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Abstract 
 

Sol-gel derived, silica-based bioactive glasses of a ternary system (SiO2 ï CaO ï 

P2O5) has the potential to promote hard and soft tissue regeneration. Compared to 

melt-derived glasses, glasses synthesised from the sol-gel process has the advantage of 

low processing temperatures, high specific surface areas (SSA) and tailorable porous 

nanostructures. Using scaffolds as a strategy for tissue engineering, the application of 

sol-gel derived bioactive glasses in combination with alginate polymers as scaffold 

composite materials has great potential and therefore requires further study.  

 

This thesis investigates the synthesis of bioactive glasses via the sol-gel (acidic) route 

and the multi-step (alkali) route, through the sol Ÿ drying Ÿ sintering stages. Sol-gel 

route nanoparticles derived were heterogeneous in shape, while the multi-step route 

produced spherical (30 ï 90 nm diameter) nanoparticles. Increases in calcium content 

of the sol led to an increase in pore size and a decrease in SSA. Three dehydration 

methods: oven, vacuum and freeze drying were devised to control the morphology of 

nanoparticles. Freeze dried nanoparticles were found to have a rough surface texture, 

with an aligned ordered porous nanostructure. This led to faster apatite formation 

when compared to oven dried nanoparticles immersed in simulated body fluid (SBF).  

 

A novel internal ionic diffusion cross-linking method of alginate was developed, 

utilising the glass nanoparticles as nanocarriers, for the synthesis of alginate-bioactive 

glass composite scaffolds. Strontium chloride (SrCl2) and copper chloride (CuCl2), 

which provided therapeutic ions, were impregnated into the nanocarriers, and were 

compared to calcium chloride (CaCl2), as the control. Impregnation efficiency was in 

the order of CuCl2 > SrCl2 å CaCl2, attributed to Cu
2+

 having the smallest ionic radii 

and its interaction with silinol groups on the nanocarrier surfaces. Scaffold gelation 

time was correlated to the type of cross-linking salt, its loading concentration and 

glass to alginate (G/A) ratio. It was observed that SrCl2 loaded nanocarriers (BGSr) 

were most efficient in cross-linking when compared to CuCl2 and CaCl2 loaded 

nanocarriers (BGCu and BGCa respectively), due to Sr
2+

 having a greater affinity 

towards alginate. Results showed that nanocarriers with the highest SSA possessed the 

highest impregnation efficiency; however nanocarriers with the largest pore diameter 

and volume led to the fastest scaffold gelation time.  

 

BGCa and BGSr scaffolds showed significant improvements in maintaining stiffness 

(Youngôs modulus) and shear resistance (maximum shear stress) after incubation in 

aqueous solutions for up to 28 days, which were in contrast to the deterioration in 

mechanical properties of conventional CaCl2 cross-linked scaffolds. Calcium ions 

were detected in the range above 260 ppm in BGCa nanocarrier supernatant, 

suggesting the gradual release of ions from the nanocarriers, internally diffusing into 

the scaffold matrix, leading to continuous cross-linking over time. Meanwhile, in vitro 

biological studies showed fast apatite formation on BGCa cross-linked scaffolds in 

SBF, with the scaffolds capable of supporting the attachment, growth and proliferation 

of human osteoblast cells, thus indicating their high bioactivity. Control over glass 

nanoparticle morphology was achieved and through specific ionic impregnation, the 

successful synthesis of alginate-bioactive glass composite scaffolds was demonstrated, 

producing bioactive scaffolds with improved mechanical properties.   
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Chapter 1  

Introduction 

 

1.1 Background 

The need for bone implants have increased drastically over the past few decades. 

Although having the ability to self-heal, damaged bone tissue exceeding a critical size 

requires an alternative pathway of treatment either via implantation or transplantation. 

In the case of bone transplantation, two main options available are autografting and 

allografting, in which the former uses bones harvested from the patient, while the 

latter uses bone tissue from a donor [1, 2]. However, with the increase in life 

expectancy and a general ageing population, the need for implant materials to replace, 

repair and regenerate body parts which we are now outliving is increasing. With the 

severe increase in demand for autologous bone grafts, the need for new bone 

regenerative materials has become an element of global significance and importance. 

 

The creation of an ideal implant substitute for bone tissue regeneration has proven 

elusive even though extensive research and effort has been put into its development. 

One widely accepted strategy is the use of scaffolds as templates for cells to adhere 

and proliferate, and at the same time provide some form of mechanical support to the 

host tissue. The requirements for creating successful implant substitutes is to design a 

structure which uses nontoxic, biodegradable materials, by which under selected 

synthesis methods can form scaffolds which are able to provide an architectural path 

for cells to adhere, proliferate and produce extracellular matrix along the scaffold 

geometry [3]. The complication which leads to the elusive creation of this ideal 

scaffold arises due to the wide array of materials and methods available for synthesis. 

The combination of thousands of materials and methods available make it at present 

rather impossible to determine the ideal recipe for the synthesis of such a scaffold. 

  

The progression of materials for bone tissue engineering can be differentiated into 

three generations. The first generation showed bioinert materials, such as zirconia and 

alumina, which failed to integrate with native bone tissue, and over time became loose 
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and separated from the surrounding tissue. The second generation progressed towards 

bioactive, biodegradable and resorbable materials, such as calcium phosphate 

ceramics, bioactive glasses and composites. Although clinically used, prostheses made 

of these materials had a limited working lifespan of 10 ï 20 years, before requiring 

revision surgery [2, 4, 5]. Currently in the third generation of biomaterial research, the 

focus would be on biomaterials capable of up-regulating the expression of specific 

genes [6]. One such material is bioactive glass, which was first introduced by Larry 

Hench in 1969. Bioactive glasses have been widely used in both research as well as 

commercially, due to its osteoconductive and osteoinductive properties, and its ability 

to encourage rapid bone formation compared to other bioceramics [7].  

 

Two decades ago, bioactive glasses were synthesised via the sol-gel process [8]. The 

sol-gel process is a relatively low temperature method of obtaining bioactive glasses 

from the hydrolysis and polycondensation of metal hydroxides, alkoxides and 

inorganic salts. Further benefits, such as better bone bonding, higher degradation rates 

and the ability to incorporate various cation inclusions into the sol-gel network, have 

made this method of bioactive glass synthesis very attractive [9]. Recent papers on the 

development of sol-gel bioactive glass nanoparticles have pointed towards new 

potential functions of these biomaterials [9-11]. One of these new potentials is the idea 

of capitalising on its mesoporous structure for various applications in the fields of 

imaging and sensing, carrier-delivery therapeutic systems and filtration [12-16]. 

Furthermore, these mesoporous nanoparticles have also been found to demonstrate 

improvements in its bioactive and biological responses [15]. Bioactive glasses and 

bioceramics have been earmarked as suitable materials, but due to their inherent brittle 

nature, they fail to provide compatible mechanical properties. To overcome this, 

polymers are used in combination with these brittle materials to form composites, 

which combine the bioactive properties of the bioactive glasses and bioceramics with 

the mechanical properties of polymers. Nevertheless, issues such as stress shielding 

and a mismatch in resorption rates between the glass and polymer phases hinder its 

use in bone tissue engineering [17-19]. 
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1.2 Aims and objectives 

This thesis explores the use of third generation biomaterials for the synthesis of 

composite scaffolds, to address the need for new bone regenerative materials and its 

pertaining shortfalls. This work investigates the development and characterisation of 

bioactive glass nanoparticles via two routes (sol-gel and multi-step routes) and the 

ability to tailor nanoparticle morphology by varying composition, drying procedures 

and heat treatment regimes. The synthesis of an alginate-bioactive glass composite 

scaffold through the use of the tailored mesoporous bioactive glass nanoparticles as 

nanocarriers for ionic cross-linking forms the next aim of this thesis. The feasibility of 

this novel method will be investigated, with the objective of establishing a specific 

system by which combinations of different cross-linking ions, nanocarrier morphology 

and alginate concentrations can be employed. The next aim of this research is to 

evaluate the microstructure, mechanical properties and biological response of these 

composite scaffolds, to determine its suitability for bone tissue engineering 

applications.  

 

1.3 Thesis outline  

This thesis is composed of seven chapters, in which the first chapter provides an 

introduction into the main problem faced ï the need for regenerative bioactive 

materials in the form of scaffolds to address the shortage for bone implants. The 

concept of scaffolds and bioactive glasses is briefly described.  

 

Chapter 2 proceeds with the literature review of the work. The current issues and 

treatments available for damaged bone tissue, with the fundamental physiology and 

properties of bone discussed. Subsequently, the use of scaffolds for bone tissue 

engineering and scaffold fabrication techniques are detailed. The biomaterials 

employed in the synthesis of scaffolds are reviewed, with the emphasis on the alginate 

polymer and bioactive glasses.  

 

Chapter 3 provides a detailed description of the materials used, the synthesis routes of 

various bioactive glass nanoparticles and composite scaffolds. The characterisation 

techniques, principles and protocols of nanoparticles and scaffold microstructure are 
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detailed. Furthermore, the standard protocols for in vitro bioactivity, cellular 

responses and mechanical property evaluation on the synthesised materials are 

outlined. 

 

The next three chapters describe the major findings of this thesis. Chapter 4 studies 

the influence of processing through the sol-gel (acidic) route and the multi-step 

(alkali) route on nanoparticle morphology, in terms of nanoparticle surface areas, pore 

sizes, shapes and volumes. Additionally, variation in glass composition, drying stages 

and sintering regimes on final bioactive glass nanoparticle morphology is also 

investigated. The in vitro bioactive response from the changes to nanoparticle 

morphology is evaluated. 

 

Chapter 5 investigates the feasibility of using the mesoporous bioactive glass 

nanoparticles derived in Chapter 4, as nanocarriers, for the ionic cross-linking of 

alginate, subsequently to synthesise alginate-bioactive glass composite scaffolds. 

Therapeutic ions, provided by strontium chloride, copper chloride and calcium 

chloride are impregnated into the nanocarriers to evaluate the fabrication of these 

hybrid composite scaffolds in terms of gelation time and scaffold microstructure.  

 

Chapter 6 assesses the bioactivity and biological response of the hybrid composite 

scaffolds developed in Chapter 5. The hybrid composite scaffolds were also compared 

with those prepared by conventional cross-linking using CaCl2 solutions, particularly 

the long term stability in mechanical properties.  

 

Chapter 7 discusses and concludes the findings of the entire thesis. Future work is 

proposed based on the expansion of the investigation carried out from the results and 

discussions related to the field of bone tissue engineering.  

 

 



 

28 

 

Chapter 2   

Literature Review 

 

2.1 Overview 

This literature survey provides the background pertaining to the issue at hand ï the 

need for bone implants. Hence, the fundamental micro- and macrostructure of bone, 

its function and characteristics are firstly described. Subsequently, the concept of 

tissue engineering is introduced with the focus on scaffolds as the strategy for bone 

tissue repair and regeneration. Scaffold design challenges, fabrication biomaterials, 

and manufacture routes available are discussed. Finally, an in-depth review of the two 

biomaterials (alginate and bioactive glasses) used for the synthesis of these three-

dimensional composite scaffolds is presented, with sections devoted to material 

molecular structure, synthesis, characterisation and application. 

 

2.2 Bone 

2.2.1 Function and structure 

Bone forms the structural frame in which our body is built on. It plays the vital role in 

our body as a form of locomotion, load bearing, homeostasis and protection. It is 

biologically dynamic, continuously remodelling throughout the lifetime of an 

individual [2]. Bones have a diverse micro- and macrostructure, each carefully 

tailored to suit the many demands and functions of the body. Bone tissue is arranged 

in either the compact pattern (cortical bone) or the trabecular pattern (cancellous bone) 

[20]. The cortical bone, which is of dense structure provides the mechanical and load 

bearing ability of bone while the cancellous bone provides the porous supporting 

structural network of struts [21]. Cancellous bone consists of a connected porous 

network of rod and plate like cellular material. This low density and thus low stress 

bearing part of bone is protected by a hard outer shell of compact bone, which is the 

cortical bone [22].  
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Figure 2.1: The hierarchical structure of bone. Modified after reference [23].   

 

The micro- and macroscopic detail of each part of the bone structure is depicted in 

Figure 2.1. Microscopically, bone comprises of an organic and inorganic component. 

Collagen type I fibres of 100 ï 2000 nm in diameter, which forms the matrix of the 

bone is the organic component. These fibres consist of fibrils which can be identified 

by a distinctive periodic cross-band. The collagen present in bone is synthesised by 

osteoblast cells and deposited in a lamella or layered form [24]. Rod- or plate-shaped 

bone mineral crystallites, mostly in the form of hydroxyapatite (HA) of 40 ï 60 nm in 

length and 5 nm in diameter forms the inorganic component of bone. These 

crystallites are deposited and arranged in parallel to the collagen fibres thus providing 

the rigidity and stiffness to the bone [24, 25]. These nanofibres are arranged in 

lamellar sheets of about 3 ï 7 µm in thickness. When grouped together in stacks of 4 ï 

20 lamellae, they are arranged in concentric rings around the haversian canal, thus 

forming an osteon [23]. The osteon rings which appear as alternating bright and dark 

layers on the cross-section are due to the differing orientation of each successive 

lamella.  

 

The ratio of organic to inorganic phases in bone affects the mechanical properties. The 

collagen fibres in bone retain similar characteristics to polymers which gives bone the 

flexural resilience and toughness by decreasing the brittleness of the mineralised 

phase HA. On the other hand, the mineral material gives bone the mechanical strength 

and stiffness. Both cortical and cancellous bone display very different mechanical 
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properties. For instance, the compressive strength of cortical bone is 130 ï 200 MPa 

and has a Youngôs modulus of 7 ï 30 GPa while cancellous bone has a compressive 

strength of approximately 0.1 ï 16 MPa and a Youngôs modulus of 0.05 ï 0.5 GPa 

[26-29]. 

 

2.2.2 Current issues and treatments 

Bone is the most commonly replaced tissue in the body and the global orthopaedic 

implants market is estimated to approach $41.8 billion by 2016 [30, 31]. Currently in 

the U.K., there are over 600,000 bone and joint related operations annually [2]. There 

are various causes for bone replacement operations, such as bone trauma resulting 

from significant lost in bone tissue, osteoporosis, arthritis, bone tumours and brittle 

bone disease [32, 33].   

 

The use of bioinert implants made of metal alloys, alumina or polyethylene have been 

widely applied to stabilise fractures and as orthopaedic implants [34]. Although these 

implants have superb mechanical properties, they are biologically inert and thus 

unable to regenerate. Furthermore, the issue of stress shielding arises due to the 

mismatch in mechanical properties between bone and the implant material. This leads 

to elevated levels of bone resorption at the interface between implant and natural 

bone, and over time, the implant will become loose and fail. Risk of infection and 

allergy is also a cause for concern when the implants begin to wear and release debris 

[6, 21]. 

 

The current gold standard for bone regeneration treatment is autografting, whereby the 

patientôs own bones are harvested and implanted into the patient [1]. Although this 

type of treatment has the capacity to guide new bone tissue growth over the defect 

site, this procedure has various limitations such as patient site morbidity, anatomical 

and structural problems from the removal of bone tissue [2, 6]. Allografting is another 

option used, in which bone tissue from a donor is harvested and implanted into the 

patient. However, this option also has further limitations such as viral contamination 

and transmission and a mismatch in compatibility between donor and patient, which 

will lead to rejection of the implant [35].  
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Thus far, it can be seen that, although there are a variety of options available for bone 

repair and replacement operations, the limitations of each method and the risk posed 

to the patient is of significance. Therefore, the need for improved materials and 

alternative repair methods to alleviate the problems currently faced by both surgeons 

and their patients is required.  

 

2.3 Scaffolds for bone tissue engineering 

One route scientists have focused their attention, to address this issue of the severe 

need for bone, is tissue engineering [17, 36, 37]. Tissue engineering is an 

interdisciplinary field, which encompasses both the principles of engineering and the 

life sciences, for the development of biological substitutes, which can maintain, 

replace or regenerate tissue and its functions [3]. The strategies of tissue engineering 

typically involve the use of signalling molecules, cells as therapeutics and three-

dimensional (3D) scaffolds [3]. Scaffolds are 3D structures which form a site for 

which cells can adhere and proliferate, to repair bone defects and regenerate lost bone 

tissue. Scaffolds can be synthesised from different materials such as ceramics, 

polymers, metallic alloys or a combination of any one as a composite [17, 29, 37, 38]. 

The materials used should provide sufficient mechanical support at the implanted site, 

over the period of new tissue growth. If biodegradable materials are used, time-

dependent changes in its mechanical properties have to be considered, to ensure 

sustained structural support is provided over time [17, 37].  

 

Fundamentally, scaffolds for tissue engineering have to be of comparable mechanical 

properties to the tissue it is fabricated to replace. Additionally, good interconnectivity, 

substantial pore sizes and pore homogeneity is essential. Good interconnectivity is 

important for nutrient transport, cell attachment and proliferation and cell in-growth. 

The porosities of the scaffolds have to be well interconnected with a minimum 

porosity of 50%, for successful cell in-growth. Pore size should be a minimum of 100 

µm to enable cell penetration [26, 39]. The preponderance in scaffold manufacture is, 

there will be a decrease in mechanical properties with an increase in pore size and 

porosity, and vice-versa, as pores under significant loading will coalesce with one 

another, propagating a crack, causing the material to fail. Furthermore, the ease of 
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manufacture and reproducibility also has to be considered when designing a scaffold 

for tissue engineering [37].  

 

2.3.1 Scaffold biomaterials  

Over the past few decades, ceramics in the field of bone tissue engineering have seen 

a great transformation from being bioinert to bioactive and resorbable [40]. A 

bioactive material is a material capable of stimulating an advantageous biological 

response from the body when introduced [41]. Since the discovery of Bioglass
®
 45S5, 

which incidentally also led to the coining of the term óbioactive materialsô, a whole 

host of hybrid ceramics, glasses and glass-ceramics have been synthesised and used as 

novel biomaterials for bone tissue engineering. Currently, the focus has become 

creating materials which demonstrate the ability to stimulate specific responses at a 

cellular level and capable of inducing osteogenesis on undifferentiated cells to follow 

a bone cell lineage [6, 42].  

 

Polymers also play an important role in the study of bone tissue engineering. In the 

search for improved materials to achieve the objective of creating an ideal scaffold for 

bone tissue engineering, many natural and synthetic polymers, of various degrees of 

mechanical properties and degradation rates have been tested [29, 43]. The polymers 

have a wide range of medical applications, such as drug delivery, imaging, medical 

devices and tissue engineering scaffolds [43]. Over the recent years, biodegradable 

polymers have been the subject of research because of its suitability in drug delivery 

as well as templating agents for the manufacture of micro and macro structures. Its 

desirability is further enhanced by the fact that many biodegradable polymers have 

been found to repair and regenerate tissue and yet not become permanent fixtures in 

the body [3, 38].   

 

The most widely used polymers for tissue engineering include polylactic acid (PLA), 

polyglycolic acid (PGA) and copolymeric polyglycolic acid (PLGA). These polymers 

come from the family of poly- (Ŭ-hydroxy esters), are biodegradable and 

biocompatible, making them highly suitable for medical applications [38, 43, 44]. 

Apart from synthetic polymers, natural polymers are also highly desired for its low 
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toxicity, high biocompatibility and cost efficiency [45-47]. Most commonly used 

natural polymers include alginate, chitosan, silk and collagen [48].  

 

A list of the more widely used ceramics and polymers are compiled in Table 2. 1. 

These biomaterials can be found used individually, or as a combination of two or 

more chemically distinct phases as a composite biomaterial. In summary, there are 

numerous biomaterials employed for the fabrication of scaffolds for tissue 

engineering. However, the selection of biomaterials most suitable for tissue 

engineering scaffold development would require further in-depth understanding and 

discussion of the materials on a molecular level, its structural behaviour and its 

interaction when introduced to physiological environments.   

 

Table 2. 1: Biomaterials used for bone tissue engineering [17, 48-50].  

Ceramics/Glasses Polymers 

Demineralised bone matrix (DBM) Alginate 

Melt-derived bioactive glass: Bioglass® (45S5) Chitosan  

Silica-based sol-gel bioactive glass: binary, ternary, 

quaternary systems. 

Collagen 

Silk 

Phosphate-based sol-gel bioactive glass: binary, 

ternary, quaternary systems. 

Polylactic acid (PLA) 

Polyglycolic acid (PGA) 

Glass-ceramic: apatite-wollatonite (A-W) Polylactic-coglycilide (PLGA) 

Calcium phosphate based ceramic: hydroxyapatite 

(HA), tricalcium phosphate (TCP) 

PLA variants: PLLA, PDLA and 

PDLLA 

Commercial graft: Collagraft (HA+TCP+fibrillar 

collagen) 

Polycaprolactone (PCL) 

Polytetrafluroethylene (PTFE) 

 Polymethylmethacrylate (PMMA) 

 Polyhydroxyalkonoates (PHA) and 

variant: polyhydroxybutyraate-

cohydroxyvalerate (PHBV) 

 Poly-3- hydroxybutyraate-

cohydroxyvalerate (P3HB) 
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2.3.2 Scaffold fabrication techniques 

Various methods of producing scaffolds for bone tissue engineering are currently 

available, with comprehensive reviews provided in the literature [7, 17, 36, 50]. 

Specifically for alginate and bioactive glass scaffold synthesis, the common methods 

used, such as freeze drying, gel casting, gas foaming, thermally induced phase 

separation (TIPS), microsphere or short fibre sintering and solid freeform fabrication 

aim to meet the criteria of possessing both interconnected pores of suitable size with 

sound mechanical properties [17, 29, 37, 51, 52]. The different scaffold pore 

architecture from the various fabrications routes is depicted in Figure 2. 2. 

 

For scaffolds fabricated through gel casting, the intended bioactive slurry is 

thoroughly mixed with a monomer solution, to which a surfactant (porogen) is added 

to create a foam mixture. Once the foam structure has solidified, it is heated in a 

furnace to burn off all polymers, leaving a porous bioceramic scaffold [53]. This 

technique has been employed to create open-channelled scaffolds with porosities of 72 

ï 90% and pore sizes of 17 ï 122 µm [53]. Sol-gel bioactive glass scaffolds with 

porosities of approximately 82% and an average pore size of 325 µm were also 

obtained from this method [54]. However, poor interconnection and a heterogeneous 

pore distribution compounded by the introduction of foreign substances and free 

radicals from the surfactants and monomers suggest this method has its limitations 

[55]. Furthermore, residue organic solvents introduced were found to be toxic and 

caused an inflammatory response [56].  

 

Another method used for scaffold synthesis which also involves the foaming of the 

biomaterials is gas foaming. This method differs from the method above in that it does 

not require an organic solvent to create a porous structure, instead, gas is utilised. 

Hydrogen peroxide (H2O2) or citric acid with bicarbonate salt is typically used as the 

gassing agents to create foam. In various studies, H2O2 was used to create porous 

scaffolds of calcium-phosphate bioceramics or bioactive glasses [57, 58]. Although 

porosities in excess of 70% were obtained from this method, the reproducibility and 

controllability of pore sizes were difficult and poor pore interconnectivity was 

obtained.  
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Solid freeform fabrication (SFF) is a computer aided method which is capable of 

manufacturing highly reproducible scaffolds. The designs of the scaffolds to meet the 

criteria of high interconnectivity and good pore homogeneity can be fabricated using 

this method. Initially, a computer aided design (CAD) or computer aided manufacture 

(CAM) is laid out, then through various fabrication routes, such as stereo lithography, 

selective laser sintering, 3D printing and ballistic particle manufacturing, the scaffold 

is fabricated [37, 59].  

 

This method uses the same principle of transferring or removing the scaffold material 

either in powder or liquid form on the surface repeatedly until the desired shape is 

obtained. Hydroxyapatite and sol-gel bioactive glass scaffolds fabricated using the 3D 

printing route were found to provide a good template for human osteoblast (HOB) cell 

attachment and proliferation [9, 60]. Scaffolds with tailored microstructures have been 

achieved using SFF, with scaffolds synthesised with tuneable pore sizes. Specifically, 

bioactive glass scaffolds manufactured using this route had a porosity range of 50 ï 

60% and pore range of 300 ï 1000 µm [36, 61, 62]. Although this method is 

reproducible, and macrostructures of the scaffolds can be specifically tailored, the 

entire process from designing to fabrication is time consuming and involves high 

equipment cost [59].  

 

 

Figure 2. 2: Mic rostructure of bioactive glass and composite scaffolds fabricated by (a) foaming 

[36], (b) thermally induced phase separation [63], (c) unidirectional freeze drying [64], (d) 

microsphere sintering [36], (e) short fibre sintering [36] and (f) solid freeform fabrication  [36].   
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Freeze drying has been seen as a promising approach for the fabrication of porous 

scaffolds [19, 65-67]. Freeze drying is a dehydration method in which a material 

(scaffold) is frozen and then pressure is reduced to achieve a region below the triple 

point. During this process, heat is transferred into the product, causing the frozen 

water trapped within the scaffold matrix to sublime directly from the solid phase to the 

gas phase, leaving a porous structure [68]. The triple point of water is achieved at a 

temperature of 0.009 °C and a pressure of 6.1×10
-4

 MPa (4.58 Torr.) [69]. Heat energy 

transferred onto the product through conduction, convection and radiation is necessary 

for the phase change (solid to gas) to take place [66, 68].   

