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CHAPTER 1  
INTRODUCTION 

 

1.1 Rationale and background  

Recently, the elder population around the world has increased continuously. 

The elderly, those who are 60 years old become weaker and more susceptible to 

disease. Systemic disease may lead to oral infection such as periodontal disease and 

dental caries. These problems are mainly caused by acid-produced from bacteria 

resulting in subsurface demineralization of the teeth (Wong, Subar and Young, 2017). 

The severe demineralization generates a cavity on the tooth surface. This can be 

treated by surgical removal of tooth structure and dental restoration such as filling, 

crown, and root canal. General types of the restorative dental materials are listed in 

Table 1.1. Among them, the conventional glass ionomer cement is attractive because 

it is able to release the fluoride ions into the oral cavity leading to tooth decay 

resistivity. Moreover, it is able to bond with moist tooth surface leading to an 

unnecessary for removal tooth surface (California, 2005) 

Glass Ionomer Cement (GIC) has been widely used in clinical practice to treat 

patients with high-risk dental caries, including the elderly, children, or bedridden 

patients. GIC is often used in combination with the minimally invasive Atraumatic 

Restorative Treatment (ART) technique, which involves removing decayed tooth 

tissue using hand instruments and placing GIC material (Holmgren, Roux and 

Doméjean, 2013). However, this technique may not completely remove the caries 

lesion. To prevent further expansion of caries lesion, GIC was expected to have 

bioactivity and antibacterial properties. Otherwise, it could develop to secondary 

caries, leading to the filling loosening and eventually fail.   
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Table 1.1 advantages and disadvantages of the filling dental materials (California, 

2005) 

Materials Setting Advantages Disadvantages 

Amalgam Self-

hardening 

- Long lasting 

- Wears well 

- Inexpensive 

- No shrinkage and resist 

leakage 

- Resistance to further decay 

- Grey color 

- Able to be corroded 

- Require removal of some 

healthy tooth 

- High thermal conductivity 

- Inducible to electricity 

Composite 

resin filling 

Light-cure 

hardening 

- Strong and durable 

- Tooth color 

- No corrosion 

- Maximum amount of tooth 

preserves 

- High cost 

- Shrinkable and could lead 

to further decay 

- Wear faster than dental 

enamel 

Glass 

ionomer 

cement 

Self-

hardening 

- Able to release fluoride 

- Not necessary to removal 

tooth surface 

- Low incident of producing 

tooth sensitivity 

- Able to mix by hand 

- High cost (similar to the 

composite resin) 

- Not recommend for biting 

surface of permanent teeth 

- Easy to crack overtime and 

can be dislodge 

Resin-

ionomer 

cement 

Light cure 

hardening 

- Very good esthetics 

- Able to release fluoride 

- Minimal amount of tooth 

needs to be removed 

- Hold up better that GIC but 

lower than composite resin 

- Good resistance to leakage 

- High cost (similar to 

composite resin) 

- Not recommend restoring 

the biting surfaces of adults 

- Wear faster than composite 

and amalgam 
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Bioactivity refers to the ability of a material to form a chemical bond with the 

surrounding living tissues and support the formation of hydroxyapatite, a mineral 

compound that forms tooth enamel and dentin. The conventional GIC was reported 

to have poor bioactive activities since it was composed with polymeric acid that 

inhibited apatite formation (Chen, Cai, Engqvist et al., 2016). In addition, conventional 

GIC has been reported to have low antibacterial efficiency because antibacterial 

activity is primarily affected by fluoride release. However, F-ions are unable to 

prevent the occurrence of initial bacterial adhesion (Farrugia and Camilleri, 2015). 

The enhancement of bioactivities and antibacterial properties of biomaterials 

has been extensively studied. Incorporating biomaterial additives, such as bioactive 

glass, hydroxyapatite nanoparticles, and chlorhexidine, into GIC has been shown to 

improve its bioactivity and antibacterial properties. The use of cation dopants has 

also been considered for the development of ionomer glass compositions. However, 

it should be noted that these methods may have an adverse effect on the physical 

properties of the material.  

The conventional GIC was typically produced by a melt quenching method at 

high temperatures (1,200–1,400ºC), which resulted in composition loss and air 

pollution. Furthermore, data from Thai Customs reports that Thailand has been 

importing GIC products from abroad at a cost of around 100 million baht per year. 

Therefore, it is interesting to develop this material using an alternative production 

method. The sol-gel method is an attractive alternative production technique as it 

can be performed at lower temperatures (600-800ºC) and allows for easier control 

over glass composition. 

This study is interested in producing the glass ionomer powder by the low 

temperature process of sol-gel method including improvement the bioactivity and 

antibacterial properties of the material in order to overcome the limitations of 

conventional GIC. Moreover, maintaining the physical properties of the newly 

developed sol-gel glass ionomer cement (SGIC) is also considered. 
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1.2 Research objective 

1.2.1  To synthesis the glass ionomer powder by the sol-gel method, which is a 

simple process, low temperature and cost-effective. 

1.2.2  To develop the antibacterial activity and bioactivity of the low cost GICs 

including with remaining of good mechanical properties as comparison to 

the commercialized product for commercialization as a dental restorative 

cement. 

 

1.3 Scope and limitation 

1.3.1  To study the factor for synthesis the glass ionomer powder by the low-

cost sol-gel method 

1.3.2  To determine the effect of dopant such as metal ions type and 

concentration on the antibacterial activity and bioactivity of the glass 

ionomer cement and maintain the good mechanical properties for using 

as a dental restorative cement. 

 

1.4 Expected benefits 

1.4.1  To obtain the GIC with the antibacterial activity and bioactivity including 

with good mechanical properties for dental restorative cement and able 

to apply for periodontal and caries treatment in elderly people. 

1.4.2  To reduce the imported commercial products and get knowledge to 

develop restorative dental materials. 

 

1.5 Outline of Thesis 

The remainder of this thesis is built up in the following way: 

Chapter 2 provides the theoretical background information of GICs including 

their properties and the synthesis method. This chapter also provides the literature 

review of the limitation of the conventional GICs, the sol-gels synthesis of glass and 

the ionomer glass as well as the enhancement of the GICs properties by using the 

dopant and additive. 
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Chapter 3 shows the investigation of synthesis condition for ionomer glass by 

the sol-gel method. The study focuses on the effect of important factors for the sol-

gel synthesis process, including water to precursor ratio (Rw), pH, calcination 

temperature, and ageing method. The synthesized ionomer glass was then 

characterized using XRD and FTIR techniques. Additionally, the basic physical 

properties of the cement, including setting time and compressive strength, were also 

determined. 

Chapter 4 provides a more comprehensive understanding of the factors that 

influence the physical properties of ionomer glass by the sol-gel method. By using 

the synthesis method obtained from Chapter 3, this chapter extended to study the 

effect of varying the amounts of Al2O3 and P2O5 on the glass structure and its 

physical properties. The Design of Experiments (DoE) technique was utilized to design 

the experiment and assist in result analysis. The study employed the X-ray 

photoelectron spectroscopy (XPS) technique to determine the structural changes in 

the glass, while also evaluating the ion releasing behavior to clarify the setting 

reaction and its related physical properties. 

Chapter 5 focuses on improving the biological properties of the ionomer glass 

obtained from Chapter 4. This was achieved by doping ZnO into the ionomer glass 

and investigated the effect of calcination temperature to optimize the physical 

properties of SGIC. As in Chapter 4, the DoE technique is used to design and analyze 

the effect of the dopant on the physical properties. To gain a deeper understanding 

of the relationship between the physical properties and the structure of the ionomer 

glass and cement, XPS techniques and synchrotron-based X-ray absorption 

spectroscopy (XAS) techniques were utilized. The chapter also investigated the 

antibacterial properties, ability to form apatite crystal, and cell cytotoxicity of the 

ionomer glass, further expanding our understanding of its biological properties. The 

results of this study provided valuable insights into the potential applications of 

ionomer glass in the field of biomedical materials. 

Chapter 6 continues to explore the enhancement of antibacterial properties and 

bioactivity by incorporating strontium-containing fluorapatite (SrFA) into SGIC which 

previously obtained from chapter 5. The chapter describes the synthesis of SrFA 
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nanoparticles through the hydrothermal method and their use as an additive to SGIC. 

The impact of SrFA on the setting time and compressive strength of SGIC was 

investigated, as well as its antibacterial properties, cell cytotoxicity, and fluoride 

release and uptake ability. 

Chapter 7 shifts to exploring the benefits of incorporating strontium-containing 

fluorinated bioactive glass (SrBGF) into SGIC. The purpose was to evaluate its 

influence on the enhancement of antibacterial properties and bioactivity, in 

comparison to SrFA in chapter 6. This chapter reported the effect of SrBGF on various 

properties of SGIC, such as setting time, compressive strength, antibacterial 

properties, and cell cytotoxicity, as in Chapter 6. Additionally, the study investigated 

deeper into the mechanism of fluoride release and uptake ability of SGIC containing 

SrBGF. 

The final chapter, Chapter 8, contains the conclusion of all the findings in this 

thesis and suggestion for future work. 

   

 



 

CHAPTER 2  
LITERATURE REVIEWS

 

2.1 Glass ionomer cement (GICs) 

Glass ionomer cements or glass polyalkeonate cements are based on the 

reaction between the basic glass powder and the aqueous solution of polymeric 

acid. They have been widely used in dental application as base, filling and 

restorative materials because of their interesting properties: self-curing ability, 

fluoride releasability causing long-term anti-cariogenic potential, ability to place in 

the cavity without bonding agent, low shrinkage, etc. (Khoroushi and Keshani, 2013).  

The GIC was first produced by Wilson and Kent from the Laboratory of the 

Government Chemist in the late 1960s (Baig and Fleming, 2015). They found that the 

rapid hardening reaction would be occurred when the alumino-silicate based glass 

was mixed with aqueous solution of polyacrylic acid (Wilson and Kent, 1971). The 

glass powder could be produced by melting SiO2, Al2O3, Na3AlF6, CaF2, AlF3 and AlPO4 

at 1,050-1,350ºC, for 45-120 minutes. Then, the glass was rapidly cooled to form opal 

glasses and followed by grinding to pass 350-mesh sieved. 

 

2.1.1 GICs composition and setting reaction. 

Glass ionomer cement has three ingredients: polymeric acid, ion leachable 

glass, and water. The GI powders are based on alumino-silicate glass and include 

calcium, phosphorus, and fluoride. The glass ionomer cement is formed by cross-

linking between metal ions (M+) from the glass powder and the polyacylate group 

(COO-) from the aqueous solution of polymeric acid, resulting in the polysalt 

formation. The extension of the polysalt crosslinking increases the Young’s modulus 

of the cement, resulting in an improvement of its mechanical properties (Lohbauer, 

2010).  
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Figure 2.1 Setting reaction of glass ionomer cement (Lohbauer, 2010) 

 

The setting reaction is an acid-base reaction between aluminosilicate 

powder and polyacrylic acid (Khoroushi and Keshani, 2013, Nicholson and Czarnecka, 

2016). The first step of reaction involves with acid attack on the susceptible site of 

the glass powder. The metallic cations such as Ca2+ ions (or Sr2+ ions) and Al3+ ions 

are then released. After the cations move into the aqueous phase, the crosslinking 

between carboxylate group (-COOH) of polyacrylic acid and the cations occurs and 
results in hard polysalt matrix as shown in Figure 2.1. The completed hardening 

reaction is achieved after 24 hours. The final cement structure consists of unreacted 

glass, which acts as reinforcing filler, surrounded by the polysalt matrix.  
The glass ionomer powder is an amorphous which mainly in system of 

SiO2-Al2O3-P2O5-CaO-CaF, with the network as shown in Figure 2.2. The glass matrix 

was composed of Si-O-Al network (Nicholson and Czarnecka, 2016). The Al3+ ions are 

substituted in the tetrahedral site of the Si4+ ions. This substitution results in an 

excessive negative charge in the glass network. Additional positive charge ions (Na+, 

Ca2+, Sr2+, or Mg2+) can neutralize this charge deficit and act as glass network 

modifiers. Moreover, incorporation of these cations creates an additional class of 

oxygen called non-bridging oxygen (NBO). The glass with a high amount of NBO 

structure tends to react well with the polyacrylic acid because it is degradable by 

acid attack (Wren, Clarkin, Laffir et al., 2009). The glass powder compositions with 

their functions are summarized in Table 2.1.  
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The influence of the glass component on the GIC properties are showed in 

Figure 2.2. The water is a critical component in the setting reaction of GIC. When the 

polymeric acid dissolves in water, it releases protons that attack the basic glass and 

initiate the setting reaction. Once the reaction is complete, the water incorporates 

into the cement structure, resulting in increased translucency and an enamel-like 

appearance similar to natural teeth (Czarnecka and Nicholson, 2006, Khoroushi and 

Keshani, 2013, Nicholson and Czarnecka, 2016)  

 

Table 2.1 The glass compositions (mol ratio) of the glass ionomer powder and their 

function 

Glass 

components 

Melt 

quenching 

(G338) 

Sol-gel 

(Cestari, 

2016) 

Commercial 

(Fuji IX) 
Function 

SiO2 4.5 4.5 4.5 Glass matrix 

Al2O3 5 6 5 Glass matrix 

CaO 2 5 - Network modifier 

P2O5 2 3 1 Charge balancing agent 

F 14 4 5 

Fluoride source, The flux 

for lowering melting 

temperature 

Na2O 1 - 0.5 

Network modifier, The flux 

for lowering melting 

temperature 

SrO - - 2 Network modifier 
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Figure 2.2 Schematic of calcium-alumino-silicate glass network containing fluorine 

(Wood and Hill, 1991) 

 

The water is a critical component in the setting reaction of GIC. When the 

polymeric acid dissolves in water, it releases protons that attack the basic glass and 

initiate the setting reaction. Once the reaction is complete, the water incorporates 

into the cement structure, resulting in increased translucency and an enamel-like 

appearance similar to natural teeth (Khoroushi and Keshani, 2013, Nicholson and 

Czarnecka, 2016).  

 

In addition, tartaric acid also play important role in the setting reaction 

(Nicholson and Czarnecka, 2016). It is a reaction controlling agent which readily 

attacks the glass ionomer surfaces. After the attacking, the metallic cations from glass 

ionomer are released following by bonding to the polyanion of tartaric acid. Hence, 

in the early state of setting reaction the metal carboxylate formation was retarded 

resulting in extension of the working time which led to facilitative mixing process 

(Prosser, Richards and Wilson, 1982, Nicholson, Brookman, Lacy et al., 1988). 
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Table 2.2 Influence of the glass components on the properties of the GICs 

Component 
Molar 

ratio 

Working 

time 

(minute) 

Setting 

time 

(minute) 

Compressive 

strength 

(MPa) 

Conclusion References 

Al:Si 

5.5:4.5 3 11 148.1±9.3 no significant 

influence on the 

properties 

(Griffin and 

Hill, 1999) 
6:4 3.5 11 142.5±5.3 

7:3 2.7 8.3 146.8±1.2 

P2O5 

0 - - - 
- extends the 

setting and working 

times 

- high amount of 

P2O5 disrupts the 

crosslinking process in

the cement matrix 

(Griffin and 

Hill, 2000) 
1.5 3.7 10 191. 1±8.1 

2.3 4.3 88 8.32±0.5 

CaF2 

0 3.8 44 64 
- resulted in shorter 

working and setting 

times 

- increased Young's 

moduli and 

compressive 

strengths 

(Griffin and 

Hill, 2000) 
0.5 3.4 14 150 

1 2.2 7.8 161 

F- 
0 43 65 74.3±5.0 

improved 

compressive 

strength. 

increased 

translucency of the 

set cement 

inhibited dental 

carries formation 

(Griffin and 

Hill, 2000) 

1 15 19 165.0±10.9 

3 6 7.5 190.5±7.9 

* Setting reaction too fast to form homogenous cement paste 
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2.2 Clinical Applications of GICs and problems 

2.2.1 Type of GICs 

Because conventional GICs are made of brittle materials, materials are 

always used in the area without bearing load, such as for root caries, rampant caries, 

temporary filling during root canal treatment, filling classes III and V, and temporary 

sealant. At present, the GICs have been classified by Wilson and McLean into three 

type depending on their properties and intended clinical used (Nicholson and 

Czarnecka, 2016), as followed: 

Type I: Luting and bonding cement 

The first type was used for cementation of crowns, bridges, inlays, on lays 

and orthodontic application. This typed of GICs are required fast setting with good 

water resistant at early stage of setting reaction, low powder to liquid ratio and 

moderate mechanical properties. 

Type II: Restorative cement 

High strength and ratio of powder to liquid are required for this type of 

cement. Their use has been divided into two sub-appearances. For anterior repair, 

aesthetic of materials is very important. The color has to be match and translucent. 

On the other hand, the appearance of the GICs used for the posterior restoration or 

repair is unimportant but fast set and early resistant to water uptake are required. 

Thus, a high powder to liquid ratio is needed. 

Type III: Lining or base cements 

This type of GICs is usually used as a base for further treatment such as 

root canal treatment. The viscosity of the early stage of the cement must be low 

and a low powder to liquid ratio is required to allow good adaptation to cavity walls. 

 

2.2.2 Atraumatic restorative treatment (ART) 

Atraumatic Restorative Treatment (ART) is a minimal intervention approach 

for managing dental caries, which was developed in the 1980s. The ART philosophy 

focuses on the importance of caries risk diagnosis and evaluation, as well as 

prevention, stabilization, and remineralization of early lesions, and minimally invasive 

restorative treatment for cavitated dentine lesions. It was originally designed to 

provide effective preventive and restorative care in underserved communities. The 
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ART approach has gained worldwide popularity over the past two decades (Holmgren 

et al., 2013).  

This ART technique involves excavating soft, demineralized tooth tissue 

using hand instruments rather than rotary instruments, followed by restoring the 

cavity with a high viscosity GIC using a press finger technique. GICs are considered an 

ideal material for the ART technique due to their remineralization ability since it is a 

process of restoring and replacing the missing minerals (hydroxyapatite) of tooth 

surfaces in order to achieve balancing mechanism. It has been reported that GIC with 

remineralization ability can replenish the missing mineral and enhance the hardness 

of demineralized soft tissue. 

 

2.2.3 Secondary caries 

Secondary caries is a dental condition that occurs between the restorative 

material and tooth tissue, and it is a major cause of dental restoration failure (Askar, 

Krois, Göstemeyer et al., 2020). When using the ART technique for dental restoration, 

there is a possibility of caries lesions remaining in the tooth tissue, leading to the 

development of secondary caries from the expansion of the caries lesion. In addition, 

secondary caries can also form due to cracks or gaps between the tooth and 

restorative material. These gaps can allow saliva and cariogenic bacteria to penetrate 

and grow, resulting in the formation of secondary caries. A gap larger than 50 μm is 

particularly problematic, as it provides enough space for bacterial growth and 

secondary caries formation (Feng, 2014, Askar et al., 2020). To prevent the formation 

of secondary caries, it is important for the restorative material to have both 

antibacterial properties and remineralization ability. These properties help to inhibit 

bacterial growth and balance the mineral levels of the tooth, reducing the likelihood 

of secondary caries formation. This can help to improve the overall success and 

longevity of dental restorations. 

 

2.3 Properties and limitation of GICs 

2.3.1 Mechanical and physical properties 

The mechanical properties of the commercial GICs and sol-gel synthesized 

GIC comparison to the natural dentine and enamel are listed in Table 2.3. In general, 
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the compressive strength of GIC ranges about 70-200 MPa (Lohbauer, 2010). As stated 

in section 2.1.1, the properties of GICs are influenced by crosslinking between glass 

particles and polyacrylate group. The glass powder with high susceptible to acid 

attack structure was more likely to form the polysalt crosslinking resulting in 

improvement of the cement mechanical properties. Moreover, other factors such as 

powder to liquid ratio (P:L), size of the GI particles, concentration of polyacrylic acid 

and age of specimens are also considered (Nicholson and Czarnecka 2016). 

In addition, the bonding or adhesive between the GIC and the human 

tooth is considered because it is essential in preventing of oral fluid leakage (Lin, 

McIntyre and Davidson, 1992). The adhesion can be the result of two interrelated 

phenomena. The first one is micromechanical interlocking. The latter is the chemical 

bonding of PO4
3- ions in hydroxyapatite of dental tissue with carboxylate group of 

polyacrylic acid (Lohbauer, 2010) 

 

Table 2.3 Mechanical properties of GICs, dentine and enamel 

Materials Properties References 

Dentine 

Compressive strength 193.7 ± 30.6 MPa (Chun, Choi and Lee, 

2014) 

Hardness 0.5 – 5 GPa (Zhang, Du, Zhou et al., 

2014) 

Elastic modulus 10 – 45 GPa (Zhang et al., 2014) 

Enamel 

Compressive strength 62.2 ± 23.8 MPa (Chun et al., 2014) 

Hardness 3 – 6 GPa (Zhang et al., 2014) 
Elastic modulus 40 – 105 GPa (Zhang et al., 2014) 

Fuji II  Compressive strength 127-131 MPa (Lohbauer, 2010) 

Fuji IX Compressive strength 135.4-198 MPa 
(Bonifácio, Kleverlaan, 

Raggio et al., 2009) 

Sol-gel GICs 

(luting cement) 

Vickes’s 

Microhardness (HV) 
17.5 – 24.9 

(Bertolini, Zaghete, 

Gimenes et al., 2009) 

Sol-gel GIC Compressive strength 103-146.25 MPa (Tu, Su and Ran, 2016) 
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2.3.2 Antibacterial activity 

Bacteria are the main cause of the demineralization of tooth hard tissue 

and infection of tooth support tissue. Untreated demineralization and infection could 

lead to the final stage of tooth loss. The dental restorative materials require the 

properties of preventing bacterial growth and surface colonization. In the case of the 

conventional GICs, the antibacterial activity is mainly affected by fluoride releasing. 

However, the F- ions are incapable of preventing the occurring process of initial 

adhesion of bacteria. The old versions of antibacterial activity improvement are focus 

on the release of incorporated antibacterial agents such as zinc ions, silver ions, 

antibiotics, iodine, and chlorhexidine (Takahashi, Imazato, Kaneshiro et al., 2006, 

Farrugia and Camilleri, 2015). On the other hand, high releasing amount of 

antibatericides lead to decrease in natural characteristic of the restorative materials. 

Hence, the development of superb antibacterial properties along with acceptable 

physio-chemical properties are still challenging (Hafshejani, Zamanian, Venugopal et 

al., 2017).  

 

2.3.3 Bioactivity 

The bioactivity of dental or orthopedic materials is related to the 

formation of an apatite interlayer and the integration of the bone with the surface of 

the restorative material. Dental materials with bioactivity not only exhibit 

remineralization ability, but also interact with the natural mineral content of the 

tooth to repair and rebuild it. Therefore, bioactive material is able to reduce a margin 

gap and prevent recurrent caries at the interface between filling material and tooth 

surfaces from further acid attacks (Albeshti, 2016, Tiskaya, Al-eesa, Wong et al., 2019). 

Conventional GICs were reported to have poor bioactivity since bonding 

strength between the tooth surface and the material was weak. This is because the 

polymeric aqueous from the conventional GIC is acidic, which inhibits apatite 

formation. (Chen et al., 2016). Adding bioactive agents, such as fluorapatite, bioactive 

glass, etc. has been widely used to improve the bioactivity of GICs. Fluoride-

containing bioactive glass, especially when strontium is added, has shown enhanced 

bioactivity and stability of apatite formation, which can be more beneficial for caries 

prevention (De Caluwé, Vercruysse, Ladik et al., 2017, Dai, Nudelman, Chu et al., 

 



16 

2021). The nano-size, spherical shape, and mesoporous structure of the bioactive 

glass particle can also improve biocompatibility and promote apatite-like formation, 

resulting in superior bioactivity (Thaitalay, Giannasi, Niada et al., 2022). 

Another candidate for improving bioactivity in dental materials is the 

strontium-containing fluorapatite nanoparticle (SrFA), which has shown promising 

antibacterial activity and biocompatibility. Incorporating fluorapatite (FA) powder into 

dental materials can improve their resistance to acid penetration and the ability to 

form fluorapatite, which is more resistant to acid compared to hydroxyapatite found 

in human dental structures (Moshaverinia, Ansari, Moshaverinia et al., 2008, Balhuc, 

Campian, Labunet et al., 2021). FA doped with strontium (SrFA) has also been 

investigated for its potential to enhance biocompatibility and antibacterial activity, 

with promising results against Streptococcus mutans (Wang, Li, Tang et al., 2019). 

 

2.3.4 Biocompatibility  

Biocompatibility is a term used to describe the ability of a dental material 

to interact with living tissues without causing any negative effects such as 

inflammation, toxicity, or allergic reactions. A dental material that is considered 

biocompatible should function effectively within the oral environment without 

negatively affecting the surrounding tissues, including teeth, gums, bones, and other 

structures. 

In preliminary study, the biocompatibility of GICs can be evaluated based 

on their toxicity to cells. During the restoration, dental materials can have 

unexpected effects when they come into contact with periapical tissues. The by-

products produced by these materials can penetrate the dentinal tubules and 

surrounding tissues, potentially causing adverse effects at the apex (Aghazade, 

Samiei, Imani et al., 2020). Therefore, it is crucial to determine the cytotoxicity of the 

newly developed dental material. 

In a previous study, in vitro testing was conducted to determine the 

cytotoxicity of freshly prepared GIC. The results showed evidence of some toxicity, 

but after the material had set for 24 hours, it was found to be non-toxic to the cells. 

It was suggested that the cytotoxicity observed in the freshly prepared GIC was due 

to the presence of organic residue from incomplete setting reactions (Sasanaluckit, 

 



17 

Albustany, Doherty et al., 1993, Chen, Mestres, Lan et al., 2016).  Moreover, in vivo 

testing conducted in monkey and rat presented no sign of irritation or inflammation 

around the glass ionomer implants. These demonstrated that the GICs have 

adequate biocompatibility to the animal tissue (Sasanaluckit et al., 1993).  

 

2.3.5 Fluoride release 

Fluoride (F-) ions have a significant role in tooth structure. F- Ions can 

replace the OH- ions of hydroxyapatite in tooth structure and form the fluorapatite 

(Ca5(PO4)3F). According to F- ions are smaller than OH-, it provide readily packing in 

the apatite crystal lattice than the normal hydroxyapatite (Guida, Hill, Towler et al., 

2002). Therefore, this tooth structure can resist the penetration of cariogenic bacteria 

and acids resulting in the inhibition of demineralization. This might be 

misunderstanding that F- provide antibacterial activity (Francci, Deaton, Arnold et al., 

1999). However, it had been found that the F- ions effectively reduced formation of 

bacterial biofilm, which is associate with occurring of secondary caries (Chau, Pandit, 

Cai et al., 2015) 

GICs have ability to sustain the F- ions in long period up to 5 years 

(Nicholson and Czarnecka, 2016). After the materials were applied to the tooth, the 

released F- ions would be greatest after the first week then reduced gradually and 

become constant at below 10 ppm. However, GICs could take up F-ions from the 

fluoride solution and then probably release them. This phenomenon is called the 

“burst effect." As a result, when teeth are brushed with fluoride-rich toothpaste, the 

GIC will absorb the F-ions from the tooth paste and slowly release them, resulting in 

an increase in the F-ion level in the mouth cavity. This is very beneficial for 

preventing further caries, not only for the tooth to which the materials were applied 

but also the others in the mouth. (Hatibović-Kofman and Koch, 1991). 

 

2.4 Production of ionomer glass 

The glass ionomer powder is normally prepared by the melt quenching method. 

In this approach, the glass composition is melted at a high temperature of 1,100–

1,400 °C and then immediately cooled to form opal glass. The obtained glass is then 

pulverized into a fine powder. Since the process is operated at high temperature, the 

 



18 

fluoride content in the glass composition is variable because of its volatile nature, 

leading to toxic pollution. This problem may be overcome by the soft chemistry 

synthesis method known as sol-gel because this route is carried out at a lower 

temperature than the melt quenching method. 

Sol-gel is the synthesis method for various ceramics and glass (Chen and Mao, 

2007). In general sol-gel process, colloidal suspension or sol is formed by hydrolysis 

and polymerization reaction of the precursors, which are usually inorganic metal salt 

or organics metal compound such as metal alkoxides. The liquid sol then transforms 

to be a wet gel after completely polymerization and loss of solvent. The wet gel is 

able to convert into dense ceramic by drying and heat treatment.  

 

Table 2.4 The difference between the glass prepared by melting and sol-gel 

method. 

 Melt-derived Sol-gel derived References 

The thermodynamics 

and kinetic of glass 

formation 

Base on oxide mixtures 

in molten and 

supercooled state 

Based on polymerization (Mukherjee, 1980) 

Temperature 1050-1350ºC 600-800ºC (Wilson and Kent, 1971, 

Bertolini, Zaghete and 

Gimenes, 2005)  

Glass composition Uncontrollable of the F- 

loss 

Controllable of glass 

composition because of 

low temperature process 

(Tu et al., 2016) 

Homogeneity Partial phase separation 

during cooling process  

High homogeneity 

because the production of 

the oxide from the central 

atom to macromolecule 

(Cestari, 2016, 

Nicholson and 

Czarnecka, 2016) 

Amount of bridging 

oxygen 

Low High (Roy, Jain, Saha et al., 

1995, Wren et al., 2009) 
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Figure 2.3 Sol-gel process for multicomponent glass synthesis (Mukherjee, 1980)

In the multicomponent glass synthesis, the alkoxysilanse and metal salt is 

widely used as a precursor. The process of sol-gel glass synthesis is shown in Figure 

2.3. The completely polymerization reaction is required for producing of “glass-like” 

gel network of -Si-O-M-O-Si- where M is a metal atom (Mukherjee, 1980). The 

polymerization process of organic compounds starts with condensation of 

polyfunctional monomer and forming a gel. The gel point is indicated by the point 

that a viscous liquid suddenly transforms to an elastic gel. At gel point, continuously 

formation of the infinite network is started, and gel polymerization is raised rapidly. 

