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Preface 

Developments in bioglass and glass-ceramics are extending patients' lifespans by regenerating 

damaged or diseased organs or replacing them with implants through tissue engineering 

applications. Bulk 45S5 bioglass has been used for small bone regeneration due to its 

exceptional bioactivity. Even after 50 years of its invention, 45S5 bioglass remains the 

preferred composition for bone regeneration, particularly for soft tissue applications. However, 

sustaining the vitreous state in sol-gel derived 45S5 nanopowders has posed a challenge. The 

possibility of achieving enhanced surface properties in 45S5 nanopowders is a strong 

motivation to tackle this problem. A systematic investigation is needed to (a) determine the 

threshold amount of Na2O that can sustain a vitreous state in SiO2-CaO-Na2O-P2O5 system and 

to (b) assess role of atomic structure and Na2O content on the bioactivity of this ceramic system. 

It is relevant to point out here that 45S5 glass-ceramic with a combeite crystal phase is 

recognized as a biodegradable bone regenerative material. Additionally, magnetic 

hyperthermia (MH) treatment is gaining prominence for addressing deep rooted malignant cells 

while preserving the health of adjacent normal cells. An efficient thermoseed, which is 

basically a magnetic glass-ceramic with optimum magnetic and bioactive properties is required 

for this application. Although various magnetic bioactive glasses and glass-ceramics have been 

explored in the past, none of them are based on the 45S5 composition in nanopowder form. 

Hence, this work attempts to fill a significant gap in the field of magnetic bioglass-ceramics 

based on the 45S5 composition. The strategy followed and the results achieved are briefly 

summarised below. 

To address the vitreous state issue associated with the Na2O content in 45S5 ceramic, a 

sol-gel synthesis route was developed to synthesize (69.5-x)SiO2-CaO-P2O5-xNa2O (0 ≤ x ≤ 

24.5 wt.%) ceramic nanopowders. The maximum Na2O concentration that can maintain the 

vitreous state was found through controlled heat treatment of sol-gel-derived nanopowders. The 
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impact of devitrification on the bioactive properties of these compositions was also studied. The 

thermal stability of the vitreous bioglass-ceramic was studied as a function of x (Na2O wt.%). 

Upon confirming that the vitreous state could not be achieved with the full Na2O content in the 

45S5 composition through the sol-gel route, the focus of this thesis research shifted to glass-

ceramics with 45S5 composition (since preserving the high bioactivity of this ceramic is more 

important than maintaining the vitreous state).  

Next, to develop an efficient thermoseed, iron oxide was introduced in 45S5 glass-

ceramics by replacing SiO2. It was observed that iron oxide-substituted 45S5 glass-ceramic 

turned toxic to osteoblast cells when its iron oxide content exceeded 10 wt.%. Since iron oxide 

was introduced in the sol-gel process through a precursor (Fe(NO3)3. 9H2O), its magnetic 

properties were limited by the presence of the weakly magnetic hematite (Fe2O3) along with the 

strongly magnetic magnetite (Fe3O4). In order to improve the magnetic proprieties, MNP were 

directly introduced in the sol-gel process to yield MNP-substituted 45S5 glass-ceramics. With 

appropriate heat treatment, the magnetite to hematite conversion was prevented. This led to 

MNP-substituted 45S5 glass-ceramics with better induction heating capacity and similar 

bioactivity as the iron oxide-substituted 45S5 glass-ceramics. However, the 10 wt.% iron oxide 

cytotoxicity limit persisted in the MNP-substituted 45S5 glass-ceramics too. To improve the 

magnetic characteristics further without diminishing bioactive properties, an 8 wt.% MNP 

substitution for different oxide constituents of 45S5 composition was attempted. The best 

combination of magnetic induction heating and bioactive properties emerged when MNP was 

substituted for the glass modifier CaO in the 45S5 glass-ceramics. Heat treatment of the as-

synthesized MNP-substituted 45S5 bioglass-ceramic nanopowders played a crucial role in 

balancing its magnetic and bioactive properties. Therefore, a systematic heat treatment was 

performed to identify the processing conditions which yields the best thermoseed from MNP-

substituted (for CaO) 45S5 glass-ceramics.  
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Apart from addressing the Na2O content versus vitreous state issue in 45S5 

nanopowders, an MNP-substituted 45S5 glass-ceramic whose performance far superior to that 

of commercially available thermoseed fluid, FluidMag-CT has been demonstrated in this thesis 

work. Several new insights on the sol-gel derived 45S5 ceramics including their processing 

conditions and the role of various magnetic and non-magnetic crystalline phases in these 

bioglass-ceramics have also emerged from this work.  
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Chapter 1 

Introduction 

Evidence of implanted materials such as sutures made from animal sinew, low reactive metals 

such as gold, silver and wood, have been found in ancient Chinese and Egyptian civilizations 

[NIH0]. This demonstrates an early awareness of using substances that exhibited minimal 

reactivity within the body. These historical examples have laid the foundation to the 

contemporary concept of biomaterials. The term "biomaterial" is derived from "bio" and 

"material," indicating a biological material. Although these materials have been utilized since 

ancient times, they have not been commonly used in clinical trials until the 1860s. It was during 

this period that Lister invented a surgical technique involving biomaterials [LIST1867]. Much 

later, the European Society of Biomaterials defined a biomaterial as a nonviable material used 

in medical devices, intended to interact with the biological system [WILL1986]. In the modern 

times, biomaterials are defined as substances employed to create devices that can safely, 

reliably, economically, and physiologically replace or augment a specific part or function of the 

body. Biomaterials can be synthetic or natural materials [NIH02017]. They have the tendency 

to function like the tissues that they replace. These biomaterials mostly work by enhancing, 

repairing, or restoring the functions of the tissue they are intended to replace [CHON2023]. 

They function either by replacing the body component completely or by providing mere 

support. Various materials including metals, ceramics, composites, and polymers are drawing 

the attention of researchers for their properties that can be exploited in making biocompatible 

biomaterials [BOSE2018].  

Biomaterials can be classified as bioinert, porous, bioactive and bioresorbable 

[AGRA2023]. Table 1.01 lists their characteristics.  
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Table 1.01: Classification of biomaterials on the basis of tissue attachment [HENC1991]. 

 

 Bioinert biomaterials exhibit no response or minimal interaction with the body when 

inserted, such as those composed of titanium, zirconium, ultra-high molecular weight 

polyethylene, and stainless steel [RAO02022]. These materials are utilized when minimal 

interaction with the body is desired. Porous materials are characterized by pores typically larger 

than 10 µm, enabling biological fixation since the bone can grow into these pores [JIAN2020]. 

The increased surface area resulting from these pores enhances the implant's integration with 

the body, facilitating strong fixation. However, their mechanical strength is lower than the 

nonporous bulk materials [HUO02020, LIU02020, YANG2020], rendering them unsuitable 

for long-term implantation where high mechanical strength is crucial. Nonetheless, they find 

application in specific contexts where mechanical strength is not a concern. Bioresorbable 

materials like calcium oxide and polylactic-polyglycolic copolymers, dissolve in the body fluid 

and are removed from the body within a designed time period, [PRAK2017, MCKE2021]. 

However, balancing the resorption rate with cellular metabolism poses a significant challenge 

in practical applications of these biomaterials [GROO1983]. On the other hand, bioactive 

biomaterials evoke ion-exchanges with the body fluids surrounding the material, leading to the 

formation of a carbonate apatite layer on their surface [RAO02022]. The surface layer of this 

implant is physiologically active and resembles the mineral phase of human bone. Examples 

Type of implant Type of attachment Example 

Nearly inert Mechanical interlock 
(morphological fixation) 

Metals, alumina, zirconia, and 

polyethylene 

Porous  In growth of tissues into pores  
(biological fixation) 

Hydroxyapatite (HAp) coated 

porous metals 

Bioactive Interfacial bonding with tissues 
(bioactive fixation) 

Bioactive glasses, bioactive glass-

ceramics and HAp 

Resorbable Replacement with tissues 
(bioabsorbable fixation) 

Tricalcium phosphate and 

polylactic acid 
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of bioactive materials include bioactive glasses, bioactive glass-ceramics, and HAp 

[ASTH2014, BANS2023]. 

1.1. Bioactive Materials 

Hench's criteria for the evolution of bioactivity help in classifying bioactive materials into 

categories, viz., Class A (osteoproductive and osteoconductive) and Class B (only 

osteoconductive), as outlined in Table 1.02 [CAO01996, HENC1998a].  

Table 1.02: Broad classification of bioactive materials [CAO01996, HENC1998a]. 

 

 Osteoproductive materials actively stimulate and promote bone regeneration by 

releasing bioactive molecules or growth factors. These materials play a more active role in the 

bone healing process by initiating or enhancing bone formation such as in the case of Hench’s 

Bioglass [CAO01996]. In contrast, osteoconductive materials provide a framework for bone 

cell proliferation and differentiation, thereby facilitating bone regeneration without directly 

participating in bone formation. Examples of this category include HAp, -tricalcium 

phosphate, calcium sulfate and certain bioactive glasses [CAO01996]. Bioactive materials 

serve as an intermediary between inert materials and bioresorbable materials. Bioactive 

materials are used for extracellular matrix simulation and are biocompatible without exhibiting 

any critical cytotoxic effects. They are widely used in treatments for their ability to promote 

biological functions of the body and cell activity [XIAO2023]. Bioactive materials have 

significance in soft tissue regeneration such as demonstrated in cardiac, epithelial, and lung 

Class A  Class B 

Osteoproductive and 

osteoconductive 

Only osteoconductive 

Rapid bonding with bone Slow bonding with the bone 

Enhanced bone proliferation No enhancement in bone proliferation 

Bonding to soft connecting tissue No bonding to soft tissue connective 

Example: 45S5 bioglass Example: Synthetic HAp 
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tissues regeneration [JOY02019]. Bioactive material coatings materials on metallic implants 

serve to effectively bond the implant with the host tissue [JOY02019]. Bioactive materials are 

extensively studied, and they are critically utilised in association with personalised therapies 

due to their ability to degrade and show compatibility with the immune system [MAZZ2021]. 

Thus, these materials are widely studied for their role in curing different diseases and thus have 

significance in medical science. Advancements in the field of nanotechnology have further 

promoted the use of bioactive nanomaterials. Nanobiomaterials are very effective because of 

their nanometer size, precise structure and high surface area that allow significant interaction 

between the implant material and the biological system [ZHAO2021]. 

1.2. Bioglass and bioglass ceramics 

Bioglass and bioglass ceramics fall under the category of bioactive biomaterials. However, 

due to their biodegradable nature, they also meet the partial criteria for bioresorbable 

biomaterials. Before delving into their properties, it's important to understand what a glass is. 

As per Shelby’s definition, glass is described as an amorphous solid devoid of long-range 

order and periodic atomic structure, while showcasing a region of glass transformation 

behavior [SHEL1997]. The glass transformation (a.k.a. glass transition) can be comprehended 

by examining the volume (or enthalpy) change in a molten liquid as a function of temperature, 

as depicted in Figure 1.01. When the molten liquid is cooled below its melting temperature 

(Tm) at a slow cooling rate, there is a sudden decrease in volume, characteristic of a first order 

phase transition. This leads to the conversion of the melt into a crystalline solid with a long-

range ordered atomic arrangement, as indicated by the red line in Figure 1.01. On the other 

hand, when the melt is cooled below Tm at a higher cooling rate (a.k.a. quenching), a gradual 

decrease in volume is observed without any abrupt change, as shown by the blue line in Figure 

1.01. When this path is taken, the melt cools without undergoing crystallization, and so it is 

referred to as a supercooled liquid. Further cooling of the supercooled liquid results in an 
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increase in viscosity. Eventually, the viscosity becomes too high (1013 poise) for any long-

range atomic order to be maintained at that cooling rate. When the supercooled liquid attains 

a viscosity comparable to that of a solid and its volume approaches saturation, the metastable 

supercooled liquid is called a glass. The kinetic nature of the glass can be understood by 

recording either the temperature (or heat flow) change as a function of temperature using a 

differential thermal analyzer (or differential scanning calorimeter). Figure 1.02 shows a 

differential scanning calorimeter heating curve of a typical glass. Initially, an endothermic 

baseline shift is observed at the glass transition temperature (Tg). Upon further heating of the 

glass, an exothermic peak corresponding to the crystallization of the glass appears at 

crystallization temperature (Tc), where the disordered glass transforms into ordered crystal. 

This is followed by an endothermic peak signalling the melting of crystal at its melting point 

(Tm). In the case of multicomponent glasses, more than one exothermic and endothermic peaks 

may be observed. From the above explanation, it is apparent that when a glass is heated above 

Tg, it undergoes partial or full crystallization into a glass-ceramic. It has been extensively 

researched and established that glass-ceramics exhibit superior mechanical strength as 

compared to the brittle glass samples [SHEL1997]. Some of the commonly used bioglass 

ceramics include mica, apatite, combeite and wollastonite [SHEA2023]. Controlled-

crystallization of a bioglass enhances its biocompatibility apart from retaining its bioactivity. 

Arstila et al. proposed a classification of glasses into two categories based on their Tg and Tc 

[ARST2007]. The first category consists of glasses with a Tg of 500 °C and an onset of Tc 

below 750 °C. The second category comprises of glasses with Tg ranging from 550 to 600 °C, 

and onset of crystallization ~900 °C. 

TH-3574_176121023



 Chapter 1: Introduction  

 
6 

 

 

Figure 1.01: The influence of temperature on the enthalpy of a glass undergoing melt 

transformation [SHEL1997]. 

 The story behind the invention of the first bioglass with the composition 45SiO2-

24.5CaO-24.5Na2O-6P2O5 (wt.%) is fascinating. This first bioglass was formulated by Dr. 

Larry L Hench in 1969 and later became known as Hench’s glass or 45S5 Bioglass® 

[HENC1982a, HENC1982b]. Dr. Hench presented a review article detailing the story and 

adoption of the 45S5 glass composition [HENC2006]. The invention of 45S5 composition 

sparked the development of a broad field of bioactive materials and ceramics, including 

synthetic hydroxycarbonate apatite, calcium sulfate, and A/W glass-ceramics [PEIT2012, 

FU002011, KOKU1990a, JONE2013, WORK2022], leading to numerous studies aimed at 

enhancing implant performance [MONT2016, BAIN2018, CANN2021]. The 45S5 

composition formulated by Hench has been found to be the best bioactive material among the 

researched materials due to its exceptional bioactivity for bone regeneration applications 

[CANN2021]. 
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Figure 1.02: A typical heating curve of glass with its characteristic features [MUSG2014]. 

1.3. Mechanism of bioactive bonding 

Upon immersion of a bioactive glass or bioactive glass-ceramic specimen in simulated body 

fluid (SBF), ions such as Na+, Ca2+, and Si4+ migrate from the specimen surface via exchange 

with H3O
+ ions to the SBF solution . These inorganic ions released from the specimen surface 

play an essential role in stimulating genes involved in tissue regeneration. This process initiates 

the formation of a hydrated silica layer over the bioglass surface.  

The migration of alkali and alkaline metal ions increases the local pH of the SBF 

surrounding the specimen surface, further promoting the hydrolysis of the hydrated layer and 

the formation of Si-OH groups. Through the polycondensation of Si-OH groups, a SiO2-rich 

layer is formed over the bioglass surface. Additionally, due to the presence of Ca2+ and HPO4
- 

ions in both SBF and bioglass, a heterogeneous amorphous calcium phosphate layer (ACP) is 

deposited on the specimen surface. This layer then undergoes crystallization, forming a 

hydroxy carbonate apatite layer or hydroxyapatite layer (HAp). Kokubo et al. [EBIS1990] 

established that the ionic exchange leads to the formation of a HAp layer on the bioglass or 

bioglass-ceramic surface, mimicking the interaction of human bone with human blood plasma, 
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as shown in Figure 1.03. Furthermore, bioactive glasses and glass-ceramics degrade over time, 

and a new HAp layer is deposited with longer immersion time, a process dependent on the 

composition of bioglass-ceramic constituents. Recent studies by Kaur et al. [KAUR2019] and 

Joy-Anne et al. [JOY02019] have also reported the formation of an apatite surface layer on 

bioactive glass and glass-ceramic coated implant materials, in a manner resembling the surface 

interactions of human bone. 

 

Figure 1.03: Schematic depiction of Hench’s ion exchange mechanism [HENC1991, 

FERR2020] for HAp layer formation on the surface of a bioglass. 

1.4. Sol-gel derived bioglass and glass-ceramics 

45S5 bioglass was first utilized in solid form in middle ear surgery in 1980, serving as a 

replacement for small bones [HENC2002, HENC2006, HENC1991]. Subsequently, 

researchers have proposed various clinical applications for bulk 45S5 glass, including its use 

in periodontology and as a coating on metallic orthopedic implants. Among the various 
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reported bioglass compositions, 45S5 Bioglass has been recognized as one of the most effective 

biomaterials for bone regeneration, particularly in non-load-bearing applications 

[HENC1998b, HENC1991]. Currently, only a few bulk bioglass compositions based on SiO2-

CaO-Na2O-P2O5 have been utilized as implant materials [JONE2015, HUSL2017]. 

Interestingly, these compositions commonly include SiO2, CaO, Na2O, and P2O5. This suggests 

that a narrow range of these oxides promote bioactive fixation [HENC1982c, LI001991]. 

Hence, a limited variation in bioglass constituent oxides composition has been found in the 

literature. Therefore, further discussions are limited to SiO2-CaO-Na2O-P2O5 based bioglasses. 

These bioglasses exhibit not only rapid formation of a HAp layer but also degrade in the 

physiological environment, due to the high Na2O or other alkali cations content present in the 

compositions [CLAR1974]. All such bioglasses are synthesized in the bulk form by the 

conventional melt quench method. This method involves melting all the oxide constituents in 

a platinum crucible and rapidly quenching the molten state to obtain the glass. However, this 

process has some disadvantages such as high temperature processing, compositional limits 

(bioglasses containing above 60% SiO2 exhibit no bioactive bonding), and low surface area 

[ARCO2003b, LI001991, FIUM2020]. Consequently, researchers have turned their attention 

to alternative methods for producing mesoporous powders of bioglass. Among these, the sol-

gel method has emerged as a viable alternative to conventional melt quench technique along 

with certain distinct advantages [SAKK1985, CANN2021, ORGA1988]. 

 In this method, a sol (colloidal suspension) is prepared through hydrolysis reactions of 

the constituent oxide precursors. Subsequently, a series of condensation reactions takes place, 

either simultaneously or sequentially, depending on the catalyst's nature. The hydrolysis and 

polycondensation phases portrayed below are essential elements of the precise mechanism that 

drives the sol-gel process [BADA2012, JUNG2000]. 

𝑆𝑖 (𝑂𝑅)4 + 𝐻2𝑂 → 𝐻𝑂 − 𝑆𝑖(𝑂𝑅)3 + 𝑅 − 𝑂𝐻                  (1.01) 
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In equation 1.01, tetraethyl orthosilicate (Si(OC2H5)4) serves as the precursor for SiO2, with 

the substitution of C2H5 by R.  

𝑆𝑖 (𝑂𝑅)4 + 4𝐻2𝑂 → 𝑆𝑖(𝑂𝐻)4 + 4𝑅 − 𝑂𝐻                     (1.02) 

(𝑂𝑅)3 − 𝑆𝑖 − 𝑂𝐻 + 𝐻𝑂 − 𝑆𝑖 − (𝑂𝑅)3  → [(𝑂𝑅)3𝑆𝑖 − 𝑂 − 𝑆𝑖(𝑂𝑅)3] + 𝐻 − 𝑂 − 𝐻    (1.03) 

(𝑂𝑅)3 − 𝑆𝑖 − 𝑂𝑅 + 𝐻𝑂 − 𝑆𝑖 − (𝑂𝑅)3  → [(𝑂𝑅)3𝑆𝑖 − 𝑂 − 𝑆𝑖(𝑂𝑅)3] + 𝑅 − 𝑂 − 𝐻    (1.04) 

Equations 1.01 and 1.02 depict the hydrolysis reactions, while equations 1.03 and 1.04 

represent the condensation reactions within the sol-gel process. As a consequence of 

polycondensation, siloxane groups ([Si-O-Si]) are generated along with side products like H-

O-H and R-O-H. These reactions occur at room temperature, resulting in gel formation. The 

gel represents a colloidal state where the liquid (H-O-H and R-O-H) is trapped within a 3-

dimensional network of silica bonding and behaves like a semi-solid. It can be dried using 

supercritical and ambient temperature conditions. In supercritical condition, the gel solidifies 

without entering a liquid phase, allowing the liquid to evaporate. In ambient condition, mild 

temperatures are sufficient to evaporate the liquid phase present in the gel. Hench et al. and 

others have explored this method and observed that the use of metal alkoxide precursors, such 

as tetraethyl orthosilicate for silica and triethyl phosphate for P2O5 [HENC1990, RWJO1989], 

is favorable for this approach. The sol-gel process can be utilized to acquire fibers, films, and 

powders at various stages, as depicted in Figure 1.04. 

It has been observed that high Na2O-containing bioglasses exhibit bioactivity 

comparable to the 45S5 (45SiO2-24.5CaO-24.5Na2O-6P2O5) composition. However, careful 

examination of Table 1.03 reveals that compositions with high amounts of Na2O content are 

structurally devitrified due to the presence of crystalline inclusions in the glassy matrix 

[PEIT2001, CART2006, CHEN2010, CACC2012, PIRA2013, ADAM2013, SIQU2011, 

THOM2016]. The predominant crystalline phase identified in high Na2O-containing bioglass 

ceramics is sodium calcium silicate (Na2Ca2Si3O9). Some reports have described glassy 
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networks with compositions different from the 45S5 composition [LI001991, CART2005, 

GIRO2011, CATT2013]. There are only a few reports on attempts to synthesize sol-gel derived 

45S5 Bioglass without the use of templates or complex processing steps [REZA2014]. They 

used nitrate-free organic precursors for sodium and calcium oxides to make 45S5 glass using 

the sol-gel method. However, their process is very time consuming with the gel forming 

process itself taking about 46 days. Though 45S5 bioglass is generally considered to be the 

best bioactive glass, it is very brittle with low fracture toughness which makes it fail under a 

load as encountered in biomedical applications [BAIN2019]. It has been demonstrated that sol-

gel derived 45S5 glass-ceramic with Na2Ca2Si3O9 phase exhibits better mechanical strength 

than bulk 45S5 Bioglass [KARI2018]. Since the sol-gel 45S5 glass-ceramic powder exhibits 

similar bioactivity, it can serve as a better implant material with enhanced surface related 

properties than its bulk counterpart. Chapter 3 of the thesis addresses challenges in synthesizing 

45S5 glass and optimizing the Na2O content. 

 

Figure 1.04: Schematic diagram of sol-gel process. 
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Table 1.03: Sample, composition, with structural details of SiO2-CaO-Na2O-P2O5 (mol%) 

bioglasses and glass-ceramics.  

Sample ID SiO2 CaO Na2O P2O5 Final product  References 

49S 50.0 46.0 0.0 4.0 Glass [LI001991] 

45Ca40Si15 15.0 40.0 0.0 45.0 Glass [CART2005] 

52S4 52.3 32.3 13.7 1.7 Glass [GIRO2011] 

Si47C 47.0 26.5 21.5 5.0 Glass [CATT2013] 

45S5 49.2 26.9 24.4 2.6 Glass [REZA2014] 

1.07N2C3S  51.1 29.6 19.3 0 Glass-ceramic [PEIT2001] 

SSP4 48.6 22.2 24.5 4.7 Glass-ceramic [PEIT2001] 

SSP6 46.3 21.2 23.3 9.2 Glass-ceramic [PEIT2001] 

P45Ca20Na10Si25 25.0 20.0 10.0 45.0 Glass-ceramic [CART2005] 

45S5 46.1 26.9 24.4 2.6 Glass-ceramic [CHEN2010], 

[CACC2012], 

[PIRA2013], 

[ADAM2013] 

Bio(1)_TEP_Na 49.2 25.8 23.3 1.7 Glass-ceramic 

 

[SIQU2011] 

No name  49.2 25.5 23.4 1.7 Glass-ceramic [THOM2016] 

 

1.5. Iron oxide-substituted glass-ceramics 

Researchers have extensively investigated the coating of biomaterials with magnetite. Such 

coatings are biocompatible but not bioactive [MADH2022, HUI02011, YETI2020, CAI02020, 

ALTE2021, NIKM2019, ZELE2017]. An alternative method involves precipitating the 

magnetic phase within a bioactive glassy matrix to attain both magnetic properties and 

bioactive fixation. Several researchers have shifted their focus towards these magnetic 

bioglass-ceramics which hold promise for diverse biomedical applications. These include 

hyperthermia treatment of cancer cells [IAVE2015, AJAY2007, QIUH2015, YOLA2015], 

targeted drug delivery [ANAN2023], and serving as contrast agents for magnetic resonance 

imaging [BRET2006a, SHCH2020], etc. Borrelli et al. have investigated magnetic properties 

of bulk magnetic glass-ceramic of composition Fe2O3-P2O5-Li2O-SiO2-Al2O3-MnO-B2O3-

MgO [BORR1981]. Following that, Luderer et al. fabricated bulk 11.6Li2O-0.4Al2O3-3.4SiO2-

23.7P2O5-60.5Fe2O3 glass-ceramic with saturation magnetization (Ms) of 8.69 emu/g 
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[LUDE1983]. Kukubo et al. developed a P2O5-free bulk glass-ceramic of composition 

40Fe2O3-60(CaO-SiO2) (wt.%) and demonstrated its magnetic properties with different 

compositions [KOKU1990b]. Bretcanu et al. found both magnetite and hematite phases along 

with a glassy matrix in their bulk CaO-SiO2-P2O5-Na2O-Fe2O3 ceramics [BRET2006a, 

BRET2006b, BRET2005]. Ebisawa et al. reported temperature dependent magnetic properties 

of this sample and the influence of small amounts of Na2O, B2O3, and P2O5 addition in its 

bioactivity [EBIS1992]. Levenouri et al. investigated the structural and magnetic properties of 

bulk CaO-SiO2-P2O5-Na2O-Fe2O3 glass-ceramic [LEVE2005]. They also studied the influence 

of preparative conditions on the magnetic and heat generation properties of CaO-SiO2-P2O5-

Na2O-Fe2O3 glass-ceramic prepared by melt quenching and co-precipitation methods. Singh et 

al. made a systematic study on bulk (45-x)CaO-34SiO2-16P2O5-4.5MgO-0.5CaF2-xFe2O3 (x = 

5–20 wt.%) ferrimagnetic bioglass-ceramics and identified HAp, magnetite, akermanite, and 

wollastonite as the major crystalline phases in all compositions [SING2010]. Additionally, 

Singh et al. studied another series of bulk glass-ceramics with the composition 41CaO-(52-

x)SiO2-4P2O5-xFe2O3-3Na2O (x = 0, 2, 4, 6, 8, and 10 mol%) and found that the Ms (Hc) varied 

from 0.17 emu/g (523 Oe) to 7.95 emu/g (91 Oe) as was x increased from 0 to 10 mol% 

[SING2008b]. Nisha et al. examined the change in magnetic properties of bulk CaO-P2O5-

Na2O-Fe2O3-SiO2 glass and glass-ceramics with heat treatment temperature [SHAN2014].  

The magnetic glass and glass-ceramics studied above are in bulk form. There are a few 

reports on nanostructured SiO2-CaO-Na2O-P2O5-Fe2O3 bioglass and glass-ceramics. Nisha et 

al. reported on sol-gel derived bioglass and glass-ceramics with the composition (45 − x)SiO2-

24.5CaO-24.5Na2O-6P2O5-xFe2O3 (0 < x  3 wt.%) and found combeite, magnetite, and 

maghemite as the main ceramic phases. Ms of the bioglass-ceramic with x = 2 was reported to 

be 1.36 emu/g [SHAN2016]. Rahman et al., who initially developed (MNP) using the 

coprecipitation process, published the only report on sol-gel-generated magnetic iron oxide 
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glass-ceramic [RAHM2020]. They then used the P123 copolymer as a template using the sol-

gel process to produce a mesoporous magnetic glass with a composition of 7Fe3O4-51SiO2-

18CaO-20Na2O-4P2O5 (mol%). They have also discussed the prospect of using Fe3O4 

nanoparticles instead of iron oxide, which opens up the possibilities for a better glass or glass-

ceramic for hyperthermia as well as bone regeneration applications. This proposal is explored 

in chapter 5 of the thesis. 

1.6. Selected biomedical applications  

The extensive applications of biomaterials in healthcare encompass a wide range of areas, 

making it challenging to detail each one. However, this review concentrates on selected 

biomedical applications closely associated with the biomaterials developed in this thesis. The 

investigations presented in this thesis were conducted with these specific applications in 

consideration. 

1.6.1. Tissue Engineering 

Tissue engineering emerges as a potent approach for organ and tissue repair [RAHA2011, 

LANG1993, NERE1991, GAO02023]. Tissue engineering enables the creation of organs from 

synthetic implants. The scaffold must possess specific properties to effectively support tissue 

regeneration, including biocompatibility, promotion of cell adhesion, mechanical properties 

comparable to the target tissue, appropriate architecture, and an appropriate degradation rate 

[RAHA2011]. Bioactive glass-ceramics or composites meet many of these requirements, 

making them highly suitable for tissue engineering applications. Bioactive materials, 

particularly in the form of scaffolds, play a crucial role in this process by providing a 

framework for bone regeneration. The porous nature of these scaffolds allows bone cells to 

migrate and proliferate, while the rough texture facilitates cell attachment. As cells multiply, 

they populate the scaffold, leading to the formation of 3-dimensional tissue structures. 
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Table 1.04: Clinical applications of bioactive materials [CAO01996]. 

Materials Clinical applications References 

Bioglass (45SiO2-24.5CaO-

24.5Na2O-6P2O5) (wt.%) 

Middle ear device, Tooth root 

replacement, Periodontal treatment, 

Maxillo-facial 

reconstruction, Bone defect filler 

[WILS1994] 

[WILS1993] 

[LOBE1995] 

[STAN1995] 

Ceravital (SiO2-CaO-Na2O-

P2O5-MgO-K2O) 

Middle ear device [RECK1994], 

[LOBE1995] 

[GROS1993] 

Bioverit 40(SiO2-Al2O3)-

60(MgO-K2O-F) (wt.%) 

Middle ear device, Tooth root, Spacer [HOLA1993]  

[HOLA1983] 

A/W bioglass ceramic 

(34SiO2-44.7CaO-16.2P2O5-

4.6MgO-0.5CaF2) (wt.%) 

Vertebrae prosthesis, Vertebral spacer, 

Iliac crest prosthesis, Bone defect filler 

[YAMA1984]  

[ONO01988]  

[YAMA1993] 

Hydroxyapatite (HAp) 

Ca10(PO4)6(OH)2 

Middle ear device, Tooth root, 

Periodontal treatment, Maxillo-facial 

reconstruction, 

Percutaneous device, Bone defect repair 

[LOBE1995] 

[LEGR1991] 

[LACE1986] 

[BLIT1990] 

[DENI1989] 

[GALG1990] 

Polyethylene / HAp Orbital floor [DOWN1991] 

[BONF1995] 

[STAN1995] 

 

Figure 1.05: Schematic representation of bone tissue engineering. 

 Additionally, bioactive materials release ions such as calcium, phosphorus, and silicon, 

which stimulate bone formation and enhance bone regeneration. This process promotes the 
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bioactive fixation of the implant material with the surrounding tissue, ultimately facilitating 

the integration of the scaffold and promoting successful bone regeneration. Eventually, the 

scaffold dissolves, allowing the newly formed tissue to blend seamlessly with its surroundings. 

From a biological perspective, bone growth necessitates cellular engagement, extracellular 

matrix (ECM) deposition (3-D scaffold), cell-ECM interactions, and the presence of growth 

factors, as depicted in the schematic diagram of tissue engineering in Figure 1.05. Furthermore, 

Table 1.04 provides an overview of bioactive glasses and glass-ceramics employed in various 

clinical applications. 

1.6.2. Hyperthermia treatment of cancer cells  

Cancer is one of the leading causes of death. Preventing and curing it poses a huge challenge 

to the medical fraternity. The World Health Organization (WHO) data [MAUR2020] indicates 

that in the next 20 years, the prevalence of this condition will rise to 75%. The four main 

treatments for cancer utilized in clinical practice are radiation therapy, chemotherapy, 

hyperthermia (HT), and surgery [DANE2021]. Each method comes with its own set of 

advantages and drawbacks, influenced by factors like cancerous tumor/tissue size, location and 

the patient’s overall health condition. Most of these therapies do not give a selective solution 

because they destroy cancer cells along with healthy cells. These days, combinations of 

therapies are often selected for their increased effectiveness in treating patients. HT, also 

known as thermal therapy, is gaining attention as a promising treatment for small, deeply rooted 

tumors that are a few centimeters in size. HT involves raising the temperature of the tumor to 

between 41-45 °C. This elevated temperature helps in cancer treatment by causing protein 

denaturation in cancer cells, which impairs their ability to repair themselves. Additionally, the 

increased temperature can disrupt the blood vessels supplying the tumor, reducing oxygen 

delivery, and further contributing to tumor shrinkage and destruction. While the primary goal 

of HT is to target and destroy cancer cells, it is equally important to minimize damage to healthy 
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tissues. However, completely avoiding harm to healthy cells is often challenging. If cancer is 

not detected early, primary cancer cells can spread through the bloodstream and form new 

tumors in other parts of the body. Among the organs that can be affected, the bone is the third 

most common site of metastasis, after liver and lungs [MAUR2020, VELA2019]. Further, HT 

can be applied in three ways, viz., whole body hyperthermia (WBH), regional hyperthermia, 

and localized hyperthermia [VELA2019]. The body temperature is raised to at least 43 °C in 

WBH, usually by submerging the body in hot water or by exposure to radiant heat sources like 

ultraviolet (UV) radiation. In regional hyperthermia, a portion of the individual’s blood is 

removed, subjected to heat, and then reintroduced into a targeted limb or organ, accompanied 

by anticancer drugs. Meanwhile, localized hyperthermia or magnetic hyperthermia treatment 

(MHT) employs a more targeted approach. For this thesis work localized MHT is useful hence 

discussed in detail. 

