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Abstract  
 

Bioactive glasses (BGs) continue to attract interest as promising materials for bone regeneration. 

In the broad family of BGs, boron containing systems, including B-doped silicate, borosilicate 

glasses and borate glasses, are being increasingly considered due to their attractive osteogenic 

and neovascularization properties. In this work, a new series of BGs based on the 13-93 

composition (SiO2-CaO-Na2O-P2O5-K2O-MgO-B2O3) was prepared and three-dimensional 

scaffolds were produced by the polymer replica technique. The compressive strength of these 

scaffolds was found to be significantly higher than that of standard 45S5 Bioglass® scaffolds 

which is related to the higher densification rate of struts achieved by viscous flow during the 

sintering process. In vitro dissolution studies in cell culture medium were carried out over a 

period of 14 days and the formation of hydroxyapatite (HA) was confirmed using different 

characterization techniques such as Scanning Electron Microscopy (SEM), X-Ray Diffraction 

(XRD) and Fourier Transform Infrared Spectroscopy (FTIR). The boron-based scaffolds 

immersed in cell culture medium exhibited a moderate release of B and Si ions which was 

measured using Inductively Coupled Plasma-Optical emission analyses. The effects of the ionic 

dissolution products (IDPs) of the boron-based BG scaffolds on mouse bone marrow stromal 

cells (ST2 cells) in vitro were ascertained, using an angiogenesis assay. The expression and 

secretion of angiogenic growth factor, vascular endothelial growth factor (VEGF) from ST2 cells 

were measured quantitatively using the VEGF ELISA Kit. Cellular response was found to be 

dependent on the boron content and the B release profile from the glasses corresponded to the 

positive/negative influence in their biological activity.  

Functionalizing the surfaces of these BG scaffolds with biologically active molecules or enzymes 

is a suitable strategy to enhance both the inorganic and biological responses of the biomaterial 

and to stimulate physiological tissue regeneration. Alkaline Phosphatase (ALP) is a 

metalloenzyme involved, significantly, in osteogenesis and is highly expressed in mineralized 

tissue cells. Silanization was performed, followed by ALP grafting on the surface of the BG 

scaffolds, which was confirmed by FTIR and enzymatic activity test, respectively. The ability of 

the boron-containing BG scaffolds, with and without ALP grafting, to stimulate VEGF from ST2 

cells was determined. An in vitro osteogenic differentiation experiment, with and without the 
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presence of osteogenic stimulating agents, was executed over a period of 14 days. It was 

determined that the ALP grafted to the surface of boron-containing scaffolds equated the 

performance of an osteogenic stimulating agent during the differentiation of ST2 cells. Cell 

viability and proliferation were determined using mitochondrial & LDH activity and BrdU 

(calorimetric) assay, respectively. Specific ALP activity and a mineralization assay revealed that 

the ALP-functionalized boron-containing scaffolds possess excellent capabilities to differentiate 

stromal cells into osteoblast-like phenotype. A preliminary subcutaneous implantation study in 

rats was carried out (by collaborators) to evaluate the performance of ALP-functionalized 

scaffolds in vivo. The influence of an enzyme (ALP) was established, in terms of ion release 

kinetics, directing better cell-matrix interactions, osteogenic differentiation and angiogenic 

potential, for bone regeneration applications. In summary, the combination of boron-containing 

BG scaffolds with the enzyme ALP has facilitated the inception of a promising strategy to 

enhance bone healing and regeneration.  
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Kurzzusammenfassung 
 

Bioaktive Gläser (BG) ziehen weiterhin Interesse als viel versprechendes Material für 

Knochenerneuerung auf sich. In der großen Familie von Biogläsern werden immer verstärkter 

borhaltige Systeme einschließlich B-dotierten Silikaten, Borosilikatgläser und Boratgläser auf 

Grund ihrer attraktiven osteogenetischen und neovaskulären Eigenschaften betrachtet. In dieser 

Arbeit wurden eine Reihe von Biogläsern basierend auf der 13-93 Komposition (SiO2-CaO-

Na2O-P2O5-K2O-MgO-B2O3) und drei-dimensionale Trägerstrukturen (Scaffolds) mittels der 

Polymerreplikatmethode hergestellt. Die Druckfestigkeit dieser Scaffolds war signifikant höher 

als die der Standard 45S5 Bioglass® Scaffolds, was auf die höhere Verdichtungsrate der Streben 

durch das viskose Fließen während des Sinterns zurück zu führen ist. In vitro Zersetzungstests in 

Zellkulturmedium wurden über eine Zeitdauer von 14 Tagen ausgeführt und die Bildung von 

Hydroxylapatit wurde mittels verschiedener Charakterisierungsmethoden wie 

Rasterelektronenmikroskopie (REM), Röntgendiffraktometrie (XRD) und Fourier-Transform-

Infrarotspektroskopie (FTIR) nachgewiesen. Die borhaltigen Scaffolds, welche in 

Zellkulturmedium eingelegt worden waren, zeigten eine moderate Freisetzung von B- und Si-

Ionen, welche mithilfe von Massenspektrometrie mit induktiv gekoppeltem Plasma gemessen 

wurden. Die Auswirkung der ionischen Zersetzungsprodukte (IDPs) der borhaltigen 

Glasscaffolds auf Knochenmark-Bindegewebszellen von Mäusen (ST2 Zellen) wurde in vitro 

durch angiogenetischer Prüfung ermittelt. Die Expression und Sekretion von angiogenetischen 

Wachstumsfaktoren, vaskulären endothelischen Wachstumsfaktoren (VEGF) von ST2 

Stammzellen wurde quantitativ mittels einem VEGF-ELISA Kit gemessen. Es zeigte sich, dass 

die zelluläre Reaktion vom Borinhalt abhängt und das B-Freisetzungsprofil der Gläser dem 

positiven/negativen Einfluss auf die biologische Aktivität entspricht.  

Die Funktionalisierung der Oberfläche der BG Scaffolds mit biologisch aktiven Molekülen und 

Enzymen ist eine adäquate Strategie, um sowohl die anorganische, als auch die biologische 

Antwort des Biomaterials zu erhöhen und um die physiologische Gewebeerneuerung zu 

stimulieren. Alkalische Phosphatase (ALP) ist ein Metalloenzym, das maßgeblich in 

Osteogenese involviert ist und das sehr stark in mineralisierten Gewebezellen exprimiert wird. 

Silanisierung, gefolgt von ALP Befestigung auf der Oberfläche der BG Scaffolds, welche von 
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FTIR und enzymatischen Aktivitätstests bestätigt wurden, wurden ausgeführt. Die Fähigkeit der 

borhaltigen BG Scaffolds mit und ohne ALP Befestigung VEGF von ST2 Zellen zu stimulieren, 

wurde bestimmt. Ein in vitro osteogenetisches Differenzierungsexperiment mit und ohne 

osteogenetisch stimulierende Stoffe, wurde in einem Zeitraum von 14 Tagen ausgeführt. Es 

wurde herausgefunden, dass die borhaltigen Scaffolds mit ALP auf der Oberfläche ähnliche 

Leistung wie osteogenetisch stimulierende Stoffe während der Differenzierung der ST2 Zellen 

zeigen. Zellviabilität und Proliferation wurden mit mitochondrialer und LDH Aktivität und BrdU 

(kalorimetrisch) Prüfung bestimmt. Spezifische ALP Aktivität und ein Mineralisierungstest 

zeigten, dass die ALP funktionalisierten borhaltigen Scaffolds hervorragende Qualitäten zur 

Differenzierung von Bindegewebszellen in osteoblast-ähnliche Phänotypen besitzen. Eine 

vorläufige subkutane Implantationsstudie in Ratten wurde (von Kollaborateuren) ausgeführt, um 

die Leistung der ALP-funktionalisierten Scaffolds in vivo auszuwerten. Der Einfluss des Enzyms 

(ALP) auf die Ionen Freisetzungskinetik, Zell-Matrix Wechselwirkung, osteogenetische 

Differenzierung und angiogenetisches Potential wurde für knochenerneuernde Anwendungen 

nachgewiesen. Zusammenfassend lässt sich sagen, dass die Kombination von borhaltigen BG 

Scaffolds mit dem Enzym ALP den Beginn einer vielversprechenden Strategie zur Steigerung 

von Knochenheilung und –regeneration unterstützt.  
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Chapter 1 

1 Introduction 

1.1 Motivation: Demand for bone regeneration strategies 

Bone is a remarkable organ undergoing several biological processes throughout its life span and 

possesses phenomenal scope for regeneration on its own. However, in certain clinical settings 

involving larger bone defects such as fracture or complex bone diseases, including osteomyelitis 

or tumours, the functionalities of bone decline, appealing for additional bone regeneration 

therapies [1]. The need for alternative bone treatments continues to grow with the aging 

population [2,3]. Autografts, although considered as the ‘gold standard’ for bone repair, pose 

serious problems such as limited bone supply, painful harvesting surgery, the necessity of a 

second surgery and donor site morbidity and, therefore, remain as imperfect solutions [4]. 

Millions of people all over the world suffer from such difficulties and the requirement for a 

healthy bone to replace or restore the functions of traumatized tissue has become a major clinical 

and socioeconomic need. This strong demand for alternative remedies to treat bone injuries has 

cultivated the field of tissue engineering (TE).  

TE is an interdisciplinary field that applies the principles of engineering and life sciences 

towards the development of biological substitutes that restore, maintain or improve tissue 

function [5]. One of the main strategies of bone TE is to combine cell/material properties to 

develop mechanically competent, biodegradable, biocompatible, bioactive and osteoconductive 

three-dimensional constructs that could replace injured bone [6,7]. A variety of materials 

including synthetic/natural polymers and BGs and ceramics have been exploited for this purpose 

[8,9]. 45S5 Bioglass®, developed by Hench et al [10], is the first artificial material to accomplish 

bone bonding. Following that, a wide range of BGs such as silicate, phosphate and borate glasses 

have gained the interest of researchers all over the world [11,12]. For the first time, three-

dimensional, porous scaffolds of 45S5 Bioglass® composition were fabricated using foam-

replication method in 2006 [13]. Surpassing the hydroxyapatite and calcium phosphate-based 

ceramics, BGs exhibit superior biocompatibility, osteogenecity and angiogenic properties. 
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However, the low mechanical robustness of 45S5 Bioglass® scaffolds is a disadvantage when 

considered for load-bearing applications in bone repair.  

Boron-based BG has been developed for potential biomedical applications [14,15]. The ability of 

these glasses to undergo viscous flow sintering without crystallizing should lead to the formation 

of a densified, amorphous, strong porous scaffold with better mechanical properties [16]. In 

addition to providing the necessary improvement of mechanical properties, boron has been also 

found to have a positive influence on cell proliferation and differentiation in vitro [17,18]. Borate 

glasses have supported new tissue infiltration when implanted subcutaneously in rats and 

borosilicate BG scaffolds have prompted bone regeneration in rabbits during a period of 8 weeks 

[19,20]. Moreover, the IDPs from boron-doped 45S5 systems have stimulated angiogenesis in 

vitro and in vivo and this effect was mainly attributed to the presence of boron in the glass 

system [21–24].  

Although boron-based BG scaffolds are inherently attractive for bone TE applications, it is 

beneficial to acquire additional functionalities that could advance and benefit bone regeneration 

in vivo. Surface functionalization can be used to customize the material surface according to the 

specific need. Figure 1.1 shows schematically different approaches to functionalize the surface of 

biomaterials. [25]. A widely used approach for promoting cell adhesion, osseointegration and 

vascularization is biofunctionalization with biomolecules including peptides, proteins and 

enzymes [26]. ALP is an enzyme involved, actively, in the bone mineralization and bone 

formation processes [27]. Thus, surface modification of boron-based BG scaffolds with the 

enzyme ALP was hypothesized to be highly relevant and favorable for bone TE applications.  
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Figure 1.1: Schematic diagram showing substrate properties, types of modification and 

impact on material surface features. Reprinted from [25] with permission from Elsevier  

1.2 Aims and objectives of the work  

The objective of this project was the development and characterization of a new family of BG – 

based scaffolds incorporating boron and to functionalize them using the enzyme, ALP for 

potential applications in bone TE. The schematic representation of the research approach is 

shown in Figure 1.2. To achieve the goals of the project, the following tasks were considered: 

1. Fabrication and characterization of porous, three-dimensional boron-based BG 

scaffolds of the system SiO2-CaO-Na2O-P2O5-K2O-MgO-B2O3.  

Foam replication technique [13], involving high temperature sintering, was chosen to produce 

the scaffolds. They were characterized using different techniques to obtain information about the 

glass properties, surface morphology and scaffold characteristics including mechanical testing 

under compression.  

2. Functionalizing the surface of the boron-containing scaffolds with ALP  
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This is a three-step process beginning with a washing treatment, followed by silanization and 

finally covalently immobilizing the enzyme to the surface of the scaffolds.  

3. Characterization of the ALP-functionalized boron-containing scaffolds.  

FTIR spectroscopy and contact angle measurements were conducted to confirm the 

functionalization procedure. An enzymatic activity study was performed to ascertain the 

presence of the enzyme in its active state.  

4. Evaluation of the in vitro dissolution characteristics of the boron-based BG scaffolds.  

The ion release profile of the glasses was compared and the in vitro bioactivity was assesses and 

characterized.  

5. In vitro angiogenic and osteogenic differentiation  

The influence of ALP-functionalized BG scaffolds on the in vitro osteogenic differentiation of 

ST2 cells and the secretion of angiogenic growth factor, VEGF was comprehensively 

investigated.  

6. A preliminary in vivo study of the ALP-functionalized and non-functionalized boron-

containing scaffolds, when implanted subcutaneously in rats for 4 weeks, was carried 

out.  

The thesis is divided and organized in 8 chapters. Chapter 1 presents the motivation and 

objectives of the research and outlines the structure of the thesis. Chapter 2 provides a 

comprehensive overview of the literature, focusing on the state of the art of the topics relevant 

for this thesis. The development and characterization of boron-containing BG scaffolds, along 

with their dissolution properties and cytocompatibility, are discussed in Chapter 3. Further, 

Chapter 4 explains the methods adopted to graft the enzyme ALP on to the surface of boron-

containing BG scaffolds and the various characterization techniques employed for the detection 

of ALP are also elaborated in this chapter. Chapter 5 focuses on the angiogenic properties of 

IDPs of silicate, boron-doped, borosilicate and borate glass scaffolds. The influence in the 

secretion of VEGF after functionalization with ALP is also analyzed. Chapter 6 explains the in 

vitro osteogenic differentiation capabilities of the boron-containing scaffolds with and without 

ALP functionalization. The influence of both ALP and an osteogenic stimulating agent has been 
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evaluated. Chapter 7 highlights and summarizes the results of the research and also provides 

concluding remarks, directions and insights for future experiments.  

 

 

Figure 1.2: Schematic overview of the research strategy followed in this work 
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Chapter 2 

2 Fundamentals 
 

2.1 Bone and bone tissue engineering 

2.1.1 Human bone 

The skeletal system contributes to a variety of functions. Bones are complex hierarchically 

organized structures made up of mineralized collagen fibrils as their fundamental building block 

[28]. Bones provide structural support to the body, allow movement and locomotion, protect 

internal organs and structures and serve as a reservoir of growth factors and cytokines [29]. The 

arrangement of material structures at varied length scales enable the execution of diverse 

mechanical, biological and chemical functions (Figure 2.1) [30]. The adult human skeleton 

consists of 80% cortical bone (also known as compact bone) and 20% trabecular bone 

(cancellous or spongy bone). Cortical bone has a dense and solid structure, with a porosity of 5 – 

10% consisting of mineralized collagen fibrils arranged in a rotated plywood-like fashion [31]. It 

is found primarily in the shaft of long bones, as the outer shell around trabecular bone and it 

surrounds the marrow space [32]. The trabecular bone is a honeycomb-like network consisting of 

plates and rods interspersed in the bone marrow region [33]. It is found at the end of long bones, 

in vertebrae and in flat bones such as the pelvis and has a more porous structure, with porosity in 

the range of 50 – 90% [34]. The hierarchy of the bone organization includes macrostructure – 

cancellous and cortical bone; microstructure – Haversian systems, osteons, single trabeculae; 

sub-microstructure – lamellae; and nanostructure – mineral, collagen and non-collagenous 

organic proteins [35]. This multiplex arrangement procreates the bone heterogeneous and 

anisotropic. Bone is the most mineralized tissue of the human body, comprising primarily type I 

collagen fibrils reinforced with carbonated apatite crystals of a few nanometers in thickness [36]. 

The mineral component is brittle and stiff whereas the collagen portion is softer but tougher than 

the mineral. This makes bone as a composite material, combining the optimal properties of both 
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the main components. The strange combination of mineral and protein supplies both rigidity and 

fracture toughness [37].  

 

 

Figure 2.1: Hierarchical organization of bone. From [30]. Reprinted with permission from 

AAAS  

The hierarchical organization and the presence of composite materials attribute to the varying 

mechanical properties at different structural levels of the bone. The compressive and elastic 

modulus of cortical bone, as determined from a large number of testing specimens, have been 

reported in the range of 100 – 150 MPa and 5 – 15 GPa, respectively, in the direction parallel to 

the long axis [38,39]. The strength and modulus in the direction perpendicular to the long axis 
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are typically 1.5 – 2 times lower. In the case of trabecular bone, compressive strength of 0.2 – 12 

MPa and elastic modulus of 0.1 – 5 GPa have been reported [38–40]. The mechanical properties 

of struts in cancellous bone are comparable to those of cortical bone. Typical values of 12 GPa 

for Young’s modulus, 136 MPa for compressive strength and 105 MPa for tensile strength are 

ascertained [41].  

Three types of cells such as bone-forming osteoblasts, mineral-engulfed osteocytes and bone-

destroying osteoclasts participate in laying the bone. These cells interact with each other through 

direct cell contact or through signaling molecules [36]. Similar to the bone structure, bone 

formation is also a complex process and the three-dimensional arrangement of cells and matrices 

is important in the development of bone as a tissue (just the cells and mineralized matrix) and 

bone as an organ (which includes several tissues such as bone, cartilage, fibrous tissue, marrow 

and blood vessels).  

Bone formation occurs through two mechanisms – intramembranous bone formation and 

endochondral bone formation (Figure 2.2) [42]. In the first case, mesenchymal stem cells (MSC) 

differentiate along a pre-osteoblast to osteoblast line whereas, endochondral formation is 

characterized by the initial development of cartilage followed by bone [42]. Undifferentiated 

MSCs differentiate to osteoblasts that secrete collagen fibrils in a 360
o
 layout and the synthesized 

matrix is called woven bone [43]. The woven bone, when fully fabricated, serves as a structural 

scaffold. Surface osteoblasts arrange themselves in a well-polarized scheme and secrete collagen 

fibrils in a parallel or lamellar orientation [44]. Woven bone is formed during primary bone 

formation and is weaker than lamellar bone due to disorganized array of collagen fibrils [43]. 

Small, membrane-bound vesicles that deposit calcium and phosphate and enzymes such as ALP 

that destroy mineralization inhibitors are regulated [45]. Osteoblasts surrounded and buried 

within the mineralized matrix become osteocytes, which serve as a functional syncytium [46]. 

Once bone is formed, 50 – 70% of the osteoblasts undergo apoptosis and the remaining turn into 

osteocytes or bone-lining cells. 
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Figure 2.2: Bone formation through intramembranous ossification and endochondral 

ossification. Reprinted by permission from Macmillan Publishers Ltd. from [42] *HSC – 

Hematopoietic stem cells; MP – Mesenchymal progenitors  

Bone formation takes approximately 4 – 6 months [33]. Table 2.1 explains the different stages in 

the bone formation process [47]. Bone remodeling occurs throughout the life span of a human in 

order to maintain the strength of the bone and mineral homeostasis. It involves continuous 

removal of old bone, synthesis of new proteinaceous matrix and subsequent mineralization to 

form new bone. Osteoclasts and osteoblasts work as one unit to perform resorption of old bone 

and production of new bone. Bone resorption depends majorly on osteoclasts as they secrete 

hydrogen ions and cathepsin K enzyme which dissolve the mineralized bone matrix and the 

proteinaceous collagen matrix, respectively [48]. Bone resorption, influenced by osteoclasts, 

takes only 2 – 4 weeks during each remodeling cycle [33].  
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Table 2.1: Four-stage bone forming process of structural bone, mechanical properties and 

vessel formation over healing duration. Reproduced with permission from [47] *X indicates 

relative intensity 

 

2.1.2 Angiogenesis 

Bone is a highly vascularized tissue which depends on the close spatial and temporal connection 

between blood vessels and bone cells to maintain skeletal integrity. The development of 

vasculature is also essential to the homeostasis of bone. The importance of blood vessels in the 

development and repair of the bone tissue was reported as early as in the 1700s [49]. The origin 

of bone is the artery carrying the blood and in it the mineral elements [50]. Trueta et al [51] 

proposed that a vascular stimulating factor (VSF) is released at the fracture site of bone. There 

are a number factors involved in the neoangiogenesis, such as vascular endothelial growth factor 

(VEGF), basic fibroblast growth factor (bFGF), various members of the transforming growth 

factor beta (TGFβ) family and hypoxia (Hypoxia-inducible transcription factor, HIF) [49]. The 

role of angiogenic factors in early bone development is indispensable. VEGF A, a signaling 
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molecule involved in early blood vessel development, is secreted by the hypertrophic 

chondrocytes and induces angiogenesis from the perichondrium resulting in the recruitment of 

osteoblasts, osteoclasts and haematopoietic cells [49]. This chain of events leads to the formation 

of primary ossification centers. Then, the degradation of the hypertrophic matrix present within 

these centers occurs and osteoblasts replace the degraded cartilage with the trabecular bone and a 

bone marrow is formed [52–54]. These events such as chondrocyte proliferation, hypertrophy, 

apoptosis and vascular invasion leads to the longitudinal growth of long bones [55]. Nutrients 

essential for chondrocytes and MSCs for chondrogenesis and osteogenesis are supplied through 

the vascular networks [56] and they function as a secondary ossification center [57,58]. 

Angiogenesis is also critical for bone repair. The injury to the musculoskeletal system leads to 

the disruption of blood vessels and activation of the coagulation cascade and formation of 

hematoma [59]. The formed hematoma seals the fracture area and its removal prevents healing. 

The transplantation of the hematoma produces new bone consistent with the angiogenic activity 

of the hematoma [60]. Inflammatory cells, fibroblasts and stem cells are recruited to the site and 

new blood vessels are formed from pre-existing vessels. At first, granulation tissue is formed 

which will be replaced by fibro-cartilage at the ends of the bones following the pattern of the 

vasculature [51]. The external callus is developed by intramembraneous ossification at the 

periosteum and when the internal callus mineralizes, a hard callus of woven bone is produced. 

