
 

 

 

Bioactive glass based fibre mats  

for wound healing 

 

 

Xingchen Zhao 

 

Submitted for the degree of Doctor of Philosophy (Ph.D.) 

 

 

 

 

 

Department of Materials 

Imperial College London 

2022 



2 

 

Abstract 

 

Wounds are one of the most prevailing healthcare problems. Two of the most common 

wound types, burn injuries and chronic ulcers, are imposing a great threat to the medical 

systems due to their high incidence, high morbidity, high cost of treatment, and high 

likelihood to induce further problems, such as infection, loss of sensory nodes, cell 

mutation, etc. Burn injuries usually have a damaged epidermis with excessive exudates 

that can become infected and cause severe inflammation while in the meantime, the 

sensory nodes, follicles, and glands are fully damaged. Diabetic ulcers, the most common 

type of chronic wounds, have unepithelialized epidermis that causes biofilm colonization, 

strong accumulation of cytokines and protease, and neuropathy from diabetes. The most 

important steps in the regeneration of both wounds are the regeneration of the ECM and 

vascular network, in order to ensure cell attachment and migration as well as the delivery 

of oxygen and nutrients to the wound site.  

 

This thesis describes the development of 3D ECM-mimic bioactive glass fibre mats as 

strategies for the regeneration of both injuries. Bioactive glasses (BGs) are biodegradable 

materials that have already been widely used as a synthetic bone graft material that can 

regenerate bone defects and as the active ingredient for remineralizing toothpastes, but 

now they are finding use as medical devices (scaffolds or matrices) for wound healing 

applications. BGs degrade into therapeutic ions that promote individual steps in the wound 

healing cascades, including hemostasis, antibacterial effect, anti-inflammation, 

appropriate cell proliferation, angiogenesis, re-epithelialization, and extracellular matrix 

production.  

 

BG fibre mats were obtained through an optimized sol-gel electrospinning approach, in 

which the electrospinning and material parameters were determined through 

experimentation. The fabricated fibre mats mimicked the extracellular matrix in the dermis 

layer and can be easily packed into wound defects.  

 

We synthesized zinc-delivering bioactive glass fibre mats as scaffolds for burn 

regeneration as the controlled release of zinc ions is thought to be antibacterial, and have 

anti-inflammation and follicle regeneration properties. In vitro studies confirmed the 

capabilities of the fabricated fibre mats in ECM deposition and angiogenesis. 3 mol% of 

Zn incorporation reduced the cytotoxic effect of BGs to fibroblasts and stimulated their 

expression of growth factors (PDGF, VEGF, bFGF, TGF-β, and HIF-1α) from fibroblasts 

and endothelial cells for ECM deposition and angiogenesis. Media conditioned with HDFs 
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that had been precultured with BG dissolution products influenced the proliferation and 

migration of endothelial cells and their protein expression, which provides insights into 

understanding the mechanism of BGs in angiogenesis. 

 

We also synthesized borosilicate bioactive glass fibre mats through modified sol-gel 

electrospinning for diabetic ulcer regeneration. Boron was selected as it promotes 

epithelialization, tissue granulation, anti-inflammation, ECM deposition, and most 

importantly, angiogenesis. The incorporation of boron into the BG system stimulated high 

expressions of angiogenic factors (VEGF, bFGF, HIF-1α) from fibroblasts and promoted 

the proliferation and migration of endothelial cells.  

 

In vivo studies were conducted in order to investigate the efficacy of silicate and 

borosilicate BGs in healing diabetic ulcers and to understand the mechanism of them to 

individual phases of wound healing, including wound closure, epithelialization, anti-

inflammation, angiogenesis, tissue granulation, and ECM deposition. The assays included 

imaging the wound areas through optical cameras, histology analysis and 

immunohistochemistry analysis. BGs were found to stimulate faster wound healing as they 

highly promoted all the above-mentioned healing steps. The incorporation of boron into 

the BG system and processing BGs to fibrous structure both impact the healing effect.  
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1 Introduction 

 

An increasing need for solutions to burn injuries and diabetic ulcers 

Burns are one of the most common household injuries but can lead to some of the 

most severe consequences [1, 2]. Amongst the estimated 11 million annual cases of 

burn injuries worldwide, 180,000 of them lead to death [2] because of the massive water 

loss, pain, and infection after severe burns [3, 4]. Patients suffering from severe burn 

injuries usually have: (1) damaged epidermis with excessive exudates that can become 

infected; [5, 6] (2) degraded ECM and necrotic tissues that cause inflammation; [7, 8] (3) 

follicle loss that leads to function loss and fewer stem cell sources [9, 10]. The ECM and 

vascular network in the dermis are also usually damaged, making it more difficult to 

provide nutrients and oxygen to regenerate wounds [11]. 

 

With the worldwide surge in diabetic and aging patients, diabetic ulcers are also becoming 

a greater threat to the national healthcare system [12, 13]. It usually leads to amputation 

[14, 15] and high mortality, as 60% of patients with diabetic ulcers die within 5 years [16-

18]. The cost of diabetic ulcer treatment is more than $50000 and the regenerated tissue 

never recovers to the structural and functional integrity of the original skin [19]. Diabetic 

ulcers commonly experience a prolonged inflammation phase where pro-inflammatory 

cytokines and protease aggregate in the wound side and impair the function of cells, 

growth factors, and the ECM [16, 20-22]. The neuropathy of diabetics also inhibits 

keratinocyte migrations which leads to bacteria colonization and biofilm formation at the 

wound site [23, 24]. Local ischemia has been a major cause of the delayed regeneration 

of diabetic ulcers, as it inhibits the supply of nutrients and oxygen [25-27]. 

 

Grafts are still a common strategy for the two types of conditions, but the transplanted 

tissues lack important wound regeneration factors including pigments, hair follicles, sweat 

glands, immune cells, etc. and the whole process also induces the risk of pain, donor site 

infection, cell death, and more importantly, lack of donor skin [18, 28]. Delivering 

biomolecules and proteins to wound areas through hydrogels can be therapeutic [1, 29-

31], but has limitations in reproducibility and storage. Wound matrices, a 3D matrix that is 

pressed into the wound defect and degrades while the wound regenerates, are becoming 

more popular [32], but there have not been ideal matrices that satisfy all the biological 

requirements in diabetic ulcer regeneration cascades. The high cost and time 

consumption, difficulty in the sourcing, production, storage, and application of novel 



22 

 

dressings, as well as narrow audience of targeting, are all obstacles in wound matrices 

development and applications [33-35].  

 

Bioactive glasses as strategies for wound healing 

Recently, bioactive glasses have been reported as strategies for wound regeneration [36-

38]. Bioactive glasses (BGs) are a type of biodegradable inorganic materials that were 

commercially successful in osteogenesis [39-42]. Their efficacies in soft tissue repair are 

due to their biodegradability and their ion delivery capabilities as BG has been reported to 

incorporate and deliver more than twenty therapeutic elements that are involved in 

different signaling or stimulation pathways [43-46]. BGs were reported to stimulate 

hemostasis [47, 48], antibacterial activities [49, 50], anti-inflammation [51, 52], the up-

regulation of VEGF and FGF-2 from fibroblasts [53, 54], epithelialization and wound 

closure [55, 56], as well as endothelial tubule formation in vitro and in vivo [57, 58]. Zn is 

incorporated into the BG system to ensure a sustained release of Zn ions that stimulates 

antibacterial, anti-inflammatory, angiogenic, and follicle regeneration properties during the 

burn regeneration cascades [59-64]. Borate-based and borosilicate BGs are being 

developed for diabetic ulcer regeneration as boron has been previously proved to 

stimulate epithelialization, angiogenesis, ECM deposition, anti-inflammation, tissue 

granulation, etc. [57, 65-73], but the concentration to effect correlation remains unknown.  

 

Development of bioactive glasses fibre mats 

Another aspect of the design of ideal wound matrices is the physical structure. The ECM 

in wounds consists of collagen, proteoglycan, laminin, and fibronectin, in which collagen 

forms a grid-like inter-crosslinked structure [74]; proteoglycan provides hydration and 

withstands forces; [75]; laminin stabilizes the architecture of the collagen [76]; fibronectin 

binds integrins on the cell membrane to the collagen network [77]. Scarring collagen is 

more oriented than normal collagen in both superficial dermis and deep dermis [78, 79]. 

To structurally promote the attachment, proliferation, and migration of fibroblasts and 

endothelial cells, it could be ideal to fabricate biomaterials into a cotton-wool-like structure, 

which mimics the ECM in the intact skin [80-82]. Recently, the Mo-Sci corporation 

developed a melt-blowing approach to fabricate BG fibres of different compositions [83-

85], but these fibres were high in Na and K, which have adverse effects to wound 

regeneration (e.g. pain, high local pH) [86-90]. The fibres were heterogeneous in length 

and diameter, 75% of which contained beading [45, 46, 72, 91]. These beads are usually 

in tens of micrometers so that greatly affect the degradation and ion release kinetics of 

the fibre mats, interrupt the structural homogeneity of the fibre mat, and inhibit the 

attachment of cells. 
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The sol-gel electrospinning technique is an alternative approach for synthesizing ultrafine 

BG fibres [92, 93]. Kim et al. first applied this technique in synthesizing BG nanofibres 

[94]. Sol-gel precursors, mixed with the polymer solution, were delivered from a syringe 

and dragged towards the collector by the electric potential. During the spinning, the sol 

was gelled into fibres and dried. The diameters of the BG fibres were adjusted by altering 

the precursor concentration. The voltage used affected fibre morphology, e.g. fibre 

thickness and level of beading [95]. Poologasundarampillai et al. introduced the first 

binder-free sol-gel electrospinning approach to produce 3D structured (0.5-2 mm 

compared to conventional 2D mats (< 0.5  mm)) BG fibres (1.5 μm  in diameter) [96]. 

However, the use of polymer binder was later reintroduced to improve the reproducibility 

of 3D structured BG fibres with diameters of 0.21-0.34 μm  [97]. The fibres had no 

cytotoxicity and stimulated higher VEGF expression from fibroblasts, indicating their 

potential angiogenic activities.  

 

Outline of the thesis 

The general aim of this thesis is to design ECM-mimic bioactive glass fibre mats for the 

regeneration of burn injuries and diabetic ulcers, to investigate the efficacies of the 

fabricated samples in vitro and in vivo, and to understand the mechanism of BGs and 

therapeutic ions to individual steps in the wound regeneration.  

 

The literature review presents an overview of the wound healing cascade, pathologies of 

abnormal wounds, and current practices used to heal wounds. It describes the 

development of bioactive glasses and their synthesis, in which the use of sol-gel 

electrospinning fibres and the parameters influencing the fibre morphology is elaborated 

in detail. The role of ions released from BGs and their effect on individual steps in the 

wound healing cascade is introduced and their therapeutic range was estimated as a basis 

to design novel wound matrices. Chapter 3 summarizes the characterization techniques 

used in this thesis. The experimental work and results are presented and discussed in 

Chapters 4 – 6, and conclusions are made in Chapter 7.  

 

In Chapter 4, 3D ECM-mimic Zn-containing BG fibre mats were synthesized to deliver 

therapeutic zinc ions for burn regeneration, particularly on stimulating angiogenesis and 

ECM deposition. BG fibres with a composition of 70 mol% SiO2-(30-x) mol% CaO- x mol% 

ZnO (x=0, 1, 3, and 5, labeled as 70S30C, 70S29C1Zn, 70S27C3Zn, and 70S25C5Zn 

respectively) were prepared through the sol-gel electrospinning method [98-101]. The 

effects of Zn incorporation on the physical and chemical structures of BG fibres were 

assessed through XRD, FTIR, and SEM. The dissolution profiles of the resultant fibre mats 
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were accessed in TRIS buffer solution and DMEM. The advantages of Zn incorporation to 

cell proliferation, protein expressions, and angiogenesis were further evaluated on Human 

Dermal Fibroblasts (HDF) and Human Umbilical Vein Endothelial Cells (HUVECs). Our 

fibre mats could be used as 3D matrices for burn regeneration underneath more 

conventional dressings.  

 

Chapter 5 proposes a modified sol-gel approach that enables the synthesis of 3D ECM-

mimic borosilicate BG fibre mats without using methoxyethoxides. BG fibres with a 

composition of (70-x) mol% SiO2-30 mol% CaO- x mol% B2O3 (x=0, 5, 15, and 35, 55, 65, 

and 70) were prepared through the sol-gel electrospinning method. The fibre mats exhibit 

a 3D ECM-mimic structure, tailorable degradation, ion-release kinetics, biophysical cues 

promoting cell attachment and migration, and biochemical cues promoting cell proliferation, 

protein expression, anti-inflammation, and angiogenesis. The resultant fibre mats were 

characterized through XRD, FTIR, and SEM, and their dissolution profiles were acquired 

in DMEM. In vitro studies assessed the role of boron incorporation in the proliferation, 

migration, and protein expressions of HDFs and HUVECs, which indicates the mechanism 

of boron in ECM and angiogenesis during wound regeneration.  

 

The efficacy of the fibre mats fabricated in Chapter 5 was further assessed in vivo and the 

results are summarized in Chapter 6. 70S30C powder, 55S30C15B powder, and 

55S30C15B fibre were implanted in diabetic wounds of C57BJ/6 mice and characterized 

by their capabilities in wound closure, tissue granulation, anti-inflammation, ECM 

deposition, angiogenesis, etc. through histological and immunohistochemical analysis. 

This study enables us to understand the effect of BG on all major wound healing steps 

and provide insight on whether boron incorporation in BG systems or processing BGs into 

fibre mats benefits the above-mentioned steps.   
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2 Literature review 

2.1 The wound healing cascade 

Wound healing is a well-defined physiological process that consists of four consecutive 

but overlapping phases: hemostasis (sometimes called coagulation), inflammation, 

proliferation, and tissue remodeling [81] (Figure 2. 1). The average period for normal 

wound healing is less than 3 weeks but is expected to be longer if the patient suffers from 

any intrinsic disease states or extrinsic infection. Figure 2. 2 indicates the activation time 

of individual phases as well as cells or proteins involved [80]. 

 

 

Figure 2. 1. Schematic diagram of individual phases of wound healing and major 

cells/proteins involved (A) hemostasis, (B) inflammation, (C) proliferation, and (D) 

remodeling. Reproduced with permission and modified with permission from [81]. 
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2.1.1 Hemostasis 

The hemostasis phase is separated into primary and secondary hemostasis. Primary 

hemostasis is immediately activated after an injury. First, the blood vessels contract 

(vasoconstriction), to reduce blood outflow. This is followed by the formation of a platelet 

plug from platelets that aggregate through the blood flow. The plug forms a preliminary 

barrier to preventing blood loss [102]. Secondary hemostasis contributes to the induction 

of a fibrin clot covering the platelet plug to fully stop bleeding. The extrinsic coagulation 

pathway is immediately activated by tissue factors from damaged endothelial cells and 

stimulates a burst secretion of thrombin. The intrinsic coagulation pathway is also initiated 

with the activation of Factor XII due to the exposure of endothelial collagen after the 

endothelial damage and supplies the rest of thrombin release when the extrinsic pathway 

turns off [82]. Thrombin catalyzes the conversion of fibrinogen to fibrin and the fibrin 

attaches to the platelet plug [103]. The final clot formed serves as a scaffold for the 

attachment of immune cells, endothelial cells, fibroblasts attachment, growth factors, and 

cytokines [80]. 

2.1.2 Inflammation 

By the end of the hemostasis phase, approximately 24-48 hours after wound formation, 

the early stage of the inflammation phase is activated. Clot formation causes vast 

migration of leukocytes, primarily neutrophils, to blood vessels in the wound [12]. Then, 

significant vasolidation occurs to increase vascular permeability and allow leukocytes to 

infiltrate into the clot [103, 104]. Neutrophils co-function with some monocytes to 

encapsulate and destroy foreign pathogens and particles, turning them into exudate. They 

also stimulate the release of protease and reactive oxygen/nitrogen species (ROS/RNS) 

to further degrade damaged tissues and ECM [80]. This stage serves to produce a natural 

scaffold for cell migration and proliferation. The digestion behaviour further results in 

chemotaxis for cell migration, proliferation, and protein expression. 

 

Common reactive oxygen species (ROS) occurring in wounds are: hydroxyls OH-, 

superoxide anion O2
-, hydroperoxyl radical HO2, and hydrogen peroxide H2O2. They 

commonly arise from different oxygen uptake activities including ATP production in 

mitochondria, lipid/protein synthesis in the endoplasmic reticulum, and digestion from 

oxidoreductases [105]. During inflammation, the digestion of pathogens by leukocytes 

greatly increases the ROS level through the secretion of NADPH oxidase, which reduces 

molecular oxygen to ROS, termed the respiratory burst [106]. ROS level dramatically 

modulates cellular responses, for example:   
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1. A ROS level lower than basal concentration inhibits the proliferation of most cells, 

including macrophages, fibroblasts, and endothelial cells; 

2. Increased ROS level induces several transcription factors to stimulate 

inflammatory response through immune cell chemoattraction; 

3. Excessive ROS level leads to cell apoptosis through the generation of pro-

apoptotic proteins, and eventually cellular necrosis [105, 107, 108].  

 

 

Figure 2. 2. Time course for individual wound healing stages: hemostasis, inflammation, 

proliferation, and remodeling, for individual wound healing activities and individual cells & 

proteins. 

 

Reactive nitrogen species (RNS), such as nitrogen oxide (NO), are also released during 

growth factor activities and are associated with similar functions to ROS but they do not 

regulate vasoconstriction [105]. At the later stage of inflammation, macrophages, 

differentiated from monocytes, substitute neutrophils’ role in clearing the debris and 

induction of protease and ROS/RNS [103]. Macrophage activity causes up-regulation of 

many cytokines and growth factors for further inflammatory or proliferative responses [109]. 

The details of their biological responses are summarized in  

In the anti-inflammatory phase, macrophages favour phenotype M2, and the level of 

inflammatory cytokines is reduced with an increase in anti-inflammatory cytokine levels.  

Furthermore, fibroblast proliferation is promoted by macrophage activities and fibroblasts 

become an alternative source for cytokines and growth factors. This later stage serves to 

generate an environment rich in growth factors and low in cytokines, for the proliferative 

activities in the proliferation phase. 
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Table 2. 1 and Table 2. 2 [12, 80, 81, 110]. Late-stage inflammation is separated into two 

steps, distinguished by the phenotype of macrophages [111]. In the inflammatory step, 

macrophages favour the phenotype M1 and more inflammatory cytokines are generated 

for the digestion behaviour.  

 

In the anti-inflammatory phase, macrophages favour phenotype M2, and the level of 

inflammatory cytokines is reduced with an increase in anti-inflammatory cytokine levels.  

Furthermore, fibroblast proliferation is promoted by macrophage activities and fibroblasts 

become an alternative source for cytokines and growth factors. This later stage serves to 

generate an environment rich in growth factors and low in cytokines, for the proliferative 

activities in the proliferation phase. 

 

Table 2. 1. Major growth factors involved in wound healing and a summary of their roles. 

Growth factor Cell source Ref. Summary of role 

Transforming 
growth factor α 
(TGF-α) 

Macrophages 
Platelets 

[112, 
113] 

Induces the formation of granulation tissue 
Stimulates keratinocyte and fibroblast 
proliferation 

Transforming 
growth factor β 
(TGF-β) 

Macrophages 
Platelets 
Neutrophils 
Fibroblasts 

[114-
116] 

Activates fibroblasts and fibroblast chemotaxis  
Differentiates fibroblasts into myofibroblasts  
Promotes collagen synthesis and matrix 
construction  
Induces re-epithelialization 
Stimulates angiogenesis  
Promotes wound contraction 
Stimulates TIMP and downgrades MMP  
Stimulates other growth factor expression  
Modulates scarring 

Platelet-derived 
growth factor 
(PDGF) 

Macrophages 
Platelets 
Keratinocytes 
Fibroblasts 
Endothelial 
cells 

[80, 

117-

119] 

 

Activates immune cells and fibroblasts  
Promotes collagen synthesis and ECM 
deposition  
Stimulates TIMP and downgrades MMP 

Vascular  
endothelial 
growth factor 
(VEGF) 

Neutrophils 
Platelets 
Keratinocytes 

[120, 
121] 

Stimulates endothelial cell migration and 
proliferation  
Stimulates angiogenesis and 
neovascularization 

Fibroblast  
growth factors 
(FGF) 

Macrophages 
Endothelial 
cells 
Fibroblasts 

[122, 
123] 

Stimulates endothelial cell proliferation 
Induces keratinocyte proliferation and migration  
Induces fibroblast migration and proliferation  
Stimulates angiogenesis and 
neovascularization  
Induces ECM deposition and re-epithelialization 

Keratinocyte  
growth factors 
(KGF(FGF-7)) 

Macrophages 
Endothelial 
cells 
Fibroblasts 

[124, 
125] 

Induces keratinocyte proliferation and migration  
Induces re-epithelialization 
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basic Fibroblast 
growth factors 
(FGF-2) 

Macrophages 
Endothelial 
cells 
Fibroblast 

[126] 

Stimulates endothelial cell migration and 
proliferation  
Stimulates angiogenesis and 
neovascularization 

Insulin-like  
growth factor  
(IGF) 

Macrophages 
Neutrophils 
Fibroblasts 
Liver 
Keletal muscle 

[127, 
128] 

Induces keratinocyte proliferation  
Induces fibroblast proliferation  
Promotes collagen synthesis 
Stimulates endothelial cell proliferation  
Stimulates angiogenesis and 
neovascularization  
Induces keratinocyte proliferation and migration  
Induces ECM deposition and re-epithelialization  
Promotes cell metabolism 

Epidermal 
growth factor 
(EGF) 

Macrophages 
Keratinocytes 
Fibroblasts 

[113] 
Induces keratinocyte proliferation and migration 
Stimulates endothelial cell proliferation 
Induces ECM deposition and re-epithelialization 

Connective 
tissue growth 
factor (CTGF) 

Endothelial 
cells 
Keratinocytes 

[129, 
130] 

Mediates action of TGF-β on collagen synthesis 

Thromboxane 
A2 
Serotonin 

Platelets [131] 
Accelerates vasoconstriction 
Accelerates platelet aggregation 

Increases vascular permeability 

Prostaglandin 
E2 (PGE2) 

Macrophages 
Keratinocytes 
Endothelial 
cells 

[132, 
133] 

Accelerates vasoconstriction 
Accelerates platelet aggregation 
Increases vascular permeability  
Leads to pain and fever 

 

Table 2. 2. Major cytokines and proteases involved in wound healing and a summary of 

their roles. 

Cytokines Ref. Cell source Summary of role 

Inflammatory 
cytokines 

Tumour 
necrosis 
factor α  
(TNF-α) 

[134, 
135] 

Macrophages  
Neutrophils  
Monocytes 

Inhibits carcinogenesis and viral 
replication 
Increases protease secretion 
Increases expression IL-1, IL-6, and 
KGF 
Stimulates collagen synthesis 
Induces ECM deposition and re-
epithelialization 
Promotes ROS release 

Interleukin-1 
(IL-1) 

[135, 
136] 

Macrophages  
Keratinocytes  
Endothelial 
cells 

Induces fibroblast and keratinocyte 
chemotaxis 
Increases protease secretion 
Increases expression of KGF 
Stimulates collagen synthesis  
Promotes keratinocyte migration  
Promotes cell metabolism 

Interleukin-2 
(IL-2) 

[137] T-lymphocytes 
Increases fibroblast infiltration and 
metabolism 

Interleukin-6 
(IL-6) 

[138, 
139] 

Macrophages  
Neutrophils  
Fibroblasts 

Induces fibroblast and keratinocyte 
proliferation 
Chemoattracts PMNs 
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Interleukin-8 
(IL-8) 

[140] 
Macrophages  
Fibroblasts 

Activates as macrophage and 
neutrophil chemotaxis 
Induces keratinocyte maturation 
Promotes MMP secretion 

Interferon γ 
(IFN-γ) 

[141, 
142] 

T-lymphocytes  
Macrophages 

Activates macrophage and 
granulocytes maturation 
Inhibits collagen synthesis and cross-
linking 
Increases collagenase formation 
Promotes ROS release 

Anti-
inflammatory  
cytokines 

Interleukin-4 
(IL-4) 

[143] 
T-lymphocytes  
Basophils 
Mast cells 

Inhibits the expression of TNF-α, IL-1, 
and IL-6  
Induces fibroblast proliferation 
Stimulates collagen synthesis 

Interleukin-
10 
(IL-10) 

[144, 
145] 

T-lymphocytes  
Macrophages  
Keratinocytes 

Inhibits the expression of TNF-α, IL-1, 
and IL-6  
Induces fibroblast proliferation 
Stimulates collagen synthesis 

Lipoxins [146] 
Platelets 
Leukocytes 

Inhibits neutrophil activation 

Proteases 

Elastase [147] 
Fibroblast  
Leukocytes 

Degrades collagen  
Digests growth factors 

Matrix 
metallo-
proteinase 
(MMP) 

[148, 
149] 

Fibroblast  
Leukocytes 

Degrades elastin  
Digests growth factors 

Tissue 
inhibitor 
of metallo-
proteinase 
(TIMP) 

[150] 
Fibroblast  
Leukocytes 

Inhibits MMP activities 

2.1.3 Proliferation 

The proliferation phase is activated when the wound is debris-free and a new matrix is 

available for fibroblast attachment [151], so it initiates during hemostasis as platelets 

secrete growth factors, attracting fibroblasts and overlaps the inflammation phase as 

growth factors and cytokines are released from macrophages. The whole proliferation 

phase spans three weeks, involving three major proliferation actions:   

1. angiogenesis, induced through the migration and proliferation of endothelial cells, 

repairing of broken blood vessels, and generating new ones; 

2. re-epithelialization, induced through the migration of epithelial cells, mainly 

keratinocytes, closing the wound to prevent infection and create an environment 

suitable for cells living and growth; 

3. ECM deposition, induced through the activities of fibroblasts, synthesizing ECM 

proteins such as collagen, elastin, and fibronectin, leading to further tissue 

granulation and wound contraction.  
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All the above reactions are stimulated by the up-regulation of proliferative genes. 

Angiogenesis is commonly induced under a hypoxia environment, causing significant 

enhancement in Hypoxia-inducible Factor-1α (HIF-1α) expression [152]. This environment 

induces the further stimulation of angiogenic factors such as VEGF and FGF-2. Both 

proteins serve to modulate the migration and proliferation of endothelial cells and induce 

capillary formation. Other factors or cytokines including TGF, KGF, PDGF, and TNF-α also 

indirectly enhance angiogenesis. Excess in TGF-β induces VEGF secretion by affecting 

the HIF-α pathway [153, 154]. PDGF could co-function with hypoxia to further increase 

VEGF secretion and also stimulate the differentiation pericyte, a cell that stabilizes 

vascular [110, 154, 155]. Moreover, as VEGF and FGF-2 are mainly secreted from 

fibroblasts, factors relevant to fibroblast proliferation, such as TNF-α, indirectly increase 

the VEGF and FGF-2 secretion. 

 

Re-epithelialization starts as epithelial cells proliferate at the non-wounded edge and then 

migrate to form a complete sheet that covers the wound [12]. A moist and antibacterial 

environment is more favoured for re-epithelialization [103]. EGF plays an important role in 

re-epithelialization as it serves as a mitogen for keratinocyte proliferation and migration. 

KGF is a protein expressed from fibroblast and can only bind to the keratinocytes or hair 

follicles in order to promote the proliferation, migration, and morphogenesis of epithelial 

cells [156]. Some have also reported that it stimuates the secretion of a urokinase-type 

plasminogen activator, an important protease in neovascularization in the basal membrane 

[157]. TGF-β is known to shift keratinocytes to a more migratory phenotype and thereby 

enhances the kinetics of wound closure [158, 159]. Insulin and IGF can also enhance the 

migration of keratinocytes [160]. PDGF, IL-1, and IL-6 up-regulate the production of EGF, 

TGF, and IGF and thus indirectly enhance re-epithelialization [110].  

 

Fibroblasts are activated and migrate to the wound area in the first 2-3 days through TGF-

β and PDGF derived from platelets [80]. In response to PDGF, they secrete collagen type 

III, fibronectin, and other ECM proteins, including hyaluronan, fibronectins, and 

proteoglycans. By the end of the inflammation phase, a provisional matrix is formed to 

replace the initial clot, termed granulation tissue, which has different collagen species 

(collagen type III instead of type I) and alignment compared to unwounded tissues and 

has low strength. As the matrix matures, TGF-β peaks and collagen type III reabsorbs to 

form collagen type I, along with the increase of matrix strength [82]. In addition, fibroblasts 

differentiate into myofibroblasts, smooth muscle cells that accelerate tissue granulation 

and initiate wound contraction [103, 161]. Wound contraction usually starts about seven 

days after injury [12]. Its rate is dependent on the shape and status of the wound. The end 
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of the wound contraction marks the end of the proliferation phase. The disorder of this 

phase could lead to tissue deformity and fibrosis [162, 163]. 

2.1.4 Remodeling 

The remodeling phase is activated after the initial wound closure while ECM production 

and differentiation of myofibroblasts are ongoing. ECM production is balanced by the 

degradation of impaired ECM, apoptosis of fibroblasts, and removal of the initial capillaries 

[80]. Collagen and other ECM molecules continue to rearrange into a more aligned 

structure and eventually, thorough wound regeneration is achieved. However, wounds 

never reach the same level of strength and function as normal tissues. Wounds merely 

have 50% recovery in 3 months and around 60-70% in the long-term [12, 18]. In addition, 

scarring can occur due to the excessive formation of fibrous connective tissues. One of its 

main contributors is the excessive TGF-β secretion from macrophages or fibroblasts [164], 

while other factors such as CTGF, PDGF, and IL-4 also directly or indirectly lead to 

scarring [165]. Scars could be differentiated into hypertrophic scars (scars with the same 

collagen arrangement as normal tissues and good vascular network and regress in 6 

months) and keloids (scars with different collagen arrangement and bad vascular network 

and grow instead of regress), and both of them exhibited a high-stress field in tissue [23, 

166]. Both scars are poorly functional and vulnerable to repeated trauma, viral infection, 

or carcinogenesis. 

2.2 Wound types and treatments 

2.2.1 Burns 

Burns is one of the most common household injuries but can lead to some of the most 

severe consequences [1]. They can be caused by not only the heat from fire or hot 

objects, but also friction, cold, radiation, chemical, or electric sources [2, 167]. Amongst 

the estimated 11 million annual cases of burn injuries worldwide, 180,000 of them lead to 

death [2]. Severe burns can be fatal due to the massive water loss, pain, and infection 

after the injury [3, 4]. By the depth of wounds, burn injuries can be classified as superficial 

burns (first degree, on the epidermis), partial or intermediate burns (second degree, 

partially penetrating the dermis), full-thickness burns (third degree, fully penetrating the 

dermis to the hypodermis), and fourth-degree burns (damage down to the muscle or bone) 

[2]. Burn wounds usually have a damaged epidermis with excessive exudates that can 

become infected (Figure 2. 3); [5, 6]. This leads to severe inflammation with massive 

infiltration of macrophages and high expressions of cytokines and protease, which cause 
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degraded ECM and necrotic tissues [7, 8]. Besides, follicles were lost in burn injuries and 

could hardly be regenerated leading to function loss and fewer stem cell sources [9, 10]. 

The ECM and vascular network in the dermis are also usually damaged, making it more 

difficult to provide nutrients and oxygen to regenerate wounds [11].  

 

 

Figure 2. 3. Schematic diagram of the burn pathology and the histology burns during its 

healing. Reproduced with permission from [2].  

 

The wound healing cascade for burn regeneration was similar to that of normal wound 

regeneration, but severe burns must need treatments to prevent the death of the patients. 

The regeneration of severe burns usually requires fluid resuscitation, preventing water 

loss immediately after the burn is stopped (Figure 2. 4) [168]. The follows the surface 

antibacterial treatment and wound excision, to prevent death from infection and remove 

debridement and necrotic tissue, leaving an open wound. Then, wounds were covered 

with grafts, dressings, or 3D wound matrices for improved healing.  
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Figure 2. 4. Schematic diagram of the burn regeneration treatment. Reproduced with 

permission from [2].  

2.2.2 Chronic wounds 

Chronic wounds do not heal through this well-defined process and will not regenerate the 

structural and functional integrity of the injured tissue. The healing process stalls in the 

‘inflammation’ phase and could last for more than 3 months. In chronic wounds, the level 

of inflammatory cytokines will keep on elevating and will not peak in a given period, while 

the levels of growth factors were significantly reduced [16, 20-22, 169]. The prolonged 

inflammation resulted in ECM degradation and tissue necrosis (Figure 2. 5). Neuropathy 

in some chronic wounds may highly stimulate keratinocyte proliferation but hinders their 

migration, which therefore resulted in infection. Besides, lack of blood supply, or ischemia, 

is one of the most important problems for all types of chronic wounds.  

 

Chronic wounds can be due to both internal and external factors. As examples of internal 

factors, either low or excessive oxygenation would impair wound healing. Infection and 

foreign materials would greatly prolong inflammation and delay wound closure [13]; 

defective, damaged, or senescent cells would impair inflammatory response and lead to 
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an increase of cytokines [80]. Vascular insufficiency or local ischemia has been the 

greatest problem for all types of chronic wounds, as they the inhibited supply of oxygen 

and nutrition that fuels cellular activities [25-27]. For instance, calories and sugar are 

essential for cellular metabolism, Vitamin A is essential for inflammation, cellular 

differentiation, and re-epithelialization; Vitamin C and E are antioxidants and necessary 

for controlling inflammation and deposition of ECM [170-172]. External factors include 

repeated trauma, medication, bad wound treatment environment that would all aggregate 

wound inflammation and could cause severe infections [12, 173]. Stress, aging, and 

chronic diseases, especially diabetes, are three major factors of chronic wounds. They 

lead to three main categories of chronic wounds: pressure ulcers, venous leg ulcers 

(VLUs), and diabetic foot ulcers (DFUs),  

 

Figure 2. 5. Schematic diagram of the chronic wounds. Reproduced with permission from 

[23].  

2.2.2.1 Pressure ulcers 

Pressure ulcers are derived from undissolved pressure, shear, friction, and moisture on 

soft tissues [23, 174]. They are common for the elderly and immobile patients and the in-

hospital mortality rate is 20-33% [175]. The pressure exerted between the external source 

and cortical bone occludes blood flow and causes tissue ischemia. Continuous pressure 
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results in chronic tissue damage in the dermis and hypodermis (termed stage 3) or even 

deep down the muscles (stage 4) which do not heal normally due to the impaired vascular 

network. Shear stress exerted between the skin and the cortical bone (for example, when 

sliding down the beds) makes it even easier for the occlusion. The surface skin may 

eventually be destroyed by the friction or moisture to initiate a wound. Young patients were 

rich in elastin and collagen in their wound ECM so they were much more tolerable than 

old patients. Pressure ulcers could also be exaggerated by external factors such as poor 

nutrition, diabetes, neuro damages, etc. [176, 177].  

2.2.2.2 Venous leg ulcers 

Venous leg ulcers are the most severe type of chronic venous disease and have up to a 3 

to 4% incidence rate among all elderly patients [23]. In capillaries, venous valves are 

forced open by blood flow, and little blood reflux is needed to close the valve [178]. Venous 

leg ulcers are usually caused by chronic venous insufficiency, which causes superficial 

venous reflux, particularly in the ankle region of the lower legs. This results in hypertension 

for endothelial cells and obstructed local blood supply, which leads to persistent 

inflammation, lipodermatosclerosis, inhibited keratinocyte migration, and skin ulceration 

[179, 180]. Incompetent venous valve obstructed venous blood flow, obesity, and leg 

immobility are major reasons for chronic venous hypertension and were usually found in 

elder people [179]. Venous leg ulcer patients may also be associated with impaired gene 

signaling and microRNA expression [181, 182].  

2.2.2.3 Diabetic ulcers 

Diabetic ulcers are the most common type of chronic ulcer and have been becoming a 

greater threat to patients and national healthcare systems with the increasing worldwide 

prevalence of diabetes [12, 13]. Type 2 diabetes patients cover 6.4% of the world 

population and are expected to increase up to 8% in 2030, in which 15% of them would 

suffer from DFU throughout their lifetime [183, 184]. It usually leads to up to an 84% 

amputation rate [14, 15] and high mortality, as 60% of patients with diabetic ulcers die 

within 5 years [16-18]. The cost of diabetic ulcer treatment is more than $50000 and the 

regenerated tissue never recovers to the structural and functional integrity of the original 

skin [19]. The neuropathy of diabetes disrupts the metabolism of the cells and promotes 

the synthesis of ROS instead of NO, which induces prolonged inflammation [185]. For 

instance, the high glucose level in the blood disrupts the enzymatic activities between 

protein and sugar [186]. The impaired nerve system also inhibits signals for chemotaxis 
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and growth factors in the wound area, leading to impaired phagocytosis, keratinocyte 

migration, angiogenesis, and anti-inflammation [187]. 

2.2.3 Skin cancer 

Skin cancers were usually induced when cells in the epidermis mutate under somatic 

changes from viral or chemical irritation [188, 189]. The type of the mutated cells 

determines the type of cancer, for example, basal cells mutate into basal cancer cells, 

keratinocytes mutate into squamous cancer cells, while melanocytes mutate to form 

melanoma. Chronic wounds and burn injuries are easily subjected to carcinoma, 

especially squamous cancer [190, 191] [192]. This is because the defected wounds 

have impaired immune system and vascular network, high ROS levels and oxidative 

stress that damages DNA, and excessive cytokines and protease. Besides, after the 

removal of a  malignant tumour, neoplastic cells hide among normal epidermis cells 

but retain their cancerous potential for months, and oncogene factors may not be 

fully removed so that there is a high risk of recurrence [193]. Tumourigenesis greatly 

prevents wound healing. For instance, DNA alteration/mutation disables tumour 

suppressor genes, over-expression of oncogenes, and the production of new 

oncogenes. Tumour cells have a much higher uptake of growth factors and cytokines 

than normal cells, so they proliferate and migrate (metastasis) much faster while 

reducing the growth of normal tissues. Tumour cells or tumour-associated leucocytes 

and platelets also create their own pathway in producing more factors for ongoing 

proliferation [194, 195].  

2.2.4 Deep wounds 

Deep wounds are a type of wound that penetrates the hypodermis layer, or even 

down to the muscle layer. As shown in Figure 2. 6, the hypodermis layer is around 7 

mm in thickness, consisting of two different layers [196, 197]. Both layers were 

pillared by fibres consisting of connective tissues, but in a different arrangement and 

filled with fat tissue. The superficial fascia separates the two layers while the deep 

fascia separates the hypodermis to the muscle.  
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Figure 2. 6. Schematic of the histology of skin and the hypodermis. Reproduced from 

https://learnmuscles.com/blog/.  

 

 

Figure 2. 7. Schematic of deep wound regeneration mechanism. Reproduced with 

permission from [198]. 

 

Deep wounds are prevailing, because the epidermis layer is only 0.05 mm thick and 

the dermis layer is 2 mm thick so injuries may easily penetrate into the hypodermis, 

but are not receiving much scientific attention. Recently, Correa-Gallegos et al. 

reported that the mechanism of deep wounds was distinct from that of normal 

wounds [198]. Figure 2. 7 indicated that in superficial injuries, dermis fibroblasts 

migrated to the wound site and fill up the wounds, and dermis endothelial cells 

https://learnmuscles.com/blog/
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migrate to form blood vessels, while for deep wounds, the predominant fibroblasts 

sources are the fascia and the initial blood supply was from the hypodermis as well. 

Once a clot was formed in the deep wounds, capillaries grow on the infiltrated blood 

vessels and the infiltrated vessel only disappears when a full granulated tissue and 

vascular network is formed. 

 

To design wound matrices for chronic deep wound regeneration, biological cues are 

needed to stimulate the migration of fibroblasts and endothelial cells from the fascia. 

Physical cues are also required to mimic the hypodermis environment (parallel ECM 

load-bearing fibre) and to provide pathways for cell attachment and migration.  

2.2.5 Treatments 

Wound care is extremely important in preventing the rise of chronic wounds or other 

morbidities. The removal of debris and necrotic tissue is the first step in wound 

treatment in order to prevent infection and produce a clean area for cell attachment 

and proliferation [104]. The surgical approach of physical debridement is the most 

common approach but could lead to pain and bleeding [199]. The enzymatic 

approach involves covering the wound by occlusive dressing to stimulate the 

expressions of protease, mainly collagenase and papain, to degrade the ECM [200, 

201]. This method is safe and effective but may not infiltrate into devitalized tissues. 

A biosurgical approach may also be feasible where surgeons apply maggots to digest 

wounds mechanically while secreting helpful protease to kill pathogens, up-regulate 

growth factors and promote fibroblast proliferation [202, 203]. 

 

Infection protection is another indispensable step in wound healing. Bacteria are 

commonly deposited on the skin and would easily cause infection as they reach a 

threshold of 105 per gram of tissue [204]. Multiple ions have been applied for 

antibacterial effect, including silver, zinc, copper and etc. (detailed in later sections), 

or nanoparticles containing Au or Pt [205, 206]. These elements have been 

successfully incorporated into dressings or wound matrices but for antibacterial 

effects before grafting, ointment and cream were commonly used.  

2.2.5.1 Grafting  

It has been proposed that autologous grafts (full-thickness of keratinocyte grafts) 

have been one of the most successful treatments against chronic wounds [190, 207]. 

The conventional approach involves transplanting the epidermis and/or a part of the 
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dermis from the donor site to the wound area, named split-thickness autograft [208]. 

If the wound is small, a full-thickness autograft, in which the epidermis and all of the 

dermis were removed and implanted, is possible. On both occasions, it is expected 

that transplanted cells survived in a new area and the donor site would heal through 

re-epithelialization, but cells from the donor site may not be fully compatible [209]. 

The lack of donor skin has been the greatest challenge, especially considering that 

only a few cells on autograft would proliferate. Besides, the risk of pain, donor site 

infection and cell death during grafting all make grafting an imperfect treatment option.  

 

Keratinocyte grafting is a recent grafting approach as keratinocytes are expected 

to secret their own mitogenic factors. However, an adult keratinocyte will not 

proliferate when transplanted to the wound media [208]. Therefore, 

keratinocytes harvested from donor epithelia need to be cultured in an 

environment similar to that of the wound site so that the mature skin graft could 

permanently replace wound skin. But there may be a higher chance of infection 

and irritation, as the preparation time of keratinocyte grafting is up to 3-4 weeks 

[210, 211]. In addition, growth factors dysfunction and senescent cell are two risks 

associated with aging patients [212, 213].  

2.2.5.2 Dressing and wound matrices  

Dressings of all types promote wound healing and prevent further infection or 

morbidity. The most traditional form of dressing is gauze, which builds a protective 

layer on the wound but may cause further damage when removed due to its dryness. 

Modern dressings are commonly occlusive to retain moisture in wounds and lead to 

local hypoxia to promote inflammation and proliferation [81]. Semipermeable films 

are the most common dressings type. They allow permeation of water vapour and 

oxygen while forbidding microbial invasion and are also flexible and could fit in the 

wound without additional tapping [214]. For exudative wounds, high absorbent and 

moisture-retaining foam dressings are used to prevent the over-soaking of tissue 

in exudate, but they need to be changed at least every 3 days [215]. Hydrogel 

dressings are extremely useful in dry wounds because their water retaining 

capabilities promote exudate absorption and moisture-retaining, but the risk of 

overhydration and low mechanical properties are their drawbacks [214]. Hydrocolloid 

dressings consist of two layers: an inner gel-like layer and an outer semi-permeable 

layer. It would moderately absorb exudate and has better mechanical properties to 

be long lasting [216]. The most suitable dressing depends on the targeting wound 

types.  
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Advances in biomaterials stimulate the development of wound matrices. These 

matrices were implanted in the wound area and induced biological cues to stimulate 

wound healing. Collagen matrices are commonly used and specifically useful in re-

epithelialization and chronic wounds [18]. Though these matrices do not replace 

tissue collagen directly, they facilitate cell attraction and deplete negative factors 

including protease and ROS [217]. The implanted collagen will be digested by 

protease into metabolites to form human collagen. Other ECM components, such as 

hyaluronic acid, fibrin, and fibronectin could be used alone or with collagen to 

stimulate cell attachment, migration and proliferation, angiogenesis, and anti-

inflammation [218-220]. Chitosan promotes platelet adhesion and fibrinogen 

adsorption, and has antimicrobial properties so that they activate macrophage, 

fibroblast and keratinocyte activities [221, 222]. Alginate dressings have unique 

fibrous structure that makes them highly absorbent but not moist retaining [215]. It is 

also highly antimicrobial and could stimulate the  growth of inflammatory cells and 

cytokines through the release of multiple therapeutic components [223, 224]. Other 

materials for wound matrices include cellulose, gelatin, and various synthetic 

polymers which will be introduced in later sections.  

2.2.5.3 Others  

Implementing drugs or growth factors to wound through hydrogels, collagen matrices, 

or mesoporous inorganic materials is becoming more popular in recent years [225-

228]. Yet, PDGF-BB (Platelet-Derived Growth Factor BB) is approved in the US, but 

not in the UK [18, 110]; FGF-2 is being permitted in Japan and China [229]; injectible 

EGF is also being developed in Cuba [230]. Stem cell therapies in the skin are also 

getting more attention in recent years [231, 232]. Wound stem cells such as the 

epidermis stem cell, follicle stem cell, endothelial stem cell, mesenchymal stem cell, 

etc. can be derived into wound cells through preculture with target genes and 

proteins [231, 232] But since the stem cells are usually autologous, the problem of 

sourcing and compatibility between the donor cite and wound has been the greatest 

problem. The above-mentioned strategies were challenged by the time consumption 

of the process, the storage of proteins/cells, target delivery, etc.  

