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Summary & Motivation 
 

 

Bone is one of the most frequently transplanted tissues, and the demand is 

steeply rising due to the rapidly upward trend of worldwide incidence of bone 

lesions especially in populations where aging is coupled with increased obesity 

and poor physical activity. Bone grafts are utilized in a wide array of clinical 

settings to enhance bone repair and regeneration through osteogenesis, 

osteoinduction, and osteoconduction. The materials used in bone grafting can be 

divided into several major categories, including autografts, allografts, and 

xenografts. Each of these options has its own advantages and disadvantages. 

Autografts serve as the gold standard in reconstructing small bone defects and 

possess strong osteoinductive, osteoconductive and osteogenic characteristics. 

However, autografts are a piece of bone which is transferred from one body site 

to another of the same patient and thus, requires a second operation and also 

causes a defect in an otherwise healthy part of the body. Allografts and 

xenografts are alternative optional treatments which involve transplanting donor 

bone tissue from another human or an animal. These donor bone grafts have 

osteoinductive and osteoconductive characteristics but lack the osteogenic 

properties of autografts. Moreover, using bone obtained from a donor also has 

side effects, such as immunogenic reactions and disease transmission risks.
1,2

 

New methods are thus needed to overcome these problems and meet the 

growing demand. The field of bone tissue engineering (BTE) was emerged 

nearly three decades ago as a convenient alternative to promote the regenerative 

ability of the host body. One of the most important stages of BTE is the design 

and processing of a porous, biodegradable three-dimensional structure called 

‘scaffold’, exhibiting high porosity, high pore interconnectivity and uniform 

pore distribution, and providing the mechanical support during repair and 

regeneration of damaged or diseased bone. 3D bone scaffolds can be fabricated 

from bioceramics, bioactive glasses, biodegradable polymers and their 

composites.
2–4
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Bioactive glasses are attracting increasing attention for their use as bone 

tissue engineering due to their high bioactivity.
5,6

 Among them, 45S5 bioglass 

(45 % SiO2, 24.5 % CaO, 24.5 % Na2O, 6 % P2O5) is probably the most 

thoroughly studied and most widely used as bone graft substitute in clinical 

applications,
7,8

 being highly bioactive and both osteoinductive and 

osteoconductive.
9,10

 

However, the main disadvantage of bioglass based scaffolds is their high 

brittleness and, thus, low resistance to crack propagation, which makes most of 

these scaffolds unsuitable for load-bearing applications. In conventional 

techniques for manufacturing these bioglass scaffolds such as foam replication, 

sol–gel processing, thermal bonding of particles or fibers, solvent casting, gas 

foaming, freeze drying, etc., controlling the pore size, geometry, and spatial 

distribution is not precisely achievable, which leads to producing scaffolds with 

very high porosities and consequently very low mechanical properties.
11

 More 

recently, additive manufacturing technologies, such as direct ink writing,
12,13

 

have been developed, which have led to stronger scaffolds than those fabricated 

by conventional techniques. Nonetheless, despite the improvement provided by 

these additive manufacturing technologies, bioglass scaffolds remain too brittle 

for their application in load bearing regions of the skeleton.  

Consequently, the primary objective of this work is to develop novel 

biomaterials based on 45S5 bioglass scaffolds in combination with synthetic or 

natural polymers to overcome these obstacles. The specific tasks carried out to 

achieve this objective include: 

 

The specific tasks carried out to fulfill the above aims include: 

 

(1) Fabrication and characterization of 45S5 bioglass scaffolds by 

robocasting technique a direct ink writing method which provides a much 

greater level of control over pore architecture and more regular strut 

morphologies than conventional techniques. Developing an ink appropriate for 

robocasting requires careful tailoring of the viscoelastic properties of highly 

concentrated colloidal suspension through precise control of its composition. In 

this study, a new and simple formulation has been used for the preparation of 

the concentrated suspensions required by robocasting from 45S5 powders. 
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(2) Improving the intrinsic properties of the 45S5 bioglass struts. Since rod 

microporosity reduces the intrinsic strength of the rods—the micropores act as 

starting flaws for cracking—dense, defect free struts are desirable. In this study, 

the microstructure of the rods has been tailored by controlling the sintering 

parameters. The role of in-rod microporosity on the mechanical performance of 

the scaffold has been investigated and optimal processing conditions have been 

determined. 

 

(3) Reinforcement of 45S5 bioglass scaffolds by polymer coatings. 

Different kind of synthetic polymers such as PCL and PLA, and natural 

polymers including chitosan, alginate and gelatin have been applied on 45S5 

scaffolds by dip coating process in order to improve their strength and 

toughness. Apart from polymer composition, the effect of other parameters, 

such as in-rod microporosity, solvent type, solution temperature and polymer 

concentration, on the mechanical behavior of the developed polymer/bioglass 

composite scaffolds have been evaluated under compression and, in selected 

cases, under bending stresses. 

 

(4) Determination of the in vitro biodegradability and bioactivity behavior 

of selected bare and coated scaffolds in SBF. Microstructure evolution and 

mechanical properties evolution after incubation in SBF have been evaluated, as 

expected in a study devoted to the development of novel biomaterials. 

 

This manuscript has been organized as follows: 

 

 Chapter 1 provides a brief literature review of biomaterials science and 

engineering for bone repair. First, a concise description of bone structure and its 

properties is presented. Next, the main bone regeneration therapies, including 

conventional clinical treatments with bone grafts and developing alternative 

treatments with scaffolds, are explored. Subsequently, the requirements for the 

fabrication of bone scaffolds, the appropriate biomaterials, and the main 

conventional and additive manufacturing technologies used for this purpose are 

briefly reviewed. Especial attention is given to robocasting as the fabrication 

method selected for this study. And finally, polymer infiltration is proposed as 

an alternative to improve mechanical performance of bioceramic and bioglass 

scaffolds for bone regeneration, and a summary of exiting literature in this field 

is provided. 
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 Chapter 2 describes the materials, experimental procedures and 

analytical techniques used in this study. First, the materials and processes used 

for the fabrication of porous 45S5 bioglass-derived robocast structures and their 

infiltration with different synthetic (PCL and PLA) and natural (chitosan, 

alginate and gelatin) biodegradable polymers are described. Then, the 

microstructural and mechanical characterization and in vitro testing procedures 

used in this work are detailed. 

 

 The experimental results obtained in this study are presented and 

discussed in Chapter 3. This chapter is divided into four sections. First, the 

results corresponding to the optimization of the robocasting inks and subsequent 

sintering step used for the fabrication of 45S5 bioglass scaffolds, as well as the 

microstructural and mechanical characterization of the bare scaffolds are 

presented and analyzed. Second, the mechanical properties of 45S5 scaffolds 

coated with synthetic and natural polymers focused on PCL, PLA, chitosan, 

alginate and gelatin by a dip-coating process are discussed in detail: the effect 

of various processing parameters on the mechanical properties of the coated 

scaffolds are analyzed. Third, the results of the in vitro characterization 

performed on bare and coated scaffolds are presented; the bioactivity and 

biodegradation behavior, and subsequent mechanical evolution are discussed in 

detail. Finally, a comparison of the mechanical properties of the novel 

biomaterials developed in this work and natural bone is performed and some 

implications of this study are discussed. 

 

 The manuscript ends with a brief summary of the main conclusions 

derived from this study, presented as chapter 4. 

 

 

 



 

 

 

 

Resumen y Motivación 
 

 

El hueso es uno de los tejidos más frecuentemente trasplantado, y la 

demanda está aumentando considerablemente debido a que la incidencia 

mundial de las lesiones óseas está experimentando una tendencia creciente, 

especialmente en poblaciones donde al envejecimiento se une el aumento de la 

obesidad y la pobre actividad física. Los injertos óseos se utilizan en una amplia 

gama de entornos clínicos para mejorar la reparación ósea y la regeneración a 

través de la osteogénesis, osteoinducción y osteoconducción. Los injertos óseos 

se pueden dividir en varias categorías: autoinjertos, aloinjertos y xenoinjertos. 

Cada una de estas opciones tiene sus propias ventajas e inconvenientes. Los 

autoinjertos son la elección preferida en la reconstrucción de defectos óseos 

pequeños y poseen buenas propiedades osteoinductivas, osteoconductivas y 

osteogénicas. Sin embargo, los autoinjertos son un trozo de hueso que se 

transfiere de una parte a otra del cuerpo del mismo paciente y, por tanto, 

requieren de una segunda intervención quirúrgica, además, de causar un defecto 

en una parte sana del cuerpo. Los aloinjertos y xenoinjertos son tratamientos 

alternativos que implican el trasplante de tejido óseo de otro ser humano o de un 

animal. Estos injertos óseos tienen características osteoinductivas y 

osteoconductivas adecuadas, pero carecen de las propiedades osteogénicas de 

los autoinjertos. Por otra parte, el uso de hueso obtenido a partir de un donante 

tiene efectos secundarios, tales como reacciones inmunológicas y transmisión 

de enfermedades.
1,2

 

Para superar estos problemas y satisfacer la creciente demanda de tejido óseo 

se han desarrollado soluciones alternativas. En este sentido, la ingeniería de 

tejido óseo surgió hace casi tres décadas como una alternativa para promover la 

capacidad regenerativa del cuerpo del anfitrión. Una de las etapas más 

importantes de la ingeniería de tejido óseo es el diseño y fabricación de una 

estructura tridimensional porosa biodegradable llamada "andamiaje”, con alta 

porosidad, alta interconectividad de los poros, distribución de poros uniforme y 

que sea capaz de proporcionar el soporte mecánico necesario durante la 
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reparación y la regeneración del hueso dañado. Estos andamiajes 3D pueden ser 

fabricados a partir de materiales biocerámicos, vidrios bioactivos, polímeros 

biodegradables y sus compuestos.
2–4

 

Los vidrios bioactivos están atrayendo cada vez más atención para su uso en 

ingeniería de tejido óseo debido a su alta bioactividad.
5,6

 Entre ellos, el 

biovidrio 45S5 (45 % SiO2, 24.5 % CaO, 24.5 % Na2O, 6 % P2O5) es 

probablemente el más estudiado y utilizado como sustituto óseo en aplicaciones 

clínicas,
7,8

 ya que es muy bioactivo y tanto osteoinductivo como 

osteoconductivo.
9,10

 

Sin embargo, la principal desventaja de los andamiajes de biovidrio 45S5 es 

su alta fragilidad y, por lo tanto, baja resistencia a la propagación de grietas, lo 

que hace que la mayoría de estos andamiajes sean inadecuados para 

aplicaciones en las que tengan que soportar carga. En las técnicas 

convencionales para la fabricación de andamiajes de biovidrio 45S5 (solvent 

casting en combinación con filtrado de partículas, mallado fibrilar, espumado 

por gas, moldeado fundido, secado por congelación, separación de fases o 

tecnología supercrítica de fluidos, etc.) es difícil controlar de forma precisa la 

geometría, tamaño y distribución espacial de los poros. Por ello, para crear 

canales internos que permitan la vascularización, los andamiajes fabricados 

mediante técnicas convencionales presentan porosidades muy altas y, en 

consecuencia, pobres propiedades mecánicas.
11

 Recientemente, se han 

desarrollado tecnologías de fabricación aditiva, como la impresión directa,
12,13

 

que han permitido fabricar andamiajes con propiedades mecánicas mejoradas. 

Sin embargo, a pesar de la mejora proporcionada por estas tecnologías de 

fabricación aditiva, los andamiajes de biovidrio siguen siendo demasiado 

frágiles para ser utilizados en las regiones del esqueleto sometidas a carga. 

En consecuencia, el objetivo principal de este trabajo es el desarrollo de 

nuevos biomateriales basados en andamiajes de biovidrio 45S5 en combinación 

con polímeros sintéticos o naturales para superar estos obstáculos. Las tareas 

específicas realizadas para lograr este objetivo incluyen: 

 

(1) Fabricación y caracterización de andamiajes de biovidrio 5S5 mediante 

moldeo robotizado (robocasting), un método de impresión directa que 

proporciona un control de la arquitectura de poros mayor que las técnicas 

convencionales. El desarrollo de una tinta apropiada para la técnica de moldeo 

robotizado requiere de un cuidadoso control de las propiedades viscoelásticas de 

la suspensión coloidal altamente concentrada a través de un control preciso de 
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su composición. En este estudio, se ha utilizado una nueva formulación para la 

preparación a partir de polvos 45S5 de las suspensiones concentradas requeridas 

por la técnica de robocasting. 

 

(2) Mejora de las propiedades intrínsecas de las barras que constituyen los 

andamiajes de biovidrio 45S5. Dado que la microporosidad de las barras reduce 

su resistencia intrínseca—los microporos actúan como defectos precursores de 

la fractura—se requiere que las barras estén libres de defectos. En este estudio, 

la microestructura de las barras ha sido modificada mediante el control de los 

parámetros de sinterización. Esto ha permitido estudiar el papel de la 

microporosidad de las barras en el comportamiento mecánico del andamiaje y 

determinar las condiciones óptimas de fabricación. 

 

(3) Refuerzo mecánico de los andamiajes de biovidrio 45S5 mediante su 

recubrimiento con polímeros. Los andamiajes de biovidrio 45S5 se han 

recubierto con polímeros sintéticos (PCL y PLA) y polímeros naturales 

(quitosano, alginato y gelatina) mediante su inmersión en una disolución de 

polímero, con el fin de mejorar su resistencia y tenacidad. Se ha analizado el 

efecto de la composición del polímero, la microporosidad de las barras del 

andamiaje, el tipo de disolvente, la temperatura de la solución y la 

concentración de polímero en el comportamiento mecánico de los andamiajes 

híbridos mediante la realización de ensayos de compresión y, en casos 

seleccionados, de flexión.  

 

(4) Determinación de la biodegradabilidad y bioactividad in vitro de los 

andamiajes de biovidrio 45S5 y de los andamiajes híbridos biovidrio 

45S5/polímero. Para ello, se ha analizado la evolución de la microestructura y 

de las propiedades mecánicas con el tiempo de inmersión en SBF. 

 

Esta memoria se ha estructurado en los siguientes capítulos : 

 

 En el Capítulo 1 se realiza una breve revisión de la literatura sobre 

biomateriales para la reparación ósea. En primer lugar, se presenta una breve 

descripción del hueso y sus propiedades. A continuación, se exploran las 

principales terapias de regeneración ósea, incluyendo tratamientos clínicos 

convencionales con injertos de hueso y el desarrollo de tratamientos alternativos 

como los andamiajes. Posteriormente, se revisan brevemente los requisitos para 
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la fabricación de andamiajes para sustitución ósea, los biomateriales apropiados, 

y las principales tecnologías de fabricación convencionales y aditivas utilizadas 

para este propósito. Se presta especial atención a la técnica de moldeo 

robotizado ya que es el método de fabricación utilizado en este estudio. Y, por 

último, se propone el recubrimiento con polímero como una alternativa para 

mejorar la respuesta mecánica de los andamiajes. 

 

 En el Capítulo 2 se describen los materiales, los procedimientos 

experimentales y las técnicas de caracterización utilizados en este estudio. En 

primer lugar, se describen los materiales y los procedimientos utilizados para la 

fabricación de las estructuras porosas de 45S5 mediante moldeo robotizado y 

para su infiltración con polímeros biodegradables tanto sintéticos (PCL y PLA) 

como naturales (quitosano, alginato y gelatina). A continuación, se detallan las 

técnicas de caracterización microestructural y mecánica  utilizadas y los ensayos 

in vitro realizados.  

 

 Los resultados experimentales obtenidos en este estudio se presentan y 

discuten en el Capítulo 3. Este capítulo se divide en cuatro secciones. En primer 

lugar, se incluyen y analizan los resultados correspondientes a la optimización 

de las tintas para moldeo robotizado y la sinterización de los andamiajes de 

biovidrio 45S5, así como los correspondientes a su caracterización 

microestructural y mecánica. En segundo lugar, se discuten con detalle las 

propiedades mecánicas de los andamiajes de biovidrio 45S5 recubiertos con 

polímeros sintéticos y naturales (PCL, PLA, quitosano, a lginato y gelatina): se 

analiza el efecto de varios parámetros del proceso de recubrimiento sobre las 

propiedades mecánicas de los andamiajes recubiertos. En tercer lugar, se 

presentan los resultados de la caracterización in vitro realizada en andamiajes de 

biovidrio 45S5 y andamiajes híbridos biovidrio 45S5/polímero; se discuten en 

detalle la bioactividad y la biodegradación, y la evolución mecánica con el 

tiempo de inmersión en SBF. Por último, se comparan las propiedades 

mecánicas de los nuevos biomateriales desarrollados en este trabajo con las 

correspondientes al hueso natural y se incluyen algunas implicaciones de este 

estudio 

 

 Finalmente, en el Capítulo 4 se resumen las conclusiones más 

relevantes que pueden extraerse de este estudio.  
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Introduction 
 

 

In this chapter a brief literature review of biomaterials science and 

engineering for bone repair is presented. Firstly, a concise description of bone 

structure and its properties is commented. Secondly, the main bone regeneration 

therapies, including conventional clinical treatments with bone grafts and 

developing alternative treatments with scaffolds, are explored. Then, the 

requirements for the fabrication of bone scaffolds, the appropriate biomaterials, 

and the main conventional and additive manufacturing technologies used for 

this purpose are briefly reviewed; especial attention is given to robocasting as 

the fabrication method selected for this study. And finally, polymer infiltration 

is proposed as an alternative to improve mechanical performance of bioceramic 

and bioglass scaffolds for bone regeneration, and a summary of exiting 

literature in this field is provided. 

 

 

1.1 Characteristics of bone structure 

 

Natural bone is an exceptional structural material that imparts mechanical 

support and protection to the vertebrate skeleton. The unique properties of 

natural bone result from a nanocomposite structure, consisting of a collagen 

fibre matrix stiffened by well-ordered hydroxyapatite (HA) crystals, with the 

chemical formula Ca10(PO4)6(OH)2 and which accounts for 69 % of the weight 

of the bone.
14
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This combination of the organic and inorganic phases is extremely 

important, because it gives bone a unique combination of mechanical properties, 

such as elastic modulus, toughness and strength, which allow it to withstand the 

various mechanical and structural loads encountered during normal and extreme 

physical activities.
15

 

Another important property of bone is that is a living tissue, which allows it 

to self-regenerate via the action of osteoblastic cells after, for example, a 

fracture. However, when the damage produced is severe, bone needs to be 

artificially repaired or regenerated with external aid.
14

 

The hierarchical structure of bone consists of six levels of organization as 

shown in Figure 1.1. At the largest scale bone macrostructure consists of two 

different configurations which differ in the level of porosity: cortical (dense, 5-

10 % porosity) and cancellous (spongy, 50–90 % porosity) bone; at the second 

level (10–500 µm), bone microstructure consists of single trabeculae or osteons. 

The osteon system consists of cylindrical structures composed of concentric 

layers or lamellae surrounding a central duct called the Haversian canal. This 

canal delivers the blood supply and provides connection for the nerves in 

surrounding bone tissue. The next level, sometimes called sub-microstructure 

(1–10 µm), contains the lamellae which are thin plate like structures, curved 

into cylinders to form the osteons, that form the basic structural unit of the 

bone. The lamellae consist of collagen fibre assemblies, which constitute the 

fourth structural level (500 nm –1 µm). Each fibre is composed at the nanoscale 

level (< 500 nm) predominantly of collagen fibrils (fifth level) consisting of 

tropocollagen triple helixes with embedded HA nanocrystals (sixth 

level)although other non-collagen organic proteins are also present.
16

 

The mechanical properties of bone generally depend on its structure and 

orientation. The typical values of human bone mechanical properties are 

summarized in Table 1.1.
6,17–21

 Due to their evidently different macrostructural 

features (i.e. porosity), cortical bone has much higher mechanical resistance and 

stiffness than cancellous bone.
22
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Figure 1.1. The hierarchical structural of bone.
16

 

 

 

 

Table1.1. Summary o f the mechanical properties of human bone.
6,17–21

 

Mechanical property Cancellous bone Cortical bone 

Compressive strength (MPa) 2-12 100-230 

Tensile strength (MPa) 10-20 50–150 

Young’s modulus (GPa) 0.05-0.5 7-30 

Fracture toughness (MPa·m
1/2

) 0.1-0.8 2–12 

 

 

1.2 Bone regeneration therapies 

 

The worldwide incidence of bone disorders and conditions is continuously 

increasing, especially in populations where aging is coupled with increased 

obesity and poor physical activity.
2
 Thereby, the need for therapies to repair 

and/or regenerate large bone defects is also growing. Although bioinert (e.g. 

metallic) bone implants are successfully used for the replacement of lost bone, 

their useful lifetime is often limited and they have a relatively high associated 

risk of infection. Therefore a preferred treatment would be to heal and 

regenerate the lost tissue rather than just replace it by another artificial material. 

