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Abstract 

Bioactive ceramics are defined as synthesized inorganic materials with a crystalline 

structure, used for the repair and regeneration of damaged or diseased parts of the human 

tissue. Bioactive ceramics are highly promising in terms of their capability (i) to bond to hard 

tissue (and soft tissues) through the development of hydroxyapatite without any inflammatory 

effects when interacting with physiological fluid (ii) to release biologically active ions which 

stimulate osteogenesis, (iii) to promote vascular ingrowth during new tissue growth. Several 

bioceramics have been explored as potential candidates for tissue engineering applications 

beginning with alumina (Al2O3) and zirconia (ZrO2) to calcium phosphate, borate and 

calcium silicate-based ceramics owing to their excellent biocompatibility and 

osteoconductivity. Calcium silicate-based bioactive materials including CaSiO3 and Ca – Si – 

x (x = Zr, Ti, Zn, Mg, Sr) ceramics, are an emerging subject of research for bone tissue 

engineering. The release of Ca and Si ions at specific concentrations induces osteoblast cells 

proliferation and differentiation being a significant feature of calcium silicate-based 

materials. In the present study, β-wollastonite (β-CaSiO3) incorporated with trace metal 

oxides (Ag, Zr and Mg) were prepared using bio-waste such as rice husk ash (RHA) as a 

source of silica and eggshells as a source of calcium oxide through sol-gel method. A detailed 

study of in vitro bioactivity, degradation rate, cytocompatibility and mechanical properties of 

prepared bioceramics was made for bone tissue engineering. X-ray powder diffraction 

(XRD), Thermogravimetric-differential thermal analysis (TG-DTA), Scanning electron 

microscopy (SEM), Fourier transforms infrared (FTIR) and Energy-dispersive spectrometry 

(EDS) were used to assess the crystalline phase, thermal behavior, microstructure, functional 

groups and composition, respectively. The bioactivity of the prepared samples was tested by 

means of ability as well as the rate of apatite mineralization on the surface in simulated body 

fluid (SBF). Degradation rate was studied by testing the weight loss in Tris-HCl buffer 
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solution according to ISO 10993-14 standard. Cytocompatibility by human osteoblast-like 

cells and their proliferation were studied using MTT assay. Mechanical properties such as 

microhardness, fracture toughness and compressive strength were obtained on cylindrical 

type of ceramic samples, and bending strength and elasticity modulus were obtained using 

ceramics bars. In vitro bioactivity results clearly showed that apatite crystals were close‐

packed and fine, and the growth rate was faster on β‐CaSiO3 ceramics synthesized by sol‐gel 

method using bio-waste resources than on β‐CaSiO3 prepared using tetraethylorthosilicate 

(TEOS) and calcium nitrate tetra hydrate (Ca(NO3)2.4H2O). The addition of Ag results in the 

improvement of apatite layer formation rate. The antimicrobial activity test demonstrated that 

Ag doped wollastonite exhibits excellent inhibition zone of pathogens such as E. coli and S. 

aureus than pure form of wollastonite. In case of ZrO2 substituted β‐CaSO3 ceramics, it was 

observed that the microhardness and compressive strength increased from 19.3 ± 1.3 to 45.1 

± 2.8 HV and 40 ± 2.4 to 86 ± 2.1 MPa, respectively, with an increase in zirconia content 

from 0 to 5 mol%. The bending strength and elasticity modulus increased from 10.2 ± 0.7 to 

23.6 ± 1.2 MPa and 1.44 ± 0.1 to 5.8 ± 0.2 GPa, respectively. Zr-W ceramics show good 

bioactivity with the formation of hydroxyapatite, while the apatite formation rate slightly 

reduced with increasing zirconia content. Degradation tests demonstrated that the addition of 

zirconia decreased the rate of degradation of wollastonite. Cytocompatibility tests 

demonstrated Zr-W ceramics have no toxic effect on MG-63 cells. Pure phase of diopside 

(CaMgSi2O6) was successfully attained at significantly low temperature (800 °C) with good 

mechanical properties especially compressive strength (210 ± 12.5 MPa), fracture toughness 

(2.8 ± 0.3 MPa 𝑚   ), bending strength (86.7 ± 7.3 MPa) and elasticity modulus (17.5 ± 2.3 

GPa), which were comparable to that of human cortical bone, and which came with enhanced 

mechanical stability. Diopside ceramics possessed apatite growth on the surface in SBF and 

exhibited excellent cytocompatibility with MG-63 cells. Therefore, all the prepared 
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bioceramics from bio-waste such as RHA and eggshells showed good bioactivity, 

cytocompability, degradation rate and mechanical properties. Therefore, these materials 

might be potential low cost candidates for bone tissue engineering. 

Keywords: Bioceramics, bone tissue engineering, in vitro bioactivity, hydroxyapatite, 

cytocompatibility, mechanical properties, degradation
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Chapter 1 

Introduction 

 

In this chapter, bone, bone healing processes and the development of bone tissue 

engineering using a variety of biomaterials have been discussed. In particular, a 

comprehensive overview of the features of calcium silicate-based ceramics in terms of their 

preparation techniques, mechanism of bioactivity, biocompatibility, ion releasing capacity, 

mechanical strength and stability have been described, with the possibility of multiple 

potential applications in biomedical field. A detailed literature review on calcium silicate-

based bioceramics has been presented which informed the rational for the research while the 

primary objectives of the research embodied in the thesis present at the end of the chapter. 
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1.1 Bone 

 Bone is a complex tissue that provides the foundation for physical movement in 

humans, load-bearing capacity to the skeleton, biological elements necessary for 

hematopoiesis and protection from injuries to internal organs. It stores about 85% of the 

body's phosphorus and 99% of calcium and plays a vital role in maintaining homeostasis in 

the circulating body fluids [1].  Bone is divided into two types at the macro level: cortical and 

cancellous bones, which are characterized by different micro-level entities, and consequently 

have different functions and mechanical properties (Table 1.1). All the bones inside the body 

contain both cortical and cancellous bone types, but the distribution ratio varies based on the 

anatomical site [2]. Cortical bone is dense and solid with average density of 1.8 g/cm
3
 and 

possesses low porosity of around 2-13%, and is located in the very outer part of the tissue. 

The structural unit of the cortical bone is designated the osteon or haversian system in which 

the lamellae are organized into concentric circles of about 3 μm thickness, surrounding a 

vertical haversian canal containing blood vessels and nerves (Fig.1.1 (a)). On the other hand, 

cancellous bone contains a sponge-like structure with interconnecting porosity of 50-90% and 

low density of around 0.2 g/cm
3
, and is located at the internal section of the bone. The 

cancellous bone is composed of honeycomb-like network of trabecular plates with large 

spaces, and the spaces between trabeculae are filled with bone marrow because of which 

there is light and porous bone that is strong against multidirectional forces and is crucial for 

initiating body movement [3, 4]. 

Table 1.1 Mechanical properties of cancellous and cortical bones 

Property Cortical bone Cancellous bone 

Compressive strength 100-230 MPa 2-12MPa 

Tensile strength 50-100 MPa 10-20 MPa 

Fracture toughness 2-12 MPa 𝑚    - 

Bending strength 50-150 MPa - 

Young’s modulus 7-30 GPa 0.5-0.05 GPa 
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 In a material science perspective, bone is a heterogeneous composite material 

consisting of 20% of water and 80% of solid matrix that is made up of organic phase and 

inorganic phases: 

 Organic phase is about 30-35% (weight) in which the major component is type I 

collagen of ~ 90%,  ~ 5% non-collagenous proteins (NCPs) and ~ 2% lipids. Type I 

collagen is a structural protein very well organized in fibers (Fig. 1.1(b)) that gives 

viscoelasticity to the bone, stabilizes the extracellular matrix and supports the mineral 

deposition. Non-collagenous proteins such as albumin, fibronectin, decorin, 

osteonectin are important for matrix organization, cell signalling, metabolism and 

mineralization. 

 Inorganic phase of hydroxyapatite (C10 (PO4)6 (OH)2) is about 65-70% (weight). 

These crystals gradually grow on collagen fibers that provide structural 

reinforcement; In fact, they are responsible for bone hardness and stiffness [5]. 
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Fig. 1.1 Inter scale representation of bone: a) a macroscopic-to-microscopic view of 

cancellous and cortical bone and b) bone tissue is constituted at the nanometric scale by 

collagen fibers that contain the mineral phase [2]. 

 Bone is engaged in a constant cycle of resorption and regeneration that is subject to 

continuous chemical exchange and structural reconstruction due to internal mediators and 

external mechanical demands. Bone tissue exhibits a high capacity for remodelling and self-

regeneration [1]. Upon fracture, bone healing is a complex process that requires many events 

of intramembraneous and endochondral bone formation [6]. During the initial healing 

process, there is an inflammatory response to the formation of hematoma. Necrotic cells 

release danger signals, which activate the inflammatory response and replace the clotting 

cascade with a temporary fibrin network that replaces the hematoma. In the meantime, 

macrophages remove bone fragments and induce the recruitment of mesenchymal and 

osteogenic cells. Due to the lack of vascularization, the fracture site is hypoxic. Hence, 

mesenchymal cells become chondrocytes and they produce cartilage that forms a bridge to 

the fracture site to capture bone fragments. Soft callus provides a template for mechanical 

stability and vascularization and subsequent mineralization. Through a process called 

endochondral ossification, bone cells replace soft tissue with woven (or immature hollow) 

bone. Woven bone and the cartilage matrix are removed by osteoclasts and the bone begins to 

remodel [7]. 

 

Fig.1.2 Schematic representation of bone healing process 
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1.2 Bone Tissue Engineering (BTE) 

As discussed previously, bone has high regeneration potential, and can repair itself 

when the wound is smaller than the "critical size defect" while the newly formed bone is 

indistinguishable from healthy ones. The non-regenerative threshold of bone fracture is called 

critical sized defect (CSD) [8, 9]. In such cases, extensive studies have been reported for bone 

repair, including autografts and allografts using autologous and allogeneic transplantations. 

Autografts are the gold standard for bone repair in which cancellous iliac bone is taken from 

the same patient and used as a graft. Autografts have indispensable components needed to 

achieve osteoconduction, osteogenesis and osteoinduction without the risk of an 

immunogenic response because they are perfectly histocompatible [10]. However, autograft 

transplants are very expensive techniques, and they are associated with substantial donor site 

injury, illness, disability, scarring, and the risks of surgery, bleeding, inflammation, infection, 

and chronic pain. Autologous transplantations may be a null treatment option in cases where 

the defect site needs larger bones than is possible or obtainable [11]. Allogeneic 

transplantation is the process of bone-grafting in which bone is taken from a living human 

donor or from a cadaver (freeze-dried bone), or from xenografts (animal origin). Allografts 

are associated with low revascularization and integration compared to autografts. Moreover, 

they demonstrate different kinetics of remodelling, risks of immunogenic response and the 

transmission of viral pathologies [4]. 

The field of bone tissue engineering (BTE) came into existence almost three decades 

ago. Interest and progress in the BTE field has grown tremendously over the years with 

increasing number of studies. BTE focuses on alternate treatment strategies that will ideally 

eliminate the previously described shortcomings of current clinically used treatments (i.e., 

infection, vascular injuries, immune rejection, chronic donor-site pain, and morbidity) by 

using a combination of materials science, engineering principles, and cell biology. BTE seeks 
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to develop strategies for the regeneration of diseased or damaged bone through: (i) a 

biocompatible scaffold that closely mimics the extracellular matrix of natural bone, (ii) 

osteogenic cells to form the bone tissue matrix, (iii) morphogenic signals that help to direct 

the cells to the phenotypically desirable type and (iv) adequate vascularization to meet the 

growing tissue nutrient supply and clearance requirements [12]. 

1.3 Biomaterials in Bone Tissue Engineering 

 Biomaterial has been described in many ways in the literature. The American 

National Institute of Health defined the term "biomaterial" as “unlike drugs, a substance or 

combination of substances, to be used to replace parts of a living system or to function in 

intimate contact with living tissue [13].  A significant amount of attention has been paid to 

this field in the last few decades since biomaterial alignment warranted availability, 

reproduction, international standard and reliability [14]. The success of biomaterials in health 

care applications depends entirely on biocompatibility, host response, immunological 

reactions and cell-biomaterial interaction [15]. In Bone Tissue Engineering, biomaterials can 

be divided into three categories: i) first generation biomaterials ii) second generation 

biomaterials and iii) third generation biomaterials (Fig.1.3). 
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Fig. 1.3 Schematic representation of three generations of biomaterials 

1.3.1 First generation: Inert 

 First generation biomaterials were developed during the 1960s and 1970s. At the time, 

synthetic substances were used for the first time in biomedical field, to achieve the optimal 

combination of physical and mechanical properties to match the substituted tissue with least 

toxic reaction in the host. Therefore, biologically inert or nearly inert biomaterials were 

designed to match the mechanical properties of the host tissue in order to avoid the 

phenomenon of stress shielding and consequently bone resorption. Most of these materials 

are commercially available materials with a high level of purity. For example, titanium, 

zirconia, alumina and poly-ethylene are bio-inert materials, which compensate for the 

deficiency without triggering foreign body response in the host's immune system. The 

implantation of such materials in the body promotes pro inflammatory process that elicits a 
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foreign fibrous capsule around the material, which isolates it from the surrounding tissue. The 

thickness of the fibrous layer between the tissue and the material is related to the condition of 

the material, the tissue and the mechanical load [16]. 

1.3.2 Second generation: Bioactive and bioresorbable 

The field of biomaterials began to receive prominence beginning by 1984 from 

exclusively achieving bioinert tissue response. The focus of second generation biomaterials is 

to produce a stable interface with the host tissue due to controlled action and reaction in the 

physiological conditions that determines the progress of the tissue regeneration process 

without any inflammatory effects. Therefore, second-generation biomaterials have been 

developed as bioactive, which "permit the formation of direct bond between the tissue and the 

material through a specific biological response at the interface of the material, resulting in the 

nucleation and crystallization of a biologically active hydroxyl-carbonate apatite (HCA) 

layer, equivalent to the chemical and crystallographic structure to the inorganic bone mineral 

phase, which exhibits osteoconductive property for bone growth" [17]. Many new bioactive 

materials such as bioactive glasses (45S5 Bioglass®), glass-ceramics, A-W glass ceramics, 

dense calcium phosphate ceramics (synthetic hydroxyapatite), calcium silicates ceramics, 

bioactive composites and bioactive coatings have been discovered in the field of bioactive 

materials and have reached clinical use in a wide variety of orthopedic and dental 

applications (Table 1.2). 
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Table 1.2 Clinical usages of bioactive materials 

Bioactive material Clinical use Ref. 

Hydroxyapatite (HAP)  Bone defect repair [18]  

45S5 Bioglass and glass-ceramics  Endoscopic ridge maintenance 

implants to restore the ossicular chain 

and treat carrier hearing loss, middle 

ear prostheses, and protect the 

alveolar ridge from bone resorption 

[19]  

A-W glass ceramics Vertebrae replacement in patients 

with spinal tumours 

[20]  

Tricalcium phosphate (TCP) Orthopedic joint replacements [18, 21]  

HAP/TCP Bone replacement materials 

(synthetic bone grafts) 

Metal/polymer containing bioactive 

molecules 

Dental applications [22]  

Collagen Augmentation as cosmetic surgery [23]  

Chitosan Wound tissue repair 

Gelatin Implants for urinary incontinence 

HAP/collagen Vascular grafts 

HAP + polyethylene matrix bioactive 

composites 

Repair and replacement of bones in 

the middle ear 

[22, 24]  

Biodegradable polymer + HAP + cells Skin substitutes 
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Bioresorbable biomaterials are also included under the category of second generation 

biomaterials, which degrade and resorb upon implantation, allowing the proliferation and 

seeding of osteogenic cells. The cells secrete their own extracellular matrix and eventually 

the material is completely replaced with new bone. As the products of degradation are 

absorbed into the body, they must be biologically accepted. Furthermore, the rate of 

degeneration of the resorbable implant must match the rate of regeneration of the bone to 

ensure proper support. Nowadays, it is common to use resorbable polymers as clinical 

sutures. Resorbable fracture fixation plates and screws in orthopaedics and controlled-release 

drug delivery systems have been introduced [25]. 

1.3.3 Third generation: Tissue self-regeneration inducers 

In the first decade of the twenty-first century, the concepts of bioactive and resorbable 

materials come together; bioactive materials are made into resorbable. Therefore, third 

generation biomaterials are designed to induce specific reactions directly in the cells that 

stimulate regeneration of living tissues through molecular modifications of polymers, 

bioactive glasses, glass-ceramics and composites hierarchical porous foams [24]. There are 

two alternate methods of repair that use new molecularly designed third generation 

biomaterials. The first approach involves the use of materials in the form of solutions, 

powders or doped nano or micro particles to stimulate local tissue repair. The materials 

release macromolecular growth factors or ionic soluble products, at controlled rates that 

activate the cells in contact with the stimuli. Cells produce additional growth factors that 

stimulate multiple generations of growing cells to self-assemble in the tissues necessary for 

the site. In the next method, the pores of the molecularly modified resorbable scaffolding are 

filled with progenitor cells outside the body, where the cells grow and differentiate and 

mimic naturally occurring tissues. The tissue-engineered structures are then implanted into 
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the diseased or damaged parts of the body in patients. The scaffolds are resorbed and replaced 

over time by the host tissues, which have a viable blood supply and nerves [24, 26]. 

1.4 Introduction to calcium silicate-based bioceramics 

Calcium and silica are mainly two significant ions in calcium silicate-based 

bioceramics. Human body contains about 2% of Ca in which 98% exists in bones. The body 

fluid and cells contain 10 to 15 mg per 100 mg. Ca is present in the active region of the 

natural bone and plays an essential role in blood vessels and bone growth [27]. Extracellular 

calcium plays a biological role in regulating bone restoration independent of hormones by 

stimulation of cation-sensing receptors [28]. For instance, extracellular Ca can enhance the 

usefulness of insulin-like growth factor (IGF) II, which explicitly regulates proliferation of 

osteoblasts. Extracellular Ca concentrations can also enhance the release of osteoblast 

glutamate [29]. Several studies have been conducted over the past few decades to investigate 

the potential role of silica in bone growth. Si is generally absorbed in the form of 

metasilicate, which is extensively disseminated in connective tissue. Si is essential for the 

metabolic process associated with bone calcification and is favourable for enhancing bone 

density and inhibiting osteoporosis [30]. Specifically, in the initial period of bone matrix 

calcification, Si contents in new bone can develop a certain degree of osteogenesis [31]. 

Aqueous Si was able to induce precipitation of inorganic phase of bone i.e. hydroxyapatite 

[32]. Some reports have revealed that Si can also stimulate proliferation and differentiation of 

osteoblast and regulate the activation of bone-related gene expression [33]. Along with Ca 

and Si other important ions in calcium silicate-based bioceramics such as Mg, Zn, Zr and Sr 

are also plays significant role in bone metabolism. A detained biological response to ionic 

dissolution products of calcium silicate-based ceramics is presented in table 1.3. 
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Table 1.3 Biological responses to ionic dissolution products of calcium silicate-based 

ceramics 

Ion Biological response Ref. 

Ca  favours osteoblast proliferation, differentiation and extracellular 

matrix (ECM) mineralization 

 activates Ca-sensing receptors in osteoblast cells, increases 

expression of growth factors, e.g. IGF-I or IGF-II 

[28, 34]  

Si  essential for metabolic process and calcification of bone tissue 

 favourable for enhancing bone density and inhibiting osteoporosis  

 aqueous Si was able to induce precipitation of hydroxyapatite 

 Si(OH)4 stimulates collagen I formation and osteoblastic 

differentiation 

[31, 35]  

Mg  stimulates new bone formation 

 increase adhesion and growth of osteoblast cells 

[36, 37]  

Zr  shows superior biocompatibility  and favours osseointegration 

 enhance mechanical strength and stability 

[38]  

 

 

[39]  

 

Zn  exhibits antimicrobial activity, anti-fungal activity and virus 

inactivation properties 

 favours osteoblast proliferation, enhances alkaline phosphatase 

(ALP) activity in bone tissue and  inhibits osteoclastic bone 

resorption 

Sr  enhances osteoprogenitor cell replication and collagen synthesis 

 promising agent for treating osteoporosis 

[40]  

 

Calcium silicate ceramics have the ability to induce hydroxyapatite in simulated body 

fluid (SBF) in the form of ceramics, powders and ceramic coatings. The mechanism of 
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hydroxyapatite formation on the surface of calcium silicate bioceramics is shown in Fig. 1.4. 

