polyclonal antiserum (1/100) (Millipore, Barcelona, Spain) in blocking buffer
overnight at 4 ◦C. Sections were rinsed three times, then incubated with biotin-SP-conjugated donkey
anti-rabbit F(ab) fragment (1/200) (Millipore, Barcelona, Spain) in blocking buffer for 1 h followed, after
another rinse step, by incubation in peroxidase-conjugated streptavidin (1/300) (Millipore, Barcelona,
Spain) for 1 h. Peroxidase activity was revealed in Tris–HCl buffer (0.05 M, pH 7.6) containing 0.05% of
3,3′-diaminobenzidine tetrahydrochloride (Sigma, Poole, UK) and 0.004% hydrogen peroxide. Reaction
specificity was confirmed by replacing the specific antiserum with normal serum or by pre-adsorption
of the specific antiserum with the corresponding antigen.

OCN staining was evaluated using computer-based image analysis software (ImageJ, NIH,
Bethesda, MD, USA). OCN staining was measured by applying a fixed threshold to select for positive
staining within the ROI. Positive pixel areas were divided by the total surface size (mm2) of the
ROI. Values were normalized to those measured from blank scaffolds and are reported as relative
staining intensities.

Statistical analysis was performed with SPSS.25 software. We compared the distinct treatments
by means of a one-way analysis of variance (ANOVA) with a Tukey multiple comparison post-test.
Significance was set at p < 0.05. Results are expressed as means ± SD.

3. Results

3.1. Sandwich-Like System Characterization

The characteristics of the microspheres, electrospun film, and core system are shown in Table 2.
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Table 2. Characteristics of the component of the sandwich-like system. Microspheres: size and
encapsulation efficiency. Electrospun film: thickness and porosity of the film and average diameter of
the fibers). Core system: porosity freshly prepared and lyophilized and water uptake and mass loss
after incubation in MilliQ water, 37 ◦C, and 25 rpm.

Microspheres Size (µm) E.E. (%)

17β-estradiol 101.4 (10% < 29.73, 90% < 198.31) 83.5 ± 1.84

BMP-2 112.1 (105 < 60.3, 905 < 174.8) 71 ± 7

Film
Thickness (µm) Fiber diameter (µm) Porosity (%)

63.4 ± 4.3 1.2 ± 0.26 71.9 ± 0.41

Core system
(Hydrogel +

microspheres)

Porosity (%) Incubation time Water uptake (%) Mass loss (%)

72
7 days 135.9 ± 2.6 18.85 ± 7

28 days 138.9 ± 11.0 29.19 ± 4.88

SEM image of the microspheres is shown in Figure 1A and the differential scanning calorimetry
thermograms of the 17β-estradiol microspheres components are plotted in Figure 2. The glass transition
temperature (Tg) of the mixture of polymers RG 203-S and RG 858 [4:1] was located at 52–58 ◦C, in the
temperature range of the PLA (RG203-S) and PLGA (RG858). The DSC analysis of pure 17β-estradiol
showed three endothermic peaks (Figure 2A), the first two at 118.1 ◦C and 174.4 ◦C, previously
attributed to the partial and complete loss of hydrogen-bound water and reticular water, respectively.
The third at 179.4 ◦C corresponds to the melting point [32]. This last peak, characteristic of the crystalline
structure of 17β-estradiol, was not detected in the spectrum of the polymers and 17β-estradiol blend
or in the thermogram of the microspheres (Figure 2B). These results indicated that 17β-estradiol was
dissolved in the polymer by at least 8.5%.
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needle and the average dose discharged was 83.5 ± 6% of the loaded dose. 

Figure 1. SEM images (A) microspheres, (B) hydrogel, (C) hydrogel high magnification detail, (D) core
system freshly prepared, (E) internal structure of the core system after 4 weeks incubation in water at
37 ◦C and 25 rpm, and (F) high magnification detail of Figure 1E. Scale bars: (A–E) 100 µm, (C) 1 µm,
(F) 20 µm.

The integrity of the system was assayed throughout the 4-week test duration. The SEM images
of the internal structure of the hydrogel (Figure 1B,C), the freshly prepared core system (Figure 1D),
and after 4 weeks incubation showed that the microspheres were homogeneously dispersed in the
hydrogel and are trapped in the core system during incubation (Figure 1E,F). The core system absorbed
a significant amount of water during the first days of incubation which was maintained over time.
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Contrarily, the system lost little mass: less than 20% during the first week and approximately 35% after
4 weeks (Table 2). In addition, the core system flew well through the 20 G needle and the average dose
discharged was 83.5 ± 6% of the loaded dose.Pharmaceutics 2019, 11, x 9 of 19 
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Figure 2. Differential scanning calorimetry thermograms. (A) Curve of pure 17β-estradiol. (B) Curves
of PLA (RG203-S); PLGA (RG858), polymer blend (RG203-S:RG858, [4:1]), and polymer blend with
8.5% of 17β-estradiol, previously dissolved in DCM:MeOH (80:20) and the curve of the microspheres
of 17β-estradiol (B).

3.2. Osteogenic Differentiation

The alkaline phosphatase positive (ALP+) cell count, in the hydrogels pre-seeded with rMSCs
and cultured in the osteogenic differentiation culture medium, showed a discrete and progressive
increase in the number of cells between 7 and 21 days of culture in the hydrogels without and with
nano-HAP; the number being significantly higher in those containing nano-HAP (Figure 3). Likewise,
qualitatively, the cells presented, in the scaffolds with nano-HAP, greater intensity of color, suggesting
greater ALP activity (Figure 3) than without nano-HAP.
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Figure 3. Alkaline phosphatase (ALP) activity in rMSCs cultures. (a) Representative images from
hydrogels 20 days after cultured showing the AP-positive (ALP+) cells’ morphology (arrowheads) in
hydrogel without (non-HAP) and with nanohydroxyapatite (HAP). (b) Graphic showing the number
of APL+ cells/ microscopic field at different time points of analyses (7, 14, and 21 days) after culture in
each system. Scale bar = 20 µm. The identical symbol on different bars indicates significant differences.
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3.3. Release Profiles of 125I-BMP-2 and 17β-Estradiol.

Although the hydrogel provoked a strong reduction of the burst effect, the in vitro release of
BMP-2 from the microspheres and from the core system showed a biphasic profile. During the first 24 h,
approximately 7% of the protein was release from the core system versus 27% from the microspheres
directly dispersed in the medium. Afterward, the release rate was kept in the range of 60 to 55 ng/day
(Figure 4). The in vivo release profile was also biphasic, with a first phase that lasted up to 7 days
whereas approximately 50% of the protein released. Then, the release rate was reduced to 70 ng/day,
which is slightly higher than the in vitro rate.

Pharmaceutics 2019, 11, x 10 of 19 

24 h, approximately 7% of the protein was release from the core system versus 27% from the 
microspheres directly dispersed in the medium. Afterward, the release rate was kept in the range of 
60 to 55 ng/day (Figure 4). The in vivo release profile was also biphasic, with a first phase that lasted 
up to 7 days whereas approximately 50% of the protein released. Then, the release rate was reduced 
to 70 ng/day, which is slightly higher than the in vitro rate. 

Figure 4. BMP-2 release assays. In vivo release profile of 125I-BMP-2 from PLGA-microspheres in the 
system after implantation in the rat calvaria defect (n = 5). In vitro release of 125I-BMP-2 (incubation in 
water at 37 °C and 25 rpm) from PLGA-microspheres and from the PLGA microspheres dispersed in 
the system. 

The in vitro release rate of 17β-estradiol in the aqueous medium depended on the formulation 
(Figure 5B); 100% and 70% of the 17β-estradiol dispersed in the hydrogel and in the electrospun film 
were detected in the medium after 4 weeks incubation, respectively. The release profile was 
characterized by a high burst effect; approximately half of the dose was released during the first day. 
By contrast, the 17β-estradiol release rate was extremely slow from the microspheres alone and from 
the microspheres included in the hydrogel (core system). Both release profiles were similar: less than 
20% was delivered in 4 weeks. However, in the MeOH: water (50:50) medium there were not 
differences in the transfer profiles. The presence of MeOH modifies the solubility of 17β-estradiol, 
showing a strong burst effect that varied in a range between 70 and 85% in the first 24 h (Figure 5A). 

Figure 5. In vitro 17-β-estradiol release profiles in different release media at 37 °C and 25 rpm. (A) In 
MeOH:water (50:50). (B) In aqueous solution of SLS 1%. (ED) 17β-estradiol dispersed in the core 
system; (EF) 17β-estradiol in the electrospinned film; (microspheres) 17β-estradiol pre-encapsulated 
in microspheres and (core system) 17β-estradiol microspheres in the hydrogel. 

The estimated values of Deff and h for 17β-estradiol release in the different media are showed in 
Table 3. Although the value of Deff of 17β-estradiol in SLS was significantly lower compared to the 
MeOH:water (50:50), there were not differences for h regardless of the release media used. h is the 
contribution of hydrogel, as part of the boundary layer, to the whole mass transfer process, and the 

0

20

40

60

80

100

120

0 7 14 21 28

17
β-

es
tr

ad
io

l r
el

ea
se

 (%
) 

Time (days)

a) MeOH:water

Core system
Microspheres
EF
ED

0

20

40

60

80

100

120

0 7 14 21 28

17
β-

es
tr

ad
io

l r
el

ea
se

 (%
) 

Time (days)

b) SLS 1%

Microspheres
EF
ED
Core system

Figure 4. BMP-2 release assays. In vivo release profile of 125I-BMP-2 from PLGA-microspheres in the
system after implantation in the rat calvaria defect (n = 5). In vitro release of 125I-BMP-2 (incubation in
water at 37 ◦C and 25 rpm) from PLGA-microspheres and from the PLGA microspheres dispersed in
the system.

The in vitro release rate of 17β-estradiol in the aqueous medium depended on the formulation
(Figure 5B); 100% and 70% of the 17β-estradiol dispersed in the hydrogel and in the electrospun
film were detected in the medium after 4 weeks incubation, respectively. The release profile was
characterized by a high burst effect; approximately half of the dose was released during the first day.
By contrast, the 17β-estradiol release rate was extremely slow from the microspheres alone and from
the microspheres included in the hydrogel (core system). Both release profiles were similar: less
than 20% was delivered in 4 weeks. However, in the MeOH: water (50:50) medium there were not
differences in the transfer profiles. The presence of MeOH modifies the solubility of 17β-estradiol,
showing a strong burst effect that varied in a range between 70 and 85% in the first 24 h (Figure 5A).
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Figure 5. In vitro 17-β-estradiol release profiles in different release media at 37 ◦C and 25 rpm. (A) In
MeOH:water (50:50). (B) In aqueous solution of SLS 1%. (ED) 17β-estradiol dispersed in the core
system; (EF) 17β-estradiol in the electrospinned film; (microspheres) 17β-estradiol pre-encapsulated in
microspheres and (core system) 17β-estradiol microspheres in the hydrogel.
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The estimated values of Deff and h for 17β-estradiol release in the different media are showed in
Table 3. Although the value of Deff of 17β-estradiol in SLS was significantly lower compared to the
MeOH:water (50:50), there were not differences for h regardless of the release media used. h is the
contribution of hydrogel, as part of the boundary layer, to the whole mass transfer process, and the
value of this coefficient should not change by varying the release media. The values of R2 (Table 3),
together with the comparison of experimental and predicted values of the released fractions shows a
good fit of the data to the proposed model for both release media.

Table 3. Estimated values of effective diffusion coefficient (Deff) and mass transfer coefficient (h) for
17β-estradiol release in different media applying Equations (3)–(6).

Release Media Deff (m2/s) h (m/s) R2 (%) Value

MeOH:water (50:50) 2.28·10−15
± 5.00·10−17 7.56·10−10

± 2.89·10−10 95.47 ± 0.07

SLS 1% 5.58·10−16
± 9.81·10−17 4.01·10−10

± 4.94·10−10 92.49 ± 2.71

3.4. Histology, Immunohistochemical, and Histomorphometrically Evaluation

3.4.1. Osteoporotic Model

The osteoporotic model was assessed in both long bone (femur) and flat bone (calvaria).
The histological analysis of calvaria showed evident changes in the structure and microarchitecture of
the bone among the different experimental groups. Although the non-OP animals showed a normal
bone structure in cortical bone (CB) and trabecular bone (TB), in the intercortical space (ICS), for the
different OP models (DEX, OVX, and OD (Figure 6a), it was observed a progressive decrease in cortical
bone thickness (CBT) and an increase in the intercortical space thickness (IST), being the group OD the
one that presented greater alteration of the tissue bone structure (Figure 6b).
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Figure 6. Validation of the OP model in calvarial bone. (a) Representative images in transversal section
of calvaria in non-osteoporotic animals (non-OP) and in each of the different experimental models of
osteoporosis tested showing the bone structure in each one. (b) Histomorphometric analysis of the
cortical bone thickness and intercortical space thickness evaluated in calvaria in the different models of
osteoporosis. CB: cortical bone; BMa: bone marrow; ICS: intercortical space; TB: trabecular bone. Scale
bar = 100 µm. The identical symbol on different bars indicates significant differences.
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The histological analysis of the femurs showed evident changes in the structure and
microarchitecture of the bone among the different experimental groups. Although the non-OP
animals showed a normal bone structure, in the different OP models (DEX, OVX and OD), structural
changes were observed, both at the level of cortical and cancellous bone, showing a less compact bone
and with a more porous structure (Figure 7a). The histomorphometric analysis revealed differences in
the parameters measured in cancellous bone (Tb.N, Tb.Wi., and Tb.Sp.), with a significant reduction in
all of them, in OVX and OD compared to the non-OP and DEX animals (Figure 7b–d). The cortical bone
thickness (Ct.Wi.), although it showed a slight reduction in the groups (OVX and OD) with respect to
the non-OP and DEX groups, was not significant (Figure 7e).
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Figure 7. Validation of the OP model in long bone (femur). (a) The left column shows representative
panoramic images in longitudinal section of rat femur in non-osteoporotic animals (non-OP) and
in each of the different experimental models of osteoporosis tested. The right column shows high
magnification images of the distal portion of the femur, showing differences in the microarchitecture of
the bone in the different models. The column on the left shows detail of the boxed areas in which the
structural characteristics of the compact and trabecular bone can be observed in each of the models.
Histomorphometric analysis of the different parameters evaluated in femur in the different models of
osteoporosis (b), Tb. N (mm), (c) Tb. Wi (µm), (d) Tb. Sp. (µm), and (e) Ct. Wi (µm). CB: cortical bone;
TB: Trabecular bone; BMa: bone marrow. Scale bars: Left column 250 µm. Right column 50 µm. The
identical symbol on different bars indicates significant differences.



249 / 299

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3609551				Código de verificación: jZ6GNQ7q

Firmado por: Patricia García García Fecha: 30/06/2021 14:04:52
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 07/07/2021 15:10:56
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2021/65484

Nº reg. oficina:  OF002/2021/64712
Fecha:  01/07/2021 13:17:18

Pharmaceutics 2019, 11, 648 13 of 19

3.4.2. Calvarial Critical Size Defect

The histological analysis at the level of the calvarial defect showed a few new bone formations
in the blank groups (B and B HAP), being limited to the margins of the defect in both, non-OP, and
OP groups (Figure 8a). The groups implanted with BMP-2 + 17β-estradiol in the three different
formulations showed a greater area of newly formed bone in the defect area, not only in the margins, but
also in inner zone of the defect (Figure 8a). The newly formed bone in the different experimental groups
of non-OP and OP animals showed a normal morphology and VOF staining, revealing significant
areas of mineralization, slightly higher in the groups of non-OP animals (Figure 8a).
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Figure 8. Repair process in calvarial defect. (a) Representative images in horizontal section of calvarial
critical size defects in non-OP and OP rats showing the repair response at the defect level in the different
experimental groups 12 weeks post-implantation. (b) Histomorphometrical analysis comparing of
the degrees of repair (%) among the different experimental groups in non-OP and OP rats 12 weeks
post-implantation. (c) Histomorphometric analysis showing the ratio between mature bone and
immature bone (MB/IB) among the different experimental groups (d) and between non-OP and OP rats,
estimated using VOF staining. Bars represent means ± SD (n = 4). The identical letter on different bars
indicates significant differences. BMa: bone marrow; CT: connective tissue; NB: newly formed bone; DS:
defect site. Scale bar = 1 mm. The identical symbol on different bars indicates significant differences.

The histomorphometric analysis showed little repair response in the blanks groups (B and B HAP)
of non-OP and OP animals, with repair percent between 6 and 8%. The groups implanted with BMP-2
+ 17β-estradiol in the three different formulations, on the contrary, showed a significantly higher repair
response of 38–45%, with no differences being observed between non- OP and OP animals (Figure 8b).

The histomorphometric analysis of mature and immature bone showed a higher quantity of
mature bone, and therefore with a greater degree of mineralization, in the experimental groups of
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non-OP with respect to OP animals. The ratio between mature and immature bone (MB/IB) showed
individually higher values in all non-OP with respect to OP groups as well as on the whole, with
values of 1.47 in non-OP animals and 0.99 in OP (Figure 8c,d).

The immunohistochemical analysis of osteocalcin (OCN), a marker of late osteogenesis and
mineralization, showed a low immunoreaction in the blank groups (B and B HAP) in both non-OP and
OP animals, with no differences between them (Figure 9a). In the groups implanted with BMP-2 +

17β-estradiol in the three different formulations, the immunoreaction was higher and more intense
with respect to the blank groups, in this case being slightly higher in the non-OP animals (Figure 9a).
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The histomorphometric analysis confirmed the histological data, showing slightly higher relative
staining values in the BMP-2 +17β-estradiol groups in non-OP animals (Figure 9b).

4. Discussion

In the present study, a BMP-2-17β-estradiol hydrogel system, with porosity of approximately 72%,
was evaluated for regeneration of a critical size defect in rat calvaria. Although the system had already
been characterized in terms of rheological behavior, porosity, interactions between components, mass
transfer parameters, and cell viability, here the good injectability of the system was showed, and its
characterization has been completed by testing the water uptake and mass loss as well as differentiation
studies in cultures of osteoporotic rMSCs. In vitro release profiles of 17β-estradiol in two media and
the in vitro and in vivo release profile of BMP-2 were also analyzed.

The osteogenic differentiation of osteoporotic rMSCs seeded on the system was assessed in order
to test the effect of the incorporation of the nano-HAP on the cell behavior. The results showed greater
ALP activity and a greater number of differentiated cells in the systems with nano-HAP. Therefore,
nano-HAP systems were subsequently used in the in vivo experiments.

First, a histological evaluation of the femur and calvaria of rats suffering the three treatments for
osteoporosis induction was carried out. OP is a systemic bone disease characterized by the increase
of bone porosity, loss of bone mass and changes in the microstructure of the skeletal. Consequently,
the OP population has an increased risk of fracture.