 

Bioactive glasses are a group of biodegradable materials that have been 

commercially successful as products for bone regeneration [43, 46, 233-236]. Their 

release of therapeutic ions and surface affinity to both hard and soft tissue make 

them emerge as leading candidates for healing chronic wounds [233, 237, 238]. The 



42 

 

remaining sections of the review chapter aim to summarize the modern advances in 

BGs and the mechanism of therapeutic ions in wound healing. 

2.3 Introduction of bioactive glass 

Glass is a non-equilibrium, non-crystalline state of matter that exhibits a glass 

transition behaviour in which the material has the same microstructure as a 

supercooled liquid but will reach the equilibrium crystallized state given an infinite 

time [239]. When temperature raise above the glass transition temperature Tg, the 

glass will change from a brittle ’glass state’ into a ’viscous’ state where glass begins 

to flow [240]. Glass properties are characterized by the role of cations in its structure. 

Constituent oxides are classified into network formers and network modifiers [241]. 

Network formers are oxides that build up the glass structure and are indispensable 

for glass. Examples of them are SiO2, B2O3, and P2O5. Network modifiers are oxides 

that disrupt and terminate the connecting network. Examples are Na2O and CaO. 

Intermediates are oxides that possess the properties of both network former and 

network modifiers. Examples are Al2O3 and ZnO [242]. Oxygen atoms are also 

classified into bridging and non-bridging oxygens. Bridging oxygens are those 

connecting two network formers while non-bridging oxygens are those attracted by 

doped modifying cations and thus connecting one network former with one network 

modifier [243]. Qn structure is an important way to summarize the number of bridging 

oxygen in the glass. Qn stands for a structure with ’n’ surrounding bridging oxygen 

around them. The network connectivity% can be defined by: 

NC′ =
4∗(Mf)−2(M2

1O+MIIO)+6(MP2O5)

Mf
  (2.1) 

where Mf is the molar fraction of the network forming oxide, e.g. Si, and M2
1O and MIIO 

are the respective molar fractions of the mono and divalent modifier oxides within the 

glass. This equation is founded on the hypothesis that phosphate forms its own 

orthophosphate network.  

 

Different compositions will change the inter-bonding between oxygen and cations 

[242]. This is because of the interaction of the cation fields of different elements. 

Cation field strength is closely related to the dissolution rate, bioactivity, bonding 

strength, network connectivity, and even coordination in glass [244-247]. 

 

The first bioactive glass (BG) was introduced by Hench in 1969, with a composition of 

46.1SiO2-24.4Na2O-26.9CaO-2.6P2O5 (mol%), and was termed 45S5 or Bioglass® [248]. 

It was the first inorganic material that exhibited tight chemical bonds with the bone and 
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soft tissues [249]. The mechanism of bone-bonding was attributed to the deposition of 

hydroxycarbonate apatite (HCA) layer, derived from glass dissolution products, on the 

surface of the glass, which thereby interacts with collagen fibrils and integrated with host 

bones [248]. The term ’bioactive’ was then associated with the formation of the HCA layer. 

Now “bioactivity” is associated more with a material provoking a positive biological 

response from the in vivo environment. 

 

Figure 2. 8. Schematic diagram of the structure of a borosilicate BG with network former 

(Si and B), network modifier (Ca and Na), and bridging/non-bridging oxygens. 

 

The original 45S5 composition has remained the most commonly used composition, but 

other compositions have been investigated for different applications. Common 

compositions are listed in Table 2. 3. There are three main types of BG that can be 

classified according to their network formers (ions that form glass networks through 

bridging oxygen bonds): silicate-based glass, borate-based glasses, and phosphate-

based glasses. Borate and phosphate-based glass generally dissolve faster than silicate-

based glass [45]. Different network modifiers (cations that disrupt the connecting network) 

include Na, Ca, Ag, K, and Cu. Intermediates that possess the properties of both network 

former and network modifier, include Al, Zn, and Co [242]. A schematic diagram of the BG 

structure is presented in Figure 2. 8.  

 

Table 2. 3. Common BG names and composition (mol%). 

Names SiO2 CaO P2O5 Na2O B2O3 MgO K2O CuO ZnO SrO CaF2 

45S5 46 .1 26.9 2.6 24.4 0 0 0 0 0 0 0 

S53P4 53.85 21.77 1.72 22.65 0 0 0 0 0 0 0 
58S 60 36 4 0 0 0 0 0 0 0 0 
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77S 80 16 4 0 0 0 0 0 0 0 0 
1393 54 22 2 6 0 8 8 0 0 0 0 

1393-B1 36 22 2 6 18 8 8 0 0 0 0 
1393-B2 18 22 2 6 36 8 8 0 0 0 0 
1393-B3 0 22 1.75 6 54.65 7.9 7.7 0 0 0 0 

1605 0 23.91 1.89 6.49 49.69 8.32 8.54 0.34 0.82 0 0 
0601 51.3 24.8 1.74 5.87 0 8.41 7.85 0 0 0 0 

0601-B1 39.2 25.3 1.77 5.97 11.3 8.56 7.99 0 0 0 0 

0601-B2 26.58 25.74 1.8 6.08 22.9 8.71 8.14 0 0 0 0 

 

 

Figure 2. 9. Schematic of the osteogenic mechanism of bioactive glasses. 

 

The most successful application of BG is the regeneration of hard tissues, including bone, 

dentine, or spinal fusion [46]. Their osteogenic properties are attributed to the cellular 

responses of therapeutic ions including Si, Ca, and P species in the up-regulation of 

osteoblast activities and, in the case of Sr-containing glasses, down-regulation of 

osteoclast behaviour [250-252]. The mechanism of the above properties was summarized 

as:   

1. Ions (Na, Ca, P) at the BG surface dissolve into body fluid causing the reduction 

of H+ in body fluid and thereby increase local pH.  

2. As pH exceeds 9, OH
−
 ions attack the O-Si-O bond and lead to SiO4

4−
 release.  

3. Body fluid is over-saturated with Ca and P ions so that ion precipitation initiates 

in the exposed OH
−
 group and calcium phosphate film forms on the surface of 

the glass.  
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4. Calcium phosphate incorporates OH
−
 and carbonate group and crystallizes into 

HCA.  

5. Collagen fibrils from host bone interact with the HCA layer via cellular processes 

to form a strong bond [248].  

 

The effect of the dissolution ions of BG on cells enlightened its potential in soft-tissue 

engineering [253]. The therapeutic ion released from BG was stimulative to wound healing 

capability. For instance, silicon species (thought to exist in the form of SiO4
4−

 ) induce 

endothelial cell homing, differentiation, and migration and thus sprout neovessel formation 

[254, 255]. Boron and boric acid have long been known as antibacterial and anti-

inflammatory reagents while also stimulating angiogenesis [65, 256-258]. Phosphate ions 

up-regulate the forkhead box protein C2 and VEGF secretion and therefore stimulate 

HUVEC migration and tubule formation [259, 260]. Ca2+  ions contribute greatly to 

hemostatic behaviour [261-263], but also promote keratinocyte and endothelial cell 

proliferation and motility in protein expression (PDGF, TGF-β, EGF, bFGF, IGF) and 

angiogenesis [264, 265]. Cu2+  ions exhibited multiple effects including antibacterial 

capabilities [266, 267], simulation of hypoxia, modulation of angiogenic factors and 

cytokines [268, 269], and stimulation of endothelial cell migration and proliferation to form 

neo-vessels [270, 271]. Co2+  ions also stimulate hypoxia-induced factors and thus 

stimulate the secretion of angiogenic factors and angiogenesis [272, 273]. Zn2+ ions are 

antibacterial, anti-inflammatory, and stimulative to angiogenesis through their interplay 

with macrophages in the secretion of growth factors [63, 274-277]. All the above ions can 

be incorporated into the BG structures and are sustained and released during glass 

dissolution, inducing therapeutic effects. Combined with the biodegradable, porous, 

flexible, and commercializable features of BGs, it has been confirmed that BGs exhibited 

great potential as promising wound healing devices.  

 

Wilkinson et al. further investigated the role of genes regulated by different metallic ions 

(Ca, Mg, Cu, Mn, Fe, Al, and Co) to wound healing cascades [278]. Upon injury, the level 

of Ca increases to the highest level from day 1 to day 3 and then goes down on day 7; the 

levels of Fe, Cu, Mg start increasing on day 2, reach the highest concentration on day 7, 

and only start going down after the remodeling phase (> day 14). In comparison, the levels 

of Al, Co, and Mn merely start to increase by day 7 and reach the highest level on day 14. 

The role of ions in differentially expressed genes of different wound healing cascades was 

also determined. For example, Ca-specified genes are highly involved in cell proliferation 

and ECM deposition, while also involved in others, such as inflammation, angiogenesis, 

keratinization, etc.   
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2.4 Methods of bioactive glass synthesis 

The melt-derived and sol-gel-derived approaches, as detailed in Figure 2. 10 and Figure 

2. 11, are the basis of the synthesis of novel BGs with specific structures. Scaffolds of 

different morphology have been synthesized depending on their intended application [46]. 

Mesoporous bioactive glasses (MBGs) with highly ordered mesoporous channels with 

diameters between 2 and 50 nm were proposed by Yan et al. in 2004 [279]. The resultant 

highly-porous texture favours the delivery of drugs and therapeutic ions as well as enables 

cell infiltration and activation [280]. BG nanoparticles (NPs) ranging from 50 to 200 nm 

were synthesized for tissue engineering [281]. BG nanofibres spun into ECM-mimicking 

structures were found to encourage cell attachment, differentiation, and proliferation, 

which thereby promote angiogenesis and wound closure [97, 238].  

2.4.1 Melt derived 

 

Figure 2. 10. Schematic of the melt-derived approach of bioactive glass and scaffold 

production. 

 

The melt-derived approach involves the melting of silicon dioxide, calcium carbonate, 

sodium carbonate, and phosphorus pentoxide in a platinum crucible to more than 1300 ℃ 

[46]. Other metallic oxides or carbonates can be added to the melt for the incorporation of 

trace elements [250]. The resultant molten glass is quenched in either a graphite mold to 

maintain a specific shape or water (frit) to acquire particulate glass with ongoing grinding 

and sieving process. Fibres can be drawn from the melt before quenching, as detailed in 

Section 2.6.1 [282]. The melt-derived approach is commonly applied to commercial 

production due to its easiness of manufacturing and cheap manufacturing cost. But the 

main drawback of this approach is that the Na2O must be incorporated to decrease the 

melting point, which makes the control of BG composition as well as the corresponding 

ion release kinetics difficult [250]. Excessive (>25%) Na+  ions would not lead to 

therapeutic effects but induced a toxic alkaline environment. The precursors were usually 
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melted at 1300-1500 ℃ and the overall time taken for the melt-derived approach is less 

than 1 days (longer if the ingredients were mixed overnight). 

2.4.2 Sol-gel derived 

The sol-gel derived approach generally consists of a transformation from a precursor into 

a silica gel followed by drying to form dry gels and sintering to form BGs [283]. The overall 

process consists of hydrolysis and condensation, (casting), gelation, aging, drying, 

stabilization, and sintering. Figure 2. 12 illustrates the structural evolution during each step 

and their characterization techniques [284]. The precursor for silicon is TEOS (Si(OC2H5)
4
) 

and the precursor for metallic ions are their chlorides or nitrates.  

 

 

Figure 2. 11. Schematic of the sol-gel approach of bioactive glass synthesis. 

 

In comparison to the melt-derived approach, the sol-gel process enables the formation of 

BG with Si content more than 70 mol% and does not require Na2O as a modifier [284]. 

The synthesis temperature of the sol-gel process is also lower than the crystallization 

temperature of the glass, leading to no crystallization. Furthermore, sol-gel BGs are innate 

with mesopores from 6-17 nm and this greatly enhances the surface area of the glass [285, 

286]. The surface area of sol-gel BG particles of 1-32 μm is 70-130 m2g-1 while that of 

similar composition melt-derived BGs is 2.7 m2g-1 [287]. In addition, sol-gel BGs have 

more OH
−
 groups and lower network connectivity than theoretical values. Unfortunately, 

sol-gel-derived glasses are more costly and time-consuming to synthesize. The first sol-

gel-derived product was the 58S composition, used for bone regeneration. 
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Figure 2. 12. Schematic diagram of the structure evolution and alkali ion distribution of sol-

gel-based BG synthesized through TEOS and Ca(NO3)2 during (a) gelling, (b) drying, and 

(c) stabilization, modified from [284]. 

2.4.2.1 Hydrolysis and Condensation 

In the presence of acidic catalysts, TEOS hydrolyzes into Si(OH)4  and ethanol for 

condensation. During condensation, Si-O-Si siloxane bonds are formed and primary 

particles begin to bond with each other to form secondary particles. Reactions taken place 

are:  

Hydrolysis: Si(OC2H5)4+4H2O → Si(OH)4+4C2H5OH         (2.2) 

Condensation: Si(OH)4+Si(OH)4 → (HO)3Si − O − Si-(OH)3+H2O (Aqueous) (2.3) 

Condensation: Si(OH)4+Si(OH)4 → (HO)3Si − O − Si − (OH)3+OH− (as R-OH)  (2.4) 

2.4.2.2 Gelation 

The product after hydrolysis and condensation is the solution (Sol) containing silica 

nanoparticles with diameters around 2 nm, which consists of several silicon tetrahedra 

[46]. The gelation phase is activated when a 3D network is formed from colloidal particles. 

In this phase, viscosity increases dramatically, eventually forming a gel. During the gelation 

phase, the glass can be processed into nanofibres, as demonstrated in Section 2.6.2 [95]. 

One of the key factors influencing the kinetics of hydrolysis and condensation is the sol 

pH value. The reaction kinetics are lowest near the isoelectric point, which is approximately 

pH=2.2 [288]. Both acidic and alkaline environments accelerate the synthesis of silanols 

owing to the increase of free H
+
 or OH

−
 ions, but their mechanisms are slightly different 

[283].  

When treated with strong acids, H
+
 is involved as the catalyst:  

SinOa(OH)b+Si(OH)3O−+H+ → SinOa(OH)(b-1) − O − Si(OH)3
++H2O (2.5) 

When treated with alkali or weak acids, OH
−
 is involved as the catalyst:  

SinOa(OH)b+Si(OH)3
++OH− → SinOa(OH)(b-1) − O − Si(OH)3

++H2O (2.6) 
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where SinOa(OH)b is the surface hydrolyzed silica particles and ’n’, ’a’ and ’b’ are integers 

[289]. Acids are commonly used as catalysts in the majority synthesis of BG microparticles, 

monoliths, fibres, or foams [46]. Alkaline catalysts induce a slower increase in the kinetics 

compared to acid and are commonly applied in the synthesis of BG nanoparticles, as 

detailed in Section 2.5 [283]. 

 

The stoichiometric ratio (R) of water/TEOS is another important factor during sol-gel 

hydrolysis and condensation. The alkalinity of water destroys proton activity and thus 

modulates hydrolysis behaviour [290]. When R<2 the alcoholic condensation is favoured 

while when R>2 the aqueous condensation is favoured [291]. Furthermore, R=2 is the 

optimum value for fibres to be drawn– in the induction of viscosity around 1-10 pa.s [292, 

293]. Water content also regulates the porosity in BGs as their removal creates more holes 

when stabilizing [294]. Moreover, the incorporation of other solvents including dioxane, 

ethanol, and acetone during synthesis alters the rate of hydrolysis and condensation [283]. 

Though the hydrolysis, condensation, and gelation reactions are still ongoing during the 

aging phase, it usually takes 1 day to stir the precursors before putting them into the aging 

oven. The gelation process for the sol-gel electrospinning process is described in later 

sections.   

2.4.2.3 Aging 

After gelation, the gel contains liquid with delocalized ions, as shown in Figure 2. 12 (a), 

and the aging phase initiates. The aging phase consists of 4 steps: continued 

polycondensation, syneresis, phase transformation, and coarsening [291]. 

Polycondensation reactions are the continuation of the gelation phase as secondary 

particles cross-link to form larger networks and the strength of the gel continues to 

increase. The growth of particle size spontaneously causes gel shrinkage and liquid 

expulsion, termed syneresis. Phase transformation occurs when the degree of cross-

linking is high enough to proceed with the gel into a solidified wet gel. Coarsening initiates 

when localized dissolution and reprecipitation induce large pores to grow at the expense 

of small ones, termed Ostwald ripening [291]. A high necking level of secondary particles 

is achieved as the product of the aging phase. The aging usually takes 3 days under 60 ℃. 

2.4.2.4 Drying 

Drying removes liquid from the surfaces and pores to form a dry gel or xerogel. Only after 

sufficient aging time, when small pores with higher capillary forces are removed, can the 

drying phase begin, as otherwise cracking of the structure is easily induced [288]. Another 
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important parameter during the drying phase is the rate of drying, which can be controlled 

by the addition of surfactant, a hypercritical drying process, or reducing the surface energy 

by producing monodispersed pore size by controlling the rate of hydrolysis and 

condensation [283]. After drying, ions precipitate on the surface of secondary particles, as 

shown in Figure 2. 12 (b). The drying temperature rises from 80 to 130 ℃ and the process 

takes around 3-4 days.  

2.4.2.5 Stabilization 

Stabilization involves the removal of chemically active groups that make the glass unstable 

under room temperature including OH
−
 and unreacted silanols. Stabilization is usually 

achieved by heat treatment at around 500 ℃ and simultaneously leads to the relaxation 

of the glass structure due to rehydration [289]. In addition, NO3
−
  groups from cation 

sources are removed during stabilization. Conventional NO3
−
 groups decompose under 

561 ℃ [295]. But the BG system, there requires a higher temperature for complete 

eradication of NO3
−
. For instance, Arcos et al. observed that 700 ℃ removed 95% of NO3

−
 

while 800 ℃ removed 100% of NO3
−
 in two individual BG systems [296]. Another role of 

stabilization is to incorporate Ca into the network [286]. After stabilization, tertiary particles 

are formed from the clusters of secondary particles and precipitated ions, which is the final 

structure in glass, as shown in Figure 2. 12 (c). 

 

While a high stabilization temperature is ideal to remove chemical groups, a much higher 

temperature affects other properties of glass. Sintering BG above its glass transition 

temperature causes the elimination of nanopores and following reduction of BG porosity 

and surface area [284]. For instance, 58S glass stabilized at 800 ℃ induces a significant 

reduction in porosity and surface area [296]. This is because high temperature activates 

viscous flow and diffusion of the glass mesopores to a state with lower interfacial energy 

[291]. In addition, HA may be formed around 800-900 ℃ dependent on the composition 

[297]. The stabilization time can take around 1 day.  

2.4.3 Mesoporous bioactive glasses 

Yan et al. developed a novel generation of BGs in 2004 [279]. These resultant BG 

microparticles had highly ordered mesoporous channels with diameters between 2 and 50 

nm and were termed mesoporous bioactive glasses (MBGs). MBGs possess much higher 

surface areas and pore volumes than conventional BG particles or monoliths from both 

melt-derived and sol-gel approaches.  
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MBGs can only be synthesized through the sol-gel approach by the mixing of the inorganic 

precursor with surfactants during the ’hydrolysis and condensation’ phase. The majority of 

MBGs exist in a form of microparticles or scaffolds and are commonly synthesized in an 

acidic environment. In the alkaline environment, MBG nanoparticles (NPs) are synthesized 

in a similar approach as BG NPs, which is detailed in Section 2.5.2.  

 

The surfactants are the major factor influencing the morphology of MBGs. They exhibit 

structure-directing capabilities and are removed through sublimation at high temperatures, 

leaving a structure with plenty and interconnect mesopores, as detailed in Figure 2. 13. 

P123 and F127, block polymers of EO20 − PO70 − BO20  and EO106 − PO70 − BO106 

respectively, are commonly applied as surfactants to induce MBGs (EO is poly(ethylene 

oxide), PO is poly(propylene oxide), and BO is poly(butylene oxide)). The majority of 

MBGs formed using P123 had surface areas around 278-400 m2g-1 and pore volume 

around 0.4-0.5 cm3g-1 [279, 298, 299]. While increasing the ratio of P123 to inorganic 

composition, MBGs with a surface area of 499 m2g-1  and pore volume of 0.7 cm3g-1 

were fabricated [300]. In addition, synthesizing MBGs using F127 leads to an average 

surface area of 520 m2g-1 and pore volume of 0.51 cm3g-1 [301]. Cetrimonium bromide 

(CTAB), a quaternary ammonium surfactant, is another common surfactant of MBG and 

induces an even higher surface area and pore volume up to 1040 m2g-1 and 1.54 cm3g-1 

respectively [302, 303]. 

 

 

Figure 2. 13. (A) A schematic diagram of the structure of MBG particles and their inner 

ordered mesoporous channel, and (B) The TEM images of calcined hexagonal 80S15C 

MBG recorded along the [100] directions. Modified from [279, 304, 305]. 

 

One of the main applications of MBGs is the delivery of drugs or biomolecules. The size 

of mesopores in MBGs is around 6-20 nm [305]. In comparison, the size of most drugs is 

the size of a few Benzene rings, which are a few hundreds of pm (10-12). They can easily 
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fit in the mesopores and bind with the walls during drug loading while being released when 

immersed in a dissolution medium.  

2.4.4 Bioactive glass nanofibres 

BG nanofibres mimic the collagen and fibronectin fibrils in the ECM and favour the 

attachment, proliferation, differentiation, and migration of cells [306, 307]. BG nanofibres 

could be fabricated from both the melt-quenching approach and sol-gel derived approach.  

2.4.4.1 Melt derived  

Jung et al. from Mo-Sci (Rolla, Missouri) patented an approach to retrieving BG fibres 

directly from the melt during quenching [83]. Similar to the synthesis of melt-derived BG, 

oxides, and carbonates are melted in Pt crucible at under 900 to 1500 ℃, and fibres are 

pulled out either by hand or through bushing by a rotating drum [308]. However, the fibre 

diameters are difficult to control, the fibres are short and the fibre yield is low (~25%) 

compared to the overall glass produced, while the remaining are beads. In a modified fibre 

retrieving method proposed by Zhou et al., high pressure (0.35 MPa) airflow can be applied 

in retrieving longer and thinner fibres [84].  

 

BG fibres can be also synthesized through processing melt-quenched monolith. Quintero 

et al. proposed the laser spinning approach to form uniformly long and cylindrical BG fibres 

with diameters around 200-300 nm [309]. This approach can be applied to multiple BG 

compositions with therapeutic ion incorporation such as Mg, Zn, Sr, etc. [310]. However, 

the fibres may not be homogeneous, as they range from tens of to 5000 nm [311]. They 

also only have a low yield (25% fibres while the remaining are beads and colloids). 

2.4.4.2 Sol-gel derived 

In sol-gel derived approach, electrospinning is commonly applied to produce ultrafine 

fibres. For sol-gel derived glasses, electrospinning of the sol can produce long ultrafine 

fibres (Figure 2. 14 (d)). A sol-gel solution is whipped into long and homogeneous fibres 

as it passes from a syringe needle, under high voltage, to an earthed collector [312, 313]. 

Process variables such as applied voltage, humidity, temperature, sol cation content, 

viscosity, and distance to the collector and collector type affect fibre morphology [97, 314, 

315].  

 

Electrospinning is an approach to producing ultrafine fibres by injecting a solution 

under high voltage. This technique was patented in 1934 by Formhales but has gained 
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much attention only by the start of this century [313], but the idea originates from the 

1600s. Electrospun fibres perfectly mimic the ECM fibrils, such as collagen and 

fibronectin, which had a diameter from 100 to 700 nm [316], which makes them 

structurally favourable for cell attachment, proliferation, and migration. Polymers are 

the common material being electrospun as they are generally processable and soluble 

in organic solvents [307, 317, 318].  

 

The electrospinning apparatus usually consists of four components, a syringe with 

spinneret, a syringe pump, a grounded collector, and a high voltage power supply, as 

presented in Figure 2. 14 (a) [316]. The solution undergoes the following steps into long 

and homogeneous fibres (Figure 2. 14 (b)), including: 

 

 

Figure 2. 14. (a) Schematic diagram of the electrospinning apparatus in a vertical 

alignment, reproduced from [319]. (b) Schematic diagram of the propagation of the 

electrospinning jet reproduced from [313]. (c) Schematic diagram of electrospun fibre 

structure achieved under low to high voltages (from a to e), Reproduced with permission 

from [320]. (d) SEM images of the silicate-based sol–gel-derived fibres 70S30C (70 mol% 

SiO2, 30 mol% CaO), with diameters of 320 nm, were reproduced from [97].  
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Taylor cone formation 

During electrospinning, the liquid from the spinneret was extruded and exist as droplets 

due to the surface tension. While the electric potential reaches a critical value, the 

electrostatic force and the surface tension reach an equilibrium, and the droplet forms into 

a Taylor cone. The critical value depends on the physicochemical properties of the solution, 

but the Taylor cone is a cone with a semi-verticle angle around 49.3° regarding less of the 

solution property or the electrospinning parameters [312].  

 

Jet propagation 

When the voltage reaches the critical limit, the solution overcomes the surface tension and 

a jet is created from the tip of the cone [313]. The jet is straight until reaching the bending 

instability. The jet decelerates during its propagation because the surface tension and 

viscoelastic force of the solution are opposite to the propagation direction [321]. The force 

also thins the jet due to the speed difference between the surface and center of the jet. 

When the acceleration is zero, any small perturbation of the jet stops its straight movement, 

which leads to bending instability. The critical length of the straight segment depends on 

the surface charge, flow rate, electrical conductivity of the fluid, density of the fluid, the 

strength of the electric field, current passing through the jet, and initial radius of the jet and 

the jet velocity is around 1-15 m/s [322]. 

 

Bending (whipping) instability 

The entry of the first bending instability relates to far-field electrospinning. The jet quickly 

bends by 90°, and the trajectory evolves into a series of loops that propagates around the 

original direction. The coil consists of one continuous, looping, spiraling, and whipping 

action so that the bending instability is the most important step for the elongation and 

thinning of the jets [315]. There are different types of bending instability. Rayleigh instability 

is an axisymmetric bending that is dominated by the surface tension but suppressed by 

high electric potential. The second type of bending is also axisymmetric, but it is dominated 

by strong electric potential. The third type is non-axisymmetric resulting from the 

electrostatic repulsion among the jet surfaces. The aerodynamic instability and the “lateral 

electrostatic force” exert a long wavy perturbation to the jet. The dominant type depends 

on the electroconductivity of the jet, external electric field, physicochemical properties of 

the liquid, and other electrospinning parameters [314]. The jet then forms a much smaller 

coil as the secondary bending instability, in which the whipping and thinning were even 

faster. The jet can be elongated up to 10,000 times within a short period of 0.05 s or less 

[319].  

 

Solidification and deposition 
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The cross-section of the fibres decreased by around 1300 times during the bending 

instability and the jet solidifies before its deposition on the collector. The complex fibre mat 

structures also merit the bending instability. Most charges of the fibre mat will dissipate 

during the deposition, but due to the low conductivity of the fibres, a little charge may still 

remain [323, 324].  

 

The first silica electrospun fibres were produced with diameters from 200-400 nm [325] 

and alumina-borate oxide fibres had diameters of about 550 nm [93]. Electrospinning of 

other glass compositions followed [94, 95, 326], with a 7-11 kV voltage thought to be 

optimal for fibre production [95]. Kim et al. reported that the application of a polymer binder, 

such as polyvinyl butyral (PVB), resulted in a favoured viscosity and surface tension of the 

solution for the spinning to commence [94]. 

 

The conventional electrospinning approach mostly generated 2D fibre mats. 

Poologasundarampillai et al. produced the first 3D electrospun BG scaffold, of the 70S30C 

composition [96], with thicker non-woven mats (0.5-2 mm) compared to conventional 2D 

mats (<0.5 mm). This unique 3D structure was formed through the branching effect and 

the compilation of branched fibres due to the mutual repulsion of conductive ions (Ca2+) 

and the solution viscosity. Ca2+ incorporation also stimulated the stretching of the jet and 

bending of the fibres. While the Ca2+ was initially thought to be critical for the 3D structure, 

Norris et al. found that humidity was more important and calcium-free fibres could also be 

spun into a 3D format. They synthesized 3D fibre mats with fibre diameters matching that 

of the collagen fibrils by using PVB as a binder [97]. The 70S30C fibres synthesized were 

~340 nm in diameter with a surface area of 43.1 m2g-1.  

 

Voltage 

The voltage supply for electrospinning is usually a static DC supply. The polarity of the 

voltage (positive or negative) depends on the solution properties as some materials, 

especially electrolytes, can only be electrospun under one polarity [327, 328]. The strength 

of the electric potential affects the number of charges carried by jet and the magnitude of 

electrostatic repulsion among both internal and external electric fields [329]. In general, at 

low voltage, the surface tension will not be overcome so only beads will be formed from 

the solution. The increasing voltage will create continuous fibre, but the further increase 

results in more fluid ejaculation time for fibre stretching and evapouration thus thicker and 

non-homogeneous fibre [320]. For some solutions, such as the sol-gel precursor, 

branching occurs while the voltage reaches a critical value and fibre diameters becomes 

even thinner but their length also reduces [316]. However, Poologasundarampillai et al. 
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were able to produce long fibres through branching and therefore developed the first 3D 

electrospun scaffold (non-woven fibre mat thickness > 0.5 mm) [96].  

 

AC power supply commonly introduces alternating segments of positive and negative in 

fibres. This decreases the electrostatic repulsion and thus suppresses bending instability 

[330]. The frequency of the AC determines the length of the segments, as well as the 

bundling effect due to the attraction of positive and negative segments during the bending 

instability. 

 

The electroconductivity of the solution is an important factor influencing the critical 

voltage applied and the fibre structures. Solution with higher electrical conductivity 

would lead to the production of thinner fibres [315]. This is because there were more 

charges in the solution so the electrostatic force at the thinning step was higher.  

 

Viscosity and surface tension 

Viscosity implies the jet’s ability in dragging the solution. Low viscosity induces 

solution ’dropping’ towards the collector with no continuous fibres, but high viscosity 

usually in high surface tension, inhibits the jet formation and induces the formation of 

beads as well as thicker and non-homogeneous fibres due to its instability [331]. But 

in polymeric solutions, the control of concentration and molecular weight may not 

change viscosity while reducing surface tension. For example, chitosan dissolved in 90% 

ethanol had much lower surface tension than chitosan in water, but similar viscosity [332]. 

Both viscosity and surface tension also affects the thinning and effect during 

electrospinning.  

 

Others 

An increase in the flow rate increases the amount of solution extruded from the spinneret, 

so it wound generally enlarges the fibre diameter, but a critical flow rate is required to 

ensure the formation of the Taylor cone. Working distances determine the stages of 

bending instability. In general, longer working distances stimulate better solidification of 

the fibres [313]. Fibres also become thinner with the increase of working distance until a 

certain point, while further increases do not affect fibre diameters. Fibre diameters also 

increase with the increase of needle diameter. Ambient parameters, including humidity and 

temperature, also influence the morphology of the resultant fibre mat [97]. 
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2.5 Therapeutic ions from BGs to the wound healing 

cascade 

2.5.1 Hemostasis 

While bioactive glasses are relatively new to wound healing applications, other silica-

based inorganic materials have been used for some time. Aluminum silicate (hydrated 

Al2O3 2SiO2, Kaolin clay) impregnated gauze has been used to stop massive bleeding for 

more than a decade, e.g. QuikClot® [333, 334]. In addition, silica nanoparticles [335-337] 

and mesoporous silica [338-341] and silicate clay [342, 343] have been used as hemostats. 

Soluble silicate ions can be a major factor in its success. Silicates induce platelet 

aggregation through the MMP2 and adenosine diphosphate pathways [344, 345], and 

exhibit excellent absorption capabilities to condense coagulation factors and generate 

Si−O− functional groups on the surface of the glass that activate factor XII of the intrinsic 

pathway [48, 346-348]. However, QuikClot® poorly biodegrades and leads to an 

exothermic reaction that causes some tissue necrosis, foreign-body reactions, and even 

thrombosis [349-351]. Thereby, their applications have been limited by the Food and Drug 

Administration (FDA) [352].  

 

Ostomel et al. created a hemostatic BG using SiO2 -CaO-CaP sol-gel microspheres 

reported their potential in increasing the rate of clot initiation and growth, as well as 

improve the ultimate clot strength [47]. Other studies also reported that the incorporation 

of calcium improved the clotting kinetics of silica in vitro and in vivo in femoral artery and 

rabbit artery models [337, 339]. Ca2+ ions are enrolled in the coagulation cascade (factor 

IV) of thrombin regeneration and the ions stimulate platelet chemotaxis and adhesion, 

enzyme activation (factor X, protein kinase C, mitogen-activated protein kinase), and 

protein formation (factor XII, factor VII, and factor XIII) [341, 353-355]. The inclusion of 

Ca2+  in the silicate network of a sol-gel glass increases pore size and surface area, 

resulting in an enhanced absorption ability [286], e.g. mesoporous 2SiO CaO−  particles 

(150-200 nm) soaked in rabbit blood for 60 minutes increased clot stiffness by 33%, and 

platelet aggregation number compared to SiO2 particles [349]. Similarly, mesoporous silica 

xerogels containing 10 mol% Ca2+ induced a 50% reduction of PT and APTT compared 

to Ca-free xerogels both in vitro and in vivo in rabbit femoral artery injury [356, 357]. 

However, as Ca2+ions reach a critical level, they led to a negative hemostatic effect due 

to induction of apatite formation. For example, the faster Ca2+ release from the 58S MBG 
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led to faster HCA precipitation and thereby resulted in a decreased coagulation rate 

compared to that of 77S [358].  

 

BGs release therapeutic Si species and Ca2+ ions, resulting in the reduction of activated 

partial thromboplastin time (APTT) in the intrinsic pathway for coagulation and prothrombin 

time (PT) for extrinsic pathways for coagulation, as well as the acceleration of platelet 

aggregation and thrombus protein expressions [47, 358, 359]. BGs can also be processed 

into structures with high surface area and porosity to absorb blood, clotting factors, and 

platelets [341]. MBGs have been invented to have a 3-5 fold increase of both the surface 

area and the porosity of BGs and thereby exhibit much higher potential in hemostasis 

compared to conventional BGs. For example, 15 mg of 77S MBG reduced clotting time 

from 10.9 minutes to 2.9 minutes while that for conventional BG particles was 3.5 minutes 

[358]. Further evidence proved that MBGs reduced APTT and bleeding time to 33-50% of 

that of conventional BG particles both in vitro [48] and in vivo [360]. MBG nanofibres also 

have high surface areas and porosity, e.g. electrospun Eu/Tb doped MBG fibres using 

PVP+P123+CTAB had an average diameter of 100-120 nm, surface areas of 171-188 

m2g-1, and pore volumes of 0.186-0.246 cm3g-1 [361]. They are analogous to the mesh 

structure of fibrin protein that further promotes platelet aggregation and clot formation. 

Saha et al. found that BG nanofibres stimulated the fibrin clot structure and promoted 

platelet aggregation [362].  

 

BG are also potential platforms for a broad spectrum of therapeutic ions that promote 

hemostasis. Among them, gallium has the most outstanding hemostatic effect. Ga-

containing compounds, especially gallium nitrate, have been patented for the 

enhancement of early-stage hemostasis [363-365]. Although the exact mechanism of 

gallium remains unknown, researchers have proved that the Ga3+ reduce clotting time 

due to activation of the intrinsic pathway or platelets [363]. In addition, Ga-containing BGs 

have a higher surface area and porosity than Ga-free BGs [100, 366]. Pourshahrestani et 

al. found that 1 mol% Ga-MBG stimulated much more thrombin generation, thrombus 

formation, and platelet aggregation compared to Ga-free MBGs [48], although increasing 

the Ga content to 3 mol% reduced the levels back to those seen for Ga-free MBG. The 1 

mol% Ga-MBGs were further proven to be 3-5 times more efficient in sprouting hemostasis 

compared to two commercial hemostats in vitro: Advanced Clotting Sponge PlusTM and 

CeloxTM [367]. Tantalum (TA) is another element that was recently reported hemostatic in 

BG system [368], as 5 mol% of TA induced a 50% reduction of APTT [369, 370]. 
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Other trace elements that have been commonly incorporated in BGs retain the potential 

for sprouting hemostasis. For example, Cu2+ and Ni
2+

 have high affinity with FXII factor, 

FXI factor, and high molecular weight kininogen [371]. Zn2+ ions stimulate the formation 

of fibrin fibres and thus increase the rate of thrombus formation either by itself or by co-

functioning with the chitosan scaffold because Zn2+ induce both the activation of FXII 

factor and high molecular weight kininogen [372]. In addition, the lack of Zn2+ results in 

decreased platelet aggregation, T-cell numbers, and the response of T-lymphocytes to 

phytomitogens [373]. Co2+ and Fe3+ exhibit an indirect stimulation of hemostasis [374]. 

Mg2+ level has also been reported as crucial to hematoma volume and growth [375], but 

others reported that Mg2+  have a slight impairment to coagulation [376]. The above-

mentioned evidence on the hemostatic behaviour of BGs and their released therapeutic 

ions confirmed the potential of BGs in the hemostasis phase of wound healing.  

2.5.2 Antibacterial effect 

BGs are antimicrobial to a large spectrum of bacteria, as listed in Table 2. 4. Eight different 

types of BGs, including S53P4 and 13-93, have been reported to exhibit strong 

antibacterial properties to 29 common pathogens within the BG dose from 6.25-100 

mg mL
−1

 [49]. The antibacterial effects of BGs are attributed to two separate mechanisms. 

First, the dissolution of Na+ and Ca2+ increases the local pH value to more than 9, which 

exceeds the normal living pH of microorganisms (around 7.2), and can kill them [377].  

For example, 5 g of particulate 45S5 in 10 mL of nutrient broth, artificial saliva, and DMEM 

induced a pH level of more than 10 which killed more than 90% of 6 different bacterial 

within 3 hours [50], while when reducing the pH to 7.2 using HCl, only 30% of microbes 

were killed. However, a pH rise can lead to general cytotoxicity. Secondly, the silicate ions 

dissolved inhibit bacteria growth [378]. This mechanism could be supported by the success 

of other silica-based materials such as disinfectants [334, 379]. However, antibacterial 

studies of 50 mg mL
−1

 of six different types of BGs in 13 pathogens revealed that the 

effect of silicate ions was negligible compared to that of pH [380]. 

 

Table 2. 4. Common microorganisms inhibited by BG. 

 Full name Abbreviation Presence 

Gram-
positive 
bacteria 

Staphylococcus aureus S. aureus 
Normal Flora, Skin, 
Respiratory tract, model 
microorganism 

Staphylococcus epidermidis S. epidermidis Normal Flora, Skin 

methicillin-resistant S. aureus MRSA Infection (’Superbug’) 

Streptococcus mutans S. mutans Oral Cavity 

Streptococcus gordonii S. gordonii Saliva 
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Streptococcus sanguis S. sanguis Gum 

Streptococcus pyogenes S. pyogenes Skin 

Enterococcus faecalis E. faecalis Gastrointestinal tracts 

Bacillus subtilis B. subtillis Gastrointestinal tract 

Listeria monocytogenes L. monocytogenes Infection (Lethal) 

Clostridium difficile C. difficile Gastrointestinal tract 

Gram-
negative 
bacteria 

Escherichia coli E. coli 
Normal Flora, Lower 
intestine, Model 
microorganism 

Pseudomonas aeruginosa P. aeruginosa Normal Flora, Skin 
Klebsiella aerogenes K. aerogenes Gastrointestinal tract 
Klebsiella pneumoniae K. pneumonia Gum, Skin, Intestines 

Porphyromonas gingivalis P. gingivalis 
Oral cavity, 
Gastrointestinal tract, 

Prevotella intermedia P. intermedia Gum 

Aggregatibacter 
actinomycetemcomitans 

A. 
actinomycetemcomi
tans 

Gum 

Fungi 

Candida albicans C. albicans Normal flora, Gut 

Trichophyton rubrum Tr. rubrum Dead skin 

Trichophyton violaceum Tr. violaceum Dead skin 

 

Even though BGs seem superior in killing some bacteria, such as some facultative bacteria 

in root canal systems (S. mutans, P. aeruginosa, E. faecalis, etc.) the anti-microbial 

properties of common BG compositions are inferior to clinical disinfectants, such as 

calcium hydroxide [381]. The anti-microbial effects of BGs can be improved in three 

aspects: increasing BG surface area to pursue faster dissolution; adding 

antibiotics/disinfectants; introducing antimicrobial trace elements into glass structure for 

ion delivery [382]. Increased surface area stimulates faster dissolution of ions leading to a 

quicker formation of a high-pH and ion-rich environment that inhibit bacteria growth. For 

example, MBGs were ideal to be more antibacterial than non-mesoporous BGs: 10 mg of 

50SiO2 − 20CaO − 26Na2O − 4P2O5  MBGs in 1 mL of 103  CFU/mL bacterial 

suspension for 24 hours inhibited 99% of E. coli and 66% of S. aureus within 24 hours 

while 50 mg of MBG had full inhibition to both bacteria [383]. Similarly, BG NPs induce 

significant enhancement to the antimicrobial capability compared to conventional BG 

particles. Mortazavi et al. reported the potential of BG NPs (20-100 nm) of various 

compositions in inhibiting E. coli, P. aeruginosa, Salmonella typhi (S. typhi), and S. aureus 

above 50 mg mL−1 , below the cytotoxic concentration to fibroblasts [384]. Increased 

dissolution rate can lead to toxicity and many articles do not report dose effects on 

eukaryotic cells.  

 

Delivery of ions can exhibit antibacterial effects. Antibacterial ions that have been loaded 

in BGs include Ag+ , Zn2+ , Cu2+ , Ga3+ , Ce3+/4+ , which are released with the 

degradation of glass. Using borates or phosphates as the glass network former can 
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increase the antimicrobial effect. Therapeutic ions could also co-function with antimicrobial 

drugs to further increase the antibacterial capability of BGs. For instance, Ag+ loaded BG 

(Ag-BG) not only exhibited a significant antibacterial ability to MRSA above 2.5 mg mL
−1

, 

but also recovered the antibacterial activity of antibiotics including oxacillin, fosfomycin, 

vancomycin, etc. [385]. The effects of trace elements containing BG in antibacterial effects 

were summarized in Table 2. 5. The antibacterial capabilities of BGs are commonly 

quantified in three approaches. The first is by their minimum inhibitory concentration (MIC) 

or minimum bactericidal concentration (MBC). The second is by the diameter of the 

bacteria-free zone induced by BG powders or scaffolds on the agar plate, termed as 

inhibition halo diameter. The third is the antibacterial ratio, the percentage of bacteria 

remaining, after culture with BG for a certain period. 

2.5.2.1 Silver 

Mechanism: Since ancient times, silver has been known to inhibit food spoilage induced 

by a broad range of microorganisms. Today, silver remains to be the commonest and most 

bactericidal source against both gram-negative and gram-positive bacteria [386]. The most 

profound effect of silver is that it binds with thiol(sulfhydryl) groups of cysteine residues, 

fuel for many enzymatic activities, and thereby deactivates enzymatic functions of bacteria 

[387]. In addition, silver forms S-Ag bonds with disulfide and sulfhydryl groups blocking 

respiration and electron transfer of the surface proteins on microbial surfaces. This 

interrupts the rescue mechanisms, reducing the resurrection of cells after external damage, 

and causes the collapse of the proton motive force that de-energizes the microbial 

membrane and eventually leads to their death [388, 389]. Furthermore, silver can rupture 

the bacterial membrane and would induce further damage through interaction with 

cytoplasm, nucleosides, and phosphate groups of nucleic acids [386, 390]. Finally, the 

introduction of silver would raise the level of local ROS that eradicate external microbial 

through immunization [391, 392]. 

 

BG: The first Ag-BG was prepared by Bellantone et al. with 0.8 mol% Ag incorporation 

[393]. The incorporation of Ag+ in the BG network greatly enhanced the BG’s antibacterial 

properties, as the E. coli concentration after 20-hour treatment with Ag-BG was 96% lower 

than that of Ag-free BG. The antibacterial effects increased with an increased dose of Ag-

BG. The MIC of the resultant BG was 0.2 mg mL
−1

 [393] and MBC value was 1 mg mL
−1

 

[394, 395] but the cytotoxicity to eukaryotic cells was not investigated. Similar antibacterial 

effects were observed against P. aeruginosa [394], S. aureus [394], S. mutans [396], and 

MRSA [397]. The release of Ag+ ions were the main reason for the antibacterial activities. 

Ag+ ions were consumed when killing bacteria, as a decrease of Ag+ level was observed, 
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which was proportional to the inhibition of MRSA [397]. In general, Ag+ release to 50-70 

mg L
−1

  was sufficient to kill every bacteria [396, 398]. However, when ensuring cell 

viability, the Ag+ level shall be maintained at about 3.5 mg L
−1

, which still exhibits an 

antibacterial effect and is not cytotoxic to osteoblast [399]. Sol-gel BG nanofibres (500-

900 nm) with 0.1 mol% of Ag2O, 2 mol% of B2O3, 68-69 mol% of SiO2, and 29-30 mol% 

CaO were proved to have better antibacterial ability compared to a model aminoglycoside 

antibiotic, tobramycin at MIC dose (15 mm compared to 9 mm in diameter in halo test) 

[362]. Releasing around 4 mg L-1 of Ag, the fibre was non-toxic to GM00637 fibroblasts 

but promoted its migration. Similar results were found for 2 mg L
−1

 doses of BG fibres 

with 1.84 mol% Ag (1000-2000 nm) (87.48 SiO2, 10.68 CaO), which was non-toxic to 

osteoblasts and reduced S. aureus number from 1011 to 104 in 12 hours [400]. 