Finally, the woven bone is replaced by the secondary lamellar bone and the callus and 

vasculature restore their original dimensions [61–63]. Several growth factors and cytokines such 

as VEGF, FGF, transforming growth factor (TGF), BMP, platelet derived growth factor (PDGF) 

and insulin-growth factor (IGF) which are integral for the repair process are released during the 

inflammatory response phase [64,65]. Among these, endogenous VEGF is important for bone 

formation and repair and it is expressed in a similar pattern during both processes [65,66]. The 

blocking of VEGF activity results in an enlarged area of hypertrophic cartilage, loss of 

metaphyseal blood vessels and impaired trabecular bone formation in growing mice [67,68]. The 

inhibition of VEGF decreases primary osteoblast differentiation in vitro [69]. It is found that 

VEGF stimulates endothelial cells to release osteogenic factors and help in the formation of bone 

[70]. VEGF, as a single agent, promotes osteogenesis by activating osteoblasts and angiogenesis 

by activating endothelial cells to aid in bone repair [69,71]. It is reported that VEGF could be 
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one of the mediators of growth factor stimulation in animal models during the healing of bone 

injuries [61]. Thus, VEGF secretion is a major mechanism by which bone repair occurs. 

2.1.3 Bone tissue engineering  

Although bone is inherently capable of regeneration, excessive bone loss due to an injury or 

disease demand for healing though clinical treatments. An increasing need for bone grafts has 

arisen worldwide and autologous bone grafts are considered, in general, as the ‘gold standard’ 

for bone repair. But in cases involving large bone loss, this solution is not quite practical and 

patients suffer from donor site morbidity [72,73]. Allogenic grafts, on the other hand, pose 

potential risks of immune rejection and pathogen transmission [74]. Thus, the medical devices 

and product industry has arrived to a point where there is a requirement for implants with 

biological activity. A biologically active construct will be more effective in interacting with 

cells, supporting cellular and molecular processes, healing the defect and regenerating the 

tissue/organ. This necessity opened frontiers for the development of a new field termed ‘tissue 

engineering’. A special meeting focused on TE was held in California in 1988 and the following 

definition was developed [75,76].  

“Tissue engineering is the application of the principles and methods of engineering and the life 

sciences toward the fundamental understanding of structure/function relationships in normal and 

pathological mammalian tissues and the development of biological substitutes to restore, 

maintain, or improve functions.”  

More than 2 decades has passed and TE has spread its wings quite far and wide in the 

regeneration of organs, including bone [77], cartilage [78], cardiac [79], nerve [80], skin [81], 

vascular [82], bladder [83] and liver [84]. Engineering specific tissue/organ has its own, intrinsic 

challenges and difficulties to overcome and several strategies and techniques has evolved over 

the years. Bone regeneration strategies, although wide and well-studied, have not yet produced 

fully functional, vascularized, mechanically-competent bone. Three major approaches involve (i) 

in vitro TE (ii) in vivo TE (iii) in situ TE (Figure 2.3) to recreate a skeletal muscle [7]. 

Biomaterials, cells and signaling molecules/growth factors contribute significantly in most of the 

strategies followed for bone regeneration.  
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Figure 2.3: The three major approaches in TE. Reproduced from [7] with permission from 

Elsevier 
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2.1.3.1 Biomaterials and Scaffolds 

A biomaterial is defined as a non-viable material used in a medical device and intended to 

interact with host tissue whereas biocompatibility is described as the ability of a material to 

perform with an appropriate host response [85]. A scaffold provides structural support and serves 

as the substrate for tissue growth and development. A biomaterial-based three-dimensional 

scaffold should possess  

(i) appropriate mechanical properties to serve in load-bearing applications [86]  

(ii) a porosity of ~90% with pores in the range of 300 – 500 µm for cell migration and 

tissue in-growth [87]  

(iii) good osteoconductivity to eliminate fibrous tissue formation and to form a strong 

bond between the scaffold and existing host bone  

(iv)  high biocompatibility enabling cell adhesion, proliferation and migration  

(v) Relevant biodegradability to permit native tissue development and release of non-

cytotoxic degradation products   

(vi) excellent angiogenesis and neovascularization capabilities [88]. 

Increasingly sophisticated biomaterial systems have been developed over the years for BTE 

applications. A broad classification of these biomaterials would place them in two categories 

such as inorganic and organic materials comprising both natural and synthetic origin as shown in 

Table 2.2.  
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Table 2.2: Biomaterials used in bone TE 

Inorganic materials Organic materials 

Natural Synthetic Natural Synthetic 

Hydroxyapatite  Bioceramics Collagen Polylactic acid 

Calcium phosphate Bioactive glasses  Gelatin Polyglycolic acid 

  Alginate Polycaprolactone 

  Hyaluronic acid Polyethylene 

  Cellulose Polyethylene glycol 

  Fibrin Poly (methyl 

methacrylate) 

  Chitosan  poly(lactic-co-glycolic 

acid) 

  Silk fibroin Poly(hydroxybutyrate-co-

hydroxyvalerate) 

 

Inorganic biomaterials exhibit similar structure and composition to the inorganic elements of 

bone [89]. However, they are brittle and it would be impossible to use them in load-bearing 

applications. Organic materials of natural origin maintain good biocompatibility and cell-

material interactions. Processing, purification, batch-to-batch variability and immunogenicity of 

natural-derived biomaterials is a big concern in terms of usage in vitro and in vivo. Also, no 

naturally derived organic biomaterial is capable of matching the mechanical properties of bone 

tissue, which contains both organic and inorganic components [90]. Synthesis of organic 

polymers has developed majorly to overcome the drawbacks of natural proteins. Synthetic, 

hybrid organic materials, for example tyrosine-derived polycarbonates, polyethers and 

polyarylates with tunable micro- and macroscale features such as porosity, stiffness and elasticity 

are being fabricated for TE applications [91,92]. However, lack of bioactivity and acidic 
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degradation products prevent healthy cell-material interactions. Fabrication techniques to 

produce three-dimensional scaffolds are equally important as they shape the biomaterials into 

biological constructs with suitable porosity, surface properties and mechanical stability. 

Fabrication methodologies such as solvent casting, sol-gel process, foam replication, 

electrospinning and 3-D printing have been used to produce scaffolds of varied shapes and 

forms.  

2.1.3.2 Cells 

Cells facilitate tissue development and in the case of BTE, tissue regeneration is promoted by 

progenitor cells which originate from the region of defect or from the surrounding native tissues 

and which could differentiate into osteoblasts. The cells can be (i) autologous – from the same 

patient (ii) allogenic – from a donor of the same species and (iii) xenogenic – from a different 

species, which is unusual in TE [93]. In addition, three approaches, similar to the classification in 

TE strategies, could be followed such as implanting isolated cells into the region of injury, 

implanting a scaffold seeded with cells and in situ tissue regrowth by native cells [93].  The 

choice of cells is critical for regenerating bone tissue and different types of cells have been 

explored. The cells used for bone repair could be broadly divided into bone marrow aspirates, 

lineage-specific osteoblasts and directed differentiation of stem cells [94,95]. The first cell-based 

approach was based on the bone marrow aspirates and it produced positive outcomes in in vivo 

[96,97] and clinical studies [98]. The disadvantage is that they are not available in adequate 

numbers to bring a therapeutic effect. The second category of cells are the osteoblasts, which are 

osteogenic type participating in mineralization and formation of bone. But the isolation of 

osteoblasts is challenging and also their limited proliferative potential impedes application in 

clinical environments.  

Stem cells including embryonic stem cells (ESCs), bone marrow-derived mesenchymal stem 

cells (BM-MSCs), umbilical cord blood-derived mesenchymal stem cells (UCB-MSCs), adipose 

tissue-derived stem cells (ADSCs), muscle-derived stem cells (MDSCs), periosteum-derived 

stem cells (PSCs) and dental pulp stem cells (DPSCs) have emerged as key players in TE, both 

for in vitro and in vivo bone regeneration [99]. The main properties and limitations of different 

stem cells are mentioned in Table 2.3.   
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Table 2.3: Comparison of different stem cell sources. Modified based on [88,95] 

Cell  

type 

Proliferat

-ion rate 

Osteogenic 

capacity 

Mineral 

deposition 

Positives Negatives 

BM-

MSCs 

Low Medium Medium  Ease of 

acquisition 

and isolation 

 vasculogenic  

 widely 

characterized 

 Some donor 

morbidity 

 limited cell 

number 

compared to 

other sources 

UCB-

MSCs 

Medium High Low  Minimal 

donor 

morbidity 

 Not widely 

studies 

ADSCs Low Low Low  Ease of 

acquisition 

and isolation 

 vasculogenic  

 widely 

characterized 

 abundance 

growth 

 Slight donor 

morbidity 

ESCs High Medium High  Highest 

potential 

 Non-specific 

differentiatio

n 

DPDSCs High High High  Ease of 

availability 

and isolation 

 Not widely 

characterized 

PSCs High High High  Autograft 

accessibility 

 Low 

resources 
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2.2 Stromal cells 

Mesenchymal stromal cells are a small subset of mesenchymal stem cells (Figure 2.4) and were 

first reported by Friendenstein et al as hematopoietic supportive cells in the bone marrow 

[100,101]. He demonstrated that these cells were nonphagocytic, exhibiting a fibroblast-like 

appearance and they could differentiate in vitro into bone, cartilage, adipose tissue, tendon and 

muscle [102,103]. The culture had cells which can produce single cell-derived colonies and were 

termed as colony forming units-fibroblasts (CFUs-F). CFUs-F possess high proliferation 

potential when placed at low density in tissue culture. Mesenchymal stromal cells promote the 

growth and differentiation of hematopoietic stem cells which are crucial to maintain 

hematopoiesis in the bone marrow environment [104]. The population is heterogeneous and 

although the pluripotency of these cells has been continuously ascertained at the single cell-

derived colony level, not all the cells can form a secondary, osteogenic colony and the culture 

contains cells with a variety of differentiation levels [105,106]. The differentiative performance 

of these cells is unstable and diminishes during culture and passage [107]. These cells are mainly 

present in the bone marrow [108], but also in other tissues [109] and due to their heterogeneity, it 

is tough to specify the origin of these cells [107]. However, there is evidence that osteogenic 

cells belong to the stromal fibroblastic system associated with marrow and bone surfaces [104] 

and the stromal environment comprises of other types of cells such as macrophages and 

endothelial cells [110].  
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Figure 2.4: Bone marrow niches and stem cells differentiation. Reproduced from [108] 

When rabbit bone marrow stromal cells were cultures within diffusion chambers in vivo, a 

fibrous bone and cartilage tissue was formed in 20 days [111,112]. Collagen type I, II, III and IV, 

laminin and fibronectin expressed during the development of osteogenic tissue from rat marrow 

cells was similar to the markers expressed in the native osteogenic process during embryonic 

bone and cartilage development [113]. Bone marrow stromal cells can be procured from a 

patient’s own bone marrow aspirate [107]. In vitro expansion of stromal cells is beneficial as the 

bone marrow from a single rat can supply for only 2 – 3 bone-forming transplants whereas the 

same amount when expanded in vitro can provide for 50 transplants [114].  

In addition to supplying osteogenic cells, stromal cells support homeostasis of bone and bone 

marrow and they can modulate the state of hematopoietic stem cells from quiescence to active 

phase [115]. Bone marrow stromal cells have been intravenously injected to the site of disease 

like a pharmacologic agent [116] and these cells were also studied for their effects on 
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cardiovascular diseases [117] and neuronal damage [118]. Intravenous infusion of bone marrow 

stromal cells into children with osteogenesis imperfecta showed engraftment and growth 

acceleration in 5 out of 6 patients [119].  Bone marrow cells seeded with porous scaffolds of 

biphasic calcium phosphate and β-TCP were reported to increase bone growth in a caprine model 

[120]. Although a number of studies in BTE using stromal cells have been published [121,122], a 

standard protocol for cell culture has not yet been reached. One of the important issues to address 

when using stromal cells for bone tissue repair is that, if they would differentiate to the tissue of 

interest. Even though desired differentiation did not occur, the stromal cells secrete useful 

soluble mediators that foster repair of a tissue. This is one of the reasons why they might be 

incredibly useful in regenerative medicine [123].  

2.3 Bioactive Glasses  

In 1969, Larry Hench and his colleagues discovered the first artificial material which was able to 

bond to living tissues [10]. Hench et al [10] used the Na2O-CaO-SiO2 phase diagram to develop 

the first composition of BG, which exhibits a composition (45% SiO2-24.5% Na2O-24.5% CaO-

6% P2O5 in wt%) close to a ternary eutectic [124]. It was named as Bioglass® or 45S5 Bioglass® 

and is the most commonly used BG for medical applications [124]. The name 45S5 signifies the 

glass composition with 45% of silica and 5:1 molar ratio of CaO to P2O5. In this composition, 

silica acts as a network former, and the remaining components act as network modifiers [125]. 

These ions activate genes in osteoblast cells and therefore stimulate the formation of new bone in 

vivo [126]. The most important advantage of 45S5 Bioglass®, making it a promising material for 

scaffold fabrication, is the ability of its surface to react quickly with surrounding media. This 

property makes the 45S5 Bioglass® a Class A biomaterial, which means that it is able to bond to 

bone and soft tissue. The bonding to bone is so strong that the 45S5 Bioglass® cannot be 

removed without breaking the bone. Moreover BG do not form interfacial scar tissue creating 

isolation to the bone. In contrast to Class B biomaterials, which are only osteoconductive 

[125,126], Class A biomaterials are both osteoconductive and osteogenic. Osteoconduction 

means that bony tissue grows into the implant or transplant while osteogenic materials stimulate 

the growth of bony tissues [126], [127]. The bioactivity of 45S5 Bioglass® is ascribed by the 

formation of hydroxy carbonate apatite (HCA) layer when it is exposed to simulated body fluid 
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(SBF). 45S5 Bioglass® has an amorphous 2-dimensional network, making it brittle and therefore 

unsuitable for load-bearing applications in bone tissue engineering [6, 124, 126]. Nevertheless, 

the Young’s modulus of 45S5 Bioglass® is 35 GPa, which is close to that of cortical bone (7 – 

30 GPa) [128]. 

The first medical Bioglass® device was the “Bioglass® Ossicular Reconstruction Prosthesis” 

with the trade name MEP® used for middle ear reconstruction to treat conductive hearing loss. 

Since its discovery 45S5 Bioglass® has developed a wide field of applications, especially in hard 

tissue replacement and dental products. A time line for the development of all 45S5 Bioglass® 

applications is described by Hench et al [129] and a recent paper discusses the evolution of four 

different eras in the advancement of BG and also addresses unsolved challenges for the future 

[130]. Hench et al  [131] described the bone bonding reaction of bioactive glass and glass-

ceramics of Class A as a sequence of 11 reactions on their surface as shown in Figure 2.5. The 

first five reactions take place very fast within 24 h and as a consequence, a bilayer of hydrated 

silica and polycrystalline HCA is formed on the glass surface (stages 1 - 5). When inserted into 

living tissues, soluble ions (Ca
2+

 and Na
+
) are released from the surface of BG into the interfacial 

solution. In the solution, these ions react with H
+
 or H3O

+
 ions, causing hydrolysis of the silica 

(SiO2) groups and the creation of silanol (Si-OH) groups (stage 1): 

Si-O-Na
+
 + H

+
 + OH

-
 → Si-OH

+
 + Na

+
(aq) + OH

-
 

Since H
+
 ions are consumed, the pH of the solution increases and a silica layer is formed on the 

glass surface. In the second step, the high pH leads to attack of the SiO2 glass network by OH
-
 

leading to a break of Si-O-Si bonds and dissolving as Si(OH)4 in the solution. Silanol groups 

continue to be formed on the glass-solution interface (stage 2): 

Si-O-Si + H2O → Si-OH + OH-Si 

The Si-OH groups undergo condensation and polymerization reactions. In the next stage, Ca
2+

 

and PO4
3-

 ions migrate to the surface through the SiO2-rich layer (stage 3). On this silica-rich 

layer, a film with a high concentration of amorphous CaO-P2O5 is formed (stage 4). This film 

grows by consuming ions from the surrounding solution and crystallizes as an HCA layer by 

incorporation of OH
-
 and CO3

2-
 anions from solution (stage 5). Due to the surface reactions, 

growth factors are adsorbed, which activate the differentiation of stem cells (stage 6). 
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Macrophages remove debris from the implant site so that the cells can occupy the space (stage 

7). In step 8, stem cells attach and are differentiated to form bone growing cells, such as 

osteoblasts (stage 9). Osteoblasts produce various growth factors that form the ECM (stage 10). 

The final stage 11 includes the crystallization of inorganic calcium phosphate matrix to enclose 

mature osteocytes in a collagen-HCA matrix.  

 

Figure 2.5: Sequence of reactions involved in forming a bond between bone and BG. 

Reproduced with permission from [131] 

The field of BG has broadened over the years with the emergence of new compositions and 

favourable strategies for overcoming the limitations of these glasses. Silicate, phosphate and 

borate BG, each having its own merits and demerits, have been developed for bone TE 

applications [11,132, 133]. In addition to being used as fillers to restore bone defects, BG and 

glass ceramics, in several shapes and forms, have also proven competent in vivo in supporting 

bone regeneration [12,126,132, 133]. A simple and effective approach to improve the toughness 

is to combine the basic scaffold structure with polymer coatings or through the formation of 

interpenetrating polymer-bioactive ceramic microstructures [134]. Furthermore, in vitro and in 
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vivo studies have demonstrated the ability of in release effects of BG to stimulate formation of 

endothelial tubules and neovascularization and support angiogenesis [22].  

Another important approach for developing enhanced surface reactivity was the incorporation of 

metallic inorganic ions into the glass structure and thus altering the dissolution of these materials 

when immersed into relevant fluids [135]. Metallic ions are on one hand crucial components of 

human tissue and on the other hand important in controlling cell metabolism whilst also 

regulating many biochemical processes [136]. Elements like Magnesium [137], Zinc [138], 

Strontium [139], Copper [140], Cobalt [141] or Lithium [142] have been explored for tissue 

engineering applications. Especially the effects of B have been widely reported, showing an 

improvement of wound healing and bone metabolisms [143]. These ions can be employed as 

therapeutic agents in bioresorbable scaffolds to positively influence osteogenesis and 

angiogenesis. Recently, the interaction of IDPs of BG with physiological solutions are found to 

be potentially relevant for wound healing and soft tissue regeneration including cardiac, lung, 

nerve, gastrointestine, urinary tract and laryngeal tissue [144].  

2.4 Boron-based bioactive glasses 

Boron is an ‘ultra trace’ element which has gained attention from numerous researchers in the 

recent years. Boron has been known to present in plants since 1857 and in 1923, it is accepted as 

an essential nutrient in plants to complete their life cycle [145]. Boron plays a structural role in 

plant cell walls [146] and therefore, it is mostly found as an ingredient in foods of plant origin. 

Boron was also used as a preservative in the forms of sodium borate and boric acids [147].  

2.4.1 Influence of boron in bone 

Boron is bountiful in nature in the form of boric acid and borate and can be consumed in the diet 

through fruits and vegetables and legumes [148]. In 1923, boron was accepted as an essential 

nutrient for all vascular plants [145]. Over the last century, many evidences point out that boron 

is significant clinical and nutritional importance in animals and humans [149]. Considering the 

various uses of boron, research continued throughout the world exploring the prospects of the 

nutritional values of boron. Later, boron deprivation was found to exacerbate bone abnormalities 

[150], cause distortion of marrow sprouts which is the location of new bone formation [151] and 
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also decrease the density of chondrocytes in the zone of proliferation of the growth plate of 

chicks [152]. Boron deficiency in rats decreased the bone volume fraction, trabecular thickness 

and impair alveolar bone repair which is initiated immediately after tooth extraction [153, 154]. 

Boron is also favourable for trabecular microstructure that promotes bone strength and it is found 

to have beneficial effects on the functional, physical and elemental characteristics of bone, which 

are not influenced by any other nutritional stressor. Apart from its role in bone functioning, 

boron deprivation has led to changes in rat behaviour and brain mineral composition [155] and it 

also affects the response to injury or infection [147]. Other biological functions of boron include 

stimulation of wound healing in vivo, release of growth factors and cytokines, increase in the 

synthesis of RNA and increase of extracellular matrix turnover [156]. Although the exact 

mechanism for the role of boron has not been clearly defined yet, speculations suggest that boron 

has a significant part in maintaining the structural integrity and/or function of cell membranes 

[157, 158]. The boron atom is small with only three valence electrons and it acts as a Lewis acid 

by accepting hydroxyl ions and leaving out an excess of protons. Boron reacts with organic 

compounds containing hydroxyl groups and the compounds with more than two hydroxyl groups 

react even more strongly [159]. Therefore, boron is capable of interacting with biological 

substances such as polysaccharides, pyridoxine, riboflavin, dehydroascorbic acid and pyridine 

nucleotides [159]. Boron was found to influence the activity of at least 26 different enzymes in 

animal, plant, cultured and chemical reaction systems [160]. Although the mechanisms by which 

it binds to enzymes or to cofactors are not known, one hypothesis is that boron alters metabolic 

reactions by binding to substrate compounds [161]. The total content of boron in the human body 

ranges from 3 to 20 mg, with the highest concentrations found in bone, nails and hair [162].  

Researchers also observed that there is difference in the concentration of boron in arthritic bones 

(3 ppm) and in healthy bones (56 ppm) [163]. Boron deficiency is found to cause impaired 

growth, abnormal bone development [161] and also aggravate the symptoms of vitamin D3 

deficiency [149]. Optimal level of boron is necessary for calcium metabolism and boron 

deprivation was found to be detrimental for processes associated with bone formation and 

maintenance. Boron is also needed to prevent the excessive bone loss which often occurs in post-

menopausal women and in older men [164]. Results from human studies have shown that dietary 

boron may be useful in preventing osteoporosis.  
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2.4.2 Structural, mechanical and dissolution properties 

BG containing boron starting from as low as 0.2 wt% B2O3 [165] up to 53 wt% B2O3 (borate 

glasses) [166] has been tailored in the past decade and the influence of the increase or decrease 

in the B2O3 content in terms of the structural, mechanical and biological characteristics of the 

glasses have been explored for TE applications. The addition of B2O3 effected changes in the 

thermal, structural and mechanical properties of the glasses [167]. Incorporation of B2O3 in the 

range of 0.7 mol% - 3.7 mol% in a system of SiO2-Al2O3-Na2O-P2O5-CaO-MgO slightly 

increased the glass transition (Tg) and decreased the working temperature range. Until 2.7 mol% 

of B2O3, the glass became stronger and with further increase, it became more fragile. This is due 

to the structural changes occurring in the glass as [BO3] structural units are formed which leads 

to a more cross-linked and rigid structure, whereas with increase in B2O3 content (higher than 2.7 

mol%) [BO4] units are formed which took place via the transformation of metaborate into 

pentaborate giving the glass a more floppy and distorted structure causing an increase in the 

glass fragility.  

One great impediment for bioactive glass-ceramic porous scaffolds is their insufficient 

mechanical properties which is a great hindrance for their use as a load-bearing material. Boron-

based three-dimensional scaffolds have shown quite high compressive strength of ~10 MPa [17] 

close to the values reported for human cancellous bone, 4 – 12 MPa [168]. Boron-containing BG 

system undergo viscous flow sintering more readily than the standard 45S5 Bioglass® thereby 

resulting in completely amorphous scaffolds with the appropriate morphology and pore structure. 

A sufficient working range between Tg and the onset of crystallization is found where sintering 

occurs guaranteeing the complete densification of struts. The large number of defects and cracks 

which preexisted were mostly removed due to the adequate viscous flow during sintering. Yang 

et al [169] also showed that the reinforcement of B2O3 in 45S5 porous construct increased the 

compressive and flexural strength by nearly four times.  