The main techniques available to tackle this goal are hereby briefly reviewed. 
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1.2.1 Bone grafts 

 

Currently, the most routinely used clinical method to reconstruct large bone 

defects is bone grafting. Bone grafts are utilized in a wide array of clinical 

settings to augment bone repair and regeneration.
2
 

The most common graft is an autograft, whereby bone is taken from the 

patient’s own body and reimplanted.
23 Autografts are biocompatible and non-

immunogenic, possess appropriate biomechanical properties and the essential 

components to achieve osteoinduction (i.e., bone morphogenetic proteins 

(BMPs) and other growth factors), osteogenesis (i.e., osteoprogenitor cells) and 

osteoconduction (i.e., porous three-dimensional matrix).
2,24

 Although autografts 

are preferred for faster bone regeneration, this method encounters many 

challenges inherent to the process, such as the need for an additional surgical 

site, limitations to harvest the grafts with an appropriate size and shape, and the 

potential risk of donor site morbidity, which may include infection, fracture, and 

chronic pain.
24

 

An alternative treatment is the use of an allograft whereby bone is removed 

from an organ donor. Allografts are also likely biocompatible, however, they 

have reduced osteoinductive properties and no cellular component. In 

comparison to autografts, allografts have associated risks of immunoreactions 

and transmission of infections.
2 

 

 

1.2.2 Bone tissue engineering: scaffolds 

 

Although clinical bone grafting has been shown to enable bone regeneration, 

because of the previously mentioned limitations and the high-cost and non-

controlled resorption of the grafts,
14

 a lot of researches have been directed 

toward developing alternative biological solutions.
25–27

 

Consequently, the field of bone tissue engineering (BTE) was initiated 

nearly three decades ago with the aim of developing alternative treatment 

options that will ideally eliminate the previously described issues of current 

clinically used treatments.
2,28

 

For the regeneration of bone in tissue engineering strategies, the most typical 

approach is to apply a porous 3D structure called ‘scaffold’ made from 
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engineered biomaterials, usually in combination with bioactive molecules such 

as growth factors and relevant cells.
2
 Cells and growth factors are seeded into 

highly porous biodegradable scaffolds, cultured in vitro, and subsequently the 

scaffolds are implanted into bone defects to induce and direct the growth of new 

bone. Hence, the main function of a scaffold is to act as the substrate that allows 

cells to attach, proliferate, differentiate, and organize into normal, healthy bone 

as the scaffold degrades.
29 

 

 

1.3 Bone scaffold requirements 

 

The fabrication of an ideal scaffold for bone tissue engineering is 

challenging.
14,28,30

 The pysico-chemical and biological requirements for a 

successful BTE scaffold are very stringent, as schematically shown in Figure 

1.2. It is necessary for engineered scaffolds to fulfill, to some extent, all these 

requirements in order to promote bone growth.
31

 In addition to porosity, 

bioactivity, biocompability and mechanical properties requirements, the 

selected biomaterial should capable of being economically processed into the 

desired shapes and dimensions.
32

 

Some of these requirements for the ideal scaffold biomaterial are now 

discussed in more detail.  
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Figure 1.2. Diagram showing physico-chemical (top) and biological (bottom) 

properties required of bone tissue engineering scaffolds.
31 

 

 

1.3.1 Porosity 

 

A common feature of tissue engineering scaffolds is that they are porous 

structures. Scaffold pore structure (i.e., pore size, volume, and 

interconnectivity) plays an important role in regulating cell adhesion, growth 

and migration. Porosity is a measure of the open pore volume within the matrix, 

often called the void fraction, which can be calculated as follows: 

 

         
                

            
 

 

High porosity is necessary to provide a sufficiently high surface area for 

cell-scaffold interactions (i.e. increased cell adhesion), sufficient space for 
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extracellular matrix (ECM) regeneration, and a uniform and efficient cell 

seeding. A high pore interconnectivity is another requirement of scaffolds in 

order to facilitate cell in-growthand the deposition of ECM elements.
33

 

Although some ambiguity remains about the optimal porosity and pore size 

for a three-dimensional bone scaffold, studies suggest that scaffolds currently 

designed with small pore sizes (i.e., < 200 μm) display in vitro and in vivo 

osteoblast survival and bone formation limited to the periphery, due to 

decreased oxygen and nutrient diffusion throughout the scaffolds. On the other 

hand, scaffolds with a mean pore size of 300 μm display increased osteoblast 

proliferation and differentiation throughout the entire scaffold, due to enhanced 

neovascularization and mass transport of oxygen and nutrients.
2
 Pore sizes in 

the range of 200 to 350 μm are found to be optimum for bone tissue in-

growth.
34

 Furthermore, studies have indicated that multi-scale porous scaffolds 

involving both micro (pores < 20 μm) and macro (pores > 50 μm) porosities can 

perform better than only macro porous scaffold.
35

 Microporosity is a critical 

element of the osteoconductive properties of a scaffold material and the 

resultant bone tissue in-growth and vascularization.
2,35

  

 

 

1.3.2 Mechanical properties 

 

A key feature of BTE scaffolds is that the need to provide temporary  

structural support and mechanical integrity at the defect site until the bone tissue 

is regenerated, and normal biomechanical function is restored.
2
 However, as 

porosity and mean pore sizes increase, mechanical strength is jeopardized, so 

that a balance between porosity and mechanical performance has to be made for 

the particular BTE application.
2,6

 The broad range of variation in the mechanical 

properties and porosities of human bone makes it difficult to design a single 

“ideal bone scaffold”.
34

 The restorative scaffold’s mechanical properties should 

be modulated or tailored to match the demands of the defect site, to reduce or 

altogether avoid complications such as stress shielding, implant-related 

osteopenia, and subsequent refracture.
2,29
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1.3.3 Degradability 

 

Biodegradability (in vivo degradability) of scaffold material influences the 

formation and functionality of new tissues. An appropriate scaffold should 

exhibit a degradation rate compatible with ongoing bone regeneration at the site 

of implantation and must maintain the structural stability until the new tissue 

fully assumes the load-bearing function. The degradation rate of the scaffold 

can be tailored by varying the material composition, and scaffold fabrication 

technique.
36,37

 

 

 

1.4 Bone scaffold materials 

 

A range of different biomaterials have been considered for the preparation of 

bone scaffolds.  However, designing a suitable scaffold with a single 

biomaterial that fulfills all the relevant criteria still remains a great scientific 

challenge.
27,38

 

Since natural bone matrix is a composite of a biological ceramic (apatite) 

and a natural polymer (collagen), recent efforts have been aimed in the direction 

of developing synthetic scaffolds based on two different materials, including 

bioactive ceramics and glasses, and biodegradable polymers.
6,29,39

 The present 

work can be considered an additional novel contribution to this international 

effort. Some basic characteristics of these materials are discussed in the 

following paragraphs, with especial attention to those compositions that are 

used in the present study. 

 

 

1.4.1 Bioactive ceramics and glasses 

 

A wide range of bioactive inorganic materials similar in composition to the 

mineral phase of bone are of clinical interest. For instance, calcium phosphates 

(CaP) with different Ca/P ratio such as HA (Ca/P ratio of 1.6)
14

, TCP (Ca/P 

ratio of 1.5)
14

, and biphasic calcium phosphate (BCP, intimate mixture of HA 

and β-TCP) are generally considered among the most biocompatible synthetic 

products used for hard tissue replacement. Although these inorganic ceramics 
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are not osteoinductive, they are biodegradable, bioactive, and osteoconductive. 

They have also a remarkable bonding capacity to natural bone after 

implantation through the release of Ca and P ions.
14,29,40–42

 However, CaP have 

low mechanical strength and brittleness, which limits their application in load-

bearing devices.
15

  

On the other hand, bioactive glasses are attracting an increasing attention for 

the fabrication of bone tissue engineering scaffolds due to their high bioactivity 

and rapid formation of Ca-P layer (in a few hours) in contact with aqueous 

solutions (e.g. body fluids),
43

 which leads to a fast tissue bonding and also their 

capacity of bonding to soft-tissue, a property that has not been reported for other 

bioactive materials.
5,14,32,36

 

According to the literature, bioactive glasses containing Ca- or Si-based are 

the most promising for bone scaffolds due to their ions-releasing ability, high 

osteoconductive and osteoinductive properties, and hydrophilic behavior.
36

 

Among them, 45S5 bioglass, a silicate-base bioactive glass (45 wt.% SiO2, 24.5 

wt.% CaO, 24.5 wt.% Na2O and 6 wt.% P2O5), is probably the most thoroughly 

studied and most widely used as bone graft substitute in clinical applications 

since 1985.
6,8,44

 

Regarding their mechanical properties, bioactive glasses are weaker than 

most other bioactive materials, which restrict their application to non-load-

bearing situations. However, bioglasses exhibit a lower elastic modulus, which 

is desirable to avoid problems related to stress-shielding of surrounding bone.
14

 

The insufficient strength of bioglasses in general is exacerbated in 45S5 

bioglass due to its poor sintering ability because of its high crystallization 

tendency. In the fabrication of porous scaffolds for BTE, 45S5 tends to be 

partially crystalline,
43 which can negatively affect its bioactive performance. 

 

 

1.4.2 Biodegradable polymers 

 

Over the past 40 years, polymers have been extensively used in biomedical 

applications.
14

 Polymeric biomaterials can be manufactured from many natural 

sources or from synthetic materials. Natural polymers have attractive properties 

for the construction of 3D scaffolds, such as biocompatibility and 

biodegradability. The most commonly used natural polymers for bone tissue 

engineering are collagen/gelatin, chitosan, silk, alginate, hyaluronic acid, and 
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peptides.
4,45

 On the other hand, synthetic polymers have numerous advantages, 

such as excellent processing characteristics, biocompatibility and 

biodegradablilty. Synthetic biodegradable polymers have been fabricated under 

controlled conditions to produce scaffolds with tuneable, predictable 

mechanical and physical properties (e.g. tensile strength, elastic modulus, and 

degradation rate).
15,29

 Examples of synthetic biodegradable polymers include, 

among others, PLA, PGA, PLGA and PCL.
15

 

However, polymer-based scaffolds are not generally suitable for bone repair 

because they do not exhibit osteoconductive properties as bioceramics and 

bioactive glasses do. In addition, the stiffness and fracture strength of polymers 

inferior to those of bioceramics and generally insufficient for applications in 

bone tissue regeneration.
36

 This is shown in Figure 1.3 where the elastic 

modulus versus compressive strength values of various BTE biomaterial classes 

are compared to human bone.
2
 

 

 

 

Figure 1.3. Elastic modulus versus compressive strength values of various BTE 

biomaterial classes compared to human bone.
2
 

 

 

Some biodegradable polymers, of interest for the present study, are 

described in greater detail in the following paragraphs: 
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 Poly(lactic acid) (PLA) is an aliphatic polyester usually obtained from 

polycondensation of D- or L-lactic acid stereoisomers or from ring opening 

polymerization of lactide, a cyclic dimer of lactic acid. Polymer derived from 

pure stereoisomers are called PLLA (obtained from L-lactide or PDLA (from 

D-Lactide), while blends of both stereoisomers are referred to as PDLLA. 

Therefore, PLA can be found in different blend compositions, molecular 

weights and degrees of crystallinity which yield different mechanical properties 

and degradation rates.
46,47

 The chemical structure of PLA is shown below.
48

 

 

 

 

Figure 1.4. Chemical structure of PLA.
48

 

 

 

PLA is a hard, transparent polymer with an elongation at break of 3-6 % and 

a tensile strength of 45-60 MPa. It has a melting point of 170-180 °C and a glass 

transition temperature around 60 °C.
48

 PLA is a hydrophobic polymer due to the 

presence of –CH3 side groups and can be dissolved in various organic solvent, 

such as chloroform, methylene chloride, methanol, ethanol, toluene benzene, 

acetone, DMF.
47

 PLA is one of the most widely used polymers in tissue 

engineering applications due to its biocompatibility, biodegradable control and 

suitable mechanical properties. However, PLA is brittle and this character 

makes it suitable only for low load bearing applications.
36

 PLA can be degraded 

through hydrolytic and enzymatic pathways, yielding  lactic acid as a 

degradation product,
50

 which helps reduce the pH of the environment and 

induce further degradation.
51

 The rate of degradation of PLA depends on the 

degree of crystallinity.
46

 The typical hydrolytic reaction of polyesters 

degradation is shown below:
50

 

 

--COOR ···HOOC-- + H2O → 2COOH + ROH 
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 Polycaprolactone (PCL) is an important material in the aliphatic 

polyesters family,
47

 whose structural formula is shown in Figure 1.5.
52

 PCL is a 

good candidate for bone tissue engineering because of its good mechanical 

properties, biocompatibility, bioresorbability and slow degradation rate.
53

 PCL 

is synthesized by the ring-opening polymerization of cyclic monomer ε-

caprolactone in the presence of stannous octoate, serving as a catalyst.
47

 PCL is 

a semi-crystalline polymer with low glass transition temperature around -60 °C 

and melting temperature around 60–65 °C.
46

 The crystallinity of PCL increases 

with the decrease of its molecular weight. PCL is soluble in tetrahydrofuran, 

chloroform, methylene chloride, carbon tetrachloride, benzene, toluene, 

cyclohexanone dihydropyran, and 2-nitropropane; and only partially soluble in 

acetone, 2-butanone, ethyl acetate, acetonitrile, and dimethyl fumarate. The 

degradation mechanisms of PCL and its copolymers are similar to PLA, and 

involve two steps, ester cleavage by random hydrolysis and weight loss through 

the diffusion of oligomeric species from the bulk.
47

 However degradation rate of 

PCL is typically lower than for PLA.
50

 In terms of mechanical properties, PCL 

is a more ductile polymer (300-500 % elongation at break) with a significantly 

lower stiffness (elastic modulus of 0.4 GPa) which makes it inappropriate to 

substitute by itself bone structural function, especially in porous form.
47

  

 

 

 
Figure 1.5. Chemical structure of PCL.

52
  

 

 

 Alginate or alginic acid is a a polysaccharide-based polymer found in 

seaweeds and typically obtained from marine brown algae.
54

 Alginate primarily 

consists of a family of unbranched binary copolymers of (1,4) linked β-D- 

mannuronic acid (M) and -L- guluronic acid (G) residues as shown in Figure 

1.6.
54–56

 Typically, alginate is ablock copolymercomposed of three different 

polymeric blocks: consecutive G monomers, consecutive M monomers and 

alternating MG monomers.
57

 Alginate is widely used as a biomaterial for tissue 

engineering, with good scaffold-forming properties that can be useful to treat 
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the loss or failure of diverse organs. Alginate is biocompatible, non-toxic; non-

immunogenic and biodegradable.
54

 Tuning the structure and properties of 

alginate such as biodegradability, mechanical strength, gelation property and 

cell affinity can be achieved through combination with other biomaterials, and 

physical or chemical cross-linking.
57

 Calcium chloride (CaCl2) is one of the 

most frequently used agents to ionically cross-link alginate.
55

  

 

 

 

Figure 1.6. Chemical structure of alginate.
54

 

 

 

 Gelatin is a soluble protein compound obtained by partial hydrolysis of 

collagen, the main fibrous protein in bones, cartilages and skins; therefore, the 

source, age of the animal, and type of collagen can influence on the properties 

of the gelatins. There are two types of gelatin known commercially as type-A 

gelatin (isoelectric point at pH ∼ 8–9) and type-B gelatin (isoelectric point at 

pH ∼ 4–5) obtained under acid and alkaline pre-treatment conditions 

respectively.
58

 A typical structural formula of gelatin is shown in Figure 1.7.
59

 

Gelatin is an ideal candidate for the design of 3D scaffolds. It is inherently 

biocompatible and biodegradable, and stimulates proliferation and 

differentiation of cells as extracellular matrix, however, it has poor mechanical 

properties as a result of high water solubility.
60

 In order to overcome this 

limitation, Gelatin has been used either in combination with synthetic 

polymers
61–63

 after chemical cross-linking using agents such as glutaraldehyde 

(GA)
64,65

 or genipin (GP),
66,67

 which leads to improved mechanical properties 

and water resistance. 
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Figure 1.7. Basic chemical structure of gelatin.
59

 

 

 

 Chitosan is a linear polysaccharide of randomly distributed N acetyl 

glucosamine and glucosamine units (Figure 1.8), derived from chitin by its 

deacetylation. Chitosan is nontoxic, semicrystalline, biodegradable, and 

biocompatible.
68

 The degradation rate is inversely related to the degree of 

crystallinity which is controlled mainly by the degree of deacetylation (DD). 

Highly deacetylated forms (85 %) exhibit a relatively low degradation rate and 

may take several months in vivo, whereas, the forms with lower DD degrade 

more rapidly. The degradation rates also affect both the mechanical and 

solubility properties.
60

 Chitosan is only soluble in acidic solutions of pH below 

6.5,
68

 for example in organic acids such as acetic or formic acid.  Chitosan has 

been widely used as films, membranes, fibres and particles.
60

 

 

 

 

Figure 1.8. Chemical structure of chitosan.
68
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1.4.3 Biocomposites 

 

As already mentioned, both of the materials groups already proposed for the 

fabrication of BTE scaffolds have their intrinsic limitations. On the one hand, 

biopolymers are usually not stiff enough to substitute bone structural function 

and they are not intrinsically bioactive and osteoconductive
69

 due, among other 

things, to their lack of calcium and phosphate ions. On the other hand, it is well 

known that the main disadvantage of bioceramic and bioglass-based scaffolds is 

their intrinsic brittleness, and thus low resistance to crack propagation, which 

makes most of these scaffolds unsuitable for load-bearing applications.
38

 For 

example, the compressive strength of 45S5 scaffolds is normally comparable 

with that of cancellous bone, but far from cortical bone values.
70,71

 

One applicable solution for overcoming the limitations of both groups of 

materials is to combine them to form a biocomposite structure.
72,73

 Polymer-

bioceramic composite materials represent attractive candidates for bone tissue 

engineering because bone is, as we discussed in Section 1.1, a composite 

material composed of inorganic hydroxyapatite nanocrystals and organic 

collagen fibers.
2
  

Furthermore, polymer-bioceramic composite scaffolds represent a 

convenient alternative due to the possibility to tailor their various properties 

(e.g., mechanical and structural behavior, degradation kinetics and bioactivity). 

Composites made of polymers and bioceramics combine the advantages of their 

singular components.
2,6

 Polymers provide relatively high ductility, toughness, 

favorable formability as well as processability. The glass or glass-ceramic phase 

adds stiffness and adequate mechanical strength to the composite.
6
 

Much current research is therefore focused on the fabrication of bioactive 

composite materials particularly development of porous, high-strength 

composite structures for regeneration of human bone at load-bearing sites with 

the bioactive phase incorporated as filler or coating into the bioresorbable 

polymer matrix.
6,74

 In addition the polymer can act as a carrier of bioactive 

molecules such as drugs and growth factors,
75,76

 while the ceramic provides a 

required source of calcium and phosphate ions. A wide variety of polymers 

have been used for hybridization with bioactive glass and other bioceramic 

materials. Natural polymers, such as collagen, glycosamino glycan, chitosan, 

starch, hyaluronic acid, alginate and bacterial sourced poly (hydroxyl 

alkanoates) offer the advantage of flexibility to adapt their shape to desired 
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forms and faster biodegradation.
77

 However they exhibit very limited 

mechanical performance, which constitutes a drawback in load bearing 

applications. On the other hand synthetic bioresorbable polymers such as 

polycaprolactone (PCL)
76,78–81

 and polylactic acid (PLA)
69,82,83

 have been 

regarded as preferable candidates in polymer–ceramics composite system due to 

their low cost and sufficient mechanical properties..However, some problems 

have been encountered regarding the use of these polymers in tissue engineering 

applications due to the release of acidic degradation products which can disturb 

the cell survival environment and induce host inflammatory reaction.
84,85

  

Most current research is focused on the fabrication of bioactive composite 

materials with the bioactive phase incorporated as filler or coating into the 

bioresorbable polymer matrix.
6,74

 For example, in 2003, Boccaccini et al.
86

 

reported for the first time on the successful fabrication of porous foam-like 

structures of PLGA containing bioactive glass particle additions, which 

exhibited well-defined, oriented and interconnected porosity. Since then, a great 

many studies have been carried out along similar lines to investigate and 

develop composite scaffolds for bone tissue engineering concerning material 

combinations, bioactive properties, degradation characteristics, mechanical 

properties as well as in vitro and in vivo behavior.
6
  

Nevertheless, for the development of porous, high-strength composite 

structures for regeneration of human bone at load-bearing sites, the use of a 

polymeric matrix presents limitations, especially in term of stiffness. This has 

spawned a more recent interest in the development of biocomposite scaffolds 

where the bioceramic phase is continuous and the polymer is incorporated as an 

infiltrate or coating. This is the approach that has been adopted in this study and 

therefore a more extensive review of existing literature in this matter will be 

carried out later on (Section 1.6). 

 

 

1.5 Scaffold fabrication technologies 

 

Multiple techniques can be used for the preparation of porous structures to 

be used as BTE scaffolds. Some of those will be describe in this section, with 

special attention to those methods applicable to the fabrication of bioceramic 

and bioglass scaffolds which are used in this study. 
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Scaffolds fabrication method should enable the preparation of pieces with 

appropriate external shape, controlled pore architecture. Indeed, the architecture 

of porous scaffolds (e.g., surface curvature, pore shape, and pore size) that are 

used for bone tissue engineering has recently been shown to significantly 

influence the cellular response (e.g., cell adhesion, proliferation and 

differentiation) and the rate of bone tissue regeneration.
87,88

 The appropriate 

fabrication technique needs to be able to generate a porous scaffold with 

reproducible architecture and sufficient mechanical performance, especially for 

load-bearing applications.
36

  

Different fabrication routes based on ceramic powder or colloidal processing 

approaches have been used for three-dimensional (3D) scaffolds with 

interconnected high porosities suitable for bone tissue engineering.
2,38

 The most 

conventional routes include, for example, foam replication technique (Figure 

1.9a),
89–92

 sacrificial template (porogen) method (Fig. 1.9b)
92,93

 and direct 

foaming (Fig. 1.9c).
92,94,95

 freeze extrusion methods and a variety of rapid 

prototyping techniques. These conventional methods are simple, but provide 

only limited control of the scaffold pore architecture. 

 

 

 

Figure 1.9. Scheme of some processing techniques used for production of macroporous 

ceramics.
92
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Additive manufacturing (AM) techniques also referred to as Rapid 

prototyping (RP), solid freeform fabrication (SFF) or 3D printing (3DP) 

techniques have received significant attention in the field of tissue engineering 

as an alternative to traditional scaffold fabrication methods.
13,96,97

 The main 

advantage of these manufacturing methods is their ability to produce complex 

geometries directly from a digital model (CAD file), which yield an 

unsurpassed control on both the external shape and internal pore architecture of 

the fabricated scaffolds.
4,98

 By using the data from medical scans to produce the 

scaffold external shape, AM techniques enable the fabrication of customized, 

patient-specific implants.  

Among a broad range of additive manufacturing techniques, a few methods 

including stereolithography,
99–101

 selective laser sintering
102,103

, and direct ink 

writing
104,105

 have been used to fabricate bioactive ceramic-glasses scaffolds. 

The technique used in this study to fabricate bioglass scaffolds belongs to this 

latter group, which will be now described in greater detail. 

 

 

1.5.1 Direct ink writing (DIW) 

 

The term “direct ink writing” or ‘‘direct-write assembly’’ describes 

fabrication methods that use a computer-controlled translation stage, which 

moves a pattern-generating device to create materials with controlled 

architecture and composition through the deposition of colloidal or organic-

based inks. In common configurations these systems extrude the ink utilizing 

standard syringes and needles to create structures layer-by-layer.
106

 
107

 

The inks are typically formulated to create a stable, homogeneous 

suspension with the desired and reproducible rheological behavior. The critical 

rheological parameters for a given ink formulation include its apparent 

viscosity, yield stress under shear and compression, and viscoelastic properties 

(i.e. the shear loss and elastic moduli), which are tailored for the specific direct-

write technique of interest.
106

 3D ink-writing techniques can be divided into two 

approaches: (1) droplet-based or (2) filament-based inks, Figure 1.10.
106

 

Several direct ink writing techniques have been introduced that are capable 

of patterning materials in three-dimensional, including 3D printing, direct ink-

jet printing, robocasting, fused deposition, and micropen writing whose 

characteristics are summarized in Table 1.2.
106,108
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Figure 1.10. Schematic view of ink -based deposition schemes: (a) continuous filament 

writing and (b) droplet jetting.
109

  

 

 

Table 1.2. Droplet- and filament-based techniques for DIW.
106,108

 

Technique Ink formulation 

Droplet-based  

3D Printing Binder solution printed on powder bed 

Ink-jet Printing Colloidal fluid 

Filament-based  

Robocasting (in air) Concentrated colloidal gel 

Robocasting (in oil) Concentrated colloidal gel 

 Concentrated nanoparticle gel 

Fused deposition Thermoplastic polymer melt 

Micropen writing Concentrated, shear-thinning colloidal fluid 

 

 

Among all the techniques belonging to this family, robocasting is chosen in 

this study and reviewed in greater detail in the following section.  