 

Similar effects were observed in Ag-containing borosilicate [399, 401] and borophosphate 

BG [402, 403]. For example, 0.05, 0.5 and 1 mol% Ag2O-containing 1393-B2 BG scaffolds 

inhibited E. coli and S. aureus within 24 hours (from 80% to 90% when composition 

increase from 0.05 to 1 mol%) [399]. In addition, a relevant report claimed that 3Ag2O-

97[1.5B2O3-SiO2-CaO] BG system caused further inhibition effect to E. coli (316 times 

reduction after 1 hour and 104 times after 2 hours) and S. aureus (100 times reduction 

after 6 hours) [401]. Melt-derived 59.5B2O3-2P2O5-9.5CaO-9CaF2 -(20 - xNa2O)-xAg2O 

(mol%, x=0.25, 0.5 and 0.75) induced an increased antibacterial effect to E. coli and S. 

aureus [404]. 0.5 mol% of Ag2O reduced the MIC for E. coli and S. aureus from 1 and >1 

mg mL-1 to 0.25 mg mL-1.     

 

In general, the antibacterial effect of Ag-BGs increases as silver increases in the 

composition, for both silicate and borosilicate/borophosphate glasses [402]. The surface 

area or texture also influences the rate of release of Ag [252, 398]. But for Ag-containing 

phosphate glasses [405], the antibacterial effect against Listeria monocytogenes (L. 

monocytogenes) increased when Ag2O composition increased from 0.2 to 1 mol%, but 

then decreased beyond 1.5 mol%. This was explained by the excess silver forming silver 

nanoparticle clusters in the glass, which could neither form Ag-S bonding nor penetrate 

the bacteria membrane. Silver nanoparticles were also observed within sol-gel silicate 

glasses when imaged under TEM and through neutron diffraction [406], although silver 

was also incorporated in the silicate network as a network modifier. The Ag nanoparticles 

may be present in many of the sol-gel glasses reported, but their formation was undetected 

as TEM or diffraction studies were not carried out. The efficacy and reproducibility of 

glasses containing silver in their composition are difficult to maintain due to the induction 

of silver metal nanoparticles, which will affect free silver ion release and can also cause 
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an increase in connectivity of the silicate network as silver is no longer acting as a network 

modifier. 

 

Yet, the cytotoxic effect of silver and that silver has no other stimulative effect in tissue 

engineering makes it emerging non-favourable compared with other therapeutic ions. For 

example, Zn-BG had a lower antibacterial effect than Ag-BG but hardly induced any 

cytotoxicity [407, 408]. 2 and 4 mol% Zn-BG had slightly higher MBC to E. coli compared 

to Ag-BG of similar composition (0.3 and 0.1 mg mL
−1

 respectively) [409]. But Ag-BGs 

exhibited a strongly negative effect on bone cell viability and alkaline phosphatase (ALP) 

expression. 

2.5.2.2 Copper 

Mechanism: Copper is another commonly used antimicrobial ion and is also an important 

micronutrient for multiple metabolic activities [410]. There are several mechanisms for its 

antimicrobial effect. Similar to Ag+
, Cu2+ ions bind with sulfhydryl groups in cysteines 

or glutathione etc. and de-energize respiration and metabolic activities of microbial [411]. 

In addition, Cu2+  ions damage lipopolysaccharide patches on membrane walls and 

therefore disrupt the membrane integrity, transport protein activity, and ion permeability 

[412]. Another study has also proved that Cu2+ ions replace Fe3+ in iron-sulfur clusters 

and substitute Zn2+ or other important ions from their binding sites on proteins located on 

microbial membranes [413]. The most profound antibacterial mechanism of copper is its 

alternations between redox states Cu+  and Cu2+  [414]. Through either bonding with 

sulfhydryl groups or its activity with Cu-containing enzymes, Cu2+  ions change their 

states by generating a voltage potential of 200 to 800 mV and hydrogen peroxide as by-

products. Further redox reaction with Cu+ induced the generation of hydroxyl radicals 

that cause detrimental damage to cellular molecules through oxidation of functional groups 

in proteins and lipids [415]. Of course, this also means too much Cu can also cause 

general cell toxicity. 

 

BGs: Though Cu2+  has been incorporated in different biodegradable glass systems 

before [416], the first investigation of antibacterial Cu-BG was on melt-derived P2O5-Na2O-

CaO glass [417]. In 24 hours, phosphate BGs with 1, 5, and 10 mol% Cu exhibited 0, 7.5, 

and 30 times reduction of Streptococcus sanguis (S. sanguis) colony reduction. The effect 

was due to the increased Cu composition in BGs, which increases Cu2+ release and the 

BG’s solubility. Similarly, 2, 4, and 6 mol% of Cu-containing calcium phosphate glass 

induced 15, 25, and 40 mgL
−1

 of Cu2+ release respectively and their inhibitory effects 
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against S. aureus from day 1 to 7 increased correspondingly to their release concentration 

of Cu2+ [418]. The glass containing 2 and 4 mol% CuO exhibited a progressive reduction 

of microorganisms number 100-1000 times on day 7, while 6 mol% Cu-BG kills 108 times 

of antibacterial effect on day 3. The same trend applies to SiO2-Na2O-CaO-P2O5 sol-gel 

BGs as the 24 h inhibition halos induced by glasses containing 0, 3, and 6 mol% CuO 

were 0, 3, and 9 mm against E. coli, respectively, and 2, 5 and 16 mm against S. 

epidermidis [419]. However, Palza et al. determined that the MBCs for E. coli and S. 

mutans when treated with glasses containing 2.87 mol% and 6.58 mol% CuO in 24 hours 

were 5-10 mg mL
−1

  [396]. This was because the MBC of Cu2+  was 50 mg L
−1

  and 

more Cu2+ in media would not have further improvement in antibacterial effects. 

 

Novel approaches have been proposed to improve the antibacterial efficacy of Cu-BGs. 

One of them was to promote the shift from Cu+  to Cu2+  in the BG system as the 

existence of Cu+ in BG reduced the antibacterial activity of Cu-BG [420]. It is not only Cu 

content in the glass that is important but the rate of release. For example, Gross et al. 

replaced Al2O3  with K2O , B2O3  and P2O5 , keeping Cu content the same, and the 

resulting increased Cu release rate caused a much higher inhibition against S. aureus, P. 

aeruginosa, K. aerogenes, and E. coli colonies, and >99.9% reduction against all bacteria 

within 2.5 hours. Chemical treatments, such as the use of tannic acid, ascorbic acid, and 

NaOH, can promote the reduction of Cu2+ to Cu0 NPs within BG powders, which further 

enhance their antibacterial effects [421].  

 

Increasing the ratio of Na: Ca in the BG composition is an alternative approach to increase 

dissolution rate and Cu release [422]; 5 mol% Cu-containing SiO2-Na2O-CaO with a lower 

Ca/Na ratio had bactericidal effects against S. aureus (a halo of 1 mm) while the one with 

a higher ratio merely exhibited bacteriostatic effects. Cu and Mg were co-loaded into a sol-

gel 58S BG [423] (some CaO replaced with MgO) and the glass’s antibacterial effect on 

MRSA increased as MgO increased in the composition to 5 mol%, but as the MgO content 

increased further, the release kinetics of Cu2+ decreased, probably due to Mg switching 

its role in the glass network, increasing network connectivity over a certain mol%. 

2.5.2.3 Zinc 

Mechanism: Zinc is the second most abundant element in the human body and is involved 

in more than 300 enzymatic reactions [373]. During the wound healing process, zinc 

localizes in the ECM of epidermal and dermal tissues and helps to stabilize the cell 

membrane during mitosis, migration, and maturation [274]. As an antimicrobial agent, zinc 

should be regarded as Zn2+  ions and ZnO separately. Zn2+  ions have an innate 
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antibacterial effect in the water. They function as other heavy metals that impair bacteria 

enzymatic activities through bonding [424]. ZnO is a non-toxic agent that is bactericidal to 

a wide range of pathogenic bacteria which also release Zn2+ ions for antibacterial effects 

[425, 426]. But beyond this, ZnO particles easily interrupt the stabilization mechanism of 

the microbial membranes and thereby make them more permeable and vulnerable to 

being ruptured [59, 427, 428]. ZnO particles also exhibited semiconductive properties to 

induce a high level of ROS, which is its most profound antibacterial mechanism [60]. The 

stimulated ROS further penetrate bacteria and damage their DNA, RNA, and proteins, 

especially gram-negative bacteria, whose lipid bilayer membrane is more sensitive than 

the peptidoglycan protective layer in gram-positive bacteria [429]. 

 

BG: The initial reason why zinc was incorporated into the BG system was due to its 

improvement in bioactivity, the rate of HCA formation, due to the formation of zinc 

hydroxide precipitates [430-433]. The release of Zn2+ from the glass usually increases 

with the increase of Zn composition in BGs. For instance, 1.32 mol% ZnO incorporation in 

phosphate BGs stimulated a higher antibacterial effect on S. mutans [434].  SiO2-CaO-

SrO-MgO BG containing 2-5 mol% ZnO also had an increased killing effect on S. 

epidermidis with the increase of Zn incorporation [435]. Similar effects were found for a 

borate glass (13-93B3) containing just 0.83 mol% ZnO against S. aureus and E. coli [436]. 

 

However, while increasing Zn content in the composition increases the Zn2+ release from 

BG, it can significantly reduce the release of other ions, such as Na
+
  or Ca

2+
 . For 

example, the antibacterial effect against S. epidermidis, S. aureus, S. pyogenes, B. subtilis, 

and K. lebsiella of Zn-free BG was similar to that of 15.53 mol% Zn-BG, which had much 

higher ZnO in its compositions than many Zn-BGs [437]. Wajda et al. compared the 

antibacterial effect of melt-derived and sol-gel-derived Zn-containing SiO2-CaO BGs [438]. 

Melt-derived 2 mol% Zn-BG and sol-gel derived Zn-free and 4 mol% Zn-BG had noticeable 

antibacterial effects. This was because that sol-gel derived BG had a much faster (>2 

times) release of SiO4
4-

 and Ca2+ ions but a slower release of Zn2+ ions compared to 

that of melt-derived BG. In addition, the increase of zinc composition from 2 to 4 mol% 

hardly enhanced Zn2+  release kinetics in sol-gel derived Zn-BGs as Zn promoted the 

formation of Si-O-Si bonding in sol-gel BGs and makes them harder to dissolve.  

 

The antibacterial effect of Zn was also assessed in glasses that also released a range of 

other therapeutic ions, including Cu [436], Ti [439], Nb [440], Ag [408], F [434], Mg, and Sr 

[435], and Zr [441]. The complexity of the compositions makes it difficult to determine 

whether Zn is the only active ion for these compositions, but in general, the effect of Zn 
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was negligible when co-doped with other strong antibacterial ions. For example, while Zn 

helped kill bacteria in Cu-free BGs, the addition of Cu hardly promoted the antibacterial 

effect, although, in this particular system, Zn did not change the release kinetics of any 

elements [436]. Replacing Ag with Zn in the SiO2-CaO-SrO-P2O5 system, reduced the 

antibacterial ability towards E. coli, but promoted osteoblast proliferation [408]. On the 

other hand, while Zn and F both significantly enhance the antibacterial effect of calcium 

phosphate glass, co-doping of both had much worse killing effect against S. mutans 

compared to Zn and F-free glasses [434]. For others, the increase in Zn composition 

promoted antibacterial effect until reaching a critical value of ZnO content, and then a 

decreased trend was observed [435, 440-442].  

2.5.2.4 Boron  

Mechanism: The dissolution products of borate/borosilicate glasses are borate groups 

that exist in the form of boric acid in solution and in blood. Boric acid has been reported 

as a bactericide and fungicide since the 1860s against a broad spectrum of 

microorganisms, including S. aureus, Aeromonas hydrophila, P. aeruginosa, Brucella 

melitensis Rev1, and field isolates of Vibrio anguillarum, Aeromonas hydrophila, Yersinia 

ruckeri, P. aeruginosa, Lactococcus garvieae, K. pneumoniae, Brucella abortus, 

Aspergillus niger and C. albicans [65, 443]. The MIC of all the above-mentioned bacteria 

ranges from 0.385 to 7.5 
1mgmL−
 , depending on the type of microorganisms. Boron 

inhibits protein activities on the membrane of the bacteria cell membranes that fuels 

bacteria metabolism and molecule uptake [444]; borate groups bind with hydroxyl-rich 

compounds such as phospholipids, lipopolysaccharides, and glycoproteins in microbial 

membranes, inducing changes to membrane functional activities and membrane-bound 

enzymes [445]. Borate groups are small non-polar molecules that can penetrate through 

microbial membranes and are involved in a variety of enzymatic activities inside the cells 

[446, 447]. Such activities inhibit microbial enzymatic activity thus leading to an 

antimicrobial effect. Borate glasses tend to undergo more rapid dissolution compared to 

silicate glasses with similar amounts of network former and thereby induce faster release 

of antibacterial ions [45, 448]. For instance, 13-93B3 BG with 0.82 mol% Zn and 0.34 mol% 

Cu was reported to have a significant inhibition of 4 common biofilm microorganisms 

including P. aeruginosa, C. albicans, S. aureus, and Acinetobacter baumannii compared 

to 13-93B3 and 45S5 glass [449]. 

 

Polymeric hydrogels, fibre, or nanocomposites containing boron also exhibited 

antimicrobial effects against E. coli, S. aureus, P. aeruginosa, and C. albicans, although 

the effect was half the efficacy of antibiotics [450-452]. Glycerol hydrogel based on boron 
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was reported to have antimicrobial activity against E. coli, S. aureus, and MRSA, and 

antifungal activities against T richophyton rubrum and Tr. violaceum [453]. However, the 

effect of borosilicate glass was highly dependent on the doses of BG to bacteria. For 

example, the antibacterial effects of borosilicate BGs at 5 
1mgmL−
 (87%) were less than 

that of silicate BGs (90%), but the effects at 10 
1mgmL−
 were higher G (> 97. 5% than 

> 92. 5%) [454]. It was further concluded that a minimum concentration of 10 
1mgmL−
 was 

necessary for borosilicate BG to exert significant bactericidal effects. 

2.5.2.5 Others 

BGs containing other cations have also been reported to exhibit antibacterial effects. 

Gallium is an antibacterial reagent that has also had a strong suppressive effect on bone 

resorption and some cancerous behaviour [455, 456]. Ga also enters microbes through 

an iron transport mechanism and disrupts the DNA and protein synthesis of the microbes 

[457]. BG containing 3 mol% of Ga2O3 produced an inhibition halo five times larger than 

that of Ga-free BGs for S. aureus [458] and induced 20 times reduction to P.gingivalis [459], 

without inducing cytotoxic effects. But the increase of Ga composition in BG does not 

always lead to an increased effect. In a separate phosphate glass system, increasing 

Ga2O3 composition from 1 mol% to 5 mol% resulted in decreased Ga3+ release and thus 

a reduced antibacterial effect against various bacteria [460]. The increase in Ga2O3 

composition also inhibited the release of other ions. For example, in a study of Ga-

containing Zn-BG, the increase of Ga2O3 composition from 2.5 to 15 mol% replacing B2O3 

led to a drastic reduction of Zn2+ release from 0.46 to 0.24 mg L
−1

 and a decreased 

inhibitory effect against S. epidermidis and an increased effect against P. aeruginosa, as 

Zn2+ had more effect on Gram-positive bacteria while Ga3+ had more effect on Gram-

negative bacteria [461]. The release kinetics was relevant to the composition of other 

elements in the BG system. For example, phosphate BG with the lowest Ca/Na ratio (14/38) 

released Ga3+ at a higher rate (80 mg L
−1

), while those with higher ratios induced 20 

mg L
−1

  Ga3+  release [462]. The synthesis approach affects the antibacterial effect by 

influencing the release of both Ga3+ and other cations. In the SiO2-CaO system, melt-

derived Ga-BG with the highest Ga2O3 composition (4 mol%) and sol-gel Ga-free BG 

exhibited the highest antibacterial effect compared to other counterparts [463].  SiO4
4- and 

Ca2+ ions released from sol-gel BG were more than twice that from melt-derived BGs but 

melt-derived glasses had a faster release of Ga3+ ions. In general, the antimicrobial effect 

of melt-derived Ga-BG was more dependent on Ga3+ release and that of sol-gel-derived 

Ga-BG was more dependent on the alkaline environment. Ga-MBGs had much higher 

surface areas compared to Ga-BGs and a stronger antibacterial effect. Pourshahrestani 
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et al. found that increasing Ga2O3 composition from 1 mol% to 3 mol% in SiO2–CaO-P2O5 

MBGs increased  Ga3+  release from  0.1 to 0.3 mg L
−1

  leading to an increased 

reduction of E. coli and S. aureus viability from 80% to 99%  within 12 h [48]. In MBG 

scaffolds, increasing Ga2O3 composition from 5 to 10 mol% (xGa2O3-(100-x)SiO2–CaO-

P2O5) significantly increased the antibacterial effect on MRSA and E. coli without exhibiting 

a cytotoxic effect to osteoblasts [464]. The increase in Ga composition also decreased the 

surface area and porosity of MBGs and increased the crosslinking in the MBG system [48] 

so that beyond certain compositions, an increase in Ga composition leads to a decrease 

in Ga3+ level and decreased antibacterial effect [100, 465]. For example, Salinas et al. 

found that 3.5 mol% Ga2O3 induced very little Ga3+ release in SiO2–CaO-P2O5 MBGs 

and thus had a little antibacterial effect [465]. This is because Ga2O3 incorporation 

significantly reduced the surface area of the MBGs (from 515 to ~380 m2g-1). 

 

Cerium is the most common lanthanide element and has reported antibacterial effects 

against a broad spectrum of microorganisms. Cerium has two states in glass composition 

as Ce3+  to Ce4+  [242]. Ce4+  can switch to Ce3+  through redox reaction with the 

release of oxygen. Both ions have antibacterial capabilities. First, as a heavy metal ion, 

Ce4+  can raise the ROS level that causes severe damage to bacteria membranes, 

proteins, and DNA [466, 467]. In addition, bacteria could uptake Ce4+ which would impair 

their cellular respiration, oxygen uptake, and glucose metabolism [468]. The incorporation 

of a small amount of cerium makes little difference to BG structure and degradation 

kinetics [469]. Therefore, Ce-BGs were not investigated until the development of Ce-

loaded MBGs (Ce-MBGs) or Ce-BG NPs [100]. For instance, 10 mg mL
−1

 of 5 and 10 

mol%, Ce-loaded SiO2-CaO-P2O5 MBGs caused >99.9% inhibition of E. coli while MGS 

with 0-1 mol% CeO2 hardly possessed any effects [470].  

 

Mg is an essential element that involves in the enzymatic activities, cellular signaling, and 

stabilizing cell components of all organisms [471, 472] and it can donate two electrons for 

ROS generation [473, 474]. The mechanism may involve the binding of Mg2+ to bacteria 

membranes [475] and the ions may also penetrate the cells, making them more vulnerable 

to leakage and membrane rupture [476, 477]. Mg2+ ions also prevent the formation of 

biofilms by generating a protective layer on the surface of materials to prevent bacteria 

adhesion [478], and the disruption of cyclic di-GMP, a second messenger for signal 

transduction in bacteria [475, 479, 480]. The antibacterial effect of Mg-BG first increases 

with the increase of Mg composition and then decreases as the increase of Mg 

composition slowed down the release kinetics of Ca2+ ions and hardly increased Mg2+ 

concentration [481, 482]. For the 55SiO2-10K2O-(35-x)CaO-xMgO (x = 0, 5, 15, 25, 35 
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mol%) system the growth inhibition on S. aureus, Salmonella, and C. albicans [483] 

increased as the Mg increased in the glass composition until it reached 15 mol% the 

glass’s efficacy on S. aureus and Salmonella started decreasing, while that of C. albicans 

further increased to >99.9% inhibition. Similarly, in the SiO2-P2O5-CaO system, the glasses 

were effective on MRSA until Mg composition reached 5 mol%, after which further increase 

of magnesium in the composition led to adverse effects [481]. The reason is that increasing 

Mg in the composition reduced the release of other therapeutic ions, both because Ca 

content in the composition decreased, but also because Mg can take the role of network 

intermediate. For example, in BGs co-loaded with Cu and Mg, the increase in magnesium 

composition slowed down Cu2+ release and thus had an adverse antibacterial effect [423]. 

The same results were observed in BG co-loaded with Zn and Mg [484]. 

 

Fluoride has been reported to inhibit a broad spectrum of microorganisms, particularly in 

dental care [485], and fluoride-containing bioactive glass was reported antimicrobial 

against S. mutans biofilm [486] with increasing fluoride composition having a more 

pronounced inhibitory effect against both P.gingivalis and A.actinomycetemcomitans [487]. 

However, S53P4 glasses doped with 2.4, 6.4, and 8.8 mol% fluorides were found to have 

less effect than fluoride-free BG against E. coli unless the dose of BG exceeded 20 

mg mL−1 [488] and increasing the fluoride composition resulted in decreased antibacterial 

behaviour.  

 

Strontium was an important element in bone regeneration. It contributes to the stimulation 

of type I collagen, the proliferation of osteoblast, and the inhibition of osteoclast 

differentiation [489-491]. BGs with Sr replacing Ca from 0 to 39 mol% were found to 

increase the antibacterial effect against P. gingivali and A.actinomycetemcomitans [492]. 

In addition, Sr-BG (SiO2-CaO-P2O5-Na2O) containing gelatin scaffold was found 

antibacterial to S. aureus while the gelatin with Sr-free BG had no effect [493]. A Sr and F 

co-loading BG was incorporated into bone cement and reduced S. aureus and S. faecalis 

viability by 3 orders of magnitude [494]. The effect increased with the increase of Sr 

incorporation (replacing Ca) until reaching a critical point (2.5 mol% for S. faecalis and 10 

mol% for S. aureus), after which a decreased trend occurred. This was because the 

incorporation of Sr decreased the relative release of both Sr2+ ions and F- ions in the 

medium as Sr-O bonding is more stable than Ca-O bonding. 

 

Table 2. 5. Summary of BG glass systems designed to deliver ions with antibacterial 

properties. MBG = mesoporous (ordered) bioactive glass; Antibacterial ratio = the 

percentage of bacteria remaining after culture with BG for a certain period; MIC: Minimal 
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inhibitory concentration; MBC = Minimal bactericidal concentration; Inhibition halo = a 

bacteria-free zone induced by BG powders or scaffolds on the agar plate. 

Ion 
Microorg

anism 
Synthesis 

Ion comp. 
(mol%) 

Ref. Key points 

Ag 

E. coli 

Melt-
derived 

0.8 
[393] MIC = 0.2 mg mL−1 

[394] MBC = 1 mg mL−1 

3 [401] 
10000 times reduction in bacteria 
number 

0.05 - 1 [399] 
Antibacterial ratios were 80 to 90% with 
concentration increases 

2 [402] 
Large inhibition halo increases with the 
decrease of the P/(Ca+Na) ratio 

0.25, 0.5, 
0.75 

[404] 
0.5 mol% of Ag reduced the MIC from 1 
mg mL-1 to 0.25 mg mL-1 

Sol-gel 
5 [395] Antibacterial ratio > 99% at 1 mg mL−1 

1.48, 2.85 [396] MBC = 0.3-0.5 mg mL−1 

MBG 

0.54 [495] Inhibition halo of 1.5 cm at > 8 mg L−1 

0.5 [360] Antibacterial ratio was 99% 

3.1, 5.29 [496] Antibacterial ratio was 88% and 100% 

NPs 

0.27 - 2.9 [497] Inhibition halo of 2 cm 

2, 4, 6 [498] 
Inhibition halo of 9.3, 21, and 19.3 mm 
respectively 

1.39 [499] 
Inhibition halo of 11.75 (non-modified) 
and 10.75 mm (modified) 

10 [500] 
Significant but not quantified antibacterial 
effect 

S. aureus 

Melt-
derived 

0.8 [394] MBC = 0.5 mg mL −1 

2 [401] 
Large inhibition halo increases with the 
decrease of the P/(Ca+Na) ratio 

3 [399] 100 times reduction in bacteria viability 

0.25, 0.5, 
0.75 

[404] 
0.5 mol% of Ag reduced the MIC from > 
1 mg mL-1 to 0.25 mg mL-1 

MBG 

0.54 [495] Inhibition halo of 1.5 cm at >8 mg L −1 

0.016 [501] MBC = 0.1–0.5 mg mL −1 

3.1, 5.29 [496] Antibacterial ratio was 86.2% and 100% 

NPs 

0.27 - 2.9 [497] Inhibition halo of 2 cm 

2, 4, 6 [498] 
Inhibition halo of 16, 20.6, and 19 mm 
respectively 

0.05M [502] Antibacterial ratio was >90% 

1.39 [499] 
Inhibition halo of 17.5 (non-modified) and 
9 mm (modified) 

10 [500] 
Significant but not quantified antibacterial 
effect 

Sol-gel 
fibre 

1 × 10−3 [362] Inhibition halo of 15 mm 

1.84 [400] 
Reduced S. aureus number from 1011 to 
104 

P. 
aeruginosa 

Melt-
derived 

0.8 [394] MBC = 0.5 mg mL −1 

2 [401] 
Large inhibition halo increases with the 
decrease of the P/(Ca+Na) ratio 

Sol-gel 
5 [395] 

Antibacterial ratio was >  99% at 1 mg 
mL-1 

0.1 M [398] Inhibition halo of 2 mm 

NP 0.05M [502] Antibacterial ratio was >90% 
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S. mutans Sol-gel 1.48, 2.85 [396] MBC = 0.5-2 mg mL −1 

MRSA Sol-gel 2.1 [397] 1000 times reduction in bacteria number 

S. sanguis 
Melt-

derived 
1, 5, 10 [403] 

30, 180 and 600 times reduction in 
bacteria number respectively 

L. 
monocytoge

nes 

Melt-
derived 

0.2, 1, 1.5 [405] 
Effect of 1 mol% Ag > that of 1.5 mol% 
Ag 

E. faecalis MBG 0.1 M [503] Antibacterial ratio was 99% 

Cu 

E. coli 

Melt-
derived 

3, 6 [419] Inhibition zone of 5 and 16 mm 

2, 4, 6 [418] MBC = 0.5 mg mL −1 

20 [420] Antibacterial ratio was >99.9% 

Sol-gel 2.87, 6.58 [396] MBC = 5-10 mg mL −1 

MBG 

1.56 [495] Inhibition halo of 2 cm at >8 mg 𝐿 −1 

5 [504] Antibacterial ratio was 99% after 7 days 

0.5, 1.5, 
2.5 

[505] 
Complete suppression at all Cu 
compositions 

5 [506] MIC and MBC = 50 mg mL −1 

NPs 2 [304] The antibacterial ratio was 70-75% 

S. aureus 

Melt-
derived 

2, 4, 6 [418] MBC = 0.5 mg mL −1 

20 [420] Antibacterial ratio was >99.9% 

Sol-gel 2, 4, 6 [418] 
103, 104, and 108 times reduction in 
bacteria number 

MBG 
1.56 [495] Inhibition halo of 2 cm at >8 mg 𝐿 −1 

0.5, 1.5, 
2.5 

[505] 
Complete suppression at 1.5 and 2.5 
mol% 

NPs 2 [304] The antibacterial ratio was 70-75% 

P. 
aeruginosa 

MBG 
20 [420] Antibacterial ratio was >99.9% 

0.5, 1.5, 
2.5 

[505] 
Complete suppression at 1.5 and 2.5 
mol% 

Ion 
exchang

e 
5 [422] Inhibition halo of 1 mm 

S. mutans Sol-gel 2.87, 6.58 [396] MBC = 5-10 mg mL −1 

MRSA Sol-gel 5 [423] 
Antibacterial ratio decreases with Mg 
incorporation 

B. subtillis MBG 
0.5, 1.5, 

2.5 
[505] 

Complete suppression at 1.5 and 2.5 
mol% 

S. sanguis MBG 1, 5, 10 [417] 
0, 6, and 30 times reduction in bacteria 
number 

S. 
epidermidis 

Melt-
derived 

3, 6 [419] Inhibition zone of 5 and 16 mm 

NPs 2 [304] The antibacterial ratio was 50% 

E. faecalis Sol-gel 
0.5, 1.5, 

2.5 
[505] Composition dependent inhibition halo 

K. 
aerogenes 

MBG 20 [420] Antibacterial ratio was >99.9% 

C. albicans 
Melt-

derived 
0.5, 1.5, 

2.5 
[505] Composition dependent inhibition halo 

Zn 

E. coli 

MBG 2, 4 [409] MBC = 0.2 mg mL −1 

Melt-
derived 
Sol-gel 

2, 4 [438] 
Composition and synthesis-dependent 
antibacterial effect 

S. aureus MBG 
4 [465] The antibacterial ratio was 70% 

4, 7 [507] Antibacterial ratio was 70% and 90% 
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Melt-
derived 
Sol-gel 

2, 4 [438] 
Composition and synthesis-dependent 
antibacterial effect 

P. 
aeruginosa 

Melt-
derived 

0 - 15.53 [437] 
Composition dependent inhibition halo 
width up to 36.1 mm 

MBG 
5 [508] Inhibition halo of 0.41 cm 

3, 5 [509] Antibacterial ratio was 89.4% 

S. mutans 
Melt-

derived 
1.32 [434] 

Viability decrease from 106−7 to 3.68 x 
104 CFU/mL 

B. subtilis 

MBG 3, 5 [509] Antibacterial ratio was 91.3% 

Melt-
derived 

0 - 15.53 [437] 
Only 15.53 mol % induce inhibition halo 
of 12 mm 

S. 
epidermidis 

Melt-
derived 

2, 3.8 [435] 
Dose and composition-dependent 
antibacterial effect up to 90% 

3, 5 [509] Antibacterial ratio was 91.3% 

0 - 15.53 [437] 
Composition dependent inhibition halo 
width up to 21.7 mm 

P.gingivalis Sol-gel 5 [510] 
Higher antibacterial effect than Zn-free 
BGs 

S. pyogenes 
Melt-

derived 
0 - 15.53 [437] 

Composition dependent inhibition halo 
width up to 68 mm 

A.actinomyc
etemcomitan

s 
Sol-gel 5 [510] 

Higher antibacterial effect than Zn-free 
BGs 

P. intermedia Sol-gel 5 [510] 
Higher antibacterial effect than Zn-free 
BGs 

K. 
pneumonia 

Melt-
derived 

0 - 15.53 [437] 
Only 15.53 mol % induce inhibition halo 
of 11.9 mm 

Ga 

E. coli 

Melt-
derived 

1, 3, 5 [460] 
Decreased antibacterial effect with 
composition due to decreased Ga 
release 

1, 5 [511] Slight antibacterial effect 

MBG 1, 2, 3 [48] 
Antibacterial ratio increases with Ga 
composition up to 80% 

Melt-
derived 
Sol-gel 

2, 4 [463] 
Only melt-derived BG with 4% Ga and 
sol-gel BG with 0% Ga had 

S. aureus 

Sol-gel 3 [458] Inhibition halo of 30 mm 

Melt-
derived 

1, 5 [511] Slight antibacterial effect 

MBG 1, 2, 3 [48] 
Antibacterial ratio increases with Ga 
composition up to 99% 

MRSA 
Melt-

derived 
1, 3, 5 [460] Only 1% exhibited a little effect 

C. difficile 
Melt-

derived 
1, 3, 5 [460] Only 1% exhibited a little effect 

P.gingivalis 
Melt-

derived 

3 [512] 105.4 times reduction in bacteria number 

3 [459] 
16 times more inhibition compared to Ga-
free BG 

P. 
aeruginosa 

Melt-
derived 

1, 3, 5 [460] 
Decreased antibacterial effect with 
composition due to decreased Ga 
release 

3 [462] 
The highest effect at the lowest Ca and 
highest Na (14/38) was 7.2 times that of 
the control 



73 

 

0 - 15 [461] 
Inhibition halo decreased from 31.3 to 21 
mm 

MBG 5 [513] 
Ga3+  ions released were 100 times as 
the 90% inhibition concentration 

S. 
epidermidis 

Melt-
derived 

0 - 15 [461] Inhibition halo increase from 0 to 29 mm 

S. gordonii 
Melt-

derived 
3 [512] 

100% inhibition while Ca composition 
was the lowest (10%) 

Ce 

E. coli 

MBG 1, 5, 10 [470] 
Strong and composition-dependent 
effect up to > 99.9% 

 1, 3, 5 [511] Slight antibacterial effect 

NPs 2 [514] 
Slight more antibacterial effect than Ce 
free MBG 

S. aureus 

 1, 3, 5 [511] Slight antibacterial effect 

NPs 2 [514] 
Slight less antibacterial effect than Ce 
free MBG 

P. 
aeruginosa 

NPs 2 [514] 
Slight less antibacterial effect than Ce 
free MBG 

B. subtilis NPs 2 [514] 
Slight less antibacterial effect than Ce 
free MBG 

Mg 

S. aureus, 
Salmonella, 
C. albicans 

Melt-
derived 

0 - 35 [483] 
Antibacterial ratios were > 99.9% beyond 
15% 

MRSA Sol-gel 0 - 10 [481] No obvious effect below 5% 

Sr 

P. gingivali 

Melt-
derived 

0 - 39 [492] 
Increase slightly when replacing Ca with 
Sr 

A. 
actinomycet
emcomitans 

S. aureus 
Melt-

derived 
0 - 50 [494] 30 times reduction in bacteria number 

S. faecalis 
Melt-

derived 
0 - 50 [494] 303 times reduction in bacteria number 

Mn 

E. coli, B. 
subtilis, 

P. 
aeruginosa, 
S. aureus 

MBG 0 - 7 [515] 
5 mol% exhibited a significant 
antibacterial effect 

Rb 
E. coli, S. 

aureus 
MBG 1, 2, 5 [516] 

Antibacterial ratio increases with Rb 
composition up to >90% 

Bi E. coli MBG 0.13 - 1.13 [517] 
Composition dependent antibacterial 
ratio 

Zr MRSA Sol-gel 5, 10 [518] 

5 mol% zirconium-containing 58S BG 
particles had 50% higher antibacterial 
capabilities to MRSA compared to Zr-free 
BGs 

Ta 
E. coli, S. 

aureus 
Sol-gel 0.2 - 1 [519] 

Increased antibacterial abilities with the 
increase of Ta composition 

F 

E. coli MBG 
2.4, 6.4, 

8.8 
[488] 

0 mol% exhibited significant antibacterial 
effect 

A. 
actinomycet
emcomitans 

Melt-
derived 

0 - 7 [487] 

Composition dependent antibacterial 
effect up to 80% 

P. gingivalis 
Composition dependent antibacterial 
effect up to 50% 
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Manganese-loaded MBG was proved to have a significant antibacterial effect against E. 

coli, B. subtilis, P. aeruginosa, and S. aureus compared to control and Mn-free glasses 

[515]. 58S BG particles containing 5 mol% zirconium had 50% higher antibacterial 

capabilities to MRSA compared to Zr-free BGs [518]. Similar 58S BG particles containing 

1 mol% Ta reduced the viability of S. aureus and E. coli to 10% of that of Ta-free BGs [519]. 

MBG scaffolds containing 1-5 mol% of Rubidium were also found to have an inhibitory 

effect against E. coli and S. aureus [516]. A glass containing 5 mol% Rb gave 10% more 

inhibition of E. coli and S. aureus and a BG containing 0.1 -1 mol% bismuth oxide was 

more bactericidal to E. coli compared to Bi-free BG [517].  

 

In general, Cu, Zn, and B are common therapeutic ions incorporated into the BG system. 

Besides, Mirragen, a borate-based BG product with Cu and Zn incorporation (1605 as 

described in Table 2.3), has been proved successful as commercial product for chronic 

ulcers. It is of particular interest to investigate the antibacterial effect of Cu, Zn, and B to 

wound healing.  

2.5.3 Anti-inflammation 

There has been a contradictory view of the anti-inflammatory effects of BGs. Sol-gel-

derived SiO2 − P2O5 − CaO  BGs and bioactive glass-ceramics have been reported to 

induce inflammation due to the stimulation of macrophage proliferation [520, 521]. For 

example, Bosetti et al. reported that 45S5 BG induced an increased regulation of TNF-α 

and TNF-α-mRNAs from peritoneal macrophages and monocytes [522]. Besides, the HCA 

that formed from the dissolution products of BGs can further induce inflammation by up-

regulating the expressions of IL-1, TNF-α, IL-6, and IL-8 [523-525]  

 

Recently, 45S5 was found to be anti-inflammatory. For example, Day et al. reported a 

significant down-regulation of IL-6 from macrophages and monocytes when treated by 

45S5, with negligible changes in the amount of TNF-α and IL-10 [526]. 45S5 BGs were 

reported to activate macrophages towards the M2 phenotype [51]; more M1 phenotypes 

(represented by marker iNOS) transformed into M2 phenotypes (represented by marker 

ARG) when treated with BG extracts than when treated with a control medium. 45S5 also 

induced a significant decrease in IL-1 and TNF-α expression and a significant increase in 

IL-10, VEGF, FGF-2, and TGF-β. The stimulation of the macrophage phenotype switch is 

highly dependent on the BG dose, which too much glass proves an inflammatory response. 

20 mg L
−1

 of 58S BG particles stimulated RAW (a macrophage cell line) proliferation and 

promoted the switch from M1 to M2 phenotype, but 100 mg L
−1

  of particles led to a 

significant inflammatory response with a significant decrease in cell number [527]. In 
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addition, RAW cells treated with 100 mg L
−1

 BG leads to a significant increase in iNOS, 

IL-1, and IL-1ra while those with 20 mg L
−1

 had a down-regulation in all pro-inflammatory 

factors. Gomez et al. reported that the dissolution products of 1 mg mL
−1

 MBGs (75SiO2-

20CaO-5P2O5), following conditioning in DMEM for 24 hours, reduced the number of 

macrophages while maintaining the percentage of M1 phenotypes [528].  

 

Although the precise mechanism for the anti-inflammatory responses of BG has not yet 

been identified, its effect can be attributed to the release of soluble silica. Silicon-based 

materials, such as coral sand, calcium silicates, and sodium metasilicate, have been 

widely applied in the treatment of diabetic ulcers, glomerulopathy, and other inflammatory 

diseases [529-532]. For example, silicic acid and sodium metasilicate exhibited a broad 

spectrum of anti-inflammatory behaviour including the down-regulation of TNF-α and 

several antioxidant enzymes such as copper superoxide dismutase (CuSOD), manganese 

SOD (MnSOD), catalase, and glutathione peroxidase (GPx) [531, 532]. Calcium may also 

lead to anti-inflammatory responses through calcium influx [533]. 

 

Zhao et al. investigated the effect of dissolution products of BG scaffolds 

(SiO2:CaO:P2O5 = 80:15:5) on RAW cells and IL-4 treated RAW cells (representing the 

inflammatory and anti-inflammatory state) [52]. In both conditions, the cells expressed 

significantly high levels of IL-1, IL-6, and Arginase (anti-inflammatory gene) and a 

decrease in IL-10 and TNF-α. Similarly, for alginate hydrogels containing SiO2-CaO-P2O5 

BG, an increase in M2 macrophage phenotype was observed, with the down-regulation of 

inflammatory cytokines and up-regulation of anti-inflammatory cytokines [235]. The anti-

inflammatory behaviour leads to a paracrine effect that can promote the regeneration of 

tissues, including fibroblast proliferation and migration, growth factor expression (VEGF, 

FGF-2, and TGF-β), angiogenesis, etc. [52, 235]. Both the anti-inflammatory effect and 

the paracrine regenerative effects were confirmed in vivo in diabetic rat models [52, 527], 

and in normal and macrophage-depleted mice [235]. 

2.5.3.1 Copper 

Mechanism: Cu is a well-known anti-inflammatory agent; Cu complexes have been 

commonly used as non-steroidal anti-inflammatory drugs enhancing the effect while 

reducing the toxicity of their uncomplexed parent drug [534-536]. The Cu is thought to 

enroll in the metabolism of free radicals through redox reaction and relieve oxidative stress 

during wound healing. Cu serves as catalytic components to MMPs, hydroxylases, and 

oxidases that lyse down detrimental ROS and prevent inflammation [537]. Though Cu may 

also induce the formation of OH free radicals that promote inflammation, recent evidence 
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proved that Cu complexes with specific OH-inactivating ligands inactivate OH groups once 

they are formed [538]. Besides, Cu mimics cupriprotein superoxide dismutase and 

destroys superoxide anions which disable them [534, 539]. The level of ceruloplasmin, the 

commonest transporter of Cu that binds with 70-80% plasma Cu, upregulates with the 

increase of Cu level and generates a protective role under inflammatory conditions [540, 

541]. The proposed mechanism was proved by investigation of copper levels in the 

metabolism of both acute and chronic inflammatory conditions where its deficiency favours 

the pro-inflammatory state [542].  

 

BGs: 80SiO2 − 15CaO − 5P2O5  and 80SiO2 − 10CaO − 5P2O5 − 5CuO  MBGs were 

detected in their macrophage phenotype concentration through their respective markers 

CCR7 and CD163 signalings [543]. Cu-MBGs exhibited a high stimulation of macrophage 

migration and provoked a switch of M1 to M2 phenotype. Cu-MBG also induced a slight 

increase in IL-1 and IL-1ra expression. Further investigations during in vivo tests revealed 

that Cu-MBG induced low inflammatory response and increased angiogenic effect. In 

addition, Lin et al. found similar effects for 75SiO2 − 15CaO-5CuO − 5P2O5 BGs [544]. 

The scaffolds induced a marked decrease of TNF-α and IL-18 and a marked increase of 

IL-10 within a concentration of 0.5-16 mg L
−1

. A down-regulation of M1 marker iNOS and 

an up-regulation of M2 marker CD206 were also observed. 

2.5.3.2 Zinc 

Mechanism: The role of zinc as an anti-inflammatory ion is due to its regulation of zinc 

transporter mRNA [545] and the capability of zinc as an antioxidant. Zinc is known to: (1) 

inhibit the NADPH enzyme; (2) induce the production of metallothioneins; (3) prevent the 

production of hydroxyl radicals from iron and copper by competing with them to bond to 

the cell membrane; (4) reduce the production of cytotoxic cytokines; (5) promote the 

proliferation of enzyme superoxide dismutase (SOD) in order to change superoxide radical 

back to hydroxy peroxide [61, 62]. Zinc strongly prevents the apoptosis and tumourigenic 

of both epithelial and endothelial tissues. It stimulates the anti-inflammatory responses 

with nutrients and proteins as by-products to further stimulate healing behaviour [274, 546]. 

The deficiency of zinc leads to an adverse effect on cytokine function and secretion and 

thereby impairs the function of the basic messengers of the immune system [547, 548]. It 

is argued that the chemotaxis of leukocytes and ROS production are also inhibited during 

zinc deficiency [549]. This impaired behaviour is a sign of prolonged inflammation as a 

longer period was required for sufficient secretion of cytokines, ROS, and macrophage 

chemotaxis, thereby indicating the potential of zinc for anti-inflammatory effect [373, 545]. 

Zinc regulates inflammatory cytokines for an anti-inflammatory response, e.g. Zn-
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containing HA was capable of decreasing the TNF-α concentration in the THP-1 cell line 

[550].  

 

BGs:  A phosphate BG containing zinc had a similar effect on IL-6 down-regulation and 

IL-10 up-regulation as that of 45S5, but 45S5 was much more toxic to 

lipopolysaccharide (LPS) treated RAW cells [526]. In borosilicate glasses in the xZnO-

(100-x)[5MgO-40B2O3-34SiO2-5P2O5-16CaO] (mol% x = 0, 1.5 and 5) system, 5 mol% Zn 

incorporation induced the smallest M1/M2 ratio for THP-1 cells [551]. It also promoted the 

highest expressions of ARG and IL-10 and the paracrine effect to stimulate growth factor 

expressions from hBMSCs. Similar effects were found for chitosan-alginate hydrogels 

containing 58S BG NPs (50-100 nm) with 5 mol% ZnO, where pro-inflammatory factors 

were down-regulated in vivo with stimulated wound closure and angiogenesis [552]. 

Compared with Cu-BGs of the same composition, Zn-BG was more anti-inflammatory, for 

example, 11 mol% sol-gel Zn-BG induced a higher decrease in TNF-α and a higher 

increase in IL-10 compared to Cu-BG of the same composition, much more than that from 

Zn-free BGs and the control [553].  

2.5.3.3 Boron 

Mechanism: Borate and borosilicate glasses are potent anti-inflammatory agents, 

although hardly any research was imposed in this field. Demirci et al. presented the anti-

inflammatory effect of boric acid and sodium pentaborate pentahydrate on various 

inflammatory factors [65]. Boron had inhibitory effects on two important inflammatory 

mediators, iNOS and COX-2, at all concentrations. In addition, decreased NO 

concentration was induced from LPS treated RAW cells when treated with >100 mg L
−1

 

boron, indicating the potential of boron in anti-inflammatory activities at high concentration. 

Dietary boron was also reported to significantly enhance the production of erythrocyte 

superoxide dismutase and therefore stimulated the ROS metabolism [554].  