The conversion of a silicate BG (45S5), a borate equivalent of 45S5 glass (substituting all SiO2 

with B2O3), and two intermediate borosilicate BG to HA in a dilute (0.02M) K2HPO4 solution at 

37
o
C was reported by Huang et al [170] as shown in Figure 2.6. The authors noted that the final 

limiting value of weight loss was found to be highest for the borate glass and correspondingly, 

the reaction rate increased with increasing B2O3 content. Also, the pH increased quite rapidly 
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with increase in B2O3 and attained a constant value in a quite shorter time compared (~500h for 

silicate glass and ~50h for borate glass) to the silicate glass. Interestingly, the final pH value of 

the borate glass (9.6) was much lower than that of the final pH value of the silicate glass (11.5). 

The increase in pH is because the strongly basic NaOH overpowers the weak acidic nature of the 

B(OH)3 and Si(OH)4. When all the Na2O dissolves rapidly, the pH reaches its final value and 

since B(OH)3 has stronger acidic nature than Si(OH)4, the borate glass has a lower pH value than 

the silicate glass [171].  

Upon immersion of the borate glass in a physiological solution, components such as Na2O and 

B2O3 are released to form Na
+
, BO3

3-
 ions and the PO4

3-
 from the solution reacts with Ca

2+
 to 

precipitate HA on the glass. The reason for the rapid conversion of borate glass to HA is that the 

dissolution of Na
+
 and the attack of the B-O network structure by the phosphate solution occurs 

simultaneously, leading (immediately) to the nucleation of HA. This is due to the structural 

changes in the glass network with increasing B2O3 content, as boron ([BO3] trihedra) cannot 

fully form a three-dimensional network compared to Si. Therefore, the dissolution-precipitation 

reactions occur continuously until the borate glass is fully converted to HA. Hence, the borate 

glass has a lower chemical durability and faster dissolution rate [18, 170]. The conversion of the 

borosilicate glasses are found to be influenced initially by the diffusion of the glass and later by 

the diffusion of ions to the reaction surface and the borosilicate glasses converted only partially 

to HA [16].  

 

 



  2 Fundamentals 
 

 27  

 

Figure 2.6: Schematic diagram illustrating the mechanisms of conversion of a borate glass 

and 45S5 silicate glass to HA in a dilute phosphate solution [170], with permission of 

Springer  

 

2.4.3 In vitro cytocompatibility and in vivo bone formation of boron-

based BG 

Similar to the life cycle of any new biomaterial, boron-based BG were synthesized, 

characterized, followed by a multitude of in vitro cell culture experiments to determine the 

cytotoxicity, cell adhesion, proliferation and differentiation. In vitro proliferation of MC3T3-E1 

cells on B-substituted 45S5-based BG with three different mole percentage of B2O3 such as 

15.4%, 30.7% and 46.1% (borate BG) was tested [171]. The authors observed that the increase in 

boron content lead to more rapid conversion of the glass to HA which directly correlates to the 

release of higher concentration of borate ions in to the cell culture medium preventing cell 
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proliferation in static conditions. The decrease in cell density with increasing boron content was 

found to be much smaller under dynamic conditions [171]. In vitro responses of MLO-A5 

osteogenic cells on 17.67 wt% (13-93B1) and 53 wt% (13-93B3) B2O3-containing 13-93 glass 

fibers showed moderate biocompatibility for the former and little or no biocompatibility for the 

latter [172]. Similar results were observed for MLO-A5 cells on 13-93B1 and 13-93B3 three-

dimensional porous scaffolds [19]. 

Durand et al. [23] doped 2 wt% B2O3 in 45S5 Bioglass® (45S5.2B) and analyzed the in vitro 

endothelial response of the ionic dissolution products. The presence of boron in the ionic 

dissolution products of the glass stimulated the proliferation and migration of human umbilical 

vein endothelial cells (HUVEC), enhanced in vitro HUVEC tubule formation, secretion of 

interleukin 6 and the basic fibroblast growth factor (bFGF) [23]. Both hMSCs and hMSC-

derived osteoblasts adhered to three-dimensional, porous disks of a borate glass of the system 

Na2O-CaO-B2O3 and markedly synthesized alkaline phosphatase (ALP), an early osteogenic 

marker [18]. Fu et al. [173] reported the release of borate ions from the BG scaffolds of the 

system (mol %) 22CaO-6Na2O-8MgO-8K2O-18SiO2-36B2O3-2P2O5 had a significant effect on 

the proliferation of MLO-A5 cells and BM-MSCs and the presence of borate ions above a 

threshold value of 0.65 mM inhibit cell proliferation. Although, in a relevant study, when the 

dissolution products of the 13-93B2 scaffolds are diluted to neutral pH with the boron 

concentration <2.960 mM, no inhibition of adult goat BMSCs was found to occur [17]. Wu et al 

[174] produced mesoporous BG scaffolds of the system CaO-SiO2-P2O5-B2O3 with 5 mol% and 

10 mol% boron. No significant difference in cell proliferation, adherence and ALP activity of the 

mesoporous scaffolds with and without boron was observed. Enhanced gene expression of Col I 

at day 7 and Runx2 at day 7 and 14 were found for 10% B2O3 containing mesoporous BG 

scaffolds. Composites of borate BG (6Na2O-8K2O-8MgO-22CaO-54B2O3-2P2O5, in mol%) 

particles in a chitosan matrix was produced and served as a carrier for the controlled release of 

gentamicin sulfate in the treatment of osteomyelitis [172]. The ionic dissolution products of the 

BG/chitosan composite enhanced the proliferation and ALP activity of osteogenic MC3T3-E1 

cells.  

The results from most of the in vitro cell culture studies pointed out that the boron-based glasses 

showed an enhanced performance in dynamic conditions than static cell cultures. Following that, 
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several animal studies using borate glasses have been carried out and have also shown significant 

bone repair and growth. Silicate 13-93, borate 13-93B1 and borate 13-93-B3 BG scaffolds were 

evaluated in a rat subcutaneous implantation model over a period of 6 weeks [19]. A trend 

similar to in vitro degradation in SBF was observed for scaffolds with increasing B2O3 content. 

But, the degradation of the 13-93 and 13-93B1 scaffolds in vivo was higher than in vitro. The 13-

93B1 and 13-93B3 scaffolds converted fully to HA resulting in the formation of HA relics in the 

place of the original scaffolds. All three groups of scaffold showed soft tissue infiltration and 

extracellular matrix formation. Similar findings were observed for borate 1393-B3 fibers when 

evaluated for their capacity to regenerate bone in rat calvarial defects in vivo [175]. The 13-93B3 

fibers were fully converted to HA and formed a tubular morphology and no evidence of boron 

cytotoxicity was observed. 13-93B1 scaffolds loaded with and without platelet-rich plasma 

(PRP) supported the formation of new bone in the osseous defects, mainly due to the 

osteoconductive property of the scaffolds, when implanted in non-critical sized defects in the 

femoral head of rabbits [176].  

Vancomycin-loaded borate BG (VBG) pellets of the system 6Na2O-8K2O-8MgO-22CaO-

54B2O3-2P2O5 (mol%) were implanted into the right tibiae of rabbits infected with osteomyelitis 

[177]. The total boron concentration of ~75 mg per kg of rabbit body weight is calculated to be 

implanted. The degradation of the scaffold started immediately after implantation and the serum 

boron concentration decreased with time, indicating the slowing down of the release rate of 

boron from the pellets. No evidence of abscess formation, bone destruction and inflammation 

were found in the vancomycin-loaded borate pellets indicating recovery from osteomyelitis. A 

well-connected interface without any transition area was found between the new bone and the 

scaffold. Blood vessels were seen to be grown into the outer region of the scaffold and the new 

bone was formed around the blood vessels. In a similar study, comparing VBG with clinically 

used calcium sulfate loaded with vancomycin (VCS) [178], VBG was found to be mostly 

reabsorbed and replaced by lots of new bones without any foreign body response whereas VCS 

produced foreign body response.  

The pro-angiogenic ability of the ionic dissolution products of 2 wt% B2O3 doped 45S5 BG 

composition was evaluated on the vasculature of the embryonic quail chorioallantoic membrane 

(CAM) [24]. Higher expression of integrin αvβ3 and increase in vascular density in the 
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embryonic quail CAM was observed for the B-doped BG. The results showed that the presence 

of boron in the ionic dissolution products simulates angiogenesis in vivo.  

In the recent years, borate BG doped with several ions were investigated for their ability to heal 

bone defects and support bone regeneration. CuO (3 wt%) was doped into 13-93B2 BG scaffolds 

and were implanted in rat calvarial defects for 8 weeks [179]. 13-93B2 scaffolds with 3 wt% Cu 

showed a higher amount of new bone formation than the undoped scaffolds. The bone mineral 

density of the Cu-doped scaffolds was significantly higher and showed better capacity to 

stimulate bone regeneration and angiogenesis. Similarly, 13-93B2 BG scaffolds containing 

Fe2O3 (5 – 15 wt%) magnetic nanoparticles (MNP) [180] and an injectable 13-93B3 BG cements 

containing 9 mol% Sr [181] were implanted in rat calvarial defects and rabbit femoral condyle 

defects, respectively for 8 weeks. In both cases, the ion-doped borate BG possessed better bone 

healing and bone formation abilities.  

2.4.4 Soft tissue engineering applications  

The fast and controllable reaction of borate bioactive glasses have revived the interest of using 

borate glasses for soft tissue regeneration, blood vessel formation (angiogenesis) and wound 

healing [182]. Jung et al. [183] developed 13-93B3 fibres (300nm to 2μm diameter) which were 

compressed into a cotton like morphology and used as a bandage material to treat full thickness 

cutaneous wounds. The dressings also had anti-bacterial effects due to the release of alkali ions 

from the glass fibres. After implantation in rats for 15 days, 85% to 90% of the wound size 

decreased (15 mm) and after 22 days, significant regeneration of the dermal, epidermal, and 

subcutaneous tissues was noted. The fibres degraded and formed HA microspheres, to which 

blood vessels were attached, which emphasised the angiogenic effects of the released boron 

during degradation. Based on these results, a clinical trial on 12 diabetic patients with non-

healing wounds was conducted at the Phelps County Regional Medical Center [184]. 13-93B3 

BG microfibers containing 0.4 wt% Cu (1393-B3Cu) were evaluated for the localized soft tissue 

angiogenic responses in subcutaneous implantation in rats for 4 weeks [185]. Furthermore, 

histological evaluation of kidney tissue showed no cytotoxicity of borate ions during dissolution 

or chronic damage to the kidneys. Higher localized density of micro vessels was observed in 13-

93B3 and 13-93B3Cu microfibers in comparison with 45S5 microfibers. In a similar study, 3 

wt% Cu- doped 13-93B3 BG microfibers were used to treat full-thickness skin defects in rodents 
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[186]. Borate fibers of the system 13-93B3 and 1605 (6Na2O-12K2O-5MgO-20CaO-4P2O5-

51.6B2O3-0.4CuO-1ZnO, in wt%) were fabricated for wound healing applications [187]. A fiber 

dosage less than 200 µg/ml provided moderately better viability of human skin fibroblast cells 

CCL-110than the control. The potential of borate-based BG in the treatment of peripheral nerve 

injury was assessed by Marquardt et al. [188].   

In brief, boron-based BGs possess good processability and support cell adhesion, proliferation 

and differentiation in dynamic conditions. Consequently, these glasses have enhanced ability to 

stimulate angiogenesis, soft tissue infiltration and new bone formation in vivo. Thus, borate 

glasses, in the form of powders, pellets, scaffolds and fibers have been exploited to support 

potential bone regeneration and other soft TE applications.   

2.5 Surface modification  

Different strategies, such as modifying the surface topography [189], developing smart 

biomaterials [190], delivering therapeutic agents [191] and immobilization of biomolecules to 

the surface [192], have been proposed in TE to promote controlled, guided and rapid healing. 

One such approach is to develop a biomimetic surface in order to make the host cells prefer the 

artificial construct better to repair the defect and to eliminate any foreign body reactions. 

Biomimetic surfaces aim to enhance both the inorganic and biological responses of the scaffolds. 

The inorganic response is the bioactivity and the biological response is the ability of the 

biomaterial to stimulate cell behavior via proper biochemical signals. The development of, such, 

responsive biomaterials capable of demonstrating modulated function acknowledging the 

dynamic physiological and mechanical changes in vivo remains an important challenge in bone 

tissue engineering. Conventional biomaterials are limited in biomimicry and do not facilitate the 

desired end result. The much-needed biological activity, for example, osteointegration, could be 

generated by functionalizing the surface of the scaffold using a biomolecule or an enzyme.  

Various functionalization methods, which can be physical, mechanical, chemical and biological 

[193], are used to modify the surface of materials as shown (not limited to) in Table 2.4. The 

motivation of this study is to graft a biomolecule to the surface of BG scaffolds. Therefore, 

chemical and biological functionalization approaches are discussed further. So, this technique 

can be classified into two – (i) based on the biomolecule and (ii) based on the strategy of 
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delivery. In the second type, the grafting of the bioactive compounds is implemented by small, 

strong covalent bonds. For this purpose, almost any substrate can be functionalized with a wide 

choice of active molecules, e.g. anti-coagulant, anti-bacterial, anti-inflammatory, anti-mitotic 

agents, antibiotics, ECM proteins and growth factors [193]. The principle behind is that the 

surfaces of implants/scaffolds are coated with bioactive molecules and as the materials degrade, 

there is a release of the grafted molecules which would stimulate specific events in the cellular 

and molecular level.  

Table 2.4: Various functionalization techniques to modify the surface 

 

Mechanical functionalization Physical functionalization Biological functionalization 

 Polishing  High temperature 

plasma spray 

 Drug delivery systems 

 Machining  Chemical vapour 

deposition 

 Coating of desired 

polymers/ceramics 

 Irradiation  Hydrothermic 

treatments 

 Grafting of 

biomolecules  

 

The functionalization of inorganic surfaces through the grafting of organic molecules is an 

impressive technique to tune the surface properties. This could control protein-material 

interactions [194-196] and cell-material interactions [197,198][138,139] which are some of the 

primary reactions occurring after the material is implanted in the body. Surface modification by 

silanes [199-201] and poly(ethylene glycol) [198,202] has been extensively studied on ceramics 

[25]. Silanization is quite popular in the field of glasses and ceramics, mainly because it is a 

straightforward technique which could be carried out without demanding very specific 

environment or equipment [25,203]. Additionally, silanization can be applied to any kind of 

materials, including colloidal particles [204,205], porous matrices [[206,207], nanoporous 

membranes [208,209] and 2-D planar surfaces [210]. The principle of silanization is explained in 

Figure 2.7 [25]. Silanes are used to improve chemical bonding of zirconia to dental substrates 
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[211,212] and as anchors to immobilize drugs [213] and biomolecules [207,214,215]. Despite the 

availability of a variety of silanes, such as tetraethoxysilane, 3-Glycidoxypropyltrimethoxysilane, 

aminopropyltriethoxysilane (APTES), mercaptopropyltrimethoxysilane, octadecyltrichlorosilane, 

and phenyltrichlorosilane, APTES is the most widely precursor [25]. There are some limitations 

associated with the use of silanization such as the stability and functionality of silanized surfaces 

under different conditions or over long periods of time. In spite of these, silanes have produced 

positive results in clinical settings [216]. Recently, organophosphorous compounds are gaining 

attention due to their ability to form mono-, bi-, tri- or multidentate bonding to material surfaces 

[217,218]. Such attachments are quite stable to hydrolysis over a large pH range and under 

physiological conditions [219,220].  

 

Figure 2.7: Schematic of silanization on ceramic surfaces. Reprinted from [25], with 

permission from Elsevier 

Immobilization of biologically active molecules to a surface results in the reduction of mobility 

and it can be achieved by (i) physical (ii) covalent and (iii) bio affinity mechanism [26]. The 
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most crucial aspect in surface biofunctionalization corresponds to the activity and stability of 

biomolecules after attachment [221]. Physiosorption is a simple dip-coating technique and it 

depends on electrostatic interactions, van der Waals forces, hydrogen bonds and hydrophobic 

interactions. This technique in non-destructive and is, therefore, preferred for drug release 

purposes. Covalent bonding is comparatively better as it improves enzyme stability and prevents 

the enzyme from undergoing self-autolysis [222,223]. In the recent years, it is popularly used for 

biomaterials [224], biosensors [225], medical imaging and therapy [226], and assay technologies 

[26].  

2.6 Alkaline phosphatase (ALP) 

ALP is the most widely referenced and studied enzyme in the world [227]. In 1907, Suzuki et al 

[228] were the first to propose the idea of phosphatases as a separate group of enzymes. Further 

investigations on the enzyme was carried out by Grosser & Husler and von Euler in 1912, who 

suggested that the enzyme is present in a variety of tissues, with the highest amount in intestinal 

mucosa [227]. Several researchers followed the exploration of the enzyme. However, Robison et 

al, in 1923, made two important discoveries which reports the presence of phosphatase in bone, 

especially growing bone and the role of phosphatase in bone formation [229]. He also pointed 

out the absence of calcification in tissues not containing ALP. He believed ALP to be the cause 

of bone formation as the main function of ALP is to release phosphate from phosphate esters 

[227]. However, the theory had some reservations [230]. Further hypothesis and discoveries 

regarding the types, structure and functions of ALP have been made throughout the last century.  

ALPs are plasma membrane-bound glycoproteins which are widely distributed in the nature, 

including plants, algae, bacteria, fungi and animals [227,231]. They are homodimeric 

metalloenzymes containing three metal ions two Zn
2+

 and one Mg
2+

 in the active site which are 

essential for the enzymatic activity [232,233]. Differences in ALPs can occur within species, 

organ, and even, within cells. ALPs in the human body can be classified into four – placental 

ALP, germ cells ALP, intestine ALP, and tissue non-specific ALP (TNALP) [234]. The first 

three are 90 – 98% homogeneous and the fourth is 50% identical to the first three and is present 

in bone, liver and kidney [235]. Figure 2.8 shows the five functional regions in TNALP [236]. 

The active site acts the center for catalytic activity and the N-terminal provides stability and 
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allosteric properties of the enzyme [233]. The crown plays an important role in uncompetitive 

inhibition [237], heat stability [238], allosteric behavior [233] and participates in the binding of 

TNALP to collagen [239-241]. The homodimer interface is critical for dimerization and ALPs 

are active only in the dimeric form [238]. Mutations in TNALP can cause Hypophostasia which 

is a disease characterized by defective bone mineralization [235,236].  

 

 

Figure 2.8: Three-dimensional of tissue non-specific alkaline phosphatase. Reprinted from 

[236], with permission from Elsevier.   

2.6.1 Role of ALP in mineralization and bone formation  

The physiological process of bone mineralization and remodeling takes place throughout the life 

span of a human. Several modulators and factors are involved in this process and local 

mineralization is promoted by the synthesis of TNALP by the osteoblasts [242]. Mineralization 
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inhibitors such as inorganic pyrophosphate (PPi) and osteopontin, are synthesized by osteoblasts 

and osteocytes [242]. The mineral ions Ca
2+

 and Pi are key players in the mineralization process. 

Phosphate is absorbed by the cells from blood and it is stored in the skeletal system in the form 

of calcium-phosphate and 80 – 85% phosphate present in the body is accounted in bone 

[243,244]. Pyrophosphate has two molecules of inorganic phosphate (Pi) which is connected by 

a hydrolysable high-energy ester bond [245,246]. Extracellular PPi deficiency leads to excess 

HA formation in the skeleton, whereas increase in PPi levels leads to decrease in mineralization 

[246,247]. Therefore, the mineralization process in bone is reliant on the extracellular levels of 

Pi and PPi [248]. When osteoblasts secrete Pi, the enzyme TNALP is expressed along with it. 

This TNALP catalyses the hydrolysis of extracellular PPi to Pi. The controlled co-expression of 

TNALP along with fibrillary collagen I enhances the deposition of HA in the bone ECM [249]. 

The initial stages of HA formation occurs in the matrix vesicles, within the osteoblasts and bone 

ALP levels reflect the activity of osteoblasts [250]. Ca
2+

 ions and Pi are crystallized and 

collected within the matrix vesicles as PPi are removed from the membrane through the activity 

of ALP [251,252]. Once a saturation level is reached, the matrix vesicles break down and release 

the HA crystals into the extracellular fluid. Subsequently, the released HA become part of the 

ECM and aids in laying down the bone. Higher levels of PPi in skeletal muscles and plasma has 

been detected for patients with ALP deficiency [253]. Another phosphatase, namely PHOSPHO1 

(phosphatase, orphan 1), which is a cytosolic enzyme, is also indirectly involved in regulating 

PPi and promoting mineralization [254,255].  
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Chapter 3 

3 Development and characterization of boron 

containing silicate, borosilicate and borate glasses 
 

Some sections of this chapter are reproduced with permission from [261]. 

3.1 Introduction 

The need for alternate solutions for the repair of critically sized bone defects motivates research 

in the field of bone tissue engineering (TE). One approach among the various TE strategies 

involves the fabrication of a three-dimensional scaffold which is evaluated for its mechanical 

compatibility, biodegradability and cytocompatibility, and is incorporated into the defect site to 

support neovascularization and bone tissue formation/regeneration [86]. Over the past two 

decades, various biomaterials such as natural and synthetic polymers, composites and ceramics 

have been explored to develop such scaffolds for bone TE [86,256].  

The field of BG and bioceramics was launched with the discovery of 45S5 Bioglass® by Hench 

in 1969 [10][140] and the different stages in the evolution of research on BG have been recently 

reviewed [130]. 45S5 Bioglass® (composition (in wt%) is 45% SiO2, 24.5% Na2O, 24.5%CaO, 

6% P2O5) undergoes specific surface reactions resulting in the formation of a hydroxyapatite 

(HA) layer which bonds quite firmly and rapidly to bone, following glass dissolution. Bioglass® 

has also osteoinductive properties which are due to the fact that the dissolution products such as 

soluble silica and calcium ions stimulate osteogenic cells to form bone matrix [257]. 45S5 

Bioglass® has been used in more than a million patients to treat bone defects in the jaw and in 

orthopaedics [126]. Currently, there are other well investigated silicate-based glasses such as the 

13-93 composition ((in wt%) 53% SiO2, 6% Na2O, 12% K2O, 5% MgO, 20% CaO, 4% P2O5) 

developed in Finland in the 1990s [258]. This glass possesses lesser tendency to crystallize than 

the conventional 45S5 Bioglass® and the use of 13-93 BG in vivo is approved in Europe. The 

13-93 BG has been drawn into fibers, particles and short fibers and sintered without 
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crystallization to form porous scaffolds to physiologically relevant shapes, for example, the 

human proximal tibia [259].  

Apart from silicate glasses, phosphate and borate glasses have also gained the interest of 

researchers [11]. In the last few years, boron-doped and borosilicate glasses based on the 1393 

and 45S5 BG composition were developed for bone TE applications [16,21,165,166,170,259]. 