 

 

1.5.1.1 Robocasting  

 

Robocasting is a filament-based direct ink writing technique consisting on a 

layer-wise deposition of highly loaded colloidal slurries through an orifice.
110

 

Cesarano et al.
111

 were pioneer in using the flocculated colloidal slurries (or 

gels) as inks for robocasting of ceramics. The process is virtually binderless 
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since less than 1 vol.% of organic additives are neede. Parts can be fabricated, 

dried, and sintered in less than 24 hours.
110

  

Robocasting requires careful characterization and control of the ceramic 

paste being deposited. The paste must be viscoelastic so that it yields upon 

extrusion but sets upon deposition.
112

 In addition, it must contain a high solid 

volume fraction to minimize drying-induced shrinkage after assembly is 

complete.
113

Ink preparation for robocasting consists of initial dispersion of 

powders in an aqueous polymer solution followed by controlled coagulation of 

powders to create a colloidal gel having pseudoplastic behavior with yield stress 

rheology.
114

 

The resulting paste is then loaded into a syringe mounted on a three-axis 

motion control stage, as illustrated in Figure 1.11,
112

 and extruded through a 

nozzle to construct three-dimensional parts in a layer-by-layer sequence. The 

motion of the moving stages is controlled by a computer and follows the 

scaffold/part design created in a CAD program. After deposition, the parts are 

dried and then sintered to get densified. Figure 1.12 show some optical images 

of scaffolds fabricated by robocasting.
114

 

 

 

 
 

Figure 1.11. Schematic of the robocasting system.
112

 

 

 

z-motion stage  

nozzle  

syringes 
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Figure 1.12. (a) 45S5 bioglass scaffolds in this work, and (b) HA scaffold fabricated by 

robocasting.
114

 Visible pores between rods are macropores designed in a CAD 

program.  

 

 

This robotic deposition process allows the fabrication of scaffolds with 

homogeneous struts  , which leads to stronger scaffolds than those fabricated by 

conventional techniques.
12,106

 Recent studies have shown that silicate 13-93 and 

6P53B bioactive glass scaffolds fabricated by robocasting have compressive 

strengths comparable to those of human cortical bone (100–150 MPa).
105,116

 As 

in other DIW techniques, robocasting provides also aprecise control of pore 

size, shape, and alignment, and highly uniform macroporosities can be obtained 

by varying the rod spacing and size (Fig. 1.12).
112,115

 Scaffolds with pore widths 

and strut diameters covering a wide range, 10-1000 µm, can be created by 

robocasting.
117

  

 

 

1.6 Improving bioceramic scaffolds with biodegradable 

polymer coatings   

 

Various approaches to the development of bioresorbable and bioactive 

composites for tissue engineering applications are being investigated 

worldwide. Polymer coating method has attracted considerable attention due to 

its quick and facile process and the versatility that enable the use of a diversity 

of polymers in order to meet the clinical demands.
69 

In this section, a review is 

provided of the state of the art on bioceramic scaffolds reinforced by polymeric 

b a 
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coatings to form interpenetrating polymer-bioceramic structures for bone tissue 

engineering.  

 

 

1.6.1 Quick review of polymer coating processes  

 

Polymer coating (and infiltration) can be easily achieved by simply 

immersing a scaffold with a high degree of interconnected porosity into the 

desired liquid polymer, e.g. previously dissolved in an organic solvent or water, 

for sufficient time to allow the solution to permeate into the pores.
38

 Figure 1.13 

shows a schematic of such a dip coating process.
118

 

 

 

Figure 1.13. Schematic of a dip-coating process.
118

 

 

 

However, there are other alternative methods for coating bioceramic 

scaffolds. For example, Martinez-Vazquez et al.
119

 have infiltrated and coated 

robocast β-TCP scaffolds by in situ polymerization of ε-caprolactone (ε-CL) 

monomers in order to enhance their mechanical performance while preserving 

the predesigned macropore architecture. 

Bretcanu et al.
120

 have fabricated different biodegradable polymeric 

nanofibrous coatings by electrospinning onto 45S5 bioglass scaffolds. The 

polymers used were P3HB, PHBV, and a composite of PCL and PEO (PCL–
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PEO). In other study, Califano et al.
121

 coated 45S5 bioglass-based scaffolds 

with PDLLA by matrix assisted pulsed laser evaporation (MAPLE) technique, a 

method inspired by pulsed laser deposition (PLD), but well suited for polymeric 

or organic materials. The polymer was shown to penetrate to some extent from 

the surface producing a graded composite structure, with a core made fully of 

bioglass and outer layer made of the polymer coated scaffold. Such a graded 

scaffold structure can be beneficial for application in osteochondral tissue 

engineering, which promotes the simultaneous regeneration of articular 

cartilage and underlining subchondral bone. 

 

 

1.6.2 Mechanical enhancement provided by polymeric coatings  

 

As already mentioned, one of the main reasons for applying a polymeric 

coating onto a bioceramic scaffold lies in the mechanical enhancement it can 

provide. Figure 1.14 clearly shows this by comparing the force–displacement 

curves for 45S5 bioglass (BG) scaffolds and for polymer-infiltrated structures. 

The curves for non-coated BG scaffolds exhibit much lower maximum forces 

(i.e. lower strength) than the curves of the polymer-infiltrated scaffolds.
38

 

The strengthening achieved in coated structures is attributed to the 

mechanism of defect healing. It consist on the impregnation of the micropores 

or microcracks on the scaffold struts with the polymer, which makes it harder to 

initiate a crack from these defects.
80

 The actual extent of this reinforcing effect 

will depend on the mechanical properties of the polymer, the quality of the 

infiltration and the conditions at the polymer–ceramic interface.
38

 

On the other hand, coating or infiltrating an inorganic scaffold with a tough 

polymer leads to enhancement of fracture energy or toughness
38

. This is more 

clearly shown in Figure 1.15 where the strain energy density, calculated as the 

area under the force–displacement curve, is plotted versus displacement during 

compression tests of uncoated and polymer-infiltrated bioglass scaffolds. The 

energy dissipation of the polymer-infiltrated scaffolds is considerably higher 

than that of the uncoated scaffolds, which indicates an increased toughness upon 

polymer infiltration. Such toughening is provided by polymeric fibrils that 

bridge the crack walls together during crack propagation and need to be 

stretched and eventually broken for the propagation to continue.
122,123

 Of course, 

the effectiveness of such a crack bridging mechanism depends of the 
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mechanical properties of the coating material, with ductile, tough polymers 

being more effective infiltrates in this regard. 

Because of this extraordinary enhancement of mechanical properties bone 

scaffolds reinforced with tough polymers have received an increasing 

attention.
38,78,81,83,119,124–127

 In the following sections, the most significant efforts 

devoted to analyze the effect of polymeric coatings on the bioactivity and 

mechanical performance of bioceramic scaffolds is reviewed 

 

 

Figure 1.14. Typical force–displacement curves of non-coated and coated bioactive 

glass scaffolds under compressive loading.
38

 

 

 

Figure 1.15. Energy consumption versus displacement behavior during compression 

tests on uncoated and polymer-infiltrated bioactive glass scaffolds.
38 
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1.6.3 Coating with synthetic polymers 

 

Coating and infiltration of calcium phosphate (CaP) ceramic and bioglass 

scaffolds with synthetic polymers, including PCL, PDLLA and PLGA, have 

been extensively investigated and reviewed by Philippart et al.
38

 

For example, Miao et al.
128

 have produced porous calcium phosphate 

ceramics with interconnected macropores ( 200 µm) and microporosity 

( 5 µm) as well as high porosities ( 80 %). They have infiltrated the open 

micropores of the struts with PLGA to achieve an interpenetrating bioactive 

ceramic/biodegradable polymer composite structure. The PLGA filled struts 

were further coated with a 58S bioactive glass (33 wt.%)-PLGA composite 

coating. The bioactive glass-PLGA coating rendered a good bioactivity to the 

composites, evidenced by the formation of an apatite layer on the sample 

surfaces immersed in SBF for 5 days. Furthermore, the structure exhibited 

compressive strengths up to 7.7 MPa and compressive moduli up to 3 GPa, 

which were comparable to those of natural spongy bones. 

In other research done by Kang et al.,
129

 porous β-TCP scaffolds were 

infiltrated with a thin layer of PLGA polymer, showing a significant increase in 

the compressive strength from 2.90 MPa to 4.19 MPa, bending strength from 

1.46 MPa to 2.41 MPa, and toughness from 0.17 MPa to 1.44 MPa, while 

retaining an interconnected porous structure with a porosity of 80.65 %. 

In other developments targeted to improve bone ingrowth and osseo 

integration, polymers combined with ceramic particles, such as HA, can also be 

applied as coating on porous bioceramic scaffold. For example, HA scaffolds 

have been coated with PCL and HA particles. The PCL matrix also acted as 

carrier for the antibiotic drug tetracycline hydrochloride which was entrapped 

within the coating layer.
76,130

 

Roohani-Esfahani et al.
124

 investigated highly porous ( 91 %) biphasic CaP 

scaffolds coated with PCL layer. In addition, hydroxyapatite nanoparticles 

(30 wt.%) that were added to the coating led to a increase in the bioactivity and 

osteoblast differentiation profile as well as an almost 20-fold increase in 

compressive strength, whereby the shape of the HA nanoparticles also had a 

significant effect on the mechanical strength. In a more recent study by the same 

group
125

, nanosized bioglass was introduced at varying percentages (1–90 wt.%) 

in the nanocomposite coating layer, and the mechanical properties and in vitro 

behavior of the scaffolds were comprehensively examined, and compared with 
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that for BCP scaffold coated with PCL and nano-HA. The maximum increase in 

compressive strength ( 14 times) and modulus ( 3 times), achieved at 

30 wt.% nano-BG content, was lower than that with the nano-HA composite 

layer, but nano-BG induced better bioactivity and a faster degradation rate. In a 

related study involving biphasic CaP, Peroglio et al.
131

 have infiltrated the BCP 

scaffolds with the solution of PCL in chloroform or ethyl acetate of varying 

concentrations between 3 % and 10 % w/v, in order to determine the best 

solvent and concentration for a homogeneous coating. They showed that the 

polymer effectively contributes to energy to failure enhancement in bending, 

compressive and tensile tests. It was also reported that the presence of fibrils at 

two different size scales –as found in scaffolds with a bimodal pore 

distribution– resulted in a more effective toughening effect as compared to 

scaffolds with a monomodal pore size distribution. Other group
132

 has reported 

the mechanical behavior and cell response of PCL coated α-TCP foams with 

80–85 % porosity and 500–700 μm pore size. They have shown that the 

compressive strength of α-TCP was increased with increasing the PCL 

concentration from 5 wt.% to 15 wt.% and reached 750 ± 20 kPa when coated 

with 15 wt.% of PCL solution ( 25-fold). 

In other research, Martinez-Vazquez et al.
119

 have infiltrated robocast β-TCP 

scaffolds with in situ polymerization of ε-caprolactone (ε-CL) in order to 

enhance their mechanical performance while preserving the predesigned 

macropore architecture. The strength and toughness of PCL-coated scaffolds 

were significantly increased (two-fold and five-fold increase, respectively) over 

those of the bare scaffolds as a result of healing the preexisting microdefects in 

the bioceramic rods. 

Another group of polymers selected to coat CaP-based scaffold is the 

polyhydroxyalkanoate family which was recently studied by Foroughi et 

al.
133,134

 They used 50 wt.% natural nano HA to make the scaffolds, as after 30 s 

infiltration with P3HB, 90 % porous structure with an average diameter of 100–

400 μm was obtained, which demonstrated a compressive strength and modulus 

of 1.46 and 21.27 MPa, respectively.  

Bioglass scaffolds have also been coated with synthetic polymers. Chen et 

al.
135

 have investigated the mechanical properties and bioactivity of 45S5 

bioglass-based foams, before and after applying a PDLLA coating layer on the 

foam struts. It was shown that the compressive and three-point bending 

strengths of the bioglass foams were slightly improved by the PDLLA-coating, 
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while the fracture toughness was considerably enhanced, as a significant 20-fold 

improvement of work-of-fracture was reported. 

After that, Bretcanu et al.
136

 used biodegradable, bacteria-derived PHB to 

infiltrate 45S5 bioglass-derived foams. It was found that polymer coating did 

not affect the interconnectivity of the pore structure. Although the polymer 

coating was not fully homogeneous, the compressive strength of the scaffolds 

was considerably increased (from  0.2 MPa to  1.5 MPa at 85 % porosity). 

Also, the formation of HA crystals on the scaffolds’ surface was investigated 

confirming the high bioactive character of the scaffolds. 

In another attempt to develop bone scaffolds with local drug delivery ability, 

Li et al.
137

 fabricated PHBV microsphere/45S5 bioactive glass composite 

scaffolds. In this approach, microspheres loaded with drug (Vancomycin) were 

used to coat the scaffolds instead of polymer layers. It was reported that the 

microsphere coating slightly improved the mechanical properties of the 

scaffolds (2-fold). The limited strengthening and toughening effects, were 

attributed to the fact that these microspheres did not form a continuous polymer 

film able to infiltrate the microcracks in the struts, and a  crack bridging effect 

did not occur in the microsphere-coated scaffolds.  

In the other system based on phosphate bioglasses and titania, P2O5–CaO–

MgO–Na2O–(TiO2), coated by methacrylate-modified oligolactide polymer, the 

compressive strength and machinability of the porous glass specimens were 

significantly enhanced by polymer coating of the inner surface of the porous 

glasses while the interconnected porosity was maintained 

 

 

1.6.4 Coating with natural polymers  

 

Synthetic polymeric coatings require the use of organic solvents in the 

fabrication process, so any remaining solvent may be harmful to transplanted 

cells or host tissues.
138

 Therefore, natural polymers are becoming more widely 

used to coat bioceramic scaffolds when using an organic solvent is not desirable 

in the fabrication of composite scaffolds. Different natural polymers including 

silk,
138,139

 chitosan,
140

 gelatin,
141–144

 collagen,
145

 and alginate
143,146

 are being 

increasingly considered for this approach. 
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For example, Wu et al.
139

 have coated porous mesopore-bioglass scaffolds 

with pore sizes ranging from 200 to 400 μm in silk protein solutions (2.5 and 

5 % w/v). It is reported that the silk film thickness on the scaffolds was 

approximately 600 nm, and following silk modification the compressive 

strength increased from 60 kPa to 250 kPa. 

A related study by Li et al.
138

 shows that coating biphasic calcium phosphate 

scaffolds (pore sizes of 400−500 μm) with multiple silk layers has significantly 

improved the mechanical properties of BCP scaffolds. For example the optimal 

condition of 5-cycle coating led to a significant 6-fold and 12-fold increase in 

compressive strength and toughness, respectively, and enhanced osteogenic 

response of hMSCs in vitro. 

Other group has studied infiltration of 45S5 bioglass scaffolds with 

alternately alginate and chitosan solutions through layer-by-layer assembly. 

Three layers of alginate–chitosan couples led to great improvement in 

compressive strength, almost 4 times higher than that of bioglass scaffold
147

 in 

wet condition. Also, after 48 h immersion in SBF the coated scaffold showed 

excellent strain tolerance and did not lead to significant strength reduction.  

In a relevant investigation, Li et al.
148

 coated the highly porous 45S5 

bioactive glass scaffolds in cellulose nanowhiskers aqueous suspension 

(0.42 % w/v) by dip coating method. The cellulose coating improved the 

mechanical properties of the scaffolds and did not hinder their bioactivity in 

SBF. The coating layer had no negative influence on the behavior of 

osteoblastlike cells (MG-63). It was also shown that the cellulose coating 

adhered well to the surface of 45S5 bioglass struts. This qualitative good 

adhesion is likely due to the hydrophilic character of these two materials. 

Gelatin has been also used to infiltrate bioceramic scaffolds. For example in 

the study done by Liu et al.,
149

 calcium phosphate porous scaffolds with the 

porosity of  86 % and pore size  300–500 µm was impregnated in 5 % gelatin 

solution for three times. It was found that the mean compressive strength of 

coated scaffolds was improved to 5.17 ± 0.17 MPa compared to non-coated 

ones (1.04 ± 0.15 MPa), and also the mean elastic modulus was enhanced from 

0.1 GPa to 0.3 GPa, without sacrificing their porosity greatly.  

Erol et al.
141

 have shown that Sr-doped bioactive glass scaffold coated with 

gelatin exhibited improved the mechanical properties without altering its 

bioactivity and retaining the pore interconnectivity. The results also indicated 

that scaffolds can deliver controlled doses of strontium toward the SBF medium 

which is known to positively act on bone remodeling.  
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In a similar study, Metze et al.
144

 fabricated highly porous 45S5 bioglass 

scaffolds by foam replication, and coated with a gelatin layer by dipping 

method. It was shown that depending on macropore size of the scaffold and 

gelatin concentration, compressive strength was enhanced in different degreees 

in comparison with uncoated structure. Also for developing the scaffold with 

drug delivery capability, gelatin layer was loaded with tetracycline 

hydrochloride.Since gelatin dissolves quickly in an aqueous environment, cross-

linking of gelatin is necessary to overcome this limitat ion. This can be achieved 

either using physical methods, such as dehydrothermal treatment (DHT)
150,151

 

and ultraviolet
152

 or gamma
153

 irradiation, or chemical methods such as 

glutaraldehyde (GA)
154,155

 or genipin (GP).
156,157

 

As an example, Gil-Albarova et al.
158

 implanted nanocrystalline HA (HABP) 

scaffolds coated with gelatin crosslinked with glutaraldehyde in the femur of 15 

mature male New Zeeland rabbits. Radiographical studies after 4 months 

implantation showed healing of treated bone defects, with bone integration of 

the HABP scaffolds and osteoconduction over its surface. 

In other study done by Bellucci et al.
159

, porous 45S5 bioglass scaffolds were 

infiltrated with 5 % w/v gelatin solution, and after drying immersed in 5 % w/w 

genipin (GP) solution for 24 h to obtain a stable cross-linked gelatin coating. 

The mechanical evolution after coating wasn’t studied in their work. However, 

gelatin release tests demonstrated that the coating started to dissolve after just a 

few days and its degradation was almost completed after 1 week. In vitro tests 

in SBF confirmed the excellent bioactivity of the gelatin-coated samples. 

In similar study done by another group, 45S5 Bioglass
®
 scaffolds with high 

porosity (> 90 %) were coated with genipin cross-linked gelatin and further 

incorporated with poly(p-xylyleneguanidine) hydrochloride (PPXG) for 

antibacterial effect. A 26-fold higher compressive strength was provided to 

45S5 bioglass scaffolds by coating, which slightly retarded but did not inhibit 

the in vitro bioactivity of 45S5 bioglass scaffolds in SBF.
157

 

In some cases, synthetic and natural polymers are coated together to improve 

the brittleness of bioceramic scaffolds and drug delivery capability at the same 

time. Recently, Yao et al.
160

 have reported the incorporation of PCL and 

chitosan coating in 45S5 bioglass scaffolds for controlled drug delivery. For this 

purpose, the scaffolds were coated with PCL and vancomycin-loaded chitosan 

by a two-step procedure. An improvement of the compressive strength, elastic 

modulus and toughness of PCL/chitosan-coated bioglass scaffolds over 

uncoated scaffolds was demonstrated. 
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In another approach by Roohani-Esfahani et al.
161

, biphasic calcium 

phosphate (BCP) scaffolds coated with nanostructured silk/PCL were produced. 

Bioactivity of composite scaffolds was improved while preserving high porosity 

and interconnectivity. The compressive strength and modulus of BCP/PCL-silk 

scaffolds reached 0.42 MPa and 25 MPa respectively compared with 0.07 MPa 

and 5 MPa for uncoated BCP. Attachment, proliferation and differentiation of 

HOB cultured on the composite scaffold were also greatly enhanced. 

As explained in the previous sections, different types of bioceramic and 

bioglass scaffolds have been coated with biocompatible and biodegradable 

synthetic (including PLGA, PDLLA, PCL, and PHB) or natural (silk, gelatin, 

etc.). Significant improvements in mechanical properties were generally 

observed, particularly in terms of strength and toughness, without strongly 

affecting the biological performance of the scaffolds The actual extent of this 

reinforcing effect will depend on the mechanical properties of the polymer, the 

quality of the infiltration and the conditions at the polymer–ceramic interface.
38

 

Dip-coating is the most commonly used method for coating deposition, and 

while this technique is simple to practice, there are some important parameters 

including polymer concentration, polymer an solvent composition,
162

 etc that 

can affect the coating performance. Despite the diversity of reports existing in 

the literature on this matter, some of which have just been reviewed, there is a 

lack of systematic studies aimed at analyzing the role of such processing 

parameters on the quality and performance of polymeric coatings used to 

reinforce bioceramic scaffolds. 

The present study seeks to redress this deficiency. Different polymeric 

coatings, from both natural (alginate, chitosan and gelatin) and synthetic (PCL 

and PLA) polymers, will be deposited under different conditions onto 45S5 

porous scaffolds in order to systematically analyze the effect of the different 

fabrication variables on the mechanical and biological performance of hybrid 

polymer/bioglass scaffolds. 
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Materials and methods 
 

 

In this chapter, the materials used for the preparation of experimental 

samples are described and the different steps involved in the fabrication of bare 

and coated 45S5 bioglass scaffolds are detailed. Also, the procedures followed 

for the microstructural and mechanical characterization of the samples are 

described. 

 

2.1 Materials 

 

45S5 bioactive glass powder with the composition of 45 % SiO2, 24.5 % 

CaO, 24.5 % Na2O and 6 % P2O5 (wt.%) used for fabrication of scaffolds was 

supplied by MO-SCI Corporation (USA). The density of the glass, as indicated 

by the manufacturer, was 2.7 g·cm
-3

.  

Carboxymethyl cellulose (CMC, Mw = 250 000, Lamberti Iberia S.A.U., 

Castellón, Spain) was used as the sole processing additive—as indicated by the 

supplier, a 2 wt.% aqueous solution of this CMC had a viscosity in the range of 

 = 13 Pa·s. 

Two synthetic polymers as PLA in powder form (ICO Polymers, Ecorene
TM

 

NW61-100) and PCL beads (Capa
TM

 6500, Perstorp, UK), were used to 

infiltrate 45S5 robocast scaffolds. Powders of three natural polymers, sodium 

alginate (medium viscosity, W201502, Sigma Aldrich), gelatin (from porcine 

skin, type A-300 bloom, Sigma Aldrich), and chitosan (85/20, Heppe Medical 

Chitosan GmbH) were used for infiltration of 45S5 scaffolds. Acetic acid 



50 Chapter 2 

 

(pharma grade, PRS Panreact) was used to reduce the pH of the aqueous 

solution before dissolving the chitosan. 

Toluene (puriss. p.a., Sigma Aldrich), xylene (puriss. p.a., Sigma Aldrich) 

and acetone (Panreac AppliChem) were also used as solvents. 