 

Hong et al. [10] fabricated poly-L-lactide (PLLA) composites with bioactive glass 

nanoparticles using this method, in which porous and interconnected scaffolds with 

controlled degradability and good biocompatibility was observed. Via freeze drying, 

Wu et al. [66] demonstrated that controlled orientation with tuneable pore size and 

extremely high porosity of 98% could be obtained from unidirectional freeze drying of 

gelatine scaffolds. Unidirectional freezing was carried out via insulating the specimen 

at its sides and exposing one surface of the specimen to the cold finger. Hence, the ice 

crystals would grow from this ice front upwards along an axis, thus creating 

directionality [66].  

 

Scaffold architecture containing pore directionality has been shown to improve 

mechanical properties. Studies into the fabrication of bioactive glass composite 

scaffolds with orientated microstructures have found that, by aligning the 

microstructure of the scaffolds in lamellar or columnar directions, superior directional 

mechanical properties can be obtained [17]. This was observed from unidirectional 

bioactive glass scaffolds fabricated from a silica-based bioactive glass (BG13-93) via 

freeze drying, which demonstrated improved compressive strength as compared to 

scaffolds fabricated from other methods (Table 2. 2).  

 

Additionally, pore sizes can be controlled by varying cooling rates using the 

fundamentals of the physics of ice formation to explain the manipulation of pore 

shape and sizes through cooling rates. The nucleation of ice crystals begin with the 

arrangement of a few water molecules in a crystal structure. As energy is lost, the 
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crystal structure continues to grow, fusing with other ice crystals until all the liquid is 

frozen [70]. For scaffold fabrication, understanding the parameters involved in the 

process of ice crystal formation is important in designing a suitable freezing regime.  

 

Under slow cooling rates, the scaffold cools uniformly. Hence, the formation of ice 

crystals is homogeneous, resulting is relatively homogenous pore sizes. Furthermore, 

large ice crystals form since small amounts of heat from super cooling, which is a 

highly exothermic process is released, melts the small ice crystals, and allows for the 

ice crystals to connect with neighbouring crystals [65-67, 71]. On the other hand, 

Deville et al. [19] showed that for scaffolds which were cooled rapidly using liquid 

nitrogen, there was no provision for a uniform cold environment to allow the scaffold 

to cool gradually and form homogenous and directional pores.  

 

There are a few reasons freeze drying would be preferred to create the scaffold as 

opposed to some other methods discussed above. Mainly, freeze drying allows for the 

control and the creation of scaffolds with homogenous pore sizes, directional pore 

orientation and scaffolds with high porosity. This is done through careful selection of 

freezing rates and pressures. Furthermore, the introduction of foaming agents and 

surfactants is eliminated, since the porous structure of the scaffold is fabricated 

through the removal of ice, which in itself acts as pore templates.  

 

Table 2. 2: Characteristics of similar material (bioactive glass 13-93) scaffolds fabricated by 

different techniques. 

Technique Compressive 

strength (MPa) 

Pore size  

(µm) 

Porosity 

(%) 

Reference 

Gas foaming 

 

11 ± 1 

5 ± 0.5 

100 ï 500 

100 ï 500 

75 ï 85 

80 ï 85 

[72] 

[73] 

Solid freeform fabrication 15 ± 1 

20.4 

700 ï 1000 

300 ï 800 

58 ï 60 

50 

[36] 

[61] 

Unidirectional freeze 

drying 

25 ± 3 

27 ± 8 

90 ï 110 

60 ï 120 

53 ï 57 

50 ï 55 

[74] 

[75] 
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2.4 Alginate 

2.4.1 Polymer structure  

Alginate is a naturally occurring anionic polysaccharide which is typically extracted 

from marine brown algae (Phaeophyceae). Apart from brown algae being the most 

desired source of extraction, due to high yield efficiency (> 40% of dried algae 

consists of alginate), alginate can also be extracted from bacteria [76, 77]. Alginates 

are linear copolymers containing (1 4) glycosidically-linked ɓ-D-mannuronic acid 

(M) and Ŭ-L-guluronic acid (G) residues, as shown in the Haworth monomer formulas 

(Figure 2. 3). From the brown algae family of Laminaria, G-block-rich alginate has 

been extracted from the stipes of Laminaria hyperborean, while M-block-rich alginate 

has been extracted Laminaria digitata [78, 79]. Separately, alginate from bacterial 

sources has been found to be extremely rich in M-blocks, with alginates extracted 

from Pseudomonas sp. containing no G-blocks [77]. Depending on the source of the 

alginate, the amount of G and M monomers as well as their arrangement along the 

polymer chain can differ widely. The typical M to G ratio of the alginate ranges from 

0.45 to 1.6, depending on the source of the algae. The molecular weight of sodium 

alginate range between 32000 ï 400000 g/mol and has a density of 0.9 gcm
-3
 [46, 80].   

 

 

 

 

 

 

Figure 2. 3: The chemical structure of the M and G alginate monomers [76].  

 

The molecular structure of the alginate consists of blocks of similar (MMMMMM , 

GGGGGG) or strictly alternating (GMGMGMGM) residues, of which each have 

different conformational preferences and behaviour (Figure 2. 4) [46, 79, 81, 82]. The 

structure of G-blocks differs from M-blocks, which affect the overall mechanical 

properties of the polymer. The linkages between two gluronate units in G-blocks are 

axial-axial, making the linkages shorter between each unit, thus making the overall 

structure less flexible and more susceptible to buckling. On the other hand, the 
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mannuronate units in M-blocks are equatorial-equatorial linked, forming a flat, 

ribbon-like structure, thus providing the polymer with increased flexibility.  

Interestingly, GM-blocks contain a mixture of axial-equatorial and equatorial-axial 

linkages which provide greater flexibility than the equatorial-equatorial link found in 

M-blocks through an increase in the degrees of freedom associated with this type of 

linkage [81, 83, 84]. As shown in Figure 2. 5, the G-, M- and GM-blocks can coexist 

on a single polymer chain, taking on various block sequences [46]. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. 4: The molecular structure of G-blocks, M-blocks and GM-blocks, showing the different 

linkage arrangements [46, 80]. 

 

 

 

 

 

 

Figure 2. 5: Composition of an alginate polymer chain containing different block type 

combinations [76].  
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2.4.2 Alginate hydrogels 

It is widely accepted that alginate is a biocompatible polymer, suitable for use in the 

biomedical industry. In vitro and in vivo studies have shown that alginate does not 

induce significant inflammatory responses or foreign body reaction when implanted in 

animal models [46, 85, 86]. However, there have also been reports of immunogenic 

responses from alginate implants, partly attributed to the impurities found in 

commercially produced alginate especially since various impurities, such as heavy 

metals, endotoxins and proteins could be present in the alginate extracted from the 

many natural sources [46].  

 

The physical properties of alginate gels are highly dependent on its molecular weight 

and chemical composition (M to G ratio). Alginate, commonly supplied in the form of 

sodium alginate, is soluble in water. However, its solubility is highly dependent on 

pH, as this will affect the electrostatic charges on the uronic acid residues [87]. As 

such, as pH decreases to between pH 3 ï 3.5, the alginate becomes protonated and 

forms hydrogen bonds, thus taking the form of the insoluble alginic acid [46]. The 

molecular weight and concentration play an important part in the viscosity of the 

alginate solution. The higher the molecular weight or concentration, the more viscous 

is the resultant alginate solution.  

 

Although alginate solutions have little use in biomedical applications, after cross-

linking, alginate hydrogels have been used in applications such as drug delivery, 

wound dressing and three dimensional scaffolds synthesis. Cross-linking is a process 

in which the loose polymer chains are linked together with adjacent chains to form a 

solid structure, consisting of networks of hydrophilic polymers intermittent by water, 

also known as a hydrogel. Common cross-linking methods include ionic cross-linking, 

covalent cross-linking, thermal cross-linking and cell cross-linking [46].  

 

2.4.3 Hydrogel formation 

Ionic cross-linking is the most common approach used for hydrogel formation. It takes 

place when divalent ions introduced, bind to the G-blocks of the polymer chain and 

form junctions, which attach to the other junctions formed with adjacent polymer 
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chains [88]. The mechanisms of cross-linking of alginate blocks are typically 

described using an egg-box model, wherein the axial-axial linked G residues form 

interstices to which the binding ion assembles, as illustrated with Ca
2+ 

ions in Figure 

2. 6. Once the many sequences of G-blocks form bonds with other sequences, a gel 

network is formed [46, 86]. The length of the G-blocks is crucial in the formation of 

stable junctions during cross-linking. Stokke et al. [89] reported that a minimum 

length of G-blocks consisting of at least 8 ï 20 G residues is required for stable 

junctions to form.   

 

 

Figure 2. 6: Alginate polymer chains cross-linked using calcium ions, following the egg-box model 

to form a gel structure [46]. 

 

One frequently used ionic cross-linker is calcium chloride (CaCl2) [47, 88]. CaCl2 is a 

salt which is solid at room temperature but readily soluble in water, releasing Ca
2+ 

ions in the process. Other sources of Ca
2+ 

ions can also be obtained from calcium 

carbonate (CaCO3) or calcium sulphate (CaSO4) [46].  

 

The process of Ca
2+ 

ion cross-linking to form hydrogels involves the diffusion of ions 

from a calcium rich source into the alginate solution. This process of diffusion can be 

separated into two distinct routes: I) external diffusion and II) internal diffusion. The 

external diffusion route involves the gelation from the extremities of the alginate 

solution, progressing inward, and is widely used in alginate bead synthesis [90]. For 

the synthesis of alginate hydrogel scaffolds, the direct use of readily soluble Ca
2+ 

sources through external diffusion for cross-linking often causes rapid and 

uncontrolled gelation, leading to heterogeneous structures with varying cross-linking 

density and polymer concentration gradients [47, 82].  
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To overcome this problem, the internal diffusion route can be employed, in which 

Ca
2+ 

is introduced from within the hydrogel. Often used between a low solubility 

source of calcium ions such as calcium carbonate (CaCO3) or calcium sulphate 

(CaSO4) together with chelating agents such as, ethylenediaminetetraacetic acid 

(EDTA) or glucono delta-lactone (GDL), the internal diffusion route slowly 

dissociates the Ca
2+

, releasing the ions into the surrounding alginate solution [47, 91, 

92]. Kuo et al. [47] successfully demonstrated the gelation of uniform and 

mechanically improved alginate hydrogels through the combined use of CaCO3 and 

GDL. In this approach, the CaCO3 and GDL solution is mixed into alginate, the pH of 

the alginate solution is lowered by the hydrolisation of lactone, causing Ca
2+

 to 

gradually disassociate from CaCO3 and cross-link the alginate. Similarly, Zmora et al. 

[67] prepared alginate scaffolds by intensively mixing calcium gluconate solutions 

with alginate, successfully producing alginate scaffolds with tailored pore 

architecture. It has been agreed that the control of the gelation rate of the hydrogels is 

essential in producing homogenous hydrogels and consequently improving the 

strength and mechanical properties of the gel structure [46]. However, due to the 

limited availability of cross-linking ions, the internal diffusion method often results in 

gels of lower strength as compared to the external diffusion method, where cross-

linking is not limited [93].  

 

2.4.4 Cross-linking ion affinity and functions 

Apart from Ca
2+ 

ions, various other divalent ions have been used for the ionic cross-

linking of alginate [90, 94, 95]. Interestingly, it has been shown that the affinity of 

ions towards alginate follows a rigid series. The movement and redistribution of 

charges of divalent ions in alginate solutions was documented by Thiele et al. [96, 97] 

in the 1950s and showed that an ionotropic order existed. Subsequent research, 

employing the equilibrium dialysis of alginate involving various divalent ions allowed 

for a more detailed listing of the affinity series (Table 2. 3). Understanding the affinity 

of different divalent ions towards alginate is important, as a correlation between the 

gel modulus of rigidity (G) and cross-linking ion type had been shown. Smidsrod et 

al. [98] demonstrated that, the G of alginate gels decreased in the same order as the 

affinity series, summarised in Table 2. 4. 
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Additionally, the affinity of divalent ions was also found to be influenced by alginate 

composition (G-, M- and GM-block ratios). The affinity of these ions were found to 

follow the sequences of G-blocks: Ba
2+

 > Sr
2+

 > Ca
2+

 > Mg
2+

; M-blocks: Ba
2+

 > Sr
2+

 å 

Ca
2+

 å Mg
2+

; GM-blocks: Ba
2+

 å Sr
2+

 å Ca
2+

 å Mg
2+

, through the study of its binding 

strength to alginate fragments [99]. Essentially, these results showed that the G-blocks 

highly influenced the affinity of ions towards alginate, with M- and GM-blocks 

showing almost no influence on ion affinity [76, 99].  

 

Table 2. 3: Key changes and additions to the affinity series, measured through equilibrium 

dialysis of cations to alginate (M/G ratio: 0.45 - 2.1) over the years. 

 

 

Table 2. 4: The correlation between the affinity series and modulus of rigidity of alginate gels 

with different divalent ions [96, 98]. 

Affinity series: Pb
2+

 > Cu
2+

 > Cd
2+ 

> Zn
2+

 å Ni
2+ 
å Co

2+
 > Mn

2+
 

Ion type Pb
2+

     Cu
2+

    Cd
2+ 

    Zn
2+

     Ni
2+ 

    Co
2+

    Mn
2+

 

Modulus of rigidity (Ncm
-2
) 17.3     14.7     7.8       5.8       9.7      3.7       2.8 

 

 

Other divalent ions such as Sr
2+

, Zn
2+

 and Ba
2+

 have also been used in the ionic cross-

linking of alginate to form hydrogels for biomedical applications [90, 94]. Morch et 

al. [90] studied the formation of microcapsule alginate beads via Sr
2+

, Ba
2+

 and Ca
2+

 

ionic cross-linking. The selection of Sr
2+ 

and Ba
2+ 

ions was based on the affinity 

series, which suggested that due to the higher affinity of these ions to alginate, the 

microbeads formed will have a higher degree of stability than Ca
2+ 

cross-linked beads. 

More recently, Place et al. [94] employed alginate hydrogels cross-linked via a 

mixture of zinc-calcium and strontium-calcium ions for bone tissue engineering 

Affinity series Year Reference 

Pb
2+

 > Cu
2+

 > Ca
2+

 > Co
2+

 å Zn
2+

 å Ni
2+

> Mn
2+ 1958 [100] 

Pb
2+

 > Cu
2+

 > Cd
2+ 

> Zn
2+

 å Ni
2+ 
å Co

2+
 > Mn

2+ 1961 [96] 

Ba
2+

 > Sr
2+

 > Ca
2+ 

> Mg
2+  1965 [101] 

Pb
2+

 > Cu
2+

 > Cd
2+

 > Ba
2+

 > Sr
2+

 > Ca
2+

 > Co
2+ 
å Ni

2+
 å Zn

2+
 > Mn

2+ 2006 [90] 
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applications. The results showed that, as the hydrogels degraded over time, a sustained 

release of the cross-linking ions led to favourable response of the osteoblast cells. 

Noticeable improvements in osteogenic properties, as well as increased levels of 

alkaline phosphotase (ALP) activity were observed from hydrogels cross-linked with 

zinc or strontium ions.  

 

The study by Place et al. [94] is important because it points towards a dual-function 

usage of these divalent ions. Not only are these divalent ions employed to ionically 

cross-link alginate with physical improvements to the hydrogel properties, the added 

biological benefits from these ions could also be harnessed. The biological effects of 

divalent ions such as strontium (Sr
2+

) have been found to be beneficial in promoting 

bone formation. Studies have shown that strontium can simultaneously increase 

osteoblast cell proliferation and ALP activity and inhibit osteoclasts resorption of 

calcium phosphate [102-104]. Magnesium and zinc ions have both been found to play 

a role in bone development and calcification of tissue. Studies have shown that, with 

the inclusion of these ions, ALP activity in osteoblast-like cells increased, and acts as 

cofactors to enzymes involved in bone formation [94, 105-108].  

 

Furthermore, silver and copper ions have also been used for bone tissue engineering 

application, nevertheless, for its antimicrobial properties. Silver substituted bioactive 

glasses have been found to show antimicrobial effects across a whole range of 

bacterial types, while copper has also been found to significantly reduce bacterial 

activity [95, 109-112]. Heliopoulos et al. [95] recently demonstrated the excellent 

bactericidal effect of copper-alginate treated wool fibres. In the study, the treated wool 

fibres inhibited the growth and proliferation of E. coli bacteria and further showed that 

copper-alginate treatment increased the sustainability of its antimicrobial properties as 

compared to copper treated wool fibres. The benefits of employing different divalent 

ions for cross-linking alginate are huge, especially with the dual-functional usage of 

these divalent ions for the synthesis of scaffolds being relatively unexplored, further 

investigation is necessary. 
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2.4.5 Mechanical properties of alginate hydrogels 

The study of the mechanical properties is imperative for various reasons. Mainly, it 

provides a better understanding of the material and suitability in various applications 

and requirements, the possibility to predict unacceptable levels of use to avoid failure 

and the ability to tailor and modify its chemical structure to improve on its mechanical 

characteristics.   

 

For bone tissue engineering applications, it is important that the mechanical properties 

of the implant match that of the native tissue it replaces. Although the mechanical 

properties of alginate hydrogels to date are inferior to that of bone, many attempts to 

characterise its mechanical properties have been carried out. This would include the 

gelsô permeability, swelling properties, stability and degradability. The permeability 

and consequently the degree of swelling of the gels when immersed in water or 

physiological solutions is an important parameter to consider. Under physiological 

conditions, the ion rich environment accelerates the chelating effects on the ionic 

cross-links, leading to osmotic swelling of the gels [90]. These expanded gels, with 

increased pore sizes, encourage further permeation of fluids, causing a significant 

reduction in gel stability and mechanical properties [113].  

 

The degradation of ionically cross-linked alginate gels occur either through ionic 

exchange with its surroundings or by enzymatic cleaving. Enzymatic degradation of 

alginate requires alginase, which is not present in mammals [46]. As such, for 

biomedical applications, the degradation of alginate gels is reliant on the ionic 

exchange between the ionic cross-linking ions within the gel with that of the 

surrounding media [46, 86, 88]. Therefore, the process of alginate gel degradation in 

most in vitro and in vivo studies, which does not involve the use of alginase, is 

dissolution. The limited long term stability of ionically cross-linked alginate hydrogels 

in a physiological environment have been a cause of concern, since the gels are 

susceptible to cationic exchange reactions [46]. Hence, other forms of cross-linking 

have been explored to improve on the physical properties of the hydrogels.  

 

Compared to ionically cross-linked gels, alginate hydrogels with controlled swelling 

properties and elasticity have been prepared by covalent cross-linking using 
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poly(ethylene glycol)-diamines. The improvements were a result of the difference in 

bonding mechanism [46, 114]. Zhao et al. [115] observed the different stress 

relaxation behaviour of alginate hydrogels from the onset of constant strain between 

ionically and covalently cross-linked alginate. Their results showed that stress relaxes 

occurred from the disassociation and reformation of ionically cross-linked bonds in 

the gel while stress relaxes occurred through the migration of water for covalently 

cross-linked hydrogels. Although improvements in the mechanical behaviour of the 

hydrogels were noted, covalent cross-linking reagents have been found to be toxic and 

thorough removal difficult [46]. 

 

A stress-strain test is routinely conducted to ascertain the mechanical behaviour of 

alginate hydrogels [17, 18, 47, 67, 86, 116]. Both tension and compression test can be 

carried out to obtain the stress-strain behaviour of the material [117]. The relationship 

between stress and strain for a linear elastic solid such as a metal or a ceramic is 

known as Hookeôs law. For most polymers, over regions of low stress, stress and 

strain are proportional to each other, in which the constant of proportionality is the 

modulus of elasticity or commonly known as the Youngôs modulus (E). This region of 

elastic deformation or non-permanent deformation determined from the maximum 

stress applied to the material in which when the applied load is released, it can return 

to its original shape, the stress-strain curve results in a linear relationship. E is 

therefore a measure of stiffness; the materialôs ability to resist deformation [117].  

 

The stiffness of alginate gels have been found to be influenced by alginate 

composition (ratio of G, M and G-M blocks), concentration, molecular weight, cross-

linking ion type and the degree of cross-linking [79]. Since G-blocks are solely 

involved in the gelation mechanisms, alginates which were G-block rich have been 

found to possess higher levels of stiffness than its GM- and M-block-rich counterparts 

[76, 116]. As for the alginate concentration, it has been found that alginate stiffness 

increased with concentration [47]. Similarly, an increase in molecular weight was 

found to increase the hydrogelôs stiffness, although, a limit was identified by 

Martinsen et al. [118] to be in the region of 600 mL/g in alginate solution intrinsic 

viscosity. Beyond this, the stiffness remained constant.  
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Rupture, the failure of a material through significant plastic deformation is another 

important mechanical behaviour of alginate hydrogels, typically measured by 

compressing cylindrical alginate constructs till the point of collapse, and recording the 

force required to do so [47, 117, 119]. Similar to stress-strain behaviour, rupture 

strength is influenced in the same way by concentration, molecular weight, cross-

linking ion type and the degree of cross-linking of the alginate hydrogel. Studies have 

shown that, M-block rich alginate gels display higher rupture strength as compared to 

G-block rich gels. This is because, the equatorial-equatorial links found in M-blocks 

are longer, giving higher elasticity to the gel, while the shorter axial-axial links found 

in G-blocks form stiffer and more brittle gels, thus reducing the gel rupture strength 

[79, 118]. Through compressive testing, rupture of alginate gels have been recorded in 

the form of its compressive modulus and shear stress [120].  

 

2.5 Bioactive glass 

Bioactive glass is an amorphous material which has a disordered arrangement of 

atoms due to the rapid cooling of the molten ceramic. For bone tissue engineering, 

bioactive glasses can be silica-based, phosphate-based or borate-based amorphous 

material [4, 7, 121]. Among the various types of bioactive glasses, the most common 

and readily used in clinical applications is Bioglass
®
 45S5 (46.1% SiO2, 24.4% NaO, 

26.9% CaO and 2.6% P2O5; mol %). The term 45S5 signifies that the composition 

consist of 45% weight of SiO2 , S for silica as the network former, and a 5 to 1 molar 

ratio of Ca to P (in the form of CaO and P2O5) [122]. When Larry Hench invented 

Bioglass
®
, the first test conducted in 1969 showed that Bioglass

®
 was able to not only 

bond to bone, but the interfacial bond between the bioactive glass and the host tissue 

was also greater than the host bone [123, 124].  

 

There are two processing routes for bioactive glasses: the melt-derived processing 

route and the sol-gel route. Bioglass
®
 45S5 is an example of melt-derived glass. The 

sol-gel route is a relatively low temperature method of obtaining bioactive glasses 

from the hydrolysis and polycondensation of metal hydroxides, alkoxides and 

inorganic salts [8]. Although sol-gel processes have been known since the 1880s, it 

was not until a hundred years later when it began receiving interest within the 
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scientific community [125]. The first sol-gel derived bioactive glasses of the ternary 

system (SiO2 ï CaO ï P2O5) with a silica range of 50 ï 95 mol % were developed by 

Li et al. [8] in 1990.  

 

2.5.1 The bioactivity of bioactive glass 

The bioactivity of a material can be classified using the bioactivity index (IB) which 

considers the time taken for 50% of the material interface to bond to bone. A material 

is considered Class A if it has an IB of more than 8 and is able to bond to both hard 

and soft tissue. On the other hand, a Class B material has an IB between 0 and 8 and is 

only able to bond to hard tissue [126-128]. 

 

Another important factor about Class A biomaterials is its ability to stimulate both 

osteoconduction and osteoinduction. Osteoconduction is the property of materials 

which allows bone growth on its surface or in the context of three dimensional 

objects, bone growth will be observed along the surface of the pores and channels of 

the material. On the other hand, osteoinduction is the stimulation of undifferentiated 

mesenchymal cells into a bone-forming cell lineage [128, 129]. The differences in 

both terms are crucial, osteoconduction is the formation of bone at the surfaces 

between the implant and the host bone, which is a characteristic of a second 

generation biomaterial, while osteoinduction involves the gene activation and cell 

signalling, is characteristic of third generation biomaterials [6, 42].  

 

2.5.2 Bioactive glass ï melt-derived route 

The traditional melt-derived route of bioactive glass synthesis (Bioglass
®
 45S5) 

begins with the melting of the oxides (SiO2, Na2CO3, CaCO3, P2O5) in a crucible at 

1370 °C. Crucibles of platinum or graphite are used to ensure no contamination of the 

molten glass [123]. The molten ceramic is then quench immediately in water, allowing 

no time for the atoms to arrange in a crystalline form, thus forming the amorphous 

material, also known as frit. Various oxides and multivalent cations can be added 

during the melting stage, to obtain various compositions of glass [122]. The amount of 

SiO2 affects the rate of bone bonding. The most bioactive composition lies in the 

region of around 45 wt. % SiO2. It has been found that 52 ï 60 wt. % of SiO2 in the 
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system (P2O5 is kept constant at 6 wt. %) reduces the rate of bone bonding, while a 

composition of more than 60 wt. % of SiO2 in the system renders the glass bio-inert 

[128]. 

 

2.5.3 Bioactive glass ï sol-gel route 

Sol-gel bioactive glasses were firstly derived by Li et al. [8] and Pereira et al. [130] in 

the early 90s. The bioactive glasses were synthesised in room temperature and the 

proposed 58S glass (60% SiO2 ï 36% CaO ï 4% P2O5; mol %) contained a 

composition close to 45S5, without the sodium oxide component. The research 

demonstrated a wider bioactive range for sol-gel bioactive glasses (up to 80 mol % of 

SiO2), increased rate of hydroxy-carbonate apatite (HCA) formation and that an 

increase in silica led to an increase in specific surface area (SSA) of the glass which 

affected the bioactive response of the glass [8]. A binary system, 70S30C glass (70% 

SiO2 ï 30% CaO; mol %) was subsequently developed by Saravanapavan and Hench 

[131], which was a simplified phosphate-free system derived due to the rapid 

dissolution of P2O5 in the 58S glass. The HCA formation rate of the 70S30C glass was 

found to behave similarly to the 58S glass [132]. 

