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Abstract 

GALLIUM CONTAINING ZINC BORATE BIOACTIVE GLASSES FOR BONE GRAFT 

APPLICATIONS  

  Doctor of Philosophy, 2017 

Alireza Rahimnejad Yazdi 

Department of Mechanical & Industrial Engineering 

Faculty of Engineering & Architectural Science 

Ryerson University 

 

Zinc borate glasses with increasing gallium (Ga) content (0, 2.5, 5, 10, and 15 wt.% Ga) 

were synthesized with Ga replacing boron. X-ray diffraction (XRD) verified their amorphous 

state. Thermal analysis recorded a steady decline in both glass transition and crystallization 

temperatures with the addition of Ga. 11B magic angle spinning nuclear magnetic resonance 

spectroscopy showed incremental addition of Ga reduced the BO4/BO3 ratio.  

Next, Bioactivity and antibacterial properties were investigated. Ion release profiles 

showed that increased Ga content in the glass resulted in increased Ga ion release, but decreased 

the release of other ions. The formation of amorphous Ca-P on the surface of all the glasses after 

24 hours of incubation in simulated body fluid was confirmed by scanning electron microscopy-

energy dispersive spectroscopy, XRD and Fourier transform infrared spectroscopy analyses. 

Antibacterial evaluation of the glasses demonstrated that the addition of Ga increased the 

antibacterial potency of the glasses against P. aeruginosa (Gram-negative bacteria) while 

decreasing it against S. epidermidis (Gram-positive bacteria).   

Finally, the effect of glass composition on the viability and proliferation of preosteoblast 

and osteosarcoma cancer cells was investigated. Methyl Thiazolyl Tetrazolium (MTT) cell 

viability assays using glass degradation extracts revealed that the extracts from glasses with 0, 

2.5 and 5 wt.% Ga did not lower the viability of preosteoblasts; however, extracts from glasses 

with 0 and 2.5 % Ga increased the viability of cancer cells. Therefore, glass with 5 wt.% Ga (G3) 

was selected for further analyses. The viability of preosteoblasts and osteosarcoma cells in 

contact with the G3 glass powders were also investigated using MTT assays. G3 powders could 

enhance the viability of preosteoblasts while decreasing the viability of osteosarcoma cells. 

According to Live/Dead assays, suppression of proliferation appeared to be the mechanism 

causing the reductions in the viability of osteosarcoma cells exposed to G3 powders.  

In conclusion, the performed in vitro characterizations confirmed the bioactivity and 

antibacterial activity of all glasses. However, G3 was selected as the most suitable composition 

for osteosarcoma-related graft operations as it could improve the viability of preosteoblasts 

without increasing the viability of cancer cells. 
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1.1. Background  

Since their development in the late 1960s, bioactive glasses have been used for bone 

tissue engineering applications [1, 2]. The therapeutic properties of these glasses are a result of 

their degradation in the body and the subsequent release of ions into the surrounding tissue [2, 3, 

4]. Due to their biocompatibility and ability to bond to both bone and soft tissue, bioactive 

glasses have been utilized for bone augmentation [5, 6, 7, 8, 9]. Scaffolds and bone graft 

powders have been fabricated entirely from bioactive glass [10, 11, 12, 13, 14, 15].  

Early bioactive glasses were composed of silica (SiO2), soda (Na2O), calcia (CaO) and 

phosphorus pentoxide (P2O5). However, other elements have been substituted into bioactive 

glasses in order to enhance their therapeutic performance and modify their physical and 

mechanical properties [16, 17, 18, 19]. For example, borate based glasses have fast dissolution 

rates and the ability to facilitate tissue infiltration, cell proliferation and differentiation [9]; silver 

(Ag) is known for its oligodynamic effect and inducing antibacterial properties in glass; boron 

(B) and magnesium (Mg) have been incorporated to modify the thermal coefficient temperature 

of the glass such that it matches that of metal substrates for coating applications [19, 20, 21, 22, 

23]; and zinc (Zn) is known to offer both antibacterial and anti-inflammatory effects [24, 25, 26, 

27] and can enhance bone formation by stimulating osteoblast activity and retarding the 

formation of osteoclasts [28, 29].   

Among those elements that can be added to a bioactive glass, Ga is a promising candidate 

due to its antibacterial and anti-inflammatory properties, ability to suppress bone resorption, and 

its antineoplastic properties in ionic form [30, 31, 32]. These therapeutic properties explain why 

Ga has been recently incorporated into bioactive glasses [33, 34, 35]. However, because of the 

concentration limits determined by its toxicity and minimum concentration needed for its 
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effectiveness, one the most critical features of such Ga glasses is the quantity of the active ion 

that can be released from them [36, 32, 37, 38]. The structure of the glass network is a major 

factor that determines ion release from a bioactive glass [19]; therefore, understanding how the 

structure of the glass is affected by the incorporation of Ga is of great importance in predicting 

and designing formulations that target specific ion release amounts. Ga is known as an 

intermediate element in the glass network that can act as both network former and modifier [39]. 

Franchini et al. (2012) studied the structural role of Ga in a series of phosphosilicate bioactive 

glasses with varying Ga content and reported that, at Ga concentrations above 3.2 mol.%, Ga 

starts to significantly change the degradation behavior of the glass by acting as a network 

modifier [40]. Similar studies on Ga containing silica bioactive glasses further imply the network 

modifier role of Ga in the glass structure [34, 41]. However, there are studies that have found 

that Ga incorporation can reduce the dissolution rate [33, 35] which could be indicative of the 

network forming ability of this intermediate element.  

Another important feature of a bioactive glass is its osteoconductivity; defined as the 

ability of a material to encourage bone growth on a surface [42]. In vitro formation of calcium 

phosphate (Ca-P) on the surface of the glass upon its immersion in an acellular solution of 

simulated body fluid (SBF) containing ion concentrations nearly equal to that of human blood 

plasma can indicate its ability to integrate with hard tissue after implantation. A formula for a 

supersaturated SBF solution was initially described by Cho et al. [43]. The degree and rate of 

HA formation on the surface of bioactive glasses in SBF has been considered to predict the 

degree of in vivo bioactivity [3, 44, 45]. The silicate-derived bioactive glass designated 45S5 

(Bioglass®) was the first to demonstrate bone-bonding properties and its bioactivity has since 

been widely studied [46].  Hench et al. developed 45S5 Bioglass, a soda-lime-phosphosilicate 
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(SiO2-Na2O-CaO-P2O5) glass [47].The osteoconductivity of 45S5 has been attributed to 

formation of HA on its surface after implantation [48, 14, 46, 49, 50, 51, 52]. Other bioactive 

glasses with varying compositions such as 13-93 bioactive glass (SiO2-CaO-K2O-Na2O-MgO-

P2O5) have been developed in order to provide enhanced therapeutic performance and modify 

physical and mechanical properties [53]. 

Borate-based bioactive glasses have lower chemical durability compared to silicate-based 

ones and thus degrade faster [53, 9]. They have the potential to convert more completely to HA 

than silicate glasses and can better match the rate of new tissue formation in the body [53, 9]. 

The conversion mechanisms are similar to that of silicate glasses; however, a SiO2 gel-layer is 

absent during the degradation of borate glasses. Borate-based glasses offer support of cell 

differentiation, tissue infiltration [54, 55], and they are also able to serve as a carrier for drug 

delivery applications [56, 57, 58]. 

The addition of inorganic components such as Ga and Zn can grant antibacterial 

properties to glasses and can also participate in the physiological functions associated with bone 

metabolism [30, 31]. Ga3+ interferes with bacterial metabolic and DNA-synthetic pathways by 

substituting for Iron (Fe3+) on transferrin. However, Ga3+ is not reduced under physiological 

conditions like Fe3+ allowing it to perturb the metabolism of both eukaryotic and prokaryotic 

cells [59, 60]. The Zn ion (Zn2+) has demonstrated regulation of osteoblastic activity and bone 

formation, as well as antimicrobial properties in its ionic form [61, 62]. When incorporated into 

bioactive glass, it has the ability to kill bacteria through an ion release mechanism similar to that 

of Ag-doped bioactive glasses [31, 23]. Excess levels of zinc oxide have also been shown to have 

a detrimental effect on the integrity of cell membranes, thereby eliminating or preventing the 

proliferation of pathogens [63]. 
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The Ga3+ ion also works to combat cancer cells through a variety of mechanisms of 

physiological interference, mostly involving DNA replication and disruption of its helical 

structure [64]. Ga3+ is considered a non-functional mimetic of iron (Fe) and can be substituted 

into transferrin to inhibit ribonucleotide reductase, a key enzyme involved in the replication of 

DNA [64]. Its effectiveness stems from direct inhibition of the enzyme, as well as blocking the 

iron available to bind to the enzyme for proper functioning [65]. Ga3+ also competes with the 

magnesium ion (Mg2+) which binds to DNA to stabilize it. The affinity of Ga for DNA has been 

shown to be 100 times higher than that of Mg [37]. When higher concentrations of Ga ion are 

present in vitro with a high Ga: DNA ratio (≥1/40), it has been reported that destabilizing 

reactions occur by means of Ga bonding to the nucleic bases [36]. In addition to vying with 

various ions, Ga has the ability to induce chromatin condensation in vitro [66]. This is 

considered an early step in the process of apoptosis, and thus results in cell death through a 

mechanism of Fe deprivation [66].  

With respect to bone metabolism, Ga3+ has been extensively studied due to its marked 

ability to decrease hypercalcemia associated with cancer [67, 68, 69, 70]. Its physiological 

effects consist of inhibition of osteoclastic activity, an increase in collagen synthesis, as well as 

an increase of bone tissue formation in vitro [71, 72, 73, 74, 75, 76]. Osteoclast resorption is 

inhibited through alteration of gene expression of a bone matrix signaling protein [77]. Exposure 

of mesenchymal or mesenchymally-derived cells to Ga also causes a change in matrix protein 

synthesis to favour bone formation through a similar genetic modification mechanism [78]. An 

additional benefit of inducing tissue fibrosis in the tumor [79, 80] and evaluation of vascular 

permeability have also been observed [81]. Radioactive isotopic compounds have shown promise 

in their absorption by cancerous deposits in bone [82]. 67Ga scans can also be used to predict the 
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effectiveness of this treatment by scanning and observing the degree of visibility of tumors 

following absorption of the isotope [83].  

The abovementioned therapeutic properties of Ga can explain the motives for studies that 

incorporate it into bioactive glasses [33, 34, 35]. These glasses appear to be beneficial for the 

treatment of patients with osteoporosis, bone cancer and compromised immune systems that 

leaves them more vulnerable to postsurgical infections. It has been hypothesized that glass grafts 

that release Ga3+ can reduce or eliminate the removal of healthy bone tissue that is currently 

extracted as part of the tumor removal surgery for bone cancer [34, 35]. However, this 

hypothesis has not been investigated experimentally to date.  
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1.2. Motivation 

Every year, approximately two million patients worldwide require bone graft operations 

for repairing complex fractures, fusion of spinal bones, enhancing implant attachment to bone, 

and regeneration of bone lost to diseases such as infection and cancer [84]. Due to the risk of 

rejection and disease transmission in allografts, and potential morbidity at the donor site, limited 

quantities, increased blood loss, risk of wound infection and longer anesthetic time in autografts, 

there is a growing demand for synthetic bone grafts [85, 86, 87].  

Bioactive glasses are one of the most promising categories of materials for bone grafts 

[2]. Given the therapeutic properties of Ga ions which are particularly desirable for orthopedic 

applications [32, 88, 89, 90, 91, 92], and the very limited research conducted about the inclusion 

of this element in such glasses [93, 94, 35, 33], the research conducted here is aimed to exploit 

the significant potential of Ga inclusion in bioactive glasses. Five novel zinc borate bioactive 

glasses with varying Ga content were synthesized; the structural studies determined the impact of 

Ga addition on the glass network; biocompatibility and biodegradability of the glasses were 

evaluated; and finally antibacterial and antineoplastic efficacy of these glasses were assessed in 

vitro.      

These glasses are expected to be beneficial to patients suffering from osteoporosis, bone 

cancer and compromised immune systems. In this study, for the first time, the effect of Ga 

releasing bioactive glasses on bone cancer cells were investigated and compared to their effect 

on healthy bone cells.  
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1.3. Literature Review 

1.3.1. Bone 

Bone is a composite material that consists of plate-like crystals of hydroxyapatite (HA) in 

a collagen matrix [95]. Not only do bones serve as a supportive and protective framework for the 

human body, but they also store nutrients such as calcium and phosphate ions and produce blood 

cells [96, 97]. Bones can be categorized based on their shapes which reflect their functions. With 

regard to their shape, the four major types of bones are: long bones, short bones, flat bones and 

irregular bones (Figure 1- 1). Long bones consist of a long shaft with extremities at their ends. 

