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Abstract 

In order to overcome clinical challenges for bone tissue regeneration, current tissue 

engineering research focuses on developing highly performant biomaterials in terms of 

multifunctionality, i.e. materials that are capable of stimulating bone regeneration and 

exhibit drug delivery capabilities as well as sufficient mechanical stability. In the framework 

of this research topic, the work here presented focuses on the development of multifunctional 

mesoporous bioactive glasses (mBGs) and on the fabrication of mechanically competent 3D 

scaffolds from such mBGs. 

In a first step, three main compositions of mesoporous bioactive glasses, based on the sol-gel 

process in combination with the supramolecular chemistry of surfactants, were developed: 

(in mol%) 60%SiO2 30%CaO 5%P2O5 5%Na2O (MBG); 78%SiO2 20%CaO 1.2%P2O5 

0.4%SrO 0.4%CuO (C) and 78%SiO2 20%CaO 1.2%P2O5 0.8%CoO (D). Two of these 

compositions incorporated known osteogenic and angiogenic metallic ions (Sr
2+

 and Cu
2+

 on 

the one hand and Co
2+

 on the other hand), whose aim was to increase the biological activity 

of the glasses. Highly ordered mesoporosity was achieved for compositions C and D, mainly 

confirmed by TEM and SAXRD. Their specific surface area was evaluated by BET and it 

was 254 m
2
/g for composition C and 346 m

2
/g for composition D, with average pore size of 

3 nm and 3.6 nm respectively. However, a disordered mesoporous structure was observed for 

composition MBG and the specific surface area only reached 150 m
2
/g with average pore 

size of 7 nm. These new compositions exhibited fast bioactive behaviour in simulated body 

fluid by developing in their surface an apatite-like layer in less than 24 hours, characterised 

by FTIR spectroscopy and SEM analysis. The drug uptake and release capabilities of these 

compositions were tested and measured by UV-Vis for different active molecules 

(tetracycline, ibuprofen and resveratrol), in comparison to the base sol-gel composition SG 

(specific surface area by BET: 66 m²/g) and the well-known MCM-41 (specific surface area 

by BET: 1159 m²/g). In addition, indirect cell tests, performed with ST-2 cell line, revealed 

no cytotoxic effects after 24 h incubation. Furthermore, VEGF release over 24 hours was 

measured and it was found that VEGF release was enhanced in the presence of therapeutic 

ions (Sr
2+

, Cu
2+

 and Co
2+

). 

In a second step, highly porous (>90% porosity) 3D scaffolds with interconnected porosity 

were successfully produced by 3 variations of the foam replica technique (direct sol-gel, 

slurry and by electrophoretic deposition) and 3D printing. In order to increase the scaffolds 
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compressive strength, a polymer infiltration approach was used. The compression strength of 

scaffolds was significantly increased, from 0.02 to 2.6 MPa, by applying a gelatin coating, 

without compromising the open and interconnected porosity of the scaffolds. 

Results obtained in this thesis suggest that mainly compositions C and D are promising 

mesoporous bioactive glasses to produce multifunctional biomaterials for bone regeneration 

applications, as they present synergistic effects by the release of both active molecules and 

therapeutic ions while being able to be processed as powders and 3D scaffolds.   
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Kurzfassung 

Um die klinischen Herausforderungen für die Regeneration von Knochengeweben zu 

überwinden, setzt die aktuelle Forschung im Bereich des Tissue Engineerings auf die 

Entwicklung von leistungsstarken Biomaterialien. Das heisst, man sucht multifunktionale 

Werkstoffe, die die Knochenregeneration stimulieren, zur gezielten Arzneimittelabgabe 

fähig sind sowie gleichzeitig eine ausreichende mechanische Stabilität aufweisen um 

temporär die Funktion des Knochens zu ersetzen. Im Rahmen dieses globalen 

Forschungsziels konzentriert sich die vorliegende Arbeit auf die Entwicklung von 

mesoporösen bioaktiven Gläsern (mBGs) und auf die Herstellung von mechanisch stabilen, 

dreidimensionalen Gerüststruktur aus solchen mBGs. 

In einem ersten Schritt wurden drei Hauptzusammensetzungen mesoporöser bioaktiver 

Gläsern auf der Basis des Sol-Gel-Verfahrens in Kombination mit der Chemie 

oberflächenaktiver Stoffe entwickelt: (in mol%) 60%SiO2 30%CaO 5%P2O5 5%Na2O 

(MBG); 78%SiO2 20%CaO 1.2%P2O5 0.4%SrO 0.4%CuO (C) and 78%SiO2 20%CaO 

1.2%P2O5 0.8%CoO (D). Zwei dieser Zusammensetzungen beinhalten bekannte osteogenen 

und angiogene Metallionen (Sr
2+

 and Cu
2+

 einerseits und Co
2+

 auf der anderen Seite), mit 

dem Ziel, die biologische Aktivität der Gläser zu erhöhen. Stark geordnete Mesoporosität 

wurde für die Zusammensetzungen C und D erreicht, was vor allem durch TEM und 

SAXRD bestätigt werden konnte. Die spezifischen Oberflächen der Biogläser wurde nach 

BET ausgewertet und es wurden 254 m
2
/g für die Zusammensetzung C und 346 m

2
/g für die 

Zusammensetzung D bei einer durchschnittlichen Porengröße bzw. von 3 nm und 3.6 nm 

gemessen. Für die für Zusammensetzung MBG allerdings wurde eine ungeordnete 

mesoporöse Struktur beobachtet, und die spezifische Oberfläche erreicht lediglich 150 m
2
/g 

bei einer durchschnittlichen Porengröße von 7 nm. Die untersuchten 

Materialzusammensetzungen zeigten bioaktives Verhalten bereits nach kurzer Zeit in 

simulierter Körperflüssigkeit. Nach weniger als 24 Stunden konnte die Entwicklung einer 

apatitartigen Schicht in ihrer Oberfläche durch FTIR-Spektroskopie und SEM-Analyse 

nachgewiesen werden. Die Fähigkeit zur Arzneimittelaufnahme und -abgabe dieser 

Zusammensetzungen wurden für verschiedene aktive Moleküle (Tetracyclin, Ibuprofen und 

Resveratrol) im Vergleich zur Basis Sol-Gel-Zusammensetzung SG (spezifische Oberfläche 

nach BET: 66 m
2
/g) und der bekannten MCM-41 Zusammensetzung (spezifische Oberfläche 

nach BET: 1159 m
2
/g) getestet und quantitativ durch UV-Vis Spektroskopie vermessen. 

Darüber hinaus ergaben indirekte Zelltests, durchgeführt mit der ST-2-Zelllinie, keine 
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zytotoxischen Effekte nach 24 h Inkubation. Die Freisetzung von VEGF über 24 Stunden 

wurde gemessen und es wurde festgestellt, dass die Abgabe von VEGF in Gegenwart von 

therapeutischen Ionen verstärkt wurde (Sr
2+

, Cu
2+

 und Co
2+

). 

In einem zweiten Schritt wurden hochporöse (> 90% Porosität) offene 3D-Gerüststrukturen 

durch 3 Varianten der Schaum-Replikatechnik (direktes Sol-Gel-Verfahren, 

Aufschlämmungsverfahren und durch elektrophoretische Abscheidung) sowie additive 

Fertigungsverfahren erfolgreich hergestellt. Um die Druckfestigkeit der Gerüststrukturen 

Druckfestigkeit zu verbessern wurde ein Ansatz der auf Basis der Infiltration von Polymeren 

verwendet. Die Kompressionsfestigkeit der Strukturen konnte durch ein 

Beschichtungsverfahren mit Gelatinlösung deutlich erhöht werden, von 0.02 auf bis zu 2.6 

MPa, ohne dass die offene und miteinander verbundene Porosität der Gerüste beeinträchtigt 

wurde.  

Die Ergebnisse dieser Arbeit deuten darauf hin, dass vor allem die Zusammensetzungen C 

und D sehr vielversprechende mesoporöse bioaktive Gläser darstellen um multifunktionale 

Biomaterialien für Anwendungen im Bereich Knochenregeneration herzustellen. Sie bieten 

synergetische Effekte durch die Freisetzung von aktiven Molekülen und therapeutischen 

Ionen und ermöglichen ein breiten Anwendungsspektrum, da diese in Pulverform sowie als 

dreidimensionale Gerüststruktur verarbeitet  werden können. 
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1.  Introduction 

In developed countries, the improvement of life conditions has considerably increased life 

expectancy in the last century. By the year 2020 it is expected in Europe and the USA that 

the percentage of people, especially those aged over 50 years old, presenting musculoskeletal 

problems will double compared to the current stand
1
. Though mortality related to these 

problems is low, major effects are disability, medical cost and reduction of patient quality of 

life
1
. Nowadays, when a tissue or organ suffers severe damage or is lost, the first choice to 

overcome this condition and to reconstruct the defective organ or tissue is to consider 

artificial organs/tissues or organ transplantation
2
. In spite of the remarkable improvements in 

the past decade in artificial organ development, such complex constructs still need better 

biocompatibility and biofunctionality. On the other hand, the main problems in organ 

transplantation (allogenic transplants) include limited organ donors and immune rejection
2
. 

Autologous transplants overcome the latter problem, but availability and morbidity at the 

donors site are mayor drawbacks
3
. Previously mentioned limitations, varying from organ 

transplant rejection to implant failure, has led, in the past three decades, to the development 

of a new therapeutic approach, namely tissue engineering (TE). TE is an interdisciplinary 

field bringing together the domains of cell transplantation and biology, materials science and 

engineering, with the aim to design and construct functional structures that can be used to 

restore and regenerate injured or damaged tissues and organs
4–6

. Three basic components 

define TE, namely cells, scaffolds and biological signals, and two main strategies can be 

highlighted. On the one hand, the use of cell-free scaffolds, where the scaffold’s main role is 

to induce tissue regeneration by providing a “provisional guide” for cell attachment, 

proliferation and differentiation thus working as a temporary template that by resorbing, 

supports the regeneration mechanisms of the body to grow new tissue
4,7

. On the other hand, 

the second strategy involves the use of matrices incorporating cells and signally molecules 

(such as growth factors), which are cultured in vitro and implanted later in the body
4,7

.  

Bone is a complex tissue which can be described as a natural composite, formed of 70% 

hydroxyapatite (HA) and 30% collagen being hierarchically structured and containing 

different degrees of porosity
8,9

. Bone presents high regenerative capacity and for this reason 

most of small bone defects will heal spontaneously with minimal intervention. Nonetheless, 

over the course of life bone may suffer disease or become damaged
10–12

 compromising and in 

some cases inhibiting bone healing thus necessitating additional bone regeneration treatment. 
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In recent years, the clinical demand for engineered bone tissue has been growing in direct 

relation to the increasing human population and its ageing
13

. Bone tissue engineering (BTE) 

is being investigated by a large number of interdisciplinary research groups as an alternative 

to conventional treatment methods
14

. Despite important medical developments in the past 

few decades a number of clinical challenges remain to treat large bone defects without major 

drawbacks
15

. In bone tissue engineering strategies, a convenient approach is to employ a 

scaffold, usually in combination with bioactive molecules such as growth factors and 

relevant cells. Particularly for load bearing applications, the structural competence of the 

scaffold is a major requirement because it will be subjected to mechanical loads in vivo 

while the tissue regeneration process is taking place. Additionally, the scaffold needs to 

withstand handling prior to implantation and in some cases mechanical loads originated from 

the procedure of placing the scaffold into the defect site by the surgeon
2
.  

A variety of different biomaterials has been considered for BTE, which include 

biodegradable and bioactive glasses
16–21

, bioceramics, e.g. hydroxyapatite (HA)
22,23

, 

inorganic filler reinforced polymer composites
16,24,25

 as well as polymer coated or infiltrated 

ceramic or bioactive glass scaffolds
26–31

 and organic-inorganic hybrids
32–34

.  

Bioactive glasses (BGs) are reported to have an outstanding capability to stimulate bone 

regeneration
34

 and they were the biomaterials of choice in this dissertation.  Two processing 

methods are mainly used to make BGs: the traditional melt-quenching process and the sol-

gel process. One of the main advantages of sol-gel-based glasses is their high bioactive 

behavior due to the rapid dissolution of this material originated from their porous surface and 

the important quantity of silanol groups present in their surface acting as nucleation sites for 

the formation of an apatite layer when in contact with simulated body fluid (SBF)
35–37

. 

Furthermore, the development (for the first time in 2004
38

) of a new generation of bioactive 

glasses with tailored porosity at the nanometer scale by combination of supramolecular 

chemistry of surfactants and sol-gel glasses has opened new application fields to these 

materials, such as drug delivery. Since the first synthesis by Zhao
38

 research on the 

applications of such highly porous BGs in tissue regeneration has been accelerated as 

emphasised in recent reviews
39–41

. These materials, whose composition is based on the SiO2-

CaO-P2O5 system, have a highly ordered mesoporous structure leading to an accelerated 

bioactive behaviour and providing the capacity of confining drug molecules in their ordered 

porosity, which are meant to be released in a controlled manner
39

. On a first approach, the 

present project concentrated on developing a quaternary composition, similar to the 

composition of the well-known 45S5 Bioglass®, with mesoporous structure. This developed 

BG was aimed to be used in direct fabrication of 3-D porous scaffolds that would have a 
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double functionality, namely bone regeneration by its accelerated bioactivity and drug 

delivery due to the presence of the mesoporous structure. 

Metallic ions such as copper, lithium, silver, strontium, cobalt among others, have emerged 

in the last decades as potential therapeutic agents with the ability to enhance bone formation 

by their stimulating effects on osteogenesis and angiogenesis
42,43

. Recently, different 

therapeutic ions have been incorporated into mesoporous bioactive glasses (mBGs) during 

the synthesis of the glasses by sol-gel process. Several studies have indicated that mBGs are 

multifunctional platforms capable of delivering both therapeutic ions and drugs/growth 

factors
41

. For this reason, as a second approach in this project, ion-doped mBGs were 

developed in order to increase the functionality of the scaffolds. 

Based on the processing results and complete characterisation of the developed compositions 

and scaffolds, the final phase of this research work was the evaluation of the new materials 

in vitro. 

A graphical summary of the thesis is presented in Figure 1 indicating the main tasks 

undertaken to achieve the objective of developing a new family of bone scaffolds with drug 

and ion releasing capability based on mBGs. The thesis is organised in the following 

manner, section 2 summarises the state of the art and fundamentals of glasses and scaffolds 

for bone tissue engineering and drug delivery systems; section 3 presents the materials and 

methods applied in this work; section 4 covers the results and discussion of the here 

developed mBGs and the different fabrication techniques investigated for production of TE 

scaffolds, finally section 5 offers a general conclusion and suggests areas for future 

investigations in this topic.   
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Figure 1 Graphical summary of the research conducted in the framework of this thesis 
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2.  Fundamentals/Theoretical background 

2.1 Bone  

Bone is a dynamic, vascular living tissue undergoing constant remodeling during life. It has 

a micro and macroscopic structure and its extracellular components are mineralized, 

attributing strength and rigidity
44,45

. It provides internal mechanical support within the body, 

resisting the force of gravity, protects vital internal organs by forming specific cavities and 

also secures attachments sites for muscles allowing movements at specific bone-to-bone 

junction
44,45

. A particularity of this tissue is that it has to respond to contrasting mechanical 

demands providing two principle mechanical properties: stiffness to resist deformation and 

flexibility to absorb energy
44

. An extra remarkable property of bone tissue is its repair 

capacity and healing through regeneration of damaged bone tissue
45

. 

2.1.1 Bone structure 

Bone is a natural composite material, characterised by a highly ordered collagen fiber matrix 

reinforced by calcium phosphate particles, immersed in a physiological fluid (ca. 10 % in 

weight), ascribing a certain plasticity to the material.  

Table 1 Bone Composition 
44,46,47

 

Component 
Quantity in weight  

(% of the wet weight) 

Inorganic matrix 65 - 70 

  Calcium phosphate …………… ……………………………… 90 

  Calcium carbonate …………… ……………………………… 10 

Organic Matrix (ECM) 20 - 25 

  Collagen (type 1)……………… …………………………   90 - 96  

  Non-collagenous proteins …… …………………………… 4 - 10 

Water 5 - 8 

At the macroscopic level there are two types of bone tissue – cortical (dense/compact) and 

trabecular (spongy/cancellous) – composed by the same matrix but differing by their 

structure and function
44,46,47

.  

Cortical bone (C-bone) is a key player in the mechanical role of bone, having low porosity 

providing it with great compressive strength. Nonetheless, it contains microscopic pores 

allowing nutriment delivery and vascular and neural supply. Contrarily to the latter, 
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trabecular bone (T-bone) has high porosity, arranged in trabeculae giving a sponge-like 

semblance, attributing only 1/10 of the C-bone compressive strength
44

. 

Table 2 Macroscopic bone anatomy
21,44,47

 

 

Cortical bone (C-bone) Trabecular bone (T-bone) 

Matrix mass per unit volume high  reduced  

Skeletal tissue mass 80%  20% 

Porosity 

low porosity                        

5 - 10% C-bone volume of 

microscopic pores 

high porosity                         

50 - 90 % of total T-bone 

volume 

Compressive strength 100 - 150 MPa 2 - 12 MPa 

Function mechanical role 

interface between bone 

and red bone marrow, 

blood vessels and 

connective tissues  

At the microscopic scale, cortical and trabecular bone are composed of osteons (bone 

structural unit).  

Osteons on the one hand, are commonly called Harvesian systems in C-bone. They are 

cylindrical in shape and contain a central canal containing blood vessels and nerves 

enveloped in lamellae (concentric layers) of bone tissue. On the other hand, osteons in T-

bone are referred to as bone packets. They have disk shape and consist of stacks or layers of 

lamellae
44

. 

Another microscopic characteristic of both, C- and T-bone, is the woven or lamellar 

structure. Disorganised collagen fibril arrangement characterises the woven bone whereas 

lamellar bone is characterised by the organized arrangement of collagen fibers into layers or 

lamellae
44

. 
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Figure 2 Hierarchical structure of bone (adapted from 
48

) 

 

2.1.2 Bone formation, resorption and remodelling 

As mentioned previously, bone is a dynamic tissue capable of adapting to multiple 

requirements by modifying its structure and mass.  

Bone matrix constituents are produced by osteoblasts, which are cells originating by 

differentiation from multipotent mesenchymal stem cells
47

. Osteoblasts produce under a 

variety of stimuli, a range of growth factors such as the bone morphogenetic proteins 

(BMP)
47

. Bone formation is divided in three phases and starts by the production and the 

maturation of osteoid matrix, followed by its mineralisation. In a first place, osteoblasts 

produce osteoid by depositing collagen, followed by an increase in the mineralisation rate to 

balance that of collagen deposition. Finally, collagen deposition decreases while 

mineralisation continues to obtai a fully mineralised osteoid
47

. 

Bone resorption is caused by osteoclasts, which are cells derived from hematopoietic cells of 

the mononuclear lineage
47

. Two processes are involved in bone resorption mainly dictated by 

the osteoclast activity resumed to the acidification and proteolysis of the bone matrix
46,47

. 

First, the solubility of the apatite crystals is increased by the low pH through the digestion of 

their link to collagen
46,47

. Subsequently the mineral removal, the organic components of the 

matrix are digested
46,47

. 

The remodeling process occurs through a close collaboration of osteoclasts and osteoblasts, 

where old bone is continuously replaced by new bone to adapt to mechanical loads and 

strain
44,46,47

. Three phases describe the remodeling cycle. Beginning with the formation of 
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multinucleated osteoclasts on the bone surface. When resorption is completed, the surface is 

prepared for new osteoblasts to begin new bone formation, and completely replace old bone. 

Finally, a prolonged resting period begins where flattened lining cells cover the surface until 

a new cycle begins
45,47

. 

 

Figure 3 The bone remodelling process (adapted from 
49

) 

 

2.2 Bone Tissue Engineering  

Bone tissue engineering (BTE), is one of the most investigated fields of application of TE. It 

follows the same principles of TE by combining biomaterials, usually in the form of 3D 

scaffolds, and cell therapy. The considerable research efforts in BTE until now make it 

possible to define the ideal features of a bone tissue engineering construct, which will be 

mentioned in the following paragraph (2.2). Vascularisation of these constructs remains a 

critical and limiting point for the success of BTE products in clinical application
4,50,51

. 

Strategies to induce vascularisation in 3D scaffolds include, among others, the ‘pre-

vascularisation’ in vitro, the introduction of highly interconnected and controlled porosity, or 

the delivery (directly or indirectly) of growth factors
7,50,51

.  

2.2.1 Scaffolds in BTE 

Scaffold in BTE should act as a 3D template forming a temporary extracellular matrix, 

directing and supporting tissue growth. To this target, a logical design should mimic the 

structure of the host tissue, in this case bone
7,52

. An important group of BTE scaffolds 

comprise an inorganic porous component, e.g. made of bioactive materials able to bond with 

bone through reaction with physiological fluids (bioceramic or bioactive glass), which is, in 
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some cases, coated or infiltrated with a biodegradable polymer
31

. These scaffolds may be 

produced by several different methods, which will be shortly introduced in paragraph 2.2.1, 

based on ceramic powder or colloidal processing approaches including among others, foam 

replication technique, sacrificial template sintering method, direct foaming, powder 

metallurgy and a variety of rapid prototyping techniques
7,29,34,53–56

. Although there have been 

large improvements in production methods for inorganic scaffolds, it is well known that the 

main disadvantage of bioactive glass and bioceramic based scaffolds for the repair of 

critical-size bone defects, is their high brittleness making most of these scaffolds unsuitable 

for load-bearing applications
31

.  

To develop suitable scaffolds for BTE, an optimised structure, morphology and bioactive 

material need to be chosen. For this, some requirements need to be fulfilled by the 

scaffolds
31,52–54,57

: 

1) Biocompatibility enabling attachment, differentiation and proliferation of osteoblast cells 

2) Biodegradability matching the rate of new tissue formation 

3) Osteoconduction, osteoinduction and osteoproduction (i.e. ability to induce strong bone 

bonding) 

4) High mechanical integrity (matched to the host bone) 

5) Interconnected porosity (>90%) and pore sizes between 150 and 500 µm and allowing 

bone ingrowth and vascularization 

6) Ability of being manufactured into relevant shapes and being sterilized according to 

international standards for clinical use. 

2.2.2 Scaffolds productions methods 

There are a number of techniques which are being employed for the fabrication of BTE 

scaffolds. Advantages and disadvantages of three methods, widely used for the fabrication of 

inorganic scaffolds, are summarised in Table 3. The foam replica technique, direct foaming 

and other methods combining a bioactive inorganic porous structure and a resorbable organic 

polymer coating will be briefly described in this section. Electrophoretic deposition is shortly 

presented as this technique has been also used in this thesis for scaffolds production. 

Foam Replication Technique 

A widely used fabrication technique for inorganic scaffolds is the foam replication method. 

The success of this method is attributed mainly to its simplicity and flexibility. It is based on 

the impregnation with a ceramic (glass) suspension (slurry) of a sacrificial cellular structure 
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(template) to produce macroporous scaffolds exhibiting the same morphology than the 

original porous template. Templates can be chosen within a wide variety of natural, for 

instance coral or wood, and synthetic materials typically polyurethane (PU) foams
29

.  

This technique is considered to be the first one used to produce macroporous ceramics in the 

early 1960’s, where polymeric sponges were used as templates by Schwartzwalder and 

Somers
58

 for the preparation of ceramic cellular structures presenting various pore sizes, 

porosities and chemical compositions. The method was used for the first time by Boccaccini 

and co-workers (Imperial College London) in 2006 to produce BG scaffolds
17

. In this 

approach, the template is initially soaked into a ceramic (glass) suspension, which 

subsequently infiltrates the structure, adhering to the surfaces of the polymer. The dipping 

can be repeated several times (2 to 3 times) or a second dip coating can be done after 

sintering in order to increase the coating thickness
59

. A second step is needed to remove the 

excess suspension, allowing a more or less homogeneous coating of the foam struts. 

Viscosity of the slurry is important to be considered in order to avoid dripping, for this 

thickening additives can be used
29,60

. After drying of the ceramic(glass)-coated template, the 

polymer template is slowly burnt out through careful heating between 300 and 800° C
29

. In 

order to prevent cracking of the struts during the heat-treatment process, binders and 

plasticizers are usually added to the initial suspension
29,60

. Finally, the ceramic (glass) 

structure is densified by sintering at temperatures ranging from 1000 to 1500 °C, depending 

on the material
29

. 

Highly porous inorganic scaffolds can be achieved by his method, presenting typically an 

open and interconnected porosity in the range of 40 to 95% and with pore sizes ranging 

between 200 µm and 3 mm
29,60

, the pore structure achieved depends mainly on the 

structure/morphology of the original template. 