 

Figure 1.06: A typical M-H loop for ferromagnetic material. 

In MHT, magnetic particles, such as iron oxide nanoparticles, are surgically inserted into 

the tumor site through a minimally invasive procedure. After implantation, an external 

alternating magnetic field is applied, which induces localized heat within the tumor, leading to 

temperature-mediated cell destruction. The heat generation capacity of iron oxide nanoparticles 

TH-3574_176121023



 Chapter 1: Introduction  

 
18 

 

is highly dependent on their particle size, which determines the dominant heat generation 

mechanism. Generally, there are three primary mechanisms for heat generation in magnetic 

materials: Relaxation mechanisms (Néel and Brownian relaxation), eddy currents, and 

hysteresis losses [DEAT2014, KAFR2016]. 

➢ Relaxation mechanisms: The relaxation mechanisms involve two different processes: 

• Néel relaxation: This refers to the reorientation of the magnetic moment (spin 

orientation) within the nanoparticles. This mechanism dominates in 

superparamagnetic nanoparticles with sizes typically ≤ 20 nm. In these particles, 

heat is primarily generated by the flipping of the internal magnetic moment. 

Heat loss due Néel relaxation can be described by the relation, 

𝑃𝑁𝑒𝑒𝑙 = 
𝜇0𝑀𝑠 

2  𝑉 𝜏𝑁𝐻2𝑓2

𝑘𝐵 𝑇 (1 + ((2 𝜋 𝑓𝜏𝑁))
2
)
                 (1.05) 

where 𝜇0, 𝑀𝑠, V, 𝜏𝑁, H, f, 𝑘𝐵, and T represent permeability of free space, 

saturation magnetic moment, volume of the nanoparticle, Néel relaxation time, 

amplitude of applied magnetic field, frequency of the applied field, Boltzmann 

constant, and temperature, respectively. Also, Néel relaxation time 𝜏𝑁 is defined 

as [KAFR2016], 

𝜏𝑁 = 𝜏0 𝑒𝑥𝑝 (
𝐾𝑉

𝑘𝐵 𝑇
)                      (1.06) 

where 𝜏0, and K, indicating attempt time (~ 10-9 seconds), and magnetic anisotropy 

constant, respectively.  

• Brownian relaxation: This refers to the physical rotation of the particle itself in 

response to the alternating magnetic field. Brownian relaxation dominates in 

larger nanoparticles (typically > 20 nm), where the entire nanoparticle 

physically rotates within the surrounding medium to align with the external 
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magnetic field. Heat loss generated through Brownian relaxation can be 

calculated by the following equation [ROSE2002]. 

𝑃𝐵𝑟𝑜𝑤𝑛𝑖𝑎𝑛 = 
𝜇0𝑀𝑠 

2  𝑉 𝜏𝐵𝐻2𝑓2

𝑘𝐵  𝑇 (1 + ((2 𝜋 𝑓𝜏𝐵))
2
)
             (1.07) 

Here, 𝜏𝐵 represents the Brownian relaxation time, which can be estimated 

using, 

𝜏𝐵 = 
3 𝜂 𝑉𝐻

𝑘𝐵 𝑇
       (1.08) 

Here η, and 𝑉𝐻 indicate the viscosity of the surrounding medium, and 

hydrodynamic volume of the nanoparticle, respectively.  

➢ Eddy current: This mechanism involves heat generation resulting from induced 

circulating currents within a conductive material when it is subjected to an alternating 

magnetic field. The amount of heat produced by eddy currents is influenced by the 

electrical conductivity of the material and the size of the particles. Eddy current loss is 

often negligible due to the small size of the nanoparticles. 

➢ Hysteresis loss: When ferromagnetic materials or iron oxide nanoparticles are exposed 

to an external alternating magnetic field (H), the magnetic domains within the material 

attempt to align with the field's direction. As the magnetic field strength increases, more 

magnetic domains align, reaching a point where nearly all domains are aligned in the 

direction of the field. This state is referred to as saturation magnetization (Ms). As the 

magnetic field decreases, not all domains immediately return to their original 

orientations, leaving a residual magnetic moment known as remnant magnetization 

(Mr), even when the applied field is reduced to zero. To completely eliminate this 

remnant magnetization, a reverse magnetic field is required, which is referred to as the 

coercive field (Hc). This cyclic behavior of magnetization and demagnetization creates 

a characteristic hysteresis loop on an M-H curve, where the area enclosed by the loop 
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represents the energy loss due to hysteresis as illustrated in Figure 1.06. This energy 

loss is dissipated as heat. A larger hysteresis loop area correlates with greater heat loss. 

The hysteresis loss can be mathematically expressed as [CARR2011], 

𝐻𝑦𝑠𝑡𝑒𝑟𝑒𝑠𝑖𝑠 𝑙𝑜𝑠𝑠 = ∫ 𝜇0𝑀.𝑑𝐻
𝐻𝑚𝑎𝑥

0

            (1.09) 

Hysteresis loss accounts for heat generation that depends on the applied alternating 

frequency, effective anisotropy, and particle volume. Therefore, power loss is 

determined entirely by the material's properties. 

 

Figure 1.07: Schematic view of procedure adapted in MHT to treat cancer cells [GERH2010]. 

Figure 1.07 illustrates the basic mechanism of how cancer cells can be eradicated 

through this localized MHT. This innovative approach shows promise in enhancing treatment 

efficacy while minimizing adverse effects, marking a significant stride in cancer therapy. The 

magnetic phase within the magnetic glass-ceramic helps in the destruction of cancer cells, 

whereas the non-magnetic composition of magnetic glass-ceramics shows potential as cavity 

fillers for post-removal of cancerous tumors, as depicted in Figure 1.07. Figure (1.08) illustrates 

their role in promoting bone regeneration and their potential application in MHT. Velasco et 

al. have described the systematic evolution of magnetic materials starting from magnetite to 
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magnetic glass-ceramics in a review article which includes almost 70 magnetic glass-ceramic 

papers [VELA2019]. In 1957, for the first time, Gilchrist et al. administered magnetic 

nanoparticles (47 mg of Fe2O3 per gram of tissue) of size 20-100 nm and demonstrated the 

process of inductively killing of lymphatic metastases [GILC1957]. In this experiment, an 

increment in the temperature of 14º was observed after exposure to alternating magnetic field 

of 200-240 Oe at a frequency of 1.2 MHz. Since no control experiments were reported, 

cytotoxicity remained as a serious concern for frequent application on 20 patients. Later, it was 

recognized that bare magnetic materials, including nanoparticles, have limited 

biocompatibility. This issue led to efforts to minimize the dosage of the material required for 

MHT. In the mid-1990s, the utilization of magnetic particles in conjunction with glasses and 

glass-ceramics re-emerged. Borrelli et al. patented the first bulk magnetic glass-ceramic for 

MHT with a composition of Fe2O3-P2O5-Li2O-SiO2-Al2O3-MnO-B2O3-MgO [BORR1981]. 

After initial investigations, this field transitioned from bulk magnetic glass-ceramic to 

nanoporous and then mesoporous materials with varying oxide constituents [VELA2019]. 

 

Figure 1.08: A schematic diagram illustrating the use of magnetic glass-ceramics for bone 

regeneration and MH applications. 
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1.7. Motivation behind the thesis 

Upon a careful review of the literature surveyed, it is evident that synthesizing Hench’s 45S5 

bioglass composition (45SiO2-24.5CaO-24.5Na2O-6P2O5 (wt.%)) by sol-gel method 

encounters serious challenges. However, despite these challenges, the preference for bioglass-

ceramics with a combeite phase persists strongly due to their unparalleled bioactivity. 

Consequently, this thesis maintains its emphasis on the 45S5 composition. This work addresses 

the following critical issues related to bioglass and bioglass-ceramics, specifically focusing on 

bone regeneration and magnetic hyperthermia (MH) applications: 

➢ The literature survey shows that 45S5 Bioglass exhibits unparalleled bioactivity and 

devitrification of sol-gel derived 45S5 bioglass cannot be avoided [CART2005, 

CHEN2010, SIQU2011, LUCA2011, PIRA2013, ADAM2013, CATT2013, 

THOM2016, PEIT2012, NOVA2022, ADHI2023]. However, factors impeding the 

vitreous state in the sol-gel derived 45S5 composition and the role of atomic structure 

on bioactivity of this ceramic is not understood. 

➢ An early study on bulk iron oxide-based glass-ceramics has extensively investigated 

and presented varying phase percentages, including magnetite, hematite, and combeite, 

which are temperature-dependent [SING2008b, SING2010, SHAN2014, SHAN2016]. 

However, no systematic investigation has been published so far that includes the iron 

oxide-based 45S5 composition obtained by sol-gel route. 

➢ Only limited iron oxide could be substituted in bioglass or bioglass-ceramics without 

making the material toxic. An alternative methodology to improve the magnetization 

of the magnetic bioglass-ceramics without making it toxic has not been explored. 

➢ Selective substitution of iron oxide for 45S5 oxide components for achieving optimal 

heating capacity without compromising bioactivity has not been investigated so far. 
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➢ Since both the heat treatment temperature and the relative phase percentages impact the 

heating capacity and bioactivity, the selection of the optimal heat treatment temperature 

may become a crucial consideration. 

This thesis work aims to address the above crucial issues with the following objectives: 

1) Address the hurdles associated with producing Hench’s 45S5 bioglass in nanopowder form 

through the sol-gel route. 

2) Explore the potential of iron oxide-substituted 45S5 glass-ceramic for MH by incorporating 

both Fe2O3 and MNP. 

3) Scrutinize the substitution of MNP for SiO2 (glass former), CaO, and Na2O (glass 

modifiers) in the 45S5 ceramic for optimal MH. 

4) Determine the optimal heat treatment conditions to yield the best possible combination of 

ceramic phases and magnetic properties in a multicomponent 45S5 glass-ceramic 

substituted with MNP.  

With the above objectives, the research work aims to create an optimal thermoseed for use in 

both bone regeneration and MH applications, pushing forward the frontiers of biomaterial 

synthesis and biomedical uses.  
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Chapter 2 

Experimental details 

The synthesis process is crucial in achieving high-quality materials and each synthesis route 

comes with its own advantages and limitations. A variety of experimental methods and 

instruments have been utilized for characterizing MNP, mesoporous bioglass, and glass-ceramics 

prepared in this thesis work. The first part of this chapter will delve into the methodology 

employed for the synthesis of MNP, as well as mesoporous glass and glass-ceramic materials. 

The second segment will briefly describe the characterization techniques applied to analyse the 

properties of MNP, bioglass, and glass-ceramics. 

2.1. Sample preparation 

Nanoparticles have garnered significant attention owing to their enhanced properties across 

various fields [SING2000]. Many methods have been developed for the synthesis of 

nanoparticles [FADL2019] including co-precipitation [OKUD2009], hydrothermal [LIU02006], 

thermal evaporation [SARI2018], sol-gel process [ASUH2011], etc. In this study, the 

coprecipitation method was selected for synthesizing MNP, while the sol-gel method was chosen 

for producing bioactive mesoporous glass and glass-ceramics. 

2.1.1. Co-precipitation method for magnetite nanoparticles synthesis 

The co-precipitation method involves the production of a mixed precipitate comprising two or 

more insoluble species. These chemical species are simultaneously removed from the precursor’s 

solution. This method primarily utilizes inorganic salts such as nitrates, chlorides, and sulfates, 

which readily dissolve in water or other solvents to form a homogeneous solution. Subsequently, 

a high-pH (basic) solution is employed as a precipitant, causing the salts to precipitate into 

hydroxides or oxalates. Following precipitation, a solid powder is obtained, which is collected 

through washing and gradual drying processes. The procedures of drying and washing impact 
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the degree of particle aggregation. To obtain the final product, the dried powder needs to undergo 

calcinations to facilitate growth of the desired crystalline phase. 

In this work, precursors of Fe3+ (FeCl3, HIMEDIA, 99%) and Fe2+ (FeCl2.4H2OThermo 

Scientific, Chemicals, 98%) were added to deionized water in a molar ratio of 2:1, and the 

mixture was homogenized by stirring at 80 C under inert atmosphere. After stirring for 30 

minutes, ammonia solution (NH4(OH)) was gradually added to the mixture until the solution 

turned black. Subsequently, the mixture was stirred for 3 h followed by overnight aging to 

complete the synthesis of the MNP. Equation 2.01 indicates the chemical reaction leading to the 

formation of MNP. 

2FeCl3 + FeCl2 + 8NH4(OH)  → Fe3O4 + 6H2O + 8NH4Cl                (2.01) 

To eliminate any remaining traces of ammonia, the resultant MNP were repeatedly cleaned with 

ethanol and deionized water. After cleaning, the MNP were dried overnight and stored under 

vacuum for further use. 

2.1.2. Preparation of glass-ceramics by sol-gel route 

The sol-gel method was selected for the preparation of glass ceramic nanopowder. The process 

is explained in detail in section 1.4 of chapter 1. To prepare sol-gel derived nanopowder, the 

amount of each precursor was calculated using batch calculation [SHEL1997].  

 A magnetic glass ceramic (MGC) sample with the composition of 43SiO2-24.5CaO-

24.5Na2O-6P2O5-2Fe2O3 (wt.%) was prepared. For this, tetraethyl orthosilicate [TEOS, 

Si(OC2H5)4, purity > 99%, Sigma-Aldrich], calcium nitrate tetrahydrate [Ca(NO3)2·4H2O, purity 

> 98%, Loba Chemie], triethyl phosphate [TEP, C6H15O4P, purity > 99%, Sigma-Aldrich], 

sodium nitrate [NaNO3, purity > 98%, Loba Chemie], and iron nitrate [Fe(NO3)3·9H2O, purity 
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> 98%, Loba Chemie] were used as sources of SiO2, CaO, P2O5, Na2O, and iron oxide, 

respectively. The batch calculation involves the following steps: 

❖ Mol. wt. of MGC = [(MW of SiO2 43) +(MW of CaO  24.5) + (MW of Na2O  24.5) 

+ (MW of P2O5 6) + (MW of Fe2O3 2)] /100 = 66.46 g/mol. 

❖ Weight fraction of SiO2 = (MW of SiO2 43) / MW of MGC *100 = 0.38867. 

❖ Thus, the desired compound is not directly employed as a source compound as it is a by-

product of the precursor compounds. Therefore, a gravimetric factor (G.F.) is multiplied 

with the weight fraction of the source compound. In this manner, the precise amount of 

the precursor required is calculated. 

❖ G.F. = MW of precursor (batch compound) / MW of source compound. 

❖  G.F. of SiO2 = MW of TEOS / MW of SiO2 = 208.33 / 60.08 = 3.46. 

❖ TEOS = 0.38867  3.46 = 1.34480 g = 1.34480/.933 = 1.44 ml. 

❖ All precursors’ amounts were calculated using this approach. 

The batch calculation provided above is for 1 g of the MGC. Initially, the molar ratio between 

TEOS and water was fixed at 1:18 for all the samples. The aqueous TEOS solution was mixed 

in 1M HNO3 aqueous solution using a magnetic stirrer with programmable heater. After allowing 

for completion of hydrolysis, other precursors such as TEP, NaNO3, Ca(NO3)2.4H2O and 

Fe(NO3)3.9H2O were introduced into the TEOS solution. This mixture (sol) was consistently 

stirred for 24 h until a clear and homogeneous sol was obtained. The homogenized sol was then 

aged for 3 days at room temperature. The aged gel was dried either by heating (at 100 °C for 24 

h) or by lyophilization (at -40 °C for 24 h). The dried gel powder was placed in an air oven for 3 

days at 70 °C for thermal stabilization. Subsequently, a systematic heat treatment procedure was 

conducted using a raising hearth furnace. This controlled heat treatment of glass and glass-

ceramic powder samples facilitated the control/optimization of various desired crystalline phase 

in the ceramic powders. 
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2.2. Characterization techniques 

Advanced characterization methods are crucial to understanding the physics and material 

behavior of the synthesized nanoparticles to assess their application potential. In this section, a 

detailed account of the characterization methods and tools used to examine these materials. 

2.2.1. Powder X-ray Diffractometer 

Determination of atomic structure is the first step in characterising a material. While certain 

materials have only short-range periodic atom configurations known as amorphous solids, others 

have long-range periodic patterns known as crystalline solids. X-ray diffraction patterns serve as 

the primary tool for distinguishing between the amorphous and crystalline nature of materials 

and identifying the crystalline phase (s) present in the investigated sample. Additionally, the 

XRD technique allows one to obtain structural information about crystalline materials, including 

strain (ε), average crystallite size (Dv), lattice parameters (a, b, c, , , ), and more. 

 

Figure 2.01:(a) Schematic diagram of the X-ray goniometer, and (b) photograph of the rotating 

anode-based Rigaku TTRAX III X-ray diffractometer. 
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 The Bragg's law as its fundamental premise of X-ray diffraction studies [CULL1956]. It 

is commonly known that atoms are arranged periodically in crystals. X-ray diffraction is caused 

by the constructive interference of scattered X-rays from a series of parallel atomic planes within 

the crystal that interact with incident X-rays at certain angles. The relation commonly referred 

to as Bragg's law is expressed as 

2𝑑𝑠𝑖𝑛 = 𝑛                   (2.02) 

Here, d represents the spacing between atomic planes characterized by the Miller indices h, k, l, 

θ is the diffraction angle, n is an integer (representing the order of diffraction, generally taken as 

1), and λ denotes the wavelength of the incident X-rays. If both the X-ray source and the X-ray 

detector in an X-ray diffractometer travel in the same direction with each step of angular 

displacement, it is said to have θ-2θ geometry. This arrangement guarantees that the detector 

gathers diffracted photons from a certain set of parallel crystal planes. 

 

Figure 2.02: Typical XRD pattern of (a) 69.5SiO2-24.5CaO-6P2O5 glass, and (b) SFe10 MSGC 

sample. 

 A Rigaku TTRAX III powder X-ray diffractometer operating in θ-2θ geometry was used 

in the current studies (Figure 2.01 (a)). Cu-Kα X- radiation with a wavelength (λ) of 1.5406 Å is 
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generated with an input power of 5 kW. A scintillation counter acting as the detector, pyrolytic 

graphite serving as the monochromator and a Ni-Cu-Kβ filter are also used. All the measurements 

have been performed with scan speed 2/min and with step size 0.02. A photograph of the 

instrument is shown in Figure 2.01 (b). Figure 2.02 (a) and (b) presented the XRD patterns of 

glass and SFe10 MSGC nanopowder samples, respectively. If the atomic arrangements are 

extended up to infinity, the peaks in X-ray diffraction (XRD) patterns should ideally show up as 

Dirac delta functions. In actuality, though, XRD peaks of nanocrystalline materials show 

broadening because of several variables, including the size of the nanocrystallite, internal strain, 

and contributions from the instrument. The peak width is often represented as the full width at 

half maximum (FWHM) increases as the size of the nanocrystallites decreases.  

 

Figure 2.03: Procedure followed to fit normal distribution (Gaussian) function to (a) (331) peak 

in the XRD pattern of MNP, and (b) (111) peak in the XRD pattern of standard Si. 

 The average crystallite size (Dv) of the synthesized nanoparticles was calculated using 

the Debye-Schërrer equation [CULL1956]. Although this method may not be entirely reliable 

for semi-crystalline materials, it provides a reasonable approximation of crystallite size for the 

purposes of this study. 
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𝐷𝑣 = 
𝑘

 𝑐𝑜𝑠
            (2.03) 

Here k is a constant which takes the value 0.9 if the nanoparticles are spherical with cubic 

symmetry, λ (= 1.5406 Å) is the X-ray wavelength,  is the Bragg angle and β is the FWHM of 

the Bragg peak, expressed in radians.  and  corresponding to the strongest peak of a particular 

phase in the XRD pattern is chosen for the estimate. The peak profile fitting procedure used to 

determine β from the most intense peak (331) in the XRD pattern of MNP is illustrated in Figure 

2.03 (a). The FWHM obtained from the fit (0.8445) is converted into radians (= 0.0147 rad). 

This observed value of β also includes a contribution from the instrumental broadening (βib) 

arising from non-monochromaticity of X-ray beams, finite X-ray beam size, limitations in 

collimator to yield a perfectly parallel beam of X-rays, resolution (pixel size) of the detector, etc. 

 

Figure 2.04: XRD pattern of S6 (53.5SiO2-24.5CaO-6P2O5-16Na2O) glass-ceramic showing the 

procedure followed to estimate the area under the peak and hence the percentage of the two 

crystalline phases in it. 
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 In order to obtain the actual FWHM corresponding to the nanocrystallite size, βib should 

be subtracted from the β. To obtain a good estimate of βib, the XRD pattern of the fully 

crystallized standard Si sample supplied as a reference by Rigaku is recorded under the same 

experimental conditions. It is presumed that the peak broadening in the Si XRD pattern is entirely 

due to instrumental effects. Hence, the FWHM (= 0.08259° = 0.001887 rad.) of the strongest Si 

peak (111) peak appearing at 2  28.4° is taken as βib.  

Figure 2.03 (b) shows the procedure used to estimate βib. Now the actual FWHM of MNP is  


𝑎𝑐𝑡

=  −  
𝑖𝑏

     (2.04) 

Using this βact in equation 2.03, an estimate of Dv (= 9 nm 1 nm) is obtained. 

In the analysis of multiphase glass-ceramics, an estimate of the relative phase percentage 

of each crystalline phase in the sample is required. In the typical XRD pattern of S6 sample 

shown in Figure 2.04, two crystalline phases, namely, combeite and sodium nitrate are identified. 

Origin software was used to estimate the integrated area under the strongest peak of each phase 

as shown in the inset in the Figure 2.04. From the integrated area, the percentage of combeite 

and sodium nitrate phases are estimated as 33% and 67%, respectively. 

2.2.2. Scanning Electron Microscopy 

When an incident electron beam interacts with a sample, several processes can occur: (a) some 

electrons get scattered, (b) some get absorbed, and (c) some transmit through the sample as 

depicted in Figure 2.05 (a). The scattered electrons that interact with the object are sensibly 

captured and used by the scanning electron microscope (SEM) for imaging and analysis. Low-

energy secondary electrons are formed close to the surface and are employed in topographic 

imaging when incident electrons contact with the outer electrons of a specimen.  
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Figure 2.05: (a) A schematic representation of the interaction between electrons, and (b) the 

processes of elastic and inelastic electron scattering. 

Electrons can be scattered elastically by the atomic system, producing greater energy 

backscattered (or reflected) electrons (Figure 2.05 (b)), which can penetrate deeper and provide 

contrast according to atomic number. Photon emission for composition analysis can also be 

produced by energetic electron interactions. As will be discussed later, energetic electrons can 

also cause photon emission when they contact the specimen This process is helpful for estimating 

the elemental composition of the specimen. 
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Figure 2.06: (a) Schematic diagram, and (b) photograph of a typical FESEM setup. 

As shown in the schematic in Figure 2.06 (a), an electron source (electron gun), 

condenser lenses, objective lenses, scan coils, and detectors are some of the fundamental parts 

of SEM. A field emitter is used in the electron gun in a FESEM, unlike the thermionic emitter in 

a SEM. The thermionic emitter functions according to the principles of thermionic emission. 

However, the field emitter used here offers better resolution because of its smaller beam 

diameter. Electromagnetic lenses are used in electron microscopes whose focal length can be 

changed by adjusting the current flowing through a solenoid coil. For these studies, a Zeiss 

Gemini 300 Field Emission Scanning Electron Microscope (FESEM) was employed. Figure 2.06 

(b) shows the image of the instrument. The particle size distribution of the synthesized 

nanoparticles was estimated from the recorded FESEM images using ImageJ software. 

Subsequently, a particle size histogram was plotted. The average particle size was calculated by 

fitting the histogram data with a normal distribution (Gaussian) function. Figure 2.07 (a) is a 

typical FESEM micrograph of a glass-ceramic powder sample designated as SFe8, revealing its 

particle morphology. A particle size histogram was plotted using the data obtained from the 

FESEM images, as displayed in Figure 2.07 (b). 
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Figure 2.07: (a) FESEM micrograph, and (b) particle size histogram of SFe8 (37SiO2-24.5CaO-

24.5Na2O-6P2O5-8Fe3O4) powder sample. 

 Determining the elemental composition of the glass-ceramic nanopowder is the next 

important characterization step after its structural identification. As seen in Figure 2.05 (a), a 

number of events can take place in the SEM following the interaction of the incoming electrons 

with the specimen. As seen in Figure 2.08 (a), these interactions entail excitations of core 

electrons, which result in the emission of distinctive X-rays. Identification of the elements 

present in the material and their relative concentrations is made possible by the distinct energies 

at which each element emits the characteristic X-rays. These distinctive X-rays are collected by 

an X-ray detector in a SEM coupled with an energy dispersive spectrometer (EDS) attachment 

as a function of energy. The EDS spectrum obtained for an element by the instrument is shown 

in Figure 2.08 (b). The EDS spectrum was recorded using the same Zeiss Sigma instrument 

depicted in Figure 2.06 (b) and operated at an accelerated voltage of 20 kV. A raw EDS spectrum 

of glass-ceramic nanopowder is shown in Figure 2.09. The weight % of each element contained 

in the material can be found by analysing the spectra. The estimated elemental composition of x 

= 2 MGC sample in wt.% and at. % are also shown. 
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Figure 2.08:(a) Schematic of characteristic X-ray generation process from an atom, and (b) the 

corresponding EDS spectrum.  

 

Figure 2.09: Raw EDS spectrum of x = 2 ((45-x)SiO2-24.5CaO-24.5Na2O-6P2O5-xFe2O3) 

sample. 
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2.2.3. Transmission Electron Microscopy  

Figure 2.05 (a) illustrates the different ways in which the incoming electrons can interact with 

the specimen. After meeting with a thin specimen, a portion of the incoming intense electron 

beam may pass through (transmit) it. These transmitted electrons are examined in a transmission 

electron microscope (TEM) to determine the atomic structure. Electromagnetic condenser lenses 

in a TEM are used to accelerate and project electrons from the electron gun toward the thin 

specimen. As the electrons pass through the specimen, they (a) pass through without any 

obstructions, (b) scatter elastically (without losing any energy) as a result of their interaction 

with the atom/ion core potential field, creating electron diffraction patterns, and (c) scatter 

inelastically (due to the presence of defects, dislocations, grain boundaries, and other elements), 

causing variations in the intensity of the scattered electrons. The transmitted beams are further 

magnified using a set of intermediate and projector lenses before being shown on a fluorescent 

screen. To gather various data about the specimen, the transmitted electrons are detected using 

sensors. Data can be collected in diffraction or imaging modes by the TEM as schematically 

depicted in Figure 2.10. The field emission transmission electron microscope (FETEM, JEOL-

2100F) shown in Figure 2.11 has been utilised in this thesis work. 

Figure 2.10: Schematic of a TEM operating in diffraction (left) and imaging (right) modes. 
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Figure 2.11: Photograph of JEOL-2100F FETEM utilized in this work. 

 In transmission electron microscopy, bright field images are produced by purposefully 

obstructing diffracted beams so that only the central beam is monitored. To achieve this, 

appropriately sized apertures are placed in the objective lens's back focal plane. On the other 

hand, dark field images are created by utilizing an aperture that blocks the central beam and only 

allows selected diffracted beams. Recombining the primary transmitted beam with one or more 

diffracted beams while maintaining their phases and amplitudes is another imaging technique. 

This high-resolution transmission electron microscopy (HRTEM) method is used to identify the 

atomic arrangements and lattice planes within a specimen. For assessing crystallographic 

structures and lattice parameters, HRTEM images are useful. Selective area electron diffraction 

(SAED), on the other hand, is accomplished by gathering all the diffracted beams to create a 

diffraction pattern and blocking the core beam. SAED patterns show unique spots in the case of 

single crystals, whereas concentric rings of distinct spots are produced in the case of 

polycrystalline specimens. For FETEM experiments, a small amount of nanoparticles is finely 
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dispersed in solvent. Next, a few drops of this colloid transferred to a copper TEM grid covered 

in carbon. After allowing for the solvent to dry, the TEM grid containing the dry particles is 

loaded into the TEM. Bragg's law simplifies into the following form where the Bragg angle is 

small such that sinθ ≈ θ and when n = 1: 

2𝜃𝑑ℎ𝑘𝑙 = 𝜆          (2.05)  

In a SAED pattern, as illustrated in Figure 2.12, L represents the distance between the sample 

and the screen (camera length), while r stands for the radius of the circle connecting the 

diffraction spots from a plane 

 

Figure 2.12: Schematic diagram of the geometry of an SAED pattern. 

From the above Figure, for small θ, 

2𝜃 =
𝑟

𝐿
                  (2.06) 

Combining equations 2.05 and 2.06, 

𝑟𝑑ℎ𝑘𝑙 = 𝐿𝜆               (2.07)  

    𝑑ℎ𝑘𝑙 =
𝐿𝜆

𝑟
                (2.08)  

If the TEM is operated at 200 kV, λ  0.0027 nm. Now, L and r depend upon each other, which 

shows that the camera length L can modify the radius of the ring pattern corresponding to a 
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particular plane. Adjusting the camera length allows us to control the magnification of the 

diffraction pattern to optimize the visibility of a specific diffraction spot or ring. Rewriting 

equation 2.08, we get, 

𝑑ℎ𝑘𝑙 =
1

(
𝑟

𝐿𝜆
)
       (2.09)  

Now, the length scale given in SAED image is a measure of 
𝑟

𝐿𝜆
 in nm-1. This procedure eliminates 

the need to calculate the individual values of r, L and λ. The value of dhkl can be determined by 

measuring the radius of the ring in nm-1 scale. Figure 2.13 (a) displays the SAED pattern of the 

MGCC sample processed at 550 °C. The radius of the first ring (from (003) plane) in the observed 

SAED pattern is 4.6 nm-1, which corresponds to a d003 value of 0.43 nm. 

 

Figure 2.13: (a) SAED pattern, and (b) HRTEM and iFFT images of MGCC (45SiO2-16.5CaO-

24.5Na2O-6P2O5-8Fe3O4) heat treated at 550 C. C, M, and N refer to combeite, magnetite and 

sodium nitrate phases in the sample, respectively.  

 The first step in analysing the HRTEM micrograph is to choose the region of interest by 

using the crop or duplicate tool. Next, the fast Fourier transform (FFT) of the image HRTEM 

image is taken. One can then observe different sets of bright spots in the FFT image, which 
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correspond to distinct crystal plane. To create an inverted fast Fourier transformed (iFFT) image, 

a specific spot is selected from the FFT image and the lattice fringes corresponding to the chosen 

crystal plane is obtained. One can calculate the interplanar spacing (dhkl) from these lattice fringes 

image using the line tool available in the software. Figure 2.13 (b) illustrates the two different 

planes, (003) and (204) of the combeite phase visible in the HRTEM image. 

2.2.4. Differential Thermal Analysis 

The technique known as differential thermal analysis (DTA) is used to detect thermal transition 

temperatures such as melting or sublimation temperature (Tm), onset glass transition temperature 

(Tg), and crystallization temperature (Tc). The current investigation used a commercial DTA 

(Hitachi STA7200) similar to the one depicted in Figure 2.14 (a). The DTA technique was 

developed for the first time in the 1950s [MULL1957].  

 

Figure 2.14: (a) Photograph, and (b) schematic functional diagram of STA7200 DTA.  

 Figure 2.14 (b) describes the functional parts of the DTA, namely, the sample holder 

(including sample pan and reference pan), furnace, thermocouple, temperature programming, 

and data recording system. In DTA, the sample material experiences a constant heat flow (dH/dt) 

relative to the reference, and the temperature difference between them is recorded over time or 

temperature at a constant heating rate. An empty alumina pan was used as reference in this 
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investigation. Both exothermic (when the sample releases heat) and endothermic (when the 

sample absorbs heat) in comparison with the thermally inert reference material can be observed 

in these studies. While glass to crystal transformation (or crystallization) is an exothermic 

reaction, melting of the crystal is endothermic. Glass transition is identified by an endothermic 

baseline shift. After performing baseline corrections, DTA curves were recorded up to 1000 °C 

at a constant heating rate of 10 K/minute. The DTA curve of the S5 (57.5SiO2-24.5CaO-6P2O5-

12Na2O) glass sample is shown in Figure 2.15. The onset glass transition temperature (Tg) was 

estimated using the procedure illustrated in Figure 1.02 in chapter 1. Further heating of the 

sample revealed an exothermic peak (Tc). The peak value of the exothermic reaction is noted as 

Tc. The Tg and Tc were found to be 540 °C and 555 °C, respectively, for the S5 sample. 