Despite the high number of OP studies and the several publications dedicated to tissue repair in
non-OP specimens, very few reports devoted to bone defect regeneration in OP have been published.
As OP might be primary post-menopausal or secondary, due to corticoid chronic administration,
three animal models were used for OP induction: OVX, chronic glucocorticoid treatment, and the
combination of both. In previous reports, a combination OD rat model was used. However, the high
deterioration observed in the animals, the risk of induced additional disorders on the skeletal and the
fact that bone loss reverses after corticoid stop [33] justify the bone histological study of the different
treatment, in order to simplify the model and improve animal welfare. In general, OP condition is
established through the analysis of long bones and lumbar spine but few data of the effect on the calvaria
of the animals used as OP models are available [34]. Most of the publications on the regeneration of
calvaria critical size defect in OP animals do not report the effects of OP in the calvaria [35,36]. In the
present study, the data comparing the response of the femurs and calvarias to the three treatments
revealed that the effect of OVX was similar to OD combination, consequently the fabricated system
was tested in OVX rats.

As some authors have observed a delay in bone consolidation of OVX rats [37] and as this
combination of BMP-2 and 17β-estradiol, formulated in microspheres, when applied to a critical
calvaria defect, improved bone healing in OP rats, but the new bone was less mineralized [17,18],
we tried to prolong the release of active substances to cover this delay. The drugs were incorporated to
the hydrogel system pre-encapsulated in microspheres for prolonged controlled release. To reduce
the release rate of the active substances the microspheres were prepared with a mixture of polymers,
25% of the RG 858 was incorporated to the RG 504 for BMP-2 microspheres as well as to the RG203-S
for 17β-estradiol microspheres. RG 858 is a PLGA 85:15, of high molecular weight with a degradation
rate lower than that of RG 504 and RG203-S. The BMP-2 release profiles showed a two-phase behavior
with a weak burst effect that coincides with the period in which the system loses mass and uptakes a
high amount of water. However, the burst effect of BMP-2 that can be seen from the microspheres
was damped by the hydrogel, probably due to the interaction of the protein with the chemical groups
of the HAP [6,13]. Afterwards, the second phases were practically parallel, which indicated a mass
transfer process controlled by the access of water inside the microspheres, dissolution and diffusion of
the protein throughout the porous of the polymeric matrix.

The release profile of 17β-estradiol as liposoluble drug in a MeOH:water (60:40) release medium
was previously characterized [21]. By contrast, here two release media were used, MeOH:water (50:50)
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and an aqueous solution of SLS, because we suspected that the solvent affected the release rate of
the lipophilic substance. In fact, the release of 17β-estradiol in MeOH:water was fast regardless of
the formulations. However, the in vitro release of 17β-estradiol was formulation-dependent when
an aqueous medium was used; a high decrease of the release rate of the drug from the microspheres
was observed. As DSC results indicated, 17β-estradiol formed a solid solution in the microspheres,
which indicates that the release process takes place by molecular diffusion of 17β-estradiol within the
microspheres, governed by the partition coefficient, and consequently the aqueous medium dissolved
it very slowly. In addition, the higher estimated values of Deff in the MeOH:water compared with
the aqueous medium, confirmed the dependency on the release media. The calorimetric analysis of
the electrospun sheet was not carried out because the amount of 17β-estradiol would have had to be
increased to be detected and its characteristics would have been modified. Although 17β-estradiol is
expected to also be dissolved in the polymer of the film, the large specific surface area that microfibers
expose to the medium causes the drug to release rapidly. Similarly, 17β-estradiol dispersed in the
hydrogel was very little retained. Obviously, neither media are physiological, but it seems more correct
to use an aqueous medium to predict release in vivo. Although, with reservations, one would also
expect a slightly faster release rate in vivo as the biological components present in the tissue could
accelerate the drug release from the system.

Despite the beneficial role of the nano-HAP controlling the BMP-2 burst effect as well as its
positive effect on the proliferation and osteogenic differentiation of rMSC, which justifies the use of
nano-HAP in the system, the reparative effect of the blank scaffolds with and without nano-HAP was
not enough to be considered useful. Unlike that observed in this study, other authors showed better
bone repair in different bone defects practiced in osteoporotic goats implanted with a system of type
I collagen containing nano-HAP than without [38]. By contrast, another study [6] found, as in the
present study, that the use of nano-HAP and calcium sulfate bone substitute scaffolds in rat critical
calvaria defect showed no effect on repair and mineralization at 8 and 12 weeks with respect to the
empty defect. In both studies, the systems were loaded with BMP-2 combined with 17β-estradiol or
zolendronic acid [6] that might abolish the effect of the HAP observed in vitro.

Although previously our group reported [17,18] a better result in bone regeneration of OP animals
combining BMP-2 and 17β-estradiol, in this study, the repair effect observed has been similar to that
observed in non-OP groups. The three combinations of BMP-2 with 17β-estradiol in each of the three
formulations used showed the same effect at 12 weeks. However, the ratios of mature and immature
bone in normal and osteoporotic animals showed significant differences, indicating that the quality of
the repaired bone, at least after 12 weeks, was better in normal animals.

Although these results coincide with previous work, in the present study it seems that the
mineralization of the bone formed slightly improved in the OP animals. The difference in the relative
osteocalcin expression was not statistically significant. These results might suggest that a longer
release of BMP-2 together with the composition of the system, presence of collagen and nanoHAP
favor the mineralization process. In any case, it would be necessary in future to conduct studies aimed
at discerning the role of each of these components in the process. However, we have not been able
to reproduce the positive effect of 17β-estradiol combined with BMP-2 in a hydrogel composed of
Pluronic, Tetronic and, cyclodextrin, with other scaffolds of different composition [18]. In addition,
according to the present study, the fact that the different release profiles of 17β-estradiol had no effect
on the repair of the defect indicates that 17β-estradiol, when applied locally, and regardless of the
release rate (available dose) and of the obvious role that it plays on bone remodeling, does not justify its
inclusion as active substance in the repair of bone defects neither in normal animals nor in osteoporotic
ones. Therefore, new strategies and alternative drugs are currently being designed trying to accelerate
mineralization of new bone in OP groups.
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5. Conclusions

The prepared hydrogel system resulted to be easily injectable and solidified fast due to crosslinking
of collagen and chitosan chains. The system helps control the burst effect of BMP-2 pre-encapsulated
in PLGA microspheres, probably due to the nano-HAP. Release of 17β-estradiol from PLA-PLGA
microspheres was more complex and is governed by the partition coefficient of the drug which is
in solid dissolution in the microspheres. The system was biocompatible both in vivo and in vitro.
However, the regenerative effect detected in the critical bone defect of both OP and non -OP rats was
mainly due to the osteogenic effect of BMP-2 released in a controlled rate for 6 weeks. A delay in
the mineralization of the new bone which fills the defect in OP animals was observed. 17β-estradiol
released from different formulations and included in the system does not improve bone repair.
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A B S T R A C T

In the present study, two different PLGA-Alginate scaffolds, a hydrogel (HY) and a solid sponge (SS), were
developed for β-estradiol and BMP-2 sustained delivery for bone regeneration in osteoporosis. β-Estradiol and
BMP-2 were encapsulated in PLGA and PLGA-Alginate microspheres respectively. Scaffolds were characterized
in vitro in terms of porosity, water uptake, release rate and HY rheological properties. BMP-2 release profiles
were also analysed in vivo. The bone regeneration induced by both HY and SS was evaluated using a critical-
sized bone defect in an osteoporotic (OP) rat model. Compared to HY, SS presented 30% higher porosity, more
than double water absorption capacity and almost negligible mass loss compared to the 40% of HY. Both systems
were flexible and fit well the defect shape, however, HY has the advantage of being injectable. Despite both
delivery systems had similar composition and release profile, bone repair was around 30% higher with SS than
with HY, possibly due to its longer residence time at the defect site. The incorporation of mesenchymal stem cells
obtained from OP rats did not result in any improvement or synergistic effect on bone repair.

1. Introduction

The regeneration of the bone mass lost by several causes such as
trauma, infections or surgery requires the contribution of three key
elements: scaffolds, cells and growth factors [1–3]. Scaffolds are porous
structures able to adapt to the bone defect acting as support and guide
for cell proliferation and differentiation with the help of signalling
molecules [4,5]. Therefore, scaffolds must also act as reservoirs for
growth factors involved in the cascade of cellular events that leads to
bone formation.

Clearly, the best bone graft is autologous bone, however, several
well-known disadvantages (invasive surgery, limited availability and
damage in the donor bone) have led to the search for alternative ap-
proaches [6]. The type of biomaterials used to develop scaffolds for
bone regeneration during the last decades is very wide. Taking into
account the scaffolds active role in bone regeneration as artificial ex-
tracellular matrix, different biodegradable and/or osteointegrable ma-
terials of diverse nature (phosphates, bio-glass, natural and synthetic
polymers) have been used to construct 3D-scaffolds. The design of these
scaffolds is based on fulfilling several characteristics to facilitate tissue

ingrowth, such as biocompatibility, porous structure with inter-
connected pores, permeability for blood perfusion, nutrients supply,
cell adhesion and differentiation [7]. Hydrogels suit these character-
istics, thus the development and preparation of biodegradable hydro-
gels for bone tissue engineering applications is currently of great in-
terest [8,9]. In addition, scaffold bioactivity is required to successfully
tackle critical size bone defect regeneration. One strategy to “activate”
scaffolds is their loading with growth factors such as bone morphoge-
netic proteins (BMPs). Particularly, BMP-2, which is involved in most of
the processes required for bone formation [1,6]. In fact, due to its os-
teogenic capacity rhBMP-2 is already marketed incorporated in a col-
lagen scaffold to locally treat some bone injuries [10]. The benefits of
rhBMP-2 have been already proven nevertheless, the risk of adverse
effects associated with the high dose required in the clinic and the in-
ability of the carrier to retain the protein in the defect, make necessary
the development of scaffolds with controlled release capacity for
greater efficacy and safety [10]. Injectability and adaptability to the
bone defect shape are among the most characteristic advantages of
hydrogels [8,9]. However, their weak mechanical properties and short
residence time in the defect could be a disadvantage depending on the
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type of bone lesion to be treated. Finally, their incapacity to regulate
growth factors release has led to the development of different strategies
to control drug release rate by increasing the drug binding to the hy-
drogel matrix [11–13] or combining hydrogels with sustained release
platforms [12–14]. We previously reported hydrogels composed of
poloxamine alone or combined with alginate or cyclodextrin containing
microspheres of different composition to control BMP-2 release. These
systems were tested in osteoporotic (OP) and non-OP rats, not obser-
ving significant differences in bone repair between both groups
[15–18]. However, the mineralization in OP groups was notably in-
ferior to that of non-OP groups [17,18]. Given that all bone repair
processes are impaired and bone healing time is delayed in OP [19–22],
to overcome the low mineralization observed in our previous study we
hypothesized a longer residence time of the scaffold in the defect and a
longer release of BMP-2 in OP is required.

In this study, a new alginate hydrogel system, crosslinked in two
steps and loaded with β-estradiol and BMP-2 within microspheres was
developed. Microspheres were elaborated from a combination of algi-
nate and polylactide-co-glycolide (PLGA) with different lactide to gly-
colide ratio and molecular weight (Mw). The hydrogel system was
compared with a solid sponge system with the same composition. The
goal is to keep similar some of the physical and chemical properties for
both systems such as composition, hydrophilicity/hydrophobicity,
water uptake, swelling behaviour and porosity and BMP-2 and β-es-
tradiol release rates. The main expected difference between both sys-
tems is the scaffold residence time in the critical size calvarial defect.
Therefore, two β-estradiol-BMP-2-Alginate-PLGA systems, hydrogel
(HY) and solid sponge (SS), were developed and in vitro characterized.
The induced bone regeneration by both systems was compared in a
critical size defect in OP rats alone or seeded with OP mesenchymal
stem cells (MSCs).

2. Materials and methods

2.1. Materials

The polylactide-co-glycolide 75:25 (PLGA 75:25, Resomer® RG 755
S) and 85:15 (PLGA 85:15, Resomer® RG 858 S) and the sodium algi-
nate (Protasan® UP MVG) were supplied by Evonic Industries
(Darmstadt, Germany) and Novamatrix (Biopolymer Systems,
Sandvika, Norway) respectively. 17-β-estradiol and recombinant
human bone morphogenetic protein 2 (rhBMP-2) were purchase from
Sigma-Aldrich (USA) and Biomedal Life Sciences (Sevilla, Spain) re-
spectively. rhBMP-2 was reconstituted at 1 mg/mL in 20 mM acetic acid
and 0.1% bovine serum albumin (BSA, Sigma-Aldrich, St. Louis, USA).
Poly(vinyl alcohol) (PVA, Mw 33,000-70,000; 87–90% hydrolysed) was
from Sigma-Aldrich, (St. Louis, USA) and CaCl2 from Merck (Darmstadt,
Germany).

2.2. Microsphere preparation and characterization

The alginate-PLGA microspheres of BMP-2 were prepared by mod-
ifying a previously described double emulsion (w/o/w) method
[23,24]. Briefly, an aqueous solution of 500 μL of rhBMP-2 (500 μg),
100 μL of 15% polyvinyl alcohol (PVA) and 300 μL of 6% sodium al-
ginate (w/v) was emulsified with 2 mL of a mixture of PLGA 75:25 and
PLGA 85:15 (4:1) methylene chloride solution (125 mg/mL, DCM) by
vortexing (position 10, Genie® Industries 2, Sciencies Industries Inc.
USA) for 1 min. Then, 5.2 mL of an aqueous solution of 2.5 mL of PVA
(10% w/v), 2.5 mL of NaCl (10% w/v) and 200 μL of CaCl2 (0.5 M) was
poured over the first emulsion and vortexed for 30 s (position 10). Fi-
nally, the organic solvent was evaporated in 100 mL of 0.25 M CaCl2
aqueous solution under constant magnetic stirring for 1.5 h.

The microspheres of β-estradiol were prepared by the solvent eva-
poration method. Briefly a mixture of β-estradiol (6 mg), PLGA 75:25
(160 mg) and PLGA 85:15 (40 mg) dissolved in 0.6 mL methanol:DCM

(20:80) solution was emulsified with 4 mL of 1% PVA aqueous solution
by vortexing for 1 min (position 10), poured into 100 mL of PVA
(0.15%) aqueous solution and left under magnetic stirring for 1 h
[17,18].

Both types of microspheres were collected by filtration (Supor®-450,
0.45 μm, 47 mm filters, Pall Corporation, Sigma-Aldrich, USA), lyo-
philized and conserved at 4 °C until use.

Some batches were prepared with 125I-BMP-2 as a tracer to de-
termine rhBMP-2 encapsulation efficiency and release assays. BMP-2
was labelled with 125INa (Perkin-Elmer) by the iodogen method [25], as
described [16]. The content of β-estradiol in the microspheres was
determined spectrophotometrically at λ = 280 nm, previous dissolu-
tion in a mix of MeOH:DCM (20:80).

Microspheres size distribution was determined by laser dif-
fractometry using a Mastersizer 2000 (Malvern Instruments, Malvern,
UK) and the morphology was observed by scanning electron micro-
scopy (SEM, Jeol JSM-6300, Tokio, Japan).

2.3. Fabrication and characterization of electrospinning film

The polymer film was fabricated by electrospinning a solution of
PLGA 75:25 and PLGA 85:15 at a ratio 4:1 and β-estradiol. Briefly, 7 mg
of β-estradiol, 240 mg of PLGA 75:25 and 60 mg of PLGA 85:15 dis-
solved in 2 mL of hexafluoroisopropanol (Sigma-Aldrich, USA) were
loaded into a Luer-lock syringe (Norm-Ject) with an 18-gauge needle
attached to a syringe pump (Harvard Apparatus, MA, USA). The elec-
trospinning process was carried out at a flow rate of 3 mL/h under
10 kV power supply and the collector rotating at 200 rpm located at
10 cm from the needle.

The film quality and fiber diameter were analysed using SEM (Jeol,
JSM-6300) images and the film thickness was measured by stereo mi-
croscopy (Leica M205C, Leica Las, v 3 software).

The porosity was calculated using Eq. (1), where ρapp and ρreal are
the apparent and real densities of the film, respectively,

= ×Porosity (%) 100real app

real (1)

The real density was measured in a helium pycnometer (AccuPyc
1330, Micromeritics, USA). While the real density was calculated by
dividing the mass by the geometric volume of the film
(length × width × height).

Water uptake and mass loss assays were carried out by samples
(3 × 3 cm) incubation in water (37 °C) under orbital agitation (25 rpm).
At specific times, three samples were withdrawn, the excess of water
removed, weighted and freeze-dried to record the dry weight. The
percentages of mass loss and water uptake were calculated applying
Eqs. (2) and (3), respectively. Where Wo was the initial weight of the
sample, Ww and Wd were the weights of the wet and dried sample re-
spectively, at the different times tested.

= ×Mass loss (%) (W W )
W

1000 d

0 (2)

= ×Water uptake (%) (W W )
W

100w d

d (3)

2.4. Systems preparation and characterization

2.4.1. Solid system
To prepare the alginate solid sponge system 15 mg of microspheres

were dispersed in 100 μL of 2% alginate aqueous solution and freeze-
dried. The alginate was then cross-linked by incubation with 100 μL of
1% CaCl2 during 3 min and washed with 100 μL of sterile MilliQ water
three times and freeze-dried. All the systems were stored at 4 °C until
use.
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2.4.2. Hydrogel system
To prepare the alginate hydrogel system 4.5% w/w sodium alginate

sterile aqueous solution was partially cross-linked by sufficient quantity
of a 1% w/w CaCl2 sterile aqueous solution to give final concentrations
of 4% w/w of sodium alginate and 0.12% w/w of CaCl2. Then, 15 mg of
microspheres were dispersed in the partially cross-linked hydrogel (PC-
HY). Afterward, it was cross-linked with 5% w/w CaCl2 sterile aqueous
solution (0.7 μL/μL of hydrogel).

The systems were characterized in terms of porosity, water uptake
and mass loss, as previously described for the polymer film (Eqs. (1), (2)
and (3)). Morphology and structural characteristics were observed by
SEM (Jeol JSM-6300). For hydrogel characterization, the system was
prepared in a graduated cylindrical mold and freeze-dried.

In addition, rheological characteristics of the PC-HY, freshly pre-
pared with and without microspheres, and after 4 h at rest (PC-
HY + 4 h), were obtained with a Bohlin CVOD 100 rheometer at 20 °C
and 37 °C by means of a Peltier system, using cone-plate and parallel
geometries with a diameter of the fixed lower plate of 60 mm and a gap
between the fixed and rotating part of 1 mm. The evolution of viscosity
with shear rate (from 0.071 to 30 s−1) was acquired by a cone-plate
geometry (diameter of cone 40 mm, angle 4°). The evolution of elastic
(G′) and viscous moduli (G″) with frequency (0.128 a 6.93 Hz) was
acquired by a parallel plate geometry (diameter of rotating upper plate
20 mm) at a constant shear stress of 0.2387 Pa.

The systems to be implanted were prepared under aseptic conditions
and all contained 6 μg of BMP-2 in microspheres. In addition, the solid
sponge systems were loaded with 300 μg of β-estradiol in microspheres
(SS-BMPβe). However, in the hydrogel system the dose of β-estradiol
was divided, 240 μg in microspheres dispersed in the hydrogel and
placed in between two electrospun films containing 60 μg of β-estradiol
forming an alginate hydrogel sandwich system (HY-BMPβe). Both sys-
tems, solid sponge and hydrogel, seeded with MSCs obtained from os-
teoporotic rats, SS-BMPβe-MSC and HY-BMPβe-MSC, were also im-
planted.