They include the bones of the leg, arm, hands and feet, fingers and the clavicles. Short bones are 

roughly cubic in shape with almost similar width and length and include the tarsals and the 

carpals in the ankle and wrist, respectively. Flat bones are thin, flattened, and usually curved. 

Most of the bones of the cranium are flat bones. The ribs and the sternum are also flat bones. 

Bones that have shapes not matching any of the above three categories are classified as irregular 

bones. The vertebrae and facial bones are irregular bones [98]. 

 

Figure 1- 1:  Bone types based on shape [99]. 
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1.3.1.1. Bone macrostructure 

As shown in Figure 1- 2 a long bone is composed of three main regions: the proximal and 

distal epiphysis in the two ends and the diaphysis in the middle. The diaphysis or the central 

tubular shaft is built of a layer of calcified tissue known as cortical bone or compact bone. It 

surrounds the medullary cavity which houses bone marrow [100]. Epiphyses have a thinner layer 

of cortical bone than the diaphysis and contain a meshed network of thin calcified trabeculae 

known as trabecular bone (also called spongy or cancellous bone) [101]. Bone marrow is also 

found within trabecular bone. The epiphyseal line separates the diaphysis from epiphyses. The 

internal and external surfaces of bone are covered by membranes. The outer surface of the 

diaphysis is covered by the periosteum, a dense fibrous membrane serving as an attachment for 

muscles and tendons, whose inner layer consists of osteogenic cells. Endosteum internally 

surrounds trabecular surfaces and serves as a lining to the canals that pass through cortical bone 

[100]. The joint surface and each epiphysis are covered with a thin layer of hyaline cartilage that 

provides a cushion for opposing ends of a joint during motion [101]. Flat bones have a similar 

design and have periosteum covered compact bone at the outer surface and endosteum covered 

trabecular bone internally. These bones do not have a medullary cavity, but contain marrow in 

their internal trabecular parts. Structures of short and irregular bones are similar to the epiphyses 

of long bones [100]. 
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Figure 1- 2: Macrostructure of a long bone [102]. 

 

1.3.1.2. Bone microstructure 

            The osteon also known as the haversian system is the basic functional unit of cortical 

bone. As illustrated in Figure 1- 3, the osteocytes in an osteon are arranged in concentric layers 

around a central canal or haversian canal which contains blood vessels. These concentric layers 

are called lamellae which are produced due to inactivity periods of bone formation. Unlike 

haversian canals that run parallel to the surface of the bone, Volkmann’s canals are positioned 

perpendicular to the surface of the bone and provide blood to osteons deeper in the bone and 

tissues of the marrow cavity. The lacunae of bone are pockets typically organized around blood 

vessels that contain osteocytes and canaliculi are narrow passages between the lacunae and 

nearby blood vessels. They form a network for the provision of nutrients [103].  
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Figure 1- 3: Microstructure of bone [104]. 

 

1.3.1.3. Bone remodeling 

Frost (1964) confirmed that human bones are continually broken down and reformed by 

the activities of osteoblasts and osteoclasts through a process known as bone remodeling [105, 

106]. In young adults, about 10% of the skeleton is turned-over each year by this process [107]. 

Bone remodeling is essential for bone growth, adjustment to stress, changes in bone shape, bone 

repair and regulation of calcium ion in the body. Bone remodeling is achieved by temporary 

assemblies of osteoclasts and osteoblasts known as the Basic Multicellular Unit (BMU) with an 

average life span of about 6 months that remove and replace the old bone matrix. In cortical 

bone, the osteoclasts break down bone matrix (resorption) leaving tunnels; blood vessels can 

then grow into the carved tunnels and osteoblasts form new bone in the form of concentric 

lamellae. In cancellous bone, the osteoclasts resorb the matrix from surface of trabecula leaving 

cavities for ostesoblasts to form new bone [98]. 
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1.3.2. Bone grafts 

About two million patients worldwide require bone graft operations annually [84]. A 

bone graft transplantation procedure is commonly used for repairing complex fractures, fusion of 

vertebral bones, enhancing implants’ attachment to bone, and regeneration of bone lost to 

diseases such as infection and cancer.  

1.3.2.1. Autograft and allograft 

If the bone graft is taken from a healthy site in the patient’s body such as the iliac crest, it 

is called autograft (autologous bone) and bone graft achieved from a donor is known as allograft 

which carries the risk of rejection and transmittance of diseases, such as infection and viruses. 

Although autologous bone graft is still regarded as the gold standard of bone grafts, potential 

morbidity at the donor site, limited quantities, increased blood loss, risk of wound infection and 

longer anesthetic time are some of the reasons that has led to the growing market in synthetic 

bone grafts [85, 86, 87].  

 

1.3.2.2. Processed bone matrix and proteins  

Demineralized bone matrix (DBM) is prepared by acid extraction of allografts. It 

contains collagen and other proteins and growth factors that include bone morphogenetic 

proteins (BMPs) and is shown to be both osteoconductive and osteoinductive [108, 109]. The 

performance of DBM can vary from donor to donor and also depends on the preparation process. 

BMPs 2-7 and BMP 9 are known to be independently osteoinductive [108, 109, 110]. BMP-7 

and BMP-2 have been studied in human trials and have shown to induce bone formation in tibial 

non-unions at the same rate as autologous bone graft [111]. However, the cost of BMP products 
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is a major limitation for their extended use; for example 1mg of BMP2 can cost over C$ 4,500 

[112]. 

 

1.3.2.3. Ceramic bone grafts  

The most commonly used ceramic based bone grafts are hydroxyapatite (HA) and 

tricalcium phosphate (TCP). They are osteoconductive, have a long shelf life and carry no risk of 

transmitting disease [86]. HA is a highly crystalline form of calcium phosphate which is 

considered a very biocompatible ceramic. Its nominal composition is Ca10 (PO4)6 (OH)2. It has 

an unparalleled chemical similarity to the mineralized phase of bone which leads to its 

osteoconductive properties and significant biocompatibility [113, 114].  

Tricalcium phosphate (TCP) is a bioresorbable and biocompatible ceramic with nominal 

composition of Ca3(PO4)2 and exists in two crystalline forms of α and β. Its chemical 

composition and crystallinity are similar to those of the mineral phase of bone. TCP resorbs 

faster than HA [115]. 

 

1.3.2.4. Bone cements 

Calcium phosphate cements (CPCs) were introduced more than three decades ago for 

dental applications. Given their biocompatibility, osteoconductiveness, mouldability, and self-

setting under ambient conditions, CPCs have been attractive candidates as bone grafts and 

various formulations of them have been developed, especially for percutaneous vertebroplasty 

and kyphoplasty [116, 117]. Glass polyalkenoate cements (GPCs) have also been developed and 

used for dental restoration since over three decades ago, and have the advantages similar to those 

mentioned for CPCs as bone grafts [118, 119, 120].  
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1.3.2.5. Bioactive glasses 

Bioactive glasses are a promising category of materials for bone tissue engineering; they 

are both osteoconductive and osteoinductive; they have the ability to bond to bone due to 

formation of calcium phosphate on their surface in the body [2]. Formation of a Ca-P layer on 

bioactive glass surfaces in contact with SBF gives it the ability to chemically bond to collagen 

fibrils and induces the development of a strong interface between the glass and bone [2]. 

Moreover, the released ions from the glass can activate genes associated with the differentiation 

of osteoblasts; therefore, bioactive glasses can be considered osteoinductive [121]. Bioactive 

glasses also allow for angiogenesis. In vitro studies have shown that increases in angiogenic 

indicators have been obtained through both direct and indirect contact of relevant cells with 45S5 

Bioglass particles or with their dissolution products. An in vivo study has confirmed the ability of 

bioactive glass, incorporated into scaffolds, to stimulate neovascularization [122]. Over the 

years, various formulations of bioactive glasses have been developed and biologically active 

elements, such as Zn, Mg, copper (Cu), strontium (Sr), potassium (K) and B have been included 

in the glass formulation in order to add or enhance their therapeutic properties [123, 124, 53]. Zn 

is reported to have anti-inflammatory effects and stimulate bone formation by stimulating 

osteoblasts [123, 53]. Mg, B and Sr are also reported to promote bone formation [123, 53]. Cu is 

reported to stimulate angiogenesis [123, 53]. Partial replacement of sodium (Na) and calcium 

(Ca) with K and Mg, respectively, tailors the thermal expansion coefficient of the 45S5 Bioglass 

such that it better matched titanium substrates [124].  
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1.3.3. Ga and bioactive glasses 

The Ga ion has very desirable therapeutic features for orthopedic applications. It is 

antibacterial and anti-inflammatory [91, 92], and is used for the treatment of osteoporosis and 

cancer-related hypercalcemia due to its ability to limit osteoclastic bone resorption and increase 

the mineral content of the bone [38, 88, 89, 90]. Ga3+ is also known to have antineoplastic 

properties [32]. In 1971, Hart et al. investigated the toxicity and antineoplastic properties of 

some of the group III metals (aluminum, gallium, indium and thallium) and for the first time 

indicated the antitumor potentials of Ga [32]. In vitro studies on calf thymus DNA has shown 

that trivalent Ga can bind to DNA and destabilize DNA helix. Ga is reported to initiate apoptosis 

by inducing chromatin condensation. It also inhibits DNA duplication through forming 

complexes with transferrin and blocking iron, as well as targeting enzymes [36].   

The anti-cancerous effects of Ga3+ and related side effects on humans have been 

investigated. Ga nitrate has been intravenously administered with dosage up to 300 mg/Kg using 

protracted venous infusion [36]. This delivery protocol has been shown to be effective against 

cancer hypercalcemia, bladder carcinoma, carcinoma of the urothelium and lymphoma. 

However, side effects such as granulocytopenia grade 3 and 4 despite the use of growth factors, 

renal function alteration grade 3 or 4, hypocalcemia grade 3 or 4, thrombocytopenia and 

temporary blindness have been reported in some of the experimented patients [36]. A successful 

treatment schedule, especially for bone metastases, is 40 mg administered as a sub-cutaneous 

injection once daily for 2 weeks [36]. Another gallium nitrite administered dosage as bone 

resorption inhibitor is 200 mg/m2 daily for 5 consecutive days [125]. Ga can also be introduced 

to the body via gallium chloride; its optimal dosage for oral administration is reported to be 400 

mg/24h. Gallium maltolate is another source of Ga that has been orally administered and the 
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reported results indicate it has better bioavailability compared to gallium chloride [36, 126, 127]. 

Moreover, studies show that administration of Ga in combination with conventional 

chemotherapy agents leads to synergistic antineoplastic activities [36, 126, 127].     

Recently, the therapeutic properties of Ga have motivated some limited studies about the 

inclusion of Ga in bioactive glasses, and more research needs to be done in order to help patients 

benefit from the therapeutic potential of Ga containing bioactive glasses [33, 34, 35]. Mourino et 

al. (2010) trapped gallium nitrite solution in a 45S5 bioglass scaffold using alginate sodium 

coatings in order to synthesize 45S5 scaffolds. The produced scaffolds had antibacterial 

properties and enhanced mechanical properties without decreasing the bioactivity level provided 

by the base bioactive glass structure. However, the effect of the release of the Ga ion from these 

scaffolds on bone cells was not investigated [92]. Shruti et al. (2012) developed Ga containing 

(up to 3.5 mol.% Ga) silica based bioactive glasses and studied their chemical structure and 

degradability. The glasses were found to be capable of forming hydroxycarbonate apatite on their 

surface after immersion in SBF. Although, neither the cytotoxicity nor the potential antibacterial 

properties of the Ga containing glasses were studied [93, 94].   

Wren et al. (2012) produced Ga containing glass ionomer cements (GICs) for treating 

bone cancer by including Ga (0.08 mol.% ) in the glass component of the GICs. Although the 

cements were titled “anti-cancerous”, ion release and appropriate cell cultures were not reported 

to back up the authors’ hypothesis about the anti-cancerous properties of the synthesized cements 

[34]. Alhalawani (2013) produced Ga containing GICs as a possible alternative adhesive in 

sternal fixation by including Ga (up to 0.16 mol. %) in silica based glass component of the GICs. 