When calcium silicate ceramic is soaked in SBF, Ca
2+

 ions from the surface are first 

exchanged with H
+
 ions in the solution, and they subsequently increase pH level of body 

fluid. The ion exchange leads to the development of leached layer rich in silanols (Si-OH) on 

the surface of ceramics. In the next step, Ca
2+

 ions in the SBF are electrostatically attracted to 

the newly developed negatively charged silica-rich layer; the Ca
2+

 ions are initially attached 

to negatively charged silica-rich surface and then there is adsorption of PO4
3-

/HPO4
2-

 on Ca
2+

 

ions followed by the growth of bone-like apatite layer onto the surface [41]. 

 

Fig. 1.4 Schematic illustration of the mechanism of apatite formation on calcium silicate 

ceramics in SBF 

Three important Ca-Si compounds have been observed with variation in Ca/Si ratio, 

such as tricalcium silicate (Ca3SiO5), dicalcium silicate (Ca2SiO4) and monocalcium silicate 
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(CaSiO3). Dicalcium silicate and tricalcium silicate are the main constituents of Portland 

cement, hydrated and hardened when combined with liquid phase. Dicalcium silicate has five 

different polymorphs denoted by α, α′H, α′L, β and γ symbols. The α, α′H, α′L phases are 

stable at high temperature, γ phase is stable at ambient temperature and β phase is not 

thermodynamically stable but is hydration active at ambient temperature. Tricalcium silicate 

phase is stable between 1200 – 1900 °C and beyond 1900 °C the phase disassociates into 

CaO and Ca2SiO4. Tricalcium silicate hydrates quietly and greatly influence the setting and 

improvement of early strength while dicalcium silicate hydrates much more slowly than 

tricalcium silicate and are accountable for the latter’s strength [42]. Monocalcium silicate is a 

most extensively studied ceramics for bone repair and regeneration applications for its 

progressive bio-functionalities compared to dicalcium silicate and tricalcium silicate 

ceramics. It exists in two forms: low temperature form β – wollastonite (β – CaSiO3) and high 

temperature form α – wollastonite (α – CaSiO3). Another important aspect that the 

substitution of trace elements (Mg, Zn and Zr) into Ca-Si system leads to the formation of 

calcium silicate-based minerals such as akermanite (Ca2MgSi2O7), Diopside (CaMgSi2O6), 

bredigite (Ca7MgSi4O16), merwinite (Ca3MgSi2O8), monticellite (CaMgSiO4), hardystonite 

(Ca2ZnSi2O7) and baghdadite (Ca3ZrSi2O9). Each of these calcium silicate-based ceramics 

has their own significance and surviving as bone implant materials. Along with wollastonite 

bredigite ceramics exhibit superior apatite formation ability with rapid dissolution rate. 

Diopside, monticellite and baghdadite demonstrate moderate apatite formation ability with 

slow dissolution rate. No noticeable apatite formation could be observed for hardystonite 

ceramics and their dissolution rate is also quite low. Whereas, Akermanite and merwinite 

display good apatite formation with reasonable dissolution rate and promote enhanced 

osteoblasts adhesion, proliferation and osteogenic differentiation, including osteopontin, 

alkaline phosphatase, bone sialoprotein and osteocalcin compared with β-TCP. 
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1.5 Motivation and scope of the present work 

Interest in research on bioactive materials is growing day by day as they are very 

promising in terms of their capability (i) to initiate complex chemical and biological 

processes due to interaction with living cells that determines the progress of the tissue 

regeneration process without any inflammatory effects, (ii) to release biologically active ions 

which stimulate osteogenesis, (iii) to promote vascular ingrowth during new tissue formation. 

The revolution in the field of bone tissue engineering was took place in 1969 with the 

development of calcium silicate bio-glass (45S5Bioglass) by Hench. In fact, such bio-glass 

plays their role as synthetic bone with host tissues after few days [43]. Over the past few 

decades, a wide variety of bioactive materials have been developed, which can show high 

performance and improved biological response. In addition, loading of bioactive materials 

with drugs has also been explored for therapeutic functions such as anti-tumor and 

antibacterial effects [13]. Among various bioactive materials that have been developed, 

widespread ceramic products are based on calcium phosphates including hydroxyapatite 

[Ca10(PO4)6(OH)2] and tricalcium phosphate [Ca3(PO4)2], which have molecular composition 

equivalent to that of human bone. These are potentially used in orthopaedic applications for 

bone tissue repair and extensively studied to induce bone regeneration because of its 

exceptional adaptation under human body environment [44]. Although the calcium 

phosphate-based ceramics applications have made great advances, it should be indicated that 

the primary premise of ideal bone substitutes is that the mechanical properties must be 

consistent with human bone and that the body’s own biological tissues can regenerate over 

time through resorption. The resorption procedure is initiated by both dissolution of the 

material as well as by osteoclastic cells. However, sintered calcium phosphates usually have 

low fracture toughness and compressive strength. Moreover, low dissolution rate of calcium 

phosphate ceramics normally marks low kinetics of resorption [45]. 
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Calcium silicate-based ceramics are being presently explored as an alternative to 

calcium phosphate ceramics. Literature reviews have shown that important features of 

calcium silicate-based ceramics are excellent bioactivity, biodegradability and tendency to 

release ions at a concentration that promotes osteoblast proliferation and differentiation [46]. 

The rate of apatite mineralization on the surface of the calcium silicate-based ceramics is 

found to be faster than calcium phosphates and any other glass ceramics due to the presence 

of silicon ion which efficiently takes part in the metabolism during bone growth and cell 

proliferation. Moreover, the relatively wide range of calcium silicate-based materials in 

chemical compositions have great influence on regulating mechanical strength, making them 

capable of stress and load-bearing applications [47]. These materials are also widely used in 

various medical applications such as biocompatible polymer-ceramic composites, bioactive 

coating of metallic implants and drug delivery. 

In spite of various methods that have been reported for preparation of calcium silicate 

ceramics, sol‐gel synthesized calcium silicates have proven to be potential candidates for its 

biomedical application due to their enhanced chemical homogeneity and higher bioactivity. 

The traditional powder manufacture technology using melt‐quenching method or solid‐state 

sintering for the fabrication of calcium silicate ceramics requires more than 1200 °C 

temperature; in contrast, the sol‐gel technique requires reasonably low temperature of 800 °C 

[48]. A typical sol‐gel method for synthesis of calcium silicates require high purity calcium 

nitrate tetra hydrate (Ca(NO3)2·4H2O) as calcium oxide source and tetraethylorthosilicate 

(TEOS) as silica source which are expensive. In addition, the method requires gelation of 

TEOS and (Ca(NO3)2·4H2O) via acid or base hydrolysis of TEOS. TEOS hydrolysis is 

extremely slow in neutral medium and this method requires the addition of acid or base 

catalyst during gelation. Without any catalyst, the presence of water alone leads to elastic 

homogeneous gel formation, which requires long drying time [49]. 
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Accelerating utilisation and recycling of waste volumes to produce valuable 

biomaterials is a significant increasing research interest worldwide [50]. Managing waste to 

recapture resources and turning them back into virgin raw materials is always an impetus for 

promoting sustainable living in the future. In the field of agriculture, rice husk is highest 

waste production across the world. Researchers have reported that rice husk has rich amount 

of silica in the form of rice husk ash (RHA) which could be easily extracted from the rice 

husk after calcination at high temperatures [51]. It has also been reported that these biogenic 

forms of silica produced in rice husk ash shows good biocompatibility over synthetic forms 

of silica [52]. Also, since 11% of the total mass of egg represents eggshell, millions of tons of 

eggshells are generated as bio waste. It has been reported that eggshells has ample amount of 

calcium carbonate as ~94%, and remaining constituents are ~1% of calcium phosphate, ~1% 

of magnesium carbonate and ~4% of other organic matters. High temperature treatment of 

crushed eggshells produce ~99% of calcium oxide along  with traces of biologically 

beneficial ions such as Mg
2+

, Sr
2+

 and F
-
 [53]. Moreover, the calcium oxide produced in 

eggshell can impart antimicrobial activity to the composition [54]. Therefore, the use of these 

biogenic forms of silica and calcium oxides as alternatives to synthetic forms to produce 

biomaterials for biomedical applications not only reduces the total production cost, but also 

shows myriad biological beneficial effects. 

Furthermore, the degradation rate of calcium silicate ceramics is relatively high when 

used in the form of 3D scaffold because porous scaffolds have significantly higher specific 

surface area than ceramic discs, leading to abrupt change in pH value of local environment by 

dissolution ions, which may negatively affect surrounding cells [55]. Additionally, the high 

solubility rate, which indicates their chemical instability, is likely reason for failure of 

scaffold construction before the creation of appropriate extracellular matrix (ECM) and new 

bone. Literature studies have shown that the dissolution rate of calcium silicate ceramics can 
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be control by substitution of ions (Ag, Mg, Zn, Zr and Sr) that leads to formation of new 

materials with modified crystal structure. Such complicated crystal structures with various 

bond strengths between ions and with improved density decreases dissolution rate of Ca and 

Si ions concentration which in turn create a suitable pH value that promotes osteoblast 

proliferation, differentiation and gene expression 

Therefore, in the current study, as a part of dissertation, natural resources such as rice 

husk and eggshells have been chosen as source materials for silica and calcium oxide, 

respective to produce calcium silicate (CaSiO3) bioceramics by sol-gel technique for bone 

tissue engineering. Different trace metals like Ag, Zr and Mg were incorporated in produced 

calcium silicate phase to regulate the properties for bone tissue engineering. Different 

techniques like XRF, TG-DTA, XRD, FTIR, SEM-EDS and Particle analyzer were used to 

characterize the prepared samples. Bioactivity was studied based on the rate of 

hydroxyapatite formation using in vitro experiments in simulated body fluid (SBF). Weight 

loss studies were performed in SBF and also in Tris-HCl buffer solutions to know the 

degradation behaviour of the synthesized ceramics. Biocompatibility was estimated by 

osteoblastic cells (MG – 63) using MTT assay. Mechanical properties such as microhardness, 

compressive strength, fracture toughness and elasticity modules were tested to know the 

nature of the prepared ceramics whether they are mechanically compatible with the bone 

tissue or not.      

1.6 Brief review of the work done on calcium silicate-based bioceramics 

The traditional method of preparing bioactive material is through melt quenching; 

only a limited composition range of Ca-Si binary system can be melted. The Ca–Si system 

phase diagram shows the liquid – liquid miscibility gap is asymmetric at 1871 °C upper 

critical solution temperature and at 1705 ± 10 °C solvus temperature [56, 57], while 
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quenching glasses from above 1700 °C have a white opaque Ca-rich phase and clear siliceous 

phase, which makes it impossible to synthesize glasses with composition in this area by 

conventional melt quenching method [56]. This could be the reason for the development of 

research on Ca-Si binary system is less mature for biomedical field. However, Hayashi T and 

Saito H [58] who first reported in 1980 an incapability to produce Ca-Si binary system by 

sol-gel procedure used high purity Ca metal reacting with ethanol. They struggled with 

alkoxides hydrolysis, resulting in precipitation of hydrolysed product. Hayashi T and Saito H 

[58] also reported that when they used calcium nitrate as calcium source, a translucent or 

opaque gel was obtained which gave rise to crystalline Ca(NO3)2. nH2O containing fully 

white powders at higher temperatures. Bansal NP [57] in 1992 was able to successfully 

obtain a transparent gel by using calcium nitrate tetra hydrate as precursor of calcium where 

alcoholic solution of calcium nitrate tetra hydrate was mixed with tetraethyl orthosilicate 

(TEOS). Catauro M et al. [59] in 1997 produced similar results with tetramethyl orthosilicate 

(TMOS) and Ca(NO3)2.4H2O as precursors for glass composition of 2CaO.3SiO2. Later 

Vallet-Regi and co-workers [60, 61] reported a succession of publications on the biological 

properties of CaO-SiO2 binary system. 

Several in vitro and in vivo studies have been carried out to examine the bioactivity 

and biocompatibility of dicalcium silicate and tricalcium silicates. For example, Liu X et al. 

[62] investigated the formation and evolution of hydroxyapatite on dicalcium silicate coatings 

and found excellent bioactivity of dicalcium silicate when used as coatings for titanium alloy 

substrates. Sun J et al. [63, 64] demonstrated that plasma-sprayed coatings of dicalcium 

silicate are favourable for the proliferation and differentiation of osteoblast-like MG63 cells 

and regulation of osteoclastogenic gene expression. Jiang Chang and co-workers examined in 

vitro bioactivity and self-setting property of dicalcium silicate [65, 66] and tricalcium silicate 

[67, 68], demonstrating that these cement pastes are bioactive self-setting materials which can 
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be used as injectable implants for bone repair applications. Sun M et al. [69] described the 

systematic in vitro and in vivo investigation on β-Ca2SiO4 cements in comparison with 

calcium phosphate cement, suggesting that β-Ca2SiO4 biocement is a promising candidate for 

bone tissue engineering. 

Monocalcium silicate (CaSiO3) is a most extensively studied ceramics for bone repair 

and regeneration applications for its progressive bio-functionalities compared to dicalcium 

silicate and tricalcium silicate ceramics. Siriphannon P et al. [70] showed that carbonated 

hydroxyapatite (CHA) growth rate on wollastonite was faster than on other bioactive glass 

ceramics and A-W glass ceramics. In vitro cell culture assessments demonstrated that 

wollastonite ceramics can support the attachment of osteoblast-like cells and bone marrow 

mesenchymal stem cell, as well as their proliferation and differentiation [71–73]. 

Wollastonite shows improved performance in terms of mechanical properties such as higher 

fracture toughness and bending strength when compared with calcium phosphate ceramics 

[74, 75]. Furthermore, some of the in vivo functions of wollastonite have also been reported. 

De Aza PN et al. [76] examined the morphology and chemistry of the reconstructed interface 

between wollastonite implant and the surrounding bone in the femoral condyle of rats, 

showing that wollastonite implant seemed to serve as a physical support where cells with 

osteoblastic capability were found to migrate and develop. Xue W et al. [77] investigated the 

bioactivity behaviour of wollastonite coatings by implanting them in dog’s muscle and in 

cortical bone marrow, and found that the bone like apatite layer was grown on the surface of 

wollastonite coating when it was implanted in the muscle, while the bone tissue could extend 

and grow along the surface of wollastonite coating when implanted in cortical bone. Xu S et 

al. [78] evaluated the resorption and bone regenerative ability of β – CaSiO3 porous scaffolds 

in a rabbit calvarial defect model, and the results revealed that β – CaSiO3 has better bone 
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regenerative capability and much more resorption rate compared with porous β – tricalcium 

phosphate. 

Several studies have also been reported on substitution of trace metal ions such as 

magnesium (Mg), zinc (Zn) and zirconium (Zr) into calcium silicates to overcome the 

drawbacks such as weak mechanical strength and high degradation rate. Jiang Chang’s group 

[79, 80] investigated in vitro and in vivo assessment, and mechanical properties of calcium 

magnesium silicate bioceramics. The results show that the mechanical properties were 

increased and promote greater osteogenesis and biodegradation with Mg doping. The rate of 

bone formation is faster in calcium magnesium silicates than in β-tricalcium phosphate at 

late-stage implantations [81, 82]. Comparative studies on in vitro degradation, apatite 

forming-ability and cytocompatibility of magnesium containing calcium silicate bioceramics 

have shown that their mechanical properties are improved, activation energy of Si ions 

release increased and degradation rate decreased with increase of Mg contents in ceramics, 

whereas apatite formation rate in SBF solution decreased [83–85]. Li HC et al. [86] showed 

that the incorporation of ZrO2 or ZnO decreases the total pore volume, indicating ZrO2 or 

ZnO increase the density of wollastonite. ZrO2 or ZnO enhances the bending strength and 

elastic moduli of wollastonite ceramics that matches the human body bone. The addition of 

ZrO2 or ZnO decreases the degradation rate of wollastonite. Hala Zreiqat’s group [87–89] 

extensively studied the potential biomedical applications of calcium zinc silicates. Their 

studies revealed that compared to wollastonite, zinc incorporated wollastonite have shown 

considerably improved attachment of osteoblast-like cells (HOBs), cellular proliferation and 

differentiation. In addition, addition of zinc promoted the development of mature and 

efficient osteoclasts and formed resorption imprints. Ramaswamy Y et al. [90] examined the 

effect of calcium zirconium silicate on proliferation and differentiation of osteoclasts (OC), 

human osteoblast like cells (HOB) and endothelial cells to determine the potential use of 
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ceramics for bone tissue engineering. The results of these studies revealed that zirconium 

containing calcium silicate ceramics support the attachment of human osteoblast-like cells 

with systematized cytoskeleton structure, promoted enhanced cell proliferation and 

differentiation compared to wollastonite. Osteoclast activity is enhanced when osteoclasts are 

cultured, demonstrating that zirconium containing calcium silicates can stimulate bone 

restoration procedures while accelerating the formation of new bone. In addition, zirconium 

containing calcium silicate supports endothelial cells attachment, which indicates endothelial 

cell markers; ZO-1 and VE-Cadherin. 

1.7 The objectives of the present study 

1. To obtain low temperature calcium silicate-based bioceramics from natural resources 

which will function as a bone implant material. 

2. To study the in vitro bioactivity of prepared bioceramics in simulated body fluid. 

3. To ensure the mechanical properties of prepared materials match the mechanical 

properties of human bone. 

4. To obtain a controlled degradation rate i.e. the degradation rate of prepared 

bioceramic and its kinetics of conversion to hydroxyapatite must match. 

5. To assess the cytocompatibility and the ability to promote cell proliferation of 

prepared bioceramics by MTT assay. 

6. To assess the antimicrobial activity of prepared bioceramics 
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Chapter 2 

Experimental methods and Characterization 

 

In this chapter, the purification steps of raw materials used are described in detail. 

The comprehensive description of the conventional sol-gel method and the proposed sol-gel 

method in the present study are presented. The methodologies of different biological studies 

such as in vitro bioactivity, cytocompatibility, degradation studies and antimicrobial activity, 

which will evaluate the performance of prepared material for bone tissue engineering, are 

described. The detailed explanation of working principle and methodology of apparatus used 

(XRF, TG-DTA, XRD, SEM-EDS, FTIR, UTM, Microhardness testing and Particle analyzer) 

are presented. 
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2.1  Materials 

The conventional sol-gel preparation of calcium silicate-based bioceramics requires 

calcium nitrate tetrahydrate (Ca(NO3)2. 4H2O) and tetraethyl orthosilicate (TEOS; 

Si(OC2H5)4) as precursor materials for calcium oxide and silica, respectively. They were 

procured from Sigma Aldrich, India. In the proposed sol-gel method for the present study, 

rice husk was used as silica source and eggshells were used as calcium oxide source. Rice 

husk was obtained from a rice mill in Warangal, Telangana, India and the eggshells were 

collected from NIT Warangal mess. Other precursor materials for dopants such as silver 

nitrate (AgNO3), zirconium (IV) oxynitrate hydrate (Zr (NO3)2. x H2O) and magnesium 

nitrate hexahydrate (Mg (NO3)2. 6H2O) were also purchased from Sigma Aldrich, India. 

 Sodium chloride (NaCl), potassium chloride (KCl), sodium bicarbonate (NaHCO3), 

potassium hydrogen phosphate trihydrate (K2HPO4.3H2O), magnesium chloride hexahydrate 

(MgCl2. 6H2O), calcium chloride (CaCl2), sodium sulphate (Na2SO4), Hydrochloric acid 

(HCl) were procured from Sisco Research Laboratories Pvt. Ltd. (SRL), India. 

 Dulbecco Modified Eagle’s Medium (DMEM; Gibco, 11965092), 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Himedia, TC191), Nonidet P-

40 (NP-40; Sigma, I8896), Fetal bovine serum (FBS; Gibco, 10270106), Phosphate buffered 

saline (PBS; Gibco, 10010023), Antibiotic-Antimycotic (Gibco, 15240062), Trypsin-EDTA 

(Gibco, 25200056), Sodium pyruvate (Gibco, 11360070) and Isopropyl alcohol were 

purchased from Invitrogen, India. 

 The human osteoblast-like MG-63 cells were procured from National Centre for Cell 

Science, Pune, India. The expression of different symptoms by these cells facilitates in 

investigating the osteoblast response on different biomaterials as they originate from 

osteosarcoma cells. 
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2.1.1 Rice husk ash (RHA) 

 Rice husk was first washed with running tap water to remove dirt and water soluble 

impurities. Then the washed rice husk was treated with 0.5 M concentration of hot 

hydrochloric acid at ~ 60 °C for half an hour under constant stirring. After removing the acid 

solution, the rice husk was rinsed with distilled water until it was free from acids. It was first 

air-dried and later dried in a hot air-oven at 110 °C for 24 h. Consequently, the dried rice 

husk was placed in muffle furnace and heated at 600 °C for 4 h [1, 2]. Brown residues turned 

to white in colour, indicating the formation of silica. The rice husk ash obtained was 

characterized by XRD and XRF and after characterization it was directly used without any 

further purification. 