Direct foaming technique 

In the following technique described in this section, porous materials are produced by 

generating bubbles when incorporating air in a liquid slurry containing ceramic (glass) 

powders, which is subsequently set in order to keep the structure of the created air bubbles 

before heating up to high temperatures for sintering
29

. During the foaming process, the 

amount of gas incorporated into the suspension determines the total porosity of directly 

foamed ceramics. Furthermore, the stability of the wet foam, before setting takes place, 

settles the pore size.  

Some setting methods can be mentioned as the gel-casting, addition of enzymes, starch, 

alginate binders among others, as well as addition of cross-linking PU precursors, freezing or 

the use of sol-gel and/or preceramic polymer precursors
60,61

. 
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This technique presents the advantages to have  a wide range of chemical compositions, the 

possibility of producing both, open or close cells, it allows to reach larger cell sizes (1 to 5 

mm), and also larger range of possible bulk densities (40 to 90 % porosity), it is simple, 

cheap and usually environmentally-friendly
60,61

. 

Table 3 Summary of scaffolds processing techniques 

Technique Advantages Disadvantages 

 

Foam replication  

High and interconnected 

porosity, 40 to 95%. 

Pore sizes 200 µm to 3 mm 

The presence of a hole in the 

center of each strut lowers 

mechanical properties. 

 

Sacrificial template 

Higher mechanical strength 

Commercially available 

performs. 

Porosity and pore 

interconnectivity are lower 

than in other methods. 

 

Direct foaming 

Wide range of chemical 

compositions. 

40 to 90% porosity. 

Simple, cheap and 

environmentally-friendly. 

Fabrication of close or open 

cells. 

Stabilization of air bubbles in 

the initial suspension 

complicated. 

 

Average pore size 10 to 

300µm 

 

Rapid prototyping 

Control of porosity, 

mechanical behaviour and 

geometry 

Reduced production time 

 

Paste preparation 

 

Rapid prototyping 

An alternative to the commonly used methods described above is the rapid prototyping 

technique
62,63

, name given to the group of technologies involving the layer by layer 

production of 3D scaffolds (made of polymers, ceramics or composites), using a 3D printer 

assisted by a computer (CAD). This technique allows the control of the structure’s porosity, 

mechanical behaviour and geometry, which allows obtaining personalised 3D scaffolds by 

reduced production time. A main challenge is the preparation of the pastes, these should 

satisfy the following criteria: i) its viscoelastic properties need to fulfil the flowing 

requirements for adequate extrusion, ii) it needs to include a high amount of inorganic 

material in order to prevent the shrinkage of the scaffold during drying process
64

. 
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Scaffolds, from mesoporous materials, have also been fabricated by rapid prototyping
65

. 

Polymer coating/infiltration 

This method involves the impregnation of a highly porous and high degree of interconnected 

porosity scaffold with a polymer of choice dissolved in an organic solvent or water
66

 or by a 

molten polymer. Most typically synthetic polymers are chosen, including PCL
67–71

, 

PDLLA
72–76

, PLGA
77–83

. However recently, also natural polymers such as gelatine, silk, 

alginate, collagen and chitosan, have been used for coating bioactive glass, glass-ceramic or 

ceramic scaffolds
84–86

.  

As previously mentioned, the main objective of polymer coating or polymer infiltration of 

inorganic scaffolds is the improvement of the mechanical properties
29

. It is suggested for this 

approach, that the existing microcracks and voids along the struts of the scaffold are filled by 

the bioresorbable polymer providing this way a toughening and in some cases strengthening 

effect. Many parameters such as the mechanical properties of the polymer, the quality of the 

infiltration and the conditions at the polymer-ceramic interface, will determine the actual 

extent of this reinforcing effect
29,87

.  

The hypothesis behind the development of polymer coated/infiltrated scaffolds is that the 

cracks developing in the inorganic structure are bridged by the polymer under the influence 

of mechanical loading, and so the overall toughness of the scaffold is increased
31,70,88

. An 

analogy is done between the fracture process of bone and dentine, where collagen fibres 

provide a toughening element
88–90

.  

Moreover, polymer coated/infiltrated inorganic scaffolds are also intended to mimic the 

composite structure of bone
31

. In bone, the toughening mechanisms have been investigated 

and include crack bridging by collagen fibrils, crack deflection, microcracking, uncracked 

ligament bridging and collagen binding
88

. Thus, mimicking the behaviour of bone by coating 

or infiltrating an inorganic scaffold with a tough polymer allows the enhancement of fracture 

toughness.  

Electrophoretic deposition (EPD) 

EPD refers to a colloidal processing technique that permits the deposition, as thin or thick 

films on a conductive substrate, of charged particles or molecules suspended in a solution 

through electrophoresis mechanism
91,92

. Main advantages of this technique include its cost-

effectiveness, high versatility, which allows the deposition of a wide range of materials on a 

wide range of geometries. Important parameters that need to be controlled in this processing 

method are the stability of the suspension, the electric field created between two electrodes 

and the nature of the substrate
91,92

. A simplified schematic illustration of the technique is 

shown Figure 4. In some cases, to overcome the non-conductivity of some substrates it has 
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been reported that such non-conductive substrates can be attached to a conductive electrode 

and thus be infiltrated, or be placed between metallic electrodes
93,94

. In this thesis, EPD has 

been used in combination with the foam replica technique and the sol-gel method to produce 

3D bioactive glass porous scaffolds
95

 . 

 

Figure 4 Schematic illustration of electrophoretic deposition technique showing cathodic (left 

side) and anodic (right side) deposition (adapted from
92

)  

 

2.3 Materials for bone repair and replacement 

Bioacompatible materials can be divided into three classes: bioinert (no reaction with living 

tissue), resorbable (dissolves in contact with body fluids) and bioactive (stimulates a 

biological response from the body)
52

. For the subject of this thesis bioactive materials, which 

are also at least partially resorbable, are considered. Most used bioactive materials for BTE 

scaffolds are bioceramics, bioactive glasses, glass-ceramics and hydroxyapatite (HA), as 

well as composites of bioceramics and biodegradable polymers
31,51,52

. In the specific case of 

bone, these materials need to be able to promote bone formation, i.e. to be osteoinductive, to 

support bone growth and induce strong bone bonding, i.e. to be osteoconductive, and finally 

to be able to unify to the bone surrounding, i.e to be capable of osseointegration
51

. Main 

classes of biocompatible materials for BTE are shortly described below (only the materials 

used in the context of this thesis will be described more in detail). 

2.3.1 Metals  

Biomedical metals are bioinert materials, whose main advantages to be used as bone repair 

materials are their excellent mechanical properties (tensile strength, toughness), good 
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corrosion resistance, easily machinability that allows them to be specifically tailored for a 

precise application
96

. Despite these advantages, metals lack of interaction properties with 

body tissues (bioactivity)
96

, which limits its use for bone repair in BTE.  

2.3.2 Polymers  

In TE extensive research is being performed on biodegradable and bioresorbable polymers, 

as well as scaffold designs. The selection of polymers for BTE has to take into consideration 

important parameters such as the degree of crystallinity and crosslinking, their molecular 

weight and their glass transition temperature, which determine the polymers properties. In 

the framework of this thesis poly(ε-caprolactone) (PCL), Chitosan and Gelatine were used in 

order to enhance the compression strength of the bioactive glass-based scaffolds, these two 

polymers are introduced below. 

PCL is a synthetic, FDA-approved polymer widely used as a biomaterial in TE due to its 

chemical and physical properties
97,98

. Initially used as a long term drug delivery platform and 

more recently suggested for the design and fabrication of long term implants presenting 

tailorable properties to meet the site-specific-implant requirements
98

. Chemically, it is a 

linear aliphatic polyester (Figure 5), whose mayor characteristic, in the chemical point of 

view, is its capacity of degradation in physiological medium activated by a hydrolysis 

mechanism
99

. Concerning the physical properties, it is defined as a semicrystalline 

thermoplastic, which at room temperature is clear, flexible and exhibits elastomeric 

properties
100

. 

 

Figure 5 Chemical formula of polycaprolactone 

Gelatin is a degradable, natural polymer derived from collagen (Figure 6). Mainly due to its 

biodegradability it has gain interest in the biomedical field. Gelatin is obtained by thermal 

denaturation or physical and chemical degradation of collagen, it is completely resorbable in 

vivo and its physico-chemical properties can be suitable tuned
101–103

. In order to enhance 

gelatin resistance in vivo and to improve its mechanical properties crosslinking strategies 

have been developed
84,101

. A major drawback of this natural polymer is its dependency of the 

collagen source, which makes it difficult to retain control among different batches, resulting 

in variability of the material affecting in some cases the reproducibility
104

. 
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Figure 6 Chemical formula of gelatin (based on 
105

) 

2.3.3 Bioactive inorganic materials  

Due to their similarities with the mineral phase of bone, various bioactive inorganic 

materials, such as tricalcium phosphate (TCP), hydroxyapatite (HA) or materials capable of 

inducing a HA layer, such as bioactive glasses are considered for clinical applications
51

. 

Furthermore, advantageous properties of bioceramics include excellent wear resistance, low 

friction coefficient, high stiffness, resistance to oxidation and capability to be tailored to 

deliver ions. Nonetheless, a main disadvantage of these materials is their brittle nature 

making them unsuited to be used for load-bearing applications
51,96

. 

Bioactive glasses, because of the relevance for this thesis, will be described more into detail 

in the following paragraph. 

2.4 Bioactive glasses (melt-derived) 

In the early 1970s, Larry L. Hench and co-workers developed the so called bioactive glasses 

(BGs), proposing a new family of materials capable to strongly bond to host tissues (soft and 

hard tissues) by forming a new interface
106,107

. BGs have the ability to react with body fluids 

and to form, by initial glass dissolution on exposure to physiological fluid, a layer of 

hydroxycarbonate apatite (HCA), which is a biologically active surface
34,108

. The HCA is 

chemically and structurally equivalent to the mineral phase in bone and is responsible for 

interfacial bonding. BGs are thus attractive materials due to their osteoinductive and 

osteoconductive properties, which allow them to be used for repairing and reconstructing 

damaged bone tissues
34,108

. One fundamental feature of BGs is their capability to release 

ions, which can subsequently activate a range of biological responses, amongst the most 

relevant, the stimulation of new bone formation by the release of silicon, sodium, calcium 

and phosphate ions
108

.  

BGs are formed by a network-forming oxide, SiO2, which gives the glass its chemical 

stability, and some highly selective network modifier oxides, such as Na2O and CaO, which 

assist glass melting during its production and enhance bioactivity in contact with biological 
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systems
106,109

. The silicate structure includes two types of bonds namely bridging oxygen 

bonds (Si-O-Si) and non-bridging oxygen bonds (Si-O-NBO) which can be seen in Figure 7. 

The resorbability and the rate of bioactivity reaction in vitro are controlled by the ratio of 

bridging oxygen to non-bridging oxygen
109

.  

 

Figure 7 Schematic representation of bioactive glass showing bridging oxygen (Si-O-Si) and 

non-bridging oxygens (Si-O-Na and Si-O-Ca) (adapted from 
109

) 

In order to enhance certain glass properties (mechanical, thermal or workability range), 

many additives, as MgO, K2O, B2O3, Al2O3 and Zr2O3 can be added to the base BGs 

compositions
108,109

.  

Furthermore, bioactive glasses with low content of Na2O (less than 10%) based on the 

system SiO2-Na2O-CaO-P2O5 provide an appropriate rate of apatite deposition allowing 

bioactivity and rapid reconstruction of damaged bone
108

. These BGs are often prepared by 

melt-quenching method
106,110

. Commonly used precursors are sand with 99.99% purity, 

sodium carbonate (Na2CO3) and calcium carbonate (CaCO3) for SiO2, Na2O and CaO 

respectively
109

. Typical melting temperatures are 1350-1400°C. The resulting glasses are 

dense and do not contain any remaining of organic compounds or water, and have therefore 

limited surface area in contact with biological fluids
109

. The original composition universally 

known as 45S5 Bioglass® consists of 45% SiO2, 24,5% Na2O, 24,5% CaO and 6% P2O5 (in 

wt%); it has being applied in clinical treatments of periodontal diseases as bone filler
111

, in 

middle ear surgery
112

 and for development of BTE scaffolds
17

.  

One of the most suitable methods applied to fabricate scaffolds is the foam replication 

technique
17

. The success of this method is attributed mainly to its simplicity and versatility, 

and has already been discussed in paragraph 2.2.2.  

The interest in bioactive glasses has increased year after year thanks to the effective control 

of their chemical, physical and technological properties. BGs are used in a wide variety of 

applications, mainly in the areas of bone repair and regeneration, e.g. as porous scaffolds for 

BTE
108

, but also in emerging applications in soft tissue repair
113

. 
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2.5 Sol-Gel bioactive glasses 

2.5.1 Sol-Gel Process 

For a long time, sols and gels have been known to exist naturally in several forms such as 

ink, clays as well as blood, serum or milk
114

. Since the nineteenth century, synthesis of sols 

and gels has been achieved
115

. Silica gels, synthesized by Ebelmen were firstly reported in 

1845-46
115

, while the oldest synthesized sols date from 1853 and were produced by Faraday: 

these are still stable nowadays
115

. Important progress in sol-gel processing is achieved 

through the understanding of sols natures and synthesis mechanisms. One major contribution 

elucidating the chemistry behind the process is the electrostatic theory (or DLVO theory), 

which distinguished for the first time a precipitate from a stable colloidal suspension
115

. 

However, it is not until the last two decades that this processing technique has experienced 

very important developments
115

.   

The sol-gel process can be defined as a colloidal route which allows the synthesis of 

ceramics through a sol and/or a gel as intermediate stage
115

. It is a process based on inorganic 

polymerization reactions at room temperature. This process offers an alternative to 

conventional glass and glass-ceramic processing. The first step involves the synthesis of a 

sol, which is a colloidal suspension of solid particles (size < 1 µm). They form an inorganic 

network by hydrolysis and condensation reactions of alkoxide precursors, determining the 

composition of the glass
115

. Both reactions can be catalyzed by acid or basis, depending on 

the final aimed material. Simplified equations describing the formation of silicon oxide 

(silica) are presented in Figure 8. 

 

Figure 8 Simplified hydrolysis and polycondensation reactions of silicon alkoxides (from lecture 

J. Livage 2008-2009
116

 reproduced with permission of the author) 

Finally, the gel can be processed through conventional techniques in order to obtain a broad 

range of materials, for instance they can be sintered in order to produce a glass/glass-

ceramic
115

. A simplify schematic diagram of the sol-gel process and its resulting products is 

shown in Figure 9. 
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Figure 9 Simplified schematic diagram of the sol-gel technique (adapted from
115

) 

Many advantages can be mentioned for the sol-gel processing, for example, it is possible to 

produce materials with any oxide composition and hybrid organic-inorganic materials. 

Additionally, it is a low temperature technique compared to conventional ceramic 

processing
115

. Furthermore, the nucleation and growth of primary colloidal particles can be 

controlled, allowing a direct control on the final shape, size and size distribution of these 

particles. A principal limitation of this method for the synthesis of glasses and glass-

ceramics is the high cost of the alkoxides precursors as well as the long processing times 

which discards the sol-gel synthesis for mass production
115

.  

2.5.2 Sol-Gel-based bioactive glasses 

In 1991, the first synthesis of a sol-gel based BG was reported
117

. The synthesis of bioactive 

glasses by the sol-gel route provides the possibility of tailoring their textural properties and 

accelerate the bioactive response of BGs
34,109,118

. This processing is based on a solution 

reaction at room temperature between the oxide precursors, which are subjected to 

hydrolysis and polycondensation reactions (mentioned above in paragraph 2.5.1)
34,109

. 

Typical compositions are based on ternary (Si/Ca/P) and binary (Si/Ca) systems and the most 

widely used precursors for silica, phosphorous oxide, sodium oxide and calcium oxide are: 
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tetraethoxysilane (TEOS), triethylphosphate (TEP) and soluble salts as sodium and calcium 

nitrates (NaNO3 and Ca(NO3)2.4H2O), respectively. The synthesis is often done under acidic 

catalysis, which forms primary nanoparticles (NPs) that further coalesce and condensate 

leading to the creation of a gel by network formation of assembled nanoparticles and cross-

linkage of the silanes
34,109

. This method is more time consuming than the melt-quenching 

method, due to the need of an ageing process, which should allow a complete cross-linking 

of the silicate
109,118

. Finally, the gel undergoes a heat treatment at temperatures between 350 

and 700°C in order to form and stabilise the glass
34,109

. The evaporation of the water and 

alcohol during the drying procedure generates an interconnected nanopore network in the 

range of 1-30 nm, which represents the interstices between the coalesced NPs
34

. The 

versatility of this process allows the fabrication of scaffolds (by direct foaming and foam 

replica technique), monoliths or as nanoparticles by tuning the pH during the synthesis
34,109

. 

Compared to the melting method, major advantages presented by this route are the purity of 

the final product and the broadening of the glass compositions, which do not present 

anymore the constrains bounded to the processability of the melt-derived compositions
34,109

. 

A physical difference between these two methods is the increase of the specific surface area 

for the sol-gel-derived glasses, due to the inherent porosity, increasing the dissolution rate of 

these glasses and increasing the cellular response by introducing a nanotopography
34,109

. 

Finally, due to the low processing temperatures, sol-gel-derived glasses maximize the 

amount of available silanol (Si-OH) groups at the surface of the material, which is a critical 

characteristic for the accelerated bioactive behaviour
109,118

. 

2.6 Mesoporous materials 

Mesoporous materials (MMs) are characterised and defined by the IUPAC as being materials 

having pores ranging in size from 2 to 50 nm
119

. They have attracted increasing attention due 

to their potential within a large range of applications, such as catalysis, biomedicine, drug 

delivery and bone regeneration
40,120–124

. During the past years, drug delivery systems (DDS) 

of MMs have experienced a notable progress
125–128

. Vallet-Regí and co-workers showed that 

mesoporous silica is a particularly attractive material in biomedical applications considering 

its biocompatibility, low cytotoxicity, tailored surface charge and wide range of organic 

functionalisation possibilities
128–134

. Mainly, two kinds of templating can be distinguished to 

obtain mesosized porosity: soft templating, which consists on supramolecular aggregates 

such as surfactants forming micelle arrays, or hard templating, which consists of a 

mesoporous solid such as silica and carbon
119

. In the soft templating route, (method used in 

the context of this thesis) a cooperative assembly between the organic template and guest 

species driven by the spontaneous trend to reduce the interface energy allows the 
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achievement of ordered structures
119

. Two pathways can explain the mechanisms for the 

formation of mesoporous materials, the “true” liquid-crystal template or cooperative self 

assembly
37,119

. Figure 10 shows liquid-crystal mechanism proposed by Mobil scientists.   

 

 

Figure 10 Schematic representation of mechanisms for formation of mesoporous materials 

showing the two possible pathways a) and b) reported in the literature (Reprinted with 

permission from (J. S. Beck, J. C. Vartuli, W. J.Roth, et al. 1992 Journal of the American 

Chemical Society 114, 10834) and (Qisheng Huo, David I. Margolese, Ulrike Ciesla, et al. 1994 

Chemistry of Materials 6, 1176). Copyright (2016) American Chemical Society 
135

) 
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The first pathway is based on the formation of micelles from the aggregation of the 

surfactant molecules due to anisotropy in solution, these micelles then form rods that will 

then assemble to hexagonal liquid crystals. Subsequently, the inorganic precursor will 

hydrolyse and condense on the surface of the pre-ordered hexagonal liquid crystals. After 

removal of the organic surfactant, an ordered mesoporous material is produced
37,119

. The 

second pathway consists on a first step where surfactant molecules and the inorganic 

precursor interact forming inorganic-organic micelles, which subsequently aggregate into 

rods. Finally, the assembly into hexagonal mesostrucutures is obtained under hydrothermal 

conditions
37,119

. 

The organic template is also called structure directing agent, as the final mesostructured 

formation depends on its structure
119

.  Its selection is then a key factor for the desired final 

mesostructures, pore sizes and surface areas of the material. Surfactants can be classified 

intro 3 categories: cationic, anionic and non-ionic
37,119

. In the context of this thesis only non-

ionic surfactants, such as amphiphilic triblock-copolymers, were used. Their main 

advantages are that they are non-toxic, biodegradable and of low cost
119

.  

Finally, in order to obtain these ordered structures, it is also essential that a strong interaction 

between the inorganic precursor and the organic template exists in order to avoid phase 

separation
119

, i.e. an attractive interaction of the inorganic precursor and the hydrophilic 

heads of the surfactant molecules is needed
37

.  

2.7 Mesoporous bioactive glasses 

Mesoporous bioactive glasses (mBGs) were firstly synthesized in 2004
38

 by incorporating 

the supramolecular chemistry of surfactant to sol-gel based BGs. Due to their tailored 

porosity at the mesoporous scale, they present enhanced resorbability and bioactivity 

compared to the sol-gel based BGs
37,136

. The composition of mBGs is usually based on sol-

gel based bioactive glass compositions. The evaporation-induced self-assembly (EISA)
137

 

method based on the progressive concentration enrichment of non-volatile constituents by 

solvent evaporation, which leads to ordered mesophases, is often used to produce mBGs
37

. 

Subsequently, these glasses follow the typical steps of the sol-gel process (gelling and 

drying), concluded by calcination and removal of the surfactant. 

The influence of the calcium- and phosphate oxides content in mBGs has been studied by 

Vallet-Regí group
136

. They concluded that the content of these oxides do not directly control 

the textural properties of mBGs but it is a key parameter that modulates the structure of 

mBGs (high CaO, high Ca
2+

 ions, favors hexagonal phases, presence of phosphorous favors 
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3D bicontinuous cubic structure)
136

. Figure 11 shows the influence of CaO and P2O5 content 

on the mesoporous structure of templated glasses. 

 

Figure 11 Schematic representation of the CaO and P2O5 influence on the structural features of 

mBGs (from Vallet-Regí, M.; Izquierdo-Barba, I.; Colilla, M. Structure and Functionalization 

of Mesoporous Bioceramics for Bone Tissue Regeneration and Local Drug Delivery. Philos. 

Trans. A. Math. Phys. Eng. Sci. 2012, 370, 1400–1421
39

, by permission of The Royal Society) 

mBGs have also been used to fabricate 3D porous scaffolds and will be presented in the 

following paragraph. 

2.8 Bioactivity mechanisms 

Surface characteristics and nature of biomaterials play an important role in determining the 

capacity of bone adaptation to the implant material
138

. Glasses and glass-ceramics, which are 

bioactive, have bone-bonding ability and enhanced effect on bone tissue formation as a result 

of their surface reactivity
138

. In contact with body fluids, dissolution-mediated reactions 

occur at the interface of the implant and the tissues
138

. Dissolution, reprecipitation and ion-

exchange are among the reactions occurring during implantation. When in contact with body 

fluids, a key element on the bioactive behavior of the material is its capacity to develop a 

carbonated apatite layer in its surface
138

. Various stages can be distinguished during the 

bioactive procedure, they are described in Figure 12
37

. 
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Figure 12 Schematic representation of the different proposed mechanisms for 

hydroxycarbonated apatite (HCA) formation (adapted from
37

) 

The development of the simulated body fluid (SBF) by Kokubo in 1990
139,140

 allowed the 

implementation of a general method to estimate materials’ bioactivity by assessing the 

development of a HCA layer on the surface of the material. In Table 4, the ion 

concentrations in blood plasma and in SBF are compared. 

Table 4 Comparison ion concentration of human blood plasma and SBF
140

 

Ion 
Ion concentration (mM) 

Blood plasma SBF 

pH 7.2 - 7.4  7.4 

Na
+
 142.0 142.0 

K
+
 5.0 5.0 

Mg
2+

 1.5 1.5 

Ca
2+

 2.5 2.5 

Cl
-
 103.0 147.8 

HCO3
-
 27.0 4.2 

HPO4
2-

 1.0 1.0 

SO4
2-

 0.5 0.5 
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2.9 Mesoporous bioactive glasses for BTE  

As previously mentioned, mBG can also be prepared as a 3D porous scaffold. Currently, this 

can be done by three main techniques: porogen method, replication technique and the direct 

printing technique
40

. 

In 2008, Yun et al. presented an elaboration technique, where methylcellulose (MC) was 

applied as the porogen to obtain porous mBG scaffolds with large pores of 100 µm size
141

. A 

sol solution, combining inorganic species (Si-, Ca-, P-) and structure directing agents, P123 

(or F127) was made to produce hexagonal- (or cubic-)mesostructured bioactive glass 

precursor. For producing macropores, MC was then mixed with the previously described sol, 

as shown in Figure 13.   

 

Figure 13 Synthesis of hierarchically porous bioactive glass (Reprinted from Elsevier Books 

Inorganic Controlled Release Technology, 1, Xiang Zhang, Mark Cresswell and Chapter 5 

Jasmin Hum, Anahí Philippart, Elena Boccardi, Aldo R. Boccaccini, Mesoporous Bioactive 

Glass-Based Controlled Release Systems, 139-159, Copyright (2015), with permission from 

Elsevier and adapted from
141

) 

It was highlighted by the authors that mesostructured bioactive glass particles had 

homogeneous interactions with MC which conduced to a homogeneously distributed and 

well interconnected macrostructure obtaining a relative porosity of 75 to 90%. As 

synthesized scaffolds exhibited good compressive strength (up to 20.9 ± 0.9 MPa), superior 

in vitro bioactivity and favorable biocompatibility
141

. 