The controlled factors of gelling process are composed of chemical nature of 

alkoxides and other reactants, ratio of water and alkoxides, pH of the medium, 

temperature, concentration of the reactant and the nature of solvent. Finally, glass 

formation can be obtained by heat-treatment of the dried gel at high temperature 

(Bogomolova, Pavlushkina and Morozova, 2006). The reaction of gel formation in a 

multicomponent system may occur as presented in Figure 2.4. 

Figure 2.4 Gel formation of multicomponent system (Mukherjee, 1980).
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Irwin et al., 1988 studied the structures of alumino-silicates and sodium alumino-

silicates prepared by the sol-gel method. The 27Al and 29Si MAS-NMR were used for 

observation of the coordination state. Their result showed that all of the gel 

obtained the Al-O-Si unit upon gelation. The structure of alumino-silicate was 

composed of an aluminum network in four and six co-ordinations. The six-fold 

coordination occurred to balance the charge difference between Al3+ and Si4+ ions. 

While the inclusion of sodium cations could neutralize the charge difference, the 

sodium alumino-silicate glass network was formed in four-fold coordination of silica 

linking to alumina. 

Taira and Yamaki, 1995 had synthesized the alumino-silicate glass by sol-gel 

method. The starting solutions amount of tetra orthosilicate (TEOS), ethyl alcohol, 

deionized water and hydrochloric acid (HCl) were fix to the ratio of 1:10:50:0.02. The 

obtained powders showed amorphous with the average particle size of 5 μm. They 

explained the glass formation mechanism that the substitution of Si4+ by Al3+ could 

occur in coordination of 4 and negative ions were left in the glass structure. This 

could be balanced by adding of metal cation such as Sr2+ ions. (Taira and Yamaki, 

1995). 

Roy et al, 1995 investigated the alumino-silicate glasses, including Na2O and Li2O, 

synthesized by the melt-quench and sol-gel processes. The synthesized glass 

structure was characterized by x-ray photoelectron spectroscopy (XPS). The result 

showed that the glass structure prepared by melt quenching had a greater amount 

of non-bridging oxygen and a lower amount of bridging oxygen than those of the sol-

gel glass (Roy et al., 1995). 

Bertolini et al., 2005 studied the GI powder belonging to 4.5SiO2-3Al2O3-xNb2O5-

2CaO-3CaF2 system synthesized by the sol-gel method. They found that the glass 

structure showed tetrahedrally [AlO4] structure which could react with the 

polyacrylic acid. It could be indicated that the glass ionomer powder was 

synthesized successfully by the sol-gel method (Bertolini et al., 2005).  

Bertolini et al., 2009 had been continuously developing the sol-gel GI powder 

for use as a luting cement based on the 4.5SiO2-3Al2O3-xNb2O5-2CaO-3CaF2 system. 

The result showed that the glass structure was completely amorphous after being 

calcined at 600 C. The mechanical properties of the experimental GICs were similar 
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to those of the commercial GIC. Moreover, the amount of fluoride was constantly 

released at a lower level in comparison with the commercial GIC during the period of 

study (Bertolini et al., 2009). 

Wren et al., 2009 investigated the effect of the synthesis route of GI powder in 

the system of 48SiO2–36ZnO–12CaO–4SrO. The GI powders were synthesised by 

melting and the sol-gel method. The properties of the experimental GICs were 

determined, including setting time, fluoride release, compressive strength, and biaxial 

flexural strength. They found that the setting time of the cement based on sol-gel 

glass was longer than that of the melt-derived cement. The higher strengths of both 

compressive and biaxial flexure were found in the GICs based on melt derived glass. 

This difference in the properties of GICs could be attributed to the different structure 

within the glass. The GI powder produced by the sol-gel method showed the 

formation of a bridging oxygen structure, resulting in low susceptibility to the acid 

attack (Wren et al., 2009). 

Tu et al, 2016 studied the effect of lanthanum doped in GIC prepared by the 

sol-gel route. The compressive strength and surface hardness of lanthanum 

containing GIC were significantly higher than the commercial values of 47.7% and 

39.2%, respectively. They also found that fibroblast cells grew well around the GIC 

samples. However, There was no statistical difference between their studied 

groups.Thus, lanthanum had no effect on biocompatibility (Tu et al., 2016). 

Cestari, 2016 synthesized the dental alumino-silicate glass by the sol-gel method 

under different conditions: non-hydrolytic, hydrolytic acid, and hydrolytic basic. The 

results showed that the glass powder presented different structures depending on 

the conditions. The experimental GIC based on hydrolytic acid presented better 

characteristics than the commercial GIC because it was homogenous in particle size 

and shape, elemental distributed without phase separation, amorphous in structure, 

and able to be produced at a lower temperature (Cestari, 2016).   

 



 

CHAPTER 3  
SOL-GEL SYNTHESIS CONDITION FOR IONOMER GLASS  

(4.5SiO2-3Al2O3-1.5P2O5-3CaO-2CaF2)

 
This chapter shows the investigation of synthesis condition for ionomer glass by 

the sol-gel method. The study focused on the effect of important factors for the sol-

gel synthesis process, including water to precursor ratio (Rw), pH, calcination 

temperature, and aging method. The synthesized ionomer glass was then 

characterized using XRD and FTIR techniques. Additionally, the basic physical 

properties of the cement, including setting time and compressive strength, were also 

determined. 

 

3.1 Introduction 

The sol-gel method is interesting for the preparation of glass ionomers because 

it can control the consistency of the glass composition at low temperatures and use 

low energy (Taira and Yamaki, 1995, Bertolini et al., 2009, Wren et al., 2009, Cestari, 

2016, Fujihara, 2018, Ilipronti, Clare, Berndt et al., 2019, Pierre, 2019). However, this 

process is sensitive to synthetic conditions such as chemical type, gel heat history, 

and the pH of sol that affect the final product structure (Mukherjee, 1980, Cestari, 

2016). These conditions can significantly impact the final structure of the glass 

material, resulting in variations in chemical composition, particle size, and 

homogeneity (Cestari, 2016). As such, it is essential to optimize the synthesis 

conditions to ensure consistent and reliable results. There were three major 

processes involved in the sol-gel synthesis, as follows: 

1) Dissolving of precursor:  

This process involved the hydrolyzation of the metal organic precursor or 

an inorganic salt with water. The resulting homogeneous solution is then 

converted into a homogeneous sol. One crucial factor in this process is the ratio 
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of alkoxy silane precursor to water (Rw ratio), which must be carefully controlled 

to ensure complete dissolution (Jones and Fischbach, 1988, Kessler, 2015). If the 

Rw ratio is too high, the precursor may not dissolve completely. At low Rw ratio, 

excess water acts to inhibit the condensation reaction (Jones and Fischbach, 

1988). Moreover, it was reported that when the catalyst is absent, no significant 

reaction was observed. Therefore, both the Rw ratio and the catalyst utilized 

substantially influence the properties of the resulting silica gels (Jones and 

Fischbach, 1988). The addition of a catalyst to the sol plays a critical role in 

determining the pH of the solution, which significantly influences the rate of 

dissolution and condensation. As a result, the pH of the solution could have an 

impact on the shape, size, and chemical composition of the resulting particles. 

(Visser, 2018). 

2) Aging process: 

Once all the species have undertaken hydrolysis at an early stage of the 

reaction, they can then condense to form small clusters or chains of precursor 

molecules through an aging process (Kessler, 2015). This involves incubating the 

gel under a specific temperature to initiate the reaction, which includes gel aging 

and dried aging. During gel aging, the polycondensation reaction continues while 

the gel remains in a gel-like state. After gel aging, some literature had employed 

the gel to dried aging before calcination to remove the residual liquid phase 

from the gel pores following by gradually transforms from a gel into a solid 

phase (Bogomolova et al., 2006). 

3) Calcination 

Calcination is the process of heating the gel at a high temperature to 

remove the organic components and to cause densification and crystallization of 

the inorganic network (Brinker and Scherer, 1990). Higher calcination 

temperatures can lead to an increase in the crystallinity and particle size of the 

resulting materials. Therefore, the choice of calcination temperature must be 

carefully considered to achieve the desired properties for a given application.
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Figure 3.1 Schematic of synthesis process of ionomer glass powder by the sol-gel 

method

As there have been only a few studies on the synthesis of ionomer glass using 

the sol-gel method, it is crucial to explore the synthesis conditions in order to 

identify the optimal conditions for synthesizing ionomer glass. This chapter focuses 

on the investigation of various synthesis conditions, including Rw ratio, pH of the 

solution, calcination temperature, type of the fluoride source, and aging method. The 

synthesized ionomer glass was characterized using FTIR and XRD techniques. 

Additionally, the cement was fabricated and evaluated for setting time and 

compressive strength, as summarized in Figure 3.1.

3.2 Experimental procedure

3.2.1 The synthesis of 4.5SiO2-3Al2O3-1.5P2O5-3CaO-2CaF2 ionomer glass by 

the sol-gel method

In this chapter, the ionomer glass with composition of 4.5SiO2-3Al2O3-

1.5P2O5-3CaO-2CaF2 was synthesized by the sol-gel method. The chemicals 

employed in this thesis are listed in Table I of Appendix B. Firstly, EtOH and DI was 

mixed by a magnetic stirrer for 15 minutes. Then, TEOS, Al(NO3)3, TEP, Ca(NO3)2 and 

CaF2 were subsequently added into the mixed solution. Each step of adding the 

materials took 30 minutes to blend. The pH of the solution was adjusted by HNO3

and NH4OH. The final solution was aged 80ºC for 15 hours and dried at 120 ºC for 5 

hours. The dried gel was then calcined for two hours with the rate of 2ºC/minutes. 

Finally, the obtained glass was pulverized by a high-speed planetary ball mill for 2 

hours. The synthesis process is summarized in Figure 3.2.
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Figure 3.2 Flow chart illustrating the sol-gel synthesis of the ionomer glass.

In this chapter, five experiments were conducted to optimize the 

synthesis conditions for ionomer glass using the sol-gel method. The experiments 

focused on determining the optimal precursor to water ratio (Rw), pH of the solution, 

calcination temperature, the fluoride precursor, and aging method.

3.2.1.1 TEOS : H2O (Rw)

According to the Mukherjee’s report, the ratio of the alkoxide and 

the water influenced to the densification rate and the composition of the gel 

(Mukherjee, 1980). In this study, ionomer glass was synthesized using the method 
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outlined in section 1, with varying ratios of TEOS precursor and water (0.001, 0.01, 

0.1, 1, and 2). The precise amount of each precursor used is shown in Table 3.1. 

Finally, all the resulting gels were subjected to calcination at 700°C to produce glass. 

 

Table 3.1 Amount of the precursors for sol-gel synthesis of ionomer glass 

Precursor 
Volume 

Rw = 0.001 Rw = 0.01 Rw = 0.1 Rw = 1 Rw = 2 

EtOH (ml) 20.04 20.04 20.04 20.04 20.04 

Water (ml) 619.60 61.9 6.19 0.62 0.31 

TEOS (ml) 6.50 6.50 6.50 6.50 6.50 
Al(NO3)3 (g) 8.58 8.58 8.58 8.58 8.58 

TEP (ml) 0.39 0.39 0.39 0.39 0.39 

Ca(NO3)2 (g) 3.60 3.60 3.60 3.60 3.60 

CaF2 (g) 0.91 0.91 0.91 0.91 0.91 

 

3.2.1.2 pH of solution 

Ionomer glass in this experiment was synthesized using the method 

outlined in section 3.2.1, with varying pH values (0.6, 1.5, 7 and 10). The pH was 

adjusted by using HNO3 and NH4OH. The starting solution utilized Rw ratio of 0.01, 

and the resulting dried gel was calcined at 700ºC. In addition, the commercial GIC 

(Fuji IX) was characterized for comparison in this study. 
 

3.2.1.3 Calcination temperature 

Ionomer glass in this experiment was synthesized using the method 

outlined in section 3.2.1, with Rw ratio of 0.01 and pH value of 1.5. To investigate the 

effect of crystallization temperature on the properties of SGIC, the resulting gel was 

calcined at 400ºC, 600ºC, 700ºC and 800ºC. The commercial GIC (Fuji IX) was also 

characterized for comparison in this study. 
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3.2.1.4 Fluoride sources 

As reported in Cestari’s study, the presence of CaF2 crystals in the 

sol-gel ionomer glass structure could result from incomplete dissolution of the CaF2 

precursor (Cestari, Avila, Nassor et al., 2009). In our experiment, CaF2 powder was also 

used as a fluoride precursor as same as the Cestari’s work. In order to eliminate the 

crystal structure of CaF2, an alternative fluoride precursor was investigated. H2SiF6 has 

been commonly used as a fluoride precursor in the sol-gel synthesis of ionomer glass 

in other research works (Bertolini et al., 2009, Tu et al., 2016). Therefore, the different 

fluoride precursors for the sol-gel process, which were CaF2 and H2SiF6, were studied 

in this section for their effect on the crystallinity and compressive strength of SGIC. 

This study was to investigate the difference fluoride precursors for 

ionomer glass which were CaF2 and H2SiF6. The ionomer glass in this experiment also 

prepared using the method outlined in section 3.2.1, with Rw ratio of 0.01, pH 1.5 

and calcination temperature of 700°C.  

 

3.2.1.5 Aging process 

In this section, it was aimed to reduce the occurrence of crystal 

precipitation by exploring the possibility of minimizing the dried aging process. The 

ionomer glass used in this experiment was prepared following the methodology 

described in section 3.2.1, which used an Rw ratio of 0.01, a pH of 1.5, and a 

calcination temperature of 700°C. During the aging process, two experimental 

conditions were employed, as illustrated in Figure 3.3 Schematic of comparison 

between two different aging process, which were dried aging and gel aging, for 

synthesis of ionomer glass powder by sol-gel method. Figure 3.3. The first condition 

denoted as gel aging, whereby the sol was incubated at 80°C for 15 hours to form a 

gel and then immediately calcined. The second condition, denoted as dry aging, 

involved incubating the sol at 80°C for 15 hours, followed by drying at 120°C for 5 

hours. 
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Figure 3.3 Schematic of comparison between two different aging process, which 

were dried aging and gel aging, for synthesis of ionomer glass powder by 

sol-gel method.

3.2.1.6 Characterization of the ionomer glass 

This experiment analyzed phase identification of the ionomer glass 

by using X-ray diffractometer (German Bruker D2) with wavelength of 1.5406 Å, 40 K, 

0.020º/min and scan range of 10-60º. The chemical bonding structure of the ionomer 

glass was determined by a Fourier transform infrared spectrometer (ATR–FTIR German 

Bruker, Tensor 27–Hyperion) with a wavenumber range of 4000-400 cm-1 and a 

resolution of 4 cm-1.

3.2.2 Cement preparation

In this study, the mixture of the polyacrylic acid (35 wt.% in H2O PAA; M.W. 

~ 100,000) and tartaric acid (PAA-TA) in the ratio of 9:1 w/w supplied by Sigma-

Aldrich were used as the liquid solution. The obtained glass powder was mixed with 

the PAA-TAA with the powder to liquid (P:L) ratio of 1:1 (w/v). The mixture was 

blended on the clean bench for 40 s before placed into the mold for testing.

3.2.3 Setting time and compressive strength testing

The net setting time of the GICs was determined using a Gillmore 

Apparatus (Humboldt, H-3150F) following ISO 9917-1 guidelines for dental glass 

polyalkenoate cement. Once the cement paste was mixed, it was filled into a 
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cylindrical Teflon mold with a diameter of 10 mm and a height of 2 mm. The net 

setting time was determined by placing a heavy and thin needle (453.6 g, Ø 1.06 

mm) on the surface of the paste every 5 seconds until no mark occurred. This 

process was repeated three times at room temperature.  

Hardness testing of the cement was conducted using a Vickers 

microhardness tester ( FUTURE-TECH CORP/ FM-310)  with 10 g load and 10 s 

indentation time. The specimens were molded in cylindrical shape with a size of 12 

mm in diameter and 6 mm in height. After molding for 1 hour, the specimens were 

pulled out from the mold then soaked in DI water at 37°C for 23 hours. Minimal 5 

data points were collected to calculate an average microhardness value for each 

sample.  
To measure the compressive strength of the GICs, the specimens were 

prepared in cylindrical Teflon molds with a diameter of 4 mm and a height of 6 mm, 

following ISO 9917-1:2007 guidelines. After molding for 1 hour, all specimens were 

kept in DI water at 37°C for 23 hours before testing. The universal testing machine 

(UTM, Instron 5565, Instron GmbH, Germany) with 5 kN load cells was used to 

measure the compressive strength at a crosshead speed of 0.75 mm/min, according 

to the previous literature [20]. At least eight specimens were prepared for each 

experimental condition. The compressive strength was calculated using the equation 

CS = 4P/πd2, where CS represents the compressive strength (MPa), P represents the 

maximum load applied (N), and d represents the radius of the specimen (mm). 

 

3.3 Results and discussions 

3.3.1 Effect of the ratio of TEOS:H2O (Rw) 

The XRD pattern of the glass powder prepared by different Rw of 0.001, 

0.01, 0.1, 1 and 2 after calcined at 700ºC were show in Figure 3.4. The crystalline 

phase according to fluorapatite (Ca5(PO4)3F) (JCPDS no. 76-0558) and fluorite (CaF2) 

(JCPDS no. 35-0816) were presented in all the glass patterns. The result from XRD 

technique showed that the glass which prepared with Rw of 0.001 presented the 

lowest crystallinity.  
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Figure 3.4 XRD patterns of sol-gel glass ionomer powders calcined at 700ºC 

 

According to Cestari's study, the sol-gel glass structure exhibited the 

crystalline phase of CaF2 and AlPO4 after being calcined at 600ºC. This observation 

suggests that the CaF2 and AlPO4 precursor might not have been completely 

dissolved, leading to the remaining crystalline phases of CaF2 and AlPO4. It is possible 

that the CaF2 observed in our glass structure may have resulted from a similar 

incomplete dissolution, as reported in Cestari's study. (Cestari, 2016). 

Previous studies have reported that CaF2 substance was the formation of 

fluorapatite involves incorporating fluoride ions into the crystal structure of apatite 
(Jmal and Bouaziz, 2018). This process occurs during the sol-gel synthesis of the 

glass, which involves the separation of CaO and P2O5 in the gel. When Ca2+ ions were 

introduced into the phosphate-rich phase, P2O5 reacted with CaO to form the apatite 

crystal lattice. Moreover, the incorporation of F- ions in highly concentrated Ca2+ and 

P2+ ions was found to promote the nucleation and development of the final 

fluorapatite crystals (Jmal and Bouaziz, 2018). The presence of the fluorapatite 
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crystal might be benefit to the SGIC since it could enhance biocompatibility to the 

material as reported in previous study (Moshaverinia, Borzabadi-Farahani, Sameni et 

al., 2016)

The FTIR spectra of the sol-gel glass powders calcined at 700ºC (Figure 3.5

(a)) were corresponded to the XRD pattern that the same characteristic spectra were 

found in Rw of 0.01 to 2. These indicated that the different Rw ratio in this range had no 

effect on the glass structure. As can be seen, the characteristic of the calcium alumino-

silicate glass (Si-O-Al and Si-O-Ca) appeared at 1036 cm-1, 950 cm-1, 750-850 cm-1 and 450 

cm-1 (Crisp, Pringuer, Wardleworth et al., 1974, McMillan and Piriou, 1982, Środa and 

Paluszkiewicz, 2008). These bonding were degradable by acid attack as suggested by 

several authors. When the acid attacked the glass surface, the bonding of Al-O-Si or Si-O-

Ca was broken following the releasing of Al3+ and Ca2+ ions. The released ions were 

migrated into the aqueous phase forming the polyacrylate salt responsible for the 

forming of GICs (Bertolini et al., 2005, Cestari, 2016).

Figure 3.5 FTIR spectra of (a) the sol-gel ionomer glass prepared from the different 

Rw ratio calcined at 700ºC and (b) the set cements.
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Figure 3.5 (b) presents the bonding structure of glass ionomer after mixing 

with the PAA liquid. All of the sol-gel glass exhibited the band at 1550 cm-1, 1410 cm-1, 

1559 cm-1 and 1460 cm-1 which attributed to the formation of the calcium carboxylate 

(COO-Ca) and the aluminium carboxylate (COO-Al) (Bertolini, Zaghete, Gimenes et al., 

2008, Nicholson and Czarnecka, 2016). The results demonstrated that the crosslinking 

reaction occurred in the GIC prepared by Rw 0.001 to 2. 

Table 3.2 shows that the Rw ratios affected the sol-gel condition and 

yield. However, the setting time and the surface hardness of the glass prepared with 

Rw ratios of 0.01 to 2 show no significant difference due to the identical glass 

structure as presented in Figure 3.4 and Figure 3.5. While the glass prepared with Rw 

0.001 could not be molded because it was set very fast after mixing.  

Furthermore, the color of the ionomer glass powders varied depending on 

the Rw ratio, with higher ratios resulting in a darker, grayish hue. It was found that the 

ionomer glass powder synthesized using an Rw ratio of 0.01 exhibited a clear, white 

color, and demonstrated an acceptable setting time for SGIC. As a result, this ratio 

was selected as the optimal choice for synthesizing the glass powder in subsequent 

experiments. 

 

Table 3.2 pH of the solution, gelation time, and setting time of SGIC prepared with 

different Rw ratio. 

Rw ratio 

Sol-gel condition Cement properties 

Final pH Gelation 

time (hr) 

Working time 

(min) 

Setting time 

(min) 

Vicker’s 

hardness 

0.001 2.82 No gelation ---------------- Rapidly set ----------------- 

0.01 1.5 2.40 2:54 9:14 13.18±3.7 

0.1 <0.1 1 3:29 12:00 12.37±4.2 

1 <0.1 1 3:28 14:56 13.66±3.0 

2 <0.1 0.40 4:50 13:43 9.25±2.0 
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3.3.2 Effect of the pH of solution 

The XRD pattern of the glass powder prepared by different pH after 

calcined at 700ºC were show in Figure 3.6. All the sol-gel derived ionomer glass 

revealed their amorphous nature with crystal phase of fluorite (CaF2) (JCPDS no. 35-

0816) and fluorapatite (Ca5(PO4)3F) (JCPDS no. 76-0558). 
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Figure 3.6 XRD pattern of the ionomer glass belonging the system of 4.5SiO2-3Al2O3-

1.5P2O5-3CaO-2CaF2 

 

FTIR spectra was used to analyze the structure of the sol-gel derived 

ionomer glass and the commercial ionomer glass are shown in Figure 3.7. The 

principal characteristics of calcium alumino-silicate glasses appeared at 400-550, 550-

850, and 850-1300 cm-1 (Huang and Behrman, 1991, Środa and Paluszkiewicz, 2008).  

 

 



34

Figure 3.7 FTIR spectra of the sol-gel ionomer glass synthesized with different pH

At pH 0.6-7, the FTIR spectra revealed a strong band around 450 cm-1

which attributed to oxygen vibration in the plane perpendicular to Si-O-Al linkage. 

The next region appearing around 750 cm-1 was expected to the symmetric 

stretching of the aluminum-oxygen bonding in [AlO4] tetrahedra and the Si-O 

bending. At around 580 cm-1, there were two bands attributed to the crystal PO4

from the fluorapatite structure. For the high intensity band appearing around 1100 

cm-1, this band assigned to the antisymmetric stretching vibrations of bridging Si-O-Si 

bond within [SiO4] tetrahedra (Środa and Paluszkiewicz, 2008). The width of this band 

referred to existence of the NBO in the glass structure of Qn unit, where Q indicated 

to a silica tetrahedron with 4-n of NBO structure. This 1100 cm-1 band was slightly 

shifted and broadened toward lower wavenumber when compared with the 

commercial glass. Hence, the network structure of our sol-gel glass prepared with 

low pH was composed with high amount of NBO unit. Additionally, the shoulder 

occurred around 1050 cm-1 and 1100 cm-1 indicated the BO from Si-O-Al bonding and 

the crystal PO4, respectively.
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At pH 10, the band locating around 1100 cm-1 and 800 cm-1 was obviously 

shifted to 1000 cm-1 and 760 cm-1, respectively. Moreover, their band width was 

significantly broadened. This characteristic attributed to formation of Si structural unit 

with higher NBO unit (Środa and Paluszkiewicz, 2008, Riti, Vulpoi, Ponta et al., 2014). 

This result is in good agreement with the previous finding of Valliant et al. that 

increase of pH resulted in increase of NBO unit in glass network (Valliant, Turdean-

Ionescu, Hanna et al., 2012). Wren et al. demonstrated that the ionomer glass with a 

high amount of NBO structure tended to react well with the polyacrylic acid because 

it was susceptible to acid attack (Wren et al., 2009).  
 

Table 3.3 The physical properties of SGIC prepared with different pH. 

Sample P:L ratio Mixing Working time 

(min) 

Setting time 

(min) 

Compressive 

strength (MPa) 

Commercial GIC 3.4:1 Easy 3:00 4:55 109.68 ± 4.12 

Commercial GIC 1:1 Very easy 4:13 12:17 36.1±1.7 

pH 0.6 powder 1:1 Easy 3:30 10:25 51.62 ± 4.90 

pH 1.5 powder 1:1 Easy 2:32 4:11 46.47 ± 8.47 

pH 7.0 powder 1:1 ---------------------------- Rapidly set --------------------------- 

pH 10 powder 1:1 ---------------------------- Rapidly set --------------------------- 

 

The working and setting time of the ionomer glass powder prepared in acid 

catalyst are shown in Table 3.3. The result revealed that SGIC prepared with acid 

region (pH 0.6-1.5) exhibited favorable compatibility and interaction with the 

polymeric acid and showed the working and setting time close to the commercial 

product. Moreover, their compressive strength was higher than the commercial 

product at the same P:L ratio. On the other hand, the samples prepared with higher 

pH (7-10) set too fast to be molded and measured the setting time. This fast reaction 

could be attributed to the high concentration of NBO unit in glass structure. 

Additionally, a noticeable heat release was observed during the setting reaction. 

However, precise evaluation of the heat release was difficult due to the rapidity of 

the reaction. This heat releasing was suggested that ionomer glass synthesized at 

high pH levels formed a ring structure within its glass network, as presented in Figure 
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3.8 (B), that required a large amount of energy to break the bonds (Ying, Benziger and 

Navrotsky, 1993). Furthermore, the heat released during the reaction could have 

caused harm to surrounding tissue. Therefore, it was more suitable to synthesize 

ionomer glass using the sol-gel method at lower pH levels in the acidic region.

Based on the findings of this study, the ionomer glass synthesized with a 

pH value of 1.5 showed a setting time that was comparable to the commercial GIC 

(with a P:L ratio of 3.4), as shown in Table 3.3. Therefore, a pH value of 1.5 was 

selected for the synthesis of ionomer glass in the subsequent experiment. 

Figure 3.8 The silica gel networks derived form (A) acid- and (B) base-catalyzed 

TEOS hydrolysis and condensation (Ying et al., 1993)

3.3.3 Effect of calcination temperature

Figure 3.9 presents that XRD patterns of the commercial glass structure 

show amorphous, while the glass powder calcined at 400ºC, 600ºC, 700ºC and 800ºC 

exhibited fluorapatite phase (JCPDS no. 76-0558) and CaF2 (JCPDS no. 35-0816). After 

calcining at higher temperature, the crystallinity of fluorapatite was increased. At 

800ºC, the mullite characteristic peaks were observed. 
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Figure 3.9 XRD pattern of the sol-gel ionomer glass after calcination at 400ºC, 

600ºC, 700ºC and 800ºC, respectively, as compared with the commercial 

product. 

 

The FTIR spectra of the sol-gel ionomer glass were corresponded to the 

XRD pattern that there was the development of the structure upon the calcination 

temperature (Figure 3.10) .  For the ionomer glass calcined at 400ºC, the water and 

hydrocarbon species remained in the structure which was found as the bands at 

1636 cm-1 and 1427 cm-1 and 1350 cm-1 (Jmal and Bouaziz, 2018). The band observed 

at 1100 cm-1 reflected the vibration of Si-O-Si (Riti et al., 2014). At 600 ºC, the Si-O-
Al/Ca characteristics were found at 1000 cm-1 and 750 cm-1, while the water and the 

hydrocarbon disappeared. The peak at 550 cm-1 was assigned to P-O oxygen bridging 

inside the PO3-
4 tetrahedron. The crystallization was apparently found in IR spectra of 

the ionomer glass calcined 700ºC.  The phosphate peak around 550 cm-1 was split 

into two bands at 580 and 550 cm-1  which attributed to crystalline phosphate of 

apatite (Jmal and Bouaziz, 2018). After calcining at 800 ºC, the glass became a high 

crystalline material. 
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Figure 3.10 The FTIR spectra of (a) the sol-gel ionomer glass after calcination at 

400ºC, 600ºC, 700ºC and 800ºC, respectively.  

 

Based on the FTIR results, there was a remaining of water and hydrocarbon 

species in the ionomer glass calcined at 400°C. This finding suggested that the 

calcination process at a temperature of 400°C was insufficient to completely 

eliminate the water and hydrocarbon species from the ionomer glass. Furthermore, 

the sol-gel ionomer glass calcined at 400°C showed an absence of the Si-O-Al/Ca 

bonding at 1000 cm-1 and 750 cm-1 which played a key role in setting reaction of GICs 

(Bertolini et al., 2005). The breakdown of this bonding upon acidic attack was 

responsible for the release of Al3+ and Ca2+ ions that react with the PAA liquid to 

form a poly-salt matrix. Consequently, the lack of this bonding in the sol-gel ionomer 

glass calcined at 400°C makes it ineffective in reacting with the PAA liquid. On the 

other hand, it was observed that the calcination process at a higher temperature of 

600°C was effective in eliminating the residual water and hydrocarbon species from 

the ionomer glass. Moreover, Si-O-Al/Ca bonding, which was a key structure for 

setting reaction of GIC, was observed upon calcination at temperatures of 600°C and 

higher. After calcining at 700ºC, each band had become narrow indicating the 
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crystallinity characteristic of the glass network. This finding was associated to XRD 

pattern in Figure 3.9. The high crystallinity of the glass might result in a deficiency of 

reactive ions for GIC setting reaction, as the crystalline structure is highly stable and 

less susceptible to acid attack (Huang and Behrman, 1991, Wood and Hill, 1991, 

Griffin and Hill, 1999, Billington, Williams and Pearson, 2006). 
 