 

Fig. 2.1 Schematic representation of process used to convert rice husk into silica 

2.1.2 Eggshells (ES) 

Boiled hen eggshells were collected and the unwanted protein coatings were detached 

from the shells, rinsed thoroughly using distilled water, and then dried at 120 °C for 2 h. The 

dried eggshells were ground using mortar and pestle to get fine powder. Subsequently, the 

ground eggshell powder was placed in a muffle furnace for two step thermal treatment. The 

first step involved heating it at 450 °C for 2 h at a heating rate of 5 °C / min; at this stage, any 

organic residue is destroyed and the second step involved heating the mixture at 900 °C for 2 

h, but at a heating rate of 0.5 °C / min; at this stage, the eggshell powder is converted into 
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calcium oxide with the release of carbon dioxide [3]. The calcinated eggshell powder was 

characterized by XRD and XRF and after characterization it was directly used without any 

further purification. 

 

Fig. 2.2 Schematic representation of process used to convert eggshells into calcium oxide 

2.2   Preparation techniques 

SiO2 and CaO at a molar ratio 1:1 were synthesized by sol-gel technique using rice 

husk ash (RHA) as the source of silica and eggshell powder as the source of calcium oxide. 

Calcium oxide thus obtained from eggshells was dissolved in 2M hydrochloric acid to obtain 

a clear calcium chloride solution (CaCl2). Sodium silicate solution (Na2SiO3) was prepared 

by boiling the rice husk ash (RHA) at 60 °C for 30 min in 2M sodium hydroxide solution. 

Sodium silicate solution was then added to calcium chloride solution under constant stirring. 

A thick white colour solution was obtained which was allowed to age for 3 days at room 

temperature, followed by washing four to five times with deionised water to eliminate NaCl 

by-product. The residual liquid was separated by filtration and the filtered sample was then 

dried at 70 °C for 24 h and at 120 °C for another 6 h. The resultant dried sample was crushed 

and ground into fine powder. The powder was calcinated at 600 °C for 2 h. The ceramic 

specimens were prepared to get different dimensions for different characterizations using 

stainless steel dyes and 5 wt% polyvinyl alcohol (PVA) water solution binders. An 

appropriate amount of PVA water solution binders was added to the calcinated powder and 

then the mixture was uniaxially pressed at 200 MPa with manual hydraulic press and compact 
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blocks were sintered at the desired temperature according to crystallization temperature 

obtained from TG‐DTA analysis. 

Later series of ceramic batches were synthesized using trace metal ions such as Ag, Zr 

and Mg as the dopends at the expense Ca in the above prepared calcium silicate ceramic. The 

schematic demonstration of the synthesis procedure is shown in fig. 2.3. 

 

Fig. 2.3 Flow chart and photograph of sol-gel procedure using RHA and eggshells are the 

source material 

SiO2 and CaO at a molar ratio of 1:1 were also synthesized by conventional sol-gel 

technique using calcium nitrate tetrahydrate (Ca(NO3)2. 4H2O) and tetraethyl orthosilicate 

(TEOS; Si(OC2H5)4) as source materials for calcium oxide and silica, respectively for the 

purpose of comparison. The general process for sol‐gel method including hydrolysis and 

aging was obtained from Ref. [4]. TEOS was mixed with 2 mol/L HNO3 and absolute ethanol 

(molar ratio of (HNO3 + H2O): TEOS: ethanol = 10:1:10), after 1 hour of stirring, the 
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necessary quantity of Ca (NO3)2·4H2O was added to the resulting mixture and stirring was 

continued for 1 hour. After that, the sol solution was kept at 60 °C for 1 day in a sealed 

container for aging followed by drying at 120 °C for 24 h. Calcium silicates were obtained by 

sintering at the desired temperature according to crystallization temperature obtained from 

TG‐DTA analysis. 

2.3   Material characterization techniques 

2.3.1 X-Ray fluorescence spectroscopy (XRF) 

Energy Dispersive X-ray Fluorescence spectroscopy (XRF) is a non-destructive 

method for determining the elemental composition of sample materials, both quantitatively 

and qualitatively. The schematic 

diagram of XRF is shown in Fig. 

2.4. When matter is excited by 

primary X-radiation, the inner 

shell electrons are knocked out 

and the outer shell electrons fill 

the resulting voids by releasing 

fluorescent radiation which is 

characteristic of the energy distribution in a particular material. The detector detects the 

energy distribution of fluorescent radiation and then produces characteristic measurement 

signals for chemical elements in the sample. 

The purity of silica produced in rice husk and the purity of CaO produced in eggshells 

were estimated by wavelength dispersive X-ray fluorescence (XRF) spectrometer (Rigaku 

ZSX primus) (Fig. 2.5). The analysis was performed at ambient condition along with P-10 

gas (Ar 90%, CH4 10 %) for the flow proportional counter (F-PC). 
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Fig. 2.5 X-ray fluorescence spectrometer (Rigaku ZSX primus)  

2.3.2 Thermo gravimetric and differential thermal analysis (TG-DTA) 

Thermal property analysis of all the prepared bioceramics were studied using TG-

DTA instrument. Fig. 2.6 shows the schematic representation of TG-DTA experimental 

setup. It is a simultaneous thermal 

analyzer that can characterize 

multiple thermal properties of a 

specimen in a single experiment. The 

TG measures the mass changes and 

the corresponding temperatures 

associated with dehydration, 

decomposition, oxidation and 

desorption that occurs in the sample. 

The DTA measures the temperature 

difference between an inert reference 

and a sample material during a 
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programmed change of temperature. If the temperature of the sample lags behind that of the 

reference material, endothermic curve is observed and if the temperature of the sample 

exceeds that of the reference material, exothermic curve is observed. The glass transition 

temperature (Tg), onset crystallization temperature (Tx), peak crystallization temperature (Tc) 

and melting temperature (Tm) can be found using the outline of exothermic and endothermic 

peaks in DTA curve. The temperature difference should be zero until a thermal event such as 

decomposition, melting, crystallization or glass transition occurs. 

STA 2500 Regulus (Model: NETZSCH, Germany) simultaneous Thermogravimetric 

Analysis (TGA) and Differential Thermal Analysis (DTA) (Fig. 2.7) were used to study the 

thermal behavior of dried gels under argon atmosphere from room temperature to 1200 °C at 

a heating rate of 10 °C/min. 

 

Fig. 2.7 Thermogravimetric and differential thermal analyzer (NETZSCH) 
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2.3.3 X-ray diffraction (XRD) 

X-ray diffraction (XRD) is a rapid non-destructive technique that detects the phase of 

a material and also provides information about crystalline sizes based on Bragg’s law (nλ = 

2d sinθ). Fig. 2.8 shows the 

schematic representation of XRD 

experimental setup. A 

monochromatic beam of X-rays 

is made incident on the sample 

surface, and the reflected X-rays 

are detected by a detector. The 

XRD peak spectrum is generated 

by the constructive interference 

of a monochromatic beam of X-

rays scattered at specific angles from each lattice plane in a sample. The atomic position in 

the lattice planes determines the intensities of the peaks. Therefore, the XRD peak pattern is a 

characteristic of periodic atomic arrangements in the sample material. Standard database for 

X-ray powder diffraction patterns provides quick identification of a large variety of 

crystalline materials. 

The phase identification of all the prepared samples was assessed using powder X-ray 

diffractometer (Model: PANALYTICAL XPERT POWDER, UK) (Fig. 2.9) before and after 

immersion in SBF solution using Cu Kα radiation source in the 2θ scan range between 10 to 

80°. During measurement, the step size was 0.02° and the time per step was 50 s. 
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Fig. 2.9 X-ray diffractometer (PANALYTICAL)  

2.3.4 Fourier transforms infrared (FTIR) spectroscopy 

 Fourier transform infrared (FTIR) spectroscopy is a technique used to obtain 

transmission or absorption spectrum by translating the raw data (interferogram) using a 

mathematical process (Fourier transform). The method is based on the fact that the atoms in a 

molecule vibrate relative to each other with frequencies that correspond to infrared-

wavelength light, and hence can be easily excited with such a radiation. When the molecule is 

irradiated by infrared light of various wavelengths, if the photon energy matches with the 

energy quantum needed to increase a molecular vibration one level up, it will be absorbed by 
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the molecule, and photons of other energies will pass through molecule. By measuring the 

transmitted light intensity for a broad range of wavelengths, it is possible to obtain a 

spectrum. 

 The schematic diagram of FTIR spectrometer is shown in Fig. 2.10. A beam of 

infrared light of different wavelengths is sent through a beam splitter, half of which is made 

incident on a fixed mirror and another 

half on a mirror moving at a constant 

velocity. The two split beams are then 

reflected back and incident on the 

beam splitter but with a path 

difference between them. Depending 

on the path difference between the 

reflected beams, an interference 

pattern is generated. The interference 

pattern (or interferogram) is sent to 

the sample, and the transmitted portion of the interferogram is sent to a detector. After 

comparison with a reference sample beam spectrum in the detector, a Fourier transform is 

performed to obtain the full spectrum as a function of wavenumber. 

The infrared spectra of all the samples before and after in vitro test were obtained by 

KBr pelleted samples using Fourier transform infrared (FTIR) spectrometer (model: ALPHA 

II; Bruker, Germany) (Fig. 2.11) in the range of 400–4000 cm
−1

 with a transmission mode 

and 4 cm
−1

 resolution. 
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Fig. 2.11 Fourier transforms infrared spectrometer (ALPHA II; Bruker) 

2.3.5 Scanning electron microscope-energy dispersive spectroscopy  

(SEM-EDS) 

 The scanning electron microscope (SEM) is a type of microscope that can produce 

high-resolution images of the sample surface. The principle of the electron microscope is 

similar to that of an optical microscope, but instead of using visible light, it uses high-energy 

electrons as a light source. The resolution of an optical microscope is limited by its 

wavelength, whereas the wavelength of electrons in an electron microscope varies with the 

applied voltage (2.1). 

   
   

√ 
  𝑚                    (2.1) 

The short wavelength electrons produced by the electron gun provide an opportunity 

to see the atomic structures of the specimens. The schematic diagram of the SEM is shown in 

Fig. 2.12. Electrons emitted from an electron gun are accelerated with an accelerating voltage 

of V0.  The electrons in the high vacuum column, called the primary electrons, are focused 
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through the electronic lens to 

produce a narrow scan beam that 

bombards the object, resulting in 

secondary electrons being 

emitted from each point on the 

object. The angle and velocity of 

the secondary electrons relates to 

the microstructure of the object. 

A detector detects the secondary 

electrons and produces an 

electronic signal that can be amplified and transformed into a digital image. 

The resolution of any microscope is determined by the spot size on the surface of the 

sample, quality of lenses and performance of the electron gun. The sharpness and visibility of 

an image depends on electron probe current (ip), electron probe size (dp), electron probe 

convergence angle (αp) and electron beam accelerating voltage (V0). Brightness (β) also 

depends on the above four parameters and is defined as the beam current area per unit of 

solid angle. The smaller the spot size, the higher the brightness. 

When atoms in the material are ionized by high energy radiation, they emit 

characteristic X-rays. EDS is an acronym describing a technique of X-ray spectroscopy that is 

based on the collection and energy dispersion of characteristic X-rays. EDS system consists 

of a source of high energy radiation, usually electrons; a sample; a solid state detector, 

usually made from a lithium-drifted silicon, Si (Li); and a signal processing electronics. EDS 

spectrometers are most frequently attached to the electron column instruments. X-rays that 

enter Si (Li) detector are converted into an X-ray energy histogram. This X-ray spectrum 

consists of a series of peaks representing the type and relative amount of each element in the 
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sample. The number of column in each peak may be further converted into elemental weight 

concentration either by comparison with standards or using standardless calculations. 

The structural morphologies and elemental evaluation of gold sputter-coated 

bioceramics and the formation of hydroxyapatite crystals after soaking them in SBF solution 

were analyzed using SEM jointly equipped with EDS. The analysis was performed on 

5WEGA 3 LMU; TESCAN, UK model microscope (Fig. 2.13) using a beam energy of 15.0 

kV and a working distance of 10 mm. 

 

Fig. 2.13 SEM-EDS (5WEGA 3 LMU; TESCAN) 

2.3.6 Microhardness testing 

Microhardness testing is a technique for determining the hardness of a specimen by 

means of a pyramid-shaped diamond indenter. The microhardness test can measure core 

hardness from the surface on carburized or case-hardened parts as well as surface conditions 

such as carburization and grinding burns. Vickers hardness test was used to determine the 

hardness of the sintered samples by Matsuzawa (Via – S) micro hardness tester. A load (P) of 
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100 g on each sample was applied for a fixed residence time of 15 seconds, leaving a square-

shaped indentation on the surface of the tested specimen (Fig. 2.14). The average diagonal 

length of the indentation (d) was calculated by fixing it optically using a microscope 

equipped with an instrument. The hardness (Hv) values for sintered samples were calculated 

using equation 2.2. The indentation fracture toughness (KIC) was estimated using equation 2.3 

with an applied load of 4.9 N. The average values were obtained by taking five measurements 

at different locations on the samples. Matsuzawa (Via – S) micro hardness tester is showed in 

Fig. 2.15 

    
       

  
 (N/m

2
)                   (2.2) 

            
 

                       (2.3) 

Where    is the microhardness, d the average diagonal length of the indentation, KIC 

the fracture toughness (MPa 𝑚   ), C the radial crack length and P is the applied indenter 

load.  

 

Fig. 2.14 Schematic representation of Vickers hardness test 
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Fig. 2.15 Micro hardness tester (Matsuzawa (Via – S)) 

2.3.7 Universal testing machine (UTM) 

The universal testing machine (UTM) is used to determine the mechanical properties 

such as compression, tension, flexural, friction, etc. of a given test sample by applying 

compressive, tensile, or transverse stresses. The machine is so named because it can perform 

extensive tests on a wide variety of materials. Fig.2.16 shows the schematic diagram of the 

universal testing machine (a) under compression mode and (b) under three point bending 

mode. The compressive mechanical analysis of prepared ceramics (n=3; ∅ 8 mm × 12 mm) 

was measured using universal testing machine (Model: WDW-1000S). The compressive 

strength was obtained by applying a load cell of 5 kN at a crosshead of 0.5 mm min
-1

 until the 

ceramic structures reported failure. Elasticity modulus and bending strength of ceramic bars 

(n=3; 38 mm × 3 mm × 4mm) were studied by employing three-point bending technique 

using universal testing machine with a 0.5 mm min
-1

 crosshead speed and a sample span of 
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30 mm. The test outcomes were calculated as per equations 2.4 and 2.5. WDW-1000S 

universal testing machine was showed in Fig. 2.17 

   
   

    
                    (2.4) 

  
         

           
 × 10

-3
                   (2.5) 

Where E is modulus of elasticity (GPa),    bending strength (MPa), P fracture load, b 

sample width (mm), h sample height (mm) and L length of the support span (mm).  

 

Fig. 2.16 Schematic diagram of universal testing machine compression mode (a) and bending 

mode (b) 
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Fig. 2.17 Universal testing machine (WDW-1000S) 

2.4   Biological studies 

2.4.1 In vitro bioactivity evaluation 

The International Organization for Standardization (ISO 10993-14) has approved the 

use of simulated body fluid (SBF) as a preliminary test to assess the in vitro bioactivity of 

materials. SBF solution mimics human extracellular fluid in terms of ion concentrations and 

pH. SBF solution was prepared as per a well-established procedure by Kokubo and his 

colleagues [5, 6]. Fig. 2.18 shows the schematic representation of SBF solution preparation. 

In brief, all the bottles, beakers etc. were immersed in diluted HCl for several hours and after 
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that removed from solution and 

washed with ultra-purified water and 

the mouths covered with wrapping 

film. 750 ml of double deionized 

water was taken into 1000 ml of 

torsion beaker and covered with 

aluminium foil. The temperature of 

the water in the beaker was 

maintained at 37 °C by placing it in a 

water bath on a magnetic stirrer. The 

first eight reagents given in Table 2.1 were dissolved in the solution one by one in the same 

order mentioned in the table and after dissolving, the pH electrode was inserted into the 

solution, with a pH value between 2.0 ± 1.0. Now the 9
th

 reagent i.e. Tris was added into the 

solution little by little taking careful note of the pH variation. Tris was stopped being added 

into the solution when the pH of the solution reached 7.5. The remaining Tris and 1M HCl 

were added alternately into the solution keeping the pH within the range of 7.42 - 7.45. The 

final pH of the solution was adjusted to 7.4 exactly at 37 °C. Further, deionized water was 

added to the solution to adjust the total volume of the solution to 1000 ml.  

Table 2.1 Order and amounts of reagents for preparation of 1000 ml of SBF solution 

Order Reagent Amount 

1 NaCl 8.035 g 

2 NaHCO3 0.355 g 

3 KCl 0.225 g 

4 K2H PO4. 3H2O 0.231 g 

5 MgCl2. 6H2O 0.311 g 

6 1 M HCl 39 ml 
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7 CaCl2 0.292 g 

8 Na2SO4 0.072 g 

9 Tris 6.118 g 

10 1 M HCl 0 – 5 ml 

 

To emphasize the potential of apatite layer 

formation rate of the prepared bioceramics, 

the ceramic specimens (∅ 10 mm × 3 mm) 

were soaked in SBF solution and incubated at 

37 °C for various time periods such as 3, 7, 14 

and 21 days (Fig. 2.19). The assessment was 

performed under static condition to monitor 

pH values over immersion time. The 

difference in pH level of SBF solution for the period of soaking was recorded every day. 

After the soaking process in SBF solution, the samples were collected, cleaned with 

deionised water, and dried. The changes in chemical composition of surface and 

microstructural properties were examined by XRD, SEM-EDS and FTIR analysis. 

2.4.2 In vitro degradation evaluation 

 The degradation behaviour of prepared ceramic specimens was studied using Tris- 

(hydroxymethyl)-aminomethane and hydrochloric acid (Tris-HCl) solution according to ISO 

10993-14 standard. Tris-HCl buffer solution was used to study the degradation behaviour 

because it does not contain ions, thus confirming maximum solubility and minimum 

reprecipitation activity of material [7]. 0.05 M concentration of Tris-HCl was prepared by 

dissolving pure Tris in deionised water under constant stirring while monitoring the pH of the 

solution. The final pH of the solution was adjusted to 7.4 using 1 M HCl solution. The 
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sintered ceramic specimens (10 mm diameter × 3 mm thickness) were immersed in Tris-HCl 

buffer solution by maintaining the surface area of the sample to volume of the solution ratio 

as 1:10 and incubated at 37 °C for different time periods like 1, 3, 7, 14 and 21 days. Tris-

HCl buffer solution was exchanged with fresh solution every 3 days. At the end of each 

immersion time, the samples were collected from the solution and thoroughly cleaned with 

deionised water and then dried at 95 °C for 3 h. The change in weight loss was measured 

based on initial weight. The rate of degradation was calculated using equation 2.6. The test 

was performed in triplicate and the relative weight loss percentage was determined with 

respect to soaking time. 

Weight loss% = 
     

  
 × 100                      (2.6) 

Where Wi is the initial weight and Wf is the final weight of the sample 

2.4.3 Cytotoxicity and cell proliferation studies 

Cytotoxicity was assessed using MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazoliumbromide] assay, a standard assay for testing the cytotoxicity of materials 

and performed according to ISO 10993-5:1999 standard [8]. The MTT colorimetric assay is 

based on the transformation of a yellow tetrazolium salt to purple formazan crystals with live 

cells. Viable cells contain NAD (P) H-based oxidoreductase enzymes that transform MTT to 

formazan. Insoluble formazan crystals are dissolved using a solvent solution and the resulting 

color solution absorption is calculated using a multi-well spectrophotometer. The darker the 

purple colored solution, the greater number of viable cells (Fig. 2.20). 
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Fig. 2.20 Metabolism of MTT to a formazan salt by viable cells in 96 wells plate 

Human osteosarcoma cells (MG-63 cells) were used to examine the cytotoxicity and 

cell proliferation ability of prepared bioceramics. Dulbecco Modified Eagle's Medium 

(DMEM) supplemented with 10% fetal bovine serum (FBS) was added to MG-63 cells and 

stored in humidified air with 5% CO2 incubator at 37 °C. After that, the cells were detached 

from the vessel using a proteolytic enzyme known as trypsin. Trypsin cleaves peptide chains 

mainly at the end of carboxyl group of the amino acids such as Lysine and Arginine, when it 

is not accompanied by Proline in the cells. Consequently, it dissociates the adherent cells 

from the vessel in which they are being cultured for further treatment. The density of cell 

suspension was adjusted to 5 × 10
4
/ml. 100 µL of cell suspension was seeded into each well 

of culture plate of 96 wells and incubated in humidified atmosphere at 37 °C for 24 hours to 

allow the cells to attach to the wells. Different concentrations of dilution extracts (50, 100, 

200, 500 and 1000 µg/mL) of ceramics were prepared by adding ceramic particles to DMEM 

with 10% FBS. The 96 wells plate was divided into experimental groups. Sample extracts 

were added to experimental group to replace the original culture medium, and this was 
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incubated at 37 °C for 48 hours in humidified atmosphere. After 48 hours, 20µL (5 mg/mL) 

MTT reagent was added to the culture wells. After 4 hours of incubation, the culture medium 

with MTT of all wells was removed and then 100 μL of acidified isopropanol was added to 

each well followed by incubation for half an hour to solubilize the formazan crystals. The 

optical density (OD) values of each well were measured photometrically at 570 nm using a 

micro plate reader. Three test results were achieved for each concentration. % of cell viability 

was calculated using the equation 2.7. 