2.5. In vitro release assay

The rhBMP-2 in vitro release assays were carried out by incubating
(37 °C, 25 rpm orbital stirring) each system in sterile water (Milli-Q).
The amount of the 125I-BMP-2 released was calculated by measuring the
radioactivity of supernatant samples (Cobra® II, Packard).

The in vitro release assays of β-estradiol from free microspheres,
microspheres in the HY, microspheres in the SS and samples of the
electrospun films were carried out in three release media (37 °C, 25 rpm
orbital stirring), dimethyl sulfoxide (DMSO, Acofarma, Barcelona,
Spain):H2O (40:60), MeOH:H2O (50:50) and sodium lauryl sulphate
(SLS, Sigma-Aldrich, St. Louis, USA) in water (1% w/v).

2.6. Cells

Bone marrow rat MSCs were obtained as described [26] from femur
and tibiae bone marrow of 18 weeks-old female Sprague-Dawley rats
ovariectomized (OVX) 12 weeks before. Briefly, whole bone marrow
was pooled and resuspended in Dulbecco's Minimal Essential Medium
(DMEM) with 4.5 g/L glucose, supplemented with 20% fetal bovine
serum, 50 UI/mL penicillin, 50 μg/mL streptomycin, and 200 mM sta-
bilized L-glutamine, seeded on cell culture plastic, and incubated at
37 °C and 5% CO2. After 3 days, non-adhered cells were removed and
fresh medium was added. Confluent cells were detached and frozen.
Stock frozen MSCs were thawed, precultured for 3–4 d, and trypsin-
detached for scaffold loading. The SS-BMPβe-MSC and HY-BMPβe-MSC
systems were loaded with 5 × 105 MSCs in passage 2 suspension
(60 μL) approximately 20 min before implantation.

The 60 μL of the MSCs suspension were dropped on the solid sponge
or mixed with the microspheres in the hydrogel system. In previous in
vitro studies it was demonstrated that both the materials used and the

type of scaffolds are biocompatible with MSCs, allowing their adhesion
and viability [27,28].

2.7. Animals experiments

All animal experiments were carried out in conformity with the
European Directive (2010/63UE) on Care and Use of Animals in
Experimental Procedures. Furthermore, the animal protocols
(CEIBA2014-0128) were approved by the ethics committee for animal
care of the University of La Laguna. Animals were supplied by the
Central Animal House of the University of La Laguna.

2.7.1. Surgical procedures
30 female Sprague-Dawley rats, weighing 250–300 g, were used in

this study. Surgery was made under aseptic conditions. The experi-
mental osteoporosis was induced by bilateral ovariectomy (OVX) under
isoflurane anaesthesia, via dorsal approach. Three months post-OVX,
critical size (8 mm, ∅) calvarial defects were created surgically with a
trephine burr in the rats under isoflurane and the systems were placed
into the defects, as previously described [29]. Analgesia consisted in
buprenorphine administered subcutaneously (0.05 mg/kg) before sur-
gery and paracetamol (70 mg/100 mL) in the water for 3 days post-
surgery.

2.7.2. Animal groups
The 30 female rats pre-OVX were dividing in 6 groups of 5 rats each.

2 groups of 5 OP rats each were implanted with SS-125I-BMPβe and
HY-125I-BMPβe to determine the 125I-BMP-2 release kinetics. After
6 weeks the rats were sacrificed.

The other four groups were used to evaluate bone regeneration in-
duced by a combination of BMP-2 and β-estradiol with and without
MSCs in the two systems. 2 groups were implanted with the solid sys-
tems: SS-BMPβe (6 μg BMP-2 + 300 μg β-estradiol) and SS-BMPβe-MSC
(6 μg BMP-2 + 300 μg β-estradiol + 5 × 105 MSCs) and 2 groups were
implanted with the hydrogel system, HY-BMPβe and HY-BMPβe-MSC.
The animals were sacrificed at 12 weeks post-implantation, and defect
enclosing segments were resected from the calvaria.

2.7.3. 125I-BMP-2 release assay
In vivo 125I-BMP-2 release assay was carried out with a non-invasive

method as previously described and validated [30]. This method per-
mitted periodic assessment of the remaining 125I-BMP-2 at the defect
site using an external probe-type gamma counter (Captus®, Capintec
Inc.). Briefly, at each sampling time point, five 1-min readings were
taken at the 125I emission peak (27 keV) and the mean accepted as the
remaining radioactivity. The initial measure (time = 0) was considered
the administered dose (100%). After 6 weeks, when no measurable le-
vels of radioactivity remained, the rats (5 rats per group) were sacri-
ficed.

2.8. Histology and histomorphometrical evaluation

The samples were fixed (10% formalin solution) and decalcified in
Histofix® Decalcifier (Panreac) and prepared for histological analysis, as
previously described [31]. New bone formation and the presence of
adipose and connective tissue were identified by hematoxylin-ery-
throsin staining, based on their different morphological characteristics.
The degree of new bone mineralization was assessed with VOF tri-
chrome stain, in which red staining indicates advanced mineralization,
whereas less mineralized, newly formed bone stains blue [32]. Sections
were analysed by light microscopy (LEICA DM 4000B). Computer based
image analysis software (LeicaQ-win V3 Pro-image analysis system,
Barcelona, Spain) was used to evaluate histomorphometrically all sec-
tions per specimen. A region of interest (ROI) for quantitative evalua-
tion of new bone formation and adipose and connective tissue presence,
was defined as the area of the tissue within the defect. The ROI
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consisted of a circular region of 50 mm2, the center of which coincided
with that of the defect site. New bone formation was expressed as a
percentage of repair, applying the equation,

= ×%repair new bone area
original defect area within the ROI

100

Similarly, the percentage of adipose or connective tissue was ob-
tained from the ratio between the area occupied by each specific tissue
and the area of the original defect.

Statistical analyses were performed using SPSS 18.0 software. One-
way analysis of variance (ANOVA) and a Tukey multiple comparison
post-test were used to compare the overall performance of the different
groups. Results are expressed as mean ± standard deviation.
Significance was set at p < 0.05.

3. Results

3.1. Scaffolds characterization

The mean volume diameters of the microspheres of alginate-PLGA
containing BMP-2 and PLGA microspheres with β-estradiol were
64.0 μm (10% < 14.8 μm; 90% < 111.6 μm) and 171.4 μm
(10% < 46.2 μm; 90% < 286.0 μm) respectively. The encapsulation
efficiency was 71% and 99% for the BMP-2 and β-estradiol, respec-
tively.

Scaffolds were prepared by dispersing a mixture of the above mi-
crospheres in an alginate aqueous solution from which a final pre-
sentation of solid sponge or hydrogel was set. The SS scaffold presented
a higher porosity (89.4 ± 1.8%) than the freeze-dried HY system
(63 ± 2.2%) (Fig. 1 a, b). For in vivo administration the HY was as-
sembled between two electrospun membranes (Fig. 1 c). The char-
acteristics of the film were: 63.4 ± 4.3 μm of thickness, microfiber
diameter of 1.2 ± 0.26 μm and 71.4 ± 4.1% of porosity (Fig. 1 c).

Fig. 1. Scanning electron microscope images of alginate solid sponge (a) and cross-linked hydrogel (b) containing BMP-2 and β-estradiol microspheres as well as the
PLGA electrospinning film (c) containing β-estradiol. Water uptake (d) and mass loss (e) of the above systems during incubation in water at 37 °C under orbital
agitation (25 rpm).

Fig. 2. Evolution of the viscosity with shear rate at 20 °C and 37 °C, of pure
alginate aqueous solution (4% w/w) and partially cross-linked hydrogel (4% w/
w alginate and 0.12% w/w of CaCl2) freshly prepared (PC-HY) and after 4 h at
rest (PC-HY + 4 h). In the upper right part of the figure is shown the change in
viscosity of the PC-HY with the inclusion of microspheres. The curve direction
(forward and backward) is indicated by arrows.
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The incubation of the systems in water at 37 °C, showed that most of
the water uptake (Fig. 1 d) and mass loss (Fig. 1 e) occurred during the
first days but in a different ratio depending on the system. The SS water
uptake was more than double (500%) of that showed by the HY (200%)
or the film (150%). On the other hand, the HY suffered a very important
mass loss (40%) compared with that detected in the other two systems
(6%).

3.2. Viscoelastic behaviour of hydrogel

Viscoelastic behaviour of partially cross-linked alginate hydrogel
freshly prepared (PC-HY) as well as after 4 h at rest or containing mi-
crospheres were analysed.

All the samples evaluated showed a progressive viscosity decrease
with the shear rate (Fig. 2), characteristic of a pseudo-plastic material.
However, the viscosity curves with the increase (forward curve) and
decrease (backward curve) of the shear rate in the freshly prepared PC-
HY and after 4 h at rest, do not overlap, which reveals a thixotropic
behaviour that was more evident at 20 °C than at 37 °C, according to a
smaller hysteresis loop area recorded at this latter temperature. The

area of the hysteresis loop characterizes the energy associated with the
sol-gel transition and the time for the material reorganization, hence
the greater the area, the longer the time for recover its initial state after
of stress [33]. The 4% w/w aqueous solution of alginate showed no
thixotropic behaviour (Fig. 2).

The viscosity values of the freshly prepared PC-HY and after 4 h at
rest or containing microspheres, were markedly superior to those of the
alginate solution (4% w/w), especially at low shear rates (Fig. 2). In all
the analysed samples, the viscosity was lower at 37 °C than at 20 °C.
(Fig. 2).

For the different samples, the evolution of elastic (G′) and viscous
moduli (G″) with the frequency (Fig. 3) confirms the above results. The
highest G′ and G″ values were found in the PC-HY containing micro-
spheres, followed by PC-HY after 4 h at rest and freshly prepared, the
lowest values being obtained with the alginate aqueous solution (4% w/
w). The alginate solution (4% w/w) showed a viscous behaviour, as
indicated by G″ values being higher than those of G′ throughout the
studied frequency range, while in PC-HY systems an evolution towards
more elastic behaviour was observed. Thus, the freshly prepared PC-HY
presented similar values of both G′ and G″ moduli, after 4 h at rest those
values had separated resulting in an elastic module higher than the
viscous module. The inclusion of the microspheres further increases this
difference between the elastic and the viscous moduli due to a greater
predominance of solid-like behaviour in the system.

3.3. 125I-BMP-2 and β-estradiol release profiles

The in vivo release profiles of BMP-2 from SS-125I-BMP and HY-125I-
BMP were similar, during the first 24 h approximately 20% of the dose,
equivalent to 1,2 μg of the BMP-2, was released (Fig. 4). At 6 weeks, the
percentage of BMP-2 released was about 43–48%. However, the in vitro
125I-BMP-2 release profiles were faster than in vivo. Around 15–20%
was released in the first day reaching the 57–60% released at 6 weeks. A
similar in vitro release profile (Fig. 4) was obtained from the micro-
spheres alone dispersed in the medium, which indicates that the release
profile of BMP-2 from both systems, SS and HY, is governed by the
microspheres.

The β-estradiol release profiles were similar in the different media
used although the percentages delivered were higher (87–100%) in
MeOH:water, than in the more polar media, DMSO or SLS in water,
(14–25% from microspheres and 67–78% from the film) (Fig. 5).

Fig. 3. Viscoelastic behaviour at 20 °C and 37 °C, of pure alginate aqueous so-
lution (4% w/w) and partially cross-linked hydrogel (4% w/w alginate and
0.12% w/w of CaCl2) freshly prepared (PC-HY) and after 4 h at rest (PC-
HY + 4 h). Behaviour of PC-HY with the inclusion of microspheres (PC-
HY + μS) at 37 °C is also shown.

Fig. 4. BMP-2 in vitro and in vivo release assays. Release profile of 125I-BMP-2
from alginate-PLGA microspheres alone and included in the hydrogel (HY-
BMPβe) and solid sponge (SS-BMPβe) systems in water at 37 °C (n= 3) and
after implantation in the rat calvarial defect (n= 5).
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Therefore, the β-estradiol released was medium dependent. Regardless
of medium used, β-estradiol was released faster from the films (Fig. 5 d)
than from the SS and HY scaffolds (Fig. 5 b, c) being, in these last two
cases, quite similar to that obtained from microspheres alone (Fig. 5 a).
Thus, in MeOH:water, 84% was released in the first day from the film
with no further release in the next 4 weeks while, from SS or HY,
around 46% was released in the first day, reaching approximately 80%
in a week and finally, almost 100% in 4 weeks. Compared with the
microspheres, the β-estradiol release rate was slightly reduced during
the first days by the incorporation in the SS or the HY.

3.4. Histological and histomorphometrical evaluation

Visual inspection of the SS and HY systems 12 weeks post-im-
plantation, showed a different degree of filling of the defect, being
higher in the groups implanted with the SS scaffold.

The macroscopic analysis of the calvaria showed that in groups
implanted with the SS, the defect appeared completely filled with a
tissue of homogeneous aspect similar to the adjacent normal bone
(Fig. 6 a). This was observed both in the groups treated with BMPβe and
in those treated with BMPβe + MSCs. The histological analysis con-
firmed the new bone formation. In all these experimental groups, the
repair was observed not only in the margins but also inside the defect
(Fig. 6 c, e). However, a more detailed analysis showed that the re-
paired bone presented a somewhat fragmented appearance, with areas
of bone surrounded by connective tissue and the presence of adipose
tissue between both of them (Fig. 6 g).

In the animals implanted with the HY, the macroscopic analysis of
the calvaria allowed to observe clearly the morphology of the defect,
filled with a tissue of semi-transparent hyaline appearance (Fig. 6 b).
The histological analysis confirmed these results, the new bone for-
mation in these animals being lower than that observed with the SS
scaffold (Fig. 6 d, f). The repair in this case was mainly limited to the
margins of the defect (Fig. 6 d, f). The repaired bone also showed a

fragmented appearance, with a higher abundance of adipose tissue and
numerous spaces of variable size that were sometimes occupied by what
appeared to be remains of scaffold material (Fig. 6 h, i).

The qualitative histological results were confirmed by histomor-
phometrical analysis of the samples. A higher percentage of repair,
between 74% in the group treated with BMPβe + MSC and 79% in that
with BMPβe alone, was found in the animals implanted with the SS
compared with those implanted with the HY, which ranged between
40% for the group treated with BMPβe + MSC and 50% in the group
with BMPβe alone (Fig. 7 a). In fact, significant differences were found
between the implanted systems, SS and HY, although no differences
were observed between the applied treatments, with or without MSCs.
On the other hand, in all animal groups, the proportion of mature bone,
with a high degree of mineralization, was greater than the immature
bone, independently of the treatment and the implanted system (Fig. 7
b). The mature bone to the immature bone ratios ranged between 1.42
and 1.67, the animals implanted with the HY presenting the lower
values. Nevertheless, the statistical analysis of the data did not show
significant differences neither between treatments nor between the
implanted system type (Fig. 7 b).

The analysis of adipose and connective tissues in the area of the
defect, revealed the existence of slightly higher amounts of adipose
(22% and 17% with HY and SS respectively) than of connective tissue
(18% and 10% with HY and SS respectively), being the percentages of
both tissues higher with the HY systems than with the SS systems.
Consequently, the ratio of adipose or connective tissue to bone present
in the defect area (Fig. 7 c) were significantly higher in the HY im-
planted systems compared with the SS systems for both tissues. Dif-
ferences due to the treatment with BMPβe or BMPβe + MSC were not
found in any case.

4. Discussion

The present study evaluates the permanence time effect of BMP-2

MeOH:water (50:50) DMSO:water (40:60) SLS 1% in water
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Fig. 5. Release profiles of β-estradiol from PLGA
microspheres alone (PLGA μS) and included in the
solid sponge (SS-BMPβe) or hydrogel (HY-BMPβe)
systems as well as from the electrospinning film, at
37 °C, in three different release media: methanol:-
water (50:50), dimethyl sulfoxide:water (40:60) and
sodium lauryl sulphate 1% in water. (n= 3).
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and β-estradiol systems with and without MSCs, in an OP rats critical
size bone defect regeneration. Since bone regeneration is slower in OP
animals than in non-OP, the system permanency in the defect and the
maintenance of local therapeutic concentrations of BMP-2 and β-es-
tradiol may play an important role in tissue regeneration. The material
osteointegration and/or degradation rate should ideally match the bone

formation rate. Therefore, the preparation of two BMP-2-β-estradiol
PLGA-alginate systems, a solid sponge and a hydrogel, with the same
composition, were suitable to test our hypothesis. Both systems ex-
hibited high porosity and great water uptake capacity, these char-
acteristics facilitate the free diffusion of oxygen and nutrients including
endogenous growth factors and other cytokines providing an optimum
environment for bone tissue ingrowth. Furthermore, the release profiles
of both drugs from the two systems were similar as the release rate was
controlled by the microspheres. In comparison with the sponge, the
hydrogel had better characteristics for minimally invasive administra-
tion. Immediately after the addition of a small amount of cross-linker,
the alginate solution increases its viscosity forming a dense polymer
network with thixotropic behaviour, especially at 20 °C. Therefore, the
viscosity of the material decreases when subjected to a certain me-
chanical stress, and gradually recovers at rest. This behaviour allows for
the injection of highly viscous materials, even at room temperatures,
and facilitate their adaptation to the target site. The incorporation of
microspheres to the hydrogel increased the viscosity by 10 times while
maintaining its thixotropic behaviour. To ensure formulations remain
at the defect for a sufficient time, both hydrogel and sponge were
placed between two electrospun polymer sheets loaded with β-estradiol
forming a sandwich system. Despite of this, the hydrogel mass loss was
greater than that of the sponge, hence its defect permanence time
would be shorter. This characteristic probably prevents the hydrogel
formulation from remaining long enough on the defect to guide tissue
growth as reflected by the in vivo repair results.

Although the hydrogel formulation has the advantage of being ea-
sily injectable, sponges were also flexible and adapted perfectly to the
defect edge. The histological analysis clearly showed the efficiency of
the sponge system to promote bone regeneration with approximately
75% of defect regeneration against the approximately 50% reached for
the hydrogel. In addition, the architecture of the repaired tissue was
different, the newly formed tissue in the defects treated with the hy-
drogel presented a more disorganized structure with large hollow
spaces, probably due to the rapid and large hydrogel mass loss observed
in vitro. Additionally, a greater presence of adipose tissue, typical of
osteoporosis, was found, evidencing a lower quality of the repaired
tissue in this group. On the other hand, the implantation of sponges led
to a more compact tissue, with a lower presence of connective tissue,
probably as a consequence of the higher percentage of regeneration
achieved, as this tissue plays an important role guiding and regulating
the repair process at the initial steps of bone formation [34,35].