The chemical structure of the glass as well as rheological and mechanical properties of the 

cements were investigated. The resultant cements were reported suitable for use for sternal 
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fixation, in conjunction with wires. Although antibacterial and anti-inflammatory properties of 

Ga3+ were mentioned as motives for its inclusion in the glass formulation, such therapeutic 

properties and the cytotoxicity of the cements were not evaluated [41].  

Zeimaran et al. (2015) synthesized silica based Ga (0.08 mol.% Ga2O3) containing 

bioactive glass to produce poly (octanediol citrate) scaffolds impregnated with bioglass 

microparticles. The mechanical properties of the scaffolds were improved due to the addition of 

bioactive glass particles. The viability of osteoblast cells on these scaffolds were also 

investigated and the addition of 10 wt.% glass particles to the scaffolds were reported to improve 

the attachment and viability of osteoblasts. Although the potential use of these scaffolds for bone 

grafts involving osteosarcoma patients was mentioned in the article, the impact of these scaffolds 

on osteosarcoma cells were not studied [35]. Pourshahrestani et al. (2016) synthesized 

mesoporous silica based bioactive glasses containing various concentrations of Ga2O3 (up to 3 

mol%) using evaporation-induced self-assembly process and investigated their hemostatic and 

antibacterial properties [128]. The glasses were found to stimulate blood coagulation, platelet 

adhesion and thrombus generation and showed antibacterial activity against both Escherichia 

coli (Gram-negative) and Staphylococcus aureus (Gram-positive). They were also reported to be 

cytocompatible [128].  

Deliormanli (2015) for the first time published on the influence of Ga on the in vitro 

bioactivity and dissolution behavior of borate based bioactive glass with up to 5 wt.% Ga 

content. Low toxicity associated with bacteriostatic properties of Ga3+ were mentioned as 

reasons for inclusion of Ga in the glass formulation. The Ga-containing borate glasses had lower 

degradation rates compared to the Ga-free borate glass 13-93B3. However, a decline did not 

occur in their bioactive response when immersed in SBF. Despite the fact that several therapeutic 
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properties of G3+ were mentioned in the article, the cell culture experiments were not conducted 

on the manufactured glasses [33]. Deliormanli et al. (2016) manufactured Ga-containing (up to 5 

wt.%) silicate based 13-93 bioactive glass particles using sol-gel method. The effect of Ga on the 

in vitro bioactivity and mechanical properties of the prepared powders and scaffolds were 

studied, and it was reported that the addition of Ga did not negatively affect the in vitro 

bioactivity and HA forming ability of the glass [129].  Deliormanli (2016) also synthesized Ga-

containing (up to 5 wt.%) silicate based 13-93 bioactive glass fibers using electrospinning 

approach and studied their in vitro bioactivity, cytotoxicity and antibacterial activity. It was 

shown that Ga has no negative effect on either bioactivity or the HA forming ability of the 

dissolution products of the glass in the long term.  No cytotoxicity and antibacterial response to 

the Gram-positive (S. aureus) and Gram-negative (E. coli) bacteria was observed [130]. The 

observed lack of antibacterial activity is contrary to similar experimental reports in the literature 

[92, 60, 59, 128].   
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1.4. Research Objectives 

The objectives of this research include: 

 Synthesis of a series of novel Ga containing zinc borate bioactive glasses with increasing 

Ga content for bone graft applications via the melt-quench method.  

 Characterization of the synthesized Ga containing zinc borate glasses. 

The amorphous state of the synthesized glasses will be verified using X-ray 

diffraction (XRD) analysis. Differential scanning calorimetry (DSC) will be used 

to measure the glass transition temperature (Tg) and crystallization temperature 

(TC) for the synthesized glasses. Energy dispersive X-ray spectroscopy (EDS) will 

be used to study the elemental composition of the synthesized glasses. Raman 

spectroscopy, Fourier transform infrared (FTIR) spectroscopy, and magic angle 

spinning- nuclear magnetic resonance (MAS-NMR) spectroscopy will be 

performed in order to gather information about the chemical bonds and the 

structure of each glass.   

 Biodegradability and antibacterial evaluation of the synthesized bioactive glasses.  

Weight loss measurements after immersion in both deionized water and simulated 

body fluid as well as ion-release measurements after immersion in deionized 

water will be performed in order to investigate the in vitro time-dependent 

behavior of the bioactive glasses under bodily conditions. The ability of the 

glasses to allow for formation of calcium phosphate on their surface will be 

studied by submerging the glasses in simulated body fluid (SBF) for various 

periods of time and analyzing the surface of the submerged glasses via scanning 

electron microscopy (SEM), EDS, XRD, and FTIR. Finally, the antibacterial 
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properties of the glasses will be evaluated by studying the ability of the glasses to 

inhibit both Gram-negative and Gram-positive bacterial growth in vitro. 

 Evaluation of biocompatibility and antineoplastic properties of the synthesized glasses.  

The ability of the glasses to support cell proliferation and function will be 

evaluated using appropriate in vitro cell culture tests. Antineoplastic properties of 

the glasses will be evaluated by conducting cell culture studies with bone cancer 

cell lines.    

 

1.5. Author’s Contribution in the Context of Collaboration 

All glasses under discussion were synthesized by the author. For the structural characterization 

of the glasses, presented in Chapter 2, network connectivity (NC) calculations, image analysis 

for particle size distribution, and Fourier Transform Infrared (FTIR) spectrometer analysis were 

performed by the author; x-ray diffraction (XRD), differential scanning calorimetry, scanning 

electron microscopy, energy dispersive spectroscopy, Raman spectroscopy, and 11B and 31P 

magic-angle spinning/nuclear magnetic resonance (MAS-NMR) were collected by trained 

personnel and the collected data was analyzed by the author. It should be added that the MAS-

NMR analysis were conducted in the University of Ottawa (Ottawa, Canada). Chapter 2 is based 

on the following publication: Rahimnejad Yazdi, A. and Towler, M.R., 2016. The effect of the 

addition of gallium on the structure of zinc borate glass with controlled gallium ion 

release. Materials and Design, 92, pp.1018-1027. 

For the evaluation of degradation, bioactivity and antibacterial potency of the glasses, 

presented in Chapter 3, the XRD, FTIR and antibacterial data were collected and analyzed by the 

author; for ion release and weight loss measurements assistance with aspects of data collection 
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was received from colleagues and the data was analyzed by the author. Chapter 3 is based on the 

following publication: Rahimnejad Yazdi, A., Torkan, L., Stone, W. and Towler, M.R., 2017. 

The impact of gallium content on degradation, bioactivity and antibacterial potency of zinc 

borate bioactive glass, Journal of Biomedical Materials Research Part B: Applied Biomaterials, 

published online Feb 2, 2017. 

For the cytotoxicity and antineoplastic evaluation of the glasses, presented in Chapter 4, 

assistance was received from trained personnel with aspects of data collection, and the data was 

analyzed by the author. Chapter 4 is based on the following manuscript submission: 

Rahimnejad Yazdi, A., Torkan, L., Waldman, S.D. and Towler, M.R., 2017. Development of a 

novel bioactive glass suitable for osteosarcoma-related bone grafts, Journal of Biomedical 

Materials Research Part B: Applied Biomaterials (under review). 
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2. The effect of the addition of gallium 

on the structure of zinc borate glass 

with controlled gallium ion release 
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The work presented in this chapter is based on the following peer-reviewed, published 

paper [131]: 

Rahimnejad Yazdi, A. and Towler, M.R., 2016. The effect of the addition of gallium on the 

structure of zinc borate glass with controlled gallium ion release. Materials and Design, 92, 

pp.1018-1027. 

 

2.1. Introduction 

This chapter discusses the structural characterization of a novel borate-based glass series 

that contain increasing amounts of gallium oxide (Ga2O3). Ga has been chosen for its 

antibacterial and antineoplastic properties as well as its ability to inhibit bone resorption. 2.5, 5, 

10 and 15 wt. % of gallium oxide was added to the glasses’ composition at the expense of B 

oxide. The synthesized glasses were studied using x-ray diffraction (XRD), Scanning electron 

microscopy-energy dispersive spectroscopy (SEM-EDS), differential scanning calorimetry 

(DSC), Fourier transform infrared (FTIR) spectroscopy, Raman spectroscopy and magic-angle 

spinning-nuclear magnetic resonance (MAS-NMR) spectroscopy.   

 

2.2. Materials and Methods 

2.2.1. Glass synthesis 

Five compositions of borate glasses were formulated (Table 2- 1) in order to study the 

effect of substitution of Ga for B. Appropriate amounts of analytical grade reagents (Fisher 

Scientific, Ottawa, ON, Canada; Sigma-Aldrich, Oakville, ON, Canada) were weighed out (by a 

scale with d=0.001 g) in a plastic tub and mixed into a container for 15 min to obtain a 

homogenous mix of all reagents. The mix was dried in oven at 100 °C for 1 hour, and was then 
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transferred to silica crucibles for firing (1200 ºC, 1 h). The glass melts were shock quenched into 

water and the resulting frits were dried, ball milled and sieved to retrieve glass powders with 

particle size of <20 µm and 90-710 µm. 

 

Table 2- 1: Glass compositions (wt. %). 

 Glass1 (G1)  Glass2 (G2) Glass3 (G3) Glass4 (G4) Glass5 (G5) 

B2O3  52  49.5  47  42  37  

ZnO  16 16  16  16  16  

Na2O  14  14  14  14  14  

CaO  12  12 12  12  12  

P2O5  6  6  6  6  6  

Ga2O3 0 2.5  5  10  15  

 

2.2.2. X-ray diffraction (XRD) 

The amorphous state of the synthesized glasses was verified using XRD. Diffraction 

patterns were collected using a PAN analytical X-ray diffractometer with a Cu source from 10 to 

80º, at a scan step size 0.05°. A generator voltage of 45 kV and a tube current of 40 mA were 

employed. Glass powders with a maximum particle size of 20 µm were used as samples. Any 

crystalline phases present in the obtained XRD patterns were identified using the ICDD 

(International Centre for Diffraction Data) standard diffraction patterns. 

 

2.2.3. Scanning Electron Microscopy-Energy Dispersive Spectroscopy (SEM-EDS) 

A JEOL 6380LV scanning electron microscope (SEM) equipped with Oxford energy 

dispersive X-ray spectroscopy (EDS) was used to study the composition and the particle size 
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distribution of the glass powders (Table 2- 2) with the size range of 90-710 µm. All EDS spectra 

were collected at 20 kV. 

Table 2- 2: D10, D50 and D90 values in micrometers for the glass powders. 

G1 G2 G3 G4 G5 

D10 D50 D90 D10 D50 D90 D10 D50 D90 D10 D50 D90 D10 D50 D90 

95 141 271 101 152 277 97 143 282 96 147 279 98 149 276 

 

2.2.4. Differential scanning calorimetry (DSC) 

A combined differential thermal analyser-thermal gravimetric analyser (SDT 2960 

Simultaneous DSC-TGA, TA Instruments, DW, USA) was used to measure the glass transition 

temperature (Tg) and crystallization temperature (TC) for the synthesized glasses. A heating rate 

of 20 °C/min was employed using an air atmosphere with alumina in a matched platinum 

crucible as a reference. Glass powders with a maximum particle size of 20 µm were used as 

samples. Sample measurements were carried out every six seconds between 30 °C and 1300 °C. 

The glass transmission temperature and the crystallization temperature were determined using 

the TA Instrument Universal Analysis 2000 (version 4.5A) software. 

 

2.2.5.  Network connectivity (NC) 

The network connectivity of the glasses was calculated by solving Equation 2-1 using the 

molar compositions of the glasses. Network connectivity calculations were performed assuming 

both network modifier and network former roles for Zn, and network modifier role for Ga. 

NC =
(No.BOs – No.NBOs) 

(Total No.  bridging species)
                                                                                                   (2-1) 
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where NC stands for Network Connectivity, and BOs and NBOs refer to Bridging Oxygens and 

Non-Bridging Oxygens, respectively. The assumed network roles of the elements in the glass 

composition are provided in Table 2- 3. 

Table 2- 3: The assumed role of the elements in the glass network. 

Element B Ca P Na Zn Ga 

Assumed role in 

glass network 
former modifier former modifier former/modifier former/modifier 

 

2.2.6. Fourier transform infrared spectroscopy (FTIR) 

The Perkin Elmer Spectrum 1 spectrophotometer with a scanning range from 4000 to 450 

cm-1 controlled with Spectrum 6 software was used to obtain the FTIR spectra of the samples. 