 

Figure 2.15: (a) DTA curve of S5 (57.5SiO2-24.5CaO-6P2O5-12Na2O) sample recorded at 10 

K/minute. 

2.2.5. Surface area analysis 

The BET technique, developed in 1938 by Brunauer, Emmett, and Teller, is an extension of 

Langmuir's adsorption theory [PAVA2019]. This technique is popularly used for measuring the 

surface area of porous materials like porous solids, polymer catalysts, and powder samples. To 

facilitate analysis, the following assumptions are made: gas molecules can infinitely adsorb onto 

TH-3574_176121023



Chapter 2: Experimental details 

 
42 

 

the sample surface, these adsorbed layers do not interact with each other, adsorption at one site 

is independent of others, and all surface sites exhibit the same adsorption energy for the adsorbed 

gas (e.g., N2 gas). Figure 2.16 illustrates the adsorption and desorption phenomena for N2 gas. 

Before conducting measurements, the powder samples were placed in an oven at 100 °C for one 

day to eliminate physically adsorbed water. Following this step, an additional precautionary 

measure was taken in accordance with the instrument protocol. The samples underwent a 

degassing process at 150 °C for 3 h to remove any remaining physically adsorbed moisture. 

 

Figure 2.16: N2 gas adsorption and desorption process in BET method. 

The procedure involves exposing the powder sample to a controlled environment where 

gas molecules, typically N2, are allowed to be adsorbed. As pressure increases, adsorption 

advances until the formation of the first monolayer. A partial vacuum is created to achieve a 

relatively lower pressure than atmospheric pressure. Once saturation pressure is reached, further 

adsorption ceases even with increased pressure. Following the adsorption of the monolayer, the 

sample is heated to remove the adsorbed molecules. The resulting data is plotted as a function of 
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relative pressure, yielding an isothermal Barrett-Joyner-Halenda (BJH) curve, as illustrated in 

Figure 2.17 (a). The recorded adsorption and desorption data exhibit hysteresis, indicating 

significant implication on material textural properties. Through this method, five types of 

isothermal curves can be attained, each describing various possible porous structures of the 

material under study [FU002020, FORO2021]. BJH isothermal curve of SFe5 MSGC illustrated 

in Figure 2.17 (a) resembles a type-IV isotherm, which is associated with a mesoporous linked 

worm-like structure. 

 

Figure 2.17: (a) Isothermal BJH curve, and (b) N2 adsorption and desorption curve of SFe5 

MSGC (45SiO2-24.5CaO-24.5Na2O-6P2O5-5Fe3O4). Inset in (b) gives an enlarged view of data 

in the selected region. 

To calculate the surface area, the BET equation given below is used [LADA2012]: 

1

𝑊[(𝑃0/𝑃) − 1]
=  

1

𝑊𝑚𝐶
+ 

(𝐶 − 1)

𝑊𝑚(𝑃/𝑃0)
                    (2.10) 

where W, (P0/P), Wm and C represent the adsorbed N2 at a given P0/P, relative pressure, weight 

of monolayer adsorbate, and BET constant at 273 K and 1 atmospheric pressure, respectively. 
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Figure 2.18: Multipoint BET data file of SFe5 MSGC sample recorded from the instrument. 

To calculate the surface area, a linear portion of the data with about 10 data points in the 

range 0.05 <P/P0< 0.3 was plotted. A typical multipoint output data file obtained for SFe5 MSGC 

is presented in Figure 2.18. The slope and intercept obtained from the data file are related to Wm 

as follows [LADA2012]: 

𝑊𝑚 =   1/(𝑠𝑙𝑜𝑝𝑒 + 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡)              (2.11) 

The surface is then given by the relation [LADA2012], 

𝑆 =    (𝑊𝑚𝐴𝑚𝑁)/𝑀𝑣                                  (2.12) 

where N, Am, Mv are the Avogadro’s number, adsorbate cross section (=16.2 Å for N2) and 

molecular weight of adsorbate, respectively.  
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 The BJH analysis also covers the estimates of cumulative pore volume as a function of 

pore size. The derivative of the cumulative pore volume gives the pore size distribution in the 

material. In Figure 2.17 (b), the pore size distribution is illustrated, showcasing the range of pore 

sizes present in the investigated sample. Additionally, the inset of Figure 2.17 (b) provides 

further detail by depicting the multipore distribution at lower pore diameters. The inset highlights 

the broad range of pore diameters observed within the sample, indicating a diverse distribution 

of pores across different size categories. 

2.2.6. Vibrating Sample Magnetometer 

A vibrating sample magnetometer (VSM), invented by Foner in 1959, functions according to 

Faraday's law of electromagnetic induction and is employed to investigate the magnetic qualities 

of the samples [FONE1959]. Figure 2.19 shows a schematic of one such device. The induced 

electromotive force is directly proportional to the rate of change in magnetic flux through the 

coil, i.e.,  

ɛ −  𝑑𝜑/𝑑𝑡                          (2.13) 

Figure 2.19 (b) shows a schematic diagram of a contemporary VSM. The VSM is made up of a 

(a) sample vibration excitation unit, (b) quartz rod sample holder, (c) electromagnet with bipolar 

power supply, (d) hall probe (e) pickup coil duos, (f) lock in amplifier, (g) control unit, and (h) 

programmable computer interface. The sample vibration exciter unit is used to vibrate the 

specimen at a set frequency while it is in a uniform magnetic field. Through electromagnetic 

induction, the flux variation within the pickup coils causes an electromotive force to be induced 

while the magnetic specimen vibrates. By comparing this generated voltage to a piezoelectric 

vibration frequency signal, a lock-in amplifier measures the induced voltage. The induced 

voltage measured by lock-in amplifier is directly proportional to the sample vibration frequency 

and amplitude. Through the use of the lock-in amplifier and feedback techniques, isolation is 
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achieved just for the magnetic moment signal component. After that, this signal is transformed 

into electromagnetic units, or emu, and it is shown on a digital panel metre or stored in the 

interfaced computer.  

 

Figure 2.19: Schematic diagram representing (a) electromagnetic induction (Faraday’s law), and 

(b) VSM set up. 

 

Figure 2.20: Photograph of (a) the electromagnet based Lakeshore 7410 VSM, and (b) the 9T 

PPMS (Quantum Design, DynaCool) with a VSM attachment. 

Before performing measurements on materials, the instrument is usually calibrated using 

a standard nickel spherical specimen with a known magnetic moment (M = 6.92 emu at H = 5 
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kOe). With the instrument's software, the user creates a program sequence based on 

predetermined criteria. To minimize errors in obtaining magnetic parameters such as Ms, Mr, Hc, 

TC, and so on, this sequence is tailored to contain the best steps and limits of magnetic fields or 

temperatures to obtain isothermal (M-H) or thermo-magnetic (M-T) curves. Considerable 

progress has been achieved in VSM instrumentation to improve sensitivity while preserving the 

core idea. In the current work, an electromagnet-based VSM (Lakeshore 7410) was used for 

high-temperature (300-1273 K) measurements, whereas a 9 Tesla Physical Property 

Measurement System (PPMS, Quantum Design, DynaCool) VSM was used for low-temperature 

(5–300 K) magnetic measurements. Figure 2.20 (a), and (b) show the VSM and PPMS 

configurations, respectively. Polychlorotrifluoroethylene (Kel-F) sample holders and 

polypropylene capsules were placed inside a brass holder container in the PPMS. The sample 

was held in place for high temperature measurements by a sturdy quartz rod. Attaching the 

sample to the quartz rod required the application of high temperature ceramic putty. In addition, 

the oven was constantly purged with argon gas to prevent the sample from oxidising at such high 

temperatures.  

The M-H hysteresis loop of MNP was recorded at room temperature, and the M-T curve 

of the magnetite SFe5 MSGC sample was recorded from 5 to 310 K under zero field cool (ZFC) 

and field cooled (FC) conditions, as depicted in Figure 2.21 (a) and (b), respectively. The SFe5 

MSGC sample is first cooled to 5 K in the ZFC (zero-field cooled) condition without the use of 

a magnetic field. The magnetization is then monitored while the temperature is raised in the 

presence of 500 Oe magnetic field. On the other hand, the sample is first subjected to a magnetic 

field of 500 Oe in the FC condition. Then, the sample is cooled to 5 K while the magnetic field 

is maintained. Subsequently, the magnetization is measured as the temperature is raised. Mainly, 

two phenomena can be observed from the ZFC and FC curves: (1) a broad peak, the maximum 

value of which can be related to the blocking temperature (TB) below which the spins are blocked, 
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and (2) the splitting of the ZFC and FC curves at the bifurcation temperature (TBF), above which 

all spins are unblocked, as displayed in Figure 2.21 (b). 

 

Figure 2.21: (a) Room temperature M-H curve of MNP. (b) Temperature dependent 

magnetization (M-T) curves of SFe5 MSGC (40SiO2-24.5CaO-24.5Na2O-6P2O5-5Fe3O4) 

recorded under ZFC and FC modes. 

 

Figure 2.22: Temperature dependent inverse susceptibility of SFe8 MSGC (37SiO2-24.5CaO-

24.5Na2O-6P2O5-8Fe3O4) in (a) high, and (b) low temperature regimes. 

Figure 2.22 (a and b) depict the temperature-dependent reciprocal magnetic susceptibility 

(−1) of SFe8 MSGC nanopowder in the high and low temperature regimes. The linear behavior 

of these −1 − 𝑇 plots is described by the Curie-Weiss law. 
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−1 = 
𝑇 − 𝑇𝐶

𝐶𝑀
                                        (2.14) 

In equation (2.14), TC represents the Curie temperature, while CM denotes the molar Curie 

constant. Solid lines in Figure 2.22 (a and b) represent the least squares fits to the -1-T data as 

per equation (2.14). The fraction of iron ions can be estimated using equation (2.15) and equation 

(2.16) [ILON1988].  

𝑥 (
𝑒𝑥𝑝

)
2

= 𝑥1(
𝐹𝑒3+)

2
+ 𝑥2(

𝐹𝑒2+)
2
                                  (2.15) 

𝑥 = 𝑥1 + 𝑥2                                                                                    (2.16) 

In equations (2.15) and (2.16), 
𝑒𝑥𝑝

= 2.827(
𝐶𝑀

2𝑥⁄ )
1

2 is the effective magnetic moment which 

can be estimated from the data in Figure 2.22, 𝑥1 and 𝑥2 are the weight fractions of Fe3+ and Fe2+ 

ions and x is the total weight fraction of Fe ions. The effective magnetic moment values of free 

Fe2+ and Fe3+ ions, viz., 
𝐹𝑒2+ = 4.90

𝐵
 and 

𝐹𝑒3+ = 5.92
𝐵

 [BURZ1979] were used to 

calculate 
𝑒𝑥𝑝

.The slopes of the linear fits to the high and low temperatue data shown in Figure 

2.22 (a and b) were used to calculate 𝐶𝑀 values of 3.8104, and 5.6104 emuK/Oemol, 

respectively. The corresponding 
𝑒𝑥𝑝

 calculated using the 𝐶𝑀 values are 5.51
𝐵

 and 5.27
𝐵

, 

respectively, which differed by 5%. Considering the difficulty in accessing a high-temperature 

system, 
𝑒𝑥𝑝

 is estimated for the low temperature data with relative ease [NAG0A2019, 

PAVI2014]. Subsequently, the fraction of iron ions within the SFe8 MSGC can be estimated using 

equations 2.15 and 2.16. 

2.2.7. Analysis of magnetic fluids (aqueous colloids) 

Magnetic fluids have been prepared to investigate the heating capacity of the MGC samples for 

assessing them for MH application. To delve into the stability and surface charge of the MGC 
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powder in an aqueous solvent, a Zetasizer instrument was utilized. The system comprises of three 

key components, namely, an optical unit, a dispersion unit, and a computer, as depicted in Figure 

2.23. The optical unit houses two distinct wavelength lasers (usually, red and green) for probing 

the colloidal sample. The cell area denotes where cells (cuvettes) containing the colloidal 

samples are placed for analysis. The MPT-2 titrator enables automated titration during data 

recording. The Zetasizer software governs the measurement conditions and provides options to 

set them. The instrument facilitates two types of analyses: static and dynamic. In static analysis, 

the surface charge over the sample surface, termed zeta potential, and molecular weight of the 

fluid are determined. Dynamic analysis offers a deeper understanding of colloidal particle 

behavior, by focusing on characteristics such as mobility, stability, aggregation and response to 

external factors like pH, temperature, etc. To conduct measurements, MGC powder sample 

weighing 1 mg was dispersed in 1 ml of Milli-Q water to form a magnetic fluid. The same 

instrument was used in two different modes to gather information about zeta potential and 

colloidal particle size. Notably, the sample holder or cuvette for both measurements are different 

as displayed in Figure 2.23. 

 

 

 

 

Figure 2.23: Zetasizer set up with all components. 

 In static analysis, when a powder sample is dispersed, a hydrodynamic layer forms over 

the sample surface with different charges. In the presence of an electric field, charged particles 
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are attracted towards the opposite electrode. The velocity of this movement is utilized to measure 

the zeta potential, computed using the equation (2.17). 

 = (3𝑒)/(2𝑓(𝑘𝑎))                                 (2.17) 

Here, η is the viscosity of the suspension, μe is the mobility of the colloidal particles, ϵ is the 

dielectric constant of the solution, f is the Henry function, k is the Debye length (where the 

inverse is the thickness of the charge layer), and a is the equivalent spherical diameter of the 

particles. 

Figure 2.24: Output profile of (a) zeta potential distribution of aqueous colloid of SFe8, and (b) 

aqueous particle size distribution of x =10 MGC sample recorded at room temperature. 

Figure 2.24 (a) illustrates the distribution of zeta potential of aqueous SFe8 MSGC, from 

which  = -27.4 mV was determined. In dynamic analysis, light is allowed to fall on a well-

dispersed aqueous fluid and the scattered light at different angles is collected. The intensity of 

scattered light fluctuates due to Brownian motion and this fluctuation intensity is analysed to 

determine the average size distribution of aqueous particles (colloidal). The recorded data of the 
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aqueous colloidal size distribution of aqueous x = 10 MGC colloid is illustrated in Figure 2.24 

(b). Analysis yielded a size distribution of 900 nm. 

2.2.8. Electron Paramagnetic Resonance 

A useful tool for examining the environment of transition metal species containing one or more 

unpaired electrons is electron paramagnetic resonance (EPR) [ANTU2019]. EPR is utilized to 

determine the type of the interaction between the iron ions within the glass and the glass-ceramic 

network. Every electron is associated with magnetic moment, a spin quantum number (s = ½), 

and corresponding magnetic quantum number (ms = ±½). Two states are formed in response to 

applied field B0: one parallel (ms = +½) to the applied field's direction and other antiparallel (ms 

= -½). The parallel state represents the lower energy level, while the antiparallel state represents 

the higher energy level. The energy difference between these states (ΔE) can be denoted as 

ΔE=gμBB0, in which g, μB, and B0 represents the electron's g-factor, the Bohr magneton, and the 

applied magnetic field, respectively. The relationship between the applied magnetic field B0 and 

the frequency ν of the EPR transition is established by the resonance condition, often represented 

as, 

ℎ𝜈 =  𝑔
𝐵
𝐵0                  (2.18) 

This equation serves as the fundamental principle behind EPR spectrometry. Two 

approaches can be employed for achieving the resonance condition, viz., (i) varying the magnetic 

field while maintaining a constant frequency, or (ii) varying the frequency while maintaining the 

same magnetic field. It is usually more convenient to vary the magnetic field by adjusting the 

current in a coil, making the variable magnetic field approach more popular. In typical EPR 

experiments, microwave frequency in the range of 9 - 10 GHz and a varying applied magnetic 

field of 0 to 0.9 T are employed. When paramagnetic species containing sample such as MGCs 

are subjected to this applied field at a fixed microwave frequency of 9.4 GHz, the resonance 
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condition occurs when the energy gap matches with the appropriate field value. This condition 

elucidates the absorbed energy through the spectrum. Generally, the first derivative of the 

spectrum is used in the analysis. 

 

Figure 2.25: (a) Schematic Figure, and (b) photograph of JEOL-JES-FA200 EPR spectrometer. 

 

Figure 2.26: (a) EPR spectrum of x = 2 MGC powder, and (b) variations of integral line intensity 

J and linewidth H of g ≈ 2.0 spectral line of (45-x)SiO2-24.5CaO-24.5Na2O-6P2O5-xFe2O3 

(wt.%) (2  x 15) MGC powders. 

The instrumentation of the EPR spectrometer requires (a) an electromagnet to generate a 

stable, homogeneous, and strong magnetic field, (b) a sample container to retain the sample, (c) 

a Klystron oscillator to generate the desired frequency in microwave range, (d) a pick-up coil to 
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receive the microwave signal from the specimen and couple it to the detector, (f) a recording 

device with signal processing unit, i.e. a computer with an appropriate software as shown in 

schematic diagram (Figure 2.25 (a)). Figure 2.25 (b) displayed the photograph of the EPR 

spectrometer used for this work. EPR spectra of the processed ceramic powders were recorded 

at room temperature with the JEOL EPR Spectrometer (model JESFA200) operating at 9.4 GHz. 

The MnO spectrum was used as a reference to calibrate the spectrometer with the help of built-

in software. For the EPR measurement, a power of 1mW and a magnetic field ranged from 0 to 

900 mT were set, and 20 mg of x = 2 MGC powder sample was placed in a sample holder 

(quartz tube). Figure 2.26 (a) presents the EPR spectrum acquired for the x = 2 MGC. Fe2+ ions 

do not directly contribute to EPR absorption spectra, but they can influence the absorption lines' 

characteristics through their interaction with Fe3+ ions. EPR spectral line at g ≈ 4.3 in the x = 2 

MGC system signify presence of isolated Fe3+ ions located at different sites, whereas absorption 

at g ≈ 2.0 indicates clustering behavior of Fe3+ ions within the ceramic network. The absorption 

line intensity (J) and other EPR parameters can be computed using the formula J = I(ΔH)2 based 

on the peak-to-peak height (I) and linewidth (ΔH) of the EPR absorption profiles. Figure 2.26 

(b) illustrates the variation of EPR parameters corresponding to the g ≈ 2.0 absorption lines of a 

ceramic sample with different iron oxide concentrations. This depiction allows for insights into 

the alterations in the local environment surrounding Fe3+ ions in the MGC at various iron oxide 

concentrations. 

2.2.9. Magnetic induction heating capacity measurement 

The induction heating capacity of magnetic glass-ceramics was analysed using the EasyHeat 

Ambrell 8310 UK setup. It consists of a power supply, induction coil, temperature measurement 

system. The inducting heating set up is depicted in Figure 2.27. The RF power supply provides 

the required electrical power to the coil. The helical copper coil acts as the magnetic field 

generator, offering precise and uniform magnetic field strength through adjustments in coil 
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turns and configuration. An optical fibre sensor was used to measure the temperature rise in the 

magnetic fluid accurately. This sensor ensured high precision temperature readings for in-depth 

analysis of the heating process. 

 

Figure 2.27: Induction heating measurement system. 

Before conducting the measurement, MGC powder was dispersed properly in 1 ml of 

Milli-Q water and sonicated for 10 minutes to ensure uniform dispersion. The magnetic fluid 

was then subjected to an alternating magnetic field, causing heat loss from hysteresis to be 

measured in terms of temperature rise. In this experiment, the magnetic field strength, current, 

and frequency were set at 12.89 kA/m, and 336 kHz, respectively. The temperature rise of the x 

= 15 MGC fluid was recorded using specialized software, and the data were plotted against time, 

as illustrated in Figure 2.28 (a). The specific absorption rate (SAR), which measures absorbed 

energy, was used to evaluate the heating capacity of the magnetic fluid. As observed in Figure 

2.28 (b), factors such as the system's operating conditions (adiabatic or non-adiabatic) and the 

initial temperature rise have an impact on SAR values. In an adiabatic system, temperature rises 
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linearly as there's minimal heat exchange with the surroundings, while in a non-adiabatic system, 

temperature may saturate due to equilibrium with the surroundings. Consequently, adiabatic 

systems exhibit higher SAR values than non-adiabatic systems.  

 

Figure 2.28: (a) Temperature rise of x = 15 MGC fluid with various fluid concentration. (b) A 

typical heating curve describing the data analysis procedure. 

 

Figure 2.29: Calculated SAR and ILP values of MGC fluids of x = 15 ((45-x)SiO2-24.5CaO-

24.5Na2O-6P2O5-xFe2O3) using (a) ISM, and (b) BLM for various fluid concentration.  
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Initial slope method (ISM) and Box Lucas method (BLM) are two common methods used 

to calculate SAR value [DEAT2014]. The SAR value (in W/g) was estimated from the initial 

linear slope (dT/dt) using the ISM relation (2.19) [LANI2019] 

𝑆𝐴𝑅 = 𝐶
𝑉𝑠
𝑚

×
𝑑𝑇

𝑑𝑡
                              (2.19) 

where C (= 4.186 j/g C) is the specific heat capacity of the solvent, Vs is the sample volume and 

m is the sample mass. BLM was also used to characterize the heating capacity of magnetic fluid 

by using the relation (2.20) [SOET2017, RING2020], 

𝑇 = 𝐴(1 − 𝑒(−𝐵𝑇))                               (2.20) 

In the above expression, A and B represent fitting parameters. Then, the SAR was computed by 

employing equation (2.21). 

𝑆𝐴𝑅 =  
𝐴𝐵𝐶𝑣𝑚𝑖

𝑚𝑁𝑝
                                            (2.21) 

In equation (2.21), mNp, mi, and Cv represent the mass of magnetic material, the entire mass of 

the magnetic fluid, specific heat capacity of aqueous solvent, respectively. Direct comparison 

between the reported and observed SAR values is not straight forward as determination of SAR 

depends on various factors, including the magnetic fluid’s mass, size, shape, and applied 

frequency of the particles as well as the strength of the field. In order to facilitate comparison 

with available literature, the SAR was normalized with f and H, yielding the intrinsic loss power 

(ILP) which is expressed as, 

𝐼𝐿𝑃 =  
𝑆𝐴𝑅

𝑓 × 𝐻2
                                             (2.22) 

Figure 2.29 (a) and (b) depict the SAR and ILP values of x = 15 MGC, calculated using the 

ISM and BLM methods, respectively, at different fluid concentrations. 

TH-3574_176121023



Chapter 2: Experimental details 

 
58 

 

2.2.10. Bioactivity Test (In vitro apatite formation) 

Bioactivity assessment can be defined by the capacity of a material which can have the potential 

to mimic or replace the human body in physiological environment. In vitro bioactivity test is 

performed before a biomaterial is tested on animal or human. To achieve this, the Kokubo’s 

recipe was followed to produce a modified simulated bodily fluid (SBF) solution [HENC1982a, 

KOKU2006]. Both SBF and human body plasma (HBP) contain comparable amounts of 

inorganic ion concentrations, as shown in Table 2.01. Therefore, it is considered that in vitro test 

based on SBF mimic in vivo testing in animal or human models.   

Table 2.01: The ion concentrations of SBF and HBP [OYAN2003, TAKA2004]. 

 

2.2.10.1. In vitro bioactivity assessment 

To prepare 1000 ml of SBF, 700 ml of Milli-Q water was taken in a conical flask and heated to 

35 °C using a heating mantle. The reagents numbered 1 through 8 as listed in Table 2.02 are 

sequentially introduced into the flask. After adding each reagent, the solution is stirred for 30 

minutes to ensure homogenous mixing. Following the addition of the eighth reagent, tris buffer 

is introduced into the flask. The solution was then made up to 1000 ml of SBF by adding 300 

ml of Milli-Q water. Then the pH of SBF is adjusted to 7.4 using appropriate amounts of 1M 

HCl and 1M NaOH solutions. After preparation, the SBF is transferred into a dark-colored plastic 

bottle and stored at 5 °C. Freshly prepared SBF is used to ensure viability. 

To conduct in vitro test, glass and glass-ceramic powder samples are made into pellets 

measuring 10102 mm3 dimensions using a hydraulic press. The pellets are gently polished 

 

Ion (mM) Na+ K+ Mg2+ Ca2+ Cl− HCO3
− HPO4

2− SO4
2− 

SBF 142.0 5.0 1.5 2.5 17.8 4.2 1.0 0.5 

HBP 142.0 5.0 1.5 2.5 103.0 27.0 1.0 0.5 
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with silicon carbide (emery) paper with a fine grit size of 4000 and washed with acetone. 

Subsequently, the pellets were immersed in 30 ml of SBF in a beaker and placed in an oven set 

at 37 °C. Upon immersion in SBF, the dissolution mechanism as explained in section 1.3 of 

chapter 1 occurs. pH of the solution was recorded with an accuracy of ± 0.05, and the mean pH 

was computed. The pH was monitored as a function of soaking time using a calibrated pH meter 

(Systronic pH meter 335). Figure 2.30 represents the change in pH of S8 (45SiO2-24.5CaO-

24.5Na2O-6P2O5) in SBF with immersion time. 

Table 2.02: Regent Order, amounts, purities and formula weights for preparing 1000 ml of SBF 

[HENC1982a, KOKU2006]. 

 

TH-3574_176121023



Chapter 2: Experimental details 

 
60 

 

 

Figure 2.30: Change in pH of SBF with soaking time of 45SiO2-24.5CaO-24.5Na2O-6P2O5 

glass-ceramic pellet. 

 

Figure 2.31: (a) GI-XRD patterns from the surface of S8 (45SiO2-24.5CaO-24.5Na2O-6P2O5 

glass-ceramic) immersed in SBF for 0 to 7 days. (b)Variation in average crystallite size of HAp 

surface layer on SBF treated S8 pellet as function of immersion time. Symbols , •, represent 

combeite and HAp phases, respectively. 

Grazing Incidence X-Ray diffraction (GI-XRD) is a method used to examine the structure 

of thin films or surface layers. In this work, GI-XRD patterns have been collected using CuKα 

radiation (λ = 1.5418 Å) at a grazing angle of 0.5° and a scan rate of 2°/minute, covering the 2θ 

range from 20° to 50°. The X-ray source maintained a power of 9 kW (operating at 45 kV and 
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200 mA) in the analysis of all the samples. The GI-XRD patterns of SBF treated glass-ceramic 

samples are depicted in Figure 2.31 (a). The presence of a HAp surface layer on the glass-ceramic 

samples treated with SBF is indicated by peaks observed at 26° and 32°. The average crystallite 

size of HAp was estimated, as explained in the XRD section, and plotted against immersion time, 

as shown in Figure 2.31 (b). To explore the morphology and mineral composition of this HAp 

surface layer, FESEM (SIGMA-300) was utilized, whose details are provided in section 2.2.2. 

Figure 2.32 depicts the FESEM micrograph of the x = 2 MGC sample surface after immersion 

for 30 days in SBF. The presence of a HAp layer suggests that glass-ceramic samples exhibit 

bioactivity in physiological conditions. 

 

Figure 2.32: FESEM micrograph of x = 2 MGC ((45-x)SiO2-24.5CaO-24.5Na2O-6P2O5-

xFe2O3) after soaking in SBF for 30 days.  

2.2.10.2. Cell viability test with MG-63 cells 

Tim Mosmann first introduced 2,5-diphenyl-2H-tetrazolium bromide (MTT) test in 1983, and 

since then, it has proven to be a very useful tool for determining cell viability [MOSM1983]. To 

perform cell viability test, 5000 cells (osteoblast MG-63 cells) were added to each well of a 96-

well culture plate. The plates were incubated with Dulbecco’s Modified Eagle Medium (DMEM, 

pH-7.4) along with 10 % phosphate-buffered saline (PBS) in a CO2 incubator for 1, 3 and 5 days. 

After completing the incubation periods, the media from the wells were replaced with fresh 
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media along with MTT (5 mg/ml), and the mixture was then further incubated for an additional 

4 h. During the incubation, the added MTT reduces to formazan crystals through oxidoreductase 

enzymes secreted by live cells in the wells. The formazan crystals were allowed to dissolve in 

dimethyl sulfoxide (DMSO), and the absorbance of the solution at 570 nm was measured using 

a multi-plate reader (Fluostar Omega, BMG, Germany). The cell viability was estimated using 

the relation (2.23), 

𝐶𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) =
𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑆𝑎𝑚𝑝𝑙𝑒 𝑎𝑡 570 𝑛𝑚

𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝐶𝑜𝑛𝑡𝑟𝑜𝑙 𝑎𝑡 570 𝑛𝑚
× 100              (2.23) 

Figure 2.33 (a) presents the results of cell viability test performed on x = 2 MGC sample.  

 

Figure 2.33: (a) Cell viability, and (b) degradation of x = 2 MGC ((45-x)SiO2-24.5CaO-

24.5Na2O-6P2O5-xFe2O3) after 1, 3 days of incubation in PBS media. 

A two-tailed t-test with unequal variance was conducted to assess the statistical 

significance of the collected cell viability data. In this test, three key hypotheses, viz., (1) No 

effect or difference is observed (null hypothesis, H0), (2) an effect or difference is present 

(alternative hypothesis, H1), and (3) whether rejection regions are located at both tails of the 

distribution (Critical regions).  

 To perform the comparison, two independent cell viability data sets, one from the control 

group (without treatment) and one from the treatment group were analyzed. The t-statistic for 

comparing the two groups was calculated using the formula: 
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𝑡 =   
𝑋1 − 𝑋2

√(
𝑠1

2

𝑛1
⁄ ) + (

𝑠2
2

𝑛2
⁄ )

                              (2.24) 

Where X1 and X2 represent the average cell viability for the control (without treatment) and 

treatment groups, respectively. s1
2 and s2

2 represent the variances of the two data sets, and n1 and 

n2 represent the sample sizes for each group. 

𝑑𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝑓𝑟𝑒𝑒𝑑𝑜𝑚 (𝑑𝑓) =
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2
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2
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2
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2

𝑛1
)
2

𝑛1 − 1
⁄

) + (
(
𝑠2

2

2
)
2

𝑛2 − 1
⁄ )

          (2.25) 

For the MGCC sample, X1 = 100.2%, X2 = 87.6%, s1
2 =18.1, and s2

2 = 25.4. Using these in 

equation (2.25) with df = 8, a t-value of 4.4 was found. The p-value from a two-tailed t-test was 

found to be 0.00222, which is smaller than the typical significance level (α) of 0.05. 

The significance of the result is evaluated as follows: 

• α = 0.05: Significant (*), indicating rejection of the null hypothesis. 

• α = 0.005: Highly significant (**), indicating strong evidence against the null hypothesis. 

• α = 0.001: Very highly significant (***), indicating very strong evidence for null 

hypothesis rejection. 

 In addition to assessing cell viability, another significant process observed is the 

degradation of the sample in the medium. To mimic the cellular environment, PBS media with a 

pH of 7.4 was utilized. The mass of the pellet was measured both before and after immersion in 

PBS, allowing the calculation of weight loss (a measure of sample degradation) using the 

following formula: 

𝑊𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠 (%) = (𝑤0 − 𝑤𝑡)/𝑤0  × 100 %                        (2.26) 

In relation (2.26), w0 and wt are the weight of the sample before and after immersion for a 

particular time in PBS, respectively. The weighed pellets were then placed in PBS medium in a 
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20-well plate and subsequently incubated in an oven at 37 °C for 1 and 3 days. After 1 and 3 

days, the pellets were taken out of the PBS and allowed to dry for 5 h at 37 °C in an oven. Then, 

the weight was measured. Using the equation, the weight loss was measured as presented in 

percentage form in Figure 2.33 (b). 

 The investigations carried out on various bioactive glass and glass-ceramic samples are 

described in the following chapters. These investigations use the above described techniques.  
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Chapter 3  

Investigation of (69.5-x)SiO2-24.5CaO-6P2O5-xNa2O glass and glass-ceramics 

As highlighted in chapter 1, 45S5 (45SiO2-24.5CaO-24.5Na2O-6P2O5) (wt.%) composition is a 

well-researched material which has the ability to bond with bone by development of the HAp 

layer under physiological environment [JONE2013]. It has also been pointed out in section 1.4 

that stabilizing the glassy state in sol-gel derived bioglass-ceramics with a high Na2O content 

(24.5 wt.%) such as in the 45S5 composition is a significant challenge [PEIT2001, CART2005, 

CHEN2010, CACC2012, PIRA2013, ADAM2013, SIQU2011, THOM2016]. Compositions 

with such high Na2O content often experience structural devitrification due to the precipitation 

of crystalline inclusions. Moreover, inclusion of high amounts of Na2O amplifies the alkalinity 

of the SiO2-CaO-P2O5-Na2O system during the dissolution process, which in turn promotes bone 

regeneration [CHAJ2015].  

 Though the difficulties associated with sol-gel derived glass-ceramics containing high 

Na2O have been reported, the factors influencing the vitreous state or the maximum amount of 

Na2O that can be incorporated in 45S5 composition without inducing devitrification has not been 

examined so far. Additionally, the impact of devitrification on the physical properties of 45S5 

glass remains underexplored. It has been found that 45S5 glass devitrifies into a combeite phase 

(Na2Ca2Si3O9), which exhibits properties beneficial for bone regeneration. The presence of the 

Na2Ca2Si3O9 crystal phase, along with phosphorous ions, enhances the bioactivity and 

mechanical strength of the material [FILH1996, KARI2018]. As a result, sol-gel derived 45S5 

glass-ceramic, with its comparable bioactivity and superior mechanical strength than its bulk 

counterpart, shows substantial promise as an advanced material for implants. This chapter 

TH-3574_176121023



Chapter 3: Investigation of (69.5-x)SiO2-24.5CaO-6P2O5-xNa2O glass and glass-ceramics 

 
66 

 

presents the structural and bioactive characteristics of sol-gel derived ceramics obtained by a 

systematic substitution of Na2O for SiO2, in the 45S5 composition. 