 

Although the anti-inflammatory effects of borate BGs were not widely studied, their fast 

dissolution kinetics made them promising platforms for the delivery of therapeutic ions and 

drugs. For example, boron-containing MBG scaffolds have been reported to incorporate 

biomimetic anti-inflammatory nano-capsule-gold nanocages that were enveloped by LPS 

treated macrophage cell membranes coated with cytokine receptors and loaded with 

resolving D1 as M2 polarization inducer [67]. The resultant scaffold blocked pro-

inflammatory cytokines TNF-α and IL-6, and promote M2 polarization both in vitro and in 

vivo on femoral bone defects. 
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2.5.3.4 Others 

BGs containing other cations have also been reported to exhibit anti-inflammatory effects. 

Ce-BGs have been reported to induce inflammatory effects. The conversion of Ce4+ to 

Ce3+ induces oxygen vacancies that act as auto‐regenerative free radical scavengers in 

inhibiting inflammatory mediators such as NO or ROS [555, 556]. Another study reported 

that cerium exhibits superoxide dismutase-mimic properties by reacting with superoxide 

to form hydrogel peroxide [557, 558]. These reactions result in alleviated oxidative stress 

and reduced inflammatory responses [559]. As a result, cerium oxide has been commonly 

used as an anti-oxidants in diminishing oxidative disruption of the cell membrane and 

protecting cells from ROS-induced damages [169, 560, 561]. In addition, while scavenging 

superoxide decreases the attraction of macrophages and neutrophils in inflamed tissues, 

nanoceria has been applied as promising anti-apoptotic and anti-inflammatory drugs in 

vivo [562-565]. SiO2-CaO MBG NPs (100-300 nm) containing 2.8 mol% CeO2, promoted 

significantly lower expressions of oxidative stress-related genes (NOS2, PTGS2, NRROS, 

and MMP9) compared to Ce-free MBGs at 1 mg mL
−1

 [566]. They also promoted fewer 

cytokine expressions (IL-1, TNF-α, IL-6, and tryptophan 5-monooxygenase activation 

protein zeta).  

 

Ag reduced inflammatory effects in a porcine dermatitis model [567-569] and in wound 

dressings [570-572]. 58S Ag-BG microparticles with 1 mol% Ag2O replacing Ca were 

characterized by their anti-inflammatory effects on human PMNs and peripheral blood 

mononuclear cells (PBMC) [573]. Below the cytotoxic level, Ag-BG was capable of 

decreasing intra- and extracellular ROS levels when assessed with opsonized zymosan, 

a compound that induces oxidative burst by activation of NADPH-oxidase through binding 

to complement receptors [574]. This was because the dissolution products from BGs 

interrupted the balance of oxidative status, inhibited the binding of zymosan, and reacted 

with free radicals as superoxides scavengers. In addition, Ag-BGs induced higher IL-4 in 

PBMC compared to the control. However, the cytotoxicity of Ag-BGs made them an 

unwelcoming candidate as anti-inflammatory ions [573, 575]. For example, although Ag-

containing 46S6 BG induced anti-inflammatory properties by preventing IL-1 and IL-6 

excretion from a differentiated THP-1 cell line, its LC50 (concentration that leads to 50% 

cell death) was 20 times less than that of Cu-BG and 10 times less than that of Cu-Zn-BG 

[575].  

 

Sr incorporated materials have been reported to have anti-inflammatory potential through 

the down-regulation of TNF-α and IL-1β and up-regulation of IL-10 [576-578]. A recent 
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report also indicated the synergistic effect of Sr and Zn in inducing M2 polarization [579], 

but it was not conclusive whether both ions contributed. Zhao et al. reported the anti-

inflammatory effects of 58S microspheres containing 10 mol% SrO inducing M2 

polarization [580]. The ratio of M1:M2 in Sr-BG was 42.33: 51.85 while that in Sr-free BG 

is 45.85: 38.23 and that in control is 48.52: 45.33. This was further confirmed by lower 

expressions of inflammatory cytokines including IL-1, IL-1ra, TNF-α, and IL-6, and higher 

expressions of anti-inflammatory cytokines IL-10 and Arginase compared to those of 

control and Sr-free BGs. The resultant media after the anti-inflammation were rich with 

growth factors, such as VEGF, PDGF-BB, FGF-2, SDF, and Angiogenin, for further 

angiogenic activities in vitro and in vivo. Similarly, Zhang et al. observed that 6 mol% Sr-

containing 58S BG induced a higher increase in M2 phenotype and a further decrease in 

the expressions of IL-6 and IL-1 compared to Sr-free BG and the control [581].  

 

Ce or Ag are not good candidates to be incorporated in BG fibres as cerium significantly 

reduces the degradability and Ag may induce a cytotoxic effect during the fast degradation 

of BG fibres. Strontium hardly affects soft tissue engineering while its major application is 

in bone regeneration. Cu, Zn, and B have been widely studied and BG products consisting 

of these ions are successfully commercially in reducing inflammatory effects during 

diabetic ulcer regeneration. It would have a higher impact to study the mechanisms.  

2.5.4 Angiogenesis 

The first few investigations of the angiogenic effect of BGs were assessed for bone 

regeneration [45, 46, 582, 583]. For example, the first report on BG in angiogenesis 

reported its synergistic effect with recombinant human bone morphogenetic protein-2 

(rhBMP-2) in sprouting angiogenesis in bone [582, 584]. rhBMP-2 containing BG up-

regulated Flt-1 and KDR, two receptors of VEGF in vitro, and a 2-fold increase in bone 

vascularization. The same cell types and proteins are involved in angiogenesis in the 

wound. Endothelial cells were stimulated by BGs, BG dissolution products, or BG 

dissolution products pre-cultured with cells (bone cells, fibroblasts, keratinocytes, or 

macrophages) for enhanced proliferation, migration, and protein expressions (VEGF, FGF-

2), and vessel formation both in vitro and in vivo. The angiogenic effects of BGs are 

summarized in Table 2. 6. 

 

Day et al. first reported the role of 45S5 BG in angiogenesis, which significantly increased 

VEGF [53] and FGF-2 [54] expressions from CCD-18CO fibroblasts in the dose range of 

0.01-0.1 w/v %. Similarly, 45S5 had similar stimulations to fibroblasts and enhanced vessel 

density when a BG-fibroblast skin graft was implanted in a full-thickness defect in a mouse 
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[55]. 45S5 also induced increased pro-angiogenic factor expressions including VEGF, HGF, 

PIGF, angiopoietin, and angiogenin in MSCs [58]. When loaded into collagen sponges, 

45S5 up-regulated VEGF and tubule formation from endothelial cells [585], promoted 

vessel formation on quail chorioallantoic membrane [586], and induced vessel formation 

in a calvarial defect [587]. Similar effects were observed when loading 45S5 into hydrogels, 

where increased angiogenic effects were observed compared with BG-free materials [588-

591]. 

 

The optimal dose of S53P4 to induce the highest VEGF expression from fibroblasts was 

also 0.01-0.1 w/v % [592]. Chitosan-silk fibroin containing 58S BG (10 wt%) also enhanced 

fibroblast proliferation, ECM deposition, and vascularization, and reduced inflammation in 

vivo [593]. 70SiO2-25CaO-5P2O5 BG in a PDLLA electrospun membrane promoted a 3-

fold increase in CD31 expression (markers on the endothelial cells in blood vessels) in 

vivo and a 2-fold increase in new blood vessel formation in a diabetic wound model relative 

to PDLLA alone [594]. Alginate hydrogel containing BG also promoted angiogenesis 

through stimulating anti-inflammation in macrophages in vivo in normal and macrophage-

depleted mice [235].  

 

A recent study revealed a co-culture of BG with another cell stimulated angiogenesis. For 

example, S53P4 treated dental pulp pluripotent-like stem cells (DPPSCs) up-regulated 

VEGF and endothelial markers like vWF, FLK-1, and CD31 in HUVEC, and stimulated in 

vitro tubule formation [595]. In addition, 45S5 glass-ceramic 3D scaffolds stimulate 

angiogenesis in vitro on HUVEC and on CAM angiogenesis assay when co-cultured with 

human adipose tissue-derived stem cells [596]. 

 

The unique structure of BG fibres provides a network for the attachment, proliferation, and 

migration of endothelial cells. Melt-derived silicate-based BG fibres stimulated the blood 

vessel formation in vitro on HUVEC and fibroblasts and in vivo, which was patented Mo-

Sci corporation (Rolla, Missouri, patent number US7745682B2, US-8535710-B2) [83, 597]. 

Sol-gel-derived 3D electrospun 70S30C BG nanofibrous scaffold also promoted VEGF 

expressions from fibroblasts [97]. 

 

The release of SiO4
4-

 ions can be the main reason for the angiogenic effect of BG [598-

600]. For example, silicates significantly increased the node number, circle number, and 

tube length of in vitro HUVECs tubules. This was supported by an assessment on HUVEC 

migration and homing (migration to its original tissues), where significant activity was 

observed in soluble silicate treated cells compared to non-treated cells. Li et al. and Zhai 
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et al. reported that SiO4
4-

  ions at a concentration of 1.9 - 4.9 mg L
-1

  promoted 

angiogenesis in a co-culture system of fibroblasts and endothelial cells due to the 

endothelial NO and NO synthase production, which promoted vascular endothelial 

cadherin in the cell junction areas to facilitate vessel formation [600, 601]. Even beyond 

20 mg L
-1

, SiO4
4-

 ions still up-regulated the expression of hypoxia-induced factor 1α (HIF-

1α) and stabilized it by blocking HIF-prolyl hydroxylase 2 in endothelial cells [602, 603]. 

The up-regulation of HIF created a hypoxia-mimic environment in wounds and promoted 

the expressions of angiogenic factors in endothelial cells, including VEGF and FGF-2, 

along with their receptors, kinase inserts domain receptor (KDR, also called VEGFR-2), 

and FGF-2R. HIF up-regulation also stimulated the expressions of endothelial NOS 

(eNOS), an isoform of NO, in endothelial cells that promotes further proliferation of 

endothelial cells, adhesion of leukocytes, and platelet aggregation, leading to complete 

new blood vessel formation [604]. 

 

Ca release also stimulated angiogenesis of BG. An increase in calcium levels surrounding 

cells leads to calcium intake, which opens specific channels in the plasma membrane and 

generates calcium signaling. Calcium levels are closely related to the signaling pathways 

of various proteins, including PDGF, EGF, IGF-I, FGF-2, and VEGF [605-609]. In particular, 

calcium levels increase with the binding of FGF-2 and VEGF to their respective receptor 

tyrosine kinases in the endothelial cells [605]. Calcium signaling activities were also 

reported in fibroblast, which involves cell proliferation and expression of VEGF [610].  

2.5.4.1 Boron 

Mechanism: The role of boron in cellular activities can attribute to its binding to cis diol 

groups, which enable them to cross the cell membrane and involves in RNA activities, due 

to the presence of cis diol groups in RNA ribose moieties [611, 612]. 0.25% (w/v) of boric 

acid in fibroblast growth medium stimulated two times the increase in TNF-α mRNA from 

HDFs, which boric acid stimulated early state angiogenesis from since the inflammation 

phase [258]. Borate groups have also been shown to stimulate VEGF and TGF-β mRNA 

translation in endothelial cells, which thereby promote the expressions of VEGF and TGF-

β [611]. In addition, NaBC1, an ion channel that regulates boron metabolism, is stimulated 

by borate ions and promotes angiogenesis via PI3k-independent pathways [613, 614].  

 

HUVEC proliferation and tubule formation has been reported to accelerate as borate dose 

(boric acid) in the culture medium increased [57, 615, 616]. 60 mg L
-1

  of boric acid 

increased the proliferative response of HUVECs through the activation of the mitogen-

activated protein kinases (MAPK) pathway, a pathway involved in signal communication 
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from the growth factor receptors at cell surfaces to cell DNA [57]. The ERK phosphorylation 

levels, which represent angiogenic mitogenic signals, in HUVECs were also up-regulated 

correspondingly to the increase of boron dose from 3 to 60 mg L
-1

. Besides, Li et al. found 

that 45 mg L
-1

 of  BO3
3− stimulated the proliferation, migration, and tubule formation of 

endothelial cells [617].  

 

BG: 45S5 BG（45S5.2B）containing ~2 mol% borate induced a higher HUVEC proliferation, 

migration, and in vitro tubule formation compared to that of 45S5, 45S5 loaded with VEGF, 

and 45S5 loaded with FGF-2 [57]. Further investigation revealed that the ERK 

phosphorylation levels in HUVECs were higher when treated with 45S5.2B and a positive 

correlation of this level occurred with increasing concentrations of boron. A similar finding 

was observed in the chorioallantoic membrane of quail embryos wherein 45S5.2B 

exhibited 26% higher FGF-2 production compared to 45S5 over 2 days of culture and thus 

higher new vessel formation [618].  

 

PCL film containing 30 wt% 13-93B1 particles promoted higher VEGF expression from 

MSCs and increased CD31, CD144, KDR, and VEGF expression from hy926 endothelial 

cells compared with BG-free PCL [619]. 13-93B3 glass microfibres, with fibre diameters 

ranging from 0.5 to 1 m, induced a two-fold stimulation of in vivo angiogenesis in a 

Sprague Dawley (SD) rat model compared to 13-93 silicate glass fibres with similar 

morphology [84]. 13-93B3 BG fibres were also commercially proved to promote 

angiogenesis in patients with diabetic venous stasis ulcers, a disease that is unable to 

heal through other treatments [282, 620]. 

 

BGs with the same components as 13-93B1 glasses but different compositions, named 

‘01-06B1’ (37.5 SiO2-22.6 CaO-5.9 Na2O-4.0 P2O5-12.0 K2O-5.5 MgO-12.5 B2O3), induced 

three-fold higher VEGF expressions in osteoid in vivo than 45S5 [621]. In addition, the 

ionic dissolution product (1 wt/vol%) of  01-06B1 and 01-06B2 (2 and 7 mg L
-1

 BO3
3−

, 

respectively) increased VEGF secretion in MSCs (ST2), which was 3-fold and 2-fold of the 

VEGF expression stimulated from 13-93B3 (40 mg L
-1

  BO3
3−

) respectively and >20 fold 

of that of 13-93 [622]. Another borate BG system, GL1550, up-regulated the expressions 

of CD31, HIF-α, KDR, and VEGF from zoledronate treated endothelial cells, which mimics 

the angiogenic environment in osteonecrosis of the jaw, and promoted a 4-fold increase 

in endothelial migration and a 5-fold increase in tubule formation in vitro [623].  

 

The addition of aluminum to borate BGs was found more stimulative to VEGF, IGF, and 

CX43 on mouse muscle myoblast cells (C2C12s), and the conditioned media from BGs 
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pre-cultured in C2C12 cells induced HUVEC migration and tube formation [68]. In vivo 

studies in volumetric muscle loss regeneration further proved that these novel borosilicate 

BGs exhibited higher angiogenic capability compared to silicate-based glasses. Besides, 

50.6B2O3 − 23.7CaO − 6.43Na2O − 8.24MgO − 8.46K2O − 2.57SrO  BGs promoted higher 

expressions of VEGF, FGF-2, and PDGF from 3T3-L1 cells in vitro and a 2-fold increase 

in blood vessel formation 14 days after the surgery on wounds of rodent model in vivo [66].  

2.5.4.2 Phosphate 

Mechanism: Phosphate-based glasses have also been documented for their potential for 

angiogenic activities [233]. Phosphate ions could induce various protein signalings in both 

human and mouse mesenchymal stromal cells, especially that of VEGF and FGF [259]. 

For example, phosphate causes an increase in VEGF expression of HUVECs and 

stimulates migration and tubule formation [260].  

 

BGs: BG with 6.33 mol% phosphate induced higher VEGF stimulation in MC3T3-E1 and 

human osteosarcoma cell line MG63 compared to phosphate-free BGs and the control 

[487]. In vivo studies further determined that 44.5P2O5-44.5CaO-6Na2O-5TiO2 BGs 

induced high vascular formation on endothelial lineage in rats in PLA scaffolds than in pure 

PLA scaffolds [624]. Yet, the main characteristics of phosphate-based BGs in sprouting 

angiogenesis are their delivery of therapeutic ions, as phosphate BGs degrade much 

faster than silicate ones [625, 626]. For instance, phosphate-based BGs delivered Co to 

induce higher VEGF secretion in MG63 and osteoblasts [272, 627]. However, the fast 

release of ions may also lead to toxicity. For example, Cu-loaded phosphate-based BGs 

were reported to inhibit the metabolic activity and proliferation of HUVEC [628]. 

2.5.4.3 Copper 

Mechanism: Copper is widely known to trigger angiogenesis. Cu-containing diet, Cu-

based NPs, and CuSO4 promote sprouting angiogenesis [271, 629, 630]. It also promotes 

angiogenesis in tumours, so chelating Cu has been a common solution to suppress tumour 

angiogenesis [631, 632]. The angiogenic mechanism of Cu attributes to its induction of a 

hypoxia-mimicking environment in wounds. Cu functions in angiogenesis through the 

activation of the EGFR/ERK/c-fos transduction pathway and thereby the up-regulation of 

HIF-1α expressions [269]. These activations induce a simulated hypoxia environment and 

lead to the secretion of angiogenic factors such as VEGF, FGF-2, fibronectin, angionectin, 

TNF-α, IL-1, prostaglandin E-1, etc. [269]. It then fuels the activities of VEGF and FGF-2 

through the angiogenic cascade [271]. In addition, Cu is also necessary for the HIF-1α 
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transcriptional complex formation and fuels the interaction with the hypoxia-responsive 

element in target genes [633].  

 

Cu interacts with the MAPK signaling pathways to increase the survival of both endothelial 

cells and fibroblasts and sprout angiogenesis [634]. It also binds with the mRNA of SPARC, 

a transiently expressed ECM-binding protein that regulates endothelial cell proliferation 

[635]. Besides, its anti-inflammatory activities also stimulated the paracrine angiogenic 

factor expressions from macrophages  [534, 539].  

 

BGs: In vivo results have shown contradictory results of the angiogenic capability of Cu-

BG. Bi et al. reported that the incorporation of 0.34 mol% Cu in 13-93B3 BG stimulated 

the increase of blood vessel formation in the rat calvarial model from 4.0% to 4.3% (cross-

section are percentage in the defect) [636]. Wang et al. observed a similar trend that 2.5 

mol% Cu in 13-93B2 stimulated higher in vivo vascularization than its Cu-free counterparts 

in the same animal model [637]. However, Lin et al. demonstrated that 1.57 mol% of Cu 

in 13-93 was toxic to MC3T3-E1 cells and that the non-toxic doses (0.31, 0.62 mol%) 

induced little stimulation in blood vessel formation was observed in vivo evaluation in rat 

calvarial [638]. 

 

In vitro, 45S5 BG scaffolds containing 1 mol% CuO were assessed for their angiogenic 

effect on an arteriovenous loop built from the rat groin [639]. The mean vessel density, 

mean vessel area, and mean vessel size of Cu-BG were 12.27 mm2, 0.16 mm2 , and 0.7 

mm2, while those from Cu-free counterparts were 8.98 mm2, 0.07 mm2, and 0.3 mm2 

respectively. On the contrary, 45S5 BG containing 2.5 mol% CuO was found to impair the 

formation of capillary-like networks on SVEC4-10 endothelial cells [640]. But this effect 

was later determined irrelevant to the incorporation of Cu in BGs, as CuCl2 solution which 

induces the same 𝐶𝑢2+ concentration (12 mgL
-1

) as that from BG extracts exhibited no 

obvious inhibition.  

 

When loaded to organic scaffolds, Cu-BGs were generally stimulative to angiogenesis. 

For example, collagen scaffolds containing 58S BG particles with 2 mol% CuO stimulated 

VEGF expression from MSCs and tubule formation of HUVECs in vitro and ex vivo 

angiogenesis in chick embryo ex vivo model [641]. SiO2-CaO-SrO-CuO BG also promoted 

in vivo angiogenesis in cranial bone when incorporated into PLGA-collagen-gelatin fibre 

mats [642]. Eggshell membrane coated with Cu-BGs (75SiO2-(25-x)CaO-xCuO-5P2O5 

(x=2, and 5)) induced a higher release of angiogenic factors from HUVECs compared to 

that coated with Cu-free BGs and uncoated BGs [643].  
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13-93B3 microfibres with 0.34 mol% Cu incorporation significantly enhanced in vivo 

microvascular density in the skin of SKH1 mice [644]. A 2.5-fold increase of vascular 

density was induced by Cu-BG fibres compared to the empty defect, while that of 13-93B3 

fibre was 1.6-fold and that of 45S5 was 1.3-fold, in correspondence to the significant 

increased VEGF mRNA in tissues with Cu-BG compared to Cu-free BG. Similarly, 13-93B3 

glass microfibres with 2.47 mol% Cu, with diameters ranging from 0.4 to 1.2 m exhibited 

a 3-fold increase in VEGF, 8-fold increase in FGF-2, and a 10-fold increase in PDGF from 

fibroblasts compared to Cu-free 13-93B3 fibres and thereby increased HUVEC 

proliferation, migration, and tubule formation [85]. In vivo evaluations in the rodent skin 

defect model further proved that the resultant Cu-BG promoted blood vessel formation 

better than Cu-free BGs and the control (40, 30, and 15 blood vessels/mm2, respectively). 

Furthermore, Weng et al. reported that Cu-doped SiO2-CaO-SrO-P2O5 electrospun BG 

fibres induced in vitro tubule formation through the up-regulation of VEGF from HUVECs 

[645].  

2.5.4.4 Zinc 

Mechanism: Zinc promotes angiogenesis through its interplay with ROS, which is capable 

of sprouting angiogenic factors including FGF-2 and VEGF [63]. In addition, the interaction 

of Zn2+  and ROS had also been reported to induce the migration and proliferation of 

endothelial cells, as well as the formation of blood vessels [646]. Another report 

emphasized that Zn induced VEGF from osteoblast by enhancing the p44/p42 MAPK 

pathway [647]. ZnO is one of the common angiogenic agents. For example, ZnO 

nanoflowers have been reported to induce new vessel formation [648] and its incorporation 

in PCL electrospun dressing improved angiogenesis both in vitro and in vivo [63, 649, 650]. 

Zn-containing ointments have also been proved to promote blood vessel formation in vivo 

[651, 652]. However, contradictory views had been posed claiming that zinc also exhibited 

anti-angiogenesis properties [603]. Zinc was found to bind with and energize Endostatin, 

a potent angiogenesis inhibitor, and induced an anti-angiogenic activity [653]. Zinc was 

also reported to reversely modulate the expression of hypoxia indicating genes such as 

HIF-1 and HIF-2 [64]. Furthermore, zinc as a thiol-reactive metal would reduce the 

activities of NF-κB and AP-1, as well as the MMP proteins [654, 655]. In general, the role 

of Zn on angiogenesis remains uncertain.  

 

BGs: In most cases, another element (such as Cu) was co-loaded with Zn in the BG, e.g. 

0.34 mol% of CuO and 0.82 mol%  ZnO in 1393-B3 BG nanofibres, which was later 

termed as 16-05, gave a sustained release of BO3
−

 , Cu2+ , Zn2+  ions that stimulated 

better cell proliferation and migration, protein expressions, angiogenesis, and wound 
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healing in vitro and in vivo [91]. Chen et al. found that 16-05 fibres induced a much higher 

VEGF secretion in fibroblasts, compared to that of 13-93B3 fibres and 45S5 fibres, in 

dynamic tests with a flow rate of 1.0 mL h-1 [72]. In addition, when loaded in PDLLA 

scaffolds, 1 mol% of Zn and Cu co-loaded 60SiO2-25CaO-11Na2O-4P2O5 BG exhibited 

much higher VEGF secretion than BGs with Cu incorporation only and control [656]. 

 

Alginate/chitosan hydrogels containing Zn-BG (58S containing 5 mol% ZnO) NPs (50-100 

nm) provoked sprout angiogenesis in vivo in SD rats [552]. Much higher CD31 and α-SMA 

immunohistochemical signals were observed from hydrogel containing Zn-BG NPs 

compared to a positive control (gel with epidermal growth factor (EGF)), gel-only control, 

and empty control. Zn-BG NPs also had a synergistic effect with EGF to further promote 

additional angiogenesis.  

2.5.4.5 Cobalt 

Mechanism: Cobalt is another angiogenic agent that promotes blood vessel formation by 

generating a hypoxia-mimicking environment [273]. Co modulates the expression of HIF-

1 and HIF-2 in a variety of cells, including BMSCs [272, 657-659], fibroblasts [660-662], 

and endothelial cells [663, 664], and induces an up-regulation of various hypoxia-

responsive factors such as VEGF, FGF-2 and TGF-β [665]. Co-containing materials have 

been widely tested in angiogenesis in bone and cartilages [661, 665-668].  

 

BGs: Various papers had indicated the potential of Co-containing silicate-based BG 

scaffolds in bone angiogenesis both in vitro and in vivo [669-673]. For example, 0.75 mol% 

of Co incorporation of both 45S5 and 2/10 mol% B2O3 containing 45S5 induced 

significantly higher VEGF secretion from MSCs, indicating its high potential for 

angiogenesis [671]. In addition, Co-containing SiO2 − CaO and SiO2 − CaO − SrO BGs 

stimulated higher VEGF secretion in HUVECs and neovessel formation on a defect of 

rabbit distal femur compared to their Co-free counterparts when seeded with human 

umbilical cord perivascular cells [673].  

 

58S Co-BG (2.5 mol% CoO) stimulated a 2-fold increase in HIF-1 and a small but 

significant increase in VEGF from HUVECs and promoted tubule formation in vitro [674]. 

In vivo study on the skin of Wistar rats witnessed the promoted tissue infiltration and 

neovessel formation (vessels with VEGFA) and the HIF-1 stimulated by Co-BG in vivo 

was 3-4 times than that by 58S [672, 674].  
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While the abrupt release of Co2+ may hinder fibroblast proliferation, Co-BGs were initially 

proposed for angiogenesis in bone. Composites containing Co-BGs were proposed for 

wound angiogenesis. Collagen–glycosaminoglycan composites with 45S5 particles 

containing 4 mol% CoO (10 mg L
−1

 Co2+) further promoted proliferation, migration, and 

in vitro tubule formation of HUVECs through increasing  HIF-1α and VEGF [675]. Similar 

trends were found for PCL nanofibres with Co-BGs of SiO2 − CaO − Na2O and SiO2 −

MgO − K2O − Na2O systems (10 mg L
−1

 Co2+) [676]. HIF-1α expressions in fibroblasts 

more than doubled when increasing the Co composition in BG from 0 to 2 mol% and from 

2 to 5 mol%. Both 2 and 5 mol% of Co incorporation promoted a 5-fold increase in VEGF 

expression from fibroblasts than BG-free BGs, but increasing from 2 to 5 mol% did not 

make a significant difference.  

2.5.4.6 Others 

Other trace elements have been reported potential to stimulate angiogenesis in BG. 

Strontium is an element that is thought to produce an angiogenic effect, but mainly in the 

fields of bone regeneration [677-681]. The incorporation of Sr is expected to increase 

VEGF expression from endothelial cells [679, 680, 682], enhance migration of endothelial 

cells [680, 683, 684], and promote in vitro tubule formation [680, 683, 685]. 3D printed 58S 

MBGs containing 10 mol% SrO promoted blood vessel formation on critical-sized rat 

calvarial defects compared to Sr-free MBG [686]; the blood vessel area and blood vessel 

number in the group treated with Sr-MBG scaffolds were 24.67% and 73, compared to 

16.33% and 38% for the Sr-free glass and 3.67% and 6 for the empty control group. When 

loaded in a gelatin scaffold, SiO2 − CaO − P2O5 glass with 15 mol% SrO promoted more 

microvasculature development in rat calvarial defects than Sr-free BG [687]. The in vivo 

responses were supported by in vitro observations, for example, 13-93 BG NPs with 3.06 

mol % Sr (30-35 nm) induced more than 10-fold VEGF expression from MSCs (at a 

concentration of 100 gcm−2 ) compared to that of Sr-free BG [688]. Sr-BGs were also 

found to promote angiogenesis through their anti-inflammatory responses by stimulating 

the switch of macrophage to M2 phenotypes. 58S and 58S containing 10 mol% were 

investigated for their angiogenic effects on RAW macrophages and HUVECs [580]. The 

Sr-BG had better anti-inflammatory effects and promote higher angiogenic factor 

expressions from macrophages compared to Sr-free BG and the control. Sr-BG also 

stimulated higher angiogenin, FGF-2, and stromal cell-derived factor (SDF) expression in 

HUVECs. The paracrine angiogenic effect was further improved by incorporating this Sr-

BG in the IFN-γ-doped PLGA scaffold, where the synergistic effect promoted higher 

angiogenesis in bone repair in vivo [689]. 
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Lithium is involved in the activation of Wnt/β-catenin and inhibits glycogen synthase 

kinase (GSK)-3β signaling pathways, a pathway required for NF-κB suppression, TNF-

induced activation of IκBα kinase, p44/p42 MAPK and Akt activation [690, 691]. Lithium 

also increases PAI-1 and MMP-1 levels in endothelial cells, which was relevant to IL-8 and 

Wnt/β-catenin levels [692, 693]. Both mechanisms contributed to an increased protein 

level of VEGF in Li-treated endothelial cells [694]. Sol-gel 45S5 containing 5 mol% Li2O 

that was pre-incubated with M199 fibroblasts cells induced an enhancement to the 

proliferation and migration of HUVECs in comparison to those treated with M199 and 

M199+45S5 [695]. Similarly, the dissolution of a melt-derived Li-BG of the SiO2-CaO-P2O5 

system was reported to induce more endothelial cell proliferation and migration, 

remarkably higher than both Li-free BG extracts and control medium [696].  Li-BGs also 

induced up-regulation of HIF-1α expression and thus the up-regulation of VEGF, ANG-1, 

KDR, and PDGF of HUVECs and stimulate more blood vessel formation on SD rats in vivo. 

The resultant effects were mainly due to the Li
+
 release from BG, as the LiCl which had 

the same Li
+
 release as Li-BGs exhibited a similar level of proliferation and migration, in 

correspondence to previous literature [697]. In vitro endothelial tubule formation from Li-

BGs was 2 times that of Li-free BGs [696] and similar to that from BG+LiCl and positive 

control (BG+FGF-2) [695]. The release of Li
+
 ions are also not the only factor for the role 

of Li-BG in angiogenesis. With the presence of quercetin, an inhibitor of the Wnt/β-catenin 

canonical pathway, 92% of inhibition of proliferation occurred on LiCl treated cells while 

only 37% occurred on Li-BG treated cells [695]. One of the mechanisms could be due to 

the release of other therapeutic ions in BGs that stimulate protein expressions in other 

cells, such as MSCs [696].  

 

Table 2. 6. BG glass system to angiogenic responses. (HUVEC: Human Umbilical Vein 

Endothelial Cells. EC: endothelial cells other than HUVECs, MSC: Mesenchymal stem 

cells, DPPSC: Dental Pulp Pluripotent-Like Stem Cell, CAM: Chorioallantoic membrane, 

AV loop: Arteriovenous loop) 

Ion Synthesis Cell type Assay Ref. Effect of angiogenic responses 

Si-
Ca 

Melt-
derived 

Fibroblasts 

Proliferation [53] 
Increased proliferation below 0.1-0.2 % 
w/v and significant inhibition beyond 
0.2 % w/v 

VEGF [53] Increased expression with the increase 
of BG dose within the non-toxic range FGF-2 [54] 

HUVECs 

Proliferation [54] 
Increased proliferation with the 
increase of BG dose until 1% w/v 

Migration [51] 
Dilution-dependent enhancement of 
migration 

Tubule formation [58] 
Dose and composition-dependent 
numbers and circles formed 

https://www.cellapplications.com/human-umbilical-vein-endothelial-cells-huvec
https://www.cellapplications.com/human-umbilical-vein-endothelial-cells-huvec
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MSCs 

VEGF, HGF, 
PIGF, 
Angiogenin, 
Angiopoietin 

[58] 
Dose and composition-dependent pro-
angiogenic factor secretion from MSCs 

DPPSCs 

VEGF 

[595] 

Slight up-regulation of VEGF 
compared to BG-free cells 

vWF, FLK-1, 
CD31 

Enhanced expression in BG treated 
cells compared to BG-free cells 

NPs HUVECs 

VEGF, FGF-2, 
and eNOS 

[698] 
Significant up-regulation of VEGF, 
FGF-2, and eNOS 

Proliferation, 
Tubule formation 

[699] 
HUVEC proliferation, in vitro tubule, 
and in vivo vessel formation in rat 
subcutaneous tissue 

Tubule formation [700] 
In vitro tubule formation and in vivo 
vessel formation 

Nanofibres 

HUVECs 
Proliferation, 
Migration, 
Tubule formation 

[83, 
597] 

Increased proliferation, migration, and 
tubule formation in vitro and in vivo 
compared to the control and BG 
particles 

Fibroblasts VEGF [97] 
Up-regulation of VEGF compared to 
BG-free cells 

B 

Melt-
derived 

HUVECs 

Proliferation, 
Migration,  

VEGF, IGF, 
CX43, FGF-2,  

TGF-β, EGF, 
Tubule formation 

[57] 

BGs with slight B incorporation 
exhibited higher effects compared to 
control and silicate-based BGs, 
corresponding to the enhancement of 
increasing B concentration in media 
until the concentration reaches 10.8 
mg mL−1. 

[68] 

A novel BG induces a more sustained 
B release (20 mg mL−1) and lower pH 
exhibited a better effect compared to 
silicate-based BG and borate BG that 
release B up to 120 mg mL−1. 

Protein kinases,  

ERK 
phosphorylation 

[57] 
A strong dose-dependent increase of 
both signals contributes to HUVEC 
proliferation and migration respectively 

CAMs  Tubule formation [618] 

BGs with slight B incorporation induced 
a higher extent of tubule formation until 
B concentration in the medium reaches 
1.62 mg mL−1 

MSCs 

Proliferation 

[622] 

Dose-dependent proliferation as B 
position below 11.3 mol% induces 
proliferation while beyond 11.3 mol% 
exhibited inhibition. 

VEGF 
Expression increases with the dose of 
BG within the non-toxic range 

Nanofibres HUVECs 
Proliferation, 
Migration, 
Tubule formation 

[282, 
620] 
[84] 

Increased proliferation, migration, and 
tubule formation in vitro and in vivo 
compared to Si-based BG fibres.  

P 
Melt-
derived 

Fibroblasts Proliferation [626] 
The effect of phosphate BG was not as 
strong as its capability in the fast 
release of ions 

Osteosarco
ma cell 

VEGF [272] 
Phosphate BG up-regulated slight 
VEGF, but much less than Co-loaded 
phosphate BG 
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MC3T3-E1 VEGF [487] 
BG with 6.33 mol% P induced slight 
up-regulation, but much less than F 
containing BG 

Cu 

Melt-
derived 

ECs 

Proliferation [640] 
1.6 mg mL−1 Cu-BG was non-toxic and 

6.4 mg mL−1 Cu-BG was toxic 

Tubule formation 
[640, 
641] 

No significant increases were 
observed, and the decreased effect 
occurred when the Cu-BG dose went 
beyond 1.6 mg mL−1 

MSCs 

Proliferation [656] 
Decreased viability with the increase of 
Cu-BG dose 

VEGF 
[641, 
656] 

Cu-BG exhibited higher VEGF 
expression compared to Cu-free BG, 
but decrease with the increase of Cu-
BG dose 

CAM Tubule formation  [641] 
Cu-BG induced more tubule formation 
compared to Cu-free BGs 

MBG 

AV loop Tubule formation [639] 
Higher tubule formation induced by Cu-
BG compared to Cu-free BG 

MSCs 

Proliferation [504] 
Dose (extract dilution)-dependent on 
decreased cell viability, but 
controversial in its significance 

HIF-1α [504] 

Insignificant increase in HIF-1α 
expression but high dose (extract 
dilution)-dependent increase of relative 
HIF-1α 

VEGF [504] 

Significant dose (extract dilution)-
dependent increase of protein 
expression but a significant dose-
dependent decrease in protein 
expression beyond toxic doses. 

KDR, PDGFR-α,  

angiopoietin-1 
[543] 

A general increase in protein receptor-
dependent on the level of extract 
dilution 

HUVECs 
Migration 

Tubule formation 
[543] 

Increased migration and tubule 
formation of Cu-MBGs compared to 
Cu-BGs 

ECs 
Proliferation, 
migration 

[701] 
Insignificant influence of Cu-MBGs on 
proliferation and migration compared to 
MBGs 

Zebrafish 
Subintestinal 
vessels 

[701] 
Higher subintestinal vessels induced 
by Cu-MBGs compared to MBGs 

Nanofibres 

Fibroblasts 
VEGF, FGF-2, 
PDGF 

[85, 
644] 

3 fold increase in VEGF, 8 fold 
increase in FGF-2, and 10 fold 
increase of PDGF from fibroblasts 
compared to Cu-free 1393-B3 fibres 

HUVECs 
Proliferation, 
Migration, 
Tubule formation 

[85, 
645] 

Increased proliferation, migration, and 
tubule formation in vitro and in vivo 
compared to Cu-based BG fibres.  

Co Melt derived  HUVECs 

VEGF 

[673, 
675] 

[676] 

Co-BG exhibited much higher VEGF 
release compared to Co-free BGs 

HIF-1α 
[675] 
[676] 

Increased HIF-1α expression with the 
incorporation of Co 



91 

 

 Tubule formation [675] 
Co-BG induced more tubule formation 
compared to Co-free BGs 

Osteosarco
ma cell 

Proliferation [272] No obvious influence on cell viability 

VEGF [272] 
Dose and composition-dependent 
effect of protein secretion 

MSCs 

Proliferation [671] No obvious influence on cell viability 

VEGF [671] 
Co-BG exhibited higher and dose-
dependent VEGF release compared to 
Co-free BGs 

MBG 

MSCs 

Viability [702] 
Decreased viability with the increase of 
Co composition in MBGs 

HIF-1α, VEGF [702] 
Increased expression with the increase 
of Co composition in MBGs 

HUVEC Migration  [703] 
Increased migration in Co-MBGs 
compared to Co-free MBGs 

Zn 

Sol-gel MSCs 

Proliferation [656] 
Decreased viability with the increase of 
Zn-BG dose 

VEGF [656] 

Zn-BG exhibited higher VEGF 
expression compared to Zn-free BG, 
but decrease with the increase of the 
Zn-BG dose 

Nanofibres Fibroblasts VEGF 
[72, 
91] 

Zn-containing Cu-BG exhibited higher 
VEGF expression compared to Zn-free 
Cu-BG. 

S 

Sol-gel HUVECs 

Proliferation, 
HIF-1α,  

VEGF, KDR, 
eNOS 

[681] 
Dose-dependent effect of cell 
proliferation and protein secretion 

NPs 
MSCs VEGF [688] 

More than 10 folds of collagen type I 
and VEGF secretion 

HUVECs Proliferation [704] Stimulate HUVEC proliferation 

Li 

Sol-gel HUVECs 

Proliferation, 

Migration, 
Tubule formation 

[695] 

Increased proliferation, migration, and 
tubule formation than Li-free BG, which 
is similar to the effect of Li+ ion of the 
same concentration as Li-BG 
dissolution product.  

IGF1, TGF-β [695] 
Increased protein up-regulation in Li-
BG compared to Li-free BG 

VEGF [695] 
Only at high Li concentration up-
regulated VEGF 

Melt-
derived 

ECs 

Proliferation, 

Migration, 
Tubule formation 

[696] 
Increased proliferation, migration, and 
tubule formation than Li-free BG. 

Wnt/β-catenin, 
AKT,  

NF-κB pathways 

[695] 
Proof that Li+ is an important but not 
the only reason for the angiogenic 
effects of Li-BG 

HIF-1α, VEGF,  

ANG-1, KDR, 
PDGF 

[696] 
Li-BG induced higher protein 
expression compared to Li-free BG 

Ga 

Melt-
derived 

Sol-gel 

Osteosarco
ma cells 

Proliferation [463] 
Insignificant difference in cell viability 
against dose, composition, and 
synthesis 

VEGF [463] Decreased Ga3+ ion release with the 
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increase of Ga composition leads to a 
decreased effect with an increase of 
Ga composition. Dose, composition, 
and synthesis approach dependent on 
up-regulation 

F 
Melt-
derived 

MC3T3-E1 

Proliferation [487] 
Decreased cell viability with an 
increase of F composition in BG 

VEGF [487] 
Increased VEGF expression until F 
composition peak at 3-6 mol%, and 
then followed by decreased expression 

Nb 
Melt-
derived 

MSCs VEGF [705] 
Dose and composition-dependent 
protein up-regulation 

Rb MBG MSCs HIF-1α, VEGF,  [516] 
Increased VEGF expression with an 
increase in Rb composition 

 

Niobium-releasing BG was also been reported to be angiogenic in vitro, for example, the 

dissolution products of 0.5 and 1.0 mol% Nb loaded 45S5 induced higher expressions of 

VEGF on fibroblasts at 0.01 % w/v compared to 45S5 and the control [705]. Rubidium was 

reported to induce hypoxia through the stimulation of HIF-1α [516]. Rb-containing MBGs 

were reported to induce higher expression of HIF-1α and thus higher expression of VEGF. 

The stimulative effect increases corresponding with the increase of rubidium composition 

in BG from 1 to 5 mol%. 55 mol% Ti containing SiO2-CaO BG stimulated angiogenesis in 

vivo when incorporated in alginate hydrogels [706]. The number of blood vessels 

increased by 2-fold compared with BG-free hydrogel. Sol-gel-derived Au containing SiO2-

CaO-P2O5 BGs also promoted in vivo angiogenesis in dorsal scapular regeneration [707].  

 

Some antibacterial ions can be inhibitory to angiogenesis. For example, Ga and V 

incorporation in 13-93 prevented in vivo angiogenesis [511]. Ga in both melt-derived and 

sol-gel-derived 70S30C led to a decrease in VEGF proliferation from MG-63 cells [463]. 

F-BGs were non-toxic when applied to MC3T3-E1 cells and stimulated VEGF secretion 

until the fluoride composition exceeded >9.3 mol% [708]. Beyond this concentration, a 

negative correlation occurred between cell viability and VEGF expression, and fluoride 

composition. 1393-B3 BG particles and 13-93 fibres containing ceria promoted 

angiogenesis in rat subcutaneous model in vivo [511, 709]. SiO2-CaO-P2O5 BG containing 

5mol% CeO2 promoted in vitro migration and tubule formation of HUVECs and in vivo 

angiogenesis in diabetic rats [710]. In addition, Ag-BG nanofibre exhibited a stimulative 

effect on in vitro endothelial cell proliferation and migration at low doses [362]. But it was 

uncertain whether the angiogenic effect was due to F/Ag incorporation or common BG 

components such as Si or Ca.  

 

To design ideal wound matrices that stimulate angiogenesis, it is important to ensure the 

release of therapeutic ions. Common angiogenic ions such as Cu, Zn, and B have been 
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more widely studied and their mechanism has been explored. For BG with other ions, it 

was sometimes uncertain whether the angiogenic effect was due to their incorporation or 

common BG components such as Si or Ca. Further investigations are needed to explore 

the mechanisms of new therapeutic ions. 

2.5.5 Re-epithelialization 

Epithelialization was commonly assessed through the proliferation and migration of 

epithelial cells, mainly keratinocytes. In wound healing, the extent of epithelialization can 

be assessed by the rate of wound closure. The first study of BG in re-epithelialization was 

in the gingival epithelium [711]. The efficacy of BGs in epithelial cell proliferation was 

assessed and compared with that of a bioabsorbable membrane. The baseline PCNA-

proliferative index of the BG group and bioabsorbable membrane group was similar (13.20 

and 11.64 respectively). But after 12 weeks of post-operation, the BG group induce a more 

significant increase in the index (28.76) compared to that of the bioabsorbable membrane 

group (18.36).  

 

Mossvi et al. first investigated 45S5 powder on wound epithelialization [712]. A co-culture 

system was constructed using intestinal epithelial cell monolayers (Caco-2) and 

subepithelial fibroblasts CCD-18Co cells to mimic the healing environment. 45S5 induced 

an obvious epithelialization as the wound closure reached 600% when the BG dose was 

0.1% w/v. Very little epithelial cell proliferation occurred, indicating that the re-

epithelialization was achieved by migration and restitution of original epithelial cells. Yu et 

al. cultured human dermal fibroblasts on 45S5 dissolution products and found a significant 

increase in EGF secretions which indicated the potential of BG in re-epithelialization [55]. 

Furthermore, a skin graft synthesized from BG extracts and fibroblasts significantly 

improved the wound closure kinetics in vivo. 

 

The release of calcium ions is the main cause of BGs in epithelialization. Various papers 

reported that Ca2+ regulates the growth and differentiation of epidermal cells and Ca2+ 

promoted [713-716]. The epidermis consists of a distinctive Ca2+ gradient where the basal 

layer has the lowest and the stratum granulosum had the highest. Ca2+ concentration as 

low as 2-4 mg L-1 started promoting keratinocyte proliferation and Ca2+ concentration at 

50 mg L-1 induced keratinocyte differentiation [713]. Ca2+ levels were also key for 

loricrin, filaggrin, and involucrin, essential keratins that promote epithelialization [715] and 

involves in lamellar bodies (tubulovesicular secretory organelles of epithelial cells related 

to lysosomes) secretion responses [717]. Silicates were also reported to promote EGF 

expressions from keratinocytes [718, 719]. BG also stimulated connexin 43 [56], a protein 

https://www.sciencedirect.com/topics/medicine-and-dentistry/loricrin
https://www.sciencedirect.com/topics/medicine-and-dentistry/filaggrin
https://www.sciencedirect.com/topics/medicine-and-dentistry/involucrin


94 

 

affecting gap junction intercellular communication between cells in wound healing 

processes to promote epithelialization [720]. Connexin 43 expressions were markedly 

increased in vitro in the BG treated HUVECs, and in vivo in a full-thickness wound model 

in rats. After 6 days of culture, the initial formation of a new epidermis was found 

underneath the eschar in BG treated wounds, whereas no new epidermis was formed in 

non-BG counterparts.  