The spectral resolution was 4 cm-1. Glass powders with a maximum particle size of 20 µm were 

used as samples. Measurements were performed by Attenuated Total Reflectance (ATR) 

technique with a ZnSe crystal. The spectrum for each sample was obtained by averaging 25 

scans. 

 

2.2.7. Raman spectroscopy 

The Raman spectra of the glass powders were studied using a Snowy Range Instruments 

(Sierra Model) Reader with the laser wavelength of 785 nm, the power of 72 mW, and the 

spectral resolution of 4 cm-1. Snowy Range Instruments built-in Software was used to scan and 

generate SPC files, and Grams Software was utilized to generate ASCII files from SPC ones. 

Glass powders with a maximum particle size of 20 µm were used as samples. For each sample, 

five scans were performed and their average was considered as the sample’s Raman spectra. 

Then, the obtained spectra were normalized. 
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2.2.8. Magic-angle spinning- Nuclear magnetic resonance spectroscopy (MAS-NMR) 

300 grams of powdered samples of the synthesized glasses with particle size of <20 µm 

were analyzed using Solid State 31P and 11B MAS-NMR. The 31P MAS NMR spectra were 

acquired with high power continuous wave (CW) 1H decoupling on a Bruker AVANCE III 200 

MHz NMR spectrometer equipped with a 7 mm CPMAS probe.  The MAS rate was 5 kHz, and 

the 31P 90° pulse, acquisition time, and the recycle delay were 3.25 μsec, 10 msec, and 60 sec 

respectively.  All spectra represent at least 40 minutes of data collection.  The chemical shifts 

were referenced externally to ammonium dihydrogen phosphate which was assigned a chemical 

shift of 0.81 ppm with respect to 85% phosphoric acid at 0 ppm.  Data were processed with 50 

Hz of exponential line broadening.  

The 11B NMR spectra were acquired on a Bruker AVANCE 500 MHz NMR 

spectrometer equipped with a 2.5 mm CPMAS probe.  The MAS rate was 20 kHz, and the 

spectra were acquired with a Hahn echo sequence synchronized to the rotor cycle.  The data were 

collected immediately after the 180° pulse, and the data points collected before the echo were 

omitted prior to Fourier transformation.  The 11B 90° pulse (corrected for the central transition of 

11B), echo delay, acquisition time, and the recycle delay were 1.65 μsec, 50 μsec, 20 msec, and 

30 sec respectively.  The chemical shifts were referenced externally to sodium borohydride 

which was assigned a chemical shift of -42.06 ppm with respect to BF3OEt2 at 0 ppm.  Data 

were processed with 100 Hz of exponential line broadening. All spectra represent at least 32 

scans.   
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2.3. Results and discussion 

As it can be seen in Figure 2- 1, the diffraction patterns of all five glasses indicated fully 

amorphous compositions. The EDS spectra of the five synthesized glasses (Figure 2- 2) are also 

in agreement with their nominal compositions shown in Table 2- 1.  

Differential scanning calorimetry (DSC) was employed to measure the glass transition 

temperature (Tg) and the first crystallization temperatures (TC1) of the synthesized glasses. Tg is 

the temperature at which the glass commences to transform from a solid material to a 

supercooled viscous liquid [132].  

 

Figure 2- 1: Diffraction patterns of the synthesized glasses. 
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The DSC curves of the synthesized glasses are similar (Figure 2- 3); however, as it can be 

seen in Table 2- 4, by addition of Ga to the glass composition at the expense of B, both Tg and 

TC1 decrease steadily.  

 

Figure 2- 2: The EDS spectra of the synthesized glasses with normalized counts. 

 

Moreover, as can been seen in Figure 2- 3, the synthesized glasses have multiple 

crystallization peaks; however, only the values for the first crystallization peaks are tabulated in 

Table 2- 4 due to their importance; any subsequent heat treatment of the glass should be 

performed at temperatures lower than the first crystallization temperature in order to maintain the 

amorphous state of the glass. 
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Figure 2- 3: DSC curves of the synthesized glasses; (a) G1, (b) G2, (c) G3, (d) G4, (e) G5.   

 

 (c)  (d) 

(e) 

 (b)  (a) 
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Table 2- 4: Glass transition temperature (Tg) and first crystallization temperature (TC1) of the 

synthesized glasses. 

 G1  G2 G3 G4 G5 

Tg –onset (°C)  487 484 483 477 467 

TC1 (°C) 593 588 584 579 572 

 

The network connectivity (NC) of the synthesized glasses was calculated using Equation 

2-1. The assumed network roles of the elements in the glass composition are provided in Table 

2- 3. Table 2- 5 lists the calculated values of network connectivity for each glass. Zn and Ga are 

both intermediate elements; therefore, the network connectivity of the glasses is calculated for 

both of the possible roles of Zn and Ga in the glass network. As it can be seen in Table 2- 5, the 

network connectivity values are close to two which indicates their susceptibility to degradation 

[19].   

Table 2- 5: The calculated values of network connectivity of the synthesized glass compositions. 

 G1 G2 G3  G4 G5 

NC (Zn: modifier, Ga: modifier) 2.3 2.24 2.16 2.02 1.84 

NC (Zn: former, Ga: modifier) 2.49 2.44 2.39 2.28 2.16 

NC (Zn: modifier, Ga: former) 2.3 2.23 2.16 2.01 1.87 

NC (Zn: former, Ga: former) 2.49 2.43 2.37 2.25 2.13 

 

Table 2- 6: FTIR peak assignments of the synthesized glasses. 

Wave numbers 

(cm-1) 
Assignments (FTIR) 

~700 bending vibrations of B-O-B linkage pentaborate groups 

~930 tetrahedra from diborate groups4 O bonds in BO-stretching vibrations of B 

~1060 stretching vibrations of B3-O-B4 bridges 

~1235 asymmetric stretching vibration of B-O bonds from orthoborate groups 

~1345 stretching vibrations of borate triangles (BØ3 and BØ2O
-) 



32 

 

 

 

Figure 2- 4: FTIR spectra of the synthesized glasses. 

 

The FTIR spectra of the synthesized glasses are illustrated in Figure 2- 4.  

Table 2- 6 shows the assignments of the observed FTIR peaks. The focus of the FTIR 

analysis is on the wave numbers between 650-1600 cm-1 due to the following reasons: the 

occurrence of B-O arrangement vibrations mainly in the range of 400- 1600 cm-1 known as the 

mid-infrared region [133]; lack of significant vibration observed after 1600 cm-1; and the spectral 

lower limit of the ZnSe crystal used for the measurements which is 650 cm-1. Three different 

regions could be identified in the G1 glass with 0% Ga (650-780 cm-1, 780-1166 cm-1, and 1166-

1550 cm-1) which are very similar to those observed in the other four Ga containing glasses. The 

650-780 cm-1 region can be attributed to the bending vibrations of B-O-B linkage in pentaborate 
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groups [133]; the 780-1166 cm-1 region matches the superposition of the bands caused by the 

stretching vibrations of B-O bonds in BO4 tetrahedra from diborate groups and the stretching 

vibrations of B3-O-B4 bridges, which center at ~930 cm-1 and ~1060 cm-1, respectively [133, 

134]; and the 1166-1550 cm-1 region corresponds to the superposition of bands caused by 

asymmetric stretching vibrations of B-O bonds in orthoborate groups at ~1235 cm-1 and borate 

triangles (BØ3 and BØ2O
-) at ~1345 cm-1 [133]. Ø and O- represent bridging oxygens and non-

bridging oxygens, respectively. As it can be seen in Figure 2- 4, by addition of Ga the absorption 

onset of the stretching vibrations of borate triangles shifts to the lower wave numbers and 

changes from 1166 cm-1 for G1 to 1145 cm-1 for G5; such small shifts that take place by 

increasing the Ga in the glass can be seen as an indicator of short-range order rearrangements in 

the structure of the glass network [133].  

 

Figure 2- 5: Raman spectra of the synthesized glasses. 
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Figure 2- 5 shows the Raman spectra of the synthesized glasses. The assignments of the 

Raman peaks are provided in Table 2- 7. The peaks centered at ~420 cm-1 and ~850 cm-1 are 

assigned to the asymmetric vibration of loose BO4- tetrahedra [135]. The peak at ~485 cm-1 is 

assigned to the ring angle (B-O-B) bending [135, 136]. The peak around 670 cm-1 is assigned to 

Metaborate units [135, 136]. The ~755 cm-1 peak is considered to be caused by the symmetric 

breathing vibration of six-membered rings with two BO4 tetrahedra which can occur in diborates, 

tetraborates, or pentaborates [135]. The band around 930 cm-1 is assigned to pentaborate groups 

[135], and that around 1275 cm-1 is considered the result of asymmetric stretching vibration of B-

O bonds from orthoborate groups [133]. The band around 1320 cm-1 is considered as an evidence 

of the presence of loose BO3 units [137], and the peak centered at ~1480 cm-1 is assigned to 

BØ2O
- triangles linked to other borate triangular units [133]. As it can be seen in Figure 2- 5, by 

the addition of Ga to the glass composition, the Raman peaks centered at ~930 cm-1 and ~1320 

cm-1 show a considerable growth in intensity which is an indicator of an increase in the fraction 

of the structural units they represent in the glass structure. 

Table 2- 7: Raman peak assignments of the synthesized glasses. 

Wave numbers (cm-1) Assignments (Raman) 

~420 asymmetric vibration of loose BO4
- tetrahedral 

~485   ring angle (B-O-B) bending 

~670 metaborate units 

~755 
symmetric breathing vibration of six-membered rings with two BO4 

tetrahedra (diborate, tetraborate, or pentaborate) 

~850 asymmetric vivbration of loose BO4
- tetrahedral 

~930 pentaborate groups 

~1275 
asymmetric stretching vibration of B-O bonds from orthoborate 

groups  

~1320 loose BO3 

~1480  BØ2O
- triangles linked to other borate triangular units 
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Figure 2- 6: The 11B NMR MAS spectra for the synthesized glasses. 

 

 

Table 2- 8: The peak centers and peak area percentages from the fitted 11B NMR MAS lineshape 

for G1, G2, G3, G4, and G5. 

 G1 G2 G3 G4 G5 

 BO4 BO3A BO3S BO4 BO3A BO3S BO4 BO3A BO3S BO4 BO3A BO3S BO4 BO3A BO3S 

Area 

(%) 

 

34.04 44.38 21.58 33.46 45.06 21.48 31.92 44.32 23.76 29.63 45.83 24.54 26.54 46.88 26.58 

Peak 

center 

(ppm) 

0.57 9.65 14.92 0.60 9.73 15.00 0.69 9.76 15.08 0.78 9.92 15.25 0.92 10.08 15.47 
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Figure 2- 7: The fit of 11B NMR MAS lineshape for (a) G1, (b) G2, (c) G3, (d) G4, and (e) G5. 

 (a) (b) 

 (d) 

 (e) 

(c) 
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The 11B MAS spectra for the synthesized glasses are shown in Figure 2- 6. The peaks 

centered between 0.5 and 1 ppm are assigned to BO4 units, and the wide superposition between 5 

and 20 ppm is assigned to BO3 units: BO3A (centered at 9.4-10 ppm) and BO3S (centered at 13.9-

14.5 ppm) which represent asymmetric BO3 units with one or two non-bridging oxygens and 

symmetric BO3 units with zero or three non-bridging oxygens, respectively [138, 139]. It has 

been reported that the addition of network modifiers at modifier contents above 35 mol% 

decreases the BO4 concentration and leads to formation of BO3 units with non-bridging oxygens 

[139, 140]. As it can be seen in Figure 2- 6, the BO4/BO3 ratio decreases by addition of Ga to the 

glass structure at the expense of B. The peak area analysis that were conducted after curve fitting 

show that the introduction of 15 wt.% Ga to the glass structure causes 7.5% drop in the fraction 

of BO4 units, and  2.5% and 5% rise in the fraction of BO3A and BO3S units, respectively (Figure 

2- 7 and Table 2- 8).  

Phosphorus (P) in mixed glass former borophosphate glasses is known to participate in 

the glass network as a former by bonding to the neighboring P or B via bridging oxygens. 

Depending on the composition, P may be connected to between zero and four bridging oxygens. 