 

 

2.2 Fabrication of 45S5 bioglass scaffolds by robocasting 

 

45S5 Bioglass-based scaffolds were prepared by robocasting method 

through several steps that are described in detail in the following sections: 

 

 

2.2.1 Powder preparation 

 

The particle size of the powder used for ink preparation is a critical factor. 

Particles between 1 and 10 µm are preferred to facilitate dispersion and avoid 

clogging.
104

 Therefore, the commercial bioglass particles were pre-treated by 

milling. The as-received 45S5 bioglass powder was milled for 4 h in an attrition 

mill (Model 01-HD, Union Process, Akron, OH), using high-purity zirconia 

container and balls (6 mm) as milling media and ethanol as dispersing medium. 

The resulting slurry was dried at 60 °C and then sieved through 106 and 73 μm 

stainless steel sieves to eliminate any agglomerates created during the drying 

step. To make sure that the obtained bioglass particles were in the desired size 

range (110 µm), the particle size distribution of the milled powders was 

measured using a laser diffraction particle size analyzer (Mastersizer 2000MU, 

Malvern, UK). 

 

 

2.2.2 Ink preparation 

 

For preparation of 45S5 colloidal suspensions, carboxymethyl cellulose was 

used as the sole processing additive, to act simultaneously as dispersant and 

binder/gelling agent. Concentrated inks containing 45 vol.% solids could be 

prepared with CMC that exhibited a rheological behavior appropriate for 
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robocasting. Preparation of colloidal suspensions using different added amounts 

of CMC ranging from 0.5 to 2 wt.% was attempted. The CMC was first 

dissolved in deionized water and then 45 vol.% of 45S5 glass powder was 

added to the suspension in small batches between successive mixing procedures 

performed in a centrifugal planetary mixer (ARE-250, Thinky, Japan) for a total 

mixing time of around 20 min. The flow properties of all the colloidal gels were 

evaluated using a rheometer (Bohlin CVO, Malvern, UK). The measuring 

configuration adopted was a cone and plate (4°, 40 mm, and gap of 150 μm), 

and flow measurements were conducted at shear rates between 0.2 and 100 s
−1

. 

 

 

2.2.3 Robocasting of 3D bioglass scaffolds 

 

As shown in Figure 2.1, a robocasting device (A3200, 3D inks, Stillwater, 

OK, USA) was employed to fabricate three-dimensional structures by layer-

wise deposition of the optimized 45S5 bioglass ink, containing 1 wt.% of CMC 

as a single processing additive and a solids loading of 45 vol.%. The ink was 

housed in a syringe and extruded through a conical nozzle (inner 

diameter: 410 μm) by the computer-controlled robotic system. The position of 

the nozzle moved following the CAD model designed previously in the control 

software (Robocad 3.0, 3D inks, Stillwater, OK, USA). The external 

dimensions of the scaffolds were set at about 13 × 13 × 10 mm, for the 

specimens used in the optimization of polymer infiltration processes and the 

fabrication of compression test samples; or at 40 × 20 × 12 mm for the 

specimens used in the fabrication of bending test samples. The scaffold design 

consisted of a tetragonal mesh of cylindrical rods with a center-to-center 

spacing between adjacent rods within a layer of 820 μm and a layer height of 

287 μm. The ink flowed through the nozzle at the volumetric flow rate required 

to maintain a constant deposition speed of 20 mm·s
−1

.  
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Figure 2.1. Optical images of (a) the robocasting system, (b) 3D structures as-deposited 

within an oil bath. 

 

 

To prevent a non-uniform drying of the structure during assembly, the 

deposition process was carried out within a paraffin oil reservoir at room 

temperature. After deposition, the samples were removed from the oil bath and 

dried in ambient conditions for at least one day before thermal treatment. 

 

 

2.2.4 Thermal processing of assembled structures (Sintering) 

 

Thermal de-binding kinetics of robocast bioglass constructs was evaluated 

using thermo gravimetric analysis, TGA, and differential thermal analysis, 

DTA, (Setsys Evolution-16 Setaram). Samples of as-received 45S5 bioactive 

glass powder and of robocast inks prepared from 45S5 glass milled powders, 

after drying for 1 day at 100 °C, were heated in air at 5 °C min
-1

 up to 1200 °C. 

Based on these kinetic data, the following thermal treatments were selected for 

the removal of the polymeric additive and sintering of the as-printed structures. 

Thermal burn-out of CMC was performed in air at 400 °C for 1h, with a 

heating rate of 1 °C min
-1

. After this dwell time, heating continued at a rate of 

2 °C min
-1 

up to the sintering temperature, which was soaked for 1 h. In order to 

tailor the microstructure of the rods, several sintering temperatures from 550 °C 

up to 1000 °C were used. The sintered samples were cooled in the furnace at a 

rate of approximately 10 °C min
-1

. 
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2.3 Deposition of polymer coating on 45S5 bioglass-

based robocast scaffolds 

 

Natural biodegradable polymers, including alginate, chitosan and gelatin, 

and biodegradable synthetic polymers, including PCL and PLA, were chosen to 

coat 3D 45S5 bioglass scaffolds. Infiltration of natural and synthetic polymers 

was done by dip coating (Fig. 1.13), i.e. by immersion of the bioglass-derived 

scaffolds in the polymer dissolved in an organic solvent (for PCL and PLA), 

water (for alginate and gelatin) and 2 vol.% acetic acid aqueous solution (for 

chitosan). 

Polymer solutions were prepared by gradually dissolving pre-weighed 

powders/pellets in the solvent under constant stirring until completely 

dissolved. Dip coating was carried out in air by placing the bioglass scaffold in 

the polymeric solution under mild stirring for 30 min. Coated 45S5 bioglass 

scaffolds were then retrieved and kept in an oven during 48 h at 37 °C, for the 

evaporation of the solvent. 

The mechanical and biological properties of the coated scaffold depend on 

many factors, such as the in-rod microporosity, the selected polymer, variables 

of the coating process etc. In particular, in this work, the effect of the following 

factors on the mechanical properties, biodegradability and bioactivity of the 

coated scaffold were studied. 

 

1. In-rod microporosity. In this case, 45S5 bioglass scaffolds sintered in the 

range 5501000 C, and so with different levels of microporosity, were 

coated with either PCL or PLA. The coating solutions were prepared as 

follows: PCL and PLA were dissolved in toluene at 60 °C with a 

concentration of 25 % w/v and 15 % w/v respectively, by magnetically 

stirring for 1 h. Higher concentrations caused the polymers to partially fill 

also the pre-designed macropores decreasing their interconnectivity.  

 

2. Solvent. 45S5 bioglass robocast scaffolds sintered at 550 °C were used for 

this task, and the coating process was done with 10 % w/v PCL solution at 

room temperature. Three different solvents as toluene, xylene and acetone 

were considered in order to determine the best solvent for dissolving the 
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PCL. The polymer content and soaking temperature were selected based on 

the simplicity and speed of coating process.  

 

3. Solution temperature . 45S5 bioglass robocast scaffolds sintered at 550 °C 

were used for this task. The coating was performed in 10 % w/v PCL 

dissolved in toluene at three different temperatures: RT, 60 °C and 80 °C. 

 

4. Polymer content. Solutions of PCL and PLA in toluene, alginate and gelatin 

in distilled water, and chitosan in a 2 vol.% acetic acid aqueous solution, 

were tested for scaffold infiltration in order to determine the optimal 

concentration for each polymer for getting a homogeneous coating at both 

the micro- and macroscale. 45S5 bioglass scaffolds sintered at 550 C used 

for this approach. The soaking temperature was fixed at 60 °C. Polymer 

concentration was increased in steps of 5 % w/v and the optimal value for 

each polymer was chosen as the maximum concentration enabling 

preservation of the pre-designed macropores. 

 

5. Polymer composition. For this approach, 45S5 bioglass scaffolds sintered at 

550 °C were used and a fixed amount of 5 % w/v of both synthetic and 

natural polymers was dissolved in the appropriate solvent at 60 °C. For 

synthetic polymers (PCL and PLA), toluene was selected as solvent, and for 

natural polymers, distilled water (alginate and gelatin), or acetic acid 

aqueous solution (chitosan) were used. The pH of natural polymer solutions 

before and after coating was measured to better analyze the bonding 

mechanisms of such polymers to the bioglass surface. 

 

 

2.4 Characterization of bare and polymer coated 45S5 

bioglass-based scaffolds 

 

In this section, the techniques used for microstructural and mechanical 

characterization and also for the evaluation of the in vitro biological 

performance of bare and coated scaffolds are described.  
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2.4.1 Microstructural characterization 

 

The experimental procedures used in the microstructural characterization of 

the samples are described in detail in the followings sections. 

 

 

2.4.1.1 X-ray diffraction  

 

For identification of the phases present, X-ray diffractometry (D8 Advance, 

Bruker, Germany) using CuKα radiation was performed on 45S5 bioglass 

grounded samples after sintering at selected temperatures. The XRD data were 

collected in step-scanning mode (step width 0.03° 2θ, angular intervals 10–65° 

2θ and count time 4 s per step).  

 

 

2.4.1.2 Microscopy and geometrical analysis 

 

The microstructure of bare and coated scaffolds was examined using a 

scanning electron microscopy (SEM, S-3600N, Hitachi, Japan), after 

metallization in a sputter-coater. As-cut and as-fractured cross-sections were 

used when required. In the case of coated scaffolds, these observations allowed 

to assess the quality of the coating.  

Internal dimensions, such as rod diameter, d, and in-plane and out-of-plane 

gaps, x and z, respectively (Figure 2.2), of green and sintered scaffolds were 

determined as the average of a minimum of 100 direct measurements performed 

on SEM images.  
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Figure 2.2. Schematic of scaffold’s internal dimensions evaluated from SEM 

micrographs: rod diameter, d, and in-plane and out-of-plane gaps, x and z. 

 

 

The linear shrinkage, ΔL, of the samples was calculated at specific 

temperatures from the variation of their external dimensions as:  

 

ΔL= (Li - Lf)/ Li (2.1) 

 

where Li is the initial dimension of the specimen at room temperature and Lf is 

the dimension after sintering at the selected temperature. Shrinkage was 

evaluated as the average of measurements performed on four different 

specimens, with standard deviations as error.  

 

 

2.4.1.3 Density and porosity evaluation 

 

The density of the green and sintered scaffolds, ρs, was determined from the 

mass and external dimensions of the structures. These values were obtained as 

the average of measurements performed on four different specimens per 

condition. The total porosity, p, was then calculated as: 

 

p = 1- ρs/ ρth (2.2) 

 

where ρth = 2.7 g.cm
3

 is the theoretical density of bulk 45S5 bioglass, as 

provided by the supplier. The open total porosity was determined using the 
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apparent density, ρa , measured at each sintering temperature by He-pycnometry 

(SPY-D160‐E Quantachrome) instead of ρth in equation 2.2.  

The macroscopic, pre-designed porosity was estimated from geometrical 

considerations assuming an ideal network of interpenetrating cylinders. For this 

purpose, the values of the scaffold’s internal dimensions evaluated from SEM 

micrographs were used (Fig. 2.2). The open microporosity on the 45S5 bioglass 

scaffolds’ struts at each sintering temperature was subsequently evaluated from 

the open total porosity of the scaffold and the macroporosity.  

 

 

2.4.2 Mechanical characterization 

 

The mechanical response of the materials was evaluated under compression 

and in some cases also under bending stresses. All tests were performed in air 

using a universal testing machine (AG-IS 10KN, Shimadzu Corp., Kyoto, 

Japan), and a constant crosshead speed of 0.6 mm min
1

. The force was applied 

in a direction perpendicular to the printing plane (i.e. orthogonal to the scaffold 

rods). Prior to mechanical testing, the contact surfaces of each sample were 

ground to produce smooth parallel surfaces. 

For the uniaxial compression tests, nine identical specimens with external 

dimensions of 3 × 3 × 6 mm were cut from the green, as-sintered and polymer-

coated ceramic structures. Engineering stress-strain curves were calculated 

through normalization of captured load vs. displacement data using the initial 

external dimensions of each sample. The compressive strength of the structure 

was evaluated as the maximum applied stress and the toughness was estimated 

as the strain energy density, GC, from the integral of the nominal stress–strain 

curves at 20 % strain.  

Four-point bending tests were performed on green, as-sintered and some of 

the polymer-coated ceramic structures. For each group, nine samples were cut 

to final dimensions around 25 × 4 × 2 mm with roods aligned parallel to the 

length and width of the sample. Maximum applied load, Fmax, was determined 

from the captured load vs. displacement data and used to estimate the bending 

strength, σf, using the following equation: 

 

σf =3 (L2-L1) Fmax /2wh
2
 (2.3) 
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where L1 = 10 mm and L2 = 20 mm are the distances between the two upper 

and two lower support cylinders, respectively, w the width of the specimen and 

h its thickness (Figure 2.3). 

 

 

 

Figure 2.3. Schematic diagram of a 4-point bending test. 

 

 

Toughness of tested specimens was estimated as the strain energy density, 

Gf, from the integral of the load-displacement curve (normalized by the 

effective volume of the sample) at 0.5 mm stroke. The flexural modulus was 

also measured with the aid of an extensometer. 

 

 

2.4.3 In vitro bioactivity and degradation study 

 

The in vitro bioactivity, degradation and mechanical properties evolution of 

bare and polymer-coated 45S5 scaffolds sintered at 550 °C (amorphous) and 

1000 °C (highly crystalline glass-ceramic) were investigated by soaking them in 

simulated body fluid (SBF). The SBF solution was prepared according to the 

procedure described by Kokubo.
163

 Scaffolds, with dimensions of 3 × 3 × 6 mm, 

were immersed in polyethylene bottles containing SBF solution at a liquid/solid 

ratio of 100 ml/g, and kept for up to 8 weeks, without shaking, in an incubator 

at 37 °C. The SBF solution was not refreshed during the experiment. 
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Weight loss, HA deposition, pH and mechanical properties evolution with 

immersion time were evaluated for each type of sample. Different samples were 

used for each immersion time and type of measurement.  

The weight loss was calculated as ΔW/W0, where ΔW=W0–Wt, W0 is the 

initial mass of the scaffold, and Wt is the mass at time t. To determine Wt, the 

samples were removed from the SBF solution, rinsed with distilled water and 

dried at 37 °C for 24 h and the their final weight carefully measured. For each 

time point, three scaffolds of each material were used to measure the weight 

loss and results were expressed by as mean  standard deviation. The 

morphology of scaffolds after immersion in SBF was observed by SEM to 

analyze the progress of HA layer deposition.  

Evolution of pH was measured on separate samples (2 samples per material 

and time point). After retrieving these scaffolds from SBF solution, the solution 

was cooled to room temperature, and its pH was measured. 

Separate samples were also used to evaluate the evolution of their 

mechanical properties with immersion time by compressive tests. A minimum 

of 9 samples per material and time point were tested. 

 

. 
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Results and Discussion 
 

 

In this chapter the experimental results obtained from this study are 

presented. First, the results corresponding to the optimization of the robocasting 

inks and subsequent sintering step used for the fabrication of 45S5 bioglass 

scaffolds, as well as the microstructural and mechanical characterization of the 

bare scaffolds are shown and analyzed. Second, the mechanical properties of 

45S5 scaffolds coated with synthetic and natural polymers focused on PCL, 

PLA, chitosan, alginate and gelatin by a dip-coating process are discussed in 

detail: the effect of various processing parameters on the mechanical properties 

of the coated scaffolds are discussed. Third, the results of the in vitro 

characterization performed on bare and coated scaffolds are presented; the 

bioactivity and biodegradation behavior, and subsequent mechanical evolution 

are discussed in detail. Finally, a comparison of the mechanical properties of the 

novel biomaterials developed in this work and natural bone is performed and 

some implications of this study are discussed. 

 

 

3.1 Fabrication and characterization of 45S5 bioglass-

derived scaffolds 

 

In this section the results regarding the fabrication of 45S5 bioglass-derived 

scaffolds by robocasting, including ink preparation and sintering, are discussed. 

The microstructural characterization and the mechanical performance of 45S5 

scaffolds are also analyzed. 
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3.1.1 Optimization of 45S5 bioglass robocasting ink 

 

As described in section 2.2.2, the fabrication of the bioglass robocast 

scaffolds involves, as a critical step, the preparation of a concentrated colloidal 

suspension (ink) with a very specific rheological behavior, which enables it to 

be extruded through a narrow nozzle and then retain shape immediately after 

deposition. Indeed, the main challenge in the robocasting of 45S5 bioglass is 

ink preparation. This section analyzes the suitable robocasting ink from 45S5 

bioglass powders in aqueous medium.  

The particle size distribution of the as-milled 45S5 bioglass powder used in 

preparing the inks for robocasting is shown in Figure 3.1. The particles had a 

wide distribution of sizes, with a median diameter of 4.3 μm. 

 

 

 

Figure 3.1. Particle size distribution of the as-milled 45S5 bioglass powder. 

 

 

According to our own preliminary tests, traditional approach—where 

anionic/cationic interactions of species added to the system in different 

successive steps are used to promote the rheological transition from a fluid-like 

behaviour (starting suspension) to a paste-like character (robocasting ink)—

could not offer successful prospects for robocasting processing of 45S5 
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bioglass. Based on all the above considerations, a completely different and 

simplified approach has been adopted: searching for a single additive that could 

act as both dispersant and binder for robocasting. In this pursue a single additive 

named carboxymethyl cellulose (CMC) was used. The less polar character of 

the CMC chains in comparison to the anionic polyelectrolyte molecules 

facilitates surface adsorption. Such adsorption is likely to occur, however, 

through small chain segments, with laces and tails extending to the solution; 

since it is not electrostatically driven (both CMC molecules and the surface of 

the particles have the same negative polarity). The predicted configuration of 

the CMC molecules adsorbed at the surface of the 45S5 Bioglass
®
 particles is 

likely to play a steric effect which enabled reaching significantly higher solid 

loadings, up to 45 vol.%, compared to anionic polyelectrolytes.
104

 In particular, 

high molecular weight CMC (Mw = 250 000, Lamberti Iberia s.a.u., Castellón, 

Spain, with a viscosity ƞ= 1‒3 Pa·s for a 2 wt.% aqueous solution) was found 

more appropriate for the preparation of inks for robocasting since longer chains 

induced a stronger thickening effect, which was attributed to a bridging 

flocculation mechanism.  

The evolution of the estimated yield stress, τy, and the average elastic 

(storage) modulus, G′, at low shear stress of suspensions with added CMC as 

the sole binding agent is shown in Figure 3.2 These parameters reflect, 

respectively, the strength and stiffness of the attractive network structure 

resulting from interactions between 45S5 bioglass particles, CMC and water. In 

fact, in the absence of CMC, both the yield stress and the modulus of the 

suspension are very low. Upon addition of CMC, the yield stress increases 

linearly with the amount of binder up to a concentration of 1 wt.%, and then 

decreases at 2 wt.%. This thickening effect promoted by CMC might be 

attributed to chain entanglement of the molecules adsorbed on the surface of the 

particles and/or to an increased viscosity of the dispersing medium. On the other 

hand, the elastic modulus increases first very slowly, then dramatically (by 2 

orders of magnitude) at 1 wt.% CMC additions, and finally decreases at 2 wt.% 

CMC concentrations. The dramatic change in modulus observed for 1 wt.% 

CMC indicates a fluid-to-gel transition attributed to the occurrence of bridging-

flocculation, in which the longer polymeric chains might adsorb at the surface 

of different neighbouring particles. Further increase of the amount of CMC 

leads to a higher degree of surface coverage and a denser adsorbed layer, which 

decreases the probability of one polymeric chain to adsorb in more than one 
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particle, thus hindering bridging-flocculation and reducing both the modulus 

and the yield stress. 

Since high values of τy and G′ are desired features for robocasting inks, 

1 wt.% was considered as the optimal CMC amount. This concentration yielded 

maximum network stiffness (> 100 kPa), and yield stress (> 1 kPa) at a 

relatively low viscosity, which facilitates flow ability through the deposition 

nozzle. Indeed, such suspensions exhibited both very good flow ability (unlike 

suspension with higher CMC concentrations) and excellent shape retention 

capacity upon deposition, which made them ideal inks for robocasting.  

 

 

 

Figure 3.2. The effect of the amounts of CMC on the yield stress, y, and the average 

shear elastic modulus, G′, o f 45 vol.% 45S5 bioglass suspensions. 

 

 

Figure 3.3 shows 45S5 three dimensional porous scaffolds made of multiple 

layers produced by robocasting using this ink. These results demonstrate that it 

is possible to create well shaped, uniform lattices having rod sizes in the range 

of 250-410 µm using 45S5 gels with 1 wt.% CMC-250 as a single additive.  
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Figure 3.3. 3D porous sca ffolds produced by robocasting from a  45S5 bioglass ink with 

1 wt.% CMC-250 additive optical image showing different scaffolds geometries with up 

to 60 layers. 

 

 

3.1.2 Sintering of 45S5 bioglass robocast scaffolds 

 

In this section, the results of the sintering study performed on 45S5 scaffolds 

fabricated by robocasting within the temperature range 500-1050 ºC are 

discussed. The scaffolds used for the study consisted of a tetragonal mesh of 

cylindrical rods, created using the optimized ink recipe. 

TGA and DTA results of 45S5 bioglass as-received powder and of the as-

dried ink are shown in Figure 3.4. The as-received powder undergoes a marked 

weight loss in the range of 200-400 ºC (Fig. 3.4a), which is associated to the 

evaporation of free water and the release of surface –OH groups, a phenomenon 

reflected as an endothermic effect, especially observed between room 

temperature and 200 ºC in the DTA plot (Fig. 3.4b). A second endothermic dip 

centered at ~ 560 ºC is observed, which is attributed to the first transition 

temperature of the glass (   ). This is followed by an exothermic effect starting 

around ~ 600 ºC and with a maximum at about 685 ºC (   ), which is attributed 

to crystallization. A second exothermic peak centered at ~ 850 °C (   ), 

attributed to the formation of a secondary crystalline phase, is followed by a 

new endothermic valley associated to a second glass transition (    ~ 910 °C) of 
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the remaining glass matrix. Melting clearly occurred above 1100 °C, as deduced 

from the associated endothermic valley. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4. Results o f the simultaneous (a) thermal gravimetric analysis (TGA, weight 

loss) and (b) differential thermal analysis (DTA, heat flow) of 45S5 bioglass as-received 

powder and as-dried robocasting inks.
164
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The weight changes (Fig. 3.4a) and the corresponding thermal effects (Fig. 

3.4b) were greatly enhanced in the dried ink, probably as a result of a more 

extended surface hydration of the powder undergone while in contact with 

dispersion media (ball milling and ink preparation), and of the burnout of CMC 

additive. Indeed, the weight loss centered in the range of 700800 °C, but 

extending beyond these limits, is attributed to the burnout of carbonaceous 

remnants from CMC degradation. This degradation occurred in two successive 

steps, originating two exothermic peaks at ~ 225 °C and ~ 350 °C (Fig. 3.4b), as 

confirmed by a TG/DTA test performed on pure CMC (results are shown in 

Figure 3.5). This suggested the use of a debinding treatment at 400 ºC for 1 h 

prior to sintering.  