Table 3.4 The physical properties of SGIC calcination at 400ºC 600ºC, 700ºC and 

800ºC 

Sample P:L ratio Mixing Working time 

(min) 

Setting time 

(min) 

Compressive 

strength 

Commercial GIC 3.4:1 Easy 3:00 4:55 109.68 ± 4.12 

Commercial GIC 1:1 Very easy 4:13 12:17 36.1±1.7 

400 ºC 1:1 --------------------------- No reaction --------------------------- 

600ºC  1:1 ---------------------------- Rapidly set --------------------------- 

700ºC  1:1 Easy 2:32 4:11 46.47 ± 8.47 

800ºC  1:1 ------------------------------ No reaction ------------------------------- 

 

Table 3.4 presents the physical properties of SGIC investigated in this 

study. The results showed that there was no reaction between the PAA liquid and 

the ionomer glass calcined at 400 ºC due to the lack of Si-O-Al/Ca structure. When 

the sol-gel ionomer glass was calcined at 600ºC, it started to form Si-O-Al/Ca 

structure and reacted satisfactory with the polymeric acid. However, the sol-gel 

ionomer glass calcined at 600ºC provided a short working time that was unable to be 

mold in desirable shape. On the other hand, the sol-gel ionomer glass calcined at 

800ºC failed to set as a hard cement even after 60 minutes of mixing with the liquid 

phase. Interestingly, the setting time of the sol-gel ionomer glass calcined at 700ºC 

was similar to that of the commercial GIC (P:L ratio of 3.4:1). However, the 

compressive strength of the ionomer glass calcined at 700°C was significantly lower 

than those of the commercial product.  

The current study suggested that the presence of crystal formation within 

the sol-gel glass structure impeded the desired setting reaction of SGIC. Therefore, 

the next experiment aimed to reduce the crystallinity of the sol-gel glass. 
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3.3.4 Effect of fluoride source 

As reported in Cestari’s study, the presence of CaF2 crystals in the sol-gel 

ionomer glass structure could result from incomplete dissolution of the CaF2 

precursor (Cestari et al., 2009). In order to eliminate crystal structure of CaF2, the 

alternative fluoride precursor was investigated. H2SiF6 has been commonly used as a 

fluoride precursor in the sol-gel synthesis of ionomer glass in other research works 

(Bertolini et al., 2009, Tu et al., 2016). Therefore, it was interesting to compare the 

utilization of these two fluoride precursors, which were CaF2 and H2SiF6 in our study 

to assess their impact on crystallinity and compressive strength of SGIC. 
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Figure 3.11 XRD pattern compares the sol-gel ionomer glass prepared using CaF2 and 

H2SiF6 fluoride precursors, as compared with the commercial GIC. 

 

The XRD patterns of the ionomer glass prepared using CaF2 as a fluoride 

precursor revealed crystalline structure comprising of the fluorapatite phase (JCPDS 

no. 76-0558) and CaF2 (JCPDS no. 35-0816). On the other hand, the ionomer glass 

prepared using H2SiF6 as a fluoride precursor exhibited only the fluorapatite crystal.  

The results of our study demonstrated that when the precursor was 

changed from CaF2 to H2SiF6, the crystal structure of CaF2 was entirely absence. This 

 



41 

finding suggested that the presence of CaF2 crystals in our ionomer glass might be 

originated from the insoluble CaF2 precursor. This highlights the potential of H2SiF6 as 

a more effective precursor for reducing crystallinity in sol-gel synthesized ionomer 

glass. 

 

Table 3.5 The physical properties of SGIC prepared from sol-gel glasses prepared 

using two different fluoride sources, CaF2 and H2SiF6 

Samples P:L ratio Mixing Working time 

(min) 

Setting time 

(min) 

Compressive 

strength 

Commercial GIC 1:3.4 Easy 3:00 4:55 109.68 ± 4.12 

Commercial GIC 1:1 Very easy 4:13 12:17 36.1±1.7 

CaF2 1:1 Easy 2:32 4:11 46.47 ± 8.47 

H2SiF6 1:1 Easy 2:30 5:40 59.68±9.82 

 

The working and setting time of SGICs are shown in Table 3.5. The findings 

reveal that SGIC produced using H2SiF6 as a fluoride precursor had an increased 

setting time, but it has still in acceptable range of 4-6 minutes. Additionally, the 

compressive strength of the sol-gel GICs prepared with H2SiF6 as a fluoride precursor 

surpassed that of CaF2. This result supports previous result in section 3.3.3 indicating 

that the crystalline structure in ionomer glass can impede the setting process. 

Consequently, sol-gel GICs prepared with H2SiF6, which have a lower degree of 

crystallinity, exhibit greater compressive strength. 
 

3.3.5 Effect of aging process 

The previous experiment in section 3.3.3 suggested that the crystallization 

in the ionomer glass structure resulted in low compressive strength of SGIC. 

Moreover, the finding in section 3.3.4 revealed that the absence of CaF2 crystal could 

increase the compressive strength of SGIC. However, there was a remaining FA crystal 

in the sol-gel ionomer glass. It should be noted that the sol-gel synthesis of glass 

required a specific duration of heat treatment, either during the aging or calcination 

process. These thermal treatments induced a gradual rearrangement of the glass 

network, which could result in phase separation and subsequent crystal precipitation 
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(Zanotto, 1992, Roy et al., 1995). To reduce the incidence of crystal precipitation, it 

was necessary to investigate and optimize the heat treatment procedure.  

In previous experiments, the calcination temperature was already 

investigated (Section 3.3.3), and the optimized temperature was found at 700ºC. 

Therefore, the aging process needed to be further investigated. The sol-gel synthesis 

conducted in previous experiment involved dissolving the precursor to obtain a 

homogeneous sol, followed by gel aging at a specific temperature of 80ºC for 15 

hours in a closed container to complete the hydrolysis and initiate condensation. 

Subsequently, the container was opened and incubated at 120ºC for 5 hours to 

evaporate the remaining water and organic solution, a process referred to as "dried 

aging". Finally, the obtained dried gel was calcined. 

In this section, it was aimed to reduce the occurrence of crystal 

precipitation by exploring the possibility of minimizing the dried aging process. The 

previous experiment in section 3.3.3 suggested that the crystallization in the ionomer 

glass structure resulted in low compressive strength of SGIC. Moreover, the finding in 

section 3.3.4 revealed that the absence of CaF2 crystal could increase the 

compressive strength of SGIC. However, there was a remaining FA crystal in the sol-

gel ionomer glass. It should be noted that the sol-gel synthesis of glass required a 

specific duration of heat treatment, either during the aging or calcination process. 

These thermal treatments induced a gradual rearrangement of the glass network, 

which could result in phase separation and subsequent crystal precipitation (Zanotto, 

1992, Roy et al., 1995). To reduce the incidence of crystal precipitation, it was 

necessary to investigate and optimize the heat treatment procedure.  
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Figure 3.12 XRD pattern compares the sol-gel ionomer glass prepared by different 

aging process, namely dried aging and gel aging, with the commercial GIC. 

 

In previous experiments, the calcination temperature was already 

investigated (Section 3.3.3), and the optimized temperature was found at 700ºC. 

Therefore, the aging process needed to be further investigated. The sol-gel synthesis 

conducted in previous experiment involved dissolving the precursor to obtain a 

homogeneous sol, followed by gel aging at a specific temperature of 80ºC for 15 

hours in a closed container to complete the hydrolysis and initiate condensation. 

Subsequently, the container was opened and incubated at 120ºC for 5 hours to 

evaporate the remaining water and organic solution, a process referred to as "dried 

aging". Finally, the obtained dried gel was calcined. 

Figure 3.12 illustrates the XRD patterns of the ionomer glass obtained from 

different aging processes in the sol-gel method. The results showed that the ionomer 

glass obtained from the dry aging process exhibited crystal precipitation of 

Fluorapatite (JCPDS no. 76-0558). On the other hand, the ionomer glass obtained 

from the gel aging process presented an amorphous phase without any 
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crystallization, similar to the commercial GIC. These findings indicated that the dry 

aging step resulted in crystal formation in the glass structure. 

 

Table 3.6 The physical properties of SGIC prepared from sol-gel glasses prepared 

using two different aging method, dry aging and gel aging. 

Samples P:L ratio Mixing Working time 

(min) 

Setting time 

(min) 

Compressive 

strength 

Commercial GIC 3.4:1 Easy 3:00 4:55 109.68 ± 4.1 

Commercial GIC 1:1 Very easy 4:13 12:17 36.1±1.7 

Dried aging 1:1 Easy 2:30 5:40 59.68±9.8 

Gel aging 1:1 Easy 2:20 5:40 77.84±3.4 

 

The working time, setting time and compressive strength of SGICs are 

shown in Table 3.6. The setting time results showed no significant difference 

between the two aging conditions. However, the compressive strength of the 

ionomer glass obtained from the gel aging process was found to be significantly 

higher compared to that obtained from the dry aging process. This observation could 

be attributed to the fact that the ionomer glass obtained from the gel aging process 

had an amorphous structure, whereas the ionomer glass obtained from the dry aging 

process had a crystalline structure, as indicated by XRD analysis. It is known that the 

presence of crystalline phases in the glass structure impeded the setting reaction of 

GIC, leading to lower mechanical strength. 

In summary, the present study suggests that the gel aging process can lead 

to the formation of an amorphous phase, which enhances the mechanical properties 

of the ionomer glass, resulting in higher compressive strength.  

 

3.4 Conclusions 

This study investigated the impact of various synthesis factors on the synthesis 

of ionomer glass via the sol-gel method, including water-to-precursor ratio, pH, 

calcination temperature, type of fluoride source, and aging method. The findings 
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revealed that the sol-gel synthesis conditions significantly influence the resulting 

glass structure and physical properties of SGICs. 

The study demonstrated that an optimal water-to-precursor ratio of 0.01 

provides suitable setting time and clear, white-colored ionomer glass for SGICs. An 

acidic condition at pH 1.5 yielded the most promising results in terms of setting time 

and compressive strength, while higher pH levels resulted in quick setting time and 

heat release during the setting reaction. 

The optimal calcination temperature was found to be 700°C, providing a net 

setting time of approximately 4:11 minutes and compressive strength of 46.47 ± 8.47 

MPa, with high crystallinity of the glass. The use of H2SiF6 as a fluoride source 

resulted in the disappearance of CaF2 crystals and increased compressive strength to 

59.68 ± 9.82 MPa. 

Finally, it was found that the dried aging process could be skipped to reduce 

glass crystallinity and achieve a significant increase in compressive strength to 77.84 ± 

3.4 MPa, while the setting time remains unchanged. These findings provide important 

insights into the synthesis of ionomer glass for SGICs and have implications for the 

subsequent experiments that will be conducted in this thesis. 

 

 



 

CHAPTER 4  
EFFECT OF IONOMER GLASS COMPOSITON (Al2O3-P2O5 RATIO) 

 

This chapter studied the variation of Al2O3 and P2O5 content in the ionomer 

glass synthesized by the sol-gel method. According to the literature reviews and the 

results in Chapter 3, it was evident that several factors influence the structure of sol-

gel-derived glass. These factors could lead to distinct structural differences between 

sol-gel-derived and melt-derived glasses, even if their compositions were identical. 

Therefore, an inclusive evaluation of the composition of ionomer glass in terms of 

structural changes and associated physical properties was crucial to achieve 

comparable SGIC to the melt derived GIC. In this study, the change in glass structure 

was deeply evaluated regarding their compressive strength and setting reactivity. The 

Al2O3 and P2O5 ratio was evaluated by DoE technique using Minitab 16 software.  

 

4.1 Research background 

The ionomer glass based on alumino-silicate glass including calcium, 

phosphorus, and fluoride was extensively investigated by previous literature as a 

melt-quenching glass (Griffin and Hill, 1999, Griffin and Hill, 2000, Griffin and Hill, 

2000, Stamboulis, Hill and Law, 2004). It was reported that the ionomer glass network 

must be the link of tetrahedral [SiO4] and [AlO4], which the Al3+ ions substituted in a 

site of Si4+ (Stamboulis et al., 2004, Bertolini et al., 2005, Nicholson and Czarnecka, 

2016). This substitution caused the glass network to have an excessively negative 

charge. To compensate for this charge deficiency, additional positively charged ions 

(such as Ca2+) were required, resulting in the formation of non-bridging oxygen (NBO) 

sites that are susceptible to acid attack. (Wren et al., 2009).  
To ensure effective reactivity with polymeric acid in the glass ionomer cement 

reaction, the ionomer glass required a high susceptibility to acid attack. Previous 

studies have reported that the high formation of [AlO4] tetrahedron in the glass 

structure was correlated with the susceptibility of the ionomer glass to acid attack 
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(Stamboulis et al., 2004, Bertolini et al., 2005, Nicholson and Czarnecka, 2016). The 

[AlO4] tetrahedron formation can be preserved if the ratio of Al/(Si+P) is less than or 

equal to 1, according to Lowenstein's rule (Loewenstein, 1954, Stamboulis et al., 

2004). However, previous research found that the compressive strength of the sol-gel 

derived glass ionomer cement with an Al/(Si+P) ratio higher than one was better than 

that of the melt-quenching glass ionomer cement (Tu et al., 2016). The report on the 

association between glass composition and the properties of GIC synthesized by the 

sol-gel process was still unclear. Meanwhile, the melt-quenching glass in 4.5SiO2-

3.0Al2O3-1.5P2O5-3CaO-2CaF2 glass system with Al/(Si+P) ratio of 0.8 was commonly 

prepared and studied in the previous literatures, the sol-gel glass formula of 4.5SiO2-

4.3Al2O3-0.15P2O5-2Ca-F2 with an Al/(Si+P) ratio of 1.79 was successfully synthesized 

by Tu and his colleague (Tu et al., 2016).  

Therefore, the purpose of this study was to investigate the effect of Al2O3 and 

P2O5 content, including the Al/(Si+P) ratio in glass composition, on the glass structure 

synthesized using the sol-gel method. The glass formula was designed to obtain an 

Al/(Si+P) ratio in the range of 0.74 to 1.79, which covered the glass composition for 

both the melt-quenching and the sol-gel processes. The interaction of Al2O3 and 

P2O5 contents on the physical properties of SGIC was analyzed using a 2k factorial 

design (Minitab 16 statically software). Additionally, the relationship between the sol-

gel glass structure and the physical properties of SGIC were also determined. 

 

4.2 Experimental procedure 

4.2.1 Experimental design 
Minitab 16 statistical software was used to construct and evaluate a 2k full 

factorial experiment to determine the optimal composition of the sol-gel ionomer 

glass used in this investigation. The glass composition based on 4.5SiO2-XAl2O3-YP2O5-

2CaO-2F2 in the molar ratio was selected, where X was varied of 2, 2.5, 4 and 4.3 

moles while Y was varied of 0.15, 0.3, 0.45 and 1.5 moles designed by 2k factorial 

design as summarized in Table 4.1. In addition, the experimental flow chart was 

illustrated in Figure 4.1. 
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Table 4.1 The variation of the sol-gel ionomer glass compositions for 4.5SiO2-

XAl2O3-YP2O5-2CaO-2F2 using 2k factorial design. 

Sample 

annotation 

Mol ratios 
Al/(Si+P) ratio 

Al2O3 (X) P2O3 (Y) 

2Al-0.15P 2 

0.15 

4/(4.5+0.3) = 0.83 

2.5Al-0.15P 2.5 1.04 

4Al-0.15P 4 1.67 

4.3Al-0.15P 4.3 1.79 

2Al-0.3P 2 

0.3 

0.78 

2.5Al-0.3P 2.5 0.98 

4Al-0.3P 4 1.57 

4.3Al-0.3P 4.3 1.69 

2Al-0.45P 2 

0.45 

0.74 

2.5Al-0.45 2.5 0.92 

4Al-0.45P 4 1.48 

4.3-0.45P 4.3 1.59 

 

4.2.2 Sol-gel synthesis of the ionomer glass 

The sol-gel synthesis of the ionomer glass was prepared in accordance 

with the obtained method form Chapter 3. The process started at mixing of a 

solution of TEOS: H2O: EtOH with a molar ratio of 1:50:10 at room temperature using 

a magnetic stirrer (Taira and Yamaki, 1995). The amount of chemical content was 

presented in Table II of Appendix B. There was no catalyst added to this experiment. 

Next, Al(NO3)3, TEP, and Ca(NO3)2·4H2O were added sequentially and mixed for 30 

minutes with a magnetic stirrer. The solution was then aged for 15 hours at 85°C. The 

gel was semi-dry and white after 15 hours of ageing in the oven. The dried gel was 

calcined at 700°C for two hours to remove any organic materials and solvents. The 

synthesized glass was then ground into a fine powder using a planetary mill with 10 

mm alumina balls in alumina vessels at 440 rpm for two hours. 

  

 



49

Figure 4.1 Schematic of experimental design to determine the optimal Al2O3 and P2O5

ratio by variation of Al(NO3)3 and TEP precursors.

4.2.3 Characterization of the sol-gel ionomer glass

The phase identification of the ionomer glass was determined using X-ray 

diffractometer, German Bruker D2 with a step time of 0.02º/min and a scan range of 

10-60º. The chemical structure of the ionomer glass was analyzed by X-ray 

photoelectron spectroscopy (XPS, PHI5000 Versa Probe II, ULVAC-PHI, Japan) at the 

SUT-NANOTEC-SLRI joint research facility, Synchrotron Light Research Institute (SLRI), 

Thailand. The excitation source was a monochromatic Al K-alpha radiation (1486.6 

eV). All binding energies of the samples were calibrated with the C1s peak at 284.8 

eV. PHI MultiPak XPS software was used to process the fitting curves of XPS spectra 

using a combination of Gaussian-Lorentzian lines with a fixed value of FWHM.

To determine the susceptibility of the glass to the acid, the ions releasing 

from sol-gel ionomer glasses were measured by immersing 0.05 g of the glass 
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powders in 10 ml of 5% acetic acid for different lengths of time (2, 6, 10, 60, and 

1440 minutes) and then filtering out the glass powder. The ion concentrations (Si4+, 

P5+, Al3+, and Ca2+) of the immersed solution was evaluated using Inductively 

Coupled Plasma - Optical Emission Spectrometry (ICP-OES optima 8000, Perkin). 

Elemental stock solutions (1000 ppm) of Silicon (Si), Phosphate (P), Aluminium (Al), 

and Calcium (Ca) were used to prepare calibration standards. All calibration solutions 

were made up to volume with 2 wt.% nitric acid (HNO3). 

 

4.2.4 Preparation of the sol-gel glass ionomer cement (GIC) 

A liquid solution composed of polyacrylic acid (35 wt.% in H2O PAA; M.W. 

100,000) and tartaric acid (PAA-TA) at a ratio of 9:1 w/w supplied by Sigma-Aldrich 

was used for mixing with the sol-gel ionomer glass. For this GIC, the powder-to-liquid 

mixing ratio was determined at 1:1 (w/w). The components were mixed for 40 

seconds on a clean bench, and then poured into the testing mold. 

 

4.2.5 Setting time  

According to ISO 9917-1:2007 for dental glass polyalkenoate cement, the 

working time of the glass ionomer cement (GIC) was recorded from the start of 

mixing until the cement paste was no longer manipulable. The net setting time of 

the GIC was measured with Gillmore Apparatus (Humboldt, H-3150F). Once the 

cement paste was mixed and filled into Teflon cylinders, the net setting time was 

recorded until a heavy and thin needle (453.6 g, 1.06 mm) could be placed on their 

surface without leaving a mark. The mean value of at least 3 samples was recorded.  
 

4.2.6 Compressive strength testing 

In accordance with ISO 9917-1:2007, compressive strength was determined 

using a universal testing machine (UTM, Instron 5565, Instron GmbH, Germany) with a 

5 kN load cell and a cross speed of 0.75 mm/min. The cylindrical specimens (Ø = 4 

mm, h = 6 mm) were formed. Before testing, all specimens were maintained in DI 

water at 37°C for 24 hours. For each experimental condition, at least 8 specimens 

were produced. The compressive strength was calculated by using the equation, CS 
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= 4P/πd2. Where CS was compressive strength (MPa), P was the maximum load 

applied (N), and d was specimens radius (mm).

4.3 Result and discussion

4.3.1 Chemical structural analysis and ions releasing from the sol-gel 

ionomer glasses 

4.3.1.1 Effect of Al2O3 contents in the sol-gel ionomer glass 

composition

This experiment evaluated the effect of Al2O3 contents in ionomer 

glasses with compositions of 4.5SiO2-XAl2O3-0.3P2O5-2CaO-2F2, where X=2,2.5, 4 and 

4.3 moles. The XRD patterns of the ionomer glass with various Al2O3 content was 

showed in Figure 4.2. All sol-gel glasses exhibited a broad diffraction peak at 2 of 20°-

40°, indicating amorphous for the main phase of the sol-gel glass. 

Figure 4.2 XRD patterns of the sol-gel ionomer glasses belonging to 4.5SiO2-XAl2O3-

0.3P2O5-2CaO-2F2 glass system, where X= 2, 2.5, 4 and 4.3.
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Using the XPS technique, an investigation of the chemical structure 

of the sol-gel glasses was carried out. The high-resolution spectra obtained from the 

XPS technique was showed in Figure 4.3. The Al2p peak in Figure 4.3 (a) could be 

deconvoluted into 2 main peak at the binding energies of 74 eV and 75.5 eV which 

indicated to the [AlO4] tetrahedral and [AlO6] octahedral structure, respectively 

(Duan, Wang, Yu et al., 2012). The area of the deconvoluted peaks was used to 

determine the proportions of [AlO4] tetrahedral and [AlO6] octahedral sites (Roy et 

al., 1995). According to the findings, the tetrahedral site percentage was highest in 

the sol-gel glass containing 2 moles of Al2O3, while the octahedral site fraction was 

highest in the sol-gel glasses containing 4 and 4.3 moles of Al2O3.

Figure 4.3 High resolution XPS spectra in the (a) Al2p and (b) O1s regions of the sol-
gel ionomer glasses belonging to 4.5SiO2-XAl2O3-0.3P2O5-2CaO-2F2 glass 

system, where X= 2, 2.5, 4 and 4.3.

The high-resolution XPS spectra in the O1s region of the sol-gel 

glasses are shown in Figure 4.3 (b). The spectra showed the characteristics of bridging 

oxygen (BO) and non-bridging oxygen (NBO) in the ionomer glass structure. The 

deconvoluted O1s peak at around 532.5 eV was attributed to the BO in the Si-O-Si 

unit, whereas the peak at around 531.6 eV was ascribed to the NBO (Roy et al., 1995). 
The results demonstrated that when Al2O3 content increased, the proportion of NBO 

structures decreased.
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This study also determined the effect of Al2O3 variation on the ion 

releasing behavior over time. The releasing level of Si4+ ions from all glasses 

increased with time as seen in Figure 4.4 (a). The glass with 2 moles of Al2O3 

presented the highest concentration of the Si4+ ions at 2 minutes of soaking time. 

This finding might be associated with the greatest NBO structure in the glass network, 

making the glass susceptible to acid attack. After 6 minutes of soaking, however, 

there was no significant difference in the release of Si4+ ions. 

 

 
 

Figure 4.4 The concentration of (a) Si4+, (b) P5+, (c) Al3+ and (d) Ca2+ ions releasing 

from the sol-gel ionomer glasses belonging to 4. 5SiO2-XAl2O3-0.3P2O5-

2CaO-2F2 system, where X = 2, 2.5, 4 and 4.3, as function of the 

immersion times. 

 

Figure 4.4 (b) demonstrates an increase in the releasing level of P5+ 

ions as the Al2O3 content and immersion times increase. A similar pattern was seen in 

Figure 4.4 (c), which reveals the level of Al3+ ions released from the sol-gel glasses. 

Surprisingly, the sol-gel glass with low Al2O3 (X=2 moles) had the 

greatest Ca2+ ion concentration. The sol-gel glass containing 4 or 4.3 moles of Al2O3 

showed dramatically reduced Ca2+ ion release as shown in Figure 4.4 (d). 
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The general silicate glass structure is composed of SiO4 tetrahedral 

units that are connected by sharing one corner bridging oxygen (BO). When Al2O3 is 

introduced into a pure SiO2 glass network, the Si4+ ions at a tetrahedral site were 

replaced by the Al3+ ions. According to Lowenstein's rule, this replacement of Al3+ 

ions in the tetrahedral site of the glass network will occur if the Al/(Si+P) ratio is less 

than or equal to 1 (Stamboulis et al., 2004). The excess Al3+ ions will occur in the 

[AlO6] octahedral site when the Al/(Si+P) ratio is greater than 1 (scholze, 1964). 

Numerous studies have shown that the [AlO4] tetrahedral unit in the glass structure 

increases its susceptibility to acid attack (Bertolini et al., 2005). The high acid 

susceptible glass may release a large concentration of metal ions (Al3+ and Ca2+ ions) 

for cross-linking with the -COOH group of the polyacid, followed by the expansion of 

the polysalt network of GICs (Lohbauer, 2010). 

According to the background of the melt-derived glass at Al/(Si+P) 

less than or equal to 1, the increasing of Al2O3 content in the glass composition 

should be accompanied by increasing NBO structure (Stamboulis et al., 2004, 

Bertolini et al., 2005, Nicholson and Czarnecka, 2016, Zeng, Ye, Li et al., 2017). 

However, our sol-gel glass with an Al/(Si+P) ratio of 0.74-1.79 demonstrated a 

different structure, with increasing Al2O3 content decreasing the proportion of NBO 

structure, as seen in Figure 4.3. It should be note that the thermal history of the 

synthesis process have a significant impact on the glass network structure 

(Mukherjee, 1980). The sol-gel synthesis involves a low-temperature polymerization 

reaction followed by calcination to form a network. As a result, the glass network 

was able to rearrange, allowing the Al3+ ions that had formed at the [AlO6] octahedral 

site (high Al/(Si+P) ratio) to join to the glass network as a network former through the 

BO structure (Brow, Kirkpatrick and Turner, 1993). Therefore, the percentage of BO 

structures in the glass network structure was increased, while the percentage of NBO 

structures was decreased, in this study. 

Previous research suggested that low levels of NBO structure in the 

glass network contributed to the low acid susceptibility (as measured by the amount 

of ions released in acid solution) (Nicholson and Czarnecka, 2009). Our results 

showed that Al3+ ions were released in large quantities from glasses with Al/(Si+P) > 

1, despite the fact that tetrahedral species were less abundant than octahedral ones. 
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It was possible that the Al3+ ions could be released from the octahedral site in this 

case and subsequently react with the polymeric liquid, thereby enhancing the setting 

reaction. 

The glass network was added Ca2+ ions to achieve charge balance 

on the [AlO4] tetrahedron, which led to the formation of NBO and a tendency for 

acid susceptibility. The result in this study showed that the existence of NBO in the 

glass structure contributed to the high amount of Ca2+ ion release from the glass with 

X=2 moles. In the glass with higher Al2O3 (X=4 and 4.3), the proportion of NBO 

structure was lower and the amount of Ca2+ ions released was lower.

Figure 4.5 illustrated the changing in the glass network as an 

increasing of Al2O3 content in the glass composition to Al/(Si+P) more than 1. The 

structural change from the [AlO4] tetrahedron (CN = 4) to the [AlO6] octahedron (CN 

= 6) and the reduction in the NBO fraction could be attributed to the increase in Al 

content.

Figure 4.5 A proposed glass network structure for sol-gel ionomer glass with a 

variation of Al2O3 contents in the glass composition

4.3.1.2 Effect of P2O5 content in the sol-gel ionomer glass composition

XRD patterns of the sol-gel ionomer glasses based on 4.5SiO2-

4Al2O3-YP2O5-2CaO-2F2 compositions, where Y= 0.15, 0.3 and 0.45 moles, were 

showed in Figure 4.6. All sol-gel glasses exhibited a broad diffraction peak at 2 of 20°-

40°, indicating amorphous for the main phase of the sol-gel glass.
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Figure 4.6 XRD pattern of the sol-gel ionomer glasses belonging to 4.5SiO2-4Al2O3-

YP2O5-2CaO-2F2 glass compositions, where Y= 0.15, 0.3 0.45 and 1.5.

An investigation of the chemical structure of the ionomer glass with 

variation of P2O5 content by XPS technique was illustrated in Figure 4.7. The high-

resolution XPS spectra in the Al2p areas in Figure 4.7 (a) showed that the increasing 

in P2O5 concentration in the glass composition was resulted in the increasing of 

tetrahedral [AlO4] structure. This showed that the [AlO6] octahedron was the 

dominant structural component of the sol-gel glass containing P2O5 from 0.15 moles.

The percentage of BO and NBO in the ionomer glass structure 

analyzed by the O1s spectra were showed in Figure 4.7 (b). The results showed that 

the proportion of NBO decreased as the percentage of P2O5 in the glass composition 

increased.
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Figure 4.7 High resolution XPS spectra in the (a) Al2p and (b) O1s regions of the sol-

gel ionomer glasses based on 4.5SiO2-4Al2O3-YP2O5-2CaO-2F2 glass 

compositions, where Y= 0.15, 0.3, 0.45 and 1.5.

The concentrations of ions releasing for Si4+, Al3+ Ca2+ and P5+ ions 

from the sol-gel glasses were illustrated in Figure 4.8. All ions released in glass 

decreased significantly as P2O5 concentration increased. This finding could imply that 

increasing the P2O5 level in the glass composition lowered the acid susceptibility of 

the glass due to the low quantity of NBO.