Borosilicate and borate BGs have been shown to support cell growth, adhesion and 

differentiation in vitro [19,173] and tissue infiltration has been observed in vivo in a rat 

subcutaneous model after implantation for 6 weeks [19]. Interestingly, boron-based glasses have 

been found to perform better in vivo (dynamic conditions) than in vitro (static conditions) 

[19,166]. Also, the release of boron ions from the BG is reported to act as a therapeutic 

alternative for enhancing neovascularization in tissues [23,24]. The presence of boron has been 

shown to stimulate the proliferation, migratory response, the ability to form in vitro tubules and 

secrete proangiogenic cytokines of human umbilical vein endothelial cells (HUVEC) [23]. 2 

wt% B2O3 present in 45S5 Bioglass® was shown to increase angiogenesis in vivo on the 

vasculature of the embryonic quail chorioallantoic membrane [24]. Borate glasses also present 

promising clinical results in terms of wound healing and soft tissue engineering applications 

[144]. Further investigations to consider different B-containing glasses in terms of scaffold 

processability, bioactivity and mechanical properties are required, which has prompted the 

present study.  

Highly porous constructs of BGs, analogous to the spongy bone structure, can be produced using 

the foam replication technique as originally developed by Chen et al [13]. The objective of this 

part of the research project was to develop three-dimensional scaffolds of boron-containing BG 

based on the 13-93 composition with increasing B2O3 content replacing the SiO2 (Table 3.1), 

using the replication technique. Silicate 13-93 BG and borate 13-93B3 BG were used to compare 

with the BGs with intermediate B2O3 content. The surface morphology, crystallization 

behaviour, ion release, bioactivity and cytotoxicity of scaffolds made from the five BGs were 

evaluated.  
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Table 3.1: Composition of the prepared BG scaffolds 

 

3.2 Experimental Procedure 

3.2.1 Materials 

The composition of all investigated BGs is shown in Table 3.1. The starting materials were 

derived from 0106, 0106-B1, 0106-B2, 13-93B3 and 13-93 BGs. The 0106 BG powder was 

developed at the Process Chemistry Centre, Åbo Akademi University, Turku, Finland [260].  

Melt-derived glasses of 0106-B1, 0106-B2, 13-93B3 and 13-93 were obtained from Dr. Bojan 

Jokic’s group in Belgrade, Serbia. Polyvinylalcohol (PVA) (Merck-Schuchardt OHG, 

Hohenbrunn, Germany), ethyl cellulose (Sigma-Aldrich, Germany) and polyurethane (PU) foams 

(45 ppi, Eurofoam GmbH, Germany) were used for scaffold fabrication.  

3.2.2 Glass Characterization 

Differential Scanning Calorimetry (DSC) was carried out to detect phase transitions as a function 

of temperature, using a DSC404 F1 Netzsch high temperature differential scanning calorimeter 

(Netzsch, Germany). Thermal analysis was carried out from room temperature to 1200
o
C, at a 

heating rate of 10
o
C/min. In order to provide an efficient heat transfer, glass powder (around 20 

mg) was placed on a Pt/Rh crucible. Thermograms were corrected to compensate for the normal 

variation of the equipment setup by baseline correction.  

Composition  Na2O K2O MgO CaO B2O3 P2O5 SiO2 

0106 5.9 12.0 5.3 22.6 0.2 4.0 50.0 

0106-B1 5.9 12.0 5.5 22.6 12.5 4.0 37.5 

0106-B2 5.9 12.0 5.5 22.6 25.0 4.0 25.0 

13-93B3 5.5 11.1 4.6 18.5 56.6 3.7 0 

13-93 6.0 12.0 5.0 20.0 0.0 4.0 53.0 
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3.2.3 Scaffold Fabrication 

Five groups of BG-based scaffolds, consisting of silicate BG 13-93, borate BG 13-93B3 and 

borosilicate BGs 0106, 0106-B1 and 0106-B2, were produced. The compositions of these glasses 

are given in Table 3.1. The glass frits were crushed using a Jaw Crusher (Retsch, Germany) and 

then grounded to fine powder with an average particle size of 2 – 5 µm using a zirconia planetary 

ball mill (Retsch, Germany). For the 0106 and 13-93 glasses, scaffolds were produced following 

the procedure originally described by Chen et al. [13]. Briefly, PVA was used as a binder and the 

glass powders along with the binder were dissolved in de-ionized water. In the case of 0106-B1, 

0106-B2 and 13-93B3 BGs, ethyl cellulose was used as a binder and the glass powders along 

with the binder were dissolved in ethanol [16]. Cubic PU foams were dipped into the slurry, 

allowed to dry overnight and then sintered according to the characteristic temperature of each 

glass. In all cases, scaffolds of maximal dimensions of 7 x 7 x 7 mm were produced.  

3.2.4 Characterization analyses  

To analyze the surface morphology of the three-dimensional scaffolds, a SEM (LEO 435 VP, 

LEO Electron Microscopy Ltd., Uk and Ultra Plus, Zeiss, Germany) was used. The samples were 

sputter coated with gold and observed under the SEM at different magnifications. FTIR 

spectroscopy (Q5000, TA Instruments) was performed to identify the chemical composition of 

the BG scaffolds. XRD measurements using a X-ray diffractometer (D8 ADVANCE, Brucker, 

Madison, US) were done to detect the presence of crystalline phases in the BG scaffolds after 

sintering. 

3.2.5 Mechanical Testing 

The compressive strength of the scaffolds was evaluated using a Z050 Zwick Roell mechanical 

tester with a 1 KN load cell at a cross-head speed of 5mm/min. Five samples per type were 

measured and the standard deviation was calculated. The cross-sectional area was calculated and 

typical stress-strain curves were obtained.  

3.2.6 In vitro Dissolution study  

In order to assess the bioactivity of the BG scaffolds, a dissolution study in Rosewell Park 

Memorial Institute medium (RPMI) (RPMI 1640, GlutaMax TM Supplement) was performed. 
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All five groups of BG scaffolds were immersed in 50 ml medium for 14 days and placed in a 

shaking incubator at 37
o
C and 120 rpm. The release of B and Si into the solution at several time 

points (1h, 2h, 4h, 8h, 1d, 2d, 3d, 7d and 14d) were measured using a Thermo Scientific iCAP 

6300 Duo inductively coupled plasma-optical emission spectrometer (ICP-OES) with an auto 

sampler. For these measurements, at each time point, 1 ml from the medium was extracted and 

diluted in de-ionized water by a factor of 10 to prepare the sample solution. Standard solutions 

containing boron and silicon were prepared at 0, 2, 5, 10, 20 and 40 µgml
-1

 for the calibration 

curve. The measurements were made in triplicate.  

The bioactivity of the BG scaffolds after immersion in RPMI medium was evaluated by 

assessing the possible formation of HA layer on the surface using SEM, FTIR and XRD 

analyses.  

3.2.7 In vitro cytocompatibility test  

The cytotoxicity of the BG scaffolds was assessed using ST2 cells (Deutsche Sammlung von 

Mikroorganismen und Zellkulturen GmbH, Braunschweig, Germany) derived from mouse bone 

marrow of BC8 mice. The cells were cultured at 37
o
C in a humidified atmosphere of 95% air and 

5% CO2 in RPMI 1640 medium (Gibco, Germany) containing 10 vol% fetal bovine serum (FBS, 

Sigma-Aldrich, Germany) and 1 vol% penicillin/streptomycin (Gibco, Germany). Cells were 

grown to confluence in 75 cm
2
 culture flasks (Nunc, Denmark), harvested using Trypsin/EDTA 

(Gibco, Germany) and counted using a hemocytometer (Roth, Germany).  

The BG scaffolds were sterilized at 160
o
C for 2h in a furnace (Naberthem, Germany). The 

scaffolds were placed in a 24-well plate and pre-incubated with RPMI. After 48 hours, the 

medium was removed and 250,000 ST2 cells in 1 ml cell culture medium were cultivated on the 

scaffolds for 2 days without changing the culture medium. Later, the cell culture medium was 

removed and cell viability was evaluated by the conversion of a water-soluble tetrazolium salt 

(WST-8) to formazan (Cell Counting kit-8, Sigma Aldrich, Germany). The samples were washed 

with phosphate buffered saline (PBS).  A solution containing 1 vol% WST reagent and 99 vol% 

RPMI was prepared and 400 µl of this solution was added to the samples and incubated for 2 h. 

Then, a volume of 100 µl of the solution was extracted from the samples and transferred to a 96-
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well plate. The supernatant was spectrometrically analyzed using a microplate reader (PHOmo, 

anthos Mikrosysteme GmbH, Germany) at 450 nm.  

In order to observe the morphology of the cells on the BG scaffolds, selected samples were 

washed with PBS and fixed using 3 vol% paraformaldehyde, 3 vol% glutaraldehyde (Sigma-

Aldrich, Germany) and in a 0.2M sodium cacodylate (sigma-Aldrich, Germany) buffer. The 

samples were dehydrated with a series of ethanol gradients ranging from 30, 50, 70, 80, 90, 95 

and 100%. Later, the samples were critical point dried with CO2 (Samdri PVT-3; Tousimis 

Research Corp., USA), sputtered with gold and observed under SEM.  

3.3 Results  

3.3.1 Glass Properties 

The characteristic temperatures of the glasses, such as the glass transition temperature (Tg), onset 

of crystallization temperature (Tc, onset), crystallization temperature (Tc) and onset of melting 

temperature (Tm, onset) were determined from the DSC measurements, as shown in Figure 3.1 and 

discussed in Table 3.2.   The Tg of all the glass formulations except 0106 BG is not well defined. 

For all the boron-containing compositions, there is a possibility that two different crystals are 

formed as two endothermic peaks could be observed after Tg. Therefore, the temperature at 

which crystallization begins (Tc, onset) was noted and Tc was measured at the temperature where 

maximum crystallization has occurred. In accordance with that, two exothermic peaks 

corresponding to melting of two different crystalline events could be observed from Figure 3.1. 

The temperature at which melting begins (Tm, onset) was noted. This phenomenon could occur 

possibly due to a phase separation mechanism. In general, the increase in the concentration of 

boron in the glass leads to a decrease in the characteristic temperatures of the glass and also 

decreases the viscosity of the glasses. Most importantly, the interval between Tg and Tc, onset, 

which provides the working range of the glass (sintering/densification without crystallizing the 

glass) decreases with increase in boron content. This working range is quite high for the 13-93 

and 0106 glasses whereas it is relatively narrow for the 13-93B3 composition. The borosilicate 

0106-B1 and 0106-B2 BGs fall in the intermediate range.  
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Figure 3.1: DSC analyses of all glass compositions showing characteristic temperatures 

Table 3.2: Characteristic temperatures (
o
C) of all glasses determined from DSC 

measurement 

Glass 13-93 0106 0106-B1 0106-B2 13-93B3 

Tg 576 497 500 503 511 

Tc,onset 778 648 592 583 575 

Tc 804 756 747 683 669 

Tm, onset 896 804 790 765 705 

Tc, onset - Tg 202 151 92 80 64 
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3.3.2 Scaffold Properties  

Three-dimensional BG scaffolds were prepared using 0106, 0106B1, 0106B2, 13-93B3 and 13-

93 BGs. Images of the macrostructures of the scaffolds are shown in Figure 3.2. SEM 

micrographs show an interconnected pore network with a mean pore size of 200 – 400 µm. The 

0106-B1, 0106-B2, 13-93B3 and 13-93 scaffolds possess similar macrostructure which is very 

similar in architecture to dry human trabecular bone. The porosity of all the scaffolds was in the 

range of 85 - 90%. The 0106, 0106-B1 and 13-93 scaffolds did not pose any difficulties in 

handling whereas the 0106-B2 and 13-93B3 scaffolds were extremely brittle.  

 

Figure 3.2: SEM micrographs BG scaffolds produced with (A) 0106 (B) 0106-B1 (C) 0106-

B2 (D) 13-93B3 (E) 13-93, showing highly interconnected porosity. Reproduced with 

permission from [261] 

Five SEM images of each scaffold type were analyzed using Image J software to measure the 

thickness of the struts. The strut thickness decreased with increase in the percentage of boron, 

except in the case of 0106 BG. For 0106 BG, it was not possible to measure the thickness of the 
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strut as the particles were more rounded due to extended viscous fow which occurred during 

fabrication and the struts did not have defined edges. The 0106-B1 scaffold possessed the highest 

strut thickness, which is in correlation with the mechanical properties of this BG, as discussed 

below.  

 

Figure 3.3: FTIR graphs of (A) as-received powders (B) sintered scaffolds (C) XRD 

patterns of sintered BG scaffolds (D) Typical stress-strain curves of the BG scaffolds. 

Reproduced with permission from [261] 

FTIR spectra of the as-received powders and sintered scaffolds are shown in Figure 3.3(A) and 

3.3(B), respectively. The FTIR spectra contain broad peaks at 470 cm
-1

 and in the range 900 – 

1100 cm
-1

 indicating the bending and stretching vibrations of Si-O-Si bond [262]. However, the 

peak between 900 – 1100 cm
-1

 represents also the B-O stretching of tetrahedral [BO4] units 

[263], which is the reason for the presence of the peaks in both the silicate and borate BG. In the 
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boron-containing BG powders and scaffolds such as 0106-B1, 0106-B2 and 13-93B3, a band in 

the range 1300 – 1500 cm
-1

 is present, which is attributed to the B-O stretching vibrations of 

trigonal [BO3] units. This result shows that the glass network is composed of [BO3] and [BO4] 

units. Figure 3.3(C) displays the XRD patterns of all five BG scaffolds. Although broad peaks 

can be seen at 30
o
 and 60

o
, no distinct peaks indicating the presence of a crystalline phase are 

observed. All the glasses, after sintering in the temperature range of 550
o
C – 650

o
C, had 

diffraction patterns typical of an amorphous glass. Thus, the increase in the content of boron in 

the glass structure does not influence the amorphous nature of the glass. Figure 3.3(D) shows 

typical stress-strain curves observed for the silicate, boron-containing silicate, borosilicate and 

borate scaffolds in compressive mode. Compressive strengths of 2.3 ± 0.3, 1.4 ± 0.4, 1.3 ± 0.3, 

0.04 ± 0.01 and 0.02 ± 0.01 MPa for 13-93, 0106, 0106-B1, 0106-B2 and 13-93B3 scaffolds, 

respectively, were measured. It can be observed that the compressive strength decreased with 

increase in the content of boron in the glass composition.  

3.3.3 In vitro dissolution study  

After 14 days of immersion in RPMI medium, the cumulative ion release of boron and silicon 

from the scaffolds was measured, as shown in Figure 3.4 [261]. As expected, there was an initial 

burst release of B levels in the 13-93B3 scaffold during the first few days of immersion. 

Maximal cumulative B levels of 50 ppm were detected for the 13-93B3 (borate) scaffolds. A 

controlled and moderate release of B was observed for the 0106, 0106-B1 and 0106-B2 scaffolds 

during the entire period of immersion. The cumulative B levels for the 0106 and 0106-B1 

scaffolds were lower than 5 ppm and in the case of 0106-B2 scaffold it was ~8 ppm. A constant 

increase in the release of Si even until 14 days was observed for the silicate 0106 and 1393 

scaffolds. However, the maximal Si concentration values observed here are much lower than the 

values reported for 45S5 Bioglass® in literature [264].  
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Figure 3.4: Release of B and Si from BG scaffolds after immersion for 14 days in RPMI. 

Reproduced with permission from [261] 

The formation of HA on the BG scaffolds after immersion in RPMI medium for 14 days was 

confirmed using SEM, FTIR and XRD analyses. Figure 3.5 (A – E) shows SEM micrographs of 

the surface of 0106, 0106-B1, 0106-B2, 13-93B3 and 13-93 scaffolds, respectively, after 

immersion in RPMI for 14 days. The 13-93 scaffolds, as known from literature [259], are 

bioactive with HA deposition covering the entire surface of the scaffold. Cauliflower-like 

structures, typical for HA [265], formed on BG surfaces, and can be seen from the higher 

magnification inset image, Figure 3.5(F), of the 0106-B1 scaffold. Similar observations could be 

made for 0106-B2 and 13-93B3 scaffolds. In the case of 0106 scaffold, needle-like structures of 

HA can be observed. Further, FTIR and XRD analyses confirmed the deposition of HA on the 

scaffolds.  
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Figure 3.5: SEM micrographs of (A) 0106 (B) 0106-B1 (C) 0106-B2 (D) 13-93B3 (E) 13-93 

after immersion in RPMI for 14 days showing formation of HA on the surface (F) is a high 

magnification image of the HA deposition on the surface of 0106-B1 scaffold. Reproduced 

with permission from [261] 

Figure 3.6(A) and 3.6(B) show the FTIR and XRD spectra after immersion of the scaffolds in 

RPMI for 14 days. HA formation is confirmed by the appearance of bands at ~560 cm
-1

, ~600 

cm
-1

, ~870 cm
-1

 and between 1000 cm
-1

 to 1100 cm
-1

 [266]. The double peak between 560 cm
-1

 

to 600 cm
-1

 corresponds to the bending vibrations of phosphate groups (PO4
3-

) [267]. The band at 

~870 cm
-1

 is characteristic of the vibration mode of carbonate groups (CO3
2-

) and the band 

between 1000 cm
-1

 and 1100 cm
-1

 corresponds to the stretching vibrations of phosphate groups 



  3 Development and characterization of boron containing silicate, borosilicate and 

borate glasses 
 

 49  

(PO4
3-

) [266]. Figure 3.6(B) shows the XRD spectra acquired on BG scaffolds after immersion in 

RPMI for 14 days. The deposition of HA on the surface of the BG scaffolds is confirmed by the 

appearance of peaks at ~26
o
, ~33

o
 and at ~43

o 
[266]. The intensity of all three peaks is relatively 

higher for 13-93B3 scaffold which can be explained due to the rapid conversion of borate glass 

to HA, as reported in literature [170,171].  

 

 

Figure 3.6: HA formation on BG scaffolds after immersion in RPMI medium for 14 days as 

confirmed using (A) FTIR and (B) XRD (The peaks of relevance are discussed in the text). 

Reproduced with permission from [261] 

3.3.4 In vitro cytocompatibility  

The cell viability of ST2 cells seeded on the boron-containing BG scaffolds was investigated 

using the WST-8 assay as shown in Figure 3.7(D). The tetrazolium compound metabolizes in the 

mitochondria of metabolically active cells and formazan is secreted into the medium. This causes 

a change in the medium color which was measured spectrometrically and the obtained values 

represent the cell viability of the cells on different BG scaffolds. After 2 days of incubation, the 

cell viability was found to be the highest for the BG composition with the lowest boron content.  

SEM micrographs showing ST2 cells on 0106, 0106-B1 and 13-93 scaffolds are presented in 

Figure 3.7(A – C), respectively. It can be seen that the cells are quite well spread and firmly 



  3 Development and characterization of boron containing silicate, borosilicate and 

borate glasses 
 

 50  

attached to the struts of the BG scaffolds. Images of cells on scaffolds of three compositions are 

presented. This is because of the handling difficulties posed by the 0106-B2 and 13-93B3 

scaffolds, which were highly brittle. These two types of scaffolds did not resist well the washing 

and drying treatments required to prepare them for SEM characterization. The scaffolds could 

not be handled properly and they fractured after the washing steps.  

 

Figure 3.7: SEM micrographs showing ST2 cells on (A) 0106 (B) 0106-B1 (C) 13-93 

scaffolds (black arrows indicate the cells) and (D) Evaluation of mitochondrial activity of 

ST2 cells on boron-containing BG scaffolds. Silicate 13-93 scaffolds were used as the 

control material. Asterisks denote the significant difference compared with 13-93 scaffolds, 

*p<0.05, **p>0.01, ***p<0.001 (Bonferroni’s post-hoc test was used). Reproduced with 

permission from [261] 

3.4 Discussion 
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The total content of boron in the human body ranges from 3 to 20 mg, with the highest 

concentrations found in bone, nails and hair [162]. Over 50 years of research has concluded that 

boron is essential for healthy bones and joints [267]. The presence of boron has an influence in a 

variety of metabolic actions and it is known that boron interacts with calcium, vitamin D and 

magnesium which are all significant for the bone metabolism process [268]. Although the 

mechanism by which boron alters the levels of calcium, magnesium and Vitamin D is still 

unclear, in recent years, scientists have started to exploit boron based BG for bone TE 

applications [16,19,21,141]. In addition, boron-containing silicate glasses have been explored 

and when directly compared to silicate BGs, they have shown superior material processing 

capability for various applications [11,16,19].  

In this study, for the first time, a series of B-containing BGs was comparatively investigated. The 

polymer replica technique was used to fabricate scaffolds of 0106, 0106-B1, 0106-B2, 13-93B3 

and 13-93 BGs. In the case of boron-containing silicate scaffolds, it is expected that viscous flow 

sintering occurs prior to crystallization resulting in highly densified struts and good mechanical 

properties. On the other hand, 0106-B2 and 13-93B3 scaffolds were quite brittle and did not 

possess sufficient strength to be handled safely, for example they broke when they were 

manipulated during the dissolution study and when cutting samples for mechanical testing. As 

typical for cellular materials in compression, the response of the 3-D porous scaffolds under a 

compressive load begins with the progressive breaking of the glass struts, followed by the 

fracture of the struts leading to a drop in the stress [269,270]. With further compaction, the 

scaffold could tolerate a higher load, due to densification of the structure, causing the stress to 

increase again. This is the reason for the appearance of peaks and valleys (zig-zag) in the stress-

strain curve (Figure 3.3(D)). Complete failure occurs when macro-cracks propagate through the 

scaffold [269,270]. The compressive strength of spongy bone is in the range of 0.2 – 4 MPa 

[271] and the measured compressive strength of the 0106, 0106-B1 and 13-93 scaffolds falls 

within this range. The crystallization of the glass will prevent the densification of the scaffold 

and it will tremendously affect the strut strength which, in turn, will lead to poor mechanical 

properties of the 3D structure. From the results of DSC measurement (Figure 3.1), it was 

observed that the temperature interval between the onset and end of crystallization becomes 
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narrower with the increase in the percentage of boron. This results in poor glass stability and 

lower chemical durability.  

 

 

 

 

Figure 3.8: (A) SEM image of 0106-B1 scaffold sintered at 600
o
C showing highly densified 

struts (B) Digital micrograph of PU foam and 0106-B1 scaffold sintered at different 

temperatures 

In the case of 0106-B1 composition, it was shown that an increase in the sintering temperature of 

10
o
C – 15

o
C, led to much more rounding of the glass particles by viscous flow resulting in a very 

smooth surface of the scaffolds, as shown in Figure 3.8(A). The large number of microcracks and 

defects which are usually present on the struts of glass-ceramic scaffolds are effectively removed 

by the viscous flow dominated glass sintering process. However, a high percentage of shrinkage 

was observed in these scaffolds (Figure 3.8(B)) and therefore, an optimized sintering temperature 

was required in order to produce 3-D scaffolds with suitable pore structure, strut thickness and 

mechanical properties without excessive degree of shrinkage which could lead to deformation of 

the structure. The fabricated scaffolds have an interconnected porous architecture with over 85% 

porosity and pore sizes in the range of 200 – 400 µm. Murphy et al. [272] reported that a mean 

pore size of 300 µm is found to be optimal for osteoblast migration and bone-tissue infiltration. 