 

Focus on bioactive glass synthesis has been centred on the sol-gel route due to various 

advantages over the melt-derived route. Crucially, sol-gel derived bioactive glasses 

have been found to be more bioactive than the traditional melt-derived bioglasses. 

Studies have shown that these glasses exhibited high rates of HCA formation when 

exposed to simulated body fluids (SBF), fast bone bonding rates and improved 

degradation and resorption characteristics [133]. This is partly due to the high specific 

surface areas (SSA) of the nanoparticles, which have been reported to contain pores 

[134, 135]. The SSA of sol-gel glass was found to be two-fold larger than melt-

derived glass. The pores within the nanostructure of sol-gel bioactive glass 

nanoparticles significantly increases the SSA of the glasses and hence increases the 

rate of dissolution [136].  

 

The low processing temperature of the sol-gel route (600 ï 700 °C) as compared to the 

melt-derived route (1250 ï 1400 °C) is also attractive, since this process allows for 

better control in the homogenisation of the components, and reduces the cost of 
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processing in terms of energy, equipment and labour [8]. Furthermore, when 

compared to melt-derived bioactive glass, the range of SiO2 content for sol-gel 

bioactive glass to achieve a bioactive response is vastly broader, with sol-gel glasses 

reported to be bioactive between 50 ï 85 wt. % of SiO2 in the system as compared to 

45 ï 60 wt. % SiO2 for melt-derived glass [9, 136]. 

 

2.5.4 Synthesis of sol-gel bioactive glass 

The stages involved in sol-gel bioactive glass synthesis are shown in Figure 2. 7. The 

sol-gel process begins with a two stage reaction of the hydrolysis and 

polycondensation of alkoxide, metal hydroxide and inorganic salt precursors [8, 9].  

 

For a silica-based bioactive glass, the alkoxide precursor used to obtain the silica 

component is tetraethylorthosilicate (TEOS). TEOS is firstly reacted with water in 

which a colloidal suspension in a liquid called the sol is formed. During this stage, 

hydrolysis occurs through the nucleophilic attack of water on the alkoxide. This 

reaction is usually catalysed through the addition of acids or alkalis. Subsequently, 

condensation of the silanol groups (Si ï OH) occurs, producing silixone bonds (Si ï O 

ï Si). Hence, TEOS acts as the network former and polycondensates upon aging to 

form the silicate network Si ï O ï Si, releasing water and ethanol as the by-product 

from this reaction [125, 137, 138]. The two main stages of sol-gel chemistry are 

summarised in Equations 2.1 and 2.2. Firstly, hydrolysis occurs in which water 

replaces the alkoxide group (OR) with the hydroxyl group (OH). Then, condensation 

takes place, in which silinol groups link together to form Si ï O ï Si bonds, releasing 

water and alcohol [138].  

 

SiðOR + HOH  ᵶ  SiðOH + ROH    Equation 2.1                                             

  

SiðOH + SiðOH  ᵶ SiðOðSi + HOH   Equation 2.2a                                    

                              And/or 

SiðOR + SiðOH  ᵶ SiðOðSi + ROH   Equation 2.2b                                     
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Figure 2. 7: The different stages involved in the synthesis of sol-gel bioactive glass. 

 

Sol-gel bioactive glasses exist in the form of binary, ternary or quaternary systems. 

For instance, the precursors of calcium nitrate tetrahydrate (Ca(NO3)2) is added to 

form a binary glass (SiO2 ï CaO) or triethyl phosphate (TEP) can be added to the sol 

to form a ternary system bioactive glass (SiO2 ï CaO ï P2O5). Further cation 

inclusions, such as MgO, Ag2O and ZnO can also be added to enhance or provide 

novel properties to the bioactive glass [105, 110, 139]. The silica-based bioactive 

glasses used in this research are of the ternary system. Hence, it is important to 

understand the atomic structure of these silica glasses, which would provide for a 
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clearer understanding of the properties of the glass, such as dissolution rates, which 

influences the formation of hydroxy-carbonate apatite (HCA).  

 

Silica-based glasses are composed of many units of the SiO4 tetrahedron, connected 

through the oxygen atom to form a 3D network structure [121, 140]. The SiO4 

tetrahedral is classified by the number of oxygen atoms shared with other silicate 

tetrahedral. These shared oxygen atoms are commonly referred to as bridging oxygen 

(O ï Si ï O). The four oxygen atoms per silicate suggest up to four possible bridging 

oxygen bonds, which are classified by Q
(0-4)

, as shown in Figure 2. 8. The type and 

relative amount of Q structures within a glass can be determined by magic angle 

spinning solid-state nuclear magnetic resonance (NMR) [135, 141].  

 

 

Figure 2. 8: The Q structures assigned to the silicate network, where OB represents bridging 

oxygen bonds [140]. 

 

For both melt-derived and sol-gel glasses, the Q value can be used to explain the 

network connectivity of the glasses. By understanding the average value of Q in a 

structure, the dissolution of the glass network can be determined. Lin et al. [135] 

determined through NMR that sol-gel glasses have a mixture of Q structures ( Q
4
, Q

3
 

and Q
2
 ), which was unlike melt-derived glasses which typically displayed a single Q

2
 

structure. Hill et al. [141] suggested that, by taking the average of the total Q 

structures measured, if the average Q value was too high (> 2.4), the high network 

connectivity in the glass will inhibit the breaking of bonds and thus inhibit ion 
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exchange when introduced in physiological fluid. On the other hand, too low a Q 

value would lead to extremely rapid dissolution [140].  

 

However, to base the dissolution of the sol-gel glass system wholly on the Q value 

model is insufficient. Heat treated sol-gel glasses have been found to still contain 

hydroxyl groups (OH) due to the aqueous synthesis of the sol-gel glass. These ï OH 

groups form silinol (Si ï OH) bonds in the silicate tetrahedral, reducing the network 

connectivity of the glass which leads to rapid dissolution of the glass. A recent study 

determined that even after heat treatment of 700 °C, there was still 0.38 ï OH bonds 

per silicon atom, which suggest that the effects of the ï OH group in glass dissolution 

rates are quite significant [7, 135].  

 

Calcium oxide (CaO), the second component of the ternary glass in this study, 

provides Ca
2+

 ions which are crucial for osteogenesis [42]. At the atomic structural 

level, the calcium introduced into the glass acts as a network modifier, forming non-

bridging oxygen bonds (Si ï O ï Ca). This diffusion of Ca
2+

 ions occurs at 

temperatures between 400 °C and 560 °C [135, 142]. The incorporation of Ca
2+

 ions 

in the glass reduces network connectivity, causing an increase in dissolution. Li et al. 

[8] found that with a compositional range of 1 ï 45 mol % CaO, an increase in CaO in 

sol-gel glasses led to an increase in HCA formation, attributed to lower network 

connectivity of the glass, which promoted its dissolution rate.  

 

 

 

 

 

 

Figure 2. 9: The SiO4 tetrahedral and the phosphate tetrahedral with the terminal double bond 

[121]. 

 

The third component, phosphorus pentoxide (P2O5), is also a network former. With an 

affinity to oxygen, phosphorus (PO4) forms a tetrahedral, which link together with 

many tetrahedrons to form a phosphate 3D network. However, the difference between 
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a silicate glass network and a phosphate glass network is that the building blocks 

(SiO4 tetrahedral units) are able to share all four oxygen atoms whilst phosphorus 

(PO4) is unable to share all four oxygen atoms, whereby the unshared oxygen atoms 

between phosphate tetrahedrons form terminal double bonds [121]. This terminal end 

of oxygen reduces the connectivity of the phosphate glass network, hence increase the 

dissolution of the glass in aqueous environments [121, 143].   

 

In the ternary system of bioactive glass, the P2O5 is found in the form of 

orthophosphate, and does not form any bonds with the silicate network [144, 145]. 

Even after heat stabilisation treatment, the phosphorus is found to be a separate entity 

from the silicate network. Thus, when the glass is exposed to a physiological 

environment, the phosphate is lost rapidly [136]. However, the isolated P2O5 

component of ternary glass has been found to be instrumental in the formation of 

HCA [121, 146]. NMR studies have demonstrated that the introduction of P2O5 in the 

glass network led to the formation of amorphous calcium phosphate (ACP), isolated 

from the network and consequently acted as nucleation sites for HCA formation [9, 

15, 147].  

 

2.5.5 The sol 

Across the different stages of sol-gel bioactive glass synthesis (Figure 2. 7), various 

factors, such as sol composition and pH levels, drying and heat treatment temperatures 

can affect the rate of reaction, the textural and structural properties of the final glass 

product [125, 148]. Changes in sol composition have been found to affect the final 

specific surface area (SSA), pore size and pore volume of the bioactive glass 

nanoparticles. Studies have shown that the introduction of calcium and phosphorus 

into the glass system decreases the nanoparticle SSA and pore volume [15, 149, 150]. 

The effects of compositional changes on pore diameters remain unclear with 

researchers reporting that an increase in calcium led to higher pore volumes and wider 

pore diameters, while other reports suggest a decrease in both pore diameter and 

volume [8, 15, 134, 150]. Table 2. 5 summarises the compositional effects on ternary 

glass nanoparticle morphology, without the influence of surfactants or structure-

directing agents.  
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The process of hydrolysis occurs through the replacement of the alkoxide group in 

silinol with the hydroxyl group in water. However, the rate at which this process takes 

place is highly dependent on the pH levels, with increasing rates of hydrolysis away 

from pH 7 [138]. The sol, which has been homogenously mixed with all the 

precursors, is typically required to age for a period of 3 ï 14 days for gelation to occur 

[8]. During this period, nanoparticles are formed from the polymerisation of the 

monomers in the sol. The particles grow throughout this process, linking together into 

chains and subsequently a network is formed throughout the sol resulting in gelation.  

 

To accelerate this process, an acidic or basic catalyst, such as nitric acid is added to 

the reaction [8]. However, differences in polymer formation and growth using acid or 

base catalyst were observed by Brinker et al. [125]. Briefly, it was observed that 

linearly branched polymers were formed when acid was used, while, clustered or 

highly branched polymers formed under alkali conditions. Figure 2. 10 illustrate the 

differences between the two systems. 

 

In 1968, Stober et al. [151] derived monodispersed silica particles by means of acid 

hydrolysis of TEOS and condensation via alcoholic solutions. This method, known as 

the Stober method, successfully synthesised spherical particles ranging from 50 nm ï 

2000 nm in diameter. Basified water was used as a morphological catalyst; without it, 

the silica colloid was found to agglomerate into heterogeneous shaped and sized 

particles. More recently, a faster alkali-mediated method of producing sol-gel 

bioactive glass has also been reported, wherein gelation time of the sol could be 

reduced to 2 min by the addition of ammonia hydroxide [152].  

 

Table 2. 5: The effects of composition on bioactive glass nanoparticle morphology. 

Glass composition  

(mol %) 

Surface area 

(m
2
/g) 

Pore diameter 

(nm) 

Pore volume 

(cm
3
/g) 

Ref. 

80% SiO2 ï 15% CaO ï 5% P2O5 127 4.4 0.13 
[150] 

60% SiO2 ï 35% CaO ï 5% P2O5 79 12 0.25 

100% SiO2 384 4.9 0.4 

[153] 80% SiO2 ï 15% CaO ï 5% P2O5 351 4.8 0.36 

70% SiO2 ï 25% CaO ï 5% P2O5 303 4.8 0.33 
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Figure 2. 10: The progression of polymer growth of hydrolysed TEOS either via acid or base 

catalyst [154]. 

 

Furthermore, Hong et al. [155] demonstrated the synthesis of extremely fine bioactive 

glass nanoparticles (< 80 nm in diameter) from a two step sol-gel and co-precipitation 

route in which the sol containing TEOS and calcium nitrate was slowly dripped into 

ammoniated water containing ammonium dibasic phosphate. The bioactive glass 

nanoparticles obtained from this were found to be homogenously spherical. Although 

this method was reminiscent of the Stober method, the results demonstrated that 

bioactive glass of the ternary system could be synthesised by this route. However, the 

effects of employing this synthesis route on the textural, structural and bioactive 

properties of the bioactive glasses were not characterised. Hence, an aim of this 

current study is to improve on the homogeneity of nanoparticle morphology and 

understand the nanostructure of nanoparticles derived from an alkali route.  
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2.5.6 Drying processes 

A series of bioactive glass products from the sol-gel process can be obtained, as 

illustrated in Figure 2. 11. A dense bioactive glass film can be produced from the 

coating of the sol on a flat surface to initially form a porous dry gel (xerogel) film 

[154, 156]. Thin fibres of bioactive glass in the nanometre range can also be prepared 

by electrospinning the sol [48, 157]. Aerogels can be formed by carefully drying the 

block gel using supercritical CO2, keeping the 3D network of the structure. Via freeze 

drying, pore liquor (by-products of the polycondensation reaction of the sol) within 

the gel can be sublimated without affecting the macrostructure of the block hydrogel, 

hence forming an aerogel [158]. From the description of the various routes employed 

to modify the end product of the sol-gel, it is obvious that drying forms an integral 

stage in bioactive glass processing, in which pore liquor is removed.  

 

 

Figure 2. 11: Illustration of the various routes of processing the sol and gel [125]. 

 

The drying process has been carried out by evaporation at room temperature, heating 

in an oven or by lyophilisation [8, 10, 71, 131]. For the preparation of glass particles, 

Li et al. [8] employed oven drying, with temperatures of between 60 ï 180 ºC to 

obtain bioactive glass powders with a wide range of surface areas (203 ï 627 m
2
/g), 

pore sizes (1.4 ï 5.7 nm) and pore volumes (0.45 ï 0.57 cm
3
/g). Oven drying was also 
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used for the preparation of binary glass (70S30C: 70% SiO2 ï 30% CaO; mol %) and 

pure silica glass (S100), which demonstrated homogenous nanoparticle morphology, 

as shown in Table 2. 6 [135].  

 

Zhong et al. [159] also studied a novel method of using a high humidity environment 

to dry ternary sol-gel bioactive gels (58S: 58% SiO2 ï 33% CaO ï 9% P2O5 and 77S:  

77% SiO2 ï 14% CaO ï 9% P2O5). A drying oven, with a relative humidity 

maintained at 90 ï 95%, was used to dry the gels over 3 days with a temperature of 

180 ºC. Results showed that homogenous and stable glass powder was produced. 

Furthermore, a comparison between particles produced via ambient drying and high 

humidity drying revealed that high humidity drying led to an increase in pore diameter 

and pore volume of these particles, with a decrease in surface area (Table 2. 6). The 

increase in pore size and pore volume of these particles was attributed to the gradual 

evaporation of pore liquor, thus reducing the shrinkage and the collapse of the gel 

structure. The usage of freeze drying for the synthesis of bioactive glass particles was 

demonstrated by Hong et al. [155], however, the morphological properties of the glass 

were unclear.  

 

Table 2. 6: The particle morphology of bioactive glasses processed using different drying routes.  

Drying route Glass type Surface area 

(m
2
/g) 

Pore diameter 

(nm) 

Pore volume 

(cm
3
/g) 

Ref. 

Oven 
S70C30 135 9 0.3 

[135] 
100S 400 < 2 0.28 

Ambient 

58S 289 3.4 0.49 

[159] 77S 431 3.0 0.32 

100S 650 2.6 0.3 

High humidity 

58S 151 13.2 0.45 

[159] 77S 389 4.0 0.41 

100S 471 3.0 0.33 
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2.5.7 Sintering regimes 

The gel network is a mixture of silica colloidal particles surrounded by calcium and 

phosphate groups and pore liquor [135, 160]. After the drying process, the calcium is 

deposited on the surface of the silica nanoparticles. At this stage, the particles, with 

structural units either taking the form of chain-like clusters or discrete particles are 

described as secondary particles, with dimension of 5 ï 8 nm [161, 162].  

 

Studies have shown that a minimum temperature of 450 ºC is required for the fusion 

of calcium into the silicate network, while temperatures above 500 ºC is required to 

remove the organic phase, and a temperature of 600 ºC and above is required to 

eliminate any residual substances of nitrates and silanol groups [142, 163, 164]. 

However, above 800 ºC, the amorphous state of the glass would transition into a 

crystalline phase [165]. Lin et al. [166] have demonstrated that after heat treatment, 

the secondary particles would coalesce with one another from viscous flows caused by 

the sintering at high temperatures to form tertiary particles. Due to the random nature 

of viscous flow and particle fusion, nanoparticle shape, pore size and pore volume was 

suggested to be heterogeneous. This was in contrast with the findings of 

Saravanapavan and Hench [134], which pointed to some form of ordered nanoparticle 

morphology. The study demonstrated that tubular pores, taking the shape of 

óinkbottlesô, were present within the nanoparticles. Throat sizes of the óinkbottleô-

shaped pores were found to be approximately 16.6 nm in diameter, with a cavity size 

of approximately 29 nm in diameter [134].  

 

2.5.8 Bioactive glass nanoparticle morphology 

Unlike the dense melt-derived bioactive glasses, one attractive feature of sol-gel 

bioactive glasses is its inherent porous structure [15, 134, 167, 168]. Characterisation 

of the nanoparticle textural features (nanoparticle shape, specific surface area, density 

and pore size, shape, volume) have been carried out using techniques such as 

transmission electron microscopy (TEM), nitrogen (N2) sorption, mercury porosimetry 

and helium pyconometry [15, 134, 150]. TEM is used to provide visual results of the 

nanoparticles, while nitrogen sorption, mercury porosimetry and helium pyconometry 

techniques provide results of a quantitative nature. Helium pyconometry is a useful 
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technique for the characterisation of nanoparticle density and its porosity. Since these 

materials are porous, helium gas is able to penetrate into the porous structure, thus 

providing accurate measurements of the nanoparticlesô true density. Additionally, the 

bulk density of the nanoparticle, which is the mass over the total volume (including 

the pores), can also be measured. Thus, the difference between bulk density and true 

density would give the nanoparticles porosity [169].  

 

N2 sorption and mercury porosimetry are useful techniques for the characterisation of 

nanoparticle specific surface area, pore size, pore volume and pore shape. In mercury 

porosimetry, mercury is used to penetrate particles, and data obtained from the 

differences in the intrusion and extrusion of mercury can be interpreted to determine 

nanoparticle morphology. One drawback of this technique is that, characterisation is 

limited to pores of sizes greater than 50 nm [170]. Therefore, N2 sorption is the most 

appropriate technique for the characterisation of sol-gel bioactive glass nanoparticles, 

since characterisation of pore sizes can be carried out within the domains of 2 ï 50 nm 

[169-171].  

 

Although characterisation of the textural features of bioactive glass nanoparticles are 

widely carried out using N2 sorption and mercury porosimetry techniques, visual 

verification by means of TEM is seldom reported. Lin et al. [135] studied the 

evolution of bioactive glass nanoparticles through different sintering temperatures 

using both N2 sorption and TEM. Their TEM results were successfully verified 

through N2 sorption measurements, and hence suggested that both methods are 

essential for nanoparticle characterisation. Suteewong et al. [172] similarly showed 

the verification of N2 sorption measurements with TEM. A correlation was drawn 

between the isotherms from N2 sorption and TEM, in which hexagonal and cubic pore 

structures were observed within pure silica mesoporous nanoparticles.  

 

2.5.9 Application of mesoporous bioactive glass nanoparticles 

The interesting textural features of sol-gel bioactive glasses have led to further 

exploration on various possibilities in bringing together multifunctional mesoporous 

bioactive glasses, which are able to induce a bioactive response and act as reservoir 

carriers of drugs for controlled delivery [15, 173]. The benefits of mesoporous 
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nanoparticles was noticed two decades ago in the form of a silica-based mesoporous 

nanoparticle (MCM-41) [12], which have led to a surge in the discovery for novel 

synthesis methods and application. Currently, the benefits of these mesoporous 

nanoparticles include application as catalysis, carrier-delivery systems, filtration and 

sensing [12-16].  

 

The use of mesoporous nanoparticles as vehicles to store and deliver desired cargo, 

such as drug molecules, antibacterial agents and imaging sensors for biomedical 

applications on a nanoscale has been documented [13, 14, 174-176]. Largely this work 

has been carried out on silica nanoparticles, with few studies focused on bioactive 

glasses. The loading of mesoporous silica nanoparticles with cargo of various sizes 

and properties, have been carried out using the impregnation method, whereby, the to-

be-loaded nanoparticles are immersed in solutions containing the desired loading 

material [168]. The efficiency of loading is typically dependent on the morphology of 

the silica nanoparticle (surface area, pore volume and pore size) but also its chemical 

properties [15]. Higher surface areas will allow for more attachment sites for the 

intended loading cargo, while increased pore volumes will permit higher amounts of 

cargo to be stored within the mesoporous structure [15, 173]. More interestingly, pore 

size also highly influences the efficiency of the load, acting as a ógatekeeperô [173, 

177]. Depending on cargo size, these pores can effectively filter out molecules which 

are larger than the pore size, allowing only the size-selected molecules to impregnate. 

Menaa et al. [178] effectively showed the selective loading of apomyoglobin with a 

size of 4.1 nm on mesoporous bioactive glass with pore sizes of 4 ï 5 nm while 

albumin (8.5 ï 11 nm) was not loaded due to its larger size.   

 

As mentioned, the chemical properties of the nanoparticles also affect its loading 

capabilities. Silica-based bioactive glasses contain negative charges from the free SiO
-
 

on its surface and also contain the ïOH functional group from silinol (SiOH) [177]. 

The effective loading is thus affected by the interaction between the chemical 

properties of these nanoparticles and its host cargo. Through electrostatic interactions, 

polyethylenimine (PEI) can be electrostatically attached to negatively charged MCM-

41 silica nanoparticles for CO2 capturing applications, or to provide binding sites for 

nucleic acid [177, 179]. Covalent bonding is also used to bind the cargo onto the 
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surfaces of the nanoparticles. The organic functional group ïOH, in the form of SiOH 

can be readily modified via functionalisation to allow for the attachment of cargo with 

various organic functional groups [14, 15, 173, 176]. For instance, the loading of drug 

molecules onto mesoporous bioactive glass nanoparticles was demonstrated by Lopez-

Noriega et al. [167] through the functionalisation of its surfaces to incorporate a 

hydrophobic drug, Ipriflavone, which is used to reduce the rate of bone resorption. 

Similar to silica mesoporous nanoparticles, the silica-based bioactive glass 

nanoparticle also permit functionalisation through covalent anchoring between the 

silinol groups and the organic functions, allowing for the loading and controlled 

release of different drugs [15]. 

 

In the biomedical field, the use of mesoporous bioactive glass nanoparticles has 

suggested various improvements in terms of its in vitro bioactive responses. 

Additionally, the desirability of these mesoporous nanoparticles are due to their 

nanoscale size, allowing the nanoparticles to be efficiently internalised by plant and 

animal cells [14]. Using an evaporation-induced self-assembly (EISA) process, Yan et 

al. [180, 181] used a non-ionic block copolymer surfactant to structurally direct the 

mesopores within the nanostructure of bioactive glass, successfully synthesising a 

range of ternary glasses with a compositional range between 60 ï 100 mol % of silica 

in the system, with highly ordered cylindrical pores and controlled pore sizes of 5.0 ï 

5.6 nm. In vitro bioactivity studies demonstrated that glass with a composition of 85 

mol % silica was the most bioactive, contrary to conventional sol-gel glasses, which 

was reported to be most bioactive around the region of 60 mol % silica. Since an 

increase in calcium within the glass system led to an increase in pore size and pore 

volume, without specific control of the mesoporous structure, the definition of the 

ideal bioactive region is questionable [8, 181].  

 

Arcos et al. [182] further showed that the rate of hydroxy-carbonate apatite (HCA) 

formation between a highly ordered cylindrical mesoporous structure and disordered 

mesoporous bioactive glass nanoparticles significantly improved. Although the 

mesopore sizes were not specified, the results showed the formation of HCA on the 

ordered glass was detected after 16 h of immersion in SBF, while the disordered 

mesoporous glass required 5 days of immersion before HCA was detected [182]. 
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Recently, ordered mesoporous glass nanoparticles were found to have a faster 

bioactive response than conventional sol-gel glasses, observed through the rapid 

formation of HCA crystals when reacted with SBF [15, 147]. Vallet-Regi et al. [15] 

discovered that mesoporous ternary bioactive glass with an ordered nanostructure 

consisting of three-dimensional bicontinuous cubes developed HCA layer only after 1 

h of immersion in SBF. This rapid formation of HCA crystallites, claimed to be the 

fastest recorded thus far, was attributed to the intrinsic textural and structural features 

of the ordered mesopores, which encouraged ionic exchange with the surrounding 

medium through efficient mass transport and diffusion processes.  

 

In summary, the ability to modify the textural and structural properties of these 

bioactive glass nanoparticles to allow for higher surface areas, larger pore volumes, 

with a narrow pore size distribution and ordered nanostructure is important in 

enhancing the benefits of mesoporous materials. Various strategies have also been 

employed to tailor these properties. However, there remain gaps in the literature 

regarding the control of ternary mesoporous bioactive glass nanoparticle morphology 

by processing under different composition and pH conditions for carrier-delivery 

applications [15, 180, 183]. Furthermore, it is difficult to determine the exact 

compositional combination of glass for the optimum bioactive response, although both 

the composition and morphology of these nanoparticles play an important role in its 

bioactivity responses [149, 150]. As such, further work is needed to verify the 

influence of both composition and morphology on in vitro bioactivity 
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Chapter 3   

Experimental details 

 

3.1 Overview 

This chapter explains the experimental details involved in the synthesis of the 

materials used throughout this thesis, the fundamentals behind experimental 

techniques and the protocols involved. However, as the focus of each chapter is 

different, certain materials and methods employed specifically to that particular 

chapter will be described within that respective chapter.  