The replication technique, which is a widely used method for the fabrication of 3D porous 

structures
17

, was applied for the fabrication of mBGs for the first time in 2007 by Li et al. 
142

 

(composition mBGs 80S15C) and in 2008 by Zhu et al. 
143

 (4 different mBGs compositions: 
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mBGs 70S25C, mBGs 80S15C, mBGs 90S5C and mBGs 100S). Both groups prepared 

mBGs following the method reported by Zhao et al. 
38

. PU sponges were completely 

immersed into the sol, excess of sol was squeezed out and the foam was left at room 

temperature for evaporating the solution. After repeating six times this procedure, the coated 

sponges were calcined at 700°C, applying a slow heating rate, and kept at this temperature 

for 5 hours. The so fabricated mBGs scaffolds exhibited interconnected macropore network, 

with pore sizes of 200 to 400 µm and uniform mesoporous walls (3.6 to 4.9 nm), the 

commonly prepared composition in these two studies presented also formation of HCA layer 

on the scaffold surfaces when immersed in SBF
142,143

. Moreover, Zhu et al. showed that 

mBGs 80S15C had a good cell (BMSCs cell line) attachment
143

. 

Further developments of varied compositions of mBG scaffolds for BTE and drug delivery 

applications, have been prepared and studied by Wu’s group
144–147

. 

Recently, Wang et al. fabricated mBGs scaffolds with hierarchical pore structure using the 

natural Mediterranean sea sponge as the macropore template, and P123 as mesopore 

template
148

. During the heat treatment, the samples were calcined at 580°C for 6 hours. They 

obtained a bioactive mBG scaffolds with highly porous structure of pore size ranging from 2 

to 5 µm and with a sustained DD capability
148

. 

Another study was newly published by Lin et al., who successfully synthesized hierarchical 

mesoporous-macroporous bioactive glass scaffold by co-templated approach, where stem 

core of corn was used as macroporous bio-template and P123 as mesoporous template
149

. 

The material exhibited interconnected macropores, with 60 to 120 µm pore sizes, uniform 

mesopores of 4.6 nm as well as excellent bioactivity
149

. 

As mentioned for the mesoporous materials synthesis, the formation mechanism of the 

hierarchical porous bioactive glass scaffolds can, according to previous reports
137,149,150

, be 

described as following: the initial sol is obtained by a homogeneous solution of soluble Ca-, 

Si-, P- precursors, a structure directing agent, which in most cases is P123, and a strong acid, 

mostly hydrochloric acid or nitric acid, in an ethanol-water solvent. When using a 3D 

template, synthetic or natural, this one is immersed into the sol, which will enter the interior 

of the struts of a reticulate sponge because of the porous structure of the struts. During the 

process of solvent evaporation, the surfactant concentration exceeds the critical micelle 

concentration (CMC) and promotes the self-assembly among Ca-, Si-, P- species and P123 

micelle. This process induces the formation of the mesophases on the surface and at the 

interior of the struts. After the macro- and meso-templates are burned out, undergoing a slow 
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heating rate, a positive replica of the macro-template with mesoporous structured bioactive 

glass struts is obtained
142,149

. 

The advantages of the replication technique as a method to fabricate macroporous scaffolds 

are the obtained highly interconnective pore structure and controllable pore size and 

porosity; nevertheless these materials’ main disadvantage is the relatively low mechanical 

strength
40

, which is a critical obstacle for using them in load-bearing applications. 

mBGs scaffolds have also being produced by a 3D printing technique, also called direct 

printing or robocasting. This method allows a better control of pore morphology, pore size 

and porosity. The studies of Yun et al. 
151

 in 2007 and Garcia et al. 
152

 in 2011 on 

hierarchical porous mBG scaffolds illustrate the direct printing technique. mBG gel, where 

the structure directing agent was F127, was mixed with MC template, inducing macro-sized 

pores with a size range between 10 to 100 µm
151,152

. This mixture was then printed, creating 

giant-sized pores (> 100 µm) controlled by a computer system, as schematically illustrated in 

Figure 14. In a next step, scaffolds were sintered at 500-700°C to remove the polymer 

templates and to obtain the final calcined porous scaffolds. Yun et al. also reported 

outstanding bone-forming activity in vitro of their scaffolds
151

. 

 

Figure 14 Schematic drawing of the concept to produce hierarchically 3D pore structure mBG 

scaffold (Reprinted from Elsevier Books Inorganic Controlled Release Technology, 1, Xiang 

Zhang, Mark Cresswell and Chapter 5 Jasmin Hum, Anahí Philippart, Elena Boccardi, Aldo R. 

Boccaccini, Mesoporous Bioactive Glass-Based Controlled Release Systems, 139-159, Copyright 

(2015), with permission from Elsevier and adapted from
151

) 

This technique allows the architecture of the scaffolds to be controlled by layer-by-layer 

plotting under mild conditions
40,64,153,154

, which represents a significant advantage. However, 
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a limitation is the incorporation of the MC, resulting in some micropores, which compromise 

their mechanical strength
40

. 

In 2011, Wu et al. reported a facile method using a modified 3D printing technique, 

introducing polyvinylalcohol (PVA) as binder
155

. They successfully achieved a 3D printed 

mBG scaffold, possessing a high mechanical strength (16.10 ± 1.53 MPa), controllable pore 

architecture (60.4% porosity), excellent bioactivity and sustained DD properties
155

. 

2.10 Mesoporous bioactive glasses as drug delivery systems 

In bone tissue engineering, mesoporous materials have been suggested as carriers for local 

delivery of bioactive molecules and therapeutic drugs
136,155

. Osteogenic agents to promote 

new bone formation and/or drugs can be loaded into these materials due to their highly 

ordered mesoporous structure, acting as controlled delivery system
136,155

. Among the 

advantages of this approach can be mentioned high and sustained delivery efficiency and 

reduced toxicity. Local drug release allows to avoid the disadvantages of a systemic delivery, 

which are the inactivation by enzymes or chemical reactions in blood
41,126,156

.  Furthermore, 

the presence of silanol groups on the mBGs surface offers anchoring points for organic 

groups via weak interactions (van der Waals forces or hydrogen bonds)
41,126,156

.  

Functionalised mesoporous silica materials containing specific functional groups will 

interact with the guest molecules via specific interactions (electrostatic attractive 

interactions, hydrophilic–hydrophobic forces or electronic interactions), allowing a fine 

tuning of the drug loading and release kinetics
126

.  

To proceed with this functionalization, two main routes are commonly used, one is the post-

synthesis, including silylation or grafting, the other one is the one-pot synthesis, which is a 

co-condensation
136

. 

The functionalization process is performed by grafting organic groups to the previously 

formed pure inorganic mesoporous silica matrix, i.e. by reaction of organosilanes (R’O)3SiR 

with the free silanol groups of the pore surface, under anhydrous conditions. The co-

condensation method involves the simultaneous condensation of the corresponding silica and 

organosilica precursors, (R
’
O)3SiR, in the presence of the structure-directing agents during 

the mesoporous synthesis, and all the functionalization process is carried out in one step
136

. 

The maximum achievable degree of organic modification varies in this two functionalization 

routes. The co-condensation method, leading to disordered products, does no achieve more 

than 40 mol% of organic functionalities content in the modified silica phases
136

. 

Contrarily, the post-synthesis method enables a higher functionalization rate, since the 

organic functions are located in the outer surface of the already formed mesopore silica 
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walls. Still, by this method the textural properties of the hybrid material are reduced, even 

though this depends on the size of the organic residue and the on degree of occupation
136

. 

Lin et al.  presented the functionalization of mBG with photoactive coumarin used as drug 

delivery (DD) carrier and investigated drug storage/release characteristics using 

phenanthrene as a model drug
157

. They reported the photo-controlled storage and release of 

guest molecules in coumarin-modified mBGs
157

. 

Furthermore, Wu et al. developed multifunctional mBGs scaffold system for hyperthermic 

and DD application by preparing iron(Fe)-containing mBGs scaffold with hierarchical 

macro- and meso-porous structures
147

. 

mBGs can also be loaded with growth factors for enhancing angiogenesis and 

osteogenesis
158–160

. Angiogenesis is directed by different growth factors in a complex 

multistep process. The vascular endothelial growth factor (VEGF) has been identified as a 

key element: it is able to activate the endothelial cells in the surrounding tissue by 

stimulating their migration, proliferation and the formation of tubular structures. For this 

reason VEGF has been loaded in mBG scaffolds, where the ordered mesostructure plays an 

important role to improve the loading efficiency, decreasing the burst release and 

maintaining the bioactivity of VEGF
158–160

. Also osteogenic growth factors, such as rhBMP-

2, can be efficiently loaded into mBG. The studies show that the system rhBMP-2/mBG may 

be clinically useful for bone regeneration of large defects
161,162

.  

2.11 Delivery of therapeutic ions from mBGs   

The incorporation of therapeutic ions into mBGs has been increasingly approached in the 

past five years
65,144,145,159,163–171

. In order to obtained therapeutic ion-doped mBGs, the 

biologically active ions (e.g. Cu
2+

, Ag
+
, Li

+
 among others) are added to the glass precursors 

during the synthesis of mBGs
65,144,145,159,163–171

. Furthermore, by ion incorporation in mBGs it 

is possible to maintain the ordered porous structure. A recent review reports that the release 

of therapeutic ions influences osteogenesis, cementogenesis, angiogenesis and anti-bacterial 

activity
172

.   

Wu et al. reported the development of hypoxia-mimicking mBGs scaffolds by incorporating 

ionic Co
2+

 and/or ionic Cu
2+

 into mBG scaffold
171

. Hypoxia (low oxygen pressure) plays a 

main role in coupling angiogenesis with osteogenesis
171

. In fact, hypoxia activates a series of 

angiogenic process mediated by the hypoxia inducing factor-1a (HIF-1α). HIF-1α initiates 

the expression of a number of genes associated with tissue regeneration, skeletal tissue 

development and enhances fracture repair
171

.  Co
2+

 and Cu
2+

 are known to chemically induce 

HIF-1α to promote an hypoxia-like response. Moreover, Wu et al. demonstrated that Cu-

mBG significantly inhibited bacterial viability (e.g. Escherichia coli) compared to blank 
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control scaffolds
170,171,173

. Divalent ions, such as Sr
2+

, Zn
2+

, Mg
2+

, once released from mBGs, 

can stimulate the osteogenic/cementogenic differentiation of human bone marrow stromal 

cells (hBMSCs) and hPDLCs
144,165–167,169

. Zhang et al. showed that the incorporation of Sr
2+

 

into mBGs scaffolds significantly stimulated new bone formation in osteoporotic bone 

fractures when compared to mBGs scaffolds alone
166

. It is well known that strontium 

ranelate is used in clinical practice therapies as an anti-resorptive agent in the treatment of 

osteoporosis
166

. The advantage of strontium ranelate over other therapies is that it 

simultaneously stimulates bone formation and decreases bone resorption, but it remains 

difficult to regenerate osteoporosis-related injuries post-fractures
166

. For this reason 

application of Sr-mBGs could be a viable method to regenerate large-sized bone fractures, 

which result from osteoporosis
167

.  
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3.  Materials and Methods 

3.1 Glass powders fabrication 

3.1.1 Composition in the quaternary system  

Sol-gel based glass (SG) 

The developed sol-gel-based glass composition (SG), (in mol% 60%SiO2 30%CaO 5%P2O5 

5%Na2O) was synthesised as described by Zhu et al.
143

. Tetraethylorthosilicate (TEOS) 

(98%, Sigma-Aldrich, Germany), triethylphosphate (TEP) (99% Sigma-Aldrich, Germany), 

calcium nitrate tetrahydrated (Ca(NO3)2.4H2O) (99% Sigma-Aldrich, Germany) and sodium 

nitrate (NaNO3) (99% Sigma-Aldrich, Germany) were used as silica, phosphate-, calcium- 

and sodium-oxide precursors, respectively, and nitric acid (HNO3) (Sigma-Aldrich, 

Germany) was used as a catalyst.  

The reactants were added, in the previously mentioned order, one by one, always waiting 

until homogenisation of the solution before adding the following reactant, to a 30 mL HNO3 

(0.1 M) solution. The reaction was left under constant stirring at room temperature (RT) for 

1 hour, 24 hours or 48 hours, before proceeding with the heat treatment. The heat treatment 

is illustrated in annexe A-3. The exact amounts of reactants are mentioned in Table 5. 

Mesoporous glass (MBG)  

Mesoporous glasses (mBGs) of the same composition as above, were synthesised following 

the description above, through the sol-gel process including a structure directing agent. To 

the basic-developed composition one non-ionic triblock copolymers was added. The 

copolymers is composed by two blocks of polyethylene glycol and one block of 

polypropylene glycol, PEG-PPG-PEG, called Pluronic® P123 (Sigma-Aldrich, Germany).  

Pluronic® P123 (sample MBG), was first dissolved in a HNO3 (0.1 M) solution overnight. It 

was then proceeded as for the sol-gel-based glass. The reaction was left under constant 

stirring at room temperature (RT) for 1 hour, 24 hours or 48 hours, before proceeding with 

the heat treatment. The heat treatment schedule is illustrated in annexes A-3. The exact 

amounts of reactants are mentioned in Table 5. 
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Table 5. Amount of reactants for the synthesis of the different developed glass compositions.  

 

TEOS 

[mL] 

TEP 

[mL] 

Ca(NO3)2 

[g] 

Na(NO3)2  

[g] 

P123  

[g] 

SG 13.875 0.83 7.50 0.51 x 

MBG 13.875 0.83 7.50 0.51 0.50 

 

For glass powder preparation: the glass was pre-milled in a jaw crusher (BB51, Retsch, 

Germany) and thenmilled in a planetary mill (PM100, Retsch, Germany) using zirconia 

(ZrO2) jar and milling balls, to a final average particle size of 5 µm observed by SEM. 

3.1.2 Ion-doped glasses 

In order to enhance the ordered mesoporosity of the glasses, the initial developed 

composition was modified. The glasses were doped on the one hand with a mixture of 

strontium and copper ions, on the other hand with cobalt ions. The rationale for choosing 

these ions is presented in section 4.1.2. 

The following compositions were prepared: 

- composition (in mol%) 78SiO2 20CaO 1.2P2O5 0.8Xion (Sr/Cu for sample C and Co 

for sample D) 

- composition (in mol%) 79.2SiO2 20CaO 0.8Xion (Sr/Cu for sample C’ and Co for 

sample D’) 

Pluronic® F127 was used for the ion-doped compositions. It was dissolved in a 85 mL EtOH 

+ HNO3 solution, where the reactants (reported in Table 6) were then added one at the time, 

following the previously mentioned order, with a 3 hours interval between each addition. 

The solution was left under constant stirring at RT for 24 hours, and it was then poured onto 

petri-dishes (around 15 mL) for evaporation-induced self-assembly (EISA) during 5 to 7 

days before proceeding with the heat treatment. The heat treatment schedule is illustrated in 

section A-3. The exact amounts of reactants are mentioned in Table 6. 

Table 6. Amount of reactants for the synthesis of the different developed ion-doped glass 

compositions. 

 

TEOS 

[mL] 

TEP 

[mL] 

Ca(NO3)2 

[g] 

Sr(NO3)2  

[g] 

Cu(NO3)2 

[g] 

Co(NO3)2 

[g] 

F127   

[g] 

SrCu (C) 9.597 0.112 2.576 0.046 0.05 x 4.5 

Co (D) 9.597 0.112 2.576 x x 0.128 4.5 

SrCu (C') 9.74 x 2.576 0.046 0.05 x 4.5 

Co (D') 9.74 x 2.576 x x 0.128 4.5 
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3.2 Scaffolds preparation 

3.2.1  Foam replica technique 

Scaffolds were prepared by the foam replica technique, originally developed by Chen et al.
17

. 

The glass precursor sol was directly used to make the scaffolds. 

Sols were prepared as described in section 3.1. Previously 1.2x1.2x1.2 cm
3
 cubical PU 

foams (45ppi, Eurofoam Deutschland GmbH) were immersed in the prepared sol (30 mL) 

under stirring for 10 min, the excess of the sol was removed by squeezing manually the 

foams. These samples were left at RT under the hood for 24h for EISA. A second coating 

was applied by soaking the foams with the sol dropwise (using a plastic pipette) and the 

excess was removed by applying an air pressure flow (manually with air pressure gun), for 

30 seconds. EISA was again repeated under the same conditions. This last coating procedure 

was repeated until obtaining green bodies (PU foams) coated 10 times. 

 

Figure 15 Schematic representation of scaffolds preparation by sol-gel and the foam replica 

technique 

In order to remove the PU foam template and to densify the glass structure, the green bodies 

were calcined at 760°C using the heat treatment schedule shown in section A-3. 

In order to obtain stronger scaffolds, the procedure described above was applied using 1 day- 

and 2 days-aged sols (instead of fresh sols) with increased viscosity. Same heat treatment as 

above was applied (A-3). 

In an alternative process involving a slurry, bioactive glass powders were milled and sieved 

(cf. glass preparation paragraph 3.1.1) to obtain a particle size of less than 25 µm (ideally an 
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average size of 10 µm). A 50 wt.% slurry was prepared using 0.3 g of polyvinyl-alcohol 

(PVA) (Merck) as a binder. PVA was dissolved in 14.7 mL of deionized water by heating to 

80°C under continuous stirring. Once the solution was cooled down to RT, 15 g of the glass 

powder was added under constant stirring. When a homogeneous slurry was obtained, the 

previously cut-to-shape PU foams (1.2X1.2X1.2 cm
3
) were immersed in the slurry (15 mL) 

for 10 min. To remove the excess of slurry the PU foams were squeezed manually and left 

overnight at RT for drying. This coating procedure was repeated once. The green bodies 

were then sintered using the schedule mentioned previously (A-3). 

3.2.2  EPD 

An alternative scaffold fabrication method was developed, which makes use of 

electrophoretic deposition (EPD). The set-up was prepared as shown in Figure 16. The 

electrodes were immersed in the sol and different voltages (from 3 to 50 V depending on the 

system) were applied for different times (from 10 sec to 1 min) in order to optimize the EPD 

conditions. In the case of water-based sol 3 and 5 V were chosen and applied for 1 min of 

deposition time. To obtain 10 coating cycles, each EPD set-up parameters was repeated 10 

times for each single PU foam. In the ethanol-based system,  5 and 50 V were employed, the 

deposition time was varied from 10 s to 1 min and 10 or 20 different coatings were 

performed on each PU foam, depending on the deposition time (see table 1 for samples 

labeling). 

 

Figure 16 Schematic illustration of the set-up developed for the fabrication of porous bioactive 

glass scaffolds. a) Set-up overview, b-c) nickel alloy wire used as deposition electrode, d) 

counter-electrode SS 316L, e) set-up top view, f) set-up bottom view (adapted from
95

) 
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The green bodies were then heat treated following the same thermal treatment as above (A-

3).  

 

Figure 17 Digital camera images of the EPD set-up: a) without the sol and b) electrodes and PU 

foam dipped into the sol (courtesy Jonas Hazur) 

Figure 17 show digital camera images of the EPD set-up. PU foam (with 1.2 cm height) was 

first cut in a piece with an area of 2.4x2.4 cm
2
, corresponding to four cubic scaffolds of 

1.2x1.2x1.2 cm
3
. Deep cuts were then performed on the foam in order to facilitate the later 

separation of the scaffolds. Nickel-alloy wire, used as the working electrode, was placed 

through the middle point of the foam. A counter-electrode was built with a square shape that 

covered the whole foam lateral area. The experiments were then carried out placing the 

nickel-alloy wire in the middle of the counter-electrode and applying the electric field. 

3.2.3  Polymer coating 

For this part of the research activities, scaffolds were prepared as previously described 

(3.2.1). Coatings obtained with different polymers and different coating procedures (dip 

coating and infiltration) were compared. The polymers investigated were PCL and gelatin. 

a) PCL polycaprolactone (Mn = 70 000- 90 000, Sigma Aldrich, Germany) was used. 

Two solutions with different PCL concentrations (5 and 10 w/v%) were prepared by 

dissolving the PCL pellets in 30 mL chloroform stirring for 1-3 hours at room 

temperature.  

b) Gelatin 8 wt% gelatin solutions (in water) were prepared. Gelatin powder (Sigma 

Aldrich, Germany) in the determined amount, was dissolved in distilled water at 

50°C while constant stirring. 
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Two coating process were considered, dip coating and infiltration. 

a) Dip coating: Samples were immersed in the different polymer solutions for 5 to 10 

min. Samples (described in section 3.2.1) were removed and the excess of the 

solution was removed by blowing compressed air on each side for all the polymer 

systems, and by centrifuging (1 min, 200 rpm at 25°C) for the gelatin system only.  

b) Infiltration: For the gelatin system only, samples (described in section 3.2.1) were 

immersed in 10 mL the polymer solutions and placed under vacuum for 5 min. To 

remove the excess of the polymer solution the same techniques mentioned above 

were applied.  

In both of these processes, samples were placed over an aluminum foil and left at least 12h at 

room temperature for drying.  

3.2.4  3D - printing 

The Co-doped glass composition (D) was milled and sieved to obtain a particle size of less 

than 40 µm. For the paste preparation, 3 g of polycaprolactone (PCL) (Sigma Aldrich) was 

dissolve in 30 g dichloromethane (MeCl2) (CH2Cl2, HPLC, Sigma Aldrich). Separately, 4.5 g 

of the glass (composition D) was dispersed in 37.5 mL MeCl2. 

The glass dispersed-paste was added to the PCL solution and stirring was continued until a 

homogeneous paste was obtained. The paste was left to evaporate (1-2 hours) at room 

temperature. Then, the paste was transferred to a syringe with a 0.4 mm diameter needle. 

Scaffolds were drawn over a petri dish. Following parameters were used:   

- 1cm diameter (cylindrical scaffolds) 

- 10 layers with a spacing of 0.46 mm 

- Macropore size (x and y) 1.3 mm 

 

Figure 18 Schematic illustration of the rapid prototyping technique 
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3.3 Scaffolds porosity 

3.3.1  Determination of the glass density: 

The glass theoretical density was determined following the description of Volf et al.
174

, 

where the total density was calculated by the densities of the single oxides. The values are 

shown in Table 7. 

Table 7 Reported densities of single oxides and their respective references 

Oxide Density (g cm
-3

) 

SiO2 2.28
174

 

CaO 3.90
174

 

P2O5 3.10
174

 

Na2O 2.55
174

 

CuO 6.31
175

 

SrO 4.7
175

 

CoO 6.44
175

 

The volume of the single oxides in the glass compositions is calculated following the 

equation: 

  
            

          
 

The density of the glass composition is calculated following the equation: 

   
 

 
  

 

          
 

 

Glass composition Theoritical density (g cm
-3

) 

SG/MBG 2.64 

C (Sr/Cu) 2.53 

D (Co) 2.54 

 

3.3.2  Calculation of the 3-D scaffold porosity 

To determine the porosity of the prepared scaffolds the following equation was used: 
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For the polymer coated scaffolds the density was determined as follows: 

     

 
  
  

 
     
        

 

  
 

where pu and pc are the porosity of the uncoated and coated scaffolds, respectively, Vu and Vc 

are the volume and Wu and Wc are the weight of the uncoated and coated scaffolds.  

The value for the density ρgelatin was taken from literature, where it was specified with 1.2 g 

cm
-3 176

. 

3.4 Bioactivity in simulated body fluid (SBF) 

SBF was prepared as described by Kokubo et al (2006)
140

. The ion concentration reported by 

the authors is shown in Table 4. 

The preparation was done keeping the temperature at 36.5 ± 1.5°C in a polystyrene (PS) 

container. The reactants were dissolved in 700 mL distilled water one at the time, in the 

order given in Table 8. 

Table 8 List of reactants for SBF preparation in the needed order 

Reactant (purity) Amount / g 

(for solids) 

Sodium Chloride – NaCl – (100.0) 7.995 

Sodium hydrogen carbonate – NaHCO3 – (100.0) 0.353 

Potassium Chloride – KCl – (99.5) 0.225 

Potassium Phosphate dibasic trihydrate – K2HPO4.3H2O – (99.0) 0.231 

Magnesium Chloride hexahydrate – MgCl2.6H2O – (100.5) 0.303 

Chloric Acid – HCl – (1N)  39 ml 

Calcium Chloride dihydrate – CaCl2.2H2O – (101.0) 0.364 

Sodium Sulfate – Na2SO4 – (99.6) 0.072 

Tris(hydroxymethyl)amino methane – NH2C(CH2OH)3 – (100.2) 6.045 
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The pH was adjusted to 7.42 – 7.45 by adding between 0 to 5 mL HCl (1M). Distilled water 

was then added to reach a final volume of 1 L with a final pH of 7.4 at 36.5°C. SBF was kept 

in the fridge until use. 