3.1. Sample preparation 

(69.5-x)SiO2-24.5CaO-6P2O5-xNa2O (0  x  24.5 wt.%) glass and glass-ceramics were 

prepared through the sol-gel route as detailed in section 1.1.3 of this thesis. The amounts of 

precursors (viz., TEOS, TEP, Ca(NO3)2.4H2O, NaNO3) were calculated as per the batch 

calculation for 5 g of (69.5-x)SiO2-24.5CaO-6P2O5-xNa2O (0  x  24.5 wt.%) glass and glass-

ceramics as described in section 2.1.2 of this thesis. The synthesis follows the same process 

described in section 2.1.2. The aged gel was dried in a freeze drier and stored for 3 days at 70 °C 

for thermal stabilization. Table 3.01 lists eight samples, labeled as S1 to S8, produced by varying 

the Na2O concentration in the (69.5-x)SiO2-24.5CaO-6P2O5-xNa2O (0 ≤ x ≤ 24.5 wt.%) 

composition. The dried powders with higher Na2O concentration contained unreacted sodium 

nitrate. So, each set of as-synthesized ceramic powder was processed at temperatures ranging 

from 500 °C to 700 °C for 2 h each to ensure that no unreacted sodium nitrate remained in the 

samples.  

3.2. Structural analysis 

Figure 3.01 (a - d) display the recorded XRD patterns of all the samples as prepared and after 

processed at different temperatures as described in the sample preparation section 3.1. As-

prepared samples S1 and S2 show only a broad hump at 2 = 20°, which is characteristic of their 

amorphous nature. But the XRD patterns of S3, S4 and S5 show a weak crystalline peak of 

unreacted precursor superposed on the broad hump. The Na2O content in S3, S4, and S5 is 4, 8 

and 12 wt.%, respectively.  
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Figure 3.01: XRD patterns of (a) as prepared and processed nanopowder samples at (b) 500 °C, 

(c) 600 °C, and (d) 700 °C with compositions of (69.5-x)SiO2-24.5CaO-6P2O5-xNa2O (0 ≤ x ≤ 

24.5 wt.%). Combeite (), sodium nitrate () peaks are marked.  

It can be inferred from the Figure 3.01 (a) that the thermal stabilization performed at 70 

°C was insufficient to convert all the sodium nitrate (NaNO3) into Na2O and integrate it in the 

glassy matrix in these samples. XRD patterns of as prepared S6, S7, S8 reveal prominent Bragg 

peaks corresponding to unreacted NaNO3 crystalline phase confirming the difficulty in preparing 

glasses with high content of Na2O. In order to introduce higher amount of Na2O (x > 12 wt.%), 

proportionally higher quantities of NaNO3 were used in their preparation as compared to S1, S2, 

S3, S4, and S5. It is apparent that the residual NaNO3 did not dissolve into the matrix during the 
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thermal stabilization process and remains as an impurity phase. It can also be noticed that the 

intensity of the primary peak of this phase increases with an increase in NaNO3 wt.% in the 

nominal composition. In order to understand the heat treatment required to dissolve the NaNO3 

precursor in samples with different amounts of the precursors, all the as-prepared samples were 

processed at 500 °C, 600 °C, and 700 °C for 2 h each.  

Figure 3.01 (b) illustrates that heat treatment at 500 °C for 2 h completely suppressed the 

NaNO3 phase in samples S1 to S5, which had Na2O contents ranging from 0 to 12 wt.%. This 

indicates that the residual NaNO3 precursor dissolved into the amorphous network upon this heat 

treatment. It is also obvious that processed at 500 °C for 2 h reduced the residual NaNO3 phase 

in S6, S7, and S8, but could not completely dissolve the precursor in the amorphous network. 

Figure 3.01 (c) shows that the NaNO3 phase persisted in S6, S7, and S8 samples processed at 

600 °C for 2 h. Heat treatment at 700 °C removed all traces of NaNO3 in all samples, but on the 

other hand induced stronger crystallization of the sodium calcium silicate (combeite, 

Na2Ca2Si3O9) phase in all the samples as depicted in Figure 3.01 (d). It can be observed that 

compositions with Na2O content of up to 12 wt.% can be obtained in the vitreous state by 

processed of as-prepared powders at 500 °C for 2 h. In compositions with higher Na2O content 

i.e., for x > 12 wt.%, the sol-gel procedure followed does not completely dissolve NaNO3 in the 

vitreous network, thereby leaving it as a crystalline residue in the ceramic. Attempts to dissolve 

this residue by processed at a higher temperature of 700 °C is successful, but this heat treatment 

also induces crystallization of the combeite phase, thereby turning the sample into a glass-

ceramic. This explains the challenges faced by researchers in obtaining the 45S5 composition 

with x = 24.5 wt.% Na2O in completely vitreous state through sol-gel route.   
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Figure 3.02: (a) SAED pattern, (b) FETEM image, and (c) HRTEM image of S8 processed at 

700 °C. Inset of (c) shows iFFT of (220) plane of combeite phase in S8. 

Figure 3.02 (a) displays the SAED pattern of S8 sample processed at 700 °C in which the 

reflections from (220), (204), (211), and (411) planes of the combeite phase (JCPDS Card No: 

022-1455) have been identified. HRTEM image and inverse fast Fourier transform (iFFT) of the 

HRTEM image reveal the lattice fringes corresponding to (220) plane of combeite phase as 

displayed in Figure 3.02 (c). This study also confirms that combeite is the only crystalline phase 

present in this sample with 45S5 composition. 

Table 3.01 presents EDS data that reveals a slight discrepancy between the measured and 

nominal values of elements such as O, Si, Ca, Na, and P in the (69.5-x)SiO2-24.5CaO-xNa2O-

6P2O5 powders. This deviation is predominantly due to the presence of physically adsorbed 

oxygen. The adsorbed oxygen results in a higher measured oxygen content, which in turn lowers 

the observed percentages of the other elements compared to their nominal values. This adsorption 

effect is a key factor in the lower than expected measured composition of the glass and glass-

ceramic components. 
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Table 3.01: Nominal and measured compositions of as-prepared (69.5-x)SiO2-24.5CaO-6P2O5-

xNa2O (0 ≤ x ≤ 24.5 wt.%) glass and glass-ceramic samples. 

Sample code 

(Na2O content) 

Nominal Compositions (wt. %) Measured Compositions (wt. %) 

O Si Ca P  Na O Si Ca P Na 

S1 (x = 0) 48.6 30.4 15.3 5.8 0.0 52.0 28.6 14.4 5.0 0.0 

S2 (x = 2) 48.3 29.6 15.5 5.8 0.8 51.8 27.9 14.8 4.9 0.5 

S3 (x = 4) 46.3 29.7 15.3 5.9 2.8 51.2 27.5 14.5 4.7 2.1 

S4 (x = 8) 46.3 26.9 15.3 5.8 5.7 50.4 25.8 14.7 4.6 4.5 

S5 (x = 12) 45.1 25.2 15.3 5.8 8.6 49.5 23.9 14.9 4.5 7.2 

S6 (x = 16) 44.8 23.4 15.3 5.8 10.7 46.0 22.9 15.1 5.6 10.4 

S7 (x = 20) 43.0 21.6 15.3 5.8 14.3 45.2 20.4 15.0 5.5 13.9 

S8 (x = 24.5) 41.9 19.6 15.2 5.8 17.5 42.6 19.3 15.2 5.7 17.2 

 

3.3. Thermal analysis 

Figure 3.03 displays the DTA curves of the S1, S2, S3, S4, and S5 samples. S1-S5 exhibit 

amorphous nature with the characteristic glass transition temperature (Tg). Four distinct features 

marked as a, b, c, and d were observed in the DTA curves. Feature "a" indicates the elimination 

of physically adsorbed water, while feature "b" represents the condensation of OH groups. 

Endothermic baseline shift represented by ‘c’ indicates the Tg, and the exothermic marked as ‘d’ 

indicates crystallization of the combeite phase. The thermal behavior observed can be correlated 

with the influence of the network modifier Na2O on the glassy network. The ternary glass sample 

S1 (0 wt.% Na2O) exhibits the highest Tg of 605 °C among all the tested samples. Samples S2, 

S3, S4, and S5, containing 2, 4, 8, and 12 wt.% Na2O, respectively, display Tg at 583 °C, 570 °C, 

558 °C, and 540 °C, respectively. The addition of Na2O to the silicate glassy network leads to a 

significant decrease in Tg. Samples with higher SiO2 content have a larger network connectivity, 

which promotes the formation of glassy networks. However, the introduction of Na2O causes 

polymerization of the silicate network, resulting in a reduction in Tg. 
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Figure 3.03: DTA curves of S1, S2, S3, S4, and S5 samples. The endothermic baseline shift 

corresponding to the glass transition of S1-S5 samples are shown in the right.  

This is in line with the observations reported on SiO2-Na2O-CaO-P2O5-Al2O3-B2O3 glasses 

[ANDE1992]. The thermal stability of the glasses can be coarsely assessed through the 

measurement of ΔT, 

ΔT = (Tc - Tg) 

Here, Tg is the glass transition temperature and Tc is the crystallization temperature [HUSS2022]. 

A higher ΔT is indicative of a more thermally stable glass since its crystallization and glass 

transition temperatures are wide apart. ΔT values for vitreous samples with x = 0, 2, 4, 8 and 12 

were found to be 60 C, 50 C, 30 C, 20 C, and 15 C, from DTA runs. Thus, the stability of 

the glasses declined with the addition of Na2O, as indicated by the diminishing values of ΔT. It 

may be noted that as the Na2O content exceeds 12 wt.%, the glass undergoes a transformation 

into a glass-ceramic state. In summary, the system with the lowest Na2O content exhibits the 

highest thermal stability, and the glassy state is not sustainable in compositions with Na2O 

content higher than 12 wt.%.  
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3.4. Surface area analysis 

Figure 3.04 (a) and (b) depict the isotherms of S1 and S8 powder samples. The insets display the 

distribution of pore sizes. S1 glass displays an H1-type isotherm while S8 glass-ceramic shows 

H2-type isotherm in their hysteresis loops. Both isotherms are part of type-IV isotherm which 

symbolizes the mesoporous linked worm-like structure. S1 and S8 have specific surface area, 

average pore sizes, and total pore volumes ranging from 15 m2/g to 1.81 m2/g, 5.15 nm to 3.13 

nm, and 0.021 cc/g to 0.012 cc/g, respectively. S1 shows mono-modal distribution, whereas the 

S8 shows bi-modal type of pore size distribution (inset of Figure 3.04 (a) and (b)). Considering 

these attributes, S8 may offer some advantage in the osteointegration process involving proteins 

of various sizes. Overall, the data shows that the ternary glass (S1) without Na2O has higher 

surface area and bigger pore size with higher pore volume than the glass-ceramic sample (S8) 

with 45S5 composition. These results lead us to the following conclusions about the textural 

properties of the glass (S1) and glass-ceramic (S8) samples: (1) the differences in textural 

properties are mainly due to their different atomic network and composition, (2) Na2O functions 

as a fluxing agent and lowers the amount of pore residue in the glass-ceramic structure, and (3) 

Na2O influences particle size and crystal growth during heat treatment. In general, glass-ceramics 

often have a higher surface area compared to glass with the same composition [HENC2006] 

although in this case, S1 and S8 have different compositions. Textural parameters along with 

other factors contribute to the bioactivity of glasses and glass-ceramics. It is apparent that 

addition of Na2O decreases the system's porosity and makes the ceramic more soluble in 

biological fluids, which in turn improves the HAp layer formation ability under physiological 

conditions. 
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Figure 3.04: N2 adsorption-desorption isotherm curves of samples (a) S1, and (b) S8. The insets 

of (a) and (b) show the pore size distribution curves of the respective samples. 

3.5. Zeta potential  

The zeta potential (ζ) of nanopowder samples in aqueous suspensions are presented in Figure 

3.05. The ζ of glass and glass-ceramic powders initially exhibits a decrease in magnitude from -

22.0 to -10.6 mV, as the Na2O concentration is increased from 0 wt.% (in S1) to 12 wt.% (in S5). 

Subsequently, an increase in the magnitude of ζ from -13.3 to -25.4 mV is observed as the Na2O 

content is progressively increased from 16 wt.% (in S6) to 24.5 wt.% (in S8). This decline in ζ 

is connected to the diminishing concentration of SiO2 with increasing Na2O, leading to a 

reduction in the presence of the negative functional group (Si-OH). Remarkably, beyond Na2O 

> 12 wt.% (in S5), the surface charge experiences an increase despite the diminishing SiO2 

content. This phenomenon is attributed to the nucleation and growth of the combeite phase, 

contributing to an overall elevation in surface charge as Na2O content is increased. ζ can be either 

negative or positive, thereby directly reflecting the charge type of the sample within the 

suspension. Doostmohammadi et al. discovered that bioactive nanoparticles exhibit a negative ζ 

potential, which becomes positive as the pH increases [DOOS2011]. Interestingly, osteoblast 

bone cells also exhibit a negative ζ potential, whereas HAp exhibits a positive ζ potential 

[OPPE1998]. However, some other reports have also documented a negative ζ for synthetic 
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bioglass and glass-ceramics [LU002000, GHAN2001, DOOS2011, MOST2021]. Higher ζ 

values are more favourable for bone regeneration.  

 

Figure 3.05: Zeta potential of glass and glass-ceramic samples in aqueous solvent.  

3.6. In vitro bioactivity assessment 

3.6.1. Ion exchange  

Upon immersion of the bioglass and glass-ceramic pellets in SBF, a dissolution process occurs 

[PRYC2003]. Section 2.2.10.1 elaborates on this dissolution process. Figure 3.06 (a) shows the 

periodic variation of pH of the solution in which samples S1 to S8 were independently immersed. 

Initially, the pH was set at 7.4 corresponding to the ion concentration of the human body fluid. 

This is taken as the starting data point and marked as 0 h of immersion. If we closely check the 

pH test results, a quick pH change can be seen immediately upon immersion of the sample in 

SBF as shown in inset of Figure 3.06 (a). The leaching of Ca2+ and Na+ ions from the sample 

surface reaches saturation after 3 days of immersion, bringing the pH close to its maximum value. 

Composition dependent pH data was obtained to understand the exchange of more alkali and 

alkaline metal ions as a function of Na2O content in the sample. After 7 days of immersion, the 

pH of the SBF solution increases from 7.40 to 7.88, 7.90, 7.98, 8.1, 8.13, 8.15, 8.2, and 8.25 for 

samples S1, S2, S3, S4, S5, S6, S7, and S8, respectively. S1 (ternary SiO2-CaO-P2O5) glass 
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shows the minimum pH value of 7.88 while the quaternary S8 (SiO2-CaO-P2O5-Na2O) glass-

ceramic sample shows the highest pH of 8.25 after 7 days of immersion. As the Na2O 

concentration is increased, more alkali ions would be released from the sample surface resulting 

in higher pH. As expected, S8, the sample with the highest sodium content, exhibits the highest 

pH value among all samples. Increase in Na+ ions in the glassy system also accelerates the 

dissolution process by breaking the bridging (Si-O-Si) links and creating additional non-bridging 

bonds. This enhances the sample's bioactivity and rate of degradation. A physiological 

environment similar to the in vitro tests performed in PBS media was maintained to investigate 

the hydrolytic degradation of the samples. Despite having different ions concentrations, PBS and 

SBF have a similar dissolving mechanism for bioactive materials [ISLA2017, LOH02023]. The 

PBS treated pellets were dried at 70 C for 3 h before measuring their weight to estimate the 

weight loss. 

 

Figure 3.06: (a) Change in pH of glass and glass-ceramic in SBF with soaking time. (b) Weight 

loss in glass-ceramics measured before and after immersion in PBS for different days. Inset 

shows the rapid pH variation in the initial 24 h of immersion. 

The measured weight loss of the sample pellets after immersion for different days are 

displayed in Figure 3.06 (b). The weight loss gradually increased with immersion time as well 

as Na2O concentration. A rapid weight loss was observed after 1 day of soaking in PBS due to 

rapid degradation of the samples. It is evident that as Na2O content escalates, the network 
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connectivity decreases, which in turn causes a rapid degradation of glass and glass-ceramic 

samples. These studies indicate that the degradation of glass-ceramics increased with an increase 

in Na2O concentration. Simultaneously, the HAp layer formation also increased which counters 

the degradation by the deposition of the Ca-P rich layer on the surface of samples. As a result, 

considerable increase in pH saturation value and degradation are observed with increased Na2O 

substitution. Overall, all the samples exhibit good ion exchange in SBF and degradation in PBS, 

qualifying them to be termed as degradable bioactive materials. 

3.6.2. Surface apatite layer formation  

Figure 3.07 (a) to (h) show the typical GI-XRD patterns of SBF treated glass and glass-ceramic 

samples after various immersion time periods (0, 1, 3, 5, and 7 days). The XRD pattern labeled 

as 0 days represents the untreated samples, clearly portraying the amorphous nature of S1, S2, 

S3, S4, and S5, and the crystalline nature of S6, S7, and S8 samples. Figure 3.07 (a - h) clearly 

demonstrate the growth of a crystalline HAp layer on the samples' surface following one or more 

days of immersion in SBF. The growth of this layer increases with immersion time for all the 

tested samples. The crystallinity of S6, S7, and S8 samples appears to be suppressed with 

increasing immersion time due to the formation of the HAp layer on the surface. According to 

the explanation given in chapter 2, the chemical reaction of surface ions with the physiological 

fluid controls the growth of the HAp coating (section 2.2.10.1). Formation of the HAp layer over 

the surface of the sample indicates the bioactive nature of the entire series of samples. The 

development of the HAp layer depends upon the amount of Ca and P ions available and the ion 

exchange mechanism with the sample. The Ca/P molar ratio after 7 days was nearly the same in 

all samples and the value was close to the ratio found in fully crystalline HAp. Though Si and 

Na influence the ion exchange process with SBF, Ca and P play a more impactful role in the 

dissolution mechanism of the sample. In addition, Na2O influences the initial stage of dissolution 

in SBF. One can notice the reflections from the combeite phase along with those the HAp phase 

TH-3574_176121023



Chapter 3: Investigation of (69.5-x)SiO2-24.5CaO-6P2O5-xNa2O glass and glass-ceramics 

 
77 

 

in the GI-XRD patterns of S6, S7, and S8 samples after 7 days of soaking in SBF. This is due to 

the lower thickness or poor coverage of the HAp phase over the sample surface, resulting in the 

visibility of the combeite phase from the surface of the samples even after 7 days of soaking in 

SBF. 

The relationship between the average crystallite size of the HAp phase and soaking time 

of samples with different Na2O concentration is illustrated in Figure 3.08. It can be observed that 

the crystallite size of HAp increases with soaking time, due to the growth of HAp on the sample’s 

surface. Only a small increase in crystallite size is seen with an increase in Na2O content since 

Na2O promotes the dissolution process and not directly involved in HAp formation.  

The FESEM micrographs of the surfaces of S1 to S8 glass-ceramic samples after soaking 

in SBF for 1 and 7 days provide visual evidence of HAp layer evolution, as displayed in Figure 

3.09. The newly formed layer on the surface of the submerged samples has a cauliflower-like 

shape, which is typical of the initial HAp layer [WU002015]. All the samples show sponge or 

cauliflower-like feature on their surface after one day of immersion, which denotes the formation 

of the HAp layer. As the immersion time increases, the growth rate of the HAp layer also 

increases. After 7 days of immersion, the previously formed cauliflower-like structure develops 

into a larger sphere composed of small petal-like structures. Rapid layer formation results from 

faster interchange of Ca2+ ions of a specimen with H3O
+ ions in the physiological fluid. Due to 

the interchange of ions, silanol group Si-OH is formed on the surface of the pellets, which 

induces HAp nucleation. In addition, the rate of HAp layer formation mainly depends upon the 

composition of the biomaterial. The surface mineralization was confirmed by EDS analysis, 

which shows the Ca/P ratio for all the samples after 7 days of soaking. The Ca/P ratio of all tested 

samples is close to the Ca/P ratio of 1.67 of bulk HAp [JEON2019].  
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Figure 3.07: GI-XRD patterns of SBF treated (a) S1, (b) S2, (c) S3, (d) S4, (e) S5, (f) S6, (g) 

S7, and (h) S8 pellet surface. Symbols () represents combeite phase. 
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Figure 3.08: Variation of average crystallite size of HAp with soaking time of different samples.  

 

Figure 3.09: FESEM images of sample pellets after immersion in SBF for 1 day and 7 days. 

3.6.3. Osteoblast cell viability 

Figure 3.10 shows the survival viability of osteoblast cells, MG-63, in contact with the samples. 

The cells showed enhanced viability with increasing amount of Na2O in the synthesized samples 

during the tested period of incubation. 1 day of incubation of sample S1 (without Na2O) with 

0.25 mg/ml concentration resulted in ~96% viability of osteoblast cells. Upon increasing Na2O 
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content, the cell viability increased to ~98% for S8, the sample containing the highest amount of 

Na2O (24.5 wt.%). Similarly, the 2 mg/ml sample concentration showed ~80% and ~91% cell 

viability after 1 day of incubation of S1 and S8 samples, respectively. Sample S1 showed 

maximum cell viability of ~101% with 0.25 mg/ml concentration after 5 days of incubation. Cell 

viability increased with higher amount of Na2O in the sample as well as the duration of 

incubation. The cell viability after 1 day of incubation of sample S3 (4 wt.% Na2O) was ~95% 

with 0.25 mg/ml concentration, whereas it increased to ~98% for sample S8. For the maximum 

tested concentration of 2 mg/ml, the cell viability increased from ~84% to ~91% in samples with 

increasing Na2O content as observed in S3 to S8 samples. Further, the cell viability increased 

with incubation period (Figure 3.10 (a), (b), and (c)), probably owing to the formation of HAp 

on the samples. After 3 days of incubation of S8, the viability of the MG-63 cell line was boosted 

to ~116% for 0.25 mg/ml and ~98% for 2 mg/ml concentration, respectively. During a 5 days 

incubation period, the cell viability of MG-63 cells reached a maximum value of ~118% for the 

0.25 mg/ml concentration and ~102% for the 2 mg/ml concentration of S8 sample. The effects 

of sample concentration on cell viability were also observed, as depicted in Figure 3.10 (d). S7 

and S8 with a concentration of 0.25 mg/ml showed the highest cell viability of ~112% and 

~118% after 5 days of incubation. On the other hand, increasing concentration to 2 mg/ml 

reduced the cell viability to ~98% and ~99% for S7 and S8, respectively. Overall, the osteoblast 

cells viability was observed to improve significantly with increasing Na2O content in the 

samples, proving its excellent cytocompatibility with the cells. Also, as expected, the proportion 

of viable cells decreased with increasing sample concentrations. However, it is to be noted that 

the cell viability of all samples was well above the acceptable limit for biomaterials at all tested 

concentrations [LI002015].  
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Figure 3.10: Viability of MG-63 osteoblast cells after incubation with synthesized samples for 

(a) 1 day, (b) 3 days, and (c) 5 days for various concentrations (2, 1, 0.5, 0.25 mg/ml). (d) Effect 

of concentration of different samples on the viability of MG-63 cells. An asterisk indicates a 

significant difference in cell viability between different samples and control group (* →p < 0.05, 

**→p < 0.005, ***→p < 0.001, where p is the probability value or p-value). 

 As reported earlier, Si can stimulate osteoblast differentiation, collagen I production, and 

several pathways promoting osteogenesis [NEIL2018]. However, a high amount of Si induces 

the formation of a strong network within the bioglass, leading to prolonged biodegradation. 

Replacement of Si with Na in the bioglass weakens the network yielding to preferable 

degradation rate [STEP2021]. Increasing Na2O content by replacement of SiO2 showed 

improved cell growth and viability over the tested incubation period with an adequate 
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degradation rate. Na+ is an essential cation in extracellular space which regulates the water 

movement across the cell membrane, thus maintaining osmolality [WU002017]. Na+ plays a key 

role in numerous cellular functions, acting as a secondary messenger. Osteoblast cells possess 

epithelial and voltage-sensitive sodium channels which induce osteogenesis and participate in 

bone formation via cyclic guanosine monophosphate molecules [CHEN2014, WANG2016]. 

Further, Na+ regulates the function of Na-Ca exchanger channels which are responsible for 

maintaining the intracellular concentration of Ca2+ ions within the cells and thus help regulate 

osteoporosis [LI002007]. Moreover, the observed results are in accordance with the formation 

of an apatite layer when incubated in SBF, as discussed in the previous sections. The extensively 

increased amount of apatite formation after 5 days of incubation stimulates the osteoblast cells' 

growth and proliferation, leading to the high number of viable cells. Thus, all the prepared 

samples are highly cytocompatible and can promote osteoblast cell growth. 

3.7. Summary 

➢ Bioactive glasses and glass-ceramics with compositions of (69.5-x)SiO2-24.5CaO-6P2O5-

xNa2O (x = 0, 2, 4, 8, 12, 16, 20, 24.5) were obtained by optimal heat treatment of sol-gel 

derived ceramic powders.  

➢ XRD analysis of the samples revealed that glassy nature of (69.5-x)SiO2-24.5CaO-6P2O5-

xNa2O system is preserved up to x ≤ 12. For x > 12, devitrification occurred with the 

crystallization of combeite phase, whose content increased with increase in Na2O content.  

➢ Thermal studies revealed that Tg decreased with increase in Na2O content from 0 to 12 wt.%. 

➢ The sol-gel derived sample S8 with 45S5 composition showed lower surface area, pore 

volume, and pore size than the glass without Na2O (S1). However, its bi-modal pore size 

distribution offers more scope for binding proteins of different sizes in bone regeneration 

application.  
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➢ In vitro bioactivity tests indicated that all samples are bioactive and nontoxic to MG-63 

osteoblast cells, indicating their biocompatibility. S8, the glass-ceramic sample with 45S5 

composition, exhibited the best bioactivity among all the studied bioglass-ceramic 

compositions.  

➢ This study (a) identifies the upper threshold Na2O content for maintaining the vitreous glass 

in (69.5-x)SiO2-24.5CaO-6P2O5-xNa2O system, (b) shows that the glass-ceramic with 24.5 

wt.% Na2O yields the best MG-63 cell viability, and (c) concludes that the bioglass-ceramic 

composition is more critical than the atomic structure for bone regeneration applications. 
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Chapter 4 

Investigation on SiO2-CaO-Na2O-P2O5-Fe2O3 glass-ceramics   

In chapter 3, it was shown that 45S5 composition (i.e., component stoichiometry, especially, that 

of Na2O wt.%) is more relevant for efficient bone regeneration rather than the atomic structure 

(i.e., glassy or glass-ceramic network) of the ceramic. The optimally heat treated sol-gel derived 

45S5 glass-ceramic sample designated S8 with combeite crystal phase turned out to be the best 

specimen for bone regeneration application in the (69.5-x)SiO2-24.5CaO-6P2O5-xNa2O ceramic 

system. Therefore, further studies of this thesis work will use this 45S5 glass-ceramic as the base 

composition. Due to the absence of magnetic content in this composition, it cannot be used in 

MH treatment of cancer. To extend its applicability to MH, ferromagnetic or ferrimagnetic oxide 

should be incorporated into the nominal 45S5 composition. Of the available magnetic oxides, 

iron oxide was chosen as the magnetic oxide component for substitution in the Hench’s 45S5 

composition due to its biocompatible nature [SEDI2022]. The literature survey presented in 

chapter 1 extensively covers magnetic glass-ceramics that exhibit both bioactive and magnetic 

properties, especially in the realm of MH. However, as already mentioned, there is only one 

report in the literature on sol-gel derived iron oxide-based nanopowder of 45S5 ceramic, prior to 

this work. In the earlier work, the authors have only examined two different concentrations of 

iron oxide (2 and 3 wt.%) [SHAN2016]. Moreover, no investigation on the heating capacity of 

these nanopowders was conducted in that study. There are also no reports of sol-gel derived iron 

oxide-substituted 45S5 glass-ceramics that demonstrate optimal magnetic behavior along with 

bioactivity for use in both bone regeneration and MH therapies. In this chapter, systematic 

replacement of SiO2 by iron oxide in the sol-gel derived 45S5 glass-ceramic composition has 

been carried out. Then, in vitro bioactivity and induction heating capacity of the iron oxide-
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substituted 45S5 glass-ceramics have been investigated to assess them for use in bone 

regeneration and MH treatment.  

4.1. Sample preparation 

Magnetic bioactive glass-ceramic nanopowders (MGC) of compositions (45-x)SiO2-24.5CaO-

24.5Na2O-6P2O5-xFe2O3 (2  x  15 wt.%) have been synthesized through the sol-gel route 

described in details in chapter 2 (section 2.1). TEOS, Ca(NO3)3.4H2O, TEP, NaNO3, Fe(NO3)3. 

9H2O, were used as sources of SiO2, CaO, P2O5, Na2O, and iron oxide, respectively. The dried 

gel powder was kept in an air oven at 70 °C for 3 days for thermal stabilization. Subsequently, 

the dried powder was heat treated at 750 °C for 2 h and the resultant product was used for further 

studies.  

4.2. Structural analysis 

Figure 4.01 (a) displays the XRD patterns of MGC nanopowder samples with x = 2 to 15 wt.%. 

Three crystalline phases, viz., combeite (Na2Ca2Si3O9, ICDD 002-1445), hematite (-Fe2O3, 

ICDD 1-072-0469), and magnetite (Fe3O4, ICDD00-019-0629) were identified in all the 

nanopowder samples. The percentage of each crystalline phase estimated according to the 

procedure outlined in section 2.2.1 of chapter 2 are presented in Table 4.01. It can be observed 

from Table 4.01 that the combeite phase is more pronounced in those samples having a low 

concentration of iron oxide. Equation 2.03 was used to estimate the average crystallite size (DV) 

of the magnetite. The percentage of magnetic phases (both hematite and magnetite) and DV of 

the magnetite nanocrystallites increased with increase in x as depicted in Figure 4.01 (b) and its 

inset, respectively. Iron oxide phases (magnetite and hematite) were found to significantly 

increase as more iron oxide precursor was added with a corresponding decrease in combeite 

phase. The combeite phase has been well studied and is found to have good mechanical strength 

and biodegradability [ADAM2013, THOM2016, PEIT2001]. Therefore, the combined presence 
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of combeite and the iron oxide phases ensures both biocompatibility and induction heating 

capacity of the iron oxide-substituted MGC nanopowders.  

Table 4.01: Nominal composition, measured composition and estimated percentage of 

crystalline phase percentages in various samples. C, M, and H refer to combeite, magnetite and 

hematite, respectively. 

Sample 

code 

Nominal Compositions (wt. %) Measured Compositions (wt. %) % of crystalline 

phases present 

O Si Na Ca P Fe O Si Na Ca P Fe C M H 

x = 2 41.7 18.7 17.4 15.2 5.6 3.4 42.5 17.7 16.8 14.8 5.2 3 84.0 10.0 6.0 

x = 4  40.5 16.8 16.5 14.3 5.4 6.5 41.9 16.5 16 14.2 5.1 6.3 80.0 13.0 7.0 

x = 6 39.7 15.5 15.9 14.1 5.3 9.5 41.3 15 15.3 14.4 4.8 9.2 77.0 14.0 9.0 

x = 8 39.1 14.3 15.6 13.6 5.1 12.3 40.2 13.9 15.1 13.3 5.0 12.5 71.0 18.0 11 

x = 10 38.5 13.2 15.1 13.2 5.0 15.0 39.2 12.6 15.4 12.7 4.8 15.3 46.0 30.0 24.0 

x = 15  37.1 10.5 14.2 12.4 4.7 21.1 37.8 10.2 13.8 11.8 4.5 21.9 23.0 43.0 34.0 

 

Figure 4.01: (a) XRD patterns, and (b) percentage of magnetic phases (magnetite and hematite) 

present in (45-x)SiO2-24.5CaO-24.5Na2O-6P2O5-xFe2O3 (2  x  15 wt.%) MGC samples as a 

function of iron oxide concentration. Inset of (b) shows the variation of average crystallite size 

of magnetite phase as a function of iron oxide content (x) in the MGC samples. 
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Morphology of dispersed MGC powder sample with x = 10 can be visualized in the 

FETEM image shown in Figure 4.02 (a). The near-spherical shape of a typical particle is 

illustrated as an inset in Figure 4.02 (a). Figure 4.02 (b) displays the particle size distribution of 

the MGC nanopowder sample with x = 10. Analysis of this distribution reveals an average 

particle size of 29 ± 1 nm with a FWHM of 16 nm. The SAED pattern of this sample shown in 

Figure 4.02 (c) shows diffraction spots emanating from (113), (006) and (217) planes of combeite 

and (311) and (440) planes of magnetite phase. It has to be noted that the (116) reflection from 

hematite is overlapping with the (217) reflection of combeite, and the (110) reflection of hematite 

is overlapping with the (311) of magnetite, due to the limited resolution of the SAED pattern. A 

weak isolated hematite reflection from the (1110) planes can also be noticed. The observed 

reflections in the SAED pattern may be compared with the corresponding ones in the XRD 

pattern of the sample [Figure 4.01 (a)]. HRTEM image and inverse fast Fourier transform (iFFT) 

of HRTEM image of this sample reveal the lattice fringes corresponding to the (311) plane of 

magnetite phase as displayed in Figure 4.02 (d). Table 4.01 presents a comparison between the 

measured composition and nominal composition of (45-x)SiO2-24.5CaO-24.5Na2O-6P2O5-

xFe2O3 (2  x  15) MGC nanopowder. The EDS analysis indicates that, apart from O, the 

observed compositions of MGC elements such as Si, Ca, Na, P, and Fe are slightly lower than 

the nominal composition. This discrepancy is primarily attributed to the presence of physically 

adsorbed oxygen, which leads to an overestimate of O in comparison to its nominal value. This 

is the primary reason for the observed lower elemental composition in comparison to the nominal 

composition of MGC components. 
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Figure 4.02: (a) FETEM image, (b) particle size distribution obtained from the TEM image, (c) 

SAED pattern, and (d) HRTEM image of x = 10 MGC sample. Inset of (d) shows iFFT of (331) 

plane of magnetite phase in x = 10 MGC sample.  