                 
[  ]    

[  ]       
                      (2.7) 

The effect of ionic dissolution of prepared bioceramics on osteoblast-like MG-63 cell 

proliferation was studied for a prolonged time period up to 7 days. We monitored similar 

procedure for proliferation assay. The diluted extracts were added to 96 wells plate 

containing 5 × 10
3
 cells/well and incubated at 37 °C for 1, 3, 5 and 7 days. The absorbance 

was measured at the end of each incubation period. 

2.4.4 Antimicrobial activity test 

The antimicrobial activity of prepared bioceramics was determined by disc diffusion 

method against bacterial microbes such as Staphylococcus aureus (S. aureus) and 

Escherichia coli (E. coli) because S. aureus and E. coli are two main possible sources of 

infection in wounds. The growth of pathogens was carried out in nutrient agar medium. The 

gently warmed molten nutrient agar medium was poured into sterilized petri dishes. Hundred 

microliters of the bacterial culture were dispersed on the agar plates and after dispersion, the 

ceramic discs of 10 mm diameter were positioned in the agar plates. The plates were 

incubated at 37 °C for 24 h. Antibacterial activity was assessed by determining the diameter 

of the inhibition zone against bacteria after the incubation period. 
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2.5  Statistical analysis 

 All the data were expressed as mean ± standard deviation. One-way ANOVA tests 

were used to compare the data between the samples. All tests were performed using origin 

8.5 software and in all cases, the results were considered statistically significant with a p-

value of less than 0.05. 
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Chapter 3 

In vitro biological and degradation behaviour of 

wollastonite derived from bio-waste 

In this chapter, initially, the preparation of β-wollastonite using bio-waste such as 

rice husk ash (RHA) and eggshells as sources of silica and calcium oxide through sol-gel 

method has been discussed. The required optimum calcination and sintering temperatures to 

achieve pure phase of β-wollastonite have been described using thermal analysis. In vitro 

apatite forming ability, degradation behaviour, cytocompatibility and mechanical properties 

of synthesized wollastonite have been discussed. 
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3.1 Introduction 

Wollastonite is the most extensively studied calcium silicate ceramic. It has a wide 

combination of properties such as thermal stability, low thermal conductivity, corrosion 

resistance, chemical inertness and low dielectric constant [1, 2]. Wollastonite is used in 

ceramics to reduce the baking temperature and duration, as filling agent in rubber, paper and 

plastic, as milking agent in paint, bonding agents for abrasives, and metallurgical applications 

[3, 4]. Wollastonite is a polymeric substance existing in two mineral forms: low temperature 

form; where β-wollastonite crystallizes in a chain silicate and high temperature form; where 

α-wollastonite crystallizes in a triclinic lattice [5]. 

Wollastonite has been studied for being a promising bone implantable material 

because of its advanced bio-functionalities, excellent bioactivity and biocompatibility [6-10] 

The presence of Ca and Si ions in wollastonite shows its important role in the formation of 

hydroxyapatite layer, affects mineralization process and plays a role in bone bonding 

mechanism [11, 12]. The ionic products released from calcium silicate ceramics could 

promote gene expression and improve the efficiency of insulin-like growth factor (IGF), 

which is especially related to cell proliferation. Wollastonite ceramic shows better 

performance in terms of mechanical properties such as higher bending strength and fracture 

toughness when compared with calcium phosphate and Hydroxyapatite (HA) [13, 14]. 

However, the relatively high dissolution rate of wollastonite, which accounts for higher pH 

level in the surrounding environment, has a limit on its clinical applications. The problem can 

be solved by emerging multiphase materials comprising highly dissolvable phases [15]. 

Different methods went into the preparation of wollastonite: solid phase reaction [16, 

17], co-precipitation [18], sol-gel method [19], hydrothermal method [20], microwave 

synthesis [21] and solution combusting method [22]. Synthesis technique plays an important 
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role in biomedical application of wollastonite. Sol-gel derived wollastonite exhibit unique 

surface chemistry and higher bioactivity [23–26]. In sol-gel process, metal alkoxides like 

tetraethylorthosilicate (TEOS) and tetramethylorthosilicate (TMOS) were used as silica 

precursor and calcium nitrate tetra hydrate (Ca(NO3)2.4H2O) was used as calcium oxide 

precursor. However, these precursors are expensive. The present work provides an 

environmentally beneficial and cost-free production of wollastonite by using rice husk ash 

(RHA) and eggshells which form source materials for silica and calcium oxide respectively. 

The aim of the present work is to synthesize wollastonite ceramic using RHA and 

eggshells by sol-gel method. In vitro bioactivity, degradation and cytocompatibility were 

investigated to analyse its potential application as a bone implant material. 

3.2 Results and discussion 

3.2.1 Raw materials characterization 

XRD patterns of raw eggshell powder, extracted CaO and SiO2 are showed in Fig. 3.1 

(a & b). Raw eggshells powder primarily composed of calcite (CaCO3) whereas the eggshells 

powder calcined at 900 °C for 2 hours showed the formation of cubic phase in accordance 

with JCPDS No. 82-1690 in terms of CaO. Rice husk ash calcinated at 600 °C for 4 hours 

showed the broad diffused peak with maximum intensity at 2θ = 22°, indicating amorphous 

nature of silica [27]. XRF was used to determine the chemical composition and purity of raw 

materials. The weight percentages of the oxides are presented in detail in Tables 3.1 for RHA 

and calcinated eggshell powder. The high purity of about 99.17% for SiO2 was observed in 

RHA using XRF analysis. The excess purity of the extracted silica is likely due to the 

hydrochloric acid leaching and determination of optimum temperature as suggested by 

Rohani Abu Bakara et al. [27]. Moreover, very low amounts of other metallic impurities were 
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measured. The obvious 98.47% purity was obtained for CaO produced in calcinated eggshell 

powder using XRF analysis. 

 

Fig. 3.1 XRD patterns of (a) raw eggshells powder, calcinated eggshells powder at 900 °C 

and (b) calcinated rice hush at 600 °C 

Table 3.1 Rice husk ash and calcinated eggshells oxidic composition measured by XRF 
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3.2.2 Thermal analysis 

Fig. 3.2 illustrates the TG-DTA curves of prepared sample after being dried at 120 °C. 

In the DTA curve, the exothermic peak at 778 °C indicates the starting temperature for 

crystallisation of β-wollastonite. This crystallization temperature revealed that the 

wollastonite prepared from RHA and eggshells crystallized at lower temperature when 

compared to previous reports by other researchers [28, 29]. From TGA curve, it is observed 

that the thermal decomposition takes place in different steps. The occurrence of 8.4% weight 

loss was associated with the removal of residual water from room temperature to 220 °C, 

while the next step which involved from 220 to 600 °C corresponded to a weight loss of 

5.18%, while between 600 to 750 °C, it shows a small weight loss of 2.5%. The second and 

third steps of weight loss might be caused by low temperature and high temperature 

decarbonation respectively [30]. It was observed that after the temperature reached 800 °C, 

the weight loss remained constant. 

 

Fig. 3.2 TG-DTA curve of wollastonite sample after dried at 120° C 
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3.2.3 Structural characterization 

The XRD pattern of the prepared sample sintered at 850 °C is shown in fig. 3.3. All 

the diffraction peaks were indexed to β-wollastonite (JCPDS file no: 42-0547) and no other 

peaks were observed. The particle size was estimated by Scherrer’s formula using full width 

half maxima (FWHM) of all the diffraction peaks in XRD pattern. The calculated average 

particle size was in the range of ~ 48 nm. 

 

Fig. 3.3 XRD pattern of the prepared wollastonite sample sintered at 850° C 

The morphological parameters of synthesized wollastonite ceramics were analyzed by 

SEM-EDS. Fig. 3.4 shows the surface micrographs and relative elemental spectra of 

wollastonite ceramics sintered at 850 °C. SEM image of surface of wollastonite pellet 

showed pores with irregular surface morphology. The appearance of pores on the surface of 
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wollastonite pellets might be owing to the release of volatile materials through calcination 

and sintering procedure. The EDS spectra show the presence of all indispensable elements 

like Ca, Si and O, which further supports the XRD data that pure wollastonite phase was 

achieved from eggshell and RHA at 850 °C. 

 

Fig. 3.4 Surface morphology of the prepared wollastonite sample 

Fig. 3.5 depicts the FTIR spectra of prepared wollastonite sample. The IR absorption 

peaks were observed at 1022 and 1075 cm
-1

 corresponding to the asymmetric stretching mode 

of Si-O-Si and the IR absorption bands at 684 and 641 cm
-1

 were assigned to the symmetric 

stretching vibration of Si-O-Si. The vibrational bands observed at 902 and 943 cm
-1

 can be 

associated with the non-bridging silicon-oxygen bond of Si-O-NBO whereas the absorption 

bands located at 462 and 563 cm
-1

 corresponded to the bending vibrational mode of Si-O-S 

[31–33]. 
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Fig. 3.5 FTIR spectra of wollastonite ceramics 

3.2.4 In vitro bioactivity 

The growth of hydroxyapatite layer on the surface of wollastonite samples after 

immersion in SBF solution was assessed by investigating the change of crystallinity, 

functional groups and surface morphology. Fig. 3.6 shows the XRD pattern of the 

wollastonite ceramic pellets after soaking in SBF solution. The characteristic peaks of 

hydroxyapatite (Ca10(PO4)6(OH)2) at 2θ = 25.87 (0 0 2), 2θ = 31.78 (2 1 1), 2θ = 46.71 (2 2 

2), 2θ = 49.46 (2 1 3), 2θ = 53.14 (0 0 4), 2θ = 57.12 (3 1 3) were found in agreement with 

JCPDS no: 09-0432, indicating that the hydroxyapatite layer growth started immediately on 

the sample surface after immersing it in SBF solution. The diffraction intensity of original 
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wollastonite phase reduced significantly as soaking time increased and was replaced by 

hydroxyapatite phase. The wollastonite phase was still detected after 21 days of soaking 

because of non-homogeneous distribution of hydroxyapatite on the surface of the sample. 

 

Fig. 3.6 XRD pattern of wollastonite ceramic pellets after soaking in SBF solution 

SEM micrographs and elemental analysis of wollastonite samples surfaces after 

soaking in SBF solution are shown in Fig. 3.7. The growth of spherical shaped white colour 

agglomerates indicates the setting of hydroxyapatite over the surface of the sample after 

immersion in SBF solution and this was confirmed with the surface chemical composition 

obtained from EDS spectra. It is apparent from EDS spectra that there is a strong increase in 

calcium and phosphorus contents and the atomic ratio of Ca/P increased from 1.24 after 3 

days of soaking to 2.1 after 21 days of soaking. The calculated Ca/P ratio after 21 days of 
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immersion indicated that carbonated hydroxyapatite (CHA) layer formed on the surface of 

the sample [34, 35]. 

 

Fig. 3.7 SEM micrographs and elemental analysis of wollastonite after in-vitro studies 

The growth of apatite layer thickness was evaluated separately; SEM images and 

elemental analysis of cross section for the sample after being soaked for 3 and 7 days in SBF 

solution are shown in Fig. 3.8. After being soaked for 3 days, a layer thickness of about 48.91 
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± 0.24 µm was observed. After 7 days of immersion the layer thickness increased to about 

112 ± 3.4 µm with increasing amount of phosphate [36]. 

 

Fig. 3.8 SEM micrographs and EDS analysis of cross-section of wollastonite after soaking in 

SBF for (a) 3 days and (b) 7days 

After  soaking in SBF solution, the intensity of the silicate absorption bands decreased 

and the FTIR spectra (Fig.3.9) of the sample exhibited several new infrared bands at 563, 

603, 800, 875, 960, 1033, 1093, 1418, 1487, 1642 and 3434 cm
-1

. The peaks were observed at 

1418, 1487 cm
-1

 and a small shoulder at 875 cm
-1

 was assigned to the C-O stretching of the 

carbonate group (CO3
2-

) [37, 38]; the bands at 1093, 1033, 603 and 563 cm
-1 

could be 

assigned to the phosphate group (PO4
3-

) in which double peaks at 603 and 563 cm
-1

 are 

representative features of the crystalline phase of phosphate in hydroxyapatite. The bands at 

1642 and 3434 cm
-1 

corresponded to the O-H stretching vibrations [39, 40]. In addition to 

this, Si-O-Si symmetric stretching vibration band was observed at 800 cm
-1

 and a very small 

peak at 960 cm
-1

, which was associated with Si-OH symmetric stretching corresponding to 
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silanol bonds [41, 42]. In accordance with SEM-EDS analysis, the presence of carbonate 

absorption bands in FTIR spectra after immersion in SBF solution further confirmed that 

CHA layer formed on the surface of the sample. The bone-like CHA layer, which developed 

on the surface of sample in SBF solution, suggested that the fabricated wollastonite exhibited 

excellent bioactivity. 

 

Fig. 3.9 FTIR spectra of wollastonite after immersion in SBF solution 

3.2.5 Change in pH of SBF solution 

Fig. 3.10 shows the change in pH value of SBF solution during bioactivity test. The 

obtained pH values increased rapidly for up to 5 days of immersion after the increment in pH 
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value slowed down. The pH value attained a maximum of ~7.7 on day 11, after which no 

change was observed for entire recorded time (up to 14 days). The variation in pH value of 

SBF solution is associated with the mechanism of nucleation and the development of 

hydroxyapatite layer on the surface of bioactive specimens [43]. When the wollastonite 

ceramic was immersed in SBF solution the Ca
2+ 

ions from its surface exchanged with H
+
 or 

H3O
+
 in SBF solution, resulting in rapid increase of pH value of surrounding fluid for initial 

soaking period. This ion exchange leads to the silica-rich layer formation on the surface of 

the sample. Once the negatively charged silica-rich layer formed, the Ca ions in SBF solution 

are first attached to the silica-rich layer and then the ionic activity products of apatite migrate 

to the surface followed by growth of apatite layer onto the surface [44]. 

 

Fig. 3.10 Change in pH value of SBF solution during immersion time for wollastonite 
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3.2.6 Degradation 

Fig. 3.11 illustrates the degradation rate of the immersed ceramic pellets in SBF and 

Tris buffer solutions for different time durations. During the soaking period, the particles on 

surface were attacked by the surrounding solution and the ions were leached from the surface, 

as a result of which gradual weight loss occurred. The degradation of the samples was 

determined by calculating the weight loss percentage as a function of soaking time. For initial 

soaking period, weight loss percentage was faster than that of latter and the degradation rate 

in SBF solution was lower than that of Tris buffer solution because the hydroxyapatite 

precipitated on the surface in SBF solution whereas no reprecipitation of ions in Tris buffer 

solution. On day 21, the degradation of wollastonite reached 5.6 % in SBF solution and 16.8 

% in Tris buffer solution. The results showed that prepared wollastonite exhibits considerably 

lower degradation rate followed by slow dissolution, compared to the previous reports by 

other researchers [45, 46]. 

 

Fig. 3.11 Weight loss of wollastonite as a function of immersion time 
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The morphology after degradation in SBF and Tris buffer solution were also studied, 

as shown in the Fig. 3.12. Obviously a lot of spherical shaped hydroxyapatite particles were 

compactly distributed on the surface in SBF solution and on increasing immersion time 

period, more precipitation of apatite was observed.  On the other hand, in Tris buffer solution, 

obvious evidence existed for a homogeneous degradation of the wollastonite ceramic. The 

surface of the ceramic appeared to have a number of cavities and the cavities were deepened 

into the ceramic on prolonged time period [47]. These results were in agreement with the 

degradation profile (Fig. 3.11). 

 

Fig. 3.12 SEM images of wollastonite after degradation studies in SBF and Tris buffer 

3.2.7 Cytocompatibility 

Cytocompatibility study has been successfully done based on the rate of viability of 

cells. Fig. 3.13 represents the concentrations vs. cell viability (in %). As can be seen from the 
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image of cytocompatibility result, there is no significant change in MG-63 cell viability at 

different dosages (1000μg/mL to 50μg/mL) in osteosarcoma cell line. Moreover, within the 

experimental settings, the cell viability is unaffected at different doses. According to 

biological evaluation of medical devices – Part 5: tests for in vitro cytocompatibility (ISO 

10993 - 5: 2009), if the cell viability of the material is less than 70%, it has cytotoxic 

potential. On the other hand, in present work, it is observed that cell viability is greater than 

70% for wollastonite samples at all different dosages which showed great cytocompatibility 

result even at higher (1000 μg/mL) concentrations. Hence, Cytocompatibility test indicates 

that the synthesized wollastonite ceramic has no biological cell toxicity; consequently it has a 

significantly active role to play in biological applications. 

 

Fig. 3.13 Cell viability of wollastonite with MG-63 cells using MTT assay 
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3.2.8 Mechanical properties 

Micro-hardness and compressive strength values are shown in Table 3.2. These 

Micro-hardness values are measured at five different locations on the sample given an 

average value of 20.14 ± 1.85 HV. The detailed view of polished surface of sintered 

wollastonite sample after Vickers indentation measurement can be seen in Fig. 3.14(a). The 

measured Micro-hardness value is similar and slightly higher compared to those of other sol-

gel produced bioceramics reported in the literature [48–50]. The compressive strength was 

estimated from stress-strain curve by applying load until the specimen was crushed. Fig. 

3.14(b) shows a typical stress-strain curve of wollastonite specimen during the compressive 

strength test. The stress increased abruptly as a function of strain at the early stage and 

decreased after the maximum compressive stress was reached. It is evident that the specimen 

started to be crushed at maximum compressive stress. At the compressive strain of 0.9 % the 

stress was increased because the crushed fragments were compressed once again. This is a 

typical characteristic of brittle fracture of bioceramics. The test was performed using at least 

five samples and given an average value of compressive strength 40.77 ± 2.46 MPa [51–53]. 

 

Fig. 3.14 Vickers indentation at 100 g load (a) and a typical stress-strain curve (b) of 

wollastonite 
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Table 3.2 The Micro-hardness and compressive strength values of wollastonite 

Load (g) Dwell Time (s) Hardness (HV) Mean Hardness 

(HV) 

100 15 

18.74 

20.14 ± 1.85 
19.07 

23.24 

19.17 

20.52 

Load (kN) Crosshead speed 

(mm/min) 

Compressive strength 

(MPa) 

Mean Compressive 

strength (MPa) 

5 0.5 

39.29 

40.77 ± 2.46 
41.11 

38.26 

40.49 

44.72 

 

3.3 Conclusion 

Wollastonite was successfully fabricated from Rice husk ash (RHA) and eggshell 

powder by sol-gel method. The crystallization of β-wollastonite was obtained by suitable heat 

treatment according to thermogravimetric and differential thermal analysis (TG/DTA) results. 

The pure phase β-wollastonite was achieved at a relatively low temperature. In vitro studies 

result revealed that the prepared wollastonite exhibited good bioactivity and cytocompability 

with higher growth rate of CHA and slow degradation rate. The mechanical properties 

revealed excellent compressive strength (40.77 ± 2.46 MPa) and Micro-hardness (20.14 ± 

1.85 HV) values of wollastonite. Therefore, wollastonite prepared from RHA and eggshells 

might have potential for use as bioactive implant. The study also provides evidence that the 

method is effective in recycling natural waste into valuable bioceramics. 
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Chapter 4 

A comparative study on in vitro behaviour of bio-waste 

derived wollastonite with chemically derived wollastonite 

 

This chapter compared the in vitro bioactivity, change in pH of SBF solution, 

degradation rate, antibacterial activity and cell proliferation ability of wollastonite (β‐

CaSiO3) ceramics synthesized by present sol‐gel method using bio-waste resources such as 

rice husk ash (RHA) and eggshells with β‐CaSiO3 prepared using tetraethylorthosilicate 

(TEOS) and calcium nitrate tetra hydrate (Ca(NO3)2.4H2O) by conventional sol-gel method. 
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4.1 Introduction 

Calcium silicate ceramics have been identified as bioactive and prospective 

candidates for bone tissue engineering applications [1–3]. Researchers have reported that 

bone tissue can be produced on calcium silicate ceramics with hydroxyl carbonated apatite 

layer deposition [4, 5]. Moreover, these ceramics can support the attachment of human bone 

derived cells (HBDC), their proliferation and differentiation [6–8].  The conventional starting 

materials used to synthesize calcium silicates are calcium oxide (CaO) and silica (SiO2). 