 

BGs also stimulated epithelialization through their interplay with macrophages. 45S5 

stimulated anti-inflammatory effects and promoted the up-regulation of TGF-β in 

macrophages [51]. The paracrine effect enabled an accelerated wound closure in vivo 

on excision lesions in rats. Similarly, mice treated with BG (SiO2-CaO-P2O5) containing 

alginate hydrogels had anti-inflammatory effects in vivo to promote wound closure [235]. 

It was further found that macrophages are necessary for re-epithelialization as much 

slower wound closure occurred in macrophage-depleted mice compared to normal mice. 

Moreover, BG could promote the barrier functional behaviours of keratinocytes to promote 

epithelialization [721]. Extracts of 58S BG promote keratinocyte differentiation through the 

formation of tight junctions, and intracellular adhesion complexes in the epidermis that 

control paracellular molecular permeability [722]. 58S extracts increased claudin-1 (a tight 

junction protein), altered the subcellular location of four major TJ proteins (claudin-1, 

occludin, JAM-A, and ZO-1), and increased the expressions of keratinocyte differentiation 

markers (K10 and involucrin) that eventually stimulated keratinocyte differentiation and 

migration.  

 

Vaseline containing 45S5 and 58S BGs containing exhibited a faster wound closure 

compared to BG-free Vaseline in vivo on full-thickness wound rats and sol-gel 58S had 

better efficacy than melt-derived 58S than melt-derived 45S5 [723]. Fish-collagen 

submicron fibres (~0.5 m) containing BG (80SiO2-15CaO-5P2O5) stimulated in vitro 

epithelialization on human epidermal keratinocytes (HaCaTs) and in vivo wound closure 

capabilities [724]. Similarly, increased wound closure was observed for collagen and PCL 

fibrous scaffold containing BG-NPs (100 nm) [725] and BG containing agarose-alginate 

composite [590]. PDLLA electrospun membrane containing 70SiO2-25CaO-5P2O5 BG had 

2-times the wound healing rate than the BG-free membrane in diabetic mice [594]. A novel 

injectable self-healing polypeptide-based 58S BG NPs (300 nm) containing F127--poly-L-

lysine hydrogel led to a 94% reduction of the tumour cells and a 91.7% of wound closure 

was observed in vivo on mice with A375 tumour xenografts [726]. Recently, SiO2-CaO-

P2O5 based MBGs were mixed with quaternized chitosan to form a shape memory cryogel 

to induce faster wound closure in SD rats [727].  
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2.5.5.1 Boron 

The incorporation of boron in the BG system promotes its re-epithelialization effects. For 

example, the percentage of wound area recovered when treated with 45S5 BGs containing 

2 wt% borates was significantly higher (around a 2-fold increase) than that treated by pure 

45S5 or with 45S5 with FGF-2 growth factors [57] because borate ions promoted 

keratinocyte activities and protein expressions for epithelialization. Borate salt was 

previously found to promote the migration of keratinocytes and exhibited a non-inhibitory 

effect on keratinocyte proliferation [728]. 100 mgL
-1

  boric acids were also found 

stimulative to a series of growth factors including G-CGF, GM-CGF, FGF-7, and TGF-β in 

HaCaT [65].  

 

The role of 45S5 and 50.6B2O3 − 23.7CaO − 6.43Na2O − 8.24MgO − 8.46K2O − 2.57SrO 

BG in epithelialization was investigated in in vivo skin defects in rodent models [66]. The 

length of damaged tissues for those treated with borate-based BGs was 1 mm after 21 

days of surgery while those of 45S5 and the control were around 2 mm. 13-93B3 BG fibre 

mat also induced a higher wound closure rate than 45S5 mats and the control in vivo on 

the SD rat model [84]. 

2.5.5.2 Copper 

Cu promotes keratinocyte migration through the modulation of keratinocyte integrins 

including α3, α6, αv, and β2 [729]. They also increase the proliferating cell nuclear antigen 

(PCNA) and p63 positivity in cells [730]. Cu-based SOD regulates genes in keratinocytes 

to sprout keratinocyte proliferation and migration [731-733]. The paracrine effect of anti-

inflammation stimulated expressions of EGF and IGF [734]. 

 

Cu-BG fibres exhibit an ECM-mimic structure and thereby promote the migration of 

epithelial cells and wound closure [85, 91, 644]. For example, 0.82 mol% Cu-doped 1393-

B3 glass microfibres (0.4-1.2 m) also induced a 10-fold increase in PDGF expression 

compared to Cu-free BGs [85]. The resultant BGs significantly accelerated wound closure 

in vivo in the rodent model compared to Cu-free BGs and the control. A similar effect was 

found on Cu-BG microfibres (229-457 nm) in vitro on tubule formation of HUVECs [645]. 

 

Cu-BGs were more commonly loaded to scaffolds or hydrogels in promoting wound 

closure in vivo [643]. For example, Cu-containing SiO2-CaO-P2O5 BG nanocoating (40-50 

nm thickness) promoted diabetic wound closure and epithelialization compared to Cu-free 

BGs nanocoating in PEGDA-alginate hydrogel [735]. Eggshell membrane coated with Cu-
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BGs (75SiO2-(25-x)CaO-xCuO-5P2O5 (x=2, and 5)) stimulated faster wound closure in 

C57BJ/6 mice compared to that coated with Cu-free BGs and uncoated BGs [643]. Cu-

containing 1393-B2 also co-functioned with Vitamine E in PLGA scaffolds to promote 

wound closure in full-thickness in SD rats [736].  

2.5.5.3 Zinc 

Like Cu, Zn also up-regulates α3, α6, αv, and β2 integrins in keratinocytes [729, 737] and its 

SOD regulates genes to promote keratinocyte proliferation and migration [731-733]. 

Besides, Zn transporters such as ZIP2 and ZIP10 proteins, promoted keratinocyte 

differentiation [738, 739]. Zn-BG has been reported to induce the proliferation of 

keratinocytes [740, 741]. Aagren et al. proved the enhancement of re-epithelialization by 

application of 1.4 wt% zinc oxide to wound dressing [275]. Wound healing was improved 

by 33% in 64 hours when the dressing is gauze and by 76% when the dressing is a 

collagen sponge. Zinc was also reported to be associated with the increased release of 

EGF and IGF in porcine wounds, which indicates its potential for wound closure [742].  

 

5 mol% Zn-58S BG NPs (50-100 nm) containing chitosan-alginate hydrogels induced 

faster wound closure compared to those with Zn-free BGs in SD rats [552]. Recent studies 

tend to incorporate Zn in Cu-BGs for enhanced wound healing capabilities but made it 

more difficult to determine the exact effect of Zn on the epithelialization of BGs. 1605 BG 

fibres, or Mirragen, incorporated 0.34 mol% of ZnO and 0.82mol% CuO in 1393-B3 for 

increased wound closure effect [72, 91]. Ma et al. also co-loaded ZnO and CuO in 

chitosan-gelatin nanofibres to promote wound closure in G/C-xBG rats [743].  

2.5.5.4 Others 

Ag-containing borate-based (60B2O3-36CaO-(4-x)P2O5-xAg2O) BG promoted the 

proliferation and migration of HaCaTs [744]. Migration increased with the increase of Ag 

composition from 0 to 0.5 mol% and decreased beyond 0.5 mol%. Recently, there have 

also been several studies on PCL fibres with silicate or borate-based BGs with different 

ion incorporation, such as Co, Mg, Sr, and Zn, which were also potential for promoting 

wound closure in vivo [745-747].  

BGs also had a synergistic effect with some therapeutic molecules. For example, the 

synergistic effect of  SiO2-CaO BG and desferrioxamine induced the fastest wound 

closure rate in hydrogel when applied to the diabetic wound splinting model than BG or 

desferrioxamine alone [748]. SiO2-CaO-P2O5 BG and exosomes derived from MSCs were 
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loaded to decellularized small intestinal submucosa and significantly improved diabetic 

wound healing in mice [749].   

2.5.6 Extracellular matrix deposition 

The ionic products of BGs were reported to induce higher expressions of collagen type I 

from fibroblasts compared to that of other bioceramics such as biphasic calcium phosphate 

[750]. BG was also reported to induce the secretion of MMP1, a protein marker indicating 

ECM deposition, from MSCs [751]. Besides, many had revealed the potential of BG in 

collagen deposition, but most of these researches focused on the proliferation of collagen 

in bone [686, 752-755]. Recent studies also elaborated on the role of BG in collagen 

formation by chondrocytes, where the 13-93B3 glass was reported to be stimulative to 

collagen type II formation both in vitro and in vivo [756]. Furthermore, significant formations 

of Collagen type II and Collagen type X were observed when Li-BG was applied to 

chondrocytes while no significant increase was observed in collagen type I [757]. In 

addition, it was further explained that the resultant BG up-regulated TGF-β was the 

necessity in the formation of collagen fibre and the on-going chondrogenesis. 

 

The ions released from BG, such as SiO4
4-

 and Ca2+ stimulated collagen and fibronectin 

production for ECM formation in the skin. 45S5 BG in PGA mesh promoted collagen 

deposition on soft tissues both in vitro and in vivo [53]. 45S5 dissolution products also 

significantly induced the migration of HDF when co-cultured with macrophages [51]. The 

co-culture system significantly induced the expression of elastin, collagen I, and fibronectin 

from HDF. Similar results were found on dilutions of 45S5 dissolution products on fibroblast 

migration, collagen deposition, and fibronectin deposition, and in vivo assessment further 

proved a significant proliferation of fibroblasts as well as an increased collagen I deposition 

in the ECM of a full-thickness wound model on nude mice [55]. Another research proposed 

that BG could improve the secretion of tenascin-C, another common protein involved 

during ECM remodeling [758]. On the contrary, down-regulation of collagen type I, collagen 

type III, and fibronectin were observed in 90SiO2-6CaO-4P2O5 BGs [758]. Myofibroblast 

differentiation along with proteins and molecules involved (TGF-β receptor I and Smad2) 

were also down-regulated. This can be due to the lack of adhesion of sol-gel BGs to ECM 

proteins [759].  

  

In vivo analysis commonly determine the deposition of ECM proteins through H&E/Masson 

Trichrome staining, and some also done immunohistochemistry on particular proteins such 

as collagen type 1 or fibronectin. An abundant ECM deposition was observed in various 

systems containing BGs compared to those without, including Vaseline [723], fish collagen 
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fibre mats [724], peptide-based hydrogel [726], quaternized chitosan-based shape-

memory cryogel [727], and agarose-alginate hydrogel [590], etc. but in general, few papers 

presented the enhanced ECM deposition in quantification. 58S NPs (100 nm) induced 

attachment and proliferation of endothelial cells and up-regulated  Col-1 and α-SMA 

expressions in a collagen-PCL nanofibre system and promoted ECM deposition in vivo 

[725]. Similarly, 70SiO2-25CaO-5P2O5 BG in a patterned PDLLA electrospun membrane 

promoted a 3-fold increase in collagen type 1 and collagen type 3 expressions in diabetic 

wound model of mice than BG-free PDLLA [594].  

2.5.6.1 Boron 

Boric acid and sodium pentaborate stimulated the deposition of laminin and fibronectin, 

two ECM proteins, from fibroblasts [65]. Borate-based BGs high potential in promoting 

ECM deposition owning to their fast dissolution and release of therapeutic ions [45, 46, 

238]. In bone regeneration, borate/borosilicate BGs with a non-cytotoxic B release 

outplayed silicate-based BGs in collagen deposition [68, 622, 760-762]. Borate-based 

fibres exhibited an ECM-mimic structure which provides pathways for the migration and 

deposition of ECM proteins [84, 308]. More collagen was deposited in the 1393-B3 BG 

treated group compared to the 45S5-treated group and both were significantly higher than 

the control. Similarly, 50.6B2O3 − 23.7CaO − 6.43Na2O − 8.24MgO − 8.46K2O − 2.57SrO 

induced a higher level of collagen deposition in skin defects of rodent models than 45S5, 

which was 2 times that in the control group, in correspondence to its high fibronectin and 

collagen expressions in vitro on 3T3-L1 cells [66]. Nanosized HCA-coating of the resultant 

borate BGs induced a further improvement in ECM deposition both in vitro and in vivo.  

2.5.6.2 Copper 

Cu functions in connective tissue through its binding with the enzyme lysyl oxidase, which 

lyse down certain lysine and hydroxylysine residues into peptidyl aldehydes which center 

in the crosslinks of collagen and elastin [763, 764]. Deficiency in Cu down-regulated the 

collagen synthesis in bone [765, 766]. Besides, all Cu concentration >0.06 mg L-1 

stabilized fibronectins [767, 768].  

 

Cu containing fibres had structural cues that promote the attachment of ECM proteins, for 

example, Masson trichrome staining revealed that 0.82 mol% Cu containing 1393-B3 

fibres promoted higher collagen deposition and better arrangement in SD rat skin [85]. Cu-

BGs were also found to stimulate more collagen deposition and arrangement in vivo in 

PEGDA-alginate hydrogel [735], on eggshell membranes [643], and on PLLA dressings. 
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All the above-mentioned studies were not quantified, but the histology studies revealed a 

dense and more aligned ECM compared to the group treated with Cu-free BGs and the 

control.  

2.5.6.3 Zinc 

Zn induces a structural reorganization of the gelatin binding domain of fibronectin, which 

interrupted the alignment of both fibronectin and collagen in ECM, as collagen assembly 

is integrated with fibronectin polymerization [769]. Zn also reduces the degradation of 

collagen through anti-inflammatory behaviour [770] and induces collagen synthesis in 

bone cells [771]. Some studies reported that Zn also has a negative effect on ECM 

matrices [772] as Zn induces protease expressions such as collagenase and elastase 

[773], but in general, zinc inhibits MMP activity and prevents ECM degradation caused by 

protease [274]. 

 

5 mol% Zn-containing 58S BG NPs (50-100 nm) also induced more collagen deposition 

than those with Zn-free BGs in SD rats when doped in chitosan-alginate hydrogel [552]. 

Besides, Mirragen, a BG product with a 1605 composition (0.82 mol% of Cu and 0.34 mol% 

of Zn doped in 1393-B3) was commercially successful in ECM deposition when treating 

diabetic ulcers [72, 91].  

2.5.6.4 Others 

Strontium incorporation also significantly increases the capability of BG in the synthesis of 

collagen. Many pieces of evidence have been drawn from the success of Sr-BG in the 

stimulation of collagen I deposition in bone [686, 755, 774-776]. In soft tissues, SrO 

modified silicate and phosphate BGs were reported to stimulate collagen deposition from 

human gingival fibroblasts [626]. Furthermore, Sr-MBG has been reported to induce a 

significant amount of collagen deposition without being cytotoxic in L929 fibroblast [777]. 

 

The synergistic effect of BG and other molecules also stimulated ECM deposition in vivo. 

For example, SiO2-CaO BG and desferrioxamine promoted higher collagen type I and type 

III deposition when loaded in alginate hydrogel [748]. SiO2-CaO-P2O5 BG and exosomes 

derived from MSCs also exhibited higher collagen type I and type III depositions in diabetic 

wound healing in mice when loaded to decellularized small intestinal submucosa [749]. 

2.5.7 Summary  
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BGs have invaluable potential in the stimulation of hemostasis, inflammation, and 

proliferation in the wound healing process. The effect could be due to the release of 

therapeutic ions during BG dissolution. Ca2+ is the most important ion in hemostasis, as 

it involves in the coagulation pathways promotes the hierarchical behaviour in hemostasis 

from vascular contraction to platelet aggregation and then to fibrin clotting [354]. The 

highest clotting rate is acquired when Si: Ca ratio = 2.5 [47, 358]. Ga3+ also stimulates a 

series of hemostatic activities, but its composition in glass shall be minimized (< 1 mol%, 

or Ga3+ release < 0.1 mg L-1) to prevent cytotoxicity [48].  

 

SiO4
4−  and Ca2+  release from BGs has anti-microbial effects on a broad spectrum of 

microorganisms [49, 50, 377]. Borate or borosilicate BGs also release antibacterial BO3
3−

  

groups, but their efficacies can be insignificant compared with silicate BGs until BO3
3−

 

reaches a yet unknown critical level [454]. Heavy metal ions bind with thiol groups of 

bacteria, de-energizing its metabolic activities, and inducing ROS and protease secretion 

to digest microorganisms. Ag+  is the strongest anti-microbial ion but its cytotoxicity 

appears at 2 mg L-1 [399, 778, 779], so the composition of Ag in the BG system and the 

doses of Ag-BGs are usually low (~1 mol% and ~ 1mg mL-1, respectively). Cu and Zn can 

substitute the function of Ag in anti-microbial activities without inducing strong cytotoxicity. 

Some reports stated that the anti-microbial effects of Cu and Zn grew proportionally until 

their concentrations reached 50 mg L-1, but since Cu and Zn also trigger anti-inflammatory 

effect and angiogenic effect, the ideal concentration of both ions is < 10 mg L-1 [780-783], 

and their ideal compositions in BG depends on the BG dissolution kinetics (< 5 mol% for 

BG microparticles and scaffolds, and ~ 1 mol% for BG fibres, BG NPs, and MBGs). Ga3+ 

and Ce3+/4+ also, induce antimicrobial activities but their compositions should be < 1 mol% 

for BGs of all different BG structures, as they significantly reduced the dissolution kinetics 

of BG so that the increase of their compositions in the BG system beyond 1 mol% may 

reduce their ion release [460, 465, 511]. In terms of anti-inflammation, the release of SiO4
4− 

stimulates the expression of superoxide dismutase and anti-inflammatory cytokines to 

promote anti-inflammatory effects in wounds. The incorporation of Cu (5 mol%, Cu2+ =  

4 mg L-1 dependent on the BG dose) in BG further enhances the anti-inflammatory effect 

because Cu relieves oxidative stress and removes ROS to prevent inflammation [543, 544]. 

5 mol% of Zn incorporation also stimulates the switch of macrophage phenotype from M1 

to M2 due to its down-regulation of ROS, anti-inflammatory cytokines, MMPs, and NADPH 

enzyme [61, 62, 551].  

 

In the proliferation phases, SiO4
4-

 ions stimulate angiogenesis through the up-regulation 

and stabilization of HIF-1α in endothelial cells, thereby promoting the angiogenic factor 



101 

 

expressions from endothelial cells [602-604]. Ca2+ also stimulates angiogenesis through 

promoting the expressions of angiogenic factors and their binding with corresponding 

receptors [605-609]. Boron incorporation in BG further promotes angiogenesis within the 

ideal range of BO3
−, 45-60 mg L

-1
[57, 617]. Cu and Co are two common metallic ions in 

the BG system that promote angiogenesis through the up-regulation of HIF-1α 

expressions in fibroblasts and endothelial cells [269, 271, 633, 660-664]. The ideal 

composition of Cu in the BG system is ~5 mol%, as Cu2+ is needed for the range of 7-12 

mg L-1 in BG system [640, 641, 645], and 0.1-0.2 mg L-1 in Cu-BG containing composites 

[643, 735, 784]. Co is needed for the range of ~10 mg L-1 for angiogenesis and its common 

composition in BG is 1-5 mol%, dependent on the BG morphology [675, 676]. The role of 

Zn2+ , Li
+
 , Mg2+ , and Sr2+  has also been reported to stimulate the proliferation, 

migration, and protein expression of endothelial cells and thus the formation of new blood 

vessels in vitro and in vivo, but further analysis is required to understand the ideal dose of 

these ions [552]. Ion release from BGs was also stimulative to re-epithelialization (wound 

closure) and ECM deposition, [712]. SiO4
4-

  and Ca2+  promoted EGF expressions in 

fibroblasts [55], and the deposition of collagen, elastin, and fibronectin from fibroblasts [51, 

55]. The incorporation of other therapeutic ions, such as BO3
− , Zn2+  and Cu2+  could 

further improve the above-mentioned effect, but their therapeutic concentrations or 

compositions remain unknown.  

 

Research into the cellular response to BGs and their dissolution products has confirmed 

their potential in promoting wound regeneration and many reports have proved BGs’ 

capabilities in individual steps of wound healing both in vitro and in vivo. From existing 

publications, it can be deducted that the ideal BG composition for wound healing may be 

based on Si, B, and Ca, where (Si+B): Ca ratio (mol%) equals 2.5 and B composition not 

to induce a BO3
− release > 50 mg L-1. Cu and Zn can be incorporated by up to 5 mol% for 

improved anti-microbial, anti-inflammatory, and angiogenic effects, but their exact 

compositions will be dependent on the morphology and degradation kinetics of the BG. 

Other therapeutic ions, such as Co, Li, Mg, Sr, Ce, or Ag, can be incorporated for a 

particular use, but the ideal compositions of these ions are yet to be determined according 

to the physical and chemical structures of BG. Besides, since few articles incorporate more 

than 3 therapeutic ions in BG, the influence of one therapeutic ion on the release kinetics 

and biological activities of other ions remains unknown. Future efforts are needed in this 

field in order to design the best BG composition for wound healing. Efforts are also required 

to break through the limitation in the application of BGs to commercialized products. For 

instance, sol-gel-derived BGs need to have a higher yield and lower cost of the ingredients, 

while the control of morphology, composition, and level of mineralization are required for 



102 

 

melt-derived BGs. It also takes longer for the approval of glass products, especially those 

with ions that were reported to be cytotoxic (e.g. Co or F) even though they exhibit no toxic 

effect in ionic form.  

 

In this study, a sol-gel approach was used to synthesize bioactive glass nanofibres 

although the melt-quenching approach was faster and more cost-efficient. The sol-gel BGs 

in general are more reactive due to the mesoporous generated during the synthesis. It 

also has a better composition control (no Na and K are required) and less likelihood to 

generate crystallization (low-temperature stabilization). The sol-gel electrospinning 

process in particular generates long and homogeneous nanofibres (100-200 nm, length: 

width >1000:1) while the melt-blowing approach generates short and nonhomogeneous 

microfibres (1-4 μm, length: width ~100:1, 75% of the remaining become beads). 

 

The objectives for this thesis are to: 

1. Synthesize and characterize Zn-containing BG fibre mats to deliver therapeutic zinc 

ions for burn regeneration and characterize their ability to stimulate angiogenesis and 

ECM deposition 

2. Develop 3D ECM-mimic borosilicate BG fibre mats as strategies for the regeneration 

of diabetic ulcers and understand the correlation between therapeutic ion 

concentration and angiogenic behaviour 

3. Access borosilicate bioactive glass fibre mats on mice diabetic wound models and 

understand the mechanism of both boron incorporation and fibre structure to 

individual steps in the healing cascade.  
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3. Characterization Techniques 

3.1 Physical analysis 

Scanning electron microscopy (SEM) consists of an electron source, condenser lens, 

apertures, electron acceleration coils, objective lens, sample stages, and electron 

collectors. SEM characterizes the morphology and topography of specimens’ surfaces. 

Electron beams are concentrated towards the samples through the condenser and the 

objective lens and secondary ions are excited due to the bombarding of the primary 

electron beam. Secondary ions are reflected from the target samples and collected to 

produce images. Backscattered electrons are primary electrons that are reflected by the 

nucleus in the samples. X-rays are energy released by the excitation and de-excitation of 

ions. Both contribute to the characterization of the topographical composition of the 

samples. One of the most widely used technique within the SEM machine is the Energy 

Dispersive X-Ray Spectrometer (EDX), which characterize the topographical elemental 

distribution through the X-ray diffraction pattern. 

 

SEM samples should either be conductive or coated with a conductive layer. They also 

need to be fixed to the platform, otherwise, fibres can detach from the fibre mats and float 

around the vacuum chamber. So, BG fibres were attached to conductive carbon tape 

before being coated with chromium. Another challenge is to ensure their flatness while 

obtaining images that indicate the 3D fibre entwining structures. Rough samples cause 

blurry or imbalanced brightness or even bad coatings which makes the image quality even 

worse. Several experiments were needed to find the ideal fibre mat thickness and ideal 

coating thickness for optimal image quality.  

3.2 Chemical analysis 

3.2.1 X-ray Diffraction 

X-ray diffraction (XRD) is a widely used technique in characterizing the crystallinity of 

materials. Electrons generated from a hot filament are bombarded towards a material, 

commonly copper, to generate monochromatic X-ray (usually Cu K-α). Incident X-rays are 

reflected by the atomic planes within the crystalline structure of the material. The reflected 

X-rays constructively or destructively interact with each other and generate a pattern at 

different angles and intensities. The reflection follows the Bragg’s Law (𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃), 
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where n is an integer, λ is the wavelength of the incident X-rays, 2θ is the range of 

reflections angles and d is the spacing of the crystalline structure. The spacing between 

planes are then matched with the unit cell parameters of different materials at different 

phase to understand what material, what phase and which plane do individual peak on the 

XRD pattern stands for.  

 

BG is generally an amorphous material, in which there are no crystallinity and the spacings 

between planes have a wide distribution. This induces a wide distribution of peaks, which 

is termed the ‘amorphous halo’. In order to find signs of crystallinity in the BG system, 

sample noises need to be reduced, the scanning time needs to be increased and the 

number of steps should also be increased.  

3.2.2 Fourier transform infrared spectroscopy  

Fourier transform infrared (FTIR) spectroscopy is a technique that characterizes the types 

of bonding in materials. The activities of the bonds, including vibration, stretching, etc., 

correspond to the energy of infrared of different wavelengths. When beams of infrared with 

wavelengths of 600 to 4000 cm-1 are directed at the samples, infrared absorption occurs 

at certain frequencies, resulting in an FTIR spectrum. The major bands of Si-O-Si, Si-O-B, 

and B-O-B reside within 600 to 1400 cm-1, and the area of interest predominantly lies in 

the 600 to 2000 cm-1 region. The peak positions and their representation are described in 

the later sections.  

3.2.3 Inductively coupled plasma atomic emission spectroscopy 

(ICP-AES) 

Inductively coupled plasma atomic emission spectroscopy (ICP-AES) is a technique that 

characterizes the elemental concentration of a solution. A plasma igniter produces plasma 

through the ionization of argon gas and the p solution is nebulized above the plasma torch 

which excites the particles to higher energy states. The de-excitation process involves the 

emission of waves that were recorded by the optical emission spectrometer as ‘counts’. A 

normalized curve correlates the ‘counts’ to the elemental concentration in solutions.  

 

The common dissolution products are tris(hydroxymethyl)aminomethane buffer solution 

(TRIS) or Dulbecco's Modified Eagle Medium (DMEM). During the dissolution studies of 

the BG fibres, the dissolution products are usually diluted by 5-10 times, as the ideal 

concentration range lies from 1 mg L−1 to 50 mg L−1. The dissolution profiles of BGs will 



105 

 

indicate potential cytotoxicity or biological activities when compared with previous 

research.  

3.3 In vitro analysis 

3.3.1 CCK-8 assay 

CCK-8 assay characterizes cell viability by determining metabolic activities. When 

incubating the CCK-8 solution with the cells for 2 h, the appearance of orange color 

indicates the metabolic active cells. The color intensity is characterized under an enzyme-

linked immunoabsorbent assay microplate reader (Synergy 2, Bio-TEK) at the absorbance 

of 450 nm.  

 

There is a general agreement that the increase in metabolic activities indicates increased 

cell viability and also indicates the proliferation of the cells. But the quantification of cell 

proliferation requires the total DNA assay. In the total DNA assay, cells are lysed by cycling 

freezing and defrosting and the exposed DNA is stained with dyes (e.g. Hoechst dye) and 

then characterized through the plate reader.  

3.3.2 ELISA assay 

ELISA assay is used to measure the concentration of proteins in the supernatant from cell 

cultures. The kit is comprised of a 96-well plate with monoclonal antibodies pre-coated 

onto the base of each well. Proteins from samples, standards, or the controls bind with the 

antibodies (Figure 3.1). When the remaining supernatant is removed, a secondary 

antibody (enzyme-labeled antibody) that binds with the measured proteins is added to the 

wells attached by the measuring protein. After the secondary antibody is removed and 

washed, a dye that binds with the labeled enzyme is added to characterize the protein 

concentration by measuring the intensity of the sample and the standards.  

 

Figure 3. 1. Schematic of the ELISA process. Adapted from MBL life of Science website 

(https://ruo.mbl.co.jp/bio/e/support/method/elisa.html) 
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3.3.3 Transwell assay 

Transwell assay measures the migration rate of cells. The Transwell consists of the upper 

compartment and the lower compartment. Cell culture media are added to both 

compartments and the upper compartment is filled with cells till confluence. The cells could 

only migrate through the permeable membrane down to the lower compartment. After a 

certain period (16 hours in this study), the permeable membranes are removed and 

washed and all cells stuck in between the membranes are labeled with crystal violet. The 

reason why the cells in the membranes are counted instead of cells at the lower 

compartment is that cells at the lower compartment may not attach to the well and could 

be washed away during the washing or the addition of the dye. Then, images are taken 

and cells are counted.  

3.4 In vivo analysis 

3.4.1 Diabetic wound model 

The animal studies were conducted at Northeastern University, Shenyang, China. Prof. 

Huiling Gao held the animal license and took charge of the surgery and animal sacrifice. 

All animal protocols were approved by the Ethical Committee of Northeastern University. 

C57BL/6J mice (5-6 weeks old, male) were purchased from the Huafukang Animal Center 

(Beijing, China) and fed for another 2 weeks on a high-fat diet. 48 mice were separated in 

16 cages (3 per cage) and were tested for 4 samples at 2-time points (n=6 per group per 

time point). The nurturing of the animal follows the regulation of animal welfare.  

 

The diabetic wound model is generated based on previous literature [785-787].  

Streptozotocin (STZ) or alloxan are the only two drugs that induced diabetes [788, 789]. 

Recently, STZ is becoming a more popular drug compared to alloxan, as alloxan causes 

general toxicity and has a narrow diabetogenic dose [790-792]. The common solvent for 

STZ is 0.1 M citrate buffer (sodium citrate), with a pH of 4.5 [785, 788, 789, 793]. The 

injection is dependent on the mice type and weight, commonly ranging from 45-70 mg/kg. 

In general, the diabetic type II model was created by intraperitoneally injecting STZ 

(Sigma-Aldrich, 50 mg kg-1) to the mice for 7 days. The blood glucose levels were taken 

from all mice 1 week after injection. All mice had a blood glucose level maintained at 12-

15 mmol/L which indicates they are diabetic. Then, a circular full-thickness skin wound 

was cast on each mouse to mimic the diabetic ulcer. The wound sites were then implanted 

with 100 mg of the samples accordingly and covered with a transparent dressing 
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(Tegaderm, 3M) (the control group was only covered with Tegaderm), as the dressing 

prevents the BG samples loss due to mice movement. The details of the experimental 

methods are summarized in Chapter 6.  

3.4.2 Histology analysis 

Hematoxylin and eosin (H&E) staining is the most widely used staining for histology. 

Hematoxylin stains the nucleus of cells into dark blue color, while eosin stains the 

extracellular matrix pink and blood vessels as red. The coloration of the staining indicates 

the distribution of cells, blood vessels, and the ECM in tissues. The epidermis layer 

consists of blocks of basal cells and keratinocytes so it has the highest cell density. The 

nuclei of the macrophages are round while that of fibroblasts are elongated, due to the 

morphology of cells.  

 

Masson Trichrome staining is commonly used to study collagen arrangement and 

deposition. The three colors are induced by Weigert's iron hematoxylin, Ponceau (red), 

and Aniline Blue. Cell nuclei are purple as it combines the coloring from all three solutions. 

The epidermis layer, muscle, and blood vessels are red, while the collagen fibrils are blue. 

Glacial acid is used to wash the sample after the Ponceau and Aniline Blue stage to 

differentiate the coloration. On some occasions, green or light green stains are used 

instead of Aniline Blue. 

 

For histological analysis, the removed skin tissues were fixed in 4% paraformaldehyde for 

48 h, embedded in paraffin, and cut into 7 μm sections. The sections were then dewaxed 

and washed before conducting histological staining. Both H&E and Masson Trichrome 

staining follows the manufacturer’s instruction. For H&E staining, hematoxylin was 

dropped to each slice for 1 min. Then, the color of hematoxylin was differentiated from 

purple to pure blue before being washed under running water for 30 min. Finally, the slices 

were immersed in Eosin for 20 s before being dehydrated in 90%, 95%, and 100% alcohol 

and xylene. For Masson Trichrome staining, the slices are incubated with Bouin’s solution 

overnight. Weigert's hematoxylin was used to stain the nucleus for 2 mins before being 

differentiated by a combined solution of HCl and ethanol. After being washed, the samples 

were then immersed in Ponceau Red, Phosphomolybdic acid, and Aniline Blue 

consecutively, with a 1 min washing with 2% Glacial acid between each stage. The stained 

sample was dehydrated with a similar approach as the H&E staining.  
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3.4.3 Immunohistochemistry 

Immunohistochemistry (IHC) is a process to study the distribution and quantity of a 

particular protein or receptor. The process includes antigen retrieval, blocking, the addition 

of primary and secondary antibodies, addition of Horseradish peroxidase, visualization in 

DAB, and counterstaining with hematoxylin, as detailed in Figure 3. 2. Antigen retrieval for 

samples fixed in formalin usually requires heat, an acidic environment, and/or protease. In 

this study, the samples were boiled in citrate buffer solution (pH = 6) and then cultured with 

3% H2O2. Though antibodies have preferential avidity for specific antigens, they may also 

bind with non-specific proteins with binding sites similar to that of the target antigen, 

leading to a high background staining. Blocking of the samples with a buffer solution 

deactivates endogenous enzymes or biotin in the site of non-specific proteins, which bind 

with either the primary or secondary antibodies. 10% BSA in PBS is used in this study as 

the blocking solution.  

 

 

Figure 3. 2. Schematic of a general process of immunohistochemistry staining. Adapted 

from [794]. (The timing described in the process may vary between protocols).  

 

Primary antibodies can be monoclonal or polyclonal. Monoclonal antibodies respond to a 

single epitope, antigenic determinant, of the target protein while polyclonal antibodies 

respond to multiple epitopes. The primary antibodies bind with the target antigen at one 

end and have enzymes at the other end that bind with the secondary antibodies. The 

secondary antibody is usually an Immunoglobulin G (IgG) based antibody, which has a 

high affinity to receptors and enzymes and low affinity with each other and has an end 
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group for fluorescent labeling (quite similar to that of the ELISA process (Figure 3.1). In 

some cases, the ‘direct’ method is applied in which the labeling solution is added 

immediately after the samples are incubated with primary antibodies. In this case, these 

primary antibodies have a labeling end, but this strategy is much less frequent. 

Horseradish peroxidase is a common enzyme for labeling and responds with 3,3′-

Diaminobenzidine (DAB) to induce a brown color on target proteins. Counterstained 

hematoxylin enables the visualization of cell nuclei in order to have a better understanding 

of the distribution of target proteins.  

 

In general, immunohistochemical analysis was performed on CD31 (Abcam), VEGF 

(Abcam), and α-SMA (Abcam). The dewaxing and washing sessions are similar to that in 

histology analysis. The slices were then fixed using citrate buffer solution (pH = 6) for 30 

min, and then cultured using 3% H2O2 for 10 min to retrieve the proteins. Blocking the 

samples with 10% BSA in PBS for 1 h quenches endogenous biotins or enzymes. The 

above-mentioned primary antibodies were diluted according to the manufacturer’s 

instruction and applied to incubate the sections overnight at 4 °C. Then, the sections were 

further incubated with goat anti-rabbit antibodies and Horseradish Peroxidase for labeling 

(1.5 h and 40 min respectively). The sections were further visualized using DAB staining 

(10 min) and the nucleus was highlighted through counterstaining with hematoxylin, as 

previously described.   
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4. Zinc-ion-delivery bioactive glass fibre mat 

for burn regeneration 

4.1 Introduction 

In this Chapter, the aim was to synthesize 3D ECM-mimicking Zn-containing BG fibre mats 

to deliver therapeutic zinc ions for burn regeneration and determine their ability to stimulate 

angiogenesis and ECM deposition through investigating fibroblast cell response in vitro. 

The first objective was to produce fibres that were based on the 70 mol% SiO2-(30-x) mol% 

CaO- x mol% ZnO composition, where x=0, 1, 3, and 5, labeled as 70S30C, 70S29C1Zn, 

70S27C3Zn, and 70S25C5Zn respectively. The compositional system was selected based 

on previous literature that reported 70S30C system stimulates higher VEGF expressions 

from fibroblasts [98-101]. Zinc was chosen as it stimulates paracrine effects from 

macrophages and fibroblasts to express angiogenic factors [63, 64], promote endothelial 

cell activities [795, 796], and stimulate vessel formation in vivo [651, 652]. Zn also induces 

antibacterial effects through stimulation of reactive oxygen species (ROS) and protease 

expressions and it interrupts bacterial membrane activities through thiol-group binding [59, 

60]; involves Zn-transporter mRNA during inflammation, reducing hydroxyl radicals, 

stimulating superoxide dismutase expressions, and up-regulating anti-inflammatory 

cytokines [61, 62]; and promotes the regeneration of follicles [649, 797, 798].  

 

Parameters for electrospinning and the sol-gel synthesis were controlled with the aim of 

fabricating the Zn-containing BG fibre mats with 3D ECM-mimic structures, in which the 

fibre mats had a large thickness (0.5-2 mm) and fibres had diameters similar to those of 

collagen and fibronectin fibrils in the ECM. A second objective was to determine whether 

the release of ions was within a non-cytotoxic and therapeutic range by investigating the 

dissolution of the fibre mats in TRIS buffer solution and DMEM. 

 

Fibroblasts are the main cells that populate the wound area and generate a broad 

spectrum of growth factors for wound closure and angiogenesis [12, 80, 81, 110]. The third 

objective was to assess the cell viability of Human Dermal Fibroblasts (HDF), one of the 

most representative types of fibroblasts, when cultured with the dissolution products of the 

fibre and to understand the effect of the fibre mats on ECM deposition by measuring the 

levels of PDGF and TGF-β expressed from HDFs. To understand the function of the fibre 

mats to angiogenesis, the levels of VEGF, bFGF, and HIF-α expressed by HDFs were 

measured. Endothelial cells are the cells that migrate to form blood vessels. The viability 
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and migration of HUVECs were characterized in media conditioned with HDF cells cultured 

with the dissolution products BG fibres, and their relative protein expressions, in order to 

understand whether the BG dissolution products stimulate the activities of endothelial cells 

and whether this correlates with the protein expression profiles from both fibroblast and 

endothelial cells.  

 

 

Figure 4. 1. Schematic of zinc-ion-delivering bioactive glass fibre mats as potential burn 

regeneration matrices 

4.2 Methods 

4.2.1 Preparation of sol-gel electrospun Zn-BG fibre mats 

The sol-gel electrospinning process was applied to synthesize ECM-mimicking BG fibre 

mats. [283] Tetraethyl orthosilicate (TEOS) and calcium nitrate tetrahydrate 

(Ca(NO3)2•4H2O (g)) were obtained from Sigma Aldrich while zinc nitrate hexahydrate 

(Zn(NO3)2•6H2O (g)) were obtained from Thermofisher. The sol-gel precursors of the Zn-

BG fibre mats were prepared through the step-wise addition of TEOS, Ca(NO3)2•4H2O (g), 
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Zn(NO3)2•6H2O (g) to a mixture of ethanol, water, and 2 M nitric acid, as illustrated in Table 

4. 1 [97, 286]. After being stirred at room temperature for 24 h and then rested for 48 h, 

the precursor was mixed with a polyvinyl butyral (PVB) binder to acquire the ideal viscosity 

(0.069 Pa.s) for electrospinning [96]. The viscosity of the sol for fibre mat production was 

chosen to be 0.069 ± 0.025 Pa.s, as Norris et al. found that a viscosity below 0.05 Pa.s 

resulted in electrospraying of the sol, producing nanoparticles, and a viscosity greater than 

0.6 Pa.s halted electrospinning jet formation [97]. Viscosity control was achieved by adding 

a PVB binder to the sol-gel precursor, which does not incorporate into the BG structure 

and is burnt out during glass sintering, leaving thin mesoporous BG fibres. The ratio of 

PVB powder and ethanol in the PVB binder has been previously assessed by Norris et al., 

who found that increasing the ratio from 1 g/mol (1 g/11.4ml) to 2 g/mol did not significantly 

influence the viscosity of the binder and therefore did not affect the viscosity when 

combining with the sol-gel precursor. Therefore, during the synthesis of Zn-containing BG 

fibres, the ratio of the binder was set as 1 g/mol. 

 

The initial parameter electrospinning parameters followed that proposed by Norris et al., 

but it was not reproducible at first. The most possible explanation was the difference in the 

electrospinning environment. The ventilation in the fume hood hugely affected the 

electrospinning process. The air flow in the fume hood was so strong that it exerted a 

strong force perpendicular to the jet propagation orientation. If the fume hood was fully 

closed, the flow reached a maximum so that hardly any fibres landed in the collector. Even 

at the lowest flow possible, many formed fibres were blown away which made the process 

much less efficient. It was not possible to obstruct the ventilation of the fume hood as the 

evaporating solvent would enter the laboratory.  

 

The first idea was to reduce the working distance. This could make the interruption of the 

air flow less. But, at a fixed voltage, reducing the working distance means the increasing 

electric potential, so that more solution would be extruded from the spinneret, which can 

block the needle. Even though the voltage was adjusted correspondingly, the shorter the 

working distance meant less time for the thinning and solidification of the gel stream so no 

solid fibre was formed on the collector. Previous literature also reported a general trend of 

the increase of fibre diameter with the decrease in working distance [313, 316, 799]. 

Generally, if the working distance reaches a certain minimum level so that near-field 

electrospinning occurs, the solution never solidifies during propagation and there are 

usually approaches to guide their patternings, such as the use of a rotating drum or the 

combining near-field electrospinning with 3D printing [800, 801]. Our collector has a 

concaved boxed-like shape and the electrode was attached at the back of the box while 

the aluminum foil for collecting the fibres was at the front. The furthest point of the foil 
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(edge of the aluminum foil) was around 4 cm away from the electrode plane, while the 

lowest point of the foil was around 1 cm. Although the reason remains unknown, reducing 

the distance caused fibre aggregating at the edge instead of the center point. In this case, 

a very thin layer of fibre was formed, and then the aggregation of fibres at the edges 

occurred, which usually resulted in blocking.  

 

The second strategy was to use a wind cover on the electrospinning apparatus. A plastic, 

transparent box was purchased to cover the whole machine, but there were still a few 

fibres being directed to the collector while most of them were attached to the edge of the 

box, or the surface of the syringe thruster. A possible explanation of this effect can be that 

the box was not conductive so it cannot ground the charges. The local charge aggregation 

was what causes the deviation of the jet.  

 

The last idea was to adjust manually according to the air flow direction and the deviated 

jet track. Theoretically, this approach may cause the disruption of the electric potential, as 

the electrodes are not parallel with each other, but has an angle of around 30 degrees. 

Surprisingly, this was yet to result in a successful fibre collection.  

 

 

Figure 4. 2. SEM images of the 70S27C3Zn fibre mats synthesized under humidity of (a) 

24-26%, (b) 35-37%, (c) 42-45%, and (d) 51-55%. 
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Even though the ventilation issue was solved, the 3D electrospun fibre was still not being 

synthesized. The main problem was the effect of humidity, which significantly changes the 

morphology of the fibre. Previous studies by Norris found that a 2D fibre mat was induced 

at 27% relative humidity, while 35-55% of the humidity induced 3D fibre mats. Relative 

humidity of 65% also induced a cotton-wool-like structure, but fibre morphologies were 

non-uniform in length and diameter with the presence of beads in the fibres [96, 97]. But, 

this study found that fibres prepared under 25-35% relative humidity were long, thin, and 

homogeneous (Figure 4. 2 (a)), but those prepared under a relative humidity above 35% 

are short-branched, thick, and non-uniform (Figure 4. 2 (b, c)), with an increased yield of 

beads corresponding to the increase in humidity, which disagree with the previous 

investigations. What was also different was that the lowest the humidity, the better fibre 

mat morphology it produces, and the thicker is the fibre mat. Beyond 45%, high levels of 

beading occurred (Figure 4. 2 (d)).  

 

In addition, under high humidity, instead of fibre mat formation, the fibres entwined with 

each other to form several single strands. This may be because the water molecules in 

the atmosphere can be charge carriers and makes fibres have more affinities with each 

other rather than that towards the collector. The existence of ventilation and higher voltage 

potential makes the ‘stranding’ of fibres even worse. 

 

Other parameters were also investigated while the electrospinning apparatus has been 

displaced and the humidity influence was re-evaluated. Voltages are adjusted from 6 kV 

to 18 kV to find the optimal working electric potential. 6 kV was not enough to overcome 

the surface tension of the solvent. 8 kV yielded 2D fibre mats rather than 3D ones, probably 

because the electric potential was not enough to stimulate the branching effect between 

electrospinning jets. 10 kV was selected to be the ideal voltage between the needle and 

the collector. Higher voltage (>12 kV) could be theoretically more ideal if working at a 

longer working distance but it yielded thicker BG fibres as more solution was extruded 

from the spinneret. More importantly, the electrospinning machine was exposed to the 

ventilation of the fume hood and ambient humidity, so that higher electric potential results 

in higher free charges in the atmosphere causing deviation of the track of the jet. At a 

voltage > 14 kV, the free charges became so high that the fibres were not only located on 

the collector but also on other conductive surfaces.  
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To find the ideal working distance, BG fibres were electrospun within a spinning range from 

8 cm to 20 cm, while 12 cm was chosen as the ideal parameter. Due to the concave shape 

of the collector, the working distance is determined as the distance between the spinneret 

to the center point of the aluminum foil. Shorter working distances are not feasible as 

described in previous sections. The longer the working distance, the longer time for the 

drying and bending instability. Most electrospinning apparatus has a working distance of 

around 15 cm [313] because it ensures the occurrence of the secondary bending instability 

during jet propagation and can very likely induce the third bending instability, which makes 

the resultant fibres even thinner and longer. However, longer working distances also mean 

higher chances of deviation of the electrospinning track. If the working distance is beyond 

12 cm, the deviation will be so high that it is not even able to collect fibres. The efficiency 

would also be greatly reduced. 