 

Unless stated otherwise, all chemicals used throughout the synthesis of materials were 

purchased from Sigma-Aldrich, U.K. All experiments employed ultra-pure deionised 

water, obtained from a Purelab UHQ water polishing unit (UHQ-PS-MK3; Elga, 

U.K.) to ensure purity and consistency of the synthesised materials.  

 

3.2 Bioactive glass synthesis 

3.2.1 Sol preparation 

The synthesis of bioactive glass nanoparticles followed the sequence of: sol 

preparation Ÿ drying Ÿ sintering. For the studies conducted in this thesis, the 

composition and the pH conditions of the sols were varied during its preparation. 

Bioactive glass nanoparticles from two routes were synthesised which were: I) sol-gel 

(acidic) route and II) multi-step (alkali) route.  

 

The weight of precursors used for each composition was determined by iterating the 

weight of the precursor with its respective molar weight across the three different 

precursors used, to obtain the moles of each precursor for the desired glass 

composition. The mol % of the glass composition was subsequently converted to 

wt. %.  
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I) Sol-gel route 

Four types of sol-gel bioactive glasses of the ternary system SiO2 ï CaO ï P2O5 with 

different compositions were synthesised. Table 3. 1 lists the sample codes associated 

with each type of glass composition and summarises the amounts of precursors used 

in the synthesis. The sol-gel glasses were prepared according to the method as 

reported elsewhere with modification [121].  

 

For a glass composition of 65% SiO2 ï 30% CaO ï 5% P2O5 (wt. %), 23.53 g of 

tetraethyl orthosilicate (TEOS) was added to 60 mL of 0.1 M nitric acid and allowed 

to react under stirring. Then a series of reagents was added in the following sequence, 

allowing 60 min for each reagent to react completely: 1.82 g triethylphosphate (TEP) 

and 10.85 g calcium nitrate tetrahydrate (Ca(NO3)2). The resultant solution was kept 

in sealed plastic containers for 14 days at ambient temperature to allow gelation to 

occur [8]. 

 

Table 3. 1: Composition of sol-gel route derived bioactive glass with corresponding weight of each 

precursor. 

Sample Glass composition (wt. %) Weight (g) 

TEOS Ca(NO3)2 TEP 

BG35 35%SiO2 ï 60%CaO ï 5%P2O5 12.54 21.46 1.82 

BG50 50%SiO2 ï 45%CaO ï 5%P2O5 18.38 16.56 1.82 

BG65 65%SiO2 ï 30%CaO ï 5%P2O5 23.53 10.85 1.82 

BG80 80%SiO2 ï 15%CaO ï 5%P2O5 29.00 5.43 1.82 

 

 

II)  Multi-step route 

A multi-step bioactive glass of the ternary system SiO2 ï CaO ï P2O5 was synthesised 

by modifying the methods described elsewhere [151, 165]. Table 3. 2 list the sample 

code associated with the type of glass composition and summarises the amounts of 

precursors used in the synthesis.  

 

For the glass composition of 65% SiO2-30% CaO-5% P2O5 (wt. %), briefly, 34.05 g of 

tetraethyl orthosilicate (TEOS) was added to 120 mL of ethanol and stirred. 0.1 M 

nitric acid was added to the solution to (pH 1.9) and stirred. Separately, 17.81 g of 
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calcium nitrate (Ca(NO3)2) was dissolved in 200 mL of deionized water and then 

mixed together with the TEOS solution. 1.66 g of ammonium dibasic phosphate 

((NH4)2HPO4) was dissolved in 3 L of deionized water, the pH was adjusted to pH 11 

using ammonium hydroxide (NH3 28% in H2O). Using a peristaltic pump, the solution 

containing TEOS and calcium nitrate was slowly dripped into the ammonium dibasic 

phosphate solution and stirred vigorously. During this process, the pH value of the 

solution was maintained at pH 11 using ammonium hydroxide. The resultant mixture 

was aged for 48 h before drying.  

 

Table 3. 2: Composition of multi-step route derived bioactive glass and weight of each precursor. 

Sample Glass composition (wt. %) Weight (g) 

TEOS Ca(NO3)2 NH4(PO4)2 

nBG65 65%SiO2 ï 30%CaO ï 5%P2O5 34.05 17.81 1.66 

 

 

3.2.2 Drying  

Drying is an important stage in the processing of bioactive glass nanoparticles for the 

control of nanoparticle morphology (specific surface area, pore size, shape and 

volume). The bioactive glass nanoparticles obtained from both the sol-gel and multi-

step routes were subjected to different drying processes (Route A, B and C 

respectively).  

 

Route A ï Oven drying is a common method of air drying the gels in an open 

container, accelerated by means of heating the materials in an oven [159]. In this 

study, both types of bioactive glasses were placed in a drying oven with a temperature 

maintained at 150 °C for 24 h.  

 

Route B ï Vacuum drying employed the concept of lowering the external pressure 

applied over the drying gels by creating a vacuum environment. The lowering of 

external pressure would create an equilibrium between the external pressure acting on 

the gel and the capillary pressure formed from the liquid within the pores, which 

would continuously pull the gel network inward during evaporation, allowing gradual 

evaporation of the samples. Samples were transferred into drying vessels, with the 
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open end covered with a perforated film. This ensured the contents did not spew out 

when the pressure was reduced. The drying vessels were then placed in a sealed 

chamber and subjected to a vacuum for 24 h.  

 

Route C ï Freeze drying removed the frozen solvents trapped within the bioactive 

glass products through sublimation, which is a process of converting the ice directly 

into vapour (solid to gas phase transition). Samples were placed into drying vessels, 

and frozen from room temperature to -25 °C at a freezing rate of 1 °C/min. 

Manufacturer guidelines suggested that the appropriate pressure for freeze drying 

should be set between 20 ï 30% of the vapour pressure of ice [68]. For a temperature 

of -25 °C, the recommended pressure was between 95 ï 142 mTorr. Hence, the 

samples were held at -25 °C for 6 h, to ensure the entire sample was at the setting 

temperature before lyophilisation was carried out in a freeze-dryer (VirTis wizard 2.0) 

at a pressure of 100 mTorr for 24 h.  

 

3.2.3 Sintering  

Sintering is the next stage in the processing of bioactive glass to ensure the 

incorporation of calcium into the silicate network and the removal of nitrate and other 

impurities [142]. Once the drying step was completed, the bioactive glass 

nanoparticles were removed from their respective environments and heat treated in 

inert alumina crucibles using an Elite-Eurotherm (2116/2416) oven. The products 

were heat treated to 150 °C, 400 °C, 500 °C and 680 °C using a holding time of 16 h, 

with a heating and cooling rate of 1 °C/min from room temperature. 

 

3.3 Bioactive glass composition and crystal structure analysis 

3.3.1 Scanning electron microscopy and energy-dispersive 

spectroscopy 

A scanning electron microscope (SEM) was used to obtain a selected area of interest 

for energy-dispersive X-ray (EDX) analysis. An SEM obtains an image through the 

detection of secondary electrons which are emitted from the surface of the sample 
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having been excited by the primary electron beam. Detectors pick up the emitted 

secondary electrons from various positions and builds up an image.  

 

For the EDX analysis carried out, each element within a selected area of interest can 

be associated with a characteristic X-ray. The energy level of this characteristic X-ray 

is determined by the atomic number of the element. During spectroscopy, the area of 

interest is excited with an accelerating voltage. The accelerating electrons generated 

bombard the specimen, resulting in the emission of an X-ray spectrum. The 

accelerating electrons which are incident upon the elementsô electrons eject them from 

the inner shell, and are subsequently filled by electrons from the outer shell. The 

surplus energy created from the ejection and filling of electrons create the 

characteristic X-ray [184, 185]. The X-ray spectrum generated is then detected by the 

EDX detector.  

 

The compositional elements of the nanoparticles produced were verified by a SEM 

(JEOL JSM-6301F field emission SEM) equipped with an energy-dispersive 

spectroscope (INCA X-sight Oxford Instruments) detector. All samples selected for 

analysis were adhered onto aluminium stubs and carbon coated (Gatan 681 high 

resolution ion beam coater). An accelerating voltage of 20 kV was selected based on 

2.5 times the highest excitation energy of the material analysed. INCA energy 

software was used to identify and quantify the elements present in the specimen. The 

spectrum obtained was quantitatively analysed by measuring the peak intensities (peak 

area) of the characteristic X-ray. Details of peak deconvolution and area calculation is 

detailed in the manufacturerôs operating guidelines [185].  

 

To improve on the accuracy of the results (error < ± 2 %), standardisation was carried 

out. Standard material with accurately known intensity and concentration (Micro 

Analysis Consultants Ltd.) were used to evaluate the concentration of elements in the 

unknown sample. Hydroxyapatite and wollastonite, with known concentration were 

used as controls to further ensure any error from the results obtained which had 

developed over time was corrected for. The quantitative results obtained were 

normalised and were obtained from at least an average of 5 measurements over 

different sample sites (n = 5).   
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3.3.2 X-ray diffraction 

X-ray diffraction (XRD) works on the principle of the diffraction of a monochromatic 

X-ray beam of wavelength (ɚ) which is transmitted into a material at an angle (ɗ). 

Atoms within the material cause the beam to scatter, and re-radiate the beam at 

different directions. If the atoms are arranged in a symmetrical order (crystalline 

structure), the re-radiated beams from varying angles of incidence will scatter in 

similar directions and will constructively build up, resulting in diffraction peaks. The 

relationship between the spacing between diffracting planes and the angle of incidence 

is described by Braggôs Law in Equation 3.1 [186]. The crystallographic structure of 

the nanoparticles synthesised was measured by XRD, using an X-ray diffractometer 

(Bruker D4 Endeavor) with copper KŬ radiation. 2ɗ values were varied between 5Ü 

and 80º with a step size of 0.05º and a count rate of 2 s/step. 

 

d =   
 

       Equation 3.1 

 

where d is the distance between diffracting planes, n is an integer, ʇ is the wavelength 

of monochromatic X-ray and ɗ is the angle of incidence.  

 

3.3.3 Transmission electron microscopy  

A transmission electron microscope (TEM) was employed to study bioactive glass 

crystal structure and nanoparticle morphology. Within a TEM, the accelerating high 

voltage electron beam generated by the electron gun transmits the electrons through 

the specimen which is then focused onto a photographic plate through the aid of a 

series of condenser, objective and projector lenses. Once the image is formed on the 

photographic plate, a charge couple device (CCD) camera is used to obtain the image 

[187]. The high accelerating voltage used in TEM allows the beam to transmit through 

the samples; therefore, TEM images capture the projection of the object. High 

magnification characterisation of nanoparticle morphology was carried out using a 

TEM (JEOL 1010 TEM) at an accelerating voltage of 100 kV. The TEM specimens 

were prepared by suspending the nanoparticle powder in ethanol using a sonicator 

(Branson 250 Sonicator) before being collected on TEM copper grids for imaging.  
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The short-range structure of amorphous states and nanocrystalline states of the 

bioactive glass nanoparticles was characterised by high resolution transmission 

electron microscopy (HRTEM). HRTEM is in fact another mode of transmission 

electron microscopy, in which the interference between scattered and unscattered 

electron beam which passes through the sample is used. When the electron wave 

passes through a sample, the electrons interact with the atom columns, causing a phase 

shift in the wave-front. For crystalline materials, the interference from the phase shift 

leads to the formation of bright and dark stripes recorded by a CCD camera. These 

stripes are known as lattice fringes, in which the dark lines represent the atoms while 

the bright lines represent the projection of electrons between the atom columns [186, 

188].  

 

Samples were analysed by HRTEM (FEI Tecnai G2 F20) at 200kV. The micrographs 

obtained were processed through Image J (NIH, United States). The lattice fringe 

distance for crystalline phases were calculated using the fast Fourier transform (FT) 

algorithm in Image J, in which a FT diffraction pattern was created, and the distance 

measured between the bright dots [188, 189].  

 

3.3.4 Fourier transform infrared spectroscopy 

Fourier transform infrared spectroscopy (FTIR) is a technique which uses the 

principles that each molecular structure absorbs and transmits infrared radiation 

differently. Each different material is built from a unique combination of atoms. 

Hence, the spectrum, resulting from the different transmitted peaks (energy), as the 

infrared beam passes through a sample, is unique. These peaks correspond to the 

frequencies of vibration between the bonds of the atoms. Fourier transformation is 

then used to interpret the different transmitted frequencies [190].  

 

A Fourier transform infrared spectroscope (FTIR; Perkin Elmer Spectrum 2 IR 

Spectroscope) equipped with an attenuated total reflectance (ATR) accessory was 

utilised to characterise the functional groups present in the materials. Samples selected 

for analysis were pressed against a diamond crystal using the pressure arm to ensure 

good contact between the diamond and the sample. A diamond crystal was selected 

for its high refractive index, allowing the generated infrared beam to internally reflect 
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the beam upwards into the sample and back into the detector. A beam penetration of a 

few microns as suggested by the manufacturer was suitable for the nanoparticle 

samples tested [190]. FTIR spectra were collected from an accumulation of 32 scan, 

with a wavelength resolution of 2 cm
-1
, between the frequencies of 2000 cm

-1
 and 400 

cm
-1
.  

 

3.4 Nitrogen sorption analysis 

 

Figure 3. 1: Isotherm types according to the IUPAC report [191].  

 

Quantitative measurements of the specific surface area (SSA) and pore morphology 

were carried out using the nitrogen (N2) sorption technique. This technique analyses 
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the interaction between the adsorbent (bioactive glass nanoparticles) and adsorbate 

(N2). As the N2 is adsorb onto the surface of the adsorbent, a monolayer is formed 

which covers the surface of the samples. With further addition of N2 and a gradual 

increase in pressure step-wise, multiple layers are formed. For porous materials, the 

N2 begins to fill the pores. An isotherm can then be plotted as a function of 

equilibrium pressure (P) over saturation pressure (P0); P/P0 against the volume of 

adsorbate. The international union of pure and applied chemistry (IUPAC) describes 

six isotherms (Figure 3. 1), each reflecting a unique condition. Additionally, with 

porous structures, hysteresis appears as monolayer coverage of the nanoparticle 

surface progresses to multilayer coverage [169, 191]. Four hysteresis loops can be 

identified in this multilayer region of the sorption isotherm, shown in Figure 3. 2.  

 

 

Figure 3. 2: Hysteresis loop types according to the IUPAC report [191]. 

 

The SSA of the nanoparticles was calculated using the Brunauer ï Emmett ï Teller 

(BET) theory. This theory uses the first part of the adsorption isotherm in the relative 

pressure region of 0.05 < P/P0 < 0.35 which corresponds to the monolayer formation, 

to predict the number of adsorbate molecules required to cover the adsorbent with a 
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monolayer of molecules [192]. Although, there exists no pressure at which the entire 

surface of the adsorbent can be covered by exactly one monolayer of molecules, the 

BET theory allows for the experimental determination of the number of molecules 

required to form a monolayer [169]. The BET equation is expressed in Equation 3.2. 

 

   Equation 3.2 

 

where ὡ is the weight adsorbed; ὡ  is the weight adsorbed in a monolayer and ὅ is 

the BET constant. 

 

To obtain the total surface area (St) of the nanoparticles can be calculated using 

Equation 3.3. 

 

St =  
   Equation 3.3 

 

where ὔ  is Avogadro constant; ὃ the cross-sectional area of each nitrogen molecule; 

ὓ molecular weight of the adsorbate. 

 

Pore size and volume distribution measurements were carried out using the Barrett ï 

Joyner ï Halenda (BJH) analysis based on the Kelvin equation which relates the 

equilibrium vapour pressure of a liquid in a curved surface area to the equilibrium 

vapour pressure of the liquid on a plane surface [193]. 

 

ln ÃÏÓʃ     Equation 3.4    

                                                         

where ὖ is the equilibrium vapour pressure of the adsorbate liquid in a narrow pore; 

ὴ is the equilibrium pressure of the adsorbate liquid exhibiting a plane surface;   is 

the surface tension; ὠ is the molar volume of liquid adsorbate; ὶ radius of droplet; Ὑ 

universal gas constant; Ὕ temperature and — is the contact angle between the adsorbate 

liquid and the pore wall.  
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Pores on a porous adsorbent material are filled with liquid adsorbate at saturated 

pressure. Hence, total pore volume (ὠ ) can be calculated by measuring the volume of 

adsorbate at the pressure approaching saturation as shown in Equation 3.5 [169]. 

 

Vp =          Equation 3.5            

                                                              

where ὖis the ambient pressure and ὠ is the volume of adsorbate at pressure 

approaching saturation. 

 

The assumption used in the calculation of Equation 3.6 is that no surface other than 

the inner walls of the pore exists. For the calculation of average pore diameter (ὶ), it 

is assumed that the pores are of cylindrical geometry. However, in reality, different 

hysteresis loops have been associated with different pore shapes [191, 194]. By 

considering these two assumptions, ὶ can be calculated from the ratio of total pore 

volume and the BET surface area. 

 

 
         Equation 3.6 

 

where SBET is the BET calculated surface area, and Vp nanoparticle total pore volume. 

 

For N2 sorption tests, samples of approximately 1 g were firstly weighed and filled 

into round base glass tubes for degassing. The tubes were placed onto a heating rack, 

to which nitrogen was introduced into the tubes over 24 h at a temperature of 150 °C 

to remove contaminants and moisture. Once degassed, the nanoparticle powder was 

reweighed and transferred into the analysis port where the adsorbate (N2) was injected 

into the glass cells containing the samples (adsorbent) for analysis.  

 

The SSA of the nanoparticles was measured by nitrogen sorption at 77 K 

(Micromeritics Tristar 3000) using the BET method, while pore size distribution and 

pore volume of the nanoparticles was determined using the BJH method. The SSA of 

the sample was then calculated by dividing St with the sample weight used in the 
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analysis. At least five adsorption points in the relative pressure (P/P0) range of 

between 0.05 and 0.35 were used to obtain a BET plot. The gradient (m) and the 

intercept (C) of each linear BET plot was positive with a linear regression correlation 

coefficient (R
2
) no less than 0.99991 [134, 191].   

 

3.5 Ion-selective electrode detection 

The ion-selective electrodes (ISE) setup consisted of 2 electrodes, the calcium ion-

specific electrode and a reference electrode. The permeable membrane of the 

electrodes respond to the presence of ions in a solution, measuring the potential 

difference generated between the 2 electrodes which are attached to a voltmeter. This 

potential difference is then matched with the calibration curve to obtain the 

corresponding ionic concentration of the solution.  

 

Calibration of the system was carried out using standard CaCl2 solutions of 1, 10, 100 

and 1000 ppm. A standard solution of 1000 ppm was made up by dissolving 2.7692 g 

of CaCl2 into 1 L of deionised water. Subsequently a series of dilutions was carried 

out to obtain a further 3 standard solutions. A linear relationship (calibration curve) 

between the electrical potential developed by the ISE and standard solution 

concentration was obtained before measurements were taken. The calcium ion 

concentration released over time was tracked using calcium ion-selective electrodes 

(ELIT 1801) and measured by converting the potential difference recorded by the 

electrodes into concentration units (ppm or mg/L) using ion analysing software 

(Nico2000 ISE/pH Ion Analyser).  

 

In Chapter 4, the dissolution of bioactive glass nanoparticles was monitored through 

Ca
2+

 concentration changes of the supernatant. Similarly, in Chapter 6, the ionic 

release of Ca
2+

 from loaded nanocarriers (BG0.5Ca and BG0.8Ca) was quantitatively 

tracked by ISE measurements. Nanoparticles were firstly weighed before being 

immersed in deionised water and incubated at 37 ºC. A working concentration of 0.03 

g/mL bioactive glass nanoparticles or loaded nanocarriers to deionised water was 

incubated at 37 ºC over 1, 2, 24 h and 7, 14, 21 and 28 day time points. 

 



 

76 

 

3.6 In vitro accellular studies 

The simulated body fluid (SBF) model proposed by Kokubo et al. [195] was used for 

bioactivity testing of materials. The preparation of SBF was tailored specifically to 

obtain the ionic concentrations listed in Table 3. 3 which closely resembled the ionic 

concentration of blood plasma.  

 

For the preparation of 1000 mL SBF, firstly, a thoroughly cleaned polyethylene 

beaker was filled with 800 mL deionsed water and placed in a water bath set at a 

temperature of 36.5 °C. Next, the following chemicals were added one by one 

following the respective order of listing: 7.996 g of NaCl, 0.35 g of NaHCO3, 0.224 g 

of KCl, 0.228 g of K2HPO43הH2O, 0.305 g of MgCl26הH2O, 40 mL of 1M HCl, 

0.278 g of CaCl2, 0.071 g of Na2SO4 and 6.057 g of (CH2OH)3CNH2. Each chemical 

was left to stir until completely dissolved before the subsequent chemical was added. 

The pH of the solution was carefully monitored during the addition of 

(CH2OH)3CNH2 to ensure the pH did not go beyond pH 7.5. The pH of the final 

solution at 36.5 °C was adjusted to pH 7.45 using 1M HCl. Once completed, the 

solution was made up to 1000 mL with deionised water and cooled to room 

temperature before being stored in a refrigerator.   

 

Table 3. 3: Ionic composition of SBF compared to human blood plasma [7]. 

Ion 
Concentration (mmol/L) 

Simulated body fluid (SBF) Human blood plasma 

Na
+ 142.0 142.0 

K
+ 5.0 5.0 

Mg
2+ 1.5 1.5 

Ca
2+ 2.5 2.5 

Cl
- 147.8 103.0 

HCO3
- 4.2 27.0 

HPO4
2- 1.0 1.0 

SO4
2- 0.5 0.5 

 

 

The bioactive response of the nanoparticles was tested by immersion in SBF with a 

final nanoparticle to SBF concentration of 0.1 mg/mL. The nanoparticles were 

incubated at 37 °C, monitored at 2 h intervals up to 12 h, and then at 24 h, 48 h and 96 

h time points. After each time point, the reacted nanoparticles were removed, rinsed in 
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deionised water and dried in an air circulation drying oven. Changes in chemical 

composition of the nanoparticles pre and post immersion were analysed by EDX. 

SEM (Hitachi S-3400N) and FTIR were employed to examine surface changes. 

 

For the testing of composite scaffolds, equally sized cylindrical scaffolds of 7.0 ± 0.5 

mm radius and 5.5 ± 0.5 mm in height with a surface to SBF volume ratio of 0.04 

were incubated at 37 ºC over a period of 1, 3, 7 and 14 days. After each time point, the 

samples were removed, gently rinsed in deionised water and freeze dried. Changes in 

surface structure of the scaffolds after immersion in SBF were characterised by SEM 

and Fourier transform infrared spectroscopy (FTIR).  

 

3.7 In vitro cellular studies 

3.7.1 Cell culture 

Primary human osteoblast bone (HOB) cells model was used to evaluate the biological 

responses to the nanoparticles and scaffolds synthesised in this thesis. HOB cells, 

obtained by a method previously described [196] were cultured in 25 cm
2
 sterile tissue 

culture flasks at 37 °C in a humidified air atmosphere of 5% CO2. The culture medium 

used was Dulbecco's modified Eagle medium (DMEM), supplemented with 10% fetal 

calf serum (FCS), L-ascorbic acid (150 g/mL), L-glutamine (2 mM), penicillin and 

streptomycin (100 units/mL).  

 

Once confluent, the HOB cells were collected by trypsinising adherent cells. Culture 

media was removed from the flask and the cells rinsed with PBS to completely 

remove any residue serum which would prevent the effects of trypsin on the cells. 

Once rinsed, trypsin is added to dislodge the cells from the flask. The cell suspension 

was then centrifuged and the pellet resuspended in fresh DMEM. Cell viability was 

assessed using the Trypan blue exclusion test. The cell concentration was measured 

using a cell counter (Biorad TC10 Automated Cell Counter). From the live cell count 

concentration obtained, the original cell suspension was then diluted by adding 

appropriate amounts of DMEM to the required cell concentration of 4×10
4 
cells/mL.  
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Prior to seeding, the scaffolds were sterilised by ultraviolet light exposure for 5 h. 

Afterwards, the scaffolds were conditioned in Dulbecco's modified Eagle medium 

(DMEM) for 24 h before seeding. The scaffolds were then placed individually into 24-

well culture plates and 1 mL of HOB cells in DMEM (4×10
4 

cells/mL) was seeded 

onto each well. The plates were then incubated at 37 ºC in a humidified air 

atmosphere of 5% CO2 for a period of 1, 4 and 7 days. Two-photon confocal and SEM 

microscopy were used to observe cell morphology on the seeded scaffolds. 

 

3.7.2 Cell morphology characterisation 

Two-photon confocal was used to observe cell morphology on the seeded scaffolds in 

Chapter 6. Prior to imaging, scaffolds were rinsed in phosphate buffer solution (PBS) 

to remove residual DMEM and then stained using Cy3 Cyanine nucleic acid dye. 

Stained samples were then placed onto glass slides and scanned using a two-photon 

confocal microscope (Nikon Eclipse Ti), with a laser wavelength of 820 nm and a 

band pass filter range of 580 ï 620 nm.  

 

Samples selected for SEM imaging were fixed in a glutaraldehyde solution (2.5% in 

H2O) for 24 h before Osmium tetroxide (OsO4) was added. The osmium stained 

samples were then rinsed in 0.01 M PBS to remove residual OsO4. Ethanol was then 

added at increasing purity of 30%, 50% and then 100% onto the samples to gradually 

remove all PBS. The prepared constructs were dehydrated in a CO2 exchanger, gold 

coated (Gatan 681 high resolution ion beam coater) for 2 min at 80 mA before imaged 

using a field emission SEM (JEOL JSM-7401F) with a beam voltage range of 2 ï 3 

kV. 