 

 

 
Figure 3.5. Result of TGA/ DTA for CMC-250 powder. 

 

 

Interestingly, the thermal events     and     occurred in the ink, 

respectively, at about 60 °C and 30 °C below the corresponding temperatures in 

the as-received 45S5 bioglass powder, implying a concomitant shift of the 

intermediate exothermic effect associated to the nucleation step. This shift is 

attributed to a change in the composition at/near the particles’ surface as a result 
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of leaching of modifier cations (Na
+
, Ca

2+
) during wet-milling, and also to the 

reduction in the particle size.
165,166

 Besides,     and     cannot be distinguished 

for the dried ink, possibly because they are also shifted to lower values and 

became overlapped with the peak for first crystallization. The apparent increase 

of melting temperature of the ink is also consistent with the leaching of modifier 

cations into the milling media. 

 

 

3.1.3 Microstructural characterization 

 

In this section, the results from the microstructural characterization of the 

robocast structures are presented. 

 

 

3.1.3.1 XRD analysis 

 

These results obtained from thermal analysis are in good agreement with the 

XRD results shown in Figure 3.6. The 45S5 bioglass remained amorphous up to 

above 550 °C but there is evidence of crystallization already at 600 °C. The 

angular location and intensity of the new peaks appearing upon crystallization 

of 45S5 bioglass closely match the standard JCPDF database 77-2189, 

confirming that the major crystalline phase is Na2CaSi2O6. Minor peaks of a 

secondary phase, attributed to Na2Ca4(PO4)2Si2O4 (JCPDF database 32-1053), 

were also identified on samples sintered at 1000 °C, all in good accordance with 

previous reports.
167–169
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Figure 3.6. X-Ray diffractograms of 45S5 bioglass as-received and as-milled powders, 

and ground scaffolds sintered at the indicated temperatures. Sodium carbonate 

(Na2CO3, JCPDF database 19-1130) peaks are clearly visible on the as-milled 

powders, and barely on the sample sintered at 550 °C. Peaks at 600 °C, correspond to 

Na2CaSi2O6 (JCPDF database 77-2189) crystallized from the glass. At 1000 °C, 

Na2CaSi2O6 remains the main crystalline phase with some additional peaks, noted by ♦ 

and ○, corresponding to Na2Ca4(PO4)2Si2O4 (JCPDF database 32-1053) and tetragonal 

zirconia (ZrO2, JCPDF database 72-7115), respectively. 

 

 

There are, however, some peaks already observable at 550 °C and 

below, which correspond to sodium carbonate (Na2CO3, JCPDF database 

19-1130) formed during the milling process in ethanol, with some small 

contribution of tetragonal zirconia from the milling media and container. 

The sodium carbonate, deposited onto the surface of the particles during 

milling, partially dissolves in water during ink preparation, which 

produces a substantial decrease in the intensities of the peaks 

corresponding to this extraneous phase. Actually, the peaks more clearly 

observable in the dried ink or in samples sintered at 550 °C, located at 
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30.2° and 35.3° 2θ, can also be appreciated even at 1000 °C, and are 

therefore attributed to the overlapping tetragonal zirconia phase rather 

than the sodium carbonate. Nonetheless, the presence of even small 

amounts of sodium carbonate in the XRD results support the explanation 

for the systematic down-shift of thermal events (except melting) in 

Fig 3.4b based on a changed composition,  rich in Na+ cations, at/near the 

particles’ surface.  

 

 

3.1.3.2 Geometrical analysis  

 

Figure 3.7 shows the evolution of 45S5 bioglass-derived scaffolds’ 

macroscopic linear shrinkage and internal dimensions with the sintering 

temperature, with standard deviations as error bars. The data at room 

temperature correspond to as-dried green structures. The structure 

shrinkage during sintering was essentially isotropic, and the scaffolds 

kept the designed parallelepipedical shape upon sintering for 1 h up to 

1050 °C. Above 1050 °C or for longer sintering times at this temperature, 

indications of melting/softening of the material became evident to the 

naked eye: the scaffold specimen deformed under its own weight and the 

shape was distorted, with some material accumulation at the bottom. For 

instance, when treated at 1200 °C for 1 h the samples completely melted 

and collapsed with almost no remaining macroporosity. Due to the severe 

distortions they presented, samples sintered above 1050 °C were not 

characterized.  

According to Fig. 3.7, the shrinkage, obtained from measurements of 

the scaffolds’ external dimensions, increases steadily with the sintering 

temperature, although at a somewhat faster rate around the two glass 

transition temperatures (500-550 ºC,    , and 800-850 ºC,    ). This 

result is in good agreement with previous reports.168,170,171 The internal 

dimensions of the scaffolds (rod diameter, d, in-plane gap, x, and out-of-

plane gap, z) show the same trend as the external dimensions, decreasing 
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steadily with sintering temperature, but at a faster rate around the glass 

transitions. 

 

 

 

Figure 3.7. The evolution of macroscopic shrinkage and scaffold’s internal dimension 

(indicated) as a function of sintering temperatures. Data represent mean values with 

standard deviations as error bars.  

 

 

Figure 3.8 shows the evolution of total, macro- and micro-porosity with 

sintering temperature. The total open porosity of the scaffolds is reduced upon 

increasing the sintering temperature and the structure shrinks. This reduction 

results from densification of the scaffold struts, since the total level of 

macroporosity remains constant—at 50 % for the scaffold design used here—

regardless of the sintering temperature.  
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Figure 3.8. The evolution of scaffold porosities as a function of sintering temperatures. 

Data represents mean values with standard deviations as error bars.  

 

 

Consequently, all the densification produced during sintering, from an as-

dried green body porosity of 80 ± 2 % to a minimum of 60 ± 2 % after sintering 

at 1050 °C, was associated to a reduction of the microporosity within the glass-

ceramic rods. Meaning that the rods reduced their initial ~ 60  % porosity (which 

roughly agrees with the 45 % solid loading of the inks) to around a final 20 % 

porosity at the highest sintering temperature. Failure to achieve a high 

densification of the rods even at temperatures so close to the melting point is 

not an unexpected result, given the poor sintering ability of 45S5 bioglass even 

under pressure-assisted sintering.
172,173

 Again, as discussed for shrinkage 

(Fig. 3.7): there is a steady densification of the scaffolds with increasing 

sintering temperature, but densification is significantly enhanced around the two 

glass transition temperatures, and sluggish in-between.  
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3.1.3.3 SEM microstructural analysis 

 

Figure 3.9 shows SEM micrographs of the rod surfaces of scaffold sintered 

at the indicated temperatures. No sintering occurred up to the glass transition 

temperature at 550 °C, when the glass softened enough to allow some viscous 

flow, and even at that temperature the microstructure does not differ all that 

much from that of green samples (compare top images in Fig.3.9), except for 

the evidences of inter-particle neck formation (see inset in top-right image of 

Fig. 3.9). At around 600 °C, just after the glass transition, the glass started to 

crystallize (Fig. 3.6), which severely slows down the densification process by 

reducing the species diffusivity and increasing the system viscosity. At this 

point, it is worth mentioning that the maximum percentage of crystallinity 

achievable in 45S5 bioglass is about 80 %,
174

 so that even at the highest 

sintering temperatures the material remains a glass–ceramic. Densification 

regains pace at around 850 °C, when the residual phosphate-rich glassy phase 

softens and progresses appreciably with further increasing sintering 

temperature. Indeed, porosity at the rod surfaces is almost gone at 1000 °C 

(bottom-left image in Fig. 3.9), although there remains a significant level of 

internal (closed) porosity. Up to this sintering temperature, the rod surface 

microstructure evidences the presence of crystalline grains homogenously 

embedded in a glass matrix. However, the intergranular glassy phase seemingly 

disappeared from the surface of the rods upon increasing the sintering 

temperature to 1050 °C, or the holding time at 1000 °C to ≥ 2 h and the naked 

grains became apparent (bottom-right image in Fig. 3.9). This inhomogeneous 

microstructure which consists of bared crystalline particles with virtually no 

glass matrix reveals an over-sintering process. This over-sintering was 

accompanied by an apparent increase in surface porosity, while the material’s 

microporosity continued diminishing steadily with the chronothermic 

increments, as shown in Fig. 3.8. This suggests that the glassy phase—with a 

very low viscosity so close to the melting temperature—might be draining from 

the surface towards the interior of the rods and aiding in the reduction of the 

aforementioned closed porosity.  
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Figure 3.9. SEM micrographs of the rod surfaces of 45S5 bioglass-derived scaffold 

before and after sintering at the indicated temperatures. 

 

 

The SEM micrographs of rod surfaces sintered at 550 °C and 1000 °C 

(Figure 3.10a,b) show that not only the rod size decreases at 1000 °C because of 

shrinkage but also the rod surface becomes much smoother showing a glassy 

feature with notably less microporosity.  
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Figure 3.10. SEM micrographs of the 3D 45S5 scaffolds sintered at: (a) 550 °C and (b) 

1000 °C. 

 

 

3.1.4 Mechanical characterization  

 

Figure 3.11 shows representative stress-strain curves of scaffolds both in 

green state and sintered at 550 °C, 800 °C and 1000 °C for 1 h. These samples 

were tested under uniaxial compression in the direction perpendicular to the 

deposition plane. The scaffolds show an elastic response almost until the 

compressive strength of the structure (i.e. the maximum stress) is reached. At 

this point, the first longitudinal cracks pops-in, breaking the unsupported rod 

segments close to the joints with adjacent layers, where maximum tensile 

stresses are located,
175,176

 and the applied stress drops. As cracking multiplies 

and propagates all over the scaffold, the stress continues decreasing 

progressively down to zero with some eventual temporary increases associated 

to a certain densification of the fractured structure under the applied 

compression, which is typical on cellular structures.
177

 

The evolution of the compressive strength of robocast 45S5 bioglass-derived 

scaffolds with the sintering temperature is shown in Figure 3.12. It is evident 

that strength increases steadily and strongly with sintering temperature, but 

there is no clear correlation of strength data with rod density or rod diameter, 

and the different stages observed in the data for the latter (Figs. 3.7 and 3.8) are 

not so clearly observed in Fig. 3.12. 

 

 

b a 

100 µm 
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Figure 3.11. Representative compressive stress-strain curves o f 45S5 bioglass-derived 

scaffolds sintered at the indicated temperatures for 1 h.  

 

 

Especially indicative of this lack of complete correlation is the fact that 

while densification was improved in scaffolds sintered at 1050 °C, there is a 

statistically significant (p < 0.05) reduction in strength compared to structures 

sintered at 1000 °C (from 13 ± 1 MPa to 11 ± 1 MPa). This reduction is 

attributed to the deleterious change in the starting flaw population at the rod 

surfaces, where cracking initiates,
175,176

 upon the aforementioned disappearance 

of the glass matrix (bottom-right image Fig. 3.9). This result emphasizes that 

surface defects are to be minimized whenever possible since their negative 

influence on scaffold strength can counteract and even supersede the positive 

effect of a reduction in the total porosity of the structure. Thus, surface flaw 

population effects, and maybe some toughness variations associated to the 

different microstructural and phase-compositional changes occurring in the 

material at different sintering temperatures, might be responsible for blurring 

the correlation between strength data and porosity/shrinkage results. 
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Figure 3.12. Evolution of the compressive strength of 45S5 bioglass-derived scaffolds 

with sintering temperature. Data represent mean values with standard deviations as 

error bars. Cancellous bone strength (shaded band)
20

 and results for scaffolds from 

other authors
100,178

 are included for comparison. 

 

 

In any case, it is evident from these results that, at least in terms of 

mechanical performance, the optimal condition for sintering 45S5 bioglass-

derived scaffolds fabricated by robocasting is 1000 °C for 1 h.  

On the other hand, as shown in Fig. 3.12, when comparing these strength 

results with existing literature reports
100,178,179

 and cancellous bone properties, it 

becomes evident that scaffolds produced by robocasting exhibit strength values 

far superior to anything previously reported for 45S5 bioglass-derived scaffolds 

—under the same sintering conditions, the enhancement is well over one order 

of magnitude (~ 4000 %). The reason for the enhancement of mechanical 

resistance over conventional scaffolds fabricated by foam replication
179

 should 

be found on the improved pore architecture and thicker struts provided by 

robocasting. More surprising is the fact that other solid freeform fabrication 

methods such as stereolithography (STL),
100

 which in principle provide the 
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same advantages, have not been able to duplicate these strength results. 

Nonetheless, as the authors of the latter report point out, the reason for this may 

lay in a less-than-optimal selection of the sintering process. 45S5 bioglass is 

difficult to sinter, especially into complex scaffold geometries, and great care 

needs to be taken in selecting the thermal treatment parameters to avoid 

deleterious cracking during sintering. This must be especially critical in the case 

of STL, were larger amounts of organic binders (compared to robocasting) have 

to be burnt out in the process. In any case, all robocast 45S5 bioglass-derived 

scaffolds sintered between 550 °C and 1000 °C fall within or even surpass the 

range 2-12 MPa frequently quoted for cancellous bone.
180,181

 Consequently, 

robocasting provides, for the first time, a means to produce mechanically 

competent 45S5 bioglass (not just bioglass-derived) scaffolds. Indeed, the 

robocast scaffolds sintered at 550 °C remain completely amorphous and exhibit 

a compressive strength that, while barely improved over that of as-dried green 

structures, lies at the lower end of cancellous bone range and is enough for safe 

handling during implantation. This could help overcome one of the hurdles for 

the successful application of 45S5 bioglass as a broad-use bone substitute 

material: the difficulty to produce scaffold with sufficient mechanical integrity 

without reducing the outstanding bioactivity of amorphous 45S5 particles.
8
 

At this point it is worth discussing some issues regarding porosity. Although 

the total porosities reported here (~ 60 % and ~ 80 % for scaffolds sintered at 

1000 °C and 550 °C, respectively) are lower than typical values of conventional 

45S5 bioglass-derived scaffolds (90-95 %),
178

 conventional (foam replication) 

scaffolds with similar porosities as those reported here will still fall well short 

of robocast scaffolds in term of strength (as can be easily estimated by 

extrapolating reported data).
178

 Moreover, there is ample evidence that, while 

such extremely high porosities might be required to attain significant bone in-

growth in the tortuous architectures of conventional scaffolds, porosities such as 

those reported here are enough to allow bone regeneration in the case of 

calcium-phosphate robocast structures.
182–184

 In any case, robocast scaffold 

porosities could be easily increased to match reported values by modifying the 

initial design, for example by increasing rod-spacing within each deposition 

layer. 
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3.2 Mechanical enhancement of 45S5 bioglass robocast 

scaffolds by polymeric coatings  

 

In this section, the results from the microstructural and mechanical 

characterization of 45S5 bioglass structures infiltrated with biodegradable 

synthetic and natural polymers are presented. The effect of a number of 

processing parameters affecting the dip-coating process on the mechanical 

properties of the coated scaffolds is analyzed. The results from this analysis are 

used to determine the optimal infiltration conditions for each polymer. The 

mechanical properties of 45S5 scaffolds coated with the different polymers 

under optimal conditions are compared. 

 

 

3.2.1 Role of scaffold microporosity 

 

In the dip-coating process, the micropores on scaffold surface play a vital 

role as channels for polymer infiltration into struts interior. In this section, the 

effect of in-rod microporosities in the mechanical enhancement provided by 

polymeric –coatings on 45S5 scaffolds is analyzed. This study was carried out, 

as described in Section 2.3, using 45S5 bioglass-derived scaffolds sintered at 

different temperatures, which show different percentages of microporosity 

(Fig. 3.8), coated two different synthetic polymers, PCL and PLA.  

SEM micrographs of representative as-fractured specimens of robocast 45S5 

bioglass scaffolds sintered at 550 °C before and after coating with PCL and 

PLA are shown in Figure 3.13. The images corresponding to the bare structure 

show the combination of pre-designed macropores (Fig. 3.13a) and in-rod 

microporosity (Fig. 3.13b) that can be produced by robocasting, which has been 

shown to be beneficial for bone in-growth.
183

 After dip-coating in polymer 

solutions, the scaffolds’ highly interconnected macroporosity was preserved 

(Fig. 3.13c,e), but at least partial impregnation of the struts’ microporosity was 

achieved (Fig. 3.13d,f). This is clearly evidenced by the PCL fibers visible in 

the fracture surfaces of the coated rods (Fig. 3.13d, inset); and although on 

PLA-infiltrated structures no microfibrils are apparent, a reduction of the 

number of pores is evident (cf. insets in Figs. 3.13b and f). 
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Figure 3.13. SEM micrographs of representative as-fractured specimens of 45S5 

bioglass robocast scaffolds sintered at 550 °C: (a, b) bare, (c, d) PCL-coated and (e, f) 

PLA-coated structures. 
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The relation between the defect population and the mechanical improvement 

associated to polymer infiltration was evaluated both in compressive and four 

point-bending tests, and the results obtained are presented in the following 

sections: 

 

 

3.2.1.1 Compression tests 

 

Figure 3.14 shows representative uniaxial compressive stress–strain curves 

for the 45S5 scaffolds sintered at 550 °C and 1000 °C, before and after coating 

with PCL or PLA. The bare scaffolds show the typical response of cellular 

structures under compression, with an elastic response until fracture occurs. 

Some fracture events may occur even before the maximum stress, i.e. the 

compressive strength of the material, is reached. The compressive strength 

increases significantly, as expected, with the sintering temperature. After the 

maximum, the stress falls to zero progressively; sometimes exhibiting 

temporary stress increases (especially in the samples sintered at the higher 

temperatures) associated to as yet unfractured regions of the scaffolds or to 

densification of the structure fragments.  

Polymer infiltration of the bioglass scaffold changes the stress-strain curves 

significantly (Fig. 3.14). The linear elastic region is extended, but the slope of 

the curve remains unaltered since the stiff glass skeleton still controls the elastic 

strain of the material. After failure, which occurs now at an increased stress, the 

applied stress still declines, but more slowly. It is clearly evident that regardless 

of the sintering temperature, the addition of the polymeric phase to the structure 

produces a notable increment in the strength and toughness, measured as area 

under the curve, of the bioglass structures, despite the fact that this process 

preserves the pre-designed macropores of the scaffold. However, both the 

maximum stress and the final asymptotic stress in these curves depend on the 

sintering temperature of the initial scaffold.  
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Figure 3.14. Representative uniaxial compressive stress–strain curves for 45S5 bioglass 

scaffolds sintered at 550 °C and 1000 °C before and after coating with PCL and PLA, 

as indicated. 
 

 

To better analyze the strengthening effect of polymer infiltration, Figure 

3.15a shows the evolution of the compressive strength versus sintering 

temperature for the bare robocast 45S5 scaffolds, and for the same structures 

after coating with PCL and PLA. The results in Fig. 3.15a confirm that polymer 

coating, either by PCL or PLA, is a valid strengthening procedure for 45S5 

porous structures, with PLA providing a slightly greater enhancement. 

Nonetheless, it is evident that the compressive strength increase steadily and 

strongly with sintering temperature for the three groups. This highlights the 

importance of having a scaffold with strong, defect-free struts if mechanical 

resistance is a major concern for the intended application. Even when polymer 

infiltration is used for further mechanical enhancement of the structure, 

maximization of the intrinsic resistance of the struts through an optimal 

sintering treatment should be sought. Nonetheless, inf iltration of the ceramic 

structure with a polymer is a good alternative to an appropriate sintering 

treatment. For example, the results of Fig. 3.15a show that a simple PCL 
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coating can provide a 45S5 scaffold sintered at 550 °C greater strength than 

sintering at 900 °C; or in the case of PLA, coated-scaffolds sintered above 

700 °C already surpass the strength of optimal (i.e. sintered at 1000 ºC) bare 

scaffolds and cancellous bone performance 

The strengthening factor provided by the infiltration method—obtained by 

normalizing the corresponding results by the strength of the bare structures at 

each sintering temperature—is shown in Fig. 3.15b versus the in-rod open 

porosity (from Fig. 3.8). As mentioned in section 1.6.2 the strengthening of 

polymer-impregnated robocast scaffolds occur by the mechanism of defect 

healing.
119

. 

The results of Fig. 3.15b demonstrate that the effectiveness of the defect 

healing mechanism depends not only on the polymer used for sealing the 

defects but also on the characteristics of the flaw population in the ceramic 

struts. The defect-healing strengthening factor increases monotonically with the 

open porosity of the scaffold struts. Thus, this factor will approach unity for 

scaffolds with fully dense, pristine struts, which is in good accordance with 

recent results obtained in 13-93 bioactive glass scaffolds.
81

 It is reasonable to 

assume that the actual dependence of the strengthening factor for healing is with 

the effective critical flaw size
185,186

 rather than the in-rod open porosity, but 

since both will decrease during strut densification the results of Fig.3.15b are 

logical. In any case, it is worth highlighting yet again that even if the defect 

healing mechanism becomes less effective as the flaw population decreases, 

eliminating strut defects (by improving sintering/densification) is the best 

strategy for maximizing the strength even in hybrid ceramic/polymer structures 

(see Fig. 3.15a).  

Regarding the toughening effect of polymer infiltration, Figure 3.16a shows 

the evolution with sintering temperature of the strain energy density, GC, 

calculated from the area under experimental stress strain curves, such as the 

ones presented in Fig. 3.14, at 20 % strain.  
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Figure 3.15. (a) The evolution of compressive strength versus sintering temperature of 

45S5 scaffolds before and after coating with PCL and PLA. Typical values for human 

cancellous bone are shown as shaded bands for comparison.
187

 (b) Strengthening factor 

for PCL and PLA coated structures as a  function of the in-rod open porosity (Fig. 3.8). 

Error bars represent standard deviations, save for the strengthening factors where 

standard error of the mean are used.  
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Figure 3.16. Evolution with the sintering temperature of the strain energy density at 

20 % strain, GC, o f 45S5 bioglass scaffolds before and after coating with PCL and PLA. 

Typical GC values for human bone are shown as shaded bands for comparison.
20,21

 (b) 

Toughening factor for PCL and PLA coated structures as a function of the in -rod open 

porosity (Fig. 3.8). Error bars represent standard deviations, save for the toughening 

factors where standard error of the mean are used.  



86 Chapter 3 

A major improvement in the toughness (note the semi-logarithmic scale in 

Fig. 3.16a) of the bioglass scaffolds is apparent upon coating with PCL or PLA. 

However, toughness of coated scaffolds barely reaches the level of cancelous 

bone values.  