 

In general, once the gelling was complete, the solution was loaded into a 10 mL syringe 

with a gauge 22 stainless steel needle. The electrospinning parameters were: electric field 

strength: 10 kV; flow rate: 0.4 mL h
-1

; air gap distance: 12 cm; relative humidity: 25%-35%; 

inner diameter of spinneret: 0.7 mm; room temperature. Then, the resultant fibre mats 

were heated to 600 °C at a rate of 1 °C min-1 with a dwell at 600 °C for 3 h before oven 

cooling. The sintering process agrees with that of Norris et al. and other protocols in 

sintering silicate-based sol-gel BGs.  

 

Table 4. 1. Sol-gel compositions 70 SiO2-30-x CaO-x ZnO, in mol% (x = 0,1,3,5) and the 

quantities of TEOS, nitric acid, ethanol, calcium nitrate tetrahydrate, and zinc nitrate 

hexahydrate used. 

Nominal compositions 
[oxide mol%] 

TEOS 
[mL] 

2 M Nitric 
acid [mL] 

Ethanol 
[mL] 

Ca(NO3)2•
4H2O [g] 

Zn(NO3)2•
6H2O [g] 

70Si-30Ca 15.6 4.2 8 7.12 0 
70Si-29Ca-1Zn 15.6 4.2 8 6.84 0.3 
70Si-27Ca-3Zn 15.6 4.2 8 6.37 0.9 
70Si-25Ca-5Zn 15.6 4.2 8 5.9 1.49 

4.2.2 Preparation and characterization of Zn-BG fibre mats 

X-ray diffraction (XRD) patterns of the fibre mats were collected from an XRD analyzer 

(Bruker D2 PHASER) using Cu-Kα radiation (λ = 1.542 Å), with the following parameters: 

applied voltage: 30 kV; applied current: 10 mA; scanning interval: 10° < 2θ < 70°; step size: 

0.035°; time per step: 12 s. Attenuated total reflectance-Fourier transform infrared 

spectroscopy (ATR-FTIR Nicolet iS10) was used to assess the chemical functional groups 

in the BG fibre mats under the wavelength of 500–4000 cm-1. The microstructures of the 
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fibre mats were characterized under the Inlens mode of the LEO-1525 SEM, with 5 kV 

accelerating voltage and 8 mm working distance. The diameters of the fibres were 

measured with ImageJ and the average diameters were derived from 10 measurements.  

4.2.3 Dissolution study 

50 mg of the BG fibre mats were immersed in 75 mL of 5 mM TRIS buffer solution or 

Dulbecco's Modified Eagle Medium (DMEM) and placed in an incubator shaker at 37 °C 

and 120 rpm, according to the previously proposed standard protocol [97, 802]. 1 mL of 

the extracts were collected at each time point (4, 24, 48, 72, 96, and 168 h for TRIS and 

4, 24, 72, and 168 h for DMEM), filtered with a 0.2 μm surfactant-free cellulose acetate 

syringe filters (Corning, USA) and diluted with 9 mL of 1 M nitric acid. The dissolution 

profile was achieved using an ICP-AES at the wavelengths of 317.9 nm (Ca), 251.6 nm 

(Si), and 213.8 nm (Zn). The pH change of the media was measured at each time point 

with a pH meter (Oakton pH 11 m with Oakton general-purpose glass pH probe, Ag/AgCl 

electrode, and Oakton ATC probe).  

4.2.4 In vitro study on fibroblasts and endothelial cells 

HDF cell lines were seeded in 96-well plates at a density of 1 × 103 cells cm-2 and cultured 

with 100 μL of DMEM supplemented with 10% (v/v) fetal bovine serum and 1% 

penicillin/streptomycin (FBS, Thermo Trace Ltd., Melbourne, Australia) for 24 h. BG 

condition media was prepared by dissolving BG fibres in DMEM for 1 day and the 

dissolution products were filtered and sterilized before being fed to cells. The 

supplemented DMEM was then replaced with DMEM conditioned by the BG scaffolds so 

it contained their dissolution products (6 mg mL-1 in supplemented DMEM). The 

conditioned media was also used diluted with more DMEM (1/2 and 1/4 respectively). HDF 

cells cultured with supplemented DMEM only were used as the blank control group.  

 

The metabolic activity of fibroblasts was determined on days 1, 3, and 7 through a Cell 

Counting Kit (CCK)-8 assay (Beyotime) according to the manufacturer's instruction. The 

metabolic activity was represented as units of optical density (OD) absorbance at 450 nm 

from an enzyme-linked immunoabsorbent assay microplate reader (Synergy 2, Bio-TEK). 

The supernatants of the HDFs were extracted on day 3 for the characterization of VEGF, 

bFGF, PDGF, TGF-β, and HIF-1α through an Elisa assay (Beyotime).  

 

HUVECs were seeded in 96-well plates at a density of 3 × 103 cells cm-2 and cultured with 

the endothelial cell culture medium (Sciencell, USA) with 5% (v/v) fetal bovine serum (FBS, 
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Thermo Trace Ltd., Melbourne, Australia) and 1% (v/v) endothelial cell growth 

supplement/heparin kit (ECGS/H, Promocell) for 24 h. HDFs were cultured in BG-

conditioned media (6 mg mL-1 in supplemented DMEM) for 2 days and the resultant media 

(BG-HDF conditioned media) was mixed with the endothelial cell culture medium by 1:1. 

100 μL of the BG-HDF conditioned media was applied to HUVECs. The metabolic activity 

(MA) of HUVECs was assessed through the CCK-8 assay and the expressions of VEGF, 

bFGF, HIF-1α, and eNOS were determined through the ELISA assay on day 3.  

 

The migration of the HUVECs was assessed through a Transwell assay. HUVECs were 

seeded in the upper layer of the Transwell plate at 3 × 103 cells per well and cultured to 

confluency. Then, 250 μL of the BG-HDF conditioned media was added to the top layer of 

the well, while 300 μL of endothelial cell medium was added to the bottom layer. The cells 

were cultured for 16 h and stained with crystal violet for 1 min. The migrated cells were 

imaged using an optical microscope (Leica) and counted by a cell counter (bitbucket), 

according to the manufacturer’s instruction [803]. 

4.2.5 Statistical analysis  

The statistical significance of the results was compared using a one-way ANOVA test 

followed by Dunn’s Multiple Comparison. The ANOVA is used comparison among groups 

with one or two independent variable, given that the data follows a normal distribution. On 

the other hand, the non-parametric Krustal Wallis test was used instead of parametric 

ANOVA in asymmetric comparion. The significance was taken between individual 

component in the in vitro assessment and marked as (*P <0.05, **P<0.01, ***P 

<0.001,****P <0.0001).  

4.3 Results and Discussion 

4.3.1 Morphology of 3D ECM-mimic fibre mats 

According to Figure 4. 3 (a), the BG fibres entwine and generate a 3D fibre mat. It had a 

cotton-wool-like structure and had thickness higher than 1 cm. Ideally, this structure can 

be larger if working at a longer working distance and with no ventilation. This is because 

when the fibre mat is beyond 1 cm in thickness, the electric attraction at the surface of the 

fibre mat is lower than that of other conductive surfaces, such as the metal substrate of 

the syringe thruster. The 3D morphology of the fibres was induced through the branching 

effect of the electrospun jet, caused by the repulsion of the Ca2+ and Zn
2+

 ions. Humidity 
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may also have an impact on forming 3D structures. 3D fibre mats formed under 35% 

humidity could be faster than those formed under 25% humidity, but this also came with 

beads formation.  

 

Figure 4. 3. (a) Photograph of an electrospun fibrous bioactive glass scaffold; SEM images 

of the fibre mats with composition 70 SiO2-30-x CaO-x ZnO, in mol% where x = (b) 0 ; (c) 

1 ; (d) 3 ; and (e) 5. 

 

Table 4. 2. Fibre diameters of the electrospun bioactive glass scaffolds. 

Sample Fibre diameter (μm) 

70S30C 0.32±0.07 
70S29C1Zn 0.19±0.05 
70S27C3Zn 0.23±0.05 
70S25C5Zn 0.24±0.05 



119 

 

SEM images (Figure 4. 3 (b-d)) present the microstructure of the fibre mat. The fibres were 

long, thin, and entangled into an ECM-mimic structure. The diameters of the fibre mats 

are summarized in Table 4. 2. All BG fibres had a thickness ranging from 160-320 nm, 

which mimicked the collagen and fibronectin fibrils in the extracellular matrix. The 

incorporation of zinc did not interrupt the morphology and thickness of the fibres.  

4.3.2 Chemical structure of 3D ECM-mimic fibre mats 

XRD was used to characterize the crystallinity of materials. BGs are expected to be fully 

amorphous but calcium silicates, such as Wollastonite, or zinc oxide are the most likely 

crystal phases that might form in Zn-containing BGs. These crystals correspond to peaks 

at 29°, 32°, 34°, 37°, and 48° in XRD patterns [97, 804]. All XRD patterns (Figure 4. 4) for 

BG fibre mats presented amorphous silica halos with wide SiO2 halos in the range of 20°-

34° (2θ). The halo is at low intensity and has no obvious crystal peaks, similar to patterns 

obtained from mesoporous Zn-containing mesoporous BG powders or scaffolds [805-807]. 

The incorporation of Zn hardly changed the amorphous state of BGs, as the composition 

of Zn is little.  

 

Figure 4. 4. XRD patterns of the as-produced 70S30C, 70S29C1Zn, 70S27C3Zn, and 

70S25C5Zn bioactive glass scaffolds. 

 

FTIR (Figure 4. 5) analyzed the bonding presented in BG fibre mats with different Zn 

compositions. Bands at 1040 and 790 cm−1 correspond to the Si-O stretching and the Si-
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OH peak, respectively. Bands at 470 cm−1 were identified as Si-O-Si rocking vibrations 

[252, 284, 808], while that at 485 cm-1 represents the vibration of Zn-O bonding [809]. No 

bands presented at 1500, 1420, 1638, and 1300–1500 cm−1  indicated no unreacted 

CO3
2-

  groups, NO3
−
  groups, water, or ethanol remaining in the fibre mats. The 

incorporation of Zn also hardly affects the types of bonding in the BG system. 

 

Figure 4. 5. FTIR spectra of the as-produced 70S30C, 70S29C1Zn, 70S27C3Zn, and 

70S25C5Zn bioactive glass scaffolds. 

4.3.3 Dissolution profiles 

While being implanted into the body, the BG samples degrade while releasing therapeutic 

ions for wound healing activities. The dissolution profiles of Zn2+, Ca2+, and Si (expected 

to be in the form of SiO4
4-) from BG fibre mats were assessed in both TRIS and DMEM. 

After 7 days of immersion, the cotton-wool-like fibre structure became shorter-branched 

fibre pellets, but still with the entwining structure (Figure 4. 6). To understand the possible 

wound healing activity of the fibre mats, the release of Zn2+, Ca2+, and Si (expected to be 

in the form of SiO4
4-) upon soaking in TRIS buffer solution for 7 days was measured (Figure 

4. 7). A high proportion of Ca2+ and Si was released after 24 hours of immersion in TRIS. 

The concentration of Si released from all fibre mats was similar but the Zn-containing fibre 

mats released less Ca2+. This can be due to less Ca content (Zn replaced Ca in the 

composition) but also because Zn2+ ions reduce Ca2+ ion release kinetics, like that 

proposed by Aina et al. [99], as zinc can take the role of network intermediate.  
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Figure 4. 6. SEM images of the morphology of 70S27C3Zn fibre after being immersed in 

DMEM for 7 days.  

 

Figure 4. 7. Elemental concentration profiles (ICP) of TRIS buffer following immersion of 

bioactive glass fibre mats 70S30C, 70S29C1Zn, 70S27C3Zn, and 70S25C5Zn over 7 d 

(a) Ca, (b) Zn, and (c) Si. 
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Figure 4. 8. pH change of TRIS buffer following immersion of bioactive glass fibre mats 

70S30C, 70S29C1Zn, 70S27C3Zn, and 70S25C5Zn over 7 d (a) Ca, (b) Zn, and (c) Si. 

 

The pH change during BG dissolution followed a similar pattern to the Ca2+ release (Figure 

4. 8) [284, 810], indicating the ion exchange between the BG fibre mats and H+ from the 

ion-rich media. The dissolution study was conducted in a static environment so that the 

degradation of BGs supports a continuous release of ions and while the ion concentration 

reached the saturation point, reprecipitation of ions occurred as an equilibrium process. 

This also explains why SiO4
4- and Ca2+ levels stayed constant beyond day 3. The release 

of Zn2+ in TRIS experienced an abrupt peak by day 2 and then decreased, stabilizing by 

day 4. The decrease of Zn2+ might be because of the reprecipitation of the ions. While the 

supplies for SiO4
4- and Ca2+ are excessive, the supply for Zn2+ is limited and the majority 

of Zn is incorporated in the precipitation by day 3. The Zn2+ ion levels after 168 h of 

immersion in TRIS increased as the Zn content in the glass composition increased.  

 

In DMEM, the Si release was similar to that in TRIS, but the Ca2+ release was much less 

(Figure 4. 9). 70S30C fibres still released more Ca2+ compared to fibres with Zn in their 

composition. By day 7, the Ca2+ concentration reached approximately 60 μg mL-1, which 

was similar to the Ca2+ concentration reported to be beneficial for fibroblast proliferation 

(56-64 μg mL-1) [811]. BGs containing Zn still exhibited lower Ca2+ release and pH, but the 

difference was not as significant as it was in TRIS (Figure 4. 10). Interestingly, the Zn2+ 

release increased from 0.5 to 4.5 μg mL-1 at day 7 in DMEM and did not increase linearly 

with the increase of Zn content in BGs , which agrees with the dissolution profiles in TRIS 

and the observations of Neščáková et al. [807]. This is because Zn2+ can take the role of 

network intermediate in the silica network, meaning that ion exchange of Zn2+ increases 
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exponentially with the increase of Zn content in glasses. Keeping the Zn2+ release below 

7 μg mL-1 is likely to prevent cytotoxicity, as Paasche et al. found that 7.41 μg mL-1 of Zn2+ 

was toxic to fibroblasts [783].  

 

 

Figure 4. 9. Elemental concentration profiles (ICP) of DMEM following immersion of 

bioactive glass fibre mats 70S30C, 70S29C1Zn, 70S27C3Zn, and 70S25C5Zn over 7 d 

(a) Ca, (b) Zn, and (c) Si. 

 

Figure 4. 10. pH change of DMEM following immersion of bioactive glass fibre mats 

70S30C, 70S29C1Zn, 70S27C3Zn, and 70S25C5Zn over 7 d 
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The release of Si and Ca from both Zn-containing BG or Zn-free BG fibre mats were similar 

to the profiles from previous studies [54, 588, 712], which indicates that this concentration 

may be therapeutic. Unfortunately, there have not been studies that correlate Si and Ca 

concentration to their biological effect on wound healing, so their optimal concentration 

remains unknown. The natural level of silicon in the human body is 0.6 mgL
-1

 in serum 

and 41 mgL
-1

 in muscle, and slightly more before the generation of new bone [812, 813]. 

Recent studies that used silica alone, rather than bioactive glasses, indicated that SiO4
4-

 

can stimulate the proliferation of endothelial cells and fibroblasts, but did not mention the 

dose [814, 815]. Ca2+  concentration in tissue is 40 mgL
-1

  in the extracellular 

environment and 8 mgL
-1

 in the intracellular environment [816]. Considering the role of 

Ca ions on proliferation without the other bioactive glass dissolution products, Al-Ani et al. 

reported increased keratinocyte and fibroblast division and proliferation by increasing the 

Ca in the medium [817]. Other studies have further proved the role of calcium in fibroblast 

proliferation [818, 819] and keratinocyte proliferation [820, 821], with optimal Ca 

concentration dependent on cell type: <20 mgL
-1

 Ca2+ for keratinocyte growth and >56 

mgL
-1

 Ca2+ for fibroblast proliferation [811]. 

 

Our static dissolution assessment proposed that Zn2+ release concentration can be within 

the therapeutic range expected to stimulate antibacterial activities, anti-inflammation, and 

follicle regeneration, based on results from previous literature. There has been a general 

agreement that 1-5 mol% of ZnO incorporation in glass stimulates antibacterial effects 

[409, 434, 435, 438, 822], though the minimum antibacterial concentration of Zn2+ released 

from BGs was 0.05-0.1 μg mL-1 [823, 824]. The antibacterial effect increased as Zn 

concentration increased [805] with 5 μg mL-1 killing > 99% of most bacteria [409, 434, 437, 

509, 510, 825]. In terms of anti-inflammatory activities, 1 μg mL-1 of Zn2+ released from BG 

stimulated the up-regulation of Interleukin-10 (IL-10) and down-regulation of Interleukin-

1β (IL-1β) and promoted the switch of macrophage polarisation from inflammatory (M1) to 

anti-inflammatory populations (M2) [551]. Similar effects were observed in vivo [552] and 

the anti-inflammation responses were reduced when the released Zn2+ exceeded 15 μg 

mL-1 [553]. Zn-releasing inorganic materials were recently found to stimulate follicle 

regeneration [36, 649]. Zinc chloride was found to stimulate the migration and proliferation 

of human hair follicle dermal papilla cells and upregulated their expressions of genes 

(VEGF, BMP-6, KGF, HGF, PDGF-α, PDGF-β, and C-Myc) [36]. Although an accurate 

range of Zn dose for promoting follicle regeneration has not been confirmed, a range of 2 

μg mL-1 [826-828] to 13 μg mL-1 is suggested [36, 649]. It can be more beneficial to 

measure the dissolution in a dynamic environment again, as all ions in the static test are 

saturated within 1 day. In a dynamic environment, there is a constant flow of medium 
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bypassing the BGs and the ion concentration in the flow is a more precise prediction of 

the ion-release behaviour of BGs in real life.  

 

pH is also an important factor during wound healing. Intact skins have a pH of 4-6 and 

wounds that are being healed have a neutral pH [829]. The pH value for acute wounds is 

3-5 while that for burns and chronic wounds can reach 9-10 [830]. Our dissolution products 

generally have a pH around 8.2-8.8 in DMEM, because the silicon network can only break 

at ph > 9 (induced by the release of metallic ions) but the released silicates (in the form of 

silicic acid) were acidic. This may indicate that the BG hardly causes a pH-induced 

cytotoxic effect in real-life burn regeneration. With the healing of the wounds, the pH will 

reach back to 7.  

4.3.4 Fibroblast viability 

The in vitro cytocompatibility of the fibre mats was assessed using the CCK-8 assay on 

the HDF cell line (Figure 4. 11). On day 1, all HDFs cultured with BG dissolution products 

had higher MA relative to basal DMEM. This can be due to the role of Ca in the proliferation 

of fibroblasts [817-819]. The increase of Zn incorporation reduced the release kinetics of 

Ca2+ and therefore the corresponding MA. On day 3, the 70S30C fibres caused a reduction 

in MA relative to basal DMEM, indicating some toxicity, which agrees with the previously 

reported inhibition effect of calcium-silicate BGs on fibroblasts [53, 54], possibly due to the 

burst release of Ca2+ and the increase in pH in the static culture environment [261, 831]. 

This is supported by the decrease in MA of the cells cultured 1/2 diluted 70S30C 

dissolution products (Figure 4. 12), while the 1/4 diluted conditioned media, which had a 

much lower Ca2+ concentration, was not toxic to HDFs.  

 

There has been a controversial view on the effect of BGs on fibroblasts. The first few 

investigations directly applied BG particles to cells and the role was either insignificant or 

negative. For example, direct application of <0.1% w/v 45S5 particles to 208F fibroblasts 

resulted in an insignificant change in cell number and 45S5 doses >0.1% w/v induced 

significant cytotoxicity, likely due to the toxicity induced by the increase of pH level during 

the dissolution of 45S5 in a closed vessel [53]. When the same dose of 45S5 was applied 

to CCD-18Co fibroblasts, even the smallest BG dose (0.01% w/v) induced 30% cell death. 

The cytotoxic effect may be relevant to the increased pH value in the media [86-89]. For 

example, the increase in pH value from 7.4 to 8.4 reduced both the migration and the 

proliferation of human dermal fibroblasts [88]. The natural pH of BG dissolutions in DMEM 

was around 8-8.5 and could reach>9.3 if Na was incorporated into the BG system [89]. 
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The high pH also reduced the expressions of various proteins, collagen, and promotes 

protease that further inhibited cell proliferation [832-834].  

 

The surface of BG particles may not be ideal for cell attachment and proliferation and less 

toxic effects will be found when applying the dissolution products of BG to cells. For 

example, the ionic products of SiO2 − P2O5 − CaO − MgO  BGs that were sintered with 

different heating temperatures were all stimulative to the proliferation of NIH-3T3 cells 

[835]. At high dilutions, the stimulated cell proliferation from BGs weakened. For instance, 

1/32 to 1/128 diluted 45S5 dissolution products did not stimulate fibroblast proliferation, 

although still enough to stimulate more protein expressions than the control [55]. Besides, 

incorporation of either BG or BG dissolution products in the different organic material 

systems also promoted the proliferation of fibroblasts, keratinocytes, or endothelial cells 

[235, 721, 722, 724]. 

 

 

Figure 4. 11. The effect of the dissolution products of the 70S30C, 70S29C1Zn, 

70S27C3Zn, and 70S25C5Zn scaffolds on the metabolic activity (MA) of HDFs on days 1, 

3, and 7, represented by the (a) normalized MA against the DMEM control. (*P <0.05, 

**P<0.01, ***P <0.001,****P <0.0001, n=12)   
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Figure 4. 12. The effect of undiluted, 1/2 diluted, and 1/4 diluted dissolution products on 

MA of HDFs at day (a) 1, (b) 3, and (c) 7, represented by the intensity of absorbance at 

450 nm. (*P <0.05, **P<0.01, ***P <0.001,****P <0.0001, n=12)  
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Zn-containing BG fibres did not show any cytotoxic effect on fibroblasts, which was 

expected as the Zn release was below 7 μg mL-1 [783, 836], and the incorporation of Zn 

prevented the abrupt release of Ca2+. Zn reduces extracellular Ca level by interacting with 

them to stimulate DNA synthesis in fibroblasts [262, 837, 838]; and Zn stimulates the 

calcium influx in fibroblasts to promote proliferation [839, 840]. There were no significant 

differences in MA between the cells cultured with basal DMEM and those exposed to BG 

dissolution products on day 7 as the HDFs were confluent.  

4.3.5 PDGF expression from fibroblasts 

Platelet derived growth factors (PDGF) are originally expressed from platelets as soon as 

a wound is cast and platelet aggregates in the wound area to form a clot. They function 

throughout the wound healing cascade and their source changes from platelets to 

macrophages at the ‘Inflammation’ phase, and then to fibroblasts, keratinocytes, and 

endothelial cells at the ‘Proliferation’ phase [80, 81]. It was found that having PDGF in 

wound healing accelerates the healing time by 30% and the wound strength by 50-70% 

[117]. PDGF is an important protein in the activation of cells. For example, it is a potent 

activator for cells of mesenchymal origin. It also mediates the ‘Inflammation’ phase from 

both the activation of leukocytes to the phenotype change of macrophages (anti-

inflammation). Its main function is to stimulate the activation, proliferation, migration, and 

ECM protein secretion of fibroblasts [80, 118, 119]. PDGF also stimulates angiogenesis as 

PDGF stimulates the proliferation of endothelial cells and their VEGF expressions, and 

PDGF promotes pericyte activities to stabilize blood vessels [110, 841-843].  

 

Though there have been few articles reporting the role of BG in PDGF expressions from 

fibroblasts, we expect that HDF treated with BG should have a higher PDGF expression 

compared to the control, as previous work that showed Ca2+ is essential for PDGF 

activation and stimulation [844, 845]. All BG fibre mats stimulated therapeutic Ca2+ release 

and therefore up-regulated the PDGF expressions (Figure 4. 13) relative to basal media. 

Zinc may not have a stimulatory effect on PDGF expressions as when zinc content of the 

glass increased to 3 and 5 mol%, which also reduced Ca2+ content, PDGF expression 

decreased to values similar to the control. Surprisingly, the 1/2 diluted media of 70S30C, 

70S29C1Zn, and 70S25C5Zn induced lower PDGF expressions compared to the control, 

while the 1/2 diluted media of 70S27C3Zn was similar to that of the control. The 

mechanism underneath requires further investigation.  
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Figure 4. 13. PDGF expressed from the HDFs (ELISA assay) cultured with the undiluted 

and 1/2 diluted dissolution products of the 70S30C, 70S29C1Zn, 70S27C3Zn, and 

70S25C5Zn scaffold, for 2 days. (*P <0.05, **P<0.01, ***P <0.001,****P <0.0001, n=3) 

4.3.6 TGF-β expression from fibroblasts 

TGF-β is initially secreted from platelets and neutrophils to induce leukocyte chemotaxis. 

Its activation is an important signal for burn regeneration and contributes to the reduction 

of inflammation and promotion of angiogenesis [114-116]. During burn regeneration, the 

TGF-β level in the epidermis should increase, and that in the dermis decrease, in order to 

promote wound closure but prevent fibrosis [846]. TGF-β is also an important cytokine 

during the ‘Inflammation’ phase as it up-regulates metallopeptidase inhibitors while down-

regulates matrix metalloproteinase, which is a protease that promotes inflammation [18]. 

During the ‘Proliferation’ phase, fibroblasts are a major source of TGF-β as TGF-β provides 

signals for them to proliferate and differentiate [80, 82]. TGF-β also promotes the 

aggregation of the total protein, especially that of the ECM proteins, including collagen, 

elastin, and fibronectin [847].  

 

As shown in Figure 4. 14, the Ca2+ and SiO4
4- released from the Zn-free BG fibre mat 

significantly reduced TGF-β expression from fibroblasts. This can be due to the reduced 

fibroblast proliferation by Day 3, as TGF-β contributes to the fibroblast chemotaxis in 

activation and proliferation [80, 82]. The reduced TGF-β may also be due to the interplay 
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of TGF-β and Ca2+. Ca2+ was involved in Factor IV of TGF-β, but excessive Ca2+ may 

obstruct the fibroblast pathway in expressing TGF-β [848, 849]. This is further proved that 

once treated with diluted BG dissolution products, the TGF-β expressions returned to 

normal. The incorporation of Zn2+ in the BG system resolved the reduced TGF-β 

expression. This is due to that Zn2+ reduces Ca2+ release and the interplay of Zn2+ and 

TGF-β through other pathways [850].  

 

 

Figure 4. 14. TGF-β expressed from the HDFs (ELISA assay) cultured with the undiluted 

and 1/2 diluted dissolution products of the 70S30C, 70S29C1Zn, 70S27C3Zn, and 

70S25C5Zn scaffold, for 2 days. (*P <0.05, **P<0.01, ***P <0.001,****P <0.0001, n=3) 

4.3.7 HIF-1α expression from fibroblasts 

Hypoxia-inducible factor 1-alpha (HIF-1α) is a transcriptional regulator of the cellular 

response to hypoxia, the low oxygen concentration in the body. HIF-1α is activated 

immediately after a wound is cast for the hemostasis process [851]. In the normal wound 

healing process, HIF-1α is expressed when there is ischemia induced by a locally broken 

vascular system and transfer signals to fibroblasts or endothelial cells in the production of 

angiogenic factors, VEGF and bFGF. Some recent studies provoked up-regulated HIF-1α 

in wounds to generate a hypoxia-mimic environment in order to promote the expression of 

angiogenic factors [852, 853].  
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Figure 4. 15 showed increased HIF-1α expression by the HDFs either increased or was 

similar to the control when the cells were cultured with the dissolution products of all fibres. 

This could be due to the role of Ca in the activation of HIF-1α through the upstream of 

ERK in the hypoxia signal transduction pathway [854, 855]. Calcium signaling also 

stimulates the translation of HIF-1α to α subunits through the stimulation of classical 

protein kinase C-α, and the activity of mammalian targets of rapamycin, mTOR [856, 857]. 

When the conditioned media were diluted, the HIF-1α expressions became even higher 

than those from the undiluted media. The reason is unknown, but it may be because the 

Ca concentration is excessive which induces an adverse effect on HIF-1α expression. HIF-

1α expressions from Zn-containing BG fibres mats are generally lower than that from 

70S30C fibres in both diluted and undiluted media until the Zn composition in BG reached 

5 mol%. There is some evidence in the literature that Zn downregulates HIF-1α [858, 859], 

but others have reported that Zn upregulates HIF-1α [860, 861]. The mechanism needs 

further investigation.  

 

 

Figure 4. 15. HIF-1α expressed from the HDFs (ELISA assay) cultured with the undiluted 

and 1/2 diluted dissolution products of the 70S30C, 70S29C1Zn, 70S27C3Zn, and 

70S25C5Zn scaffold, for 2 days. (*P <0.05, **P<0.01, ***P <0.001,****P <0.0001, n=3) 

4.3.8 VEGF expression from fibroblasts 
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VEGF is a protein that can be expressed from neutrophils, platelets, keratinocytes, 

fibroblasts, and endothelial cells. It is also stimulated when a wound is cast to promote 

blood vessel infiltration to the dermis layer from the hypodermis [862, 863]. Some also 

reported that it promotes monocyte chemotaxis [121] and induces colonization of 

macrophage progenitor cells before their activations [864, 865]. Its major function is to 

ensure the survival of endothelial cells and stimulate their migration and proliferation in 

order to stimulate angiogenesis [120, 121].  

 

 

Figure 4. 16. VEGF expressed from the HDFs (ELISA assay) cultured with the undiluted 

and 1/2 diluted dissolution products of the 70S30C, 70S29C1Zn, 70S27C3Zn, and 

70S25C5Zn scaffold, for 2 days. (*P <0.05, **P<0.01, ***P <0.001,****P <0.0001, n=3) 

 

Through their interplay with HIF-1α, Ca2+ from the dissolution products of BG fibres 

upregulated the VEGF expressions from fibroblasts (Figure 4. 16). This agrees with the 

result of Norris et al., where SiO2-CaO based BG fibres stimulated VEGF from HDF cell 

line, with the glass with the highest Ca composition provoking more VEGF expression [97]. 

The incorporation of Zn reduced the release of Ca2+ and little Zn2+ so that the 70S29C1Zn 

fibres induced fewer VEGF expressions (similar to that of the control), but the dissolution 

products of 70S27C3Zn and 70S25C5Zn upregulated VEGF expressions. In previous 

studies, Zn-containing materials have been reported to stimulate the expressions of VEGF 

and endothelial tubule formation in vitro [63, 649, 650, 866], and angiogenesis in vivo [651, 
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652]. Although the mechanism of Zn in VEGF expressions mainly contributes to its 

paracrine effect during anti-inflammation, Zn is reported to interact with HIF-1 and HIF-2 

to stimulate VEGF expressions [64]. But the correlation between concentration and 

function remains unknown. 

4.3.9 bFGF(FGF-2) expression from fibroblasts 

bFGF, or FGF-2, has a similar role in angiogenesis as VEGF but it is not expressed at the 

start of the wound healing cascade. The major source of bFGF is fibroblasts, while a few 

of them are expressed in endothelial cells and macrophages [867]. It also has functions 

that are similar to other factors from the FGF family, including the promotion of fibroblast 

proliferation and migration, the formation of the ECM, wound closure and re-

epithelialization, etc. [868]. Recent studies also reported that bFGF could reduce the 

scarring effect in wounds [869, 870], especially for scarring in a burn [871].  

 

 

Figure 4. 17. bFGF(FGF-2) expressed from the HDFs (ELISA assay) cultured with the 

undiluted and 1/2 diluted dissolution products of the 70S30C, 70S29C1Zn, 70S27C3Zn, 

and 70S25C5Zn scaffold, for 2 days. (*P <0.05, **P<0.01, ***P <0.001,****P <0.0001, n=3) 

 

The bFGF expression profiles from HDF are similar to that of VEGF. The dissolution 

products of the 70S30C also upregulated bFGF expressions compared to the blank 

medium, as the interplay of HIF-1α and Ca2+ also up-regulates bFGF. The incorporation of 
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Zn instead of Ca, however, does not reduce the bFGF expressions (Figure 4. 17). Further 

addition of Zn to 3 and 5 mol% induced higher bFGF expressions. This may be because 

that Zn has a stronger stimulation to bFGF than Ca [651, 652]. For instance, bFGF 

expressions increase in media with higher Zn ions [872], but there has been no evidence 

to correlate the concentration of Ca to bFGF expressions.  

4.3.10 Metabolic activity of endothelial cells 

BG fibres signal fibroblasts to release growth factors for the activation, proliferation, and 

migration of endothelial cells. Endothelial cells also have their own pathway of growth 

factor expression to support their own activities, which may also be enhanced by the ion 

released from BG. In vitro analysis using BG-HDF media better mimics the environment 

that endothelial cells undergo in in vivo wound healing.  

 

 

Figure 4. 18. (a) Metabolic activity of HUVECs after being cultured with 1:1 mixture of 

endothelial culture media with control medium (DMEM-HDF), 70S30C-HDF, 70S29C1Zn-

HDF, 70S27C3Zn-HDF, and 70S25C5Zn-HDF conditioned media at day 1, 3, and 7. (*P 

<0.05, **P<0.01, ***P <0.001,****P <0.0001, n=12)  

 

After being cultured with fibroblasts for 2 days, the BG-HDF conditioned media were 

further assessed for their role in stimulating angiogenesis regarding the proliferation (MA) 

and migration of endothelial cells. Though containing more HIF-1α and VEGF, the 
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70S30C-HDF medium inhibited the proliferation of HUVECs at all time points (Figure 4. 

18). This disagrees with Midha et al., who found that the media of 70S30C particles and 

HDFs promoted the metabolic activities of HUVECs [873]. BGs of other compositions, 

such as the original 45S5 Bioglass, were also found stimulative to endothelial cell 

proliferation after pre-incubated with fibroblasts [54, 588]. A possible reason for this was 

due to the difference in morphology which leads to different ion release kinetics as there 

was excessive Ca2+ in the BG-HDF media. According to Day et al., only small doses (0.01-

0.1 w/v % which generated ion concentration below a critical level) of BG stimulated 

HUVEC proliferation while large doses were cytotoxic [53, 54, 588]. All Zn-containing BG 

fibres promoted the proliferation of HUVECs, in agreement with previous findings. For 

example, Aina et al. have reported that BG with 5 wt% Zn incorporation significantly 

enhanced the proliferation of endothelial cells [99]. 

4.3.11 Migration of endothelial cells 

Endothelial cell migration is a key process in angiogenesis involving 6 sequential steps 

[874]. Endothelial cells migrate to areas with higher concentrations of angiogenic factors 

as that is the area with ischemia and local hypoxia. The activation makes them protrude 

and attach to ECM fibrils. They then form stress fibres (actins) within the cells to move 

their rear part forward. VEGF and bFGF are two major chemotaxes driving the process, 

that involve integrin activation [875] and provide signaling when binding with their 

receptors [876], etc.  

 

All BG-HDF media stimulated the migration of endothelial cells (Figure 4. 19), which was 

in accordance with the expressions of VEGF and bFGF from fibroblasts (Figure 4. 16, 

Figure 4. 17). Existing literature proved that BG in the form of nanoparticles or nanofibres 

promoted endothelial cell migration [543, 698, 724] and hence angiogenesis in vivo [91, 

552]. There was not much difference between Zn-BG fibres and Zn-free BG fibres except 

for the one with the highest Zn incorporation. This may be because that Zn has its own 

pathway in stimulating the migration of endothelial cells other than its up-regulation of 

angiogenic factors from fibroblasts. Further evidence is needed to understand the 

mechanism. 
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Figure 4. 19. (a) Cell number and (b-f) images of migrated HUVECs after being cultured 

for 16 hours in a Transwell assay with (b) the control medium, (c) 70S30C-HDF 

conditioned medium, (d) 70S29C1Zn conditioned medium, (e) 70S27C3Zn conditioned 

medium, and (f) 70S25C5Zn conditioned medium. (*P <0.05, **P<0.01, ***P <0.001,****P 

<0.0001, n=6) 

4.3.12 Growth factor expressions from endothelial cells 

We also assessed the role of BG-HDF media in regulating the expressions of angiogenic 

factors of endothelial cells. The ELISA results showed angiogenic factors are those 

remaining from BG-HDF media and those newly expressed through the interplay between 
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ions and endothelial cells. Though it is unsure the exact quantity from both parts, this study 

can indicate the actual growth factor level to be uptaken by endothelial cells in real life. 

Similar to that of fibroblasts, the HIF-1α expression of cells exposed to 70S30C-HDF 

conditioned media was much higher than that of the other counterparts (Figure 4. 20 (a)), 

but the VEGF and bFGF expressions were much less (Figure 4. 20 (b, c)) than control. 

These may attribute to that excessive Ca2+ level affects endothelial cell activities in 

different aspects, such as the ligand-receptor interaction to produce inositol triphosphate 

[877], mediation of the protein kinase C expressions [878], induce permeability and NO 

expressions [879], generation of intracellular second messengers [880], etc., but the 

concentration-to-effect mechanism remains unknown. The incorporation of Zn reduced the 

HIF-1α expression similar to that of the control and increased the VEGF and bFGF 

expressions from endothelial cells. The reduced Ca2+ release and the inhibition of calcium 

signaling can be two possible reasons, but further investigations are needed.  

 

 

Figure 4. 20. HIF-1α, VEGF, bFGF (FGF-2), and eNOS expressed from HUVECs (ELISA 

assay) cultured with the 1:1 mixture of endothelial culture media with control medium 

(DMEM-HDF) 70S30C-HDF, 70S29C1Zn-HDF, 70S27C3Zn-HDF, and 70S25C5Zn-HDF 

conditioned media for 48 h. (*P <0.05, **P<0.01, ***P <0.001,****P <0.0001, n=3) 

 

eNOS is an enzyme indicating the level of synthesized nitric oxide in vascular endothelium 

and is another major regulator of cell migration and angiogenesis [881]. For example, mice 

with eNOS knockout had impaired angiogenesis under ischemia [882, 883]. eNOS is a 
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Ca2+/calmodulin-dependent enzyme [884]. Brouet et al. reported that on exposure to 

VEGF and Ca2+, eNOS in endothelial cells were upregulated, so eNOS is commonly used 

as an indicator of angiogenesis [885]. Our results proposed (Figure 4. 20 (d)) that VEGF 

and Ca2+ from the BG-HDF medium were stimulative to eNOS expressions. The decrease 

of Ca2+ as Zn increased reduced the eNOS expression back towards that of the control, 

but since the difference in Ca2+ release is not very significant among BG fibres, the 

decrease of eNOS with the increase of Zn incorporation is not very significant. Combined 

with the ELISA results from HDFs (Figure 4. 13) and HUVECs (Figure 4. 20), this study 

may have revealed the mechanism of BG fibres to angiogenesis. Growth factors released 

from fibroblasts remained in the BG-HDF media and were depleted through binding to the 

receptor site in endothelial cells, which stimulates the activity of endothelial cells. 

Endothelial cells also maintain the angiogenic factor levels in media similar to that of the 

fibroblasts for sustained angiogenic activities. Further assessments are required to 

examine the role of each part separately.  

4.4 Concluding remarks  

We synthesized zinc-delivering bioactive glass fibre mats as scaffolds for burn 

regeneration. The resultant wound matrix mimicked the ECM environment to stimulate cell 

attachment and migration and facilitate a controlled release of Zn2+, Ca2+, and SiO4
4- which 

are in the doses thought to be suitable for antibacterial activities, anti-inflammation, 

angiogenesis, and follicle regeneration. 3 mol% of Zn incorporation reduced the cytotoxic 

effect of BGs on fibroblasts and stimulated their expression of growth factors (PDGF, VEGF, 

bFGF, TGF-β, and HIF-1α) for ECM deposition and angiogenesis. This chapter also 

reported, for the first time, how media conditioned with fibroblasts that had been 

precultured with BG dissolution products influenced the proliferation and migration of 

endothelial cells and their protein expression, which may allow us to understand the actual 

growth factor level to be uptaken by endothelial cells in real life. In a summary, the Zn-

containing BG fibre mats can be the potential strategy for burn regeneration. Further in 

vitro assessments of in vivo assessment are needed to assess its characteristics in other 

aspects of burn regeneration, such as their antibacterial, anti-inflammatory follicle 

regeneration capabilities.   
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5 Borate-based bioactive glass fibre mats for 

the regeneration of diabetic ulcers 

5.1 Introduction 

Diabetic ulcers are causing a great threat to the social healthcare system as it has high 

occurrence, high mortality, and high cost of treatment. The healing cascade of diabetic 

ulcers consists of a prolonged inflammation phase where pro-inflammatory cytokines and 

protease aggregate in the wound side and impair the function of cells, growth factors, and 

the ECM [16, 20-22]. The neuropathy of diabetics also inhibits keratinocyte migration and 

impairs chemotaxis, which leads to bacteria colonization and biofilm formation, 

dysfunctional proteins, and senescent cells at the wound site [23, 24]. Local ischemia has 

been a major cause of the delayed regeneration of chronic ulcers, as it inhibits the supply 

of nutrients and oxygen [25-27]. 

 

In this chapter, we aim to synthesize 3D ECM-mimic borate-silicate-calcium bioactive 

glass (defined as borosilicate BG in later sections) and BG fibre mats as strategies for the 

regeneration of diabetic ulcers, especially in the stimulation of ECM deposition and 

angiogenesis. Borate and borosilicate BGs are of particular interest in the regeneration of 

soft tissues [45, 46]. While the degradation of conventional silica-based glasses is two-set 

and involves the formation of a silica-rich layer, borate-based glasses undergo total 

dissolution [46, 84]. Borate ions released during BG dissolution are also involved with the 

4 most important cell types during chronic wound regeneration cascade, as summarized 

in Figure 5. 1, and stimulate various regeneration phases. For example, boron 

incorporation stimulates wound closure and epithelialization, as 2 wt% of B incorporation 

in the BG system stimulated a 2-fold increase in in vitro wound closure assay [57]. Borate 

ions also stimulate higher collagen, laminin, and fibronectin deposition in the demis layer 

[65, 66]. Demirci et al. reported the anti-inflammatory effect of boric acid and sodium 

pentaborate pentahydrate on various inflammatory factors, such as the level of inducible 

nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2) [65]; Yin et al. further reported 

that boron-containing MBG scaffolds down-regulated pro-inflammatory cytokines TNF-α 

and IL-6, and promoting M2 polarization [67]. Furthermore, various reports proved the 

capability of borate ions in sprouting the proliferation, migration, and tubule formation of 

endothelial cells, as well as the expression of growth factors such as VEGF and FGF-2 of 

fibroblasts, all revealing their potential in angiogenesis [57, 68-73]. 
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Conventional sol-gel processing is only suitable for synthesizing BGs with low boron 

content (< 15%). This is because the stabilization temperature of the BG (600 °C) exceeds 

the crystallization temperature of calcium borate (450 °C) [289, 295, 296]. The use of 

calcium methoxyethoxide as an alternative calcium source exempts the stabilization 

process but is not ideal for the sol-gel electrospinning process as the process generates 

much water and ethanol as byproducts [886-888]. This study proposes a modified sol-gel 

approach in synthesizing borosilicate BGs, in which TEB is thoroughly mixed with TEOS 

to ensure that individual borate group locks among a few silicate groups, in order to 

prepare BG fibres with a composition of (70-x) mol% SiO2-30 mol% CaO- x mol% B2O3 

(x=0, 5, 15, and 35, 55, 65, and 70, labeled as (70-x)S respectively) through the sol-gel 

electrospinning method. The fibre mats are electrospun with a > 2 mm thickness, which 

was determined as the 3D structure as conventional mats have < 0.5 mm thickness. SEM, 

XRD, and FTIR characterizations were conducted to understand the effect of boron 

incorporation on the morphology of BG fibres and the chemical structures of BGs. The 

dissolution study was also conducted to assess the ion released from BG fibres, in order 

to understand whether they were cytotoxic or therapeutic for wound healing activities. 

 

 

Figure 5. 1. Schematic of the role of boron released from BG to the cells in the diabetic 

ulcer regeneration cascade 

 

In vitro assessments of the BG fibres mats were also conducted on fibroblasts, the most 

abundant cells in the wound area [12, 80, 81, 110]. The dissolution products of the fibre 

mats were cultured with HDFs and their influence on HDF viability was measured. The 

role of BG fibre mats to ECM deposition was characterized through the ELISA assessment 
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of PDGF and TGF-β expressed from HDFs, while the role of BG fibres to angiogenesis 

was characterized through the ELISA assessment of VEGF, bFGF, and HIF-α expressed 

from HDFs. We also characterized the viability and migration of HUVECs in media 

conditioned with HDF cells cultured with the dissolution products of BG fibres and 

correlated them to the protein expression profiles from fibroblasts. Protein expression from 

HUVEC was also characterized to validate whether BG dissolution products were directly 

involved in HUVEC activities without being primarily involved with HDFs.  