4.3. Surface area analysis 

Figure 4.03 (a) to (d) depict isotherm curves of the sol-gel derived MGC nanopowders. Inset in 

each Figure displays the pore size distribution of respective samples. All the nanopowder 

samples exhibited H2-type isotherm which is a part of type-IV isotherm which signifies a 

mesoporous interconnected worm-like structure. It is also evident from the data presented that 

progressive substitution of iron oxide for silica in the nominal 45S5 composition does not induce 

any significant change in the shape of the isotherm. Both BET and Barrett-Joyner-Halenda (BJH) 
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methods were used to calculate the specific surface area, mean pore size, and total pore volume, 

as shown in Table 4.02. 

 

Figure 4.03: Nitrogen adsorption-desorption isotherms curves of (a) x = 0, (b) x = 2, (c) x = 8, 

and (d) x = 10 MGC samples. Insets present pore size distribution curve of respective samples. 

A significant variation in the surface area, average pore size, and pore volume are noticed 

in the samples with an increase in x. The desorption isotherm in the BJH method was used to 

determine the pore size distribution presented here. Mono-modal type of distribution is observed 

for the x = 2 and x = 8 samples, while bi-modal type distribution has been observed for x = 0 and 

x = 10 (inset of Figure 4.03 (a) and (d)). The bi-modal distribution could have some advantage 

in osteointegration process involving proteins of different sizes [KOML2002]. The average pore 

size and total pore volume increased from 3.31 nm to 4.18 nm, and 0.012 cc/g to 0.031 cc/g, 
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respectively, when x was increased from 0 to 8 wt.%. As x was increased from 0 to 10 wt.%, 

surface area of the glass-ceramic powder increased from 1.81 m2/g to 4.03 m2/g. x = 0 MGC, 

which is devoid of iron oxide shows the minimum surface area of 1.81 m2/g. The measured value 

of surface area shows slightly higher value with respect to the reported value of 0.9 m2/g for 

nanopowders of 45S5 glass-ceramic [FAUR2015]. 

Table 4.02: Textural properties of x = 0, 2, 8 and 10 MGC nanopowder sample. 

Sample code Surface area (m2/g) Pore size (nm) Pore volume (cc/g) 

x = 0 1.81 3.31 0.012 

x = 2 3.81 4.18 0.020 

x = 8 3.86 4.18 0.031 

x = 10 4.03 3.72 0.017 

As iron oxide content (x, in wt.%) was gradually introduced into the 45S5 composition 

in the place of silicon oxide, the specific area of the glass-ceramic increased. This increase in the 

surface area is due to the larger size of iron ions as compared to Si ions. The experimental 

findings clearly show that the silica content of the material has a substantial effect on the porosity 

of the glass-ceramic. Thus, introduction of iron oxide content for silica not only increases the 

surface area but also influences its porosity of the of the sol-gel derived 45S5 based 

nanopowders. Therefore, the overall results arise from the complementary behavior of both SiO2 

and iron oxide. The overall enhancement of textural properties of the mesoporous x = 10 shows 

great promise for biomedical applications among the iron oxide-substituted 45S5 glass-ceramics.  

4.4. Surface Zeta potential and analysis of colloidal particles 

The  of aqueous suspensions of MGCs nanopowder was recorded and the corresponding data 

are displayed in Figure 4.04.  of MGC powders decreased in magnitude from -34.7 to -7.0 mV 

as x was increased from 2 to 15 wt.% in (45-x)SiO2-24.5CaO-24.5Na2O-6P2O5-xFe2O3 
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composition. A general hydrokinetic stability standard classifies a suspension in the  range of 

+25 mV to -25 mV as unstable and susceptible to form aggregation and agglomeration in water 

medium [MAHA2014]. According to this stable suspension classification, the  value of aqueous 

suspensions of MGCs nanopowder with x = 2 to 10 wt.% are stable suspensions [MAHA2014]. 

However, the aqueous suspension of x = 15 MGC is within the range of unstable suspensions 

and hence prone to aggregation and agglomeration in water medium. This reduction in  as a 

function of x can be explained by the interaction of the magnetic particles dispersed in water. 

According to structural investigations, the fraction of magnetic phases progressively increases 

as the x rises. So, with an increase in magnetic phase content, the magnetization increases, and 

hence the magnetic attraction between the particles. This in turn increases the aggregation and 

agglomeration of the particles. This results in the destabilization of the colloidal suspension, 

which is reflected in a decline in ζ with an increase in x. This destabilization mechanism becomes 

very strong for suspensions with magnetic content higher than x = 10 making them unstable as 

observed in the case of x = 15 MGC suspension.   

 

Figure 4.04: Zeta potential () of MGCs samples recorded at room temperature. 
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Figure 4.05: Colloidal particle size of (a) x = 10, and (b) x = 15 MGC nanopowder dispersed in 

deionised water with different solute concentration. 

The colloidal particle size distribution of x = 10 and x = 15 MGC with three 

concentrations was measured using Dynamic Light Scattering (DLS), as depicted in Figure 4.05. 

At a concentration of 1 mg/ml, x = 10 MGC colloidal particles exhibited a bi-modal size 

distribution with a range of 67 nm to 100 nm and 301 nm to 398 nm, and average particle sizes 

of 90 nm and 330 nm, respectively. Similarly, with 3 mg/ml and 5 mg/ml concentrations, x = 

10 MGC colloidal particles had larger size ranges of 385 nm to 590 nm and 320 nm to 810 nm, 

and average sizes of around 480 nm and 530 nm, respectively. Additionally, for x = 15 MGC 

colloidal particles, the average particle sizes varied from 200 nm to 520 nm, 380 nm to 810 nm, 

and 400 nm to 1100 nm at concentrations of 1 mg/ml, 3 mg/ml, and 5 mg/ml, respectively, with 

corresponding average sizes of 370 nm, 540 nm, and 680 nm.  

4.5. EPR studies 

Room temperature EPR spectra due to Fe ions in (45-x)SiO2-24.5CaO-24.5Na2O-6P2O5-xFe2O3 

(2  x  15 wt.%) MGC are shown in Figure 4.06. A strong dependence of EPR parameters, 

specifically total intensity (J) and line width (H), on x has been observed. The resonance 
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absorption at g ≈ 2.0 is typical of a free electron, which signifies the lack of spin-orbit interactions 

[LOVE1971].  

 

Figure 4.06: (a) Room temperature EPR spectra of all MGC nanopowder samples. (b) Enlarged 

view of EPR spectra of MGC nanopowders with x = 2 and x = 4 wt.% iron oxide content. 

The literature also reports resonances at larger g values for materials containing iron, 

specifically at g  4.3, g ≈ 6.0, and g ≈ 9.7 [KOMA1980, RADA2011, RAJY2012]. The origin 

of these resonances can be explained by the spin Hamiltonian H presented in equation (4.01) 

[POPA2013].  

𝐻 = 𝑔𝛽𝐵.⃗⃗  ⃗ 𝑆 + 𝐷 [𝑆𝑧
2 − {

𝑆(𝑆 + 1)

3
}] + 𝐸(𝑆𝑥

2 − 𝑆𝑦
2)            (4.01) 

In equation (4.01), the total spin of the Fe³+ system is 5/2, B is the applied magnetic field, and  

is the Bohr magneton. The spin components along the x, y, and z axes are denoted as Sx, Sy, and 

Sz, while the rhombic and axial structural constants are represented by E and D, respectively. The 

first term in equation (4.01) represents the normal Zeeman term and the second is the crystal 

field term. The ratio of the rhombic to axial structural constant, λ = E/D, ranges from 1/3 to 0. 

The lower limit of λ (= 0) represents full axial symmetry and its increasing value reveals a 
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progression from axial to fully distorted rhombic symmetry for λ = 1/3. In the absence of a 

magnetic field, three degenerate energy levels (or Kramer doublets), viz., ±5/2, ±3/2, and ±1/2 

are produced for the five unpaired electrons of the Fe system. If E = D = 0, the g value would be 

near the free-electron g value and for a small value of E and D, the perturbation theory might be 

used. The degeneracy is removed with a magnetic field and transition between +1/2 to −1/2 is 

not shifted in the first-order transition. Consequently, g ≈ 2.0 absorption will appear for weak 

crystal fields. The solution to the spin Hamiltonian presents challenges if the applied magnetic 

field is close to the crystal field. In order to solve equation (4.01), two assumptions, viz., the 

crystal field dominates when 2βH<<D or 2βH<<E are made. In the first limiting situation where 

E ≈ 0 and D = 0, the middle doublet exhibits an isotropic g ≈ 4.3 value. Conversely, the lowest 

doublet has a g value which is near 2.0 and 6.0 if E = 0 and D ≈ 0. As previously noted, the 

presence of Fe3+ ions in deformed octahedral or tetragonal oxygen environments is characterized 

by absorption peaks around g ≈ 4.3, while Fe3+ ions within clusters typically exhibit absorption 

peaks around g ≈ 2.0. 

In Figure 4.06 (a), it is observed that the resonance absorption at g ≈ 2.0 gradually 

intensifies with an increase in x. Conversely, the resonance absorption at g ≈ 4.3 weakens 

gradually upon the introduction of iron oxide and eventually disappears for samples with x > 4. 

Variations in the EPR parameters of the g ≈ 4.3 spectral line suggest a depletion of isolated Fe3+ 

ions as x increases, and that Fe3+ ions tend to occupy higher symmetry positions for x > 4. Figure 

4.07 displays the variation in EPR parameters of the g ≈ 2.0 line with x. As x increases, the 

intensity of the g ≈ 2.0 spectral line grows, but the linewidth initially widens up to x = 4 before 

narrowing again for larger x. Enhanced super-exchange interactions between the iron ions are 

facilitated by the formation of iron clusters, as evidenced by the intensified g ≈ 2.0 absorption 

with increasing x. The super-exchange interaction tends to narrow the linewidth, while dipole-

dipole interaction between the same type of Fe ions (Fe2+-Fe2+and/or Fe3+-Fe3+) favours the 
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broadening of the line. Hence, the observed spectral line width is a resultant of competing 

dipole-dipole and super-exchange type interactions. The behavior of ΔH of g ≈ 2.0 line shows 

that dipole-dipole interaction dominates in MGC with x  4 due to the presence of more Fe3+ 

paramagnetic spins whereas super-exchange type interaction dominates in MGC with higher x. 

As x increases, the number of spins also increases, resulting in a consistent rise in the total 

intensity of the g ≈ 2.0 line. 

 

Figure 4.07: Variations of linewidth (H) and intensity (J) of g ≈ 2.0 absorption line with x in 

(45-x)SiO2-24.5CaO-24.5Na2O-6P2O5-xFe2O3 MGC. 

4.6. Magnetic properties  

Figure 4.08 (a) shows the room temperature magnetic hysteresis loop (M-H curve) of all MGC 

nanopowder samples recorded under an applied magnetic field range of ±40 kOe. Figure 4.08 

(b) depicts the minor hysteresis loops recorded in clinically viable field range of ±500 Oe. Low 

iron oxide containing samples such as x = 2 and x = 4 MGC did not exhibit magnetic saturation 

up to 40 kOe because of the relatively lower percentage of the magnetic phases present as 

compared to the combeite phase. As x was increased in the nominal composition, the percentage 

of magnetic phases increased and hence the saturation magnetization Ms of the samples. Low Hc 

and low Mr values indicate the soft magnetic behavior of the MGC nanopowder samples. 
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Magnetic parameters such as Ms, Hc, Mr, and hysteresis loop area of each sample are listed in 

Table 4.03. When x was increased from 2 to 15 in 45S5 composition, Ms improved from 0.094 

emu/g to 1.543 emu/g. Two magnetic phases, viz., hematite and magnetite, have already been 

identified in these MGC samples (cf. Figure 4.01 and Table 4.01). The hematite phase (-Fe2O3) 

exhibits antiferromagnetic nature below 260 K and shows a weak ferromagnetic behavior at 

room temperature (bulk Ms 0.4 emu/g), while the magnetite (Fe3O4) phase shows soft 

ferromagnetic nature (bulk Ms 92 emu/g) [ROBE2020]. Hence, the overall Ms of the MGC will 

depend on the relative percentages of the two magnetic phases. An analysis of the magnetic 

characteristics reveals that, Mr increases with an increase in x. But Hc increases for x up to 6 

wt.% and then decreases for higher x values. 

 

Figure 4.08: Room temperature M-H curves of (45-x)SiO2-24.5CaO-24.5Na2O-6P2O5-xFe2O3 

(2 x  15 wt.%) MGC recorded at (a) 40 kOe and (b) 500 Oe. Inset in (a) provides an enlarged 

view of the data close to the origin. 

The area enclosed by the M-H loop varies significantly with increasing iron oxide levels. 

The energy loss leading to heat generation in an alternating magnetic field by the MGC is directly 

linked to this area. Based on the magnetic characteristics provided in Table 4.03, samples with 

high iron oxide concentrations (x = 10 and x = 15) are better suited for MH application. Since a 
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high magnetic field is not viable for clinical in vivo MH treatment, minor M-H loops have also 

been recorded at an amenable field range of ±500 Oe. A similar trend in magnetic parameters 

such as Ms, Hc, Mr, and hysteresis loop area has been observed in both the M-H loops recorded 

in 40kOe and 500 Oe field scans.  

Table 4.03: Magnetic parameters of MGC samples. 

Magnetic and structural parameters x = 2 x = 4 x = 6 x = 8 x = 10 x = 15 

Saturation magnetization, Ms (emu/g) 0.094 0.246 0.447 0.635 0.820 1.543 

Coercive field, Hc (Oe) 137 234 306 214 149 107 

Remnant magnetization, Mr (emu/g) 0.0032 0.0213 0.0685 0.1124 0.1169 0.1247 

Area of major (±40 kOe) loop (erg/g) 57 725 2280 4352 8966 18041 

Area of minor (±500 Oe) loop (erg/g) 2 8 22 35 62 74 

 

 

Figure 4.09: (a) Temperature dependence of reciprocal magnetic susceptibility, (b) Curie 

temperature and calculated molar Curie constant of various MGC compositions. 

In Figure 4.09 (a), the temperature dependence of the reciprocal of magnetic 

susceptibility (χ-1) corresponding to the MGC samples is illustrated. Lines in Figure 4.09 (a) 

represent the least squares fits to the χ-1-T data as per equation 2.14. Above 677 °C, the bulk 
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CaO-SiO2-P2O5-Na2O-Fe2O3 glass-ceramics exhibit a linear variation in χ-1-T curve with a 

distinctive downward deviation at lower temperature [SING2008a]. The deviation from linearity 

observed in the χ−1-T graph indicates the onset of short-range magnetic order, occurring slightly 

above the ferromagnetic-paramagnetic transition temperature (a,k,a. Curie temperature TC). The 

ferromagnetic nature of the bulk MGC is retained by these sol-gel MGC as well. The molar Curie 

constant was calculated from equation 2.14. Figure 4.09 (b) illustrates the molar Curie constant 

(CM) and the dependency of TC on composition for the magnetic glass-ceramics. TC increases 

with iron content in these MGC. CM was used to estimate the effective magnetic moment. 

Various valence states of iron ions in the ceramic network were estimated, as detailed in section 

2.2.6 of chapter 2. Moreover, presence of Fe3+ and Fe2+ions in these MGC has been confirmed 

by EPR studies.  

Table 4.04: Experimental value of μexp, Molar Curie constant (CM), weight fraction of iron ions 

in (45-x)SiO2-24.5CaO-24.5Na2O-6P2O5-xFe2O3 (2  x  15 wt.%) MGC. 

x 

(wt.%) 

CM 

(emuKOe-1 mol-1) 

μexp 

(μB) 

𝒙𝟏 

(wt.%Fe2
3+O3) 

𝒙𝟐 

(wt.%Fe2
2+O3) 

𝒙𝟐
(𝒙𝟏 + 𝒙𝟐)

⁄  

2 0.17460.0001 5.900.01 1.960.01 0.040.01 0.02 

4 0.31780.0001 5.640.01 2.870.01 1.130.01 0.28 

6 0.42430.0001 5.310.01 2.410.01 3.590.01 0.60 

8 0.54200.0001 5.200.01 2.350.01 5.650.01 0.71 

10 0.75010.0001 5.030.01 1.360.01 8.640.01 0.86 

15 0.92800.0001 4.970.01 1.030.01 13.970.01 0.93 

It has been suggested that the presence of Si4+ and Ca2+ ions in the network could promote 

the existence of iron in the Fe2+ valence state in these glass-ceramics [SING2008a]. The 

composition dependence of CM and the estimated percentage of Fe2+ and Fe3+ ions are given in 
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Table 4.04. CM increased and effective magnetic moment decreased with an increase in x. 

Adrelean et al. showed that in magnetic glasses with more than 1 wt.% iron oxide, both Fe2+ and 

Fe3+ ions would be present [ARDE1997]. This has also been confirmed by other reports on iron 

oxide-based oxide glasses and glass-ceramics [BAND1980, KUMA1994, WEDG1976, 

ALBO2008, MEKK2001]. Table 4.04 clarifies that Fe ions exist in both Fe²⁺ and Fe3+ valence 

states in each glass-ceramic composition. 𝑥2 (weight fraction of Fe2+) increases with iron oxide 

content, while 𝑥1 (weight fraction of Fe3+) increases in samples with iron oxide content up to 4 

wt.% and then decreases for higher iron oxide content. This finding is in line with the conclusions 

from the EPR investigations discussed earlier in this chapter. The ratio of Fe2+ ions (x2) to total 

ions (x) in the MGC correlates with the iron oxide content, suggesting a corresponding decrease 

in the proportion of Fe3+ ions. This trend can be explained if we accept the existence of the Fe2+- 

Fe2+, Fe2+- Fe3+, and Fe3+- Fe3+ exchange pairs in iron oxide based magnetic glass-ceramics. The 

research discussed above illustrates the existence of super-exchange and dipolar interactions 

among iron ions within the MGC network, highlighting how their relative dominance changes 

with the iron oxide content.  

 Figure 4.10 displays the temperature dependent magnetization (M-T) curves of all MGC 

samples from 5 K to 305 K under both FC and ZFC conditions. A noticeable distinction is 

observed between the ZFC and FC curves of MGC samples containing 2, 4, and 6 wt.% of iron 

oxide compared to those with higher iron oxide content (i.e., 8, 10, and 15 wt.%). In the case of 

MGC with 2 wt.% iron oxide, both the ZFC and FC curves overlap with each other completely 

in the entire (5 K to 305 K) temperature range. As iron oxide is progressively increased up to 6 

wt.%, the ZFC and FC curves gently begin to deviate from the overlap. However, in MGC with 

iron oxide > 6 wt.%, the separation between the FC and ZFC increases drastically. Moreover, 

several new features appear in the ZFC curve of MGC with 8 wt.% iron oxide, which becomes 

more prominent in MGC with higher the iron oxide content. 
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Figure 4.10: Thermo-magnetization (M-T) curves of (45-x)SiO2-24.5CaO-24.5Na2O-6P2O5-

xFe2O3 (2  x  15 wt.%) MGC nanopowder recorded under ZFC and FC modes. 

To understand the behavior of the ZFC-FC curves, let us first take a look at Figure 4.01 

(b) which shows a step-like increase in the relative phase percentages of both magnetic phases 

in MGC with x > 6 wt.% iron oxide. Thus, one can classify the MGC with x  6 wt.% iron oxide 

as weakly magnetic and those with x  8 wt.% iron oxide and strongly magnetic in terms of the 

amount of magnetic phases present in them. Shapes of ZFC-FC curves resembling those 

observed in our weakly magnetic MGC (i.e., x = 2, 4, and 6 wt.%) have been reported for various 

oxides [DEY02016, LAFT2020, DATT2017]. It is apparent from the above reports that such 

ZFC-FC curves are observed in weak ferromagnetic or antiferromagnetic materials as observed 

in our weakly magnetic MGC. Conversely, the shape of the ZFC-FC curves of x = 8, 10, and 15 

MGC sample, appear to mimic the behavior of ferromagnetic-like nanoparticles exhibiting 
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superparamagnetism. One can observe the well separated ZFC curve of MGC with x = 8, 10, and 

15 exhibit three features: (a) A broad peak in the ZFC curve which is a signature of the blocking 

temperature (TB) below which the spins are blocked, (b) bifurcation temperature (TBF) of the ZFC 

and FC curves above which all spins are unblocked, and (c) a minimum followed by a significant 

increase in magnetization near ~10 K. The ZFC curve typically features a sharp maximum 

(designated as TB) that depends on the size and shape of the superparamagnetic nanocrystallites 

[RUMP2012]. This peak broadens and shifts to higher temperatures if there is a wide range in 

particle sizes or if multiple magnetic nanoparticles are present [JOHN2021, HUAN2013]. In our 

case, magnetite, a strong nanomagnetic phase (Ms = 92 emu/g) and hematite, a weak magnetic 

phase (Ms = 0.4 emu/g) are present in these MGC samples. The peak-like feature observed in 

ZFC of MGC with x  8 wt.% iron oxide is primarily due to the magnetite nanoparticles. The 

broadening of this peak is attributed to the substantial presence of weakly magnetic hematite 

nanoparticles with varying particle sizes. TB increases from 35 K to 170 K as x is raised from 8 

to 15 wt.% in our MGC samples. The increase in TB is related to an increase in DV of magnetite 

phase with x in the MGC. There are a few reports on nanomagnetic particles exhibiting similar 

ZFC-FC curves as observed in our MGC with x = 8, 10 and 15 [LAFT2020, PROE2011, 

XU002019]. TBF also increases with x in the MGC [TBF ~ 265 K for the MGC with x = 8, TBF ~ 

275 K for the MGC with x = 10 and TBF> 305 K for the MGC with x = 15]. The third feature 

observed below 15 K in the ZFC-FC curves shifts towards lower temperatures with increase in 

x. In this temperature range, the appearance of this feature can be attributed to pure paramagnetic 

contributions, or the presence of hematite nanoparticles, or the magnetic interaction between iron 

ions in their Fe2+ and Fe3+ valence states [XU002019]. Several reports have elucidated that this 

feature arises from the underlying double ferromagnetic exchange interaction among transition 

metal ions [XU002019]. One can also expect such double ferromagnetic exchange interaction in 
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our MGC containing Fe2+ and Fe3+ions leading to Fe2+- O - Fe3+ type of configuration in the 

glass-ceramic network.  

4.7. Evaluation of induction heating capacity 

Induction heating studies were carried out to assess the suitability of the MGC samples for use 

as thermoseeds in MH applications, following procedures detailed in chapter 2. Considering their 

high Ms and Hc, MGC with x = 10 and x = 15 were chosen for the test. Figure 4.11 illustrates the 

temperature-time curve and NIR camera images for three distinct concentrations of aqueous 

MGC fluids. The patient exposure safety limit, represented by the product, H × f (= 9.59 × 109 

Am-1s-1), where H and f are the applied field strength and the frequency of the alternating 

magnetic field, respectively [PART2022]. Temperature rise of MGC fluids containing 10 and 15 

wt.% iron oxide increased with increase in concentration of iron oxide in the MGC. For clinical 

application, the temperature rise of the magnetic fluid should be up to 42 C. Different types of 

heat generation mechanisms are briefly discussed in section 1.6.2 of chapter 1 [DEAT2014]. In 

the case of magnetic nanoparticles, heat generation is primarily governed by hysteresis losses 

and relaxation mechanisms. Hysteresis loss is prevalent in multi-domain ferromagnetic particles 

or larger single-domain particles, while smaller particles contribute through Néel and Brownian 

mechanisms. It has been reported that particles ranging from above 17 nm to 100 nm exhibit 

predominantly Brownian contribution, whereas particles below 17 nm are prominently 

associated with the Néel mechanism [DEAT2014, KANG2022]. However, hysteresis loss 

becomes prominent in particles larger than 100 nm. It is obvious from the DLS data discussed in 

section 4.4 that colloidal particle sizes are dependent on concentration and are in general, higher 

than 100 nm. This clearly rules out Néel contribution and points towards a very low contribution 

from the Brownian component. Hence, the major contribution comes from hysteresis loss. In 

fact, Brownian contribution dominates only in MGC sample with x = 10 at a concentration of 1 

mg/ml.  
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Figure 4.11: Curves depict the temperature rise (T) as a function of time of magnetic fluids 

with x = 10 and x = 15. NIR camera images of each induction heated fluid is also displayed. 

The BLM and ISM method is described in detail in section 2.2.9 of chapter 2. Figure 4.12 (a, 

and b) display the SAR and ILP values of the MGC fluids with x = 10 and x = 15 calculated using 

ISM, while Figure 4.12 (c) and (d) illustrate the SAR and ILP values calculated from BLM for 

different concentrations of magnetic fluids. 

SAR values of the MGC fluids with x = 10 and x = 15 calculated using ISM are lower 

than the ones calculated using BLM because ISM considers only the initial linear data and 

neglects the higher temperature data of the heating curve, whereas BLM considers the data in 

the whole temperature range [KUMA2018]. There is a significant correlation between the SAR 

values and the MGC concentration in the magnetic fluids in both samples. The magnetic fluid 

with the lowest MGC content shows the highest SAR value which can be explained through the 

change in the dipolar interaction between the particles in the fluid [AHMA2018]. When the 

concentration of magnetic nanoparticles increases, the separation between particles decreases 
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which causes a reduction in the heat loss. However, the MGC fluids with x = 10 and x = 15 with 

1mg/ml concentration exhibit ILP of 1.24 nHm2kg-1 and 1.36 nHm2kg-1 (estimated using BLM), 

respectively. These values are slightly higher than the ILP value of 1.0 nHm2kg-1 reported for 

the commercially available magnetic fluid, FluidMag-CT [KUMA2018].  

 

Figure 4.12: Calculated SAR and ILP values of MGC fluids with (a) x = 10, and (b) x = 15 using 

ISM and using BLM for fluids with (c) x = 10, and (d) x = 15. 

Table 4.05 displays the estimated time required for the two MGC sample fluids with 

different concentrations to reach the crucial temperature of 42 C. For MGC samples with 

concentrations of 5 mg/ml and x = 10 and x = 15, it takes 1280 s and 1200 s, respectively, to 

reach 42 °C from room temperature. MGC with x = 15 at a concentration of 5 mg/ml required 

the least time to reach 42 C. Though the MGC fluid with x = 15 has better heating capacity than 
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the one with x = 10, it has unstable aqueous colloidal stability. So, if one considers both the ILP 

and colloidal stability factors, the MGC fluid with x = 10 MGC displays better potential for MH 

application.  

Table 4.05: Estimated time for MGC fluids with x = 10 and x = 15 to reach 42 C under H = 

12.89 kAm-1 and f = 336 kHz. 

Sample 

 ID 

Time (sec) 

1 mg/ml 3 mg/ml 5 mg/ml 

x = 10 1500 1320 1280 

x = 15 1440 1300 1200 

4.8. In vitro bioactivity assessment 

4.8.1. Ion exchange  

Figure 4.13 (a) shows the variation in pH of SBF as a function of time when (45-x)SiO2-

24.5CaO-24.5Na2O-6P2O5-xFe2O3 (2  x  15) sample pellets are immersed in it. After 30 days 

of soaking, the pH of the SBF increased from 7.4 to 8.7, 7.4 to 8.5, 7.4 to 8.4, 7.4 to 8.3, 7.4 to 

8.2, and 7.4 to 8.0 in the case of MGC with x = 2, 4, 6, 8, 10, and 15, respectively. The measured 

pH data of all MGC samples show a sharp increment in pH up to 5 days of immersion in SBF 

due to the rapid ion-exchange process occurring upon exposure to the body fluid. After this, the 

pH values slowly progress toward saturation due to the stabilization of released ions. The 

observed behavior of time dependent pH data shows that all the MGC compositions exhibit in 

vitro bioactivity expected from an implantable material. But, a comparative study of the pH 

curves of different MGC compositions show that the saturation value of pH decreases from 8.7 

to 8.0 as iron oxide content is increased. The MGC with x = 2 shows the maximum variation of 

1.3, which slowly decreases to 0.6 as we move to the MGC with x = 15. The silanol group (Si-
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OH) formed in the intermediate stage of the dissolution mechanism is considered to be the 

nucleating site for a calcium phosphate layer, which can crystallize into a HAp layer. As iron 

oxide is gradually substituted from the silicon dioxide, the silanol species starts to decrease 

gradually. Also, at high pH levels, the presence of free iron ions is typically suppressed due to 

the formation of a ferric hydroxide complex in SBF, resulting in a slight decrease in the pH of 

the solution.  

 

Figure 4.13: (a) Change in pH of MGC immersed in SBF with soaking time. (b) Weight loss in 

MGC measured before and after immersion in PBS for different days. 

 The measured weight loss of the MGC pellets before and after immersion for different 

days is displayed in Figure 4.13 (b). The weight loss gradually increased with immersion time 

and a large weight loss was observed after 1 day of soaking in the PBS due to rapid degradation 

of the samples. The weight loss generally increased with iron oxide concentration in the 45S5 

composition. These studies indicate that the degradation of glass-ceramics increased with iron 

oxide content. Simultaneously, the formation of the HAp layer also increased, which counters 

the degradation by precipitation of the Ca-P rich layer over the surface of the samples. Thus, 

with increased iron oxide substitution in the 45S5 composition, a slight decrease in saturation 

value of pH and a slight increase in degradation are observed. Overall, all MGC compositions 
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show both good ion exchange in SBF and degradation in PBS, which qualify them as degradable 

bioactive materials.  

4.8.2. Surface apatite layer formation  

In vitro acellular bioactivity was assessed by immersing MGC pellets in SBF using the procedure 

outlined in section 2.2.10.1 of chapter 2. Figure 4.14 (a) to (f) show GI-XRD patterns of SBF 

treated MGC pellet surfaces recorded after 0, 1, 3, 5, 15, and 30 days of immersion. The XRD 

pattern labeled as ’0 d’ corresponds to the MGC pellet before immersion in SBF. On can notice 

the crystalline nature of the 0 day samples with XRD peaks from magnetite, hematite and 

combeite phase, as already discussed in the section on structural analyses of the MGCs. After 

immersion in SBF, an additional crystalline phase emerges in the XRD pattern, indicating the 

development of a crystalline layer on the surface of the MGC pellets. Two well-defined XRD 

peaks at 2  values ~26° and ~32° develop on the surface of MGC pellet with x = 2 after 3 days 

of immersion in SBF. For MGC pellets with x = 4, 6, 8, 10, and 15, the emergence of these XRD 

peaks in SBF is only noticeable after 5 days of immersion. These two prominent peaks represent 

reflections from the (002) and (112) planes of HAp crystallites (reference ICDD 74-0565). The 

process of bone mineral phase formation through the ion exchange mechanism upon soaking in 

SBF has been used to explain HAp production on the sample surfaces (section 1.1.4 of chapter 

1). The intensities of the newly developed crystalline (HAp) phase peaks increase with 

immersion time as displayed in Figure 4.14 (a) to (f). On the surface of MGC pellets, ions such 

as Ca2+ and PO4
3− accumulate, which explains the increase in the HAp phase with immersion 

time. This HAp layer formation and increase in pH (already discussed in section 4.8.1) 

combinedly indicate the bioactive nature of all MGC compositions.  
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Figure 4.14: GI-XRD patterns of MGC pellets with (a) x = 2, (b) x = 4, (c) x = 6, (d) x = 8, (e) 

x = 10, and (f) x = 15 immersed in SBF for different days. Symbols M, h, and C represent 

magnetite, HAp, and combeite phases, respectively. 

 

Figure 4.15: (a) XRD patterns, and (b) average crystallite size of HAp layer on the surface of 

MGC pellets of different compositions after 30 days of immersion in SBF. 
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Figure 4.14 (a-f) indicate a gradual development of the HAp layer with immersion time 

(days) and gradual suppression of the intensity of the underlying crystalline phases of each MGC 

sample. However, the crystallization of HAp layer depends upon the pH and Ca and P ions 

concentration of the solution. However, the thickness and the surface coverage of the deposited 

HAp layer decrease on the MGC surface as their iron oxide is increased. One can see that the 

HAp layer thickness and coverage over MGC pellets with x = 8, 10 and 15, are low and thus 

unable to completely suppress the appearance of the underlying glass-ceramic peaks in the GI-

XRD patterns even after 30 days of immersion. Figure 4.15 (a) exemplifies the fact that the HAp 

layer is progressively thinner over the MGC pellets with x = 8, 10, and 15, indicating a slight 

decrement in the bioactivity in MGC with higher iron oxide content. The average HAp 

nanocrystallite size decreases substantially with an increase in x, as seen in Figure 4.15 (b). 