Commercial calcium oxide and calcium nitrate tetra hydrate (Ca(NO3)2.4H2O) are the normal 

sources of calcium oxide. The sources of silica are commercial silica, tetraethylorthosilicate 

(TEOS) and sodium silicate (Na2SiO3). However, some of these materials are expensive. 

Researchers have made several efforts to recycle natural waste as an alternative 

source to reduce causing damage to the ground and environmental pollution. Many studies 

have been performed to produce calcium silicates from waste as resources in different 

synthesis procedures and these calcium silicates exhibit a range of properties. S. Vichaphund 

et al. [9] synthesized wollastonite (CaSiO3) powder by microwave assisted solid-state 

reaction using eggshells as a calcium oxide source and silica. R. Abd Rashid et al. [10] 

prepared wollastonite from Malaysian limestone and silica sand via solid-state route, which 

exhibited quantitatively good bioactivity charactereristics. H. Ismail et al. [11] produced 

wollastonite using rice husk as a source of silica and commersial calcium oxide by 

autoclaving and sintering method. S. Azeena et al. [12] reported a synthesis of wollastonite 

from rice straw ash as silica source and calcium nitrate by sol-gel method. Y. Wang et al. [13] 

produced wollastonite by silicon slag from zirconium oxychloride production industries with 

the addition of certain amount of calcium oxide. S.S. Hossain et al. [14] fabricated 

wollastonite using eggshells and rice husk ash by solid-state reaction. 
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In spite of various methods that have been reported for preparation of calcium silicate 

ceramics, sol-gel synthesized calcium silicates have proven to be potential candidates for its 

biomedical application due to their enhanced chemical homogeneity and higher bioactivity 

[15, 16]. The traditional powder manufacture technology using melt-quenching method or 

solid-state sintering for the fabrication of calcium silicate ceramics requires more than 1200 

°C temperature; in contrast, the sol-gel technique requires reasonably low temperature of 800 

°C [17]. A typical sol-gel method for synthesis of calcium silicate requires gelation of TEOS 

and (Ca(NO3)2.4H2O) via acid or base hydrolysis of TEOS [18, 19].
 
TEOS hydrolysis is 

extremely slow in neutral medium and this method requires the addition of acid or base 

catalyst during gelation. Without any catalyst, the presence of water alone leads to elastic 

homogenious gel formation, which requires long drying time [19]. In the current study, we 

report a new approach for the synthesis of calcium silicate using silica and calcium oxide 

obtained from rice husk and eggshells, respectively, by sol-gel method. The method provides 

evidence for cost-effective synthesis, environmentally beneficial and effective utilization of 

bio-waste for the fabrication of sustainable calcium silicate ceramics. 

 The objective of this work was to compare the systematic and detailed investigations 

of sol-gel synthesized wollastonite using rice husk ash and eggshells as starting materials 

(denoted as NCS) with TEOS and Ca(NO3)2.4H2O as starting materials (denoted as CCS) in 

terms of bioactivity, degradation rate, antibacterial activity, cytocompatibility and cell 

proliferation. 

4.2 Results and discussion 

4.2.1 Thermal analysis 

Fig. 4.1 displays thermogravimetric analysis (TGA) and differential thermal analysis 

(DTA) of samples after drying them at 120 °C. From the TGA curves of both the samples, it 
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is confirmed that all residuals can be eliminated before 700 °C. Therefore, 700 °C 

temperature was chosen for the stabilisation of two samples. The exothermic peak on DTA 

curves for samples NCS (Fig. 4.1(a)) and CCS (Fig. 4.1(b)) at 772 °C and 870 °C 

respectively indicate the crystallisation temperature (TC) for ceramics. Therefore, samples 

NCS and CCS were sintered for 2 hours at 802 °C and 900 °C (~ TC + 30 °C) respectively for 

optimum crystal growth. 

 

Fig. 4.1 TG-DTA curves of (a) NCS and (b) CCS samples after dried at 120 °C 

4.2.2 Structural characterization 

The phase formation of the samples NCS and CCS which were sintered at 802 °C and 

900 °C respectively were examined by XRD. The XRD peak patterns (Fig. 4.2) of both the 

samples showed very similar trend and well matched with JCPDS file no: 84-0655 of β-

wollastonite phase [20]. It is also noticed that the peak intensities of NCS powder were 

slightly higher than that of CCS; this observation indicates that the calcium silicate 

synthesized from RHA and eggshell has good crystallization. The average crystallite size was 

calculated as ~ 48.3 nm for NCS and ~ 62.8 nm for CCS using Debye Scherrer’s equation. 

Fig. 4.3 shows the particle size distribution by dynamic light scattering obtained from 

HORIBA-SZ-100 particle size analyzer [21]. The average particle size of NCS ceramics was 
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obtained as ~ 42.4 nm and for CCS ceramics ~ 55.4 nm. These results are in close agreement 

with the crystallite size obtained from the XRD patterns. 

 

Fig. 4.2 XRD patterns of NCS and CCS ceramics after sintering 

 

Fig. 4.3 Particle size distribution of (a) NCS and (b) CCS ceramics 
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The surface morphology was studied using scanning electron microscopy (SEM) 

while energy dispersive spectroscopy (EDS) was used to find the elements presented in the 

ceramic materials. Fig. 4.4 shows SEM-EDS results of NCS and CCS samples. SEM 

micrographs of NCS sample showed porous surface, rough and irregular surface morphology. 

On the other hand, a smooth surface with a small number of holes was observed on CCS 

sample. The EDS spectra predictably reveal the presence of Ca, Si and O in both samples. No 

additional impure elements were identified. 

 

Fig. 4.4 Morphologies and elemental spectra of sintered (a) NCS and (b) CCS ceramics 

Fourier transform infrared spectroscopy was performed on sintered ceramic powders 

and the transmittance spectra are presented in Fig. 4.5. The IR spectra peaks at ~ 450, ~ 520 
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and ~ 566 cm
-1

 were attributed to bending or rocking motion in Si-O-Si bonds [22, 23]. The 

peaks observed at ~ 642, ~ 684 and ~ 725 cm
-1 

were characteristic of Si-O-Si symmetric 

stretching vibration [22–24] whereas the band observed at 1022 - 1076 cm
-1

 could be ascribed 

to Si-O-Si asymmetric stretching vibration. The band at 902 - 943 cm
-1

 was associated with 

non-bridging bond of Si-O-NBO [25]. Moreover, the presence of peaks at ~ 1635 cm
-1

 and ~ 

3435 cm
-1

 were attributed to the existence of adsorbed moisture [26, 27] and the presence of 

carbonate band at 1418-1477 cm
-1

 may be due to the ambient carbon dioxide employed 

during sintering process [10]. The intensity of FTIR bands strongly depends on the degree of 

crystallinity and their exact position on type of crystalline phase. In the present study the peak 

positions of NCS and CCS ceramics were precisely coincides with each other and were 

coincides with characteristic of infrared bands associated with β phase of wollastonite [28] 

but slight intensity variations in peaks were observed. The low frequency absorption band 

(450 cm
-1

) is stronger in NCS than in CCS ceramic which indicated better crystallinity of 

NCS sample and the results are in agreement with XRD results. In the region of frequencies 

of symmetric stretching vibration of bridge bonds Si-O-Si in tetrahedra [SiO4], one high 

intense band at ~ 725 cm
-1

 is observed in CCS than in NCS to indicate the high symmetry of 

complex anions [29–31]. 
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Fig. 4.5 FTIR spectra of NCS and CCS ceramic samples after sintering 

4.2.3 In vitro bioactivity 

Fig. 4.6 shows X-ray diffraction patterns of the ceramics after immersion in SBF 

solution for 3, 7 and 14 days. From the XRD results (002), (211), (222), (213), (004) and 

(313) reflections were observed that were in agreement with the hydroxyapatite (Ca10 (PO4)6 

(OH) 2) phase (JCPDS no: 09-0432), and increasing amount of hydroxyapatite phase were 

detected with increase in soaking time. After 14 days of soaking, the diffraction intensity of 

matrix wollastonite phase almost completely disappeared and was substituted with 

hydroxyapatite as the major phase for NCS samples, whereas traces of wollastonite phase 

were still noticed for CCS samples. These results revealed that calcium silicate ceramic 

prepared from RHA and eggshell shows better growth rate of hydroxyapatite on its surface, 

which could be due to its surface microstructure. The kinetics of the hydroxyapatite 
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nucleation depends on surface factors of the compounds such as surface chemistry and 

microstructure.  Nano crystalline porous and irregular surface morphology provides 

maximum number of nucleation sites for hydroxyapatite deposition because of high surface 

energy of grain boundaries [32, 33].  

 

Fig. 4.6 XRD patterns of the NCS and CCS ceramics after immersion in SBF solution for 3, 

7, 14 days 

Fig. 4.7 and 4.8 displays the surface micrographs and EDS spectra of SBF immersed 

NCS and CCS ceramics surface, respectively. The surface micrographs showed more obvious 

evidence for new precipitated hydroxyapatite phase by the presence of white colour spherical 

shaped particles with agglomeration on the sample surface. However, it can be clearly seen 

that the development of apatite phase on NCS ceramics surface was higher with more 

compactness than that on CCS ceramics, which illustrates high biological activity of NCS 

ceramics. EDS analysis results showed that the newly precipitated phase after soaking in SBF 

solution contains mainly Ca, P and O. However, Si was still present in the sediments on CCS 

samples after 14 days of incubation. The NCS sample after incubation in SBF solution for 14 

days generated a Ca:P of 1.94 whereas for CCS sample it was about 1.91. The obtained 
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atomic ratio of Ca:P after 14 days of soaking showed the formation of carbonated 

hydroxyapatite (CHA) on the surface of the ceramics [34]. 

 

Fig. 4.7 SEM - EDS of NCS after soaking in SBF solution for 3, 7, 14 days 
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Fig. 4.8 SEM - EDS of CCS after soaking in SBF solution for 3, 7, 14 days 

FTIR spectra (Fig. 4.9) showed the characteristic peaks after biomimetic process in 

SBF solution, the peaks resulting from the original phase of the ceramics got weaker and 

some new peaks appeared at ~ 563, ~ 800 and ~ 960 cm
-1

 related to Si-OH [35, 36]. This was 
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the result of network dissolution by the action of H
+
 or H3O

+
 ions from the solution on Si-O-

Si bonds, which formed silanol [Si (OH) 4] groups. On prolonged soaking period, calcium 

ions first got attached to silanol groups leading to the crystallization of hydroxyapatite. The 

appearance of a peak at ~ 601 cm
-1

 along with ~ 1033 cm
-1

 and ~ 1093 cm
-1

 indicates the 

characteristics of crystalline hydroxyapatite [25, 37]. Moreover it can be seen that the peaks 

in NCS ceramics became stronger than in CCS ceramics. The small shoulder at ~ 874 cm
-1

 

along with band at 1418-1487 cm
-1

 corresponding to the C-O stretching of the carbonate 

group (CO3
2−

) was also observed, which revealed the growth of carbonated hydroxyapatite 

(CHA) on the samples [38]. 

 

Fig. 4.9 FTIR spectra of NCS and CCS ceramics after immersion in SBF solution for 3, 7, 14 

days 

4.2.4 Change in pH of SBF solution 

Fig. 4.10 illustrates the variation in pH level of SBF solution for the duration of 

immersion from day 1 to 14 days. The controlled pH level of SBF solution prior to soaking is 

7.4. The pH level of the solution increased rapidly during initial immersion period (up to 5 

days) for both the ceramics in accordance with previous reports [39]. After 5 days, the 

increase in pH level of the solution becomes relatively slow. After day 12, the increase in pH 
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level was maximum for CCS (from 7.4 to 8.03±0.015), whereas this increase was minimum 

for NCS (from 7.4 to 7.7±0.014). These results demonstrate that the pH values found for 

NCS samples were lower than for CCS samples which may be assumed because of slow 

degradation rate of NCS as compared to CCS ceramics. The release of Ca
2+

 ions is 

accountable for increase in pH value as the ions are replaced with H
+
 or H3O

+
 ions in solution 

due to which concentration of OH
-
 ions increases. The increase in pH value become slower 

with prolonged time because of the solution becomes supersaturated and ion exchange 

reaction ultimately ceases [4, 40]. 

 

Fig. 4.10 Variation in pH of SBF solution for NCS and CCS ceramics with immersion time 

4.2.5 Degradation 

The degradation rate (weight loss %) of NCS and CCS ceramics was carried out in 

Tris-HCl solution for a time period from 1 to 21 days and the results are presented in Fig. 

4.11. It was evident the degradation rate increased almost linearly on immersion time for both 
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the samples. A significant difference in rate of degradation was observed in ceramics. After 

one day, the degradation rate of NCS ceramics reached ~ 2.5% while for CCS ceramics it was 

~ 4.25% and after 21 days, the degradation rate of NCS ceramics reached ~ 21.5% while for 

CCS ceramics it was ~ 42.7%. Degradability is one of the important features that the 

bioactive material must fulfil [41]. The rate of degradation is closely related to the bioactivity 

of the material. Network connectivity and microstructure are the main factors that affect the 

degradability and hence bioactivity. A very high rate of degradation produces high 

concentration of ions, which is responsible for higher pH change in surrounding environment. 

Cellular proliferation is not possible to stimulate if low ionic concentrations resulted from 

very slow dissolution rates [42]. The current study revealed that the prepared NCS ceramics 

presented considerable degradation rate in Tris-HCl solution and its degradation rate was 

lower than CCS ceramics over the whole immersion period, suggesting its use as a potential 

material in biomedical applications. 

 

Fig. 4.11 Weight loss of NCS and CCS as a function of immersion time in Tris-HCl 
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4.2.6 Cytocompatibility 

 Cytocompatibility was investigated using MTT assay of MG-63 cells cultured with 

ceramic samples at various concentration (1000 μg/mL to 50 μg/mL). MTT assay is based on 

the cell metabolic ability in converting MTT to formazan crystals with live cells, where these 

crystals give out a coloured product when dissolved in acidified isopropanol, measured as 

optical density (OD) values. The optical density values give an indicator for the respective 

number of viable cells. The results of cell cytocompatibility study are profiled in Fig. 4.12(a). 

As can be observed from the results, there is no significant difference in the cell viability of 

MG-63 cells after treating with different dosage (1000 μg/mL to 50 μg/mL) of NCS and CCS 

ceramics compared to controlled cell viability. Moreover, cell viability is unaffected by 

ceramic particles. As per the International Organization for Standardization (ISO) 10993 – 5: 

2009, biological evaluation of medical devices - part 5: tests for in vitro cytotoxicity – if the 

relative cell viability for the highest concentration of the sample is greater than 70 % of the 

control group, then the material shall be considered non-cytotoxic [43]. In the present study, 

the cell viability in NCS ceramics was greater than 85 % even at higher concentration 

(1000 μg/mL). Therefore the cytocompatible nature of NCS ceramics is amply confirmed 

along with CCS ceramics. 

 The cytocompatibility test results showed the non-toxic nature of NCS and CCS 

ceramic particles when treated with MG-63 cells for 24 h at various concentrations 

(1000 μg/mL to 50 μg/mL). However, the MTT assay was also used to evaluate the effect of 

the ceramic particles on cell proliferation. MG-63 cells were treated with conditioned 

medium obtained from incubation of 200 μg/mL ceramic particles in DMEM containing 10% 

FBS. Cell viability plots of the control group and after being treated with NCS and CCS 

ceramic particles were obtained on 1, 3, 5 and 7 days (Fig. 4.12 (b)). The results showed NCS 
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ceramic particles had a positive role in simulating cell proliferation along with CCS ceramic 

particle. Significant increase in cell viability in NCS ceramic samples was observed 

compared with control group at 1, 3, 5 and 7 days of incubation time. It is speculated that the 

biological response of the cells depends on the release of Ca
2+

 ion concentration resulted 

from dissolution of compounds. For example, a Ca
2+

 ion concentration of 2-6 mM favored 

cell survival and proliferation, whereas slightly higher concentration of 6-10 mM favored 

differentiation and matrix mineralization and the concentration beyond 10 mM provide to be 

detrimental to cells [42, 44]. 

 

Fig. 4.12 Cell viability (a) and proliferation (b) of NCS and CCS ceramics with MG-63 cells 

using MTT assay ***P<0.001, ** P<0.01, *P<0.05 was used as significant 

4.2.7 Antimicrobial activity 

The antimicrobial activity of NCS and CCS ceramics was determined against E.coli 

and S.aureus bacteria by means of disc diffusion technique in discs of 10 mm diameter. 

Antibacterial activity was assessed by determining the diameter of inhibition zone against 

bacteria after 24 hours of incubation. Surprisingly an excellent inhibition zone was observed 

for NCS ceramics on two different bacteria (Fig.4.13). The inhibition zone was measured as 

16.5 mm for E. coli and 15 mm for S. aureus, which can be seen in Fig. 4.13(b) by the 
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creation of grey colour bacterial inhibition region. This is actually an important result that 

proves the antibacterial activity of NCS ceramics. From the results it is also observed that 

E.coli showed higher pathogenic inhibition than S.aureus. This is because of a much thicker 

peptidoglycan layer for the distinctive S. aureus [45]. However, no inhibition zones appeared 

on CCS ceramics which shows that there was no bactericidal activity of CCS ceramics. 

Therefore, it was presumed that calcium silicate ceramic, which was synthesised using 

calcined eggshells powder as well as RHA as source materials, inhibited bacterial growth 

around the sample. The antimicrobial activity of NCS ceramics could be due to calcinated 

eggshells. It is reported that calcium oxide produced in eggshell that is calcined at a 

temperature of about 900 °C can impart antimicrobial activity to the composition [46–48]. 

Bacterial adhesion to the implant material is the main cause of implantation infections that 

lead to the failure of implanted material. Several studies have been reported on ion based 

modification by doping the antibacterial agent (Ag, Cu and Zn) for improving antimicrobial 

activity of calcium silicate ceramics.  This ion based modification may also affect structural 

integrity and toxicity levels. However, the present prepared calcium silicate using calcined 

eggshells showed potential action on microbial growth inhibition without doping by any 

antibacterial agent. Thus the prepared NCS ceramics could be a potential candidate for 

biomedical applications. 

 

Fig. 4.13 Zone of inhibition results for NCS and CCS on E.coli and   S.aureus after 24 h 
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4.3 Conclusion 

 This study compared the in vitro bioactivity, degradation rate, antibacterial activity, 

cytocompatibility and cell proliferation of wollastonite (β-CaSiO3) ceramics synthesized by 

sol-gel method using bio-waste resources such as rice husk ash (RHA) and eggshells with β-

CaSiO3 prepared using tetraethylorthosilicate (TEOS) and calcium nitrate tetra hydrate 

((Ca(NO3)2.4H2O). In vitro bioactivity results clearly showed that apatite crystals were close-

packed and fine, and the growth rate was faster on NCS ceramics than on CCS ceramics. 

Degradation results demonstrated that NCS has slow dissolution rate than CCS ceramics. The 

most noticeable antimicrobial study demonstrated that NCS samples exhibit significant 

antimicrobial activity against E. coli and S. aureus. Cell culture study revealed that NCS 

ceramic particle were found to be biocompatible and demonstrate cell proliferative ability. 

Therefore, the results of the present study provide new insights into the development of 

calcium and silica-based materials from bio-waste and further enhance the significant 

benefits of calcium silicate in the biomedical field. 
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Chapter 5 

In vitro evaluation of silver doped wollastonite 

synthesized from bio-waste 
 

  Present chapter throws light on the dopant effect on structural and biological 

properties of wollastonite ceramics. The orthopedic implants bring with it the risk of 

adherence and colonization of bacteria on the implant surface, which causes the failure of 

implant and bacterial infections. As silver (Ag) is an antibacterial agent that shows strong 

biocidal effect against 12 species of bacteria including Staphylococcus aureus (S. aureus) 

and Escherichia coli (E. coli), Ag was doped into wollastonite with the objective of improving 

antibacterial activity, where Ag doping concentration varied from 2 mol.% to 6 mol.% and its 

effect on in vitro bioactivity, degradation rate, change in pH of SBF solution and 

antimicrobial activity of wollastonite was studied. 
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5.1 Introduction 

 The necessity of implantation for damaged or diseased parts of the body is not only 

for mechanical support but also to restore their physiological functions. This indubitably has 

been the motivating factor for research into the developing of new materials in biomedical 

applications. Bioactive materials are a class of biomaterials, having two primary important 

properties of biocompatibility and bioactivity [1]. The first property deals with the acceptance 

of material with surrounding tissues by not being toxic, injurious and not causing 

immunological rejection while the latter has the ability to form a bond with living tissues 

under physiological conditions. The bioactive materials, comprising of bioactive glasses and 

ceramics explored for biomedical applications are mainly of three types calcium silicate, 

borate and phosphate based materials [2, 3]. Materials based on calcium silicate received 

warm response as bioactive materials, and they have found applications in repairing hard 

tissue texture and for regeneration as well as for ossicular prostheses and alveolar ridge 

resorption [4, 5]. 