 

3.8 Ionic cross-linker preparation 

3.8.1 Ionic cross-linker solutions 

The source of divalent ions employed for nanocarrier impregnation and subsequent 

cross-linking experiments in Chapter 5 were from strontium chloride (SrCl2), copper 

chloride (CuCl2) and calcium chloride (CaCl2). The properties of each chemical are 
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shown in Table 3. 4. The mass of solute for each chemical was calculated using 

Equation 3. 7. 

 

ms =        Equation 3.7 

 

where ά  is the mass of solute; ὓis the molar concentration; ὓ is the molar weight; 

ὺ the volume (mL) of solution prepared.  

 

Table 3. 4: Properties of cross-linker chemicals. 

Properties 
      Chemicals  

SrCl2 CuCl2 CaCl2 

Colour White Brown White 

Molecular weight (g/mol) 266.6 268.9 110.9 

Purity (%)  > 99 99 99 

 

 

3.8.2 Physical properties of cross-linker solutions 

The density, surface tension and viscosity of the cross-linker were evaluated. All 

measurements carried out with the cross-linker solutions were maintained at 20 ºC by 

immersion in a water bath. A digital thermometer was used to verify the temperature 

of the solutions. At least 3 repeated measurements were recorded and the average 

taken.  

 

I) Density 

Density is the mass of the substance per unit volume [197]. The density (” of cross-

linker solutions were determined by Equation 3.8. 

 

ʍ         Equation 3.8 

 

where ὓ  is the mass of deionised water for a given volume ὠ, and ὓ  is the mass of 

solute for a given volume ὠȢ 
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II)  Surface tension 

Surface tension is a measure of the cohesive force between the liquid molecules on the 

surface [198]. The surface tension (ɾ) of cross-linker solutions were evaluated using 

the capillary rise method. The experimental setup was such that a small bore glass 

capillary tube was inserted into the cross-linker solution of which its surface tension 

was to be determined. The height to which the liquid rose was used to calculate the 

surface tension using Equation 3.9. 

 

ɾ          Equation 3.9 

 

where Ὠ is the density of the cross-linker solution, g the gravitational acceleration 

(9.81 ms
-2
), h the change in height within the capillary tube and r the inner radius of 

the capillary tube.  

 

Before analysis, the r of the capillary tube was measured by using deionised water at 

20 ºC, since the known surface tension of water at that temperature is 72.75×10
-3 

Nm
-1 

[199]. Measurements were recorded after allowing the inserted capillary tube to stand 

in the liquid for at least 10 min to ensure an equilibrium temperature was achieved  

 

III)  Viscosity 

Viscosity is the measure of the liquidôs resistance to flow from shear stress [198]. The 

viscosity of the cross-linker solutions were measured using a U-Tube Viscometer 

(BS/U Size A VWR Viscometer). The viscosity was determined using Equation 3.10. 

 

ʂ  ËʍÔ       Equation 3.10 

 

where k is the viscometer constant, ɟ the density of the cross-linker solution to be 

examined and t the time taken for the fluid to flow between 2 predetermined points.  

 

Prior to testing, the viscometer was cleaned using deionised water. The viscometer 

constant (k = 0.00643) was determined using deionised water at 20 ºC, given that the 

dynamic viscosity of water is 1002 µPa.s [200]. The viscometer was clamped 
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vertically with a retort stand, and immersed partially in a water bath, ensuring the 

water level was above the level of liquid to be tested. A syringe was used to fill the 

viscometer with the testing fluid and stabilised for 15 min in the water bath. A pipette 

filler was then used to raise the fluid up to the reservoir. The time taken for each 

cross-linker fluid of similar amounts to flow between two predetermined points on the 

viscometer was recorded using a stop watch [201].   

 

3.9 Scaffold fabrication 

3.9.1 Alginate and composite hydrogels preparation 

Alginate sodium salt was used to produce composites studied in Chapters 5 and 6. Its 

properties are shown in Table 3. 5. A series of alginate solutions with concentrations 

of 2, 4 and 6 wt. % were prepared. Typically, for the preparation of 2 wt. % alginate 

solution, 2 g of alginate powder was weighed and dissolved in 98 mL of deionised 

water.  

 

Table 3. 5: Specifications of the alginate used [202].  

Parameter  Specification 

Alginate source Brown algae 

Colour  Off white, brown 

Solubility in water 100 mg/mL 

Viscosity (2 wt. % solution at 25 °C) 100 ï 300 cps 

 

 

In Chapter 6, pure alginate (Alg) and alginate-bioactive glass composite (AlgBG) 

scaffolds were used as controls. Alg scaffolds were made of 2 wt. % alginate solution 

(100% organic component) while AlgBG scaffolds were made of 2 wt. % alginate 

solution and 3 wt. % bioactive glass nanoparticles (BG65), therefore having a glass to 

alginate (G/A) ratio of 60:40). Both scaffolds were synthesised by external diffusion 

using the ionic cross-linker calcium chloride (CaCl2) [90]. Firstly, 2 mL of slurry was 

poured into a mould (mould size: 15.5 mm diameter, 40 mm height) and cross-linked 

with 0.045 M CaCl2. Then the gels were left to cure for 24 h before removal from 

moulds for subsequent testing. Based on preliminary studies in which CaCl2 cross-
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linkers with molarities of 0.015, 0.03, 0.045 and 0.09 M were used for the 

development of alginate composite scaffolds, it was found that 0.045 M cross-linked 

scaffolds were most homogenous [203]. Therefore, scaffolds synthesised by external 

cross-linking (Alg and AlgBG) were cross-linked using 0.045 M CaCl2. The mass of 

the required reagent (mass of solute) to produce the specific molar concentration 

required was calculated using Equation 3.7.  

 

3.9.2 Freeze drying of hydrogels 

 

Figure 3. 3: Fr eezing regime used to freeze the scaffolds prior to drying.  

 

Scaffolds were fabricated by freeze drying the synthesised hydrogels. The hydrogels 

were firstly frozen to a temperature of -25 °C under a controlled and gradual freezing 

rate of 1 °C/min with holding times in between each órampingô stage, to ensure the 

entire sample was at the setting temperature, as shown in Figure 3. 3. As previously 

discussed in the literature, a gradual freezing regime had been reported to produce a 

controlled and uniform ice crystal formation, leading to the formation of homogenous 

pores within the scaffold [19]. Hence, this freezing regime was selected to ensure all 

scaffolds were dried under controlled conditions. Once frozen, samples were freeze 

dried at a pressure of 100 mTorr for 24 h. 
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3.10 Scaffold microstructure analysis 

The homogeneity of material distributed within the cylindrical scaffolds produced was 

determined using dry to wet weight ratios [47]. This method was used to measure the 

consistency of material throughout different sections of the scaffold, by evaluating the 

loss of water from each section before and after drying. Changes in the dry to wet 

weight ratio between sections of the scaffold would suggest that material distribution 

was not uniform.  

 

The as-prepared scaffolds were sectioned perpendicular to the cylindrical axis into 3 

disks of equal thickness. The wet weights of each disk were measured before 

dehydration by freeze drying (Section 3.9.2). After drying, the disks were weighed 

again, and the dry to wet weight ratios were calculated. At least 3 repeated 

measurements were recorded for each section and the averages and standard 

deviations reported (n Ó 3; Ñ SD). Additionally, the distribution of scaffold material of 

the synthesised cylindrical scaffolds was characterised using energy-dispersive X-ray 

(EDX). For EDX analysis, the elemental concentration of BGX within each disk was 

measured (n = 5; ± SD). 

 

The surface morphology of the cylindrical scaffolds was studied with the aid of a 

scanning electron microscope (Hitachi S-3400N SEM) with a beam voltage of 20 kV. 

Samples were cut parallel to the cylindrical axis, and surfaces coated with gold (Gatan 

681 high resolution ion beam coater) for 2 min at 80 mA. Furthermore, the 

micrographs were processed through Image J (NIH, United States). Pore diameters of 

each disk section were measured using the line function with a minimum of 50 

measurements recorded (n = 50; ± SD). 

 

3.11 Scaffold mechanical properties evaluation 

3.11.1 Scaffold degradation 

The in vitro degradation rate of scaffolds was monitored in phosphate buffer saline 

solution (PBS). PBS was prepared by dissolving one tablet of PBS (Sigma-Aldrich) in 

200 mL of deionised water to obtain a final pH of 7.45 with a concentration of 0.01 M 
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phosphate buffer, 0.0027 M potassium chloride and 0.137 M sodium chloride. The in 

vitro degradation, D (%) of scaffolds was calculated using Equation 3.11.  

 

Equally sized scaffolds of 7.0 ± 0.5 mm in radius and 5.5 ± 0.5 mm in height were 

incubated in PBS at 37 ºC for 10 h. At each hourly interval, the samples were 

removed, gently wiped with blotting paper and weighed. The pH of the PBS was also 

recorded at each time point.  

 

D(%)  =   ×100%      Equation 3.11 

 

where Wa is weight after immersion and Wb is weight before immersion. 

 

3.11.2 Scaffold structural integrity 

Swelling, S(%) as a percentage change in volume was calculated using the Equation 

3.12 and water absorption, W(%)  as a percentage change in weight was calculate 

using the Equation 3.13.  Scaffolds were immersed in deionised water at 37 ºC over 0, 

7, 14 and 28 day time points. At each time point, samples were removed, gently wiped 

with a blotting paper and the dimensions measured using a vernier caliper. 

Additionally, the weight of the scaffolds was recorded using a high precision balance. 

 

S(%)  = ×100%      Equation 3.12 

 

where Va  is volume after immersion and Vb is volume before immersion. 

 

W(%)  = ×100%      Equation 3.13 

 

where Wa  is weight after immersion and Wb is weight before immersion. 
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3.11.3 Compression test 

For its application as scaffolds for tissue engineering, the synthesised composite 

scaffolds would be subjected to load-bearing situations. Since its in-service forces 

would largely be of a compressive nature, compression test was conducted to 

determine the stress and strain of all scaffolds [29]. Stress is defined as the 

instantaneous load applied to a specimen divided by its cross-sectional area while 

strain is the change in length of a specimen in the direction of the applied stress 

divided by its original length [117]. Using compression test, the sample is deformed 

along the direction of the applied stress, as such the output recorded will be the force 

applied against the change in sample length. From this, engineering stress and 

engineering strain can be calculated, which takes into account the geometrical changes 

of the sample during compression. This is because, as the sample is compressed, the 

cross-sectional area of the sample increases while contracting along the direction of 

the force, thus requiring a greater force to deform it. 

 

Elastic deformation, which is the deformation of a material where stress and strain are 

proportional, was initially determined from a series of 5 repetitive deformation tests 

between 0.3 mm ï 1 mm, in which the maximum distance the applied load could 

compress the scaffold without permanently deforming it was measured to be 0.5 mm. 

The Youngôs modulus or modulus of elasticity (E) of the scaffolds, which describes its 

stiffness, or resistance to elastic deformation was calculated from the ratio of stress to 

strain [117]. The Youngôs modulus was determined by subjecting the scaffolds to 

unconfined parallel plate compression over the first 0.5 mm of deformation (elastic 

deformation) using a mechanical tester (Hounsfield Materials Tester H5KS) equipped 

with a 100 N load cell. Test samples were subjected to compression at a rate of 1 

mm/min, to minimise any strain-rate dependence. 

 

3.11.4 Puncture test 

Due to the elastic nature of the scaffolds, preliminary studies using parallel plate 

compression testing demonstrated that the determination at which point maximum 

compression strength had been achieved was arbitrary [203]. Therefore, a puncture 

test was used to determine the maximum shear stress (Űmax) of the scaffolds [204]. 
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Shear stress is a measure of the force applied parallel to the surface of a material 

[117]. This method provided an absolute value (maximum force) which could be 

applied to the scaffold prior to failure. Űmax was calculated using Equation 3.14. 

Samples were placed on a sample holder and were punctured using a custom designed 

probe (Figure 3. 4) at a rate of 2 mm/min.  

 

ʐmax =          Equation 3.14 

 

where F is the maximum force applied to the scaffold and A is the cross-sectional area 

of the material sheared parallel to the applied force. 

 

All samples selected for mechanical testing were cured for 24 h post cross-linking 

before removal from the moulds. For the as-prepared scaffolds, mechanical testing 

was carried out within 2 h of removal from moulds. Scaffolds were immersed in 

deionised water and incubated at 37 ºC for a period of 7, 14 and 28 days. The reaction 

solutions were refreshed every 7 days and changes in the scaffoldsô Youngôs modulus 

(E) and maximum shear stress (Űmax) over time were determined.  Prior to testing, the 

surface moisture of the sample was removed using blotting paper to avoid slippage 

during testing. The results represented the mean and standard deviations of at least 

three samples (n Ó 3; Ñ SD).  
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Figure 3. 4: Experimental setup of puncture test showing (a) the geometry of the probe and 

scaffold; (b) 3D representation of the setup and the inner radius (ri) and outer radius (ro) of the 

sample holder.  



 

88 

 

Chapter 4   

Synthesis and characterisation of mesoporous 
bioactive glass nanoparticles 

 

4.1 Introduction 

Bioactive glass nanoparticles have been widely applied in the biomedical field. In 

particular, its mesoporous properties have been extensively researched on in areas 

extending from enhanced solubility and bioactivity, to multifunctional usage with 

antibacterial, protein and drug delivery capabilities [14, 15, 173, 176]. The synthesis 

of sol-gel bioactive glass nanoparticles follows the sequence of: sol mixing Ÿ ageing 

and drying Ÿ heat treatment [125]. At each stage, changes in experimental 

parameters, such as the composition and pH of the sol, drying methods and heat 

treatment temperatures could affect the final bioactive glass nanoparticle morphology.  

 

Bioactive glass nanoparticle morphology, to include specific surface area (SSA), pore 

size, pore volume and pore shape of a nanoparticle, has been shown to be influenced 

by its composition. Specifically, glasses containing higher levels of silica had a larger 

SSA while glasses with higher calcium contents contained larger pores [180, 205, 

206]. Additionally, changes in the pH conditions of the sol were found to affect the 

growth of the silicate network [138].  

 

Furthermore, one important stage in sol-gel processing of bioactive glasses is the 

drying stage, where liquid (pore liquor) is removed from the gel upon condensation. 

This has been carried out by evaporation under ambient conditions [8], heating in a 

drying oven [159] or sublimation via freeze drying [10, 71]. Studies have shown that 

this drying stage is critical in establishing the final gel macrostructure, crucial for the 

production of porous scaffolds, films and membrane structures [140, 156, 159, 207]. 

However, identification of the effects of the drying stage on nanostructure are few and 

far in between [154]. For the processing of bioactive glass nanoparticles, grinding or 

milling bulk glasses into a fine powder is most commonly used [17]. Typically, this 

leads to a heterogeneous distribution of nanoparticle shape and sizes [134, 135]. 
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Recently, some work has been carried out on the removal of pore liquor through 

freeze drying, producing a monodispersed powder and simultaneously eliminating the 

grinding step [155, 164]. Lastly, heat treatment has also been found to affect the pore 

size of the nanoparticles. Studies have shown that an increase in the maximum 

sintering temperature led to a reduction in pore size and caused densification of the 

nanoparticles [208].  

 

Therefore, in this chapter, the effects of varying glass composition, pH conditions, 

drying procedures and heat treatment regimes on bioactive glass nanoparticle 

morphology were investigated. The aim of this chapter was to understand the 

morphological differences between nanoparticles of different silicon and calcium 

content. Bioactive glasses were also prepared from the sol-gel (acidic) route and the 

multi-step (alkali) route, to examine the effects of pH conditions on nanoparticle 

morphology. This was done by producing glasses of the same chemical composition. 

Concurrently, the control of nanoparticle morphological using sol-gel derived and 

multi-step derived bioactive glasses through different drying methods was 

investigated, to establish a protocol which reduced the processing time and effort in 

nanoparticle synthesis. Heat treatment regimes of the dried nanoparticles were also 

varied and changes to nanoparticle morphology evaluated. This study should provide a 

better understanding of how these changes fundamentally affect the final nanoparticle 

morphology, in order to provide a platform for further studies carried out in Chapters 

5 and 6 of this thesis. 

 

4.2 Nanoparticle synthesis 

The effects of different glass composition on nanoparticle morphology were studied 

using bioactive glass nanoparticles of the ternary system SiO2 ï CaO ï P2O5 with 

varying silicon and calcium content (BG35, BG50, BG65 and BG80), summarised in 

Table 4.1.  

 

The effects of different pH (acid and alkali) processing conditions and different drying 

procedures (Route A, B and C) on nanoparticle morphology were studied through two 

types of bioactive glasses derived from the sol-gel route (BG65) and the multi-step 
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route (nBG65). Both types of glasses were of the ternary system 65% SiO2 ï 30% 

CaO ï 5% P2O5 (wt. %). A summary of the drying parameters set for each drying 

procedure is provided in Table 4.2.  

 

Additionally, the effects of different heat treatment regimes (maximum sintering 

temperatures) on nanoparticle morphology were studied using BG50 and BG65 

bioactive glasses, subjected to different maximum sintering temperatures of 150 °C, 

400 °C, 500 °C and 680 °C (Table 4.3). Details of the synthesis of these bioactive 

glasses were described in Section 3.2. 

 

Table 4. 1: Sample code and corresponding composition of the various bioactive glasses. 

Sample 

 

Glass composition (wt. %) 

BG35 35%SiO2 ï 60%CaO ï 5%P2O5 

BG50 50%SiO2 ï 45%CaO ï 5%P2O5 

BG65 65%SiO2 ï 30%CaO ï 5%P2O5 

BG80 80%SiO2 ï 15%CaO ï 5%P2O5 

 

 

Table 4. 2: Sample code, synthesis pH conditions and drying parameters set for the bioactive 

glasses. 

Sample    pH 

conditions 

Route Description of method 

BG65OD Acidic A Oven dried at 150 °C for 24 h. 

BG65VC Acidic B Vacuum dried at ambient temperature for 24 h. 

BG65FD Acidic C Freeze dried at 100 mTorr at -25 °C for 24 h. 

nBG65OD Alkali  A Oven dried at 150 °C for 24 h. 

nBG65VC Alkali  B Vacuum dried at ambient temperature for 24 h. 

nBG65FD Alkali  C Freeze dried at 100 mTorr at -25 °C for 24 h. 
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Table 4. 3: Sample code, corresponding composition and sintering temperature of the various 

bioactive glasses. 

Sample 

 

Glass composition (wt. %) Sintering temperature (°C) 

BG50 150°C 50%SiO2 ï 45%CaO ï 5%P2O5 150 

BG50 400°C 50%SiO2 ï 45%CaO ï 5%P2O5 400 

BG50 500°C 50%SiO2 ï 45%CaO ï 5%P2O5 500 

BG50 680°C 50%SiO2 ï 45%CaO ï 5%P2O5 680 

BG65 150°C 65%SiO2 ï 30%CaO ï 5%P2O5 150 

BG65 400°C 65%SiO2 ï 30%CaO ï 5%P2O5 400 

BG65 500°C 65%SiO2 ï 30%CaO ï 5%P2O5 500 

BG65 680°C 65%SiO2 ï 30%CaO ï 5%P2O5 680 

 

 

The composition of the different bioactive glasses were analysed by energy dispersive 

X-ray spectroscopy (EDX). Additionally, X-ray fluorescence (XRF; LSM Analytics, 

UK), a technique which identifies the characteristic energy (secondary X-ray) released 

by electron movement from a higher level to the lower level due to the ejection of 

electrons by X-rays, was used to confirm the composition of the nanoparticles. The 

functional groups of the different composition nanoparticles was analysed by Fourier 

transform infrared spectroscopy (FTIR), while the crystal structure was analysed by 

X-ray diffraction (XRD) and high resolution transmission electron microscopy 

(HRTEM) with fast Fourier transform (FT) analysis, according to the protocols 

described in Chapter 3.  

 

Nitrogen (N2) sorption techniques were used to obtain isotherms of the nanoparticles 

of interest. The specific surface area (SSA) of the nanoparticles was measured using 

the Brunauer ï Emmett ï Teller (BET) theory while pore size and pore volume 

distribution measurements were carried out using the Barrett ï Joyner ï Halenda 

(BJH) method. The nanoparticle structure was characterised using a transmission 

electron microscope (JEOL 1010 TEM) at an accelerating voltage of 100 kV. 
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4.3 Bioactive glasses of different composition 

4.3.1 Compositional analysis 

EDX analysis of the different silica and calcium content of the four compositions of 

ternary sol-gel derived glasses (BG35, BG50, BG65, BG80) is shown in Figure 4. 1. 

As expected, the increasing silica and decreasing calcium content shown from BG35 

to BG80 is correspondent to the nominal compositions (Table 4. 1). Table 4. 4 

summarises the XRF measured composition of each glass. It shows consistency in the 

composition of each glass, where a proportionate change was recorded for the 

compounds of SiO2 and CaO, while P2O5 remained close to the designed 5 wt. % 

nominal composition. However, across each glass type, CaO recorded an approximate 

decrease of 7 wt. % from the intended nominal values.  

 

 

Figure 4. 1: The distribution of  (a) silica content and (b) calcium content of the various bioactive 

glasses analysed using EDX. Data represents the mean ± SD, n = 5. 

 

One explanation for this reduction could be due to the lost of calcium nitrate within 

the pore liquor which is the by-product of the gel condensation reaction. During the 

sol-gel process, calcium is not introduced into the silicate network until heat treatment 

is carried out, and thus remains largely within the pore liquor of the gel [131, 144, 

159]. The decrease in CaO has also been observed in other studies, wherein variations 

of up to 25% were recorded [131]. This decrease in CaO content as compared to the 

theoretical value was attributed to the leaching of cations during the aging and drying 

stages [131, 158]. Although much care had been taken during the removal of the gel 
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from the moulds for heat treatment, some residue liquor could have been lost, 

resulting in the decrease of calcium.  

    

Table 4. 4: XRF measurements of experimental nanoparticle compositions (wt. %) 

Sample 

 

 SiO2 (wt.%) CaO (wt.%) P2O5 (wt.%)  

BG35 
Nominal 35.00 60.00 5.00 

Experimental 33.60 53.66 5.56 

BG50 
Nominal 50.00 45.00 5.00 

Experimental 49.18 38.18 5.96 

BG65 
Nominal 65.00 30.00 5.00 

Experimental 63.56 23.42 5.28 

BG80 
Nominal 80.00 15.00 5.00 

Experimental 76.12 9.86 5.64 

 

 

4.3.2 Functional groups within different bioactive glasses 

The FTIR spectra of the four bioactive glasses with different composition are shown 

in Figure 4. 2. The silicate was found to be represented by a few bands; Si ï O ï Si 

stretching between 1040 cm
-1
 and 1200 cm

-1
, Si ï O ï Ca stretching around 950 cm

-1
, 

O ï Si ï O stretching at around 810 cm
-1
 and the Si ï O ï Si bending at 460 cm

-1 
[131, 

134, 152, 159, 164, 189, 209, 210]. Further analysis of the broad band between 1040 

cm
-1
 and 1200 cm

-1 
showed that as calcium content decreased, broadening of this band 

took place. Studies have shown that this broad band could be decovoluted into 5 

separate bands, occurring at around 1040 cm
-1
, 1080 cm

-1
, 1100 cm

-1
, 1160 cm

-1
 and 

1200 cm
-1
. Each of these bands corresponded to the asymmetric stretching of Si ï O ï 

Si, with 1080 cm
-1 

and 1200 cm
-1
 bands belonging to a cyclic or branched-like 

structure while 1040 cm
-1
, 1100 cm

-1
 and 1160 cm

-1
 belonging to a linear structure 

[162, 210].  
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Figure 4. 2: FTIR spectra of ternary bioactive glasses with varying composition.  

 

As discussed in the literature, the polymer formation of sol-gel derived silica-based 

glass can be synthesised into linear or branched-like polymer clusters depending on 

the pH conditions during synthesis [125]. Therefore, it is possible that, although all 

these glasses were derived under acidic conditions, both types of structures could be 

found. However, the band occurring at 1200 cm
-1

 was not profound in BG35, BG50 

and BG65 spectra, pointing towards a more linear-structured silica-based glass, which 

was in agreement with the literature [125]. As silica content within the glass 

increased, these bands merged to form the broad band observed in the BG80 

spectrum, indirectly confirming the high silica composition of BG80 bioactive glass. 

 

Studies have suggested that for glasses with a low calcium content, there are high 

numbers of Si ï O
-1
 species (Q

3
) which hold the Ca

2+
 ions loosely. Only when the 

calcium content is high, the Ca
2+

 ions can be incorporated into the network, forming 

Si ï O ï Ca ï Si ï O [7, 131, 135]. Hence, the Si ï O ï Ca band which was observed 

present in all samples except BG80 could be explained by the decrease in calcium 

available to form bridging bonds with the Si ï O
-1
 species. Furthermore, the presence 

of the O ï Si ï O band around 950 cm
-1
 in BG80, and less prominent in the other 

glasses corroborate with previous studies which showed a decrease in this band 

intensity as calcium content increased [8, 131]. The band at 470 cm
-1
, which 
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corresponded to the bending mode of this group was present in all samples, with the 

intensity of the band increasing as silica content within the glass increased [131, 159].  

 

Phosphate bands (P ï O) were present in all samples at positions of 570 cm
-1
 and 960 

cm
-1
, corresponding to the ᾇ4 and ᾇ1 vibration of this group, respectively [152, 211]. 