Hence, one can infer that the HAp layer growth (a) increases with immersion time for each MGC 

composition, and (b) slightly decreases for MGC with higher iron oxide content. The relative 

decrease of bioactivity of iron substituted glass-ceramic with increase in x could be explained in 

terms of variation in the crystalline phase percentages estimated in the XRD analysis of the MGC 

compositions (Figure 4.01). Substitution of iron oxide into the Hench composition increases the 

number of Fe2+ and Fe3+ ions at the cost of Si4+ ions. Reduction in Si4+ ions decrease the silanol 

group formation in SBF, which in turn decreases the HAp layer formation capacity or bioactivity 

of the MGC.  

The FESEM images of the surface of the MGC pellets shown in Figure 4.16 (a) and (b), 

provide visual proof of the surface layer formation after 5 and 30 days of immersion in SBF. The 

grainy white layer signifies the HAp layer formed on the surface of immersed glass-ceramics. 

After soaking for 5 days, high density of spherical HAp grain formation is observed on the 

surface of the MGC pellets with x = 2 and x = 4. After 30 days of soaking, the HAp layer has 

expanded to cover the entire surface of all the MGC compositions (Figure 4.16 (b)). This growth 
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and complete coverage are correlated with the extended immersion time. Rapid layer formation 

of MGC samples with x = 2 and x = 4 describes the faster interchange of Ca2+ ions from the 

sample to the H3O
+ ions from a physiological fluid. Furthermore, the primary determinant of the 

HAp layer production rate is the composition of the MGC. The surface mineralization was 

confirmed by EDS analysis, which shows the Ca/P ratio for all the samples after 30 days of 

soaking (c.f. Figure 4.16 (b)). The Ca/P ratio for the MGC pellets with x = 2, 4, 6, 8, and 10 are 

close to the Ca/P ratio of 1.67 reported for bulk HAp [SHAN2016]. The lower Ca/P ratio of the 

x = 15 sample suggests lower bioactivity, as also supported by the pH and XRD analyses of the 

SBF treated sample.  

 

Figure 4.16: FESEM images of the surface of various MGC pellets after soaking in SBF for (a) 

5 days, and (b) 30 days. 
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4.8.3. Osteoblast cell viability 

The result of osteoblast (MG-63) cell viability tests is shown in Figure 4.17 (a) to (c). For the 

tested concentration range of 2 mg/ml to 0.25 mg/ml of 45S5 glass-ceramic without iron oxide, 

i.e., x = 0, the osteoblast cells showed excellent cytocompatibility and enhanced cell proliferation 

for 1 and 3 days of incubation as expected. After 1 day of incubation, MG-63 cells with x = 0 

concentrations ranging from 2 mg/ml to 0.25 mg/ml exhibited viability ranging between ~91% 

and ~101%. After 3 days of incubation, the cell viability increased to ~92% to ~111% for the 

same concentration range of x = 0 sample.  

 

Figure 4.17: Viability of MG-63 cells incubated with MGC for (a) 1, (b) 3, and (c) 5 days. An 

asterisk indicates a significant difference in cell viability between different samples and control 

group (* →p < 0.05, **→p < 0.005, ***→p < 0.001, where p is the probability value or p-value). 
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The increment in cell viability can be attributed to the components of MGC such as Ca, 

P and Si which reportedly promote bone cells growth and proliferation [YADA2020]. Ca and P 

are key components of natural bone and Ca/P ratio of the MGC mimics the natural scaffold for 

osteoblast growth and proliferation. Ca supports the mineralization of extracellular matrix of 

bone and also increases the expression of growth factors such as IGF-I and IGF-II [MITR2018]. 

Si plays an essential role in cellular metabolic processes like bone tissue formation and 

calcification. Intake of Si also increases the bone mineral density and stimulates the collagen I 

formation [WANG2019, KIM02013]. These factors are responsible for the increased viability 

observed in case of MG-63 cells incubated with x = 0. Further, 5 days of incubation with x = 0 

sample showed decreased viability of ~77% (2 mg/ml) to ~87% (0.25 mg/ml). This decrease in 

cell viability can be attributed to the reduction in bioavailability of x = 0 due to its biodegradation 

with time and over confluence of the culture plate well, leading to death of the osteoblast cells. 

The multifunctional MGC incorporated with 2, 4, 6, 8, 10 and 15 wt.% iron oxide by 

replacing silicon oxide were also tested for their cytocompatibility and osteoblast cell growth for 

the same sample concentrations as done with x = 0. After 1 day of incubation, osteoblast cells 

showed none or slight increase in viability for the concentration range of 2 to 0.25 mg/ml of 

various MGC compositions. After incubation for 3 days, the cell viability of osteoblast was 

observed to significantly increase in the presence of these MGC samples. For the MGC with x = 

2 with concentrations of 2 to 0.25 mg/ml, the cell viability increased from ~99% to ~105%. 

Similar increment in the cell viability was observed for the MGC with x = 4 and x = 6. However, 

the MGC with x = 8 and x = 10 exhibited a slight decrease in cell growth, ranging from ~94% to 

~103%, across the tested concentrations (2 mg/ml to 0.25 mg/ml). In contrast, the MGC 

containing 15 wt.% iron oxide showed only ~55% cell viability indicating its toxic nature. The 

enhanced cell viability for MGC with 2 to 10 wt.% of iron oxide is attributed to the presence of 

Fe in the medium. Along with the desired magnetic behavior, Fe reportedly stimulates the growth 
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and proliferation of osteoblast cells and hence tends to increase the cell viability as observed in 

the MGC with iron oxide phases [FOPA2020].  

Further, as discussed above, the incorporation of Fe results in proportionate decrease in 

Si, which lowers the collagen formation and thereby limits the cell proliferation rate. In the 

sample with x = 15, the reduced amount of Si may have resulted in the decreased bioavailability 

of MGC, thus leading to significant reduction in cell viability. After 5 days of incubation, the 

cell viability for all the samples, barring the one with x = 15, decreased up to ~70% for the 

highest concentration of 2 mg/ml of MGC. Such significant decrease in the cell number signifies 

extensive biodegradation of the MGC resulting in significant reduction in bioavailability of 

bioactive components like Ca, P and Si. Also, over confluence of culture wells might have 

affected the cell viability. In the case of the MGC with x = 15, the already low cell viability 

observed after 3 days of incubation period was further lowered to ~30%.  

4.9. Summary 

➢ Analysis of the XRD patterns of the sol-gel derived MGC nanopowders indicate the 

presence of three crystalline phases in all samples. The combeite phase diminishes, while 

the magnetic phases (hematite and magnetite) increase with higher levels of iron oxide 

substitution. 

➢ The porous MGC samples exhibit an increase in surface area with the incorporation of 

iron oxide. The pore volume and pore size increase for the MGC containing up to 8 wt.% 

iron oxide and then decrease for the MGC with 10 wt.% iron oxide. 

➢ Evolution of EPR parameters for the spectral line (g ≈ 2.0) suggests a prevalence of 

super-exchange interaction over dipole-dipole interaction with increasing iron oxide 

content in the MGC nanopowders.  
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➢ Magnetization of the MGC displays an upward trend with an increase in iron oxide 

substitution. ZFC and FC curves show development of double exchange interaction at 

low temperatures in MGCs with higher iron oxide concentrations. 

➢ Induction heating studies show that the MGC sample with 15 wt.% iron oxide has the 

highest SAR value and requires the least time (within 1280 s) to reach 42 °C from room 

temperature under the test conditions. 

➢ Acellular bioactivity studies reveal a rapid degradation of the precipitated HAp surface 

layer due to a decrease in silanol groups with increased iron oxide substitution. Barring 

the MGC with x = 15, all other compositions are non-toxic to MG-63 osteoblast cells. 

➢ The MGC sample with x = 10, exhibiting MG-63 cell viability of ~87% after 5 days of 

incubation, Ms of 0.82 emu/g, Hc of 149 Oe, ILP of 1.24 nHm2kg-1, emerges as a 

promising thermoseed for MH. Its higher ILP and bioactivity than the commercially 

available thermoseed fluid, FluidMag-CT, further supports its potential for use in. 
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Chapter 5 

Magnetite nanoparticles substitution for SiO2 in sol-gel 45S5 glass-ceramics 

In chapter 4, it has been shown that the overall magnetic properties of 45S5 glass-ceramic 

increases with increase in iron oxide concentration. However, this also results in a reduction in 

the bioactivity of the ceramic. Moreover, 10 wt.% has been found to be the limiting concentration 

of iron oxide that can be incorporating in the 45S5 composition, without diminishing its 

bioactivity and turning it to be toxic to human cells. To achieve higher magnetic and bioactive 

properties suited for MH of bone cancer cells, it is essential to find an alternative magnetic oxide 

with these desired properties. In this context, MNP (Fe3O4 nanoparticles) are well-known for 

their exceptional biocompatibility and magnetic properties. SiO2-coated Fe3O4 core-shell 

nanoparticles have also been investigated for biomedical applications [JIWE2001, ARCO2002, 

ARCO2003a, LI002006, HERN2006, BAIK2008, JIAN2011, VANE2011, HUI02011, 

DING2012, CHAR2015, GOH02015, CHAR2016, ANAN2016, ZELE2017, JI002018, 

NIKM2019, BIZA2020, YETI2020, YAZD2020, MADH2022]. There are also some studies on 

magnetite-based glass and glass-ceramics [ZHAN2022, ABE02010, BRET2005, LIU02012, 

HOU02021]. Surprisingly, there are no reports on MNP-substituted 45S5 glass-ceramic 

composition in the literature. However, there is one report by Rahman et al. [RAHM2020] on 

Fe3O4-SiO2-CaO-Na2O-P2O5 glass-ceramic, which has an overall composition different from 

that of45S5 composition. A systematic study of sol-gel derived 45S5 bioglass-ceramics 

synthesised by substituting MNP for SiO2 is presented below. 
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5.1. Sample preparation 

MNP were synthesized via the co-precipitation method as detailed in section 2.1 of this thesis. 

Subsequently, MNP-substituted glass-ceramics (MSGC) with compositions of (45-x)SiO2-

24.5CaO-24.5Na2O-6P2O5-xFe3O4 (x = 5, 8, and 10 wt.%) were prepared using the sol-gel route. 

These were designated as SFe5, SFe8, and SFe10, corresponding ceramics with 5, 8, and 10 wt.% 

MNP, respectively. The aged gel was heated for 24 h at 100 °C to yield a dry gel nanopowder. 

The dried gel nanopowder was kept in an air oven for 3 days at 70 °C for thermal stabilization. 

As observed in section 3.2, heat treatment at 700 °C removed all traces of sodium nitrate phase 

in the ceramic and heat treatment above 450 °C induced conversion of magnetite to hematite of 

[SZOS2015, JAFA2015]. Therefore, a systematic heat treatment was conducted on SFe5, SFe8, 

and SFe10, samples at temperatures ranging from 450 °C to 700 °C for 1 h each. 

5.2. Structural and magnetic properties of MNP  

The XRD pattern of MNP recorded at room temperature is shown in Figure 5.01 (a). The most 

intense peak was found at 2 = 35.6, which corresponds to the reflection from the (311) plane 

of the magnetite spinal structure [sp. gp: Fd3m]. Other observed peaks at 2 values of 30.1, 

43.1, 53.4, 57.2, and 62.8 correspond to reflections from (220), (400), (422), (511), and (440) 

planes of magnetite, respectively. The average crystallite size (Dv) of magnetite was estimated 

to be 9 ± 1 nm using equation 2.03 and the peak width of the most prominent peak through profile 

analysis. The M-H loop for the MNP was recorded at room temperature, as illustrated in Figure 

5.01 (b). Ms and Hc of the MNP are 64.33 emu/g and 11 Oe, respectively. 
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Figure 5.01: (a) XRD pattern, and (b) M-H loop of as-prepared MNP. 

5.3. MNP-substituted glass-ceramics  

5.3.1. Structural analysis 

Figure 5.02 (a) presents the XRD patterns of as-prepared SFe5, SFe8, and SFe10 MSGC 

nanopowders recorded at room temperature. The patterns indicate a significant presence of the 

sodium nitrate precursor phase (NaNO3, ICDD-36-1474), suggesting that thermal stabilization 

at TA = 70 °C is insufficient. Heat treatment up to TA = 550 °C for 1 h did not induce any 

noticeable hematite phase in the MSGC nanopowders as seen from the XRD patterns in Figure 

5.02 (b). However, sodium nitrate is still detectable in the XRD patterns along with combeite 

and magnetite, indicating incomplete reaction of the precursor. Only after heat treatment at 700 

°C for 1 h, the sodium nitrate phase completely disappeared, leaving behind combeite 

(Na2Ca2Si3O9, PDF Card No.: 00-022-1455), magnetite (Fe3O4, PDF Card No.: -019-0629) and 

hematite (-Fe2O3, PDF Card No.: -33-0664) phases as observed in Figure 5.02 (c). It is essential 

to point out here that the glass transition temperature range of the iron oxide-substituted bulk 

Hench glass is in the range of 500 to 650 C [SHAN2016]. Hence, one can understand the 

inability to sustain the glassy phase after the above heat treatment and the emergence of glass-

ceramics in the heat treated MSGC nanopowders. Table 5.01 lists the nominal composition and 
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the percentage of each crystalline phase in the MSGC nanopowders, as determined from the 

XRD data shown in Figure 5.02 (b and c). Table 5.01 also shows that the highly magnetic 

magnetite phase content is maximum in the MSGC nanopowders heat treated at 550 °C.  

 

Figure 5.02: XRD patterns of (a) as prepared, and heat treated at (b) 550 °C, and (c) 700 °C 

MSGC with SFe5, SFe8, and SFe10. 

 Considering that no adverse effect has been reported on the bioactivity of the bioglass-

ceramics containing sodium nitrate, the MSGC nanopowder SFe5, SFe8, and SFe10 heat treated at 

550 °C for 1 h appears to be the best candidates for MH application as they are expected have 

higher magnetic moment as well as better bioactivity as compared to the samples heated at higher 

temperatures on the basis of the relative percentages of the various crystalline phases present in 
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them. Hence, further studies would be limited to SFe5, SFe8, and SFe10 nanopowders heat treated 

at 550 °C for 1 h.  

Table 5.01: Nominal compositions and estimated crystalline phase percentages in various 

nanopowder samples after heat treatment at 550 °C and 700 °C. Symbol C, M, S, and H represent 

combeite, magnetite, sodium nitrate, and hematite phase, respectively. 

Sample 

Code 

Nominal composition (wt.%) Crystalline phase (%) 

TA = 550 C TA = 700 C 

SiO2 CaO Na2O P2O5 Fe3O4 C M S H C M S H 

SFe5 40 24.5 24.5 6.0 5.0 44 36 20 0 73 18 0 9 

SFe8 37 24.5 24.5 6.0 8.0 42 40 18 0 68 21 0 11 

SFe10 35 24.5 24.5 6.0 10.0 39 45 16 0 60 25 0 15 

 

 Figure 5.03 (a) depicts the FETEM image of near-spherical shaped SFe8 MSGC 

nanopowder heat treated at 550 °C for 1 h. The particle size distribution of SFe8 nanopowder is 

shown in Figure 5.03 (b) from which the average particle size was estimated to be 14 ± 1 nm 

with a full width at half maximum of 8 nm. The SAED pattern of the SFe8 nanopowder reveals 

reflections originating from various crystallographic planes, including the (113), (006), and (217) 

planes of the combeite, the (104) plane of the sodium nitrate, as well as the (311), and (440) 

reflections from magnetite. Here, the reflection from magnetite’s (311) plane overlaps with (105) 

reflection of combeite. HRTEM image and inverse fast Fourier transform (iFFT) of the HRTEM 

image reveal the lattice fringes corresponding (104) plane of sodium nitrate and (207) plane of 

combeite as displayed in Figure 5.03 (d). 
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Figure 5.03: (a) FETEM image, (b) particle size distribution calculated from the TEM image, 

(c) SAED pattern, and (d) HRTEM image of SFe8 MSGC nanopowder heat treated at 550 °C for 

1 h. C, M, and N in (c) represent combeite, magnetite and sodium nitrate, respectively. 

5.3.2. Morphology and compositional analysis 

The particle size distribution and morphology of MNP, SFe5, SFe8, and SFe10 MSGC nanopowders 

heat treated at 550 °C for 1 h were analysed using FESEM images, as shown in Figure 5.04. It 

was observed that all the tested MNP and MSGC nanopowders exhibited a morphology of 

agglomerated spherical particles. As the MNP content increased from 5 to 10 wt.%, both the 

surface area and magnetic moment increased, resulting in a higher degree of agglomeration. The 

TH-3574_176121023



Chapter 5: Magnetite nanoparticles substitution for SiO2 in sol-gel 45S5 glass-ceramics 

 
121 

 

average particle sizes were estimated to be 12  1 nm, 15  1 nm, 18  1 nm, and 43  1 nm for 

the MNP, SFe5, SFe8, and SFe10 MSGC nanopowder samples, respectively. The FETEM image 

(Figure 5.04 (b)) and FESEM image of SFe8 MSGC nanopowders reveal particles with a spherical 

morphology and particle sizes of 18  1 nm and 16  1 nm, respectively, which are in good 

agreement considering the different sensitivity limits of the two techniques. The measured 

elemental compositions of each element in SFe5, SFe8, and SFe10 MSGC nanopowders are tabulated 

in Table 5.02 against their nominal compositions. The observed compositions are slightly 

deviated from the nominal ones due the physically adsorbed oxygen. The presence of adsorbed 

oxygen leads to higher measured oxygen content, consequently reducing observed percentages 

of other elements compared to their nominal values.  

 

Figure 5.04: FESEM micrograph of (a) MNP, and (b) SFe5, (c) SFe8, and (d) SFe10 MSGC 

nanopowders heated at 550 C. 
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Table 5.02: Nominal and measured compositions of SFe5, SFe8, and SFe10 MSGC nanopowder. 

Sample 

code 

Nominal Compositions (wt. %) Measured Compositions (wt. %) 

O Si Ca Na P Fe O Si Ca Na P Fe 

SFe5 39.3 15.3 13.4 15.4 5.1 11.5 41.1 13.8 14.4 14.1 4.7 10.4 

SFe8 37.8 13.3 12.6 14.4 4.8 17.1 40.0 12.2 14.8 4.9 4.4 15.8 

SFe10 36.7 10.3 12.0 13.8 4.6 22.6 39.2 10.0 14.5 4.7 4.3 21.4 

 

5.3.3. Surface area analysis  

The BJH isotherms and pore size distributions of the sol-gel-derived MSGC nanopowder 

samples are shown in Figure 5.05 (a and b). The hysteresis loops of SFe5, SFe8, and SFe10 

nanopowder samples heat treated at 550 C showed H2-type isotherm, confirming the presence 

of an interconnected worm-like mesoporous structure in the MSGC nanopowders. The shape of 

isotherm does not significantly change when the concentration of MNP is increased from 5 to 10 

wt.% in the nominal Hench composition. By using BET and BJH methods, the specific surface 

area, mean pore size and total pore volume were estimated and the same are listed in Table 5.03.  

 

Figure 5.05: (a) N2 adsorption-desorption isotherms, and (b) pore size distributions of SFe5, SFe8, 

and SFe10 MSGC nanopowders. 
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 It is evident from Table 5.03, that the textural parameters exhibit a composition 

dependence. The average pore size decreased from 16.9 nm to 14.9 nm, followed by an 

improvement to 19.2 nm, while the total pore volume increased from 0.025 cc/g to 0.065 cc/g 

when the concentration of MNP is increased from 5 to 10 wt.%. Additionally, the surface area 

of the MSGC nanopowder increased from 6.1 m2/g to 13.5 m2/g with the increase in MNP content 

from 5 to 10 wt.%. It can be seen that the addition of MNP to the MSGC resulted in an 

enhancement of their overall textural properties. Previous studies on sol-gel derived 45S5 glass 

and glass-ceramics have reported a maximum surface area of only 0.9 m2/g [FAUR2015]. 

 In the earlier chapter on iron oxide-substituted 45S5 glass-ceramics (MGC), it was 

pointed out that (i) an increase in iron oxide content led to an increase in surface area, (ii) the 

highest surface area obtained was 4.1 m2/g for a 10 wt.% iron oxide content, and (iii) the overall 

textural properties deteriorated for glass-ceramics with iron oxide content higher than 10 wt.%. 

It may be noted that in the present work MNP were directly introduced during synthesis. On the 

other hand, in the earlier work, iron oxide was incorporated using the precursor Fe(NO3)3.9H2O. 

It can be noticed that the specific area obtained in the present work is three time higher than that 

of iron oxide-substituted 45S5 MGC described in chapter 4. The high surface area to volume 

ratio of the MNP and their role as nucleation sites for pore formation during the drying process 

are possible reasons for the enhanced textural properties of the present MSGC nanopowders. It 

is evident from the experimental data that the surface area and the porosity of the sol-gel derived 

nanopowder increases with MNP content. It worthy to note that MSGC having higher surface 

area offers more sites for cells to adhere, leading to an increase in the interaction of the material 

with cells, which in turn increases the bioactivity required for bone regeneration. Therefore, the 

overall enhancement in the textural properties of mesoporous SFe10 indicates its strong potential 

for biomedical applications. 
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Table 5.03: Textural properties of MSGC nanopowders processed at 550 C. 

Sample 

code  

Surface area 

(m2/g)  

Pore size  

(nm) 

Pore volume 

(cc/g)  

SFe5 6.1 16.9 0.025 

SFe8 9.2 14.9 0.034 

SFe10 13.5 19.2 0.065 

5.3.4. Surface Zeta potential and analysis of colloidal particles 

 of aqueous suspensions of the MNP and MSGC nanopowders are displayed in Figure 5.06. ζ 

of the MSGC samples decreased in magnitude from -30.7 mV to -25.8 mV with an increase in 

MNP content from 5 wt.% to 10 wt.% in 45S5 composition. In contrast, bare MNP exhibited a ζ 

value of +24.8 mV. Based on the stability classification,  value of aqueous suspensions of MNP, 

SFe5, SFe8 and SFe10 lie within the range of stable suspensions. It can be noted that the aqueous 

suspension of MNP exhibits a positive ζ due to the multivalent positive Fe2+ and Fe3+ valence 

states, as well as the formation of hydroxyl groups. In contrast, the aqueous suspensions of 

MSGCs demonstrate a negative ζ attributed to the presence of oxygen and functional groups like 

SiO2 and P2O5. These arguments are in line with the observations in earlier reports. Figure 5.06 

indicates that ζ values show a systematic variation with the composition of the MSGC. As the 

MNP concentration was increased,  values decreased in magnitude which can be understood on 

the basis of the interaction of the magnetic particles dispersed in water. Structural studies 

discussed in section 5.3 have established that an increase in MNP concentration leads to a 

corresponding increase in the percentage of magnetic phases present in the MSGC nanopowder 

samples. As a result, the magnetization of the material also increases, which enhances the 

magnetic attraction between the particles. This in turn increases the aggregation and 

agglomeration of the particles. It is important to note that while magnetic interaction plays a 

significant role, it is not the only factor that influences the behavior of MSGC ceramic in the 

suspension. Other interactions between the ions, such as Van der Waals forces, hydrophilic and 
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hydrophobic interactions, etc., can also contribute towards the aggregation of particles in the 

suspension [OSS01983, LOPE1999, ZHAN2015]. Although all the MSGC colloids display a 

stable configuration, a closer observation of their properties indicates that SFe10 may be more 

suitable for MH. 

 

Figure 5.06: Zeta potential () of MNP, SFe5, SFe8, and SFe10 recorded at room temperature. 

 The size distribution of colloidal particles in aqueous SFe5, SFe8, and SFe10 samples was 

analysed using the DLS technique, and the results are presented in Figure 5.07. In the case of 

SFe5 at a concentration of 1 mg/ml, the colloidal particle sizes ranged from 140 nm to 1220 nm, 

with an average value of 870 nm. When the concentration was increased to 3 mg/ml, the 

colloidal particle distribution displayed a range from 240 nm to 2520 nm, with an average size 

of 1585 nm. At a concentration of 5 mg/ml, the particle size distribution spanned from 282 nm 

to 4098 nm, with an average size of 2780 nm. Similarly, in the case of SFe8 at a concentration 

of 1 mg/ml, the colloidal particle sizes varied between 200 nm and 2100 nm with an average size 

of 1280 nm. At higher concentrations of 3 mg/ml and 5 mg/ml, the particle sizes ranged from 

204 nm to 2965 nm and 221 nm to 5220 nm with average sizes of 1700 nm and 2980 nm, 
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respectively. In the case of SFe10 colloidal particles, the particle sizes varied from 160 nm to 2520 

nm, 170 nm to 5666 nm, and 332 nm to 9210 nm at concentrations of 1 mg/ml, 3 mg/ml, and 5 

mg/ml, respectively, with corresponding average sizes of 1450 nm, 3100 nm, and 4240 nm, 

respectively. From these data, it is evident that the average size of the colloidal particles increased 

as the concentration was increased from 1 mg/ml to 5 mg/ml for each MSGC sample. This trend 

can be attributed to the increase in the magnetization as the magnetic content in the MSGC is 

increased. 

 

Figure 5.07: Colloidal particle size of (a) SFe5, (b) SFe8, and (c) SFe10 MSGC in aqueous medium 

with different solute concentrations.  

5.3.5. EPR studies 

The EPR spectra of MSGC nanopowders depicted in Figure 5.08 (a) exhibit resonance 

absorptions cantered at g ≈ 2.1, primarily attributed to the presence of Fe3+ ions. In chapter 4, 

two distinct spectral lines, g ≈ 2.0 and g ≈ 4.3, were found for lower x values (x = 2 and x = 4) 

in the compositions of (45-x)SiO2-24.5CaO-24.5Na2O-6P2O5-xFe2O3 (2 ≤ x ≤ 15). However, the 

g ≈ 4.3 absorption is not present in the MNP-substituted 45S5 glass-ceramics. The absorption at 

g ≈ 2.1 is indicative of Fe3+ ions grouped in clusters. Figure 5.08 (b) illustrates the variation in 

EPR parameters, ΔH and J of the g ≈ 2.1 line as a function of MNP content (wt.%). Notably, the 

J value of the g ≈ 2.1 spectral line increases while the ΔH decreases with increasing MNP content. 
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The increased intensity of the g ≈ 2.1 line with higher MNP content signifies the formation of 

iron clusters, which, in turn, enhances the super-exchange interactions between the iron ions. 

The variation of ΔH of the g ≈ 2.1 line indicates the presence of super-exchange interactions in 

MSGC with MNP (Fe3O4). The continuous increase in the total intensity of the g ≈ 2.1 line 

conveys that the number of spins increases with increment in MNP content in the MSGC 

samples. These findings highlight the possibility of tuning the magnetic interactions in MSGC 

by varying its MNP content.  

 

Figure 5.08: (a) Room temperature EPR spectra of all MSGC nanopowders. (b) Variations of 

linewidth (H) and intensity (J) of g ≈ 2.1 line in SFe5, SFe8, and SFe10 MSGC nanopowders. 

5.3.6. Magnetic properties 

Figure 5.09 (a) portrays the M-H loops of SFe5, SFe8, and SFe10 nanopowder recorded in magnetic 

field range of 20 kOe. Figure 5.09 (b) presents the minor M-H loops of SFe5, SFe8, and SFe10 

MSGC nanopowders recorded in clinically viable field range of 500 Oe. Table 5.04 provides 

the magnetic parameters, including the Ms, Hc, Mr and hysteresis loop area of each MSGC 

nanopowder. Low values of Hc and Mr indicate the soft magnetic nature of all the MSGC 

nanopowder. As the MNP content is increased from 5 to 10 wt.% in the 45S5 composition, Ms 
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and Mr values show an increase from 3.67 emu/g to 14.01 emu/g and 0.17 emu/g to 0.25 emu/g, 

respectively. Conversely, Hc decreases with an increase in MNP concentration.  

 

Figure 5.09: Room temperature M-H loops of heat treated SFe5, SFe8, and SFe10 nanopowders 

recorded under (a) 20 kOe, and (b) 500 Oe field sweeps. Inset in (a) provides an enlarged view 

of data close to the origin. 

Rahman et al. reported a sol-gel derived mesoporous magnetic glass-ceramic with a composition 

of 7Fe3O4-51SiO2-18CaO-20Na2O-4P2O5 (mol%) containing Fe3O4 with average particle size of 

50 ± 10 nm and Ms of 13 emu/g [RAHA2020]. This composition is close to SFe8 whose Ms is 

9.88 emu/g. Both Ms values are comparable when one ignores the compositional variations 

between the two samples. The heat generated by the MSGC in an alternating magnetic field is 

directly related to the energy loss, which is defined by the hysteresis loop area. The magnetic 

properties of each MSGC presented in Table 5.04 suggest that samples with a high MNP content 

would be more appropriate for MH application. The minor M-H curves recorded at 500 Oe 

exhibits a similar trend in Ms, Hc, Mr, and hysteresis loss when compared to the saturated M-H 

curves recorded at 20 kOe. 
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Table 5.04: Magnetic parameters of MSGC nanopowders heat treated at 550 C. 

Magnetic and structural parameters SFe5 SFe8 SFe10 

Saturation magnetization, M
s
 (emu/g) 3.67 9.88 14.01 

Coercive field, H
c
 (Oe) 20 12 9 

Remnant magnetization, M
r
 (emu/g) 0.17 0.21 0.23 

Average crystallite size of magnetite phase 12 15 18 

Hysteresis loop area at ±20 kOe (erg/g) 260 700 996 

Hysteresis loop area at ±500 Oe (erg/g) 8 22 35 

 

 

Figure 5.10: (a) Temperature dependent inverse reciprocal magnetic susceptibility, and (b) 

composition dependent paramagnetic Curie temperature (p) of SFe5, SFe8, and SFe10 

nanopowders. 

 Figure 5.10 (a and b) display the inverse susceptibility versus temperature and 

paramagnetic Curie temperature (p) versus MNP content curves of SFe5, SFe8, and SFe10 MSGC 

nanopowder samples. Magnitude of p decreases with MNP content in these MSGC. CM was 

used to estimate effective magnetic moment as explained the chapter 2 (section 2.2.6). CM 

increased and effective magnetic moment decreased with an increase in MNP content in MSGC. 

Table 5.05 lists the CM and weight fraction of Fe2+ and Fe3+ ions in the MSGC samples. It can 

be observed from Table 5.05 that Fe ions exist in both Fe2+and Fe3+ valence states in all MSGC 
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compositions. 𝑥2 (weight fraction of Fe2+) increases with MNP content, while 𝑥1 (weight fraction 

of Fe3+) decreases. The ratio of 𝑥1 to total ions 𝑥 shows the relative dominance of Fe3+ ion and a 

proportional reduction in Fe2+ ions in the MSGC nanopowders as a function of MNP content. 

This trend can be explained in terms of Fe2+-Fe2+, Fe2+-Fe3+ and Fe3+-Fe3+ exchange pairs in 

MSGC nanopowders. 

Table 5.05: Experimental value of μexp, Molar Curie constant (CM), weight fraction of iron ions 

in SFe5, SFe8, and SFe10 MSGC nanopowder. 

x (wt.%) CM  

(emuKOe-1) 

μexp 

(μB) 

𝒙𝟏 

(wt.% Fe2
3+O3) 

𝒙𝟐 

(wt.% Fe2
2+O3) 

𝒙𝟏
(𝒙𝟏 + 𝒙𝟐)

⁄  

SFe5 (x = 5) 0.38100.0001 5.510.01 3.950.01 1.050.01 0.79 

SFe8 (x = 8) 0.55780.0001 5.270.01 6.690.01 1.310.01 0.84 

SFe10 (x = 10) 0.64890.0001 5.10.01 8.600.01 1.400.01 0.86 

Just as done in the case of iron oxide-substituted 45S5 glass-ceramic, temperature 

dependent magnetization measurements at low temperatures were also performed on MSGC 

samples. The results, depicted in Figure 5.11 (a-c), present the ZFC and FC curves for SFe5, SFe8, 

and SFe10 MSGC nanopowders in the temperature range of 5 K to 305 K. It can be observed that 

the ZFC and FC curves of all samples mimic the behavior of ferromagnet-like nanoparticles 

exhibiting superparamagnetism. Notably, the well-separated ZFC and FC curves display two 

features: TB and TBF, as explained in chapter 2. TB increases from 70 K to 120 K as the MNP 

content increases from 5 to 10 wt.% in the MSGC. TBF also shows an increase with MNP content 

[TBF ~ 117 K for MSGC with 5 wt.% MNP, TBF ~ 170 K for MSGC with 10 wt.% MNP, and TBF 

~ 270 K for MSGC with 10 wt.% MNP]. This increase in TB and TBF can be attributed to the rise 
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in DV of magnetite phase (c.f., Table 5.04), and the broadening of the particle size distribution 

with higher MNP content, as observed in section 5.3.2. 

 

Figure 5.11: M-T curves of (a) SFe5, (b) SFe8, and (c) SFe10 MSGC recorded under ZFC and FC 

modes. 

5.3.7. Evaluation of induction heating capacity 

Figure 5.12 illustrate the time-dependent temperature rise and the corresponding near infra-red 

camera images for five different concentrations of aqueous SFe5, SFe8, and SFe10 MSGC fluids. 