As we already reported, hydrogels of variable composition loaded
with BMP-2 and β-estradiol within microsphere showed similar bone
regeneration rate on calvarial defects in OP and non-OP rats. However,
the mineralization process was tremendously reduced in OP rats
[17,18]. For this reason, two new strategies were incorporated in the
present work: the addition of MSCs and the microspheres composition
modification to reduce the BMP-2 release rate. The use of polymers
characterized by a relatively slow degradation rate and the incorpora-
tion of alginate in the internal aqueous phase of the microspheres was
reflected in an extension of the BMP-2 release time. After 6 weeks ap-
proximately 46% of the BMP-2 dose was released in vivo. For β-estra-
diol, the unavailability of the radiotracer labelled molecule (that allows
one to monitor the in vivo release kinetics) together with its low aqu-
eous solubility makes difficult to predict its release profile from the
implanted system. However, it is reasonable to expect the in vivo

Fig. 6. Histological evaluation of the implanted systems, alginate solid sponge (SS) or in situ alginate cross-linked hydrogel (HY), containing BMP-2 and β-estradiol
(BMPβe) with and without mesenchymal stem cells (MSCs) in a calvarial defect of OP rats. (a, b) macroscopic images of the defect area (dashed line) showing the
extent and appearance of the repaired tissue; (c–f) microscopic images in horizontal section showing the repaired tissue (newly formed bone), as well as the presence
of connective and adipose tissue in the defect area; (g, h) details at higher magnification showing the morphological characteristics of the repaired tissue with both
implanted systems; (i) detail in the group HY-BMPβe showing rests of the alginate hydrogel surrounded by newly formed bone in the defect area. AdT: adipose tissue;
BLT: bone like tissue; CT: connective tissue; DS: defect site; HT: hyaline tissue; M: Material; NB. New bone; sps: spaces. Scale bars = a–f: 2 mm; g: 250 μm; h: 500 μm;
i: 350 μm.

Fig. 7. Histomorphometrical evaluation of the implanted systems: (a) Degree of
bone repair (%); (b) the ratio of mature bone/immature bone (MB/IB) esti-
mated using VOF staining and (c) the ratios of adipose or connective tissue/
bone (T/B) in the different experimental groups. Bars represent means ± SD
(n= 3), p < 0.05. The identical letter on different bars indicates significant
differences.
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release rate to be similar or even higher to that observed in vitro in
DMSO or SLS solutions due to the continuous blood flow, which will
increase as new tissue refills the defect. In any case, probably a very
slow in vivo release would take place, which would be supplemented by
the rapid release of the drug incorporated in the electrospun polymer
sheets due to the large specific surface area of the fibers.

Unfortunately, none of the tools applied accelerated the miner-
alization of the formed bone. No differences were observed in the mi-
neralization degree with either of the scaffolds with or without MSCs.
The addition of MSCs to the systems pre-loaded with BMP-2 did not
improve neither the regeneration rate nor the mineralization of the new
bone tissue. The osteogenic effect of MSCs and BMP-2 is widely docu-
mented in the literature in different animal models. Furthermore, the
synergistic effect of the combination of these two elements has been
demonstrated in a calvarial defect [36–45] which is the animal model
used in this study. The different animal models, composition and ar-
chitecture of scaffolds, and the BMP-2 doses used by some authors to-
gether with the lack of literature (PubMed database) referred to the
MSCs and BMP-2 combination efficacy for bone regeneration in osteo-
porosis, hinders direct comparison of our data with previous works. To
the best of our knowledge, this is the first time that the combination of
BMP-2 and osteoporotic MSCs has been assayed in an osteoporotic rat
critical defect. The molecular alterations of osteoporotic MSCs are re-
flected on a proliferative capacity decrease [46], production of type I
collagen-deficient matrix and a tendency to adipogenic differentiation
[47] leading to significant deficiencies in self-repair and an impaired
differentiation. Despite of this, the in vitro osteogenic response of os-
teoporotic MSCs after BMP-2 stimulation has been described [48].
Therefore, future studies are required to optimize the MSCs loading and
their combination with BMP-2 to reduce the protein dose while main-
taining the regenerative capacity of the system and improving the mi-
neralization of the newly formed tissue.

5. Conclusion

In this work, two physically different PLGA-alginate scaffolds, SS
and HY, have been successfully elaborated presenting the same BMP-2
and β-estradiol release rate. Both systems promoted bone regeneration
in a critical size calvarial defect in OP rats, although SS showed a sig-
nificantly higher percentage of bone formation. Moreover, SS promoted
the formation of bone with better quality, in terms of lower proportion
of adipose and connective tissue. Since the active substances release
rate was similar, this difference in bone regeneration can be related to
the shorter permanence time of HY in the defect and highlights the
importance of the scaffold's physical configuration to optimize the ef-
fect of the sustained delivery of active molecules. Finally, the in-
corporation of osteoporotic MSCs in the scaffolds did not improve the
bone regeneration process in any case.
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Abstract: Biomaterials-mediated bone formation in osteoporosis (OP) is challenging as it requires
tissue growth promotion and adequate mineralization. Based on our previous findings, the develop-
ment of scaffolds combining bone morphogenetic protein 2 (BMP-2) and matrix metalloproteinase
10 (MMP-10) shows promise for OP management. To test our hypothesis, scaffolds containing
BMP-2 + MMP-10 at variable ratios or BMP-2 + Alendronate (ALD) were prepared. Systems were
characterized and tested in vitro on healthy and OP mesenchymal stem cells and in vivo bone forma-
tion was studied on healthy and OP animals. Therapeutic molecules were efficiently encapsulated
into PLGA microspheres and embedded into chitosan foams. The use of PLGA (poly(lactic-co-
glycolic acid)) microspheres as therapeutic molecule reservoirs allowed them to achieve an in vitro
and in vivo controlled release. A beneficial effect on the alkaline phosphatase activity of non-OP
cells was observed for both combinations when compared with BMP-2 alone. This effect was not
detected on OP cells where all treatments promoted a similar increase in ALP activity compared with
control. The in vivo results indicated a positive effect of the BMP-2 + MMP-10 combination at both
of the doses tested on tissue repair for OP mice while it had the opposite effect on non-OP animals.
This fact can be explained by the scaffold’s slow-release rate and degradation that could be beneficial
for delayed bone regeneration conditions but had the reverse effect on healthy animals. Therefore,
the development of adequate scaffolds for bone regeneration requires consideration of the tissue
catabolic/anabolic balance to obtain biomaterials with degradation/release behaviors suited for the
existing tissue status.

Keywords: BMP-2; MMP-10; osteoporotic bone; microspheres; mesenchymal stem cells

1. Introduction

Bone tissue is under continuous remodeling throughout our lifetime. However, its
regeneration capacity is limited by defects size, blood perfusion, age, and metabolic dis-
orders [1]. Craniofacial bone defects or craniofacial congenital malformations generally
require surgery and defects to be refilled with natural or synthetic biomaterials to promote
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bone healing. Often scaffolds are not enough to induce osteogenesis, and the contribution
of other key elements such as progenitor cells or signaling molecules are required to ensure
clinical success. In addition, the defects size and the comorbidity with other diseases
altering bone tissue metabolism, compromise complete bone healing. Specifically, osteo-
porosis (OP) is characterized by an imbalance between the processes of bone formation
and resorption and, consequently, by a delay in bone defects regeneration [2].

Bone morphogenetic proteins (BMPs) are a well-known growth factors family with
osteo- and chondroinductive properties. Particularly, recombinant human BMP-2 (rhBMP-2)
has shown a strong osteoinductive effect when incorporated in local delivery carriers placed
in the injury site [3]. Postmenopausal osteoporosis is related to multiple factors, empha-
sizing the decreased levels of estrogens. These molecules play a key role in bone cell
metabolism through estrogen receptor α (ERα). Estrogens inhibit osteoclastic bone resorp-
tion via increasing osteoclast apoptosis, reducing osteoblastic production of the receptor
activator of nuclear factor kB ligand (RANKL) and increasing osteoprotegerin produc-
tion [4]. Hence, in our previous works, scaffolds loaded with combinations of BMP-2 and
17β-estradiol formulated in microspheres were tested in an osteoporotic rat calvarial critical
defect. Experimental results showed the new bone formed in OP rats was less mineralized
than in non-OP rats [5–7]. On the other hand, bisphosphonates are routinely used drugs
for OP treatment. These antiosteoclastic agents systemically administrated or integrated
into scaffolds of different nature have been reported to support bone defects regeneration
in both OP and non-OP animals [8–12]. Yet some authors stated no bisphosphonates effect
in the regeneration of calvarial bone defects [13].

Moreover, BMPs have been combined with different bisphosphonates to reduce the
excessive osteoclastogenesis that they induce as a consequence of their strong osteogene-
sis [14]. This combination formulated in local release systems generally causes a remarkable
improvement in the bone defect regeneration induced by BMP-2 [15,16]. However, very
few publications are devoted to studying the effect of this combination in osteoporotic
animals. In fact, only two reports were found describing the effect of an IV or subcutaneous
zoledronate single dose on the regeneration of a calvarial defect or a mid-diaphyseal open
femoral fracture treated with a local release of BMP-2 or BMP-7, respectively [17,18].

The outcomes of both studies were different, the combination of a BMP-2 embedded
collagen carrier with IV zoledronate initially had a negative effect in bone quantity and
quality induced by rhBMP-2. Although this undesirable effect disappeared at long term
assessments, the combination did not exceed the regeneration capacity of BMP-2 alone [17].
Conversely, the local implantation of BMP-7 incorporated in a collagen putty combined
with zolendronate injected subcutaneously suggested that the hypothesis that osteoporosis
is a disease that delays or hinders bone regeneration is incorrect [18]. However, the afore-
mentioned studies are complicated to compare as defect models because the experimental
designs and the BMPs used were different.

Lastly, matrix metalloproteinases (MMPs) are enzymes that play pivotal roles in tis-
sue remodeling, by degrading a wide variety of matrix or nonmatrix substrates. MMPs
expression, detected in osteoblasts and osteoclasts, has been shown to be required for bone
homeostasis and proper fracture healing. In fact, altered cartilage remodeling and vascular-
ization leading to impaired fracture repair has been reported in murine models with genetic
deficiency in MMP9 [19] or MMP13 [20,21], while delayed bone remodeling has been ob-
served in MMP2-KO mice [22]. Among them, MMP-10 has been shown to be expressed in
osteoblasts and chondrocytes during bone formation in humans [23]. Interestingly, this
MMP can enhance the in vitro osteoblastic differentiation of myoblastic cells induced by
BMP-2 [24]. Moreover, we have recently demonstrated that MMP-10 is overexpressed in
calcified human aortic valves (AVs) and active MMP-10 promotes calcification of valvular
interstitial cells isolated from human AVs through Akt phosphorylation [25]. Furthermore,
we have also shown that MMP-10 accelerates bone repair by enhancing BMP-2-promoted
bone healing and improving the mineralization rate in a murine model of a calvaria critical
size defect [26].
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Therefore, the aim of this study is to further analyze the in vitro and in vivo MMP-10
pro-mineralization effect when combined with BMP-2 on a 3D scaffold. To accomplish this,
different MMP-10 doses were tested. Moreover, the MMP-10+BMP-2 activity was compared
with scaffolds incorporating alendronate, a bisphosphonate, and BMP-2. Both proteins
and bisphosphonate were formulated on microspheres and embedded on a crosslinked
chitosan foam. The obtained foams were then surrounded by electrospun meshes loaded or
not with alendronate to form the final scaffold with a sandwich-like structure. The in vitro
promotion of ALP activity and in vivo mineralization using a critical size calvarial defect
was assessed in both healthy and osteoporotic mice.

2. Materials and Methods
2.1. Microspheres Preparation and Characterization
2.1.1. Microsphere Preparation

Different drug-loaded PLGA (poly(lactic-co-glycolic acid)) microspheres were de-
signed for the experiment and prepared following different protocols (Table 1). PLGA
microspheres loaded with BMP-2 and MMP-10 were prepared by a double emulsion
method (w/o/w). For this purpose, a combination of two ester terminated PLGAs with
variable molecular weight and lactide:glycolide ratio were selected. To obtain loaded micro-
spheres 35 µg of BMP-2 (ED50: 0.74 µg/µL; GenScript, Piscataway, NJ, USA) and 2.1 µg or
8.5 µg rhMMP-10 (obtained equally to [27]) as described in Table 1 were dissolved in 200 µL
of 0.8% PVA (MW: 30,000–70,000; Sigma-Aldrich, St. Louis, MO, USA). This aqueous phase
was added to 1 mL of oil phase formed by the PLGA 75:25 (Resomer® RG755, 0.54 dL/g,
Evonik, Darmstadt, Germany) and 85:15 (Resomer® RG858, 1.5 dL/g, Evonik) mixture
used at 9 to 1 ratio at 150 mg/mL in DCM and homogenized for 1 min by vortex. Then,
3 mL of a second aqueous solution prepared with 2.5% PVA was added to the first emulsion
and homogenized for one minute. Finally, the solvent was evaporated by pouring the
obtained microspheres in 100 mL of PVA at 0.1% for one hour under continuous stirring.

Table 1. Developed PLGA microspheres and drug amounts used per batch.

Microspheres Type BMP-2 (µg) ALD (µg) MMP-10 (µg)

Blank PLGA - - -

PLGA-BMP-2 35 µg - -

PLGA/Chitosan-BMP-2 + ALD 35 µg 75 µg -

PLGA-BMP-2 + Low MMP-10 35 µg - 2.1 µg

PLGA-BMP-2 + High MMP-10 35 µg - 8.5 µg

Alendronate (ALD; Sigma-Aldrich) microspheres were prepared by a double emulsion
method as described above with slight modifications. An internal aqueous phase (450 µL)
was prepared containing PVA at 0.8%, chitosan (CHT, 150mPa.s, Protasan® UP-CL-213,
Sandvika, Norway) at 1%, and 75 µg ALD. The oil phase prepared as described above was
added to this aqueous phase and homogenized for one minute. The second aqueous phase
was added as described and the solvent was evaporated by pouring the microspheres
in 100 mL of 0.1% PVA and 2.5% of Pentabasic sodium tripolyphosphate (STPP; Sigma-
Aldrich) for one hour under continuous stirring.

The obtained microspheres were washed with double-distilled water, filtered through
a 0.45 µm pore size filter (Pall Corporation, Sigma-Aldrich), freeze-dried, and stored at
4 ◦C until use. Microspheres were characterized in terms of size and size distribution by
light diffraction using a Mastersizer (Mastersized 2000, Malvern Instruments, Malvern,
UK) and the morphology was evaluated by scanning electron microscopy (SEM; JSM-6300,
Jeol, Tokio, Japan) after silver coating.
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2.1.2. Microspheres Loading Efficiency

Protein loading efficiencies were evaluated using radiolabeled BMP-2 (125I-BMP-2)
or MMP-10 (125I-MMP-10). Proteins were labeled following the Iodogen method [28]
as previously described [29]. Briefly, in 50 µg Iodogen coated tubes (Pierce® Pre-coated
Iodination Tube, Thermo Scientific, Rockford, IL, USA) 50 µL of the protein solution
(1 mg/mL) was mixed with 10 µL of 125INa (≈1 mCi) (Perkin-Elmer, Waltham, MA, USA)
and taken to a final volume of 150 µL with Phosphate Buffer Saline (PBS, 0.5M pH 7). This
mixture was kept at room temperature for 15 min under continuous stirring (120 rpm),
then, 50 µL of a saturated tyrosine solution in PBS was added to remove any unreacted 125I.
Labelled proteins were purified using ZebaTM Spin Desalting Column (Thermo Scientific).

ALD loading efficiency was evaluated on microspheres loaded with 99 mTechnetium
radiolabeled ALD. Drug labelling was performed as described by Gundogdu and cowork-
ers [30]. In Brief, 5 mg of ALD was mixed with 1 mg of ascorbic acid and 0.5 mg of tin
chloride dihydrate (SnCl2 2H2O) and kept under inert atmosphere. Afterwards, 0.5 mL
of ultrapure water was added (MilliQ, Darmstadt, Germany). Once dissolved, 100 µL of
generator eluate (0.5–1 mCi) was added and the solution was stirred (120 rpm) at room
temperature for 15 min.

Labelling yields and stability were evaluated by instant thin layer chromatography
(iTLC) using 11.5 × 0.8 cm silica gel coated strips (Varian Iberica SL) to which 5 µL of the
labelled protein or ALD were added (30,000–40,000 cpm). For proteins, 85% methanol in
water was used as mobile phase. A gamma counter (Cobra II, Packard®, Downers Grove,
IL, USA) was used to measure free 125I (Rf = 1) and labelled proteins (Rf = 0) as previously
published [31]. For ALD chromatography, acetone or 0.9% NaCl were used as mobile phase.
The chromatography performed in acetone separated free 99mTc (99mTcO4-) (Rf = 1) from
ALD-99mTc and hydrolyzed 99mTc (TcO2) (Rf = 0). On the other hand, when 0.9% NaCl is
used as mobile phase both free 99mTc and ALD-99mTc migrate to the front (Rf = 1) while
hydrolyzed 99mTc does not migrate (Rf = 0). These values can be used to calculate the
percentage of labelled ALD as follows:

%(99mTc-ALD) = 100 − [% 99mTcO4
− + % 99mTcO2] (1)

To evaluate the encapsulation efficiency of the microspheres, radioactivity was mea-
sured on the microspheres aliquots using a gamma counter (Cobra II, Packard®®) and
compared with total protein reactivity.

2.2. Preparation and Characterization of Electrospun Meshes
2.2.1. PLGA Functionalization with ALENDRONATE

To obtain ALD-loaded electrospun fibers, two acid-terminated PLGA polymers with
50:50 lactide:glycolide ratio, Resomer® RG502 (0.19 dL/g, Evonik), and Resomer® RG504
(0.4 dL/g Evonik) were chemically conjugated with ALD following the protocol described
by Choi and coworkers (Choi et al., 2007). A 10% PLGA solution was prepared in 20 mL
acetone to which 60 mg of N-hydroxysuccinamide (NHS, Sigma-Aldrich) and 100 mg of
N, N′-dicyclohexylcarbodiimide (DCC, Sigma-Aldrich) were added and allowed to react
in inert atmosphere under stirring for 24 h at room temperature. Afterwards, the reaction
mixture was filtrated through 0.45 µm (Chromafil® Xtra PET-45/25, Macherey-Nagel,
Lake Forest, CA, USA) to remove dicyclohexylurea and the obtained PLGA-NHS was
precipitated in cold ethyl ether (Scharlau®, Barcelona, Spain) and dissolved in DCM. This
solution was concentrated at room temperature until drying using a rotavapor.

ALD conjugation was performed by dissolving 1.9 g of the obtained PLGA-NHS
in 19 mL of Acetone:DMSO (50:50) and adding an adequate amount of ALD previously
dissolved in 1 mL of water. This mixture was allowed to react at room temperature for
another 24 h. Then, the solution was concentrated by rotavapor at high vacuum and
37 ◦C. The obtained ALD conjugated polymer (PLGA-ALD) was dissolved in the minimum
amount of acetone, precipitated in ethyl ether and dissolved again in DCM to avoid free
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ALD. Finally, this solution was dried for 24 h under high vacuum and the PLGA-ALD
was precipitated with distilled water, filtrated through 0.45 µm, and freeze-dried. To
ensure adequate functionalization, the obtained polymer was characterized by proton
nuclear magnetic resonance. 1H-NMR spectra were recorded at 500 MHz (Bruker Avance
500, Billerica, MA, USA), and chemical shifts were reported in ppm and calibrated on
non-deuterated solvent residual peak. Elemental analysis was performed using a CHNS
TruSpec Micro analyzer (LECO, St. Joseph, MI, USA).