In the present scaffolds, it was shown that the thickness of the struts decreased with increasing in 
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boron concentration in the glass composition. The amorphous nature of the BG scaffolds is 

beneficial as the amorphous phase is less stable than the crystalline phase in terms of Gibbs free 

energy, which is expected to result in superior bioactive behavior and in better controllable 

degradation kinetics, in comparison to scaffolds of partially crystalline structure.  

During the dissolution study of the fabricated scaffolds in RPMI medium, a rapid increase in the 

pH was observed up to day 3 and the pH was maintained at ~8.5 until day 14 (data not shown). 

The increase in pH comes from the differences in the acidity of the BO3
3-

, HBO3
2-

 or SiO4
4-

, 

HSiO4
3-

 ions and the basicity of the alkali ions as the glass dissolution occurs. Although this pH 

is high for physiological conditions, it might have resulted due to the fact that the medium was 

not changed over the period of 14 days. By performing a pre-incubation of the scaffolds in RPMI 

medium for 48 hours and also, changing the medium once before seeding cells on the scaffold, 

resulted in a pH of ~7.9. pH values of 10 – 11 have been reported in the literature for borosilicate 

and borate glasses even after immersion in diluted phosphate solution for 2400 h [170,171,273]. 

The reactions that influence the pH of the solution are also responsible for the weight loss of the 

scaffold and it is likely that the weight loss and pH variations would follow approximately the 

same path during dissolution [170,273]. A controlled release profile of boron ions is observed for 

0106, 0106-B1 and 0106-B2 scaffolds whereas for the 13-93B3 borate scaffold a burst release 

was observed. The safety tolerance level of boron in drinking water is reported to be 40 – 150 

ppm, and no acute toxicity has been detected even at levels reaching 300 ppm [274]. However, 

low concentrations of boron released into the solution have been shown to support better 

proliferation of MC3T3-E1 cells in vitro [171]. Boron ions in concentrations less than 100 

ng/mL have been shown to significantly improve the bone-related gene expression and the 

formation of bone nodules [275]. Gorustovich et al. [21] showed that the incorporation of 2% 

boron into 45S5 Bioglass® significantly enhanced bone growth in rat tibia bone. For 0106-B1 

and 0106-B2 scaffolds, boron release levels of 5 – 10 ppm were measured and a similar release 

profile was observed by Wu et al. [174] in boron-incorporated mesoporous BG. The authors 

showed that the release of boron even at such low concentrations led to significant difference in 

the proliferation and the expression of Col I and Rux2 of osteoblasts [174]. Although a boron 

release level as high as 50 ppm was measured for the 13-93B3 scaffolds, 13-93B3 borate 

scaffolds are reported to support soft tissue infiltration and extracellular formation in vivo 
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irrespective of their cytotoxic behavior in vitro [19]. Also, trabecular shaped 13-93B3 borate 

scaffolds implanted for 12 weeks showed 33% new bone formation and a higher average of 

blood vessel area in a rat calvarial defect [166,274]. The favorable performance of borate glass in 

vivo is attributed to the more dynamic microenvironment in the body which facilitates the rapid 

metabolism of boron ions. It might also be due to the fact that there is no accumulation of boron 

in the human body as it is rapidly excreted in the urine with a half-life of 21 h and complete 

elimination in 96 h [274].  

It is well-known that the ability of a biomaterial to form a HA layer on its surface when in 

contact with the biological environment is quite essential for bone bonding in vivo And this 

ability is termed “bioactivity” [10]. The present boron-containing scaffolds were demonstrated to 

possess this required bioactivity, although the results showed that each glass has its own level of 

bioactivity. In the case of 13-93, 0106 and 0106-B1 silicate BGs, the mechanism of HA 

deposition has been described by Hench et al [276] (see also Chapter 2). In brief, the dissolution 

of ions from the glass into the solution takes place in order to form a silica-gel layer. An 

amorphous calcium phosphate layer is then formed leading to the nucleation and growth of 

apatite crystals. For the 13-93B3 BG, similar reactions could take place except the formation of a 

silica-rich layer. As all ions dissolve from the glass into the solution, the B-O network is attacked 

by the phosphate ions from the solution which can react with the Ca
2+

 in the glass structure 

resulting in the nucleation of HA. With increasing B2O3 content replacing SiO2 in the glass 

structure, the conversion rate to form HA increases as B2O3 cannot fully form a three-

dimensional network as compared to SiO2 because of its three-fold coordination number. 

Therefore, higher boron content in the glass leads to lower chemical durability and faster 

dissolution rate [170,171,273]. This property of the borate glass might be the reason for their less 

satisfactory performance in in vitro cell culture studies. The rapid release of boron into the 

medium is also slightly cytotoxic to the cells and the viability of the cells decreased with 

increasing boron content.  

3.5 Conclusion 
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In this part of the project, we report specifically the influence of increasing boron content in a 

range of BGs on glass properties, scaffold characteristics, ion release kinetics, bioactivity and 

cell compatibility. In the compositions investigated, it was shown that the higher the boron 

content, lower is the glass stability and the chemical durability of the glass resulting in poor 

mechanical strength. Dissolution occurs at a faster rate in the case of the borate (13-93B3) glass 

causing a rapid release of boron ions into the solution which was found to be cytotoxic. The 0106 

and 0106-B1 silicate glasses with 0.2 wt% and 12.5 wt%, respectively, exhibited good 

mechanical properties, HA deposition and moderate release of ions aiding in better cell 

proliferation and attachment. Angiogenic and osteogenic differentiation studies on 0106-B1 BG 

were carried out, as discussed further in Chapter 5 and Chapter 6, for the better understanding of 

the effects of boron in bone regeneration applications.    

 

Some sections of this chapter are reproduced with permission from [261]. 
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Chapter 4  

4 ALP-functionalization of Boron-containing Bioactive 

Glass Scaffolds 

4.1 Introduction 

The need for bone regeneration after trauma or injuries is in increasing demand. Three-

dimensional BG scaffolds can offer a suitable structure which is porous and is able to chemically 

bond to bone, and support new bone growth. In order to stimulate physiological bone 

regeneration with the help of both inorganic and organic signals, the scaffolds can be surface 

modified by grafting biologically active molecules. The beneficiary effects of surface 

modification have been discussed in Section 2.5. In this work, ALP was chosen as the 

biomolecule, to functionalize BG scaffolds, because of its huge influence on bone mineralization 

[277] (Section 2.6) and could be used as a model for more complex enzymes. Alkaline 

phosphatase catalyzes the organic phosphate hydrolysis which leads to the formation of 

hydroxyapatite (HA) and the mineralization of the bone matrix [277].  Verne et al 

[199,200,278,279] have reported about ALP grafting on bioactive glasses and glass ceramics 

which has led to enhanced bioactivity. Electrosprayed ALP coatings on titanium surfaces has 

been shown to accelerate local enrichment of Ca
2+

 and PO4 
3-

 ions and mineralization under 

physiological conditions [280]. The in vivo effect of ALP coatings on metallic implants has been 

also investigated. Titanium plasma-sprayed implants, were immersed into 500 µg of ALP 

solution for a duration of 30 min [281]. These implants after ALP coating were implanted into 

the femoral articular surface of the knee joint of rabbits. Histological analysis after 2, 3, 4, and 8 

weeks showed that a higher quantity of bone was present around the implants coated with ALP. 

Highly active, plump and profoundly stained osteoblasts were detected at the interface, which 

also indicates higher quantities of RNA [281].   

Based on the mechanical properties, bioactivity and cell-biology results in Chapter 3, 0106-B1 

BG scaffolds were chosen as the optimal scaffold for further experiments. In this chapter, 0106-

B1 BG scaffolds fabricated by foam replication technique are considered, which are intended for 
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bone regeneration applications, and were surface biofunctionalized with the enzyme ALP. The 

surface of the scaffolds was activated in order to expose hydroxyl groups and the activated 

surface was then grafted with ALP both via direct grafting to the surface active hydroxyl group 

and via silanization. Enzymatic activity studies of the grafted samples was performed to 

ascertain the attachment of the biomolecule. The influence of the presence of ALP in depositing 

HA crystals was assessed by in vitro bioactivity studies in RPMI medium over a period of 14 

days. In brief the overall goal of this part of the research was to improve the bioactivity of 0106-

B1 BG by ALP coatings and to evaluate the formation of HA on the surface of the scaffolds.  

4.2 Experimental procedure 

4.2.1 Scaffold and pellet fabrication  

0106-B1 scaffolds were produced by the foam replica method according to the procedure 

described in Section 3.2.3. The size of the scaffolds used for experiments was 7 x 7 x 7 mm. In 

order to have a flat surface for contact angle measurements, 0106-B1 pellets were produced. For 

this purpose, 0.3 g of 0106-B1 powder was filled into a die of diameter 14 mm. The die was 

placed in an electro-hydraulic press (Mauthe Maschinenbau, Solem, Germany) and the powder 

was cold-pressed with a force of 2 x 10
4
 N into cylindrical pellets. The pressed pellets had a 

dimension of 13 mm diameter and 1 mm thickness. Finally, the cold-pressed pellets of 0106-B1 

BG were placed on alumina plates covered with alumina powder and sintered in a furnace P330 

(Nabertherm GmbH, Lilienthal, Germany) following the same temperature profile as that of the 

0106-B1 scaffolds. The sintered pellets were of 10 mm diameter and 0.6 mm thickness. 

4.2.2 Hydroxyl exposure 

The first step in the functionalization process is the cleaning of the surface to remove all 

contamination and to expose hydroxyl groups. Exposition of the hydroxyl groups on the 

scaffold’s surface is performed by simple washing treatment. The 0106-B1 scaffolds and pellets 

were washed once in acetone for 5 min to remove contaminations. Then, three washings, each 

for 5 min, in DI was done to expose reactive groups. All the washings were performed in an 

ultrasonic bath (Sonorex RK 100, BADELIN electronic GmbH & Co. KG, Berlin, Germany). 

After the last washing step, the samples were left for drying at RT.  
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4.2.3 Silanization 

The second step is the introduction of specific functional groups or surface activation. As a result 

of this, the bonding with enzyme molecules is promoted and stabilized. The process of 

silanization is explained in Section 2.5. 3-aminopropyltriethoxysilane (H2N(CH2)3Si(OC2H5)3, 

APTES, 99% Sigma Aldrich Chemie GmbH, Steinheim, Germany) was used as the silane 

precursor to introduce amino groups onto the surface of the scaffolds and pellets. A solution 

containing 150ml of ethanol and 35µl of APTES was prepared and the 0106-B1 scaffolds and 

pellets were incubated in the APTES solution for 6 h at RT. Eventually, the scaffolds and pellets 

were removed and dried for 1 h at 100°C to stabilize the silane-surface bonding. The samples 

were then cooled down and washed three times in ethanol for 5 min each, to remove the 

unbonded molecules. Each washing procedure was performed in an ultrasonic bath. Finally, 

another 1h of drying at 100°C was done to dry the scaffolds and pellets completely. 

4.2.4 Enzyme grafting 

The third and last step of the functionalization process is the ALP grafting. To begin, a 5 mg/ml 

solution of ALP was prepared. Bovine alkaline phosphatase (Phosphatase, Alkaline from bovine 

intestinal mucosa, lyophilized powder, ≥ 10 DEA units/mg solid, Sigma Aldrich Chemie GmbH, 

Steinheim, Germany) was dissolved in phosphate buffered saline solution (PBS, Sigma Aldrich 

Chemie GmbH, Steinheim, Germany) under magnetic stirring. In order to covalently graft the 

ALP on the surfaces of the 0106-B1 scaffolds and pellets, all samples were immersed in ALP 

solution for 24 h at 37°C. A TRIS-HCl buffer solution containing 2.42g of 

Tris(hydroxymethyl)aminomethane (TRIS - (HOCH2)3CNH2, 99.9+% ultrapure grade, Sigma-

Aldrich Chemie GmbH, Steinheim, Germany) was dissolved in 100 ml DI. In order to adjust the 

pH to 7.5, 1 M hydrochloric acid (1M-HCl) was added to the solution. After 24 h of immersion 

of the scaffolds and pellets in the ALP solution, the samples were taken out and gently washed in 

TRIS-HCl buffer solution. Later, the samples were left for drying at RT. The ALP-grafting 

procedure was followed as described by Verne et al [199]. 

The ALP-functionalized 0106-B1 scaffolds are labeled as 0106-B1-ALP throughout the 

dissertation.  
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4.2.5 FTIR analysis  

FTIR spectroscopy (Q5000, TA Instruments) was performed to identify the silane groups present 

on the 0106-B1 BG scaffolds.  

4.2.6 Wettability test 

The 0106-B1 pellets functionalized with ALP directly after hydroxyl exposure are designated as 

BG_HE+ALP, and the 0106-B1 pellets functionalized with ALP after hydroxyl exposure and 

silanization are termed as BG_HE+SIL+ALP. The 0106-B1 pellets which were only washed in 

acetone and DI are named as BG_HE.  

In order to measure the wettability of the samples, contact angle tests were performed on 

produced pellets. Sessile drop method using the contact angle-measuring instrument DSA30-E 

(Krüss, Germany) was carried out on BG_HE, BG_HE+ALP and BG_HE+SIL+ALP. After the 

adjustment of base line, 3 µl distilled water was dropped on the surface of the pellets and the 

contact angle was measured. The measurement was taken for five times for each pellet and then 

the average contact angle was calculated. 

4.2.7 Enzymatic activity test 

In order to verify the biochemical activity of ALP immobilization onto the scaffolds, the reaction 

between ALP and p-nitrophenylphosphate (pNPP) was examined. A reactive mixture containing 

equal volumes of 2mM MgCl2 (Sigma-Aldrich Chemie GmbH, Steinheim, Germany), 2mM 4-

nitrophenyl phosphatase disodium salt hexahydrate (C6H4NNa2O6P.6H2O, 98%, Alfa Aesar 

GmbH & Co KG, Karlsruhe, Germany) and 2mM 2-amino-2-methyl-1-propanol (AMP, 

C4H11NO, Sigma Aldrich Chemie GmbH, Steinheim, Germany) was produced. The final pH of 

the reactive mixture was 11.23. The samples were introduced in multi-well cell culture plates 

containing the reactive mixture. After 2 min, the reaction was stopped by adding 0.1N NaOH and 

the scaffolds were removed from the well-plate. ALP hydrolyses p-nitro phenol phosphate 

releasing p-nitrophenol which has a distinct yellow color. The intensity of the yellow color 

produced was quantified by measuring UV absorbance at 405nm (Specord 40, Analytik Jena 

AG, Jena, Germany). Three measurements were made for each sample. Three measurements of 

the reactive mixture without the samples were taken as a reference. With regards to the 

determination of pure enzymatic activity values, reference values were subtracted from the 
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sample absorbance measurements. In order to have a standard reference curve for the enzymatic 

activity of ALP, solutions with different ALP concentrations from 0.1 to 1.00 mg ml-1 were also 

evaluated. 

4.2.8 In vitro dissolution study 

In order to assess the bioactivity of the 0106-B1-ALP scaffolds, a dissolution study in RPMI was 

performed as described in Section 3.2.6. 0106-B1 and 0106-B1-ALP scaffolds were immersed in 

50 ml medium for 14 days and placed in a shaking incubator at 37
o
C and 120 rpm. The pH 

changes at each time point (1h, 2h, 4h, 8h, 1d, 2d, 3d, 7d and 14d) were noted. The release of B 

and Si from 0106-B1 and 0106-B1-ALP into the solution at several time points (1h, 2h, 4h, 8h, 

1d, 2d, 3d, 7d and 14d) was measured using an ICP-OES (Thermo Scientific iCAP 6300 Duo) 

with an auto sampler. Standard solutions containing boron and silicon were prepared at 0, 2, 5, 

10, 20 and 40 µgml
-1

 for the calibration curve. The measurements were made in triplicate.  

The bioactivity of the 0106-B1 and 0106-B1-ALP scaffolds after immersion in RPMI medium 

was evaluated by assessing the possible formation of HA layer on the surface using SEM, FTIR 

and XRD analyses.  

4.3 Results  

Functionalizing 0106-B1 scaffolds with ALP did not change the scaffolds’ morphology and the 

SEM images (not shown here) showed a similar 3D pore structure to that of 0106-B1 scaffolds as 

shown in Figure 3.2(B) in Section 3.3.2. This result reveals that highly porous 0106-B1 scaffolds 

were produced and functionalized without changing their 3D morphology. Therefore, the desired 

microstructure of the scaffolds is preserved after biofunctionailzation.  

4.3.1 FTIR analysis 

FTIR analysis results of the 0106-B1 scaffolds before and after silanization are shown in Figure 

4.1. The bands at 1158 cm
-1

 and 950 cm
-1

 represent the ethoxy group [282]. A double band at 

1100 cm
-1

 and 1087 cm
-1

 indicate the asymmetric Si-O-C stretching in the ethoxy group [142]. 

N-H bending vibrations can be noted at 1610 cm
-1

 [282]. Weak absorption bands near 3383 cm
-1

 

and 3300 cm
-1

 represent the asymmetrical and symmetrical N-H stretching mode, respectively. 
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These values are in accordance with the infrared spectra reported for APTES in the literature 

[282].  

 

 

Figure 4.1: FTIR spectra of 0106-B1 and 0106-B1-ALP scaffolds. Peaks of relevance are 

discussed in the text. 

4.3.2 Wettability test  

To confirm the presence of the silane layer through the immobilization technique, the wettability 

of the 0106-B1-ALP pellets was measured with sessile drop technique. The results for the coated 

and uncoated BG pellets are reported in Figure 4.2. In all measurements, it was observed that the 

wettability was high as the water drop did not remain on the surface for a long time and spreaded 

quickly. The uncoated 0106-B1 pellets exhibited a high hydrophilicity and the contact angle was 

around zero.  This proves the high surface energy of BG. It is a well known fact that surfaces 

with contact angles lesser than 90
o
 are called hydrophilic which corresponds to high wettability, 

while surfaces with angles greater than 90
o
 can be classified hydrophobic, which corresponds to 

low wettability.  The BG_HE+ALP and BG_HE+SIL+ALP pellets showed a higher contact 
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angle than the uncoated one. The presence of silane groups decreased the hydrophilic nature of 

the 0106-B1-ALP scaffolds. However, the contact angle was much lesser than 90
o
, and therefore, 

the hydrophilicity of the 0106-B1-ALP pellets is preserved.  

 

Figure 4.2: Results of contact angle measurements on functionalized 0106-B1 pellets 

4.3.3 Enzymatic activity  

Alkaline phosphatase was successfully grafted onto 0106-B1 scaffolds while 

retaining its activity, as reported in Figure 4.3. There are no significant differences 

between the silanized (BG_HE+SIL+ALP) and the only hydroxylated (BG_HE+ALP) 

ALP grafted samples. Figure 3 shows the ALP activity (absorbance) of BG_HE+ALP and 

BG_HE+SIL+ALP, along with the calibration curve as a reference. ALP concentration of 125.42 

µg ml
-1

 for BG_HE+ALP and a concentration of 159.97 µg ml for BG_HE+SIL+ALP were 

measured. It could be noted that the amount of ALP in the coating solutions corresponds to the 

quantity of successfully grafted enzymes.  Although the samples functionalized via silanization 

possessed a higher ALP activity, no significant difference could be observed. This result 

indicates that the ALP activity does not depend on the method used to functionalize the samples.  
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Figure 4.3: Enzymatic activity test of 0106-B1-ALP scaffolds 

4.3.4 In vitro dissolution study 

After 14 days of immersion in RPMI medium, the cumulative ion release of boron and silicon 

from the scaffolds was measured, as shown in Figure 4.4. The ion release from 0106-B1 

scaffolds has been discussed in detail in Section 3.3.3. A release profile similar to that of 0106-

B1 was detected for 0106-B1-ALP scaffolds. Immobilization of ALP on the surface did not 

influence the release of ions from the 0106-B1-ALP scaffolds. This result shows that the 

presence of amino groups from the silanization process and the grafting of ALP did not 

negatively influence the IDPs of the BG scaffolds.  
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Figure 4.4: Release of B and Si from 0106-B1 and 0106-B1-ALP BG scaffolds after 

immersion for 14 days in RPMI 

The formation of HA on the 0106-B1-ALP scaffolds after immersion in RPMI medium for 14 

days was confirmed using SEM, FTIR and XRD characterization. Figure 4.5(A) shows SEM 

micrographs of the surface of 0106-B1-ALP scaffolds after immersion in RPMI for 14 days and 

Figure 4.5(B) is a higher magnification image of the same sample. Cauliflower-like structures, 

typical for HA [265], formed on BG surfaces can be seen from the higher magnification inset 

image of the 0106-B1-ALP scaffold. In comparison with the SEM images of 0106-B1 scaffold 

after immersion in RPMI for 14 days (Figure 3.5(B)), the 0106-B1-ALP scaffolds were highly 

bioactive. Further, FTIR and XRD characterization also confirmed qualitatively the enhancement 

in deposition of HA on the 0106-B1-ALP scaffolds.  
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Figure 4.5: SEM micrographs of (A) 0106-B1-ALP scaffolds after immersion in RPMI for 

14 days showing formation of HA on the surface, (B) is a high magnification image  

 

Figure 4.6(A) and 4.6(B) show the FTIR and XRD spectra after immersion of the 0106-B1 and 

0106-B1-ALP scaffolds in RPMI for 14 days. HA formation is confirmed by the appearance of 

bands at  ~600 cm
-1

, ~870 cm
-1

 and between 1000 cm
-1

 to 1100 cm
-1

 [266]. The double peak 

~600 cm
-1

 corresponds to the bending vibrations of phosphate groups (PO4
3-

) [266]. The band at 

~870 cm
-1

 is characteristic of the vibration mode of carbonate groups (CO3
2-

) and the band 

between 1000 cm
-1

 and 1100 cm
-1

 corresponds to the stretching vibrations of phosphate groups 

(PO4
3-

) [266]. Fig. 6(B) shows the XRD spectra acquired on BG scaffolds after immersion in 

RPMI for 14 days. The deposition of HA on the surface of the BG scaffolds is confirmed by the 

appearance of peaks at ~26
o
, ~33

o
 and at ~43

o 
[266]. The intensity of all the peaks and bands is 

relatively higher for 0106-B1-ALP scaffolds which can be ascribed to the ALP-initiated 

enhanced formation of HA on the scaffolds.   
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Figure 4.6: HA formation on BG scaffolds after immersion in RPMI medium for 14 days as 

confirmed using (A) FTIR and (B) XRD  

4.4 Discussion 

Surface properties regulate the nature and performance of materials and therefore, by tailoring 

the surface of a material, a wide range of functionalities can be included, in particular to improve 

the interaction with the biological environment. Bioactivity is considered as one of the most 

important factors in bone regeneration in vivo and this property can be enhanced by the 

nucleation of HA on the surface, enabling direct bonding to bone tissues [283]. Some of the 

techniques to improve the bioactivity of biomaterials is by coating the implants/engineered 

systems by bioactive glasses [284] or by grafting biomolecules which would induce the 

mineralization process [25]. ALP is one of the enzymes which plays a significant role in the 

mineralization and hard tissue formation process and it is localized outside the plasma membrane 

of cells and of the matrix vesicles [285]. ALP is widely used as a marker for osteoblast 

differentiation in in vitro assays [286]. Due to the role of ALP in bone mineralization, 

researchers have focused on exploiting the abilities of this enzyme for bone repair and anchoring 

of ALP molecules through silanization has been established on bioactive ceramics and glasses 

[199,200]. Therefore, the goal of this part of the research project was to improve the bioactivity 

of 0106-B1 scaffolds by ALP immobilization using a three-step procedure that involves 
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hydroxyl exposure and silanization. The anchoring of ALP on 0106-B1 pellets was confirmed by 

FTIR measurements, enzymatic activity and contact angle wettability tests. All the samples 

showed contact angle less than 90
o
 which corresponds to high wettability. Many studies have 

shown that the hydrophilicity of the surface, characterized by surface properties like contact 

angle or wettability and surface energy, plays an important role in cell–material interactions such 

as cellular adhesion and growth [287,288]. In this work, we observed zero contact angle for 

uncoated 0106-B1 BG due to its superhydrophilic nature after the sintering process. The contact 

angle increased after silanization and ALP immobilization. Enzymatic activity study after the 

surface functionalization with ALP revealed that the enzyme was grafted properly to the 

scaffold’s surface via silanization. ALP hydrolyzed p-nitro phenol phosphate into p-nitrophenol 

which has a distinct yellow colour confirming that the enzyme is present in its active state. The 

ALP activity for BG_HE+ALP was only marginally lower than the ALP activity of 

BG_HE+SIL+ALP. Similar results were reported by Ferraris et al [200] on BG scaffolds of the 

system SiO2-CaO-Na2O-Al2O3. However, the silanization process could be highly beneficial for 

maintaining a stronger bond between the BG and ALP during longer periods of immersion in 

physiological environents in vitro or in dynamic environments in vivo. In addition, the ALP 

activity of 0106-B1 BG scaffolds was almost twice higher than the values reported by Ferraris et 

al [200] for glass-ceramic porous scaffolds of the system SiO2-CaO-NaO—Al2O3. This shows 

that the 0106-B1 scaffolds present a much better substrate for enzyme attachment. 