Fig. 3.16b, shows the toughening factor provided by each polymer—

obtained by normalizing the corresponding results by the strain energy density 

of the bare structures at each sintering temperature—versus the in-rod open 

porosity (Fig. 3.8). It is obvious that the toughening factor decreases with the 

microporosity on the scaffold struts both as a consequence of the decreasing 

strengthening factor and the reduction in the number of polymer microfibrils 

bridging the crack tip as it propagates. This is clearly shown in Figure  71.3

where a reduction in the number of polymer microfibrils generated upon 

fracture of PCL-coated struts with increasing sintering temperature (i.e. with 

decreasing microporosity) is evident. The toughening factor oscillates from a 

minimum of 3 up to 10 for PCL-coated and from 4 up to 12 for PLA-coated 

structures. Therefore, PLA-coating shows higher toughening factor compared to 

PCL-coating structures in spite of PCL’s superior ductility. PLA can be a more 

effective infiltrate than PCL for increasing the strain energy density in 

compression, because its superior strength, and associated strengthening factor 

(Fig.3.15b), compensates its inferior ductility and subsequent fibril generation 

capacity.
188

 

 

 

 

Figure 3.17. SEM images of fractured rods of PCL-coated scaffolds sintered at (a) 

550 °C and (b) 1000 °C. 
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3.2.1.2 Bending tests 

 

The result obtained from four-point bending tests for bare and PCL- or PLA- 

coated scaffolds are now discussed. In this case only two sintering temperatures 

were considered 550 °C, which yields a fully amorphous 45S5 bioglass 

scaffold, and 1000 °C that provides the strongest scaffold. To begin with, the 

results on Figure 3.18 confirmed that the stiffness of the structure was not 

significantly (p > 0.05) changed by the applied coatings. This simply reflects 

the fact that the modulus of PCL and PLA are much lower than that of the 

bioglass skeleton, even for the highly porous structures sintered at 550 °C.  

 

 

 
Figure 3.18. Elastic modulus, with standard deviations as error bars, for 45S5 bioglass 

scaffolds sintered at 550 ºC and 1000 ºC before and after coating with PCL and PLA. 

Typical values for human bone are also shown for comparison (shaded bands).
189
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The representative force-displacement curves from 4-point bending tests of 

the bare and infiltrated scaffolds are shown in Figure 3.19. The loads in the 

curves have been normalized by the effective volume (i.e. that within the 

external contacts in the 4-point bending jig) of each sample. The bending curves 

of all presented materials showed significant differences compared to the same 

curves in compression (Fig. 3.14). A typical brittle, linear elastic behavior could 

be seen for bare scaffolds, and even in coated samples up to the initial crack 

pop-in event, which determines the bending strength of the structure. However, 

it is clearly evident that the addition of the polymeric phase to the structure not 

only produces a notable increment in the flexural strength but also of and the 

toughness, measured as area under the curve, of the bioglass scaffolds. While 

bare structures fail catastrophically after this initial fracture event, coated 

scaffolds retain a certain mechanical integrity even after large displacements. 

 

 

 
Figure 3.19. Typical bending load–displacement curves for the indicated materials. 

Loads have been normalized by the effective volume of each sample.  
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As shown in Figure 3.20, the flexural strength of the structure increases upon 

the incorporation of both PCL and PLA due to defect healing, and as in 

compression, the strengthening factor is higher in the amorphous samples 

(550 ºC) than in the glass-ceramic scaffolds (1000 ºC). Indeed, the factors of 

strengthening are similar to those in compression (Fig. 3.15b). These results 

confirm that when the mechanical effect of the polymer infiltration is essentially 

limited to a defect healing, the strengthening achieved is independent of the 

loading condition. Indeed, since the elastic modulus of the structure does not 

significantly change with polymer infiltration (Fig. 3.18), the stresses on the 

ceramic struts are not going to be affected significantly by the presence of the 

polymer and fracture will occur when the maximum stresses in the structure 

reach a certain critical value. That value, the intrinsic strength of the ceramic 

struts, is what is changed by polymer infiltration through the sealing of 

precursor flaws in the struts surfaces. So, as already discussed, the level of 

strengthening achieved will depend on the flaw population, but not on the 

loading configuration. Consequently, as in compression, the strengthening 

achieved after polymer infiltration is slightly higher (not statistically significant) 

in the case of PLA, and PLA-coated structures exhibit a superior bending 

strength. 

Figure 3.21 shows the fracture energy, GF, of bare and polymer-infiltrated 

45S5 scaffolds as evaluated from the area under the force-stroke curves from 

four-point bending tests. Fracture energy in bending is significantly lower than 

the strain energy densities evaluated in compression for all analyzed structures, 

as expected for this most deleterious loading condition. Nevertheless, for both 

polymers, the fracture energy of infiltrated scaffolds was substantially higher 

than for the bare scaffolds regardless the sintering temperature.  

As in compression, PLA-coated scaffolds, showed slightly higher toughness 

(not statistically significant) than PCL-infiltrated structures due to its superior 

strength which compensates its inferior ductility. Indeed, the contribution of 

PLA to fracture energy is basically through the strengthening it provides, while 

the toughening provided by PCL is contributed both by the strengthening and 

by the generation of micro-fibrils (see Fig. 3.17) that bridge the crack opening 

during its propagation. 
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Figure 3.20. Flexural strength, with standard deviations as error bars, for 45S5 

bioglass scaffolds sintered at 550 ºC and 1000 ºC before and after coating with PCL 

and PLA. Typical values for human bone are also shown for comparison (shaded 

band).
17,189

  

 

Figure 3.21. The strain energy, GF, calculated from the area under the load-

displacement curves from bending test at the point of 0.5  mm of total deflection. Typical 

values for human bone are also shown for comparison (shaded bands).
20,21
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All the results from mechanical characterization analyzed in the preceding 

paragraphs, both regarding compression and bending tests, are summarized in 

Table 3.1 to facilitate access to the readership.  

 

 

Table 3.1. Summary of mechanical characterization results for 45S5 bioglass-based 

scaffolds. 

Material  
Compression 

E (GPa)   (MPa) G (MJm
-3

)   
hybrid

/  
bare

 
Bending 

550 
- 2.4 ± 0.7 0.034 ± 0.012 - 

3.7 ± 1.1 2.3 ± 0.8 0.0004 ± 0.0002 - 

550/PCL 
- 7.5 ± 2.0 0.26 ± 0.02 3.1 ± 1.3 

3.9 ± 1.0 6.0 ± 0.9 0.0091 ± 0.0019 2.6 ± 1.0 

550/PLA 
- 8.7 ± 1.4 0.28 ± 0.04 3.6 ± 1.2 

4.0 ± 0.7 7.0 ± 1.1 0.015 ± 0.0079 3 ± 1 

1000 
- 13± 1 0.25 ± 0.05 - 

6.0 ± 1.0 7.5± 1.8 0.0008 ± 0.0005 - 

1000/PCL 
 19.5 ± 2.0 0.82 ± 0.31 1.5 ± 0.2 

6.1 ± 2.2 12.8 ± 1.9 0.0266 ± 0.0040 1.7 ± 0.5 

1000/PLA 
- 21.9 ± 2.7 0.95 ± 0.19 1.7 ± 0.3 

6.6 ± 1.2 13.5 ± 2.1 0.0295 ± 0.0086 1.8 ± 0.5 

 

 

All these data confirm the that mechanical enhancement, both in therms of 

strength and toughness, provided by polymer infiltration increases with the 

microporosity of the bioceramic substrate — although the final strength and 

toughness values are ultimately higher in scaffolds with denser struts even after 

coating. As a consequence for the purpose of this study 550°C-sintered 45S5 

bioglass scaffolds were deemed more appropriate to evaluate the effect of 

process variables (solvent composition, solution temperature, polymer content 

and composition) on the mechanical enhancement produced by coating. Also, 

since no major differences were observed in the mechanical behavior of coated 

structure in bending and compression, and for the sake of simplicity, only the 

latter loading condition was used in the rest of the study. 
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3.2.2 Role of solvent  

 

The possible effect of solvent on the quality of coating layer deposited was 

analyzed by dip-coating 45S5 bioglass scaffolds sintered at 550 C at room 

temperature in three 10 % w/v PCL solutions with different solvents: xylene, 

toluene and acetone. At this concentration and temperature, PCL was easily 

soluble in toluene and xylene resulting in a clear solution. However, it was 

significantly more difficult in acetone, a more polar solvent, were it was only 

partially dissolved yielding a cloudy solution with higher viscosity. As shown in 

Figure 3.22, there are no significant (p > 0.05) differences between the three 

different solvent on the strength of PCL-coated bioglass scaffolds. Therefore, in 

principle, the role of the solvent ends with its ability to dissolve the appropriate 

amount of the selected polymer at the deposition temperature, yielding a 

solution with appropriate viscosity. Acetone was a poorer choice here, which 

can explain its slightly lower mean value in Fig. 3.22, while toluene provided 

the fastest dissolution and, therefore, was deemed the optimal solvent for PCL 

(and also for PLA).  

 

 

 

Figure 3.22. Effect of solvent on the compressive strength of 45S5 scaffolds sintered at 

550 ºC coated in 10 % (w/v) PCL solutions. Solvents are ordered by increasing polarity. 
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Nevertheless, this negative result on the effect of solvent cannot rule out the 

possibility of certain solvents altering the nature of the surface of specific 

substrates, thereby affecting the bonding strength at the polymer/ceramic 

interface and, subsequently, the mechanical performance of the resulting hybrid 

scaffold. At any rate, the issue of the solvent is not so critical in the case of 

coatings made from natural polymers since they are mostly water-soluble and 

no other solvent can be considered better than water, especially in terms of its 

biological compatibility and non-toxicity.  

 

 

3.2.3 Effect of dip-coating temperature 

 

Figure 3.23 shows the compressive strength of PCL-coated 45S5 bioglass 

scaffolds sintered at 550 C as a function of solution (10 % w/v concentration in 

toluene) temperature during deposition. There is some evidence of a slight 

increase (~ 25 % in the most favorable case) in the strength with dip-coating 

temperature, although these differences are not statistically significant 

(p > 0.05). This slight improvement might be attributed to an enhancement of 

polymer’s chain attachment to the bioglass surface, i.e. of the polymer wetting 

on the scaffold surface, with temperature. In any case, it is clear that at least for 

the system (PCL/45S5 bioglass) under study such effect, if it really exists, is a 

minor one.  
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Figure 3.23. Compressive strength of 45S5 scaffolds sintered at 550  ºC coated in 

10 % (w/v) PCL solution in toluene at the indicated temperatures. 

 

 

On the other hand, it is worth mentioning that increasing the working 

temperature augments the evaporation rate of the solvent which may be 

affecting the actual polymer concentration. As we will discuss in the following 

section, concentration is a key parameter for determining the mechanical 

enhancement produced by the polymeric coating, which might be affecting the 

results in Fig. 3.23. For both toluene and water, evaporation was quite evident at 

80 ºC. This, together with the fact that the mechanical properties were not 

enhanced significantly anyway (Fig. 3.23) at this temperature, explains why 

60 C was selected as the most appropriate dip-coating temperature for the 

investigated polymers. 
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3.2.4 Effect of polymer concentration  

 

Figure 3.24 shows the compressive strength and strain energy density results 

of 45S5 porous scaffolds sintered at 550 C dip-coated in PCL solutions (in 

toluene at 60 C) with different concentrations. It is clear that the compressive 

strength (Fig. 3.24a) of the composite scaffolds increased substantially with 

PCL concentration—from 3.0 ± 0.9 up to 12.1 ± 2.4 MPa for 5 % and 30 % 

(w/v) concentrations, respectively. The same occurs for toughness (Fig. 3.24b), 

but even more pronounced, especially at 30 % concentration which exhibit a 

nearly four-fold increase over the value at 25 % concentration. These results 

indicates that, unlike dipping temperature or type of solvent, polymer 

concentration is a most important parameter in determining the ultimate 

mechanical properties of polymer-coated scaffolds. This implies, however, that 

both the type of solvent and the solution temperature are indirectly important 

inasmuch they affect the maximum polymer concentration suitable for the dip-

coating process, and thereby the maximum achievable compressive strength and 

toughness in the hybrid scaffold.  

The reason for the monotonic increase in the compressive strength and 

toughness of PCL/45S5 bioglass composite with the concentration of the PCL 

solution can be explained by an increased polymeric content deposited within 

the scaffold struts, filling/sealing existing micropores/microdefects and creating 

the fibrils responsible for crack microbridging.
190

 This becomes evident in the 

SEM micrographs of PCL/45S5 composite rod fracture surfaces (Figure 3.25) 

which show an increase in the diameter of PCL microfibers generated with PCL 

concentration. 
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Figure 3.24. Compressive strength (a) and strain energy density at 20  % strain (b) of 

45S5 scaffolds sintered at 550 ºC before and after dip-coating in PCL solutions in 

toluene at 60C with the indicated concentrations. 
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Figure 3.25. Fracture surface of 45S5 scaffolds sintered at 550 ºC coated with PCL 

solutions at (a) 20 % (b) 25 % concentrations. 

 

 

Unfortunately, the polymer concentration in the solution cannot be increased 

indefinitely. On the one hand, as already mentioned, solvent and process 

temperature will determine the maximum solubility of the polymer. On the 

other, an increased concentration means also a greater viscosity which may 

hamper the infiltration process. Indeed, it was found that concentrated PCL 

solutions with 30 % w/v or higher formed viscous liquids that led to an 

inhomogeneous thickness of the coating from the top to the bottom of the 

sample, and also to the macropores of the structure being clogged with the 

polymer, as shown in Figure 3.26, which explains the extraordinary toughening 

appreciated in Fig. 3.24b at this concentration.  

 

 

 

 

Figure 3.26. Fracture surface of 45S5 scaffolds sintered at 550 ºC coated with PCL 

solutions at 30 % concentration. 

a b 

5 µm 

a b 

500 µm 
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Therefore, an optimal concentration exists for a given set of process 

variables (substrate, polymer, solvent, temperature) that leads to the formation 

of a homogeneous coating with maximal thickness but still preserving 

predesigned scaffold macroporosity. For the PCL/45S5 system using toluene at 

60 ºC as solvent, 25 % (w/v) concentration was deemed the optimal condition 

among all those tested. 

When proceeding similarly with PLA solutions (in toluene at 60 C) the 

optimal polymer concentration to maximize strength while preserving pore 

interconnectivity was 15 % (w/v), since in scaffolds coated at 20 % PLA 

concentrations some macropores were already partially closed. For all the 

natural polymers tested (alginate, chitosan and gelatin) the maximum workable 

concentrations of the aqueous solutions at 60 C was found to be 5 % (w/v). At 

all optimal concentrations tested, the polymers formed a coating homogeneous 

layer on the bioglass struts, as proven by SEM observations.  

 

 

3.2.5 Effect of polymer composition  

 

The effect of different polymer compositions, including natural and synthetic 

ones deposited using solutions with the same concentration (5 % w/v) and 

temperature (60 °C), on compressive strength and strain energy density of 

infiltrated 45S5 bioglass scaffolds sintered at 550 C is shown in Figure 3.27. It 

is clear that scaffolds coated with natural polymers exhibited greater strength 

(Fig. 3.27a) and toughness (Fig. 3.27b) than those coated with the two synthetic 

polymers, despite the significantly superior intrinsic mechanical properties of 

the latter. In particular, chitosan-coated scaffolds showed the highest 

mechanical strengthening and toughening, with close to a six-fold and 25-fold 

increase, respectively, over the bare structures. 
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Figure 3.27. Compressive strength (a) and strain energy density at 20  % strain (b) of 

45S5 scaffolds sintered at 550 ºC before and after coating with different polymers at 

60 ºC using polymeric solutions at 5 % (w/v) concentration. Solvent was water for 

alginate (Alg), chitosan (Chi) and gelatin (Gel), and toluene for PCL and PLA.  
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This result is attributed to differences in the bonding strength between each 

polymeric coating and the 45S5 bioglass surface. Indeed, the interfacial 

adhesion achieved between the hydrophilic bioglass struts and the hydrophilic 

natural polymers (i.e. alginate, chitosan or gelatin) is likely to be stronger than 

that obtained with the more hydrophobic synthetic polymers (e.g., PCL or 

PLA).
191

 Individual differences should be explained in terms of the specific 

chemical interactions between the involve species.  

Generally, the mechanisms controlling the polysaccharide–silicate 

interactions depend on the nature of both components and involve ionic 

interactions, van der Waals forces, hydrogen bonds and water bridges. 

Polysaccharide chains, like those of alginate and chitosan, can then be easily 

adsorbed on the external surface of silicates.
192

 The main interactions of the 

silica phase with the polysaccharide are due to hydrogen bonds between the 

silanol groups and groups of the biopolymer chains.
193,194

 

In the case of chitosan polymer, hydrogen bonding can be formed between 

silanol groups of bioglass and C=O and N–H groups of the chitosan as well as 

by electrostatic interactions.
195

 Indeed, in positively charged polymers such as 

chitosan, electrostatic interactions can take place between chitosan amino 

groups and silanol groups, and even covalent bonds could be established from 

transesterification of chitosan hydroxy-groups by silanol.
195–197

 Under the acidic 

conditions employed (pH 5.5), the amine group of chitosan which has a pKa 

value of ~ 6.5,
198

 is protonated and forms an NH3
+
 ion which, in turn, is an even 

better hydrogen-bonding partner than an uncharged NH2 group.
199

 On the other 

hand, the pH of the solution didn’t change during the coating process, and this 

acidic condition results in an enhanced dissolution of bioglass surface, which 

facilitates ion exchange and leads to stronger ionic bondings with the amino 

groups. Thanks to these strong interactions, it is expected that 45S5 bioglass–

chitosan hybrids exhibited an increased interfacial adhesion, and thereby 

improved mechanical properties (Fig. 3.26).
197

 According to Fig. 3.26, alginate-

coated 45S5 scaffolds showed higher compressive strength after chitosan-coated 

ones, closely followed by gelatin-coated scaffolds. Hydrogen bondings can be 

easily created between silanol groups on the surface of bioglass and the 

hydroxyl or carboxyl groups (COO
−
) of alginate,

200–202
 The pH of alginate 

aqueous solution was  6-6.5 before the coating process. However 45S5 

bioglass caused a typical dramatic pH rise up to  9 during the coating 

procedure due to the ion exchange between modifier ions (Na
+
 and Ca

2+
) in the 

glass and protons (H
+
) in the dissolution medium.

203
 Therefore, the electrical 
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charge of alginate, which was already negative at the initial pH (since the 

isoelectric point, iep, of alginate is around pH 3-4),
204

 increased in magnitude 

due to highly charged anionic carboxylic (–COO
−
) groups.

205
 Hence, strong 

interactions of the carboxylic group present in alginate with multivalent cations 

such as Ca
2+

 in the bioglass can take place
191

 and could form intermolecular 

cross-linking leading to enhanced mechanical properties of the alginate.
200,201

 

In the case of gelatin, a complex reaction between Ca
2+

 ions of bioglass and 

gelatin molecules may happen. Also, the –COOH and –NH2 groups in the 

gelatin molecule can form strong (ionic) chemical bonds with silanol groups of 

bioglass depending on the pH of the solution. However in this work, since the 

gelatin type A has iep  8-9,
58

 while the amino groups in the gelatin solution at 

initial pH  5.5 become protonated, after immersion of the 45S5 scaffolds in the 

gelatin solution, the pH of the solution gradually increases until it reaches the 

gelatin iep range. At this point, the positively charged amino groups become 

equal to negatively charged carboxyle groups, which may cause the maximum 

chain folding and contraction, leading to rigid and stiff matrix,
206

 and can hinder 

more chemical reactions between gelatin and bioglass surface. This 

phenomenon could be also observed by an increase in turbidity of gelatin 

solution. 

The level of interfacial bonding to bioglass is significantly lower for the 

synthetic polymers. The ester carbonyl groups (C=O) of PCL and PLA are 

capable of forming hydrogen bonds with the silanol groups (Si-OH) on the 

surface of the inorganic network.
207

 However, stronger ionic bonds are not 

possible in a non-polar media such as the toluene used as solvent for these 

polymers. Moreover, in the case of PCL, the chain ratio between the methylene 

non-polar groups (-CH2-) and the ester polar groups (C=O), is of 5:1, while in 

PLA this ratio is 1:1. This explains why PLA exhibit significantly greater 

interfacial adhesion, and thereby increased strengthening effect than PCL. The 

differences in toughening are not so marked between both synthetic polymers 

since the higher ductility of PCL make the crack microbridging mechanism 

more effective in its case. 

Although the results in Fig. 3.27 prove without doubt that the natural 

polymers are more effective as reinforcing agents for 45S5 bioglass scaffolds 

than PCL and PLA, it might be argued that —according to the results of the 

preceding section—the selected 5 % (w/v) concentration is optimal for the 

natural polymers but not for PCL or PLA. Consequently, Figure 3.28 shows the 

compressive strength of 45S5 bioglass scaffolds coated with all investigated 
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polymers at optimal concentrations. Even after increasing the concentrations on 

PCL and PLA to 25 % and 15 %, respectively, the relative positions of the 

different polymeric coatings as reinforcing agents remains unaltered. Chitosan 

continues to be the optimal choice and PCL-coated scaffolds the weakest 

structures despite having used the greatest by far polymeric concentration in the 

dip-coating process. 

 

 

Figure 3.28. Compressive strength of 45S5 scaffolds sintered at 550 ºC coated with 

polymers at optimal concentrations: 5 % w/v for alginate (Alg), chi tosan (Chi) and 

gelatin (Gel); 25 % w/v for PCL and 15 % w/v for PLA. 

 

 

The same results are obtained when analyzing the toughening provided by 

the polymeric coatings. Figure 3.29 shows the compressive strain energy 

density GC of 45S5 bioglass scaffolds coated with all investigated polymers at 

optimal concentrations.  Although the enhancement in term of toughness over 

the bare structures is far greater than the strengthening produced, the relative 

position of the different polymeric coatings remains the same. Chitosan coatings 

increase the toughness of the 45S5 bioglass structures nearly 25-fold, and even 
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the weakest PCL-coatings improve the toughness by nearly an order of 

magnitude (toughening factor of ~ 7.6). 

 

 

 

Figure 3.29. The strain energy density at 20% compressive strain, GC, of 45S5 bioglass 

scaffolds sintered at 550 ºC coated with polymers at optimal concentrations: 5 % w/v 

for alginate (Alg), chitosan (Chi) and gelatin (Gel); 25 % w/v for PCL and 15 % w/v for 

PLA. 

 

 

All in all, the results in this section highlight the important role of polymer 

composition on the mechanical enhancement produced by the deposited coating.  

The strengthening and toughening effects obtained are likely to be determined 

by the wettability of polymer solution on the scaffold struts and the interfacial 

adhesion between the polymeric coating and the scaffold material. Although the 

results presented cannot completely rule out the effect of the intrinsic 

mechanical properties (strength, stiffness, toughness) of the polymer, they 

suggest that such polymeric properties play only a minor or secondary role. 