Figure 4.8 (b) shows that for sol-gel glasses containing P2O5 in the 

range of 0.15 to 0.45 moles, there is no significant variation in the P5+ ions releasing in 

the acid solution. For the sol-gel glass with P2O5 up to 1.5 moles, the P5+ ions 

releasing tended to increase significantly.

In a glass network, P5+ ions served as a network former to form a 

[PO4] tetrahedron with a single double bond (scholze, 1964, Brow, 2000). After being 

introduced to the alumino-silicate based glass, the P5+ ions preferred to share the 

valence electron with the Al3+ ions. As a result, the linkage formation between the 

[AlO4] and [PO4] tetrahedra linked by sharing one corner bridging oxygen (BO). The 

finding in this study showed that that the structural change from the [AlO6] 
octahedron to the [AlO4] tetrahedron caused by the increase in P2O5 content and led 

to a decreasing of the NBO fraction in the glass structure, as illustrated in Figure 4.9.
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Figure 4.8 The concentration of (a) Si4+, (b) P5+, (c) Al3+ and (d) Ca2+ ions releasing 

from the sol-gel ionomer glasses based on 4.5SiO2-4Al2O3-YP2O5-2CaO-2F2 

compositions , where Y=0.15, 0.3, 0.45 and 1.5, as function of the 

immersion times

Figure 4.9 A proposed glass network structure for sol-gel ionomer glass with a 

variation of P2O5 contents in the glass composition.

4.3.2 Setting time and compressive strength of SGIC with Al2O3 and P2O5

variation

Figure 4.10 a) presents the working and net setting time of SGIC with the 

glass system of 4.5SiO2-XAl2O3-0.3P2O5-2CaO-2F2 system, where X = 2, 2.5, 3, 4 and 

4.3, in comparison with the commercial product. The result showed that the working 

time of the commercial product was 3 min, and the net setting time was 4.55 min. At 

the same time, there was no significant effect of the variation of Al2O3 content on 
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the working time of the sol-gel group which was presented in the range of 1-1.2 min. 

Moreover, the net setting time of the cement paste was extended when the Al2O3 

mole was increased from 2 to 3 moles. Up to an increase of Al2O3 more than 4.3 

mole, the net setting time was shortened.  

The compressive strength of SGIC with Al2O3 mole variation were illustrated 

in Figure 4.10 b). The compressive strength of the commercial product exhibited at 

109.68±4.12 MPa. For the sol-gel group, the compressive strength was increased as 

the Al2O3 mole in the glass composition and reached maximum at 79.23±6.96 MPa at 

4 moles of Al2O3.  
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Figure 4.10 The effect of Al2O3 mole in the sol-gel ionomer glass on a) setting time 

and b) compressive strength of SGIC. The effect of P2O5 mole in the sol-

gel ionomer glass on c) setting time and d) compressive strength of SGIC. 

Note: (*) indicates the sol-gel sample (P/L= 1) and the commercial 

product (P/L = 3.4) with Al/(Si+P) nearby 1 for comparison. 
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According to Billington’s report, P5+ ion was probably a controller of 

working time (Billington et al., 2006). Since the P5+ ions releasing level of the 

commercial glass was higher than those of the sol-gel glass, the commercial GIC 

showed longer working time than SGIC in this study. Additionally, our finding on the 

compressive strength of GIC matched with the previous study that the increase of 

Al2O3 did not affect compressive strength where Al(Si+P) < 1 (Griffin and Hill, 1999). 

Interestingly, the compressive strength was improved as increasing of Al3+ ions 

releasing from glass composition, where Al/(Si+P) > 1. This was because the Al3+ ion 

could form three-dimensional crosslinking networks after reacting with the polymeric 

liquid (Kim, Lee, Jun et al., 2017). 

 

In case of a variation of P2O5 moles in SGIC, the working and net setting 

time of the sol-gel ionomer glasses based on 4.5SiO2-4Al2O3-YP2O5-2CaO-2F2 

compositions, where Y=0.15, 0.3, 0.45 and 1.5 are showed in Figure 4.10 c). The result 

revealed that the increase of P2O5 in glass composition resulted in extension of 

working and net setting time. At P2O5 moles of 1.5, the net setting time was 

extended to 60 min. It should be note that the setting time of the sol-gel glass with 

Al/(Si+P) ≈ 1 obtained longer than the commercial product.  

Figure 4.10 d) presented the changing of compressive strength with the 

variation of P2O5 mole in the sol-gel glass composition. The maximum compressive 

strength was 79.23±6.96 MPa which was found at P2O5 at 0.3 moles. Further increase 

of P2O5 moles in glass composition decreased the compressive strength which was 

vigorously lower than the commercial product.  

In case of a variation of P2O5 moles in SGIC, all samples prolonged setting 

time when P2O5 mole increased up to 1.5 moles. From Al2p XPS spectra, it found 

that [AlO4] tetrahedral was increased with increasing P2O5 moles in SGIC, and O1s XPS 

spectra indicated that those bridging oxygens (BO) in the glass network increased as 

shown in Figure 4.10 (b). The addition of P2O5 in the sol-gel glass composition 

probably form to [AlPO7] tetrahedron as O2- ion bonding between [PO4] tetrahedron 

and [AlO4] tetrahedron, so the bridging oxygens (BO) were formed in the glass 

network as can be explained in Figure 4.9 (scholze, 1964). It was resulting in low acid 

susceptible of SGIC; thus, the setting time was longer. 
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The acid resistance of SGIC could be attributed to the increase in BO 

resulting from the rise in P2O5 moles (Kusumoto, 2009). This caused a reduction in 

the concentrations of ions (Al3+, Ca2+, Si4+) released from the glass, while the level of 

P5+ ions releasing increased significantly. This finding is consistent with the extended 

working and net setting time of SGIC. 

The setting reactivity of SGIC played a crucial role in the preparation of 

uniform testing specimens for accurate strength measurements. Rapid working time 

of GIC might lead to difficulty in preparing uniform test specimens resulting in 

challenging to measure the exact value of its strength. The compressive strength of 

P2O5 (Y) = 0.15 provided significantly low because of shortening working time while 

the compressive strength of P2O5 (Y) = 0.30 showed higher due to homogeneous 

mixing of longer working time. However, the further adding of P2O5 moles in glass 

composition resulted in reducing compressive strength due to the high acid 

resistance and low released ions (Al3+ and Ca2+) of SGIC. This result was similar to 

Griffin and Hill work that the melt-quenched glass with increasing of P2O5 moles in 

glass composition led to longer setting time while that glass composition without 

P2O5 mole was rapidly setting (Griffin and Hill, 2000). Considering of Al/(Si+P) ratio 

nearby 1 of SGIC (Al/(Si+P) = 1.06, Y= 1.5) in comparison with the melt-quenched 

glass of commercial GIC (Al/(Si+P) = 0.98), the Al2p spectra result of both samples 

were similar, but the ion releasing behaviors were rigorous different. Therefore, it 

indicated that the Al/(Si+P) ratio near 1 should not be fixed for the sol-gel glass 

synthesis.  

 

4.3.3 DoE analysis  

The Design of Experiments (DoE) technique was used to study how the 

interaction between Al2O3 and P2O5 in the sol-gel glass composition affected the 

setting time and compressive strength. This study was designed and analyzed using 

2k full factorial experimental design by the Minitab Release 16 program as presented 

in Figure 4.11. The ANOVA test for the net setting times of SGIC with various Al2O3 
and P2O5 contents in the glass compositions is shown in Figure 4.11 (a). The effect on 

the net setting time of SGICs was determined to be significant at 95% confidence 

level (P ≤ 0.05). The results showed that the change in Al2O3 content had no effect 
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on the net setting time (P= 0.058). The variation of P2O5 content and the interaction 

between Al2O3 and P2O5 had a significant effect on the net setting time (P= 0.000).  

Figure 4.11 (b) reveals the main effect plot between the variation of the 

glass composition and the net setting time This result supported the ANOVA result 

and showed that the net setting time of the sol-gel glass was significantly influenced 

by the P2O5 content but was independent of the Al2O3 content. 

The result in Figure 4.11 (c) confirmed that there was a significant 

interaction between the variation of Al2O3 and P2O5 in the glass structure. The non-

parallel lines in the interaction plot indicated that there was a strong correlation 

between the changes in the Al2O3 and P2O5 contents. The interaction of 0.15, 0.30, 

and 0.45 moles of P2O5 with 3, 4.0, and 4.3 moles of Al2O3 led to a significant 

increase of the net setting time of the sol-gel glasses. It was interesting to note that 

the interaction between 2 moles of Al2O3 and 0.15-0.30 moles of P2O5 did not affect 

the net setting time of the sol-gel glass. However, when the Al2O3 content was at 0.2 

moles and P2O5 was at 0.45 moles, the net setting time was significantly increased. 

The finding in this study revealed that the addition of a high amount of P2O5 in the 

glass composition could prolong the setting time due to the low susceptibility to 

acid attack of the glass. These results were consistent with previous research (Griffin 

and Hill, 2000), which found that the addition of more P2O5 content to a melt-

quenched glass could extend the setting time, while glass compositions without P2O5 

were set rapidly. 
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Figure 4.11 The experimental design analysis of the effects of variation of Al2O3 and 

P2O5 contents in SGIC compositions on the net setting times
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Compressive strength of sol-gel GIC with varying Al2O3 and P2O5 contents 

was conducted to an ANOVA test, as shown in Figure 4.12 (a). The results showed 

that the compressive strength of SGIC was significantly impacted by the Al2O3 

content, the P2O5 content, and their interaction at the 95% confidence level (P 0.05). 

The main effect plot for compressive strength on the influence of Al2O3 

and P2O5 moles variation in the sol-gel glass composition is shown in Figure 4.12 (b). 

Compressive strength was found to be maximum at 4 moles of Al2O3 and 0.3 moles 

of P2O5, and any further additions of these two components could lead to a 

decrease in compressive strength. The reduction of compressive strength for the 

glass composed with 0.45 moles of P2O5 was possibly due to the reduction of Ca2+ 

and Al3+ ions as shown in Figure 4.8. For the glass composed with 4.3 moles of Al2O3, 

their low compressive strength was associated with a data error caused by the rapid 

setting of GIC, resulting in a non-homogeneous sample. 

The interaction plot for compressive strength based on the variation in 

Al2O3 and P2O5 contents in the sol-gel glass composition is shown in Figure 4.12 (c). 

This result showed that 4 moles of Al2O3 and 0.3 moles of P2O5 provided the 

maximum compressive strength of SGIC. Thus, the compressive strength of the GIC 

was influenced by both Al2O3 and P2O5 moles in the composition of the sol-gel glass. 

In contrast to the previous findings of the melt derived GIC, this research 

discovered that the compressive strength of SGIC was significantly affected by the 

amount of Al2O3 in the glass composition (Griffin and Hill, 1999). Moreover, 

compositions of glass with an Al/(Si+P) ratio greater than 1 were found to have 

greater compressive strength in this investigation. This could be because the glass 

with an Al/(Si+P) ratio greater than 1 released high amount of Al3+ ions. When Al3+ 

ions interacted with polyacrylic acid during the setting process, they formed a three-

dimensional crosslinking network that strengthened the cement (Kim et al., 2017).  
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Figure 4.12 The DoE analysis for the compressive strength of SGIC with Al2O3 and 

P2O5 variation. (a) ANOVA analysis, (b) the main effects plot and (c) the 

interaction plot of Al2O3 and P2O5 contents in glass compositions for the 

compressive strength of SGICs.
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In the case of SGIC prepared with the low P2O5 in glass composition, the 

cement paste was set rapidly that cause inhomogeneous specimens and low 

compressive strength. This result related to excessive Al3+ and Ca2+ ions released as 

shown in Figure 4.8. When the P2O5 content was increased, Al3+ and Ca2+ ions 

releasing level trended to be decreased resulting in prolonging setting time. These 

findings indicated that the ion releasing level should be optimized for the GIC. The 

sol-gel glass containing 0.3 moles of P2O5 and 0.4 moles of Al2O3 (Al/(Si+P) = 1.57) 

was the optimal composition for setting time and compressive strength in this study. 

Therefore, Al/(Si+P) ratio might not be equal to 1 for the glass synthesized by the 

sol-gel method. 

 

4.4 Conclusions 

This chapter demonstrated the effect of varying the Al2O3 and P2O5 contents in 

the glass composition synthesized by the sol-gel method designed for GIC. The glass 

composition in this study was designed and analyzed by DoE technique. The results 

demonstrated that an increase of Al2O3 content in the glass formula could enhance 

the compressive strength of SGIC, although the structure composed of a large 

proportion of [AlO6] octahedra and BO. An increase of P2O3 content in the glass 

composition led to increasing of [AlO4] tetrahedron and BO, resulting in prolonging 

the setting reactivity and lowering compressive strength of the cement. The glass 

composed of 4.0 mol Al2O3 and 0.3 mol P2O5 (Al/(Si+P) =1.57) produced the GIC with 

the highest compressive strength in this study. DoE analysis verified that the setting 

time and compressive strength were affected by the interaction between Al2O3 and 

P2O5 in the glass composition. 

 

 



 

CHAPTER 5  
EFFECT OF ZnO DOPING AND CALCINATION TEMPERATURE 

ON SGICs (4.5SiO2-4Al2O3-0.3P2O5-(2-X)CaO-XZnO-2F2) 
 

This study aimed to improve the biological properties of the sol-gel ionomer 

glass obtained from Chapter 4 by doping ZnO into the ionomer glass and 

investigating the effect of calcination temperature to optimize the physical properties 

of SGIC. The DoE technique was used to design and analyze the effect of the dopant 

on the physical properties. Additionally, the study utilized X-ray photoelectron 

spectroscopy (XPS) and synchrotron-based X-ray absorption spectroscopy (XAS) 

techniques to gain a deeper understanding of the relationship between the physical 

properties and the structure of the ionomer glass and cement.  

Apart from that, this study evaluated the antibacterial properties of the ZnO-

doped SGICs, its ability to form apatite crystal, and cell cytotoxicity. The results of 

these evaluations provided valuable insights into the effectiveness of ZnO-doped 

SGIC for dental restorative materials and its potential use in various clinical 

applications. Overall, this study contributed to the understanding of the structural 

and physical properties of ZnO-doped SGIC and its potential use as a dental 

restorative material. 

 

5.1 Research background 

It was known that dental caries is a prevalent oral health issue that occurs when 

acid-producing bacteria cause subsurface demineralization of the teeth (Wong et al., 

2017). When caries has developed, filling the affected area with dental restorative 

materials is the primary treatment option. One such material is GICs, which has the 

advantage of releasing fluoride ions into the oral cavity, thus promoting tooth decay 

resistance (California, 2005). Based on the literature review in Chapter 2, fluoride 

release was insufficient to improve the antibacterial properties. Therefore, 

researchers had attempted to enhance the antibacterial properties of GICs by 
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incorporating different bactericidal agents (Takahashi et al., 2006, Farrugia and 

Camilleri, 2015).  

Zinc ions are known to be bactericidal agents that inhibit the formation of caries 

(Li, Zhang, Niu et al., 2012, Tiama, Abd, Tohamy et al., 2017). Incorporating zinc into 

GIC has several benefits, including enhanced flexural strength, surface roughness, and 

good abrasive wear (Patil, Patel, Kunte et al., 2020, Kumar, Raj, Singh et al., 2021). 

Furthermore, Zn2+ ions have the same charge as Ca2+ ions (or Sr2+ ion for the 

commercial GIC) which play a crucial role in the glass network structure as a charge 

balancing agent and as a cross-linking ion in GIC structure (Sidhu and Nicholson, 2016, 

Zhang and Stamboulis, 2016, Thongsri, Srisuwan, Thaitalay et al., 2021). Zn2+ ions are 

supposed to act as a replacement for Ca2+ ions in the ionomer glass structure. 

However, a previous literature suggested that incorporating zinc in aluminosilicate 

glass, which was derived through traditional melt-quenching process, increased glass 

structural density, and induced some crystallization (Zhang and Stamboulis, 2016). In 

the case of the sol-gel synthesis, there is currently lack of research available on the 

effect of ZnO content in ionomer glass composition on the structure of both the 

glass network and GIC, as well as their properties.  

Thus, this study aims to investigate the effects of ZnO doping, instead of CaO, in 

the ionomer glass composition. This study also investigated the calcination 

temperature along with variation of ZnO concentration. The relationship of chemical 

structure of the resulting powder on ion-releasing behavior, setting reactivities and 

compressive strength was determined. The chemical structure of the ionomer glasses 

and GICs will be analyzed in-depth using XPS and XAS characterization techniques. In 

addition, the crucial testing for this experiment included evaluating its antibacterial 

properties as well as other biological tests i.e., cell cytotoxicity, apatite formation 

ability, and interface examination between the material and the tooth structure. 

 

5.2 Experimental procedure 

5.2.1 Preparation of ionomer glass 

In this study, the ionomer glass system of 4.5SiO2-4Al2O3-0.16P2O5-(2-x)Ca-

xZnO-2F2, where x= 0, 0.6, 1.0 and 1.4, synthesized by the sol-gel method at the 

different calcination temperatures. The synthesis process in this experiment was in 
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accordance with the previous experiment in Chapter 4. The amount of chemical 

content was presented in Table II of Appendix B. Briefly, the synthesis process 

started by adding TEOS into the mixed solution of DI water and EtOH. Next, Al(NO3)3, 

TEP, Ca(NO3)2.4H2O and Zn(NO3)2.6H2O were sequentially added and stirred by a 

magnetic stirrer. Then, the solution was aged under an acid condition at a 

temperature of 85°C for 15 hours. The calcination temperature varied in the range of 

600°C-750°C. The resulting powder was then ground in a planetary mill to obtain the 

fine glass powder. 

Figure 5.1 Schematic of experimental design to determine the substitution of ZnO 

for CaO and the optimization of calcination temperature. 
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The summary of the experiment was illustrated in Figure 5.1. This 

experimental design was based on the DoE technique. The compressive strength of 

SGICs was evaluated by designing a 2k full factorial using Minitab 16 statistical 

software to investigate the effects of ZnO substitution for CaO in the ionomer glass. 

Moreover, this study also explored the effect of calcination temperatures on the sol-

gel ionomer glass. The ionomer glass compositions and calcination temperature 

studied in this experiment were presented in Table 5.1.  

 

Table 5.1 Design composition for the sol-gel ionomer glass of 4.5SiO2-4Al2O3-

0.16P2O5-(2-x)Ca-xZnO-2F2, where x= 0, 0.6, 1.0 and 1.4. 

Sample code 
Mol ratio 

Si Al P F Ca Zn 

0Zn 

4.5 4 0.16 4 

2 0 

0.6Zn 1.4 0.6 

1.0Zn 1 1 

1.4Zn 0.6 1.4 

 

5.2.2 Characterization of the sol-gel glass for glass ionomer cement 

This study utilized various techniques to analyze the chemical and glass 

network structure of the sol-gel ionomer glass, as well as to investigate the ion-

releasing behavior and local structural information around Ca and Zn atoms. The 

chemical structure of the sol-gel glass was analyzed using a German Bruker D2 X-ray 

diffractometer (XRD) and X-ray photoelectron spectroscopy (XPS) technique. The XPS 

measurement was conducted at the Synchrotron Light Research Institute (SLRI) using 

PHI5000 Versa Probe II with monochromatic Al K-alpha radiation (1486.6 eV) as an 

excitation source. The ion-releasing concentrations of the ionomer glass powders 

were evaluated in acetic acid and the concentrations of ions (Si, Al, P, Ca, and Zn) 

released were measured by immersing 0.05 g of the glass powders in 10 ml of 5% 
acetic acid for different lengths of time (2, 6, 10, and 60minutes) and then filtering 

out the glass powder. Inductively Coupled Plasma (ICP-OES optima 8000, Perkin) was 

used for evaluation of ions concentrations. Elemental stock solutions (1000 ppm) of 
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Silicon (Si), Phosphate (P), Aluminium (Al), Zinc (Zn) and Calcium (Ca) were used to 

prepare calibration standards. All calibration solutions were made up to volume with 

2 wt.% nitric acid (HNO3). 

After the setting reaction, SGIC specimens were evaluated by synchrotron-

based X-ray absorption spectroscopy (XAS) techniques, which included in-situ X-ray 

absorption near edge structure (in-situ XANES) and in-situ extended X-ray absorption 

fine structure (in-situ EXAFS). The in-situ XAS measurement was conducted at the 

SUT-NANOTEC-SLRI XAS Beamline (BL5.2) at the Synchrotron Light Research Institute 

(Public Organization), Thailand (Kidkhunthod, 2017). The data were analyzed and 

fitted by Athena and Artemis programs as implemented in the IFEFFIT packages 

(Newville, 2001). The reference standard curves were from the material project (file 

number; mp-2605_CaO and mp-1986_ZnO) (Jain, Ong, Hautier et al., 2013). 

 

5.2.3 Preparation of the cement and the physical properties testing  

The preparation of the cement was in accordance with the previous 

chapter. Briefly, the liquid solution for mixing with the sol-gel glass powder 

comprised of a mixture of polyacrylic acid (35 wt.% in H2O PAA; MW ~ 100,000) and 

tartaric acid in a 9:1 w/w ratio. To prepare SGIC samples, the sol-gel ionomer glass 

powders were mixed with the liquid solution at a powder to liquid ratio (P/L) of 1/1 

(w/v). 

In this experiment, physical properties including setting time and 

compressive strength were evaluated. The testing methodology for these properties 

was consistent with that employed in the previous chapter. 

 

5.2.4 Setting time and compressive strength testing 

The evaluation of the setting time and compressive strength of SGIC was 

performed in accordance with the methodology outlined in Chapter 4, sections 4.2.4 

and 4.2.5. 

 

5.2.5 Antibacterial testing 

In order to evaluate the antibacterial activity of SGICs, the agar disk 

diffusion method was employed against Streptococcus mutans (S. mutans, ATCC 
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27145, MicroBiologics Inc., USA), with a comparison made to a commercially available 

GIC (Fuji IX extra, GC corporation, Tokyo, Japan). S. mutans was cultured at 37°C, 5% 

CO2 for 24 hours and then uniformly swabbed on Mueller-Hinton agar (HiMedia 

Laboratories Pvt.Ltd., India). SGIC samples in disc shape were placed onto the agar 

and incubated at 37◦C for 48 h. The antibacterial testing was performed under both 

dark and visible light conditions. For the dark condition, plates were immediately 

placed in a black box prior to incubation, while for the visible light condition, plates 

were processed and incubated without being placed in the black box. The diameter 

of the inhibition zone around the SGIC discs was measured to evaluate the bacterial 

activity. The calculation of the inhibition zone size was performed as follows: size of 

inhibition zone (mm) = (diameter of inhibition zone − diameter of disc)/2. 

 

5.2.6 Cell cytotoxicity 

The cytotoxicity of SGICs was assessed by the cell viability of NIH/3T3 

fibroblast following treatment with SGIC extracts, as determined by MTS assay. SGICs 

were molded into disc shape (Ø = 12 mm, h = 2 mm), left to set in air for 1 h, 

sterilized by UV light on each side for 30 min, and rinsed with 1x PBS. SGIC extracts 

were prepared by immersing the cement discs in 1 ml of cell culture medium and 

incubated at 37ºC for 24 hours. The culture medium was composed of 44% 

Dulbecco’s Modified Eagle Medium (DMEM (1X) from Invitrogen, USA), 44% F-12 

Nutrient Mixture (HAM from Invitrogen, USA), 10% Fetal Bovine Serum (FBS from 

Invitrogen, USA), 1% L-glutamine, and 1% Penicillin-streptomycin (Invitrogen, USA). 

NIH/3T3 fibroblast cells were seeded at a density of 5,000 cells/well in a 96-well 

plate. After 24 hours of seeding, the cells were treated with different concentrations 

of GIC extract (0, 0.6, and 1.4 ZnO) for 24 hours. Culture media with cells were used 

as a negative control. Cell viability was assessed by adding 20 μl of MTS reagent 

(CellTiter 96® AQueous) to each well plate. After 2 hours of incubation, the optical 

density was measured at 490 nm (OD490) using an automated plate reader. The 

percentage of viable cells was calculated from OD values using the following 

equation: %Cell viability = (Sample absorbance value/Control group absorbance 

value) x100.  
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In addition, the extracted medium was collected and diluted 20-fold with 

DI water to evaluate the concentration of released Zn2+ ions using the ICP-OES 

technique (ICP-OES optima 8000, Perkin). Elemental stock solutions (1000 ppm) of 

Zinc (Zn) were used to prepare calibration standards. All calibration solutions were 

made up to volume with 2 wt.% nitric acid (HNO3). 

  

5.2.7 In vitro bioactivity and tooth-GIC interface 

To determine the in vitro bioactivity of the material, the ability of apatite-

like formation on SGIC surface was investigated. SGIC doping with 0, 0.6 and 1.4 ZnO 

were prepared in a cylindrical shape, with 2 mm in height and 10 mm in diameter. 

The specimens were then immersed in artificial saliva for 5 days. The composition of 

the artificial saliva consisted of 0.4 g Sodium chloride (NaCI, 98%, Carlo Erba), 0.4 g 

Potassium chloride (KCI, 99.5% , Merck), 0.795 g Calcium chloride (CaCI·H2O, Merck), 

0.69 g Sodium phosphate monobasic monohydrate (NaH2PO4·H2O, 98%, Merck), 0.005 

g Sodium sulfide nonahydrate (Na2S·9H2O, 98%, Carlo Erba), and 1000 mL DI water (El 

Mallakh and Sarkar, 1990). 

In this experiment, the tooth-GIC interface was observed to determine the 

possibility of the material to attach the tooth structure. To observe the tooth-GIC 

interface, premolar teeth were prepared and filled with SGIC specimens. After 1 hour 

of air-drying, all specimens were transferred to the artificial saliva and incubated at 

37°C for 7 days. The specimens were then embedded in resin and cross-sectioned to 

observe the interfacial area between the tooth and GIC. The morphology of surface 

and interface area of specimens a were examined using a scanning electron 

microscope (SEM, JEOL-6010LV) at an acceleration voltage of 15 kV. Prior to 

examination, all specimens were coated with gold. 
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5.3 Results and discussions 

5.3.1 Characterization of the sol-gel derived ionomer glass 

The XRD patterns of 4.5SiO2-4Al2O3-0.16P2O5-(2-x)Ca-xZnO-2F2, with x 

values of 0, 0.6, 1.0, and 1.4, synthesized by the sol-gel method at varying calcination 

temperatures are presented in Table 5.1. All XRD patterns show an amorphous 

phase, indicating the absence of a crystalline structure, as shown in Figure 5.2. 

However, when 1.0 moles of ZnO were doped and the sol-gel glass was calcined at 

750°C, a peak at approximately 2Ɵ of 38 was observed, indicating the formation of 

the crystal ZnAl2O4 (JCPDS:05-0669) and ZnO (JCDPS:01-1150) phase. The crystallinity 

of the glass increased with the rise in calcination temperature, as illustrated in Figure 

5.2 b). 

 

10 20 30 40 50 60 10 20 30 40 50 60

750oC650oCa)

1.4Zn

1.0Zn

0.6Zn

0Zn 

In
te

ns
ity

 (a
.u

.)

2

*#

# *#

* : ZnAl2O4 (JCPDS:05-0669) 
# : ZnO (JCPDS: 01-1150)

b)

In
te

ns
ity

 (a
.u

.)

2

1.4Zn

1.0Zn

0.6Zn

0Zn 

*

 
 

Figure 5.2 XRD pattern of the sol-gel ionomer glass belonging to the system of 

4.5SiO2-4.0Al2O3-0.16P2O5-(2-x)Ca-xZnO-2F2, where x= 0, 0.6, 1.0 and 1.4 

calcined at (a) 650ºC and (b) 750ºC. 
 

The sol-gel process was reported to involve the formation of a colloidal 

suspension or sol by the hydrolysis of the initial composition. The sol was then 

transformed into a wet gel during polymerization and finally converted into a dense 

ceramic by drying and heat treatment (Bogomolova et al., 2006). The heating step 

and slow cooling rate of the sol-gel process could easily induce phase separation 
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and crystal growth (Zanotto, 1992, Roy et al., 1995). As shown in Figure 5.2, the 

crystal structure was observed to form when the calcination temperature was 

increased.

Figure 5.3 The high-resolution XPS spectra of a) Oxygen (O1s) and b) Aluminium 

(Al2p) for the sol-gel ionomer glass belonging to the system of 4.5SiO2-

4.0Al2O3-0.16P2O5-(2-x)Ca-xZnO-2F2, where x= 0, 0.6, 1.0 and 1.4 calcined 

at 650°C as compared to the Zn-free ionomer glass calcined at 750°C
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In this experiment, XPS was used to evaluate the chemical states of 

oxygen, aluminum, and zinc in sol-gel glasses. This information is important for 

understanding chemical bonding and interactions, as well as for optimizing the 

synthesis process and developing new compositions. The result of the chemical 

states of oxygen, aluminum and zinc for the sol-gel glasses is shown in Figure 5.3.  

Figure 5.3 a) shows the XPS spectra of the O1s peak for the sol-gel glasses. 

Two deconvoluted peaks were observed at around 532.9 eV and 531.0 eV, which 

corresponded to the bridging oxygen (BO) and non-bridging oxygen (NBO) groups, 

respectively (Roy et al., 1995). The NBO fraction decreased significantly with 

increasing calcination temperature in the absence of ZnO doping. Additionally, the 

NBO fraction decreased with increasing ZnO doping in the glass composition.  