However, when the P/B ratio drops, so does the number of bridging oxygens connected to each 

P. Moreover, the drop in the P/B ratio is accompanied by a significant change in the chemical 

shift in the positive direction [138, 141]. For example, Christensen et al. [141] reported a 21 ppm 

shift to the positive direction in the 31P NMR peak for the P2 structural units as the B/P molar 

ratio was raised from zero to nine in a series of sodium borophosphate glasses. The P/B molar 

ratio in the synthesized glasses falls in the range of 0.05-0.08 where a considerable presence of 

phosphorus ions with three and four bridging oxygens is not expected.   
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Figure 2- 8: The 31P NMR MAS spectra for the synthesized glasses 

 

Table 2- 9: The peak centers and peak area percentages from the fitted 31P NMR MAS lineshape 

for G1, G2, G3, G4, and G5. 

 G1 G2 G3 G4 G5 

 P1 P2 P1 P2 P1 P2 P1 P2 P1 P2 

Area 

(%) 

 

33.64 66.36 24.58 75.42 47.79 52.21 82.51 17.49 82.97 17.03 

Peak 

center 

(ppm) 

6.91 1.18 7.07 2.33 6.02 1.65 5.63 -1.76 5.91 -0.59 

 

 

 



39 

 

  

  

 

Figure 2- 9: The fit of 31P NMR MAS lineshape for (a) G1, (b) G2, (c) G3, (d) G4, and (e) G5. 

 (a)  (b) 

(c) (d) 

(e) 
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The 31P MAS spectra for the synthesized glasses are shown in Figure 2- 8. All glasses 

have a broad superposition centered in the range of 4.8-5.3 ppm that gets smaller on the right-

hand side by the addition of Ga. This superposition is attributed to the overlap of peaks of 

orthophosphate units with one bridging oxygen (P1) and orthophosphate units with two bridging 

oxygens (P2) [138]. The curve fittings and the area analysis (Figure 2- 9 and Table 2- 9) show 

that- despite a slight increase for G2- the fraction of P2 units generally drops by the addition of 

Ga at the expense of B. Furthermore, as Ga increases at the expense of B, the P/B molar ratio 

increases from 0.05 in G1 to 0.08 in G5 which can cause the fluctuation observed in the fraction 

of P2 units and is accompanied by alterations in the position of P2 peaks that indicate changes in 

the intermediate range order of the glass network [138]. Such changes in the structure of the 

glass network were also identified in the Raman spectroscopy analysis of these glasses as 

discussed earlier in the current chapter. 

 

2.4. Chapter Summary 

The structural analyses on the synthesized glasses shows that the addition of Ga leads to 

alterations in the glass network. The XRD patterns of all five synthesized glasses confirmed that 

the glasses were amorphous. The DSC results showed a steady drop in the glass transition and 

crystallization temperatures by addition of Ga. The calculated network connectivity values were 

close to two which is known as sign of susceptibility to biodegradation [19]. The FTIR analysis 

identified pentaborate, diborate, and orthoborate groups, as well as borate triangles (BØ3 and 

BØ2O
-). Small shifts in the position of FTIR peaks of borate triangles to the higher wave 

numbers were observed in glasses with more Ga content; such shifts indicate that introduction of 

Ga causes short-range order rearrangements in the glass structure. The Raman spectroscopy data 
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showed the presence of loose BO4- tetrahedra, metaborate, diborate, pentaborate, orthoborate, 

loose BO3, BØ2O
- triangles, and possibly tetraborate groups. It also revealed that the addition of 

Ga leads to an increase in the fraction of pentaborate and loose BO3 groups. The 11B MAS NMR 

results showed that the BO4/BO3 ratio decreases by the addition of Ga, and the introduction of 15 

wt. % Ga to the glass structure caused 7.5% drop in the fraction of BO4 units, and 2.5% and 5% 

rise in the fraction of BO3A and BO3S units, respectively. The 31P MAS NMR analysis detected 

orthophosphate units with one (P1) and two (P2) bridging oxygens, and identified a decreasing 

trend in the fraction of P2 units by the addition of Ga.  
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3. The impact of gallium content on 

degradation, bioactivity and 

antibacterial potency of zinc borate 

bioactive glass 
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The work presented in this chapter is based on the following peer-reviewed, published 

paper [142]: 

Rahimnejad Yazdi, A., Torkan, L., Stone, W. and Towler, M.R., 2017. The impact of 

gallium content on degradation, bioactivity and antibacterial potency of zinc borate bioactive 

glass, Journal of Biomedical Materials Research Part B: Applied Biomaterials, published online 

Feb 2, 2017. 

 

3.1. Introduction 

In the previous chapter the structural characterization of a novel borate-based glass series 

that contained increasing amounts (2.5, 5, 10, and 15 wt. %) of gallium oxide were discussed, 

and the results showed that Ga was successfully incorporated in the structure of the synthesized 

glasses without forming additional crystalline phases that can impede the bioactivity of the glass.  

 This chapter discusses the degradation, bioactivity in SBF and antibacterial properties of 

the series. The weight loss profiles of the glasses were obtained after incubation for 1, 7 and 28 

days in both deionized (DI) water and simulated body fluid (SBF). The released ions in the 

degradation extracts were quantified using ICP-AES. The surface of the samples incubated in 

SBF were studied using FTIR, SEM and XRD. Moreover, the agar disc-diffusion method and P. 

aeruginosa (Gram-negative) and S. epidermidis (Gram-positive) were utilized in order to 

investigate the antibacterial behavior of the glasses.  
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3.2. Materials and methods 

3.2.1. Glass synthesis and preparation 

Glass synthesis and preparation for this work was performed as described in Section 

2.2.1.  

3.2.2. Weight loss and ion release 

Glass powders were soaked in deionized water (with the ratio of 0.5 g powders to 50.0 

mL solution [143]) for 1, 7, and 28 days at 37 °C. Glass particles within the size range of 90-710 

µm and D10, D50, and D90 values shown in Table 2- 2 were used as samples. The samples were 

filtered after 1, 7 and 28 days soaking in deionized water. 

The filtered solutions were tested by ICP-AES (Perkin Elmer Optima 7300, Waltham, 

MA, USA) in order to measure the concentration of released B, Ca, Ga, P, Na, and Zn ions. Five 

calibration standards were prepared for each element and deionized water was used as control.  

Measurements were repeated three times for each sample. After incubation, the glass powders 

were dried in an oven at 37 °C for 48 hours and weighed in order to measure the weight loss. 

  

3.2.3. Simulated body fluid (SBF) trial 

3.2.3.1. SBF preparation and incubation  

The SBF composition shown in Table 3- 1 was prepared in accordance with the 

procedure described by Kokubo & Takadama [3]. The reagents were added, in the order shown 

in Table 3- 1, to 700 ml of deionized water and mixed by a magnetic stirrer at 36.5°C. The pH of 

the solution was adjusted to 7.4 by gradual addition of 1.0M –HCl, and deionized water was 

added to the solution to increase its volume to 1 l. Glass powders were soaked in SBF (with the 

ratio of 0.50 g powders to 50.0 mL solution [143]) for 1, 7, and 28 days at 37 °C. Glass particles 
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within the size range of 90-710 µm and D10, D50, and D90 values shown in Table 2- 2 were 

used as samples. The samples were filtered after 1, 7 and 28 days soaking in SBF. The glass 

powders were rinsed gently with deionized water, dried in an oven at 37 °C for 48 hours, and 

their weight was measured in order to calculate their weight loss in SBF.   

 

Table 3- 1: Order and amounts of reagents for preparing 1000 ml of SBF. 

Order Reagent Amount 

1 NaCl 8.035g 

2 NaHCO3 0.355g 

3 KCl 0.225g 

4 K2HPO4.3H2O 0.231g 

5 MgCl2.6H2O 0.311g 

6 1.0M -HCl 39 ml 

7 CaCl2 0.292g 

8 Na2SO4  0.072g 

9 Tris 6.118g 

 

3.2.3.2. Scanning electron microscopy- energy dispersive spectroscopy  

A JEOL 6380LV scanning electron microscope (JEOL USA, Inc.) equipped with Oxford 

energy dispersive X-ray spectroscopy (EDS) was used to study the composition and observe the 

surface of the glass powders after incubation in SBF. The glass powders were coated with gold, 

and EDS spectra were collected at 20 kV. 

3.2.3.3. Fourier transform infrared spectroscopy (FTIR)  

The Agilent Cary 630 FTIR spectrometer (Agilent Technologies, Santa Clara, CA, USA) 

with a scanning range from 4000 to 650 cm-1, controlled with Microlab software, was used to 

obtain the FTIR spectra of the incubated glass powders. The spectral resolution was 4 cm-1. 
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Measurements were performed by Attenuated Total Reflectance (ATR) technique with a 

diamond crystal. The spectrum for each sample was obtained by averaging 4 scans. 

 

3.2.3.4. X-ray diffraction (XRD)  

XRD analysis was used to study the crystallinity of the precipitations on the glass surface 

after immersion in SBF and determine the potential crystalline phases. Diffraction patterns were 

collected using a Philips PW3710 X-ray diffractometer with a Cu source from 20 to 55º, at a 

scan step size of 0.02°. A generator voltage of 40 kV and a tube current of 40 mA were 

employed. Any crystalline phases present in the obtained XRD patterns were identified using the 

ICDD (International Centre for Diffraction Data) standard diffraction patterns. 

 

3.2.4. Antibacterial evaluation 

The antimicrobial properties of the glass powders were evaluated using the Agar Disk 

Diffusion method [144], against both P. aeruginosa (Gram-negative) and S. epidermidis (Gram-

positive) species. Glass powders were sterilized by exposing them to ultra violet (UV) light in a 

biological safety cabinet overnight. The diameter of the glass powder site was 10 mm, and 0.1 

gram of glass powder was used for each site. The antibacterial properties of the glass powders 

were quantitatively assessed on bacterial lawns, spread on Tryptic Soy Agar (3 g/L Tryptic Soy 

Broth, 15 g/L agar). All chemicals were purchased from Fisher Scientific (Ottawa, ON, Canada). 

Bacterial cultures were grown to exponential phase (12–16 h), diluted in Physiological Saline 

Solution (9 g/L NaCl) to 106 cells/mL, and spread onto Tryptic Soy Agar (TSA). Antimicrobial 

properties were quantified by measuring and comparing the zones of growth inhibition. Each 

plate had a single microbial species, and each species was repeated in triplicate for statistical 
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comparisons. The diameters of the bacterial inhibition zones were measured (mm) and the means 

of triplicate samples were calculated. 

 

3.2.5. Statistical analysis 

Non-parametric Kruskal-Wallis H Test was used to analyze the data and report the 

statistically significant differences when p-value ≤ 0.05. Statistical analysis was performed on 

groups where n ≥ 3 using SPSS software (IBM SPSS statistics 21, IBM Corp., Armonk, NY, 

USA).  

 

3.3. Results and discussion 

 The degradation of the glasses in both deionized water and SBF was accompanied by 

weight loss. Figure 3- 1 shows the percentage weight loss of the synthesized glasses after 1, 7 

and 28 days of immersion in both deionized water and SBF. Weight losses were higher for all 

three immersion periods in deionized water compared to those immersed in SBF. For samples 

immersed in deionized water, G1 had the highest percentage weight loss for all three immersion 

periods, and percentage weight loss of the glasses decreased slightly by the addition of Ga. 

Moreover, for all five compositions, weight loss increased at a higher rate in the first week of 

incubation, compared to the following 3 weeks. Samples immersed in SBF also showed a rapid 

increase in weight loss during the first week of incubation. However, there was a slight weight 

gain observed for G1, G2, G3 and G4 compositions after 28 days of incubation compared to 

those incubated for 7 days, and for the same period, G5 composition did not experience any 

weight change. The observed weight gains or lack of weight loss in SBF can be attributed to the 

formation of Ca-P and precipitation of the released ions on the surface of the glass powders. 
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According to Kruskal-Wallis H Test analysis, the degradability values of different glass 

compositions, in both deionized water and SBF, in 1, 7 and 28 days groups were significantly 

different (P ≤ 0.05), with the exception of the 7 days data for deionized water (Table 3- 2). 

 

Table 3- 2: The p-values for degradability measurements of the glasses according to the Kruskal-

Wallis H Test. 

 1 day 7days 28 days 

Deionized water 0.027 0.121 0.036 

SBF 0.019 0.015 0.014 

 

The low solubility products of the released ions can cause them to precipitate on the glass 

surface either as a separate phase or as a solid solution in Ca-P or HA which will lower the 

weight loss of the glass [145]; incomplete dissolution of the elements of the glass is also another 

factor that can cause partial conversion of the glass to Ca-P or HA. Borate based bioactive 

glasses, unlike silicates, do not have a SiO2 rich layer separating the unconverted glass from the 

precipitated Ca-P, HA or HA-like material layer, and diffusion of the ions to the interface is 

considered as the rate controlling factor [145].   