Indeed, if such properties played a major role, synthetic polymers such as PCL 

and PLA, with mechanical properties orders of magnitude higher than those of 
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the natural polymers tested in this study, should have provided a significantly 

better performance as reinforcing infiltrates. On the other hand, since the 

interfacial adhesion plays such a major role in the mechanical enhancement 

provided by the polymeric coating, one suitable strategy to enhance the 

performance of coated structures would be to graft the corresponding polymer’s 

functional group onto the bioglass surface to produce chain entanglements that 

will drastically improve the mechanical properties.
208–210

 This type of direct 

strong bonding between the polymeric coating and the bioceramic material of 

the scaffold could also be achieved by performing the polymerization in situ 

with the scaffold immersed in a monomeric solution.
119

  

 

 

3.3 In vitro bioactivity and degradation of bare and 

coated 45S5 bioglass robocast scaffolds 

 

In this section, the in vitro bioactivity and degradation behavior of 45S5 

bioglass scaffolds before and after coating with polymers are investigated. The 

degradation behavior is evaluated from measurements of the weight loss and pH 

variation upon immersion in simulated body fluid (SBF). Also the concurrent 

formation of hydroxyapatite on the scaffold surface during immersion in SBF 

and the effect of the degradation on the scaffolds compressive strength are 

analyzed.  

 

 

3.3.1 Bare 45S5 bioglass robocast scaffolds 

 

The in vitro study in bare structures has been done both in amorphous 

(sintered at 550 °C) and (semi)crystalline (sintered at 1000 °C) samples, to 

analyze the effect of crystallinity and densification on the bioactivity and 

degradation behavior of 45S5 bioglass robocast scaffolds. 

 

 

 



3.3 In vitro study of bare and coated 45S5 scaffolds  105 
 

3.3.1.1 In vitro degradation and bioactivity assessment  

 

Figure 3.30 shows the evolution of the SBF solution’s pH and the weight 

loss of the bare robocast scaffolds (both amorphous and crystalline 45S5 

bioglass) during the soaking experiment. The same reactions that lead to 

scaffold weight loss also control the variation of pH in the solution.
211,212

 The 

pH changes are attributed to the ionic exchange between the ions such as Ca
2+

 

and Na
+
 from 45S5 bioglass network and H

+
, H3O

+
 and OH

-
 from the SBF 

solution. As a result silanol group (Si–OH) is formed on the bioglass surface 

due to reaction of Si with OH
- 

ions that act as nucleation sites for HAp 

formation. Initially, alkali ion leaching from bioglass to the solution leads to 

increase the pH and weight loss. For both kinds of structures, a fast raise in pH 

was seen in the initial times of immersion (the first 1 week) and then a pH 

stabilization was achieved which remained fairly constant until the end of 

soaking period (Fig. 3.30a). The amorphous 45S5 tends to leach alkali ions 

faster to the solution, and pushes the equilibrium to a higher pH value in 

comparison to crystalline 45S5. Such equilibrium plateaus appearing in pH 

curves are due to formation of a hydroxyapatite layer on the surface of the 

samples that consequently makes the surface of 45S5 bioglass more passive.  

The weight loss of bare scaffolds increased monotonously with culturing 

time but at a continuously decreasing rate (Fig. 3.30b). For example, up to the 

first 1 week of immersion the scaffolds lost up to 14 % of their weight in 

amorphous bioglass and 12 % in crystalline samples, and then the weight loss 

from 1 to 8 weeks was reduced to around an additional 8 %. The degradation of 

both materials is, nonetheless, fast and data can be fitted properly by a three-

dimensional diffusion model (3DM) function:
213,214

 

 

∆W/W0 =∆Wmax/W0 {1-[1-(kt)
1/2

]
3
} (3.1) 

 

where, the maximum weight loss ΔWmax/W0 and the kinetic constant k  are 

adjustable parameters and t is the immersion time. 3DM diffusion model 

assumes that volumetric diffusion to the reaction interface is what controls the 

degradation rate, rather than the interfacial reaction. For both materials the 

maximum weight loss is similar (~ 21 %) but the kinetic constant is around 

40 % higher for vitreous scaffolds (4.6 ± 0.3·10
-6

 h
-1

 vs. 3.2 ± 0.5·10
-6

 h
-1

). The 

validity of the 3DM model implies that it is the intrinsically faster ionic 
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diffusion of the amorphous structure rather than its higher microporosity and 

surface area that is responsible for the faster degradation observed in the 

samples sintered at 550 °C. 

 

 

 

  
Figure 3.30. Evolution of (a) pH of SBF solution and (b) scaffolds’ weight loss as a 

function of immersion time for amorphous and crystalline 45S5 bioglass samples. Error 

bars represent standard deviations. Curves in (b) are best fits of 3DM model, Eq. ( 71.), 

to data. 
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The evolution of HAp formation with immersion time in SBF in amorphous 

and crystalline bare 45S5 scaffolds is shown, respectively, in Figures 3.31 and 

3.32. It is obvious that in both cases the amount of the HAp increases with the 

soaking time. However, nucleation of HAp in crystalline structures occurred 

slightly later than in amorphous structures. In the amorphous scaffolds the HAp 

nuclei are observable already after 1 day of soaking in SBF (see inset in Fig. 

3.31a), but they are absent in crystalline 45S5 (Fig. 3.32a). In fact, it has been 

proven that presence of crystalline phase decreases the kinetics of apatite 

formation but does not inhibit the growth of an apatite layer on the surface of 

the material.
168,174,215

 After 3 days of immersion in SBF, the HAp particles are 

already numerous in both structures. The high-resolution SEM image of the 

crystalline surface after 3 days (inset in Fig. 3.32b) shows that the HAp particles 

consist of a porous network of nanometer-sized, needle-like crystals, 

characteristic of HAp deposited by precipitation from solution.
212

 The growth of 

HAp continued at a fast rate up to 1 week of immersion where a uniform HAp 

layer was observed, which is in agreement with the results obtained from pH 

measurements (Fig. 3.30a). The appearance of the HAp layer on both structures 

(amorphous and crystalline) after 1 week of immersion is basically not 

distinguishable. From then on, the growth of the HAp layer proceeded 

alternating the formation of excrescences of HAp crystals and their coalescence 

to form more uniform layers (this is especially evident in the denser crystalline 

samples, Fig.e 3.32). 

All in all, the results of this section demonstrate that a similar degradation 

behavior occurs in amorphous and crystalline 45S5 bioglass robocast scaffolds, 

with the amorphous structures exhibiting around 40 % faster degradation 

kinetics. This means that while bioactivity of 45S5 glass is maintained it is 

somewhat delayed, if not dramatically, by crystallization. Therefore, a faster 

and, possibly, stronger bonding to surrounding bone tissue are to be expected if 

scaffolds made from the glassy phase were used instead of the glass-ceramic 

derivatives traditionally reported in the literature. Such a possibility has been 

enabled by the use of robocasting, which has permitted for the first time to 

produce amorphous 45S5 scaffolds with sufficient mechanical integrity (see 

Fig. 3.12). 

. 
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Figure 3.31. SEM micrographs of the rod surfaces on amorphous 45S5 bioglass 

robocast scaffolds soaked in SBF for the indicated times. 

5 µm 

a) 1d 

c) 7d 

e) 28d 

d)14d 

50 µm 
500 nm 

b) 3d 

f) 56d 
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Figure 3.32. SEM micrographs of the rod surfaces on crystalline 45S5 bioglass 

scaffolds soaked in SBF for the indicated times. 

 

 

3.3.1.2 Compressive strength degradation  

 

The evolution of compressive strength of amorphous and crystalline 45S5 

scaffolds as a function of immersion time in the SBF is shown in Figure 3.33. 

 

b) 3d 

c) 7d  d) 14d 

500 nm 

f) 56d  
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a)1d 
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Figure 3.33. Compressive strength of amorphous and crystalline 45S5 scaffolds as a 

function of immersion time in the SBF with standard deviat ion as error bars. 

 

 

In both cases, the dissolution of the bioactive glass/glass-ceramic and its 

conversion to a porous HAp-like product resulted in a reduction of compressive 

strength. Due to the faster dissolution of the amorphous scaffolds during 

immersion in SBF (see Fig. 3.30), the amorphous structures also showed 

initially a slightly faster strength loss comparing to crystalline ones. However, 

in the case of amorphous scaffolds, the rate of this reduction decreases 

significantly after two weeks of immersion in SBF, while such a reduction is 

not so clear in the crystalline material.  

This results in the overall reduction of strength after 8 weeks being slightly 

smaller in amorphous structures (~ 83 %, vs. ~ 87 % for the crystalline 

scaffolds). The reason for this could be related to the generation of cracks in the 

converted HAp layer on crystalline scaffolds. Figure 3.34 shows SEM 

micrographs of a rod surface of amorphous and crystalline samples soaked for 3 

days and 8 weeks in SBF. In the case of crystalline samples (Fig. 3.34b,d), it is 

evident that the HAp layer formed on the rod surfaces has cracked, probably 

due to the up growth of residual stresses as the thickness of the continuous HAp 

layer increases. This has been reported earlier for partially crystallized 45S5 

samples after immersion in PBS.
216

 According to Fig. 3.34b, the surface of the 
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crystalline sample after 3days of immersion already shows clearly crack paths 

uniformly distributed all around the rod. These cracks became bigger and more 

prone to produce detachment from the substrate by increasing the immersion 

time to 8 weeks (Fig. 3.34d). On the contrary, there is no evidence of peeling or 

cracking in amorphous samples neither at 3 days nor even after 8 weeks of 

immersion (Fig. 3.34a,c). This could be simply a consequence of the higher 

level of microporosity in the amorphous structures which helps relieve residual 

stresses. However, other authors have suggested that the mineralized layer is 

bonded more loosely to the crystalline phase than to the amorphous bioactive 

glass, which facilitates peeling off the layer to release strain energy. 

 

 

 

Figure 3.34. SEM micrographs of the rod surface on amorphous (a, c) and crystalline 

(b, d) 45S5 bioglass scaffolds after soaking in SBF for 3 and 56 days, as indicated. 

 

 

Nonetheless, despite this apparent resistance to HAp layer detachment—and 

the mechanical enhancement provided by the fabrication by robocasting which 
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has permitted for the first time to produce amorphous 45S5 scaffolds with 

sufficient mechanical integrity—the mechanical performance of such 

amorphous materials is still far from what can be achieved by improving 

densification. Indeed, crystalline structures after 8 weeks of degradation are still 

almost as strong as the non-degraded glassy scaffolds (Fig. 3.32).  

 

 

3.3.2 Polymer-coated 45S5 bioglass scaffolds 

 

In this section, the results of in vitro bioactivity and degradation behavior is 

analyzed on 45S5 bioglass scaffolds coated with the different polymers under 

optimal deposition conditions: solutions at 60 C, with a concentration (w/v) of 

25 % for PCL, 15 % for PLA (with toluene solvent in both cases), and 5 % for 

all the natural polymers (alginate and gelatin in distilled water and chitosan in 

2 vol.% acetic acid aqueous solution). Since no basic differences (only different 

rates) exist in the in vitro behavior of amorphous and crystalline 45S5 bioglass 

scaffolds (Section 3.4.1), the study is performed only using the amorphous 

structures, sintered at 550 °C.  

 

 

3.3.2.1 In vitro degradation and bioactivity assessment  

 

The variation of the pH in the SBF solution with the immersion time of 

polymer-coated 45S5 bioglass scaffolds is shown in Figure 3.35. For 

comparison, the data for bare scaffolds sintered at 550 ºC (from Fig. 3.30a) have 

been included in Fig. 3.35. In these hybrid structures, the pH of the SBF 

solution was simultaneously influenced by the dissolution of the bioglass and 

the degradation of the polymer coating. Indeed, besides constituting a barrier for 

the degradation of the bioglass substrate, the different polymers exhibit diverse 

degradation rates and release different degradation products to the solution that 

can affect the pH. Consequently, the differences shown in Figure 3.36 between 

the various polymer-coated 45S5 scaffolds are not surprising.  
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Figure 3.35. Evolution of the pH of the SBF solution as a function of immersion time for 

amorphous 45S5 bioglass scaffolds before and after coating with the indicated 

polymers, with standard deviations as error bars. 

 

 

All coatings, with the possible exception of gelatin, seemed to increase the 

time needed to balance the solution pH (from 1-2 week to 2-4 weeks) and 

tended to reduce the final equilibrium value. This confirms, on the one hand, 

that polymeric coatings are delaying the bioglass scaffold degradation, reducing 

the ion exchange rate in comparison to bare scaffolds. On the other hand, it 

implies that the biodegradation products of all polymers are mildly acidic, with 

the natural polymer coatings (open symbols in Fig. 3.35) leading to the highest 

pH values and synthetic ones (full symbols), especially the poly-lactic acid, 

producing the more acidic degradation products. 

Fig. 3.36 shows the weight loss curves for coated scaffolds as a function of 

SBF immersion time with data for bare scaffolds (from Fig. 3.30b) included for 

comparison. Now a more clear distinction can be made between polymers with 

a slow hydrolysis rate, such as PCL and PLA,
217,218

 and water soluble natural 

polymers (alginate, chitosan and gelatin). The bioglass scaffolds coated with 

synthetic polymers showed significantly lower degradation rate compared to the 

bare structures. The biodegradation behavior of PLA and PCL coated scaffolds 
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exhibits the same trend indicating that both aliphatic polyesters provide similar 

degradation profile. However, the PCL degradation takes place more slowly 

than for PLA.
219

  

 

 
Figure 3.36. Evolution of weight loss with immersion time for amorphous 45S5 bioglass 

scaffolds before and after coating with the indicated polymers. Error bars represent 

standard deviations. 

 

 

In contrast, natural polymers have a higher degradation rate than 

bioceramics,
220

 and although the presence of this coating can delay the 

degradation of the bioglass substrate, their own degradation contributes 

significantly to the overall weight loss of the structure. Indeed, scaffolds coated 

with natural polymers not only showed faster degradation rate compared to 

PCL- or PLA-coated scaffolds because of their higher resorption rate, but in 

some cases exhibited faster weight loss than the bare structures.  

This is for example the case of gelatin-coated scaffolds which exhibited a 

faster degradation than the bare 45S5 bioglass scaffolds at least up to 1-2 weeks, 

and then eventually the weight loss rate became similar to that of the bare 

scaffolds. This is likely caused by the high dissolution rater of this highly 

hydrophilic polymer, especially at the incubation temperature (37 °C).
221
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Indeed, SEM observations showed a detectable gelatin coating, at least in part 

of the strut surfaces up to 1 week immersion in SBF and disappeared 

afterwards, which is in good agreement with the literature.
36

  

For alginate-coated scaffolds, during the first week of immersion the 

degradation rate was initially slower than in the bare scaffolds. However, it 

declined more slowly during the second week of immersion  and eventually, the 

weight loss of the hybrid structure exceeded that of the bare structures, which is 

attributed to the loss of the alginate layer adding to the bioglass dissolution. 

Between 2 and 4 weeks of immersion, the rate of weight loss did not change 

significantly which was likely due to cross-linking effect between alginate and 

Ca
2+

 ions in the SBF solution which improves the alginate network stability and 

slows down the alginate coating degradation during immersion in the SBF.
222

 

Finally, the biodegradation rate of chitosan-coated samples was the slowest 

among the hybrid structures made from natural polymers and was lower than 

that of the bare structures during the whole tests. It closely related to the trends 

exhibited by the synthetic polymers although still degrading significantly faster 

than them. The reason for this intermediate behavior might be related to the 

which stronger interfacial adhesion of the chitosan layer, and the lower water 

absorption ability of chitosan,
223

 which retards both the dissolution of bioglass 

and its own biodegradation.  

Regarding bioactivity, the apatite forming ability of polymer-coated 

scaffolds depended strongly on the nature of the polymer. On the one hand, 

synthetic polymers tended to delay apatite formation. Figures 3.37 and 3.38 

show the SEM micrographs portraying the evolution with immersion times in 

SBF of the microstructure on the struts surfaces of, respectively, PCL- and 

PLA-coated scaffolds. By comparing these images with those of bare 

amorphous 45S5 bioglass scaffolds (Fig. 3.31), it can be concluded that the 

HAp layer required more time to nucleate and grow during the immersion on 

the surface of coated samples, since no evidence of HAp nucleation was found 

after one day of immersion (Figs. 3.37a and 3.38a). Nucleation of HAp on both 

PCL-and PLA-coated surfaces was observed after 3 days immersion in SBF as 

illustrated in Figs. 3.37b and 3.38b. Most HAp crystallites are embedded in the 

polymer layer, implying that the HAp formed on the bioglass surface (or 

bioglass/polymer interface) upon diffusion of the appropriate species through 

the coating. As HAp growth progresses (e.g. after 1 week of immersion), more 

HAp becomes apparent on the surface of the rods and microcracks start to 

develop in the polymeric coating (Figs. 3.36c and 3.37c). The partial disruption 

of the polymer layer facilitates SBF penetration into the interface increasing the 
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degradation rate, in good agreement with the results in Fig. 3.36, and the growth 

of apatite deposits. After 8 weeks of incubation HA particles densely covered 

the entire surface of the rods (Figs. 3.36d and 3.37d). At all soaking times HAp 

formation was greater on the PLA-coated structures compared to PCL hybrids, 

in good accordance with the faster degradation rate exhibited by PLA-coated 

scaffolds (Fig. 3.36). This enhanced degradation of PLA-coated structures is 

attributed to the faster hydrolysis of PLA in the SBF and the more acidic 

degradation products it generates, which enhance dissolution of the bioglass 

producing a local supersaturation of calcium and phosphate ions that facilitates 

the nucleation of apatite.
224

 

 

 

 

 

Figure 3.37. SEM micrographs of the sturt surfaces of PCL-coated amorphous 45S5 

bioglass scaffolds soaked in SBF for the indicated times. 

 

b) 3d a) 1d 

c) 7d d) 56d 
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Figure 3.38. SEM micrographs of the strut surfaces of PLA-coated amorphous 45S5 

bioglass scaffolds soaked in SBF for the indicated times. 

 

 

On the other hand, as shown in Figures 3.39-3.41, 45S5 bioglass scaffolds 

coated with natural polymers exhibited enhanced bioactivity (HAp formation 

ability) compared not only to synthetic polymer-coated scaffolds but also over 

the bare bioglass structures. All scaffolds coated with natural polymers showed 

a significant amount of apatite on their surface after 1 day immersion in SBF as 

shown in Figs 3.39a-3.41a. Apatitic clusters were larger and more numerous 

than on the bare bioglass surface after the same immersion period (Fig. 3.31a). 

This is attributed to the hydrophilicity and high resorption rate of natural 

polymers in the physiological fluid, and the mildly acidic nature of the 

degradation byproducts, which can facilitate the interfacial reactions between 

bioglass and the physiological solution, accelerating HAp nucleation. This 

faster HAp nucleation may explain why the weight loss was slightly slower in 

the scaffolds coated by natural polymers (with the exception of gelatin) than in 

the bare structures despite the polymer contributing to it with their own 

biodegradation. Growth of this clusters progressed at longer soaking times and 

the struts were fully covered by HAp crystals after 4 weeks, although evidences 

b) 3d a) 1d 

c) 7d d) 56d 

5 µm 
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of residual alginate and chitosan are still found at this time (Figs 3.40d dna

3.41d). The survival of these polymers for such a long time—unlike gelatin 

which has already disappeared at 4 weeks (Fig. 3.39d) — is probably caused by 

the cross-linking of alginate by Ca
2+

 ions in the SBF solution that retards 

alginate dissolution,
222

 and the fact that chitosan becomes insoluble when pH 

increases above 6.
225

 

 

 

 

 

Figure 3.39. SEM micrographs of the struts surfaces of gelatin-coated amorphous 

45S5bioglass scaffolds soaked in SBF for the indicated times. 
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Figure 3.40. SEM images of the struts surfaces of alginate-coated amorphous 45S5 

bioglass scaffolds soaked in SBF for the indicated periods. 

 

 

Figure 3.41. SEM images of the struts surfaces o f chitosan-coated amorphous 45S5 

bioglass scaffolds soaked in SBF for the indicated periods. 

b) 3d a) 1d 

c) 7d d) 28d 
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Consequently, unlike for synthetic compositions, the application of natural 

polymers as coatings have a positive effect on the bioactivity of 45S5 glass, 

accelerating the formation of a HAp layer. And most interestingly, they can do 

so while simultaneously reducing (except in the case of gelatin) its degradation 

(weight loss) rate (Fig. 3.37), which has a positive impact on the evolution of 

their mechanical properties, as shown in the following section. Of course, the 

results of this in vitro study should be complemented in future works with cell 

culture experiments and in vivo test to completely assess if such polymeric 

coatings can be indeed beneficial for the enhancement of the biological 

performance of 45S5 scaffolds. 

 

 

3.3.2.2 Compressive strength degradation  

 

The evolution of the compressive strength of polymer-infiltrated 45S5 

bioglass scaffolds as a function of immersion time in the SBF solution is shown 

in Figure 3.42. For comparison, the data for bare scaffolds sintered at 550 ºC 

(from Fig. 3.32) have been included in Fig. 3.42. 

It is clear from the absolute values shown in Fig. 3.42a that the compressive 

strengths of coated scaffolds are significantly higher than that of the bare 45S5 

bioglass scaffolds at all times points tested. A monotonous decrease of 

compressive strength was observed in all samples over the whole degradation 

period, in which chitosan-coated samples showed the highest compressive 

strength among all groups. 

To better analyze the degradation of the mechanical properties upon 

immersion in SBF, Fig. 3.42b plots the compressive strength loss, defined as 

Δσ/σ0; where Δσ = σ0–σt, σ0 is the initial compressive strength of the scaffold, 

and σt is the compressive strength at time t. From this plot, it is evident that the 

fastest degradation and the highest overall compression loss (~ 82 %) was 

exhibited by gelatin-coated scaffolds, which was even greater that for the bare 

scaffolds (72 %), in good accordance with the results of weight loss (Fig. 3.37). 

Alginate-coated scaffolds exhibited initially also a greater strength loss, but the 

curve flattened out after 2-weeks immersion. Nonetheless, despite the fast 

mechanical degradation of both natural polymers, their corresponding hybrid 

structures remained stronger than than the bare scaffolds over the immersion 

period analyzed.  

a) 1d 

c) 7d 
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Figure 3.42. (a) Compressive strength and (b) compressive strength loss as a function 

of immersion time for bare and coated amorphous 45S5 bioglass scaffolds, with 

standard deviation as error bars.  
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However, the most significant protective effect against in vitro mechanical 

degradation (as measured by the compression strength loss) was provided by 

coating the 45S5 bioglass scaffolds with, in this order, PCL, PLA and chitosan, 

which reduced the overall loss to 42, 47 and 55 % respectively. Especially 

significant is the result for chitosan, which clearly outstands as the most 

attractive reinforcing polymer, since it not only provides the greater initial 

strengthening, but also reduces the mechanical degradation nearly as much as 

the more inert synthetic polymers. And all that while enhancing the bioactivity 

of 45S5 glassy scaffolds, as pointed out in the preceding section.  

 

 

3.4 Comparison to human bone properties 

 

To conclude this chapter, in this section the results of the mechanical 

characterization of all the bare and polymer coated 45S5 bioglass-derived 

scaffolds developed in this study are compared to natural human bone. This 

comparison is pertaining to materials whose intended use is as bone graft 

substitutes for bone replacement and regeneration.  