2.2.2. Electrospun Meshes Preparation

Electrospun meshes composed by RG504-ALD: RG502-ALD: RG 855 at 1:1:1 ratio
were prepared. The polymers mixture (375 mg) was dissolved in 2.5 mL of Hexafluoroiso-
propanol (HFIP, Sigma-Aldrich) and loaded into a syringe equipped with a 18G needle.
This solution was ejected at a continuous flow of 2.75 mL/h using a syringe pump (Harvard
Apparatus ®, Holliston, MA, USA) under an electric field of 7 KV. Fibers were collected
on a cylindrical metal collector that rotates at 200 rpm located at a 10 cm distance from
the syringe. The process took place at room temperature and 65% of relative humidity.
Blank meshes with the same polymers proportions and conditions were also obtained
using unfunctionalized PLGAs. Blank and ALD loaded electrospun meshes were surface
treated with plasma (O2). The plasma oxygen treatment was carried out under vacuum
during 4 min for each side of the meshes. The generator power was at 75% of the capacity
(Diener electronic, Plasma-Surface-Technology, Ebhausen, Germany).

2.2.3. ALD-Loaded and Blank Meshes Characterization

Meshes were characterized in terms of thickness, porosity, contact angle, and fiber
diameter. Mean fiber diameter was obtained measuring 50 fibers for each sample after
silver coating using scanning electron microscopy images (SEM, JSM 6300, JEOL) at a 1500
magnification by an image analysis software (ImageJ v1.52, National Institute of Health,
Madison, WI, USA). Mesh thickness was obtained using stereomicroscope images (Leica
M205 C, LAS, v3 software, Leica, Wetzlar, Germany).

Real mesh density was obtained by helium pycnometry (Micromeritics, AccuPyc
1330, Norcross, GA, USA) while apparent density was calculated from the weight and
volume values. Volume was obtained from the length, width, and thickness as described in
Equation (2). Mesh total porosity was calculated using real density and apparent density
values as shown in Equation (3).

Apparent density =
weight

(lenght·width·thickness)
(2)

Porosity (%) =
real density− apparent density

real density
·100 (3)

Mesh surface wettability was measured by contact angle assessments using a drop
shape analyzer (DSA100; Krüss GmbH, Hamburg, Germany) and distilled water as the
liquid media. The obtained images were analyzed with an image analyze software (ImageJ
v1.52, National Institute of Health).

A proton NMR spectrum was performed on a 500 MHz equipment to determine the
amount of ALD present on ALD-loaded electrospun meshes. To do so, 4.41 mg of the
sheet were dissolved in 0.6 mL of CDCl3, and 18.4 µL of a standard solution of 1,1,2,2-
tetrachloroethane (Cl2CHCHCl2) in CDCl3 (33.07 mM) was added. In this way, the amount
of Cl2CHCHCl2 was four times the theoretical amount of alendronate presented in the
polymer sheet. The quantity of ALD was obtained by integrating the signals corresponding
to 1,1,2,2-tetrachloroethane (5.96 ppm) and the alendronate signal of the protons (2.98 ppm).
These measurements were performed also at different time points on ALD-loaded meshes
incubated in water at 37 ◦C to evaluate ALD release. To this end, samples were washed
twice with water and freeze-dried previous to NMR characterization.
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2.3. Foams Preparation and Characterization
2.3.1. Foam Preparation

Chitosan foams including adequate drug-loaded microspheres as shown in Table 2
were obtained. 4 mg of microspheres prepared under aseptic conditions as described in
Section 2.1.1 were homogenously dispersed in 30 µL of a 3% chitosan solution, frozen
at −20 ◦C and freeze-dried. Lyophilized systems were then crosslinked with 15 µL of
5% STPP, washed three times with 100 µL MilliQ water, frozen, and again freeze-dried.
Afterwards, foams were stored at 4 ◦C until use. The porosity of the foam was calculated
as described for electrospun meshes.

Table 2. Developed cross-linked chitosan foams and their correspondent final drug amount adjusted by microsphere
drug loading.

Nomenclature Loaded Molecules (Dose) Used Microspheres

Control foam - Blank PLGA

BMP-2 foam BMP-2 (600 ng) PLGA-BMP-2

BMP-2 + ALD foam BMP-2 (600 ng) + ALD (75 µg) PLGA/Chitosan-BMP-2 + ALD

BMP-2 + Low MMP-10 foam BMP-2 (600 ng) + MMP-10 (30 ng) PLGA-BMP-2 + Low MMP-10

BMP-2 + High MMP-10 foam BMP-2 (600 ng) + MMP-10 (120 ng) PLGA-BMP-2 + High MMP-10

2.3.2. Foams Wettability and Degradation

Foam water uptake and weight loss was analyzed by incubation in ultrapure water
at 37 ◦C under continuous stirring (25 rpm). At different time points samples were re-
moved, weighted after discarding the excess water and then freeze-dried to determine
their mass loss.

2.3.3. In Vitro Drug Release

Foams containing microspheres loaded with 125I radiolabeled proteins or ALD were
incubated in sterile MilliQ water at 37 ◦C and 25 rpm. The amount of the released proteins
was quantified by measuring the radioactivity of the supernatant with a gamma counter
(Cobra® II, Packard, Downers Gove, IL, USA) every other day. The released ALD, at the
same time points, was measured using a derivatization method as previously reported [32].
Briefly, supernatants were reacted with o-pthaldialdehyde (OPA, Sigma-Aldrich) and 2-
mercaptoethanol (Sigma-Aldrich). Then, the derivatization subproduct was measurement
immediately using a spectrophotometer (Ultrospect 3300pro, Biochrom, Cambridge, Eng-
land) (λ = 334 nm). In both cases, supernatants were removed at each time point and
replaced by fresh media.

2.4. Osteoporosis Animal Model

Animal experiments were performed according to the European Union legislation on
Care and Use of Animals in Experimental Procedures (2010/63/UE) and after approval by
the Ethic Committee for animal care of the University of La Laguna (CEIBA 2014-0128, 5
November 2014).

The osteoporosis mice model was obtained by a surgical procedure consisting of a
dorsal incision ovariectomy (OVX) under inhaled anesthesia (isofluorane, ISOFLO®, Abbott
Laboratories, Valencia, Spain) on 16-week-old FVB mice. FVB mice were selected because
other mice strains did not show signs of OP by densitometry. In addition, three weeks
after ovariectomy, a 3 mg/kg dexamethasone 21-isonicotinate ((DEX) Deyanil Retard, Fatro
Ibérica, Barcelona, Spain) was administered subcutaneously every week for three months.
To confirm the development of the OP condition, bone mineral density (BMD) of the whole
animal at different time points (0, 15, 30, 60 and 120 days post-OVX) was analyzed using a
densitometer (PIXImus, GE Lunar, Madison, WI, USA). To perform the test, animals were
anesthetized with medetomidine (1 mg/kg/IP) and ketamine (75 mg/kg/IP). To revert the
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anesthesia, atipamezole (0.1 mg/kg/IP) was administrated immediately after finishing the
densitometry. Animal weight and height was monitored throughout the experiment.

Additionally, histological assessments of healthy and osteoporotic mice bone tissue
four months after ovariectomy were performed. Mice were euthanized and femurs were
extracted, fixed in 3.7–4% p-formaldehyde (PFA, pH 7) and decalcified in Histofix® (Pan-
reac, Barcelona, Spain). Samples were prepared for histological analysis as previously
described [33].

2.5. Cell Isolation and Characterization
2.5.1. Osteoporotic and Normal mMSCs Isolation

Normal and OP murine Mesenchymal Stem Cells (mMSC or OP mMSC) were isolated
from tibia and femur of 8-week-old FVB healthy and osteoporotic mice, respectively, as
previously described by Soleimani and Nadri with slight modifications [34]. Mice were
sacrificed by cervical dislocation and both tibias and femurs were extracted. Muscle
and periosteum were dissected and isolated bones were stored in Dulbecco’s phosphate-
buffered saline (DPBS, Lonza, Merelbeke, Belgium) and processed for mMSC extraction.
Both epiphyses were ruptured and a syringe equipped with a 20 G needle loaded with
10 mL of Dulbecco’s minimal essential medium (DMEM, Lonza) supplemented with
10% fetal bovine serum (FBS, Biowest, Riverside, CA, USA), 2 mM L-glutamime (Sigma-
Aldrich), and 1% penicillin-streptomycin (Sigma-Aldrich) was used to flush the bone
marrow to elute mMSC. This process was repeated twice for each bone. Eluates were then
collected and centrifuged at 2000 rpm for 5 min, and the resulting pellets were combined,
resuspended in 15 mL of DPBS, and centrifuged again under the same conditions. The
resulting pellet was resuspended in 1.5 mL of complete DMEM and cells were seeded on a
petri dish and incubated at 37 ◦C and 5% CO2. Cell culture media was changed every day
for 72 h, then trypsinized (Trypsin-EDTA 0.25% in HBSS free of calcium, magnesium, and
phenol red, Biowest) and seeded in cell culture flasks where they were allowed to grow
until confluency.

2.5.2. Characterization of Isolated Cells

The obtained normal and OP mMSC were characterized in terms of surface markers
expression by flow cytometry analysis. Cells were cultured until passage 3, then trypsinized
and stained with calcein AM (1 µM; Sigma-Aldrich) for 30 min at room temperature.
Afterwards, cells were washed three times with DPBS divided into 4 tubes and incubated
with the correspondent APC-labelled primary antibody for CD45, CD44, and Sca-1 or APC-
labelled isotype control (ThermoFisher Scientific) for 30 min at 4 ◦C. The concentration
used for both control and specific antibodies was the same 10 µg/mL. Then, cells were
washed three times with DPBS and stored at 4 ◦C until characterization. Flow cytometry
was performed using the Macsquant Analyzer 10. Untreated cells were used as control.

2.6. In Vitro Biological Performance of Chitosan Foams and Electrospun Meshes
2.6.1. Evaluation of Developed Foams Osteogenic Capacity

Alkaline phosphatase activity was used to evaluate the osteogenic and mineralization
effect of the drug-loaded chitosan foams described in Table 2 on normal and OP mMSC.
Experiments were performed using isolated murine MSCs. Cells were trypsinized and
resuspended at high density 1 × 106 cells/mL in complete media. Then, 20 µL of the cell
suspension was added to the foams and incubated for 1.5 h at 37 ◦C and 5% CO2 to increase
cell attachment. Afterwards, 500 µL of complete medium was added to each well and
media was changed every other day. After 7 and 21 days of culture, samples were collected
in triplicate to evaluate osteogenic differentiation. Foams were washed twice with DPBS
at 4 ◦C and 500 µL of the developer solution was added and incubated at 37 ◦C and 5%
CO2 under gentle agitation for 1.5 h. The developed solution was a solution of tetrazolium
nitro blue chloride (NBT, Roche Diagnostics, Mannheim, Germany) and 5-bromo-4-chloro-
3-indole phosphate (BCIP, Roche Diagnostics) prepared in 0.1 M Tris-HCl, 0.1 M NaCl,
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and 0.05 M MgCl2 (pH = 9.2–9.5). After incubation, samples were washed twice with
DPBS and fixed with buffered PFA. After 30 min fixation at room temperature, foams were
washed twice, dehydrated, included in paraffin (Paraplast®, Barcelona, Spain) and cut with
the microtome (5 µm thickness; Shandon Finesse 325, Thermo Fisher Scientific). Images
of the obtained sections were taken in a microscope (Leica DM4000B, Barcelona, Spain).
The percentage of cells stained positive for alkaline phosphatase activity was obtained
comparing the number of positive cells against total cell numbers using an image software
(ImageJ v1.52, National Institute of Health).

2.6.2. Evaluation of Cell Viability and Adhesion to Electrospun Meshes

OP mMSC viability and adhesion to the plasma-treated electrospun meshes was
evaluated. Electrospun meshes were cut in disks of 8 mm diameter and placed on 48-well
plates. Then, 100 µL of the cell suspension (2.5 × 105 cells/mL) was added to the meshes
and incubated for 1.5 h at 37 ◦C and 5% CO2 to promote cell adhesion followed by the
addition of 400 µL of complete media to each well. After 24 h of seeding, cell viability was
evaluated by the XTT assay (XTT Cell Viability Kit, Cell Signaling Technology, Indianapolis,
IN, USA) following the manufacturer’s instructions. Absorbance was measured at 445 nm
using a plate reader (Biotek, Winooski, VT, USA). Cells seeded on tissue culture treated
polystyrene were used as control (100% viability).

To study cell adhesion, cells were seeded and incubated for 24 h with the meshes
as described above and then fixed with PFA. To evaluate cell morphology, cells were
stained with rhodamine phalloidin (Invitrogen, Eugene, OR, USA) and DAPI. Samples
were washed twice with DPBS and permeabilizated with 0.1% Triton X100 in DPBS for
15 min. Then, samples were washed twice again with DPBS and phalloidin solution; 1%
BSA was added and then incubated at room temperature for 40 min. Afterwards, samples
were washed twice with DPBS and 1 µg/mL DAPI was added and incubated for 5 min
at room temperature. Finally, samples were washed twice with DPBS, mounted with
Fluromount (Invitrogen) and observed under a fluorescence microscope (Leica DM4000B,
Leica Microsystems, Barcelona, Spain). Images were acquired using a digital camera (Leica
DFC300FX). Cells per field were counted using an image analysis software (ImageJ v1.52,
National Institute of Health).

2.7. In Vivo Experiments
2.7.1. Surgical Procedure

For this study, 16-week-old FVB female mice weighing between 25–35 g were used.
Mice were divided into two groups: healthy mice (non-OP group) and osteoporotic mice
(OP group) as described in Supplementary Figure S1. After 4 months, both mice groups
were subjected to a surgical procedure under inhalation anesthesia in which a 4 mm diame-
ter critical bone defect was performed in the calvaria. Prior to the surgical intervention,
the animal’s head hair was shaved and povidone iodine was applied, a sagittal incision
was made along the skull, and the skin was displaced to leave the skull exposed. Criti-
cal bone defects were made following a previously published protocol [35]. Electrospun
meshes containing ALD for the BMP-2+ALD foam group (Table 3) or blank electrospun
meshes for the remaining groups (Control, BMP-2 foam, BMP-2 + Low MMP-10 foam and
BMP-2 + High MMP-10 foam; Table 3) were placed on the defect. Adequate foams were
then placed above the meshes and the defect was closed placing another electrospun mesh
with or without ALD, depending on the treatment group, on top of the foams. Finally, the
wound was closed with surgical staples. Analgesia consisted of buprenorphine adminis-
tered subcutaneously (0.01 mg/kg) before surgery and paracetamol (200 mg/kg) in water
for 3 days after intervention. Both non-OP and OP groups were subjected to 4 different
treatments (10 mice each) as shown in Table 3. An additional control group (10 mice)
including control foam and blank electrospun mesh was added to the non-OP group as
control of bone formation and mineralization without any drug treatment. Therefore, the
experiment was performed using 90 mice: 50 non-OP and 40 OP. Two time points were
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tested, 6 and 12 weeks, and 5 mice were used for each time point. Animals were euthanized
by CO2 inhalation. During all the experiments, both OP and non-OP mice were monitored
for bone mass loss by densitometry (PIXImus, GE Lunar) as described in Section 2.4.

Table 3. Treatment groups for the in vivo assessment of scaffold performance. The same treatment
groups were used for control mice (non-OP group) and osteoporotic mice (OP group).

Sandwich-Like Scaffolds

Treatment Group Chitosan Foam
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2.7.2. In Vivo Drug Release

To evaluate the in vivo protein delivery, foams loaded with radiolabeled BMP-2 (125I-
BMP-2) or MMP-10 (125I-MMP-10) were used. The release rate was evaluated by measuring
the amount of radiolabeled proteins remaining in the scaffold at different time points using
a non-invasive method. The signal was compared with the one obtained immediately
after implantation as previously described [35,36]. The radioactivity was measured using
a probe-type gamma counter (Captus®, Nuclear Iberica, Ramsey, NJ, USA) coupled to
a 3.2 × 2 cm collimator. Mice were immobilized and 3 measurements (27KV, 1 min)
were performed. The average of the measurements carried out just after implantation
was considered as the administered dose and the release percentage was obtained as the
difference between the administered radioactivity and the remaining radioactivity at each
time point, all of which was corrected by the tracer disintegration factor, in this case 125I
(t1/2 = 60 days).

Moreover, for MMP-10 release experiments, an extra group consisting of plain MMP-
10 microspheres (no foam and no mesh) was added. In this group, 7 µL of 15% Pluronic
PF127 was added to ensure microspheres stay at the defect site [26].

2.7.3. Histological and Histomorphometric Evaluation

To label the mineralization front, animals were injected with oxytetracycline-HCl
(40 mg/kg, IM) and calcein blue (15 mg/kg, SC) 12 and 4 days previous to
euthanasia, respectively.

To assess the in vivo effects of the different treatments, histological and histomorpho-
metric assessments of the samples were performed. After tissue fixation in 10% formalin
solution (pH 7.4), undecalcified bone specimens were prepared for histological analysis as
previously described [37]. The sections were stained with Goldner’s trichrome to identify
new bone formation, or left unstained for detection of fluorochrome labels, and analyzed
by light microscopy (LEICA DM 4000B, Barcelona, Spain).

For histomorphometrical analysis, all sections per specimen were evaluated using
computer-based image analysis software (Leica Q-win V3 Pro-image analysis system,
Barcelona, Spain). We defined a region of interest (ROI) consisting of a circular area of
12.5 mm2, the center of which coincided with that of the defect site. This region covered
the entire defect surface and was limited by the host bone. Within this ROI, newly formed
bone was distinguished from scaffold material through structure and color differences.
New bone formation was expressed as a percentage of repair in relation to the total area of
the defect. The distance between tetracycline and calcein blue labels was measured under
ultraviolet light for the calculation of mineral appositional rate (MAR).
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2.8. Statistical Analysis

Statistical analysis was performed with SPSS version 25 software. All experiments
were run at least in triplicate. Differences between the treatment groups were analyzed by
a one-way analysis of variance (ANOVA) with a Tukey multiple comparison post-test. For
the in vivo studies, different treatments at each time point (6 weeks and 12 weeks) were
compared by means of a two-way ANOVA with a Tukey multiple comparison post-test.
Significance was set at p < 0.05. Results are expressed as mean ± SD.

3. Results
3.1. Physicochemical Performance of Developed Systems
3.1.1. Polymeric Microspheres

Polymeric microspheres were obtained by a double emulsification method using an
initial aqueous internal phase of either PVA+H2O (PLGA microspheres) or PVA+Chitosan+
H2O (PLGA/Chitosan microspheres). Both types of microspheres showed similar mean
diameter being 69.18 ± 1.6 µm for PLGA microspheres and 65.98 ± 0.04 µm for PLGA/
Chitosan microspheres with a single distribution peak. Microspheres’ loading efficiencies
were obtained using radiolabeled proteins or ALD. PLGA microspheres showed high
encapsulation efficiencies for BMP-2 (70± 6.8%) and MMP-10 (74.05± 25.9%). On the other
hand, the obtained alendronate encapsulation efficiency was slightly lower, 63.11 ± 11.02%.