When an alternating magnetic field was applied to SFe5 magnetic fluid, the temperature of the 

fluid increased from 33 °C to only 42 °C for concentrations ranging from 1 - 9 mg/ml within 

600 s of exposure time. Thus, the required temperature of 43 °C could not be attained with the 

highest concentration of SFe5 sample even after 600 s of exposure to the field. In the case of SFe8 

and SFe10 magnetic fluids, temperature increase from 33 °C to 45 °C and 51 °C, respectively, 

could be achieved within 600 s for concentrations ranging from 1- 9 mg/ml. In fact, SFe8 achieved 
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this temperature in 590 s with a concentration of 7 mg/ml and in 400 s with a concentration of 9 

mg/ml. Interestingly, SFe10 achieved the same feat within 600 s for a concentration of 3 mg/ml 

and within 200 s for a concentration of 9 mg/ml. In the case of the SFe5, SFe8, and SFe10 

nanopowder samples, the average dry particle sizes shown in Figure 5.04 fall within the range in 

which Néel and Brownian relaxation mechanisms are dominant. The colloidal particle size 

distribution of SFe5, SFe8, and SFe10 at three different concentrations (1 mg/ml, 3 mg/ml, and 5 

mg/ml) shown in Figure 5.07 would ultimately determine the dominant heat loss mechanism in 

this study. Considering the fact that the minimum colloidal particle size observed is well above 

100 nm, the major contributor to the induction heating should be hysteresis loss.  

 

Figure 5.12: Induction heating curves and thermal images of aqueous colloids containing (a) 

SFe5, (b) SFe8, and (c) SFe10 MSGC nanopowders of different concentrations. 
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Figure 5.13: Calculated SAR and ILP values using BLM for aqueous fluids of (a) SFe5, (b) SFe8, 

and (c) SFe10 with five different concentrations. 

 Furthermore, as the concentration is increased from 1 mg/ml to 5 mg/ml, more 

aggregation of particles occurs, leading to an increase in the average particle size. SAR and ILP 

values for aqueous fluids of SFe5, SFe8, and SFe10 MSGCs were calculated using the BLM method, 

as illustrated in Figure 5.13. The data indicate a strong dependence of SAR values on the MSGC 

concentration in the magnetic suspension of all the samples. It can be seen that the magnetic fluid 

with the lowest MSGC content shows the highest SAR value in accordance with equation 2.20. 

This can be explained in terms of the change in the dipolar interaction between the particles in 

the fluid with concentration. As the MNP concentration increases, the separation between 

particles decreases, leading to a reduction in heat loss and improper heat exchange. ILP values 

(calculated using BLM) of aqueous fluids of SFe5, SFe8 and SFe10 with a concentration of 1mg/ml 

are 0.8 nHm2kg-1, 1.43 nHm2 kg-1, and 1.82 nHm2kg-1, respectively. The ILP value of SFe5 is 

slightly lower, while those of SFe8 and SFe10 are higher than the ILP value of 1.0 nHm2kg-1 of the 
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commercially available magnetic fluid, FluidMag-CT. The heating capacity of the magnetic fluid 

increased appreciably when the MNP content was increased from 5 to 10 wt.%. Based on the 

results obtained, it can be observed that all the samples have potential for controlled heating of 

tumors. However, among the three samples tested, SFe10 appears to be the most effective, since 

it achieved the highest temperature of 51 °C from 33 °C with a concentration of 9 mg/ml under 

the present test conditions. 

5.3.8. In vitro bioactivity assessment 

5.3.8.1. Ion exchange 

The pH values were recorded periodically upon immersion of the MSGC pellets individually in 

SBF as shown in Figure 5.14. The ion-exchange mechanism causes the pH values of SBF to rise 

quickly during the first 3 days of immersion of the MSGC pellet in SBF, as seen in the inset of 

Figure 5.14. Subsequently, pH slowly stabilizes as the released ions reach saturation. 

 

Figure 5.14: Change in pH of SBF upon immersion of the MSGC pellets.  

 After 7 days of soaking, the pH of the SBF increased from 7.40 to 8.25, 8.20, and 7.88 

for the SFe5, SFe8, and SFe10 MSGC, respectively. An increase in pH of the MSGC-immersed SBF 

demonstrates that all the MSGC samples are bioactive. A comparison of the pH curves of SBF 
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treated MSGC indicates a decrease in the saturation value of pH from 8.25 to 7.88 with increasing 

MNP content. This behavior is clearly related to the MNP content and immersion time on the 

release of Na, Ca, Fe, and P ions from the MSGC. As previously mentioned in chapter 4, the pH 

of the SBF solution is influenced by release of ions from the sample surface. Osteoblast cell 

proliferation tests discussed in section 5.3.8.3 will further confirm the bioactive nature of the 

MSGC samples.  

5.3.8.2. Surface apatite layer formation 

Figure 5.15 (a-c) show the GI-XRD patterns recorded from the surface of the MSGC pellets after 

0, 1, 3, 5, and 7 days of immersion in SBF, respectively. The XRD pattern labeled as 0 d 

corresponds to that of the MSGC pellet prior to immersion in SBF, exhibiting the crystalline 

nature of the samples with reflections from combeite, sodium nitrate, and magnetite phases as 

discussed earlier in the structural analysis section 5.3.1.  

 Upon immersion in SBF, a new crystalline phase emerges in the XRD pattern, 

characterized by two distinct peaks at 2θ values of ~26° and ~32°. This indicates the formation 

of a crystalline HAp layer on the MSGC surface, as described in section 2.2.10.1 of chapter 1. 

The formation of the bone mineral phase HAp on the sample surface has already been explained 

through the ion exchange mechanism upon immersion in SBF (c.f. 2.2.10.2). Intensities of the 

newly developed crystalline (HAp) phase reflections increase with immersion time, as shown in 

Figure 5.15 (a-c). Both the formation of HAp layer and the increase in pH indicate the bioactive 

nature of all the MSGC samples. 
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Figure 5.15: GI-XRD patterns of (a)SFe5, (b) SFe8, and (c) SFe10 pellets immersed in SBF for 

different days. Symbols h, , and  represent HAp, magnetite, and combeite phases. 

 As mentioned in the previous section, increasing the MNP concentration from 5 to 10 

wt.% leads to a decrease in the number of silanol groups (Si-OH), which affects the dissolution 

process. Consequently, the coverage or the extent of the newly formed HAp surface layer slightly 

decreases with an increase in MNP concentration. Consequently, the HAp layer thickness and 

coverage over SFe5, SFe8, and SFe10 are relatively low, thereby exposing the underlying glass-

ceramic peaks in the GI-XRD patterns even after 7 days of immersion. It can be observed that 

the growth of the HAp layer tends to increase with prolonged immersion time for each MSGC, 

which is a positive feature for long term implantation. 

TH-3574_176121023



Chapter 5: Magnetite nanoparticles substitution for SiO2 in sol-gel 45S5 glass-ceramics 

 
137 

 

 

Figure 5.16: FESEM images of MSGCsurfaces after immersion in SBF for 1, 3, and 5 days. 

 Figure 5.16 displays FESEM images illustrating the surface of the MSGC after being 

immersed in for 1, 3, and 5 days. These images provide visual evidence of the growth of a surface 

layer. The presence of a grainy white layer indicates the formation of HAp layer on the surface 

of MSGC pellets during immersion. After a soaking period of 5 days, a high density of spherical 

HAp grains can be observed on the surfaces of all three MSGC samples. As the immersion time 

extends from 1 to 5 days, the growth of the HAp layer becomes more extensive. To confirm the 

surface mineralization, EDS analysis was conducted, revealing the Ca/P ratios of all samples 

after 5 days of soaking. The Ca/P ratios of SFe5, SFe8, and SFe10 are close to the reported value of 

1.67 for bulk Hench composition [SHAN2016].  
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5.3.8.3. Osteoblast cell viability 

MNP have gained approval for clinical trials due to their potential capabilities in drug delivery 

and MH [WLOD2022, FULD2010]. The effect of incorporation of MNP in MSGC samples were 

evaluated through cell proliferation studies on the human osteoblast cell line, MG-63, as shown 

in Figure 5.17. Figure 5.17 (a) depicts the effects of the concentrations of SFe5 MSGC on the 

viability of MG-63 osteoblast cells during an incubation period of up to 5 days. The cell viability 

exhibited an increasing trend with a decrease in MSGC concentration. The highest tested 

concentration of 2 mg/ml resulted in 89% cell viability, while the lowest tested concentration, 

of 0.25 mg/ml yielded 97% cell viability after 1 day of incubation. A similar pattern of 

increment in cell viability was observed during the incubation periods of 3 and 5 days. The 

maximum cell viability of 109% was recorded for the 0.25 mg/ml concentration of SFe5 during 

5 days of incubation. The decrease in cell viability at higher concentrations can be attributed to 

reduced aggregation and acclimatization effect of cells at lower concentrations. The variation in 

cell viability with increasing Fe3O4 content in samples SFe5, SFe8, and SFe10 at a concentration of 

0.25 mg/ml is shown in Figure 5.17 (b). The percentage of viable cells increased as the MNP 

content was increased from 5 to 10 wt.%. Cell viability improved from 97% (SFe5 MSGC) to 

105% (SFe10 MSGC) with an increase in Fe3O4content from 5 wt.% to 10 wt.% after 1 day of 

incubation. Similarly, cell viability improvement was observed for 3 days and 5 days of 

incubation, with a maximum of 113% at 10 wt. % of Fe3O4. The observed rise in cell viability 

indicates the stimulation of osteoblast proliferation by the Fe3O4 present in the sample. 

Additionally, in Figure 5.17 (c), the viability of osteoblast cells after 1, 3, and 5 days of 

incubation is presented for samples SFe5, SFe8, and SFe10 at concentrations of 0.25 mg/ml. As 

discussed previously, all the samples showed increasing cell viability with decreasing 

concentration. SFe5, SFe8, and SFe10 exhibited cell viability of 89%, 93%, and 92% for the 

maximum tested concentration of 2 mg/ml. In comparison, the cell viability was observed to 
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increase to 97%, 105%, and 105%, respectively, for 0.25 mg/ml concentration of these 

samples.  

 

Figure 5.17: Cell viability studies performed on MG-63 cells to evaluate the effect on (a) various 

concentrations of SFe5 during 5 days of incubation, (b) different MSGC samples with different 

concentrations after 1 day of incubation, and (c) different MSGC samples with same 

concentration (0.25 mg/ml) after 1, 3 and 5 days of incubation. An asterisk indicates a significant 

difference in cell viability between different samples and control group (* →p< 0.05, **→p< 

0.005, ***→p< 0.001, where p is the probability value or p-value). 

 The roles of Si and Ca ions in this process are discussed in detail in section 4.7.3. Fe ions 

from the MNP reportedly stimulate the growth of the osteoblast cells, which explains the increase 

in the number of viable cells with increase in MNP content [FOPA2020, PANS2012, 

ULLA2020]. Cell viability remained above the acceptable threshold, even at the maximum 
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concentration of 2 mg/ml for all three MSGC. This confirms the suitability of all these samples 

for biological applications [FULD2010]. 

5.4. Summary 

➢ Controlled heat treatment of MSGC nanopowders at 550 °C for 1 h yields the best 

combination of combeite, magnetite, and sodium nitrate phases. 

➢ MNP-substituted 45S5 nanopowders demonstrate superior magnetic properties 

compared to iron oxide-substituted 45S5 nanopowders presented in chapter 4. Moreover, 

the heating capacity of the magnetic fluids containing MSGC nanopowders increased 

with the MNP content. 

➢ MSGC nanopowders are non-toxic to MG-63 osteoblast cells and meet the threshold 

viability percentage at both low and high concentrations of SFe5, SFe8, and SFe10, making 

them suitable for bone regeneration applications. 

➢ Among the tested MSGC, SFe10 exhibited Ms of 14.01 emu/g, Hc of 9 Oe, and ILP of 1.82 

nHm2kg-1, making it a promising candidate for use as thermoseed in MH treatment of 

cancer. These parameters are far superior to the commercially available thermoseed fluid, 

FluidMag-CT. 
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Chapter 6 

Effect of selective substitutions of magnetite nanoparticles in 45S5 glass-

ceramic 

It has been shown in chapter 4 and chapter 5 that for making the sol-gel derived 45S5 glass-

ceramic into a magnetic glass-ceramic suited for MH application, it is preferable to directly 

incorporate MNP during the sol-gel process rather than using an iron oxide precursor. Though 

these chapters discussed the introduction of iron oxide in 45S5 composition by replacing SiO2, 

it is unclear if replacing silica with iron oxide (instead of CaO or Na2O) is the correct choice to 

obtain an MGC with optimal properties for MH applications in bone cancer treatment. It may be 

noted that in the 45S5 (45SiO2-24.5CaO-24.5Na2O-6P2O5) composition, SiO2 and P2O5 function 

as glass formers, while Na2O and CaO act as glass modifiers. Barring P2O5, whose content is 

only 6 wt.%, the other three components, viz., SiO2, CaO, and Na2O are three potential 

components for substituting with MNP. To find an answer to this question, 8 wt.% MNP was 

substituted for SiO2 or CaO or Na2O in the 45S5 composition and the resulting properties of the 

glass-ceramics were evaluated. The choice of using 8 wt.% MNP as the optimal amount of 

substituent is based on inferences made from previous chapters (4 and 5) and the report of Singh 

et al [SING2009]. 

6.1. Sample preparation 

MNP were prepared as explained in the chapter 2 (section 2.1). Following this, MNP-substituted 

glass-ceramics with three different compositions, viz., 37SiO2-24.5CaO-24.5Na2O-6P2O5-

8Fe3O4 (henceforth referred as MGCS), 45SiO2-16.5CaO-24.5Na2O-6P2O5-8Fe3O4 (henceforth 

referred MGCC) and 45SiO2-24.5CaO-16.5Na2O-6P2O5-8Fe3O4 (henceforth referred MGCN) 

were synthesized by sol-gel route. These compositions were designed such that 8 wt.% MNP are 

substituted for corresponding SiO2, CaO and Na2O, respectively, in the bioglass-ceramic 45SiO2-
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24.5CaO-24.5Na2O-6P2O5. The dried powders of the aged gel was provided an optimal heat 

treatment at 550 °C for 1 h before further studies were conducted on them.  

6.2. Structural analysis 

XRD patterns of the processed MGCS, MGCN, and MGCC samples at 550 °C for 1 h depicted 

in Figure 6.01. The Figure reveals that combeite (Na2Ca2Si3O9, ICDD-022-1445), magnetite 

(Fe3O4, ICDD-019-0629) and a small amount of sodium nitrate (NaNO3, ICDD-33-306) phases 

have crystallized in all samples with no noticeable trace of hematite. The heat treatment 

temperature was restricted to 550 °C since magnetite begins to convert into hematite at higher 

temperatures, accompanied by a further reduction in the NaNO3 phase [SZOS2015, JAFA2015]. 

Based on observations from earlier published reports and chapters 3 and 4, the formation of HAp 

under physiological conditions is not hindered by the presence of sodium nitrate and combeite 

phases [ADAM2013, THOM2016, PEIT2001]. 

The morphology of MGCS, MGCN and MGCC nanopowder particles can be visualized 

in the respective FETEM images presented in Figure 6.02 (a-c). All nanopowders exhibit near 

spherical morphology. However, MGCS and MGCN exhibit more regular shape than MGCC. 

The SAED pattern (Figure 6.02 (d)) of the MGCN sample consists of reflections originating 

from the (204), (205), (107), (217), and (334) planes of combeite, as well as the (104) plane of 

NaNO3. The reflections from magnetite’s planes (311) and (440) overlap with those of (105) and 

(215) planes of combeite. HRTEM image and inverse fast Fourier transform (iFFT) of HRTEM 

image show the lattice fringes of the (104) plane of NaNO3 and the (204) plane of combeite 

phase in MGCN nanopowder, as displayed in Figure 6.02 (e). The estimated d-spacing of the 

two planes aligns with the XRD peak indexing shown in Figure 6.01. 
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Figure 6.01: XRD patterns of heat treated MGCS, MGCN, and MGCC nanopowders. 

 

Figure 6.02: (a-c) FETEM images of heat treated MGCS, MGCN, and MGCC nanopowders. 

(d) SAED pattern, (e) HRTEM and iFFT images of heat treated MGCN nanopowder. C, M and 

N in (d) denote combeite, magnetite, and sodium nitrate, respectively.  

6.3. Morphology analysis 

The particle size distribution and morphology of MGCS, MGCN, and MGCC nanopowders were 

analysed using FESEM images shown in Figure 6.03 (a-c). Agglomerated spherical type of 
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morphology is observed in all the samples. This agglomeration is due to the high surface-to-

volume ratio (shown in textural properties) and highly magnetic nature of the nanopowders. The 

average particle size of MGCS, MGCN, and MGCC are 18  1 nm, 18  1 nm, and 16  1 nm, 

respectively. Even though MGCS, MGCN, and MGCC have the same MNP concentration, 

MGCC exhibits a slightly narrower size distribution. 

 

Figure 6.03: FESEM micrograph of heat treated (a) MGCS, (b) MGCN, and (c) MGCC 

nanopowders. Insets show the respective particle size distributions. 

6.4. Surface area analysis 

Figure 6.04 (a) and (b) display the BJH isotherms and the pore size distributions of MGCS, 

MGCN, and MGCC samples. The hysteresis loop of the isotherm curves of the all three samples 

exhibits H2-type isotherm, which belongs to type-IV isotherm. This specific shape of the 

hysteresis curve is indicative of the presence of interconnected and distorted wormlike pores in 

the samples. MGCS and MGCN display a bimodal pore size distribution with surface areas of 
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9.2 m2/g and 13.08 m2/g, respectively. The average size of the smaller pores is 3.7 nm for MGCS 

and 3.9 nm for MGCN. The larger pores have an average size of 14.9 nm for MGCS and 12.3 

nm for MGCN. Additionally, the pore volumes of MGCS and MGCN are 0.035 cc/g and 0.050 

cc/g, respectively. In comparison, MGCC features a surface area of 7.63 m2/g, pore size of 12.3 

nm, and pore volume of 0.030 cc/g.   

 

Figure 6.04: (a) N2 adsorption-desorption isotherms, and (b) pore size distribution in MGCS, 

MGCN, and MGCC nanopowders. 

 As shown in chapters 4 and 5, the surface area of sol-gel-derived 45S5 glass-ceramic 

increases with the concentration of iron oxide precursor and MNP, with range of 1.81 m2/g to 

4.81 m2/g and 5.60 m2/g to 13.50 m2/g, respectively. While all three MNP-substituted samples 

contain the same amount of MNP, variations in textural properties are observed due to 

differences in their network environment and constituent concentrations. The surface area of 

MGCN is significantly higher than MGCS. On the other hand, surface area of MGCC is lower 

than that of MGCS, but substantially higher than that of nanopowders of 45S5 glass-ceramic 

reported in the literature [FAUR2015]. Thus, MGCS, MGCN, and MGCC exhibit a notably 

higher surface area than 45S5 nanopowder and iron oxide-substituted 45S5 glass-ceramics as 

reported in the chapter 3 and chapter 4. Though bimodal porosity offers advantages for 
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bioactivity and magnetic hyperthermia, the ultimate results depend on the interplay between 

surface area and pore distribution. Thus, all three MGCS, MGCN and MGCC samples offer 

better textural properties as compared to the 45S5 glass-ceramic.  

6.5. Surface Zeta potential and analysis of colloidal particles 

The measured ζ values of aqueous suspensions of MGCS, MGCC, and MGCN are -29 mV, -28 

mV, and -26 mV, respectively. Since the glass-ceramic constituents are the same for all three 

samples with only differing concentrations, the nature of the ζ is consistent across all samples, 

although the values differ. Certain bioactive glasses and glass-ceramics have been found to 

exhibit negative ζ values over a broad range [DOOS2011]. According to the colloidal stability 

limit of ζ described in chapter 4 (section 4.4), all the three samples are stable in aqueous medium 

[FAUR2015, ARJM2012]. The small differences in ζ values of the samples can be attributed to 

variations in the concentrations of Si, Na, and Ca ions in the respective colloidal solutions. 

Figure 6.05 (a-c) demonstrate the average colloidal particle size distribution of MGCS, 

MGCN, and MGCC samples in aqueous medium. Table 6.01 presents the average colloidal 

particle sizes of MGCS, MGCN, and MGCC aqueous magnetic fluids of various solute 

concentrations. The data reveals a bimodal distribution of colloidal particles in all samples except 

MGCS at a concentration of 1 mg/ml. It is evident that there is a trend of increasing colloidal 

size distribution as the concentration rises from 1 mg/ml to 5 mg/ml for all samples. Notably, the 

MGCC samples display a smaller colloidal particle size distribution when compared to the 

MGCS and MGCN samples. The variation in colloidal size distribution of MGCS, MGCN, and 

MGCC fluids could be attributed to the variation in the concentration of various oxide 

constituents in different samples. The narrower colloidal distribution in the MGCC sample 

suggests a potential enhancement in its heating capacity as compared to the MGCS and MGCN 

samples. 
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Figure 6.05: Colloidal particle size distribution in fluids with different concentrations of heat 

treated (a) MGCS, (b) MGCN, and (c) MGCC nanopowder. 

Table 6.01: Average colloidal particle sizes of the three samples at various concentrations. 

Fluid Concentration 

(mg/ml) 

Average colloidal particle size (nm) 

MGCS MGCN MGCC 

1 1585 1650 207, 1443   

3 1690 280, 2095 240, 1650 

5 3000 303, 2620 363, 2590 

 

6.6. EPR studies  

The EPR spectra of MGCS, MGCN, and MGCC nanopowder samples recorded at room 

temperature are displayed in Figure 6.06 (a). Fe3+ ions display the same symmetry as described 

in chapter 5. All three samples exhibit a single resonance absorption line at g  2.1, indicating a 

cluster formation of Fe3+ ions within the ceramic network. Notably, the total intensity and line 

width are highest for MGCC and lowest for MGCS, as shown in Figure 6.06 (b). As discussed 

earlier in chapter 2, an increase in H suggests that dipole-dipole interactions are dominant. 

Therefore, the highest dipole-dipole interaction is observed in the MGCC sample compared to 

MGCN and MGCS. Although all three samples were prepared with the same amount of MNP, 
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the dipole-dipole interaction between the iron ions in the MGCC sample is the highest among all 

investigated samples, which is also reflected in their magnetic properties. 

 

Figure 6.06: (a) Room temperature EPR spectra, and (b) variations in linewidth (H) and 

intensity (J) of g ≈ 2.1 spectral line of MGCS, MGCN, MGCC nanopowders.  

6.7. Magnetic properties 

The room temperature M-H loops obtained for heat treated MGCS, MGCN, and MGCC 

nanopowders in a field sweep of ±20 kOe are depicted in Figure 6.07 (a). Figure 6.07 (b) displays 

the M-H loops of the same nanopowders recorded under clinically amenable range of ±500 Oe. 

Table 6.02 presents the magnetic parameters for heat treated MGCS, MGCN, and MGCC 

nanopowder samples, including Ms, Hc, Mr, and hysteresis loop area. Furthermore, the area 

enclosed by the hysteresis loop is 700 erg/g for MGCS, 895 erg/g for MGCN and 996 erg/g for 

MGCC. The low values of Hc and Mr indicate the soft magnetic character of these samples. Upon 

examining the magnetic parameters of MGCS, MGCN and MGCC, it becomes evident that 

MGCC and MGCN exhibit superior magnetic properties compared to MGCS, despite having the 

same MNP concentration. In the case of sol-gel based (45-x)SiO2-24.5CaO-24.5Na2O-6P2O5-

xFe2O3 (2  x  15) glass-ceramics discussed in chapter 4, the highest Ms (= 1.54 emu/g) was 

obtained for the sample with x = 15 wt.% Fe2O3. This low Ms is due to the presence of the second 

magnetic phase, i.e., hematite, which has a low magnetic moment. On the other hand, Rahman 
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et al. reported a sol-gel derived mesoporous glass-ceramic composition of composition 7Fe3O4-

51SiO2-18CaO-20Na2O-4P2O5 (mol%) (corresponding to21Fe3O4-51SiO2-18CaO-20Na2O-

4P2O5 in wt.%) based on Fe3O4 and obtained a high Ms of ~13 emu/g [RAHM2020]. Since their 

composition is entirely different from the current work, a direct comparison with the present 

results cannot be made. However, it can be noted that the MNP content in their system (21 wt.% 

Fe3O4) is considerably higher than the content (8 wt.% MNP) in the present samples. Since MNP 

is the only magnetic phase in both these sets of samples, one can compare their magnetic 

properties. The Ms value of MGCS is slightly lower, but MGCN shows a Ms value comparable 

to that of the earlier reported sample. Remarkably, MGCC exhibits the highest Ms value of 14.14 

emu/g amongst all the samples, indicating significantly higher magnetization compared to the 

earlier reported value of ~13 emu/g.  

 

Figure 6.07: M-H curves of MGCS, MGCN, MGCC nanopowders recorded at (a) 20 kOe, and 

(b) 500 Oe. 

 This comparison also shows that all our three samples can be considered to be suitable 

for use as thermoseeds in MH. The minor M-H loops exhibit a similar trend in magnetic 

parameters, including Ms, Hc, Mr, and hysteresis loss, when compared to the M-H loop recorded 

with 20 kOe. The heat generation capacity of a magnetic glass-ceramics in response to an 
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alternating magnetic field is directly linked to the energy loss, which is quantified by the area of 

the hysteresis loop. Hence, substituting MNP for CaO (MGCC) results in superior magnetic 

properties as compared to substitution for SiO2 (MGCS) and Na2O (MGCC). Thus, MGCC has 

displayed outstanding magnetic properties despite containing an equivalent amount of MNP, 

fostering optimism about its suitability as an excellent thermoseed in MH. 

Table 6.02: Magnetic parameters of the three heated nanopowders.  

Magnetic parameters  MGCS MGCN MGCC 

Saturation magnetization, Ms (emu/g) 9.88 12.63 14.14 

Coercivity, Hc (Oe) 0.21 0.45 0.37 

Remnant magnetization, Mr (emu/g) 12 20 19 

Hysteresis loop area at 20 kOe (erg/g) 700 895 996 

 

6.8. Evaluation of induction heating capacity 

The temperature increase in the magnetic fluids of different concentrations was monitored for up 

to 600 s and the corresponding data are presented in Figure 6.08 (a-c), alongside near infra-red 

images that visually depict the temperature rise in the magnetic fluids. The safety limit has been 

followed throughout the experiment, as discussed in section 4.7 of chapter 4. When H (=12.89 

kAm-1) with f (=336 kHz) was applied to aqueous fluids of MGCS, MGCN and MGCC fluids, 

the temperature increased from 32 °C to 45 °C, 46 °C and 48 °C, respectively, for 

concentrations ranging from 1 - 9 mg/ml within 600 s of exposure. It can be noted that the 

temperature rise increases as the fluid concentration is increased from 1 mg/ml to 9 mg/ml. Table 

6.03 provides a summary of the specific exposure times (tH) required to reach 42 °C for MGCS, 

MGCN, and MGCC within the 600 s time frame. To be more precise, aqueous fluids of MGCS 

and MGCN achieved this temperature in 528 s and 330 s at concentrations of 7 mg/ml, whereas 

it took them 350 s and 250 s at higher concentration of 9 mg/ml. On the other hand, the aqueous 
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fluid of MGCC accomplished the same outcome in 514 s at a concentration of 5 mg/ml and in 

320 s at a concentration of 7 mg/ml. Impressively, it achieved this target in just 240 s at a 

concentration of 9 mg/ml. It can also be noted from Table 6.03 that lower concentrations of 1 

mg/ml, 3 mg/ml, and 5 mg/ml of MGCS and MGCN fluids, as well as 1 mg/ml and 3 mg/ml of 

MGCC fluid, required more than 600 s to reach the desired temperature. Data presented are 

confined to 600 s of exposure as the search is for an efficient thermoseed requiring minimal 

exposure time. Three different mechanisms have been proposed to understand the heating 

capacity of magnetic fluids, as detailed in chapter 4. 

 

Figure 6.08: Temperature rise as a function of time in (a) MGCS, (b) MGCC, and (c) MGCN 

magnetic fluids at various concentrations. NIR camera image of each fluid is also displayed. 
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Table 6.03: Induction heating parameters of MGCS, MGCC, and MGCN fluids. tH is exposure 

time required to reach the therapeutic temperature (42 C) under specified test conditions. 

 MGCS 

concentration (mg/ml) 

MGCN 

concentration (mg/ml) 

MGCC 

concentration (mg/ml) 

1 3 5 7 9 1 3 5 7 9 1 3 5 7 9 

SAR 

(W/g) 

85 36 28 26 25 89 36 34 31 29 93 39 35 30 25 

ILP 

(nHm2 g-1) 

1.5 0.6 0.5 0.5 0.4 1.6 0.6 0.6 0.5 0.4 1.7 0.7 0.6 0.5 0.5 

tH(s) - - - 528 350 - - - 330 250 - - 514 320 240 

The magnetic fluid stability and the average colloidal distribution of the three sets of 

colloidal particles in aqueous medium have already been discussed in this chapter. Hence, the 

combined analysis of the particle size distribution and magnetic parameters of MGCS, MGCN, 

and MGCC collectively reveal the dominance of both Brownian relaxation and hysteresis loss 

mechanisms in all concentration of the tested fluids. 

To gain more insight on the fluid's heating behavior, SAR was calculated using the BLM, 

as discussed in chapter 2. Estimated SAR, ILP and exposure time (tH) of magnetic fluids required 

to reach therapeutic temperature (42 C) are tabulated in Table 6.03. The concentration of the 

magnetic fluid has an inverse effect on the SAR and ILP values of MGCS, MGCC, and MGCN. 

But tH decreases with an increase in concentration. The decrease in SAR values with increase in 

concentration is due to an increase in magnetic interactions in the fluids as the MNP 

concentration rises. The ILP values at the lowest concentration of MGCS, MGCN and MGCC 

are all higher than the ILP value of 1.0 nHm2kg-1 reported for the commercially available 

magnetic fluid, FluidMag-CT. It can be observed that MGCC stands out with significant 

advantages over MGCS and MGCN. This distinction may be attributed to the influence of 

distinct ceramic-network environments, which could alter the heat capacity of the magnetic fluid. 
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In conclusion, MNP substitution from CaO yields superior magnetic properties compared to 

substitution for SiO2 and Na2O for applications in MH. 

6.9. In vitro bioactivity assessment 

6.9.1 Ion exchange 

The variation in the pH of SBF from the instant MGCS, MGCN and MGCC  pellets are immersed 

is displayed in Figure 6.09. The rapid initial increase in pH is a consequence of the ion dissolution 

mechanism involving the exchange of the ions released from the sample surface with H3O
+ as 

already pointed out in chapters 1 and 2. Over time, the pH gradually approaches saturation due 

to saturation in the release of ions from the sample. The pH of the samples immersed in SBF 

depends on ions such as Si, Ca, Na, Fe, and P. In this context, the concentrations of P and Fe 

ions remain constant in all the samples, while the concentrations of Si, Ca, and Na vary in each 

of the three samples. As discussed in chapter 1, Ca and Na ions directly increase the pH of the 

SBF solution, while Si influences the pH indirectly. However, it is difficult to determine which 

ion affects the pH more. The important conclusion drawn from the increase in pH of the SBF 

containing the MGCS, MGCN, and MGCC pellets is all the three compositions demonstrate 

bioactive nature. 

 

Figure 6.09: Change in pH value of SBF with soaking time of the three glass-ceramic pellets. 
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6.9.2. Surface layer formation 

In vitro bioactivity assessments of MGCS, MGCN and MGCC nanopowder samples were done 

by treating them with SBF for 5 days. The GI-XRD patterns of SBF treated MGCS, MGCN and 

MGCC samples after 5 days of soaking are illustrated in Figure 6.10 (a). It can be observed that 

peaks at 2θ values of 26° and 32° represent reflections from the (002) and (112) planes of 

HAp crystallites. This confirms the precipitation of the HAp layer on the surfaces of the MGCS, 

MGCN, and MGCC pellets. The evolution of HAp layer is further confirmed by FESEM 

micrographs of SBF treated sample [c.f., Figure 6.10 (b)]. The formation of this HAp layer 

indicates the bioactive nature of MGCS, MGCN and MGCC samples. 

 

Figure 6.10: (a) GI-XRD pattern and (b) FESEM images of SBF treated MGCS, MGCN and 

MGCC pellets. Symbols , , and h represent combeite, magnetite, and HAp phases, 

respectively. 
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6.9.3. Osteoblast cell viability 

To assess the impact of Si, Ca and Na ions on MG-63 cell viability, an extensive investigation 

was conducted, delving into the established roles of these ions, as elucidated by Hench et al. in 

the original Hench composition [KAUR2016]. However, the incorporation of MNP into Hench 

glass-ceramics by replacing SiO2 (MGCS) or CaO (MGCC) or Na2O (MGCN) led to distinct 

impacts on cell growth. The cytocompatibility of the samples was tested against the human 

osteoblast cells, MG-63 over a period of 5 days using four different sample concentrations, viz., 

2, 1, 0.5 and 0.25 mg/ml. The observed results are shown in Figure 6.11.   