ICP measurements were conducted in order to determine the quantity of the various 

released ions from the glass after 1, 7 and 28 days incubation. It can be seen in Figure 3- 2 that, 

except for Ga, the release of ions from the glass follows a descending trend going through the 

series.  ICP measurements showed that boron ions had the highest concentration in the solutions 

for G1, G2, and G3 glasses. However, as more B is replaced by Ga in G4 and G5, the 

concentration of sodium ions surpasses boron ion concentration. Moreover, the concentrations of 
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B, Na, Ca and Ga ions (only in Ga containing glasses) released into the solution were 

considerably higher than those of P and Zn ions. 

 

  

(a) (b) 

 

 

(c) 

 

Figure 3- 1: The weight loss percentages of the synthesized glasses in deionized water and SBF 

after (a) 1, (b) 7 and (c) 28 days of incubation at 37 °C; error bars represent standard deviation.  
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The ICP measurements are in agreement with the results from the weight loss trials which 

also show higher weight loss percentages for glass compositions with less Ga content. The 

concentrations of ions in solutions show considerable growth over the first 7 days, but their 

release rate declines sharply during the following three weeks; similar trends were observed in 

the weight loss trials. Kruskal-Wallis H Test statistical analysis showed that the measured 

concentrations for different glass compositions after 1, 7 and 28 days were significantly different 

(P ≤ 0.05), with the exception of 1 and 7 days data for phosphorus ions and 7 days data for zinc 

ions (Table 3- 3). 

The decline in the degradation of the glasses by the addition of Ga, observed by both ion 

release and weight loss results, is due to the changes in the glass network structure as Ga is 

added to the glass composition at the expense of B.  Similar trends have been previously reported 

suggesting that the addition of Ga contributes to lower degradability of the glass [33, 34, 35]. 

 

 

 

 

 

 

 



51 

 

  

  

  

  

  

Figure 3- 2: The concentration of the ions released from G1, G2, G3, G4, and G5 after soaking in DI water for 

1, 7, and 28 days at 37°C; (a) Ga, (b) Zn, (c) Na, (d) P, (e) B, (f) Ca; error bars represent standard deviation. 

 

 

 

 (a)  (b) 

(c)  (d) 

(e)  (f) 



52 

 

Table 3- 3: The p-values for ion release measurements of the glasses according to Kruskal-Wallis 

H Test. 

Element 1 day 7days 28 days 

B 0.009 0.011 0.011 

Ca 0.009 0.009 0.014 

Ga 0.009 0.009 0.009 

Na 0.009 0.009 0.014 

P 0.106 0.848 0.031 

Zn 0.01 0.112 0.01 

 

The structural analysis of the glasses showed a rise in the ratio of BO3 to BO4 units as Ga 

percentage in the glasses increased [131]. These new BO3 units could either be symmetric (with 

three bridging oxygens or three non-bridging oxygens) or asymmetric (with one or two bridging 

oxygens). Given the weight loss and ion release results and the contribution of non-bridging 

oxygens to the higher degradability of the glasses, more symmetric BO3 units with three bridging 

oxygens and asymmetric BO3 units with two bridging oxygens appear to be formed in the glass 

network by increasing the Ga content in the synthesized glasses. However, the growth of 

bridging oxygens when the ratio of BO3 to BO4 increases in glasses with modifier content of 

higher than roughly 35 mol% is contrary to the findings of pervious reports on borate based 

glasses with different formulations [139, 140].  

SEM images of the powders after 24 hours immersion in SBF showed precipitations on 

the surface for all five compositions (Figure 3- 3). The morphology of the observed 

precipitations is comparable to Ca-P and HA precipitations on bioactive glasses reported in the 

literature [33, 94, 146, 147]. The normalized EDS spectra of the synthesized glasses after 

incubation in SBF revealed that the Ca and P on the surface of the incubated glass powders 
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increase with immersion time (Figure 3- 4). Similar trends have been reported for incubated 

bioactive glasses [33, 94, 146, 147]. The observed increase in the intensity of the Ca, P, and Zn 

peaks in the EDS spectra can be seen as an indication of formation of Ca-P layer where Ca 

appears to be partially replaced by Zn; this partial replacement of Ca with Zn has been 

previously reported for other bioactive glasses with Zn in their composition [148, 149, 150, 151, 

152]. Further analyses such as FTIR and XRD can provide more information about the chemical 

composition and crystallinity of the observed precipitations.  

  

(a) (b) 

  

(c) (d) 

Figure 3- 3: SEM image of the precipitations on the surface of a G1 glass particle; (a) before 

immersion in SBF, and after immersion in SBF for: (b) 1 day, (c) 7 days, and (d) 28 days. 
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                  (a)           (b)  

 

(c)  

 

Figure 3- 4: The normalized EDS spectra of G3 glass particles after incubation in SBF for (a) 1, 

(b) 7, and (c) 28 days. 

 

XRD analysis did not detect any crystalline phase on the glass powders after incubation 

in SBF (as shown in Figure 3- 5). The amorphous state of the precipitations is in agreement with 

the previous investigations that have suggested Zn can inhibit the crystallization of the 

precipitations from the released ions and those in SBF by slowing down the growth and 

crystallization kinetics [148, 149, 150, 151, 152].    
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Figure 3- 5: X-ray Diffraction pattern of G5 particles after immersion in SBF for 28 days. 

 

The FTIR spectra of the synthesized glasses before and after immersion in SBF for 1, 7 

and 28 days are illustrated in Figure 6. In the raw glasses (before immersion in SBF), only the 

characteristic peaks of various B-O bonds were observed. The peaks of the raw glasses include 

~700 cm-1: bending vibrations of B-O-B linkage in pentaborate groups; ~930 cm-1: stretching 

vibrations of B-O bonds in BO4 tetrahedra in diborate group; ~1060 cm-1: stretching vibrations of 

B3-O-B4 bridges; ~1235 cm-1: asymmetric stretching vibration of B-O bonds in orthoborate 

groups; and ~1345 cm-1: stretching vibrations of borate triangles (BØ3 and BØ2O
-) [131]. 

However, the immersion of glasses in SBF causes an ion exchange between the solution 

and the glass powder, and this ion exchange causes the precipitation of Ca2+ cations and PO4
3- 

anions on the surface of the glass powders. The resultant layer on the glass is amorphous Ca-P 

that can crystallize to HA [33, 94]. But, due to the fact that incubation of the glasses in SBF has 

been carried out in the presence of air, the atmospheric CO2 could dissolve into the solution 



56 

 

which can lead to partial substitution of CO3
2- for OH- in the precipitated layer and eventually 

formation of carbonated hydroxyapatite (HCA) instead of HA.    

  

  

 

Figure 3- 6: The FTIR spectra of the synthesized glasses before and after immersion in SBF for 

1, 7 and 28 days; (a) G1, (b) G2, (c) G3, (d) G4, (e) G5.  

 

 

 

(a) (b) 

(c)  (d) 

 (e) 
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The FTIR results show that the characteristic peaks of B-O bonds were replaced for 

samples that were immersed in SBF. The peaks between ~1000 cm-1 and ~1100 cm-1 are 

attributed to calcium phosphate [33, 153, 154, 155]; the peaks at ~1390 cm-1 and ~1640 cm-1 

correspond to C-O resonance in CO3
2- [33, 155, 156, 157]; and the broad peak between ~3000 

cm-1 and ~3700 cm-1 can be attributed to the resonance of the O-H bond [158]. As can be seen in 

Figure 6, the intensity of calcium phosphate and O-H peaks shows a steady rise by increasing the 

immersion time for all the glass compositions which is an indicator of a rise in the quantity of the 

deposited Ca-P layer.  

Antimicrobial evaluation revealed contrasting inhibition trends between the two strains of 

bacteria with distinct Gram-stain characteristics. Glasses with higher Zn ion release had a 

stronger inhibitory effect on the Gram-positive bacterium (Figure 3- 2 and Figure 3- 7). Glasses 

with higher Ga ion release inhibited the growth of Gram-negative bacterium more effectively 

(Figure 3- 2 and Figure 3- 8). The changes in the sizes of the inhibition zones were consistent 

with the ion release profiles of Zn and Ga, indicative of their antibacterial efficacy. It was shown 

that the Zn ions from all of the glass samples had antibacterial effect on the Gram-positive 

species, S. epidermidis. However, this was not the case with the Gram-negative species, P. 

aeruginosa, which had no visible inhibition when incubated with the glass sample containing 0% 

Ga concentration (G1). In contrast, the varying quantities of Ga in the glass samples G2 to G5 

showed considerably higher levels of inhibition, consistent with the increase in Ga content. 

Kruskal-Wallis H Test statistical analysis showed that the measured inhibition zones, for both 

species, for different glass compositions in 1, 7 and 28 days groups were significantly different 

(P ≤ 0.05), with the exception of the 28 days data for S. epidermidis (Table 3- 4). 
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Table 3- 4: The p-values for inhibition zone measurements of the glasses according to Kruskal-

Wallis H Test. 

 1 day 7days 28 days 

S. epidermidis 0.016 0.03 0.06 

P. aeruginosa 0.012 0.009 0.009 

 

 

 

Figure 3- 7: Inhibition zone diameters of the synthesized glasses against S. epidermidis after 1, 7, 

and 28 days of incubation (irregular growth of bacteria in the inhibition zone was observed in 7 

and 28 day samples); error bars represent standard deviation. 
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Figure 3- 8: Inhibition zone diameters of the synthesized glasses against P. aeruginosa after 1, 7, 

and 28 days of incubation (irregular growth of bacteria in the inhibition zone was observed in 28 

day samples); error bars represent standard deviation. 

 

The mechanism of action for the Zn ion involves its attachment to the microorganism’s 

membrane, or cell wall [159]. In a previous study, it was found that Gram-positive bacteria were 

more susceptible to Zn ions than those that were Gram-negative. In some cases, they were not 

inhibited even at significantly higher concentrations [160]. This difference in affinity has been 

attributed to the disparity of the peptidoglycan layers and the higher content of associated protein 

constituents in the Gram-positive bacterium cell wall [161]. The results have also been 

corroborated by another study conducted by Atmaca et al. [162], where the antimicrobial effects 

of the Zn ion against S. epidermidis were statistically significant. 

The Ga ion can exhibit antibacterial activity through the interference of various enzymes 

involved in vital metabolic functions, such as DNA synthesis and electron transport [163]. These 
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processes and their associated enzymes require iron (Fe) for proper functioning, proving to be a 

major vulnerability for invading bacteria since free Fe levels in vivo are low due to consumption 

by the host [163]. Ga has a nearly identical ionic radius to iron and has been shown to disrupt 

these Fe-dependent properties by remaining in its trivalent state, rather than being reduced under 

physiological conditions [164]. Previous studies have demonstrated the Ga ion’s ability to inhibit 

the growth of P. aeruginosa in a dose-dependent manner by targeting Fe metabolism [165]. 

Following inhibition, a high molar ratio (5:1) of Fe to Ga was needed to restore bacterial growth 

and reverse the antibacterial effect, thus revealing Ga’s involvement in the mediation of iron-

requiring processes [165]. 

 

3.4. Chapter Summary 

The degradation, ability to form Ca-P/HA on their surface in SBF, and antibacterial 

activity of the synthesized zinc borate glasses were investigated. The degradation experiments 

showed that the weight loss percentages were considerably higher for samples immersed in 

deionized water than those immersed in SBF, and the weight loss percentage of the glasses 

decreased slightly by the addition of Ga. Samples immersed in SBF did not experience weight 

loss after 28 days in comparison to 7 day samples which can be caused by the formation of Ca-P 

and precipitation of the released ions on the surface of the glass powders. ICP measurements 

showed that, except for Ga, the release of ions from the glass followed a descending trend with 

the addition of Ga to the glasses’ formulations at the expense of B. Both ion release and weight 

loss results showed a decline in the degradability of the glasses by the addition of Ga. The 

previously reported structural analyses of these glasses have shown a rise in the ratio of BO3 to 

BO4 units as the Ga percentage in the glasses increases [131], and considering the contribution of 
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non-bridging oxygens to the higher degradability of the glasses, more symmetric BO3 units with 

three bridging oxygens and asymmetric BO3 units with two bridging oxygens appear to be 

formed in the glass network by increasing the Ga content in the synthesized glasses. 