In Figure 5.3 b), the high-resolution XPS spectra in the Al2p region of the 

sol-gel glass is presented. The deconvoluted Al2p peaks at binding energies around 

75.3 eV and 74 eV are attributed to [AlO6] octahedral and [AlO4] tetrahedral 

structures, respectively (Tshabalala, Cho, Park et al., 2011). For the Zn-free sol-gel 

glasses, the proportion of [AlO4] tetrahedral structure reduced with increasing 

calcination temperature from 650ºC to 750ºC. As increasing Zn content in the glass 

composition, the [AlO4] tetrahedron was also decreased. 

In Figure 5.4 a), the Ca2p spectra exhibit a spin-orbit doublet with binding 

energies of around 348.37 and 352.02 eV, characteristic of CaF2 (Stranick and Root, 

1991). In the Zn-free sol-gel glass calcined at 650°C, the peak was slightly broadened 

and shifted to a higher binding energy due to the presence of Ca-O and Ca-OH bonds 

(Bezerra and Valerio, 2016) . 

Figure 5.4 b) shows the Zn2p double spectra of the ZnO-doped glass, with 

binding energies around 1045 and 1021.5 eV corresponding to tetrahedral Zn2+ ions, 

and peaks at 1047.5 and 1024.0 eV assigned to octahedral Zn2+ ions (Zhang, Qingjie, 

Ren et al., 2017). Additionally, the fraction of octahedral Zn2+ ions increased with 

increasing of the ZnO content in the glass composition. 
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Figure 5.4 The high-resolution XPS spectra of a) Calcium (Ca2p) and b) Zinc (Zn2p) 

for the sol-gel ionomer glass belonging to the system of 4.5SiO2-4.0Al2O3-

0.16P2O5-(2-x)Ca-xZnO-2F2, where x= 0, 0.6, 1.0 and 1.4 calcined at 650°C 

as compared to the Zn-free ionomer glass calcined at 750°C

The XPS spectra analysis revealed the presence of Al3+ ions in both 

tetrahedral and octahedral forms. Addition of ZnO to the glass composition resulted 

in an increase in the [AlO6] octahedral fraction. Kusumoto suggested that the increase 

in [AlO6] octahedral species was due to the charge balancing of Zn2+ ions in Al-O-

 



78 

PO3
3- species leading to an insufficient charge balancing ion for maintaining [AlO4] 

tetrahedron (Kusumoto, 2009). Our finding showed the probability of ZnAl2O4 

existence where Al3+ ions were in the octahedral site, and Zn2+ ions were in the 

tetrahedral site. Additionally, Zn2+ ions in the octahedral site were increased with 

ZnO content in the glass composition. It was possible that the excessive Zn2+ ions 

formed with O2- ions at 6-fold coordination and played a role as a charge 

compensation for the glass network (Bernasconi, Dapiaggi, Pavese et al., 2016). 

 

5.3.2 Ion releasing concentrations of the Zn doped sol-gel ionomer glass 

To understand the setting reaction, the ion releasing behavior of ionomer 

glasses under acidic conditions was evaluated. The ICP-OES technique was used to 

assess the ion releasing levels of the glass in 5% acetic solutions, and the results are 

presented in Figure 5.5. The data revealed the concentration of Al, Ca, Zn, Si, and P 

ions at 2, 6, 10, and 60 minutes of immersing period. 

Figure 5.5 (a) shows the level of Al ions released from the sample calcined 

at 650ºC and 750ºC. It was observed that the level of Al ions was higher in the 

sample without Zn doping and calcined at 650ºC than in the one calcined at 750ºC. 

In the case of ZnO-doped glass, no significant differences in Al3+ ion concentration 

were observed with variations in ZnO content. 

Figure 5.5 (b) and (c) present that the addition of ZnO in the glass 

composition caused a reduction in the releasing level of Ca2+ ions and an increasing 

of the releasing level of Zn2+ ions, respectively, with an increasing of ZnO content. 

Moreover, the high calcination temperature resulted in a reduction in the level of 

calcium ions released from the glass. 

The addition of ZnO in the glass composition led to a reduction in the 

amount of Si ions released, as observed in Figure 5.5 (d). However, there was no 

significant difference in the level of Si4+ ions release among the ZnO doped series. 

Interestingly, the glass calcined at 650ºC released a higher level of Si4+ ions than that 

of the 750ºC sample. It was suggested that the ion species of Si released to the acid 

solution were Si(OH)42- or (SiO3)2- (Nicholson, Coleman and Sidhu, 2021). 
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Figure 5.5 Concentration of a) Al, b) Ca/Sr c) Zn d) Si and e) P ions releasing from 

the sol-gel ionomer glass belonging to the system of 4.5SiO2-4.0Al2O3-

0.16P2O5-(2-x)Ca-xZnO-2F2, where X= 0, 0.6, 1.0 and 1.4 calcined at 650°C 

in comparison to Zn-free ionomer glass calcined at 750°C as a function of 

the immersion time. 

 

Furthermore, all the sol-gel glasses released only small amounts of P ions, 

as shown in Figure 5.5 (e), and there was no significant difference among the 
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samples. Previous research had reported that the species of P5+ ions released to the 

acid solution was PO4
3- (Awosanya Kunle, 2014). 

 

5.3.3 DoE analysis of the compressive strength 

To determine the significant factor for the compressive strength of SGICs, 

ZnO content in sol-gel ionomer glass and the calcination temperature were designed 

by the DOE technique for the primary study. The glass composition used in this study 

was 4.5SiO2-4.3Al2O3-0.16P2O5-(2-x)Ca-xZnO-2F2, where x= 0, 0.6, 1.0 and 1.4. The sol-

gel method was used to synthesize the glass, and it was subsequently calcined at 

temperatures of 650°C and 750°C.  

ANOVA analysis in Table 5.2 presents the influence of ZnO content and 

calcination temperature on the compressive strength of SGICs. The statistical 

difference between the groups was judged to be significant when p ≤ 0.05. This 

result showed that P-values of ZnO content and calcination temperature were lower 

than 0.05; thus, these two factors were significantly affected by the compressive 

strength of SGICs. However, there was no interaction between ZnO content and the 

calcination temperature (P>0.05) which affected the compressive strength of the 

cement.  

 

Table 5.2 ANOVA analysis for the compressive strength for SGICs containing 

different ZnO doping and the calcination temperatures. 

Source DF Seq SS Adj SS Adj MS F P 

Zn 2 1686.88 1686.88 843.44 14.95 0.001 

Temperature 1 1195.28 1195.28 1195.28 21.19 0.001 

Zn*Temperature 2 380.94 380.94 190.47 3.38 0.069 

Error 12 676.84 676.84 56.40   

Total 17 3939.94     

 

Figure 5.6 illustrates the interaction and main effect plot for the 

compressive strength of GICs with varying ZnO contents and calcination 

temperatures. The results showed that the compressive strength decreased 
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significantly when the ZnO content of the glass was between x=0.6-1.0, but the ZnO 

content did not have a significant impact when x=1.0-1.4. Furthermore, it was 

observed that an increasing calcination temperature had an adverse effect on 

compressive strength. However, it is worth noting that the compressive strength 

tended to increase when the ZnO content was below 0.6 and the calcination 

temperature was set to 650°C. Based on these findings, the subsequent experiment 

focused on studying the effect of ZnO content (x) at 0.2, 0.6, and 1.0, and calcination 

temperatures at 600°C, 650°C, 700°C, and 750°C on the setting time and compressive 

strength of SGICs. 

 

 
 

Figure 5.6 Main effect plot and the interaction plot for compressive strength of SGIC 

containing different ZnO doping and the calcination temperatures. 

 

5.3.4 Setting time and compressive strength 

The results presented in Figure 5.7 indicated that increasing the calcination 

temperature of the sol-gel glass had the effect of extending the setting time of GICs. 

Additionally, an increase in ZnO content also slightly increased the setting time. It 

was observed that cements with low ZnO content and those calcined at 

temperatures below 650°C were unable to form due to their rapid working time. On 

the other hand, the cement with 1 mole of ZnO calcined at 750°C prolonged setting 

time due to the presence of a crystal structure. 

The extension of the setting time for SGIC can be attributed to the 

structural changes that occur in the sol-gel glass. Structural analysis revealed that an 

increase in calcination temperature and ZnO content led to an increase in the BO 
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structure, which was reported to decrease the acid susceptibility of the glass (Wren 

et al., 2009). Additionally, increasing ZnO content and calcination temperature 

reduced the level of Ca2+ ions released during the setting reaction. Thus, there might 

have been a lack of ions to crosslink with the polymeric liquid in the setting reaction 

resulting in the extension of the setting time.  
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Figure 5.7 Net setting time of SGIC prepared from the sol-gel ionomer glass 

belonging to the system of 4.5SiO2-4.0Al2O3-0.16P2O5-(2-x)Ca-xZnO-2F2, 

where x= 0, 0.2, 0.6, 1.0 and 1.4 and calcined at 600°C 650°C, 700°C and 

750°C 

 

The compressive strength of SGIC doped with various ZnO contents and 

calcination temperatures was presented in Figure 5.8. The results showed that the 

compressive strength of the cement calcined at 750ºC decreased as the amount of 

ZnO content in the glass composition increased. However, at calcination 

temperatures of 700°C and 650°C, the cement with 0.6 moles of ZnO exhibited the 

highest compressive strength among the ZnO-doped SGIC. It should be noted that 
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the compressive strength for ZnO doped less than 0.6 moles was poor because it 

was difficult to handle and could not be molded into homogeneous samples. 

Based on our findings, it was crucial to take the calcination temperature 

into account when aiming to optimize both the setting time and compressive 

strength of SGIC. Our results indicated that an increase of the ZnO content in the sol-

gel glass composition could prolong the setting time while simultaneously reducing 

the strength. Therefore, it is necessary to optimize the calcination temperature to 

achieve the suitable setting time and compressive strength. 

 

 
 

Figure 5.8 Compressive strength of SGIC belonging to the system of 4.5SiO2-

4.0Al2O3-0.16P2O5-(2-x)Ca-xZnO-2F2, where x= 0.2, 0.6, 1.0, and 1.4 and 

calcination temperature of 600°C 650°C, 700°C and 750°C. 

 

The mechanical strength and other properties of glass ionomer cement 

can be influenced by many factors, such as the composition of the glass, the amount 

of powder to liquid used, and the type of liquid used (Fleming, Farooq and Barralet, 
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2003, Baig and Fleming, 2015, Alhalawani, Curran, Boyd et al., 2016). For this study, a 

sol-gel method was used to synthesize glass powder with a different compositions 

and ions releasing behavior compared to commercial products. Additionally, the 

liquid solution and powder to liquid ratio used were also different. While commercial 

GICs typically use a liquid solution with a P/L ratio greater than 1, the sol-gel 

ionomer glass was limited to a P/L ratio of 1. By increasing the P/L ratio and 

modifying the glass structure, the compressive strength of SGIC sample can be 

improved even further. 

Based on the promising compressive strength results obtained from SGIC 

sample prepared with 0.6 ZnO calcined at 650°C, a comparative study was 

conducted. This study involved comparing SGIC containing 0.6 moles of ZnO to SGICs 

containing 0 and 1.4 moles of ZnO, with a focus on investigating the effects of ZnO 

content on the cement structure using the XAS technique. Additionally, the 

biological properties including cytocompatibility, antibacterial properties, and 

bioactivities of SGICs with 0, 0.6, and 1.4 ZnO content were also investigated. 

 

5.3.5 The local structure of ZnO in SGIC by XAS technique 

In Figure 5.9 (a) and (b), the absorption spectra of SGICs were displayed 

from Ca-XANES and Zn-XANES results, respectively. The main energetic transition 

edge position was consistent in all samples, indicating a similar structure among both 

sample groups, but the intensity of the spectra varied. This intensity was related to 

the number of O atoms around the core atoms, with high intensity indicating a high 

amount of O atoms. Figure 5.9 (a) demonstrates that increasing ZnO content in GIC 

increases O atoms around Ca atoms. In contrast, Figure 5.9 (b) shows that increasing 

ZnO content in GIC reduces O atoms around Zn atoms. The EXAFS technique further 

analyzed the number of O atoms around the core atom, as shown in Figure 5.10. 
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Figure 5.9 XANES spectra of GIC samples prepared with 0, 0.6 and 1.4 Zn doped sol-

gel glasses calcined at 650ºC at a) Ca K-edge and b) Zn K-edge. 

 

After the setting reaction of SGICs, the local environment of Ca and Zn atoms 

in the Zn-doped SGIC were determined using EXAFS spectra. The spectra in R-space 

at Ca and Zn K-edge are presented in Figure 5.10. The coordination number (CN) of O 

atoms in the first shell of Ca and Zn atoms was observed in this study. The fitting 

parameter presented in Table 5.3 confirmed the XANES result that increasing ZnO 

content in GIC increased the average CN of O atoms around Ca atoms but decreased 

the CN of O atoms around Zn atoms. 
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Figure 5.10 Ca and Zn K-edge EXAFS (weighted by k2) from the experiment (black 

line) and fitting (red circle) of GIC samples prepared with 0, 0.6 and 1.4 

Zn doped sol-gel glasses calcined at 650ºC  

 

Table 5.3 EXAFT fitting parameters including average coordination number of 

oxygens around the atom (CN), Debye-Waller factor(σ), interatomic 

distance (R), and (R-factor) 

Samples 
Ca K-edge Zn K-edge 

CN σ2 R(Å) R-factor CN σ2 R(Å) R-factor 

0Zn 4.326 0.00909 2.380 0.0101 - - - - 

0.6Zn 4.746 0.00901 2.382 0.0242 2.092 0.00084 1.993 0.0329 

1.4Zn 6.000 0.01068 2.392 0.0257 1.88 0.00265 1.998 0.0198 
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Based on the fitting parameter analysis in Table 5.3, O atoms showed a higher 

tendency to bond with Ca atoms than Zn atoms after the setting reaction. This 

suggests that the O atoms from the carboxyl group of PAA preferred to crosslink with 

Ca atoms rather than Zn atoms. As a result, the substitution of ZnO for CaO 

depleted the crosslinking ions necessary for the setting reaction of GIC, ultimately 

leading to a reduction in compressive strength. 

According to XPS and XAS analysis, the structure of Ca2+ and Zn2+ ions in the 

glass network and the cement structure was proposed in Figure 5.11. The XPS result 

showed that Ca2+ ions in the Zn-free ionomer glass acted as a network modifier and 

formed CaF2. When ZnO replaced CaO, Ca2+ ions were only found in the form of 

CaF2, while Zn2+ ions formed in the tetrahedral site and acted as a network former 

through BO structure. As the amount of ZnO increased, the fraction of octahedral 

structure also increased, which connected to the glass network through BO structure. 

 

 
 

Figure 5.11 A proposed glass network structure for ZnO instead of CaO in the sol-gel 

ionomer glass network and form crosslinking with polyacrylic acid in glass 

ionomer cement after setting. 
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After being exposed to acid liquid, the ionomer glasses released Ca2+ and 

Zn2+ ions in varying amounts based on the glass composition. As a result, XAS 

analysis indicated that these metal ions could crosslink with the -COO- group of PAA 

with different coordination complexes, influenced by factors such as the metal's size, 

ligand charge, charge-donating ability, and reaction acidity (Dudev, Wang, Dudev et 

al., 2006, Pan and Darvell, 2007). Previous studies showed that Ca atoms were likely 

surrounded by O atoms of the carboxylate group with a CN ranging from 2 to 8, 

while the CN of O atoms around Zn atoms varied between 2 to 6, with the presence 

of water and organic molecules (Katz, Glusker, Beebe et al., 1996, Bonapasta, Buda 

and Colombet, 2001, Vao-soongnern, Merat and Horpibulsuk, 2015, Krężel and 

Maret, 2016, Thomas, Mishra and Myneni, 2019, Daley, Opuni, Raj et al., 2021). Our 

results showed that in the Zn-free GIC, Ca atoms were surrounded by O atoms with a 

CN of 6. With CN=6, Bonapasta suggested that four of the O atoms of the PAA chains 

occupied the square bases of the octahedron, while the O atoms of the OH- ions 

occupied the two vertices of the octahedron (Bonapasta et al., 2001). Substituting 

ZnO for CaO changed the CN around Ca atoms from 6 to 4, and Zn atoms were 

surrounded by O atoms with a CN of 2. Consequently, increasing ZnO content in the 

ionomer glass reduced crosslinking for the setting reaction of GIC, resulting in a 

reduction of compressive strength. 

 

5.3.6 Antibacterial property 

Figure 5.12 exhibits the antibacterial activity of GIC samples with different 

concentrations of ZnO (0, 0.6, and 1.4 Zn) doped ionomer glass against S. mutans 
under both light and dark conditions. The samples were incubated in a black box to 

prevent external light exposure during dark conditions. Our findings revealed that 

there was no inhibition zone observed in SGIC samples under the dark condition. 

Interestingly, the ZnO doped GIC showed an inhibition zone around the sample 

under the light condition, and the zone expanded with an increase in the amount of 

ZnO in the glass composition. 
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Figure 5.12 The diameter of inhibition zone against S. mutans of SGIC samples 

prepared with 0, 0.6 and 1.4 Zn doped sol-gel glasses calcined at 650ºC. 

 

The Zn-doped GIC samples demonstrated an inhibition zone greater than 

0.1 cm when incubated under light conditions, which increased with higher ZnO 

content as compared to the Zn-free GIC. The antibacterial effect was evaluated 

according to the standard SNV 195920-199 (Schuhladen, Stich, Schmidt et al., 2020). 

Antibacterial activity of ZnO was reported to be regulated through three 

mechanisms: photochemical reaction, direct contraction of ZnO particles to the 

bacteria cell wall, and the release of bactericidal Zn2+ ions (Sirelkhatim, Mahmud, 

Seeni et al., 2015, Joe, Park, Shim et al., 2017). The data showed that the 

antibacterial activity of ZnO-doped SGIC was only activated under light conditions, 

and this effect was attributed to the photochemical reaction. The photochemical 

reaction involved a photo-induced oxidation process in which ZnO could absorb UV 

light and generate ROS species such as hydrogen peroxide (H2O2) and superoxide ions 

(O2-). These ROS species could penetrate the cells, inhibit or kill microorganisms 

(Sirelkhatim et al., 2015). 
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5.3.7 Cell viability 

The results of the MTS assay on the cell viability of NIH/3T3 fibroblast cells 

after treatment with extracts of SGIC with varying ZnO contents in the glass for 24 

hours are shown in Figure 5.13 (a). The data indicated that the cell viability of 

NIH/3T3 fibroblast cells decreased after treatment with ZnO-doped SGICs at 0.6ZnO 

and 1.4ZnO, while less cytotoxicity was observed for SGIC without ZnO doping. 

However, upon diluting the extract concentration to 1:2 and 1:4, cell viability for all 

samples showed an increasing trend. 
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Figure 5.13 Effect of Zn content in SGIC on the NIH/3T3 cell viability (indirect 

contact). (a) %cell viability treated with different concentrations of the 

extracted solutions. The cells with fresh culture medium were used as a 

negative control. Values were expressed as the mean ± standard error of 

the mean of three independent experiments and (b) the Zn2+ ion 

releasing concentration in the as-received extracted solutions analyzed 

by the ICP-OES technique. 

 

Zn2+ ions have been found to have some drawbacks in terms of 

biocompatibility. According to Brauer et al., cytotoxicity could be caused by the 

release of a large amount of Zn2+ ions (Brauer, Gentleman, Farrar et al., 2011). 

Studies have also shown that the cytotoxicity of Zn2+ ions was associated with the 

production of ROS species, which was the same mechanism responsible for the 

antibacterial effect (Patrón-Romero, Luque, Soto-Robles et al., 2020, Saber, Hayaei-
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Tehrani, Mokhtari et al., 2021). However, diluting the concentration of Zn2+ ions had 

been found to reduce toxicity and benefit cell growth (Brauer et al., 2011). 

In a previous study, it was reported that the optimal concentration of Zn2+ 

ions for cell toxicity was 350 μM (Brauer et al., 2011). According to our result, SGIC 

prepared with 0.6ZnO calcined at 650°C released 523 μM of Zn2+ ions, as shown in 

Figure 5.13 (b). This concentration was higher than the optimal concentration and 

could be the reason for the adverse effect on cell viability. However, after diluting 

the extracted concentration (1:2), the concentration of Zn2+ ions reduced to 

approximately 260 μM, which significantly increased the cell viability. This 

improvement in cell viability could be beneficial for clinical use as the concentration 

of Zn2+ released from SGIC is diluted by fluid circulation in the oral environment. 

 

5.3.8 Bioactivity and tooth-GIC interface 

Figure 5.14 exhibits SEM images and EDS results of SGIC surfaces following 

5-day soaking in DI water and artificial saliva, revealing that an apatite-like layer was 

formed on all GIC surfaces after immersion in artificial saliva. The thickness of the 

apatite-like layer increased with the ZnO content; however, there was no such layer 

formed on any GIC surfaces soaked in DI water. The apatite-like layer could be 

confirmed by EDS result that the ratio of Ca/P should be in the range of 1.30-1.67 

(Drouet, 2013). Our result presented that the Ca/P ratio was around 1.40 where ZnO 

was substituted for CaO in the ionomer glass composition. This could be indicated 

that the substitution of ZnO for CaO in the ionomer glass composition was likely to 

cause the formation of this apatite-like layer on SGIC surfaces during artificial saliva 

immersion. 

The formation of the apatite layer on the cement surface was linked to the 

deposition of calcium and phosphate, which precipitated into an apatite-like crystal 

lattice (Lynch, 2011). This apatite layer was reported to enhance a chemical bond 

between GIC and tooth structure (Chen et al., 2016). Thus, the ability of apatite-like 

formation on SGIC surface following immersion in saliva solution could indicate the 

potential for high bioactivity. 
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Figure 5.14 SEM micrographs of the surface for SGIC prepared with the sol-gel glasses 

doped different ZnO contents and calcined at 650ºC after soaking in DI 

water and artificial saliva for 5 days, respectively (magnification x5000) 

 

Figure 5.15 shows the interfacial area between the tooth and SGIC with and 

without ZnO contents, observed by the SEM technique, to determine the success 

and failure of the restoration. The SEM images revealed that GIC containing ZnO 

exhibited better adaptation to the tooth surface than GIC without ZnO, which 

showed detachment around the interface area. This detachment could be due to 

the drying of specimens for SEM evaluation. However, the presence of zinc in the 

SGIC structure was found to promote the sealing of the tooth surface even though it 

was also employed in the drying process. The previous work reported that zinc 

potentially stimulates hard-tissue mineralization by interaction with the phosphate in 

the tooth structure (Lynch, 2011). Therefore, the presence of zinc in SGIC 

composition could improve the adaptation between tooth structure and the 

material, thereby improving the durability and longevity of the restoration. 
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Figure 5.15 SEM images of the interfacial area between the tooth and SGIC samples 

prepared with 0.6 ZnO doped glass and calcined at 650ºC as compared 

to ZnO free SGIC. 

 

Manufacturers have recently introduced new types of Glass Ionomer 

Cement (GIC) that contain zinc, such as CAREDYNE RESTORE from GC Japan and 

ChemFilTM Rock from Dentsply USA. CAREDYNE RESTORE is a novel GIC product that 

comprises of "BioUnion Filler," which can release fluoride, calcium, and zinc ions. 

Studies had reported that the zinc release level from this product was sufficient to 

inhibit biofilm formation (Kohno, Tsuboi, Kitagawa et al., 2019). Additionally, this 

product had demonstrated high remineralization performance, making it suitable for 

the prevention and restoration of root caries (Nagano, Mori and Kumagaia, 2019, 

Kaga, Nagano-Takebe, Nezu et al., 2020). On the other hand, ChemFilTM Rock is a 

new type of GIC that features an enhanced setting reaction due to the presence of 

zinc in the glass composition. Zinc promoted the durability of the product and 

enabled its use in stress-bearing situations, making it suitable for posterior tooth 

restoration (Patil et al., 2020). These commercial products have demonstrated the 

advantages of incorporating zinc in GIC for dental restorative materials. In this study, 

a new type of glass ionomer cement was also successfully developed by substituting 

zinc for calcium in the glass composition, which resulted in improved biological and 

antibacterial characteristics of the cement, achieved through a sol-gel method at low 

temperatures. 
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5.4 Conclusions 

This study investigated the effects of ZnO doping and calcination temperature 

on SGICs. Structural analysis using XPS and XAS revealed that ZnO replacement 

showed different performance to CaO in the glass network structure and the cement 

structure. The study demonstrated the benefits and limitations of ZnO doping, with 

higher ZnO content and calcination temperature resulting in the precipitation of 

ZnAl2O4 and ZnO2 crystal structures. The compressive strength of the ZnO-doped 

SGIC decreased with increasing ZnO content, but it could be improved by decreasing 

the calcination temperature. SGIC prepared with 0.6Zn glass calcined at 650°C 

showed the most promising results in terms of setting time and compressive 

strength. Interestingly, the ZnO content in the glass composition exhibited excellent 

antibacterial activity under light conditions due to its photocatalytic effect. This 

photocatalytic of SGIC prepared with 0.6ZnO glass also had an adverse effect on the 

cell viability, but this could be enhanced by reducing the amount of ZnO in the glass 

composition. Additionally, SGIC with ZnO doping exhibited improved bioactivity and 

tooth adhesion. These findings suggest that ZnO-doped SGIC has potential 

applications in dental restorative materials. 

 



 

CHAPTER 6  
EFFECT OF STRONTIUM CONTAINING FLUORAPATITE ADDITIVE 

ON SGICs (4.5SiO2-4Al2O3-0.45P2O5-1.4CaO-0.3ZnO-2F2)

 

According to Chapter 5, the incorporation of ZnO dopants into ionomer glass 

improved the antibacterial properties of SGIC due to the photocatalytic effect. 

However, this photocatalytic effect required light to activate the photocatalytic activity 

and inhibit the bacterial growth. To overcome these limitations, this chapter 

investigates the modification of SGIC with SrFA nanoparticles for improving antibacterial 

activity. The chapter focused on incorporating strontium containing fluorapatite (SrFA) 

into SGIC. The SrFA nanoparticles were synthesized by the hydrothermal method. The 

study investigated the effect of SrFA on the setting time and compressive strength of 

SGIC, as well as bioactivity, in vitro cytocompatibility, and fluoride release and uptake 

ability. 

 

6.1 Research background 

The development of secondary caries or recurrent infections around dental 

restorations was a significant issue in restorative treatments, often resulting in 

treatment failure and tooth loss (Askar et al., 2020). To prevent secondary caries, it 

was crucial to develop restorative materials with high potential for both antibacterial 

and remineralization properties. The SGIC synthesized with ZnO doping in Chapter 5 

was found to enhance its antibacterial properties. However, the photocatalytic effect 

of ZnO, which required light for activation, limited its use in the oral environment 

where light was absent. To overcome this limitation, other approaches have been 

explored, including the incorporation of antibacterial additives (Takahashi et al., 2006, 

Chen, 2016, Chen et al., 2016, Chen, Gururaj, Xia et al., 2016, Alatawi, Elsayed and 

Mohamed, 2018).  
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One of the most promising antibacterial additives for enhancing dental materials 

was SrFA, which has demonstrated not only high potential for antibacterial properties 

but also improved bioactivity. Previous studies found that Sr and F had a synergistic 

effect that could effectively inhibit bacterial growth, making SrFA a potential 

candidate for anti-caries applications in dentistry (Dabsie, Gregoire, Sixou et al., 2009). 

The successful synthesis of highly crystalline SrFA nanoparticles via a hydrothermal 

method has been reported, which has demonstrated strong antibacterial properties 

against S. mutans (Wang et al., 2019). Furthermore, the existence of Sr dopant in 

hydroxyapatite showed particularly improving antibacterial effects on Escherichia 
coli, Staphylococcus aureus, and Lactobacillus. Fluorapatite was also reported to 

effectively improve biocompatibility and form apatite layer on material surfaces, 

which enhances resistance to acid penetration in human dental structures and 

efficiently reduces the risk of secondary caries (Moshaverinia, Ansari, Movasaghi et al., 

2008, Balhuc et al., 2021).  

In this study, SrFA was synthesized with a composition of (Ca5Sr5)(PO4)6F2, which 

was modified from a previous literature (Wang, Chang, Chiang et al., 2019) and used it 

as an additive for ZnO doped SGIC. The SrFA additives were incorporated into the 

SGIC to enhance its antibacterial properties, including in vitro bioactivity and 

cytocompatibility. Furthermore, the compressive strength and setting time of the 

material were evaluated. 

 

6.2 Experimental procedure 

6.2.1 Synthesis of SrFA nanoparticles and characterization 

SrFA nanoparticles were synthesized by the hydrothermal method, as 

previously work by Wang et al. (2019). In this method, Ca(NO3)2·4H2O and Sr(NO3)2 

were dissolved in DI water at room temperature, followed by the preparation of a 

separate mixed solution of (NH4)2HPO4 and 10% HF in DI water. The two solutions 

were combined and stirred vigorously to achieve a (Ca2++Sr2+):PO4
3-:(OH-+F-) molar 

ratio of 10:6:2. The pH of the solution was immediately adjusted to 11 with ammonia 

dropwise. The resulting suspension was stirred for an hour before being transferred to 

a Teflon-lined hydrothermal autoclave and heated to 160°C for 12 hours. The 

precipitate was then filtered and washed repeatedly with DI water before being 
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incubated at 50°C until fully dried. The synthesis method for SrFA was summarized 

as shown in Figure 6.1.

The phase identification of the synthesized SrFA additives was analyzed by 

XRD technique. The morphology and composition of the SrFA additive was observed 

by transmission electron microscopy coupled with energy dispersive spectroscopy 

(TEM-EDS, Tecnai™ G2 20, FEI company, Hillsboro, USA).