 

Figure 6.11: Viability of MG-63 osteoblast cells after incubation of different concentrations of 

MGCS, MGCC and MGCN nanopowders for (a) 1 day, (b) 3 days, and (c) 5 days. (d) Effect of 

concentration of MGCS nanopowders on the viability of MG-63 cells. An asterisk indicates a 

significant difference in cell viability between different samples and control group (* →p< 0.05, 

**→p< 0.005, ***→p< 0.001, where p is the probability value or p-value). 
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The MGCS sample showed excellent cytocompatibility against the osteoblast cells with 

cell viabilities of 93% and 105% for the concentrations of 2 and 0.25 mg/ml after 1 day of 

incubation (c.f., Figure 6.11 (a)). On the other hand, MGCN and MGCC samples taken in 0.25 

mg/ml concentration exhibited initial cell viability of 98% and 96%, which decreased to 91% 

and 89% at the highest concentration of 2 mg/ml, respectively, after 1 day of incubation. The 

increment in the cell viability with decrease in concentration may be attributed to the reduced 

aggregation and the acclimatization effect of cells at lower concentrations [FULD2010]. The cell 

viability improved with an increase in the period of incubation (Figure 6.11 (b, c and d)). After 

3 days of incubation, the amount of viable cells increased from 93 % to 108 % in the case of 

MGCS, 94 % to 103 % in the case of MGCN, and 91 % to 100 % in the case of MGCC, as 

the concentration was diluted from 2 mg/ml to 0.25 mg/ml. After 5 days of incubation, the MGCS 

sample showed excellent cell viability of 95% and 111% for concentrations of 2 and 0.25 

mg/ml. Similarly, cells showed consistent increase in the viability over 5 days, reaching up to 

107% to 97% for MGCN and 103% to 95% for MGCC for concentrations of 0.25 and 2 

mg/ml, respectively. The reason for the increase in cell viability with decreasing solute 

concentration and increasing incubation time has already been explained in detail in chapters 3 

and 4. Overall, all the tested samples, i.e., MGCS, MGCN and MGCC, showed excellent 

cytocompatibility within the acceptable limit prescribed [LI002015] for biomaterials and hence 

these samples can be used for biological applications. 

6.10. Summary 

➢ Mesoporous MGCS, MGCN, and MGCC nanopowders containing combeite, magnetite and 

a small amount of sodium nitrate were synthesized by sol-gel route. 

➢ The colloidal size distribution and stable suspensions of MGCS, MGCN, and MGCC 

nanopowders have been identified for various solute concentrations in aqueous medium. 
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➢ MGCC exhibited the highest Ms (= 14.14 emu/g), and ILP (= 1.7 nHm2kg-1). 

➢ Induction heating data indicated that MGCC outperformed MGCN and MGCS. 

➢ All the three samples were found to be biocompatible and non-toxic to MG-63 osteoblast 

cells. 

➢ Selective substitution of MNP for CaO (MGCC) results in a superior thermoseed for MH 

cancer therapy, particularly when compared to the ILP and bioactivity of the commercially 

available thermoseed fluid, FluidMag-CT. 
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Chapter 7 

Optimization of the heating capacity of mesoporous MGCC glass-ceramic 

Iron oxide-substituted MGCs reported in the literature exhibit various crystalline phases, whose 

concentrations alter their magnetic and bioactive properties [SING2008, SING2009, SIMO2014, 

SHAN2016]. No systematic processing of iron oxide/MNP-substituted sol-gel derived 45S5 

MGC at elevated temperatures has been attempted so far to improve its bioactivity and induction 

heating capacity. Nisha et al. investigated the bulk 41CaO-44SiO2-4P2O5-8Fe2O3-3Na2O glass-

ceramic under different heat treatment conditions and identified wollastonite, combeite, HAp, 

hematite, and magnetite crystalline phases [SHAN2013]. They reported that heat treatment at 

1050 °C for 2 h showed the maximum Ms value, but beyond this point, magnetic properties 

decreased with further increases in heat treatment temperature and time. However, this study 

only demonstrated magnetic and structural properties and tested in vitro acellular bioactivity only 

for glass ceramic processed at 1050 °C. Since the above system is neither in nanoform nor the 

45S5 composition, it can be concluded from previous studies (Chapters 3, 4, and 5) and the study 

by Nisha et al. that a systematic heat treatment study is needed to understand the effect of the 

relative presence of magnetic and non-magnetic phases on bioactive and magnetic properties for 

MH applications. This chapter presents a systematic heat treatment study of the promising 

thermoseed MGCC with a view to further enhance its efficacy for MH treatment of cancer and 

bone regeneration.   
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7.1. Sample preparation 

MNP-substituted magnetic glass-ceramic with the composition of 45SiO2-16.5CaO-24.5Na2O-

6P2O5-8Fe3O4 (MGCC) has been prepared, as discussed in chapter 6. To investigate the optimum 

heat treatment, a process ranging from 550 °C to 700 °C was conducted. 

7.2. Structural analysis 

Figure 7.01 depict the room temperature XRD patterns of MGCC nanopowders subjected to heat 

treatment at temperatures ranging from TA = 550 °C to TA = 700 °C for 1 h each. XRD patterns 

confirmed the presence of three crystalline phases viz., sodium nitrate (NaNO3, ICDD-33-306), 

magnetite (Fe3O4, ICDD-019-0629), and combeite (Na2Ca2Si3O9, ICDD-002-1445) in MGCC 

nanopowders processed at TA = 550 °C. When TA was raised from 550 °C to 700 °C, a 

progressive increase in the combeite phase along with a gradual decrease in the magnetite and 

sodium nitrate phases, and the emergence of the hematite phase can be seen. The relative phase 

percentages are estimated from the XRD patterns and displayed in Table 7.01. Table 7.01 shows 

the complete suppression of sodium nitrate phase and the presence of combeite, magnetite and 

hematite (-Fe2O3, ICDD-33-0664) phases in MGCC nanopowders processed at TA = 700 °C. 

Emergence of hematite phase from magnetite at high temperatures has already been discussed in 

section 5.3.1. At TA = 700 °C, the non-magnetic combeite becomes the most dominant phase (as 

also observed earlier in Fe2O3 substituted 45S5 MGCs in chapter 4). 

The SAED pattern (Figure 7.02 (a)) of the MGCC nanopowder processed at 550 °C 

displays reflections from various crystallographic planes of combeite, including (204), (402), 

(305), (207), (217), and (334). Additionally, the reflection from (104) plane of NaNO3 and (311) 

plane of magnetite [overlapping with the (105) plane of combeite] are also observed. For the 

MGCC processed at 700 °C, the SAED pattern exhibits reflections from all the crystallographic 

planes observed in the MGCC processed at 550 °C except the one from (104) plane of NaNO3. 
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Apart from these, two reflections from hematite, viz., (300) and (214) are also apparent. These 

reveal the complete suppression of NaNO3 phase and the partial conversion of magnetite into the 

hematite at 700 °C. This observation is in concurrence with the XRD results summarized in Table 

7.01. HRTEM micrographs and their inverse fast Fourier transforms (iFFT) depicted in Figure 

7.02 (c-e), provide details of the various lattice planes (or lattice fringes) in the processed MGCC 

nanopowders. Peaks from (204) and (003) planes of combeite, (331) plane of magnetite and 

(104) plane of NaNO3, can be visualized. 

 

Figure 7.01: XRD patterns of MGCC nanopowders processed at various temperatures. 

Table 7.01: Calculated crystalline phase percentages in MGCC nanopowders processed at 

different temperatures (TA).  

TA (C) Relative % of various crystalline phases in MGCC 

Combeite Hematite Magnetite Sodium nitrate 

550 34 0 47 19 

600 48 6 30 16 

650 51 8 28 13 

700 71 9 20 0 
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Figure 7.02: SAED pattern of MGCC processed at (a) 550 °C, and (b) 700 °C. (c-e) HRTEM 

and images of MGCC processed at 550 °C. C→ combeite, M→ magnetite and N → NaNO3. 

7.3. Morphology analysis 

The morphology and average particle size distribution of MGCC nanopowders processed at 

different TAs were probed using FESEM micrographs (c.f. Figure 7.03). The micrographs 

revealed an agglomerated particle with near spherical morphology in all the samples. The 

estimated average particle sizes are 16  1 nm, 19  1 nm, 21  1 nm, and 27  1 nm for MGCC 

heated at 550 °C, 600 °C, 650 °C, and 700 °C, respectively. With the elevation of heat treatment 

temperature, the magnetic moment decreases and the average particle size increases.  
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Figure 7.03: FESEM micrograph of MGCC nanopowder processed at (a) 550 C, (b) 600 C, 

(c) 650 C, and (d) 700 C. Insets show the respective particle size distributions. 

7.4. Surface area analysis  

Figure 7.04 (a and b) represent the BJH isotherms and pore size distribution curves of the MGCC 

nanopowders processed at, 550 C and 700 C, respectively. Type-IV isotherms were observed, 

and both isotherms exhibit hysteresis curves, indicative of the mesoporous nature of the samples 

processed at TA = 550 C and TA = 700 C. The surface area and pore volume are 7.63 m²/g and 

2.625e-02 cc/g, respectively, for the nanopowder processed at 550 C. They increased to 26.50 

m²/g and 4.296e-02 cc/g, respectively, when TA was raised to 700 C. On the other hand, the 

average pore size reduced from 12.33 nm to 3.05 nm with an increase in TA from 550 C to 700 

C.  
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Figure 7.04: (a) N2 adsorption-desorption isotherms, and (b) pore size distribution of MGCC 

nanopowders processed at 550 Cand 700 C. 

The differences in the hysteresis observed between the adsorption and desorption curves 

of the nanopowders processed at 700 C and 550 C are evident. It can be seen that the hysteresis 

phenomenon appears even at a lower relative pressure of 0.1 for MGCC nanopowder processed 

at 700 C, whereas it initiates in the nanopowder processed at 550 C only after a relative pressure 

of 0.5. This observation suggests that the increase in temperature induces an overall growth in 

the particle size. Consequently, adsorbed molecules become pinned at the entrances of the pores, 

leading to a delay in the initiation of the desorption curve. The increment in the surface area of 

the MGCC sample is accompanied by a decrease in the average pore size. This is a consequence 

of the inverse relationship between particle size and surface area [PAND2021]. However, at TA 

= 700 C, the combeite and hematite phases undergo growth, the latter at the cost of magnetite 

phase, while NaNO3 phase vanishes. So, determining the predominant phase that influences the 

overall textural properties becomes a challenge. The surge in surface area may be linked to the 

expansion of the combeite and hematite crystallites. Interestingly, at TA = 700 C, the pore size 

decreases below 10 nm, in contrast to sizes larger than 10 nm observed at TA = 550 C. The 

discussion on particle size growth in section 7.3 highlights its impact on pore size distribution. 
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While a higher surface area favours bioactivity, a reduction in pore size hinders the formation of 

HAp layers under physiological conditions. Thus, surface area and pore size play crucial roles in 

determining the surface reactions, which ultimately affect the bioactivity of the mesoporous 

samples. 

7.5. Surface Zeta potential and analysis of colloidal particles 

The measured ζ values for aqueous suspensions of MGCC nanopowder processed at TA = 550 

°C, 600 °C, 650 °C, and 700 °C are -26 mV, -27 mV, -28 mV, and -27 mV, respectively, as 

depicted in Figure 7.05 (a). The graphics indicate a slight increase in ζ up to TA = 650 °C, 

followed by a slight decrease at TA = 700 °C. Considering the stability scale, MGCC processed 

at all temperatures exhibit stable colloidal behavior in aqueous medium. The slight reduction in 

ζ values after TA = 650 °C may be attributed to the removal of NaNO3 phase in this temperature 

range. 

In Figure 7.05 (b), the average colloidal particle size distributions of MGCC 

nanopowders subjected to heat treatment from 550 °C to 700 °C in aqueous medium are shown. 

All measurements were performed with a solute concentration of 1 mg/ml. Figure 7.05 (b) shows 

that all the tested magnetic fluids exhibit a bimodal distribution of colloidal particle sizes. In the 

case of the MGCC processed at 550 °C, the particle distribution covers ranges between 89 - 350 

nm and 505 - 2525 nm, with average sizes of 190 nm and 1473 nm, respectively. For the fluid 

with solute processed at 600 °C, the first range contracts to 89 - 296 nm, while the second range 

expands to 575 - 2415 nm, with average sizes of 173 nm and 1405 nm. In the case of the fluid 

with MGCC sample processed at 650 °C, the average particle sizes vary from 91 - 375 nm and 

595 - 2595 nm, with averages of 210 nm and 1505 nm. Similarly, in the case of the fluid with 

MGCC processes at 700 °C, the particle distribution spans from 110 - 394 nm and 550 - 2918 

nm, with average sizes of 227 nm and 1665 nm. Thus, the colloidal particle size distribution 
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shifts towards the right (i.e., high sizes side) for solutes processed at higher TA. Remarkably, the 

MGCC powder processed at 600 °C displays a narrower colloidal size distribution when 

compared to the one processed at 550 °C. This can be attributed to the rearrangement of iron ions 

and the corresponding change in the magnetic interactions between Fe2+ and Fe3+ ions resulting 

from the partial conversion of magnetite to hematite. Also, the colloidal size distribution 

broadens for solutes processed at higher TA containing higher hematite phase %.  

 

Figure 7.05: (a) Zeta potential and (b) particle size distribution curves in aqueous colloidal 

solutions containing different MGCC nanopowders of same concentration (1 mg/ml). 

7.6. EPR studies 

Figure 7.06 (a) portrays the room temperature EPR spectra arising from Fe ions in the processed 

MGCCs nanopowder samples. In these absorption spectra, resonance absorption centred around 

g ≈ 2.1 is evident, signalling the presence of Fe3+ ion clusters. Figure 7.06 (b) depicts the 

variations in ΔH and J of the g ≈ 2.1 line of MGCC nanopowder processed at TA.  From this plot, 

it can be inferred that the intensity of the spectral line at g ≈ 2.1 decreases with increasing in TA 

value, while the linewidth initially increases up to TA = 600 °C and then decreases for higher 

TAs. The observed variation in ΔH of the g ≈ 2.1 line suggests that dipole-dipole interactions 

prevail in MGCC nanopowders processed up to 600 °C. This may be associated with the onset 

TH-3574_176121023



Chapter 7: Optimization of the heating capacity of mesoporous MGCC glass-ceramic  

 
166 

 

of conversion of magnetite into hematite. However, super-exchange type interactions become 

dominant in MGCC nanopowders processed at higher TAs. The persistent decline in the total 

intensity of the g ≈ 2.1 spectral line indicates a reduction in the number of spins in MGCC 

processed at higher TA. This decrease is associated with the emergence of the nonmagnetic 

hematite phase at TA  600 C. These arguments are supported by XRD and magnetization data 

of these nanopowders. Hence, it is possible to tune the magnetic interactions in this MGCC by 

appropriate heat treatment. Since the ability to control dipole-dipole interactions in 

nanocrystalline thermoseeds dispersed in body fluid is crucial for managing the heat generating 

capacity of magnetic fluids, MGCC emerges as a promising candidate for MH application. 

 

Figure 7.06: (a) Room temperature EPR spectra of all processed MGCC nanopowders. (b) 

Variations in H and J of g ≈ 2.1 line in MGCC nanopowders processed at different TA.  

7.7. Magnetic properties 

Figure 7.07 illustrates the M-H curves recorded at room temperature for MGCC nanopowders. 

Table 7.02 presents Ms, Mr, Hc and the area under the loop of MGCC nanopowder processed at 

various TA’s. The maximum Ms (= 14.14 emu/g) and Hc (= 20 Oe) were observed for the MGCC 

processed at 550 °C. Increasing TA from 550 to 700 °C, results in a gradual decrease in Ms with 

simultaneous decrease in Hc and Mr values from 19 Oe to 3 Oe and from 0.37 emu/g to 0.01 
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emu/g, respectively. The gradual conversion of magnetite and growth of the hematite phase is 

the main reason for the reduction in Hc and Mr values with increasing TA.  

 

Figure 7.07: Room temperature M-H loop of MGCC heated from TA = 550 C to TA = 700 C. 

 The variations in these magnetic parameters can be related to the relative variation in the 

iron oxide phase percentages (magnetite and hematite) of samples processed at different 

temperatures. Additionally, the area enclosed by the hysteresis loop decreases from 995 erg/g to 

290 erg/g as the processing temperature is raised from 550 °C to 700 °C. The MGCC 

nanopowders exhibit soft magnetic properties, as evidenced by their consistently low Hc and Mr 

values. It can be observed from Figure 7.07 and Table 7.01 that the overall magnetic properties 

decline with increasing TA. This reduction is attributed to the progressive conversion of the 

highly magnetic phase (magnetite) to the less magnetic phase (hematite) with increase in TA. The 

hysteresis loop area quantifies the ability of MGCC to generate heat in response to an alternating 

magnetic field, since it is directly correlated with the energy loss. The magnetic properties of 

MGCC processed at lower TA are notably superior when compared to those processed at higher 

TA. As a result, the MGCC powders processed at 550 °C and 600 °C demonstrate excellent 

magnetic characteristics indicating their potential as thermoseeds in MH. 
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Table 7.02: Magnetic parameters of MGCC nanopowders processed at different temperatures.  

Magnetic parameters TA = 550 C TA = 600 C TA = 650 C TA = 700 C 

Saturation magnetization, Ms (emu/g) 14.14 12.00 6.05 4.32 

Coercive field, Hc (Oe) 20 13 5 3 

Remnant magnetization, Mr (emu/g) 0.37 0.24 0.03 0.01 

Hysteresis loop area at ±20 kOe (erg/g) 995 841 441 290 

ZFC and FC curves of the MGCC samples processed at different TA’s are shown in Figure 

7.08. It can be observed that the ZFC and FC curves of all the samples exhibit 

superparamagnetic-like features. It can be noted that the well-separated ZFC and FC curves 

exhibit three features, as explained in chapter 2, section 2.2.6, representing TB, TBF, and a cusp 

in the FC curve below 100 K. The observed TB for MGCC processed at 550 °C is 122 K. TB of 

~130 K has been reported for 8 nm MNP [CAI02014]. It is also evident from the literature that 

TB of magnetite nanoparticles is influenced by its crystallite size [CAI02014, FELI2017]. Thus, 

one can infer that the slightly lower TB observed in this case as compared to the one reported in 

the literature is due to the difference in crystallite size of the two magnetite nanoparticles. 

Establishing TB values for MGCC processed at TA> 550 °C is challenging due to the coexistence 

of two magnetic phases (magnetite and hematite), leading to complex magnetic behavior. The 

temperatures at which FC and ZFC TBF shows an increase with TA [TBF ~ 150 K for TA = 550 C, 

TBF ~ 170 K for TA = 600 C, TBF  249 K for TA = 650 C, and TBF  253 K for TA = 700 C]. It 

can be noted that the cusp-like feature is absent for MGCC powders processed at 550 C and 600 

C. In MGCC nanopowders processed above 650 C, the sharpness of this feature increases, and 

it also shifts towards higher temperatures. This shift and enhanced sharpness of this feature can 

be explained on the basis of the steady conversion of magnetite to hematite with increase in TA. 

Huang et al. observed similar features in BiFeO3 nanoparticles and attributed them to 
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superparamagnetism relaxation process and spin glass transition behavior [HUNG2013]. They 

also attributed the absence of the cusp in the ZFC curve to the superposition of a broad maximum 

peak originating from the blocking state. However, Vijayasundaram et al. disproved any 

association of the mentioned cusp with spin glass or phase transitions in BiFeO3 nanoparticles 

[VIJA2016]. They proposed that this cusp corresponds to changes related to the magnetic domain 

structure. Koksharov et al. also identified a similar feature in iron oxide nanoparticles at 40 K, 

interpreting it as a spin glass transition [KOKS2001]. In our case, the appearance of the cusp-

like feature in MGCC nanoparticles is clearly linked to the emergence of the hematite phase, 

which alters the magnetic interactions of Fe ions in the ceramic network. 

 

Figure 7.08: M-T curves of MGCC nanopowder processed at (a) 550 C, (b) 600 C, (c) 650 C, 

and (d) 700 C. Insets provide an enlarged view of the FC curve at lower temperatures. 
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7.8. Evaluation of induction heating capacity 

The temperature rise in aqueous MGCC solutions containing different concentrations of MGCC 

nanopowders processed at (a) TA = 550 °C, (b) TA = 600 °C, (c) TA = 650 °C, and (d) TA = 700 

°C under induction heating is depicted in Figure 7.09. The rate of rise in temperature increased 

in colloidal fluids containing MGCC nanopowder processed up to 600 °C and then decreased in 

those with MGCC powders processed at higher TA values.  

 

Figure 7.09: Temperature rise in aqueous colloids containing MGCC nanopowders processed at 

(a) TA = 550 C, (b) TA = 600 C, (c) TA = 650 C, and (d) TA = 700 C as a function of time.  

 The temperature of the magnetic fluid containing MGCC nanopowder processed at 550 

°C rose from 30 °C to 43 °C when the concentration was increased from 1 to 5 mg/ml after 

exposure to H of 12.89 kA/m and f of 336 kHz for 600 s. When the maximum concentration of 
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MGCC nanoparticles (5 mg/ml) processed at TA = 550 °C was exposed to the field for 600 s, the 

clinically required temperature of 43 °C was reached. However, the fluid temperature containing 

MGCC processed at 600 °C increased from 33 °C to 39 °C, 43 °C, and 51 °C as 

concentrations varied from 1 mg/ml to 5 mg/ml within 600 s of exposure time. As for the fluid 

consisting of MGCC processed at 650 °C, its temperature increased from 33 °C to 37 °C, 40 

°C, and 42 °C for the fluid concentrations of 1, 3 and 5 mg/ml. However, for the fluid containing 

MGCC processed at 700 °C, the temperature of the magnetic fluid did not reach the threshold 

value of 43 °C in 600 s. This reduction in heating efficiency of MGCC processed at TA> 600 °C 

can be attributed to the reduction in magnetite phase percentage and appearance of hematite 

phase in these MGCC samples. The findings from DLS studies along with the magnetic 

parameters suggest that both relaxation and hysteresis mechanisms contribute to the induction 

heating process in these fluids. 

 The SAR and ILP values of fluids containing MGCC nanopowder processed at different 

TAs were estimated by the BLM method and the same are displayed in Figure 7.10. As the fluid 

concentration of MGCC processed at 550 C was raised from 1 to 5 mg/ml, the SAR values 

exhibited a decline from 93 W/g to 35 W/g. Similar trend was observed for all fluids containing 

MGCC processed at other TAs too. The MGCC fluid with the lowest concentration displayed the 

highest SAR. This is attributed to the dipolar interaction among magnetic particles suspended 

within the fluid. SAR values initially increased for fluids containing MGCC nanopowder 

processed at 600 C and then decreased for other fluids. The maximum SAR of 97 W/g was found 

for 1 mg/ml fluid containing MGCC processed at 600 C. Moreover, the SAR value decreased as 

the fluid concentration was increased from 1 to 5 mg/ml. SAR decreased from 97 W/g to 53 W/g 

for fluids containing MGCC processed from 600 C to 700 C. The maximum ILP of 1.8 

nHm2kg-1 was achieved in the 1 mg/ml fluid containing MGCC processed at 600 C. ILP 
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variation with samples followed the same trend as observed for SAR. ILP of fluids containing 1 

mg/ml of MGCC processed at 550 C, 600 C, and 650 C are 1.7 nHm2kg-1, 1.8 nHm2kg-1 and 

1.1 nHm2kg-1, respectively. The ILP values of these fluids, which surpass the ILP value (=1.0 

nHm²kg-¹) of FluidMag-CT, a commercially available magnetic fluid for MH. Interestingly, the 

maximum SAR was found at the lowest concentration of MGCC processed at 600 C. This 

intriguing result can be understood with the help of narrowest colloidal size distribution of 

aqueous MGCC with 1 mg/ml concentration. Since wider colloidal size reduces the heating 

capacity, the heating capacity of MGCC diminishes when processed above 600 C. 

 

Figure 7.10: Estimated SAR and ILP values of fluids containing MGCC nanopowder processed 

at (a) TA = 550 C, (b) TA = 600 C, (c) TA = 650 C, and (d) TA = 700 C using BLM. 
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7.9. In vitro bioactivity assessment 

7.9.1. Ion exchange 

The ion exchange mechanism is responsible for the rapid rise in pH values in SBF during the 

initial days of immersion as illustrated in Figure 7.11. Once the discharged ions reach saturation, 

the pH value as saturates. After soaking for 11 days, the MGCC nanopowder processed at 550 

°C, 600 °C, 650 °C, and 700 °C showed increase in pH from 7.40 to 8.05, 8.08, 8.20, and 8.29, 

respectively.  

 

Figure 7.11: Change in pH of SBF with immersion time of different MGCC pellets. 

The increasing pH levels observed in the MGCC immersed in SBF suggest that all 

MGCC samples exhibit bioactivity. However, a comparative analysis of pH curves at different 

samples reveals an initial increase in MGCC processed at higher TA. The dominance of the 

combeite phase at higher TA, which favours effective crystallization and growth of the HAp layer 

on the surface of MGCC, is considered to be the prominent factor for the upward trend in pH 
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value [KOKU2006]. This, in turn, facilitates the deposition of a HAp surface layer by enhancing 

the ionic activity of the fluid. As the TA is raised from 550 °C to 700 °C, the swift elevation in 

the pH of SBF favours the nucleation of the HAp surface layer over the MGCC sample. It is to 

be noted that iron ions do not directly contribute to the pH of SBF, but their indirect influence is 

acknowledged [ARCO2003a]. The data in Table 7.01 illustrate a sharp increase in the combeite 

phase upon heat treatment at 700 C. In summary, the overall increase in the pH of SBF with 

varying TA suggests an enhancement in the bioactivity of MGCC processed at higher TA. 

7.9.2. Surface apatite layer formation 

The GI-XRD patterns of MGCC pellets captured after immersion at regular intervals from 0 to 

5 days of immersion are showcased in Figure 7.12 (a–d). The appearance of a new crystalline 

phase in the XRD pattern upon immersion in SBF indicates the formation of a crystalline layer 

on the surface of the MGCC pallets.GI-XRD patterns of the MGCC pellets show peaks at 2θ 

values of 26° and 32°, corresponding to the reflections from (002) and (112) planes of HAp 

(ICDD 74-0565) after 5 days of immersion. All MGCC samples exhibit bioactivity as evidenced 

by the deposition of the HAp layer in SBF and the concurrent rise in pH. 

 The FESEM images of the surface of MGCC pellets treated with SBF are displayed in 

Figure 7.13. These images visually confirm the development of a HAp surface layer. The HAp 

layer’s development becomes more pronounced with an increase (a) in soaking time from 1 to 5 

days of each sample and (b) processing temperature of the MGCC. Thus, a noticeable variation 

in the coverage of the HAp layer over the MGCC sample surface is observed with varying 

soaking times and TA values. These findings collectively indicate that MGCC samples processed 

at all TAvalues exhibit bioactive nature.  
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Figure 7.12: GI-XRD patterns of SBF treated MGCC processed at (a) 550 C, (b) 600 C, (c) 

650 C, and (d) 700 C. Symbols , , , •, and h represent combeite, magnetite, hematite, 

sodium nitrate and HAp phases, respectively. 

 

Figure 7.13: FESEM micrographs of MGCC after soaking in SBF for 1 and 5 days. 

7.10. Summary 

➢ The magnetic and bioactive properties of MGCC nanopowder can be tuned through 

controlled heat treatment in the temperature range of 550 to 700 °C. 
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➢ Ms of MGCC nanopowder gradually decreases as the processing temperature is increased 

beyond 550 °C, due to the conversion of magnetite into hematite. 

➢ MGCC processed at 600 °C exhibited the narrowest colloidal size distribution and superior 

overall magnetic and induction heating properties. 

➢ In vitro bioactivity assessments of MGCC nanopowders processed at all TA values revealed 

their bioactive nature. 

➢ Substituting MNP for CaO in the 45S5 composition followed by heat treatment at 600 °C for 

1 h makes MGCC nanopowder an excellent thermoseed for MH in cancer therapy. 
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Chapter 8 

Conclusions and scope for future work 

The key discoveries made, and conclusions drawn in this thesis work on the structural, magnetic 

and bioactive characteristics of the sol-gel derived iron oxide / MNP-substituted 45S5 bioglass-

ceramic nanopowders are highlighted in this chapter. Future directions of research and 

development in these areas have also been pointed out in this chapter. 

8.1. Conclusions 

The primary objective of this thesis is to develop a functional bioglass-ceramic capable of 

targeting bone cancer cells using MH therapy, while simultaneously promoting the healing and 

regeneration of normal cells and tissues close to the treatment site. To achieve this goal, various 

challenges have been addressed in this study. Chapters 3 to 7 of the thesis highlight the notable 

features observed in synthesized magnetic bioglass-ceramic nanopowders. The following are the 

major key points emanating from this thesis work and their implications: 

➢ Chapter 3 of this thesis addresses the prevalent, yet unresolved challenges encountered 

in stabilizing the glassy state without compromising on the Na2O content in sol-gel 

derived 45S5 nanopowders, which is primarily responsible for the superior bioactivity of 

the 45S5 composition. Controlled heat treatment of the as-synthesized revealed that the 

vitreous state could be maintained for a maximum amount of 12 wt.% Na2O, by heat 

treating the as-synthesized powders at 700 °C for 2 h. 

➢ Chapters 4 and 5 focus on adopting two strategies to enhance the magnetic properties of 

sol-gel derived 45S5 composition for applications involving bone regeneration and MH 

by incorporating iron oxide and MNP into the bioglass-ceramic. Two series of magnetic 

bioglass-ceramics have been prepared by systematically introducing iron oxide and MNP 

in the place of SiO2 in 45S5 composition. In the first strategy, a heat treatment recipe was 
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formulated to dissolve sodium nitrate completely and crystallize desired amounts of 

magnetite and hematite. The relative crystalline phase percentages played a decisive role 

in identifying the best Ms values of 0.82 and 1.54 emu/g, achieved with 10 wt.% and 15 

wt.% iron oxide, respectively. Additionally, in the second strategy, a small percentage of 

sodium nitrate was allowed to remain at the cost of preventing the magnetite to hematite 

by appropriate heat treatment process. Interestingly, the maximum Ms achieved was 

14.01 emu/g for 10 wt.% MNP in 45S5 bioglass-ceramic. The maximum heat absorption 

capacity of both iron oxide and MNP variants in 45S5 bioglass-ceramic was evaluated in 

terms of ILP, which was found to be 1.24 and 1.82 nHm2kg-1, respectively. Bioglass-

ceramics containing up to 10 wt.% iron oxide or MNP were not toxic as revealed by 

viability tests with MG-63 bone cells. However, the 45S5 bioglass-ceramic with 10% 

MNP was found to be superior for MH, as it offers higher Ms, ILP, and cell viability 

values. 

➢ After recognizing the potential use of the MNP variant in 45S5 bioglass-ceramics, 8 wt.% 

MNP was chosen in chapter 6 to optimize the substitution site. MNP was substituted for 

the glass former (SiO2) and the two glass-modifiers (CaO or Na2O). Surprisingly, it was 

observed that 8 wt.% MNP substitution for CaO exhibited comparable Ms and ILP values 

to 10 wt.% MNP substitution for SiO2 under the same heat treatment conditions, while 

maintaining an acceptable range of MG-63 osteoblast cell viability. This finding 

encourages one to explore MNP substitution for CaO in 45S5 composition more to 

further enhance the induction heating and bioactive qualities of this bioglass-ceramic. 

Chapter 7 expanded this work by exploring different heat treatment temperatures, 

resulting in a combination of magnetite, combeite, sodium nitrate and a small amount of 

hematite (6%) and ended up by realizing Ms values compared to the 10 wt.% MNP 

variants with SiO2. Even with 8 wt.% MNP substitution for CaO followed heat treatment 
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at 600 °C, the magnetic bioglass-ceramic showcased a biomaterial that surpasses the ILP 

value of commercially available FluidMag-CT (= 1.0 nHm2kg-1). 

8.2. Scope for future work 

After five decades since the discovery of MH therapy for bone cancer cells, no bioglass-ceramic 

has been found to effectively destroy cancer cells without causing any side effects. This work 

represents a step forward, focusing on primary investigations to broaden the application of 

magnetic 45S5 bioglass-ceramic for effective MH therapy in bone cancer therapy. Limited time 

has constrained further advancements in studying these bioglass-ceramics, which could be 

explored by future research to develop them into efficient implant materials. The following 

aspects suggestions are placed to take this work forward: 

➢ Having found that the substitution of the 8 wt.% MNP variant provides superior results, 

it suggests that substitution beyond 8 wt.% MNP could be attempted to achieve even 

better properties for MH. 

➢ The heating capacity was tested for a limited time under a fixed alternating magnetic field 

and frequency, which are well below the accepted safety limits for patients. By varying 

these parameters, it may be possible to achieve a higher efficacy in heating capacity while 

remaining within the safety limits. 

➢ The heat absorption capacity of the magnetic bioglass-ceramics was measured in an 

aqueous solvent, which is comparable to the in vitro environment. However, in the 

presence of cells and tissues near the cancer site, additional heat absorption occurs. 

Therefore, evaluating the absorption capacity under in vivo conditions would provide 

more confidence in adapting these materials as implants.  

➢ In vitro bioactivity, bone cell viability, and heating capacity studies are conducted 

separately to understand the behavior of these bioglass-ceramics. However, these aspects 
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collectively influence the performance of these bioglass-ceramics in in vivo conditions. 

Therefore, it is crucial to conduct all these investigations in in vivo environment to 

comprehensively evaluate the overall performance of these bioglass-ceramics. 
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