Before immersing the samples in SBF, the desired quantity of SBF was brought to 37°C. A 

ratio of 1.5 g/L (sample:SBF) was used for all bioactivity studies
140

.  Samples (powders or 

scaffolds) were immersed in SBF and kept in an incubator (37°C, 90 rpm) for times varying 

between 1h and 7 days. Samples were removed and rinsed gently with distilled water, 

acetone and distilled water again and left to dry at 60°C in a drying chamber. Hydroxyl 

carbonate apatite formation was revealed by FTIR, SEM and XRD studies (see section 4.3). 

3.5 Characterisation techniques 

3.5.1  X-Ray diffraction 

Several diffractometers were used in this thesis to measure low- and wide-angle X-ray 

diffraction. 

X-ray diffraction (XRD) analysis was performed using a D8 ADVANCE diffractometer 

(Bruker, Madison, US) in a 2Theta range from 20 -80° (Lehrstuhl für Feststoff- und 

Grenzflächenverfahrenstechnik LFG, Friedrich Alexander Universität FAU). BG powders 

were dispersed in ethanol. Then, the solution was dripped on off-axis cut, low background 

silicon wafers (Bruker AXS, Germany). BG derived scaffolds were powdered and prepared 

in the same way. Other XRD analyses (at POLITO, Italy) used a Philips X’Pert 

diffractometer (Bragg-Brentano camera geometry with Cu Kα incident radiation; working 

conditions: 40 kV, 30 mA). Diffraction data were recorded between 5 and 90° 2θ at an 

interval of 0.02° 2θ. 

In addition, small angle X-ray diffraction (SAXRD) analyses were carried out at Politecnico 

di Trorino (POLITO) using Philips X’pert Diffractometer (Bragg-Brentano camera geometry 

with Cu Kα incident radiation; working conditions: 40 kV, 30 mA). Diffraction data are 

recorded between 1 and 10° 2θ at an interval of 0.02° 2θ. Moreover, analyses carried out at 

GIBI (Facultad de Farmácia, Universidad Complutense), Madrid employed a Philips X’Pert 

diffractometer equipped with Cu KR radiation (wavelength 1.5406 Å). XRD patterns were 

collected in the 2θ° range between 0,5θ° and 6,5θ°, with a step size of 0.02θ° and counting 

time of 4s per step. 

3.5.2 Micro-CT 

Micro-CT was used to evaluate pore size distribution and the degree of pore 

interconnectivity of the sintered scaffolds. The structure of the foams was observed using a 
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micro computed tomography system, micro-CT (Skyscan 1147 Micro-CT) (at POLITO, 

Italy). The pore interconnectivity was evaluated using CTan image analysis software. The 

pore size distribution was investigated on 2D sections extracted from micro-CT 

reconstructions using ImageJ analysis software. 

3.5.3  Spectroscopy  

Fourier transform infrared spectroscopy (FTIR)  

In order to verify the HA layer formation, FTIR was used. FTIR transmission spectra 

ranging from 500–4000 cm
-1

 wavenumber were obtained using a Nicolet 6700 (Thermo 

Scientific, D) spectrometer with potassium bromide as window material. FTIR pellets were 

produced containing 2 mg of the material to be tested and 200 mg potassium bromide (KBr) 

(Spectroscopy grade, Merck, Darmstadt, Germany). Therefore, the products were mixed and 

homogenized in a marmoreal mortar and subsequently pressed into pellets by applying a 

force of 70 kN with an electro-hydraulic press. Further FTIR spectra were obtained in a 

Nicolet Nexus spectrometer equipped with a Smart Golden Gate Attenuated Total 

Reflectance (ATR) accessory measured at GIBI (Facultad de Farmácia, Universidad 

Complutense), Madrid. 

Ultraviolet-visible spectroscopy (UV-Vis)  

Drug release was measured by UV-Vis Specord® 40, Analytik Jena, Germany 

Ion release analyses: 

In order to evaluate ion release of samples during in vitro bioactivity test was measured with 

an electrolyte analyser (IL, Ilyte 20, Diamond diagnostics) at GIBI (Facultad de Farmácia, 

Universidad Complutense), Madrid. 

Sr
2+

, Cu
2+

 and Co
2+

 concentration in cell culture medium (Roswell Park Memorial Institute, 

RPMI) was quantified by inductively 

coupled plasma - mass spectroscopy (ICP-MS, Varian, Darmstadt, Germany) at Lehrstuhl 

für Funktionswerkstoffe der Medizin und der Zahnheilkunde (FMZ), University Würzburg. 

NMR 

1
H→

29
Si CP (cross-polarization)/MAS (magic-angle-spinning) and single-pulse (SP) solid-

state nuclear magnetic resonance (NMR) measurements were performed to evaluate the 

different silicon environments in the synthesized samples. The NMR spectra were recorded 

on a Bruker Model Avance 400 spectrometer. Samples were spun at 10 kHz for 29Si. 

Spectrometer frequencies were set to 79.49 MHz for 29Si. Chemical shift values were 

referenced to tetramethylsilane (TMS) for 29Si. All spectra were obtained using a proton 
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enhanced CP method, using a contact time of 1 ms. The time period between successive 

accumulations was 5 s for 29Si, and the number of scans was 10 000 for all spectra. 

3.5.4  Microscopy 

Light microscope 

Pore size diameter, pore interconnectivity and morphology of the sintered scaffolds were 

assessed by light microscopy (M50, Leica Mikrosysteme Vertrieb GmbH, D). The images 

were taken with the software Leica Application Suite LAS V3.8. 

Scanning electron microscope (SEM) and energy dispersive spectroscopy (EDS)  

Scaffolds and glass powders were fixed on a sample holder with silver paste (specified 

below). Nanoparticles were fixed by depositing a few drops of an ethanol suspension, and 

left to dry. If needed, scaffolds were sputtered with gold (Sputter coater, specified below) 

previous to the SEM analysis. 

In addition to the light microscopy observation, SEM pictures of initially developed 

scaffolds were recorded using SEM (LEO 435 VP Electron Microscopy Ltd, Cambridge) at 

WW5, FAU. The scaffolds were connected with the sample holders by means of a 

conductive silver lacquer (Plano GmbH, Wetzlar) and were sputtered (Edwards Sputter-

Coater S150B) with a gold/palladium alloy to ensure the conductivity and then examined 

using different magnifications (100x, 200x, 500x, 1000x). 

Furthermore, SEM micrographs of the scaffolds using different magnifications (100x, 500x, 

2000x, 2500x, 5000x)were also taken using a (Carl Zeiss Auriga) SEM. Samples were 

sputtered (Q150TS, Quorum Technologies) with gold to ensure the conductivity. The 

elemental analysis of the samples was carried out using energy dispersive spectroscopy 

(EDS, X-MaxN Oxford Instruments, UK). The EDS analysis was performed at a working 

distance of 6 mm and at up to 30 kV. 

Transmission electron microscope (TEM) 

Samples were dispersed with ethanol on a lacey carbon film. In order to observe the 

mesoporous structure of the material a Phillips CM300 transmission electron microscope 

operating at an acceleration voltage of 300 kV was used. Images were obtained by EM4 

software.  

A JEOL-3010 transmission electron microscope operating at an acceleration voltage of 300 

kV was also used (ICTS National Center for Electron Microscopy, UCM, Madrid (Spain)). 

Images were obtained by Images were recorded using a CCD camera (model Keen view, SIS 
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analyses size 1024 x 1024, pixel size 23.5 mm x 23.5 mm) at 30 000x and 60 000x 

magnification using a low-dose condition. Fourier transform (FT) patterns have been 

conducted using a digital micrograph (Gatan). 

3.5.5  Nitrogen adsorption porosimetry 

Several N2 physisorption instruments were used during this research project for the different 

materials characterisation. 

Nitrogen physisorption isotherms were measured at 77 K in a Quantachrome Autosorb 

instrument (measurements carried out at Lehrstuhl für Chemische Reaktionstechnik CRT, 

FAU). Prior to the measurements the samples were outgassed for at least 12 hours at 300 °C 

under vacuum. Pore size distribution curves were calculated from the adsorption branch of 

the isotherm according to the Quantachrome DFT kernel for nitrogen at 77 K in cylindrical 

silica pores. The mesopore volume was obtained as the DFT cumulative pore volume for 

pores between 2 and 50 nm in diameter. The total pore volume was calculated from the 

adsorption point at 0.99 p/p0. Specific surface areas were obtained from the Brunauer Emmet 

Teller (BET) equation in the linear range between 0.07 and 0.23 p/p0. 

Nitrogen physisorption isotherms were also measured at 77 K using Micrometrics ASAP 

2010 and ASAP2020 porosimetry instrument (measurements carried out at GIBI (Facultad 

de Farmácia, Universidad Complutense), Madrid). Prior to the measurements the samples 

were outgassed at least for 12 h at 120 – 150°C under vacuum. Pore size distribution curves 

were calculated from the adsorption branch of the isotherm according to the Barrett, Joyner 

and Halenda (BJH) method to determine mesoporous size distribution. The total pore volume 

was calculated from the adsorption point at 0.98 p/p0. Specific surface areas were obtained 

from the BET equation.  

3.5.6  Thermal analysis 

Differential thermal analysis (DTA) analyses (carried out at POLITO, Italy) was conducted 

to evaluate the sintering process of the sol-gel derived glasses, DTA thermal analysis of the 

ground dry powder was performed with a thermal analyzer (DTA 404 PC, Netzsch, 

Germany), under the following experimental conditions: samples weight, SG: 53.5 mg and 

MBG: 51.1 mg; the reference material was alumina; the heating rate was 10 K/min and the 

temperature range was from 20°C to 1490°C. 

Differential scanning calorimetry (DSC) was carried out to detect phase transitions as a 

function of temperature. Thermograms were recorded from room temperature to 1550 °C 

using a DSC404 F1 Netzsch high temperature differential scanning calorimeter (Netzsch, 
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Germany) at Institute of Glass and Ceramic WW3, FAU. A sample of at least 13 mg was 

heated up in air at a rate of 20 °C/min. The samples were placed on a Pt/Rh crucible to 

ensure an efficient heat transfer. Thermograms were corrected to compensate for the normal 

variation of the equipment setup by baseline correction. The glass transition temperature was 

determined at the onset of the transformation. 

3.5.7 Mechanical testing  

To perform mechanical compression test cubic scaffolds were prepared with average 

dimensions of 0.6X0.6 cm and average height of 0.7 cm.  

The compression strength of the scaffolds was measured using a Zwick Z050 materials 

testing instrument (Zwick GmbH & Co. KG, D). Scaffolds were loaded under compression 

to failure. The pressure plate moved with a speed of 10 mm/min with a load cell of 50 N and 

1 kN (for polymer-coated samples). 

A static material testing machine (Instron 8862) (measurements performed at Institute of 

Physics of Materials IPM, Brno) with the pressure plate moving with a speed of 0.1 mm/min 

was also used to measure compressive strength of EPD scaffolds. 

3.5.8  In-vitro cell test 

In vitro cell tests were carried out to determine the biocompatibility of the developed glasses 

(SG, MGB, C and D). ST-2, a stromal cell line from mouse, was used for static cell 

experiments. Cells were cultivated in RPMI medium supplemented with 10 vol.% fetal 

bovine serum (FBS) and 1 vol.% penicillin streptomycin (PenStrep) at 37  C with 5 % CO2 

and 95 % humidity. At confluency   80 % cells  were trypsinized, centrifuged, re-suspended in 

fresh medium and counted by trypan blue exclusion method in a Neubauer chamber and 

diluted to a final concentration of 100.000 cells mL
-1

. The experiments were done in an 

indirect study, using glass powders (particles below 20 µm) previously incubated for 24 

hours in RPMI. Three different powder dilutions were used, 1 %, 0.1 % and 0.01 %. The 

resulted dilutions were placed in a 42-well plate with 100.000 cells. After 24 hours 

incubation, cell viability and VEGF release were investigated. 

WST-1 

Cell viability was measured after 24 hours applying a WST-1 assay (Sigma-Aldrich). The 

different culture media were removed from the well culture plate and the cells were washed 

with PBS. After addition of the WST-1 mastermix (1 vol.% in Dulbecco's Modified Eagle 

Medium DMEM) in each well, the plates were incubated for 1,5 hours. The supernatant of 

all samples was then transferred to a 96-well plate (100 µL/well) to measure the absorbance 
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at 450 nm with an ELISA-Reader (Perkin Elmer, Multilabel Reader Enspire 2300, 

Germany). 

Hematoxylin and Eosin (H&E) staining 

In order to observe and quantify the cell viability, seeded cells were washed with PBS and 

fixed with Fluo-fix. Samples were stained with Hematoxylin for 10 minutes, followed by 

Scott’s tap water for 7 minutes. Samples were then stained with Eosin solution (0.4 % Eosin 

in 60 % ethanol with 5 % acetic acid) for 1 to 5 minutes. Finally, samples were washed with 

95 % ethanol and 100 % ethanol and left for drying at RT. 

VEGF quatification 

VEGF quantification (ELISA kit): after 24 h incubation, the culture media from each sample 

(x3) were collected and kept in the freezer at -20°C until analysis. At the end of all 

experiments, the frozen media was thawed in a water bath at 37°C and the VEGF content of 

the media was quantified using an ELISA kit (Thermo Fisher Scientific GmbH, Germany).   
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4.  Results and Discussion 

4.1 Development and characterisation of mesoporous sol-gel bioactive 

glasses  

Novel mesoporous bioactive glasses in quaternary systems were developed and synthesised 

by the sol-gel method exploiding the supramolecular chemistry of surfactants with 

incorporation of therapeutic ions in 2 specific cases. In the first case, the goal was to 

synthesise compositions comparable (in terms of oxides) to the well-known 45S5 Bioglass®, 

which is the most common bioactive glass being considered for biomedical applications
107

. 

The second case involves mesoporous bioactive glasses incorporating therapeutic ions.  

In this section 4.1, the properties of the different synthesised bioactive glasses are described 

and discussed. In a first part, sol-gel based and mesoporous glasses are considered. In the 

second part, compositions incorporating therapeutic ions, like copper, strontium and cobalt, 

are gathered. 

4.1.1 SG and MBG  

Rationale for chosen composition 

Generally, for glass and mesoporous glass production by the sol-gel process secondary 

(SiO2-CaO) and ternary (SiO2-CaO-P2O5) systems are usually chosen
39,41

, as Na2O, initially 

used in melt-derived glasses as component allowing reduction of the melting temperatures, is 

not needed in this process and the inclusion of it in sol-gel glasses may represent technical 

challenges
177

. In terms of bioactivity, it has been reported that melt-derived glasses should 

not contain more than 60 wt% of SiO2, as then the glass becomes chemically stable and 

bioactivity is supressed
109,178

. On the other hand, in sol-gel-derived glasses the silica amount 

does not interfere in the bioactivity characteristics as the low processing temperatures 

frequently used in this method supports the obtainment of a large amount of silanol (Si-OH) 

groups in the material surface, which is a key characteristic to induce bioactive behaviour. 

Furthermore, the final aim of this thesis is the development of novel glass composition to be 

used for the fabrication of mechanically stable 3D porous scaffolds. Following these 

previous points, it was decided to develop a mesoporous sol-gel-based glass in the 

quaternary system, which has in the first place higher amount of silica (60 mol% compared 

to 46.14 mol% for 45S5 Bioglass® and 48.99 mol% for sol-gel 45S5
110,179

) in order to 
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reinforce the glass network. Secondly, Na2O was incorporated in the composition as it 

showed to enhance the mechanical strength by forming a hard, yet biodegradable, crystalline 

phase (Na2Ca2Si3O9) when sintered
177

. Nevertheless, during the synthesis procedure it was 

determined that the maximum amount capable to be dissolved in the prepared sols 

represented 5 mol% of Na2O compared to 24.35 mol% for 45S5 Bioglass ® and 28.03 mol% 

for the sol-gel 45S5
110,179

. The final quaternary system composition was then chosen to be, in 

mol%: 60% SiO2 – 30% CaO – 5% Na2O – 5% P2O5 . The mesoporous sol-gel bioactive 

glass compositions investigated in the literature are listed in Table 9. 

Table 9 Prepared mesoporous bioactive glass compositions reported in the literature
40

. Data up 

to 2012. 

mBG with different compositions 

 

surface area 

(m
2
 g

-1
) 

pore volume 

(cm
3
 g

-1
) 

pore size 

(nm) 

100Si 490   3.6  h 

95Si5Ca 467   3.7  h 

90Si10Ca 438   3.5  h 

100Si 310 0.356 4.2  h 

97.5SiP2.5 (TEP)a 270 0.308 4.4  h 

97.5SiP2.5 (H3PO4)b 152 0.235 4.8  h 

80Si15Ca5P 351 0.49 4.6  h 

70Si15Ca5P 319 0.49 4.6  h 

60Si15Ca5P 310 0.43 4.3  h 

100Si 384 0.4 4.9 h 

90Si5Ca5P 330 0.35 4.9 h 

80Si15Ca5P 351 0.36 4.8  h 

70Si25Ca5P 303 0.33 4.8  h 

80Si10Ca5P5Fe 260 0.26 3.5  h 

80Si5Ca5P10Fe 334 0.3 3.6  h 

80Si0Ca5P15Fe 367 0.36 3.7  h 

80Si15Ca5P 342 0.38 3.62  h 

80Si10Ca5P5Mg 274 0.35 3.31  h 

80Si10Ca5P5Zn 175 0.23 3.33  h 

80Si10Ca5P5Cu 237 0.31 3.66  h 

80Si10Ca5P5Sr 247 0.31 3.66  h 

80Si15Ca5P 515 0.58 4.7  h 

76.5Si15Ca5P3.5Ce 397 0.38 2.9  h 

76.5Si15Ca5P3.5Ga 335 0.31 3.8  h 

80Si15Ca5P 265 0.33 5.29  h 

75Si15Ca5P5B 234 0.24 5.28  h 

70Si15Ca5P10B 194 0.21 5.09  h 

80Si15Ca5P 317 0.37 4.1  h 

80Si10Ca5P5Zr 287 0.32 3.7  h 
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80Si5Ca5P10Zr 278 0.33 4.1  h 

80Si5P15Zr 277 0.27 3.4  h 

For comparative purposes and accurate assumptions in the progress of this thesis, sol-gel-

based glasses, in the developed composition, were synthesised in parallel to mesoporous 

glasses with the previously mentioned composition. These prepared glasses are to be referred 

to as SG and MBG, respectively. 

Physical and textural characterisations 

In order to understand the basic characteristics of the developed glasses, samples were 

initially analysed by thermal analysis in order to identify key temperatures for glass 

processing. Figure 19 shows the graph corresponding to the thermal analysis of SG sample. 

 

 

Figure 19 Differential scanning calorimetry (DSC) of SG sample showing typical characteristic 

phase transition temperatures 

Thermal analysis of SG sample allowed the determination of the characteristic phase change 

temperatures. Significant thermal peaks, highlighted with a red arrow, can be observed on 

the DSC curve in Figure 19. Firstly, from the deflection point in the curve (“Onset”), the 

glass transition temperature was determined to be approximately 616°C, secondly the large 

exothermic peak corresponds to the first crystallization identified to occur at a temperature 

around 908°C. Finally, the peak at 1318°C can be attributed to the fusion of the material. By 
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hot-stage microscopy (reported in the annexes A-3), the sintering of the glass was identified 

to start at around 750°C, the crystallization at around 860°C and the fusion at 1382°C. These 

values are in good agreement with the data obtained by DSC.  

The thermal analysis of MBG sample (reported in annexes A-3, Figure 76), indicated the 

typical phase change temperatures. As determined for SG sample, the deflection point in the 

curve determines the glass transition temperature set at 607°C. The first crystallization 

occurred at a temperature near 813°C. The peak at 1320°C can be attributed to the fusion of 

the material. Parallel to this measure, as for the SG sample, hot-stage microscope analysis 

(reported in annexes A-3) was performed on MBG sample. The sintering temperature was 

determined to be near 740°C, the crystallization temperature around 810°C and the fusion 

temperature 1374°C. The latter values are in good correlation with the obtained information 

from the DTA.  

Typical heat treatment temperatures of sol-gel-based silicate glasses are 700°C
40,136

. For the 

synthesis of SG and MBG samples, calcium and sodium nitrates were used as oxide 

precursors. A main  purpose of the heat treatment of the samples is the decomposition of 

these nitrates. It is known that the full thermal decomposition of Ca(NO3)2 and NaNO3 takes 

place at 560°C and 680°C, respectively
177

. Taking into consideration these points and the 

data obtained by thermal analysis of the samples, heat treatment temperatures for powder 

production was chosen to be kept at 700°C, as reported in the literature
143

. Nonetheless, in 

the future evolution of the research project, the temperature chosen for the heat treatment to 

finalise the fabrication of 3D scaffolds from these materials and to enhance their mechanical 

strength, was set at 760°C. 

The adhesion, adsorption and chemical properties of sol-gel-based glasses depend on the 

chemistry of their surface. The above prepared glasses are composed mainly of a silica 

network (60 mol%). Consequently, it is important to determine the surface chemistry of this 

silica network, since the surface activity, bioactivity and properties of silica as oxide 

adsorbent are determined directly by the distribution and concentration of hydroxyl moieties 

(silanols) on the surface
180

. It is known that silanols are formed by hydrolysis and then 

transformed into silica during condensation. Nevertheless, the presence of hydroxyl groups 

at the surface has also been detected, due to incomplete condensation during the synthesis 

process
180

. Thus, in order to measure quantitatively hydroxyl groups on the surface of the 

silica network, results from the thermogravimetric measurements were analysed on MBG, as 

reported in Figure 20. 
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 Figure 20 TG and DTG curves of MBG sample showing weight loss over a temperature range 

from 25°C to 1400°C  

Two main kinds of weight drop are observed in Figure 20 within the chosen temperature 

range (RT to 1500 °C). Several studies have been done on the determination of hydroxyl 

groups on silica surface
180–182

. In analogy to these studies on silica particles, we have 

analysed the TG curve of the glass assuming that the weight loss is mainly due to the 

dehydroxylation of the surface. The differential TG curve was used to distinguish the 

dehydration and dehydroxylation phenomena, visible by the two loss steps from the TG 

curve. We can observe a rapid weight loss in the range of 25 to ~200 °C that can be assigned 

to a dehydration phase, where the water physisorbed from the surface of the material is 

removed. This temperature is in agreement with results of previous studies
180,182

, where the 

authors assumed that the physisorbed water was completely released in a temperature range 

of 100 to 130°C depending on the silica type. A second stage, extending approximately from 

200 to ~650 °C, can be attributed to the condensation of the silanes into siloxanes, i.e. to the 

condensation of germinal and vicinal silanols (cf. Figure 21). A final weight loss is observed 

above 600 °C, corresponding to a slow dehydroxylation of isolated silanols, as reported 

previously
180

.  
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Figure 21 Hydroxyl groups formed in the surface of the silica network (adapted from
180

) 

In order to estimate the hydroxyl group content, Niinisto et al.
182

 suggested the following 

equations: 

          
                     

       
 

          
                     

        
  

  
    

 

where WL(T0) and WL(Tfinal) are the weight percentage of the silica network for our case at 

temperatures T0 and Tfinal, respectively, MH2O is the molecular weight water; NA is 

Avogadro’s number and SBET is the specific surface area of the material in our specific case. 

The hydroxyl group content was calculated to be 14.6 (OH/nm
2
). An important amount of 

hydroxyl groups is present at the surface of this sample, which encourages predicting a high 

bioactive reaction, as silanols are known to be crystallisation nuclei for apatite
122

. From the 

measure done on MBG sample, the –OH group content was calculated from the second mass 

loss step, assuming from the analogy done with previous works on silica particles that at 

higher temperatures (above 1000°C) only siloxanes bridges are left in the silica network. 

Nevertheless, when comparing the results obtained for MBG glass with results reported by 

Niinisto et al.
182

 for several silica materials, the amount of silanol present in MBG is almost 

5 times higher (depending on the silica the amount of silanol varies from 1 to 3.2 OH/nm
2
 

compared to 14.6 OH/nm
2
 for MBG). It is important to note that this measure represents a 

high estimation of the silanol groups from the surface as within the range of 200° to 600° C 

this value not only represents the condensation of the silanes into siloxanes but also is a 

range of temperatures where, as mentioned previously, the decomposition of nitrates happens 

and also the combustion of the organic compound of the sol-gel process occurs
183

. However, 

this technique to evaluate the surface of silica was demonstrated by Niinisto et al.
182

 to be an 

accurate technique, as the authors showed that the –OH content calculated in a temperature 
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range up to 550°C (second weight loss) was in good agreement with a very accurate 

characterization technique, namely nuclear magnetic resonance (NMR).  