Studies have shown that the ᾇ4 band can be separated into two discrete bands centred 

at 570 cm
-1
 and 600 cm

-1
. However, due to the low concentration (5 wt. %) of 

phosphorous within the glass system, the presence of these bands were found to be 

low. The rather indistinguishable bands in the low calcium BG80 glass has been 

suggested to be due to the influence of the network modifier calcium, which is less in 

the BG80 sample, since the introduction of calcium promotes the isolation of 

orthophosphate [189].   

 

4.3.3 Crystal structure 

The effects of varying silica and calcium content on glass structure was analysed 

using XRD. The crystal structure of the bioactive glasses play a significant role in its 

degradation when introduced into a physiological environment, and hence might have 

an effect on the biological consequences, since bioactivity and biocompatibility of 

these glasses are reliant on the ionic release rates [164]. Figure 4. 3 shows the four 

spectra obtained from BG35, BG50, BG65 and BG80. Both BG35 and BG50, showed 

some form of crystalinity, with 2 peaks identified at 2ɗ = 31.7Ü and 32.1Ü. This could 

be attributed the calcium-phosphate crystalline phase detected within the glass, since, 

BG35 and BG50 contained high levels of calcium [8, 131].  

 

Separately, a broad band was observed between the 2ɗ angles of 20Ü ï 40º, with no 

noticeable diffraction maxima in the XRD patterns of BG65 and BG80, thus 

suggesting the amorphous nature of the bioactive glass samples. This broad band was 

more prominent in the BG80 pattern, characteristic of silica-based glasses due to 

incipient SiO2 crystalline phases [8, 134, 142, 152, 206].  
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Figure 4. 3: XRD patterns of BG35, BG50, BG65 and BG80. 

 

The results of XRD were further verified by HRTEM, with the lattice fringe spacing 

(d) measured using the Fourier transform (FT) patterns of the corresponding areas. 

Figure 4. 4 shows the HRTEM image of BG35 in which regions of highly ordered 

structures and regions with random arrangements were observed. The area of interest, 

a1 and a3 showed lattice fringes, corresponding to an ordered structure which 

consisted of a 2.8 Å lattice spacing. The different direction associated with the lattice 

fringes in a3, was deduced to be of the same crystalline material, since the diametric 

arrangement of the FT bright dots were equidistance (2.8 Å), and therefore correspond 

to repetitive frequencies [189]. The area of interest, a2 showed a disordered 

arrangement, thus suggesting the amorphous nature of this region [167, 180-182]. 

Similarly, the HRTEM image of BG50 (Figure 4. 5) also showed regions of 

amorphous disordered structures (area of interest a2) interjected with nanocrystallites 

(area of interest a1 and a3). The measured lattice fringe distance was found to be 2.8 

Å and 2.9 Å respectively.  
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Figure 4. 6 shows the HRTEM image of BG65, which was largely dominated by 

amorphous regions. The area of interest a1, showed an area where some lattice fringes 

could be identified. The FT pattern of a1 showed a diametric arrangement of vague 

dots, each having a d-spacing of 0.27 nm. The other areas of interest (a2 and a3) 

showed no form of order, which was further evidenced by the FT patterns, which 

showed no observable dots [182]. Applying Braggôs Law (Equation 3.1) to the 2ɗ 

angles measured in XRD where the peaks of 2ɗ = 31.7Ü and 32.1º occurred, the lattice 

spacing (d) was calculated to be 2.8 Å and 2.7 Å respectively, thus in agreement with 

the distances measured from the FT patterns of the lattice fringes which were between 

2.7 ï 2.9 Å.  

 

Using the standard card of hydroxyapatite (HA) (JCPDS 09-0432), wollastonite 

(JCPDS 43-1460) and cristobalite (JCPDS 39-01425), the d-spacing corresponding to 

peaks in HA were 2.8 Å and 2.78 Å, wollastonite were 3.09 Å and 2.78 Å, and 

cristobalite 2.84 Å respectively. Saravanapavan et al. [131] showed that for glasses 

containing a high calcium content (> 50 wt. %), wollastonite was the major crystalline 

phase, with traces of cristobalite. However, no mention of a calcium-phosphate phase 

was noted in that study, since the glasses studied were of the binary composition (SiO2 

ï CaO). Nevertheless, in this study, ternary glasses containing phosphate was 

produced, confirming the trace amounts of HA detected within the glasses.  

 

The results from XRD and HRTEM demonstrated that glasses which have higher 

amounts of calcium contained crystalline phases, consistent with previous studies. 

Based on the d-spacing measured, the presence of a calcium-silicate crystalline phase 

in the form of wollastonite with trace amounts of a calcium-phosphate (HA) 

crystalline phase and crystalline SiO2 in the form of cristobalite can be found within 

the sol-gel glasses synthesised [131, 212, 213].  
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Figure 4. 4: HRTEM micrograph of BG35 with FT patterns and lattice fringe spacing 

corresponding to the areas of interest a1, a2 and a3.  
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Figure 4. 5: HRTEM micrograph of BG50 with FT patterns and lattice fringe spacing 

corresponding to the areas of interest a1, a2 and a3. 
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Figure 4. 6: HRTEM micrograph of BG65 with FT patterns and lattice fringe spacing 

corresponding to the areas of interest a1, a2 and a3. 
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4.3.4 Morphology 

Nitrogen (N2) sorption was performed on the synthesised bioactive glasses of different 

composition (BG35 ï BG80) to determine its specific surface area, pore size, pore 

volume and pore shape. Figure 4. 7a shows the isotherms for these four ternary glass 

compositions produced. Each isotherm was irreversible, and found to represent the 

Type IV isotherm, based on the six idealised isotherms described in the IUPAC 

classification. To distinguish it from other isotherms, Type IV isotherms demonstrate 

an initial concave reversible adsorption and desorption branch to the relative pressures 

(P/P0) axis [191]. The irreversibility of these isotherms, characteristic by the presence 

of a hysteresis loop, suggested the nanoparticles contained pores.  

 

Each isotherm clearly occurs at a different level of adsorbed N2 volume and show 

different hysteresis loops. Both BG35 and BG50 isotherms displayed a H1 loop, 

ascribed to cylindrical and open-ended pores [171, 191]. The H1 loop is defined by a 

near-parallel and almost vertical adsorption and desorption branch without the distinct 

steep drop in the desorption branch. However, the long sloping hysteresis loop over a 

broad range of relative pressures further point towards a wide distribution of pore 

width [134]. BG65 demonstrated a H3 and H4 hysteresis loop, defined by a sloping 

desorption branch, without the long plateau observed in the upper regions of P/P0. H3 

loops are distinguished by a steeper, vertical-like loop, while the H4 loop is shorter 

and horizontal-like, and occurs at the upper regions of P/P0. Both these loops are 

associated with wedge- or slit-shaped pores, with pores of a H4 loop being found in 

the micropore range [169, 171, 191]. BG80, which contained the highest silica content 

and lowest calcium content among the different glasses, was defined by a H2 

hysteresis loop. Characteristic of the H2 loop is the steep, non-parallel desorption 

branch occurring at the lower closing end of the hysteresis loop. The long plateau in 

the upper regions of P/P0 and a narrow hysteresis loop with an irreversible desorption 

branch between 0.4 ï 0.7 P/P0 suggested that the BG80 nanoparticles contained pores 

which were not well interconnected and were extremely small micropores (< 2 nm), 

due to the complete filling of these micropores with N2 occurring at lower relative 

pressures [169, 191].  
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Figure 4. 7: (a) Nitrogen sorption isotherms of sol-gel derived bioactive glass nanoparticles with 

different compositions; pore size distribution for sol-gel derived (b) BG35 and BG50 

nanoparticles and (c) BG65 and BG80 nanoparticles.   



 

103 

 

 

Figure 4. 8 : The (a) specific surface area, (b) average pore diameter and (c) total pore volume of 

bioactive glass nanoparticles with different composition.  

 

Figure 4. 7b and c show the pore diameter distribution for BG35, BG50 and BG65 and 

BG80 bioactive glasses respectively. Both BG35 and BG50 glasses displayed a 

similar pore diameter distribution in which two distinctive pore types were observed. 

The nanoparticles contained micropores (< 2 nm), and a range of mesopores with a 

modal value at 3.7 nm and between 9 ï 30 nm. The pore diameter distribution of 

BG65 showed a narrower distribution of pores centred around 3.7 nm, making up a 

large proportion of pore volume. A small proportion of micropores were also present, 

illustrated by the increase in pore volume for pore diameters of less than 2 nm. The 

pore diameter distribution of BG80 nanoparticles showed an increase in pore volume 

for pore diameters less than 10 nm, suggesting BG80 contained a narrow distribution 

of extremely small pores, with the majority being micropores.  

 

Figure 4. 8a shows an increase in the specific surface area (SSA) of the bioactive glass 

nanoparticles with an increase in silica content while Figure 4. 8b clearly shows the 

inverse relationship between increasing silica content and decreasing average pore 

sizes. The total pore volume, which translates to the porosity of the nanoparticles, as 

seen in Figure 4. 8c, showed the total pore volume of BG65 nanoparticles being the 
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highest. BET analysis showed that a decrease in CaO and an increase in SiO2 led to 

the overall increase in SSA of the nanoparticles, but an overall decrease in pore size. 

Such trends have been observed previously in both binary and ternary glass systems 

[15, 131, 181, 206].  

 

One explanation for this occurrence can be provided by considering the presence of 

non-bonding oxygen atoms in the silicate network. Calcium when introduced into the 

glass network acts as a network modifier, and therefore an increase in calcium would 

increase its interaction with the silicate network, consequently leading to an increase 

in the number of non-bonding oxygen atoms. The quantity of micropores formed from 

these voids therefore increases, coalescing to form mesopores, and thus decreases the 

SSA but increases the pore size of the nanoparticles [205]. Interestingly, the 

relationship between glass composition and pore volume was not obvious, with BG65 

nanoparticles determined to be most porous, recording the highest total pore volume 

amongst the four compositions.  

 

Although studies have shown that an increase in the silica content would lead to a 

decrease in pore volume, due to the reason similar to the influence of composition on 

pore size as discussed above, the high pore volume of BG65 nanoparticles could be 

attributed to the susceptibility of the network to the effects of freeze drying (which 

will be discussed in Section 4.3.7). Briefly, it was observed that the mesopores of 

BG65 nanoparticles followed the shape of ice crystals, creating slit- or wedge-like 

shaped pores while BG35, BG50 and BG80 nanoparticles were not readily influenced 

by the effects of ice crystal formation, due to crystalline phases present in these 

nanoparticles, which hindered ice crystal growth.  
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Figure 4. 9: TEM micrographs of sol-gel derived bioactive glass nanoparticles of the composition 

(a) BG35, (b) BG50, (c) BG65 and (d) BG80. 

 

TEM was used to study the effects of different silicon and calcium content on the 

nanostructure of the bioactive glass nanoparticles. The nanostructure of the ternary 

glasses BG35, BG50, BG65 and BG80 are shown in Figure 4. 9. Both BG35 and 

BG50 reveal a similar nanostructure consisting of elongated plate-like particles with a 

broad range of sizes (30 ï 100 nm in width). Both nanoparticle types were found to 

contain mainly spherical micropores and mesopores. BG65 revealed porous elongated 

nanoparticles, containing slit-like mesopores, while BG80 which had the highest silica 

content, showed an undefined structure of agglomerated nanoparticles packed together 

in a chain-like cluster conformation, similar to pure silica nanoparticles derived from a 

similar sol-gel route [161]. Closer inspection of the nanostructure suggests the 

existence of micropores within the nanoparticles.   

 

Changes in the nanostructure of these various bioactive glasses due to compositional 

variation have been studied using gas sorption techniques [8, 131, 134, 181, 214]. 

When Li et al. [8] studied a range of glasses containing SiO2 (50 ï 90 mol %), 
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changes in SSA and porosity were noticed, in which an increase in silica content led to 

an increase in overall pore volume and SSA. Unfortunately, the effects of these 

changes were not corroborated visually with the aid of microscopes. To date, not 

much work has been carried out to verify the findings using both techniques [135], 

and hence, this work intends to explore the use of TEM as a means of substantiating 

the results of the N2 sorption test performed.   

 

   

Figure 4. 10: TEM micrograph showing the existence of a dual-pore nanostructure in BG35 and 

BG50 nanoparticles and verification through N2 sorption analysis. 

 

Figure 4. 10 shows the corroborated evidence of this unique occurrence in which the 

BG35 and BG50 nanoparticles synthesised possessed a mixture of micropores and 

mesopores. The first region (RI), verified by N2 sorption analysis of the pore volume, 

showed an increase in pore volume for pore diameters less than 5 nm, with a peak 

pore volume (0.034 cm
3
/g) corresponding to pore diameters of less than 2 nm. The 

limitation of the equipment provides for a sensitivity of up to 1.7 nm, and hence, pore 

sizes smaller than this threshold cannot be quantified accurately [215]. However, the 

peak in pore volume for pore diameters less than 2 nm is sufficient to draw a 

conclusion that the pores can be categorically characterised as micropores based on 

the IUPAC classification [191]. The second region (RII), showed peak pore volumes 

(0.025 ï 0.03 cm
3
/g), corresponding to pore diameters between 15 ï 35 nm, classified 

as mesopores [191]. Both pore regions (RI and RII) indicated on the TEM micrograph 

in Figure 4. 10 were spherical, with a pore diameter range of 2 ï 5 nm for RI type 

pores and between 20 ï 50 nm for RII type pores.  
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A dual-modal pore structure in mesoporous bioactive glasses was described by Yan et 

al. [150] in which pore diameters centred at 5 nm and approximately 20 nm were 

recorded. The formation of this pore structure was attributed to the interconnection of 

these smaller mesopores into larger mesopores. Interestingly, the study goes on to 

show the enlargement of these pores when the nanoparticles were soaked in water, 

attributed to the leaching of the inorganic Ca and P species from the wall framework. 

Thus, from the TEM and BJH analysis carried out, the dual-modal pore structure 

observed in the higher CaO component glasses of BG35 and BG50 could be induced 

by the leaching of inorganic species during aging into the liquor, causing the creation 

of voids, observed as the micropores and the coalescing of these voids to form the 

larger mesopore structures.    

 

4.4 Acidic and alkali derived bioactive glasses from different 

drying procedures 

4.4.1 Physical characterisation 

Understanding the effects of different drying procedures on nanoparticle morphology 

was carried out by studying three different drying routes. Figure 4. 11a and d 

demonstrates the outcome of oven drying (Route A), in which gels have shrunk and 

were compacted into a dense cake of bioactive glass material. Figure 4. 11b and e also 

shows a similar outcome in the final product from vacuum drying (Route B). Route A 

followed the more common method of oven drying [8, 139, 151, 152, 214], whereby 

the loss of pore liquor through evaporation caused a rise in capillary pressure within 

the network, causing it to contract and shrink [156].  

 

Conversely, Route B was intended to mitigate the situation of high external pressure 

by removing the pressure altogether through the creation of a vacuum in the drying 

chamber. It was expected that, by creating a vacuum, the driving force of shrinkage 

due to external pressure would be avoided. However, at low pressures, the pore liquor 

which consisted of a mixture of water and ethanol as the by-products of condensation, 

boiled due to a drop in the boiling point and then froze from the loss of energy in the 

liquor from boiling [197]. This phenomenon caused a significant rise in capillary 
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pressure as the liquor rapidly evaporated, and intensified the shrinkage of the solid 

network [156].  

 

Figure 4. 11c and f show fine bioactive glass powder obtained via freeze drying 

(Route C). This route was designed in which the capillary pressure of the liquor within 

the pores was reduced to zero, as liquid surface tension became nullified (‎ π. 

Hence during the drying stage, the pore liquor which had been solidified was 

sublimated into gas, without transiting through the liquid phase, resulting in no 

shrinkage or contraction of the gels. Through the acceleration of the drying rate, the 

rapid flow and diffusion of vapour within the gel caused cracking of the xerogel, 

which eventually led to the collapse of the structure to form bioactive glass powder.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 11: Synthesised bioactive glasses from the sol-gel method prepared by (a) oven drying, 

(b) vacuum drying and (c) freeze drying; the multi-step method prepared by (d) oven drying, (e) 

vacuum drying and (f) freeze drying. 

 

In the ternary glass system, the gel, an intermediate between a solid and a liquid [160], 

is formed by a silicate network of discrete colloidal particles, surrounded by calcium 

and phosphate groups, and would contain voids in-between the network which are 
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filled by liquid [135, 159]. This liquid trapped within the voids of pores in the silicate 

network creates a capillary pressure (P) [125]. 

 

P =        Equation 4.1 

 

where ɔ is the liquid surface tension, ɗ the contact angle between liquid-solid interface 

and r is the radius of the pore within the network.    

During the final stages of drying in which capillary pressure is at the maximum (> 760 

kTorr), it has been found that the extent of shrinkage of the dried network due to the 

exertion of capillary pressure establishes the final pore volume and pore size of the 

solid structure on a macroscale [156].  

 

One strategy of overcoming this is by freeze drying, whereby the liquor within the 

network transits from solid ice directly into vapour without passing through the liquid 

phase [65, 71]. Under such a condition, no surface tension exists, hence eliminating 

capillary pressure altogether. Considering the way at which the liquor is removed 

from the gel during the drying stage is essential in providing distinct conditions which 

would influence the bioactive glass gel. Through freeze drying, the time consuming 

step of milling often employed to obtain ultra-fine powder is significantly reduced, 

since freeze drying of gel monoliths removes liquor within the gel without undergoing 

much shrinkage to produce xerogels, which can be easily crushed into powder [7, 

125]. Furthermore, freeze drying of the precipitants can easily form monodispersed 

ultra-fine nanoparticles without even the need of grinding [165]. From this work, the 

ease of obtaining ultra-fine bioactive glass powder through freeze drying was 

demonstrated which extended to both the sol-gel and multi-step routes. 

 

4.4.2 Composition homogeneity evaluation 

Table 4. 5 shows the elemental concentration of the sol-gel and multi -step derived 

bioactive glasses dried via oven, vacuum and freeze drying, obtained using EDX. The 

theoretical composition of the glass was 65% SiO2 ï 30% CaO ï 5% P2O5 (wt. %), 

however, some difference in the actual elemental concentrations were observed. 

Notably, multi-step derived glasses achieved a closer experimental content than those 
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synthesised by the sol-gel method. Separately, comparing the effects of the various 

drying routes on final glass composition, no significant variation was observed. This 

was expected as no loss of precursors would have occurred during the drying process.  

 

Table 4. 5: Elemental composition of the bioactive glasses synthesised. All values represents the 

mean ± SD, n = 5. 

Synthesis       

route 

Sample Elemental concentration (wt. %) 

Si Ca P 

 BG65OD 60.5±4.1 35.4±4.6 4.0±0.6 

Sol-gel BG65VC 59.7±3.3 35.4±4.9 4.8±0.9 

 BG65FD 61.1±2.6 34.7±2.9 4.2±0.4 

 nBG65OD 64.7±1.2 28.6±1.4 6.8±0.6 

Multi -step nBG65VC 64.8±1.1 28.8±1.0 6.4±0.3 

 nBG65FD 64.7±0.4 28.3±1.3 7.0±0.9 

 

 

The standard deviation recorded in Table 4. 5 is representative of some batch-to-batch 

variation, since manufacturer guidelines suggests an accuracy with a relative error of 

less than 2% should be considered when standardisation is carried out [185]. 

Analysing the standard deviation of each element, a larger standard deviation for the 

elements of Si and Ca was recorded for glasses derived from the sol-gel route, 

particularly sol-gel glasses processed by oven drying and vacuum drying (BG65OD 

and BG65VC). During the condensation of the sol, Ca which is present from the 

soluble precursor of calcium nitrate used and the element P which is present within the 

sol as an orthophosphate becomes homogenously distributed as the gel network forms 

[7, 135]. Throughout drying, migration of Ca occurs due to capillary diffusion, while 

the orthophosphate, isolated in its own form, remains randomly distributed throughout 

the dried network. Hence, heterogeneity between samples tested can be attributed to 

the migration of cation species [7, 130, 159]. Additionally, a reduction in the standard 

deviation of samples processed via freeze drying, which would suggest improvements 

in compositional homogeneity of BG65FD powders were attributed to the reduction of 

the effects of capillary diffusion, which hindered cation migration.  
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4.4.3 Morphology  

Fundamental changes to the internal nanostructure of a single particle, brought about 

by the different drying processes should be characterised, pertinent to the 

establishment of a path towards better morphological control on a nanoscale. The 

possibility of tailoring bioactive glass nanostructures is vital for delivery applications. 

Therefore, the effects of different drying procedures on bioactive glass nanoparticle 

morphology from both the sol-gel (acidic) route and the multi-step (alkali) route were 

investigated.  

 

 

Figure 4. 12: The adsorption and desorption isotherms for (a) sol-gel derived and (b) multi-step 

derived bioactive glass nanoparticles; (c) effects of various drying procedures on SSA and the 

difference in SSA between the two synthesis routes. 

 

N2 sorption was performed on all samples produced from Route A, B and C drying 

procedures. Figure 4. 12a shows the adsorption and desorption isotherms for sol-gel 

derived bioactive glass nanoparticles. All three isotherms were irreversible, and 

corresponded to the Type IV isotherm, as seen in Figure 4. 12a [191]. Both 
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nanoparticles derived from oven drying and vacuum drying (BG65OD and BG65VC) 

displayed a H2 hysteresis loop [171, 191, 194]. This type of hysteresis loop 

correspond to pores of non-perfect cylindrical shape with a óbottleneckô, because 

pores of a certain radius will be filled by liquid N2 at a higher relative pressure during 

adsorption than when it is emptied during desorption. The emptying of N2 in the wider 

section of the pore is thus hindered by the narrow neck leading to the steep desorption 

branch observed [169, 171]. This Type IV, H2 isotherm is typically found in oven 

dried mesoporous bioactive glasses derived from the sol-gel route [134, 158]. 

 

Interestingly, the hysteresis loop of the freeze dried sample (BG65FD) was different. 

Correlating the shape of the loop to the five idealised types of hysteresis in the 

IUPAC, this loop corresponded to a H4 hysteresis loop. The pores from a H4 loop is 

measured as the spaces between parallel plates, primarily suggesting the pores were 

slit-shaped [169, 191]. However, typical H4 hysteresis loops are defined by its 

horizontal adsorption and desorption branches which are near-parallel, and stretch a 

wide range of relative pressures. Since, the loop observed Figure 4. 12a is slightly 

sloping, it could be suggested that the hysteresis loop of BG65FD was a combination 

of H3 and H4 type loops, pointing towards wedge- or slit-shaped pores, formed 

through the aggregation of plate-like particles, tapering at an end [171, 191]. 

 

Figure 4. 12b shows the isotherms obtained for nanoparticles derived from the multi-

step route. It is evident that all three isotherms are similar and correspond to Type IV, 

with a H1 hysteresis loop [191]. The H1 loop suggested that pores found within the 

multi-step derived nanoparticles were cylindrical and open-ended [134, 169]. The 

sloping of the hysteresis loop, unlike the vertical loop described in an idealised 

example, suggests that the pores come in a variety of sizes. The interconnectivity of 

the pores within the nanoparticles, measured by the width of the loop, and the shape of 

pores between all three drying routes are rather similar, demonstrating that the method 

of drying bioactive glasses from the multi-step route has no effect on the final 

nanoparticle nanostructure.  

 

One possible reason for this is due to the synthesis of the multi-step bioactive glass, 

which employs the use of a morphological catalyst to advance the rate of 
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polycondensation, thus forming a more tightly packed silicate network which is less 

susceptible to changes. The repelling of material from the ice front was shown to 

become more difficult as the viscosity and particle size of the material increased, 

because of the increased interaction between material content. Thus, the effects of ice 

crystal formation on pore architecture are less profound [19, 216] .  

 

The specific surface area (SSA) of the bioactive glass nanoparticles derived from the 

three drying methods was compared and shown in Figure 4. 12c. The SSA of the 

bioactive glass nanoparticles derived from the sol-gel route and the multi-step route 

showed that oven drying produced nanoparticles with the highest SSA, while freeze 

drying produced nanoparticles with the lowest SSA. However, it is clear that 

nanoparticles derived from the sol-gel route had a significantly higher SSA than those 

derived from the multi-step route. For instance, the SSA of BG65OD with a SSA of 

224.6 m
2
/g was 2.2 times larger than the SSA of nBG65OD.  

 

Changes in nanoparticle morphology between the sol-gel and multi-step derived 

glasses due to different drying routes is depicted in Figure 4. 13. Comparing both 

synthesis routes, it was evident that the sol-gel route produced nanoparticles with a 

narrow pore diameter distribution, with modal pore diameters of 3 ï 4 nm across all 

drying routes (Figure 4. 13a), while a wide pore diameter distribution was observed 

for nanoparticles synthesised from the multi-step route, notable in Figure 4. 13b. 

Figure 4. 13c and d show the average pore diameter and total pore volume of each 

nanoparticle type, calculated using the BJH method. The pore sizes of the 

nanoparticles derived from the multi-step route were on average three-fold larger than 

sol-gel derived nanoparticles across all drying procedures, in agreement with the pore 

diameter distribution plots (Figure 4. 13b), wherein multi-step derived nanoparticles 

had a broad distribution of pore diameters.  
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Figure 4. 13: Pore size distribution for (a) sol-gel derived nanoparticles and (b) multi-step derived 

nanoparticles, dried by different routes. The effects of synthesis method and various drying 

routes on (c) average pore diameter and (d) total pore volume.  