Wollastonite (CaSiO3) is the most common calcium silicate ceramic; it has proven to be 

a potential candidate for scaffolds for bone tissue engineering (BTE) as it shows excellent 

bioactivity and biocompatibility [2, 6–8]. In vitro and in vivo studies results revealed that it 

has the ability to form bond with soft tissues, hard tissues and form carbonated 

hydroxyapatite (CHA) layer on its surface. This layer has similar chemical and 

crystallographic construction as bone mineral phase and exhibits osteoconductive properties 

for bone growth [9, 10]. The addition of small amount of transition metal ions (Ti, Zr, Cu, 

Zn, Mg, Ag) in calcium silicate ceramics enhances their osteogenic properties, thereby 

promoting the attachment, proliferation and differentiation of human mesenchyme stem cells 

and osteoblast cells [11, 12]. Titanium (Ti) and zirconia (Zr) have been traditionally used as 
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implantable materials in orthopedic applications as they have shown excellent 

biocompatibility with the host tissue [13]. Thus the incorporation of these ions into calcium 

silicate ceramics improves chemical stability and supports the proliferation of human bone 

derived cells (HBDC) [14–16]. The addition of copper (Cu) ions contributes to antibacterial 

properties and enhances the mechanical strength as Cu ions have hypoxia-mimicking ability; 

they potentiate endogenous cell growth or signals for bone growth [17–19]. On the other 

hand, it has been demonstrated that magnesium (Mg) ions plays significant role in bone 

remodeling and skeletal growth. Mg substituted calcium silicate ceramics have poor 

degradation rate [20, 21]. All the above mentioned elements are important trace elements for 

a living human body, and these are considered important for preserving human activities. 

The orthopedic implant brings with it the risk of adherence and colonization of bacteria 

on the implant surface, which causes the failure of implant and bacterial infections [22]. It 

has been reported in several instances that silver (Ag) is an antibacterial agent that shows 

strong biocidal effect against 12 species of bacteria including Staphylococcus aureus (S. 

aureus) and Escherichia coli (E. coli). Thus Ag doped bioactive materials have received 

significant attention in the modern time period [22–24].  

Therefore, the objective of the present study is to test the bioactivity, degradation rate 

and antibacterial activity of silver incorporated wollastonite synthesized using rice husk ash 

(RHA) and eggshell by sol-gel technique. 

5.2 Results and discussion 

5.2.1 Thermal analysis 

TGA and DTA curves of the samples W, 2AgW, 4AgW and 6AgW (pure 

wollastonite, 2 mol.% Ag, 4 mol.% Ag and 6 mol.% Ag doped wollastonite ceramics are 
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denoted as W, 2AgW, 4AgW and 6AgW, respectively) are shown in Fig. 5.1. From TGA 

curves, it is observed that the thermal decomposition takes place in different steps. The 

weight loss below ~150 °C was ascribed to the elimination of physically adsorbed humidity 

water from the pores of the gel, which is reflected in DTA curves as a small endothermic 

peak around 90 °C [25]. While, the next step of weight loss which involved from ~220 to 

~600 °C was reflected in the exothermic hump in the DTA curves of all the four samples and 

centered at ~415, ~382, ~370 and ~340 °C for samples W, 2AgW, 4AgW and 6AgW, 

respectively, which was attributed to the low temperature decarbonation [26]. The final 

weight loss which involved from ~600 to ~750 °C was attributed to the high temperature 

decarbonation [26, 27]. On the other hand, from the TGA curves for the silver doped samples 

(2AgW, 4AgW and 6AgW), it is observed that the total weight loss of the samples increased 

with increase in silver percentage [28]. In the DTA curve of pure sample, the exothermic 

peak at 778 °C indicated the crystallization temperature for wollastonite and it was observed 

that the substitution of Ag at the expense of Ca caused a shift of crystalline temperature to 

lower value (situated on DTA curves of the samples 2AgW, 4AgW and 6AgW at 725 °C, 700 

°C and 705 °C respectively). It is also observed that the peak height and sharpness of these 

exothermic peaks were decreased for 2AgW, 4AgW and 6AgW samples; it shows that the 

amount of wollastonite crystalline phase decreased with increase in Ag content [29, 30], 

which further supported XRD results. 
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Fig. 5.1 TG-DTA curves of samples (a) W, (b) 2AgW, (c) 4AgW and (d) 6AgW 

5.2.2 Structural characterization 

The XRD patterns of W, 2AgW 4AgW and 6AgW powder samples sintered at 800 °C 

are shown in Fig. 5.2. All the diffraction peaks of sample W were indexed to β-wollastonite 

(JCPDS file no: 75-1396) [31, 32] and no other peaks were observed. The XRD patterns of 

2AgW, 4AgW and 6AgW typically resembled the pure wollastonite phase and though no 

significant changes were observed, the maximum intensity peak at 29.96° decreased 

gradually, which indicated that there was a decrease in crystallinity with the increase in silver 

concentration from 2 to 6 mol.%. It was also found that the diffraction peak at 31.27° 

corresponded to AgO (JCPDS file No. 75-0969) [33] and the intensity of AgO peak increased 

with increase in silver concentration. The average crystallite size was estimated by Scherrer’s 

formula (D = Kλ/βcosθ) using full width half maxima (FWHM), which shows that the 

crystallite size slightly reduced from W to 6AgW as shown in Table 5.1. 
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Fig. 5.2 XRD patterns of samples W, 2AGW, 4AgW and 6AgW 

Table 5.1 Calculation of crystallite size for pure and silver doped wollastonite 

Sr. no. Samples Average crystallite size (D) nm 

01 W 76 ± 2.8 

02 2AgW 56 ± 2.0 

03 4AgW 39 ± 3.1 

04 6AgW 35 ± 1.6 

 

The surface morphology along with elemental spectra obtained from SEM- EDS 

analysis for pure and silver doped wollastonite ceramic pellets after sintering at 800 °C is 

presented in Fig. 5.3. SEM images of pure and silver doped wollastonite show porous 

surface, rough and irregular surface morphology. With increase of silver concentration in the 

wollastonite phase, larger porous structure appeared [34, 35]. However, the quantitative 

analysis of pure and silver doped wollastonite was analyzed by EDS spectra. The chemical 
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composition of pure wollastonite was confirmed by the presence of elements such as Ca, Si 

and O, whereas EDS spectra of silver doped wollastonite confirmed the existence of Ca, Si, O 

and Ag. 

 

Fig. 5.3 SEM micrographs and corresponding EDS spectra ceramic pellets (a) W, (b) 2AgW, 

(c) 4AW and (d) 6AWA 

Fig. 5.4 denotes the FTIR spectra of pure and silver doped wollastonite samples. For 

all samples, the characteristic bands corresponding to Si-O-Si asymmetric stretching mode 

was observed at 1021–1088 cm
-1

 and Si-O-Si symmetric stretching mode was identified at 

646-684 and 800 cm
-1

 [36]. In addition, the IR absorption band located at 474-568 cm
-1

 was 

assigned to bending mode of Si-O-Si and the band situated at 903-943 cm
-1

 was attributed to 

non-bridging oxygen bonds (NBO) of Si-O-NBO [37]. On the other hand, the absorption 

peaks at 1635 cm
-1

 and 3437 cm
-1

 belonged to the O-H stretching vibrations [16]. In the FTIR 

spectra of 2AgW, 4AgW and 6AgW samples, no other significant difference was observed in 

the IR absorption bands with respect to pure wollastonite. However, it can be seen that the 

intensity of the silicate absorption bands decreased with increase in silver concentration. It 

was also found that a slight shift in wavenumber from 474 cm
-1

 to 456 cm
-1

 occurred, from 
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pure to silver doped wollastonite, which confirms the formation of silver incorporated 

wollastonite ceramics. 

 

Fig. 5.4 FTIR Spectra of pure and silver doped wollastonite 

5.2.3 In vitro bioactivity 

In vitro bioactivity was examined by means of hydroxyapatite layer formation ability 

on the surface of the samples in SBF solution. Fig. 5.5 illustrates the XRD pattern of pure and 

silver doped wollastonite after being soaked for 7 days (Fig 5.5(a)) and 21 days (Fig. 5.5(b)) 

in SBF solution. The XRD pattern clearly shows the representative diffraction peaks of 

hydroxyapatite in all the samples in accordance with JCPDS No. 09-0432 [38, 39]. The 

diffraction intensity of original wollastonite phase reduced significantly and was replaced 

with hydroxyapatite. Further, the peak intensities of hydroxyapatite increase with increasing 
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exposure time in SBF solution from 7 days to 21 days. It can also be observed that the 

intensity of these diffraction peaks increased from W to 6AgW, demonstrating silver doped 

wollastonite exhibit higher hydroxyapatite mineralization on their surface compared to pure 

wollastonite, which further supported SEM-EDS and FTIR analysis. 

 

Fig. 5.5 XRD patterns of undoped and silver doped wollastonite after (a) 7 days and (b) 21 

days of soaking in SBF solution 

Fig. 5.6 displays the surface morphologies and corresponding elemental spectra 

obtained from SEM-EDS analysis for the pellets of W, 2AgW, 4AgW and 6AgW after 

immersion in SBF solution for 14 days. The formation of apatite layer on the surface of the 

samples ensures the formation of spherical shaped grains with agglomeration at lower 

magnification (Fig. 5.6(a1, b1, c1and d1)). Higher magnification SEM images (Fig. 5.6(a2, b2, 

c2 and d2)) demonstrated that each of these calcium phosphate spheres like grains consists of a 

large number of tiny flake-like crystals of calcium phosphate in good agreement with 

previous reports [40, 41]. The micrographs of silver doped wollastonite revealed that higher 

apatite nucleation on their surface than pure wollastonite and confirmed the addition of silver 

facilitates apatite nucleation in as prepared wollastonite [35, 42, 43]. The EDS spectra 

confirmed the chemical composition of hydroxyapatite by the presence of elements such as P, 
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Ca and O (Fig. 5.6(a3, b3, c3 and d3)). 

 

Fig. 5.6 SEM micrographs and EDS spectra of ceramics (a) W, (b) 2AgW, (c) 4AgW and (d) 

6AgW after immersion in SBF solution for 14 days 

Fig. 5.7 shows FTIR spectra of W, 2AgW, 4AgW and 6AgW samples after 

immersion in SBF solution. It is found that the silicate absorption bands corresponding to the 
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wollastonite phase decreased in intensity and the FTIR spectra showed new peaks positioned 

at 563, 607, 875, 1033, 1093, 1418 and 1468 cm
-1

 after 7 days (Fig. 5.7(a)) of incubation in 

SBF solution. The absorption bands at 563, 607, 1033 and 1093 cm
-1

 assigned to the 

phosphate (PO4
3-

) group, in which the band at 563-607 cm
-1

 is the characteristic feature of 

crystalline phosphate in hydroxyapatite [44]. In addition, the absorption bands corresponding 

to the carbonate group (CO3
2-

) were observed at 1418, 1468 and 875 cm
-1

 [16], after being 

soaked in SBF solution. The outcomes suggested that the formation of hydroxyapatite is in 

the form of hydroxyl carbonate apatite (HCA) [32, 45]. Furthermore, silicate absorption 

bands were almost completely disappeared and phosphate absorption peaks appeared as 

major peaks after 21 days (Fig. 5.7(b)) of soaking in SBF solution.  

 

Fig. 5.7 FTIR spectra pure and silver doped wollastonite after (a) 7 days (b) 21 days of 

soaking in SBF solution 

5.2.4 Change in pH of SBF solution 

The variation in pH value of SBF solution during the first 14 days of immersion of W, 

2AgW, 4AgW and 6AgW pellets was shown in Fig. 5.8. The variation in pH value of SBF is 

associated with the mechanism of nucleation and the development of hydroxyapatite layer on 
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the surface of bioactive specimens [46]. It is proposed that, when the bioactive specimen is 

immersed in SBF solution the cationic ions (Ca
+2

) on surface of specimen are exchanged with 

H
+
 and H3O

+ 
ions from the solution resulting in the rapid increase of pH value of the solution 

at early immersion period [37, 47]. This ion leaching leads to silanol formation at higher pH 

level and then absorption of phosphate and calcium ions from SBF solution, as result growth 

of hydroxyapatite layer on the surface of specimen [48]. In the present study, a slight 

decrease in pH value of the solution was observed at very initial stage of immersion for silver 

incorporated wollastonite samples; this decrease is predicted by the initial rapid release of 

silver ions into the SBF solution [43]. After that considerable rise in pH value of the solution 

was observed. This could be due to the dissolution of Ca
+2

 ions into the solution [35, 43]. The 

pH values of SBF solution in W, 2AgW, 4AgW and 6AgW samples after 14 days of 

immersion were 7.68, 7.65, 7.63 and 7.60 respectively. It is seen that the increase in 

concentration of Ag in wollastonite phase reduces the pH value of SBF solution [49]. 

 

Fig. 5.8 Variations of pH value of SBF solution for pure and silver doped wollastonite with 

immersion time 
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5.2.5 Degradation 

Wollastonite is a promising candidate for hard tissue regeneration because of its 

excellent bioactivity and osteogenic properties. However, the high dissolution rate of 

wollastonite, which is accountable for higher pH level in surrounding environment [37, 50], 

has a limit on its clinical applications. Fig. 5.9 shows the average weight loss of triplicate 

ceramic blocks with standard deviation as a function of immersion time in Tris-HCl solution. 

The weight loss was increased with increase in immersion time. After 21 days of immersion, 

the weight loss of the samples W, 2AgW, 4AgW and 6AgW is 24.39±1.23%, 22.89±0.24%, 

21.16±0.38% and 18.86±0.55% respectively. It shows that the incorporation of Ag into 

wollastonite phase reduces the dissolution rate of wollastonite. Wollastonite structure 

contains SiO4 tetrahedral network and Ca
+2

 ions form the link between two SiO4 tetrahedral 

with non-bridging oxygen groups. These non-bridging oxygen groups are crucial in the 

exchange of Ca
+2

 ions with H
+
 or H3O

+
 from the surrounding solution leading to higher 

dissolution rate of wollastonite and consequently increase in pH value of the solution. In the 

current study, the incorporation of silver into wollastonite at the expense of calcium would 

decrease the number of non-bridging oxygen groups [51] and reduce the dissolution rate of 

ceramic, signifying a potential preferable material for biomedical applications. 
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Fig. 5.9 Weight loss% for pure and silver doped wollastonite with immersion time in Tris-

HCl solution 

5.2.6 Antimicrobial activity 

Antimicrobial assay revealed that W, 2AgW, 4AgW and 6AgW samples showed 

antibacterial effect against two possible sources of infection in wound curing, such as E. coli 

and S. aureus as shown in Fig. 5.10. Fig. 5.10 (a) and (b) demonstrate the zone of inhibition 

around the disc in agar plate, after 24 hours and 48 hours of incubation time, respectively. 

After 24 hours, the zone of inhibition by W was found to be 13 ± 0.3 mm and 12 ± 0.23 mm 

against E. coli and S. aureus, respectively. Therefore, W showed bactericidal activity. This is 

due to the bactericidal activity of CaO, which was obtained from eggshell and used in 

synthesis of wollastonite [52]. However, the zone of inhibition against E. coli was found to 

increase from 13 ± 0.3 mm (W) to 17.5 ± 0.24 mm (6AgW). Similarly the zone of inhibition 

against S. aureus increased from 12 ± 0.23 mm (W) to 16.5 ± 0.29 mm (6AgW). From the 
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results, it is very much clear that silver doped wollastonite showed elevated levels of 

microbial inhibition zone than pure wollastonite (Fig. 5.11a) resulting in enhanced 

antimicrobial activity of wollastonite [29, 53]. The samples were kept in incubator for 

another 24 hours to precisely observe the effect of silver.  At this point, significant inhibition 

zone was found around silver doped wollastonite against both the pathogens, and the 

diameter of inhibition region was found to increase with increase in silver doping level (Fig. 

5.11b). However, pure wollastonite no longer shows antibacterial activity due to the loss of 

CaO bactericidal ability. Hence, silver doped wollastonite effectively inhibits bacteria. On the 

other hand, the region of inhibition against E. coli was found to be larger than the region of 

inhibition against S. aureus because of the low thickness of cell wall [54]. 

 

Fig. 5.10 Antimicrobial activity of pure and silver doped wollastonite after (a) 24 hours and 

(b) 48 hours against E. coli and S. aureus 
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Fig. 5.11 Zone of inhibition graph for all silver doped samples against E. coli and S. aureus 

after (a) 24 hours and (b) 48 hours 

5.3 Conclusion 

In the present study, wollastonite and silver doped wollastonite with various 

concentrations (2, 4 and 6 mol.%) of silver were successfully prepared by sol-gel method 

using bio-waste such as rice husk ash (RHA) and eggshells. Powder X-ray Diffractometer 

(XRD) analysis proved the crystallization of pure phase β-wollastonite and silver doped 

wollastonite after suitable heat treatment (800 °C for 2 hours) according to the 

thermogravimetric and differential thermal analysis (TG/DTA) results. In vitro bioactivity 

study shows the promising apatite layer formation on the surface of pure and Ag doped 

wollastonite ceramic pellets and the addition of Ag result in the enhancement of apatite layer 

development on the surface of the samples. Degradation study revealed that the addition of 

silver decreases the degradation rate wollastonite. The antimicrobial activity test 

demonstrates that Ag doped wollastonite exhibits excellent inhibition zone of pathogens such 

as E. coli and S. aureus than pure form of wollastonite. Therefore, these biological studies 

evidently shown that developed Ag doped wollastonite is cost effective and environmentally 

beneficial. Besides, it is a potential biomaterial that may find applications in bone tissue 

engineering. 
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Chapter 6 

Effect of zirconia on structural, mechanical and 

biological properties of bio-waste derived 

wollastonite ceramics 
 

  In this chapter, the effect of partial substitution of zirconia (ZrO2) on structural, 

biological and mechanical properties of wollastonite were described. As Zr shows superior 

biocompatibility, osseointegration and good mechanical strength, it is speculated that the 

incorporation of zirconia into wollastonite will significantly improve their mechanical and 

biological properties. Zr was doped into wollastonite with the objective of improving 

mechanical properties and degradability, where Zr doping concentration varied from 1 to 5 

mol.% and its effect on in vitro bioactivity, degradation, mechanical properties and 

cytocompatibility of wollastonite were studied. 
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6.1 Introduction 

Calcium silicate-based ceramics mainly include wollastonite, akermanite, diopside, 

merwinite and bredigite ceramics have been focused in recent years because they support the 

attachment, proliferation and differentiation of osteoblasts like cells such as human 

mesenchymal stem cells [1–3]. Ca and Si are two ions that are dissolute from these ceramics. 

Ca ion plays an important role in cell reaction in bioceramics including cell proliferation and 

differentiation into osteoblast [4]. Si is one of the most significant trace elements in the 

human body, which acts as a key controller of bone calcification and helps to improve bone 

density and prevent osteoporosis, specifically at the early stage of bone formation [5, 6]. It 

has also been reported that the dissolution products from calcium silicates enhance the effect 

of insulin-like growth factor on cell proliferation [7]. Moreover, calcium silicate ceramics 

show better mechanical properties compared to other calcium phosphate ceramics [8, 9]. 

Wollastonite (CaSiO3) with a monoclinic crystal structure belongs to the group of 

calcium silicate ceramics. It exists in two forms: low temperature form β – wollastonite (β – 

CaSiO3) and high temperature form α – wollastonite (α – CaSiO3) [10–12]. It has received 

attention for its ability to contribute to hard tissue regeneration due to its progressive bio-

functionalities [13, 14]. Siriphannon et al. [15] showed that apatite growth rate on 

wollastonite was faster than on A-W glass ceramics and other bioactive glass ceramics. In 

vitro cell culture assessments demonstrated that wollastonite ceramics can support the 

attachment of osteoblast-like cells and bone marrow mesenchymal stem cell, their 

proliferation and differentiation [16–18]. However, the degradation rate of wollastonite 

ceramics is relatively high, leading to abrupt change in pH value of local environment by 

dissolution ions which may negatively affect surrounding cells [19]. Additionally, the high 

soluble rate is likely reason for failure of scaffold construction before the creation of 

appropriate extracellular matrix (ECM) and new bone. Therefore the dissolution rate of 
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wollastonite should be monitored for better clinical applications. Furthermore, wollastonite 

ceramics were mechanically not strong enough as bone substitutes for load-bearing sites. The 

problem can be resolved by emerging multiphase bioceramics with improved mechanical 

properties and less soluble phases [20, 21]. 