Figure 6.1 Hydrothermal synthesis procedure of SrFA

6.2.2 Preparation of glass ionomer cement

In this chapter, SGIC was modified by adding SrFA in the range of 0, 1, 3, 

and 6 wt.%. The cement was formulated by blending the sol-gel ionomer glass 

powder with the liquid solution at a ratio of 1.5:1 (w/v). The sol-gel ionomer glass 
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powder was synthesized in the 4.5SiO2-4Al2O3-0.45P2O5-1.7CaO-0.3Zn-2F2

composition molar ratio system, following the methodology in Chapter 5. The liquid 

solution contained a mixture of 27 wt.% polyacrylic acid (PAA, M.W. ~ 100,000, 

Sigma-Aldrich, Darmstadt, Germany), 64 wt.% poly(acrylic acid-co-maleic acid) (PAA-

co-MA, M.W. ~ 3,000, Sigma-Aldrich, Darmstadt, Germany), and 9 wt.% tartaric acid 

(Carlo Erba, Val de Reuil, France). The commercial GIC (GC Gold Label 9 HS Posterior 

EXTRA, GC Corporation, Tokyo, Japan) was employed as a reference material for 

comparison.

Figure 6.2 Schematic of experimental design to determine the effect of SrBGF 

additive on the properties of SGIC.
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6.2.3 Setting time and compressive strength testing 

The evaluation of the setting time and compressive strength of SGIC was 

performed in accordance with the methodology outlined in Chapter 4, sections 4.2.4 

and 4.2.5. 

 

6.2.4 Antibacterial testing 

The antibacterial activity of SGICs, containing SrBGF and SrFA, against S. 
mutans (ATCC 27145), was evaluated using the agar diffusion method on Mueller-

Hinton Agar. The adhesion ability of bacteria to the material surface was also 

determined. To perform the agar diffusion test, the S. mutans culture was selected 

from blood agar plates, cultured at 37°C, 5% CO2 for 48 hours and then cultured 

overnight in brain-heart infusion nutrient broth (BHI) at 37°C, 5% CO2. The bacteria 

were then diluted to 1.5x108 CFU/ml in a fresh BHI broth and uniformly swabbed on 

the Mueller-Hinton agar plate. Disc-shaped GIC specimens were placed onto the agar 

and incubated at 37°C for 72 hours. The diameter of the inhibition zones around the 

GIC discs was measured to evaluate the inhibition zone of bacterial activities.  

 

6.2.5 In vitro bioactivity 

To determine the in vitro bioactivity of the material, the ability of apatite-

like formation on the SGIC surface was investigated. The GIC modified with 0, 1, 3, 

and 6 wt.% SrFA was prepared in a disc shape with 2 mm in height and 10 mm in 

diameter. The specimens were then immersed in artificial saliva for 5 days. The 

composition of the artificial saliva consisted of 0.4 g Sodium chloride (NaCI, 98%, 

Carlo Erba), 0.4 g Potassium chloride (KCI, 99.5% , Merck), 0.795 g Calcium chloride 

(CaCI·H2O, Merck), 0.69 g Sodium phosphate monobasic monohydrate (NaH2PO4·H2O, 

98%, Merck), 0.005 g Sodium sulfide nonahydrate (Na2S·9H2O, 98%, Carlo Erba), and 

1000 mL DI water (El Mallakh and Sarkar, 1990). The surface morphology of 

specimens was examined using a scanning electron microscope (SEM, JEOL-6010LV) 

at an acceleration voltage of 15 kV. all specimens were coated with gold prior to 

examination. 
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6.2.6 In vitro cytocompatibility 

The cytocompatibility of SGICs was evaluated by assessing the metabolic 

activity of NIH/3T3 fibroblasts cultured on the SGIC surface through AlamarBlue assay. 

Prior to cell seeding, the cement discs were incubated in 1 mL of PBS for 3 days, 

followed by a 3-day incubation in complete medium. For cell seeding, 1 x 104 cells 

were suspended in 1 mL of complete medium and added onto the cement discs 

placed in a 24-well plate. Glass coverslips were used as the control. The complete 

medium was renewed every 2-3 days. The metabolic activity of cells was monitored 

on days 1, 7, and 14 using the AlamarBlue assay. A stock solution of the AlamarBlue 

was prepared by mixing 5 mg Resazurin salt with 40 mL of sterile PBS. To evaluate 

the metabolic activity, the stock solution was mixed with the complete medium in a 

ratio of 1:9 v/v and replaced in the well plates. The plates were incubated at 37 °C 

and 5% CO2 for 2 hours. Subsequently, the absorbance was measured at a 

wavelength of 560 nm using a microplate reader (Multiskan GO, Themo Scientific). 

Three independent samples were used in the assay. 

 

6.2.7 Fluoride release and uptake ability 

In order to investigate the fluoride release and uptake ability of SGIC 

modified with 0, 1, 6, and 8 wt.% SrFA, cylindrical specimens with 2 mm in height 

and 10 mm in diameter were prepared. The GIC specimens were subsequently 

immersed in 10 ml of artificial saliva for 1, 7, and 21 days to assess their fluoride 

release capacity. Following this, the specimens were soaked in APF gel (1,000 ppm 

fluoride gel) for 6 minutes and then transferred back to artificial saliva for 1, 7, and 

21 days to evaluate their fluoride uptake ability. Saliva samples were collected at 

each point of soaking time, and the fluoride concentration was analyzed using a 

fluoride ion-selective electrode (F-ISE, Orion Research, Inc., Cambridge, VSTAR40A). 
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Figure 6.3 Schematic of experiment design to evaluate ability to release and uptake 

fluoride.

6.3 Results and discussions

6.3.1 Characterization of SrFA additive

SrFA nanoparticles were successfully synthesized by a hydrothermal 

method. The obtained particles were characterized by the XRD technique, as 

illustrated in Figure 6.4 (a). The XRD pattern of SrFA additive showed the 

characteristic of strontium containing fluorapatite ((Ca5Sr5)(PO4)6F2) (JCPDS no. 70-

3522). Additionally, the particle shape and chemical composition of the SrFA 

nanoparticle were observed using a TEM-EDS technique, which is illustrated in Figure 

6.4 (b). The results revealed that SrFA particles were needle-shaped, with a length 

ranging from 10-300 nm and a width of approximately 10 nm.
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Figure 6.4 a) XRD pattern of the synthesized SrFA additive, and b) TEM micrographs 

and EDS analysis of SrFA additive

6.3.2 Setting time and compressive strength

Figure 6.5 illustrates the working and net setting times obtained for SGIC 

modified with different concentrations (0, 1, 3, and 6 wt.%) of SrFA. The result 

revealed that there was no statistically significant difference in working time with 

increasing SrFA content. The result revealed that there was no statistically significant 

difference in working time with increasing SrFA content. For the net setting time, 

there was no significant difference between SGIC modified with 0 and 1 wt.% of SrFA. 

The further increase of SrFA additives in SGIC to 3 and 6 wt.% significantly increased 

the net setting time.

These findings indicated that the addition of SrFA to SGIC resulted in a 

retardation of the setting time. The delay in setting time might be attributed to the 

high crystallinity of SrFA powder, which acted as a physical barrier during the setting 

reaction of the cement. As a result, the setting reaction was impeded, leading to an 

increase in the setting time (Gupta, Mulay, Mahajan et al., 2019).
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Figure 6.5 Working and net setting time of SGIC containing with 0, 1, 3 and 6 wt.% 

of SrFA.  

 

The compressive strength of SGIC containing various amounts of SrFA 

additives is shown in Figure 6.6. The addition of 1 wt.% SrFA resulted in a slight 

increase in the compressive strength of SGIC. However, the compressive strength of 

SGIC was significantly reduced with the addition of more than 1 wt.% of SrFA 

additives to SGIC. 

The results indicated that the addition of SrFA at a concentration of 1 

wt.% significantly improved the compressive strength of the cement compared to 

the control group (0 wt.% of SrFA). The increase in compressive strength could be 

attributed to the reinforcement of the cement matrix through the incorporation of 

SrFA. However, with further increases in SrFA concentration, the compressive strength 

of the cement was significantly reduced, which might be due to the excessive 

amount of additive interfering with the setting reaction. Therefore, 1 wt.% SrFA could 

be considered optimal for reinforcement in SGIC and improve the compressive 

strength of SGIC. 
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Figure 6.6 Compressive strength of SGIC containing with 1, 3, and 6 wt.% of SrFA 

additives.  

 

6.3.3 Antibacterial properties 

The agar diffusion testing of SGIC modified with SrFA at concentrations of 

0, 1, 3, and 6 wt.% showed that the addition of 1 wt.% SrFA significantly increased 

the inhibition zone, with a subsequent increase in the inhibition zone with further 

SrFA concentration. In addition, the testing was also compared with the commercial 

GIC, which exhibited an inhibition zone of approximately 1 mm in size.  

The size of the inhibition zone observed in the agar diffusion testing 

reflects the antibacterial activity of the tested materials. In our study, all SGIC 

specimens modified with different concentrations of SrFA exhibited an inhibition 

zone size larger than 1 mm, indicating their antibacterial effect according to the 

standard SNV 195920-199 (Schuhladen et al., 2020). As reported in Chapter 5, the 

observed antibacterial effect of the unmodified SGIC was attributed to the release of 

zinc ions from its composition, which are well-known for their antimicrobial 

properties. Furthermore, the addition of SrFA to SGIC resulted in a significant increase 

in the inhibition zone size, indicating an improved antibacterial effect. This finding 
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supports previous literature that suggests strontium-containing fluorapatite has the 

potential to inhibit bacterial growth for both Gram-negative and Gram-positive 

bacteria (Alatawi et al., 2018, Anastasiou, Nerantzaki, Gounari et al., 2019, Wang et al., 

2019). In contrast, the commercial GIC presented a very small inhibition zone with a 

size of around 1 mm, indicating weaker antibacterial properties compared to the 

modified SGIC. 

Figure 6.7 Agar diffusion method for SGIC containing with 0, 1, 3, and 6 wt.% of SrFA 

against S.mutans. The inhibition zone was observed and measured by 

stereo microscope with magnification of 0.67x, using NIS element 

microscope imaging software. Error bars are standard error of the mean 

(n=3)
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The antibacterial mechanism of SrFA remains unclear. It was believed that 

the release of strontium ions and fluoride ions from the material played a role in 

inhibiting bacterial growth. Strontium ions were reported to inhibit the growth of both 

Gram-positive and Gram-negative bacteria by interfering with bacterial cell membrane 

function and disrupting intracellular processes. Moreover it was reported that the 

incorporation of Sr dopants induced a negative surface charge of the material 

resulting in positive affect the biological properties of material, leading to improved 

extracellular matrix adsorption, bone cell attachment and enhances antibacterial 

activity (Ganjali, Mousavi, Nikzamir et al., 2022). Fluoride ions have been known to 

inhibit bacterial enzymes and disrupt cell membrane function. Additionally, the co-

doping of strontium and fluoride in hydroxyapatite created a synergistic effect, 

leading to enhanced antibacterial activity (Dabsie et al., 2009, Ganjali et al., 2022). 

 

6.3.4  In vitro bioactivity 

The surface morphology of SGIC modified with different amounts of SrFA 

after immersion in DI water and artificial saliva for 5 days was observed by SEM-EDS 

technique, as shown in Figure 6.8. Upon exposure to artificial saliva, an apatite-like 

layer was observed on all GIC surfaces. The presence of the apatite-like layer was 

confirmed by the EDS technique, which showed that the ratio of Ca/P should be in 

the range of 1.30–1.67, as reported in previous literature (Drouet, 2013). The Ca/P 

ratio of the unmodified SGIC was found to be 1.87, while the SGIC modified with SrFA 

showed a Ca/P ratio ranging from 1.50 to 1.77, which was close to the reported 

range. This reduction in Ca/P ratio could be attributed to an increase in P content 

resulting from the precipitation of the apatite layer. These results suggested that the 

precipitate found on the surface of the SGIC was indeed apatite. 

The notably apatite-like precipitation on the SGIC modified with SrFA was 

higher than on the unmodified SGIC. Interestingly, the size of the apatite precipitate 

on SGIC surface increased proportionally with SrFA content, indicating a positive 

correlation between SrFA contents and apatite precipitate size. Moreover, the apatite 

precipitation on the surface of SGICs was distributed more evenly compared to 

commercial GICs, which tended to be more agglomerated. 
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Figure 6.8 SEM-EDS of the surface of SGIC containing 0, 1, 3, and 6 wt.% of SrFA 

after immersion in artificial saliva for 5 days, in comparison with a 

commercial product.
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The precise mechanism of the effect of SrFA on the crystal growth kinetics 

of apatite remains unclear. The previous study suggested that HA in the material led 

to more nucleation sites for apatite crystals to form and larger crystal growth on the 

material surface (Onuma, Ito, Tateishi et al., 1995, Wu and Nancollas, 1997, Ito and 

Onuma, 2003). Moreover, the synergistic effect of the Sr and F ions combination was 

reported to significantly enhanced remineralization (Thuy, Nakagaki, Kato et al., 2008). 

The larger size of apatite crystal and its ability to mineralize could have benefits for 

the dental application in that it could induce the penetration of apatite crystal into 

the surrounding tooth structure (Ito and Onuma, 2003, Osorio, Osorio, Cabello et al., 

2014, Albeshti, 2016).  

 

6.3.5 Cell viability 

The NIH/3T3 cell cytotoxicity of SGICs containing 0, 1, 3, and 6 wt.% of 

SrFA was evaluated and compared with commercial GIC, with glass coverslips as the 

negative control. The findings illustrated in Figure 6.9 represent the percentage of 

AlamarBlue reduction, which served as an indicator the cellular metabolic activity. A 

high percentage of AlamarBlue reduction suggested high metabolic activity of the 

cells, which indicated a high level of cell viability. On day 1, there was no significant 

difference observed among the samples. After incubation for 7 days, all samples 

exhibited an increase in metabolic activity from day 1 to day 7. Moreover, it could be 

seen that the addition of 1 wt.% SrFA significantly enhanced metabolic activity on 

day 7, although there was no significant difference between 1, 3, and 6 wt.% SrFA 

samples. By day 14, there was a significant increase in metabolic activity observed for 

all samples, with the highest activity observed in the 6 wt.% SrFA sample. 

These findings suggested that the addition of SrFA to SGICs could improve 

the cell viability of NIH/3T3 cells. Moreover, the study suggests that the optimum 

weight percentage of SrFA in SGICs is 1 wt.% because higher concentrations of SrFA 

presented no significant improvement in metabolic activity. 

Previous research had demonstrated that incorporating Sr into 

hydroxyapatite could improve cell viability in human periodontal ligament fibroblast 

(HPDLF) cells (Ravi, Balu and Sampath Kumar, 2012). The cytotoxic effect of 

fluorapatite powder on human osteoblast-like cells was found to be non-toxic due 
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to the release of Ca and P ions in the extract solution. Reports suggest that the 

released Ca ions could induce osteoblast proliferation and chemotaxis through 

binding to a G-protein coupled with extracellular calcium sensing receptor (Forghani, 

Mapar, Kharaziha et al., 2013). Overall, it could be implied that the presence of 

fluoride in hydroxyapatite could cause cytotoxicity, but the release of Ca, Sr, and P 

ions from fluorapatite could induce cell proliferation.
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Figure 6.9 AlamarBlue reduction percentage of NIH/3T3 fibroblast cells on SGIC 

surface with the different SrFA contents at incubation period of 1 day, 7 

days and 14days. Control was referred to the cell-cultured on the glass 

cover slip. Error bars are standard error of the mean (n=3)

6.3.6 Fluoride release and uptake

In this study, the ability of SGICs containing varying concentrations of SrFA 

(0, 1, 3, and 6 wt.%) to release and uptake fluoride on days 1, 7, and 14 was 

investigated, and these results were compared with those of a commercial GIC. The 

results presented in Figure 6.10 showed that the commercial sample initially 

released the highest amount of fluoride on day 1, but this amount rapidly decreased 

over time. In contrast, all SGICs release a constant level of fluoride for up to 21 days.

 



110

The ability of SGICs to release fluoride constantly for an extended period 

was consistent with the findings of a previous study on sol-gel derived GICs (Bertolini 

et al., 2005). This gradual release of low levels of fluoride was an important clinical 

feature, as it could help reduce the incidence of caries, especially in patients who 

were at high risk or had a history of dental decay.
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Figure 6.10 Concentration of fluoride release and uptake of SGIC containing with 0, 1, 

3, and 6 wt.% of SrFA in comparison with the commercial product. Error 

bars are standard error of the mean (n=3).

Upon fluoride uptake, there was an increase in fluoride ion concentration

on day 1 in the 0 wt.% SrFA, 1 wt.% SrFA, and commercial GIC samples. However, 

when higher amounts of SrFA were added, the concentration of fluoride uptake was 

reduced.

Our findings indicate that the addition of SrFA to SGICs resulted in an 

insignificant improvement in their fluoride release capability. In addition, when higher 

amounts of SrFA (up to 3 wt%) were added, the concentration of fluoride uptake on 

day 1 was significantly reduced. This finding suggested that SrFA additive might 

interfere with the ability to take up fluoride. Therefore, the optimal amount of SrFA 

that can be added to SGICs should not exceed 1 wt.% to maintain their fluoride 

uptake capacity.
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6.4 Conclusions 

In this chapter, SrFA nanoparticles were synthesized through the hydrothermal 

method and used as an additive in SGIC. The obtained particles exhibited a needle-

like shape and high crystallinity. The incorporation of SrFA in SGIC was found to 

retard the setting time; however, the addition of 1 wt.% SrFA significantly improved 

the compressive strength without significantly affecting the setting time. Furthermore, 

the results suggest that SrFA had the potential to significantly improve the 

antibacterial properties, apatite layer formation, and cytocompatibility of SGIC, 

especially at a concentration of 1 wt.%. In terms of fluoride release and uptake 

ability, the addition of SrFA to SGIC presented no improvement in fluoride release 

and inhibited their ability to uptake fluoride. 

 



 

CHAPTER 7  
EFFECT OF STRONTIUM CONTAINING FLUORINATED 

BIOACTIVE GLASS ADDITIVE IN SGIC (4.5SiO2-4Al2O3-0.45P2O5-

1.4CaO-0.3ZnO-2F2

 
Chapter 6 demonstrated the successful improvement of antibacterial properties, 

ability to form apatite layer, and cell viability of SGIC modified with SrFA as an additive. 

However, SrFA did not enhance the fluoride release ability and even reduced the 

ability to uptake fluoride, which was critical for maintaining fluoride in the oral 

environment. Therefore, this study aimed to investigate the benefits of another 

candidate for using as an additive in SGIC which was strontium containing fluorinated 

bioactive glass (SrBGF) to enhance its antibacterial, bioactivity, and biocompatibility 

properties. Due to its amorphous structure, SrBGF was expected to have superior 

properties as compared to SrFA in terms of fluoride release and uptake. This chapter 

reports the effect of SrBGF on physical properties of SGIC, including setting time, 

compressive strength, as in Chapter 6. Additionally, the study explored deeper into 

antibacterial properties, In vitro cytocompatibility, and remineralization ability as 

comparison to SGICs modified with SrFA and the commercial GIC. Finally, the 

mechanism of fluoride release and uptake ability of SGIC containing SrBGF was 

thoroughly examined. 

 

7.1 Research background 

GICs is known as the first choice for dental restoration in patients at higher risk of 

caries due to its potential to release fluoride (Krämer, Schmidt, Lücker et al., 2018). 

The fluoride-releasing behavior of commercial GICs was reported to be released at 

maximum within the first week and then reduced gradually and became constant 

(Gao and Smales, 2001). Fluoride ions was reported to be initially released due to 

trapped fluoride ions in the cement matrix, followed by a constant release from the 
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glass particle (Suprastiwi, Anggraeni and Npa, 2009). After fluoride release, GICs were 

able to uptake fluoride from the oral environment. This cycle of fluoride release and 

uptake by GIC enhanced fluoride release from the cement, thereby preventing caries 

during long periods of dental restoration, and is known to prevent secondary caries 

(Yli-Urpo, Lassila, Närhi et al., 2005, Kim, Bae, Lee et al., 2021). However, it was 

recently found that almost all the fluoride uptake in the commercial GIC was 

retained in the cement and was unable to be re-released (Madi, Sidhu and 

Nicholson, 2020). 

To improve the fluoride release ability, fluoride-containing bioactive glass has 

become interesting as an additive, since it could release fluoride ions, support 

fluoride bioavailability in saliva and improve fluoride uptake ability (Davis, Gwinner, 

Mitchell et al., 2014, Naumova, Staiger, Kouji et al., 2019). This was even more 

interesting when strontium was added to the bioactive glass. Some literatures 

reported that the incorporation of strontium into the bioactive glass enhanced the 

bioactivity and stability of apatite formation, which could be more beneficial for 

caries prevention (Dai et al., 2021). The nano-size, spherical shape, and mesoporous 

structure of the bioactive glass particle could influence biocompatibility, resulting in 

more viable cells, and improving apatite-like formation, thereby superior bioactivity 

(Thaitalay et al., 2022). Based on the result of previous literature, it was interesting to 

incorporate the fluoride containing strontium-based bioactive glass into SGIC to 

enhance the fluoride release ability and the biological properties. In addition, the 

ability of SGIC to uptake fluoride and its mechanism should be explored as 

comparison with the commercial GIC. 

The aim of this study was to investigate the ability to release and uptake 

fluoride of SGIC added with SrBGF additive as compared with the commercial GIC. 

Additionally, the mechanism of fluoride release and uptake inside GIC sample was 

also examined. SrBGF additive in this study was based on 45SiO2-5P2O5-35SrO-15SrF2 

synthesized by sol-gel method. The resulting SrBGF additive was characterized by 

XRD and FTIR technique. The effect of SrBGF contents on the setting time and 

compressive strength were evaluated. Additionally, in order to assess the relative 

performance of SrBGF additives, the antibacterial properties, bioactivity, and 

cytocompatibility of SGIC containing SrBGF were evaluated in comparison to SGIC 
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containing SrFA additives. Finally, the mechanism of fluoride release and uptake in 

SGIC with SrBGF additive were evaluated by fluoride selective electrode, SEM-EDS 

techniques and XPS technique.  

 

7.2 Experimental procedure 

7.2.1 Synthesis of SrBGF nanoparticles and characterization 

In this study, the strontium and fluoride containing nano-bioactive glass 

powder (SrBGF) belonging to the system of 45SiO2-5P2O5-35SrO-15SrF2 was 

synthesized by the sol-gel method. To prepare SrBGF, a mixture of EtOH, deionized 

water, and ammonia solution (NH4OH, 30%, Carlo Erba) was stirred together in a 

molar ratio of 1:9:0.1, with cetyltrimethyl ammonium bromide (CTAB, 99%, Sigma-

Aldrich) added as a particle template. TEOS, TEP, Ca(NO3)24H2O, and H2SiF6 were then 

added under vigorous stirring. The resulting precipitate was filtered and washed with 

DI water and EtOH three times. The bioactive glass powder was obtained by drying 

overnight at 100ºC and then calcining at 650°C for 2 h (2°C/min). The synthesis 

method for SrFA was summarized as shown in Figure 7.1. 

Phase identification of the synthesized SrFA additives was analyzed by 

XRD. Morphology of SrFA additive was determined by a Transmission electron 

microscopy (TEM, Tecnai™ G2 20, FEI company, Hillsboro, USA). 
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Figure 7.1 sol-gel synthesis procedure of SrBGF

7.2.2 Preparation of glass ionomer cement

In this chapter, SGIC was modified by adding SrBGF in the range of 0, 1, 3, 

and 6 wt.%. The cement was formulated by blending the sol-gel ionomer glass 

powder with the liquid solution at a ratio of 1.5:1 (w/v). The sol-gel ionomer glass 

powder was synthesized in the 4.5SiO2-4Al2O3-0.45P2O5-1.7CaO-0.3Zn-2F2

composition molar ratio system, following the methodology in Chapter 5. The liquid 

solution contained a mixture of 27 wt.% polyacrylic acid (PAA, M.W. ~ 100,000, 

Sigma-Aldrich, Darmstadt, Germany), 64 wt.% poly(acrylic acid-co-maleic acid) (PAA-

co-MA, M.W. ~ 3,000, Sigma-Aldrich, Darmstadt, Germany), and 9 wt.% tartaric acid 

(Carlo Erba, Val de Reuil, France). The commercial GIC (GC Gold Label 9 HS Posterior 

EXTRA, GC Corporation, Tokyo, Japan) was employed as a reference material for 

comparison.
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Figure 7.2 Schematic of experimental design to determine the effect of SrBGF 

additive on the properties of SGIC.

7.2.3 Setting time and compressive strength testing

The evaluation of the setting time and compressive strength of SGIC was 

performed in accordance with the methodology outlined in Chapter 4, sections 4.2.4 

and 4.2.5.

7.2.4 Surface roughness

After the preparation of the cement, the surface roughness of SGIC 

modified with 0 and 1 wt.% SrBGF was evaluated in comparison with the SGIC 

modified with 1 wt.% SrFA and the commercial GIC. The experiment was conducted 

to determine the possibility of bacteria and cell attachment to the cement surface. 
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The roughness was detected optically by a three–dimensional (3-D) optical profiler 

(WYKO NT1100 profiler, WYKO Corp.). The results were compared to those obtained 

with SGIC modified with SrFA and the commercial GIC. There were three 

measurements on the top of each specimen. 

 

7.2.5 Antibacterial testing 

The aim of this experiment was to evaluate the antibacterial activity of 

SGIC modified with SrBGF against S. mutans using the agar diffusion method, as well 

as to determine the ability of bacteria to adhere to the material surface. The results 

were compared to those obtained with SGIC modified with SrFA and the commercial 

GIC. 

To perform the agar diffusion method, S. mutans were selected from 

culture on blood agar plates and cultured in BHI broth overnight. The bacterial 

culture was diluted to 1.5x108 CFU/ml in a fresh BHI broth, and then uniformly 

swabbed onto the Mueller-Hinton agar plate. Disc-shaped GIC specimens were then 

placed onto the agar and incubated at 37◦C for 72 hours. The diameter of the 

inhibition zones around GIC discs was measured to evaluate the bacterial activity.  

To determine the adhesion of bacteria to dental surfaces, S. mutans was 

cultured in a BHI broth at 37°C for 18 hours. The bacteria suspension was diluted to 

1.5x108 CFU/ml in a fresh BHI broth, and the disc shaped GIC specimens were 

transferred into a diluted culture of S. mutans with the BHI broth. After incubating 

the specimens for 12 hours, they were rinsed and soaked in 0.1 M PBS to fix the 

attached bacteria. The bacterial adhesion was evaluated using a Scanning Electron 

Microscope (SEM, JEOL-6010LV) after applying a thin gold layer by sputtering method 

to create a conductive sample. 

7.2.6 Bioactivity testing 

The bioactivity of the material in this study was evaluated in accordance 

with the ability to induce dentine mineralization. To evaluate the mineralization 

capacity of GIC materials on dentin, dentine density after employed under simulated 

oral condition was measured and compared to that of untreated dentin. For this 

purpose, human third molars were selected from the collection of extracted teeth at 

the SUT oral health center and the dental clinic of Kham Thale So hospital. The 

 



118 

enamel was polished off to expose the dentin surface, which was then drilled to 

create a 0.34 mm diameter cavity. The teeth were immersed in a demineralization 

solution (1.5 mM CaCl2, 0.9 mM KH2PO4, 50 mM acetic acid, pH = 4.5) for 8 days to 

create artificial caries. After rinsing with DI water and drying at room temperature, the 

cavity was filled with GIC pastes. The specimens were then left in the air at room 

temperature for 1 hour and soaked in DI water for 24 hours to complete the setting 

reaction of GICs. The specimens were cross sectioned into two pieces, with the first 

serving as the control and the second undergoing pH cycling, which simulated the 

change of pH in oral environment. In the pH cycling process, each specimen was 

immersed in a remineralization solution (1.5 mM CaCl2, 0.9 mM NaH2PO4, 150 mM 

KCl, pH = 7.0) for 20 hours, rinsed with DI water, and then immersed in 

demineralization solution for 4 hours. This process was repeated daily using 

remineralization and demineralization solutions for 14 days. Figure 7.3 provides an 

overview of the specimen preparation and evaluation process. 

In order to evaluate the density of dentin after pH-cycle, the dentin 

portion of the specimen was trimmed into a rectangular shape measuring 1 mm x 1 

mm x 10 mm. The three-dimensional structure of the dentin specimens was then 

characterized using Synchrotron radiation X-ray micro-computed tomography (μCT) at 

beamline BL1.2W, located at the Synchrotron Light Research Institute (SLRI) in 

Nakhon Ratchasima, Thailand. X-ray radiation was generated from a 2.2 T multipole 

wiggler at the 1.2 GeV Siam Photon Source. To support each specimen, a polyimide 

tube was placed on a rotary stage. For a 180° rotation with a 0.2° step, 900 X-ray 

projections were recorded. The X-ray beam had a mean energy of 14 keV and was 

positioned 32 mm from the source. All tomographic scans were acquired at a pixel 

size of 1.44 μm using a detection system equipped with a 200 μm-thick YAG:Ce 

scintillator, white-beam microscope (Optique Peter, France) and pco edge 5.5 sCMOS 

camera (2560 × 2160 pixels, 16 bits). Data processing and tomographic reconstruction 

were performed using Octopus Reconstruction software (Tescan Orsay Holding, Brno, 

Czech Republic). The 3D visualisation of the dentin after pH-cycle was conducted 

using Drishti software, Version 2.6 (ANU Vizlab, Canberra, Australia). 

Furthermore, surface morphology and elemental analysis on the dentin 

surface after pH cycles were determined using a Scanning Electron Microscope (SEM, 
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JEOL-6010LV, Peabody, USA) coupled with Energy Dispersive Spectroscopy (EDS, 

Oxford Instruments X-MaxN 20).

Figure 7.3 Illustration of experiment procedures performed to evaluate 

remineralization ability.

7.2.7 In vitro cytocompatibility on human adipose-derived stem cell 

(hASCs)

hASCs were used as a model to assess several cellular activities 

including cell cytotoxicity (live/dead assay) and proliferation (AlamarBlue and DNA 

Picogreen assay).