 

Figure 4. 13d shows that across the three drying routes, the total pore volume of multi-

step derived nanoparticles were higher than the sol-gel derived nanoparticles. The 

total pore volume is an indicator of the porosity of these nanoparticles, thus suggesting 

the multi-step route produced bioactive glass nanoparticles which were more porous 

[217]. This could be attributed to the larger pores found in the multi-step derived 

nanoparticles, which take up a larger proportion of the total nanoparticle volume. It is 

worth noting that ternary sol-gel glasses have been found to contain pore volumes in 

the region of 0.13 ï 0.25 cm
3
/g, therefore, suggesting that, although both the 

processing condition of the sol and drying procedures have an effect on the total pore 

volume of the nanoparticles, this influence is not profound [150, 182].   
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Figure 4. 14: BJH adsorption and desorption pore diameter distribution with corresponding 

schematics of proposed unit pore geometry of (a) oven dried, (b) freeze dried sol-gel bioactive 

glass and (c) freeze dried multi-step bioactive glass. 

 

Analysis of the hysteresis loops pointed towards the existence of different pore shapes 

within the nanoparticles. To further ascertain these findings, comparisons of BJH pore 

size distribution between the adsorption and desorption branch was carried out to 

determine the geometric structure of the pores. Figure 4. 14a and b show the 

comparison between the adsorption and desorption pore size distribution for oven 

dried (BG65OD) and freeze dried (BG65FD) sol-gel bioactive glass nanoparticles 

respectively. Differences are apparent between both branches. The adsorption branch 

of BG65OD showed a broader distribution, with the modal pore diameter at 2.6 nm, 

while the desorption branch showed a narrow distribution, with a modal pore diameter 

of 3.7 nm. Pore size distribution from the adsorption branch corresponds to the cavity 

size of the pore, whereas the desorption branch corresponds to the throat size of the 

pore, due to the difference in N2 volumes during filling and emptying of pores at given 

P/P0, as previously described [125, 171]. Therefore, these results indicated that the 

mesopores have a varied cavity size, with a more consistent throat size. This also 

confirms that the unit shape structure of these mesopores is a non-perfect cylinder, 
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with a narrow neck and wide body, taking the shape of an óink bottleô, as proposed in 

the schematic [134, 171].   

 

Separately, the pore diameter distribution of BG65FD from the adsorption branch was 

broader, with modal pore sizes less than 1.8 nm, while the desorption branch showed a 

similar narrow size distribution of 3.7 nm. Based on hysteresis analysis and the 

difference between the adsorption and desorption modal pore sizes, the micropores 

within BG65FD nanoparticles are interpreted to be a mixture of open-ended tapered 

and wedge-shaped, formed by the spaces between plates of agglomerated tertiary 

particles [169, 191]. As for all bioactive glass nanoparticles synthesised from the 

multi-step route, in each case, both the adsorption and desorption branches showed a 

wide distribution of pore sizes. Figure 4. 14c depicts the pore size distribution of 

nBG65FD. Considering the modal diameter of the throat was less than half the modal 

cavity diameter (
 

  
πȢυ), the geometry of these mesopores was suggested to be 

approximately cylindrical [134, 169, 218]. 

 

One explanation for the occurrence of slit- or wedge-shaped pores found within 

BG65FD nanoparticles is due to the rearrangement of the 3D gel network consisting 

of water and the many units of the SiO4 tetrahedron linked by oxygen atoms during 

freezing. In the gelled state, the secondary particles are entangled in a matrix which 

consists of water and ethanol [135]. When the gel monolith begins to freeze, the 

interface between the base of the gel monolith and the cooling plate begins to freeze 

first, forming ice crystals within the 3D gel network. As freezing progresses upwards, 

ice crystal formation would grow along the progressing cold front upwards, forming 

elongated rod like ice crystals, expelling the polymer phase to the edges [216]. Upon 

sublimation, these ice crystals which have acted as templates are removed, leaving a 

pore architecture consisting of elongated channels or parallel plates of material.  
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Figure 4. 15: Schematic representation of the ice crystal formation and subsequent templating 

(wedge-like shape) of nanoparticle pore shape via the sublimation of ice.  

 

This model of unidirectional freezing is widely replicated for tailored hydrogel 

scaffold manufacture at the macroscale level [19, 66, 67]. However, in this instance, 

the same model is applied to the nanoscale level, to explain the occurrence of these 

slit- or wedge-shaped pores within the nanoparticles (Figure 4. 15). The application of 

this model is based on the fact that, in a gelled state, the sol-gel derived nanoparticles 

themselves contain water which are held together by linked SiO4 tetrahedron chains 

[140]. Hence, the directionality of ice crystal formation will in effect realign these 

chains when freezing, hence, forming the slit- or wedge-shaped pores within the 

nanoparticles. 
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Figure 4. 16: TEM micrographs of sol-gel derived bioactive glass nanoparticles from (a) oven 

drying, (b) vacuum drying, (c) and (d) freeze drying. 

 

Figure 4. 16 shows TEM micrographs of sol-gel derived bioactive glass nanoparticles 

dried via Route A, B and C. The nanoparticles produced by Route A and Route B 

(Figure 4. 16a and b) were heterogeneous in size and shape, with some interstitial 

spaces between the tertiary particles. The nanoparticles derived from Route C showed 

a rough surface texture, with an ordered mesoporous structure seemingly aligned to a 

single axis. Measurements revealed elongated rod-like particles of 10 ï 30 nm in 

diameter with a mean length-to-width aspect ratio of 2.3. Conversely, TEM 

examination of the nanoparticles synthesised by the multi-step route (Figure 4. 17) 

revealed spherical shaped nanoparticles with a diameter mainly ranging from 30 ï 90 

nm. All multi-step derived nanoparticles revealed rather spherical mesopores of 

various sizes. No significant distinction could be made of the three drying routes on 

nanoparticle morphology. 
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Figure 4. 17: TEM mic rographs of multi-step derived bioactive glass nanoparticles from (a) oven 

drying, (b) vacuum drying and (c) freeze drying. 

 

From TEM observation, some form of order is evident in the morphology of the 

nanoparticles. Primarily, the shape of the nanoparticles from this study was highly 

influenced by the synthesis method (sol-gel or multi-step), rather than affected by the 

drying process. However, nanoparticles prepared via freeze drying (Figure 4. 16c) 

showed a difference in nanoparticle surface texture and alignment in the agglomerated 

tertiary particles. Furthermore, cylindrical mesopores observed within the multi-step 

derived bioactive glasses are in agreement with reports that pore shape and size 

homogeneity within nanoparticles existed, based on isotherm and hysteresis loop 

analysis from gas sorption test [8, 134, 150]. TEM examination from this study further 

confirmed these findings.   

 

By using glasses of a similar composition (65% SiO2 ï 30% CaO ï 5% P2O5; wt. %), 

this study provides an insight into the effects of sol-gel (acidic) and multi-step (basic) 

synthesis on the final morphology of bioactive glass nanoparticles. Moreover, this 
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comparison also clearly showed that the drying procedure of bioactive glasses prior to 

heat treatment has a profound effect on nanoparticle specific surface area, pore shape, 

size and volume. Through the concomitant use of N2 sorption and TEM techniques, a 

more conclusive result on the effects of synthesis methods on nanoparticle 

morphology can be drawn.   

 

4.5 Bioactive glasses of different sintering regimes 

4.5.1 Morphology 

 

Figure 4. 18: Adsorption and desorption isotherms of (a) BG50 nanoparticles and (b) BG65 

nanoparticles, heat treated at different temperatures.  
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Figure 4. 18a and b show the isotherms for bioactive glasses of two compositions 

(BG50 and BG65) heat treated at temperatures of 150 °C, 400 °C, 500 °C and 680 °C. 

Comparing both compositions, all four isotherms of BG50 (Figure 4. 18) fall into the 

category of Type IV with a H1 hysteresis loop [191]. The pores for this category are 

open-ended tubes or cylinders. The long near-horizontal loop which stretches across a 

broad range of relative pressures suggested the nanoparticles contained wide range of 

pore diameters. Figure 4. 18b shows the collection of isotherms for heat treated BG65, 

which all correspond to Type IV isotherms with H4 hysteresis loops. This is 

evidenced by the non-limiting adsorption at high pressures [171, 191]. As previously 

discussed, pore shapes identified with this hysteresis were slit-shape, lamellar pores 

tapered at an end. Upon closer inspection of Figure 4. 18a, it is interesting to note that 

apart from the BG50_680°C sample, the other isotherms display a non-closing 

desorption branch at low pressure. This phenomenon, known as low pressure 

hysteresis, occurs in non-rigid porous structures which have swelled during adsorption 

[191]. The reasons for this occurrence are, the possibility of irreversible N2 uptake 

into pores which are about the same size as the N2 molecule or a chemical reaction 

between N2 and BG50 [191].  

 

Figure 4. 19: Effects of heat treatment temperature on SSA and the difference in SSA between 

BG50 and BG65 nanoparticles. 
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Changes in specific surface area (SSA) of the bioactive glasses with respect to 

temperature is shown in Figure 4. 19, where an increase in temperature from 150 °C to 

500 °C led to an increase in SSA. Since the BET method calculates the SSA based on 

a monolayer coverage of adsorbate on the surface, it is possible that, as temperature 

increases, the voids left by the removal of impurities, and the fusion of calcium into 

the silicate network as network modifiers, is filled by N2 and therefore is considered 

as an increase in SSA. At a heat treatment temperature of 680 °C, the SSA decreases, 

which is in-line with the fusion of the secondary particles [150]. 

 

 

Figure 4. 20: The effects of heat treatment on pore size distribution for (a) BG50 nanoparticles 

and (b) BG65 nanoparticles; (c) average pore diameter and (d) total pore volume of BG50 and 

BG65 nanoparticles.  

 

The effects of temperature on the both BG50 and BG65 glasses are similar, wherein, 

between 150 °C and 680 °C, not much difference in pore distribution is observed, 

apart from BG50_680°C, which shows a shift in pore diameter distribution from peaks 

centred around 30 ï 40 nm to two distinct peaks at 3.7 nm and 11.7 nm, as seen in 

Figure 4. 20a and b. Comparing the effects of heat treatment on the average pore 

diameters and total pore volume of the nanoparticles (Figure 4. 20c and d), a decrease 

in average pore diameter while an increase in total pore volume was observed as heat 
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treatment temperature increased. However, for nanoparticles heat treated at 680 °C, 

total pore volume decreased.  

 

 

Figure 4. 21: TEM micro graphs of BG65 sol-gel derived bioactive glass nanoparticles heat treated 

to (a) 150 °C, (b) 500 °C and (c) 680 °C. 

 

Changes in BG65 nanoparticle morphology was examined using TEM, as shown in 

Figure 4. 21. The heat treated sample of BG65 at low temperature (150 °C) (Figure 4. 

21a) showed needle-like nanoparticles with a rough surface texture. Closer 

examination revealed that the nanoparticles consisted of an agglomeration of smaller 

particles approximately 5 nm in diameter. These particles, termed secondary particles, 

were consistent with the evolution of structural units during the sol-gel synthesis of 

bioactive glass, whereby at low heat treatment temperatures, these secondary particles, 

which maintain their dimensions from early on in the condensation stages, 

agglomerated under drying to form the larger needle-like nanoparticles observed 

[135].  
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Figure 4. 21b and c showed heat treated BG65 nanoparticles at a temperature of 500 

°C and 680 °C respectively. The nanoparticles appeared to have a smoother surface 

texture without defined secondary particles aggregation. A temperature of at least 400 

°C is required to cause viscous flow between the secondary particles, fusing to 

become larger tertiary particles [134, 208]. Therefore, the nanoparticles observed in 

Figure 4. 21b and c represent tertiary particles, which would appear to be slightly 

larger than the nanoparticles heat treated at 150 °C due to the fusion of secondary 

particles. Figure 4. 21c show nanoparticles which appear to be denser, corroborating 

with the N2 sorption results, which suggested a reduction in the interstitial spaces 

between the agglomerated secondary particles which form the pore size and pore 

volume of the tertiary particles due to higher sintering temperatures [135, 181].  

 

The selection of different heat treatment temperature was done based on critical stages 

in the bioactive glass evolution. Briefly, 150 °C was selected as the minimum 

temperature required for N2 sorption sample preparation. Previous studies on the 

effects of sintering on bioactive glass structure and calcium distribution have shown 

that sol-gel derived bioactive glasses must be heat treated to above 400 °C for the 

incorporation of calcium into the silicate network and above 600 °C for the complete 

removal of nitrate but above 800 °C, crystallisation of the glass takes place [7, 135, 

142, 163]. Hence, at 150 °C, it was expected that no changes in the silicate network 

would have occurred at this stage. At 400 °C and 500 °C respectively, calcium would 

have entered the silicate network to form Si ï O ï Ca bonds and nitrates would have 

started to decompose. Thus, for both compositions (BG50 and BG65), as heat 

treatment temperature increased from 150 °C to 500 °C, the total volume of N2 

adsorbed increased (Figure 4. 18). This increase was also matched with an increase of 

total pore volume, which was in agreement with the removal of nitrate and other 

impurities, creating more interstitial voids in-between the network of secondary 

particles [135, 142].  

 

The maximum sintering temperature of the bioactive glasses was limited to 680 °C 

because studies have shown that glasses treated at this temperature, network 

connectivity was the lowest with the highest content of Si ï OH groups, which would 

promote bioactivity, due to the favourable negative surface charge of silinol which 
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induces the adsorption of calcium and phosphate ions, leading to the precipitation of 

apatite [142, 158, 181]. At temperatures of 680 °C, both BG50 and BG65 glasses 

exhibited a decrease in total pore volume, also seen by the isotherms with the lowest 

volume of adsorbed N2. At this temperature, viscous flow of the secondary particles 

occurred, fusing together, reducing the interstitial spaces between the particles [208]. 

These results highlight the effects of heat treatment temperatures on the evolution of 

bioactive glass nanostructure, thus providing further understanding on the control of 

bioactive glass nanoparticle morphology. 

 

4.6 In vitro studies 

To reveal the effects of changes in glass composition on the ionic release of Ca
2+

 ions, 

ISE measurements were carried out on the supernatants containing the respective 

nanoparticles, as shown in Figure 4. 22. Results indicated a burst ionic release within 

the first 2 h of immersion, with BG35 releasing the highest concentration of Ca
2+ 

ions, 

followed by BG50, BG65 and the lowest release was recorded from BG80 

nanoparticles. As the immersion of the nanoparticles proceeded, the cumulative 

amounts of ionic release by each nanoparticle type increased, reaching a maximum 

concentration at day 7. After 7 days, the total concentration of Ca
2+

 ions detected in 

the supernatants decreased. 

 

Comparing the release concentration between each bioactive glass variant, a direct 

relationship could be drawn between the release concentration and glass composition. 

Through the dissolution of the glass network, glasses with a higher content of calcium 

would lead to a larger proportion of Ca
2+

 ions being released. Such results were also 

noted by Martinez et al. [206], in which higher calcium containing binary glasses 

released greater amounts of calcium ions into its surroundings after 24 h. Furthermore, 

it was established that the decrease of calcium concentration in the immersion fluid 

was attributed to the consumption of calcium and phosphate ions through the growth 

of apatite nuclei [206]. Zhong et al. [159] also demonstrated that continued immersion 

in a controlled environment led to the precipitation of calcium and phosphate ions 

which were released from the network, forming an apatite structure, thus causing a 

decrease in the calcium ion concentration from the surrounding fluid.  
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Figure 4. 22: The cumulative release concentration of calcium ions from the different bioactive 

glass nanoparticles over time in deionised water. 

 

The dissolution of glass begins with the exchange of Ca
2+

 ions with H
+
, causing the 

hydrolysis of silicate groups to form silinols (Si ï OH). The Si ï O ï Si bonds of the 

silicate network is then attacked due to the increase in hydroxyl concentration in the 

supernatant, creating more silinol groups on the surface of the glass, while releasing 

soluble Si(OH)4. Continued immersion would then lead to the condensation and 

repolymerisation of the silinol groups on the surface, forming a silica-rich layer low in 

cation species. The released Ca
2+

 and PO4
3-
 groups from the glass are attracted 

towards this silica-rich layer, re-precipitating to form an apatite structure. As the 

results shown in Figure 4. 22 represent the cumulative amounts of Ca
2+

 ion release by 

each nanoparticle type, the decrease in the calcium ion concentration of the 

supernatants was indicative of the precipitation of calcium and phosphate ions, 

resulting in a net decrease in the calcium ionic concentration of the supernatant.  

 

The bioactive response of the nanoparticles, observed through the rate of hydroxy-

carbonate apatite (HCA) formation, was determined using the SBF model [195]. The 

FTIR spectra of the sol-gel derived bioactive glass nanoparticles before and after 

immersion in SBF at various time points are illustrated in Figure 4. 23 Before 

immersion (0 h), a strong band between the region of 1080 ï 1200 cm
-1
 was identified 

as the asymmetric stretching modes of Si ï O ï Si, while the band at 470 cm
-1
 was 
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identified to correspond to the bending mode of Si ï O ï Si [131, 210, 219]. Another 

broad band observed at 890 cm
-1
 corresponded to the Si ï O ï Ca bond, suggesting 

that after heat treatment at 680 °C, the calcium was successfully introduced into the 

glass network as a network modifier, forming non-bridging oxygen bonds [131, 152, 

159, 164]. 
  

 

 

Figure 4. 23: FTIR spectra of BG65 bioactive glass nanoparticles from (a) oven drying and (b) 

freeze drying; nBG65 bioactive glass nanoparticles from (c) oven drying and (d) freeze drying. 

Asterisks (*) highlights the rapid appearance of P ï O bonds within 12 h 

 

After 12 h of immersion in SBF, a weak twin band in the FTIR spectrum of BG65FD 

nanoparticles (Figure 4. 23b) was observed to have formed at the wave number 600 

cm
-1
 and 570 cm

-1
. This twin band is associated with the ᾇ4 antisymmetric bending 

mode of P ï O bonds in the amorphous calcium phosphate [107, 165, 220]. 

Interestingly, this twin band was not observed in the BG65OD nanoparticle spectrum 

at this early time point, demonstrating the rapid formation of HCA of within 12 h from 
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the sol-gel bioactive glass nanoparticles derived from freeze drying. As incubation 

progressed, the twin bands at 600 cm
-1
 and 570 cm

-1
 appeared on the BG65OD 

samples, while they intensified on the BG65FD samples. Other sets of peaks also 

formed, which corroborated with the formation of HCA, and thus indicated the 

bioactivity of the nanoparticles. Peaks formed at 1460 cm
-1
 and 1420 cm

-1
 after 

continued immersion was attributed to the formation of C ï O bonds. These C ï O 

bonds are from the ᾇ3 vibration mode of carbonate ions, which have undergone peak 

splitting [107, 164, 219]. A separate C ï O bond was identified at the wave number 

780 cm
-1
, which corresponded to the ᾇ2 vibrational mode of this bond [211, 219].  

 

Table 4. 6: Detected infrared band positions for HCA over time. 

Peak assignment 

(cm
-1
) 

BG65OD BG65FD nBG65OD nBG65FD 

 12 h 24 h 12 h 24 h 12 h 24 h 12 h 24 h 

Carbonate ᾇ3 - - - 1460 - 1460 - 1460 

Carbonate ᾇ3 - - - 1420 - 1420 - 1420 

Carbonate ᾇ2 - 780 780 780 780 780 780 780 

Phosphate ᾇ4 - - - 660 - 660 - 660 

Phosphate ᾇ4 - - - 640 - 640 - 640 

Phosphate ᾇ4 - 600 600 600 - 600 - 600 

Phosphate ᾇ4 - 570 570 570 - 570 - 570 

Phosphate ᾇ2 - 470 470 470 - 470 - 470 

 

 

The FTIR spectra of the nBG nanoparticles before and after immersion in SBF are 

shown in Figure 4. 23c and d. Prior to immersion (0 days), a strong band in the region 

of 1080 ï 1200 cm
-1
 and at 890 cm

-1
 was observed, which corresponded to the 

asymmetric stretching modes of Si ï O ï Si, whilst the band at 470 cm
-1
 corresponded 

to the bending mode of this group [134, 210, 219]. A Si ï O ï Ca bond was observed 

at 960 cm
-1
 [134, 152, 159], suggesting that after thermal treatment at 680 °C, the 

calcium was introduced into the glass network as a network modifier, forming non-

bridging oxygen bonds [135].  

 

After 24 h immersion in SBF, a twin band was observed around the wave number 600 

cm
-1
 and 570 cm

-1
 for both nBGOD and nBGFD samples, which corresponded to the 

ᾇ4 antisymmetric bending mode of P ï O bonds in the amorphous calcium phosphate 
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[107, 220]. Another set of peaks formed at 1460 cm
-1
 and 1420 cm

-1
 after immersion 

was attributed to the formation of C ï O bonds. These C ï O bonds are from the ᾇ3 

vibration mode of carbonate ions, which have undergone peak splitting [136, 219]. 

The presence of P ï O and C ï O bonds suggests the formation of HCA and indicates 

the bioactivity of the nanoparticles [134, 219, 221]. 

 

The formation of HCA was further verified by EDX analysis. Figure 4. 24 shows the 

EDX curves of the bioactive glass nanoparticles before and after immersion in SBF at 

the 96 h time point. Initially, the curve showed a composition containing higher levels 

of the element silicon, followed by calcium and then phosphorous, which was in 

agreement with the composition of the glass. After immersion (Figure 4. 24b), all 

nanoparticles showed an increase in the elemental contents of calcium and 

phosphorous and a decrease in the silicon element. The results confirmed the 

formation of a calcium phosphate-rich phase on the surfaces of these nanoparticles 

[165, 221].  

 

 

Figure 4. 24: EDX spectra of BG65FD nanoparticles (a) before immersion and (b) after 96 h 

immersion in SBF.  

 

SEM micrographs presented in Figure 4. 25 show the progression of HCA crystallites 

growth on the surfaces of the bioactive glass nanoparticles. After 96 h of immersion in 

SBF (Figure 4. 25a), small cauliflower-like crystals were observed to have formed on 

the surfaces of the agglomerated bioactive glass nanoparticles. At 7 days (Figure 4. 

25b), these cauliflower-like structures had increased in size, forming additional HCA 

crystallite branches from further nucleation of calcium phosphate.  



 

130 

 

 

Figure 4. 25: The formation of HCA crystallites (marked by red arrows) on the bioactive glass 

nanoparticles after (a) 96 h immersion and (b) 7 days immersion in SBF. 

 

The bioactive response of bioactive glass nanoparticles can be enhanced through a 

combination of composition and nanoparticle morphology [7, 15, 181]. In this study, 

glasses of the similar composition were studied, therefore, the improvements in the 

bioactive response can be correlated solely to changes in nanoparticle morphology. 

The specific surface area (SSA) and pore volume of BG65OD was found to be higher 

than BG65FD, which would suggest that BG65OD nanoparticles would have a greater 

glass-solution interface, accelerating its bioactive response [136]. Yet, BG65FD 

nanoparticles were found to have a faster HCA formation rate than BG65OD 

nanoparticles, as was summarised in Table 4. 6, which highlighted the detection of 

carbonate and phosphate bands after 12 h immersion for BG65FD nanoparticles.  

 

One explanation for this could be due to the difference in pore shape and size of these 

nanoparticles. The larger pore sizes found within BG65FD nanoparticles, combined 

with the slit-like shaped pores could have improved the penetration of SBF, 

accelerating the ionic exchange process between the glass and the solution, leading to 

HCA formation on the surface and also within the nanoparticle [15, 182, 206]. 

Furthermore, the óbottleneckô-like shaped pores, with small pore openings found 

within BG65OD would have hindered fluid flow, leading to poor ion transport. 

Whereas, the slit-like shaped pores of BG65FD would have created channels, 

allowing efficient ion transport and diffusion, thus contributing to rapid ionic 

exchange between the glass-solution interfaces [15, 66, 222]. The drying method did 

not affect the nanoparticle morphology of nBG65 glasses, with both nBG65OD and 

nBG65FD containing cylindrical pores. Hence, it was observed that the rate of CHA 
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formation was similar, in which carbonate and phosphate bands were only observed 

after 24 h immersion for both samples (Table 4. 6).  

 

These results confirm the bioactive nature of the bioactive glass nanoparticles 

synthesised by the sol-gel route and the multi-step route, and successfully show an 

improvement in the HCA formation rate through changes in the nanostructure of these 

nanoparticles due to freeze drying. It is clear that the bioactive response of bioactive 

glasses is determined not only by their composition and SSA, but also by their pore 

shape and size.  

 

4.7 Summary 

Four compositions of ternary sol-gel derived glasses, namely BG35, BG50, BG65 and 

BG80 were synthesised. EDX results confirmed the different concentration of Si and 

Ca within each glass type, while XRF showed that the components of SiO2 and P2O5 

were close to the nominal values while CaO was on average 7 wt. % lower across all 

compositions than the nominal values. This was due to the leaching of Ca
2+

 ions 

during the aging and dry stages into the pore liquor. FTIR analysis further confirmed 

changes in the functional groups within the glasses through the merging of peaks 

around 1040 cm
-1
 to 1200 cm

-1 
and the absence of the Si ï O ï Ca bond in high silica 

content glass (BG80).  

 

Nanoparticles containing higher amounts of calcium (BG35 and BG50) were found to 

contain crystalline phases, which were identified to be wollastonite and 

hydroxyapatite. An incipient amount of the SiO2 crystalline phase of cristobalite was 

determined in the high silica content BG80 glass. The use of N2 sorption and TEM 

analysis showed that both BG35 and BG50 nanoparticles contained dual-modal pore 

diameter morphology, with two distinct pore diameter regions of < 2 nm and 15 ï 35 

nm. The isotherms of these two glass types were classified as Type IV with a H1 

hysteresis loop. This was correlated to be open-ended cylindrical pores, which was 

observed under TEM to be of a spherical shape, due to the two-dimensional projection 

of the images. The isotherms of BG80 were defined as Type IV with a narrow H2 
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hysteresis loop, which suggested the nanoparticles contained poorly connected, not 

well defined cylindrical micropores. 