3.1.2. Electrospun Meshes

To obtain electrospun meshes incorporating ALD, the drug was covalently linked to
two different PLGAs. 1H NMR study (Supplementary Figure S2A,B) was performed to
confirm the conjugation. The chemical shift (δ), expressed in ppm, gives information on
the type of hydrogen generating the signal. When the lower molecular weight PLGA was
used to link ALD, Resomer® RG 502, chemical shifts were observed at 1.57 (m, 321 H),
2.98 (s, 2 H), 4.54–4.98 (m, 183 H) and 5.07–5.38 (m, 91 H). On the other hand, when
Resomer® RG 504 H was used as the polymer backbone for drug incorporation signals
at δ 1.57 (m, 352 H), 2.97 (s, 2 H), 4.54–4.98 (m, 246 H) and 5.07–5.38 (m, 114 H) were
recorded. Integrating the signals obtained from PLGA (5.25–5.16 ppm) and the alendronate
signal at approximately 3 ppm, the obtained percentage of polymer functionalization was
76.3% for Resomer® RG 502 and 98.8% for Resomer® RG 504. Moreover, the percentage
of RG 502-ALD and RG 504-ALD polymers over the theoretical amount on the final mesh
was determined in triplicate by comparing the integrals of Cl2CHCHCl2 (used as internal
standard) and the alendronate signal at 3 ppm correspondent to “a”, a (R-CH2-X) proton X
being the Nitrogen (N) of ALD (Figure 1). The obtained value was 89 ± 7% indicating no
loss of the linked ALD during storage and electrospinning. Therefore, the ALD dose on the
meshes was 7 ng per mg of electrospun mesh. On the other hand, samples soaked for 72 h
in water did not show any ALD signal (Supplementary Figure S2C) indicating the release
of the drug at this time point. These effects could be more related to polymer hydrolysis
than to the hydrolysis of the amide group that is formed in the conjugation of ALD with
the polymer.

The obtained sheets were afterwards treated with plasma to decrease the surface
hydrophobicity conferred by PLGA. Indeed, blank-treated meshes showed contact angle
values around 90◦, the hydrophobic materials threshold, (88.2 ± 10.7) while ALD-meshes
showed a slightly higher mean contact angle of 93.43 ± 8.17. However, both types of
meshes presented lower contact angles than those previously reported for non-treated
PLGA meshes 114.1 ± 8.3 [38].

Furthermore, the physical properties and morphology of the meshes were charac-
terized in terms of thickness, fiber diameter, and total porosity (Figure 2). The obtained
blank and ALD-electrospun fibers presented a smooth surface (Figure 2A,B) characterized
by a similar microscale fiber diameter (≈1.3 µm). As expected, both systems are highly
porous showing a total porosity above 80%. However, the thickness of ALD meshes was
significantly higher than the one for blank meshes (Figure 2C).
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Figure 2. Scanning electron microscopy images at 1500× magnification of: (A) blank meshes (without ALD) and (B) alen-
dronate meshes both treated with plasma oxygen. (C) Thickness, microfiber diameter, and porosity of the blank and ALD 
linked meshes. 
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Figure 3. (A) Water uptake and mass loss and (B) drug release profiles of microsphere-loaded chitosan foams. 
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profile for both of the incorporated proteins reaching around 70% of protein release, 69.98 
± 2.62% for BMP-2 and 83.28 ± 4.21% for MMP-10, after 18 days of study (Figure 3B). How-
ever, ALD showed a more pronounced burst release with 55.41 ± 3.21% of the drug re-
leased just after two days of study followed by a sustained release rate. Despite the high 
burst release effect observed, the incorporation of ALD microspheres into the chitosan 
matrix was able to decrease the burst effect showed by plain microspheres characterized 
by almost all the drug released just after 2 days (94.4 ± 5.6%) (Supplementary Figure S3). 
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3.1.3. Microsphere-Loaded Chitosan Foams

Chitosan foams including adequate microspheres based on the desired scaffold com-
position were obtained by ionic crosslinking using a straightforward approach. The ob-
tained foams were characterized by high porosity, 94.6 ± 1.2%, and water uptake with
366.5 ± 13.9% of swelling after 24 h (Figure 3A). Moreover, the obtained foams showed
high stability with a mass loss of only 10.9 ± 5.13% after 28 days of study. Interestingly, the
mass loss was stable throughout the experiment being 15.1 ± 5.7% just after 24 h.
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On the other hand, the in vitro release studies showed a diffusion-controlled release
profile for both of the incorporated proteins reaching around 70% of protein release,
69.98 ± 2.62% for BMP-2 and 83.28± 4.21% for MMP-10, after 18 days of study (Figure 3B).
However, ALD showed a more pronounced burst release with 55.41 ± 3.21% of the drug
released just after two days of study followed by a sustained release rate. Despite the high
burst release effect observed, the incorporation of ALD microspheres into the chitosan
matrix was able to decrease the burst effect showed by plain microspheres characterized
by almost all the drug released just after 2 days (94.4 ± 5.6%) (Supplementary Figure S3).

3.2. Osteoporosis Instauration

To obtain OP-like mMSC and to evaluate the in vivo scaffold performance in OP-like
environments, an osteoporotic mice model was developed. Both healthy and OP mice
showed normal growth. Densiometry results (Figure 4A) showed significantly lower bone
mineral density values for OP-mice two weeks after ovariectomy when compared with
control animals (p-value < 0.001). From then, this difference was maintained during the
remaining time of the experiment. Moreover, the histomorphometric assay results confirm
the OP condition (Figure 4B). Femurs from OP mice showed significantly lower cortical
bone thickness, width and number of trabeculae in cancellous bone, and higher separation
of trabeculae in cancellous bone.

3.3. Characterization of OP-Like mMSC and “Healthy” mMSC

Cell surface markers expression was analyzed for OP-like mMSCs and control/healthy
mMSC to validate the isolation procedure selected. Flow cytometry results (Figure 5)
showed the expected mMSC surface markers expression with positive expression of mMSC
identifiers markers; stem cell antigen-1 (Sca-1) and CD44 and no expression (OP mMSC) or
slight expression (non-OP mMSC) of hematopoietic markers (CD45).
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Figure 4. (A) Bone mineral density (BMD; g/cm2) values for control and OP animals at 0, 15, 30, 60, and 120 days of
ovariectomy. (B) Histomophometric analysis in femurs measuring cortical bone width (Ct.Wi) and, in cancellous bone,
trabeculae width (Tb.Wi), trabeculae separation (Tb.Sp), and trabeculae number (Tb.N). (*) denotes statistical significance
differences compared with non-OP group (control) p < 0.001.
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3.4. In Vitro Performance of Chitosan Foams and Electrospun Meshes

Alkaline Phosphatase (ALP) is a crucial enzyme on the biomineralization process
increasing the local concentration of inorganic phosphate and a good predictor of neotissue
mineralization [39]. Both non-OP and OP mMSCs were cultured on microsphere-loaded
chitosan foams to analyze whether the presence of BMP-2 alone, or combined with MMP-10
or ALD, successfully promoted MSC osteogenic differentiation and mineralization in both
cell populations. After 7 and 21 days, ALP activity was evaluated and foams were fixed, cut,
and mounted on slides. The microscopic analysis showed the presence of positively stained
cells (ALP + cells) in all the experimental groups at the two time points were analyzed.
The level of ALP activity in most cells is qualitatively high as shown by the intensity of
the labelling (Figure 6A,B); however, slight qualitative differences were observed between
mMSC from normal mice (non-OP mMSC) and mMSC from OP mice, observing a higher
labelling intensity in the first ones (Figure 6A,B).
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with control treatment at the corresponding time point. (#) denotes statistical significant differences compared with BMP
treatment at the corresponding time point. Ms: microspheres. Scale bar = 30 µm.
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Quantification showed a significant increase in the number of non-OP mMSC
ALP + cells at 7 days of culture in all the treated groups with respect to the control
group, which was highest when cells were cultured on chitosan foams combining BMP-2
and ALD and BMP-2 and MMP-10 at low amounts (Figure 6C). In fact, cells grown on these
foams showed significantly higher ALP activity than those cultured on systems including
BMP-2 alone. The same trend was observed after 21 days of culture where drug-loaded
foams showed significantly higher number of ALP + cells than blank foams. Moreover, the
combination of BMP-2 with ALD or MMP-10 on the foams led to an increased ALP activity
when compared with the addition of BMP-2 alone.

On the other hand, this beneficial effect of the mixture of BMP-2 and ALD or MMP-10
was not observed on OP mMSC ALP activity (Figure 6D). In these circumstances, the
incorporation of BMP-2 to chitosan foams successfully increased the number of ALP + cells
after 7 days of culture but no additional effect was observed by its combination with ALD
or MMP-10. Moreover, after 21 days of culture, only the treatment combining BMP-2 and
low dose of MMP-10 presented a significantly higher number of ALP+ cells compared with
control foams. In general, foams seeded with OP mMSC, at 7 and 21 days post-seeding,
showed a lower number of ALP+ cells per field than those seeded with non-OP mMSC.
Therefore, a clear difference in mineralization potential can be observed between the control
and OP mMSC.

Moreover, OP mMSC were cultured on electrospun PLGA meshes containing ALD or
not. Cell viability and attachment were evaluated to analyze the effect of ALD presence on
cell behavior. Interestingly, the presence of ALD on the meshes significantly improved cell
viability (Figure 7A). Fluorescence images confirmed this trend (Figure 7B,C), showing a
higher number of attached cells on ALD-linked electrospun meshes.
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Figure 7. (A) Cell viability relative to control (polystyrene plate) of OP mMSC cultured on plasma-treated electrospun
meshes containing covalently linked ALD or not and cell morphology of OP mMSC cultured on (B) ALD-linked electrospun
meshes or (C) blk electrospun meshes. Blank (blk) stands for meshes without ALD. (*) denotes statistical significance
differences compared with non-OP group (control) p < 0.001.

3.5. In Vivo Evaluation of Sandwich-Like Scaffolds
3.5.1. In Vivo Protein Drug Release

The in vivo release of BMP-2 and MMP-10 incorporated in chitosan scaffolds showed
similar profiles to those observed in vitro but with a slight increase on the burst effect
(Figure 8). The amount of protein released after 24 h of implantation represented the
22.32 ± 2.68% of the dose for BMP-2 and 25.51 ± 2.22% of the dose for MMP-10. The
release rate of both proteins fit the Higuchi model, characteristic of release processes
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controlled by diffusion also explained by the high chitosan foam stability previously
observed. The Higuchi constant (KH) was 13.05 for BMP-2 release (R2 = 0.99) and 11.31
for MMP-10 (R2 = 0.97). Therefore, the complete dose of BMP-2 and MMP-10 would be
released after 8 weeks and 11 weeks, respectively, indicating the achievement of a stable
prolonged release.
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Figure 8. In vivo BMP-2 and MMP-10 release at different time points after implantation of the
developed scaffolds on control animals. Release profiles were obtained using radiolabeled BMP-2
and MMP-10.

3.5.2. In Vivo Bone Formation Induced by Sandwich-Like Scaffold Containing BMP-2
Alone or Combined with ALD or MMP-10

The ability of the developed sandwich-like scaffolds to promote new bone formation
and tissue mineralization was evaluated on a critical size calvarial bone defect on both
normal (non-OP) and OP animals. When scaffolds were implanted on control “healthy
animals” a high proportion of connective tissue surrounding the scaffold and low new bone
formation restricted to the margins of the defect was observed for all experimental groups
(Figure 9A). Twelve weeks post-implantation, a significant increase in the repair response
was observed with newly formed bone at the margins of the defect and isolated ossification
foci within it (Figure 9). The histomorphometric analysis showed significantly higher
repair percentages for all the treatments compared with control scaffolds (data not shown)
except for the combination of BMP-2 and MMP-10 with a high dose of the MMP. Both BMP
and BMP + ALD treatments showed similar percentages of repair at both 6 weeks (≈30%)
and 12 weeks (≈50%) post-implantation. Conversely, the combination of BMP+MMP at
the two concentrations tested led to a significant decrease in the percentage of repair at
both time points when compared with both BMP and BMP +ALD. The combination of
120 ng MMP-10 and BMP-2 was only able to achieve 27% of bone repair after 12 weeks of
implantation (Figure 9C).

The mineralization rate, determined by the mineralization fronts marked with calcein
blue and oxytetracycline, revealed significantly lower mineral apposition rates (MAR) at six
weeks post-implantation than at twelve weeks for all the experimental groups (Figure 9D).
Contrary to the results in bone repair, the combination of BMP-2 and MMP-10 led to a
significant increase in mineral apposition rates compared with BMP-2 alone. In fact, when
the higher dose of MMP-10 was used, 120 ng, the mineral apposition rate was significantly
higher to that observed for both BMP and BMP + ALD treatment groups.
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Figure 9. Representative panoramic images of the bone defect in the different experimental groups of non-OP (A) and OP 
(B) animals, showing the reparative response at 6 and 12 weeks post-implantation. Insert: Detail corresponding to the 
BMP + MMP-H group that shows active bone neoformation in the peripheral area of the scaffold (C,D). Histomorphomet-
ric analysis showing the percent of repair (C) and the mineral apposition rate (MAR) (D), six (blue) and twelve (orange) 
weeks post-implantation, in the different experimental groups of non-OP (squares) and OP (points) animals. Histograms 
represent mean ±SD values. The identical letter/symbol on different bars indicates significant differences. BMa: Bone mar-
row, CT: connective tissue, DS: defect site, MB: mineral bone, Ms: microspheres, NB: new bone, Os: osteoid, Sc: scaffold. 
Scale bars: A and B: 1 mm, inset: 80 µm. (*) denotes statistical significance differences between groups. 
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The development of biomaterials designed for bone regeneration has been one of the 

main objectives in the tissue engineering field for the last decades. The strategy of these 
scaffolds has been mostly centered on fulfilling requirements related to scaffold mechan-
ical performance and stem cell osteogenic induction capacities recognized as crucial to 
ensure the recovery of the bone function. However, not only should the characteristics of 

Figure 9. Representative panoramic images of the bone defect in the different experimental groups of non-OP (A) and OP
(B) animals, showing the reparative response at 6 and 12 weeks post-implantation. Insert: Detail corresponding to the
BMP + MMP-H group that shows active bone neoformation in the peripheral area of the scaffold (C,D). Histomorphometric
analysis showing the percent of repair (C) and the mineral apposition rate (MAR) (D), six (blue) and twelve (orange) weeks
post-implantation, in the different experimental groups of non-OP (squares) and OP (points) animals. Histograms represent
mean ±SD values. The identical letter/symbol on different bars indicates significant differences. BMa: Bone marrow,
CT: connective tissue, DS: defect site, MB: mineral bone, Ms: microspheres, NB: new bone, Os: osteoid, Sc: scaffold. Scale
bars: A and B: 1 mm, inset: 80 µm. (*) denotes statistical significance differences between groups.

Scaffold’s performance was also evaluated on the developed OP mice model. In
osteoporotic animals the relative proportion of connective tissue in the area of the defect
was similar to that observed in normal animals (Figure 9B). Following the same trend
as for control animals, the obtained percentage of repair and mineral apposition rates
were significantly higher at the last time point studied (12 weeks) than at 6 weeks post-
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implantation (Figure 9C,D). At this point of analysis, new bone formation was observed not
only in the margins but also in larger areas of the defect. However, a shift in the MMP-10
effect on tissue repair in OP animals was clearly observed when compared with control
non-OP animals. In diseased animals, the combination of BMP-2 and MMP-10 at either of
the doses selected promoted a significant increase in tissue repair compared with BMP-2
alone and BMP + ALD (Figure 9C). The highest percentages of repair were observed on
mice implanted with BMP + MMP-L with a value of 44% after 6 weeks of implantation and
54% after 12 weeks of implantation. On the other hand, the lowest percentages of repair
were obtained with scaffolds containing plain BMP showing values of 17% after six weeks
of implantation and 35% after 12 weeks.

In this case, the results of mineral apposition rate match the results mentioned above
for tissue repair (Figure 9D). The combination of BMP-2 and MMP-10 at either of the doses
selected promoted a significant increase in the mineral apposition rate compared with the
use of scaffolds including BMP-2 alone or combined with ALD.

4. Discussion

The development of biomaterials designed for bone regeneration has been one of
the main objectives in the tissue engineering field for the last decades. The strategy
of these scaffolds has been mostly centered on fulfilling requirements related to scaffold
mechanical performance and stem cell osteogenic induction capacities recognized as crucial
to ensure the recovery of the bone function. However, not only should the characteristics
of the scaffold be considered but the quality of the regenerated bone should also be
taken into account, especially when scaffolds are used in pathologies characterized by an
impaired bone quality. Increased bone mineral content and improved microarchitecture is
directly correlated with enhanced mechanical properties and is desirable for osteoporosis
treatments [40]. In this study we propose to use already well-known biocompatible and
biodegradable raw materials to develop sandwich-like scaffolds designed to obtain better
bone quality, increasing the mechanical resistance of bone. To do so, scaffolds were doped
with BMP-2 alone, with known osteogenic induction capacities, or with combinations of
BMP-2 and an antiresorptive drug (ALD), or BMP-2 and metalloprotease 10 (MMP-10), at
different doses.

To achieve a desirable growth factor and ALD or MMP-10 controlled release while
avoiding the risk of undesirable side effects derived from high concentrations, therapeutic
molecules were included on PLGA microspheres. The developed microspheres were
characterized by high encapsulation efficiencies of over 60% in all cases, being even 10%
higher for BMP-2 and MMP-10. The addition of chitosan in the internal phase during the
synthesis of ALD-loaded PLGA microspheres aimed at increasing their drug encapsulation
capacity which is a challenge due to the high aqueous solubility of the drug. Indeed, the
developed microspheres presented a five-fold increase in ALD encapsulation efficiency
compared with previously reported ALD-loaded PLGA microspheres prepared following a
similar double emulsification method [41]. Moreover, other reports already reported lower
ALD encapsulation efficiencies using a double emulsification method with levels as low as
0.2% [42].

Microspheres were then incorporated into chitosan networks serving as molds to ob-
tain cross-linked foams with high water uptake capacity, porosity, and remarkable stability.
Chitosan is a natural polymer widely used for bone tissue engineering applications due
to its several advantages as easy chemical modification and high biocompatibility [43].
Plain chitosan foams have been previously tested as substrates for osteoblasts attachment
indicating adequate performance [44,45]. However, chitosan is commonly combined with
either ceramics and/or other polymers to improve mechanical performance and confer
osteoinductive capabilities [46]. The strategy used on this study proposes to include mi-
crospheres loaded with BMP-2 and MMP-10 or ALD into chitosan foams serving as a
therapeutic molecules’ reservoir and conferring osteoinductive capabilities to the devel-
oped systems. In agreement with our hypothesis, the incorporation of the microspheres
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to chitosan foams led to a controlled release of the therapeutic molecules both in vitro
and in vivo characterized by a diffusion-controlled profile. Moreover, the incorporation
of PLGA microspheres to chitosan foams could improve the mechanical performance of
the systems.