5.2 Methods 

5.2.1 Synthesis of the borosilicate BG fibre mats 

All reagents were obtained from Sigma Aldrich unless otherwise stated. The preparation 

of the sol-gel precursor initially followed the conventional sol-gel approach, reported in 

Chapter 4. In general, the ethanol and nitric acid were mixed for 20 minutes and then the 

sol-gel precursor (tetraethyl orthosilicate (TEOS), triethyl borate (TEB), and calcium nitrate 

tetrahydrate (Ca(NO3)2)) was added correspondingly, and homogeneously mixed [97, 

286].  

 

This approach worked well when synthesizing 65S30C5B fibres. During the synthesis of 

55S30C15B fibres, a little precipitation occurred during the sol-gel process but would 

disappear at a longer aging time. The precipitation effect was due to the low solubility of 

borate ions (usually in the form of boric acid) in ethanol. While the dissolved borate ions 

are expected to be re-incorporated into the BG network, the level of precipitation was 

expected to decrease with the increase of aging time. The aging time is better to be slightly 

beyond 48 h rather than 24-48 h, as described in Chapter 4. In addition, even though there 

was sometimes still a little precipitation after the aging phase, they disappeared when 

mixed with the polymer binder. Therefore, when synthesizing 55S30C15B fibres, the 

parameters were not changed. 

 

The further increase of borate content caused mass precipitation, so the level of ethanol 

needs to be increased for a full dissolution. Otherwise, undissolved boric acid will form its 

own crystallinity, or incorporate floating Ca ions to form calcium borate. The influence of 

the increased level of ethanol was first tested on sol-gel BG particles. During the synthesis 

of the sol-gel BG particles, the precursor was added as previously described, but instead 

of aging for 48 h under room temperature, the mixture was aged for 3 d under 60 °C to 

enable the formation of a gel. The gel was dried at 80 °C for 1 d and then at 130 °C for 40 
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h before the sintering process. But at first, crystal peaks for calcium borate occurred for 

BG with >35% borate incorporation.  

 

This is because the stabilization temperature of the BGs (600 °C) exceeds the 

crystallization temperature of calcium borate (450 °C) [289, 295, 296], so the crystallization 

may also be formed even the boric acid is being dissolved. A modified sol-gel approach 

was proposed to solve the above-mentioned problem. TEOS and TEB were added to the 

mixture of ethanol and nitric and mixed for 1 d before the addition of (Ca(NO3)2)). This 

aimed to ensure the incorporation of boron to the BG network (the binding of borate to 

silicate groups) before binding of borate and Ca during the hydrolyzation and condensation 

phase. The crystallization temperature of calcium silicate is 1100 °C so Ca does not 

crystalize with a mixed network of silicate and borate at 600 °C [889]. Though this differs 

from the conventional approach, according to Lin et al., Ca is only incorporated into the 

BG matrix after the formation of secondary particles [284] and heating to 400°C, so 

theoretically, Ca be added by the end of the gelling phase, as long as diffusion can occur 

and diffusion paths are not too long. This method enables the formation of BG particles 

with up to 55% borate incorporation. Beyond this point, the ethanol needed for the 

complete dissolution of the boric acid is so high that after 3 days of aging, the mixture is 

still a liquid. Therefore, after the drying phase, borate still binds with Ca which results in 

the formation of calcium borate after sintering. Another possible reason  there are higher 

concentration of borate than silicates so that it is difficult to ensure that each borate group 

is locked within adjacent silicate groups.  

 

The increase of ethanol in the sol-gel precursor also makes it unable to be electrospun 

because the viscosity, surface tension, and electroconductivity of the solution were greatly 

affected. The PVB binder solution also consists of ethanol, which can also dissolve borate 

groups, so that ethanol used in the preparation of the sol-gel precursor can be reduced. 

The new weight of PVB in the PVB binder solution is calculated as: 

w = 1 +
VE−V0

11.4
         (5.1) 

where w is the weight of PVB, VE is the volume of ethanol used during the sol-gel process, 

V0 is the volume of ethanol in the conventional sol-gel process, and 1 g/11.4ml is the 

original ratio used for the PVB binder. Since both the surface tension and viscosity of the 

mixture (precursor+binder) are primarily contributed to by the PVB binder, this change 

should theoretically result in similar solution parameters as those described in Chapter 4. 

Table 5. 1 illustrated the detailed quantities of the ingredients. 
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Table 5. 1. Nominal sol-gel compositions and the quantities of TEOS, nitric acid, ethanol, 

calcium nitrate, and triethyl borate used. 

Compositions  and 
initials (mol%) 

TEOS 
(mL) 

Nitric acid 
(mL) 

Ethanol 
(mL) 

Ca(NO3)2•
4H2O (g) 

TEB 
(ml) 

PVB 
(g/11.4ml) 

70Si-30Ca-0B 
(70S30C) 

7.2 1.7 3.7 3.2 0 1 

65Si-30Ca-5B 
(65S30C5B) 

6.7 1.7 3.7 3.2 0.8 1 

55Si-30Ca-15B 
(55S30C15B) 

5.7 1.7 3.7 3.2 2.4 1 

35Si-30Ca-35B 
(35S30C35B) 

3.6 1.7 5.6 3.2 5.5 1.5 

15Si-30Ca-55B 
(15S30C55B) 

1.5 1.7 7.4 3.2 8.7 2.1 

50Si-30Ca-65B 
(5S30C65B) 

0.5 1.7 8.5 3.2 10.3 2.8 

0Si-30Ca-70B 
(70B30C) 

0 1.7 9 3.2 11.1 3 

 

The electrospinning was similar to that described in Chapter 4. In general, 7 ml of the as-

prepared mixture was sucked into a 10 ml syringe with a gauge 22 stainless steel needle. 

The electrospinning process was operated under the following parameters: electric field 

strength: 10 kV; flow rate: 0.4 mLh
-1

; air gap distance: 12 cm; relative humidity: 25%-35%; 

inner diameter of spinneret: 0.7 mm; room temperature. The heating parameters were 

changed to ensure the complete removal of the polymer components. The resultant 

scaffolds were heated to 300 °C at a rate of 1 °C/min and dwelled for 6 h, and then heated 

to 600 °C at a rate of 1 °C/min and dwelled for 3 h before cooling naturally. 

5.2.2 Characterization 

The diffraction patterns were recorded with an XRD analyzer (Bruker D2 PHASER) using 

Cu-Kα radiation (λ = 1.542 Å) at 30 kV and 10 mA. The samples were scanned in the 

interval of 10°<2θ<70° with a step size of 0.035° and a count rate of 12s per step. The 

chemical functional groups of the BG scaffolds were analyzed by ATR-FTIR Nicolet iS10. 

The scaffolds were crushed and analyzed in a range of 500–4000 cm-1. A thin layer of the 

fibrous scaffold was sputter-coated with 20 nm chromium and characterized under the 

Inlens mode of an LEO-1525 SEM, with 5 kV accelerating voltage and 8 mm working 

distance. ImageJ was applied to derive the average diameters of the fibre from the SEM 

images. 

5.2.3 Dissolution profiles 
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The dissolution profiles of the resultant BG scaffold in Dulbecco's Modified Eagle Medium 

(DMEM) were acquired according to that described by Norris et al. [97]. 25 mg of the 

resultant BG scaffolds were immersed in 37.5 mL of 5 mM TRIS or DMEM and cultured in 

an incubator shaker at 37 °C and 120 rpm, according to the standard suggested by Maçon 

et al. [802]. 0.5 mL of the dissolution products from each sample were collected at each 

time point (4, 24,,48, 72, 96, and 168 h), filtered with a 0.2 μm surfactant-free cellulose 

acetate filter (Corning, USA), and diluted with 4.5 mL of 2 M nitric acid. The resultant 

mixtures were characterized using ICP-AES at the wavelengths of 317.9 nm (Ca), 251.6 

nm (Si), and 249.7 nm (B). The pH of the dissolution was measured at each time point by 

a pH meter with a thermal probe (Oakton pH 11 m with Oakton general-purpose glass pH 

probe, Ag/AgCl electrode, and Oakton ATC probe) attached to it. The values were taken 

as the average from three readings.  

5.2.4 Biocompatibility test and protein expression on fibroblasts 

In order to evaluate the viability of HDFs in media containing dissolution products of BG 

scaffolds, HDFs were seeded into 96-well plates at a density of 1 × 103 cells per cm2 and 

cultured with DMEM (Gibco) containing 10% (v/v) fetal bovine serum and 1% 

penicillin/streptomycin (FBS, Thermo Trace Ltd., Melbourne, Australia). After incubation 

for 24 h, the DMEM was replaced by 100 μL of the dissolution products of BG scaffolds (6 

mg mL−1 in DMEM), and their respective diluted products (1/2 and 1/4 with DMEM). HDFs 

cultured with pure DMEM were used as the blank control group. On days 1, 3, and 7, the 

metabolic activities (MA) of the HDFs were assessed through a Cell Counting Kit (CCK)-

8 assay (Beyotime) according to the manufacturer's instruction. The results of metabolic 

activity were shown as units of optical density (OD) absorbance from an enzyme-linked 

immunoabsorbent assay microplate reader (Synergy 2, Bio-TEK) at a wavelength of 

450 nm. On day 3, the supernatants of HDFs were extracted for the characterization of 

VEGF, bFGF, PDGF, TGF-β, and HIF-α through an Elisa assay (Abcam) according to the 

manufacturer’s instructions. Finally, the cell proliferation rates were calculated using the 

following formula: 

Cell viability rate = OD value of the experimental groups/OD value of the blank group * 

100% 

 

5.2.5 Proliferation, migration, and protein expression on 

endothelial cells 
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HUVECs were seeded in 96-well plates at a density of 3 × 103  cells per cm2 and cultured 

with the endothelial cell culture medium (Sciencell, USA) with 5% (v/v) fetal bovine serum 

(FBS, Thermo Trace Ltd., Melbourne, Australia) and 1% (v/v) endothelial cell growth 

supplement/heparin kit (ECGS/H, Promocell). The BG-HDF conditioned media were 

acquired by extracting the supernatant of HDFs that has been cultured in BG dissolution 

products for 2 days. The conditioned media were mixed with endothelial cell culture 

medium (by 1:1 and 1:3) and 100 μL of the resultant mixture was applied to HUVECs. 

CCK-8 assay was applied in determining the MA of HUVECs on days 1, 3, and 7. 

Supernatant extracted by day 3 was assessed for VEGF, bFGF, HIF-α, and eNOS through 

the ELISA assay.   

 

In addition, HUVECs were cultured in a 24-well Transwell plate with the endothelial cell 

culture medium until confluent. To investigate the role of BG-HDF conditioned medium on 

HUVEC migration, 250 μL of the above-mentioned mixture was added to the top layer of 

the well, while 300 μL of the mixture was added to the bottom layer. After being cultured 

for 16 hours under 37 °C and a 5% CO2 atmosphere, the cells were stained with crystal 

violet (CV) for 1 min, and optical images were obtained using an optical microscope (Leica). 

The migrated cell numbers were analyzed by the Image J software. 

5.2.6 Statistical analysis  

The statistical significance of the results using a one-way ANOVA test followed by Dunn’s 

Multiple Comparison. The significances between individual groups of the in vitro and in 

vivo assessment were marked as (*P <0.05, **P<0.01, ***P <0.001,****P <0.0001). 

5.3 Results and Discussion 

5.3.1 3D ECM-mimic borate-based bioactive glass fibre mats 

Seven formulations of BG fibres, with borate concentrations ranging from 0 to 70 mol%, 

were prepared through the sol-gel electrospinning approach (Figure 5. 2 (a-g)). All fibres 

mats had fibre thickness within 0.5-2 mm [96], which is described as a 3D structure. The 

structure was formed due to the branching effect during electrospinning, which was caused 

by the repulsion force of Ca2+ ions and PVB molecules.  
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Figure 5. 2. (a) Schematics of 3D borosilicate BG fibre mats (b-h) SEM images of the 

electrospun bioactive glass fibre mats with composition (70-x) SiO2-30 CaO-x B2O3, in mol% 

where x = (b) 0; (c) 5; (d) 15; (e) 35; (f) 55; (g) 65; (h) 70; 

 

The diameters of the fibres were within 96-320 nm (Table 5. 2), which mimicked the 

collagen and fibronectin fibrils in the ECM. 70S30C fibres had the thickest diameters. The 
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incorporation of boron might have changed the parameters of the precursor (most likely 

electroconductivity as the PVB precursor was not changed until the borate content exceed 

35 mol%). The fibre thickness then increased with the increase of borate composition up 

to 35 mol%. But the further increase of borate required the increase of PVB concentration 

so that after the PVB was being sublimed, the remaining BG fibres were much thinner. BG 

fibres with > 55 mol% borate had a darker appearance, probably due to the combined 

effect of calcium borate crystallization and carbon deposition from PVB, but their 

morphology was unchanged. 

 

Table 5. 2. Fibre diameters of the electrospun bioactive glass scaffolds. 

Sample Fibre diameter (μm) 

70S30C 0.32±0.07 
65S30C5B 0.141±0.038 

55S30C15B 0.198±0.032 
35S30C35B 0.204±0.049 
15S30C55B 0.176±0.036 
5S30C65B 0.126±0.046 

70B30C 0.096±0.033 

5.3.2 Chemical structure of 3D ECM-mimic fibre mats 

This study proposes a modified sol-gel approach to synthesizing borosilicate BGs, in which 

TEB was thoroughly mixed with TEOS to ensure that individual borate groups integrate 

with silicate groups. This microstructure highly increased thermostability gel, so that no 

crystallization occurred until the borate content in BG exceeded 55 mol%, due to the 

combined effect of ethanol evaporation during aging and drying, and that borates are more 

than silicates. XRD patterns (Figure 5. 3) of BG fibres with < 55 mol% borates have an 

amorphous halo around 20°-34° (2θ), similar to that of BG particles. The only peak may 

result from the deposition of carbon from PVB sublimation because the calcium borate 

crystallization should have a much higher intensity at 29.75°. However, for BG particles 

with >55 mol% borate incorporation, strong crystallization peaks are shown in the XRD 

pattern. The excessive amount of ethanol during the sol-gel process which prevents 

hydrolysis and condensation and the ethanol evaporation during aging and drying are 

major reasons for the crystallinity. For fibres with 55 mol% borate incorporation, the solvent 

evaporates during the jet propagation but there is little time for secondary particles to re-

aligned themselves from amorphous states into the crystallized states. There are still a 

few peaks around 26.4°, 29.75°, and 46.8° which corresponded to the XRD patterns of 

calcium borate [890]. This is because there are still some secondary particles that are 

formed completely by borate groups so that when Ca ions are attached to borate 

secondary ions, they crystalize during BG stabilization. For BG with >65 mol% borate 
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content, the PVB concentration was so high that it cannot be fully removed through 

sublimation. Carbon from PVB reacted with borate groups and form boron carbide, which 

corresponded to peaks of 31° and 33° in the XRD patterns (Figure 5. 3 (a)) [891]. Besides, 

the peak around 29° may represent the formation of calcium carbonate [892].  

 

 

Figure 5. 3. XRD patterns of as-produced 70S30C, 65S30C5B, 55S30C15B, 35S30C35B, 

15S30C55B, 5S30C65B, 70B30C bioactive glass fibre mats (along with an indication of 

the crystallization peaks for calcium borate). 

 

FTIR (Figure 5. 4) analyzes the bonding in BG fibre mats. The presence of Si-O bonding 

is represented by the bands at 1040 cm−1 (vibration of Si-O bond), 790 cm−1 (vibration 

of Si-OH bond), and 470 cm−1  (Si-O-Si rocking) [252, 284, 808]. FTIR spectra also 

indicate the successful incorporation of boron into the BG microstructure, which 

corresponds to previous literature [886-888, 893, 894]. All BG fibres have bands at 925 

cm−1 (Si-O-B vibration) and 1095 cm−1 (B-O vibration), but only 35S30C35B has a small 

band around 1400 cm−1 (B-O-B stretching) [895, 896]. This indicates that most borate 

groups are locked within silicate groups. There are also no bands presented at 1500 cm−1 

(CO3
2−

 bonding), 1420 cm−1 (NO3
−
 bonding), 1638 cm−1 (OH- bonding in water), and 

1300–1500 cm−1 (OH bonding in ethanol).  
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Figure 5. 4. FTIR spectra patterns of as-produced  70S30C, 65S30C5B, 55S30C15B, 

and 35S30C35B bioactive glass fibre mats.  

5.3.3 Dissolution studies 

The degradation of BGs into therapeutic ions is their major mechanism in wound healing. 

The dissolution profiles of BO3
3-, Ca2+, and Si (expected to be in the form of SiO4

4-) from 

BG fibre mats were assessed in DMEM to understand the level of therapeutic level in real-

life once the BG fibre mats are being implanted. In general, borosilicate BGs degrade 

much faster than silicate BGs as the B-O-B bonding does not require an excessive alkaline 

environment to break. The Ca2+ release from 70S30C was less than all BG fibres due to 

the faster dissolution of borosilicate BGs within the first 24-48 hours, but on day 7, the 

Ca2+ release from 70S30C was similar to that from 65S30C5B and 35S30C35B (Figure 5. 

5 (a)). This is because of that deposition occurred to balance the excessively released 

Ca2+ on the first 2 days. The Ca2+ release from 55S30C15B was less than others. This can 

be due to the formation of BO4 groups in the BG network [897]. BO4 groups are usually 

formed due to the unsaturated oxygen atoms and cannot bond with another BO4 group. 

Also, one BO3 group can only bond with one BO4 group so that the charges of unsaturated 
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oxygen atoms do not locally aggregate. The only approach to prevent the formation of the 

BO4 group is to add strong alkali ions that neutralize the unsaturated charges. For instance, 

in industrial uses, Na and/or K are added to neutralize oxygen atoms in which Na/K: B 

ratio should be larger than 1:5 [898]. In comparison, Ca has a much weaker 

electronegativity and therefore not enough to neutralize the charges. It was hypothesized 

that BO4 starts forming when borate composition increases from 5 to 15% so that the 

degradation kinetics of 55S30C15B was slower than that of 65S30C5B. With the further 

increase of borate composition in BGs, the degradation kinetics increased despite the 

increased formation of BO4 groups as there were more borates in BG.   

 

A similar trend was found in the release of silicate ions. Though borate was incorporated 

in the BG system, replacing silicates, the SiO4
4- release in borosilicate BG fibres was 

higher than that in silicate BGs at all time points. 35S30C35B fibres had the highest SiO4
4- 

release on day 7 even though its silicate composition was the minimum. The BO3
3- release 

profile corresponded to both the borate content in BGs and the degradation kinetics so 

that the BO3
3- release from 55S30C15B was not significantly different from that from 

65S30C5B. 35S30C35B fibres had the highest BO3
3- release at all time points.  

 

The release profiles of BO3
3-, Ca2+, and Si agree with previous studies on the dissolution 

profiles of borosilicate BGs [899-901]. Ca2+ was reported to involve in various cellular 

activities during the wound healing cascade. For example, Ca2+ increases fibroblast 

proliferation [817-819] and keratinocyte proliferation [811, 817, 820, 821], but the exact 

concentration remains unknown, as some found that the therapeutic level was <20 

μg mL
-1

 while others said that >56 μg mL
-1

 was ideal. The cytotoxic level of Ca2+ remains 

unknown and is highly dependent on the surrounding environment. Silicates can stimulate 

the proliferation of endothelial cells and fibroblasts in ionic or nanoparticle form [814, 815]. 

In general, BG dissolution products that contain 70 to 100 μg mL
-1

 SiO4
4-

 were non-toxic 

to cells, but the therapeutic ion concentration was not mentioned [399, 902, 903]. There 

has been a contradiction in the ideal BO3
3- concentrations for cells. Some reports proposed 

that cell viability started to reduce when exceeding 10 μg mL
-1

, although the cell types are 

not those in skin regeneration [904, 905]. But, Durand et al. proposed that the threshold 

toxicity level of BO3
3−

 ions to endothelial cells are between 50-250 μg mL
-1

 [57]. Recent 

studies on borate/borosilicate BGs also found that dissolution products containing 250-

400 μg mL
-1

 BO3
3- was non-toxic to bone cells [902, 906]. The therapeutic level of boron 

may also be interrupted by surrounding elements so that the therapeutic level remains 

unknown. Besides, while the test is based on a static environment, its prediction of ion 

release is not as good as the dynamic one, which was described in the previous sections. 



151 

 

It would be better to create a system that enables a continuous flow of DMEM in order to 

have a more precise measurement of ion release.  

 

 

Figure 5. 5. Elemental concentration profiles (ICP) of DMEM following immersion of 

bioactive glass fibre mats 70S30C, 65S30C5B, 55S30C15B, and 35S30C35B over 7 d (a) 

Ca, (b) B, and (c) Si. 

 

 

Figure 5. 6. pH change of DMEM following immersion of bioactive glass fibre mats 70S30C, 

65S30C5B, 55S30C15B, and 35S30C35B over 7 d. 
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Figure 5. 6 indicates the pH change during the static dissolution studies. It can be seen that 

the dissolution products of borosilicate BGs induced a pH of around 9 after 3 days in DMEM. 

It is expected that the value increase on day 7. However, the values on day 7 may be subjected 

to bacteria in growth, as cotton-like moths are seen in a few pots. The bacteria leads to an 

acidic environment and those products containing moths have a pH below 7 so they were 

excluded from statics. Fortunately, the generation of bacteria did not seem to affect much of 

the ion dissolution profiles. As described in the previous section, the recovery of chronic 

wounds experienced a decrease in pH from 10 to 7 [830]. Therefore, further studies are still 

needed to understand the effect of pH on the release of ions as well as on the biological 

properties of dissolution products. 

5.3.4 In vitro cytocompatibility assessment on HDF 

 

 

Figure 5. 7. The effect of the dissolution products of the 70S30C, 65S30C5B, 55S30C15B, 

and 35S30C35B fibre mats on the MA of HDFs at days 1, 3, and 7, represented by the 

intensity of absorbance at 450 nm. (*P <0.05, **P<0.01, ***P <0.001,****P <0.0001, n=12) 

 

In vitro cytocompatibility assessments were conducted on fibroblasts (HDF cell lines). On 

day 1, both undiluted and diluted 70S30C dissolution products induced higher metabolic 

activity of HDFs (Figure 5. 7). This was due to the synergistic effect of both silicate ions 

[814, 815, 907] and calcium ions in the proliferation of fibroblasts [817-819]. The 
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incorporation of 5 mol% of borate induced toxicity to fibroblasts but the further 

incorporation of borate reduced the cytotoxicity. This was because of the high Ca content 

in the dissolution products, which induced a high alkaline environment and resulted in 

cytotoxicity. The highest pH of dissolution products of borosilicate fibres can reach 8.9-9 

(Figure 5. 6). 55S30C15B had similar pH as 65S30C5B on day 7, but it may also have a 

higher boron level. This may indicate that 45 μg mL
-1

  of BO3
3−

  was not only non-

cytotoxic but also stimulate the metabolic activities of fibroblasts. Besides, diluted samples 

also had a lower pH and lower Ca release so they induced similar levels of metabolic 

activities as the control (Figure 5. 8 (a)).  

 

On day 3, all undiluted dissolution products of BG fibres down-regulated the fibroblast 

viability. The cytotoxic effects of both 70S30C and 65S30C5B can be due to the excessive 

release of Ca2+ [261, 831], which was in correspondence to the previously reported 

inhibition effect of calcium-silicate BGs on fibroblasts [53, 54]. 65S30C5B had a much 

higher release of Ca2+ (120 μg mL
-1  than 80 μg mL

-1
 ) so that induced the highest 

reduction to the MA.  

 

The MA of the diluted 70S30C and 65S30C5B dissolution products followed a similar trend. 

Similar to the trend on day 1, the dissolution products of 55S30C15B fibres had similar pH 

and Ca release as that of 65S30C5B fibres, but different BO3
3−

. Therefore, 55S30C15B 

fibres induced higher HDF viability than 65S30C5B fibres, but lower HDF viability than 

70S30C fibres, but its 1/2 diluted product was completely non-toxic while that of 70S30C 

fibres remained cytotoxic (Figure 5. 8 (b)). This was because once the pH was relieved 

from dilutions, the released BO3
3−

 , though halved, could still stimulate the viability of 

fibroblasts. BO3
3−

 released from 35S30C35B may have exceeded the cytotoxic level so 

35S30C35B fibres had higher cytotoxic levels than 55S30C15B fibres, but the reason for 

the cytotoxic effect of 1/4 diluted dissolution products of 35S30C35B was unknown. 

 

Undiluted dissolution products from 70S30C fibres were completely non-toxic at day 7, 

while undiluted dissolution products from borosilicate fibres still down-regulated the 

metabolic activities of fibroblasts. Similar to the trend on day 3, 55S30C15B fibres 

stimulated the highest metabolic activities while 65S30C5B fibres stimulated the lowest. 

1/2 diluted dissolution products of 70S30C and 55S30C15B fibres were non-toxic, but that 

for 65S30C5B and 35S30C35B were still toxic (Figure 5. 8 (c)). All 1/4 diluted BG 

dissolution products did not reduce the metabolic activities of HDFs.  
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Figure 5. 8. The effect of undiluted, 1/2 diluted, and 1/4 diluted dissolution products on MA 

of HDFs at day (a) 1, (b) 3, and (c) 7, represented by the intensity of absorbance at 450 

nm. (*P <0.05, **P<0.01, ***P <0.001,****P <0.0001, n=12)  
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The study of metabolic activity cannot fully represent the state or the number of cells in 

the in vitro studies. It was likely that the therapeutic ions interact with cells to create a 

hypoxia-mimic environment, which temporarily suppressed the cells (which means 

reducing metabolic activities) to express more proteins but does not cause cell death [908]. 

For instance, hypoxia reduces fibroblast activities and their capability in differentiating into 

myofibroblasts [909]. Furthermore, the decreased viability may also be due to the localized 

culture environment, as Brown et al. employed dynamic culture (which better mimicked 

the in vivo environment) and found no toxic effect under boron concentrations that were 

cytotoxic in static in vitro culture [448]. 

5.3.5 PDGF expression from fibroblasts 

Platelet derived growth factors (PDGF) are important proteins that function throughout the 

chronic wound healing cascade. It was the first growth factor approved by the Food and 

Drug Administration for neuropathic wound healing [910]. It is delivered from the blood 

vessels through chemotaxis for the activation of fibroblasts and monocyte-to-macrophage 

differentiation [118, 119]. PDGF (both PDGF-AA and PDGF-BB)greatly enhances the rate 

of tissue granulation [911] and the level of collagen in wounds [912]. It is also a major 

regulator in various cellular responses, such as the ECM protein expressions from 

fibroblasts, angiogenesis, and epithelialization [110, 117, 841-843].  

 

All undiluted dissolution products of BG fibres stimulated the expression of PDGF 

compared to the control (Figure 5. 9). Undiluted 70S30C products stimulated the highest 

PDGF expressions while all borosilicate BG fibres induced similar expressions. This is due 

to the Ca2+ release from BG fibres, as calcium influx is essential for PDGF stimulation [844, 

845]. B incorporation was reported to stimulate PDGF expressions, as 50.6B2O3 −

23.7CaO − 6.43Na2O − 8.24MgO − 8.46K2O − 2.57SrO  (mol%) BGs promoted higher 

expressions of PDGF in fibroblasts [66], but in this study, PDGF expressions decreased 

with the increase of borate content in BGs probably because of the reduced metabolic 

activities. All 1/2 and 1/4 diluted BG dissolution products hardly affected the PDGF 

expressions from HDFs. There has not been solid proof why the undiluted dissolution 

products simulate higher PDGF expressions than the diluted ones, and that the PDGF 

expressions seem inversely correlated to the viability. Usually, the gene expression to 

generate proteins is positively correlated to the metabolism of cells, which is the opposite 

of what our data shows. It has been reported that fibroblasts may shift to a quiescent 

phenotype from a proliferative phenotype after completing their role in ECM protein 

expressions and angiogenic factor expressions, but this behaviour has only been reported 

in primary HDFs [913]. One possible explanation can be that the high ion concentration 
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and pH force fibroblasts to generate more proteins that support their own survival (which 

can be hypoxia).  

 

 

Figure 5. 9. PDGF expressed from the HDFs (ELISA assay) cultured with the undiluted 

and 1/2 diluted dissolution products of the 70S30C, 65S30C5B, 55S30C15B, and 

35S30C35B fibre mats, for 3 days. (*P <0.05, **P<0.01, ***P <0.001,****P <0.0001, n=3). 

5.3.6 TGF-β expression from fibroblasts 

Diabetic ulcers are often accompanied by substantial TGF-β reduction [914]. The first 

reason is that TGF-β is a signal derived from platelets and neutrophils to induce leukocyte 

chemotaxis to promote leukocyte activities, including their activation, their aggregation, 

and release of protease/protease inhibitors [18, 114-116]. TGF-β also supports fibroblast 

activities from their chemotactic and pro-mitotic activities to their differentiation into 

myofibroblasts [846], regulation for ECM protein deposition [847, 915], and angiogenesis 

[114].  

 

The undiluted dissolution products of 70S30C and 65S30C5B significantly reduced TGF-

β expressions from fibroblasts (Figure 5. 10). This agrees with the reduced fibroblast 

proliferation by Day 3, as TGF-β is an important signal for fibroblast activities. Diluted 

70S30C and 65S30C5B up-regulated TGF-β expressions from fibroblasts. This is because 

Ca2+ released stimulate Factor IV in the integrin activation of TGF-β [848, 849]. Undiluted 

55S30C15B and 35S30C35B products also had high Ca2+ released to up-regulated TGF-
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β expression from HDFs. This may indicate that boron stimulates TGF-β expressions from 

fibroblasts, but the ideal concentration has not been found. All 1/4 diluted dissolution 

products induced similar levels of TGF-β expressions to the blank media.  

 

 

Figure 5. 10. TGF-β expressed from the HDFs (ELISA assay) cultured with the undiluted 

and 1/2 diluted dissolution products of the 70S30C, 65S30C5B, 55S30C15B, and 

35S30C35B fibre mats, for 3 days. (*P <0.05, **P<0.01, ***P <0.001,****P <0.0001, n=3). 

5.3.7 HIF-1α expression from fibroblasts 

Hypoxia-inducible factor 1-alpha (HIF-1α) is a protein that induces the transcription of 

more than 60 growth factor expressions, including VEGF and bFGF, through the 

generation of a hypoxia-mimic environment [852, 853]. Diabetes commonly comes with 

HIF-1α dysfunction as a high glucose environment impairs HIF-1α-to-p300 interaction [916] 

and much in vivo evidence stated the importance of the stabilization of HIF-1α to chronic 

wound regeneration [917-919].  

 

All undiluted BG dissolution products increased HIF-1α expression from HDFs (Figure 5. 

11). This agrees with the Ca2+ release profile, as Ca2+ activates HIF-1α through the 

upstream expression of ERK in the hypoxia signal transduction pathway [854, 855] and 

stimulates the translation of HIF-1α to α subunits through the activation of classical protein 

kinase and mammalian targets of rapamycin [856, 857]. 1/2 and 1/4 diluted 70S30C 

dissolution products stimulated higher HIF-1α expression than undiluted media, as a more 
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neutral pH favours the increase of HIF-1α expressions [920, 921]. The HIF-1α expressions 

from undiluted dissolution products of borosilicate BG were similar to that of 70S30C, but 

those from diluted dissolution products of borosilicate BG were much lower. This may be 

because regardless of the culture environment, the HIF-1α expressions from HDFs tended 

to be at a constant level and the excessive HIF-1α balanced with the increased HIF-1α 

binding to HDFs (which stimulates angiogenic factor expression). BO3
3−

  at all 

concentrations may be able to interact with HIF-1α and HDFs to accelerate their binding 

rate.  

 

In previous sections, we predicted that the decrease in cellular metabolic activities was 

due to the induced hypoxia in cells. If the hypothesis is true, we will expect a significant 

difference in HIF-1α expression from BG samples compared to the control per cell. 

Although we have not tested the total DNA analysis so we would not know the exact cell 

number, the metabolic activity may have an indication of the actual cell number (as the 

increase in metabolic activity can only be due to the increase of activity per cell or the 

increase in cell number). Since the control HDFs have 5-10 times to HDFs cultured with 

BG samples and the HIF-1α expressions between groups are similar, it can be deduced 

that the protein expression from cells increases significantly, which may add proof to our 

previous hypothesis.  

 

Figure 5. 11. HIF-1α expressed from the HDFs (ELISA assay) cultured with the undiluted 

and 1/2 diluted dissolution products of the 70S30C, 65S30C5B, 55S30C15B, and 

35S30C35B fibre mats, for 3 days. (*P <0.05, **P<0.01, ***P <0.001,****P <0.0001, n=3). 
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5.3.8 VEGF expression from fibroblasts 

Angiogenesis is one of the most important steps in the chronic wound healing cascade as 

it enables better delivery of nutrients, oxygen, and proteins to the wound site [25]. The 

interplay of HIF-1α and fibroblasts up-regulates the expressions of VEGF [868, 922, 923]. 

The binding of VEGF with their receptors on the endothelial cell membrane stimulates the 

proliferation and migration of endothelial cells to form tubules. Many papers reported the 

efficacy of SiO2-CaO based BGs on the up-regulation of VEGF from fibroblasts [53, 54, 

588, 592]. 

 

 

Figure 5. 12. VEGF expressed from the HDFs (ELISA assay) cultured with the undiluted 

and 1/2 diluted dissolution products of the 70S30C, 65S30C5B, 55S30C15B, and 

35S30C35B fibre mats, for 3 days. (*P <0.05, **P<0.01, ***P <0.001,****P <0.0001, n=3). 

 

The undiluted dissolution products of the 70S30C upregulated the expressions of VEGF 

from fibroblasts compared to the control (Figure 5. 12), which agrees with Norris et al., 

who found that SiO2-CaO based BG fibres up-regulated VEGF expressions from 

fibroblasts [97]. This is due to the synergistic effect of SiO4
4-

 [598, 600, 601] and Ca2+ ions 

[605, 610]. The incorporation of borate up to 15 mol% further stimulated the expressions 

of VEGF from fibroblasts. This agrees with Haro Durand et al., who found similar up-

regulation of VEGF when culturing fibroblasts with 45S5 BG containing 2 wt% borates [57, 
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618]. Further incorporation of borate up to 35% decreased the expressions of VEGF and 

bFGF due to reduced metabolic activities. Both 1/2 and 1/4 diluted dissolution products all 

induced similar VEGF expressions from HDFs as the control.  

5.3.9 bFGF (FGF-2) expression from fibroblasts 

bFGF (FGF-2) is another important factor during the angiogenic cascade. Like VEGF, it 

was also stimulated due to the interplay of HIF-1α and fibroblasts [868, 922, 923]. The 

function of bFGF in angiogenesis was slightly weaker than that of VEGF, as it has been 

proposed that the formation of blood vessels can occur with no presence of bFGF, but not 

with VEGF [924, 925]. But, as a factor from the FGF family, bFGF promoted fibroblast 

proliferation and migration, the deposition, and arrangement of the ECM, wound closure 

and re-epithelialization, etc. [868-870].   

 

 

Figure 5. 13. bFGF(FGF-2) expressed from the HDFs (ELISA assay) cultured with the 

undiluted and 1/2 diluted dissolution products of the 70S30C, 65S30C5B, 55S30C15B, 

and 35S30C35B fibre mats, for 3 days. (*P <0.05, **P<0.01, ***P <0.001,****P <0.0001, 

n=3). 

 

The undiluted dissolution products of the 70S30C upregulated the expressions of bFGF 

from HDFs (Figure 5. 13) and the 1/2 and 1/4 diluted 70S30C products had slightly higher 

bFGF expressions. SiO4
4-

 [598, 600, 601] and Ca2+ ions [605, 610] both contribute to the 
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bFGF expressions, but the further increase of ion concentration beyond that from 1/2 

diluted 70S30C product did not have a significant effect. Undiluted 65S30C5B stimulated 

higher bFGF expressions than undiluted 70S30C product, while undiluted 55S30C15B 

stimulated higher bFGF expressions than undiluted 65S30C5B product. 35S30C35B 

induced much lower bFGF expression than 55S30C15B due to the lower cell viability. This 

was most likely due to the effect of borate ions, but the mechanism remains uncertain [57, 

618]. The difference in therapeutic ion levels of each protein, the influence of one ion on 

another ion’s activity, the effect of pH, the accurate correlation between ion concentration 

and biological responses, and the effect of other factors remain undiscovered.  

5.3.10 In vitro endothelial cell viability and protein expressions 

 

Figure 5. 14. Metabolic activity of HUVECs at day 1, 3, and 7 from HUVECs at day 3 after 

being cultured in the BG-HDF conditioned media, conditioned with 70S30C, 65S30C5B, 

55S30C15B, and 35S30C35B fibre mats and the DMEM-HDF conditioned media. (*P 

<0.05, **P<0.01, ***P <0.001,****P <0.0001, n=12). 

 

BG fibres seemed to stimulate angiogenesis through a combined effect of (1) the 

angiogenic factors released from fibroblasts and (2) the role of released ions directly on 

the proliferation and migration of endothelial cells and their protein expressions. To 

investigate this combined effect, BG-HDF conditioned media, pre-cultured with BG for 2 

days, were applied to endothelial cells to mimic the angiogenic environment. On day 1, 

the 70S30C-HDF and 35S30C35B-HDF media reduced the metabolic activities of 
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HUVECs (Figure 5. 14 (a)). This agrees with the previous results that the dissolution 

products of 70S30C and 35S30C35B reduced the metabolic activity of HDFs (Figure 5. 8), 

as high Ca2+ or BO3
3− release was cytotoxic. 65S30C5B-HDF media did not reduce the 

metabolic activity of HUVECs because 65S30C5B stimulated higher VEGF and bFGF 

expressions from HDFs.  

 

 

Figure 5. 15. Elisa results of HIF-1α, VEGF, bFGF (FGF-2), and eNOS expressions from 

HUVECs at day 3 after being cultured in the BG-HDF conditioned media, conditioned with 

70S30C, 65S30C5B, 55S30C15B, and 35S30C35B fibre mats and the DMEM-HDF 

conditioned media. (*P <0.05, **P<0.01, ***P <0.001,****P <0.0001, n=3). 

 

The metabolic activities of HUVECs on day 3 were relevant to not only the proteins from 

HDFs media but also the proteins expressed by HUVECs themselves. The protein 

expression profiles of HUVECs (Figure 5. 14 (b)) revealed: 70S30C-HDF media up-

regulated HIF-α but down-regulated VEGF and bFGF; 65S30C5B-HDF media up-

regulated HIF-α but did not influence VEGF and bFGF; 55S30C15B-HDF media up-

regulated HIF-α and highly up-regulated VEGF; 35S30C35B-HDF had no influence to all 

proteins compared to the DMEM-HDF media. As a result, 70S30C-HDF media decreased 

the metabolic effect, 65S30C5B-HDF media slightly increased the metabolic effect, 

55S30C15B-HDF media strongly increased the metabolic effect, and 35S30C35B-HDF 

media did not affect the metabolic effect compared to the DMEM-HDF media, which 

agrees with the profile at day 3. On day 7, the cells were confluent, so the metabolic for all 
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media were similar except for the reduction in 70S30C-HDF media, which disagrees with 

Midha et al., who found that 70S30C-HDF media up-regulated the metabolic activities of 

HUVECs [873]. The discrepancy may be due to the difference in BG dose and ion level, 

as only small doses of BG stimulated HUVEC proliferation while large doses were 

cytotoxic, or the different operational parameters of the study (cell seeding density, etc.) 

[53, 54, 588].  

 

 

Figure 5. 16. Cell number of migrated HUVECs after being cultured for 16 hours in a 

Transwell assay with the DMEM-HDF medium, and 70S30C-HDF, 65S30C5B-HDF, 

55S30C15B-HDF medium, and 35S30C35B-HDF medium. (*P <0.05, **P<0.01, ***P 

<0.001,****P <0.0001, n=6). 

 

Ca2+ has been reported to stimulate various endothelial cell activities, including fueling 

ligand-receptor interactions [877], mediating protein kinase C, a protease that regulates 

endothelial permeability [878, 879], and promoting the expressions of messenger RNAs 

[880], etc. One of its main functions is to induce the expression of eNOS, the nitric oxide 

in vascular endothelium [881], through its interaction with VEGF [885]. Our result revealed 

(Figure 5. 15 (b)) increased eNOS expressions from HUVECs when treated with 70S30C-

HDF media, which agrees with previous findings [235, 885, 926]. The eNOS expressions 

further decreased with the incorporation of B2O3, as boron reduces oxidative stress [927]. 

The incorporation of B2O3 further improved the metabolic activities until reaching cytotoxic 

level, which agrees with Durand et al., who reported that 2 wt% of B2O3 incorporated in 

45S5 BG stimulated the proliferation of endothelial cells and their expressions of VEGF 
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and bFGF [57]. The critical BO3
3−

 concentration was estimated to be 60 μg mL-1 [57], but 

more evidence is needed. Besides, the concentration-to-effect mechanism remains 

unknown.  

5.3.11 In vitro endothelial cell migration 

 

Figure 5. 17. (a-e) images of migrated HUVECs after being cultured for 16 hours in a 

Transwell assay with (a) the DMEM-HDF medium, (b) 70S30C-HDF conditioned medium, 

(c) 65S30C5B-HDF conditioned medium, (d) 55S30C15B-HDF conditioned medium, and 

(e) 35S30C35B-HDF conditioned medium.  
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Migration allows endothelial cells to form tubular structures. At its activation stage, 

endothelial cells sense the VEGF gradient and migrate toward the more concentric sites 

[874]. They then protrude, attach their protrusions to the ECM fibres, form stress fibres to 

contract themselves, and finally relieve the stress to complete one cycle of migration [928]. 

VEGF and bFGF are two major chemotaxes throughout the process, as they deplete at 

their binding site to activate the protrusion, integrin-binding of endothelial cells to the ECM, 

stress fibres generation, etc. [875, 876, 929]. Within 16 hours, all BG-HDF media 

stimulated the migration of endothelial cells than the DMEM-HDF media (Figure 5. 16, 

Figure 5. 17), which agrees with the ELISA pattern from fibroblasts (Figure 5. 12, Figure 

5. 13). While the test only runs for 16 hours, it was unlikely that the proliferation have much 

influence to cellular activity particular considering that cells at the upper chamber are 

confluent. Similar stimulation effects were found in the form of nanoparticles or nanofibres 

of SiO2-CaO based BGs [543, 698, 724], which is the key reason for their success in in 

vivo angiogenesis [91, 552]. BO3
3−

  incorporation further stimulates the migration of 

endothelial cells [57, 91, 617]. The main mechanism was their stimulation of VEGF and 

bFGF from fibroblasts [69, 257, 611]. Boron also stimulates the activities of ion-channel 

NaBC1 and VEGF receptors on endothelial cells [613]. These mechanisms explain the 

overwhelming angiogenic efficacies of borate-based BGs in vivo compared with silicate-

based BGs [72, 84, 620, 930].  

5.4 Concluding remarks 

Diabetic ulcers have been a great threat to our healthcare system. In this chapter, a 

modified sol-gel electrospinning approach was proposed to electrospin BGs with a 

composition of (70-x) mol% SiO2-30 mol% CaO- x mol% B2O3 (x=0, 5, 15, and 35, while 

higher compositions induced crystallization or carbon deposition) as wound matrices for 

the regeneration of diabetic ulcers. The scaffold had a 3D structure consisting of entwined 

fibrils, which mimicked the ECM environment to stimulate cell attachment and migration 

and facilitate a controlled release of BO3
3-, Ca2+, and SiO4

4- which were therapeutic to 

stimulate ECM deposition and angiogenesis. Though the undiluted dissolution products 

inhibited cell viability, the 1/2 diluted product of 55S30C15B fibres was non-cytotoxic. 

55S30C15B fibres stimulated more PDGF, TGF-β, and HIF-1α expressions than the 

control and much higher expressions of VEGF and bFGF than other BG samples. This 

chapter also accessed the function of BG dissolution products to endothelial cell activities, 

in terms of their viability and migration. The protein expression from endothelial cells was 

also studied to understand the mechanism of BGs in angiogenesis. In summary, the 

borosilicate BG fibres can be promising strategies for wound healing applications. 
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55S30C15B fibre mat has the best efficacy in angiogenesis and ECM deposition. Further 

in vitro assessment of the role of BG in anti-inflammatory effects, epithelialization or 

neuron regeneration may provide further insight into the understanding of the mechanism 

of BG fibre mats in the regeneration of diabetic ulcers. In vivo studies were also conducted 

to understand the function of the fibres in real life, as detailed in Chapter 6.   
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6 In vivo analysis of borate-based bioactive 

glass fibre mat on diabetic rodent model 

6.1 Introduction 

Diabetic ulcers are a complex disease caused by combined effects of various factors, such 

as high inflammation, neuropathy, local ischemia, dysfunctional keratinocytes, etc. [186, 

187]. While these factors have synergistic effects on each other, it is difficult to cover all 

the above-mentioned factors through in vitro studies. In vivo assessment is one of the 

most important steps in proving the efficacy of materials as it better mimicked the real-life 

situation once the sample is being implanted. Combining in vitro and in vivo results 

provides evidence to understand the mechanism of BGs to individual steps of wound 

healing. In this chapter, the role of BG samples was analyzed in vivo in diabetic C57BJ/6 

mice. The type of mice, age, and weight were selected based on previous literature [785-

787] and these mice were intraperitoneally injected with streptozocin to induce a diabetic 

type II model. After all, mice were diabetic, their skin was removed by a licensed surgeon 

to mimic the condition of diabetic ulcers. 48 diabetic mice were randomized into four 

groups (n=12): control, 70S30C powder, 55S30C15B powder, and 55S30C15B fibre.  