ALP increases the concentration of inorganic pyrophosphate which acts as a promoter for 

mineralization and decreases the concentration of extracellular pyrophosphate which is an 

inhibitor of mineralization [285]. Tissue non-specific ALP (TNAP) alters the inorganic 

phosphate/pyrophosphate ratio in the mineralizing tissue. The role of TNAP in the process of 

bone mineralization operated by the signaling pathways of osteoblasts is shown in Figure 4.7 

[242].  Right side of the figure depicts the accumulation of Ca
2+

 and Pi within matrix vesicles 

(A) and the deposition of HA in the extracellular matrix (B and C). The left side shows the 

inhibition of HA formation by PPi (a – e). Osteopontin, a highly phosphorylated extracellular 

glycoprotein, is another mineralization inhibitor, present in non-collagenous bone matrix [289]. 

Osteopontin binds to the mineral HA through negatively charged phosphate residues [289]. 

TNALP performs dephosphorylation of osteopontin thereby, preventing it from mineral-binding 

and diminishing its crystal growth-inhibiting activity [290].  
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Figure 4.7: Schematic of the intra- and intercellular signaling pathways operated by 

osteoblast during bone mineralization. Reprinted by permission from Macmillan 

Publishers Ltd. [242]. *TNAP – tissue non-specific alkaline phosphate; PPi – pyrophosphate; Pi- 

inorganic phosphate; OPN – Ostepontin; MV – matrix vesicles  

 

ALP is also expressed among the first genes during the calcification process [285]. Enhanced 

deposition of HA on 0106-B1-ALP scaffolds was confirmed using SEM, XRD and FTIR 

analyses. The ALP enzyme is characterized by Zn
2+

 ions and it acts as a high affinity phosphate 

binding site. Local enrichment of Ca
2+

 and inorganic phosphate from the solution to the material 

surface occurs and amorphous calcium phosphate deposits on the surface leading to the 

nucleation of HA crystals.  
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4.5 Conclusions 

In this segment of the present research project, 0106-B1 BG scaffolds were synthesized using the 

polymer replica method and to enhance the bioactivity, surface functionalization with ALP was 

performed. The surface of the scaffolds was modified by a washing treatment, aiming to activate 

the surface to expose hydroxyl groups. Subsequently, silanization using the silane precursor 

APTES was carried out. The biomolecule, ALP, was bound in an active state to the silanized 

structures. Even after all the rigorous washing steps, the immobilized ALP on 0106-B1 scaffold 

surface maintained its activity.  Improved deposition of HA was observed for the ALP-

functionalized scaffolds, after immersion in RPMI cell culture medium for up to 14 days. The 

presence of silane molecules did not interfere or inhibit the bioactivity kinetics of 0106-B1-ALP 

scaffolds. Further, angiogenesis and cell differentiation studies were performed to understand the 

influence of ALP functionalization on 0106-B1 scaffolds, which are presented in Chapter 5 and 

Chapter 6 respectively.   

 

 

 

 

 

  



  5 Angiogenic potential of boron containing BG with and without ALP 

functionalization 
 

 70  

Chapter 5 

5 Angiogenic potential of boron containing BG with 

and without ALP functionalization 
 

Some sections of this chapter are reproduced from [291], with permission of Springer. 

5.1 Introduction 

Neovascularization is a major criteria for TE strategies [292]. The ability to generate vascular 

growth during the repair of tissues is critical for the regeneration of the new tissue as the 

transport of oxygen and nutrients required for the survival of cells is facilitated initially by 

diffusion. The growth and development of a mature vascular tissue is one of the earliest events in 

organogenesis [293]. This requires the presence of a three-dimensional environment which is 

provided by the scaffolds. Cells which are present a few hundred micrometers away from the 

blood vessels might die due to lack of oxygen [294]. Thus, if the biomaterial-based scaffolds 

could promote vascularization, it would increase the viability of cells present within the matrix, 

thereby enhancing the possibility of engineering larger tissues [295].  

In the recent years, studies have shown that BG in biomaterial-based TE applications stimulate 

significant increase in the production of angiogenic growth factors such as VEGF both in vitro 

and in vivo [22]. The role of boron-containing BGs in promoting the angiogenic potential and 

neovascularization has been discussed in Section 2.3. ST2 cells display differentiation 

capabilities into bone, cartilage, adipose tissue, tendon and muscle and the properties of ST2 

cells are described in Section 2.2. In this section, the different boron-based BGs, such as 0106, 

0106-B1, 0106-B2, 13-93B3 and 13-93 are investigated in relation to the VEGF-release and 

response of mouse ST2 cells. Based on the results from the cytotoxicity study (discussed in 

Sections 3.3.4 and 3.4) and from the results of the angiogenesis study (discussed in this chapter), 

0106-B1 was found to be more influential for cell growth and VEGF secretion. Taking cues from 

these findings, 0106-B1 was chosen as the best candidate among the five compositions for 

surface functionalization with ALP (as discussed in Chapter 4). Also, the influence of the 
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presence of ALP in VEGF secretion has been demonstrated by comparing 0106-B1 and 0106-

B1-ALP scaffolds while cultured with mouse ST2 cells.  

5.2 Materials and Methods  

5.2.1 Preparation of samples and cells for cell culture 

The VEGF secretion stimulated by the BG scaffolds was assessed using ST2 cells (Deutsche 

Sammlung von Mikroorganismen und Zellkulturen GmbH, Braunscgweig, Germany) derived 

from mouse bone marrow of BC8 mice. The cells were cultured at 37
o
C in a humidified 

atmosphere of 95% air and 5% CO2 in RPMI 1640 medium (Gibco, Germany) containing 10 

vol% fetal bovine serum (FBS, Sigma-Aldrich, Germany) and 1 vol% penicillin/streptomycin 

(Gibco, Germany). Cells were grown to confluence in 75 cm
2
 culture flasks (Nunc, Denmark), 

harvested using Trypsin/EDTA (Gibco, Germany) and counted using a hemocytometer (Roth, 

Germany).  

This study was carried out in two groups: the first group consists of 0106, 0106-B1, 0106-B2, 

13-93B3 and 13-93 scaffolds and the second group consists of 0106-B1 and 0106-B1-ALP 

scaffolds. The BG scaffolds were prepared as described in Section 3.2.3. The first group of BG 

scaffolds was sterilized at 160
o
C for 2h in a furnace (Naberthem, Germany). The second group 

was washed with ethanol and PBS for 20 min and 15 min, respectively and dried at 37
o
C. All 

scaffolds were pre-incubated in RPMI for 48 hours. They were, then, removed from the solution, 

washed with PBS and they were allowed to dry. The scaffolds were crushed using a mortar and 

pestle and 0.1 g of the crushed scaffold powder was weighed. This 0.1 g is added to 10 ml of 

RPMI to form a 1% solution and it was incubated at 37
o
C in a humidified atmosphere of 95% air 

and 5% CO2 for 24 h. The same procedure was applied for both groups. RPMI solution 

containing 10 vol% fetal bovine serum (FBS; Sigma Aldrich, Germany) and 1 vol% 

pencillin/streptomycin (Sigma Aldrich, Germany) was prepared. Next, 250,000 ST2 cells were 

seeded in 1 ml RPMI in 24-well plates and incubated for 24 h in similar conditions. After 24 h, 

the 10 ml RPMI with the ionic dissolution products (IDPs) of the crushed BG scaffold powders 

were diluted to form concentrations of 0.1% and 0.01 wt/vol% of BG in RPMI. The RPMI from 

the cells was removed and 1 ml of 1, 0.1 and 0.01 wt/vol% of BG in RPMI was added to the 
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now-attached ST2 cells in 24-well plates and incubated in similar conditions as mentioned 

above. The duration of the study was 48 h and the cell culture medium was not changed during 

this time. The cells seeded directly on well plates were taken as a reference. Every sample type 

had six replicates.    

5.2.2 Cell viability 

The cell viability of the cultivated cells was evaluated using a WST-8 assay (Sigma-Aldrich) 

after a cultivation period of 48 h. The assay was carried out as explained in Section 3.2.7.  

5.2.3 VEGF ELISA test 

The quantity of VEGF secreted by the ST2 cells in the presence of the IDPs of the BG scaffolds 

was measured using RayBio Mouse VEGF ELISA (Enzyme-Linked Immunosorbent Assay) kit. 

This assay measures accurately the recombinant mouse VEGF in cell culture supernatants by 

engaging an antibody specific for mouse VEGF. The assay was carried out according to the 

protocol supplied by the manufacturer. Briefly, the extracted cell-culture supernatants and 

standards of known VEGF concentrations were transferred to a 96-well plate, provided along 

with the kit, which is pre-coated with the mouse antibody and they were allowed to complex 

with the bound VEGF antibody for 2.5 h. Following further reactions, a change in colour from 

blue to yellow was detected and it was measured spectrometrically at 450 nm using a microplate 

reader (PHOmo, anthos Mikrosysteme GmbH, Germany). The intensity of the coloured solution 

is directly proportional to the concentration of VEGF secreted by the ST2 cells in the presence of 

the BG particles.  

5.2.4 Cell morphology 

In order to observe the morphology of the cells cultivated with different dilutions of the IDPs of 

the BG scaffolds, H&E (Hematoxylin & Eosin) was performed. Hematoxylin binds to the 

DNA/RNA and stain them dark blue or violet. Eosin binds to the amino acids/protein including 

cytoplasmic filaments and intracellular membranes and stains them red/pink. Once the WST 

solution was extracted for measurement, the cells attached to the well plates were washed once 

with PBS and were fixed using Fluoro-fix. Subsequently, they were washed with de-ionised 

water and stained with Hematoxylin for 10 min. The samples were washed with tap water, 

followed by ‘Scott’s tap water’ and then de-ionised water for 1 – 5 min to remove all 
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Hematoxylin. Eosin solution containing 0.1% Eosin in 90% ethanol and 5% acetic acid was 

prepared. The samples were then stained with the prepared Eosin solution for 1 – 5 min.  A 

washing with 95% and 100% ethanol was done and the samples were observed under light 

microscopy (Primo Vert, Carl Zeiss).    

5.3 Results  

All results are presented separately for the two groups – IDPs of 0106, 0106-B1, 0106-B2, 13-

93B3 and 13-93 scaffolds; IDPs of 0106-B1 and 0106-B1-ALP scaffolds.  

5.3.1 Cell viability 

The cell viability of the ST2 cells in the presence of the different BG scaffold powders and that 

of the 0106-B1 scaffold powders of different concentrations, with and without ALP 

functionalization, are shown in Figure 5.1(A) and Figure 5.1(B), respectively. The reference, 

which relates to cells cultured only with cell culture medium, was normalized to 100%. This 

value is taken as a control and the significant differences were determined in comparison with 

the reference.  

Quantitative assessment after 48 h of cultivation shows that there is an increase in the cell 

viability with decrease in the concentration of glass particles in the cell culture medium. It can be 

seen that for all glasses, except 0106-B1, the cell viability was the highest for the 0.01% 

concentration. In the case of 0106-B1, the highest cell viability was achieved by the 0.1% 

concentration and no difference was observed between the 1% and 0.01% concentrations. The 

13-93B3 glass particles were found to be cytotoxic as they showed much lower viability of ST2 

cells. The 0106-B1 glass of 0.1% dilution had a significantly higher cell viability compared to 

the reference.   
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Figure 5.1: Cell viability of ST2 cells cultured with IDPs of (A) BG scaffold particles of 

different dilutions, [291] with permission of Springer and (B) 0106-B1 and 0106-B1-ALP 

scaffold particles of different dilutions. Asterisks denote the significant difference 

compared with the reference, ***p<0.001 (Bonferroni’s post-hoc test was used) 
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No differences were observed in the cell viability for the 0.1% and 0.01% dilutions of 0106-B1 

with and without ALP functionalization, as can be seen from Figure 5.1(B). A significant 

difference can be noted between 0106-B1 and 0106-B1-ALP for the 1% dilution. Although, in 

comparison with the reference, the 0106-B1-ALP showed only a small increase.  

5.3.2 VEGF-release 

In Figure 5.2(A) and Figure 5.2(B), the VEGF-release from ST2 cells cultured in cell culture 

medium with different dilutions (1, 0.1 and 0.01%) of IDPs of boron-based BG scaffold particles 

and different dilutions of IDPs of 0106-B1 glass scaffold particles, with and without ALP 

functionalization, respectively, is shown. The 0106, 0106-B1 and 0106-B2 glasses increased 

VEGF secretion with increase in the concentration of the glass particles in cell culture medium. 

For the 13-93 composition, it remained almost the same for all three dilutions. The 13-93B3 

glass showed increase in VEGF release with decrease in the concentration. These results were 

also in accordance with the data obtained from the cell viability study (Figure 5.1(A)). Similar to 

the findings from the cell viability test, the 0106-B1 glass showed significant increase in the 

expression and secretion of VEGF in comparison with the reference.  

Similarly, the 1% dilution of 0106-B1-ALP sample showed a significant increase in the release 

of VEGF. Although the 0106-B1-ALP showed higher release for all three dilutions, no 

significant difference could be observed between the functionalized and non-functionalized 

scaffold particles, except for 1% dilution.   
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Figure 5.2(A): VEGF release from ST2 cells seeded with different dilutions of IDPs of (A) 

BG scaffold particles, [291] with permission of Springer and (B) 0106-B1 and 0106-B1-ALP 

scaffold particles. Asterisks denote the significant difference compared with the reference, 

***p<0.001 (Bonferroni’s post-hoc test was used) 
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5.3.3 Cell Morphology  

Light microscopy images of ST2 cells cultured with 0.1% dilution of all five compositions of BG 

scaffold particles and with ALP functionalization are shown in Figure 5.3(A) and 5.3(B), 

respectively.  

From the images it can be seen that the cells exhibited fibroblast-like morphology and also 

showed adhesion to the well-plate. No obvious difference in the morphology and spreading of 

the ST2 cells could be observed. The ST2 cells seeded with IDPs of 0106, 0106-B1, 0106-B2 

and 13-93B3 BG scaffolds show a higher cell density than the reference and the cells were quite 

confluent covering the entire well-plate after 48 h. What stands out distinctly is the 13-93B3 

images, where the cell proliferation and adhesion could be noted to be very little. However, this 

is based on visual observation and it could vary. A similar behavior was also observed in the case 

of 0.1% dilution of 0106-B1 and 0106-B1-ALP samples, where the cells were found to be in 

spindle-shape with fibroblast-like morphology and showed good attachment.  
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Figure 5.3: Light microscopy images of ST2 cells cultured with 0.1% dilution of IDPs of (A) 

BG scaffold particles, [291] with permission of Springer and (B) 0106-B1 and 0106-B1-ALP 

scaffold particles 

5.4 Discussion 

Boron has been shown to stimulate in vitro secretion of angiogenic growth factors [143,296]. 

The controlled and localized release of boron from BG is reported to promote vascularization in 

vitro [23] and in vivo [24]. The quantity of boron in the dissolution products of all the glasses 

and for the ALP-functionalized 0106-B1 has been discussed in Section 3.3.3 and Section 4.3.4, 

respectively. The dissolution profile has a direct relation to the angiogenic potential of the 

glasses. The IDPs from 13-93B3, in particular the B-release, was quite high (Figure. 3.4). 

Correspondingly, the effect of the boron release seemed to have a negative influence on the 

cytocompatibility of cells. On the other hand, 0106 BG had a negligible release of boron which is 

due to the presence of very low amount of boron in the glass composition (0.2 wt%) and in turn, 

there is no notable enhancement in the cell viability or VEGF release from the ST2 cells in 

contact with the dissolution products of 0106 BG. Similar is the case for 13-93 BG, which is a 

silicate glass with no boron. The 0106-B1 and 0106-B2 BGs promoted the viability of ST2 cells. 

Durand et al [23] noted that the dissolution products of 2 wt% B2O3 in the 45S5 Bioglass® 

composition stimulated human umbilical vein endothelial cell proliferation and migration and 

enhanced in vitro tubule formation and secretion of interleukin 6 (IL6) and bFGF. In a similar 

study, the IDPs of 2 wt% B2O3 in the 45S5 Bioglass® composition increased angiogenesis on the 

vasculature of the embryonic quail chorioallantoic membrane [24]. Quantitative evidence 

showing higher expression of integrin αvβ3 and higher vascular density. The results achieved 

were equivalent to the effects produced after the incorporation of 10 µg/ml basic fibroblast 

growth factor [24]. Similarly, a significant enhancement in the release of VEGF from the ionic 

release products of 0106-B1 BG is reported here. Following this result, a comparison between 

0106-B1 and 0106-B1-ALP BGs was made. The 1% dilution of 0106-B1-ALP BG increased the 

VEGF secretion from ST2 cells. Apart from that, the functionalization of the 0106-B1 glass with 

ALP does not emulate any striking result in promoting angiogenesis in vitro. There is no data 

available in the literature reporting on the role of ALP on vascularization, although several 
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phosphatase inhibitors were found to prevent angiogenesis in vitro [297]. The IDPs of 0106-B1 

and 0106-B1-ALP BG scaffolds can be used as inorganic angiogenic therapeutic agents to 

improve neovascularization. 

5.5 Conclusions 

Angiogenesis is key for bone repair. In this chapter, the effect of culturing ST2 cells with 

different dilutions of the ionic dissolutions from 0106, 0106-B1, 0106-B2, 13-93B3 and 13-93 

BG scaffolds has been discussed. The dilutions of 0106-B1 BG scaffolds gave the best results in 

terms of mitochondrial activity and VEGF secretion. The dissolution products from 13-93B3 

were found to be cytotoxic for the cells. Functionalization with ALP did not provide distinct 

improvements in the release of VEGF from ST2 cells, however, the 1% dilution of 0106-B1-

ALP sample showed significant increase in VEGF secretion. From these results, it can be 

asserted that the 0106-B1 glass has a great potential for stimulating angiogenesis, which could be 

exploited to a great extent for therapeutic applications in the context of bone TE.  

 

 

 

 

 

 

  



  6 In vitro Osteogenic Differentiation 
 

 81  

Chapter 6  

6 In vitro Osteogenic Differentiation 

6.1 Introduction  

Fracture healing is a complex, tightly regulated, regenerative process stimulated after an injury. 

Unlike soft tissues, new bone develops in the site of the defect without the formation of a fibrous 

scar tissue.  The repair process recapitulates the cellular and molecular mechanisms which occur 

in skeletal tissue formation during embryogenesis [298]. Fracture healing has been divided into 

direct (primary) and indirect (secondary) healing [63]. The majority of fractures repair by 

indirect healing which is a combination of intramembranous and endochondral ossification 

[63,299]. Further steps of repair such as cartilage formation, cartilage calcification, cartilage 

removal, bone formation and bone remodeling are explained in detail in Section 2.1.1. Direct 

healing tries to re-establish new Haversian systems by forming discrete remodeling units known 

as “cutting cones”, a process aimed at restoring mechanical continuity [300]. Vascular 

endothelial cells and perivascular mesenchymal cells produce osteoprogenitor cells which 

differentiate into osteoblasts [300]. The differentiation capabilities of ST2 cells into bone are 

elaborated in Section 2.1.3.2. This chapter presents the results of the differentiation of ST2 cells 

into osteoblast-like cells in the presence of 0106-B1 and 0106-B1-ALP scaffolds, with and 

without an osteogenic stimulating agent.  

6.2 Materials and Methods  

This study was carried out in two groups: The first group consists of 0106-B1 and 0106-B1-ALP 

scaffolds cultured with ST2 cells without an osteogenic stimulating agent (Group A) and the 

second group consists of 0106-B1 and 0106-B1-ALP scaffolds cultured with ST2 cells in the 

presence an osteogenic stimulating agent (Group B). ST-2 cells were obtained from Riken Gene 

Bank (Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH, Braunschweig, 

Germany), isolated from bone marrow of BC8 mice. The cells were cultured at 37
o
C in a 

humidified atmosphere of 95% air and 5% CO2 in RPMI 1640 medium (Gibco, Germany) 
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containing 10 vol% fetal bovine serum (FBS, Sigma-Aldrich, Germany) and 1 vol% 

penicillin/streptomycin (Gibco, Germany) (basal culture medium). A separate osteo-

differentiation (OD) medium was prepared. The OD differentiation medium was composed of 

basal culture medium with added 10 mM dexamethasone, 50 μg/ml ascorbic acid and 10 mM β-

glycerophosphate (all from Sigma-Aldrich GmbH, Germany). Cells were grown to confluence in 

75 cm
2
 culture flasks (Nunc, Denmark), harvested using Trypsin/EDTA (Gibco, Germany) and 

counted using a hemocytometer (Roth, Germany). The fabricated scaffolds were washed with 

ethanol and PBS for 20 min and 15 min, respectively and dried at 37
o
C. All scaffolds were pre-

incubated in RPMI for 48 hours. They were, then, removed from the solution, washed with PBS, 

dried and placed in 48-well plates. Group A and Group B scaffolds were seeded with 250, 000 

ST2 cells/well in the presence of basal culture medium and OD medium, respectively. The 

medium was refreshed every 2-3 days.  

ST2 cells seeded on scaffolds in the presence of OD medium are named as B1_OD and B1-

ALP_OD while ST2 cells seeded on scaffolds without an OD medium are labelled in the text as 

B1_NOD and B1-ALP_NOD. 