In order to confirm the amorphous state of the samples heat treated at 700°C, XRD analysis 

was performed. 

 

Figure 22 Diagram showing XRD spectra of SG and MBG samples heat treated at 700°C, 

measure performed between 10 and 80 2θ° 

As expected, from the XRD spectra (Figure 22) no diffraction peaks indicating crystalline 

phases in the materials can be observed. The broad reflection approximately between 2θ = 15 

and 30 ° reveals the amorphous state of the produced powders at 700°C, indicating that a 

glass has been produced and not a crystalline ceramic. This state is anticipated considering 

that crystallisation temperatures, determined by thermal analysis, of both materials are above 

800°C (as shown in Figure 19) and that the thermal treatment used to produce these materials 

was carried out at a maximum temperature of 700°C. As mentioned previously, these glasses 

will be used for the fabrication of 3-D scaffolds heat treated at 760°C. In order to confirm 

that the material is still kept in a glassy state, further XRD measures were done. 
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Figure 23 Diagram showing XRD spectra of SG and MBG samples heat treated at 760°C, 

measure performed between 10 and 80 2θ° 

It is possible to observe from Figure 23 that both samples SG and MBG, exhibit a broad 

reflection at 2θ = 15-35°, suggesting that these prepared bioactive glasses heat treated at 

760°C exist in an amorphous state. Nevertheless, a peak at 2θ = 31,9° with low intensity can 

be noted, which could be attributed to the early formation of a calcium silicate crystalline 

phase that will contribute to enhance the mechanical properties of these scaffolds.  

The materials are aimed for BTE, i.e. an optimised bioactive behaviour is intended. By the 

confirmation of the glassy state of the materials, it can be anticipated that these will be 

bioactive in the presence of body fluids considering that the materials will allow effective 

interaction reactions on their surfaces, which should lead to the formation of a HCA layer. 

Bioactivity mechanisms are addressed in more detail in paragraph 4.3. 

The prepared samples were obtained mainly as bulks after heat treatment. In the projection 

of further work in this research project, glasses need to be presented in particulate 

morphology with particle sizes of 20-40 µm in order to fabricate mechanically stable 

scaffolds
184,185

. In addition, particle sizes also have an influence on cellular response and 

bioactivity behaviour
184,186

. For the mentioned reasons, the aim of the present research task 

was to work with glass powders presenting ideally an average size of 5 µm, with most 

particles being smaller than 20 µm. In order to obtain this particle size distribution, bulky 

samples were firstly crushed with a jaw-crusher instrument (Retsch, Germany) followed by 

ball-milling process (Retsch, Germany). The obtained powders were sieved in order to 

collect particles smaller than 20 µm. Figure 24 a) shows an SEM image of the milled powder 

illustrating that the aimed particle sizes were achieved. 
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Figure 24 a) SEM image and b) EDS analysis of a representative SG/MBG powder sample 

In Figure 24a) a representative image of the SG/MBG sample is presented. For quantitative 

appreciation EDS analysis of the samples was performed. Figure 24b) confirms that the 

synthesised glasses are in the quaternary system, as predicted. Effects of the ball-milling 

process on the mesoporous structure of the glasses are expected, as during the milling 

process there is a transfer of kinetic energy from the ceramic balls to the sample. 

Unfortunately, limited information on the subject is available in the literature. Very recently, 

a detailed study on the influence of ball-milling on structural and textural features of 

MCM41 mesoporous materials was published where it is concluded that due to the 

mechanical action of the process on the samples, a decrease in the ordered mesoporous 

structure is observed for samples milled continuously over 1 hour
187

. The conditions of our 

experiments were different to those described in the mentioned study
187

, therefore, no 

significant influence of the milling procedure on the mesoporous structure of the glasses was 

expect. 

An important technique to observe the mesoporous structure of the glasses is TEM. Images 

presented in Figure 25, represent the general aspect of samples SG and MBG.  
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Figure 25 TEM images of the porous structures of a-c) MBG and b-d) SG showing the different 

textural aspects of these samples  

TEM studies revealed a porous structure in both samples, which can be classified as 

mesopores. Visibly, MBG appears to have a higher porosity than SG, which is likely due to 

the used structure directing agent in the case of MBG. It was expected that with the 

incorporation of a surfactant capable of self-assembling, in the present case Pluronic®123, 

during the processing of the glass by sol-gel it would provide the material with highly 

ordered mesoporosity, high specific surface area and high pore volume. However, the porous 

structures observed in Figure 25 do not present a visible order as it was predicted and shown 

in other studies
40,136

. Possible reasons interfering with the development of final mesostructure 

are mainly synthesis conditions, namely temperature, acidity, ionic strength and in some 

occasions reactant ratios. From the first characterization of MBG, it is believed that the 

poorly ordered wormlike aggregate structure is obtained due to the inhibition of micelles 
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formation by the structure directing agent during the first steps of the glass synthesis. A 

discussion on this aspect will be presented at the end of the characterisation part of these 

materials.    

In order to determine the pore-related information, such as surface properties, specific 

surface area, pore size distribution and pore volume, N2 physical sorption analysis was 

performed.  

 

 

Figure 26 N2 physisorption isotherms and pore size distribution curves (NLDFT method) of SG 

and MBG samples 

Figure 26 shows the nitrogen physisorption isotherms of samples MBG and SG. The data of 

the surface area, pore volume and pore size of both samples are listed in Table 10. The shape 

of the curves in Figure 26 is typical of mesoporous structures. The isotherm obtained from 

samples SG and MBG can be identified as type IV, which is the general case for mesoporous 

materials. The sharp curve in the capillary condensation region is an indicator of a narrow 

pore-size distribution. Other information concerning the pore structure such as the pore pre-

connection styles can be obtained by the hysteresis loops. It has been reported
119

 that 

hysteresis loops are included in isotherms obtained from mesoporous materials. SG and 

MBG samples exhibit the type H1 hysteresis loop, characterised by presenting branches that 

are parallel and almost vertical at the capillary condensation region (mesoporous range), 

which is generally attributed to cylindrical pores opened at both ends
119,122

. The pore size 

distribution curves were calculated from the adsorption branch using the NLDFT model and 
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results are presented in Figure 26. It can be seen that SG and MBG samples show a single-

modal pore size distribution. Nevertheless, for MBG sample a narrow size distribution 

centered at 7 nm can be observed, whereas SG sample exhibits a broad pore size distribution 

centered at 13.9 nm. The BET surface areas of SG and MBG samples reached 66 and 150 

m
2
/g, respectively, and the total pore volumes calculated at P/P0 = 0.99 were 0.239 cm

3
/g for 

MBG sample and 0.279 cm
3
/g for SG sample. From the literature

41
, it is known that 

mesoporous glasses exhibits SBET in the range of 200 - 500 m
2
/g depending on the silica 

content. MBG sample was expected to show similar values to mesoporous 58S (SBET=195 

cm
3
/g; pore volume=0.46)

110
, however the obtained values are lower. This result can be 

attributed to the fact that MBG sample showed rather poorly ordered mesoporosity. 

Nonetheless, the high surface area and pore volume obtained for the MBG sample is 

expected to provide the material with high bioactivity compared to conventional sol-gel and 

melt derived glasses. This aspect will be treated in section 4.3.  

Table 10 Structural parameters of samples MBG and SG 

Samples SBET [m
2
/g]   Vp [cm

3
/g]   dp,mean [nm] 

MBG 150 

 

0.239 

 

7 ' 

SG        66        0.279           13.9 

  

Small angle XRD (SAXRD) is one of the most important and suitable techniques to 

characterise mesoporous materials, as the periodicity of the mesopores generate well defined 

diffraction peaks.  
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Figure 27 SAXR spectra of SG and MBG samples showing the presence and the absence of 

characteristic peak for mesoporous materials in the case of MBG and SG sample, respectively 

Figure 27 shows the SAXRD spectra of both samples. The MBG spectrum exhibits a unique 

peak at 2θ = 1.20°, typical for mesoporous materials, as reported in several studies
119,122,188–

190
, nonetheless the presence of only one diffraction peak reveals the poorly ordered 

mesoporosity. It has been reported by López-Noriega et al.
131

 that this pattern can be 

attributed to a hexagonal structure with parallel-oriented 1D pore channels. The SG sample 

does not possess any diffraction peak in the small angle, which can be explained by the fact 

that pores in the mesoporous range occur randomly in the surface of the sample, not showing 

any periodicity. 

In order to understand the mesostructured of the MBG sample, it is important to explain the 

mechanism for the formation of mesoporous materials. These formation mechanisms are still 

an open topic, where continuously new clarifications are added as research evolves. Two 

main pathways (summarised in Figure 10 paragraph 2.6) are mentioned in the literature: the 

liquid-crystal template (LCT) mechanism (firstly suggested by Mobil’s scientists)
135

; and the 

cooperative self-assembly mechanism
135

, both pathways directly use surfactant 

concentrations above the CMC to form mesoporous materials. Among these two 

mechanisms, the most frequently reported has been the cooperative formation mechanism
119

.  

Basing the discussion on the EISA process suitable strategy, we can consider the self-

assembly of surfactants firstly induced by solvent evaporation and then followed by the LCT 
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pathway. Important to mention is that the self-assembly, describing the spontaneous 

organisation of the molecules without the intervention of foreign agents, is governed by non-

covalent interactions (H-bonds, Van der Waals and electrostatic interactions)
135

. This 

phenomenon can be observed generally for amphiphilic surfactants, having a lyophilic head 

group and a lyophobic tail, which will form micelles and supramolecular structures when 

they are above the critical micellar concentration (CMC). The particularity of EISA is that it 

is based on the use of surfactant concentrations significantly lower than CMC and the 

solvent evaporation allows the system to reach the CMC of the surfactant. 

Critical parameters to be considered for the formation of ordered mesostructures include i) 

the initial composition of the sol, ii) the evaporation step and iii) the surfactant removal
131

. 

These different parameters are described in the next paragraphs. 

i) The packing parameter of the surfactant determines the final mesoporous 

structure of the material. This parameter allows predicting the micelles structure 

by evaluating the total volume of the hydrophobic chain of the surfactant, the 

area of the polar head and length of the surfactants’ chain
137

. The formation of 

the mesoporous phase will depend on the relation Vsurfactant/Vtotal (from the 

material Vtotal=Vsurfactant+VSiOHx(OH)y+VH2O+VEtOH) since the curvature of the 

formed micelles depends directly on the relation between the organic and 

inorganic components of the system
191

. 

ii) The mesostructure could also vary as function of the amounts of water and 

ethanol. When the evaporation at room temperature is finished, the amount of 

trapped solvent in the material directly influences the relation Vsurfactant/Vtotal, 

which determines the formation of the mesoporous phase. The mesophase 

evolution from mono to three-dimensional phases has been studied varying the 

relative humidity from 20 to 70% during the evaporation process
192

. The 

temperature during the evaporation step also plays a key role in the 

mesostructure, especially when non-ionic surfactants are used as in the present 

case. High temperatures weaken the hydrogen bondings during the formation of 

the mesostrucure, which increases the micelle volume and favors the formation 

of hydrophobic phases
193

.  

iii) The surfactant is often removed by calcination. This process has been proven to 

influence the mesoporous network
194

. 

The mesophase formation by the LCT pathway depends mainly on the initial aggregation of 

surfactant, which is in direct correlation with the initial surfactant concentration according to 
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the phase diagram. Pre-studies varying the initial surfactant concentration can be found in 

the annexes. 

Clearly, the ordered mesostructure expected for the MBG sample was not achieved because 

the formation of the assembled micelles did not occur. This can have happened for several 

reasons, as discussed next. 

One possibility is the fact that calcium ions tend to hinder the mesostructure formation by 

preventing the surfactant to act as a structure directing agent. As shown in the study by 

Garcia et al.
193

, these ions are network modifiers and modulate the mesoporous phase by 

increasing the inorganic phase volume.   

In addition, the use of hydrated precursors contributes to water addition in the system, thus 

decreasing the concentration of the surfactant. It has been shown that low surfactant 

concentrations leads to hydrophilic phases which have the tendency to be hexagonal or 

disordered
122

. 

Furthermore, the worm-like structure is often observed when the silica has a too high degree 

of condensation, or the surfactant concentration is too low.  

In order to increase the functionality on these glasses, new compositions were developed, 

where therapeutic ions were introduced and the percentage of the silica network was 

increased in order to obtain well-ordered mesostructured and increase the specific surface 

area. Such novel compositions are described in section 4.1.2. 

4.1.2 Ion-doped glasses 

Rationale for chosen composition 

In recent studies, new compositions of mesoporous materials including the addition of 

therapeutic or biologically active ions have been suggested in order to increase the materials’ 

functionality particularly for the treatment of large-size bone defects, which represent a 

significant clinical challenge
41

. Properties of commonly used therapeutic ions are listed in 

Table 11. 
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Table 11 Summary of typical therapeutic ions doped in mBGs and their corresponding 

properties (adapted from 
41

) 

  

Functional properties 

Therapeutic ions Osteogenesis Cementogenesis Angiogenesis Antibacterial activity 

Monovalent 
Ag       x 

Li x x     

Divalent 

Sr x x     

Zn x      x  

Mg x       

Cu  x   X x 

Co      X   

Trivalent 

Ce x     x 

Ga x     x 

B x    x    

Fe x       

Tetravalent Zr x       

 

Moreover, it has been reported in the literature
41

 that mBGs are efficient systems for 

simultaneous delivery of drugs and therapeutic ions. These delivery properties confer 

multifunctional features to mesoporous glasses which may enhance considerably the 

regeneration of large-bone defects. 

Notably, copper, strontium and cobalt ions have attracted particular interest as they have 

been reported to induce osteogenesis and angiogenesis and to impart antibacterial properties 

to mBGs
41

. 

Cu
2+

 ions are known to stimulate the proliferation of endothelial cells, enhance cell activity 

and proliferation of osteoblastic cells, improve microvessel formation as well as to promote 

wound healing in addition to exhibiting antibacterial effects
41,43,195

. Furthermore, copper ions 

are not degraded during scaffolds processing which includes high temperatures
196

. Sr
2+

 ions 

have been shown to be able to enhance bone cell behaviour by promoting osteoblast activity 

and inhibiting osteoclast differentiation, as well as maintaining excellent acellular bioactivity 

of the glasses
41,43

. Furthermore, it has been observed that the release of Sr
2+

 ions also 

stimulates significantly ALP activity
41,43

. Nevertheless, the doping amount must be carefully 

considered because a high content of Sr will influence the glass network formation and it 

will decrease the ordered mesoporous structure
41

. Co
2+

 ions are described in the literature as 

having angiogenic capacity determined by inducing a hypoxic cascade (including HIF-1α 

stabilization and VEGF excretion of hBMSCs)
41

. Generally, Co
2+

 ions are added to the 

composition in order to develop hypoxia-mimicking (low oxygen pressure environment) 

materials
41,43,197

. It has been reported that by mimicking hypoxic condition, Co
2+

 ions could 

induce the coupling of osteogenesis and angiogenesis
197

. Nonetheless, it has also been 
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reported that Co
2+

 ions lead easier to potential cytotoxicity compared to Cu
2+

 ions
41

, 

important aspect to be considered when doping the material with this ion. 

In the following paragraph the characterization and influence of the ion content on the 

developed mBG’s structure will be presented. Based on previous work performed on ion-

doped glasses by Vallet-Regi and co-workers
198,199

, the range of substituent’s concentration 

was chosen so that the amounts of substituents did not inhibit or decrease the BG bioactivity. 

Moreover, the concentrations of the leaching ions (Cu
2+

, Sr
2+

, Co
2+

) were chosen to be below 

toxic levels in blood plasma
41–43,200

. The best results, in terms of ordered mesoporosity, were 

obtained with amounts of doped ions below 1 mol%. 

Physical and structural characterisations 

In order to understand the basic characteristics of the developed ion-doped glasses, samples 

were initially analysed by thermal analysis in order to identify key temperatures for glass 

processing. 

Figure 28 shows the graph corresponding to the thermal analysis of SG sample. 

 

 

Figure 28 Differential scanning calorimetry (DSC) of sample C showing typical characteristic 

phase transition temperatures 

Thermal analysis of sample C allowed the determination of the characteristic phase change 

temperatures. Significant thermal peaks, highlighted with a red arrow, can be observed on 

the DSC curve in Figure 28. Firstly, from the deflection point in the curve, the glass 
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transition temperature was determined to be approximately 651°C, secondly the large 

exothermic peak corresponds to the first crystallization identified to occur at a temperature 

around 966°C. Finally, the peak at 1353°C can be attributed to the fusion of the material. 

In analogy to the surface evaluation done in paragraph 4.1.1, results obtained by 

thermogravimetric measurements on samples C and D are presented here. 

 

Figure 29 TG and DTG curves from RT to 1500°C of a) sample C (Sr/Cu-doped) b) sample D 

(Co-doped) 

As for the MBG sample, samples C and D show, within the chosen temperature range (RT to 

1500 °C), two kinds of weight drop observed in Figure 29. Several studies have been done 

on the determination of hydroxyl groups in silica surfaces
180–182

. In analogy to previous 

analysis in paragraph 4.1.1, the observed rapid weight drop in the range of 25 to ~200 °C can 

be assigned to a dehydration phase. This temperature is in correlation, once again, with 

previous studies
180,182

, where the authors assumed that the physisorbed water was totally 

released in a temperature range of 100 to 130°C depending on the silica type. A second 

phase extending approximately from 200 to ~600 °C can be attributed to the condensation of 

the silanes into siloxanes. A final weight loss is observed above 600 °C, corresponding to a 

slow dehydroxylation of isolated silanols, as reported previously
180

.  

Hydroxyl group content was calculated from the second mass loss step, as mentioned in 

paragraph 4.1.1. Sample C has an estimated –OH group content of 12.1 (OH/nm
2
). The 

calculated hydroxyl group content was 12.8 (OH/nm
2
) for sample D. A similar value was 

obtained for the MBG sample, suggesting that these glasses have an important amount of 

silanol groups on the surface, which will confer particularly good reactivity when in contact 

with simulated body fluid. Nevertheless, as stated in paragraph 4.1.1 these calculated content 

of the silanol group from the surface are overestimated as this was not a pure silica material 

and the weight loss does not only represents the condensation of the silanes into siloxanes 
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but also the eventual decomposition of nitrates as well as the combustion of the organic 

compounds of the sol-gel process. 

The developed samples C and D have been heat treated at 700°C. In order to confirm the 

amourphous state of the samples, XRD analyses were carried out and results are shown in 

Figure 30.   

 

Figure 30 XRD spectra of samples C (Sr/Cu-doped) and D (Co-doped) measured between 10 

and 80 (2θ degree) confirming the amourphous state of these samples 

No diffraction peaks can be observed from the XRD spectra (Figure 30) of samples C and D, 

indicating no crystalline phases in the materials. A broad reflection in the range between 2θ 

= 20 and 35 ° is clearly noticed for both samples suggesting the amorphous character of 

these samples. These broad peaks reveal thus that the produced powders remain amorphous 

at 700°C, indicating that a glass has been produced. This state was anticipated considering 

that the thermal analysis revealed a crystallisation temperature for both materials above 

900°C (as shown in Figure 28) and that the thermal treatment used to produce these materials 

reaches maximum 700°C. In analogy to samples MBG and SG and by the confirmation of 

the glassy state of the materials, we can foresee that these materials will have a fast 

bioactivity in the presence of body fluids. Moreover, considering that the materials will 

allow easy interaction reactions on their surfaces, determined by the thermogravimetric 

analysis, the formation of a HCA layer will be formed. Please refer to paragraph 4.3 for the 

detailed bioactivity tests and mechanisms.  
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The prepared samples were doped with strontium and copper ions for sample C and cobalt 

ions for sample D. In Figure 31 the general aspect of the two different ion-doped systems is 

presented. The particular colours of the samples come directly from copper for sample C and 

cobalt for sample D.   

 

Figure 31 Digital camera image showing optical appearance of samples C (Sr/Cu-doped) and D 

(Co-doped) 

EDX analyses were carried out to assess the homogeneity of the chemical composition of the 

doped glasses. 

 

Figure 32 Image showing SEM and EDX mapping analysis (Sr and Cu elements) for sample C 

(Sr/Cu-doped) 
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Figure 33 Image showing SEM and EDX mapping analysis (Co element) for sample D (Co-

doped) 

From the images shown in Figure 32 and Figure 33, it can be observed that the elements are 

well dispersed on the surface of the prepared materials. It should be noted that EDX analysis 

is purely qualitative, thus the intensity of the elements coloured in the mapping images are 

not a quantitative representation of the doped-element concentrations. 

As mentioned in paragraph 4.1.1, TEM was carried out in order to evaluate the 

mesostructure of the glasses. TEM images of samples C’ and D’ are included in Figure 34. 

These will be needed for the discussion presented at the end of this paragraph on the 

enhancement of the ordered mesoporosity by addition of P2O5 in the glass composition. 
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Figure 34 TEM images showing the mesoporous structure of a) sample C (Sr/Cu-doped), b) 

sample D (Co-doped), c) sample C’(Sr/Cu-doped composition without P) and d) sample D’(Co-

doped composition without P) 

Figure 34 shows results obtained by TEM. A clear ordered mesoporous structure is observed 

for both samples. Visibly, sample D appears to have a lightly higher ordered mesoporosity 

than sample C, which is likely due to the double element doping for sample C. As it was 

expected
40,136

 it is confirmed that by the incorporation during the sol-gel processing of the 

glass of a surfactant, in the case of our study Pluronic®F127 capable of self-assembling, the 

material obtained a highly ordered mesoporosity, which will be accompanied by a relatively 

high specific surface area and high pore volume.  

N2 physical sorption analyses were performed in order to determine the porosity-related 

information, such as surface properties, specific surface area, pore size distribution and pore 

volume.  
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Figure 35 Diagram showing N2 physisorption isotherms and pore size distribution curves (BJH 

method) for sample C (Sr/Cu-doped) 

 

Figure 36 Diagram showing N2 physisorption isotherms and pore size distribution curves (BJH 

method) for sample D (Co-doped) 

Nitrogen physisorption isotherms of samples C and D are shown in Figure 35 and Figure 36, 

respectively. Table 12 lists the data of the surface area, pore volume and pore size of samples 

C, C’, D and D’. At this point, it should be mentioned that the pore-related information of 
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samples C’ and D’ has been included in this table for comparison purposes, and this will be 

discussed during the analysis done by solid NMR, presented later on in this paragraph. The 

data presented in curves of Figure 35 and Figure 36 is typical of mesoporous structures. In 

analogy to the discussion presented in paragraph 4.1.1, it is suggested that the isotherm 

obtained for samples C and D can be identified as type IV, which is the general case for 

mesoporous materials presented in the literature. The sharp curve in the capillary 

condensation region is an indicator of narrow pore-size distribution. As mentioned 

previously, it has been reported
119

 that hysteresis loops are included in isotherms obtained 

from mesoporous materials. The hysteresis loop exhibited by samples C and D are type H2, 

which is characterised by presenting parallel and almost vertical branches at the capillary 

condensation region (mesoporous range). In the literature, this hysterisis loop is generally 

attributed to ink-bottled pores
119,122

, i.e. pores presenting narrowing along their morphology, 

which consequence could be the formation of phosphate-based clusters with the metallic 

cations incorporated to the glass composition. In this case, the pore size distribution curves 

were calculated from the adsorption branch using the BJH model, which is also suited for 

this kind of mesoporous material. Figure 35 and Figure 36 present a single-modal pore size 

distribution. The narrow size distribution is centered at 3 nm for sample C and at 3.6 nm for 

sample D. The BET surface areas of samples C and D reached 254 and 346 m
2
/g, 

respectively, and the total pore volumes calculated at P/P0 = 0.99 were 0.233 cm
3
/g for 

sample C and 0.379 cm
3
/g for sample D. These results are in accordance with the literature, 

where mesoporous glasses are reported to exhibit SBET in the range of 200 - 500 m
2
/g 

depending on the silica content. 

From these results, we expect that the high surface area and pore volume obtained for these 

materials will grant a fast bioactivity compared to conventional sol-gel and melt derived 

glasses. This aspect will also be treated in paragraph 4.3 later on.  

Table 12 Structural parameters of samples C, C’ and D, D’ obtained by N2 physisorption 

analysis 

Samples SBET [m
2
/g]   Vp [cm

3
/g]   dp,mean [nm] 

C 254 

 

0.233 

 

3 ' 

D       346        0.379           3.6 

C‘ 346  0.430  3.9 

D‘ 377  0.439  3.8 
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Further characterisation of the mesoporous structure is obtained by SAXRD analysis. As 

mentioned previously in paragraph 4.1.1, sharp diffraction peaks on the small-angle XRD 

patterns are observed for mesoporous materials, as the mesostructures are long-range 

ordered
119

. 