 

The direct comparison between sol-gel (acid) derived and multi-step (alkali) derived 

bioactive glass of similar composition (BG65 and nBG65 respectively) revealed that 

the polymerisation stages during synthesis play an important role in the final 

nanoparticle shape and nanostructure. Sol-gel derived nanoparticles were 

heterogeneous in shape, while multi-step derived nanoparticles were spherical with 

diameters ranging from 30 ï 90 nm. The difference in nanoparticle shape was due to 

the difference in polymer growth during the hydrolysis and condensation of the sol. 

The progression of polymer growth under acidic conditions are of a linear form, while 

under basic conditions, the growth becomes highly branched and clustered.   

 

Oven, vacuum and freeze drying were employed to process these nanoparticles with 

results suggesting that different drying methods can alter the final nanoparticle 

morphology. This was especially evident in sol-gel derived bioactive glass 

nanoparticles, whereby isotherm analysis showed that the nanoparticle morphology of 

freeze dried nanoparticles (BG65FD) was profoundly different that those of oven 

(BG65OD) and vacuum dried (BG65VC) nanoparticles (Type IV, H3/H4 and Type 

IV, H2 respectively). This suggested BG65FD contained pores formed from the 

aggregate of plate-like particles while both oven and vacuum dried nanoparticles 

contained less defined cylindrical-óink bottleô-like shaped mesopores. Additionally, 

the unit pore geometry within individual nanoparticles was determined by comparing 

the BJH adsorption and desorption branches. The results indicated that the mesopores 

of BG65OD had a consistent throat size, with differently sized óbodiesô, akin to bottles 

of different sizes but with similar necks. BG65FD revealed slit- or wedge-like shaped 

mesopores. Changes in mesopore shape were attributed to the ice-crystal formation 

process, during which pore shape was tailored from the direction of the cold front. The 

SSA of BG65FD were also found to be half that of BG65OD.  

 

A decrease in pore size and pore volume was observed with the increase in maximum 

sintering temperature, attributed to the densification of the network from the fusion of 

secondary particles. However the viscous flow and fusion of these smaller secondary 
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particles (5 ï 8 nm) into tertiary particles did not affect the final mesopore shape of 

the nanoparticles.   

 

Through in vitro bioactivity testing, the differences in nanostructure from the effects 

of freeze drying improved the reactivity of BG65FD to SBF. The formation of 

hydroxy-carbonate apatite (HCA) was noticed after 12 h immersion, while HCA 

formation on BG65OD occurred only after 24 h. The collective difference in average 

pore size of BG65FD (4 nm) to BG65OD (3.1 nm) and pore shape (slit-like shaped 

pores of BG65FD) was found to improve the penetration and fluid flow of SBF within 

BG65FD nanoparticles. This led to increased glass-solution contact, promoting faster 

ionic exchange between Ca
2+

 and H
+
 in SBF, thus rapidly initiating the bioactivity 

mechanism. Since the drying stage did not influence the nanoparticle morphology of 

nBG65 nanoparticles, HCA growth was only detected after 24 h for both oven and 

freeze dried nBG65 nanoparticles. This confirmed the effects of changes in 

nanoparticle morphology, and specifically pore shape and size on the bioactive 

response of nanoparticles.  

 

These findings suggest that changes in glass composition and heat treatment regimes 

affected the crystal structure and morphology of the nanoparticles. Furthermore, the 

pore shape was found to replicate ice crystal formation, which was evident in BG65 

nanoparticles. Therefore, although it was possible to alter the pore shape through 

freeze drying, the effects of composition also played a vital role in the control of 

nanoparticle shape. The influence of heat treatment was also significant with changes 

seen on pore size and volume; however, the shapes of the pores remained unchanged.   
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Chapter 5  

Mesoporous bioactive glass nanoparticles as 
ionic cross-linker nanocarriers for composite 
scaffold synthesis 

 

5.1 Introduction 

Alginate hydrogels are widely used in tissue engineering research due to its low cost 

and biocompatible nature [46, 86]. Typically, ionic cross-linkers, such as calcium 

chloride or calcium sulphate are used for the synthesis of hydrogels [47]. However, 

the gelation kinetics is difficult to control due to the rapid gelation induced by these 

cross-linkers, resulting in poor structural uniformity and a varying degree of cross-

linking within the hydrogel [82]. Controllability is essential for the development of 

scaffolds for tissue engineering because, a controlled gelation rate will allow for 

structural homogeneity. This is crucial to ensure uniform pore sizes, porosity and 

interconnectivity as well as improved mechanical properties of the scaffold. 

Furthermore, the consistency and reproducibility of uniform scaffolds would warrant a 

successful application in bone tissue engineering, which requires nutrient uptake and 

transport, structural integrity and mechanical predictability.  

 

In the literature survey, the affinity of different divalent ions towards alginate, and its 

effects on final hydrogel properties was discussed [90, 96]. Furthermore, the 

therapeutic properties of divalent ions such as strontium and copper ions were 

reviewed. Briefly, strontium was highlighted for its ability to stimulate bone 

formation, while copper is known for its antimicrobial properties [102, 109].  

 

In this chapter, mesoporous bioactive glass nanoparticles have been employed as ionic 

cross-linker nanocarriers to deliver divalent ions required to cross-link alginate for the 

synthesis of alginate-bioactive glass composite scaffolds. This study was stimulated 

by the notion of using bioactive glass nanoparticles as a source of Ca
2+

 ions for the 

ionic cross-linking of alginate. In Chapter 4, it was discussed that the diffusion of 

calcium into the glass network required a sintering temperature of at least 400 °C. 
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Thus, the first objective was to study the effects of the different sintering temperatures 

of the bioactive glass nanoparticles on the gelation characteristics of alginate 

solutions. 

 

Since the synthesis of consistent and reproducible homogenous scaffolds is vital, the 

overall aim of this chapter was to devise a strategy in which the gelation kinetics of 

alginate could be controlled. Derived mesoporous bioactive glass nanoparticles of 

various compositions (BG35, BG50, BG65 and nBG65) demonstrated different 

nanoparticle morphology. For instance, BG35 and BG50 contained a dual-pore size 

morphology, while BG65 and nBG65 recorded the highest specific surface area (SSA) 

and largest pore diameter respectively.  

 

Therefore, one aim was to study the effects of nanoparticle morphology on its ability 

to uptake divalent ions for its role as nanocarriers to cross-link alginate. Additionally, 

the divalent ions of strontium and copper, with calcium as the control, were studied 

with respect to their effects on gelation kinetics. It was hypothesised that three 

individual variables would affect the gelation kinetics of alginate: I) heat treatment of 

bioactive glass nanoparticles, II) nanocarrier morphology, III) type of cross-linker ion. 

These were investigated in this chapter.   

 

5.2 Composite material fabrication 

The feasibility of employing bioactive glass nanoparticles produced through the sol-

gel route (BG35, BG50, BG65) and the multi-step route (nBG65) discussed in Chapter 

4, as nanocarriers for the ionic cross-linking of alginate was investigated by using 2 ï 

6 (wt. %) alginate solutions. 0.05 ï 1 M concentration of strontium chloride (SrCl2), 

copper chloride (CuCl2) and calcium chloride (CaCl2) ionic cross-linking solutions 

were prepared and their physical properties (density, surface tension and viscosity) 

measured, according to the protocols described in Section 3.8. The bioactive glass 

nanoparticles used as nanocarriers were loaded through impregnation with ionic cross-

linking solutions of SrCl2, CuCl2 and CaCl2, using a nanocarrier to solution ratio of 10 

mg/mL [223]. For a typical experiment, 0.5 g BGX (X = Sr, Cu, Ca) was mixed with 

50 mL of the ionic solution (XCl2). The mixture was then vortexed for 2 min before 
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filtration. The filtered solids were then dried and ground to a fine powder. The 

impregnation efficiency (uptake concentration) of the nanocarriers was determined 

using energy-dispersive X-ray (EDX). The different impregnated nanocarriers, 

containing the respective ions (Sr
2+

, Cu
2+

, Ca
2+

) is summarised in Table 5. 1. 

 

Table 5. 1: Nanocarrier designation, corresponding to the properties of the different bioactive 

glass nanoparticles, produced via impregnation with different cross-linking solutions. 

Nanocarrier Properties Loading concentration (M)  

BGSr BG65 impregnated with SrCl2 0.05 ï 1 

BGCu BG65 impregnated with CuCl2 0.3 ï 1 

BGCa BG65 impregnated with CaCl2 0.1 ï 1 

BG0.5Sr BG65 impregnated with SrCl2 0.5 

BG0.5Cu BG65 impregnated with  CuCl2 0.5 

BG0.5Ca BG65 impregnated with CaCl2 0.5 

BG35CL-Ca BG35 impregnated with CaCl2 0.1 ï 1 

BG50CL-Ca BG50 impregnated with CaCl2 0.1 ï 1 

nBG65CL-Ca nBG65 impregnated with CaCl2 0.1 ï 1 

 

 

Composite hydrogels were ionically cross-linked using the variously loaded 

nanocarriers, compiled in Table 5. 1. The typical preparation for a cylindrical scaffold 

is described as follows. In a clear vial with a diameter of 15 mm, BGX (X = Sr, Cu, 

Ca) was weighed and suspended in 1 mL deionised water using a sonicator (Branson 

250) for 20 s. 1 mL of the alginate solution was then pipetted into the vial, and the 

mixture vigorously stirred until homogenous. Gelation time was determined when the 

mixture no longer flowed when the vial was tilted at 45º [47]. The gelation of the 

alginate was carried out under ambient conditions and the averages and standard 

deviations (SD) of triplets were reported. Table 5. 2 summarises the different scaffold 

compositions studied. 
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Table 5. 2: Weights used for the synthesis of composite scaffolds with different glass nanocarrier 

(G) to alginate solution (A) ratios. 

G/A 

ratio 

 

Weight concentration 

of BGX  

(wt. %) 

Weight concentration of 

alginate solution  

(wt. %) 

Total volume of 

composite slurry 

(mL) 

40:60 4 6  2 

60:40 6 4 2 

80:20 8 2 2 

 

 

5.3 Interaction between alginate and differently sintered 

bioactive glasses  

The influence of BG35, BG50, BG65 and nBG65 bioactive glass nanoparticles 

processed by different heat treatment regimes on the gelation kinetics of alginate was 

investigated. Two interdependent variables were studied: I) the effects of bioactive 

glass composition and nanoparticle morphology and II) the effects of maximum 

sintering temperature of the bioactive glasses.   

 

Figure 5. 1 shows the gelation time of alginate solutions by different bioactive glass 

nanoparticles sintered at 150 °C, 400 °C and 500 °C. No specific trends were observed 

in the gelation rate of alginate, with complete gelation occurring within 5 min across 

all bioactive glasses sintered between 150 °C and 400 °C. Glasses sintered at 500 °C 

showed some differences, with nBG65 nanoparticles requiring the longest time to 

cross-link the alginate solution.  

 

Initially, it was expected that the time taken to complete gelation would have 

decreased as the calcium content of the bioactive glasses increased, from BG35 to 

BG65. However, results indicated that the composition of the glass was not solely a 

determining factor in the gelation rate of alginate. One explanation for this was 

attributed to a balance between specific surface area (SSA) and calcium content. 

Nanoparticles with a higher SSA would increase the glass-alginate interfacial contact 

and consequently, higher amounts of Ca
2+

 ions would come into contact with the 

alginate, thus leading to rapid cross-linking [15, 135]. BG35 was found to have the 
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highest calcium content with the lowest SSA while BG65 had the lowest calcium 

content but the highest SSA (Table 5. 3). Hence, the net effect of SSA and 

composition on the cross-linking rate of alginate meant that both BG35 and BG65 

(sintered at 500 °C) cross-linked the alginate within the shortest time. 

 

 

Figure 5. 1: Gelation time of alginate across 3 sintering temperatures for BG35, BG50, BG65 and 

nBG65 respectively. Data represents the mean ± SD, n = 3. 

 

Interestingly, Figure 5. 1 showed that the gelation rate of alginate by BG65 and 

nBG65 was different, even though both were of similar composition. Since nBG65 

had a lower SSA than BG65 (Table 5. 3), it would suggest that nanoparticle SSA was 

a contributing factor to the gelation rate of alginate. Furthermore, another reason could 

be attributed to the stability of nBG65. Results from Chapter 4 had pointed towards a 

tightly packed, highly branched silicate polymer network. Therefore, this could 

explain the differences in gelation time of alginate between BG65 and nBG65, owing 

to the stability of the silicate network, which in turn controls the release of Ca
2+

 ions 

through dissolution [136, 214].  
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The effects of BG65 nanoparticles sintered at temperatures between the ranges of 50 ï 

680 ºC on alginate gelation time is shown in Figure 5. 2. The corresponding Ca
2+

 ionic 

concentration, released from the bioactive glass nanoparticles sintered within that 

temperature range was also measured. The results indicated that an increase in 

sintering temperature led to a decrease in Ca
2+

 ionic concentration, while a sharp rise 

in gelation time (from 5 min to 5 h) was recorded between the temperatures of 500 ï

560 ºC, with alginate being partially gelled after extended periods (> 5 h) of exposure 

to the bioactive glass nanoparticles.  

 

 

Figure 5. 2: The gelation rate of alginate solution and corresponding calcium ion concentration 

measured of BG65 nanoparticles sintered at various temperatures. Data represents the mean ± 

SD, n Ó 3. 

 

Table 5. 3: The SSA, pore width and pore volume of the various nanoparticle carriers synthesised. 

Sample BG35 BG50 BG65 nBG65 

SSA (m²/g) 17.9 33.2 115.7 73.0 

Pore diameter (nm) 8.3 6.4 4.0 11.3 

Pore volume (cm
3
/g) 0.04 0.04 0.09 0.19 
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The diffusion of calcium into the silicate network of sol-gel bioactive glasses occurs at 

temperatures above 400 °C while a temperature above 560 ºC is required for the 

decomposition of nitrate [135, 163]. Prior to diffusion, the loose Ca
2+

 ions are 

deposited on the surface of the silicate network, and hence easily soluble when 

introduced in water. The rapid gelation (< 5 min) of alginate for temperatures below 

500 ºC can be attributed to a large proportion of pre-diffused calcium in BG65, while 

the rapid loss in cross-linking ability above 560 ºC is likely due to the decomposition 

of nitrate, resulting in the complete diffusion of calcium into the glass network [7, 

135]. The significant decrease of Ca
2+

 ions from 700 ppm to less than 100 ppm 

between the temperatures of 150 ºC and 500 ºC, shown in Figure 5. 2, confirms the 

mechanism of Ca
2+

 ion diffusion into the silicate network.  

 

 

Figure 5. 3: pH levels of the supernatant containing BG65 nanoparticles sintered at various 

temperatures in deionised water sampled after 1 h incubation. Data represents the mean ± SD, n 

= 3. 

 

Figure 5. 3 shows that pH levels of the supernatant (containing BG65 nanoparticles in 

deionised water) remained relatively acidic (å pH 4) for nanoparticles sintered at 

temperatures below 400 °C, with an increase in pH from acidic to alkali observed 

between 400 °C and 500 °C. This results would suggest changes in the silicate 

network with diffusion of calcium firstly occurring followed by the decomposition of 
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nitrate, since the lost of nitrate ions (NO3
-
) causes the number of free H

+
 ions to 

decrease [135, 163].   

 

Studies have demonstrated that a controlled release of Ca
2+

 ions led to improved 

hydrogel structure integrity and uniformity, which were found to improve the 

mechanical properties of the overall alginate hydrogel [47]. The increase in gelation 

time between 500 ºC and 560 ºC (Figure 5. 2) initially pointed towards the possibility 

of tailoring gelation rates through temperature control. Therefore, the sintering 

temperature of the nanoparticles was increased step-wise, at 10 ºC increments, to 

systematically record the gelation responses of alginate. However, the results 

indicated that gelation kinetics was uncontrolled beyond the sintering temperature of 

500 °C.  

 

Nevertheless, the concept of using bioactive glass nanoparticles for ionic cross-linking 

was further developed through its application as a nanocarrier for the delivery of 

cross-linking ions. Instead of relying on the leaching of Ca
2+

 ions which were loosely 

bound to the glass network as the source for cross-linking alginate, sintered bioactive 

glass nanoparticles to the optimised temperature of 680 ºC [142], were impregnated 

with cross-linking ions. The feasibility of using this novel method for the gelation of 

alginate was subsequently studied.  

 

5.4 Nanocarrier impregnation  

5.4.1 Loading analysis 

Mesoporous bioactive glass nanoparticles (BG35, BG50, BG65 and nBG65), termed 

nanocarriers were impregnated with cross-linking ions of Sr
2+

, Cu
2+

 and Ca
2+

. Two 

parameters were studied, which were hypothesised to affect impregnation: I) cross-

linker ion type and II) morphology of the nanocarriers.   
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Figure 5. 4: EDX spectra of (a) unloaded nanocarrier, (b) the presence of copper and chloride 

elements after impregnation with 0.5 M of CuCl2 solution and (c) the corresponding EDX 

measured elemental concentration of the impregnated cross-linking ions of strontium (Sr), copper 

(Cu) and calcium (Ca) at various initial cross-linker solution loading concentration. Data 

represents the mean ± SD, n = 5. 

 

The loading of the nanocarriers with the specific cross-linker solutions of SrCl2, CuCl2 

and CaCl2 was measured by EDX and shown in Figure 5. 4. A comparison of spectra 

between the nanocarrier (BG65 nanoparticles) before and after impregnation with 

CuCl2 solution (Figure 5. 4a and b), demonstrated that the elemental peaks of Si, Ca 

and P, corresponding to the nanocarrier composition, was present in both spectra, with 

the additional presence of the loaded ions Cu and Cl peaks, respectively after 

impregnation. Quantitative EDX analysis of the loaded nanocarriers in Figure 5. 4c 

revealed an increase in the elemental concentration of Sr, Cu and Ca, respectively, 

with an increase in the loading concentration of the cross-linker solution. This was 



 

143 

 

expected as final loading capacity of a carrier is dependent on loading concentration, 

since a higher concentration would permit more ions to come into contact with the 

surfaces of the carrier for a given area [15, 173]. Interestingly, the amount of Cu 

adsorbed was significantly higher. For instance, at similar impregnation 

concentrations of 0.5 M, the impregnated element of Cu was recorded to be 8 times 

higher than both Sr and Ca.  

 

 

Figure 5. 5: Loading efficiency of BG35, BG50, BG65 and nBG65 nanoparticle carriers measured 

by EDX, through the initial loading of 0.1 M cross-linker solutions a) SrCl2, b) CuCl2 and c) 

CaCl2. EDX measurements of Ca loaded nanocarriers have been normalised against respective 

unloaded nanocarrier Ca elemental concentrations. Data represents the mean ± SD, n = 5. 

 

The effects of nanocarrier textural features on ionic loading capabilities were 

examined through a standard impregnation concentration of 0.1 M of the ionic cross-

linking solution. Figure 5. 5 shows the loading efficiency of Sr
2+

, Cu
2+

 and Ca
2+

 ions 

onto the four nanocarrier types (BG35, BG50, BG65 and nBG65 respectively) 

analysed using EDX. Results showed that BG65 nanocarriers were incorporated with 
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the highest concentration of cross-linking ions, while the impregnation efficiency of 

nBG65 nanocarriers was the lowest.  

 

The mechanisms of loading dictate that without specific tailoring of the carrier to the 

intended load, such as through functionalisation of the surfaces to improve the 

interactions between the carrier and the host molecule, generally, the loading capacity 

of the nanocarrier is dependent on SSA and pore volume [15, 173]. Studies on the 

impregnation efficiency of mesoporous nanocarriers suggests that higher SSA and 

pore volumes would increase the contact surface between the porous matrix and the 

intended load molecule, thus allowing large quantities of the intended load to be 

incorporated into the carrier by adsorption onto the pore walls, increasing the loading 

amount [14, 168, 176, 223]. BG65 nanocarriers were found to have the highest SSA 

(Table 5. 3), which would explain its ability to uptake the largest quantity of ions as 

seen in Figure 5. 5.  

 

In order to understand the reason behind the differences in impregnation efficiency 

between the different ions and the nanocarrier, fundamental physical properties of the 

cross-linking solutions were examined. Table 5. 4 summarises the density, dynamic 

viscosity and surface tension of SrCl2, CuCl2 and CaCl2 at various concentrations. 

Similar trends were observed across all cross-linker types, whereby, increases in 

solution concentration led to an overall increase in density, dynamic viscosity and 

surface tension. An increase in ionic concentration meant that more solutes were 

dissolved per volume, hence an increase in cross-linker concentration led to a 

proportional increase in density of the fluid [198].  

 

Dynamic viscosity, which is the measure of resistance of the cross-linker solutions to 

shear force, is a function of density and the velocity of the fluid flow through a 

restricted cross-section [198]. Since an increase in concentration led to an increase in 

density as well as an increase in the time taken for the fluid to flow through the 

restricted cross-section of the viscometer, dynamic viscosity was found to increase. 

Surface tension was measured through the capillary rise method and is a function of 

density of the fluid and the change in height of the fluid within a capillary tube [197]. 

Similarly, increases in cross-linker concentration led to an increase in overall surface 
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tension of the fluid. Therefore, the behaviour of the different cross-linker solutions 

observed through changes in dynamic viscosity and surface tension with changes in 

concentration were comparable, and thus would not have attributed to the differences 

in loading efficiency.   

 

Table 5. 4: Density, dynamic viscosity and surface tension of cross-linker solutions. Data 

represents the mean ± SD, n = 3. 

Cross-linker 

concentration 

(M)  

Density 

(kgm
-3
) 

Dynamic viscosity 

(Pa.s) ×10
-3 

Surface tension 

(Nm
-1
) ×10

-3
 

SrCl2 CuCl2 CaCl2 SrCl2 CuCl2 CaCl2 SrCl2 CuCl2 CaCl2 

0.1 1025 1011 1009 
1.0 

± 0.0 

1.0 

± 0.0 

1.0 

± 0.1 

76.9 

± 4.7 

85.3 

± 2.7 

70.9 

± 1.5 

0.5 1131 1065 1053 
1.2 

± 0.0 

1.2 

± 0.1 

1.1 

± 0.2 

79.5 

± 2.4 

89.9 

± 2.9 

88.8 

± 3.0 

1.0 1265 1132 1109 
1.5 

± 0.1 

1.4 

± 0.1 

1.3 

± 0.2 

83.0 

± 5.1 

95.5 

± 3.0 

109 

± 3.0 

 

 

Table 5. 5: Elements of the cross-linkers, its corresponding symbol, ionic charge and radius [224]. 

Element name Symbol Ionic charge Ionic radius (nm) 

Strontium Sr 2+ 0. 118 

Copper Cu 2+ 0.73 

Calcium Ca 2+ 0.1 

Chlorine Cl 1- 0.167 

 

 

The ionic radii of the cross-linker ions was also considered to establish if any 

influence on loading efficiency was due to ionic movement and diffusion within and 

out of the nanoparticle micropores. Table 5. 5 shows the ions used in the cross-linker 

solutions and its corresponding ionic radius. The values indicated that copper had the 

smallest ionic radii among the three ions used for cross-linking. The average pore size 

of the nanocarrier (BG65) was found to be 4 nm in diameter. However, isotherm 

analysis showed that BG65 also contained micropores (< 1.7 nm in diameter). 

Although all the ions used had diameters smaller than these pores, the mobility of ions 
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is influenced by its size, and thus this suggested that copper ions were essentially 

more mobile [197]. Furthermore, copper is a transitional element, thus having an 

incomplete d-orbital, and is known to form ligands when exposed to water through 

hyberdisation in which, dative bonds from the water molecule fill in the incomplete d-

orbital.  

 

Up to a maximum of 6 water molecules can form dative bonds with a single copper 

ion, thus forming a large ligand structure [225]. Pore diameters have been found to 

influence the adsorption of molecules, whereby the pores act as size-selective barriers, 

allowing molecules of a certain size to be hosted [168, 173, 223]. Separately, the pores 

also act as reservoirs, allowing a selected volume and size of molecules to be 

successfully loaded [15, 176]. Based on the significantly high loading capacity of 

BGCu from EDX analysis (Figure 5. 4c), it was proposed that the mobility of the 

copper ions allowed for higher surface coverage throughout the micro and 

mesoporous structure of the nanocarrier, while the large copper ligands which formed 

would have occupied the micro and mesopore cavity and would be confined within 

the inner parts of the pores, particularly as ionic concentration increased. 

 

5.4.2 Understanding the mechanisms of impregnation 

A rinsing test was conducted to determine the loading mechanism involved when the 

nanocarriers were impregnated with the cross-linking solutions. Figure 5. 6 shows the 

EDX analysis carried out on BG0.5Sr and BG0.5Cu nanocarriers before and after 

rinsing. The results indicated that, prior to rinsing, higher concentrations of their 

respective impregnated ions was detected, while a decrease was noted upon rinsing. 

These results would suggest that a portion of the loaded salts would not have 

penetrated into the pores of the nanocarrier, and thus easily rinsed off from the 

exterior surfaces [168].   
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Figure 5. 6: EDX analysis of the loaded cross-linking ion concentration strontium or copper 

before and after rinsing with deionised water. Data represents the mean ± SD, n = 5. 

 

 

 

Figure 5. 7: Adsorption and desorption isotherms of the carrier BG65, and the variously loaded 

nanocarriers containing strontium, copper and calcium ions respectively.   

 
























































































































