6.2.1 Cell viability 

Mitocondrial Activity 

The mitochondrial activity of the cultivated cells was evaluated using a WST-8 assay (Sigma-

Aldrich) after a cultivation period of 7 and 14 days. 6 samples for day 7 and day 14 respectively, 

were used for the WST analysis. The assay was carried out as described in Section 3.2.7. 

LDH-activtiy  

A commercially available LDH-activity quantification kit (TOX7, Sigma-Aldrich, Germany) 

was used to quantify the LDH enzyme activity in cell lysate. A lysis buffer solution containing 

10 mm Tris-HCl, 1 mm MgCl2, and 0.05% Triton X-100 was prepared at a pH of 7.5. Six 

samples for day 7 and day 14 respectively, were used for the WST analysis. After the WST 

solution is removed from the scaffolds, they are washed with PBS. The lysis buffer solution (1 

ml) is added to the samples and incubated for 30 min at RT. After 30 min, the solution is pipetted 

up and down directly on the cells. Then, the lysates were collected in Eppendorf tubes and were 

frozen to be later taken for analysis of LDH and ALP activities. On the day of measurement, the 
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frozen lysates were thawed at 37
o
C, brought to RT and centrifuged at 2000 rom for 5 min. A 

master-mix containing equal amounts of LDH assay kit solution, dye solution and co-factor 

solution was prepared. 140 µl of the supernatant solution is mixed with 60 µl of the master-mix 

in a cuvette and incubated for 30 min. 300 µl of 1N HCl was added to stop the reaction and, 

additionally, 500 µl water was added. The cuvettes were shaken well to mix the solution and the 

absorbance at 490 and 690 nm was measured using a UV-Vis spectrophotometer (Specord 40, 

Analytik Jena AG, Jena, Germany).  

6.2.2 BrdU ELISA assay  

A commercially available ELISA, BrdU kit was used to evaluate the proliferation of cells. This 

technique is based on the incorporation of pyrimidine analogue BrdU (5-bromo-2’-deoxyuridine) 

into the DNA of proliferating cells. After the incorporation of BrdU into DNA, it is detected 

using an immunoassay. The BrdU labeling solution is prepared by a 1:1000 dilution in RPMI. 1 

ml of the prepared labeling agent is added to the wells and incubated at 37
o
C for over 2 h. After 

the incubation period, the samples are dried at 60
o
C for 1h. 500 µl of FixDenant solution is 

added to the cells and incubated at RT for 30 min. Then, the FixDenant solution is removed and 

anti-BrdU-POD working solution is added and incubated for 90 min at RT. The antibody 

conjugate is removed after 90 min and the wells are rinsed thrice using the washing solution. 

Finally, the substrate solution was added and left for 5 – 30 min, until color development was 

sufficient for photometric detection. 100 µl of 1M H2SO4 was added to stop the reaction and the 

solutions were mixed gently in a shaker at 300 rpm. 100 µl of solution from each well was 

transferred to a 96-well plate and the absorbance was measured spectrometrically using a 

microplate reader (PHOmo, anthos Mikrosysteme GmbH, Germany) at 450 nm.  

6.2.3 SEM analysis  

The attachment and morphology of the ST2 cells on the 0106-B1 and 0106-B1-ALP after 7 and 

14 days were analyzed by SEM (LEO 435 VP, LEO Electron Microscopy Ltd., Uk and Ultra 

Plus, Zeiss, Germany). The preparation of samples was carried out as explained in Section3.2.7.  

6.2.4 VEGF ELISA measurement  

The quantity of VEGF secreted by the ST2 cells during osteogenic differentiation in the presence 

of the basal culture medium and the OD medium was determined on day 7 and 14 using RayBio 
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Mouse VEGF ELISA (Enzyme-Linked Immunosorbent Assay) kit. This assay measures 

accurately the recombinant mouse VEGF in cell culture supernatants by engaging an antibody 

specific for mouse VEGF. The assay was carried out as described in Section 5.2.3. 

6.2.5 ALP Activity 

In this study, the osteogenic differentiation of ST2 cells on 0106-B1 and 0106-B1-AlP scaffolds 

was evaluated after 7 and 14 days of cultivation by quantifying the production of ALP. This was 

performed using an assay based on the change in absorbance of p-nitrophenol as it is 

enzymatically cleaved by ALP (the principle similar to the enzymatic activity study explained in 

Section 4.2.7). To identify the amount of ALP secreted by the cells, the collected lysate (as 

mentioned in LDH activity, 6.2.1) was vortexed thoroughly and centrifuged for 5 min at 2000 

rpm. 250 µl of the supernatant and 100 µl of 9 mM pNPP solution was added to the cuvette and 

incubated at 37
o
C for 60 min. 650 µl 1M NaOH solution was added to stop the reaction. The 

absorbance was measured at 405 and 690 nm by UV-Vis spectrophotometer (Specord 40, 

AnalyticJena AG, Germany). The ALP activity was normalized to the total protein content. 

Bradford test was used to determine the total protein content of the scaffolds seeded with cells. 

25 µl of the supernatant vortexed and centrifuged earlier was added to cuvettes containing 975 µl 

Bradford protein solution from the assay kit (ApliChem GmbH, Germany). After 10 min 

incubation in the dark, the absorbance was measured at 595 nm by UV-Vis spectrophotometer. 

The specific ALP activity was calculated from the ALP measurement and the Bradford test, 

which was presented as the amount of nano molar pNPP that was converted to para-Nitrophenol 

by the ALP produced by cells seeded on the scaffolds per minute and mg of total protein.  

6.2.6 Mineralization assay 

In order to stain the ST2 cells or partially-differentiated ST2 cells, a red dye called Vybrant DiI 

was used. A solution containing 5µl of Vybrant DiI in 1 ml of RPMI was prepared and 1ml of 

the mixture was added to the well plate with scaffolds and incubated, protected from light, for 30 

min at RT.  

Mineralization assay was executed by using OsteolImage
TM

 fluorescent staining kit (Lonza, 

Germany). The deposition of HA is a final marker for bone formation and from the Lonza kit, 

the specific staining of HA can be evaluated. After 7 and 14 days of cultivation of cells on 0106-
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B1 and 0106-B1-ALP scaffolds, the media was removed and the samples were washed once with 

PBS. The samples were, then, fixed using 3.7 vol% paraformaldehyde containing fixation buffer 

for 20 min. Subsequently, the samples were washed twice with diluted (1x) OsteolImage
TM

 wash 

buffer. A diluted (1:100) OsteolImage
TM

 staining reagent was added and incubated for 30 min at 

RT, protected from light. The staining reagent was removed and the samples were washed with 

the diluted wash buffer. Images were taken using fluorescence microscope (Axio Scope A.1, 

Carl Zeiss Microimaging GmbH, Germany).  

6.3 In vivo biocompatibility: Subcutaneous implantation 

The degradation and vascularization behavior of the 0106-B1 and 0106-B1-ALP scaffolds after 

subcutaneous implantation in rats in vivo was assessed. This experiment was accomplished in the 

laboratory of the Department of Plastic and Hand Surgery, University Hospital of Erlangen, 

Friedrich Alexander University of Erlangen-Nuremberg. The in vivo study is explained in the 

appendix (A).  

6.4 Results  

6.4.1 Cell viability  

The mitochondrial activity and LDH activity were evaluated after 7 and 14 days of cultivation of 

ST2 cells on 0106-B1 and 0106-B1-ALP scaffolds, with and without OD medium, in order to 

obtain a more detailed analysis of the cell viability, as shown in Figure 6.1(A) and 6.1(B) 

respectively. The cell mitochondrial activity remained the same for all scaffolds after 7 days. 

Although the 0106-B1-ALP_OD showed a higher activity in comparison with the 0106-B1 

scaffolds, which was used as a reference, no statistical difference was found. The ALP 

functionalized scaffolds showed high cell mitochondrial activity in comparison with the 0106-B1 

scaffolds after 14 days of cultivation. Moreover, statistically significant enhancement of the 

mitochondrial activity of ST2 cells in contact with ALP-functionalized scaffolds was observed 

for day 14 (Figure 6.1(A)).  
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Figure 6.1: (A) Mitochondrial and (B) LDH activity of ST2 cells on 0106-B1 and 0106-B1-

ALP scaffolds with (B1_OD, B1-ALP_OD) and without (B1_NOD, B1-ALP_NOD) OD 

medium after 7 and 14 days of cultivation. Asterisks denote significant difference 

compared to B1_NOD scaffolds, **p<0.01, ***p<0.001. (Bonferroni’s post-hoc test was 

used). 

The results of the LDH activities of the cells for the different scaffolds are correlated to the 

number of cells. The 0106-B1-ALP_OD scaffolds showed the highest LDH activities after 7 and 

14 days of cultivation (Figure 3(B)). However, a statistical difference was observed only on day 

14. In addition, the 0106-B1_OD scaffolds also showed increased LDH activities for day 7 and 

14, even higher than for ST2 cells on ALP-functionalized scaffolds seeded without OD medium. 

An increase in both cell mitochondrial activity and LDH activity was observed for the ALP-

functionalized scaffolds, with and without OD medium, after day 7.  

6.4.2 Cell proliferation  

BrdU kit was used to determine the cell proliferation after 7 and 14 days of cultivation of ST2 

cells on the 0106-B1 and 0106-B1-ALP scaffolds. This immunoassay marks the DNA of 

proliferating cells and the colour change is measured spectrometrically, as shown in Figure 6.2. 

An increase in cell proliferation between 7 and 14 days can be noted for both B1-ALP_NOD and 

B1-ALP_OD scaffolds. However, a significant statistical increase is present only for the B1-
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ALP_OD scaffolds at 14 days, when compared with the B1_NOD and also with the B1-

ALP_OD scaffolds at 7 days.  

 

 

Figure 6.2: Proliferation of ST2 cells on 0106-B1 and 0106-B1-ALP scaffolds with (B1_OD, 

B1-ALP_OD) and without (B1_NOD, B1-ALP_NOD) OD medium after 7 and 14 days of 

cultivation. Asterisks denote significant difference compared to B1_NOD scaffolds, 

***p<0.001. (Bonferroni’s post-hoc test was used). 

6.4.3 Cell morphology  

Morphology of ST2 cells on the scaffolds after 7 and 14 days of cultivation was analyzed by 

SEM, as shown in Figure 6.3 and Figure 6.4, respectively. Good cell attachment and growth can 

be seen for both 0106-B1 and 0106-B1-ALP scaffolds. The cells proliferated on the surface with 

marked cell-material and cell-cell interactions. It is apparent that the cells spread out in 

multilayers with typical fibroblast-like morphology, especially the B1_NOD and B1_OD 

scaffolds after 7 and 14 days. ST2 cells on B1-ALP scaffolds (OD and NOD) exhibited 

osteoblastic cuboidal morphology after 7 days, which are marked with black arrows in Figure 

6.3(C, D). Deposition of HA between the cells and the surface of the scaffolds could be noted, in 
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general, for all scaffolds. However, after 14 days, the B1-ALP_NOD scaffolds expressed 

enhanced deposition of HA (Figure 6.4(C)). The cells are well integrated with the HA formed on 

the surface. In the case of B1-ALP_NOD and B1-ALP_OD scaffolds, mineralization and cell 

attachment seem to be quite interspersed at 14 days, making it difficult to distinguish between 

the cells, HA deposition and the scaffold surface. Also, HA formation is not very evident in the 

SEM images after 7 days, whereas the SEM images after 14 days show cauliflower-shaped 

structures, typical for HA [265], nucleated along the morphology of the cells, which are 

represented by black arrows in Figure 6.5. This is an indication that mineralization has occurred 

as a response to the osteoblast-like differentiation of ST2 cells.  
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Figure 6.3: SEM images of ST2 cells on the surface of the (A) B1_NOD, (B) B1_OD, (C) B1-

ALP_NOD and (D) B1-ALP_OD scaffolds after 7 days of cultivation. Black arrows denote 

the cells with osteoblast-like phenotype 

 

 

Figure 6.4: SEM images of ST2 cells on the surface of the (A) B1_NOD, (B) B1_OD, (C) B1-

ALP_NOD and (D) B1-ALP_OD scaffolds after 14 days of cultivation 
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Figure 6.5: SEM images of ST2 cells on the surface of the (A) B1-ALP_NOD after 7 days, 

(B) B1-ALP_NOD after 14 days, (C) B1-ALP_OD after 7 days and (D) B1-ALP_OD after 

14 days of cultivation. Black arrows indicate areas of mineralization  
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6.4.4 VEGF Secretion  

The release of VEGF from ST2 cells after 7 and 14 days of cultivation on 0106-B1 and 0106-B1-

ALP scaffolds with and without OD medium is shown in Figure 6.6. After 7 days, all the 

samples showed similar secretion of VEGF, with a slight increase in the case of B1-ALP_OD, 

which is not a significant increase. However, after 14 days, a tremendous increase was noted for 

ST2 cells seeded on both B1-ALP_NOD and B1-ALP_OD scaffolds. This result is in 

correspondence with the SEM images (Figure 6.5), which showed that distinct HA formation 

occurred on the B1-ALP_NOD and B1-ALP_OD scaffolds after 14 days.  

 

 

Figure 6.6: VEGF release from ST2 cells seeded on 0106-B1 and 0106-B1-ALP scaffolds 

with (B1_OD, B1-ALP_OD) and without (B1_NOD, B1-ALP_NOD) OD medium after 7 

and 14 days of cultivation. Asterisks denote significant difference compared to B1_NOD 

scaffolds, ***p<0.001. (Bonferroni’s post-hoc test was used). 
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6.4.5 Osteogenic differentiation 

6.4.5.1 ALP activity 

The osteogenic differentiation of a bone marrow stromal cell line into osteoblasts or osteoblast-

like cells on 0106-B1 and 0106-B1-ALP scaffolds without the aid of an OD medium and in the 

presence of an OD medium was determined after 7 and 14 days of seeding. The typical in vitro 

osteogenic differentiation marker is the expression of ALP activity after incubation of the cells 

with the scaffolds, as shown in Figure 6.7. The fact that one of the samples already contains ALP 

complicates the analysis. All samples exhibited the presence of ALP after 7 and 14 days of 

incubation with ST2 cells. A gradual increase was observed for all the scaffolds between 7 and 

14 days. The presence of OD medium helped to achieve enhanced expression of ALP on 0106-

B1 scaffolds after 14 days of incubation. The 0106-B1-ALP scaffolds seeded with ST2 cells and 

without OD medium showed similar ALP activity as that of the 0106-B1 scaffold seeded with 

OD medium. Highest expression of the osteogenic specific marker, ALP, was found in the 0106-

B1-ALP scaffolds seeded with OD medium.  

 

 



  6 In vitro Osteogenic Differentiation 
 

 93  

Figure 6.7: Specific ALP activity of ST2 cells seeded on 0106-B1 and 0106-B1-ALP 

scaffolds with (B1_OD, B1-ALP_OD) and without (B1_NOD, B1-ALP_NOD) OD medium 

after 7 and 14 days of cultivation. Asterisks denote significant difference compared to 

B1_NOD scaffolds, **p<0.01, ***p<0.001. (Bonferroni’s post-hoc test was used). 

6.4.5.2 Mineralization Assay 

Mineralization plays a significant role during bone formation and repair and HA is the main 

inorganic constituent of bone. HA layers are laid down by osteoblasts or osteoblasts-like cells 

and the differentiation of ST2 cells into osteoblastic-phenotype can be marked by the formation 

of mineralized nodules composed of HA, deposited by the cells. The 0106-B1 and 0106-B1-ALP 

scaffolds seeded with ST2 cells with and without OD medium were stained using 

OsteolImage
TM

, a fluorescence staining reagent after 7 and 14 days. Vybrant DiI, which has a red 

colour, stains the cells and the OsteolImageTM staining reagent stains the HA deposited on the 

scaffolds. Fluroscence microscopy was used to take images of the stained surfaces, as shown in 

Figure 6.8.  

  



  6 In vitro Osteogenic Differentiation 
 

 94  

 

 

Figure 6.8: Fluorescence microscope images of (A) B1_NOD, (B) B1_OD, (C) B1-

ALP_NOD and (D) B1-ALP_OD scaffolds after 7 days, indicating mineralization (green) 

and ST2 cells/partially-differentiated ST2 cells (red) 

The ALP-functionalized scaffolds, in general, were found to be positively stained for the HA-

specific staining reagent. This could be due to the bioactive nature of the glass scaffold and in 

addition, the presence of ALP. However, occurrence of nodule-like structures is an indication 

that HA has nucleated and developed in these regions. A light yellowish-green color appears in 

areas where both cells are present and mineralization has occurred. It is also possible that these 

nodule-like HA deposition has been secreted from the ST2 cells, as a result of their 
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differentiation along the osteoblast-like lineage. This is quite evident in the higher magnification 

images in Figure 6.9, which shows the scaffolds with the cells after 14 days of incubation. The 

existence of both cells and mineralization on the scaffolds was also ascertained from SEM 

micrographs in Figure 6.5.  

 

 

Figure 6.9: Fluorescence microscope images of (A) B1_NOD, (B) B1_OD, (C) B1-

ALP_NOD and (D) B1-ALP_OD scaffolds after 14 days, indicating mineralization (green) 

and ST2 cells/partially-differentiated ST2 cells (red)  
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6.5 Discussion  

ALP is vastly expressed in mineralized tissue cells and it plays a key role in hard tissue 

formation. This enzyme increases the local concentration of inorganic phosphate which is a 

mineralization promoter and decreases the concentration of extracellular pyrophosphate which is 

an inhibitor of mineral formation. ALP is also widely established as a marker for osteogenic 

activity. In this study, the influence of ALP and boron-containing BG scaffolds in differentiating 

stromal cells into an osteogenic phenotype, with and without the help of an OD medium, over a 

period of 14 days has been investigated. In all scaffold types, an increase in cell viability, 

proliferation, VEGF expression and ALP activity was observed between 7 and 14 days, which 

shows that all scaffolds are biocompatible and they support cell proliferation and adhesion. The 

total intracellular LDH is an indication of the total number of cells [301]. The cell viability, 

which indicates the number of vital and metabolically active cells, remained highest for the ALP-

functionalized scaffolds. Detsch et al [302] detected a significant increase in the mitochondrial 

activity of MG-63 cells seeded in contact with alginate-based hydrogels enriched with ALP after 

2, 4 and 7 days of incubation. The same applies for the LDH activity of ST2 cells after 7 and 14 

days. Not much data related to the effect of ALP in enhancing cell viability has been discussed in 

the literature, so a clear explanation for this behavior has not yet been put forward. However, it is 

quite possible that the presence of ALP on the 0106-B1 scaffolds provides a physiologically 

relevant environment for the cells to attach and grow on. This could enable the execution of 

processes and functions at the cellular level in an improved way. The staining of the DNA of 

proliferating ST2 cells indicated that the 0106-B1-ALP scaffolds supported the cell proliferation. 

Osteogenic differentiation occurs in vitro and in vivo in three stages – cell growth/proliferation, 

ECM synthesis, matrix development through maturation and mineralization [303]. The last two 

stages, maturation and mineralization of the matrix, is augmented when the cells are grown to 

full confluency and there are specific osteogenic factors which could direct differentiation [303]. 

Osteoblasts, when placed in culture, are found to proliferate in multilayers of cells as sheets or 

focal nodules [304-306]. Such multilayer, sheet-like arrangement was also observed for ST2 

cells on the B1-ALP scaffolds (Figure 6.3 and 6.4). Several genes which are affiliated with the 

development of the ECM such as Type I collagen, fibronectin and TGFβ are detected during the 

proliferation stage [303]. The immediate post-proliferation period is identified as 12 – 18 days 
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after culture of cells. The increased accumulation of collagen ceases cell growth and once 

proliferation stops, proteins or enzymes associated with osteoblastic phenotype, such as ALP and 

mRNA, are expressed greater than 10-fold [307]. In this study, a statistically higher cell 

proliferation was ascertained only for the B1-ALP_OD scaffolds at 14 days. The culture then 

progresses into the mineralization stage where the matrix undergoes a series of changes to 

accommodate better for mineralization and all the cells stain positively for the ALP marker 

[308]. It is noticeable that the specific ALP activity of all the scaffolds, except B1-ALP_OD, was 

quite comparable at day 7 (Figure 6.7). The specific ALP activity was significantly greater for 

ALP-based scaffolds (B1-ALP_NOD, B1-ALP_OD) and for scaffolds cultured with OD medium 

(B1_OD) only at 14 days, as is evident from Figure 6.7. Several other genes including bone 

sialoprotein, osteopontin and osteocalcin are expressed during the mineralization stage 

[306,309,310]. Detection of ALP histo-chemically is considered as one of the earliest phenotypic 

markers of the osteoblastic lineage [308] and osteocalcin serves as a marker of mature 

osteoblasts [311,312]. Therefore, osteocalcin expressing cells are located within mineralizing 

nodules, whereas ALP expressing cells are present between nodules [303,313]. This evidence is 

analogous to the arrangement of cells and mineralization nodules revealed from the SEM and 

fluorescence microscope images in Figure 6.3 – 6.5 and 6.8 – 6.9, respectively. Since the culture 

period was limited to only 14 days in this experiment, complete differentiation to mature 

osteoblasts was not possible and the partial differentiation of ST2 cells to bone-cell type was 

confirmed from the layout and positive staining of the mineralized nodules and cells on the 

scaffolds. In most of the analysis carried out in this study, B1_OD and B1-ALP_NOD scaffolds 

showed comparable characteristics and performances in vitro. The results of the cell viability, 

cell proliferation and specific ALP activity studies illustrate that the B1_OD and B1-ALP_NOD 

scaffolds produced identical effects.  

6.6 Conclusion  

In this chapter, the osteogenic differentiation potential of ST2 cells on boro-silicate, 0106-B1 

scaffolds was evaluated, with and without the aid of an OD medium. In addition, the ALP-

functionalized 0106-B1 scaffolds were also evaluated for the same, in terms of cell viability, cell 

proliferation, VEGF secretion and mineralization, with and without the presence of osteogenic 
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stimulating agents. It could be concluded from the cell culture in vitro that the ALP grafted on 

0106-B1 scaffolds (B1-ALP_NOD) has equated the consequences and outcomes of an 

osteogenic stimulating agent (similar to culturing ST2 cells on 0106-B1 scaffolds in the presence 

of an OD medium (B1_OD)). However, the co-existence of ALP and OD medium (B1-

ALP_OD) has significantly enhanced the VEGF secretion and osteogenic differentiation of ST2 

cells. It can be ascertained from this study that the 0106-B1-ALP scaffolds are promising 

candidates for applications in bone regeneration.   
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Chapter 7 

7 Conclusion and Future Perspectives 

7.1 Conclusion  

7.1.1 Development and characterization of BG scaffolds 

In this work, five different types of BG scaffolds (a silicate, a boron-doped silicate, two boro-

silicate and a borate BG), based on the 13-93 composition, were successfully prepared by foam 

replication technique. The characteristics temperatures such as Tg, Tc, onset and Tsin were 

determined from DSC analysis. The prepared scaffolds exhibited high porosity (+85 – 90%), 

suitable pore size (200 – 400 µm), and well interconnected pore structure.  