Precipitations could be observed in the SEM images for all samples after immersion in SBF, and 

EDS analysis showed an increase in the concentration of Ca, P, and Zn on the surface of those 

samples after longer immersion periods. XRD analysis revealed the amorphous state of the 

observed precipitations; this can be explained by the presence of Zn in glasses and solutions 

which inhibits crystallization of the precipitations by slowing down the growth and 

crystallization kinetics. FTIR analysis showed that the intensity of calcium phosphate and O-H 

peaks rise steadily by increasing the immersion time for all the glass compositions which is an 

indicator of larger quantities of the deposited Ca-P layer. Finally, the antibacterial evaluation of 

the glasses revealed that glasses with higher Zn ion release had a more significant inhibitory 

effect on the Gram-positive bacterium (S. epidermidis), and glasses with higher Ga ion release 

could inhibit the growth of Gram-negative (P. aeruginosa) bacterium more effectively. 
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4. Development of a novel bioactive 

glass suitable for osteosarcoma-

related bone grafting applications 
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The work presented in this chapter has been accepted for publication as follows [166]:  

Rahimnejad Yazdi, A., Torkan, L., Waldman, S.D. and Towler, M.R., 2017. 

Development of a novel bioactive glass suitable for osteosarcoma-related bone grafts, Journal of 

Biomedical Materials Research Part B: Applied Biomaterials (accepted). 

 

4.1. Introduction 

In the previous chapters the structural characterization, bioactivity and antibacterial 

properties of a novel borate-based glass series that contain increasing amounts (2.5, 5, 10, and 15 

wt. %) of Ga were discussed. The results showed that Ga was successfully incorporated in the 

structure of the synthesized glasses without forming additional crystalline phases that could 

impede the bioactivity of the glass. The bioactivity studies confirmed the presence of an 

amorphous Ca-P layer on glass samples immersed in SBF, and the antibacterial evaluation of the 

glasses confirmed their effectiveness against both Gram-positive and Gram-negative bacterial 

species.   

 This chapter discusses the suitability of these glasses for osteosarcoma-related bone 

grafting applications. The effect of these glasses on viability and proliferation of preosteoblasts 

and osteosarcoma cancer cells were studied in vitro. Methyl Thiazolyl Tetrazolium (MTT) cell 

viability assays were used to investigate the behavior of preosteoblasts and osteosarcoma cells 

after exposure to various glass degradation extracts in order to choose the most suitable 

compositions for osteosarcoma-related bone grafts. The selected compositions were further 

studied (in powder form) using both preosteoblasts and osteosarcoma cells. Finally, Live/Dead 

assays were performed in order to determine the mechanism behind the observed drop in the cell 

viability values of osteosarcoma cells exposed to the selected glass composition. 
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4.2. Materials and methods 

4.2.1. Glass synthesis and preparation  

Glass synthesis and preparation for this work was performed as per Section 2.2.1.  

 

4.2.2. Glass degradation extracts 

Glass degradation extracts preparations and ICP measurements of the released ions for 

this work were performed as per Section 3.2.2.  

 

4.2.3. MTT cell viability tests 

4.2.3.1. Cytotoxicity of the glasses’ degradation extracts 

Cell viability assays using the Methyl Thiazolyl Tetrazolium (MTT) kits were conducted 

to determine in vitro cytotoxicity of the glasses. Preosteoblastic MC3T3-E1 (ATCC CRL-2593) 

and SaOS2 Osteosarcoma (ATCC HTB-85™) cells were used for this study. Cells were seeded 

into 24 well plates at a density of 10,000 cells per well in Minimum Essential Medium Alpha 

(MEMα) supplemented with 10% fetal bovine serum and 1% (2 mM) L-glutamine (Cambrex, 

MD, USA) and maintained in a cell culture incubator at 37˚C /5% CO2. 24 hours after seeding, 

100 μl of liquid extract (from the degradation samples at 1, 7 and 30 days for all glasses) was 

added into the wells containing the cells in culture medium (1 ml) and further cultured for 24 h. 

The MTT was added in an amount equal to 10% of the culture medium volume/well. The 

cultures were then re-incubated for a further 2 hr (37˚C /5% CO2) after which they were removed 

from the incubator and the resultant formazan crystals were dissolved by adding an amount of 

MTT Solubilization Solution (10% Triton x-100 in Acidic Isopropanol (0.1 n HCI)) equal to the 

original culture medium volume. Once the crystals were fully dissolved, the absorbance was 
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measured at a wavelength of 570 nm. Control media and cells cultured in absence of liquid 

extracts were used as a reference. This cytotoxicity experiment was repeated in triplicate for 

degradation extracts of each glass composition and degradation period. 

 

4.2.3.2. Cytotoxicity of the glass powders 

After conducting cytotoxicity tests with the glass extracts, G3 glass formulation was 

selected for further analysis as it was nontoxic to preosteoblasts (healthy bone cells) and did not 

enhance the viability of osteosarcoma cancer cells. 1, 2, and 5 mg of G3 glass powders were 

weighed (Mettler- Toledo XP26, Max 22 g, d=0.001 mg) and sprinkled on the bottom of the 

wells. Then, preosteoblastic MC3T3-E1 (ATCC CRL-2593) and SaOS2 Osteosarcoma (ATCC 

HTB-85™) cells were seeded into the well plates at a density of 10,000 cells per well in 

Minimum Essential Medium Alpha (MEMα) supplemented with 10% fetal bovine serum and 1% 

(2 mM) L-glutamine (Cambrex, MD, USA) and cultured for 48 hours. The MTT was added in an 

amount equal to 10% of the culture medium volume/well. The cultures were then re-incubated 

for a further 2 hr (37˚C/5% CO2) after which the cultures were removed from the incubator and 

the resultant formazan crystals were dissolved by adding an amount of MTT Solubilization 

Solution (10% Triton x-100 in Acidic Isopropanol (0.1 n HCI)) equal to the original culture 

medium volume. Once the crystals were fully dissolved, the absorbance was measured at a 

wavelength of 570 nm. Control media and healthy growing cell population were used as a 

reference. This cytotoxicity experiment was repeated in triplicate for G3 glass powder. 
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4.2.4. Live/Dead cell viability  

Fluorescence-based Live-Dead assay (Molecular Probes Inc. OR, USA) with calcein AM 

(for labeling live cells) and EthD-1 (for labeling dead cells) were used to evaluate the viability of 

the preosteoblastic MC3T3-E1 (ATCC CRL-2593) and SaOS2 Osteosarcoma (ATCC® HTB-

85™) cells after exposure to G3 glass powders. First, adherent cells were cultured with 1, 2, and 

5 mg of glass powders in 24 well plates as confluent monolayers. Cells were then washed with 

PBS to remove serum esterase activity in growth media. Next, 100 µL of the combined 

Live/Dead assay reagents with standard concentrations (2µM calcein AM and 4 µM EthD-1) 

were added directly to the wells to cover all cells. Then the cells were incubated for 45 minutes 

at room temperature. After incubation, wells were rinsed with PBS and labeled cells were viewed 

under microscope (Zeiss Axio Observer A1). 

 

4.2.5. Statistical analysis 

The non-parametric Kruskal-Wallis H test and Mann-Whitney U test were used to 

analyze the data, compare the relative means, and report any statistically significant differences 

when P ≤ 0.05. Statistical analysis was performed on all groups where 3 ≤ n ≤ 9. Statistical 

analysis was performed using SPSS software (IBM SPSS statistics 21, IBM Corp., Armonk, NY, 

USA). 

 

4.3. Results and discussion 

Preosteoblast (PO) cells were initially tested with degradation extracts obtained by 

immersion of the glass particles containing varying Ga concentrations (G1-G5) in deionized 

water for assorted lengths of time. The results from the cell viability test, determined by MTT 
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assays, are presented in Figure 4- 1. The goal of this test was to determine the glass compositions 

with biologically feasible Ga concentrations to allow for viability of preosteoblasts. As seen in 

Figure 4- 1, the average number of viable cells generally declined as Ga content increased. For 1 

day extracts, all glass compositions facilitated increased cell viability compared to the control; 

for 7 day extracts, G1-G3 compositions facilitated better cell viability compared to the control; 

and for 28 day extracts, G1-G4 were found to increase cell viability with respect to the control. It 

is possible that the G5 extracts (7 days and 28 days) contained levels of Ga that surpassed the 

toxic level for preosteoblasts. This would explain the reduced cell viability in the G5 extract 

relative to the control media. According to the Kruskal-Wallis H test, the measurements for 

preosteoblast cell viability in different extracts for each incubation time were significantly 

different (P ≤ 0.05): P1day = 0.007, P7days = 0.009, and P28days = 0.012. The statistical significance 

between the means for each incubation time were compared using the Mann-Whitney U test 

(Table 4- 1). The Mann-Whitney U test results confirm that the observed reductions in the 

preosteoblast cell viability for all G5 extracts (1day, 7 days, and 28 days) with respect to control 

samples were statistically significant. It should be noted that the statistical significance of the 

results (viability of PO in the presence of glass extracts) were already confirmed using Kruskal-

Wallis H test and all the reported p-values were calculated using SPSS software as mentioned in 

Section 4.2.5.  

At non-toxic levels, Ga-releasing substances have been studied and proven to have a 

number of benefits with respect to bone metabolism. Gallium nitrate has been used in both in 

vivo and in vitro models for the purpose of inhibiting bone resorption without cytotoxic effects 

on bone cells [72, 74, 75, 76, 167]. Studies conducted by means of Ga-treated rat calvaria 

suggest that Ga ions may act directly on osteoblasts at the level of gene expression. It was found 
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that treatment with gallium nitrate can suppress stimulation of osteocalcin (OC), an abundant 

protein synthesized by osteoblasts; reduction of synthesis of OC in vivo is associated with 

enhanced mineralization [78, 168]. Osteocalcin has been hypothesized to serve as a signal 

molecule synthesized by osteoblasts in order for resorption to commence [77, 169, 170, 171]. 

Suppression of resorption would indicate to the cell that collagen and bone formation is favored, 

thus promoting preosteoblast proliferation. Since it has been shown that Ga affects protein 

synthesis related to the fully differentiated osteoblast phenotype, it is possible that optimal levels 

of Ga could contribute to the enhancement of preosteoblast proliferation and differentiation. 

 

  

 

Figure 4- 1: The viability of the preosteoblast cells in the presence of (a) 1 day, (b) 7 day, and (c) 

28 day glass extracts; error bars represent standard deviation. 

 

 (a)  (b) 

(c) 
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Table 4- 1: The p-values for the PO cell viability measurements of the glass extracts and control 

(C) according to Mann-Whitney U test: Those with P > 0.05 are underlined. 

 C, 

G1 

C, 

G2 

C, 

G3 

C, 

G4 

C, 

G5 

G1, 

G2 

G1, 

G3 

G1, 

G4 

G1, 

G5 

G2, 

G3 

G2, 

G4 

G2, 

G5 

G3, 

G4 

G3, 

G5 

G4, 

G5 

P1day 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.376 0.05 0.127 

P7days 0.05 0.05 0.05 0.05 0.05 0.275 0.376 0.05 0.05 0.275 0.05 0.05 0.05 0.05 0.05 

P28days 0.037 0.05 0.376 0.05 0.05 0.487 0.487 0.037 0.037 0.127 0.05 0.05 0.05 0.05 0.05 

 

The viability of the preosteoblast cells could be affected by the other ions released from the 

glasses. A key ion in the extracts that is involved in bone metabolism is Zn. It plays an active 

role in stimulating bone formation and has been shown to be concentrated in osteoid prior to its 

calcification to bone [172, 173, 174, 175]. Studies conducted on in vivo models confirm that 

dietary Zn enhances osteoblast differentiation while inhibiting osteoclastic differentiation and 

subsequent resorption [176, 177, 178, 179]. Zn also enhances ATPase activity, and regulates 

transcription of genes, such as osteocalcin, osteopontin, ALP, and collagen I, that are responsible 

for differentiation of osteoblastic cells [28, 180, 123]. Calcium ions also are reported to intensify 

osteoblast proliferation; they can activate Ca-sensing receptors in osteoblasts and enhance the 

expression of growth factors such as IGF-I and IGF-II [123, 181, 182, 183]. The ICP 

measurements of the above-mentioned ions in the degradation extracts are shown in Table 4- 2. 