7.2.7.1 Indirect testing

SGICs were prepared in a disc shape with 2 mm in height and 10 

mm in diameter, and subsequently sterilized by UV immersion for 30 minutes on 

each side. The prepared disc of SGIC samples were rinsed by phosphate-buffered 
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saline (PBS) solution to remove the organic residual. The extracts were prepared by 

incubating the discs in 1mL of complete media at 37 ºC. The sample-soaked 

mediums were replaced with 1 mL of fresh complete medium every 2–3 days. The 

extract was collected on days 1, 7 and day 14 of incubation.  

To perform testing, a suspension of 5x103 cells in 100 μl 

complete medium was seeded into a 96-well tissue culture plate and left to attach 

overnight. The following day, the medium was replaced with the extract and 

incubated for 24 hours. Negative controls were run using fresh media, while the wells 

without cells were utilized as blanks. Once the incubation was completed, the 

extract medium was replaced with 100 ml of 10 vol.% AlamarBlue solution (5 mg 

Resazurin salt/ 40 ml sterile PBS, Sigma) in complete medium to measure the 

metabolic activity of the cells. The plates were then incubated at 37 °C and 5% CO2 

for 2 hours, after which the fluorescence was measured using a microplate reader 

(Sunrise, Tecan) at 544 nm excitation and 590 nm emission. 

To determine the effect of the cement material on the cell 

environment, the cement extract obtained on day 1 and day 7 was centrifuged, and 

the resulting supernatant was collected to determine the ions released/adsorbed by 

the cement discs. The supernatant was then diluted by a factor of 10 and analyzed 

using Inductive coupled plasma optical emission spectrometry (ICP-OES: 8000, 

PerkinElmer). Additionally, the pH changes of the cement extract were measured 

using an electrolyte-type pH meter (Denver pH/mV/Temp. Meter, UB-10). 

 

7.2.7.2 Direct testing 

After undergoing sterilization through UV immersion, the cement 

discs were incubated in 1 mL of PBS for three days, followed by a change to 

complete medium for an additional three days before cell seeding. A total of 1 x 104 

cells suspended in 1 mL of complete medium were seeded onto the cement discs 

in a 24-well plate, and a glass coverslip was used as the control condition. The 

complete medium was replaced with fresh 1 mL medium every 2-3 days. To assess 

cell proliferation at days 1 and 7, AlamarBlue assay and DNA quantification, as 

previously described, were performed. Three independent samples were carried out. 
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7.2.8 Preliminary study of human dental pulp stem cells (hDPSCs) 

cytotoxicity 

In a previous in vitro experiment, hASCs were used to evaluate the 

cytotoxicity of SGIC modified with SrBGF or SrFA additives. In this section, we 

investigated the suitability of SGIC for dental applications by employing hDPSCs, 

which are more relevant to dentistry than hASCs.  

To investigate the effects of GIC materials on hDPSCs, hDPSCs were 

cultured in DMEM at 37°C and 5% CO2 humidified atmosphere. The indirect testing 

was conducted using material extraction prepared by incubating GIC samples in 

DMEM at 37°C for 24 h. The hDPSCs were cultured at a density of 5 x 103 cells per 

well in 96-well plates, with 100 μl of conditioned media and 100 μl of fresh DMEM 

for 3 days. Negative controls were cultured in 200 μl of fresh media. 

After 3 days of culture, hDPSCs were incubated with 0.2% 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) solution (Sigma-Aldrich) 

at 37°C for 4 hours. The reaction was stopped with 200 μl of dimethylsulfoxide 

(Sigma-Aldrich) and 25 μl of glycine buffer (Research Organics). The resulting color 

was measured using a spectrophotometer (Sunrise, Tecan, Switzerland) at 620 nm 

absorbance. We conducted five independent samples. 

 

7.2.9 Fluoride release and uptake testing 

In this section, the experiment aimed to evaluate the fluoride release 

and uptake of SrBGF and GIC materials. the specimens of SrBGF and GIC materials 

were separately prepared for the evaluation process. The summary of the specimen 

preparation and characterization is illustrated in Figure 7.4. 
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Figure 7.4 The experimental procedure of fluoride release and uptake ability of 

SrBGF powder and SGIC samples and their characterization. (*F- ISE = 

Fluoride Ion Selective Electrode technique).

7.2.9.1 Preparation of SrBGF powder samples

In order to assess the fluoride-releasing potential of SrBGF 

additive, 3 mg of the powder was immersed in DI water at a ratio of 3 mg/ml at 37°C 

for 7 days. SrBGF powder was then collected by filter paper, and subsequently 

immersed in a 2% NaF solution for 6 minutes to absorb fluoride. SrBGF powder was 

rinsed with DI water and dried before being immersed in DI water at the same ratio 

and temperature for another 7 days to repeat the cycle. At each step of the 

experiment, SrBGF powder and the immersed solution were collected, particularly 

after DI water immersion, after fluoride absorption, and after fluoride release, to 

analyze the fluoride-releasing potential of SrBGF additive.

7.2.9.2 Preparation of GIC specimens 

All GIC samples were prepared in a disc shape of 12 mm in 

diameter and 2 mm in height. The surfaces of all samples were polished with 

alumina abrasive powder and etched with 2% hydrofluoric acid for 5 seconds. The 

fluoride release and uptake ability of the glass ionomer cement were evaluated using 
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the same procedure as that of SrBGF. In addition, the commercial GIC (Fuji IX, GC 

corporation, Japan) was evaluated as a comparison. 

To ensure a clear understanding of the fluoride release and 

uptake characteristics of SGIC modified with SrBGF additive, the complexity of GIC 

composition in this study was reduced by utilizing an undoped glass-based material. 

Therefore, the composition of ionomer glass was chosen to be 4.5SiO2-4Al2O3-

0.45P2O5-2CaO-2F2. 

 

7.2.9.3 Characterization for fluoride release and uptake 

The chemical composition of the cement at different stages of 

immersion was analyzed by SEM-EDS technique using 20 kV with a working distance 

(WD) of 15. The cement samples were coated with gold using the sputtering 

technique to ensure better conductivity during the imaging process. In order to 

determine the fluoride release and uptake mechanism, X-ray photoelectron 

spectroscopy (XPS) technique was utilized to identify the binding state of Strontium 

(Sr3d) and fluoride (F1s) with other cations such as Al3+ ions, Ca2+ ions, Sr2+ ions, and 

Si4+ ions. For XPS analysis, the cement samples were first pulverized into powder 

form before the measurement. Origin 2018 software was used to process the fitting 

curves of XPS spectra using a combination of Gaussian-Lorentzian lines with a fixed 

value of FWHM. The percentage of each binding state was calculated from the 

following equation: % binding state = (the area of the deconvoluted peaks/total F1s 

peak area) x100. 

The fluoride ion concentrations in the immersed solution were 

determined to evaluate the ability of the cement to release fluoride. It was 

evaluated by a fluoride ion-selective electrode (F- ISE, Orion Research, Inc., 

Cambridge, VSTAR40A). Fluoride ion concentrations were calculated in the ratio of 

fluoride ion level to the ionomer glass weight (μg/g). The means and standard 

deviations for three samples of each cement in each group were calculated for 

accurate statistical analysis. 
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7.3 Results and discussions

7.3.1 Characterization of SrBGF additive

SrBGF nanoparticle was successfully synthesized by the sol-gel method. 

The obtained particle was characterized by the XRD technique, as illustrated in 

Figure 7.5 (a). The XRD pattern of SrBGF additive showed an amorphous structure 

with some crystal phases of SrF2 (JCPDS no. 06-0262). Additionally, the TEM 

micrograph of the SrFA nanoparticle, presented in Figure 7.5 (b), demonstrated that 

the particles were mostly round shape with high porous structure. Their average size 

was approximately in a range of 20-200 nm analyzed by image analysis. 

Figure 7.5 a) XRD pattern of the synthesized SrBGF additive, and b) TEM 

micrographs and EDS analysis of SrFA additive

7.3.2 Setting time and compressive strength

The working and net setting time for SGIC modified with different 

concentrations (0, 1, 3, and 6 wt.%) of SrBGF were illustrated in Figure 7.6. The 

results indicated that an increase in SrFA concentration did not result in any 

significant difference in the working time. Additionally, there were no statistically 

significant differences in the net setting time between SGIC modified with 0 and 1 

wt.% of SrBGF. However, when increasing of SrFA addition up to 3 wt.% in SGIC, the 

net setting time was significantly increased.
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This observation was similar to a previous study, which showed that the 

incorporation of bioactive glass into conventional GIC resulted in the extension of the 

setting time (Choi, Lee and Kim, 2008). This could be because there was no chemical 

interaction between SGIC and SrBGF. As the content of SrBGF increased in SGIC, it 

interfered with the hardening reaction of GIC leading to a delay in the setting time. 

 

0 1 3 6
0

2

4

6

8

10

Ti
m

e 
(m

in
ut

es
)

SrBGF content (wt.%)

 working time  net setting time

 
 

Figure 7.6 Working and net setting time of the sol-gel GIC containing with 0, 1, 3 and 

6 wt.% of SrBGF. 

 

Figure 7.7 shows the compressive strength of SGIC containing various 

concentrations of SrBGF. The results revealed that incorporating 1 wt.% SrBGF 

significantly enhanced the compressive strength of SGIC. However, the increasing of 

SrBGF content beyond 1 wt.% appeared to decrease the compressive strength.  
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Figure 7.7 Compressive strength of SGIC with the different contents of SrBGF. Error 

bars are standard error of the mean (n=8). Stars (*) denote p < 0.05. 

 

Previous research has reported that the addition of 10 to 30 wt.% of 

bioactive glass to GIC reduced the compressive strength (Yli-Urpo et al., 2005, Choi et 

al., 2008). This might be due to excessive incorporation of bioactive glass particles, 

which acted as fillers that were not chemically attached to GIC matrix (Yli-Urpo et al., 

2005). The findings in this study were consistent with previous literature suggesting 

that SrBGF served as a filler for SGIC without any chemical interaction. Thus, when 

SrBGF was added to SGIC at concentrations exceeding 1 wt.%, it could interfere with 

the hardening reaction and result in a reduction of the compressive strength. 

However, SGIC containing 1 wt.% of SrBGF exhibited a significant improvement in 

compressive strength, indicating that a 1 wt.% SrBGF concentration is sufficient to 

serve as an additive for SGIC without any adverse effects on its setting time and 

compressive strength. 

Based on the promising physical property results obtained with the 

addition of 1 wt.% of SrBGF to SGIC, it was selected for further evaluation. The next 

experiment will involve evaluation biological properties of the SGIC modified with 

SrBGF as comparison with SGIC modified with SrFA and commercial GIC. These 

experiments will focus on several key areas, including the antibacterial properties of 

the material, its bioactivity, and in vitro cytocompatibility. Additionally, the release 
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and uptake mechanisms of fluoride ions will also be analyzed to better understand 

the behavior of the material in practical applications. 

 

7.3.3 Surface roughness 

The optical profilometer was used to measure the surface roughness and 

perform a 3D scan of the topography in this experiment. Figure 7.8 presents the 

surface roughness value (Sa) of the SGIC samples modified with SrBGF and SrFA 

additive compared to the commercial GIC. The results indicated that there were no 

significant differences in surface roughness among the SGIC samples, including SGIC 

(256.46 ± 10.8 nm), SGIC/SrBGF (247.03 ± 17.9 nm), and SGIC/SrFA (282.49 ± 22.3 nm), 

respectively. However, the commercial glass ionomer cement exhibited the highest 

surface roughness value (404.70 ± 14.1 nm). 

Surface roughness had a significant impact on bacterial adhesion and cell 

activity (Conserva, Consolo and Bellini, 2018). Bacterial adhesion could induce biofilm 

formation and lead to secondary caries. Surface roughness is one of the main factors 

for bacterial adhesion extension. It was recommended to consider the surface 

roughness of materials when developing new dental materials to decrease bacterial 

adherence (Kozmos, Virant, Rojko et al., 2021). Moderate surface roughness appeared 

to accelerate the biological processes of cells, promoting better and quicker 

adhesion and proliferation (Conserva et al., 2018).  
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Figure 7.8 Comparison of average surface roughness value of SGIC, SGIC/SrBGF, 

SGIC/SrFA and commercial GIC. Sa is the arith-metic average of the 3D 

roughness. Error bars are standard error of the mean (n=8). Stars (*) 

denote p < 0.05.

7.3.4 Antibacterial properties

To investigate the antibacterial activity of the SGIC samples, the agar 

diffusion method and bacterial adherence on the material surface were examined. 

Figure 7.9 a) illustrates the zone of inhibition produced by the SGIC, SGIC/SrBGF, and 

SGIC/SrFA against S. mutans. The inhibition zones were evaluated by measuring the 

distance between the specimens and the S. mutans colony. The results showed that 

the inhibition zone of the SGIC and SGIC/SrBGF was similar, while the SGIC/SrFA 

presented the highest inhibition zone of 7.44 mm. The commercial GIC exhibited the 
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lowest inhibition radius of less than 1 mm. The findings of the study indicated that 

the addition of SrBGF to SGIC had no impact on its antibacterial properties. 

Additionally, the commercial GIC demonstrated no activity against S. mutans. The 

explanation of the inhibition zone of SGIC and the increased inhibition zone following 

the addition of SrFA to SGIC was previously discussed in Chapter 6, specifically in 

section 6.3.3. 

Figure 7.9 (b) illustrates the SEM micrographs of the specimen surfaces after 

immersion in the S. mutans suspension for 12 hours. The commercial GIC showed 

heavy bacterial coverage, while the SGIC and SGIC/SrBGF presented less bacterial 

coverage. For SGIC/SrFA, the bacteria were barely visible on the surface. 

The number of bacteria on the specimen surface indicated their ability to 

adhere to the material. Bacterial adhesion was the first stage in the formation of 

biofilms and the primary cause of tooth cavities and periodontal disease (Kozmos et 

al., 2021). The process of bacterial attachment to material surfaces was influenced 

by several physico-chemical properties. One of the primaries focuses on dental 

biofilm research was surface roughness and topography. This is because bacteria 

have a tendency to adhere to rough surfaces due to the larger contact area between 

the material surface and the bacterial cells (Song, Koo and Ren, 2015). In this study, 

the number of bacterial attachments on the material surface was related to the 

surface roughness of the material. The results showed that the commercial GIC, 

which showed the highest surface roughness, had the highest number of bacteria on 

its surface. 

To interfere with bacterial adhesion, the incorporation of antibacterial agents 

into dental materials is a common strategy (Wang, Shen and Haapasalo, 2014). In this 

study, SrBGF and SrFA were added to SGIC to improve its antibacterial properties. The 

results revealed that SrFA was able to effectively inhibit bacterial adhesion on the SGIC 

surface, indicating an improvement in its antibacterial property. Conversely, the addition of 

SrBGF to SGIC did not result in any enhancement in its ability to interfere with bacterial 

adhesion, suggesting that SrBGF had no effect on SGIC's antibacterial property. 
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Figure 7.9 The antibacterial activity of the SGIC, SGIC/SrBGF and SGIC/SrFA against 

S.mutans. (a) The stereo microscope images of S.mutans inhibition area 

around the specimens. The average and standard deviation of inhibition 

zone was calculated from 3 individual samples. (b) The bacterial 

adhesion to the specimen’s surface. Arrows indicated the chain of S. 
mutans.
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7.3.5 Bioactivity

The bioactivity of the material was evaluated in this study by examining the 

remineralization process of the dental surface when treated with SGIC specimens in a 

simulated oral environment. To simulate the natural caries process in the oral cavity, tooth 

specimens were first demineralized in an acidic solution for 8 days and then subjected to a 

pH cycle process, imitating the conditions during the natural caries process. The methods 

used for the pH cycle process were described in a previous publication (Dai, Mei, Chu et 

al., 2021). The tooth specimens were then analyzed for their density before and after 

remineralization, using μCT visualization as shown in Figure 7.10. Interestingly, there was no 

significant difference in density before and after remineralization for the blank and the 

commercial GIC specimens. In contrast, the SGIC specimens, particularly the SGIC/SrBGF 

specimen, showed a significant increase in density after the remineralization process.

Figure 7.10 μCT visualization of the dentine before and after remineralization. Colors 

were assigned based on density levels, with darker colors indicating lower 

density levels and lighter colors reflecting higher density levels.

Various indicators, such as protein/mineral composition, mineral density, 

and microhardness, could be used to measure dental mineralization (Dai et al., 

2021). In this study, mineral density was observed using μCT visualization in 

demineralized dentine treated with SGIC, SGIC/SrBGF, SGIC/SrFA, and commercial GIC 

after remineralization. The observed increase in mineral density was attributed to the 

regeneration of hydroxyapatite crystals, which was consistent with previous research 
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findings (Kantrong, Khongkhaphet, Sitornsud et al., 2022). It was noted that dentin 

cannot undergo natural remineralization in the oral environment (Cao, Mei, Li et al., 

2015). The process of remineralization occurs when supersaturated ions in the fluid, 

such as Ca2+ and PO4
3-, precipitate onto the dentin, forming hydroxyapatite crystals. 

The remineralization process induced by SGIC in this study was possibly due to the 

incorporation of soluble Ca2+, PO4
3-, and other ions from GIC samples. This finding 

was further confirmed by SEM-EDS observations on the dentine surface, as shown in 

Figure 7.11.  

The effectiveness of remineralization was assessed by examining the 

dentine surface before and after treatment using SEM-EDS technique, presented in 

Figure 7.11 (a). Before remineralization, all specimens exhibited open dentinal 

tubules on the surface. However, treatment with SGIC, SGIC/SrBGF, SGIC/SrFA, and 

commercial GIC resulted in the occlusion of dentinal tubules. In contrast, the blank 

specimen showed persistently open dentinal tubules even after remineralization. 

Furthermore, the atomic percentages of Ca and P on the dentine surfaces were 

analyzed before and after remineralization, as depicted in Figure 7.11 (b). The results 

showed a significant increase in Ca and P contents on the dentine surface after 

remineralization for SGIC, SGIC/SrBGF, SGIC/SrFA, and commercial GIC. These findings 

provided evidence for the effective remineralization ability of GIC samples. 

The observation of Ca and P deposition on the dentine surface in this 

study served as evidence of the bioactivity of the material, as bioactivity was defined 

as the capacity of a material to create a chemical bond with the adjacent tissues. 

This process was suggested to be involved with the formation of apatite crystals in 

an environment with an appropriate Ca/P ratio near 1.67. Once formed and enlarged, 

these crystals can sediment and penetrate the demineralized tooth surface, serving 

as a template to attract Ca2+ and PO4
3- ions from the remineralizing solution towards 

the tooth surface. The resulting crystals have the potential to fill up any defects and 

micropores in the tooth, effectively occluding the dentinal tubules, as illustrated in 

Figure 7.11 (b). 
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Figure 7.11 a) SEM images and EDS data of mineral deposition on dentin surface 

during remineralization process. b) the change of atomic percentage of 

Ca and P deposited on the dentin surface after remineralization. Error 

bars are standard error of the mean (n=3). Same letters indicate no 

significance between groups (p < 0.05), capital letters representing Ca 

atomic percentage and non-capital letters representing P atomic 

percentage.
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The presence of ZnO in the SGIC composition appears to have potential 

benefits for promoting the remineralization of demineralized tooth surfaces through 

the formation of apatite crystals. Previous studies had demonstrated that zinc could 

enhance calcium deposition and facilitate the occlusion of dentinal tubules through 

crystal precipitation (Osorio et al., 2014). Furthermore, several studies had found that 

the incorporation of zinc ions in biomaterials could promote the growth of apatite 

crystals (LeGeros, Bleiwas, Retino et al., 1999, Du, Chang, Ni et al., 2006, Osorio et al., 

2014, Sergi, Bellucci, Salvatori et al., 2019, Thongsri, Srisuwan, Thaitalay et al., 2022). 

It was important to note that the exact mechanism behind the effect of ZnO on 

apatite crystal formation had not yet been fully understood and requires further 

investigation. However, it was thought that the presence of Zn2+ ions played a role in 

creating a favorable environment for apatite crystal growth on the tooth surface. 

Therefore, the presence of Zn ions in the SGIC composition facilitated the growth of 

apatite crystals on the demineralized tooth surface even further. 

In addition to the potential benefits of ZnO in promoting the formation of 

apatite crystals on demineralized tooth surfaces, the incorporation of SrBGF and SrFA 

into SGIC has also been found to have a positive effect. Specifically, the addition of 

these two additives was found to promote the deposition of Ca and P on the sample 

surface (Figure 7.11 (b)), which could play a critical role in apatite homeostasis and 

maintenance (Osorio et al., 2014, Albeshti, 2016). According to research conducted 

by Eden and O'Donnell et al., their findings suggested that an increase in the amount 

of phosphate presented in the glass led to a proportional increase in the speed and 

quantity of apatite formation (O’Donnell, Watts, Hill et al., 2009, Edén, 2011). 

Additionally, despite having different chemical structures and shapes, the 

incorporation of both SrBGF and SrFA into SGIC provided similar abilities to absorb P 

ions and promote Ca and P ion deposition. 

The ion release and absorption behavior of commercial GIC in Figure 7.12 

(a) revealed significant adsorption of Ca and P ions while releasing a high amount of 

Sr ions. This result was related to the mineral deposition on the demineralized 

dentin surface, as illustrated in Figure 7.11. The absorption of Ca and P ions in 

commercial GIC had been reported to induce the formation of the apatite layer on 

the surface of the material (Yli-Urpo, Vallittu, Närhi et al., 2004). Moreover, the 
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release of Sr ions also played an important role in inducing apatite crystal 

precipitation (Albeshti, 2016). However, it could be seen in Figure 7.10 that the 

dentin applied with the commercial GIC presented no change in dentin density. It 

was possible that the commercial GIC could induce apatite precipitation only on the 

dentin surface and be unable to increase dentin density. 

 

7.3.6 In vitro cytocompatibility  

This study was performed to assess the potential of a dental material to 

induce cytotoxicity in the surrounding tissue, as it is well known that dental materials 

used in the healing process might have unexpected effects on the local tissue 

(Aghazade et al., 2020). Due to the fact that the materials or their by-products may 

come into contact with the tissues through the dentinal tubules and apex, it was 

critical to evaluate their cytotoxicity and biocompatibility (Chen et al., 2016, 

Aghazade et al., 2020). hASCs were selected for this investigation as a well-

established and widely available source of normal stem cells with the ability to 

differentiate into various cell types, including dental mesenchymal cells. 

Furthermore, given the high proliferative and differentiation potential of hASCs, they 

were deemed an excellent model for in vitro assessment of material biocompatibility 

(Abud, Zych, Reus et al., 2015, Gaur and Agnihotri, 2021). This section provided 

results and discussions of the effect of the material on the cell culture environment 

(ions release and pH) and hASCs viability. 

 

7.3.6.1 Ion releasing/adsorption and pH measurement. 

To evaluate the influence of ions released from the specimens on 

cell response, ion concentrations and pH changes of the cell culture media were 

analyzed. The ion concentrations in the extracts were determined by Figure 7.12 (a). 

Al, Ca, P, Sr, and Zn ions were detected in the cell culture media after soaking the 

specimens on Day 1 and 7. The levels of Al ions released from all GIC samples were 

similar, with the commercial GIC having the highest level (0.024-0.035 mM). The 

commercial sample absorbed Ca ions from the cell culture media (0.44-0.48 mM), 

while the SGIC, SGIC/SrBGF, and SGIC/SrFA samples released them (0.01-0.42 mM). P 

ions concentration in all the cements was in the negative range, indicating that they 
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absorbed P ions. The commercial GIC, SGIC/SrBGF, and SGIC/SrFA absorbed P ions at 

the highest concentration on Day 1 (0.164-0.195 mM) and reduced on Day 7 (0.01-

0.016 mM). SGIC, SGIC/SrBGF, and SGIC/SrFA released the highest Zn ions on day 1 

(0.72-0.96 mM) and decreased after 7 days of soaking (0.36-0.53 mM). The 

commercial GIC did not release Zn ions due to the absence of ZnO in its 

composition. The commercial GIC released a large quantity of Sr ions (0.84–1.19 mM) 

since SrO was its main composition. The Sr ions were also found to be released from 

SGIC/SrBGF and SGIC/SrFA (0.05-0.11 mM), indicating that SrBGF and SrFA additives 

could release Sr ions to the surrounding environment.

Figure 7.12 (a) ion concentration change after soaking SGIC specimens in cell culture 

medium at Day 1 and Day 7. All ions of each condition were subtracted by 

the control cell culture medium (blank), showing that the negative value are 

the ions absorbed by samples and the positive value are the ions released 

by samples, (b) pH value of cell culture medium after soaking SGIC 

specimens at Day 1 and Day 7. Error bars are standard error of the mean 

(n=3). Same letters indicate no significance between groups (p < 0.05).
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In Figure 7.12 (b), the pH values of the cell culture media were 

analyzed. There was no significant difference in pH among the samples at different 

time points. Additionally, the pH of all the extracted media was in the range of 7-8, 

which was beneficial for cell viability. This result suggests that the materials had no 

effect on pH changes and could not be identified as a cause of cytotoxicity. 

 

7.3.6.2 hASCs cell culture 

To investigate the effect of the environment on the 

cytocompatibility and cell proliferation of hASCs when cultured on different glass 

ionomer cement (GIC) samples, an indirect cell culture method was employed. The 

metabolic activity and DNA concentration of hASCs were assessed, as shown in Figure 

7.13 (a) and (b). The metabolic activity at day 1 and day 7 in Figure 7.13 (a) showed 

that the SGIC, SGIC/SrBGF, and SGIC/SrFA were as high as the glass cover slip control, 

but the commercial GIC was significantly lower. The result of the DNA concentration 

in Figure 7.13 (b) supported the metabolic activity result. There was no significant 

difference in DNA concentration between day 1 and day 7. The commercial GIC was 

found to have the lowest DNA content, while the DNA contents of SGIC, SGIC/SrBGF, 

and SGIC/SrFA were as high as the glass cover slip. 

To further evaluate the effect of GIC samples on hASCs, the cells 

were cultured directly on the cement surface, and metabolic activity and DNA 

concentration were measured using Figure 7.13 (c) and (d). Results showed no 

significant difference in metabolic activity among samples on day 1 of culture. After 

being cultured for 7 days, the metabolic activity of hASCs on all GIC surfaces was 

significantly increased, except for the commercial GIC. For the DNA concentration, all 

GIC samples presented no significant difference between days 1 and 7. The 

commercial GIC was found to have the lowest DNA content, while the DNA content 

was significantly higher for the cover slip control after incubation for 7 days.  

The live/dead staining in Figure 7.13 (e) presented viable and dead 

cells on the cement surfaces. This result supported the trend of the metabolic 

activity and DNA quantitative data of the direct culture result in Figure 7.13 (c) and 

(d). The commercial GIC exhibited red fluorescence after being cultured for 7 days, 
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indicating the presence of mainly dead cells on the surface. Meanwhile, the more 

viable and well spread cells (green fluorescence) were found on the SGIC, 

SGIC/SrBGF, and SGIC/SrFA.

Figure 7.13 hASC proliferation: (a) metabolic activity of cell on tissue plastic plate 

cultured with sample-conditioned medium (b) DNA concentration of the 

cell on tissue plastic plate cultured with sample-conditioned medium. (c) 

metabolic activity of the cell cultured directly on GIC surface (d) DNA 

concentration of the cell on GIC surface. Error bars are standard error of 

the mean (n=3). Same letters indicate no significance between groups (p 
< 0.05). (e) live/dead assay of hASC on each GIC samples, magnification 

of x10. Red and green stains represent dead and living cells, respectively.
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Based on the results of both direct and indirect cell cultures shown 

in Figure 7.13, it can be suggested that hASCs cells preferred the environments of 

SGIC, SGIC/SrBGF, and SGIC/SrFA over that of the commercial GIC. The cytotoxicity 

observed in commercial GIC was attributed to its ion-releasing and ion-absorbing 

properties, as evidenced by Figure 7.12. Commercial GIC released a substantial 

quantity of Al ions and Sr ions while adsorbing Ca and P ions. Previous research had 

indicated that at an ion concentration of 1 mM, cell viability decreased by up to 

90%, and this reduction might be even more significant when the Al ion 

concentration was increased (Yu, Wu, Zhai et al., 2019). However, our study showed 

that the maximum Al ion concentration in the commercial extracts was around 0.035 

mM, which was too low to cause a toxic effect on the cells. Regarding the Sr ions 

concentration, although the commercial GIC released the highest amount of Sr ions 

(0.8–1.2 mM), Sr ions concentrations below 77 mM had been reported to be non-

toxic (Chen et al., 2016), suggesting that the cytotoxicity of the commercial GIC 

extract was unlikely due to the Sr ions. Prior studies had also linked the massive 

uptake of Ca2+ and HPO4
2- ions from the extract to cytotoxicity (Klimek, Belcarz, Pazik 

et al., 2016, Thaitalay et al., 2022). However, the uptake of Ca2+ and HPO4
2- ions by 

porous ceramic was found to be highly bioactive (i.e., the ability to form apatite) 

rather than cytotoxic. Therefore, the low cell viability observed with commercial GIC 

could be due to its ability to uptake ions from the culture medium, which resulted in 

insufficient ions for cell growth (Klimek et al., 2016). Our results were consistent with 

these findings, as hASCs exhibited low viability when cultured with commercial GIC 

due to its high concentration of Ca and P ions. 

A considerable amount of Zn ions released from the SGIC sample 

appears to have a crucial impact on cell viability and proliferation. Previous research 

suggested that a concentration of Zn ions lower than 0.35 mM benefited cell viability 

(Brauer et al., 2011, Wang, Li, Xia et al., 2021). However, on both day 1 and day 7 of 

the soaking period, the Zn ions released from SGIC, SGIC/SrBGF, and SGIC/SrFA 

exceeded the 0.35 mM threshold. Although no cytotoxicity was observed, this high 

concentration of Zn ions could inhibit cell proliferation, as demonstrated by the 

direct culture results in Figure 7.13 (c) and (d). On the other hand, it seemed that 

dilution of Zn concentration was beneficial to the cell, and in clinical use with body 
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fluid circulation, the Zn concentration could be reduced (Wang, Li et al. 2021; 

Thongsri, Srisuwan et al. 2022). Further investigation into this matter is necessary for 

the in vivo study. 