 

Figure 37 Diagram showing SAXRD spectra of samples C (Sr/Cu-doped) and D (Co-doped) 

measured in the small angle range (2θ degree: 0.5 to 8) 

Figure 37 shows the SAXRD spectra of both samples C and D. Both spectra exhibit a unique 

peak at around 2θ = 1.20°, typical for mesoporous materials as reported in several 

studies
119,122,188–190

, nonetheless with the images obtained by TEM at least 2 or 3 diffraction 

peaks characterizing the highly ordered mesoporous structure were expected. This pattern 

can be attributed to hexagonal structure with parallel-oriented 1D pore channels, as reported 

by López-Noriega et al.
131

. 

From the development of this composition, it was observed that by addition of P2O5, the 

ordered mesoporosity tends to increase (samples C and D compared to C’and D’ without 

addition of TEP). It is suggested that the addition of this component in the doped-glass 

allows incorporating better the cations within the network by a cluster formation. In order to 

corroborate this behaviour, solid state NMR analysis was performed, which should 

demonstrate this cluster formation. 
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Figure 38 Diagrams display solid state 
29

Si MAS NMR spectra (red) recorded for samples C, D, 

C’ and D’ using single-pulse excitation (SP) or cross-polarisation (CP), together with their 

component lines obtained from spectral deconvolutions (green) 
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29
Si NMR spectroscopy was employed to obtain an insight into the speciation of various Q

n
 

silicon-centered tetrahedra present in the mBG structure, i.e. to evaluate the network 

connectivity of the prepared glasses. Onwards, Q
n
 will be the notation used to denote a 

silicon atom bonded to n bridging oxygen (BO) and (4-n) non-bridging oxygen (NBO) 

atoms. Silica-based glasses consist mainly of SiO4 units interconnected forming networks. In 

the 3D structure of SiO2 each SiO4 unit is generally bonded to four neighboring tetrahedra 

(Q
4
)

201
. The developed ion-doped mesoporous glasses present in the surface, besides 

tetrahedra units, also units with lower connectivity than four, namely Q
3
 and Q

2
 units 

corresponding to Si(OSi)3X and Si(OSi)2X2 environments, respectively (X= O-; OH or 

positively charged surface species, in our case Ca
2+

, Cu
2+

, Sr
2+

 and Co
2+

)
201

. Diagrams shown 

above display 
29

Si MAS NMR spectra recorded from the series of ion-doped mBGs using 

single-pulse excitation (SP) or cross-polarization (CP), together with their component lines 

obtained from spectral deconvolutions. The respective peak positions and relative population 

of the different Q
n
 units are also shown in the diagrams. From the literature it is expected that 

by SP excitation the dominating unit is Q
4
 unit, which resonates generally around -110 

ppm
201

, this is observed in Figure 38 for samples C and C’. For samples C and C’, signal at 

around -101 ppm corresponds to Q
 3

 and Q
 2 

signal appear in the region from -93 ppm to -85 

ppm. Two different signals are observed for Q
 2 

and can be attributed to different types of 

silicon, namely silicon associated with hydrogen Q
 2

H
 
 (-91 to -93 ppm) and associated with a 

network modifier Q
 2

X (-82 to -85 ppm). Last signal observed for samples C and C’ is the Q
 1
 

unit resonating at lower shifts, around -76 ppm. For samples D and D’ same procedure can 

be applied and the following attribution can be given to the different signals observed in 

Figure 38: signal of Q
4
 unit around -110 ppm, signal of Q

 3 
unit around -101 ppm and signal 

of Q
 2

unit appear in the region from -93 ppm to -75 ppm. In analogy with samples C and C’, 

two different signals are observed for Q
 2

, namely silicon associated with hydrogen Q
 2

H (-87 

to -91 ppm) and associated with a network modifier Q
 2

X (-76 ppm). When comparing P2O5-

containing samples (C and D) to P2O5-free samples (C’ and D’), it is possible to conclude 

that the network connectivity increases. This fact confirms that P2O5 has the capability of 

capture incorporated cations, preventing them to disrupt the silica network. 

4.2 Development and characterisation of mBG-based scaffolds 

One of the main applications aimed for the here-developed bioactive glasses is their use as 

bone regeneration materials. As mentioned in the introduction, this application requires the 

development of a 3-D porous and mechanically stable construct called scaffold. In this part 

of the dissertation we aim to present different processing techniques developed to obtain 

functional and mechanically relevant scaffolds. Firstly, scaffold production through different 
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techniques was explored. Secondly, polymer-coated scaffolds were developed in order to 

enhance their mechanical properties. Finally, the mechanical properties of the developed 

scaffolds were analysed and final conclusions on the best scaffold system was drawn.  

4.2.1 Scaffolds structural characterisations 

Different techniques were applied to obtain an optimised bioactive-glass scaffold (time, 

mechanical properties, open porosity…). As main technique for scaffold production the foam 

replica technique was considered, which was established by Boccaccini’s group in 2006
17

 

and is one of the most important techniques applied in the literature
29,31,142,143,195,197

. Scaffolds 

were prepared using firstly the sol glass precursor directly. Secondly, the scaffolds were 

prepared through the normal replica technique procedure, i.e. using a glass-based slurry. A 

new technique to reduce the production time was applied and scaffolds were prepared 

combining the foam replica technique and electrophoretic deposition (EPD) process. In order 

to increase the mechanical stability of the scaffolds, polymer coatings were as well 

evaluated. Finally, scaffolds were produce by the 3-D printing technique, which is as an 

increasingly used technique to prepare scaffolds
29,31,151,155,202

. The porous structures of the 

obtained samples were characterised and discussed in this section. 

Foam replica technique and Sol-gel (method 1) 

Scaffolds based on samples SG, MBG, C and D were produced by the foam replica 

technique using directly the sol glass precursor to coat the foam following Zhu et al. 

studies
143

. An optimization process of the amount of coating needed was initially evaluated 

(results not shown). It was determined that mechanical stable scaffolds could be obtained 

after 10 coatings of the sol glass precursor. The general aspect of these scaffolds can be 

appreciated by optical microscope images, as shown in Figure 39.  
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Figure 39 Optical microscope images of scaffolds from samples SG, MBG, C and D prepared by 

the foam replica technique using PU sponges. 

As explained in paragraph 2.2.2, cubic-shaped PU foams (45 ppi) were used as sacrificial 

template to produce 3-D porous scaffolds. The shape and the porous structure of scaffolds 

were maintained after burning of the PU foam. The volume shrinkage of the samples was 

calculated to be ~ 40-50 % (Table 13). Figure 40 show the open porous structure of 

scaffolds. 
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Figure 40 Optical microscope images of general aspect and open porosity of scaffolds from 

samples MBG, C and D prepared by the foam replica technique. 

It is possible to appreciate the open and interconnected porosity obtained by the replication 

of the PU foams. No particular difference can be observed by optical microscope images 

among the different samples. Further studies on this open porosity and surface structure of 

these materials were done by SEM, as shown in Figure 41. 
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Figure 41 SEM images showing scaffolds open and interconnected porosity as well as surface 

structure of samples a-b) SG, c-d) MBG, e-f) C and g-h) D 
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SEM images shown in Figure 41 reveal the open and interconnected porosity achieved by 

the foam replica technique. Nevertheless, a certain number of closed cells can always be 

noticed. The pore size distribution and pore interconnectivity were further studied by micro-

CT analysis and typical results are presented below (Figure 42). No visible difference could 

be observed among the 4 prepared samples (SG, MBG, C and D) in terms of porosity. The 

porosity was further calculated by the Archimedes method and was found to be higher than 

96% for all 4 samples. Higher magnification SEM images (Figure 41 b,d,f,h) confirm that 

the PU foam was completely removed during the heat treatment as made clear by a triangular 

void in the centre of the struts for all samples, which is typical for scaffolds fabricated by the 

foam replica technique
17

. It can be observed that scaffolds prepared by the foam replica 

technique using directly the glass sol precursor exhibit a non-homogeneous and highly 

cracked surface. The presence of cracking in the surface of struts is typical of sol-gel 

materials, since the coating layer is very fragile and sensitive to microcraking upon 

drying
191,203–205

 when the PU foam is immersed in the sol, or when the sol is dropped over the 

template. Several studies have been done on the optimization of sol-gel thin films
191,203–205

. In 

this case, a homogeneous coating is not possible because the drying parameters cannot be 

tuned, as the sol is dropped over the PU foam and due to the difficulty to control the 

evaporation rates of the solvents from the sol, especially in a 3D structure.  

 

Figure 42 Micro-CT analysis on sample SG showing open and interconnected porosity, typical 

for all prepared samples 
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Figure 43 Pore size distribution of 3D scaffolds determined by micro-CT analysis 

Micro-CT analysis is a very powerful technique to specifically characterise 3D scaffolds. 

From Figure 42 it can be observed that the open and highly interconnected (99.99%) porosity 

suggested by SEM studies is confirmed. A pore size distribution study was done and the 

average pore size of the prepared scaffolds was calculated to be of ~ 700-800 µm (ranging 

from 200 to 850 µm), which are suitable values for BTE applications, as reported in the 

literature
52–54,57,206

. 

Foam replica technique and slurry (method 2) 

The stability of the scaffold in terms of mechanical properties depends on the struts 

thickness, which in turn, depends on the glass-coating layers and the method used for the 

coatings. In this section scaffolds prepared by the commonly used foam replica technique are 

presented, based on the PU-foam coating by a glass slurry using PVA as a binder. This 

process needs an extra step in the scaffolds production, as the sol-gel-derived glass is first 

produced (MBG composition), then milled and sieved in order to be used for the slurry 

preparation. This technique has the advantage that each layer coating the PU-foam 

incorporates more material compared to the direct sol-gel coating, ergo it confers the 

scaffold better mechanical properties, which will be discussed further on. 

SEM was used to characterise the scaffolds surface and macroporosity. Figure 44 shows 

typical SEM images of the so-prepared scaffolds. 
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Figure 44 SEM images showing scaffolds exhibiting open and interconnected porosity as well as 

surface structure of sample MBG prepared by slurry technique 

SEM images from the so prepared scaffolds show a good replication of the PU foam 

template; nonetheless, most of the pores are blocked. Compared to samples prepared by 

directly immersing the PU-foam in the glass precursor sol, these samples do not present good 

and interconnected porosity. One reason of the presence of the blocked pores can be that the 

slurry was not correctly removed after coating due to a high initial viscosity of the slurry 

compared to the glass precursor sol. Thus, the slurry flows less through the template, 

blocking during its crossing a large amount of pores. Yet, the global porosity was calculated 

to be ~ 65%, which is still within the porosity range of cancellous bone (50-90%)
21,44,47

, i.e. 

still suitable for BTE applications. 

As discussed for the previously prepared scaffolds by sol-gel, a high magnification SEM 

image (Figure 44 b) confirms that the PU foam was successfully removed during the heat 

treatment, which is evident by the typical triangular void in the centre of the struts, which are 

always visible for scaffolds derived from the foam replica technique
17

. These so-prepared 

scaffolds exhibit a homogeneous surface, contrarily to the scaffolds prepared directly from 

the sols. This first impression of the surface suggests that the scaffolds will present higher 

mechanical properties compared to the sol-gel-derived scaffolds, as they present stronger 

single struts, conferring the 3D structure higher structural stability. 

No micro-CT investigation was done on these samples, but from SEM studies, the average 

pore size was determined to be ~ 500 µm, advisable for BTE applications. 

Foam replica technique and sol-gel in combination with EPD (method 3) 

This section is based on a paper published in 2016
95

, which showed for the first time the 

production of  3D scaffolds by the foam replica technique using the sol glass precursor in 

combination with the EPD technique to reduce fabrication time
95

. 
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EPD is based on the deposition of particles suspended in stable suspension under an electric 

field. For this, conductive substrates need to be used. For non-conductive substrates two 

main approaches are applied in the literature: the substrate is attached to a conductive surface 

or it is coated with a thin conductive metal or polymer layer 
94,207,208

. PU-foams are not only 

non-conductive, but present also other challenges: they are soft and squeezable, making the 

fixation to a conductive electrode a complication as not only this would lead to breakings of 

the bioactive glass layers after the deposition and during the separation process from the 

substrate but also a non-homogeneous deposition will occur, since the particles should flow 

through the whole structure and probably the outer areas would be blocked by the mass 

deposited, obtaining a deposition gradient. On the other hand, the second approach, 

deposition of a conductive layer covering the 3D template, would turn the cost-effective 

process into an expensive one. Therefore, a new EPD set-up was designed and studied in 

order to homogeneously coat the entire PU foams by EPD (Figure 16). In this approach, the 

substrate was homogeneously impregnated by the cathodic deposition of the sol molecules, 

which travelled from the surroundings of the counter-electrode to the centered nickel-alloy 

wire (the cathode). Considering the struts thickness and the bubble formation during EPD, 

specific parameters were chosen, among them the applied voltage was set at 3V and the 

deposition time was chosen as 1 minute. The total EPD process was repeated 10 times 

(comparable to the 10 layer coatings from the direct sol-gel replica technique process). 

 

Figure 45 Optical microscope images showing the general aspect and open porosity of scaffolds 

from samples SG prepared by the foam replica technique and EPD 

By optical microscope, a good replication of the template was observed obtaining 3D porous 

structures. By applying EPD a better packing of particles is expected, i. e. better 

impregnation of the foam by the effect of the electric field compared to the replication 

technique directly by immersion of the foam inside the sol. The main advantage of using 

EPD, compared to the initial chosen process, is the shorter time needed to obtain scaffolds 

with similar struts thickness. In the normal replication technique process by sol-gel 10 days 
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are needed with the consequent 10 impregnation cycles. Using EPD, due to the extra force 

exerted by the electric field on the particles, the foam is more efficiently impregnated from 

the first EPD coating and instead of 12h, the removal of the excess of sol and consolidation 

of the structure needs only 5 minutes.  

Compared to samples prepared by direct sol-gel technique, high magnification image in 

Figure 45 b) suggests that the so prepared scaffolds are more brittle than the originally 

prepared due to very thin struts, i.e. less material consolidating the struts. However, the struts 

thickness could eventually be tuned with modifications of the initial sol viscosity (for 

instance aging time, etc.)
95

. It must be point out that the scaffolds here presented were 

prepared by a water-based sol and therefore the deposition voltage is limited by the 

occurrence of water electrolysis during EPD
92

, and, even if no corrosion side effect would be 

seen in this case, the development of bubbles could affect the homogeneity of the deposition.  

For further surface and porosity characterisation SEM and micro-CT were performed. 

 

Figure 46 SEM images showing scaffolds exhibiting open and interconnected porosity as well as 

surface structure of sample SG prepared by the foam replica technique and EPD 

SEM images shown in Figure 46 reveal a typical pore from the structure and at higher 

magnification (Figure 46 b) a triangular void in the centre of the strut is observed, 

confirming the total removal of the PU foam during the heat treatment, as mentioned 

previously, typical for scaffolds derived from the foam replica technique
17

. The open and 

interconnected porosity achieved by the foam replica technique and the pore size distribution 

were further studied by micro-CT analysis and typical results are presented in Figure 47. The 

porosity, calculated by micro-CT, was comparable to the one calculated for samples 

prepared by the direct sol-gel method and was found to be ~ 95% (Table 13). Similar to the 

samples prepared directly by sol-gel, it can be observed that the scaffolds surface exhibits a 
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non-homogeneous and highly cracked surface suggested to be due to microcraking upon 

drying
191,203–205

.  

 

Figure 47 Micro-CT analysis on sample SG obtained by the foam replica technique combined 

with EPD showing open and interconnected porosity 

 

Figure 48 Pore size distribution of 3D scaffolds determined by micro-CT analysis 

Micro-CT analysis revealed the highly open and interconnected (99.99%) porosity of the 

EPD-prepared scaffolds. From Figure 47 the hole in the center of the structure left by the 

wire used as electrode can be observed. It is important to mention that this micro-CT 

analysis was performed in an early stage sample of this process and that the final set up was 

optimised (set-up described in the materials and methods, Figure 16) in order to avoid the 

presence of this hole in the centre of the structure, which would further weaken the structure. 

A pore size distribution study was done and the average pore size of the prepared scaffolds 



81 

 

was calculated to be ~ 700-750 µm (ranging from 100 to 850 µm), which are suitable values 

for BTE applications, as reported in the literature
52–54,57,206

. 

Polymer-coated scaffolds (method 4 and 5) 

For load-bearing applications, mechanically tough and stable scaffolds need to be produce. A 

main disadvantage of BG-based scaffolds is that they are brittle; hence they are not suited for 

these applications. A widespread approach to overcome this disadvantage is to coat the 3D 

structure with a biocompatible polymer, conferring more elasticity and stability. In this 

section, two polymer-coated systems are presented. MBG scaffolds prepared by direct sol-

gel technique were coated on the one hand with a gelatin solution (8%) (natural and fast 

degrading polymer) (method 4), and on the other hand, these scaffolds were coated with a 

PCL solution (synthetic and low degrading polymer) (method 5). 

 

Figure 49 SEM images at different magnifications showing a,b) gelatin (8%) coating on MBG 

scaffolds and c) influence of the polymer coating on the cracked surface 

After optimising the gelatin coating process, SEM images of the coated scaffolds show few 

and randomly blocked pores (Figure 49 a), compared to the uncoated sample (Figure 41 c). 

The porosity was estimated to be ~92 %, compared to ~96 % for the uncoated sample. As 

shown in images in Figure 49 the gelatin coating covers most of the scaffolds surface, and 

the layer thickness was estimated from SEM observations to be in the range 1.4 to 2.4 µm 

(Figure 49 b). It is important to notice that a complete coating of the glass surface is not 
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wished, as this would block the bioactive characteristics of the glass. The mechanical 

properties of the scaffolds are expected to increase considerably with this gelatin coating 

(summarised in Table 13). This increase is visibly shown in Figure 49 c where the polymer 

creates binding bridges within the cracks, stabilising the structure, which has been suggested 

to be the main toughening mechanism achieved in brittle scaffolds through polymer 

coating
31

. Degradation studies showed that samples lost up to 40 % weight during the first 3 

days, not all this weight loss can be attributed to the gelatin degradation, as it was measured 

that scaffolds based on sol-gel-derived glasses tend to lose ~20-45 % in weight within 4 

weeks in PBS. Nevertheless, this result allows us to confirm that the gelatin coating is fast 

degraded, conferring the scaffold better mechanical properties, especially at the beginning of 

the application, without compromising the bioactive behaviour of the glass. 

In the case of PCL, coatings seem to be less homogeneously distributed over the scaffolds’ 

surface than in the case of gelatin. 

 

Figure 50 SEM images at different magnifications showing PCL coating on MBG scaffolds  

The PCL coating process was also optimised in order to cover most of the scaffolds surfaces 

without blocking the interconnected open porosity of the structure. SEM images show, 

similar to the gelatin coating, randomly blocked pores (Figure 50 a), presenting sometimes 

holes within the polymer membrane (Figure 50 b). Particularly, image b) from Figure 50 

shows how the polymer forms a network holding together the cracked inorganic phase (from 
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the struts). This suggests, as mentioned previously, that the toughening by polymer coating 

over the glass scaffold mimics the fracture behaviour of human bone and dentine, where the 

collagen fibres confer a toughening feature
31

. The porosity of the coated scaffolds was 

estimated to be ~94 %, compared to ~96 % for the uncoated sample. In analogy to the 

gelatin-coated scaffolds, the PCL coating covers most of the scaffolds surface, yet still 

exposing the glass surface (Figure 50 c), which is essential for the bioactive characteristics of 

the construct, especially when slow-degrading polymers as PCL are used. Degradation of the 

PCL-coated scaffolds was evaluated in PBS for up to 4 weeks, revealing that within this time 

scaffolds had lost ~ 2-6 % in weight, compared to ~20-45 % in weight for the uncoated 

scaffolds. This result is expected as it has been reported in the literature that PCL has a 

degradation time of over 24 months
16

.  

3D-printing (method 5) 

Finally, 3D-printing, using 60 % inorganic filler (in this case glass with composition D was 

used) and PCL as organic matrix was considered to fabricate 3D porous structures. It is 

important to notice that this technique was selected for comparison reasons in terms of 

mechanical properties of the prepared scaffolds. it was anticipated that the glass composition 

would not interfere in the final scaffolds mechanical properties as the glass powder used is 

milled and sieved in order to obtain particles below 40 µm. 

 

Figure 51 Images showing the scaffolds geometry and sizes offered by the 3D-printing technique 

Figure 51 displays some geometry possibilities for scaffold fabrication by 3D-printing, the 

geometry being directly defined by a pre-existing CAD design. For further surface 

characterisation SEM was performed and results are presented in Figure 52. 
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Figure 52 SEM images at different magnifications a,b) showing 3D printed scaffold 

(PCL+sampleD) and c) polymer/inorganic filler distribution 

SEM observations revealed open and interconnected porosity, with pores dimension ranging 

from 500 to 800 µm and with a layer spacing ranging from 500 to 650 µm. In Figure 52 a) 

the dimensions are: vertical 776 µm, horizontal 574 µm; in image b) the dimensions are: 643 

µm and 494 µm. Using ESB detector, it was possible to appreciate the inorganic filler 

dispersed within the polymer matrix (Figure 52 image c. highlighted by the red arrows). 

4.2.2 Mechanical properties 

3D porous glass scaffolds are known to suffer from relatively low strength. For BTE 

applications two characteristics are expected for the scaffolds: on the one hand high and 

open porosity (50 – 90 %) is very important as it allows bone ingrowth and vascularisation; 

on the other hand the scaffolds should exhibit comparable compression strengths to that of 

cancellous bone (2 – 12 MPa). It is evident that increasing porosity will compromise the 

mechanical properties.  

A typical compressive stress-strain curve of scaffolds prepared by the foam replica technique 

(direct sol-gel, slurry, EPD) is shown in Figure 53. This curve can be divided in 3 regions, as 

already described in the literature
17,209

. Region I is described by a linear elastic behaviour, 

with a positive slope, until a maximum compressive strength is reached, and the stress 

causing the thick struts to fracture is reflected with the negative slope of the curve in this 
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region. Region II is governed by subsequent failure of increasing number of struts, 

reproduced by frequent peaks in the curve. Finally, region III corresponds to the 

densification of the fractured glass foam. 

 

Figure 53 Schematic representation of typical stress-strain curve illustrating the 3 different 

sections observed during the compression test of a brittle 3D porous structure 

The compressive strength of the prepared scaffolds was tested in order to evaluate the 

influence of the different processing techniques on the scaffolds mechanical behaviour. 

The maximum compressive strength was taken from the peak at which the load capacity of 

the sample was severely reduced. The failure of the sample was associated with the collapse 

of several layers of the foam. The compressive strength of the different developed scaffolds 

varies tremendously as reported in Table 13. Polymer coated scaffolds exhibit a significantly 

increase of the compressive strength, increasing from 0.02 MPa from an uncoated sample 

(MBG) to 2.6 MPa (gelatin coated sample), and with a reduced porosity sample reaching 

0.16 MPa (slurry). As mentioned previously and as discussed in the literature
31

, it is 

suggested that the polymer coating covers the irregular and cracked surface of the scaffolds, 

filling the microcracks on the struts surface, which directly improves the mechanical 

stability. By polymer coating, it is possible to transform an original brittle and fragile glass 

porous structure into a tough and strong composite material. As described previously, the 

toughening effect of the polymer coating is based on the crack-bridging mechanism 

described by Peroglio et al.
68

, which can be assimilated to a certain extent, to the fracture 

behaviour of human bone.  

In terms of the different processing techniques, it can be observed that all scaffolds prepared 

by the foam replica technique, without further polymer coating, present similar mechanical 
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behavior, i.e. low compressive strength and total collapse of the structure. An exception to 

this group are samples prepared by foam replica technique with the sol-gel-derived glass 

slurry. These samples presented higher compressive strength (10 fold higher than samples 

prepared by direct sol-gel), nevertheless it is necessary to mention that this strengthening 

effect is directly attributed to the important total porosity decrease (65 % compared to 96 %). 

Polymer-coated samples exhibited an important increase in the compressive strength, 

particularly the compressive strength of the gelatin coated scaffolds increased almost 100 

fold compared to samples prepared by direct sol-gel. PCL coated scaffolds (94 % porous) 

presented a compressive strength (0.18 MPa) close to the lower bound of the values for 

cancellous bone (0.15 MPa, porosity ~90 %)
209

. The difference observed for the two 

polymers used in this thesis is likely due to the scaffolds surface wettability by the different 

polymer solutions on the one hand and the adhesion ability of the different polymers on the 

scaffolds surface on the other hand. Certainly, the low viscosity of the gelatin solution 

confers this natural polymer easier infiltration capability than synthetic polymer solutions, 

which need to be dissolved in organic solvents. An exception of this group is the 3D-printed 

scaffold which exhibited similar compressive strength values to those of the samples 

prepared by direct sol-gel, result that was particularly surprising as when handling this 

samples, they clearly presented better mechanical stability (structure is kept compact and not 

collapsing) in comparison to samples prepared by direct sol-gel. This behaviour might be 

due to the amount of the inorganic filler, which clearly is not enough to produce tough 

scaffolds for load-bearing applications. Figure 54 shows typical scaffolds remains after 

compressive mechanical tests.  