Zirconium (Zr) has been a traditionally used material to prepare prosthetic devices as 

it shows superior biocompatibility and good mechanical properties [22]. Literature reports 

indicated that the Zr ions exhibit excellent osseointegration [23]. The incorporation of 

zirconia has been reported to increase mechanical properties and reduce the dissolution rate 

of materials [24–27]. Therefore, it is speculated that the incorporation of zirconia into 

wollastonite will significantly improve their mechanical and biological properties. The β-

wollastonite produced via sol-gel process, utilizing eggshells and rice husk ash (RHA) as 

sources of calcium oxide and silica showed excellent in vitro bioactivity and 

cytocompatibility but mechanically not strong and showed a slightly higher dissolution rate. 

Therefore, in the current study, zirconium oxynitrate hydrate (Zr (NO3)2. x H2O) as zirconia 

precursor was used to produce zirconia-containing wollastonite with the objective of 

achieving improved dissolution rate, biological properties, and mechanical properties that are 

as close as possible with those of the human bone. 

6.2 Results and discussion 

6.2.1 Thermal analysis 

TG and DTA measurement results of W, 1ZrW, 3ZrW and 5ZrW (pure wollastonite, 

1mol.% ZrO2, 3 mol.% ZrO2 and 5 mol.% ZrO2 doped wollastonite ceramics denoted as W, 

1ZrW, 3ZrW and 5ZrW, respectively) dried gels are shown in Fig. 6.1. These gel samples 

were undergoing three distinct stages of mass loss. The first stage of mass loss at 30 - 220 °C 

is large mass loss related to the release of residual water [28]. The second stage of mass loss 
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occurred at 220 - 500 °C, due to low temperature decarbonation and the third stage of mass 

loss occurred at 500 - 750 °C due to high temperature decarbonation [29]. The weight loss 

was found to be constant in all samples after 800 °C. Furthermore, the total weight loss 

increased with increase in zirconia content, which could be related to additional nitrate 

decomposition in 1ZrW, 3ZrW and 5ZrW samples [26]. From the DTA curves of the 

samples, a significant exothermic peak related to the beginning of crystallization was 

observed at 778 °C for W, 794 °C for 1ZrW, 802 °C for 3ZrW and 816 °C for 5ZrW, 

respectively. These results showed that the addition of zirconia in wollastonite phase 

increased its crystallization temperature [30]. Therefore, according to TG-DTA results, 850 

°C was chosen as sintering temperature. 

 

Fig. 6.1 TG-DTA curves of dried gels for (a) W, (b) 1ZrW, (c) 3ZrW and (d) 5ZrW 
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6.2.2 Structural Characterization 

XRD patterns of sintered Zr-W ceramic powders are illustrated in Fig. 6.2. The 

observed diffraction peaks for undoped sample were completely identical to standard β- 

wollastonite pattern (JCPDS file no: 84-0655). XRD patterns of 1ZrW, 3ZrW and 5ZrW 

showed no phase change, and diffraction peaks of β- wollastonite and ZrO2 (JCPDS file no: 

70-7359) were detected. Though the main peaks of ZrO2 (2θ = 29.95, 34.96 and 49.73°) are 

very close to β-CaSiO3 (2θ = 29.97, 35.03 and 49.75°), it is difficult to distinguish them [31]. 

However, the maximum intensity peak at 2θ = 29.97° was decreased gradually in 1, 3 and 5 

mol% zirconia added wollastonite, indicating that there was a decrease in crystallinity of 

wollastonite with the incorporation of zirconia [26, 31, 32]. The average crystalline size were 

calculated as ~ 50.8 nm for pure wollastonite, ~ 61.23 nm for 1ZrW, ~ 86.1 nm for 3ZrW and 

~ 104.6 nm for 5ZrW using Debye Scherrer’s equation. 

 

Fig. 6.2 XRD patterns of pure and zirconia added wollastonite 
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The surface morphologies and their respective quantitative elemental analysis of 

sintered Zr-W ceramics are shown in Fig. 6.3. The surface of pure wollastonite showed 

coarse and irregular morphology. When zirconia is incorporated, the surface became smooth 

and appeared dense [31]. The elemental composition of the synthesized pure and zirconia 

incorporated wollastonite was analysed by EDS spectra. EDS spectra confirmed elemental 

composition of pure wollastonite with the existence Ca, Si and O whereas EDS spectra of 

1ZrW, 3ZrW and 5ZrW ceramics revealed the presence of Zr along with Ca, Si and O 

elements. Moreover, the atomic percentage of Zr was found to increase from 1ZrW to 5ZrW. 

 

Fig. 6.3 SEM micrographs and EDS spectra of ceramics (a) W, (b) 1ZrW, (c) 3ZrW and (d) 

5ZrW 

The FTIR spectra from pure and zirconia added wollastonite ceramics are presented in 

Fig. 6.4. From FTIR spectra, the peaks at ~ 641 and ~ 684 cm
-1

 correspond to the symmetric 

stretching vibration Si-O-Si and the band at 1021-1076 cm
-1

 corresponds to asymmetric 

stretching vibration Si-O-Si were identified [33]. Moreover, the IR spectra peaks at ~ 462, ~ 

514 and ~ 566 cm
-1

 allocated to the bending vibration in Si-O-Si bonds were identified. Two 

non-bridging oxygen (NBO) bonds of Si-O-NBO were found at ~ 904 and ~ 946 cm
-1

 [34, 

35]. In addition, the occurrence of peaks at ~ 1635 and ~ 3432 cm
-1

 were ascribed to adsorbed 

moisture [36]. On the addition of zirconia into wollastonite phase, the peak at ~ 462 cm
-1
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which corresponds to the bending vibration in Si-O-Si bonds slightly shifted to the lower 

wavenumber part. Moreover, another asymmetric stretching vibration Si-O-Si at ~ 725 cm
-1

 

was identified and the intensity of this peak increased with increase in zirconia content. 

 

Fig. 6.4 FTIR spectra pure and zirconia incorporated wollastonite 

6.2.3 In vitro bioactivity 

The prerequisite for an implant to bond to living bone is the growth of hydroxyapatite 

on its surface. Therefore, the hydroxyapatite forming ability of prepared Zr-W ceramics on 

the surface was assessed using in vitro test in SBF. XRD analysis was carried out to 

characterize the precipitated agglomerates. Fig. 6.5 illustrates XRD patterns of Zr-W 

ceramics after 21 days of soaking in SBF. XRD peaks matched well with standard peaks at 

2θ = 25.87, 31.78, 49.46 and 53.14 and were assigned to (0 0 2), (2 1 1), (2 1 3) and (0 0 4) 

crystalline planes of hydroxyapatite in accordance with standard JCPDS file no: 09-0432 [37, 
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38]. Additionally, the peak intensities of hydroxyapatite for 1ZrW, 3ZrW and 5ZrW ceramics 

were found to decrease on increasing zirconia content. 

 

Fig. 6.5 XRD patterns of Zr-W ceramics after immersion in SBF for 21 days 

The surface micrographs and equivalent EDS spectra of Zr-W ceramic specimens 

after immersion in SBF solution for 14 days are shown in Fig. 6.6. The surface of the 

specimens containing 0 mol.% of zirconia was completely precipitated by spherical like 

agglomerated hydroxyapatite crystals [39, 40]. While the quantity of spherical shaped 

agglomerated crystals decreased with increase in zirconia concentration. This could be due to 

the bioinert nature of zirconia. However, a trivial quantity of apatite crystals can be seen on 

the surface of ceramics containing 5 mol.% of zirconia. In addition, EDS analysis indicates 

that the spherical agglomerated crystals were composed of mainly Ca and P ions. 
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Fig. 6.6 Surface micrographs and EDS spectra of Zr-W ceramics after immersion in SBF for 

14 days 

FTIR spectroscopy was also studied after immersion in SBF to monitor the apatite 

growth rate of zirconia incorporated wollastonite ceramics. The infrared spectra of W, 1ZrW, 

3ZrW and 5ZrW after soaking in SBF for 21 days are described in Fig. 6.7. After immersion 

in SBF for 21 days, well-resolved infrared bands at ~ 1418, ~ 1487 and ~ 875 cm
-1

 were 

assigned to C-O vibrations of carbonate group (CO3
2-

) [41, 42], while the infrared bands at ~ 

563, ~ 603, ~ 1093 and ~ 1033 cm
-1

 were assigned to phosphate group (PO4
3-

); in particular, 

the double peaks at ~ 563 and ~ 603 cm
-1

 were characteristic of crystalline P-O bonds in 

hydroxyapatite as can be clearly observed for pure wollastonite [43, 44]. The infrared 

absorption peaks at ~ 563 and ~ 603 cm
-1

 could also be observed on FTIR spectrum of 1ZrW, 

3ZrW and 5ZrW ceramics, but the intensities decreased with increase in zirconia content in 

the ceramics. These results combined with SEM-EDS and XRD analysis show evidence of in 

vitro bioactivity of the prepared Zr-W ceramics with the formation of apatite while the 

growth rate decreased with increase of zirconia content in the wollastonite phase, indicating 

that excessive zirconia incorporation inhibits apatite forming ability of wollastonite. 
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Fig. 6.7 FTIR patterns of Zr-W ceramics after immersion in SBF for 21 days 

6.2.4 Change in pH of SBF solution 

Fig. 6.8 illustrates the plots of pH variation of SBF versus immersion time for W, 

1ZrW, 3ZrW and 5ZrW specimens. As can be observed from Fig. 6.8, all ceramics showed 

similar tendency in pH change during immersion time; That is, there is rapid increase in pH 

during initial soaking hours for up to 4 days, and beyond this, pH increases slowly until 11 

days of soaking, and then pH value remains constant till the final testing time of 14 days. The 

change in pH value of SBF basically followed the same trend as for bioactive material, which 

is directly related to release of ions due to the dissolution of material in the media [25, 40, 

45].  In the present study, zirconia added wollastonite ceramics showed lower pH change 

compared to pure wollastonite. Therefore, the incorporation of zirconia for CaO made the 

degradation rate of wollastonite slower, which is further confirmed from degradation studies. 
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Fig. 6.8 Change in pH value of SBF for W, 1ZrW, 3ZrW and 5ZrW specimens with 

immersion time 

6.2.5 Degradation 

The effect of incorporation of zirconia on degradability of wollastonite was studied by 

immersing it in Tris-HCl buffer solution. Fig. 6.9 displays the percentage of weight loss of 

Zr-W ceramics verses immersion period in Tris-HCl buffer solution. It can be understood that 

the weight loss of all specimens increased with immersion time. After 21 days of immersion, 

the weight loss of specimens W, 1ZrW, 3ZrW and 5ZrW was 17.16%, 14.54%, 13.61% and 

11.33% respectively. Pure wollastonite specimens showed higher weight loss compared to 

zirconia added wollastonite, which indicates that incorporation of zirconia resulted in 

decrease of degradation rate significantly (P<0.05). Wollastonite ceramics have been reported 

to be high degradable materials, and that degradability is regulated by crystallinity, grain size, 
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microstructure, surface area, etc. [21, 46, 47]. In the present work, incorporation of zirconia 

into wollastonite phase made the microstructure compact and dense, as can be seen from 

SEM images in Fig. 6.3. Therefore, the specimens incorporated with zirconia were not easily 

attacked by Tris-HCl buffer solution, resulting in lower degradation rate. 

 

Fig. 6.9 Weight loss% of W, 1ZrW, 3ZrW and 5ZrW ceramics in Tris-HCl buffer solution, 

***P<0.001, **P<0.01 and *P<0.05 was used as significant 

6.2.6 Cytocompatibility 

The quantitative assessment of cytotoxicity test is expressed by calculating relative 

cell viability. Fig. 6.10 shows the percentage of cell viability of MG-63 cells cultured with 

various concentrations (50µg/mL - 1000 µg/mL) of W, 1ZrW, 3ZrW and 5ZrW samples 

extracts for 48 hours. As can be seen from Fig. 6.10, different concentrations of W, 1ZrW, 
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3ZrW and 5ZrW samples extracts do not show significant change (P>0.05) in the viability of 

relative cells compared to controlled cell viability. Moreover, cell viability is not affected by 

the sample extracts even at higher concentration (1000 µg/mL), indicating that pure and 

zirconia doped wollastonite ceramics have no toxic influence on MG-63 cells. Biological 

evaluation of medical devices - part 5: tests for in vitro cytotoxicity (ISO 10993 – 5: 2009) 

stated that if the relative cell viability is greater than 70 % of the control group for the 

maximum concentration of the sample extract, then the material shall be considered non-

cytotoxic [48]. 

 

Fig. 6.10 Cell viability of Zr-W ceramics with MG-63 cell using MTT assay 

6.2.7 Mechanical properties 

Microhardness and compressive strength of  Zr-W ceramics with varying zirconia 

content was presented in Fig. 6.11 (a & b). It is vibrant to see that the addition of zirconia in 



Chapter – 6 

   

134 
 

wollastonite phase significantly enhanced (P<0.05) its microhardness and compressive 

strength. Microhardness value increased from 19.3 ± 1.3 HV with 0 mol% zirconia to 45.1 ± 

2.8 HV with 5 mol% zirconia.  While the compressive strength ranges from 40 ± 2.4 MPa for 

0 mol% zirconia to 86 ± 2.1 MPa for 5 mol% zirconia. Effect of incorporation of zirconia on 

the bending strength and modulus of elasticity of wollastonite is demonstrated in Fig. 6.12. It 

can be observed that the bending strength and elasticity modulus improved significantly 

(P<0.05) with increase of zirconia content. The bending strength and elasticity modulus of 

pure wollastonite were estimated to be 10.2 ± 0.7 MPa and 1.44 ± 0.1 GPa, respectively.  

After incorporation with zirconia, the bending strength and elasticity modulus of 5ZrW 

ceramics increased to 23.6 ± 1.2 MPa and 5.8 ± 0.2 GPa. The addition of zirconia greatly 

improves mechanical properties due to its exceptional reinforcing capability. Many aspects 

such as crystallinity, amount of crystalline phases present, crystalline size, surface 

morphology and porosity distribution have an influence on mechanical properties [49, 50]. 

Moreover, existence of more than one crystalline phase in ceramics can also result in 

complex mechanical behaviour [51, 52]. For bone defect applications, synthetic bone implant 

materials must have mechanical properties that match the natural bone. These values must at 

least be in the range of cancellous bone [53]. The compressive strength of human vertebral 

bone (load bearing site) is in the range of 24 - 43 MPa, and while femoral cancellous bone 

(load bearing site) is in the range of 48 – 80 MPa [47, 54]. Consequently, the compressive 

strength of prepared Zr-W ceramics which is in the range of 40 ± 2.4 – 86 ± 2.1 MPa may be 

appropriate for load bearing applications. 
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Fig. 6.11 Results of (a) micro hardness and (b) compressive strength of Zr-W ceramics, 

***P<0.001, **P<0.01 and *P<0.05 was used as significant 

 

Fig. 6.12 Results of bending strength and elasticity modulus of Zr-W ceramics, ***P<0.001, 

**P<0.01 and *P<0.05 was used as significant 
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6.3 Conclusion 

Bioactive ceramics of zirconia-containing wollastonite were fabricated via sol-gel 

technique, utilising bio-waste such as eggshells as calcium oxide source and rice husk ash 

(RHA) as silica source. The incorporation of zirconia into wollastonite phase could increase 

mechanical properties. The microhardness and compressive strength increased from 19.3 ± 

1.3 to 45.1 ± 2.8 HV and 40 ± 2.4 to 86 ± 2.1 MPa, respectively, with increase in zirconia 

content from 0 to 5 mol%. The bending strength and elasticity modulus increased from 10.2 ± 

0.7 to 23.6 ± 1.2 MPa and 1.44 ± 0.1 to 5.8 ± 0.2 GPa, respectively. In vitro studies results 

revealed that the prepared Zr-W ceramics show good bioactivity with the formation of 

hydroxyapatite while apatite forming rate slightly decreased with increase in zirconia content. 

Degradation test result showed that the addition of zirconia decreased the degradation rate of 

wollastonite. Cytocompatibility test demonstrated Zr-W ceramics have no toxic effect on 

MG-63 cells. Therefore, this study suggests that Zr-W ceramics could be promising cost 

effective biomaterials that may be recommended for bone tissue engineering. 
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Chapter 7 

Structural and biological properties of diopside 

ceramics (CaMgSi2O6) derived from 

bio-waste 
 

  This chapter throws light on the extension of method of preparation for calcium 

silicate-based bioceramics such as diopside (CaMgSi2O6), akermanite (Ca2MgSi2O7), 

bredigite (Ca7Mg(SiO4)4), merwinite (Ca3MgSi2O8), monticellite (CaMgSiO4), hardystonite 

(Ca2Zn(Si2O7) and baghdadite (Ca3ZrSi2O9). Among various calcium silicates-based 

bioceramics, diopside with the crystal structure of monoclinic, has received much attention 

on account of its quite interesting properties in terms of good compressive strength, 

mechanical stability and bending strength, and controllable degradation rate. It shows good 

hydroxyapatite formation rate and has excellent in vivo osteoinduction. Therefore, we have 

synthesized diopside bioceramics from RHA and eggshell via sol-gel method, while also 

determining the degradation rate, apatite-forming ability, biocompatibility and mechanical 

properties for bone tissue reconstruction and repair. 
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7.1 Introduction 

Calcium phosphates, calcium silicates and calcium sulphates are representative of 

commonly used bioactive materials [1, 2]. Tricalcium phosphate and hydroxyapatite are 

ceramics based on calcium phosphates, which have molecular composition equivalent to that 

of human bone [3], are potentially used in orthopedic applications for bone tissue repair and 

extensively studied to induce bone regeneration because of its exceptional adaptation under 

human body environment [4, 5]. However, low mechanical strength, fracture toughness and 

slow degradation rate of calcium phosphates have hindered its broader applications as 

orthopedic implants [6].  

 Calcium silicate – based biomaterials including bioglass, CaSiO3 and Ca – Si – x (x = 

Zr, Ti, Zn, Mg, Sr) ceramics, are an emerging subject of research for bone tissue engineering 

[7–9]. Literature reports have shown that the release of Ca and Si ions at specific 

concentrations induces osteoblasts cells proliferation and differentiation being a significant 

feature of calcium silicate – based biomaterials [10]. Furthermore, the relatively widespread 

range of chemical compositions of calcium silicate – based bioceramics can greatly impact 

mechanical properties, making them capable of stress and load-bearing orthopedic 

applications [11]. 

Magnesium ions in mammalian bodies are the fourth most abundant cations and in 

combination with sodium and calcium ion channels, play a key role in mammalian cells, 

stabilizing DNA and stimulating cell growth and proliferation. The role of Mg
2+

 ions in 

adhesion and growth of osteoblastic cells to degraded magnesium compound has been clearly 

revealed in many in vitro examinations [12, 13]; thus magnesium is a very important 

component in bioceramics to enhance biological properties [14, 15]. Diopside (CaMgSi2O6), 

akermanite (Ca2MgSi2O7), merwinite (Ca3MgSi2O8), bredigite (Ca7MgSi4O16) and 
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monticellite (CaMgSiO4) are pure phase ceramics belonging to the magnesium containing 

calcium silicates group, which have been examined for their potential applications as bone 

substitutes. Among these, calcium magnesium silicates, diopside with the crystal structure of 

monoclinic, has received much attention on account of its quite interesting properties in terms 

of good compressive strength, mechanical stability and bending strength [16] and controllable 

degradation rate [17]. It shows good hydroxyapatite formation rate and has excellent in vivo 

osteoinduction [17, 18]. Diopside finds use in a wide variety of clinical applications such as 

bone and dental root implants [19], surgery hemostasis applications [20], drug delivery [21] 

and in in vivo imaging [22]. 

 Different synthesis techniques have already been described for diopside ceramics such 

as solid state sintering [23], co-precipitation process [24], sol-gel technique [25] and 

hydrothermal methods [26]. Precursor materials used in these processes are commercial CaO 

or Ca(NO3)2.4H2O and commercial SiO2 or tetraethyl orthosilicate (TEOS). However the raw 

materials are expensive and have limitations when used for bulk synthesis. Moreover, these 

methods require high temperature treatment. The objective of the current work is to report a 

cost effective synthesis of diopside using bio-waste such as rice husk as a source of silica and 

eggshells as a source of calcium oxide through sol-gel technique, while also determining the 

degradation rate, apatite-forming ability, biocompatibility and mechanical properties for bone 

tissue reconstruction and repair. 