 

7.3.6.3 hDPSC cell culture 

The preliminary study for the hDPSC cytotoxicity was investigated 

by MTT assay, as shown in Figure 7.14. The results presented that all GIC samples 

have no cytotoxicity for the hDPSC. Even though commercial GIC has an adverse 

effect on the viability of hASC, this study found the opposite effect with hDPSC. This 

could be because different cell types respond differently to the material (Kanjevac, 

Milovanovic, Volarevic et al., 2012). However, SGIC samples presented no cytotoxic 

effect on both hASCs and hDPSCs, indicating that SGIC was a promising material for 

use in human tissues. 
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Figure 7.14 Cell viability of hDPSCs treated with the extract solution for 24 hours. 

Control is referred to the cells-cultured on the tissue culture well with 

the fresh medium. Values were expressed as the mean ± standard error 

(n=3) (P < 0.05). 

 

7.3.7 Fluoride release and uptake ability  

This section presents an evaluation of the fluoride release and uptake 

abilities of SGIC and SGIC modified with SrBGF in comparison to commercial GIC. SrFA 
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was not included in the comparative evaluation due to its lack of fluoride-releasing 

ability. 

 

7.3.7.1 Concentration of fluoride release in immersed solution 

Figure 7.15 illustrates the mean concentration of F- ions released in 

artificial saliva from each specimen during their release and uptake in NaF solution. 

The results indicated that, initially, the commercial GIC (com) released a higher 

amount of fluoride compared to SGIC/1SrBGF and SGIC. However, following fluoride 

uptake, the fluoride released from commercial GIC (com) was lower than that of SGIC 

and SGIC/1SrBGF. This suggests that the fluoride uptake activity of SGIC was superior 

to that of the commercial GIC. Furthermore, the study revealed that the addition of 

SrBGF to SGIC significantly improved its ability to release and uptake F- ions. 
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Figure 7.15 Amount of fluoride released from SGIC, SGIC/1SrBGF, and the commercial GIC 

in artificial saliva after soaking for 1 week during releasing and after uptake in 

NaF solution. Note that the P:L ratio of commercial product (com) is 3.4:1. 

Error bars are standard error of the mean (n=8). Same letters indicate no 

significance between groups (p < 0.05) Capital letters representing amount of 

fluoride release and non-capital letters representing amount of fluoride 

uptake. 
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7.3.7.2 Concentration of fluoride release on GICs surface 

In order to gain insight into the fluoride uptake mechanism, the 

glass and cement matrix sites in GIC samples were characterized during the 

release/uptake cycle using SEM-EDS techniques, as illustrated in Figure 7.16. The 

surfaces of SGIC, SGIC/1SrBGF, and commercial GIC were analyzed using SEM images 

and EDS after polishing and etching. Overall, our results showed that the ionomer 

glass remained distributed within the cement matrix on the surfaces of GICs.  

The composition of the glass and matrix areas were evaluated 

using EDS technique. The glass area was predominantly composed of F, Al, and Si, 

followed by Ca/Sr and P. Notably, the Ca content in the commercial GIC composition 

was replaced by Sr.  

EDS analysis of the glass area in the commercial GIC exhibited a 

higher content of F than that of the SGIC samples, indicating a higher fluoride 

content in the commercial product's glass composition. In the matrix area, EDS 

analysis showed a high level of metal cations (Al, Ca, and Sr) and fluoride anions. 

These ions were released from the outer layers of the glass particles during the 

setting reaction and produced metal polyacrylate in the cement matrix. 

The fluoride content on the sample surfaces during release/uptake 

testing was determined using the SEM-EDS technique, as presented in Figure 7.16 (b). 

Before fluoride release, there was a slight variation in the fluoride content between 

the glass and matrix areas of SGIC. However, higher fluoride content was found in the 

matrix area than in the glass area for both SGIC/1SrBGF and the commercial GIC. This 

higher fluoride content in the matrix area of SGIC/1SrBGF might be attributed to the 

ability of SrBGF to release fluoride ions, as shown in Figure 7.14 (a). During the setting 

reaction of SGIC, fluoride ions could have been released from SrBGF and trapped in 

the polymeric matrix of SGIC, thereby promoting fluoride concentration in the 

cement matrix. Similarly, in the case of the commercial GIC, the high fluoride content 

in the matrix area resulted from the high fluoride content of the commercial 

ionomer glass, which could release fluoride ions into the matrix during the setting 

reaction, as was the case with SGIC/1SrBGF. 
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Figure 7.16 Surface analysis of SGIC, SGIC/1SrBGF, and the commercial GIC (com), (a) 

SEM image and EDS analysis of glass and matrix area on the glass 

ionomer cement surface before fluoride-releasing and (b) Atomic % of 

fluoride on GIC surfaces during fluoride uptake cycle: before release, after 

release and after uptake. The values shown in the graph are the mean 

±standard error derived from at least 3 different analysis areas.

After fluoride release, all GIC specimens demonstrated a reduction 

in fluoride content in both the glass and matrix areas, with a greater decrease 

observed in the matrix area. This indicated a high potential for fluoride release in 

SGIC and SGIC/1SrBGF specimens. In contrast, the commercial GIC released fluoride 
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only from the matrix area, and fluoride ions in the glass areas remained at the same 

level as before the release. However, based on the previous findings presented in 

Figure 7.15, it was observed that the commercial GIC released fluoride at significantly 

higher levels compared to the SGIC group. This difference in fluoride release could 

be attributed to the higher initial fluoride content in the commercial GIC, which was 

approximately 30%, while the SGIC group had a lower initial fluoride content of 

approximately 8%. 

After fluoride uptake, there was a significant increase in the fluoride 

content in both the glass and matrix areas of SGIC and SGIC/1SrBGF. Meanwhile, the 

fluoride content increased significantly only in the matrix area of the commercial GIC. 

This indicates the ability of these materials to take up fluoride ions. The results 

suggest that the SGIC group has a greater potential to uptake fluoride ions in 

comparison to the commercial GIC, thus demonstrating an enhanced fluoride uptake 

in SGIC. 

 
7.3.7.3 XPS analysis for structural change during fluoride release and 

uptake 

In this study, XPS technique was used to gain insights into the 

mechanism of fluoride release and uptake ability of the SGIC, SGIC/1SrBGF, and the 

commercial GIC. The F1s chemical state was evaluated before fluoride release and 

after uptake of GICs. However, it was important to note that the XPS technique had 

lower sensitivity and was unable to detect the amount of fluoride after release, 

which was not revealed in the result. Additionally, the technique used in this study 

was unable to differentiate between the glass and matrix areas, and thus the 

chemical state of fluoride presented in this result was characterized by the entire GIC 

surfaces. 

Figure 7.17 shows that the high-resolution spectra in the F1s region 

for GICs can be deconvoluted into four main peaks at the binding energies of around 

688 eV, 686.7 eV, 684.8 eV, and 684 eV, indicating to Si-F, Al-F, Ca-F or Sr-F and free 

F- ion, respectively (Maeda, Matsuya and Ohta, 1998, Makarowicz, Bailey, Weiher et 

al., 2009). It was noted that Ca-F and Sr-F had been found to have the same binding 

energies.  
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Figure 7.17 High-resolution XPS spectra of fluoride (F1s) for (a) SGIC (b) SGIC/1SrBGF 

and (c) the commercial GIC before fluoride releasing and (d) SGIC (e) 

SGIC/1SrBGF and (f) the commercial GIC after fluoride uptake. The 

percentages represent the concentration of each binding state based on 

the graphed area. 

 

In Figure 7.17 (a), (b) and (c), the deconvoluted XPS peaks of the 

SGIC, SGIC/SrBGF, and commercial GIC samples before fluoride release were 

presented. The spectra revealed the existence of Al-F, Ca-F/Sr-F, Si-F, and the free 

ion of F. It was remarkable that the percentage of Al-F binding state was the highest 

among all the detected species, followed by Ca-F/Sr-F, Si-F, and F free ions, 

respectively. 

Figure 7.17 (d) and (e) depict the deconvoluted XPS peak of the 

SGIC groups (SGIC and SGIC/1SrBGF) after fluoride uptake. The results indicated that 

the percentage of Al-F was higher than that of GIC samples before fluoride release, 

followed by Ca-F, Si-F, and free ions of F. Interestingly, the SGIC/1SrBGF group 
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displayed a higher fraction of free fluoride ions compared to the SGIC group. In 

contrast, the commercial GIC yielded different findings, where the percentage of Sr-F 

was the highest, followed by Al-F, Si-F, and free ions of F. The results indicated that 

the percentage of Al-F was higher than that of GIC samples before fluoride release, 

followed by Ca-F, Si-F, and free ions of F. Interestingly, the SGIC/1SrBGF group 

displayed a higher fraction of free fluoride ions compared to the SGIC group. In 

contrast, the commercial GIC yielded different findings, where the percentage of Sr-F 

was the highest, followed by Al-F, Si-F, and free ions of F, as illustrated in Figure 7.17 

(f). 

Each detected fluoride binding state provided valuable information 

about the potential for forming a fluoride complex with the cations present in GIC 

samples. This was important because the solubility of each complex could be 

different, leading to varying potentials for fluoride release from GIC materials (Itota, 

Carrick, Rusby et al., 2004). The formation of Si-F structure is typically observed in 

fluoroaluminosilicate glass, but there was a lack of literature regarding the solubility 

of Si-F complex in GICs (Stamboulis, Hill and Law, 2005). 

The initial release of fluoride ions was reported to be from free 

fluoride ions trapped within the cement matrix, followed by a continuous release 

from the glass particles (Suprastiwi et al., 2009). However, the deconvolution of the 

F1s peak in this experiment indicated only a small amount of free fluoride ion in all 

GIC samples. Therefore, fluoride may mainly be released from other structures. 

Calcium or strontium in glass-ionomer cements had similar 

potential to interact with fluoride ions as aluminum ions (Bueno, Borges, Navarro et 

al., 2021). However, fluoride might become insoluble in these cements by forming 

CaF2 or SrF2, both of which are insoluble in water (Madi et al., 2020). 

Aluminum is known to bond with fluoride in ionomer glasses. Both 

aluminum and fluoride were reported to be released from GICs in association with 

each other (Nicholson and Czarnecka, 2009, Bueno et al., 2021). AlF2- and AlF2
- 

complex were proposed as the released species (Nicholson and Czarnecka, 2009). 

Therefore, the presence of Al-F binding state in this study might indicate the release 

of such species from GIC samples.  
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This study revealed that the Al-F structure was presented in all GIC 

samples before fluoride release, indicating their high potential for fluoride release. In 

SGIC, fluoride release occurred from both the glass and matrix areas, as shown in 

Figure 7.16 (b). This could be attributed to the presence of the Al-F structure in both 

the glass and matrix areas of GIC before fluoride release. It was because the glass 

network was composed of fluoride bonding with Al3+ ions and other cations, such as 

Na+ or Ca2+ (Bueno et al., 2021). During the setting reaction, the Al3+ ions and F- ions 

were released from the glass and combined with polymeric acid to form the polysalt 

matrix. The Al3+ ion in the polysalt matrix could interact with the F- ion to form an Al-

F complex (Nicholson and Czarnecka, 2009), resulting in the release of fluoride from 

both the glass and matrix areas. However, the previous finding depicted in Figure 7.16 

(b) suggested that commercial GICs were unable to release fluoride from the glass 

area, which could be attributed to the fact that the Al-F structure primarily forms in 

the matrix area.  

After fluoride uptake, a slight reduction in the Si-F peak was 

observed in all GIC samples. This suggests that fluoride could be released from the 

Si-F structure but was unable to re-incorporate with the Si after uptake. Additionally, 

the formation of the Sr-F structure was significantly increased in the commercial GIC 

after fluoride uptake, which was consistent with previous literature (Madi et al., 2020). 

The production of species such as SrF2 may induce fluoride to become insoluble and 

unable to be re-release. Furthermore, it was observed that the increased Sr-F 

structure in the commercial GIC was associated with a low re-releasing ability of 

fluoride after uptake, as depicted in Figure 7.15. For the SGIC and SGIC/1SrBGF, a high 

fraction of the Al-F complex was found, indicating their potential for high fluoride re-

release after uptake. 

According to the fact that Sr-F and Ca-F structures appeared at the 

same binging energy from the F1s result in Figure 7.17, this study analyzed the high-

resolution spectra of the Sr3d region using XPS technique to distinguish the Sr-F 

structure from Ca-F structure for both SGIC/1SrBGF and the commercial product, as 

illustrated in Figure 7.18. Additionally, the Sr3d chemical state was assessed in order 

to investigate the interaction between SrBGF and SGIC, as well as to gain further 

insights into the fluoride release and uptake reactions of the commercial GIC.  
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The Sr3d region was deconvoluted using doublets with equal FWHM 

and a 1.7 eV doublet separation (Opitz, Rameshan, Kubicek et al., 2018). The 

deconvoluted peak for the SGIC/1SrBGF sample demonstrated the formation of the Sr-

F structure at 135.7 and 137.2 eV (Yagoub, Swart, Noto et al., 2015). Interestingly, no 

significant differences were observed in the Sr-F structure before fluoride release and 

after fluoride uptake, as shown in Figure 7.18 (a) and (c). However, the addition of 

SrBGF to SGIC led to improved fluoride release and uptake ability, as depicted in Figure 

7.15 and Figure 7.16. This enhancement could be attributed to the high porosity of 

SrBGF, which could adsorb the fluoride free ions within its porous structure. This was 

further confirmed by the result of the F1s peak shown in Figure 7.17 (e), which 

demonstrated that the concentration of free fluoride ions within the SGIC/1SrBGF 

sample (7.9%) was higher than that of the SGIC without SrBGF (4.5%) after fluoride 

uptake. 

The high-resolution spectra of the commercial GIC revealed a 

notable finding. Before fluoride release, the deconvoluted peak showed the 

presence of Sr-O at 132.8 and 134.1 eV, in addition to Sr-F at 135.2 and 137.0 eV 

(Yagoub et al., 2015, Komai, Hirano and Ohtsu, 2020), as illustrated in Fig. 12 (b) and 

(d). After fluoride uptake, the Sr-O structure disappeared, yielding to the Sr-F 

structure. This increase in Sr-F structure in the Sr3d spectra corresponded with the 

increase observed in the F1s result for the commercial product, as demonstrated in 

Figure 7.17 (f). 
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Figure 7.18 High-resolution XPS spectra of fluoride (Sr3d) for (a) SGIC/1SrBGF and (b) 

the commercial GIC before fluoride releasing and (c) SGIC/1SrBGF and (d) 

the commercial GIC after fluoride uptake. The percentages represent the 

concentration of each binding state based on the graphed area. 

 

Here, we propose a model to provide an explanation for the 

observed results, as illustrated in Figure 7.19. The results indicated that fluoride is 

mainly released from the Al-F complex, which exists in both the glass and matrix 

areas of the SGIC. Following fluoride uptake, fluoride can be replaced in the form of 

Al-F complex in both the glass and matrix areas. By adding SrBGF additive to the 

SGIC, the fluoride release and uptake abilities were found to be enhanced, likely due 

to the high porosity of SrBGF additive, which could adsorb fluoride-free ions within its 

structure. Furthermore, the SrF2 crystal in SrBGF was found to be stable and had no 

effect on the fluoride release and uptake abilities. 
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Figure 7.19 The proposed fluoride release and uptake mechanisms of the SGIC and 

the SGIC containing SrBGF additive. 

 

7.4 Conclusions 

The study aimed to evaluate the effects of adding SrBGF additives to SGIC in 

terms of fluoride release and uptake ability, antibacterial properties, remineralization 

ability, and cytotoxicity. The study also compared the results with a SIGC added by 

SrFA and the commercial product. The results showed that the addition of 1 wt.% 

SrBGF to SGIC did not negatively affect its setting time or compressive strength, 

making it a promising sample to evaluate further. While both SrFA and SrBGF similarly 

enhanced the mineralization ability of SGIC, SrFA was found to be more effective in 

preventing the progression of caries lesions or secondary caries due to its superior 

antibacterial properties. In vitro testing showed that all SGIC samples demonstrated 

good compatibility with stem cells from human tissue. The difference in glass 

structure and composition between SGIC and the commercial product resulted in a 
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difference in fluoride release and uptake ability, with SGIC exhibiting a higher 

potential for fluoride uptake due to the formation of an Al-F binding state. 

Additionally, SrBGF enhanced the fluoride release and uptake ability of SGIC by 

taking up fluoride-free ions in their porous structure. Overall, these findings suggested 

that the addition of SrFA to dental materials could improve their ability to prevent 

and treat caries, while the addition of SrBGF could enhance fluoride release and 

uptake abilities. 

 

 



 

CHAPTER 8  
CONCLUSIONS 

 
This study aimed to produce a glass ionomer powder using the sol-gel method 

to improve the bioactivity and antibacterial properties of the material, while 

maintaining its physical properties. The findings in this thesis were concluded as 

following: 

1) The investigation initially started exploring the effect of various synthesis factors 

on the synthesis of the ionomer glass through the sol-gel method. These factors 

included the water to precursor ratio, pH, calcination temperature, type of fluoride 

source, and aging method. This study demonstrated that the different conditions used 

for sol-gel synthesis played a key role for the obtained glass structure and physical 

properties of SGICs.  

2) The study also examined the variation of Al2O3 and P2O5 content in the 

ionomer glass composition synthesized by the sol-gel method, using a DoE technique. 

The results demonstrated that an increase in Al2O3 content in the glass formula could 

enhance the compressive strength of SGIC, while an increase in P2O3 content led to 

prolonging the setting reactivity and reducing the compressive strength of the cement. 

The glass composed of 4.0 mol Al2O3 and 0.3 mol P2O5 (Al/(Si+P) = 1.57) produced the 

GIC with the highest compressive strength in this study. The DoE analysis also verified 

that the interaction between Al2O3 and P2O5 in the glass composition significantly 

affected the setting time and compressive strength. 

3) ZnO dopants were incorporated into the ionomer glass to improve its 

antibacterial properties. The study found that ZnO had an adverse effect on the 

setting time and compressive strength of SGIC, but this could be optimized by 

calcination at a low temperature. SGIC prepared with 0.6ZnO doped ionomer glass 

calcined at 650 °C showed the most promising results in terms of setting time and 

compressive strength. Interestingly, the ZnO content in the glass composition exhibited 

excellent antibacterial activity under light conditions due to its photocatalytic effect, 
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but it had limited activation under dark conditions. This photocatalytic also had an 

adverse effect on the cell viability, but this could be enhanced by reducing the 

amount of ZnO in the glass composition. Additionally, SGIC with ZnO doping exhibited 

improved bioactivity and tooth adhesion. 

4) To overcome the limitations of ZnO dopants, the study investigated the 

modification of SGIC with SrFA nanoparticles to improve its antibacterial activity and 

cytocompatibility. SrFA nanoparticles were successfully synthesized by the 

hydrothermal method and investigated as an additive in SGIC. The study also 

investigated the impact of SrFA on the setting time and compressive strength of SGIC, 

as well as its ability to form an apatite layer, in vitro cytocompatibility, and fluoride 

release and uptake ability. The finding revealed that the addition of SrFA at a 

concentration of 1 wt.% could increase the compressive strength without significantly 

affecting the setting time. Additionally, SrFA could effectively improve antibacterial 

properties, cytocompatibility, and the ability to form an apatite layer. 

5) According to SrFA additive had no ability to release fluoride and seemed to 

inhibit the ability to take up fluoride, the alternative additive as SrBGF was added to 

SGIC. The effects of SrBGF on antibacterial properties, bioactivity, cytocompatibility, 

fluoride release, and fluoride uptake ability were investigated and compared with 

those of SGIC containing SrFA and the commercial GIC. The result of the physical 

properties showed that 1 wt.% SrBGF added to SGIC significantly increased the 

compressive strength of the material and had no adverse effect on its setting time. 

Additionally, SrBGF was found to effectively improve bioactivity, cytocompatibility, 

fluoride release and uptake ability, but it did not enhance the antibacterial properties. 

Overall, this study successfully synthesized a glass ionomer powder through 

the sol-gel method and investigated various factors that affect its physical properties, 

bioactivity, and antibacterial properties. The study found that the synthesis condition, 

Al2O3 and P2O5 content, and ZnO doping significantly affected the compressive 

strength, setting time, antibacterial activity, and cytocompatibility of SGIC. The study 

also showed that SrFA and SrBGF nanoparticles could effectively improve the 

compressive strength, bioactivity, and cytocompatibility of SGIC. However, while SrFA 

demonstrated improved antibacterial properties, it also inhibited fluoride uptake. On 
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the other hand, SrBGF showed promising results in terms of fluoride release and 

uptake ability and bioactivity but did not improve the antibacterial properties of SGIC. 

These findings provided important insights into the design and development of GICs 

with improved properties, which can potentially be used in various dental and 

orthopedic applications. 
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APPENDIX B
 

Table I material for ionomer glass synthesis by the sol-gel method 

Chemical name 
Compound 

formular 
Abbrv. Conc. 

Density 

(g/cm3) 
Manufacturer Function 

Tetraethyl 

orthosilicate 
Si(OC2H5)4 TEOS 98% 0.940 Acros SiO2 source 

Aluminum nitrate Al(NO3)3 AlN 98% - Ajax Al2O3 source 

Triethyphosphate ((C2H5O)2P(O))2O TEP 99% 1.072 Acros P2O5 source 

Calcium nitrate 

tetrahydrate 
Ca(NO3)·4H2O CN 98% - Ajax CaO source 

Calcium fluoride CaF2 CaF2 99% - Carlo Erba CaF2 source 

Hexafluorosilicic 

acid 
H2SiF6 H2SiF6 25% 1.220 Acros F2 source 

Absolute ethanol C2H6O EtOH 100% 0.789 Carlo Erba Solvent 

Deionized water H2O DI - 1.000 - Solvent 

Nitric acid HNO3 HNO3 65% 1.390 Carlo Erba Catalyst 

Ammonium 

hydroxide 

solution 

NH4OH NH4OH 30% 0.802 Carlo Erba Catalyst 

polyacrylic acid 

Mw ~ 100,000 
(C3H4O2)n PAA 35 wt.% 1.140 Sigma-Aldrich 

Liquid phase 

of GICs 

poly(acrylic acid-

co-maleic acid) 

M.W. ~ 3,000 

C7H8O6 
PAA-Co-

MA 
50 wt.% 1.230 Sigma-Aldrich, 

Liquid phase 

of GICs 

Tartaric acid C4H6O6 TTA 99% - Sigma-Aldrich 

Chelating 

comonomers 

Liquid phase 

of GICs 
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Table II Chemical calculation example for the synthesis of 6 g of ionomer glass with 

a composition of 4.5SiO2-4Al2O3-0.3P2O5-2CaO-2F2  

Glass 

composition 

Chemical 

reagents 

Mol 

ratio 
Density 

(g/ml) 
Mw 

(g/mol) 

Mol*Mw 

(g) 

Weight 

(g) 
Volume 

(ml) 
SiO2 TEOS (ml) 3.83 

(4.5-0.67) 
0.94 208.33 798.00 6.11 

(798.6/130.6a) 
6.5 

(6.11/0.94) 
F2 H2SiF6 (ml) 0.67 1.22 144.9 96.60 0.74 

(96.60/130.6 a) 
0.60 

(0.74/1.22) 

Al2O3 Al(NO3)3.9H2O (g) 8 - 375.13 3,001.04 22.97 
(3001.0/130.6 a) 

- 

P2O5 C6H13O4P (TEP) 

(ml) 

0.6 1.07 182.15 109.29 0.83 
(109.2/130.6 a) 

0.78 
(0.83/1.07) 

CaO Ca(NO3)2.4H2O (g) 2 - 236.75 330.61 2.53 
(330.61/130.6 a) 

- 

a  was calculated from 798.00/6.11=130.6 since the volume of TEOS was fixed to 6.5 ml according to Chapter 3, 

section 3.2.1.1 experiment.  

 

 

Chemical calculation method for synthesis of 6 g of ionomer glass in the system 

of 4.5SiO2-4Al2O3-0.3P2O5-2CaO-2F2  

 

TEOS; Si(OC2H5)4 (ml)  

TEOS has density of 0.94 g/ml and molecular weight of 208.33 g/mol 

We needed SiO2 for 3.83 mol. (From 4.5 mol of TEOS minus 0.67 mol of H2SiF6) 

According to the result of Chapter 3, TEOS was fixed to 6.5 ml. 

Hence, the weight of TEOS in the actual experiment was 6.5 ml x0.94 g/ml = 6.11 g 

* The calculated weight of TEOS was molecular weight (g) x mol = 208.33 g/mol x 

3.83 mol = 798.00 g 

* The constant value from the calculated weight divided by the actual weight 

(798.00 g / 6.11 g = 130.6) was used as divisor to calculate the actual weight of 

other chemical reagents 
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H2SiF6 (ml)  

H2SiF6 has density of 1.22 g/ml and molecular weight of 144.9 g/mol 

We needed F2 for 2 mol, which means we required 0.67 mol of H2SiF6 (obtained by 

dividing 4 by 6). 

The calculated weight of H2SiF6 was 144.9 g/mol x 0.67 mol = 96.60 g 

The weight of H2SiF6 in the actual experiment was 96.60 g/130.6 = 0.74 g 

Hence, the volume of H2SiF6 in the experiment was 0.74 g/1.22 g/ml = 0.60 ml 

 

TEP; ((C2H5O)2P(O))2O (ml)  

TEP has density of 1.07 g/ml and molecular weight of 182.15 g/mol. 

We needed P2O5 for 0.3 mol, which means we required 0.6 mol of TEP. 

The calculated weight of TEP was 182.15 g/mol x 0.6 mol = 109.29 g 

The weight of TEP in the actual experiment was 109.29 g/130.6 = 0.83 g 

Hence, the volume of TEP in the experiment was 0.83 g/1.07 g/ml = 0.78 ml 

 

Al(NO3)3.9H2O (g)  

Al(NO3)3.9H2O has molecular weight of 375.13 g/mol.  

We needed Al2O3 for 4 mol, which means we required 8 mol of Al(NO3)3.9H2O. 

The calculated weight of Al(NO3)3.9H2O  was 375.13 g/mol x 8 mol = 3,001.04 g 

Hence, the weight of Al(NO3)3.9H2O in the actual experiment was 3,001.04 g/130.6 

= 22.97 g 

 

Ca(NO3)2.4H2O (g) (g)  

Ca(NO3)2.4H2O (g) has molecular weight of 236.75 g/mol.  

We needed CaO for 2 mol, which means we required 2 mol of Ca(NO3)2.4H2O (g). 

The calculated weight of Ca(NO3)2.4H2O (g) was 236.75 g/mol x 2 mol = 330.61 g 

Hence, the weight of Ca(NO3)2.4H2O (g) in the actual experiment was 330.61 g/130.6 

= 2.53 g 
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Table III Chemical Content of Chapter 4 experiment synthesizing of 6 g of ionomer 

glass with varying molar ratios of 4.5SiO2-XAl2O3-YP2O5-2CaO-2F2, where X 

ranges from 2 to 4.3 moles and Y ranges from 0.15 to 1.5 moles. 

Sample 

annotation 

Mol ratios Chemical content 

Al2O3 

(X) 

P2O3 

(Y) 

EtOH 

(ml) 

DI water 

(ml) 

TEOS 

(ml) 

Al(NO3).9H2O 

(g) 

TEP 

(ml) 

Ca(NO3).2H2O 

(g) 

H2SiF6 

(ml) 

2Al-0.15P 2 

0.15 

17 50 6.50 11.44 0.39 2.52 0.60 

2.5Al-

0.15P 
2.5 

17 50 6.50 17.17 0.39 2.52 0.60 

4Al-0.15P 4 17 50 6.50 22.89 0.39 2.52 0.60 

4.3Al-

0.15P 
4.3 

17 50 6.50 24.60 0.39 2.52 0.60 

2Al-0.3P 2 

0.3 

17 50 6.50 11.44 0.78 2.52 0.60 

2.5Al-0.3P 2.5 17 50 6.50 17.17 0.78 2.52 0.60 

4Al-0.3P 4 17 50 6.50 22.89 0.78 2.52 0.60 

4.3Al-0.3P 4.3 17 50 6.50 24.60 0.78 2.52 0.60 

2Al-0.45P 2 

0.45 

17 50 6.50 11.44 1.17 2.52 0.60 

2.5Al-0.45 2.5 17 50 6.50 17.17 1.17 2.52 0.60 

4Al-0.45P 4 17 50 6.50 22.89 1.17 2.52 0.60 

4.3-0.45P 4.3 17 50 6.50 24.60 1.17 2.52 0.60 

 

Table IV Chemical content for Chapter 5 experiment synthesizing of 6 g of ionomer 

glass with a composition of 4.5SiO2-4Al2O3-0.15P2O5-(2-x)Ca-xZnO-2F2, 

where x= 0, 0.6, 1.0 and 1.4. 

Sample 

annotation 

 Chemical content 

EtOH 

(ml) 

DI water 

(ml) 

TEOS 

(ml) 

Al(NO3).9H2O 

(g) 

TEP 

(ml) 

Ca(NO3).2H2O 

(g) 

Zn(NO3).6H2O 

(g) 

H2SiF6 

(ml) 

0Zn 17 50 6.50 11.44 0.78 3.60 0.00  0.60 

0.6Zn 17 50 6.50 11.44 0.78 0.72 1.08 0.60 

1.0Zn 17 50 6.50 11.44 0.78 1.80 1.80 0.60 

1.4Zn 17 50 6.50 11.44 0.78 2.88 2.52 0.60 
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