 

Figure 54 Images illustrating the state of the scaffolds after compressive mechanical test 

compared to initial scaffold a) basic replica technique, b) polymer-coated, c) 3D-printed  

It was observed (Figure 54) that uncoated samples (direct sol-gel, slurry and EPD) were left 

as powders after the compressive strength was finished; no previous structure is visible 

anymore. On the contrary, polymer-coated samples and 3D-printed scaffolds partly retained 

the structure, despite being compressed, without collapsing. 
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Table 13 Summary of characteristics of prepared scaffolds (samples SG, MBG, C and D by 

direct replica technique and sol gel; sample Slurry by the replica technique; sample EPD by 

combination of EPD process and the replica technique with sol-gel; samples PCL and Gelatin 

8% by the replica technique with sol-gel and polymer coating and finally sample 3D-printed by 

3D printing of a PCL and glass D composite) 

 

Sample 

Shrinkage  

 

[%] 

Porosity  

 

[%] 

Max. Compression 

Strength  

[MPa] 

SG 42 ± 11 92 ± 1 0.019 

MBG 46 ± 3 96 ± 1 0.02 

C 52 ± 1 96 ± 1 - 

D 53 ± 1 96 ± 1 - 

EPD 55 ± 1 95 ± 1 0.002 

Slurry - 65 ± 2 0.16 

PCL - 94 ± 1 0.18 

Gelatin 8% - 92 ± 1 2.6 

3D-printed - - 0.032 

 

The compressive strength test results from the different fabrication techniques clearly 

demonstrate the ability of the polymer coatings to increase the mechanical stability of the 

samples. Notwithstanding the important increase in compressive strength after polymer 

coating, particularly for gelatin-coated samples, these scaffolds are still not suited for load-

bearing applications as the values obtained for all prepared scaffolds were lower than the 

typical values for cancellous bone. 

4.3 In-vitro bioactivity test 

In 1969, when Prof. L.L.Hench developed the first bioactive glass
106

, one of the first 

characterisations conducted to evaluate the characteristics of this material was to directly 

implant the material in animals
37

. It was found that bone had bonded to bioactive glass 

implants and it was reported that a new HCA layer had formed in between the glass surface 

and the natural bond
106

. Hence, researchers proposed that a material is bioactive when it is 

capable to develop a HCA layer when immersed in simulated body fluid
37

. This method has 

been applied since the beginning of the 1990’s by the scientific community as first 

evaluation technique to asses materials aimed for orthopedic applications and for bone tissue 

regeneration
37

. Some years ago the suitability of predicting the bioactivity of materials by 

immersion in SBF was discussed in the litterature
210,211

 however, a recent study of Maçon et 

al. has suggested to use a unified in vitro testing method, based on SBF as the basis to 

classify a material as bioactive
212

. Another important aspect of bioactive materials used in 

tissue replacement or regeneration is that the release kinetics has to be chemically controlled 
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in order to synchronise with the sequence of cellular changes occurring during wound 

repair
178

. The control of the dissolution rates of BGs will directly interfere with the efficiency 

of the process, i.e. if these rates are too rapid the ionic concentrations are too high to be 

effective and, on the contrary, if they are too slow the concentrations will not be enough to 

trigger cellular proliferation and differentiation
178

.  

Originally bioactive glass-ceramics processing needed melting the glass phase at high 

temperatures followed by casting of bulk implants or quenching to obtain powders. As 

mentioned in the introduction, in 1991 Rounan et al. showed that an alternative technique to 

produce bioactive gel-glass was the sol-gel processing
178

. The in vitro bioactivity in 

stimulated body fluid for these new glasses with very variable composition was 

demonstrated for gel-glass compositions containing nearly 90% SiO2
178

. Moreover, it was 

proven that the rate of surface HCA formation for the 58S compositions compared to melt 

derived 45S5 Bioglass® was more rapid
178

. Furthermore, the surfaces of the bioactive 

glasses prepared by sol-gel can be modified by a variety of surface chemistry methods, 

introducing more reactivity capacities
178

. Researchers have proved that the sol-gel method 

favors the development of materials with high porosity and specific surface area
36,213,214

. 

These textural properties are due to the preservation of the porous metastable structure 

formed by dissolution during the polycondensation of the silica network
215

. Due to the higher 

surface area, the hydrolysis of the Si-O-Ca bondings from sol-gel glasses becomes easier. 

Moreover, the silanol layer of the surface acts as nuclei for the development of a thicker 

amorphous calcium-phosphate layer. Thus, sol-gel synthesised glasses present higher 

bioactivity index than melt-derived glasses
110

. 

It it also well known that the textural and structural characteristics of ordered mesoporous 

bioactive glasses provide them with accelerated bioactivity compared to the conventional 

sol-gel based glasses
37

. A recent study confirms that the ordered mesostructured and the 

small pore size in mBGs tend to accelerate the bioactive behaviour
216

. Moreover, cubic 

mesosporous, highly interconnected structures allow a better fluidic transport which reduces 

the crystallisation time
122

.  

All prepared samples (in form of scaffolds) were immersed in SBF for 1h, 3h, 6h, 12h, 1d, 

3d and 7d, and their evolution was followed by SEM and FTIR analysis. 
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Figure 55 SEM images showing formation of HA in the surface of samples immersed in SBF for 

1 and 7 days a,b) sample SG after 1 day immersion; c,d) sample SG after 7 days immersion in 

SBF; e,f) sample MBG after 1 day immersion; g,h) sample MBG after 7 days immersion in SBF; 
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i,j) sample C after 1 day immersion; k,l) sample C after 7 days immersion in SBF; m,n) sample 

D after 1 day immersion; o,p) sample D after 7 days immersion in SBF 

This acellular in vitro test, based on the immersion of the samples in SBF, has allowed 

elucidating the mechanism of bioactivity, which is a surface phenomenon (described in 

paragraph 2.8 and which is not repeated here in detail). It has been reported that the presence 

and concentration of silanol groups on the surface of the materials play a key role in the 

bioactivity process
37

. We can observe in all SEM images (samples immersed for 1d and 7d) 

that all samples, SG-MBG-C-D, have formed a homogeneously HA layer after 1d immersed 

in SBF. It can be observed that the thickness of this layer increases as shown in the images of 

all samples after 7d immersion in SBF. All surfaces exhibited typical apatite-like crystalline 

phase which tends to form in cauliflower-like shapes. These results were expected not only 

by the high concentration of silanol groups on the surface of all samples (calculated in 

paragraph 4.1), but also by the fact that all samples present a certain degree of porous surface 

(textural characterisations presented in paragraph 4.1). By SEM analysis, no clear difference 

about the formation rate of HA was observed between the sol-gel based glass (SG sample), 

the un-ordered mesoporous glass (MBG sample) and both ordered and doped mesoporous 

glasses (samples C and D), as was expected from the literature. Nevertheless, it is interesting 

to mention that the addition of therapeutic ions was proven not to inhibit or delay the 

development of the HA layer.  

In order to further analyse the formation evolution in the different samples, FTIR 

spectroscopy measurement were performed. 
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Figure 56 Diagram showing FTIR spectra, measured from 400 to 4000 cm
-1

, from samples SG 

and MBG revealing the formation of HA crystalline phase after 12h for MBG and 24h for SG 

Sol-gel based bioactive glasses have proven to exhibit an enhanced resorbability and 

bioactivity in vitro
214

 compared to conventional melt-derived bioactive glass. This has been 

attributed to the fact that there is a direct relation between the textural properties of the 

material (e.g. mesoporous texture, pore volume) and the nucleation rate of the formed apatite 

layer
143

. Compared to mesoporous bioactive glasses, conventional sol-gel-derived bioactive 

glasses have disordered and not uniformly distributed pores, which reduces the specific area 

and pore volume. These properties of mesoporous materials can be observed in the FTIR 

spectra comparing samples SG and MBG, as a crystalline HA phase can be observed after 

just 12h immersion for sample MBG and it is clearly seen in sample SG after 3d.  

In the case of the reference silicate glasses (non-immersed sample of SG and MBG), the 

FTIR spectra at RT present the characteristic peaks, namely the asymmetric stretching mode 

Si-O-Si located at around 1090 cm
-1

 (broad silicate band of amorphous glasses) and the 

rocking vibration at 450 cm
-1 186

. The symmetric stretching mode Si-O-2NBO (non-bridging 

oxygen) vibrational modes can be identified at around 800 cm
-1

, which is reported in the 

literature to be associated with Ca
2+

 and Na
+
 ions in the glass network

186
. 
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Figure 57 Diagram showing FTIR spectra, measured from 400 to 4000 cm
-1

, from samples C 

and D revealing the formation of HA crystalline phase after 6h for sample C and 24h for sample 

D 

As mentioned previously, bioactivity can be assessed by the formation of hydroxyl apatite-

like crystalline layer on the surface of the glasses. After one day immersion in SBF the 

crystalline HA formation was clearly noticed for samples MBG and C, and less clearly for 

samples SG and D. It is observed by  the appearance of a doublet at around 560 and 600 cm
-1

 

corresponding to the bending mode of P-O (crystalline phosphate), also by the observation of 

stretching mode of P-O at around 1000 cm
-1

, were the broad silica band becomes narrow due 

to the appearance of this new peak corresponding to the stretching mode of the P-O 

vibration
186

. The spectra also show the narrowing of the band at around 800 cm
-1

 

corresponding to the bending mode of C-O and finally the manifestation of the stretching 

mode of C-O at around 1400 cm
-1

 
186,217

. 

Comparing the 4 samples, FTIR analyses clearly show an accelerated bioactivity for sample 

C. We can observe that the first 4 stages of the bioactivity mechanism, including the surface 

ion exchange followed by the surface enrichment of hydrated-silica layer and precipitation of 

an amorphous CaP (a-CaP) layer (described in detail in paragraph 2.8) occur during the first 

3 hours of immersion in SBF. The clear doublet detected after 12h immersion shows the 
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onset of crystallisation of the a-CaP layer, which was already visible after 3h immersion. For 

sample MBG the first 4 stages occur within 12h immersion and the detection of the 

crystalline HCA layer is observed at 24h immersion in SBF. Finally for samples SG and D 

these steps occur within 24h and the clear doublet for the P-O vibration corresponding to a 

HCA crystalline phase appears after 3d immersion in SBF.  

These results show a much more detailed evolution of the bioactivity process that samples 

undergo when immersed in SBF. Nevertheless, even is by FTIR the formation of crystalline 

HA is only visible after 3d, SEM analyses showed that this phase was already present in all 

samples after 24h. 

It was also observe that no negative effect (inhibition or delay) on the bioactive behavior was 

induced by the presence of the Cu, Sr and Co ions. 

In order to further elucidate the bioactivity mechanism, the evolution of the element 

concentration and pH during immersion in SBF were followed by electrolyte analyser, and 

results are shown in Figure 58(sample SG was not included in the diagrams as results 

presented similar behavior as sample MBG). 

 

Figure 58 Diagrams showing Ca
2+

 release as function of soaking time in SBF of samples MBG, C 

and D (left hand) and pH change as function of soaking time in SBF of samples MBG, C and D. 

the lines are plotted to help the eye to follow the evolution trend 

As mentioned in paragraph 2.8, stage 1 of the bioactivity mechanism involves a rapid 

exchange occurring on the surface of the material, were Ca
2+

 ions are exchanged with 

protons (H
+
) from the SBF solution

37
. This result can be observed in both graphs of Figure 

58, during the first 24h all samples present an increase of Ca
2+

 concentration in solution and 

an increase in pH, due to the surface exchange protons, which are incorporated on the 

surface of the material, decreasing their amount in solution. Once the materials surface is 

hydrated by polycondensation of silanol groups (stages 2 and 3), nucleation of an a-CaP 
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layer occurs. This is illustrated in both diagrams of Figure 58 where the amount of Ca
2+

 in 

solution decreases as it is incorporated in the new CaP phase, and the pH starts to decrease as 

well. 

In general the mechanisms of bioactivity reported in the literature
37,178,186

 could be confirmed 

for all samples by SEM, FTIR and electrolyte analyses. The key findings can be summarised 

as follows:  

Period 0-24h : all samples show a rapid exchange of Ca
2+

 ions with H
+
 of the SBF solution, 

evolving to a silanol-rich surface serving as anchoring point for nucleation of a Ca-P layer. 

These steps (stages 1 to 4) in the model of Hench
37

 were particularly shown by FTIR 

analysis and electrolyte measurements. 

Period 1-7d: all samples develop a HCA-like crystalline phase on the surface of the material, 

clearly confirmed by FTIR analysis and SEM images. 

The results obtained in this section confirmed the enhanced apatite-like forming ability of the 

developed glasses compared to melt-derived 45S5 Bioglass®, which generally present a 

fully and homogeneously developed HA layer on the surface of the material after 3 days in 

SBF
218

. Furthermore, it was corroborated that introduction of therapeutic ions (Cu, Sr and 

Co) in the glass composition did not have any negative effect on the apatite forming ability 

of the developed glasses, as even one of these ion-doped glasses (sample C) presented the 

fastest bioactivity behavior among the 4 samples investigated. 

4.4 Drug release test 

Mesoporous materials in BTE have been suggested, as mentioned in the introduction, as 

carrier for local delivery of bioactive molecules and therapeutic drugs
136,155

. A principle 

advantage of this approach is the reduced toxicity through the local delivery and action. 

Depending on the material/drug interaction, the mesoporous characteristics confer the 

material the ability to prevent a burst release creating a sustainable drug release behaviour. It 

has been reported that crucial parameters for efficient drug delivery from mesoporous 

bioactive materials are specific surface area of 200-350 m
2
/g with mesopore size ranging 

from 3 to 5 nm
195

. In this thesis 3 different active molecules were chosen, namely 

tetracycline, ibuprofen and resveratrol.  
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4.4.1 Tetracycline 

Introduction 

As first model drug tetracycline hydrochloride (TCH), a broad-spectrum antibiotic was 

chosen. It is commonly used for treating several bacterial infections, and has the advantage 

of being hydrophilic and easily detected by UV-Vis
219

. Nevertheless, it is reported in the 

literature that this drug is light sensitive and conditions at the time of the drug release studies 

should be considered. 

Release test 

Studies were performed over a period of 7 days on samples SG and MBG. Aliquots taken at 

different time periods were analysed by UV-Vis and results are shown below. 

 

Figure 59 Plot showing tetracycline cumulative release from samples SG (blue) and MBG (red) 

over a period of 7 days 

Figure 59 shows the cumulative release of tetracycline loaded in samples SG and MBG. 

These release studies were considered to reveal the tendency of superior load/release 

capabilities for samples with higher specific surface areas. It was observed that the achieved 

specific surface area for sample MBG (150 m
2
/g) improved the drug load/release compared 

to the normal, non-mesoporous SG sample (66 m
2
/g). An initial burst release is not noticed 

in this study. However both release curves exhibit a similar initial release behaviour during 

the first 24h. This initial release kinetics is generally attributed to the drug adsorbed on the 

surface of the material, which is easily released when put in contact with the liquid medium. 

The theoretical maximum load is set to be 30 % of the initial TCH solution concentration
126

, 

this being 15000 µg/mL. Nevertheless, an anomaly was observed: MBG sample released 

184% after 7 days and the curve did not reach a plateau. It was observed that solutions 
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appeared dark brown from day 3, instead of exhibiting their original light yellow color. For 

this reason studies were interrupted after 7 days. The change in color was proven to be due to 

degradation of TCH, not by the light as it is known in the literature
220

, but by temperature 

(samples were incubated at 37°C) (personal communication with Prof. P. Behrens at Leibniz 

University of Hannover). Hence, values cannot be taken as accurate, because the degradation 

of the drug interferes directly with the concentration calculation. Nonetheless, a clear trend 

confirms that a more efficient loading, thus a sustained release of the drug, was achieved by 

the developed mesoporous bioactive glass (sample MBG). 

4.4.2 Ibuprofen 

Introduction 

Ibuprofen was chosen due to its small size (1.0 x 0.6 nm), which is suitable for its 

incorporation in the mesopores of samples MCM-41, MBG and SG (1.62 nm, 7 nm and 13 

nm respectively). Ibuprofen is a broadly used anti-inflammatory having hydrophilic 

characteristics
221,222

. 

Release test 

In this case, MBG samples were compared to MCM-41, which is a well-established drug 

delivery system
126

 and to a sol-gel based glass material (sample SG), which is supposed to 

have less load/release capabilities than MBG sample. UV-Vis analyses were performed and 

results are shown in Figure 60. 
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Figure 60 Plot showing ibuprofen cumulative release from samples SG (blue), MBG (red) and 

MCM-41 (black) over a period of 14 days 

Ibuprofen release test for up to 7 days showed that the release kinetics followed the expected 

delivery profiles from the different materials. A crucial time period in the drug delivery 

systems is given by the first hours after the material has been implanted and put into contact 

with body fluids. For our studies PBS was chosen, which is a buffer solution whose pH is in 

the range of physiological fluid. Ibuprofen release by the 3 samples during the first 2 hours is 

very similar, corresponding to the dissolution of the drug that was physically adsorbed on the 

surface of the materials
222

. This trend changes for the 3 samples differently, however the 

following release phase is governed by a slow release behaviour attributed to the release of 

the chemically adsorbed drug
222

. It can be seen that the SG sample has a higher release 

kinetics compared to the other 2 systems during the first 3 hours and continues to have 

higher release values than the MBG sample until 48h. It can be noticed that this tendency 

changes after 48h, and the MBG sample release becomes higher. MCM-41 has a similar 

release profile to that of MBG sample but with higher released amounts of drug, namely 64 

% for MCM-41 compared to 45% for sample MBG (the maximum amount of loaded-drug 

was calculated to be 9000 µg/mL). Nevertheless, this different behaviour is not linearly 

comparable with the differences in specific surface area of both materials. This can be 
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explained by the presence of Ca and P in MBG samples, as these elements have strong 

interaction with ibuprofen, increasing the capability of MBG for higher drug loadings
222

. 

The higher release of ibuprofen by MCM-41 sample is mainly due to its ordered porosity 

giving the nanoparticles a high specific surface area and pore volume compared to MBG 

sample (detailed information given in A-4). This material can then uptake much more drug 

than the other samples here presented. The same behaviour can be described for MBG 

sample as it presents higher surface area than SG sample, e.g. it can uptake more drug than 

SG sample
222

. It is interesting to note is that in the first hours SG releases faster the 

ibuprofen, which illustrates that MBG is capable to release the drug in a more sustained 

manner, due to its meso-structure. In this case the drug is diffused through the pores and the 

release is delayed, restraining the burst release observed in most materials. The diffusion 

model is considered in analogy to the study made by Izquierdo-Barba et al.
221

 where it is 

presumed that the drug slowly dissolves in the fluid and diffuses through the pores. 

Ion-doped samples have been used as delivery systems for ibuprofen (results not shown 

here). However these samples showed very low uptake capabilities, which was an 

unexpected result, as Wu et al.
195

 have reported that Cu-doping did not interfere in the 

load/release capabilities of mesoporous bioactive glass. 

4.4.3 Resveratrol 

Introduction 

New studies have shown that resveratrol, a polyphenolic phytoestrogene derived from plants, 

besides its known anti-cancer activity, also exhibits anti-ageing, potential anti-oxidant and 

cardiovascular beneficial effects
223

. In addition, this fat soluble drug promotes proliferation 

and differentiation of bone marrow-derived mesenchymal stem cells into osteoblasts
223

 and it 

has the property of increasing proliferation and differentiation of osteoblasts, hence 

stimulates bone formation
223,224

. For this reason it has been chosen as a model drug for bone 

formation stimulation in this study. 

Release test 

As done previously for the case of ibuprofen, mesoporous glasses developed in this thesis 

(samples MBG, C and D) were compared to MCM-41 sample and to sol-gel based glass 

material (sample SG). UV-Vis analyses were performed and results are shown in Figure 61. 
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Figure 61 Plot showing resveratrol cumulative release from samples SG (blue), MBG (red), C 

(black), D (purple) and MCM-41 (green) over a period of 28 days 

Results presented in Figure 61 allows to corroborate the tendency related to the higher 

specific surface area leading to higher capacity of the material to incorporate, (thus to 

release) the desired drug. It was reported in this thesis (Paragraph 4.1.2) that samples C and 

D presented specific surface areas of ~ 350 m
2
/g compared to 150 m

2
/g for sample MBG, 66 

m
2
/g for sample SG and 1159 m

2
/g for sample MCM-41. Release results match this 

characteristic trend related to higher release with higher specific surface area namely MCM-

41 > C > D > MBG > SG. Nevertheless, only sample MCM-41 shows a sustained release 

over 28 days compared to the other 4 samples. Samples C, D, MBG and SG exhibited a burst 

release, which reaches a plateau during the first 12 hours. It is important to notice that even if 

the release profile appears to be promising for sample MCM-41, the amount of the released 

drug is still very low, 1.40 % of the maximum calculated load capability (5100 µg/mL) after 

28 days. Sample SG reached only 0.13 % load/release, sample MBG 0.28 %, sample D 0.72 

% and sample C 0.9 %. These low amounts of drug incorporated inside the different 

materials are probably due to the hydrophobic nature of the drug, complicating the loading 

process but also interfering with its release.  

Main parameters influencing the drug uptake and release performances of mesoporous 

materials are the pore size (drug size compared to mesopore size), the pore volume 

(especially for weak drug-drug interaction cases), specific surface area (determining the load 

capacity) and the surface-drug affinity
134

. In this case it is suggested that the drug has very 

low affinity with the materials surface. To overcome this complication, the surface 
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functionalisation of the host material through organic groups is recommended. These 

functionalised materials will interact with the guest molecules via attracting interactions 

(electrostatic attractive interactions, hydrophilic–hydrophobic forces or electronic 

interactions), allowing a fine tuning of the drug loading and release kinetics
126,134

. This 

second approach is not presented in this thesis; still amino-functionalisation of these 

materials could give interesting results for resveratrol in terms of drug loading/release in 

analogy to results reported in the literature
134

. 

In this paragraph, the in vitro drug release of TCH, Ibuprofen and resveratrol from the 

developed mesoporous materials was analysed. The results confirmed that a key parameter 

for the drug uptake and release capability is the specific surface area of the material. 

However, the affinity between the drug and the materials surface is a critical parameter to 

obtain superior drug delivery systems. 

4.5 Cell-biology tests 

Preliminary cell culture tests with ST-2 cell line were performed on the 4 developed glasses 

(samples SG, MBG, C and D) in order to demonstrate, cell viability (i.e. evaluating potential 

cytotoxicity of glasses dissolution products) as well as secretion and expression of the 

angiogenic marker VEGF, given the importance of the vascularisation in bone tissue 

engineering
225

. All tests were done by indirect cell culture. 

4.5.1 WST viability 

It is well known that bioactive glasses mainly present their bioactive characteristics thanks to 

the dissolution process occurring at their surface. It has been reported as well that sometimes 

these dissolution products tend to increase the local acidity of the biological fluid, making an 

unfavorable environment for cells. Furthermore, therapeutic ions, such as Cu, Sr and Co used 

in this thesis, might be toxic for human cells and organisms if present at high dosage. It is 

important then to evaluate the potential toxicity of these dissolution products, analysing cell 

viability in contact with the developed material. For this, in the first place mitochondrial 

activity of ST-2 cells was analysed by WST-1 test and UV-Vis spectroscopy. Cells were also 

evaluated by H&E staining and light microscopy.  
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Figure 62 Cell viability of ST-2 cell-line cultured with different dilutions of suspensions of 

incubated glasses (samples a) MBG, b) SG, c) C(SrCu) and d) D(Co) ), by indirect cell test. 

Incubating media used as reference. 

Cell viability studies, displayed in Figure 62, show that most dilutions for all suspensions 

obtained from incubating glass powders for 24 hours had no negative effect on cell viability, 

with the exception of sample D (Co) 1% suspension, where cell viability decreased by half 

compared to the control. Samples MBG, SG and C (SrCu) with dilutions of 1 %, 0.1 % and 

0.01 % and sample D (Co) with dilutions of 0.1% and 0.01 % exhibited high cell viability, 

comparable with the control (no significant viability reduction, p < 0.05). It can be concluded 

that no toxic effects were observed after the first 24 hours incubation from dissolution 

products diffusing from the different developed glasses, except for sample D at 1 % dilution. 

The low viability for this sample indicates a toxic effect of composition D particles at higher 

concentrations.  
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Figure 63 Light microscope images of ST-2 cell line after 24 hours of incubation by indirect cell 

culture test for samples SG, MBG, C (SrCu) and D (Co) for 1 % dilution. 

From Figure 63 it can be observed that seeded cells grew homogeneously on the entire well. 

No particular difference in the cell density was observed between the different compositions 

and dilutions and the control, for this reason only the 1 % dilutions are presented here. Cells 

exhibit a triangular morphology lightly elongated, which is the typical morphology observed 

for healthy cells
196

. 