As already mentioned, the challenge in the development of materials for 

bone replacement and regeneration lies in obtaining osteoconductive materials 

with mechanical performance close to that of natural bone tissue. This study has 

explored several paths leading towards this long sought after goal. 

First, this work demonstrates how producing more regular struts and 

reducing the scaffold’s struts microdefects lead to significant improvements in 

the strength of bioglass-derived—and, by extension, any bioceramic—scaffolds. 

Indeed, as shown in Figure 3.43, structures with uniform strut dimensions such 

as those created by robocasting exhibit significantly superior (note logarithmic 

scale) strength compared to scaffolds fabricated by conventional means with the 

same porosity (dashed lines are extrapolation of experimental results from the 

literature
174

 according to Gibson and Ashby model.
227

  

The enhancement produced by improving densification and, thus, reducing 

flaw population in the scaffold’s struts is also apparent in the 45S5 bioglass data 

in Fig. 3.43. As the microdefect decreases in number and size, the density 

increases, and the strength of the 45S5 bioglass-derived scaffolds gets 

progressively closer to bone values, as predicted by Keller’s model.
228
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Consequently, by optimizing the pore architecture and densification of 

scaffolds struts it seem feasible to produce bioceramic scaffolds with bone-like 

strengths. But obviously, strength is not the only critical mechanical parameter: 

modulus and, especially, toughness should also be taken into account. As can be 

appreciated in the Ashby diagrams of Fig. 3.43, even the best bare bioglass-

derived scaffolds are quite far from completely mimicking natural bone 

mechanical performance. 

 

 

Figure 3.43. Summary of compressive strength results as a function of relative density 

for bare and coated 45S5 bioglass-derived scaffolds. Data for conventional 45S5
174

 

scaffolds and bone properties
228

 are included for comparison. 

 

 

Regarding modulus, the analyzed bare 45S5 bioglass-derived scaffolds, with 

over 50 % porosity in all cases, exhibited elastic moduli closer to cortical than 

to cancellous bone (Figure 3.44a). The same is true for coated structures, since 

their modulus is virtually unaffected by the polymeric coating, as shown in Fig. 

3.18. This implies, however, that both the pure bioceramic scaffolds and the 

polymer-coated structures will have a hard time mimicking the mechanical 

performance of cancellous bone. Indeed, while an increase in porosity will 
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provide a reduced modulus, porosity affects more dramatically the strength with 

comparing values corresponding to 45S5 scaffolds sintered at 550 and 1000 °C. 

This might not be however a big hurdle in practice since their stiffness is not 

higher than those of cortical bone, and these materials, unlike bioinert metals, 

will degrade with time upon implantation.  

 

 
Figure 3.44. Plot of (a) elastic modulus, E, and (b) strain energy density, GC, versus 

compressive strength, σC, for the materials evaluated in this study. Results are 

compared to bone properties.
228
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Indeed, the greatest problem of these pure bioceramic structures lies in their 

brittleness. As can be seen in Fig. 3.44b the strain energy density in 

compression is much lower than the lower limit of cancellous bone values. The 

lack of any type of ductility in these materials makes it difficult to overcome 

this limitation by simply modifying the scaffold’s architecture. The results of 

this study demonstrate, however, that it is possible to substantially improve both 

the strength and toughness of these structures by coating them with 

biodegradable polymers. While unfortunately, none of the coated 45S5 bioglass 

robocast scaffolds closely matches the performance of cortical bone in 

compression in terms of the three mechanical properties analyzed (stiffness, 

strength and toughness), the biodegradable polymers coatings have enabled the 

fabrication of hybrid scaffolds with strengths clearly superior and toughness 

significantly closer to cancellous bone performance. An all that has been done 

while preserving the pre-designed interconected macroporosity provided by 

robocasting. Moreover, not only the initial mechanical performance is improved 

but the degradation of such properties in physiological environment has also 

been reduced (Section 3.3.2.2). While all this mechanical enhancement comes at 

the cost of reducing the bioactivity of the 45S5 bioglass scaffold when synthetic 

polymers are used, the selection of natural polymers yields hybrid structures 

with an enhanced bioactivity. In this sense chitosan coatings appear as the most 

promising alternative since they produce the greatest mechanical improvement 

among all the polymers tested. 
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Conclusions 
 

 

In this work, fabrication of 45S5 bioglass scaffolds by robocasting was 

successfully achieved after developing an appropriate ink and optimizing the 

sintering routine. Besides, biodegradable polymer-coated scaffolds were 

successfully fabricated in order to improve the mechanical properties of 

bioglass-derived scaffolds. Different polymer compositions, including natural 

(alginate, chitosan, gelatin) and synthetic ones (PLC and PLA) were deposited 

onto the robocast structures by immersion in the corresponding polymeric 

solutions (i.e. by dip-coating). The effect of a number of parameters in the dip-

coating process on the mechanical properties of the coated scaffolds was 

analyzed. These parameters included in-rod microporosity of 45S5 bioglass-

derived struts, solvent, solution temperature, as well as the polymer 

concentration and composition. The results from this analysis were used to 

determine the optimal coating conditions for each polymer. The mechanical 

properties and in vitro bioactivity and biodegradation behavior of 45S5 

bioglass-derived scaffolds before and after coating with different polymers were 

compared. Among the most relevant conclusions of this study, it is worth 

highlighting the following: 

 

Regarding 45S5 bioglass ink preparation and robocasting 

 

1- Robocasting technique provides a means to produce 45S5 bioglass-derived 

scaffolds with customized external geometry and internal pore architecture 

with compressive strengths that are far superior to any previously reported 

values. This is achieved through the use of carboxymethyl cellulose (CMC) 
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as a single, multifunctional additive that allows one to prepare the 

concentrated suspensions required by robocasting, overcoming the inherent 

difficulties associated to the colloidal processing of 45S5 bioglass. The 

enhancement in mechanical performance associated to the novel pore 

architectures, with thicker struts and wider interconnections, produced by 

robocasting is enormous: more than one order of magnitude compared to 

existing scaffold strength data and well within, or even surpassing, 

cancellous bone strength range. 

2- Robocasting allows one to produce, by sintering at sufficiently low 

temperature (550 ºC), fully amorphous robocast 45S5 bioglass scaffolds, 

which preserve intact all the outstanding bioactivity of 45S5 bioglass, with 

enough mechanical integrity for practical use. Therefore it could be said 

that robocasting, and perhaps also other solid freeform fabrication 

techniques, can overcome the main obstacle for the successful application 

of 45S5 bioglass as a broad use bone substitute material. The simplicity 

and versatility of the proposed robocasting process will greatly facilitate 

the development of patient-specific 45S5 bioglass scaffolds and 

significantly extend the current range of biomedical applications of this 

excellent bioactive material.  

 

Regarding polymer coating  

 

3- The results of this study demonstrate that dip coating method can be used 

as a simple, cost-effective process for producing polymer/bioglass 

composites in a reliable way from both synthetic and natural commercial 

polymers. The deposited polymers can penetrate into the microporosity on 

the scaffold struts while preserving intact the pre-designed interconnected 

macroporosity of robocast structures   

4- This study demonstrates the positive effect of polymeric coatings on the 

mechanical properties of robocast ceramic or glass scaffolds regardless of 

the type of loading configuration (compression or bending). All polymer 

coatings studied led to significant improvement of both the compressive 

strength and toughness of the bare scaffolds, without significantly affecting 

their Young’s modulus. 

5- This work’s results prove also, for the first time, that existing micro-defects 

(microporosity) has a major role on the mechanical enhancement produced 



Conclusions 129 

by polymer coatings of robocast scaffolds. The strengthening, produced by 

defect healing, is greatly reduced as the pre-existing flaw population 

decreases. The same occurs with the toughening since fibrils generated 

from the polymer within the ceramic microporosity can significantly 

contribute to enhance fracture energy through a crack microbridging 

mechanism. 

6- Despite the diminishing effectiveness of the polymer infiltrate as a 

reinforcing agent as the microporosity is reduced, denser ceramic struts 

yield stronger and tougher hybrid structures after polymer coating. 

Consequently, optimization of the sintering conditions for the ceramic 

skeleton should still be a major concern for the maximization of the 

mechanical performance of ceramic/polymer composites. 

7-  Among the different parameters of the dip-coating process, the results of 

this study suggest that polymer concentration is one of the most important 

in determining the ultimate mechanical properties of polymer-coated 

scaffolds. While the mechanical performance is improved monotonically 

with polymer concentration, this concentration cannot be increased 

indefinitely. An optimal concentration exists for a given set of process 

variables (substrate, polymer, solvent, temperature) that leads to the 

maximal polymer infiltration into the strut microporosity while preserving 

predesigned scaffold macroporosity.  

8- Conversely, although they might, in principle, affect wettability of the 

polymer/ceramic system, the selected solvent and solution temperature 

play only a minor direct role in the mechanical properties of the composite, 

at least in the PCL/45S5 bioglass system for the solvents and temperatures 

analyzed. However, both variables can have a significant impact in 

determining the maximum suitable concentration of the polymer in the dip-

coating solution, and thereby in the maximum achievable mechanical 

performance of the resulting hybrid scaffold. In this sense temperature 

should be maximized within the limits imposed by the selected 

polymer/solvent system, especially since evaporation might become an 

issue were reproducibility of the process is concerned. 

9-  Polymer composition has an important role on the mechanical 

enhancement produced by the deposited coating. This study showed that 

scaffolds sintered at 550 ºC coated with natural polymers exhibited greater 

strength and toughness than those coated with the two synthetic polymers, 

despite the significantly superior intrinsic mechanical properties of the 
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latter. This result suggests that interfacial adhesion, most likely stronger 

between the hydrophilic bioglass struts and the hydrophilic natural 

polymers than with the more hydrophobic synthetic polymers, plays a 

major role in the mechanical enhancement provided by polymeric coating, 

while the polymer intrinsic properties (strength, stiffness toughness) play 

only a secondary role. Among the studied polymer, chitosan seems to be 

the optimal candidate as reinforcing coating for 45S5 bioglass, since it 

provided the highest level of strengthening and toughening.  

 

Regarding the in vitro performance of the fabricated scaffolds 

 

10- During immersion of bare 45S5 bioglass-derived scaffolds in SBF, the 

amorphous glass tends to leach more alkali to the solution, causing a larger 

weight loss and a higher increase of pH, due to the greater volumetric 

diffusion of involved species through the amorphous structure. This 

provides not only faster degradation kinetics but also a means for enhanced 

overall conversion factor of the bioactive glass to HA. In both cases, the 

conversion of the material to a weak porous HA-like product resulted in a 

degradation of compressive strength, which in the case of crystalline 

scaffolds is accelerated by the formation of cracks in the HA layer.  These 

results suggest that a simple means for controlling the degradation 

behaviour of bioglass derived robocast materials is by tailoring their degree 

of crystallinity.  

 

11- The results of the in vitro test demonstrate that coating with a polymer 

provides another means for tailoring the degradation behavior of 

bioceramic scaffolds. With the sole exception of gelatin, polymeric 

coatings provide a barrier for the degradation of the bioglass substrate. 

Synthetic polymers constitute the most effective barriers against 

degradation; however, they do so by simultaneously reducing the 

bioactivity (i.e. HAp formation ability) of the material. On the contrary, 

alginate and, especially, chitosan coatings can reduce the rate of weight 

loss and degradation of mechanical properties while simultaneously 

enhancing the in vitro bioactivity of the scaffolds—gelatin can also 

enhance bioactivity but while increasing biodegradation rate. 
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About the comparison with natural bone properties 

 

12- This work demonstrates that bare 45S5 bioglass-derived scaffolds with 

uniform strut dimensions created by robocasting, while significantly 

surpassing the compressive strength of scaffolds fabricated by conventional 

techniques, still fall short of the values for natural bone with the same 

porosity. Elastic moduli similar to cortical bone are also easily attainable in 

bioceramic structures, but their strain energy densities fall far short of the 

values for natural tissue.  

13- The results of this study demonstrate, that by applying biodegradable 

polymers coatings over 45S5 bioglass-derived structures it is possible to 

fabricate hybrid scaffolds with strengths clearly superior and toughness 

significantly closer to cancellous bone performance in compression. And 

all that was achieved while preserving the pre-designed interconected 

macroporosity provided by robocasting.  

 

As a final remark it is worth highlighting that among all synthetic and 

natural polymers analyzed in this study, chitosan outstands as the optimal 

coating materials for the mechanical and biological enhancement of 45S5 

bioglass-derived scaffolds. 

 

 

 

 



 

 



 

 

 

 

5 Conclusiones 
 

 

En este trabajo, se han fabricado andamiajes derivados de biovidrio 45S5 

mediante moldeo robotizado (robocasting). Ello ha requerido desarrollar una 

tinta adecuada y optimizar el proceso de sinterización. Además, con el objetivo 

de mejorar las propiedades mecánicas, los andamiajes de biovidrio se han 

recubierto con polímeros biodegradables tanto naturales (alginato, quitosano, 

gelatina) como sintéticos (PLC y PLA), mediante inmersión en las disoluciones 

poliméricas correspondientes. Se ha analizado el efecto de diferententes 

parámetros del proceso de recubrimiento en las propiedades mecánicas de los 

andamiajes recubiertos. Estos parámetros incluyen la microporosidad de las 

barras de biovidrio 45S5 que constituyen los andamiajes, el disolvente, la 

temperatura de la disolución, así como la concentración de polímero y su 

composición. Los resultados de este análisis se han utilizado para determinar las 

condiciones del proceso de recubrimiento óptimas para cada polímero. También 

se han determinado las propiedades mecánicas y la bioactividad y la 

biodegradación in vitro de los andamiajes de biovidrio 45S5 y de los 

andamiajes híbridos biovidrio 45S5/polímero. Entre las conclusiones más 

relevantes de este estudio, cabe destacar: 

 

En relación a la fabricación de andamiajes de biovidrio 45S5  

 

1- 1- La técnica de moldeo robotizado permite fabricar andamiajes derivados 

de biovidrio 45S5 con la forma exterior y la arquitectura de poros deseadas 

y con resistencia a compresión muy superior a cualquier valor publicado 

anteriormente. La utilización de carboximetilcelulosa como único aditivo 

ha permitido preparar suspensiones coloidades con la concentración 

adecuada para moldeo robotizado, superando las dificultades inherentes al 

procesado coloidal de biovidro 45S5. La mejora en las propiedades 

mecánicas asociada a la nueva arquitectura de poros obtenida mediante 
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moldeo robotizado, con barras cerámicas más gruesas y con mayor grado 

de interconectividad, es enorme: en el caso de la resistencia a fractura se 

obtienen valores más de un orden de magnitud superior a los obtenidos 

hasta ahora y dentro, o incluso por encima, del rango de valores del hueso 

esponjoso. 

2- El moldeo robotizado permite, mediante sinterización a temperaturas 

suficientemente bajas (550 ºC), fabricar andamiajes de 45S5 amorfo—

preservando así la bioactividad del biovidrio 45S5— con la integridad 

mecánica suficiente como para ser utilizado. Por tanto, el moldeo 

robtizado, y quizás también otras técnicas de conformado libre, permite 

superar el principal obstáculo para el uso de biovidrio 45S5 como sustituto 

óseo. La simplicidad y versatilidad del proceso de moldeo robotizado 

facilitarán permitirá fabricar andamiajes de biovidrio 45S5 con la 

geometría necesaria para adaptarse a la lesión de cada paciente y extender 

el ámbito actual de aplicación de este excelente material bioactivo.  

 

En relación al recubrimiento de los andamiajes de biovidrio 45S5 con polímero  

 

3- Los resultados de este estudio demuestran que la inmersión de los 

andamiajes de biovidrio en una disolución de polímero es una técnica 

simple y económica que puede ser utilizada para fabricar andamiajes 

compuestos biovridrio/polímero a partir de polímeros sintéticos y 

naturales.  El polímero puede penetrar en los microporos de las barras de 

biovidrio que constituyen el andamiaje a la vez que se preserva intacta la 

macroporosidad interconectada de la estructura fabricada mediante moldeo 

robotizado. 

4- Los resultados de este estudio confirman el efecto positivo del 

recubrimiento con polímeros en las propiedades mecánicas de andamiajes 

derivados de biovidrio 45S5, independientemente del modo de carga 

(compresión o flexión). Todos los polímero utilizados mejoran 

significativamente tanto la resistencia a compresión como la tenacidad del 

andamiaje de biovidrio sin prácticamente modificar su módulo de Young.  

5- Los resultados de este trabajo prueban, por primera vez, que la existencia 

de microporosidad en las barras juega un papel importante en el refuerzo 

mecánico que se obtiene mediante el recubrimiento con polímeros de 

estructuras fabricadas mediante moldeo robotizado. El aumento de 
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resistencia que se produce por curación de defectos disminuye 

considerablemente al disminuir la población de defectos precursores 

(microporos). Lo mismo ocurre con el aumento de tenacidad debido a que 

las fibras del polímero que está dentro de los microporos contribuye al 

mecanismo de refuerzo por puenteo de fisuras 

6- Aunque el poder reforzante del polímero disminuye al reducir la 

microporosidad, los andamiajes derivados de biovidrio 45S5 recubiertos 

con polímero más resistentes y tenaces son aquellos en los que la estructura 

cerámica está constituido por barras densas. Por tanto, la optimización del 

proceso de sinterización del esqueleto cerámico es indispensable para 

maximizar la respuesta mecánica del andamiaje compuesto 

cerámicos/polímero. 

7-  Entre los diferentes parámetros del proceso de recubrimiento por 

inmersión, los resultados de este estudio sugieren que la concentración de 

polímero es uno de los más importantes en la determinación de las 

propiedades mecánicas finales de los andamiajes recubiertos de polímero. 

Mientras que el comportamiento mecánico se mejora monótonamente con 

la concentración de polímero, esta concentración no se puede aumentar 

indefinidamente. Existe una concentración óptima para un conjunto dado 

de las variables del proceso (sustrato, polímero, disolvente, temperatura) 

que conduce a la infiltración máxima de polímero en la microporosidad de 

las barras que constituyen el andamiaje preservando al mismo tiempo la  

macroporosidad prediseñada.  

8- Por el contrario, si bien podrían, en principio, afectar a la mojabilidad del 

sistema polímero/cerámico, el disolvente y la temperatura de la disolución 

juegan solo un papel secundario en las propiedades mecánicas, al menos en 

el sistema compuesto PCL/45S5 biovidrio para los disolventes y las 

temperaturas analizadas. Sin embargo, ambas variables pueden tener un 

impacto significativo en la determinación de la concentración máxima del 

polímero en la disolución, y por lo tanto en el comportamiento mecánico 

máximo alcanzable por el andamiaje híbrido resultante. En este sentido la 

temperatura debe ser maximizada dentro de los límites impuestos por el 

sistema polímero /solvente seleccionado, sobre todo porque la evaporación 

podría convertirse en un problema en cuanto a la reproducibilidad del 

proceso se refiere. 

9-  La composición del polímero juega un papel importante en la mejora 

mecánica producida por el recubrimiento. Los resultados de este estudio 
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muestran que los andamiajes sinterizadas a 550 ºC recubiertos con 

polímeros naturales poseen mayor resistencia y tenacidad que los 

recubiertos con los dos polímeros sintéticos, a pesar de que las propiedades 

mecánicas intrínsecas de estos últimos son significativamente superiores. 

Este resultado sugiere que la adhesión interfacial, probablemente más 

fuerte entre el hidrófilo biovidrio y los hidrófilos polímeros naturales que 

en el caso de los hidrófobos polímeros sintéticos, juega un papel 

importante en la mejora mecánica proporcionada por recubrimiento 

polimérico, mientras que las propiedades intrínsecas del polímero 

(resistencia, rigidez, tenacidad) juegan sólo un papel secundario. Entre los 

polímeros estudiados, el quitosano parece ser el candidato óptimo para 

recubrir al biovidrio 45S5, ya que proporciona el mayor aumento de 

resistencia y tenacidad. 

 

En relación al comportamiento in vitro de los andamiajes fabricados 

 

10- Durante la inmersión de andamiajes de biovidrio 45S5 sinterizados a 550 

ºC (amorfo) se produce una mayor pérdida de peso y aumento del pH que 

en el caso de andamiajes sinterizados a 1000 ºC debido a la mayor 

disolución de especies alcalinas, debido a la mayor difusión en volumen de 

las especies involucradas en la estructura amorfa. Esto proporciona no solo 

una mayor velocidad de degradación si no también un medio para mejorar 

la conversión de biovidrio a HAp. En ambos materiales, la conversión a 

una capa porosa de HA da lugar a una degradación de la resistencia a 

compresión, que en el caso del andamiaje cristalino está acelerada por la 

formación de fisuras en la capa de HAp. Estos resultados sugieren que una 

forma simple para controlar la degradación de los andamiajes derivados de 

biovidrio 45S5 es controlar su grado de cristalinidad. 

11- Los resultados de los ensayos in vitro demuestran que el recubrimiento con 

un polímero proporciona otra forma para controlar la degradación de los 

andamiajes biocerámicos. Con la única excepción de la gelatina, los 

recubrimientos poliméricos proporcionan una barrera para la degradación 

del sustrato de biovidrio. Los polímeros sintéticos constituyen las barreras 

más eficaces contra la degradación, sin embargo, lo hacen a la vez que 

reducen la bioactividad (es decir, la capacidad de formación de HAp) del 

material. Por el contrario, el alginato y, especialmente, los recubrimientos 
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de quitosano pueden reducir la tasa de pérdida de peso y la degradación de 

las propiedades mecánicas a la vez que mejoran simultáneamente la 

bioactividad in vitro de la andamiajes—la gelatina también puede mejorar 

la bioactividad pero a la vez que aumentan la velocidad de biodegradación.  

 

En relación a la comparación con las propiedades del hueso 

 

12- Este trabajo demuestra que los andamiajes derivados de biovidrio 45S5 

constituidos por barras de dimensiones uniformes, fabricados mediante 

moldeo robotizado, aunque superan significativamente la resistencia a 

compresión de los andamiajes fabricados mediante técnicas 

convencionales, aún están lejos de los valores correspondientes al hueso 

natural con la misma porosidad. Módulos elásticos similares a los del 

hueso cortical también son fácilmente alcanzables en las estructuras 

biocerámicos, pero su tenacidad está muy por debajo de los valores 

correspondientes al tejido óseo natural. 

13- Los resultados de este estudio demuestran, que mediante la aplicación de 

recubrimientos de polímeros biodegradables sobre las estructuras de 

biovidrio 45S5 es posible fabricar andamiajes híbridos con resistencia 

claramente superior y tenacidad significativamente más cerca de los 

valores correspondientes al hueso esponjoso, en compresión. Y ello se 

logra preservando la macroporosidad interconectada proporcionada por la 

técnica de moldeo robotizado.  

 

Como observación final, cabe destacar que entre todos los polímeros 

sintéticos y naturales analizados en este estudio, el quitosano destaca como el 

material de recubrimiento más adecuado para mejorar el comportamiento 

mecánico y biológico de los andamiajes derivados de biovidrio 45S5.  
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