From the results of the DSC measurements it was observed that the characteristic temperatures of 

the glasses decrease with increase in boron content. It was also confirmed that the boron 

concentration also affected the working temperature of the glass. XRD analysis detected no 

crystallization peaks and therefore, all glasses were found to be completely amorphous. Increase 

in boron concentration results in poor glass stability and lower chemical durability and this 

negatively affects the mechanical properties of the scaffolds. The 0106-B2 and 13-93B3 

scaffolds were highly brittle and posed severe handling problems. The compressive strength of 

0106 and 0106-B1 scaffolds was close to 1.5 MPa which is significantly higher than that of the 

dry human cancellous bone with the same porosity.  

The kinetics of ion release for 0106-B1 and 0106-B2 scaffolds showed a controlled and moderate 

release of B and Si into the solution over a period of 14 days. 0106 BG scaffolds showed very 

low release of B ions, as close to 0 ppm, whereas a burst release was observed for 13-93B3 

borate glass scaffolds. A burst release and continuous increase was observed for Si release in 

0106 and 13-93 silicate scaffolds. The pH of boron-based glass scaffolds was brought down to 

~7.9 in less than 48 h by following a pre-incubation process in cell culture medium. The 

bioactivity level of each glass was different. Nevertheless, all the scaffolds demonstrated HA 

formation after 14 days of immersion in cell culture medium. However, the already-brittle 0106-

B2 and 13-93B3 scaffolds were found to be highly fragile after the dissolution study.  
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A preliminary cytotoxicity investigation using ST2 cells displayed a slightly cytotoxic nature of 

0106-B2 and 13-93B3 scaffolds. The results from the cell viability test were in agreement with 

the ion release data, indicating that a burst release of B is adverse for the cells in vitro. The other 

three glasses, 13-93, 0106, 0106-B1, produced comparable results. Good cell attachment and cell 

spreading were observed on 13-93, 0106 and 0106-B1 scaffolds, whereas the 0106-B2 and 13-

93B3 scaffolds were too weak to survive the vigorous washing treatments before SEM analysis. 

The angiogenesis assay confirmed that the IDPs (1% dilution) from 0106-B1 scaffolds generated 

tremendous increase in the secretion of VEGF from ST2 cells, in comparison with the reference. 

It also affirmed the cytotoxic nature of IDPs of 13-93B3 scaffolds, as the concentration of VEGF 

expressed was relatively low and a slight increase in VEGF secretion was observed with the 

decrease in dilution of IDPs.  

0106-B1 glass scaffolds were found to be superlative in terms of mechanical stability, a 

moderate ion release kinetics, satisfactory HA formation and favorable cell viability and, 

therefore, they were considered for further functionalization experiments.  

7.1.2 Surface biofunctionalizaton using ALP  

In order to boost the potentiality of 0106-B1 scaffolds in bone regeneration, surface 

functionalization was accomplished. The enzyme ALP was successfully, covalently bonded to 

the scaffolds’ surface. With regard to establishing a stable bond between the enzyme and the 

scaffold surface, silanization was performed before ALP anchoring. Although the wettability of 

the glass surface decreased after silanization and ALP grafting, the contact angle was less than 

60
o
 and 0106-B1-ALP pellets, nevertheless, maintained their hydrophilicity. Enzymatic activity 

studies revealed that ALP immobilized on 0106-B1 scaffold surface was in their active state. 

Also, 0106-B1-ALP did not display any change in the ion release profile when compared with 

0106-B1. This shows that the incorporation of silanes does not negatively influence the basic 

scaffold properties.  

An improvement of the bioactivity of 0106-B1-ALP was visible from SEM images and XRD 

results after the dissolution study. ALP functionalization was found to successfully boost the 

inorganic response of 0106-B1 BG scaffolds when brought in contact with cell culture medium.  
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The IDPs (1% dilution) from 0106-B1-ALP scaffolds also demonstrated significant increase in 

the expression of VEGF from ST2 cells when compared with IDPs from 0106-B1 scaffolds. 

However, this difference was observed only for the 1% dilution, which might be due to the 

presence of ALP released into the solution. ST2 cells in contact with the IDPs of 0106-B1 and 

0106-B1-ALP expressed significantly more VEGF than the reference.  

7.1.3 Influence of ALP-functionalized scaffolds on the in 

vitro differentiation of stromal cells  

0106-B1-ALP and 0106-B1 scaffolds were evaluated for their ability to differentiate ST2 cells 

into bone-cell type, with and without the aid of osteogenic stimulating agents. 0106-B1-ALP 

scaffolds showed higher cell mitochondrial and LDH activities after 7 and 14 days of cultivation. 

A continuous increase in cell proliferation was observed for the 0106-B1-ALP scaffolds. 

Surprisingly, VEGF secretion was similar for all scaffolds at day 7 and a tremendous increase 

was observed for B1-ALP_NOD and B1-ALP_OD scaffolds at day 14. B1-ALP_OD scaffolds 

demonstrated the highest specific ALP activity, followed by B1-ALP_NOD and B1-ALP_OD.  

SEM analysis revealed osteoblastic cuboidal morphology for ST2 cells on B1-ALP_NOD and 

B1-ALP_OD scaffolds even after 7 days. Enhanced deposition of HA was detected in and 

around the cells seeded on 0106-B1-ALP scaffolds. Cells were well spread and found to be 

growing in multi-layer configuration, forming cell sheets. Mineralization and cell attachment 

were quite interspersed making it difficult to distinguish the scaffold surface and cells. 

Fluorescence microscopy, after mineralization assay, displayed excellent images of mineralized 

nodules nucleated due to the differentiation of ST2 cells. Figure 7.1 shows the presence of cells 

(stained in red), nuclei (stained in blue) and mineralized nodules (stained green) on 0106-B1-

ALP_OD scaffolds after 14 days. It was also confirmed that B1_OD and B1-ALP_NOD 

scaffolds showed comparable characteristics and performances in vitro.  

In conclusion, boron-containing BG glasses provide ease of manufacture, robust mechanical 

properties and it is possible to control the dissolution and degradation of these glasses by 

manipulating their composition. With brittle and highly reactive silicate glasses being tested for 

bone TE applications, the controlled ion release and relevant pH combined with suitable 

mechanical stability of 0106-B1 scaffolds, empower them to be more attractive for bone repair 
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applications. Biomolecule immobilization is an effective strategy not only to promote the 

inorganic response to the scaffold (enhanced mineralization) but also to evoke advanced 

biological responses and to develop biomimetic surfaces. Surface biofunctionalization of 0106-

B1 scaffolds with ALP, thus, opens up innovative possibilities for advancing the field of bone 

regenerative medicine.  

 

Figure 7.1: Fluorescence microscope image of B1-ALP_OD scaffold after 14 days, 

exhibiting mineralization (green) and ST2 cells/partially-differentiated ST2 cells (red) and 

the nuclei (blue) 

 7.2 Future perspectives  

“If we knew what it was we were doing, it would not be called research, would it?” 

- Albert Einstein 

A good research project should ask more questions to ponder and investigate further 

potentialities. Similarly, based on the techniques and results discussed in this work, few ideas for 

future perspectives are suggested here. 
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7.2.1 Developing superior mechanical properties 

From the materials science perspective, the main objective is to engineer mechanically 

competent systems. The scaffolds developed in this work could be improved, in terms of 

mechanical strength, by a simple dip-coating technique. Performing a double coating in the same 

BG solution, after sintering the scaffold, will enhance the strength of the scaffold in compression 

[144]. This will enable the BG scaffold to compete in load-bearing applications. Furthermore, the 

bioactivity of the construct will not be inhibited.  

7.2.2 Long term in vitro and in vivo studies of ALP-functionalized 

BG scaffolds 

The determination of mechanical strength and enzymatic activity after long term in vitro study of 

ALP-grafted boron-containing scaffolds will supply more data on the robustness of the scaffolds, 

in particular regarding the time-dependent stability of ALP attached to the surface. An elaborate 

in vitro cell biology study with additional time points will give better understanding of the 

performance of the scaffolds in terms of cell differentiation and ECM formation. Bioreactors 

provide dynamic environment and bridge the gap between static laboratory experiments and 

dynamic clinical in vivo settings. In addition, a relevant in vivo study to repair bone defects is 

required to apprehend the influence of an enzyme, like ALP, in mineralization, 

neovascularization, and bone formation and to study the synergy of the presence of ALP and the 

release of biologically active ions (including B) from the scaffolds.  

7.2.3 Advanced techniques for enzyme grafting  

Although the ALP anchoring approach introduced in this study delivered excellent results in 

terms of ALP attachment and effect on bioactivity, these ALP-functionalized scaffolds pose 

limitations in sterilization and storage conditions. In addition, the compulsion to follow so many 

steps to manufacture and functionalize scaffolds on a larger scale in an industrial/commercial 

sector is not rational. Therefore it is essential to contemplate more practical techniques to 

produce three-dimensional constructs with customized functionalities.  
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Appendix 
 

A. In vivo biocompatibility: Subcutaneous implantation  

A.1 Experiment 

The in vivo study was conducted in the laboratory of the Department of Plastic and Hand 

Surgery, University Hospital of Erlangen, Friedrich Alexander University of Erlangen-Nürnberg 

and the results are reproduced with the permission from the collaborators. The study was carried 

out according to the procedure approved by the government of Middle Franconia and the Animal 

Protection Committee (AZ 54-2532.1-9/13-2). The experiment was performed using six adult, 

healthy male Lewis rats. Explantation was done after 4 weeks for all animals. The rats were 

housed in single separate cages in a standardized environment (20 – 22
o
C, relative humidity 46 – 

48%, light/dark cycles of 12 h) with free access to water and standard chow (Sniff, Soest, 

Germany).  

A.1.1 Implantation  

0106-B1 and 0106-B1-ALP scaffolds of diameter 8mm and height 6 mm were fabricated as 

described in Section 3.2.3 and Section 4.2, respectively. The samples were sterilized as described 

in Section 5.2.1. The scaffolds were placed inside custom-made Teflon chambers (by Prof. Greil, 

Institute of Glass and Ceramics, University of Erlangen-Nürnberg) (inner diameter 8 mm, height 

6 mm and volume approximately 400 µl) for subcutaneous implantation as shown in Figure A.1.  

Rats were anesthetized using an induction chamber filled with 5% isofluran (CP Pharm, 

Burgdorf, Germany) containing oxygen. After induction, they were placed on a warming plate at 

37
o
C and the supply of isofluran with oxygen was maintained through face mask and 

administration of a single intramuscular injection of xylazine (1.4 mg, Rompun, Bayer, 

Leverkusen, Germany). Preemptive analgesia was achieved by subcutaneous administration of 

4mg tramadol (Tramal Ampullen 50 mg, Gruenenthal, Aachen, Germany) and meloxicam (0.2 

mg; Metacam, Boehringer-Ingelheim, Ingelheim, Germany). A single dose of procain penicillin 

(22000 IU/kg) and dihydrostreptomycin (50 mg/kg) (Veracin compositum, Albrecht, Aulendorf, 

Germany) was administered in order to avoid infections. Rats were placed in sternal 



  Appendix 
 

 135  

recumbency, and the back side was trimmed aseptically to prepare for surgery. Two paramedian, 

longitudinal incisions were made on the back side of the rat, and subcutaneous tissue was 

removed to expose the underlying muscle. The chamber containing 0106-B1-ALP scaffold was 

placed on the top left incision site and the chamber containing 0106-B1 was placed on the top 

right incision site, with the opening of the chambers facing the dorsal muscle of the rats, as 

shown in Figure A.1, thus bringing the scaffolds in direct contact with the underlying muscle. 

Two other chambers containing samples (X and Y) for a different experiment were placed at the 

bottom left and right. Chambers were fixed to the underlying muscle using USP 4/0 

polypropylene sutures (Prolene, Ethicon; Johnson&Johnson, Norderstedt, Germany), and the 

incisions were closed using USP 4/0 polyglactin 910 (Vicryl Plus,Ethicon; Johnson&Johnson, 

Norderstedt, Germany). Postoperative analgesia was achieved by administration of tramadol 

(Tramal, 100 mg/mL, Gruenenthal, Aachen, Germany) via drinking water (7.5 mg/100 mL of tap 

water) in the first postoperative week. 

 

 

Figure A.1 Photograph of subcutaneous implantation of Teflon chambers containing 0106-

B1 and 0106-B1-ALP scaffolds 

 

A.1.2 Explantation 
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After 4 weeks, the rats were anesthetized before explantation, as described above. The 

anesthetized rats were placed in dorsal recumbency, and a midline laparotomy was conducted. 

Intestines were externalized, and the caudal vena cava and aorta were isolated. A 24 G vein 

cannula was injected into the caudal vena cava, and the aorta remained open. The vascular 

system was then flushed with heparinized saline solution (100IE/ml). A mixture of India Ink 

(Lefranc-Bourgeois; Colart Deutschland GmbH, Maintal, Germany; 20 mL), saline solution 

(0.9%; 20 mL), mannite (Carl Roth GmbH & Co KG, Karlsruhe, Germany; 1.2 g) and gelatin 

(Carl Roth GmbH & Co KG, Karlsruhe, Germany; 1.5 g) was injected into the vascular system 

after removing blood from the vessels. After cooling at −20 °C for 2 h, the constructs were 

explanted from the rats and subsequently fixed using 4% formaldehyde solution (Histofix 

4%,Carl Roth GmbH & Co KG, Karlsruhe, Germany) for 24 h. The scaffolds were carefully 

removed from the Teflon chambers conjugated with the underlying muscle and taken for further 

characterizations. 

A.1.3 Histology 

Three µm cross-sections were obtained from two standardized planes (1 mm left and 1 mm right 

of the central plane) along the longitudinal axis of the construct. Hematoxylin and Eosin (H&E) 

staining of the cross-sections was performed according to the standard protocol. Immuno-

histochemical staining was performed using CD68/ED1/CD31 and Actin/Lectin (Bandeiraea 

Simplicifolia agglutinin, BS-1) for detection of macrophages/immune reaction and 

vascularization, respectively. Masson-Trichrome staining was used to visualize the connective 

tissues and the staining was performed following the standard protocol.  

Lectin staining was carried out to detect newly formed vessel-like structures. For performing this 

staining, paraffinated sections were dewaxed and kept in a citrate buffer (pH 6) for 1 min at 121 

°C. Endogenous peroxidase activity was blocked by treating with 3% H2O2 (Merck, Darmstadt, 

Germany) for 10 min. The blocking process was completed by incubating the sections in avidin 

and biotin blocking solution (Avidin/Biotin Blocking Kit, Vector Labs; Biozol, Eching, 

Germany) for 15 min and subsequently 10% goat serum (Vector Laboratories, Burlingame, CA, 

USA) was applied for 30 min, and the sections were incubated overnight at 4 °C in biotinylated 

Lectin antibody (Isolectin B4 Biotin labeled, Sigma Aldrich, Munich, Germany) with the 

dilution of 1:270 in TRIS buffer. The detection was then carried out using streptavidin AB 
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Complex/HRP (Dako GmbH, Hamburg, Germany) for 30 min, washed, and followed by 

development using DAB + Chromogen (Dako GmbH, Hamburg, Germany) for 10 min. 

Counterstaining was performed with Hematoxylin solution (dilution 1:10).  

To detect macrophages, immune-histochemical staining was performed using ED1, which is a 

monoclonal antibody that binds to the rat homologue of human CD68, a single chain 

glycoprotein (90–110 kDa) found in macrophages and monocytes. To perform this staining the 

sections were deparaffinated and kept in a citrate buffer (pH 6) at 121 °C for 1 min. After 

cooling, the sections were kept in a blocking solution (Zytochem Plus AP Polymer Kit, Zytomed 

Systems, Berlin, Germany) for 5 min to minimize background staining. Slides were incubated 

overnight in primary antibody solution (monoclonal mouse anti-rat CD68, Serotec, Düsseldorf, 

Germany; dilution 1:300) maintaining the temperature at 4 °C. Enhancement was achieved by 

using a reagent (Zytochem Plus AP Polymer Kit) for 30 min, followed by applying an AP 

coupled secondary antibody (anti-mouse/anti-rabbit) for 30 min. Fast Red solution was subjected 

for 20 min to carry out development, and counterstaining was achieved by using Hemalaun 

solution. All images of H&E, ED1, and Lectin-stained cross-sections were taken using an 

Olympus IX81microscope (Olympus, Hamburg, Germany) at 4x, 10x or 20x magnification.  

A.2 Results and Discussion 

A.2.1 Clinical evaluation 

One among the six rats died 10 days after the implantation. The other five animals accustomed 

well to the entire surgical procedure and showed no signs of discomfort and complication. They 

showed good general welfare that confirms the initial biocompatibility of the boron-containing 

BG scaffolds. A mild to moderate postoperative seroma was noted at the incision sites, which is 

probably due to the Teflon chamber, since this type of reaction has also been observed with 

various materials under similar experimental conditions (information provided by the surgeon).   

A.2.2 Macroscopic appearance 

Five 0106-B1 scaffolds and five 0106-B1-ALP scaffolds from five different rats were taken for 

further characterization. No infection was observed on any of the 0106-B1 and 0106-B1-ALP 

scaffolds after 4 weeks of implantation. Figure A.2. shows the 0106-B1-ALP scaffold-chamber 
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perfused with India Ink after 4 weeks. The 0106-B1 scaffolds were not shown due to their 

similar appearance. As can be seen in the Figure A.2 (B), the 0106-B1-ALP scaffolds were found 

to be more adherent and quite integrated to the adjacent tissue.  Degradation of the 0106-B1 and 

0106-B1-ALP scaffolds was evident and the area of the constructs was reduced by more than 

50% of their original dimensions. This is in accordance with the findings of Fu et al [19], 

wherein boro-silicate/borate scaffolds undergo faster degradation compared to the silicate 

scaffolds. The reasons are elaborated in Section 3.4. 

 

Figure A.2 Macroscopic appearance showing the (A) integration of the 0106-B1-ALP 

scaffold chamber in the subcutaneous region and (B) after explantation of the 0106-B1-

ALP scaffold chamber 

A.2.3 Microscopic appearance 

Figures A.3 (A) and (B) show the H&E staining after 4 weeks of implantation. The blue/purple 

dots appearing on the images indicate the nuclei and the surrounding pink colour is from the 

cytoplasm of the cells present. A higher number of nuclei can be observed in the case of 0106-

B1-ALP scaffolds (Figure A.3 (B)). Ingrowth of connective tissue (dark pink) is indicated by 

black arrows. In addition, regions appearing with a light brown colour, indicated in black circles, 

could be noted for 0106-B1-ALP scaffolds. After implantation of the scaffolds, they are usually 

surrounded by different cells including macrophages and fibroblasts. The scaffolds recruited the 

surrounding native cells and the macrophages engulfed in the scaffold material developed a 

brown colour after the staining [314]. This is a typical reaction from the host tissue to foreign 
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body implants. This result clearly shows that the ALP-functionalized scaffolds interact better 

with the surrounding host tissue compared to the 0106-B1 scaffolds. However, this could also 

mean that macrophages react to foreign bodies and form foreign body giant cells indicating low 

acceptance of the material by the host tissue [315]. Figures A.3 (C) and (D) show the Masson-

Trichrome staining of the explanted scaffolds indicating the presence of connective tissue in 

green colour.  

 

Figure A.3 (A) and (B) H&E staining of explanted 0106-B1 and 0106-B1-ALP scaffolds, 

respectively. Black arrows indicate the ingrowth of connective tissues. Black circles 

represent the interaction of the scaffold with the native cells. (C) and (D) Masson-
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Trichrome staining of explanted 0106-B1 and 0106-B1-ALP scaffolds, respectively, after 4 

weeks of subcutaneous implantation. Connective tissue is stained green and the 

cytoplasm/muscle appear in red. 

CD 68/ED1 is a monoclonal antibody which is widely used as a marker for rat macrophages. 

Figure A.4 shows the ED1 histochemical staining after 4 weeks of implantation. Both 0106-B1 

and 0106-B1-ALP scaffolds showed a moderate number of cells positive for ED1 staining, 

indicating immune reactions, particularly, generated from the scaffold materials. The migration 

and aggregation of macrophages could influence tissue remodeling as they secrete matrix 

metalloproteinase-2 and -9 which actively influence the degeneration of the ECM [316]. 

Therefore, the accumulation of macrophages is not always detrimental but could also develop a 

positive effect of degenerating the implanted matrix and repairing the injured tissue [317]. 

 

Figure A.4 Light microscopy images of ED1 histochemical staining of (A) 0106-B1 and (B) 

0106-B1-ALP after 4 weeks of implantation 

As discussed before in Chapter 5, neovascularization is a critical aspect of tissue repair and 

regeneration. Lectin and Actin staining was performed after weeks of implantation to identify the 

newly formed vessels as they stain the endothelial cells which are present in the inner membrane 

of blood vessels. Lectin positive cells appear in brown colour and can be detected in both 0106-

B1 and 0106-B1-ALP scaffolds, as shown in Figure A.5. Positively-stained Lectin cells are 

present in the outer linings of the pores (outer linings of spaces between the scaffold and the 
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native tissue) and they might represent tubular vessel formation from the surrounding connective 

tissue into the scaffold structure through the pores. Some of these are indicated by black arrows 

in Figure A.5. Formation of such tubular structures could also be detected within the scaffold 

structure where connective tissue ingrowth has occurred and this is shown in the regions within 

the black circles.  

 

 

Figure A.5 Lectin immunohistochemical staining of (A) 0106-B1 and (B) 0106-B1-ALP 

scaffolds after 4 weeks of implantation. Black arrows indicate Lectin positive tubular 

structures in the outer lining of the pores. Black circles indicate the formation of Lectin 

positive tubular structures in the connective tissue ingrowth.  

Figure A.6 shows 0106-B1 and 0106-B1-ALP scaffolds stained with immunohistochemically 

with Actin and CD31 after 4 weeks of implantation. In the case of Actin staining (Figure A.6 (A) 

and (B)), the newly developed vessels appear in red/black color and the purple regions represent 

the regions containing BG. CD31 is primarily used to demonstrate the presence of endothelial 

cells and it helps to assess the degree of angiogenesis in histological tissue sections. A large 

number of small, tubular structures which appear in pink colour can be observed in Figure A.6 

(C) and (D), especially in the 0106-B1-ALP scaffolds. Black arrows indicate the regions filled 

with CD31 positive tubular constructs. Lectin, Actin and CD31 staining confirmed the presence 

of newly-developed blood vessels through the pores and within the connective tissue ingrowth of 

0106-B1 and 0106-B1-ALP scaffolds.  



  Appendix 
 

 142  

 

Figure A.6 (A) and (B) Actin staining of explanted 0106-B1 and 0106-B1-ALP scaffolds, 

respectively. (C) and (D) CD31 staining of explanted 0106-B1 and 0106-B1-ALP scaffolds, 

respectively, after 4 weeks of subcutaneous implantation. Black arrows indicate regions of 

tubular structure formations.  

The present in vivo experiment has been carried out as a preliminary study to evaluate the 

performance of the 0106-B1 scaffolds with and without ALP-functionalization. A quantitative 

analysis of the degradation of the scaffolds, of the number of newly-developed vessels, and on 

the increase in cell proliferation is needed. Due to the absence of this knowledge, it is 

unreasonable to conclude whether or not the presence of ALP accomplished a positive effect in 

vivo. However, a visual inspection of the images from the immunohistochemical analysis 

portrays that both 0106-B1 and 0106-B1-ALP scaffolds supported tissue ingrowth and 

neovascularization in vivo.  