Obtained positive results for primarily cell viability studies confirm the biocompatibility of 

the developed glass compositions. This step is the first general evaluation needed to proceed 

further with the development of biomaterials. 

4.5.2 VEGF 

VEGF plays a crucial role in the angiogenic process, being a growth factor known to be able 

to enhance angiogenic properties  in various cell types
226

. As mentioned in paragraph 2.11 

mesoporous bioactive glasses incorporating Cu and Co ions have been shown to enhance 

hypoxia function, which plays an important role in coupling angiogenesis with 

osteogenesis
197

. Moreover, it has been reported that Sr ions benefits osteogenic properties
226

. 

In order to evaluate the benefit of the ion-doped compositions, cell tests were performed and 
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expression of the VEGF was analysed in correlation with the ion release measured (by ICP) 

from the developed materials. 

 

Figure 64 VEGF release in culture medium from ST-2 cell-line by indirect test for samples SG, 

MBG, C (SrCu) and D (Co) a) 1% dilution, b) 0.1% dilution and c) 0.01%) dilution after 24 

hours incubation time and d) ion (Sr, Cu and Co) release curves in cell culture medium over a 7 

days period (measured by inductively coupled plasma (ICP)) 

Figure 64 shows the results obtained for VEGF release in RPMI culture medium from the 

four developed glasses and the three different dilutions after a 24 hour incubation period. As 

shown in plots, dilution 0.01 % presented no visible difference for VEGF expression 

between any of the four samples and the control. However, dilutions 1 % and 0.1 % 

exhibited significantly higher VEGF release for ion-doped compositions, which suggest as is 

it reported in the literature that copper and cobalt ions enhance angiogenesis by enhancing 

VEGF release
197

. Very slight VEGF expression was observed for samples SG and MBG at 1 

% dilution compared to the control (Ref), leading to think that doped ions enhances VEGF 

release. On the other hand, ion-doped glasses exhibited high VEGF expression compared to 

the control (almost 2-fold higher for Co-doped sample), which confirmed the above 

mentioned conclusion. This difference between the ion-doped glasses (C, Sr/Cu-doped and 

D, Co-doped) and the normal glasses (SG and MBG) was still visible for dilution 0.1 %, still 

like for dilutions 1 %, unlike samples SG and MBG which had similar VEGF expression 
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compared to the control, while ion-doped samples showed lightly higher expression 

compared to the control. The controlled release of ions from mBGs is desirable because high 

concentration of therapeutic ions, particularly cobalt ions, may cause cell toxicity, as shown 

in cell viability tests for cobalt dilution 1 %. The ion release after 24 hours was in the 

biologically active concentration range (3-12 ppm). Ion (Cu, Co and Sr) release, up to 25 

ppm has been reported to enhance angiogenic properties and osteoblast activity
43,197,226

. From 

ICP measurements, we observed that 3 ppm Sr, 5 ppm Cu and 7 ppm Co were already 

released in cell culture medium after 24 hours incubation. We can expect, in analogy to 

conclusions suggested in the litterature
196,227

, that these ion-doped compositions developed in 

this thesis will act as stimulant for ST-2 cell line to produce and release relevant growth 

factor, in this case VEGF, in order to enhance angiogenic properties.  
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5.  Conclusions and Outlook 

5.1  Summary and Conclusions 

The results of this thesis contribute to the efforts being made to improve biomaterials for 

bone tissue regeneration. Within the framework of this work, novel silica-based mesoporous 

glasses for bone tissue engineering and drug delivery system were successfully prepared. 

The new compositions can be divided in two main groups of glasses: on the one hand, four 

component sol-gel-based and mesoporous glasses were synthesised and comprehensively 

characterised (samples SG and MBG). On the other hand, ion-doped mesoporous glasses 

were synthesised and extensively characterised (samples C and D). A main feature from 

these four newly developed compositions is their high reactivity and bioactive behaviour. 

Their mesoporous structure confers an extra functionality allowing these materials to be used 

as drug delivery systems. Furthermore, 3D porous scaffolds were prepared out of the four 

developed compositions by several techniques and characterised, namely their structure and 

compressive strength. Among these techniques, the following were applied: foam replica 

technique, 3D-printing and a newly developed technique combining the foam replica method 

and electrophoretic deposition. A preliminary cell biology study was carried out to assess the 

cytocompatibility and angiogenic potential of the synthesised compositions. Figure 65 shows 

a graphical summary representing the main results of this thesis. 
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Figure 65 Summary scheme of main results of this thesis 

Glass development (synthesis, structural and textural properties) 

The composition in the quaternary system (mol %):  60 % SiO2 30 % CaO 5 % Na2O 5 % 

P2O5 was chosen to prepare sol-gel-based (sample SG) and mesoporous glasses (sample 

MBG). It was proven that by addition of a structure directing agent, in this case pluronic® 
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P123, during the synthesis of SG sample, a regular mesoporous structure was induced and 

the structural properties of the mesoporous structure were improved. The results of the glass 

characterisation by nitrogen physisorption indicated that specific surface area (BET) 

increased from 66 to 150 m
2
/g; pore size distribution (NLDFT) became narrow (i.e. 

controlled) and was centered at 7 nm instead of broad and centered at 13.9 nm for sample 

SG. Moreover it was possible to measure for sample MBG a diffraction peak in the small 

angle XRD, confirming again a regular distribution of mesopores. Nevertheless, no ordered 

mesoporous structure was visible by TEM in this quaternary system, most probably due to 

the initial synthesis parameters. For instance, the presence of sodium and calcium ions, 

which are network modifiers, modulate the mesoporous phase by increasing the inorganic 

phase volume. The latter hinders the mesostructured formation by preventing the surfactant 

to act as a structure directing agent.  

The second group of mesoporous BG involved ion-doped compositions. A doped ternary 

system (in mol %): 78 % SiO2 20 % CaO 1.2 % P2O5 0.8 % Xdoped-ion [0.4 % SrO 0.4 % CuO 

(sample C) and 0.8 % CoO (sample D)] was chosen. In this case, based on the results 

obtained for the previously developed compositions (samples SG and MBG), the total SiO2 

percentage was increased and the pluronic® F127 was used in order to obtain an ordered 

mesoporous structure. Nitrogen physisorption of these ion-doped glasses indicated high 

specific surface area (BET) of 254 m
2
/g for sample C and 346 m

2
/g for sample D, both 

samples presented narrow pore size distribution (BJH) centered at 3 nm and 3.6 nm 

respectively. A typical diffraction peak was observed for both samples measured by 

SAXRD, suggesting an ordered mesoporous structure that was confirmed by TEM. In order 

to confirm that the choice of the ternary system SiO2-CaO-P2O5 was advantageous for 

producing ion-doped glasses, an equivalent composition [79.2 % SiO2 20 % CaO 0.8 % Xion 

(0.4 % SrO 0.4 % CuO (sample C’) and 0.8 % CoO (sample D’))], not including P2O5, was 

prepared and characterised. This system exhibited similar structural and textural properties, 

i.e. specific surface area (BET) of 346 m
2
/g for sample C’ (equivalent to sample C) and 377 

m
2
/g for sample D’(equivalent to sample D), both samples presented narrow pore size 

distribution (BJH) centered at 6.6 nm and 6.4 nm, respectively. A typical diffraction peak 

was observed for both samples measured by SAXRD, suggesting an ordered mesoporous 

structure, nevertheless TEM analysis showed a reduced order in the mesostructure. NMR 

measurements were done and results confirmed that phosphorous oxide supports the network 

stability by increasing network connectivity, evidencing in this way the hypothesis that P2O5 

helps entrapping the ions (e.g. Sr
2+

, Cu
2+

 and Co
2+

), preventing them to disrupt the silica 

network.  
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All developed compositions showed fast bioactive behaviour in simulated body fluid, 

revealed by FTIR measurements and SEM analysis, where an apatite-like layer was formed 

in less than 24 h. Ion-doped samples with highly ordered mesostructure exhibited an even 

faster HA layer formation, after only 3 h. Moreover, it was proven that the addition of 

therapeutic ions in the chosen percentage did not inhibit the bioactive feature of the 

developed glasses. In addition, indirect cell tests, performed with ST-2 cell line, revealed no 

cytotoxic effects after 24 h incubation. Furthermore, VEGF release was enhanced in the 

presence of therapeutic ions (Sr
2+

, Cu
2+

 and Co
2+

).  

Scaffolds preparation (structural and mechanical properties) 

Several scaffolds fabrication concepts were evaluated in order to identify the best possible 

system for BTE and load-bearing applications (optimum porosity/mechanical behavior 

compromise). Three different approaches, based on the foam replica technique of PU foams, 

were studied: by direct coating of glass precursor sol (method 1), by method 1 combined 

with EPD (method 2) and by the commonly used glass particle slurry coating (method 3). A 

different approach, using the scaffolds prepared by method 1, was infiltrating the 3D 

structures by a polymer solution, in this case gelatin (method 4) and PCL (method 5). A final 

approach was to prepare scaffolds by 3D-printing using 60 % inorganic filler, in this case 

glass composition D, and PCL as organic phase (method 6). It was found that scaffolds 

prepared by methods 1, 2, 4 and 5 exhibited open and interconnected porosity (> 90 %) with 

suitable pore size (ranging from 200 to 850 µm). Polymer coatings did not modify 

considerably the open and interconnected porosity of the scaffolds prepared by method 1. 

Scaffolds prepared by method 3 showed suitable pore size (~ 500 µm) and a decreased 

porosity (~ 60 %), nevertheless still in the cancellous bone range. In terms of compression 

strength, scaffolds infiltrated by a 8 % gelatin solution improved considerably the strength of 

the based scaffolds (method 1) by reaching a maximum compression strength of 2.6 MPa. 

PCL infiltrated scaffolds (method 5) and slurry-based foam replica technique (method 3) 

reached compression strength of ~ 0.17 MPa. The toughening effects conferred by polymer 

infiltration and the decrease in the total porosity had a positive effect on the scaffolds 

mechanical properties. Finally, scaffolds prepared by methods 1, 2 and 6 exhibited poor 

compression strength, below 0.04 MPa. It can be concluded that even if a considerable 

improvement, in terms of mechanical stability and compression strength, was achieved, 

porous scaffolds prepared in this thesis barely reached the lower limit of the compressive 

strength of cancellous bone, i.e. these scaffolds would not be suitable for load-bearing 

applications. 
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Drug delivery systems 

One main objective of this research project was to prepare bioactive glasses capable to be 

used as drug delivery systems. This could be achieved by the mesoporous structure of the 

developed glasses. It was confirmed that glasses presenting higher specific surface areas, i.e. 

compositions C and D, had higher drug loading capabilities, and hence were more suitable to 

be used as drug delivery systems. From the three loaded active molecules (tetracycline, 

ibuprofen and resveratrol), the most interesting results were obtained by release of ibuprofen, 

which reached the maximum release after 7 days. The initial burst release was attenuated 

(less than 50 % of the maximum ibuprofen release in 24 h) as the mesoporous structure 

provides the possibility to control the drug release. 

It is possible to conclude that compared to the quaternary system glasses (SG and MBG), 

ion-doped systems (compositions C and D) represent the most promising compositions 

developed in this thesis for biomedical applications as they are multifunctional biomaterials 

able to act as therapeutic ion release and drug delivery systems, as well as to stimulate bone 

growth by their fast bioactivity. As processing method to produce 3D porous scaffolds, it can 

be noted that the polymer infiltration approach is the most promising technique studied in 

this thesis. Notwithstanding, the foam replica technique combined with EPD process appears 

to be a very promising novel method that merits indepth attention.  

5.2 Outlook 

Several aspects of novel mesoporous bioactive glasses and their application as promising 

biomaterials were covered in this thesis. Based on the results here obtained, new challenges 

have emerged that still need to be clarified. Suggestions for future research in this field are 

discussed to in this paragraph.  

In terms of scaffolds preparation a very interesting and novel technique was addressed in this 

work, based on the combination of foam replica technique and EPD process
95

. This 

combined technique was suitable for the sol-gel-based composition (sample SG), however 

when glass precursor sols were prepared incorporating a structure directing agent, in this 

case P123, a high corrosion and degradation of the electrodes occurred, particularly of the 

cathode. Producing scaffolds by this technique would significantly reduce the scaffolds 

processing times, transforming this process into an interesting alternative method to produce 

scaffolds in larger scales. A central point to be clarified is the effect on the pluronic® P123 

containing sol when voltage is applied during EPD. Secondly, new alternative materials for 

the electrodes such as platinum-based electrodes should be considered in order to reduce the 

effect of further parameters interfering in this process. Additional studies on the thermal 
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treatment of these materials need to be done in order to evaluate the coating stability on the 

substrate. The optimisation of this innovative process would open a large application field of 

non-conductive substrates coating with mesoporous bioactive glasses by one step procedure 

where the mesoporous glass coating is directly applied on the target substrate (including 

porous structures) and later consolidated by thermal treatment. 

Another key challenge that needs further investigation is the polymer coating approach to 

enhance the mechanical properties of scaffolds. An interesting concept which has already 

been treated in the literature
84,101

 would be the cross-linking of the gelatin coating to reduce 

the fast degradation of this natural polymer. It is imaginable that by cross-linking the gelatin 

coating, not only the degradation speed would be reduced but also the mechanical properties 

of the scaffold would be enhanced by having a closer interaction at the interface between the 

glass scaffold and the natural polymer.  Nevertheless, the latter should not compromise the 

bioactive properties of the glasses.  

In terms of increasing the mesoporous bioactive glass functionalities, additional 

investigations need to be considered such as surface functionalisation in order to adapt the 

material properties to the desired application. A direct example would be the enhancement of 

the drug load/release features of the here developed glasses by surface functionalisation. 

These surface functionalisation should be done by post-condensation of relevant alkoxide 

reactants and would tune the chemical moieties present at the surface of the material to 

match the drug chemical characteristics, thus improving the surface/drug affinity
134

. Figure 

66 shows a schematic representation of surfaces post-functionalisation. 

 

Figure 66 Scheme showing suggested surface functionalisation of mesoporous glasses by 

relevant moieties (following Philos. Trans. A. Math. Phys. Eng. Sci. 2012, 370, 1400–1421
39

) 

Moreover, the use of therapeutic ions in the developed glass compositions needs to be further 

investigated by in-vitro studies. ISO standards need to be used for the indirect cell test in 

order to further corroborate that the ions released by the different composition of glasses 

(MBG, C and D) do not present any cytotoxic effect
218

. Direct cell test studies should also be 

considered, preferably the material should be already be shaped into a 3D scaffold. Other 
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relevant cell line involved in bone regeneration should be examined, such as osteoblasts and 

osteoclasts as well as bone marrow stem cells. The use of two therapeutic ions, like in this 

work Sr
2+

 and Cu
2+

, simultaneously needs to be deeply understood in order to confirm that 

the therapeutic effects of one are not cancelled by the therapeutic effect of the other and that 

a synergetic effect of both ions exists conferring superior multifunctional characteristics and 

enhanced biological activity to these glasses.  

Finally, in-vivo studies should be considered to validate the in-vitro results Even though 

laboratory studies allow us to elucidate several crucial features of the developed materials, 

these can sometimes be invalidated once the material is implanted and further pre-treatments 

need to be applied before implantation
228

. 
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Appendix 

A-1 Composition determination 

 

Samples prepared with 0,5 g P123 

First characterization of the mesoporosity was done by TEM. A comparison of the 4 samples 

can be seen in Figure 67. 

 

Figure 67 Samples obtained with 0.5 g of P123, by TEM 

By TEM analysis, it can be concluded the following: 
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 MBG4 not reproducible 

  MBG3 very porous but no order 

  MBG5 (EtOH) some part disordered pores, also, big pores 

In order to characterize more into detail these materials and be able to compare them, N2 

physisorption, SAXRD and image analysis were done and presented below. 

i) Sample MBG4_0.5 

 

Figure 68 Pore dimensions analysis and EDS 

 

Figure 69 SAXRD analysis (left side) and N2 physisorption analysis (specific surface area by 

BET and pore volume BJH adsorption) (right side) 

Through the different analysis, it can be seen that sample MBG4_0.5 presents a ordered 

mesoporosity in the TEM image and a pore size average of 4 nm. By SAXRD, the peak at ~ 

1,31 2θ° which is tipical for mesoporous materials, further peaks showing order 

mesoporosity are not seen with this material. Nevertheless, N2 physisorption analysis 

reveals a very low specific surface area and pore volume. These properties are not suitable 

for materials to be used as drug delivery systems. 

ii) Sample MBG3_0.5 

 

 S
BET

 =  11.40 m²/g 

 Pore Volume = 0.0554 cc/g 
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Figure 70 TEM analysis, pore size determined by N2 physisorption 

Mesopores, produced by the structure directing agent P123 were observed by TEM. This 

material, though it shows an unordered mesostructure presents a specific surface area of 150 

m
2
/g and a pore volume of 0.238 cc/g. Both of these analyses allow us to say that the 

material exhibits a good compromise in porous properties to be used as drug delivery system.  

iii) Samples MBG4’_0.5 and MBG5_0.5 

 

Figure 71 Sample images of MBG4’_0.5 and MBG5_0.5 by TEM 

Both of these samples did not show any structured mesoporous aspect and were not further 

characterized. 

iv) Samples MBG3_1day_0.5 

 
 S

BET
 =  150.3 m²/g Pore volume : 0.238 cc/g 
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Figure 72 TEM image and pore size analysis and N2 physisorption analysis 

This sample was left to age for 1 day before calcination, and the calcination process was 

modified and only the stabilization step was used. In the TEM images, nicely ordered 

mesopores appear, with pore diameter of 3-4 nm. It was expected to obtain high specific 

surface area, which was not the case as seen with the N2 physisorption and BET analysis 

where the value is 1.9 m
2
/g. This value, as well as the pore volume value obtained by BJH, 

reveals that this material is not suited to be used as drug delivery system. 

Samples prepared with 1 g P123 

 

First characterization of the mesoporosity was done by TEM. A comparison of the 4 samples 

can be seen in Figure 73. 
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Figure 73 Samples obtained with 1 g of P123, by TEM 

By TEM analysis, it can be concluded the following: 

 MBG4 not reproducible 

  MBG3 almost no visible pores 

  MBG5 (EtOH) gives a feeling of alignment but no visible structure 

In order to characterize more into detail these materials and be able to compare them, N2 

physisorption, SAXRD and image analysis were done and presented below. 

i) Sample MBG4_1 
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Figure 74 Mesopores analysis TEM, N2 physisorption and SAXRD analysis 

TEM analysis showed promising mesoporosity on this sample, which was then not found in 

further detailed analysis. In the N2 physisorption, BET analysis to determine the specific 

surface area gave a very low value, 2.338 m
2
/g. Small angle XRD also showed no visible 

mesoporosity, as no peak appear at the range of 1.31 2θ°. This sample is not suited to be 

used as drug delivery system. 

ii) Sample MBG4_1 

 

Figure 75 TEM and BJH mesopore analysis and N2 physisorption analysis 

By TEM analysis the sample did not exhibit visible mesoporosity all through the prepared 

specimen. Nor did this sample have a suitable specific surface area, analysed by BET in the 
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N2 physisorption study. SAXRD was not performed in this sample as two of the 3 analysis 

came out negative. 

Further specimens were analysed by TEM, but no mesoporosity was visible, so none of these 

following samples were further considered. 

Once the optimized composition and mesoporous material is chosen (MBG3_0.5), glasses 

were prepared with and without P123 in order to compare the enhancement of the material 

through the mesoporous properties to be considered as drug delivery system. 

A-2 Composition determination ion-doped glasses 

i) Sample P123_17.09: composition in mol% 60%SiO2 30% CaO 5% Na2O 5% 

P2O5 

 

Data Analysis Value 

Specific surface area BET 14 m²/g 

Pore volume Single point adsorption at 

P/Po = 0.975290980 

0.031 cm³/g 

Pore size BJH Adsorption 8 nm 

This sample presented too low specific surface area for the desired applications and was no 

further considered. 

ii) Sample F127_17.09: composition in mol% 60%SiO2 30% CaO 5% Na2O 5% 

P2O5 

1,0 1,5 2,0 2,5 3,0 3,5 4,0 4,5 5,0 5,5 6,0 6,5
2Theta (°)

0

500

1000

1500

2000

In
te

n
s
it
y
 (

c
o
u
n
ts

)



140 

 

 

Data Analysis Value 

Specific surface area BET 42 m²/g 

Pore volume Single point adsorption at 

P/Po = 0.975290980 

0.042 cm³/g 

Pore size BJH Adsorption 3.9 nm 

This sample presented too low specific surface area for the desired applications and was no 

further considered. 

iii) Sample F127_30.10: composition in mol% 60%SiO2 30% CaO 5% Na2O 5% 

P2O5 

 

Data Analysis Value 

Specific surface area BET 2 m²/g 

Pore volume Single point adsorption at 0.007 cm³/g 
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P/Po = 0.975290980 

Pore size BJH Adsorption 12 nm 

This sample presented too low specific surface area for the desired applications and was no 

further considered. 

iv) Sample F127_SrCu_23.09: composition in mol%75%SiO2 20%CaO 2.5%SrO 

2.5%CuO 

 

Data Analysis Value 

Specific surface area BET 126 m²/g 

Pore volume Single point adsorption at 

P/Po = 0.975290980 

0.121 cm³/g 

Pore size BJH Adsorption 2.11 nm 

This sample presented interesting specific surface area but still low compared to literature 

and for the desired applications and was no further considered. 

v) Sample F127_Co_23.09: composition in mol%75%SiO2 20%CaO 5%CoO 
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Data Analysis Value 

Specific surface area BET 149 m²/g 

Pore volume Single point adsorption at 

P/Po = 0.975290980 

0.135 cm³/g 

Pore size BJH Adsorption 3 nm 

This sample presented interesting specific surface area but still low compared to literature 

and for the desired applications and was no further considered. 

vi) Sample F127_SrCu78SiO2_9.10: composition in mol% 78%SiO2 20%CaO 

1%SrO 1%CuO 

 

Data Analysis Value 

Specific surface area BET m²/g 

Pore volume Single point adsorption at cm³/g 
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P/Po = 0.975290980 

Pore size BJH Adsorption nm 

 

vii) Sample F127_Co78SiO2_09.10: composition in mol% 78%SiO2 20%CaO 

2%CoO 

 

Data Analysis Value 

Specific surface area BET 232 m²/g 

Pore volume Single point adsorption at 

P/Po = 0.975290980 

0.239 cm³/g 

Pore size BJH Adsorption 2.69 nm 

This sample presented interesting specific surface area but still low compared to literature 

and for the desired applications and was no further considered. 

viii) Sample F127_78SiO2_0.8SrCu_28.10 (sample C) 
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Data Analysis Value 

Specific surface area BET 254 m²/g 

Pore volume Single point adsorption at 

P/Po = 0.975290980 

0.233 cm³/g 

Pore size BJH Adsorption 3.06 nm 

Chosen sample. 

ix) Sample F127_78SiO2_0.8Co_28.10 (sample D) 

 

Data Analysis Value 

Specific surface area BET 346 m²/g 

Pore volume Single point adsorption at 

P/Po = 0.975290980 

0.379 cm³/g 

Pore size BJH Adsorption 3.57 nm 

 

A-3 Thermal treatments 

i) For powders 

 

ii) For scaffolds 
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iii) DTA analysis for MBG sample 

 

Figure 76 Thermal analysis (DTA) of MBG sample showing typical characteristic phase 

transition temperatures 

A-4 MCM-41 

i) Preparation of MCM-41 

Mesoporous silica material type MCM-41 was used in this thesis just for comparison 

purposes. MCM-41 was synthesized using the method developed at Prof.Vallet-Reg ’s lab, 

described hereafter. 1 g CTAB was added to 480 mL HPLC water and 3.5 mL NaOH (2 M) 

and stirred in a silicon oil bath kept at 80°C. Add drop wise (syringe pump 0.250 mL/min) 5 

mL TEOS and wait 2h. 

The solution was centrifuged 20 min at 9 000 rpm and washed with HPLC water. A second 

centrifuge cycle was done and the particles were washed with absolute EtOH. Finally the 

particles were centrifuged again and redispersed in the extraction solution. 

The extraction solution is a 10 mg/mL NH4NO2 in EtOH 95 % (475 mL EtOH absolute, 25 

mL HPLC water and 5 g). 



146 

 

The well redispersed MCM-41 suspension was put back in the reaction flask and was left 

reflux overnight at 75°C and active stirring (vortex). 

The suspension was centrifuged and washed 2 times with EtOH absolute and dried under 

vacuum for 24 h. 

ii) Chararacterisation of MCM-41 (SAXRD, BET, SEM, TEM) 

 

Data Analysis Value 

Specific surface area BET 1159 m²/g 

Pore volume Single point adsorption at 

P/Po = 0.975290980 

1.018 cm³/g 

Pore size BJH Adsorption 1.62 nm 
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