 

 

Figure 6. 1. Schematic of the effect of BG samples on different steps in diabetic ulcer 

pathology and their corresponding assessment approach 

 

Figure 6. 1 summarizes the effect of BG samples on different steps in diabetic ulcer 

pathology to be investigated, and their corresponding characterization techniques. The in 
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vivo wound closure and epithelialization rate was determined from optical images of the 

wound area and histology analysis of the wound tissue; IL-1β (one of the most 

representative inflammatory cytokines) and IL-10 (one of the most representative anti-

inflammatory cytokines) were assessed through IHC as representatives for the anti-

inflammatory effect; angiogenesis was determined by investigating the VEGF expressions 

and number of blood vessels (represented by circles of CD31 protein) in wound site 

through IHC; alpha-smooth muscle actin (α-SMA) was characterized to understand both 

the number of large blood vessel infiltration and the number of myofibroblasts; ECM 

deposition and alignment were determined through histology (Masson Trichrome Staining). 

6.2 Methods 

6.2.1 Design of the animal model   

The animal studies were conducted at Northeastern University, Shenyang, China, and all 

animal protocols were approved by the Ethical Committee ofNortheastern University. As 

described in Section 5, the pre-fabricated BG fibres have a 3D structure that mimics the 

ECM environment and stimulates protein expressions to promote angiogenesis and ECM 

regeneration, which makes them a potential candidate for diabetic ulcer regeneration. A 

diabetic wound model is designed to characterize the in vivo efficacies of the BGs in a 

real-life diabetic environment.  

 

The animal model was designed from scratch despite there having been various literature 

reporting the protocols for the diabetic model. Diabetic model can be generated on various 

animals, such as male Wistar rats [931], SD rats [791], OF-1 female mice [932], female 

Balb/c mice [933, 934], C57BL/6 mice [786, 787], SKH1 mice [644] (Mo-Sci), Nude mice 

[55], ICR mice [594, 735]. For rats, it usually takes a longer time for them to become 

diabetic through the injection of streptozocin because they are larger and heavier, which 

means less likely to be affected by drugs. From different types of mice, C57BL/6 and ICR 

are the most commonly used, but ICR is more sensitive to the injection of STZ [935] so 

the distributions between groups may be higher than that of C57BL/6. C57BL/6J mice (5-

6 weeks old, male) were purchased from the Huafukang Animal Center (Beijing, China) 

and fed for another 2 weeks. During the period, they were fed a high-fat diet, so that 

mimicked the diabetic environment, and were separated into 3 mice per cage. The 

nurturing of the animal follows the regulation of animal welfare.  
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The diabetic type II model was created by intraperitoneally injecting streptozocin (Sigma-

Aldrich) into the mice. STZ solution was prepared by dissolving STZ in 1% in citrate buffer 

solution [936]. The mice can be injected with a strong dose (> 130 mg kg-1) once or twice 

or be injected with a lower dose (45-75 mg kg-1, the dose in this study was 50 mg kg-1) for 

a week. The former approach was easier, but usually had a higher risk for mouse death or 

the generation of type I diabetes. Before each injection, the mice need to be fasted 

overnight. The mice can be given food 2 hours after the injection and if needed, slightly 

injected with Novoline or Neutral Protamine Zinc Insulin to prevent the death of mice due 

to excessively high blood glucose. In the initial 6-10 hours, the mice underwent the second 

phase, where excessive insulin was released due to the defected islet cells. Food and 

water were necessities during this period and the mice were also fed with glucose water. 

Prevention of infection caused by urination and preventing the fighting of mice by reducing 

the population per cage were also important to ensure mice survival. After the final injection, 

the mice started behaving normally and became permanently affected by high blood 

glucose levels after 24-48 hours. After 4-7 days, the skins of the mice became chronically 

affected. The blood glucose level was taken on days 3 and 7 after the final injection. If the 

level for both time points were similar and both exceeded the normal value (12-15 mmol/L 

for C57BL/6J mice), the mice were determined as diabetic.  

 

The mice were separated into four groups (control, 70S30C powder, 55S30C15B powder, 

and 55S30C15B fibre) and two time points (days 7 and 13) so that there are 6 mice per 

group per time point. This enables us to understand the role of bioactive glass, borate 

incorporation, and fibre morphology individually in different steps in the wound healing 

cascade, through the comparison between each group. On the day of the surgery, the 

mice were anesthetized using a mixed solvent of pentobarbital sodium and chloral hydrate. 

After the mice were fully immobile, their skin was shaved and a 10 mm puncher was 

pressed onto their skin to cast a circular full-thickness skin wound. Prof. Huiling Gao held 

the animal license and took charge of the surgery and animal sacrifice. The wound sites 

were then implanted with 100 mg of wound matrices accordingly and covered with a 

transparent dressing (Tegaderm, 3M) (the control group was only covered with Tegaderm). 

This dressing prevents BG samples from falling out.  

 

We did our best to minimize the number of mice per cage, but the movement and fighting 

of the animals make it difficult for the Tegaderm attachment to the skin. From day 2 

onwards, we spotted that a few Tegaderm of the mice were lifted (half detached, half 

attached to the skin). In this case, we attach a new Tegaderm on top of the old one to 

ensure no lease of exudates of samples. There was one mouse in the 55S fibre group 

whose Tegaderm was completely removed, in which I put a new Tegaderm with a few new 
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fibre mats on that make it consistent with the other groups. Then, we had a better watch 

to make sure any Tegardem ‘Lifting’ is resolved immediately at seen. On day 7, the ‘Lifting’ 

effect happens so often that we decided to remove the Tegaderm from all groups.  

6.2.2 Wound closure assay   

For wound closure assessment, the wounds of different groups were photographed on 

days 0, 3, 7, 10, and 13 with a ruler as a size reference. Then, the relative wound area 

was analyzed by ImageJ and calculated as the percentage of the wound area at individual 

time points relative to the original burn wound area. On days 7 and 13, 6 mice were 

sacrificed from each group and their skin was removed for further histological and IHC 

analysis. The mice were anesthetized through a similar approach and sacrificed through 

neck-breaking, which follows the animal welfare regulations. Before soaking them in 

paraformaldehyde, the bottom of the dermis layer was photographed to visually 

understand the structure of the newly formed dermis layer and the extent of blood vessel 

infiltration and/or formation in the dermis layer.  

6.2.3 Histology analysis  

The removed skin tissues were fixed in 4% paraformaldehyde for 48 h, embedded in 

paraffin, and cut into 7 μm sections. After drying, the sections were dewaxed, washed, 

and stained using Hematoxylin and eosin (H&E) for histology analysis according to the 

manufacturer’s instructions. Images of H&E staining were acquired from optical cameras. 

The cell numbers were quantified by counting three randomly selected areas and the 

wound gap was measured through the ImageJ.  

 

The sections were also fixed with Bouin’s solution overnight and went through Masson 

Trichrome staining to analyze the collagen deposition and alignment of the regenerated 

tissues. The collagen deposition was quantified using a digital camera and ImageJ based 

on previously reported research [937]. The blue color was segregated through the ‘Color 

deconvolution’ command and was changed into ‘black and white’ figures using a threshold 

of 170. Then, the relative area of the ‘black’ color was quantified through 

‘Measure>Analyse particles’. The analysis of cell number, and collagen deposition are 

described in Figure 6. 2.  
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Figure 6. 2. Schematics of Histology analysis: Analysis of collagen area and number of 

cells from Masson Trichrome Staining using Color devolution from ImageJ 

6.2.4 Immunohistochemistry analysis  

Immunohistochemical analysis was performed on CD31 (Abcam), VEGF (Abcam), α-SMA 

(Abcam) in order to analyze the angiogenesis, and ECM deposition effect of the wound 

matrix on diabetic ulcers. The sections were dewaxed, washed, fixed using citrate buffer 

solution (pH = 6), and then cultured using 3% H2O2 for protein retrieval. Blocking the 

samples with 10% BSA in PBS quenches endogenous biotins or enzymes. The above-

mentioned primary antibodies were diluted according to the manufacturer’s instruction and 

applied to incubate the sections overnight at 4 °C. Then, the sections were further 

incubated with goat anti-rabbit antibodies and Horseradish Peroxidase for labeling. The 

sections were further visualized using DAB staining and counterstained using hematoxylin. 

IHC studies of IL-1β and IL-10 were conducted by WanleiBio company following a similar 

protocol. The primary antibodies used for these two proteins were from the same company.  

 

Images were taken through a microscope equipped with a digital camera (DMI 4000, 

Leica). The number of blood vessels was determined by counting three randomly selected 

areas according to the CD31 staining. The remaining proteins were quantified using a 

similar approach to that of the Masson Trichrome staining. ImageJ was applied to measure 

the relative stained area to the overall area of the wound, taken from three randomly 

selected areas. The steps of the analysis are summarized in Figure 6. 3.  
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Figure 6. 3. Schematics of Immunohistochemistry analysis： Analysis of VEGF area in 

wounds using Color devolution from ImageJ. 

6.3 Results and Discussion 

6.3.1 In vivo wound closure assay 

In vivo wound healing assessments were conducted on the STZ-induced diabetic C57BL/6 

mouse model to confirm the healing efficacy of the designed fibre mats and understand its 

mechanisms regarding individual healing steps. As shown in Figure 6. 4, wound healing 

in groups treated with BG samples significantly improved in comparison to the control 

group (wound treated with the transparent dressing only) in 13 days. Massive exudates 

were expressed in the control group on day 3, which indicated a chronic reaction that 

significantly inhibited the wound closure. Therefore, there was no sign of wound closure 

but might have enlarged the wounds (Figure 6. 5). Wounds treated with 70S30C powder 

healed slightly and wounds treated with 55S30C15B powder healed even further, but they 

also experienced high expression of exudates. Wounds treated with 55S30C15B fibres 

had much fewer exudates and better closure.  

 

This trend in wound area was maintained on days 7, 10, and 13. By day 7, the control and 

70S30C powder treated group still suffered from exudates, while wounds treated with 

55S30C15B powder or fibre had much fewer exudates, which may indicate that the 

borosilicate BGs had better anti-inflammatory effects. This agrees with previous literature 

that reported the anti-inflammatory effect of borate ions or when incorporating borate into 

BG systems [65, 67]. All BG-treated groups reached the final wound contraction stage on 

day 10, while high levels of keratinocytes resided at the edge of the wound, lacking cues 

to migrate and completely cover the wound, which agrees with the pathology of diabetic 
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ulcer healing [24, 938, 939]. The wounds in the control group healed much slower and 

merely reached the final stage on day 13, while wounds treate with 55S30C15B fibre 

almost have full closure.   

 

Figure 6. 4. Images of regenerated wound area taken on days 0, 3, 7, 10, and 13 post-

surgery on diabetic C57BJ/6 mice treated with 70S30C (70S) powder, 55S30C15B (55S) 

powder, and 55S30C15B (55S) fibre.  

 

In this study, the wound area is determined as the ‘pink’ areas instead of epithelialized 

areas, because the BG-treated wounds are fully epithelialized at day 13 and even the 

control group is having little skin that is not epithelialized. Some of the limitations of the 

test are being avoided with some measures. For example, the Tegaderm ‘lifting’ issues are 
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being resolved by attaching a new Tegaderm on top of the old ones, but this can make a 

great difference between animals because some contraction of the skin may occur during 

the time without Tegaderm. Iodine was used to prevent infection during surgery or during 

the replacement of the Tegaderm. Some of the samples may be removed during the 

removal of Tegaderm on day 3 (to take pictures), which can be one reason for the different 

biological behaviours in the same group.  

 

Figure 6. 5. Relative wound area of different treatment groups after 0, 3, 7, 10, and 13 

days post-surgery on diabetic C57BJ/6 mice treated with 70S30C powder, 55S30C15B 

powder, and 55S30C15B fibre. (*P <0.05, **P<0.01, ***P <0.001,****P <0.0001, n=6). 

6.3.2 Angiogenesis assessment through optical images 

The animals were sacrificed on days 7 and 13, respectively, and the dermis layers of the 

removed tissue were characterized under an optical microscope to assess the blood 

vessel formation (Figure 6. 6). By day 7, the wound dermis of the control group was much 

larger and thicker than other groups. There was also hardly any sign of blood vessel 

infiltration for wounds in the control groups. The wound dermis for BG treated groups was 

thinner so that the exudates were visible from the back of the skin and have more blood 

vessels, which agrees with the results from CD31 immunohistochemical staining  (Figure 

6. 20, Figure 6. 21). When the wound healing cascade surpasses the ‘inflammation’ phase 

and comes to the ‘proliferation’ phase, capillary networks are grown on the wound area to 

replace infiltrated arteriole (larger blood vessels with a thin smooth muscle layer) in the 

delivery of oxygen and nutrients. On day 13, BG-treated wounds showed obvious capillary 
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network formation and the thickness of the wound is similar to that of the intact tissues. 

The wound dermis of the control group was still thicker and poorly vascularized. This 

agrees with the in vitro angiogenic tests and CD31 immunohistochemistry analysis, and 

also with previous research that proved the efficacy of BGs in the closure of diabetic 

wounds [516, 710, 721, 785].  

 

 

Figure 6. 6. Blood vessel formation of the sacrificed skin tissue of different treatment 

groups after 7 and 13 days post-surgery on diabetic C57BJ/6 mice treated with 70S30C 

(70S) powder, 55S30C15B (55S) powder, and 55S30C15B (55S) fibre. 

6.3.3 H&E Staining 

The histology of the wound areas was analyzed through the H&E and Masson Trichrome 

staining. H&E staining was conducted to study the levels of epithelialization, wound gaps, 

and cell number. On day 7, neo-epidermis formed in wounds treated with 55S30C15B 

powder or fibres, but not in the control or those treated with 70S30C powder (Figure 6. 7). 

This can be due to the lack of keratinocyte migration cues in diabetic ulcer healing [24, 

938, 939]. Treatment with borate ions significantly accelerates the epithelialization rate of 

diabetic ulcers, with agrees with previous literature on the role of boric acid to wound 

healing and epithelialization [940, 941]. On day 13, the epidermis layer from the control 

group remained detached from the dermis layer, separated by a clot of keratin and fibrin 

(Figure 6. 8). All BG treated wounds had a fully regenerated epidermis, which agrees with 

the wound closure assay as well as previous literature on the effect of BGs in vivo [644, 

942-944]. The wound gaps on both day 7 and day 13 corresponded to the relative wound 
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area (Figure 6. 9). In general, wounds treated with 55S30C15B fibres healed the fastest, 

and wounds in the control group healed the slowest in both time points. 55S30C15B 

powder stimulated faster healing than 70S30C powder on day 7, but the difference was 

not significant on day 13.  

 

 

Figure 6. 7. Images of H&E staining of diabetic C57BJ/6 mice wound sections treated with 

70S30C (70S) powder, 55S30C15B (55S) powder, and 55S30C15B (55S) fibre on 7 days 

post-surgery.  
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Figure 6. 8. Images of H&E staining of diabetic C57BJ/6 mice wound sections treated with 

70S30C (70S) powder, 55S30C15B (55S) powder, and 55S30C15B (55S) fibre 13 days 

post-surgery.  

 

Massive infiltration of macrophages was observed in wounds from the control group on 

day 7 (round blue dots). In the control group, however, cells were only observed at the 

edge of the wounds while the center of the wounds was a very thin layer of tissues. This 

was likely that the thin tissues were fibrin, which was aggregating together to form a fibrin 

clot, which then served as a platform for cell infiltration (Figure 6. 7). Massive macrophage 

infiltration was observed in wounds treated with 70S30C powder. High densities of 



178 

 

macrophages existed both on the edge and in the center of the wounds. This indicates the 

healing cascade of BG-treated wounds is much faster than untreated wounds. Wounds 

treated with 55S30C15B powder or fibres had much fewer macrophages and they can 

only be seen at the center of the wounds. Fibroblasts (elongated blue dots) replaced 

macrophages at the edge of the wounds, indicating a transfer from the ‘inflammation’ 

phase to the ‘proliferation’ phase. 55S30C15B fibres treated wounds have more fibroblasts 

than 55S30C15B powder treated wounds. On day 13, the cell number between groups 

were indistinguishable (Figure 6. 8), as all wounds completed the ‘inflammation phase’ and 

the density of fibroblasts in wounds was similar.  

 

 

Figure 6. 9. The length of wound gap derived from H&E staining of diabetic C57BJ/6 mice 

wound sections treated with 70S30C powder, 55S30C15B powder, and 55S30C15B fibre 

7 and 13 days post surgery. (*P <0.05, **P<0.01, ***P <0.001,****P <0.0001, n=5). 

6.3.4 Masson Trichrome Staining 

The Masson Trichrome staining aims to analyze the collagen deposition (light blue) and 

alignment in the dermis layer. Figure 6. 10 revealed that the control group on day 7 had 

the least amount of collagen, as the wound area was highly occupied with macrophages 

(purple) and infiltrated adipose tissue (large white space within frames of collagen fibrils) 

from the hypodermis.  
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Figure 6. 10. Images of Masson Trichrome staining of diabetic C57BJ/6 mice wound 

sections treated with 70S30C (70S) powder, 55S30C15B (55S) powder, and 55S30C15B 

(55S) fibre 7 days post-surgery.  

 

BG-treated wounds had more collagen deposition than the control, which agrees with 

previous results on electrospun composite scaffolds containing SiO2-CaO BGs that 

provoked a significant increase in collagen deposition (measurements summarized in 

Figure 6. 12) in diabetic ulcers compared to BG-free polymer fibres [594, 725]. The release 

of therapeutic BO3
3−

 ions provided further cues to ECM deposition [65], and borate-based 
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BGs stimulated more collagen deposition in wounds in vitro [66] and in vivo [84, 308]. 

55S30C15B fibres treated wounds had the highest deposition. This can be because the 

ECM mimic fibre mat exhibited better physical cues for ECM protein attachment than the 

powders.  

  

 

Figure 6. 11. Images of Masson Trichrome staining of diabetic C57BJ/6 mice wound 

sections treated with 70S30C powder, 55S30C15B powder, and 55S30C15B fibre on 13 

days post-surgery.  
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On day 13, all wounds had collagen that was horizontally aligned across the dermis layer 

but at the center of the wound area (Figure 6. 11). There were still signs of macrophage 

aggregation in wounds of the control group. 55S30C15B fibres treated wounds had the 

best stimulation to collagen deposition in diabetic ulcers as it has the highest collagen 

density in the dermis layer. Besides, blood vessels (red circles) can also be observed in 

all BG-treated wounds, but little can be observed from wounds in the control group.  

 

 

Figure 6. 12. The relative area of collagen deposition derived from Masson Trichrome 

staining of diabetic C57BJ/6 mice wound sections treated with 70S30C powder, 

55S30C15B powder, and 55S30C15B fibre 13 days post surgery. (*P <0.05, **P<0.01, 

***P <0.001,****P <0.0001, n = 5 groups *2 image/group). 

6.3.5 Anti-inflammation immunohistochemistry assessment 

‘Inflammation’ is the second phase in the wound healing cascade. In chronic wound 

regeneration, massive macrophages infiltrated the wound site and secrete massive 

cytokines and protease which leads to chronic inflammation, healthy cells apoptosis, and 

ECM degradation [16, 20-22]. SiO2-CaO based BGs such as 45S5 [51] 58S [527], and 

75SiO2-20CaO-5P2O5 [528], have all been reported to stimulate the switch of 

macrophages from their inflammatory phenotype (M1) to its anti-inflammatory phenotype 

(M2), and down-regulate inflammatory cytokines and up-regulate anti-inflammatory 

cytokines. The anti-inflammatory effects of the BG samples were characterized through 
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the immunochemical staining of IL-1β (inflammatory cytokines) and IL-10 (anti-

inflammatory cytokines).  

 

Figure 6. 13. Images of IL-1β immunohistochemistry staining of diabetic C57BJ/6 mice 

wound sections treated with 70S30C (70S) powder, 55S30C15B (55S) powder, and 

55S30C15B (55S) fibre on 7 and 13 days post-surgery.  
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On day 7, wounds in the control group had the highest IL-1β (Figure 6. 13, Figure 6. 14) 

and lowest IL-10 (Figure 6. 15, Figure 6. 16) expressions compared to the wounds treated 

with BGs. This agrees with Figure 6. 4, which revealed the highest chronic inflammation 

in the control group. There was not much significance in IL-1β expressions between 

wounds treated with 70S30C and 55S30C15B powder. BG fibres induced a little lower IL-

1β expressions than BG powders. But both 55S30C15B powder and fibres induced higher 

IL-10 expressions in the wound area than 70S30C powder. This could be due to the 

release of BO3
3−

  ions, as BO3
3−

  was reported to inhibit iNOS and COX-2 [65], two 

important inflammatory mediators, and its function as an anti-oxidant [554]. But while the 

exact mechanism of the  BO3
3−

  ions remain unknown, this study could preliminarily 

explain the mechanism of BO3
3−

 ions to cytokine expressions in vivo.   

 

 

Figure 6. 14. Quantification of IL-1β relative area in percentage derived from IL-1β 

immunohistochemistry staining of diabetic C57BJ/6 mice wound sections treated with 

70S30C powder, 55S30C15B powder, and 55S30C15B fibre on 7 and 13 days post 

surgery. (*P <0.05, **P<0.01, ***P <0.001,****P <0.0001, n = 5 groups *2 image/group). 

 

On day 13, both IL-1β nearly disappeared in all BG-treated wounds as the ‘inflammation’ 

phase terminated (Figure 6. 13), but wounds from the control group still had signs of 

positive staining at the top of the dermis layer. For BG-treated wounds, positive stainings 

were located inside the blood vessels, as the vascular network may transport protein from 

distant tissues. Besides, the platelets may have specific binding sites to cytokine 
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antibodies. This resulted in the ‘IL-1β’ expressions being similar among all groups. IL-10 

expressions followed a similar pattern (Figure 6. 15) as IL-1β and there was also little 

significance among all groups.  

 

 

Figure 6. 15. Images of IL-10 immunohistochemistry staining of diabetic C57BJ/6 mice 

wound sections treated with 70S30C (70S) powder, 55S30C15B (55S) powder, and 

55S30C15B  (55S) fibre on 7 and 13 days post-surgery.  
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Figure 6. 16. Quantification of IL-10 relative area in percentage derived from IL-1β 

immunohistochemistry staining of diabetic C57BJ/6 mice wound sections treated with 

70S30C powder, 55S30C15B powder, and 55S30C15B fibre on 7 and 13 days post 

surgery. (*P <0.05, **P<0.01, ***P <0.001,****P <0.0001, n = 5 groups *2 image/group). 

6.3.6 Angiogenesis immunohistochemistry assessment  

The angiogenic effects of the BG samples were analyzed through in vivo VEGF expression 

and the number of blood vessels per unit area (highlighted through CD31 

immunohistochemistry). The main sources of VEGF in the wound area are macrophages, 

fibroblast, and endothelial cells [81]. Wounds from the control group on day 7 merely 

started the ‘inflammation’ phase so it was apparent that these wounds will not have VEGF 

expressions. Figure 6. 17 revealed that wounds from the control group merely have VEGF 

surrounding the infiltrated adipose tissue (adipose stem cells can also express VEGF, but 

not highly). High levels of VEGF were expressed in the 70S30C treated wounds, but the 

source may be predominantly macrophages, as few fibroblasts were generated in 70S30C 

treated wounds on day 7 (Figure 6. 7). The incorporation of boron further stimulates the 

VEGF expressions (Figure 6. 19). While the VEGF source can be both macrophages and 

fibroblasts, this agrees with the in vitro protein expression patterns from HDFs. 

55S30C15B fibre promoted fewer VEGF expressions than 55S30C15B powder. As 

explained in the previous chapter, the main role of VEGF is to stimulate the migration of 

endothelial cells and the migration requires surrounding fibrils for the attachment of cells. 

BG fibres could induce this ECM-mimic environment so that less VEGF is needed for the 
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activation of angiogenesis. Another possible explanation can be that the angiogenesis 

activation of 55S30C15B fibre was completed and less VEGF was required for the ongoing 

activities.  

 

 

Figure 6. 17. Images of VEGF immunohistochemistry staining of diabetic C57BJ/6 mice 

wound sections treated with 70S30C (70S) powder, 55S30C15B (55S) powder, and 

55S30C15B (55S) fibre on 7 days post-surgery. 
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Figure 6. 18. Images of VEGF immunohistochemistry staining of diabetic C57BJ/6 mice 

wound sections treated with 70S30C (70S) powder, 55S30C15B (55S) powder, and 

55S30C15B (55S) fibre on 7 days post-surgery. 

 

On day 13, the VEGF expression of the control group, 70S30C powder group, and 

55S30C15B powder group was similar (Figure 6. 18). But according to the blood vessel 

formation profile (Figure 6. 21), the angiogenic step for wounds in the control group may 

have just started. For BG powder treated groups, the activation of angiogenesis was 

completed so that the highest VEGF concentration (like that in the 55S30C15B powder 

group on day 7) was no longer needed while only a sustained dose of VEGF is required 
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for ongoing angiogenic activities. VEGF expression of wounds treated with 55S30C15B 

fibre was half of that of wounds treated with 55S30C15B powder, which may indicate that 

the vessel formation for the 55S30C15B fibre is fully complete.  

 

 

Figure 6. 19. Quantification of relative area of VEGF derived from VEGF 

immunohistochemistry staining of diabetic C57BJ/6 mice wound sections treated with 

70S30C powder, 55S30C15B powder, and 55S30C15B fibre on 7 and 13 days post 

surgery. (*P <0.05, **P<0.01, ***P <0.001,****P <0.0001, n = 5 groups *2 image/group). 

 

The number of blood vessel formation also agrees with the in vitro studies on HUVEC 

proliferation and migration (Figure 5. 14). There were few blood vessels in the wounds of 

the control group, except for those infiltrated from the hypodermis (Figure 6. 20, Figure 6. 

22). 70S30C powder highly stimulated vascularization in wounds, which agrees with that 

SiO2-CaO based BGs stimulated better angiogenesis when incorporated in chitosan-silk 

fibroin composites [593], alginate hydrogels [235], PDLLA electrospun fibre mats [594], or 

collagen-PCL nanofibres [725]. 55S30C15B powder and fibres stimulated higher blood 

vessel formation than 70S30C powder, which also agrees with that borate-based BGs, 

such as 1393-B3, induced higher blood vessel formation in wounds in vivo, but did not 

explain the mechanisms [66, 84]. The distinction between the 55S30C15B powder and 

55S30C15B fibre groups is because the attachment of cells to fibrils is the important step 

for their migration so that the fibrous structure favours the migration of endothelial cells 

(as explained in the HUVEC migration section) [874, 928]. This also explains the in vivo 

VEGF expression pattern (Figure 6. 17), as having more migration pathways means fewer 
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migration signals (VEGF) to be expressed. A similar pattern was found on day 13, in which 

55S30C15B powder and fibre stimulated the highest blood vessel formation, which was 

slightly higher than 70S30C powder and 2 times than the control (Figure 6. 21). The BG 

treated wounds may have reached the maximum level of angiogenesis, which is why the 

VEGF level went down sharply at day 13 in 55S30C15B fibre treated wounds. The 

angiogenesis step for the control group may have just started. 

 

Figure 6. 20. Images of CD31 immunohistochemistry staining of diabetic C57BJ/6 mice 

wound sections treated with 70S30C (70S) powder, 55S30C15B (55S) powder, and 

55S30C15B (55S) fibre on 7 days post-surgery. 
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Figure 6. 21. Images of CD31 immunohistochemistry staining of diabetic C57BJ/6 mice 

wound sections treated with 70S30C (70S) powder, 55S30C15B (55S) powder, and 

55S30C15B (55S) fibre 13 days post-surgery. 
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Figure 6. 22. Number of blood vessels per mm2 derived from CD31 immunohistochemistry 

staining of diabetic C57BJ/6 mice wound sections treated with 70S30C powder, 

55S30C15B powder, and 55S30C15B fibre on 7 and 13 days post surgery. (*P <0.05, 

**P<0.01, ***P <0.001,****P <0.0001, n = 5 groups *3 image/group). 

6.3.7 Alpha-smooth muscle actin immunohistochemistry 

assessment 

Alpha-smooth muscle actin (α-SMA) is an important marker of fibroblast differentiation into 

myofibroblasts, a matured phenotype of fibroblasts in the wound [945, 946]. At the early 

stage of wound healing, higher levels of α-SMA indicate faster tissue granulation and 

wound closure kinetics, as α-SMA are microfilaments in myofibroblasts and they exist in 

bundles to produce tension to the surrounding ECM in order to promote wound contraction 

[947, 948]. On day 7, hardly any α-SMA expressions were observed in the control group, 

which agrees with the histology results that little tissue granulation occurred (Figure 6. 23). 

Wounds with 70S30C powder had myofibroblasts formation at the bottom half of the 

dermis layer while wounds treated with 55S30C15B powder or fibres had myofibroblasts 

formation across the dermis layer. The release of BO3
3−

 can be the most likely reason, 

but few articles provided the evidence. 55S30C15B fibres stimulated more α-SMA 

expressions than 55S30C15B powder. This is because fibroblasts only differentiate in an 

ECM-mimic microenvironment and the fibres can enable fibroblast attachment without the 

formation of preliminary ECM matrix [949, 950]. The previous report merely suggested that 
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45S5 BG stimulate urine stem cells in releasing growth factors that promoted α-SMA 

expressions from fibroblasts in vitro [951], but the role of BGs directly to cells was unknown.  

 

 

Figure 6. 23. Images of α-SMA immunohistochemistry staining of diabetic C57BJ/6 mice 

wound sections treated with 70S30C (70S) powder, 55S30C15B (55S) powder, and 

55S30C15B (55S) fibre on 7 days post-surgery. 

 

On day 13, wounds treated with 55S30C15B fibres were fully closed and myofibroblast 

apoptosis was activated to prevent further wound contraction and scar formation (Figure 

6. 24). The healing cascade reaches the end of the ‘proliferation’ phase and the start of 
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the ‘remodeling’ phase and once all myofibroblasts are removed, the healing cascade 

terminates. Wounds treated with 70S30C and 55S30C15B powder were nearly closed so 

that their α-SMA levels were both the maximum while wounds in the control group were 

contracting much slower so that they had the least level of α-SMA (Figure 6. 26). Further 

studies are required to understand the mechanism of BGs and therapeutic ions to α-SMA 

expressions and myofibroblast activities.  

 

Figure 6. 24. Images of α-SMA immunohistochemistry staining of diabetic C57BJ/6 mice 

wound sections treated with 70S30C (70S) powder, 55S30C15B (55S) powder, and 

55S30C15B (55S) fibre 13 days post-surgery. 
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Figure 6. 25. The number of vascular smooth muscles per mm2 derived from α-SMA 

immunohistochemistry staining of diabetic C57BJ/6 mice wounds sections treated with 

70S30C powder, 55S30C15B powder, and 55S30C15B fibre on 7 and 13 days post-

surgery. (*P <0.05, **P<0.01, ***P <0.001,****P <0.0001, n = 5 groups *2 image/group). 

 

α-SMA is also commonly expressed in the vascular smooth muscle of arterioles or larger 

blood vessels [791, 932]. α-SMA at the vascular smooth muscle exists as a sealed loop, 

while those symbolling myofibroblasts are scattered at the pericellular matrix of the cells. 

The immunohistochemistry analysis also indicated the numbers of large blood vessels in 

different animal groups (Figure 6. 25). In agreement with the optical microscope analysis 

(Figure 6. 6) and the blood vessel formation profiles (Figure 6. 20, Figure 6. 21), there 

were very few large blood vessel formations on day 7, which means that the control group 

had the lease vascular infiltration. Wounds treated with 70S30C powder had many vessels 

infiltrated but all failed to infiltrate into the top layer of the dermis. Both 55S30C15B powder 

and 55S30C15B fibres induced a thorough blood vessel infiltration, but wounds treated 

with 55S30C15B fibres had arterioles parallel to the wound surface, which may indicate 

that these arterioles were formed inside the wounds rather than infiltrated from the 

hypodermis. The same trend followed on day 13. 55S30C15B fibres simulated the highest 

number of arteriole formation and the formed arterioles were smaller than those from 

wounds treated with 70S30C and 55S30C15B powder. The control group still had the least 

number of arterioles formed, which agrees with the blood vessel formation profiles (Figure 

6. 21). Zhu et al. reported that BG-containing hydrogels stimulated higher arteriole 
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formation (marked by α-SMA), but the function of BGs on their own remains unknown. 

This study may potentially reveal the mechanism of BGs in the arteriole formation [235].  

 

 

Figure 6. 26. The relative area of α-SMA derived from α-SMA immunohistochemistry 

staining of diabetic C57BJ/6 mice wound sections treated with 70S30C powder, 

55S30C15B powder, and 55S30C15B fibre on 7 and 13 days post-surgery. (*P <0.05, 

**P<0.01, ***P <0.001,****P <0.0001, n = 5 groups *2 image/group) 

6.4 Concluding remarks 

This chapter reported the animal studies conducted on 70S30C powder, 55S30C15B 

powder, and 55S30C15B fibre in order to understand the efficacy of the BG samples on in 

vivo diabetic ulcer regeneration. Optical images of the wound area were taken to 

understand the wound closure rate and blood vessel formation in wounds; histology 

assessments were conducted to understand epithelialization, cell infiltration, and collagen 

deposition; IL-1β and IL-10 immunohistochemistry characterized the anti-inflammatory 

effect; angiogenesis was determined by investigating through VEGF and CD31 

immunohistochemistry; alpha-smooth muscle actin (α-SMA) was characterized to 

understand both the number of large blood vessel infiltration and the number of 

myofibroblasts. In general, all BG treated samples had better efficacies in all the above-

mentioned steps. Through comparison between groups, we understand that the 

incorporation of boron to BG provides better biological cues to stimulate wound healing, 
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while processing BGs to fibres also accelerates all the above-mentioned steps. The effect 

of BG, boron incorporation and fibre VS power is summarized in Table 6. 1. The in vivo 

study proved the efficacy of the 55S30C15B fibres as promising strategies for real-life 

diabetic ulcer regeneration. 

 

Table 6. 1. The effect of BG implantation, the effect of boron incorporation, and the effect 

of fibre VS powder in wound healing steps are derived from the pairwise comparison 

among wounds treated with nothing (control), 70S30C powder, 55S30C15B powder, and 

55S30C15B fibre mats respectively. (Little means no significance, Medium means *0.01 

< P < 0.05 of significance, High means **0.0001 < P < 0.01 significance, and very high 

means ****P < 0.0001 significance) 

 
Effect of BG 
implantation 

Effect of B 
incorporation 

Fibre VS powder 

Wound closure High High High 

Macrophage 
number 

Very High Very High Little 

Collagen 
deposition 

High High High 

Collagen 
alignment 

Medium Little Little 

IL-1β High Little Medium 

IL-10 High High Little 

VEGF Very High High Medium 

Blood vessels Very High High Medium 

α-smooth muscle 
actin 

Very High High High 
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7 Conclusion and future work 

7.1 Conclusion 

The aim of this thesis was to design wound matrices for the healing of different types of 

wounds. 3D ECM-mimic bioactive glass fibre mats were being fabricated to promote a 

sustained release of Zn or borate ions for burn regeneration and diabetic ulcer healing 

respectively. Both fibre mats were found to release a therapeutic range of ions and their 

efficacies were proved in vivo. The efficacies of borosilicate fibre mats were further 

confirmed in vivo and their mechanisms for individual wound healing steps were 

investigated.  

7.1.1 Sol-gel electrospinning parameters for BG fibre mats 

The sol-gel electrospinning parameters were optimized based on the protocol proposed 

by Poologasundarampillai et al., and Norris et al. [96, 97]. First, the influence of ventilation 

was solved by adjusting the collector according to the track of the wind. Then, the effect 

of humidity has been re-characterized. While previous studies reported that > 35% 

humidity was ideal for 3D fibre formation, it was found that > 35% humidity only resulted 

in high beading and more branched fibres. The lower the humidity, the thinner the fibres. 

Humidity >45% resulted in mutual attraction between fibres so that they would not reach 

the collector. Other parameters such as voltage and working distance were also re-

evaluated with the presence of ventilation. The ideal parameters are: voltage 10 kV; flow 

rate: 0.4 mL h
-1

; air gap distance: 12 cm; relative humidity: 25%-35%; inner diameter of 

spinneret: 0.7 mm; room temperature.  

 

For the synthesis of Zn-containing BGs, the viscosity, surface tension, and 

electroconductivity was hardly interrupted due to the low composition of Zn, so the 

parameters for the preparation of the sol-gel precursor, preparation of the binder, and the 

stabilization process were similar to that proposed by Norris et al. [97]. The sol-gel 

precursors of the Zn-BG fibre mats were prepared through the step-wise addition of TEOS, 

Ca(NO3)2•4H2O (g), Zn(NO3)2•6H2O (g) to a mixture of ethanol, water, and 2 M nitric acid. 

After 24-48 hours of aging, they were mixed with a PVB binder (1g/11.4 ml) by a ratio of 

1:1 before being loaded into the electrospinner. Electrospun BG fibres were sintered 

through healing to 600 °C at a rate of 1 °C min-1 with a dwell at 600 °C for 3 h before oven 

cooling. 
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For the synthesis of borosilicate BG fibre mats, the parameters were similar to that of Zn-

containing BGs until the borate composition exceeds 55%. Beyond this point, a modified 

sol-gel approach was applied to ensure the binding of silicates and borates into BG 

networks before the addition of calcium ions. This aims to prevent the crystallization of 

calcium borate. Besides, more ethanol was required to dissolve borate groups and a 

longer aging time (>48 h) was needed correspondingly for complete gelation time. The 

weight of PVB in the PVB binder also increased with the increase of ethanol in the sol-gel 

precursor in order to maintain constant viscosity and surface tension. The operational 

parameters were similar to that of Zn-containing BGs, but during stabilization, borosilicate 

fibres were kept at 300 °C for 6 h to completely remove the polymer components and 

prevent carbon deposition. Even though, high crystallization occurred when borate content 

exceeded 55%. 

7.1.2 BG fibre mats releasing zinc ions for the regeneration of 

burn injuries 

We synthesized BG fibres mats with a composition of 70 mol% SiO2-(30-x) mol% CaO- x 

mol% ZnO as scaffolds for burn regeneration. Zn incorporation hardly influenced the 

chemical and physical structure of the fibre mats, which mimicked the ECM environment 

to stimulate cell attachment and migration. The fibre mats facilitated a controlled release 

of Zn2+, Ca2+, and SiO4
4- which were therapeutic for antibacterial activities, anti-

inflammation, angiogenesis, and follicle regeneration. In vitro studies found that Zn 

incorporation prevented the cytotoxic effect of SiO2-CaO BGs on fibroblasts and stimulated 

their expression of growth factors (PDGF, VEGF, bFGF, TGF-β, and HIF-1α) for ECM 

deposition and angiogenesis. BG fibres were also found to stimulate higher migration and 

proliferation when applying the HDFs media that had been precultured with BG dissolution 

products to HUVECs. Their stimulation of protein expressions was also characterized to 

understand their mechanism in angiogenesis. In summary, this chapter provides evidence 

that proves the efficacy of Zn-containing BG fibre mats as healing devices for burn injury.  

7.1.3 Borosilicate BG fibre mats for diabetic ulcer regeneration  

In this chapter, we successfully prepared the ECM-mimic BG fibre mats with a composition 

of (70-x) mol% SiO2-30 mol% CaO- x mol% B2O3 (x=0, 5, 15, and 35, while higher 

compositions induced crystallization or carbon deposition) through the modified sol-gel 

electrospinning approach. Boron incorporation hardly affected both the chemical and 

physical structure of the fibre mats, but greatly influence their dissolution profiles. The 
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release of BO3
3-, Ca2+, and SiO4

4- were therapeutic to the ECM deposition and 

angiogenesis, which was further confirmed through in vitro study on HDF viability and 

protein expressions (PDGF, VEGF, bFGF, TGF-β, and HIF-1α). The BG-HDF conditioned 

media were further accessed on HUVEC cells and were found to stimulate their viability, 

migration, and protein expressions. The results proved the potential of borosilicate BG 

fibre mats as strategies for the regeneration of diabetic ulcers.  

7.1.4 In vivo assessment of BGs in diabetic ulcer regeneration 

In this chapter, animal studies were conducted on 70S30C powder, 55S30C15B powder, 

and 55S30C15B fibre to characterize their in vivo efficacy of the BG samples in the 

regeneration of diabetic ulcers. The diabetic model was created on C57BJ/6 mice based 

on previous literature. Images of the wound area and the backside of the dermis layer on 

days 3, 7, 10, and 13 revealed that wounds treated with 55S30C15B healed the fastest, 

followed by wounds treated with 55S30C15B powder, 70S30C powder, and nothing 

(control). A similar tendency was found in the epithelialization, cell infiltration, collagen 

deposition, anti-inflammation, angiogenesis, and myofibroblast maturation (α-SMA). 

Comparing individual groups, it was found that wounds treated with 70S30C had either 

high or very high significance to wounds from the control group, which indicates the effect 

of BGs in stimulating wound healing. Wounds treated with 55S30C15B powder had faster 

(high significance) wound closure, collagen deposition, angiogenesis, and myofibroblast 

maturation due to the release of therapeutic BO3
3- ions. They also had a much faster anti-

inflammation (less macrophage on day 7) because boron incorporation highly up-

regulated IL-10 expression in wounds, but no effects were found on IL-1β expressions. 

Processing BGs into fibre mats induced structural cues that favoured cell attachment and 

migration. Thereby, wounds treated with 55S30C15B fibres had a much faster wound 

closure and epithelialization rate compared to those treated with 55S30C15B powder, as 

well as collagen deposition and tissue granulation. Endothelial cells also migrated faster 

on the ECM-mimic structure so that less VEGF was needed in wounds from the 

55S30C15B fibre group to activate angiogenesis. The in vivo study proves the efficacy of 

the 55S30C15B fibres as promising strategies for real-life diabetic ulcer regeneration and 

also explains the effect of BG, boron incorporation, and structure on individual steps in the 

regeneration of diabetic ulcers.  

7.2 Future work 

The work proposed in this thesis indicates the success of applying BGs as 3D ECM-mimic 

matrices for soft tissue engineering. The effects of different therapeutic ions have also 
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been studied in vitro and in vivo. But, this is merely a starting point of the investigation. For 

example, it would have an impact to investigate the antibacterial or anti-inflammatory 

properties of BG fibre mats in vitro and study the paracrine effect from macrophages. It 

could also be interesting to study the cell attachment on the fibre mats. For Zn-containing 

BG fibres, studies on in vivo burn model can add further credence to its efficacies. In a 

macroscopic view, it would be meaningful to study the two fields mentioned below for the 

development of BG-based fibre mats for soft tissue engineering.  

7.2.1 Synergistic effects of multiple therapeutic ions in the BG 

system 

Few articles reported BGs with more than 3 therapeutic ions so little was known about how 

these ions influence the physical and chemical structure, how they affect the BG 

degradation and ion release, and how they interplay with each other during the wound 

healing cascade. In some of my collaboration projects, we found that Zr can prevent the 

release of Ca and Zn as well as the physical structure of the BGs, but more studies are 

needed to fully understand the correlation between ion concentration and their functions. 

For example, it could be interesting to investigate the synergistic effect of Cu and Zn in 

silicate BG systems. Or, it can be worthwhile to study the release profile of Cu and/or Zn 

in borate/borosilicate BGs. Recently, phosphate BGs are finding use in soft tissue 

engineering due to their fast degradation. This may also provide insights into the 

investigation of BG fibre mats and their translation of them into real-life products.  

7.2.2 inorganic-organic hybrid fibre mats for the regeneration of 

load-bearing tissues 

On the other hand, BG fibres are limited by their mechanical properties. BGs are very 

brittle so their fibres can be easily broken through external shear. One of the studies that 

I am currently carrying out is to synthesize covalently-networked inorganic-organic hybrids 

as load-bearing materials. We are managing to apply them for either deep wound 

regeneration, in which the hybrid fibres mimic the hypodermis ECM matrix, or muscle 

regeneration, in which the hybrid fibres mimic the myocyte bundles (muscle fibre). 

Chitosan was selected as the organic component as it is biodegradable and promotes 

blood clotting [952, 953], anti-microbial and antioxidant activities [954, 955], activities of 

fibroblasts, and ECM deposition [956-959] in the wound healing cascade. They also have 

ideal mechanical properties, biological cues that attract tissue bonding and cell attachment, 

and diol groups for covalent networking.  
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In my Ph.D., I successfully synthesized covalently linked borate-chitosan hybrids that were 

covalently linked through (3-Glycidyloxypropyl)trimethoxysilane (GPTMS). Chemical 

characterization through FTIR proved the formation of the borate-chitosan hybrid as the 

epoxy ring of GPTMS opened, which indicates the successful bond formation. Mechanical 

testing also found that the elastic modulus of the material can reach up to 8 MPa, which 

was stronger than the modulus of most soft tissues. Because the old electrospinner cannot 

supply a voltage beyond 20 kV, it was not likely to fabricate electrospun fibres with these 

materials. Instead, electrosprayed hybrid particles were formed, which were formed only 

when the solution parameters were ideal for jet activation, but the voltage is not enough. 

With the purchase of the new machine, it is likely to process hybrids into fibre mats and 

the electrospinning parameter for chitosan hybrids is being optimized. Once the fibre mats 

are fabricated, future work in dissolution studies and in vitro studies can be used to find 

their biological effects and corresponding mechanism.  

 

  

https://www.sigmaaldrich.com/US/en/product/aldrich/440167
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