Table 4- 2: The concentration (ppm) of the released ions from glass powder after soaking in DI 

water for 1, 7, and 28 days at 37°C. 

 1 day 7 days 28 days 

  Ga Zn Ca   Ga Zn Ca   Ga Zn Ca  

G1  0 0.04 62   0 0.18 162   0 0.46 195  

G2  33 0.04 68   49 0.16 145   61 0.40 146  

G3  75 0.02 57   101 0.15 91   123 0.33 141  

G4  107 0.02 38   179 0.14 119   196 0.29 152  

G5  181 0.01 46   276 0.08 128   285 0.24 131  
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The viability of osteosarcoma (OS) cells in the presence of the degradation extracts of the 

glasses was also investigated using MTT assays. As seen in Figure 4- 2, all 1 day degradation 

extracts facilitated enhanced viability of the osteosarcoma cells compared to the control media.  

For 7 day extracts, only those from G3 glass could suppress the proliferation of the osteosarcoma 

cells.  For 28 day extracts, G2-G5 could suppress the proliferation of the osteosarcoma cells. 

According to the Kruskal-Wallis H test, the measurements for osteosarcoma cell viability in the 

presence of different extracts for each incubation time were not significantly different (P ≥ 0.05): 

P1day = 0.087, P7days = 0.051, and P28days = 0.997. The statistical significance between the means 

for each incubation time were compared using Mann-Whitney U test (Table 4- 3). The Mann-

Whitney U test results show that the observed increase in the osteosarcoma cell viability 

(compared to the control media) for 1 day G2, G4, and G5 extracts, and 7 day extracts of G1 and 

G2 were statistically significant.   

Table 4- 3: The p-values for the OS cell viability measurements of the glass extracts and control 

(C) according to Mann-Whitney U test: Those with P ≤ 0.05 are underlined. 

 C, 

G1 

C, 

G2 

C, 

G3 

C, 

G4 

C, 

G5 

G1, 

G2 

G1, 

G3 

G1, 

G4 

G1, 

G5 

G2, 

G3 

G2, 

G4 

G2, 

G5 

G3, 

G4 

G3, 

G5 

G4, 

G5 

P1day 0.268 0.046 0.121 0.046 0.046 0.127 0.827 0.513 0.513 0.127 0.127 0.127 0.275 0.275 0.376 

P7days 0.046 0.046 0.825 0.268 0.5 0.275 0.05 0.275 0.046 0.05 0.184 0.046 0.275 0.268 0.825 

P28days 0.825 0.5 0.825 0.5 0.825 0.817 0.827 0.825 0.827 1 0.361 0.825 1 0.827 0.825 
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Figure 4- 2: The viability of the osteosarcoma cells in the presence of (a) 1 day, (b) 7 day, and (c) 

28 day glass extracts; error bars represent standard deviation. 

 

Considering the results of the conducted MTT assay with glass extracts on both 

preosteoblast and osteosarcoma cells, the G3 extract was the only one that did not produce a 

statistically significant rise in the viability of osteosarcoma cells. At the same time, 1 day and 7 

day extracts of G3 composition significantly enhanced the viability of preosteoblast cells, while 

its 28 day extract did not suppress the proliferation of preosteoblasts. Therefore, G3 was chosen 

for further studies using the glass powders.  

MTT assays were used to study the viability of preosteoblast and osteosarcoma cells in 

the presence of G3 glass powders. 1, 2, and 5 mg of each glass composition were assayed with 

both preosteoblast and osteosarcoma cells (Figure 4- 3). It was found that the most effective 

(a)  (b) 

 (c) 
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quantity of the G3 sample, considering the criteria of promoting the viability of osteoblasts and 

suppressing that of osteosarcoma cells, was between 2 and 5 milligrams. According to the 

Kruskal-Wallis H test, the measurements for the viability of preosteoblast cells exposed to 

different glass powder weights for the G3 composition were significantly different (P ≤ 0.05): 

PG3, PO = 0.034. However, the measurements for the cell viability of osteosarcoma cells for 

various glass powder weights were not statistically significant (P ≥ 0.05): PG3, OS = 0.114.  

Table 4- 4: The p-values for the PO & OS cell viability measurements of the glass powders and 

control (C) according to Mann-Whitney U test: Those with P ≤ 0.05 are underlined. 

 C, 1mg C, 2mg C, 5mg 
1mg, 

2mg 

1mg, 

3mg 

2mg, 

3mg 

PG3, PO 0.275 0.05 0.05 0.05 0.05 0.827 

PG3, OS 0.827 0.05 0.184 0.05 0.275 0.513 

 

The statistical significance between the means for various powder masses were compared 

using Mann-Whitney U test (Table 4- 4). The comparison of the means showed that increasing 

the powder mass in contact with the osteosarcoma cells could lead to statistically significant 

reduction in their viability. 

In order to gain a better understanding of the mechanism causing the observed reduction 

in the viability of osteosarcoma cells by G3 powders (suppression of proliferation versus 

induction of apoptosis), fluorescence-based Live-Dead assay, with calcein AM for labeling live 

cells and EthD-1 for labeling dead cells, were conducted. As shown in Figure 4- 4, the number of 

dead osteosarcoma cells stays at the same level for samples exposed to various amounts of G3 

glass powders and control media. However, the number of live osteosarcoma cells drops by 

increasing the amount of G3 glass powders, suggesting that suppression of cell proliferation 
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appears to be the mechanism behind the observed reduction in the cell viability values of 

osteosarcoma cells exposed to G3 glass powders.  

 

 

 

 

Figure 4- 3: Cell viability of (a) PO and (b) OS cells in the presence of 1, 2 and 5 mg of G3 glass 

powders; error bars represent standard deviation. 

 

 

 (a) 

 (b) 



74 

 

 

Figure 4- 4: Labeled live (green) and dead (red) OS cells after exposure to 1, 2, and 5 mg G3 

glass powders. 

 

4.4. Chapter Summary 

The suitability of a novel series of Ga-releasing zinc borate bioactive glasses for 

osteosarcoma related bone graft operations was investigated using MTT and Live/Dead assays. 

First, the MTT assays were conducted with preosteoblasts and osteosarcoma cells in the presence 

of glass degradation extracts. The G3 extract was the only one that did not cause a statistically 

significant increase in the viability of osteosarcoma cells. At the same time, 1 day and 7 day 

extracts of G3 significantly improved the viability of preosteoblast cells, while its 28 day extract 
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did not suppress the viability of preosteoblast cells. Therefore, the composition of G3 was 

selected for further analyses. Next, MTT assays were conducted to study the effect of the G3 

glass powders on the viability of both preosteoblast and osteosarcoma cells. The results indicated 

that G3 powders could also enhance the viability of preosteoblasts while reducing that of 

osteosarcoma cells. Finally, the performed fluorescence-based Live-Dead assay on osteosarcoma 

cells that were exposed to G3 powders indicated that suppression of proliferation, not induction 

of apoptosis, was responsible for the observed reduction in the viability of osteosarcoma cells. 
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5. Conclusions and Future Work 
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5.1. Conclusions 

A zinc borate glass series containing increasing amounts of Ga (0, 2.5, 5, 10 and 15 

wt.%) at the expense of B was synthesized and evaluated for their potential as bone graft 

materials. The impact of the addition of Ga on the chemical structure, bioactivity and 

biocompatibility, antibacterial potency, and effectiveness against osteosarcoma cancer cells were 

investigated. It was observed that: 

- The incorporation of up to 15 wt.% Ga into the glasses did not lead to the formation 

of crystalline phases upon melt quenching and XRD analysis confirmed the 

amorphous state of all synthesized glasses in the series. 

- Both glass transition and crystallization temperatures declined as Ga was introduced 

to the series. 

- The addition of Ga led to an increase in the ratio of BO3 units (both symmetric and 

asymmetric) to BO4 units.   

- The degradability of the glasses in the series (in both DI water and SBF) was 

inversely dependent on Ga content; the lower the GA content, the more degradable 

the glass.  

- Incubation of all glasses in SBF resulted in the formation of an amorphous Ca-P layer 

on the surface of the glass particles. The amorphous nature of the deposited Ca-P was 

due to the presence of zinc in the glasses and the solutions which hinders the 

crystallization of Ca-P.  

- Glasses that exhibited higher Zn ion release had a larger inhibitory effect on the 

Gram-positive bacterium (S. epidermidis), and glasses with higher Ga ion release 
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could inhibit the growth of Gram-negative (P. aeruginosa) bacterium more 

effectively.  

- According to MTT cell viability assays with glass extracts, G5 was the only 

composition in the series that led to the reduced viability of preosteoblasts.  

- The G3 degradation extract was the only glass extract in the series that could improve 

the viability of preosteoblasts without having a similar effect on osteosarcoma cancer 

cells.  

- G3 glass powders exhibited improved the viability of preosteoblasts while 

suppressing the viability of osteosarcoma cancer cells, compared to the control 

medium. 

- According to Live/Dead assays, suppression of proliferation appeared to be the 

mechanism behind the lower viability values of osteosarcoma cells exposed to G3 

glass powders. 

Based on these findings, up to 10 wt.% Ga could be successfully incorporated into the 

zinc borate glass series without the glasses becoming cytotoxic in vitro. All the Ga containing 

glasses in the series exhibited antibacterial properties against both Gram-negative and Gram-

positive bacterial species. Finally, the G3 composition with 5 wt.% Ga was the only one in the 

series, in the preliminary in vitro tests, that exhibited suitably for osteosarcoma-related bone 

grafting applications.  
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5.2. Novel Contributions 

Novel zinc borate glasses incorporating increasing amounts of Ga (0, 2.5, 5, 10 and 15 

wt.%) were successfully synthesized. A borate base was chosen because of its higher 

degradability compared to the silica based glasses. For the first time, Ga ion release capacities as 

high as 285ppm (G5 glass, after 28 days of incubation in water) could be achieved which 

facilitate the therapeutic properties of the Ga ion to be exhibited, in this study, in-vitro.  

The cytotoxicity experiments revealed significantly improved viability of preosteoblast 

cells by G1, G2, G3, and G4 compositions compared to the control samples. Therefore, it is 

expected that the synthesized glasses with Ga content of up to 10 wt.% could allow patients to 

experience faster recovery of their damaged bone tissue. These compositions could also benefit 

patients suffering from osteoporosis with an age-related decline in the preosteoblast activity 

compared to their osteoclast cells. 

Finally, for the very first time, the suitability of a Ga releasing bioactive glass as an 

osteosarcoma cancer graft material was investigated in-vitro. G3 was found to be the only 

composition from the series suitable for such operations. It may improve the viability of the 

healthy bone cells (preosteoblasts), while suppressing that of osteosarcoma cancer cells. 
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5.3. Future Work 

Despite the in vitro experiments on the synthesized glasses and evaluation of their 

applicability as bone graft materials, additional tests are required before the proposed bioactive 

glasses can be implemented and tested in human beings.  These tests include, but are not limited 

to: 

1. Further in vitro evaluation: Ga and Zn ions released from these glasses are known to 

suppress osteoclastic cell activity and have anti-inflammatory properties. Therefore, it 

is anticipated that these glasses have anti-inflammatory properties and reduce the 

activity of osteoclasts. However, these needs to be confirmed by in vitro studies.  

2. Dynamic degradation tests: All degradation tests were conducted under static 

conditions. The lack of agitation could lead to the early saturation of the released ions 

in the media immediately around the glass particles. In order to better predict the 

release capacities that can occur in-vivo, those experiments using the select 

compositions should be repeated under dynamic conditions. 

3. Animal trials: All experiments performed to date have occurred in vitro. In order to 

better simulate the conditions within the human body, glass particles should be 

implanted in animals to determine their performance. In vivo studies offer the 

advantage of a complex biological environment that allows investigation of how the 

glass may inhibit bacterial growth, promotes bone formation, and possibly suppresses 

the proliferation of cancer cells in a living organism. Small animal models such as 

rabbits would be applicable here. Rabbits could undergo surgery in which a cavitary 

defect would be created in both proximal femurs. One side could be filled with the 

synthesized bioactive glass granules and the other with autologous bone grafted from 
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the contralateral side. Fourteen days post surgery, the animals would be euthanized so 

that the bone neoformation and osteoblast cell-counts in the two sites with bioactive 

glass and autograft can be evaluated [184]. In order to study the effect of the glasses 

on osteosarcoma cells in vivo, osteosarcoma can be induced in the femur of the 

rabbits followed by graft operations using the glasses, euthanization, and appropriate 

histological examinations [185].  
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