The ability of the incorporated therapeutic molecules to confer osteoinductive capa-
bilities to the developed foams was evaluated by their culture with MSC from “healthy”
and OP animals and then the alkaline phosphatase activity was analyzed. The testing of
scaffold performance using both cell populations is justified by the known alterations in
OP MSC [47]. Cell populations were characterized by flow cytometry showing different
profiles for Sca-1 and CD44 expression. Sca-1-deficient mice were previously reported to
undergo osteoporosis and are characterized by a decreased self-renewal of osteogenic stem
cells [48–50]. In fact, the administration of Sca-1 + sorted MSC to osteoporotic animals
was able to improve bone mineral density [51]. On the other hand, similarly to Sca-1,
CD44 seemed to be decreased in OP mMSC. The absence of this cell surface hyaluronan
receptor has been correlated to increased osteoclastogenesis and bone loss under inflamma-
tory environments in mice [52]. Moreover, CD44 has been described as crucial for MSC
migration, a cell function reported to be decreased in OP mMSC [53,54]. Altogether, the
modified positive expression of Sca-1 and CD44 observed for OP mMSC (Figure 5) could
be associated to the disease instauration and the associated lower MSC migration, prolifer-
ation, and differentiation capacity [47,54]. Indeed, OP mMSC showed a lower number of
ALP+ cells than non-OP mMSC for all the evaluated treatments at both of the time points
selected. Analyzing the response of both cell populations to BMP-2 alone or combined
with the other therapeutic molecules, clear differences were pointed out. The addition of
BMP-2 significantly increased the number of ALP+ cells for both populations, but while
the combination of BMP-2 + ALD and BMP-2 + MMP-10 at low dose produced an even
higher number of ALP + cells for non-OP cells, no effect was observed for OP mMSC. The
ability of MMP-10 to increase the number of ALP + cells under an osteogenic environment
was previously described in vitro on aortic valve interstitial cells [25]. This effect has been
hypothesized to be mediated mainly by the PI3K/AKT cell signaling pathway, a critical
signaling pathway involved in OP [55]. This fact could explain the differences in cell
response to MMP-10. On the other hand, in agreement with our findings for non-OP
mMSC, ALD was previously reported to promote osteogenesis and an enhancement in
ALP expression on human MSC [56].

A new strategy was used to load PLGA electrospun meshes with ALD. In this case,
the drug was efficiently conjugated to different PLGA polymer chains. Thus, the obtained
meshes presented a drug content directly controlled by the quantity of functionalized
polymers used for electrospinning and not affected by storage. Plasma-treated electro-
spun meshes presented high porosity, microscale fiber diameter and, therefore, a high
surface-area-to-volume ratio, which are adequate characteristics to resemble the natural
extracellular matrix [57]. Indeed, osteoporotic-like cells seeded on the developed meshes
showed good attachment improved by the presence of ALD on their surface. These differ-
ences could be attributed to the acid character of un-functionalized electrospun meshes
due to the carboxylic acid terminal group of non-modified PLGA.

To obtain suitable scaffolds for bone regeneration, the developed chitosan foams were
surrounded by two electrospun meshes generating a 3D sandwich-like scaffold. To the best
of our knowledge, no previous work has been devoted to combine BMP-2 and MMP-10 on
microspheres embedded in a scaffold for the regeneration of critical size bone defects in
OP animals. Furthermore, the results of this combination were compared with scaffolds
containing BMP-2 alone or BMP-2 + ALD. In our previous work, microspheres loaded with
BMP-2 and MMP-10 were dispersed in a hydrogel and implanted on a critical size bone
defect [26]. The regenerative effect of the hydrogels was evaluated after 4 and 8 weeks of
implantation and the ratios tested for BMP-2: MMP-10 were 20:1 and 200:1. The obtained
results suggested a higher percentage of bone repair and mineralization apposition rates
for the higher MMP-10 dose (20:1; 30 ng MMP-10) after 4 weeks of implantation [26].
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As described above, bone formation is impaired in OP. Moreover, our previous results
revealed that a slow release rate of BMP-2 can be beneficial for bone regeneration promotion
in OP animals. Furthermore, the development of solid scaffolds able to remain longer on
the defect site leads to better bone repair [58]. Therefore, in the present study, scaffolds were
designed to persist in the defect site for a long time and to slowly release the therapeutic
molecules. In fact, the presence of the scaffolds on the defect area was evident at both
six and twelve weeks of implantation. Likewise, a complete infiltration of the scaffold by
connective tissue was observed, with the presence of cells both between the microspheres
and inside them. However, this long-term stability of the scaffolds had a negative effect on
non-OP animals, hindering the rapid regeneration observed on these animals and leading
to lower regeneration percentages to those previously reported for BMP-2 + MMP-10 [26].
This fact could also explain the in vivo lack of positive response in percentage of repair
for the BMP+MMP and BMP+ALD treatments compared with plain BMP-2, despite the
beneficial effects in ALP activity observed for these treatments in vitro. Moreover, the
dose-dependent negative effect of MMP-10 addition on the regenerative response could be
attributed to a catabolic effect aimed to degrade the scaffold. Despite the decrease observed
in tissue repair, the mineralization rate for BMP+MMP treatments was significantly higher
than BMP-2, confirming the positive effect of MMP-10 addition on bone mineralization.

The results obtained suggested the designed sandwich-like scaffolds are a closer match
for the bone tissue repair requirements in OP animals. In these animals, the combination of
BMP-2 and MMP-10 induced a regenerative effect and an improved mineral apposition
rate when compared with scaffolds containing BMP-2 alone or BMP-2 + ALD. These
observations suggested the requirements to achieve a good bone regeneration in the
osteoporotic population are different than those in healthy animals. Therefore, for bone
regeneration it is clear that there are three factors that must be controlled as well as their
interactions to achieve the desired effect: (1) the activity of the bone tissue to be repaired; (2)
the time the scaffold stays in the defect or, in other words, the rate of scaffold degradation
and; (3) the release rate and dose of the active substances as well as their combinations.
Future work is necessary to improve the understanding of the underlying interactions
between these three factors to exploit them and guide the development of novel therapeutic
strategies for bone regeneration.

5. Conclusions

Sandwich-like scaffolds were obtained combining PLGA electrospun meshes and
drug-loaded chitosan foams. Therapeutic molecules were efficiently loaded and released
from microspheres embedded on the chitosan network acting in vivo and in vitro as thera-
peutic molecule reservoirs for the developed scaffolds. This versatile strategy for scaffold
development allowed testing of the effect of BMP-2 and BMP-2 + MMP-10 or BMP-2 +
ALD on osteogenic induction and bone regeneration. The obtained results point out the
crucial role of the bone tissue repair activity on the treatment’s success. The designed
BMP-2 + MMP-10 combinations showed the desired effect of tissue repair promotion on
OP animals, but the opposite effect was observed on control animals. Therefore, the de-
velopment of adequate scaffolds for bone regeneration require consideration of the tissue
catabolic/anabolic balance to obtain biomaterials with a degradation/release behavior
suited for the existing tissue status.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/pharmaceutics13070979/s1, Figure S1, In vivo experiments timeline for osteoporotic model
evaluation by bone mineral density (BMD) measurements and the assessment of scaffold performance;
Figure S2, 1H-NMR spectrum; Figure S3, In vitro drug release profiles of ALD from microsphere-
loaded chitosan foams (ALD foam) and plain microspheres (ALD microspheres).
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Abstract
Gene therapy has emerged as a tool for the treatment of systemic metabolic disorders as osteoporosis (OP). However, the 
design of a suitable vehicle able to efficiently load and release the genetic material on the target cells is still a challenge. 
Moreover, the internalization pathway of nanosystems has been described to be dependent on their surface characteristics and 
the cell type evaluated. In this study, we aim at obtaining PEGylated lipid-PLGA nanoparticles (NPs) with variable surface 
charge able to incorporate GapmeRs (single-strand antisense oligonucleotides) for OP treatment. Nanoparticles showing 
negative, positive, and neutral surface charge were obtained by modulating the lipid composition. All formulations showed 
a remarkably low polydispersity index with adequate size. NPs were loaded with GapmeRs showing a high encapsulation 
efficiency and a surface charge–independent oligonucleotide loading. All the formulations were adequately internalized by 
MSCs. Future experiments will be devoted to use the developed formulations to clarify if the intracellular distribution of 
hybrid NPs on mesenchymal stem cells (MSCs) is dependent on surface charge. This portfolio of NPs will serve as a tool to 
analyze the effect of NP surface charge on gene therapy efficiency.

Keywords  Gene therapy · Osteoporosis · Lipid-polymer nanoparticles · Tailorable surface charge · Cell uptake

Introduction

Osteoporosis (OP) is considered a worldwide high-
prevalence disease with an associated significant morbidity 
and mortality. This pathology is characterized by a loss in 
the bone mass and a weak bone microarchitecture making 
patients susceptible to bone fractures [1]. The current 

osteoporosis management is mainly based on antiresorptive 
drugs that, when used as long-term treatments, present 
risk of side effects as osteonecrosis and atypical femoral 
fractures. Therefore, new therapeutic strategies for OP 
management have been explored focused on promoting 
tissue anabolism instead of avoiding bone catabolism [2]. 
On this sense, the use of gene therapy strategies devoted 
to control osteoblast activity and bone homeostasis 
have successfully increased osteogenesis “in vitro” in 
osteoporotic-derived mesenchymal stem cells and promoted 
mature bone formation in an “in vivo” model of OP [3].

Gene silencing has emerged as a promising tool for 
treating complex diseases such as cancer or systemic 
metabolic disorders as OP [4]. Despite the huge potential 
of synthetic oligonucleotides as gene-silencing molecules, 
their efficient administration remains a challenge to beat 
due to their low stability, small-cell internalization, and 
lack of specificity [5]. Among synthetic oligonucleotides, 
GapmeRs are antisense oligonucleotides composed of a 
synthetic single strand containing a central block of DNA 
nucleotides flanked by locked nucleic acids on each side. 
This structure provides several advantages as increased 
stability and decreased size when compared with other 
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synthetic oligonucleotides [6]. Nanoparticulated systems 
allow for the incorporation of several therapeutic molecules 
on their structure that, owing to their surface modification 
abilities, can be specifically released to the target cells [7].

The physicochemical characteristics and composition 
of nanoparticles (NPs) condition both their “in vivo” and 
“in vitro” performance. Therefore, the development of 
nanomaterials with tailorable characteristics based on 
the selected application is a crucial step in formulation 
development [8]. However, the establishment of the 
formulation characteristics (composition, formulation 
procedures, concentrations…) responsible for the final 
formulation properties is complex. The nanosize nature 
of NPs makes these systems highly sensitive to any 
minimal change during formulation leading to unexpected 
formulation properties [9]. In order to obtain robust and 
reproducible formulations, it is crucial to understand 
the effect of the different components on formulation 
characteristics. Moreover, NP surface characteristics 
have been recognized as a crucial factor conditioning 
nanoparticle-cell interactions and recognition of proteins 
[10]. Pegylation is a widely used strategy to reduce protein 
adsorption, avoid opsonization, reduce NP clearance, 
and increase their blood circulation permanence time 
[7]. However, NP surface electric charge should also be 
considered as it conditions nanoparticle bioavailability, 
absorption, and cell uptake [11]. The entrance of NPs into 
the cells is an important step to ensure therapeutic efficacy 
when designing systems aimed at intracellular delivery, 
usually the case for antisense oligonucleotide delivery 
systems. Recently, the effect of cell status as cell cycle 
position and cell type on NPs endocytosis has been pointed 
out [12]. Numerous studies indicate that different cell types 
use different endocytic pathways to internalize the same NPs 
[13]. Therefore, it is crucial to understand the cell uptake 
process of the designed NPs on the desired cell target.

Lipid-polymer hybrid NPs can be composed by a 
polymeric core surrounded by a lipid shell. They have 
numerous advantages combining the favorable characteristics 
of polymeric and lipid nanoparticles. Therefore, they possess 
high stability and physical integrity due to the polymeric 
core, and ease of functionalization, high stability in general 
circulation, and cell uptake due to the lipid shell [14]. These 
characteristics make lipid-polymer hybrid nanoparticles a 
promising next generation of drug delivery platforms.

The main objective of this work is to develop pegylated 
lipid-PLGA nanosystems able to incorporate GapmeRs 
suitable for OP treatment. To obtain tailor-made nanoparticles 
with the desired properties, we initially aimed at understanding 
the effect of the lipid composition on nanoparticles 
physicochemical properties. On a next step, we evaluated the 
effect of NP surface charge on GapmeR-loading efficiency 
and bone marrow–derived mesenchymal stem cell uptake. To  

this purpose, lipid-PLGA nanoparticles were prepared with a 
similar particle size and polyethylene glycol (PEG) density but 
with variable surface charges (positive, negative, and neutral).

Materials and methods

Materials

Poly(D,L-lactide-co-glycolide) (Resomer® RG 502 H, 
MW 7,000–17,000) was provided by Evonik (Germany), 
Soy L-α-phosphatidylcholine (Lecithin) was obtained from 
Avanti Polar Lipids (USA), DSPE-PEG2000 (1,2-distearoyl-
sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene 
glycol)-2000] (ammonium salt)) was provided by 
Nanosoft Polymers (USA), DOTAP (1,2-dioleoyl-3-
trimethylammonium-propane) and Protamine sulfate were 
purchased from Sigma-Aldrich (Mr: 5000–10000, USA), 
and fluorescently labeled GapmeR was custom designed  
and synthesized by Integrated DNA Technologies (USA).

GapmeR condensation using protamine

The ability of the cationic protein protamine to interact with 
GapmeR and promote its complexation was evaluated using 
three different oligonucleotide/protein weight ratios (1:2, 
1:1, and 1:0.5). GapmeRs were allowed to interact with the 
protein for 40 min at room temperature. Samples were then 
loaded on 15% acrylamide gels, and electrophoresis was 
performed for 45 min. The migration of the GapmeR was 
visualized by ethidium bromide staining.

Hybrid nanoparticles preparation

Lipid-polymeric hybrid nanoparticles were prepared by a 
modified single-step nanoprecipitation method as shown 
in Supplementary Fig.  1 [15–17]. Briefly, PLGA or 
PLGA + DOTAP at the desired concentrations (see Table 1) 
were dissolved in acetone (1 ml), then 50 µL of an aqueous 
solution of protamine or protamine + GapmeR was added 
and mixed. Immediately, this mixture was poured on an 
aqueous solution (4% ethanol in water; 10 ml) containing the 
required amount of DSPE-PEG2000 with or without lecithin 
(Table 1). Lecithin was previously dissolved on the aqueous 
phase by heating the solution to 65 °C. To obtain GapmeR-
loaded nanoparticles, the oligonucleotide was condensed 
with the protamine at a oligonucleotide/protamine 1:2 
weight ratio for 40 min before their addition.

Physicochemical characterization of hybrid 
nanoparticles

The physicochemical properties of the nanoparticles were 
characterized in terms of average diameter, polydispersity 
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index (PdI), and zeta-potential (ζ-potential) on a Zetasizer 
Nano-ZS (Malvern Instruments, UK). Samples were 
adequately diluted in ultrapure Milli-Q water and sonicated 
for 1 min on a water bath before characterization (P Selecta, 
Spain). All measurements were performed in triplicate for 
each sample.

Analysis of composition‑properties relationship

To minimize the effect of formulation procedures on NP 
properties, all the formulations were prepared following the 
same protocol and fixing the amount of PLGA (5 mg/batch) 
and protamine (45 µg/batch). The composition of the NPs 
surface was modulated by changing the lipid components 
as described in Table 1. To understand the effect of each 
lipid on NP properties and their possible interactions, the 
database was modeled using the Artificial Intelligence 
software FormRules® v4.03 (Intelligensys Ltd., UK). This 
software combines artificial neural networks and fuzzy 
logic allowing to answer “WHAT IF” questions by the set 
of “IF-THEN” rules generated by the model explaining the 
effect of the lipid composition on the NP characteristics. To 
generate these rules, a fuzzyfication process is necessary as 
described elsewhere [18].

The training parameters used for FormRules® v4.03 
models were Adaptive Spline Modeling of Observation Data 
(ASMOD) mode, two set densities, four maximum inputs per 
submodel, and 15 maximum nodes per input. The quality of 
the independent predictive model for each NPs property was 

evaluated using the determination coefficient of the training 
or test sets (R2) expressed in percentage (predictability) and 
the analysis of variance (ANOVA) (accuracy) [18].

Encapsulation efficiency of hybrid nanoparticles

To analyze the encapsulation efficiency of NPs, fluorescently 
labeled GapmeRs were used (IDT Technologies, Germany). 
Formulations were prepared as described above, and 
NP suspensions were filtered through 10 KDa MWCO 
(Millipore Amicon, USA) filters. Non-encapsulated 
oligonucleotide was quantified on the filtrate by measuring 
the f luorescence on a plate reader (Biotek, USA). 
Oligonucleotide concentration was assessed by means of 
the correspondent calibration curve. The physicochemical 
properties of GapmeR-loaded NPs were also analyzed as 
described above.

Isolation of bone marrow–derived mesenchymal 
stem cells

Primary murine mesenchymal stem cells (mMSCs) were 
isolated from the tibia and femur of 8-week-old FVB male 
mice as previously described with slight modifications [19]. 
Bones were extracted, cleaned from muscle and periosteum, 
and stored in DPBS (Lonza, Belgium). In sterile conditions, 
both epiphyses were ruptured and washed twice with 10 mL 
of Dulbecco’s modified Eagle’s medium (DMEM) (Lonza, 
Belgium) supplemented with 10% fetal bovine serum (FBS; 
Biowest, France), 2  mM L-glutamine (Sigma-Aldrich, 

Table 1   Lipid composition and 
physicochemical characteristics 
of the analyzed formulations. 
Core components were 
kept constant (PLGA 5 mg 
(0.4 µmol)/batch and protamine 
45 µg (0.006 µmol)/batch). 
Molar ratios (MRs) are shown 
in brackets

Lecithin DOTAP DSPE-PEG2000 Size (nm) PdI ζ-potential

mg (MR) mg (MR) mg (MR) Mean SD Mean SD Mean SD

1 2.0 (1) – – 179.77 3.76 0.18 0.03 38.97 3.24
2 1.2 (1) – – 171.75 5.87 0.13 0.04 −6.33 28.57
3 0.6 (1) – 0.4 (0.2) 150.77 0.78 0.11 0.01 −34.30 1.85
4 0.6 (1) – 0.8 (0.4) 178.47 2.48 0.09 0.02 −24.47 2.91
5 0.5 (1) – 1.4 (0.7) 161.50 0.36 0.19 0.02 −25.57 2.06
6 0.3 (1) 0.1 (0.4) – 176.45 11.29 0.08 0.01 28.72 9.64
7 0.4 (1) 0.1 (0.3) – 176.22 0.12 0.12 0.04 32.23 2.12
8 0.3 (1) 0.2 (0.7) – 178.07 2.42 0.10 0.04 51.07 2.58
9 0.4 (1) 0.2 (0.5) – 184.02 5.49 0.08 0.01 44.72 0.64
10 0.3 (1) 0.2 (0.7) 0.4 (0.4) 167.77 0.91 0.10 0.004 35.33 3.20
11 0.4 (1) 0.2 (0.5) 0.4 (0.3) 163.56 9.66 0.13 0.06 13.87 8.86
12 0.6 (1) 0.2 (0.4) 0.4 (0.2) 173.57 5.81 0.10 0.03 14.33 0.23
13 – 0.4 (1) – 167.40 0.72 0.06 0.002 49.43 1.31
14 – 0.4 (1) 0.5 (0.3) 153.93 1.79 0.10 0.004 39.55 0.64
15 – 0.4 (1) 0.4 (0.3) 165.03 0.45 0.10 0.02 44.37 2.75
16 – 0.4 (1) 0.8 (0.5) 144.97 1.40 0.10 0.01 28.07 1.40
17 0.6 (1) 0.4 (0.7) 0.8 (0.4) 166.10 4.37 0.16 0.06 19.80 0.50
18 0.1 (1) 0.5 (5.4) 0.9 (2.5) 145.37 0.49 0.11 0.01 35.30 0.89
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Germany), and 1% penicillin-streptomycin (Sigma-Aldrich, 
Germany). Eluates were collected and centrifuged at 
1,200 rpm for 5 min; the resulting pellets were combined, 
resuspended in 15 mL of DPBS, and centrifuged again under 
the same conditions. The resulting pellet was resuspended in 
1.5 mL of complete DMEM; cells were seeded on a petri dish 
and incubated at 37 °C and 5% CO2. Cell culture media was 
changed every day for 72 h, then trypsinized (trypsin–EDTA 
0.25% in HBSS free of calcium, magnesium, and phenol 
red, Biowest, France) and cells seeded in T-75 Flasks until 
confluency.

Hybrid NP cell uptake

To evaluate NP cell uptake, positive, negative, and neutral 
systems were loaded with 40 µg/ml coumarin-6 (Sigma-
Aldrich, Germany). The obtained NP suspensions were 
purified by filtration and washed twice with double-distilled 
water to remove any free couamarin-6. mMSCs were seeded 
on 96-well plates at 2 × 105 cells per well and allowed to 
attach for 24 h. The day of the experiment culture media 
was removed, and cells were treated with NP suspensions 
diluted in complete culture media at variable concentrations 
for 2 h at 37  °C. Then, NP suspensions were removed, 
and cell monolayers were washed three times with DPBS 
(Lonza, USA). Afterward, cells were lysed with 1% Triton 
X-100, and the fluorescence of the lysate was measured on 
a plate reader. The dose of NPs internalized was obtained 
by the correlation of the obtained fluorescence with the 
fluorescence of NP suspensions at variable concentrations.

Statistical analysis

Results are expressed as mean ± standard deviation. SPSS 
software (IBM SPSS Statistics 27) was employed to perform 
a one-way ANOVA followed by HSD Tukey’s post hoc 
to compare the different groups. Statistically significant 
differences were considered when p < 0.05.

Results

Protamine complexation of the selected GapmeR

Figure 1 shows the migration of GapmeRs alone (denoted 
as 1:0) or complexed with variable amounts of protamine. 
The addition of protamine to the oligonucleotide solution 
indeed promoted its complexation with the protein avoiding 
GapmeR migration. Moreover, while the GapmeR/protamine 
ratio 1:0.5 led to some free oligonucleotide, an increase 
in the protein amount (1:1 and 1:2 ratios) completely 
blocked oligonucleotide migration indicating its successful 

complexation with protamine. The selected ratio used for 
further experiments was 1:2 GapmeR/protamine.

Analysis of composition‑properties relationship

Hybrid nanoparticles with suitable physicochemical 
properties were successfully obtained by a modified single-
step nanoprecipitation method without the need of synthetic 
surfactants. The physicochemical characteristics of the 
developed formulations are shown in Table 1. As indicated 
below, the core components were kept constant for all the 
formulations (PLGA 5 mg/batch and protamine 45 µg/batch) 
while the lipid components were combined in different 
proportions. The amount of DOTAP tested varied from 0 to 
0.5 mg, DSPE-PEG2000 was used in variable amounts from 0 to 
1.45 mg, and soy lecithin was studied using proportions from 
0 to 2 mg. Further compositions were tested but discarded due 
to high size (> 200 nm) and/or PdI (> 0.20). All the selected 
formulations presented adequate size ranging from 137.6 to 
179.77 nm with low standard deviation. The PdI values of the 
analyzed formulations were between 0.08 and 0.19 also with low 
standard deviation. As expected, ζ-potential values were highly 
variable, obtaining formulations from −34.30 to + 51.7 mV 
with different standard deviation depending on the composition.

To better understand the formulation components responsible 
for the variation in ζ-potential, we took advantage of artificial 
intelligence techniques. The modelization performed by 
FormRules® v4.03 allowed to point out the crucial role of DOTAP 

Fig. 1   Gel electrophoresis of GapmeR alone (1:0) or GapmeR/prota-
mine complexes at 1:0.5, 1:1, and 1:2 weight rations in a 15% acryla-
mide gel
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on NP surface properties that mainly rules NP surface charge. The 
model presented good predictability (R2 = 79.5) and accuracy 
(computed f ratio > critical f ratio at α = 0.05). The complete set 
of “IN-THEN” rules is shown in Supplementary Materials. The 
obtained model also indicated, as a secondary submodel, that an 
increment in DSPE-PEG2000 amount leads to a decrease in surface 
charge (Fig. 2, Supplementary Fig. 2). Therefore, according to the 
developed model, ζ-potential can be mainly modulated by just 
modifying the amount of DOTAP used. Consequently, to obtain 
NPs with different surface charge (negative (ANPs), positive 
(CNPs), and neutral (NNPs)) three levels of DOTAP were used 
(0, 0.4, and 0.2 mg respectively) while maintaining constant the 
total lipid content and PEG density.

Development of anionic, cationic, and neutral NPs

PEG molecules are known to shield the nanoparticle 
surface and decrease reticuloendothelial system (RES) 
capture. In vivo NP terminal half-life increases with high 

PEG molecule densities like 0.9 PEG/nm2 [20]. Moreover, 
increasing PEG-coating densities to 1.25 PEG/nm2 leads 
to a decrease in serum protein adsorption [21]. Thus, the 
selected PEG density for further studying NP surface 
charge effect on GapmeR encapsulation efficiency and 
mesenchymal stem cell uptake was set at 1.25 PEG/nm2.

To determine the PEG amount required to achieve the 
desired density of 1.25 PEG/nm2, we used the equation 
described elsewhere [22] and assumed the following: 
(1) all the PEG was incorporated into the NP shell, (2) 
NPs were completely spherical, and (3) the obtained 
NPs would have an average diameter of 166 nm (mean 
diameter of previously obtained NPs). The development 
of models able to correlate formulation components with 
not only ζ-potential but also size and PdI with excellent 
predictability (R2 > 71) and accuracy (computed f 
ratio > critical f ratio at α = 0.05) allowed to predict the 
characteristics of the designed negative, positive, and 
neutral NPs as described on Table 2.

1:0 1:0.5 1:1 1:21111::::000 1:0...55555 1:1 11111111111111111111:::::::::::::2
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Fig. 2   Effect of DSPE-PEG2000 and DOTAP amount on hybrid NP surface charge according to FormRules® v4.03
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Six batches of each of the designed formulations were 
prepared in order to analyze the reproducibility of the 
physicochemical characteristics of the NPs. All the developed 
NPs present a monodisperse distribution with mean PdI 
values of 0.12 ± 0.01 for ANPs, 0.09 ± 0.01 for CNPs, 
and 0.08 ± 0.01 for NNPs. Interestingly, ANP presented 
significantly higher PdI values when compared with CNPs 
and NNPs (p < 0.036). Figure 3 shows the distribution of 
size and zeta-potential of the three formulations selected. 
No significant differences in size (p > 0.8) were observed 
between the three formulations (Fig. 3a). The mean size was 
170.34 ± 20.81 nm for ANPs, 162.90 ± 14.97 nm for CNPs, 
and 168.85 ± 21.96 nm for NNPs. On the other hand, as 
expected, significant differences were obtained in the surface 
charge of the developed formulations (p ≤ 0.002) (Fig. 3b). 
ANPs presented a ζ-potential of −20.68 ± 5.70 mV; CNPs 
showed a surface potential of 25.08 ± 6.89 mV, and NNPs 
were characterized by a neutral potential (0,30 ± 11,46 mV). 
Remarkably, the developed formulations presented the desired 
surface properties showing values close to those predicted 
by the model not only for surface charge properties but also 
for size and PdI, pointing out the reliability of the developed 
models (Table 2).

After NP characterization, PEG densities were calculated 
based on the real NP diameter leading to the following 
values: 1.28 PEG/nm2 for ANP, 1.23 PEG/nm2 for CNP, and  
1.27 PEG/nm2 for NNP.

Encapsulation efficiency of ANPs, CNPs, and NNPs

The capacity of the developed ANPs, CNPs, and NNPs to 
incorporate oligonucleotides was determined (Fig. 4a). All 

nanoparticles showed high GapmeR encapsulation efficiency 
with no significant differences between the samples being 
of 83.27 ± 1.14% for ANPs, 84.47 ± 0.52% for CNPs, and 
84.55 ± 0.41% for NNPs. Moreover, no significant effect of 
GapmeR incorporation was observed on NP size (Fig. 4b). 
The incorporation of GapmeR-modified NP surface charge 
depends on the composition of the NPs, as shown in Fig. 4c. 
While not much effect was observed for negatively charged 
NPs (ANPs) and positively charged (CNPs), neutral (NNPs) 
NPs significantly decreased their ζ-potential with the 
incorporation of GapmeR (p = 0.000).

Cell uptake

NP cell uptake was analyzed using bone marrow–derived 
mesenchymal stem cells, crucial for controlling bone 
metabolism (Fig. 5). No statistical differences were observed 
between the three formulations tested, but a slight decrease 
in cellular uptake was visible for nanoparticles prepared only 
with DOTAP (CNPs) despite their clear positive charge.

Discussion

The use of artificial intelligence techniques successfully 
allowed to predict the properties of lipid-polymer hybrid 
nanoparticles. This utility of artificial intelligence 
techniques has been previously described for other type of 
pharmaceutical formulations as hydrogels, microspheres, 
and lipid nanoparticles, allowing to select the formulation 
conditions/components suitable to obtain the desired 
properties [9, 23, 24]. However, to the best of our knowledge, 

Table 2   Lipid composition and predicted physicochemical characteristics of the selected positive (CNPs), negative (ANPs), and neutral (NNPs). 
Core components were kept constant (PLGA 5 mg/batch and protamine 45 µg/batch)

DOTAP DSPE-PEG2000 Lecithin Size PdI ζ-potential

mg mg mg nm mV
ANPs 0.0 1.1 0.4 155.77 0.134 −26.917
CNPs 0.4 1.1 0.0 139.82 0.085 25.391
NNPs 0.2 1.1 0.2 153.68 0.109 −0.763

Fig. 3   Distribution of size and 
surface charge of the selected 
formulations cationic NPs 
(CNPs), anionic NPs (ANPs), 
and neutral (NNPs). *Denotes 
statistical differences to ANPs 
(p = 0.000), $statistical differ-
ences to CNPs (p ≤ 0.002)
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no studies concerning hybrid nanoparticles using artificial 
intelligence tools have been reported before. In this study, 
the modelization of the experimental results with excellent 
predictability and accuracy indicated that the surface 
charge of PEGylated PLGA hybrid nanoparticles is mainly 
controlled by the cationic lipid DOTAP (Fig. 2). Despite 
using a negatively charged PEG-modified lipid (DSPE-
PEG2000) on the formulation, the effect of this component on 
the surface charge only appears as a secondary submodel. 
The lower effect of DSPE-PEG on surface charge compared 
with DOTAP could be related to the presence of the PEG 
chain on the molecule that could shield the DSPE phosphate 

group negative charge. The effect of PEG addition on NP 
charge decrease has been already pointed out [25].

Based on the obtained models, we can modify NP surface 
charge by just tuning the amount of DOTAP used during the 
formulation procedure allowing to maintain the PEG density 
constant, crucial in most of the NP surface phenomena. 
This fact could be highly valuable when correlating surface 
properties with NP biological performance.

PEGylated lipid-polymer hybrid nanoparticles were 
obtained without requiring the use of surfactants, other than 
soy lecithin, showing a monodisperse distribution with an 
adequate diameter (Fig. 3). In fact, cationic nanoparticles were 
obtained even without the addition of lecithin. This behavior 
can be explained by the formulation method selected: a one-
step self-assembly nanoprecipitation method. Remarkably, the 
formulations we prepared following our developed protocol 
presented similar size or even lower than those reported by 
other authors for hybrid PLGA nanoparticles following similar 
methodology [26, 27]. Surfactants are commonly included 
in nanoparticulated systems during the formulation step to 
control the formation, morphology, and surface properties of 
NPs [28]. Moreover, their use as stabilizers to avoid particle 
aggregation is a common practice for both metallic and 
polymeric NPs [29, 30]. However, the presence of synthetic 
surfactants on NPs surface hinders their interaction with the 
surrounding components while conditioning cell binding and 
target recognition [29]. Furthermore, synthetic surfactants are 
highly toxic and compromise the cytocompatibility of the final 
formulations. In this context, natural surfactants as lecithins 

Fig. 4   a Encapsulation effi-
ciency of designed anionic, 
cationic, and neutral NPs. b, c 
Size and zeta potential of empty 
(blk) and loaded (GapmeR) 
nanoparticle formulations. 
*Statistical differences com-
pared with blk formulations 
(p = 0.000)

Fig. 5   Bone marrow–derived mesenchymal stem cell uptake of 
selected anionic, cationic, and neutral NPs after 2 h of incubation

604 Drug Delivery and Translational Research  (2021) 11:598–607

1 3



296 / 299

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3609551				Código de verificación: jZ6GNQ7q

Firmado por: Patricia García García Fecha: 30/06/2021 14:04:52
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 07/07/2021 15:10:56
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2021/65484

Nº reg. oficina:  OF002/2021/64712
Fecha:  01/07/2021 13:17:18

have been proposed as alternatives in NP formulation due to 
their high biocompatibility and amphiphilicity, presenting 
great emulsifying properties [31]. Therefore, the NPs designed 
in this work presented adequate characteristics evading the 
drawbacks of synthetic surfactants.

Surface PEGylation is a widely used strategy to decrease 
unspecific protein adsorption and promote RES evasion. 
The PEG grafting density modulates NP pharmacokinetics, 
migration trough biological matrices, and mucus [22]. Some 
authors have pointed out that PEG density should be at least 
0.2 PEG/nm2 to prolong blood circulation time independently 
of the NP size [32]. Moreover, the use of PEG densities above 
0.64 PEG/nm2 leads to a decrease in macrophage uptake. In 
this case, NPs are internalized by a mechanism independent 
of surface protein adsorption [21]. The NPs prepared in 
this work presented a PEG density close to 1.25 PEG/nm2; 
this characteristic could decrease unspecific macrophage 
internalization while ensuring long circulation time.

The lipid/polymer ratio of hybrid nanoparticles affects their 
encapsulation efficiency, drug loading, and release [33]. To 
avoid variability caused by different lipid/polymer ratios, we 
fixed the total amount of lipid used. The selected formulations 
(ANPs, CNPs, and NNPs) indeed presented negative, positive, 
and neutral charge with similar size. NPs were loaded with 
nucleic acid (GapmeR) for this; oligonucleotides were 
condensed with the cationic protein (protamine) showing 
adequate complexation (Fig. 1). This approach led to high 
encapsulation efficiencies for all the formulations tested 
(Fig. 4). Hybrid nanoparticles have been already tested as gene 
delivery systems. However, these NPs were superficially loaded 
with oligonucleotides based on a surface charge–dependent 
mechanism through electrostatic complexation [33]. This 
strategy entangles the risk of nucleic acid desorption during 
storage or administration and higher exposure to nucleases in 
the extracellular space [34, 35]. On the other hand, the method 
followed on this work, unlike superficial ionic loading, allowed 
to reach an adequate oligonucleotide incorporation independent 
of NP surface charge.

Bone marrow mesenchymal stem cells (MSCs) are 
highly involved in osteogenesis. During this process, they 
migrate, proliferate, and commit to actively proliferating 
pre-osteoblasts followed by their differentiation to mature 
osteoblasts. However, in OP, MSC functionality is impaired: 
their self-renewal capacity is decreased, and they tend to 
shift to an adipogenic differentiation commitment [36]. The 
development of therapeutic systems able to revert this altered 
behavior is an attractive alternative to promote a healthy 
bone homeostasis. Gene therapy strategies, transfecting 
MSCs with oligonucleotides aimed at controlling their 
differentiation pathway followed by their “in vivo” 
implantation, have been used to promote osteogenesis with 
successful outcomes [3, 37–39]. As a step forward, in this 
study, we propose to develop NPs for in vivo transfection of 

MSCs in OP. This approach should allow to achieve systemic 
effects while avoiding cell isolation, “in vitro” expansion, 
and later implantation. Moreover, the proposed strategy 
eludes the risk of MSC mortality after implantation. The 
developed gene delivery systems should be internalized by 
the target cells (MSCs), allowing for the subsequent release 
of the nucleic acid inside them. Therefore, NP cell uptake 
by MSCs is a key step to ensure therapeutic performance.

NP surface charge together with size, shape, composition, 
and surface hydrophobicity modulates cell uptake [40]. 
In this study, we aimed at analyzing the effect of surface 
charge in the cell uptake of hybrid NPs with the same PEG 
density. Literature generally points out cationic NPs tend 
to be more easily internalized than anionic NPs, while this 
behavior depends on the cell type and many other factors 
[40, 41]. In our work, PEGylated lipid-polymer PLGA 
NPs were internalized in a similar extend independently 
of their surface charge (Fig. 4). Similar results have been 
already described for mesoporous silica nanoparticles and 
PLGA nanoparticles [42, 43]. This performance could be 
explained by the high NP uptake efficiency of MSCs. As 
reported by Chung and coworkers, the lack of correlation 
between NP surface charge and cell uptake in MSCs could 
be caused by a switch in the internalization pathway from 
a clathrin- and actin-dependent endocytosis, when neutral 
and negative NPs are used, to a different mechanism when 
highly positive NPs are used (+19 mV). The use of different 
internalization pathways would determine NP intracellular 
fate and distribution. Indeed, for other cell lines (fibroblasts, 
epithelial cells, endothelial cells, and blood cells), the 
intracellular trafficking of NPs showed a charge-dependent 
behavior. Positively charged NPs could escape the lysosomes 
after internalization, showing perinuclear localization, 
while negative and neutral NPs were mainly located within 
lysosomes [26]. It is still unknown whether varying NP 
surface charge promotes a similar change in NP intracellular 
distribution in MSCs to those described in other cell types. 
The surface tailorable properties of the NPs developed in 
this work may help to clarify this point, which conditions 
gene-silencing efficiency.

Conclusions

For the first time, PEGylated PLGA lipid-polymer hybrid 
nanoparticles with tailorable surface charge were obtained to 
analyze the effect of surface charge on GapmeR loading and 
MSC uptake. The obtained negative, positive, and neutral 
NPs showed a remarkably low polydispersity index with 
adequate size and allowed a surface charge–independent 
loading of GapmeR. All the formulations were adequately 
internalized by MSCs. Future experiments will be devoted 
to use ANPs, CNPs, and NNPs to clarify if the intracellular 
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distribution of hybrid NPs on MSCs is dependent on surface 
charge. This portfolio of NPs will serve as a tool to analyze 
the effect of NP surface charge on gene therapy efficiency.
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