7.2 Results and discussion 

7.2.1 Thermal analysis 

The thermal stability and phase transformations of dried gel were studied using 

simultaneous TG-DTA investigation. Fig. 7.1 displays the TG-DTA plots of synthesized 

diopside gel after it was dried. The TGA curve exhibited mainly three distinct steps of weight 
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loss: the initial weight loss step was seemed at 30 – 150 °C with a comparable weight loss of 

~13.8 % and it was observed in DTA curve as an endothermic hump at ~100 °C, ascribed to 

the removal of residual water [27]. The next step of weight loss which occurred between 150 

– 450 °C showed a broad exothermic hump with a trivial weight loss of ~7.9, which was 

associated with the dehydration of chemically adsorbed water [27, 28]. The final step of 

weight loss was more prominent, which can be observed at 450 – 750 °C showed an 

endothermic peak around 530 °C, while the corresponding weight loss of ~12.6, ascribed to 

the elimination of by-products from incomplete condensation of the precursors, most likely 

decarbonation as well as the removal of nitrate ions from Mg (NO3)2. 6H2O [29, 30]. It was 

observed that mass loss becomes constant after 750 °C. In the DTA curve, the exothermic 

peak observed at ~776 °C is presumed to be caused by the crystallization of dried gel powder 

into diopside. The exothermic crystallization peak value thus obtained was compared with the 

previously reported results of diopside produced using different starting materials and by 

various synthesis methods (Table 7.1). It is clearly indicated that the crystallization 

temperature is dependent of method of preparation and the starting materials. The 

crystallization temperature revealed that the diopside prepared from RHA and eggshells by 

the present sol-gel method crystallized at lower temperature when compared to previous 

investigations by other researchers, except that the dried diopside gel powder prepared by the 

sol–gel method using metal alkoxides and metal salts as starting materials. 
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Fig. 7.1 TG-GTA curves of diopside samples 

Table 7.1 Crystallization temperature of diopside synthesized using various starting materials 

and by different synthesis methods 

Preparation 

method 
Starting materials 

Crystallization 

temperature (°C) 
Ref. 

Sol-gel 
Rice husk ash, eggshells and 

Mg(NO3)2·6H2O 
776 

Present 

study 

Solid-state reaction SiO2 , CaCO3 and MgO 882 [31] 

Coprecipitation 
TEOS, Ca(NO3)2·4H2O and 

Mg(NO3)2·6H2O 
845 [24] 

Sol-gel 
TEOS, Ca(OC2H5)2 and 

Mg(OC2H4OC2H5)2 
840 [32] 

Sol-gel 
TEOS, Ca(NO3)2·4H2O and 

MgCl2·6H2O 
751 [33] 

Ball milling assisted 

solid-state reaction 
SiO2, eggshell and MgO 880 [34] 

Solid-state reaction Rice husk ash, eggshell and MgO 870 [35] 
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7.2.2 Structural characterization 

The quantitative Rietveld refinement analysis of XRD powder data was performed 

using generalised structure analysis system (GSAS) along with graphical user interface 

EXPGUI [36, 37]. Fig. 7.2 shows the Rietveld plot for the sintered sample at 800 °C. The 

results showed the presence of monoclinic diopside (CaMgSi2O6) phase. Further from the 

XRD pattern, the structural parameters of crystalline phase and refinement reliability factor 

were obtained using GSAS software and are given in Table 7.2. The value of pattern-

dependent disagreement factor (RWP) was obtained as 7.93% and no other possible impurity 

was observed. Thus the results showed that the prepared ceramics from eggshells and RHA 

by the present sol-gel technique possess sharp, intense and highly crystalline peaks which 

corresponded to pure diopside phase at low sintering temperature of 800 °C. The average 

crystalline size was calculated as ~34.93 nm on high intensity diffraction peaks by Scherrer’s 

equation. Literature reports showed that pure phase of diopside was obtained in the 

temperature range of 1100 – 1300 °C. Moreover, akermanite and monticellite phases were the 

secondary phases which are generally observed during the preparation of diopside [17, 24, 

33, 38]. The present results revealed that the pure phase of diopside was obtained at a 

temperature of 800 °C, which was significantly low compared to previous studies. The low 

sintering temperature could be due to the method that was adopted to use RHA and eggshell 

as alternative sources. 

Table 7.2 Rietveld refinement quality parameters of prepared diopside sample 

Parameter Rietveld Result 

Formula CaMgSi2O6 

Crystal system Monoclinic 

Space group C 1 2/c 1 

Unit cell parameters a = 9.7415 (3), b = 8.9323 (3) and c= 5.2504 (1) 

α = γ = 90 and β = 106.233 

RWP (%) 7.93 

Chi squared χ
2
 1.819 

Volume (Å
3
) 438.65 (3) 
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Fig. 7.2 GSAS Rietveld refinement plot for the prepared diopside ceramic 

The morphological parameters of synthesized diopside ceramics were analyzed by 

SEM-EDS. Fig. 7.3 shows the surface micrographs and relative elemental spectra of diopside 

pellets sintered at 800 °C. SEM image of surface of diopside pellets shows porous surface 

with agglomerated spherical particles of about 0.3 µm – 0.44 µm in diameter. The appearance 

of pores on the surface of diopside pellets might be due to the release of volatile materials 

through calcination and sintering procedure. Porous and agglomerated surface shows 

significant role in the interaction of bioceramic implants in the surrounding tissues [39, 40]. 

The EDS spectra show the presence of all indispensable elements like Ca, Mg, Si and O. No 

extra impure elements were detected, which further supports the XRD data that pure diopside 

phase was achieved from eggshell and RHA at 800 °C. 
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Fig. 7.3 SEM-EDS of sintered diopside sample 

All characteristic functional groups related to diopside were detected in FTIR spectra 

(Fig. 7.4) of sintered specimens at 800 °C. Non-bridging bending vibration mode of (NBO) O 

– Ca – O (NBO) was observed at ~ 415 cm
-1

 and the bands at ~ 470 and ~ 510 cm
-1

 represent 

the non-bridging bending vibration mode of (NBO) O – Mg – O (NBO). The sharp peaks at ~ 

630 and ~ 675 cm
-1

 showed bending mode of (NBO) Si – O – Si (NBO), while the band at ~ 

865 cm
-1

 was attributed to stretching of Si – O (NBO) linkages. The IR spectra peaks 

observed at ~ 964 and ~ 1070 cm
-1

 were ascribed to stretching mode of Si – O (BO). 

Moreover, stretching vibration band at 3434 cm
-1

 was associated with moisture absorption. 

These observations were in agreement with previously described diopside functional groups 

[41–43]. 
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Fig. 7.4 FTIR spectra of diopside ceramics 

7.2.3 In vitro bioactivity 

Surface crystallinity of diopside ceramics immersed in SBF for 3, 7, 14 and 21 days 

was examined by XRD patterns (Fig. 7.5) to evaluate hydroxyapatite deposition. XRD record 

of diopside ceramics soaked in SBF for 3 days, which did not show a significant new 

crystallinity phase, while the crystalline peaks of diopside started becoming less intense with 

passage of immersion time which demonstrates that dissolution of diopside, happens first, 

enabling subsequently the precipitation of hydroxyapatite. The precipitation of small peaks at 

2θ = 25.87 (0 0 2) and 31.78 (2 1 1) appeared to be the secondary phase after 7 days of 

immersion consistent with the reports in JCPDS file No. 09-0432 of hydroxyapatite. The 

intensity of XRD peaks related to hydroxyapatite marginally increased in samples that had 
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been immersed for 14 days, but the diopside phase was still dominant. When the surface was 

analyzed after 21 days of immersion, the hydroxyapatite peaks improved and a few more 

hydroxyapatite peaks (2θ = 34.04 (2 0 2), 46.71 (2 2 2) and 53.14 (0 0 4)) appeared as trivial 

phase. These results indicate that the diopside prepared from eggshell and RHA has the 

ability to form hydroxyapatite in early stages of soaking time in accordance with the literature 

reports [17, 25, 33]. 

 

Fig. 7.5 XRD patterns of diopside ceramics after immersion in SBF for 3, 7, 14 and 21 days 

SEM photographs of diopside pellets after being immersed for 14 days in SBF 

showed leaf-like particles formation on their surface (Fig. 7.6). These particles increased in 

number and were consistently distributed on the sample that had been immersed for 21 days 

(Fig. 7.6 (b)). The formation of leaf-like particles on diopside pellets was very similar to 

those of SEM micrographs of hydroxyapatite particle on the surface of bioactive ceramics in 
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previous reports [24]. Further, EDS spectra of formed leaf-like particles shows the existence 

of P along with Ca, Mg, Si, O and the P content increased as a result of increasing the time 

period of immersion from 14 to 21 days. 

 

Fig. 7.6 SEM-EDS of diopside (a) after 14 days and (b) after 21 days of immersion in SBF 

Fig. 7.7 illustrates the FTIR spectra of hydroxyapatite formation on diopside 

specimen surface 14 days after soaking in SBF. The FTIR analysis of diopside after 

immersion in SBF demonstrated that the peaks at ~ 630 and ~ 675 cm
-1

 related to bending 

mode of silicates become less intense. The peaks at ~ 470 and ~ 510 cm
-1

 corresponding to O 

– Mg – O were substituted with phosphate bending vibration modes at ~ 485 and 607 cm
-1

, 

while the phosphate stretching bands were witnessed at ~ 964 and ~ 1082 cm
-1

. The presence 

of phosphate peaks was evidence of the growth of hydroxyapatite on the surface of diopside 
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after soaking it in SBF. Moreover, the peak at ~ 1405 cm
-1

 was attributed to the carbonate 

functional group, indicating that carbonated hydroxyapatite (CHA) layer formed on the 

surface of the sample [44]. The band at ~ 1635 cm
-1

 was evidence of the bending vibrational 

mode of absorbed H2O, while the stretching vibrational band at ~ 3434 cm
-1

 was related to 

moisture absorption [43, 45]. 

 

Fig. 7.7 FTIR spectra of diopside after immersion in SBF for 14 days 

7.2.4 Change in pH of SBF solution 

Variation in pH of SBF as an effect of soaking of diopside pellets is associated with 

apatite forming ability and degradability. Prior to soaking, fresh SBF had pH value of 7.4, 

though the pH level increased to a maximum value of ~7.56 after 9 days of immersion, and 

thereafter the pH value remained constant (Fig. 7.8). Two factors have been reported that lead 

the change in pH level of SBF; the first is the ion leaching from bioceramics to physiological 
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fluid i.e. diopside releases Ca
2+

 and Mg
2+

 ions from its surface into SBF, thereby leaving 

vacancies. These vacancies are filled with H
+
 and H3O

+
 ions from SBF, leading to rise in pH 

level of SBF. The next is the saturation of SBF by means of acid silica [19, 41]. However, the 

present results showed a pH range of 7.4 – 7.56 when diopside specimens immersed in SBF 

were slightly lower compared to reports in the literature [16, 46], demonstrating a favourable 

environment for in vivo bone cell culture. 

 

Fig. 7.8 The change of pH value in SBF solution with different immersion times for diopside 

7.2.5 Degradation 

Degradation of diopside ceramics in SBF is presented in Fig. 7.9. The prepared 

diopside samples showed a continuous degradation in SBF with increasing immersion period. 

The weight loss profile increased linearly with increasing immersion time; nevertheless the 
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overall weight loss was only 1.7% after 28 days of immersion. Previous studies reported that 

diopside has extremely low degradation rate in SBF owing to the existence of Mg in the 

crystal structure. The presence of higher bonding energy Mg – O bonds in diopside crystal 

system makes it more stable and inhibits ion release from the crystal lattice, resulting in a 

lower degradation rate [47]. The present study demonstrated that diopside ceramics prepared 

from eggshell and RHA were degradable in a physiological environment; nevertheless, the 

total weight loss was only 1.7% after soaking it in SBF for 28 days, which is in good 

agreement with reports available in the literature [16, 17]. Therefore, diopside ceramics with 

lower rates of dissolution compared to conventional bioceramics might be potential 

candidates for load-bearing orthopedic applications. 

 

Fig. 7.9 Weight loss of diopside ceramics with different immersion times in SBF solution 

7.2.6 Cytocompatibility 

The quantitative evaluation of the in vitro cytocompatibility assessment is given by 

calculating the relative percentage of cell viability. Fig. 7.10 represents the relative cell 
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viability (in %) of osteoblast-like MG-63 cells treated with different dosages of sample 

dilutions. As can be seen from Fig. 7.10, there is no significant variation in MG-63 cell 

viability after 48 hours of culture with different dosages (1000μg/mL to 50μg/mL) of sample 

dilutions. According to biological evaluation of medical devices (Part 5: tests for in vitro 

cytocompatibility (ISO 10993 - 5: 2009)), if the relative cell viability is less than 70% after 

culture with material then the material has cytotoxic potential. In the present study, it was 

shown that cell viability is greater than 70% for diopside samples at different concentrations, 

which revealed the great cytocompatibility potential of prepared diopside ceramics. 

Furthermore, it has been observed from proliferation assay (Fig. 7.11) that ionic dissolution 

from diopside ceramics has a clear impact on osteoblasts like cell proliferation. A positive 

effect on stimulating cell proliferation was observed when the concentrations were between 

1.25 and 12.5 mg/mL and after that the stimulatory effect decreased with increasing 

concentration. The dilution extracts even showed an inhibitory effect on cell proliferation 

when the concentration was increased to 100 mg/mL in agreement with the previous reports 

[48]. It has been reported that the proliferation response of the cells depends primarily on the 

concentration of Ca
2+

 and Mg
2+

 ions released by the ceramics dissolution. For example, Mg
2+

 

concentrations of 5 – 10 mM induced proliferation rate of human bone marrow stromal cells, 

while higher concentrations of Mg
2+

, that is concentration greater than 20 mM were found to 

be cytotoxic [12, 49]. Osteoblasts proliferation and differentiation induced by Ca
2+

 

concentrations of 2 – 4 mM, and extracellular matrix mineralization were found for medium 

concentrations of 6 – 8 mM, while cytotoxicity was noticed for Ca
2+

 concentrations of larger 

than 10 mM [50]. In the present study, cytocompatibility and cell proliferation test results 

strongly indicate that the synthesized diopside has excellent biocompatibility. 
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Fig. 7.10 Cell viability of diopside with osteoblast-like MG-63 cells using MTT assay 

 

Fig. 7.11 Cell proliferation results of diopside ceramics with osteoblast-like MG-63 cells 
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7.2.7 Mechanical properties 

Experimental determinations of some of the mechanical properties on prepared 

diopside ceramics in comparison with the previous reported results figure in Table 7.3. The 

fracture toughness and microhardness values were obtained at five different positions on 

specimen surface, given the mean value of fracture toughness is about 2.8±0.3 MPa 𝑚    and 

microhardness is about 7.31±0.1 GPa. The image of Vickers indentation on polished surface 

of diopside specimen at 4.9 N loads can be seen in Fig. 7.12. The compressive strength, 

elasticity modulus and bending strength of diopside were estimated to be 210 ± 12.5, 17.5 ± 

2.3 GPa and 86.7 ± 7.3 MPa, respectively. The possible reason for the difference in the 

mechanical properties of diopside in Table 7.3 could be on account of particles size, pore size 

and pore distribution. Mechanical properties are highly dependent on particle size, pore size 

and pore distribution of a material during sintering process. The smaller the particles size, the 

smaller the pores between adjacent particles, resulting in better mechanical properties of the 

material [51, 52]. However, the diopside ceramics prepared in the present study possessed 

good mechanical properties, which are in the range for human cortical bone (Table 7.4), 

suggesting their potential in applications pertaining to repair of human bones. 

 

Fig. 7.12 Vickers indentation on diopside ceramics at 4.9 N loads 
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Table 7.3 Mechanical properties of diopside prepared by different raw materials and methods 

Synthesis 

method 

Starting 

materials 

Mechanical properties Ref. 

Hardness 

(GPa) 

Compressi

ve strength 

(MPa) 

Fracture 

toughness 

(MPa 𝑚   ) 

Bending 

strength 

(MPa) 

Elasticity 

modulus 

(GPa) 

 

Sol-gel 

RHA, eggshells 

and Mg (NO3)2 

6 H2O 

7.31 ± 0.1 210 ± 12.5 2.8 ± 0.3 86.7 ± 7.3 17.5 ± 2.3 
Present 

study 

Solid-state 

reaction 

SiO2 , CaCO3 

and MgO 
- - 3.5 300 170 [38] 

Ball milling 

assisted 

solid-state 

reaction 

SiO2, eggshell 

and MgO 
11.5 ± 2.6 - 4 ± 0.3 350 ± 7 112 ± 17 [34] 

Ball milling 

assisted 

sol-gel 

TEOS, 

Ca(NO3)2·4H2O 

and 

Mg(NO3)2·6H2

O 

- 210 ± 7 - - - [42] 

Sol-gel 

combustion 

method 

TEOS, Eggshell 

and 

Mg(NO3)2·6H2

O 

- 78 ± 4.4 - - 3.19 ± 0.4 [43] 

Coprecipita

tion 

TEOS, 

Ca(NO3)2·4H2O 

and 

Mg(NO3)2·6H2

O 

- 1.36 ± 0.3 - - 0.06 ± 0.02 [16] 

Sol-gel 

TEOS, 

Ca(NO3)2·4H2O 

and 

MgCl2·6H2O 

- 8.17 ± 2.3 - - - [53] 

 

Table 7.4 Mechanical properties of diopside in comparison with human bone 

Property Diopside 

(CaMgSi2O6) 

Cortical bone Cancellous bone 

Microhardness 7.31±0.1 GPa - - 

Compressive strength 210 ± 12.5 MPa 100-230 MPa 2-12MPa 

Fracture toughness 2.8 ± 0.3 MPa 𝑚    2-12 MPa 𝑚    - 

Bending strength 86.7 ± 7.3 MPa 50-150 MPa - 

Elasticity modulus 17.5 ± 2.3  GPa 7-30 GPa 0.5-0.05 GPa 

 

In vitro mechanical integrity of diopside ceramics was studied by evaluating the 

compressive strength after soaking it in SBF. Fig. 7.13 illustrates the stress-strain curves 

under compression (Fig. 7.13(a)) and a plot of compressive strength verses soaking time (Fig. 

7.13(b)). As revealed in Fig 7.13, a decrease in compressive strength was obvious in SBF 
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immersed samples, where the compressive strength value for 28 day SBF immersed samples 

was reduced to 120 ± 9 MPa. The main reason behind the decrease in compressive strength is 

the dissolution of ions from a bioactive material resulting in degradation and loss in 

mechanical strength during soaking in SBF. Apatite formation at a later stage leads to 

enhancement in the mechanical properties [54]. In the present work, the prepared diopside 

ceramics showed excellent compressive strength which was nearly similar to the compressive 

strength of human cortical bone (100-230 MPa) even after 28 days immersion in SBF [55]. 

 

Fig. 7.13 Compressive stress-strain curves (a) and change of compressive strength (b) with 

different immersion times in SBF solution for diopside ceramic samples 

Mechanical stability is a significant factor to prevent the collapse of scaffold structure 

before the formation of proper extracellular matrix (ECM) and new bone [56]. Literature 

reports have shown that the compressive strength of diopside scaffolds reduced to 30% for 14 

days SBF immersed samples and this reduction for bioglass scaffolds was 54% and for 

wollastonite scaffolds it was 60% [16, 57]. The present study has shown that after 14 days of 

immersion in SBF, the compressive strength of prepared diopside ceramics decreased by 

about 18%. The data demonstrate that diopside ceramics prepared from RHA and eggshells 

not only have mechanical properties appropriate for human cortical bone, but also show 
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excellent in vitro mechanical stability. Moreover, these excellent mechanical properties and 

mechanical stability of diopside ceramics show them to be very reliable as strengthening 

materials to develop biocomposites. 

7.3 Conclusion 

Pure phase diopside was successfully prepared at significantly low temperature (800 

°C) from rice husk ash (RHA) and eggshell using sol-gel method. The prepared diopside 

ceramics possessed good mechanical properties especially compressive strength (210 ± 12.5 

MPa), fracture toughness (2.8 ± 0.3 MPa 𝑚   ), bending strength (86.7 ± 7.3 MPa) and 

elasticity modulus (17.5 ± 2.3 GPa) values in the range seen in human cortical bone, as well 

as improved mechanical stability and slow degradation rate. Biological studies results 

demonstrated that the synthesized diopside ceramics exhibited good apatite forming-ability, 

and cytocompatibility as well as stimulatory effect on osteoblasts like cell proliferation. 

Therefore, diopside ceramics prepared from RHA and eggshells might be potential low cost 

candidate for use as bioactive implant in bone tissue engineering as well as safe 

reinforcement material in the manufacture of biocomposites. 
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Chapter 8 

Summary and conclusions 
 

  In this chapter, brief summary and conclusions drawn from the investigations carried 

out on in vitro bioactivity, degradation rate, mechanical properties, cytocompatibility and 

cell proliferation ability of bio-waste derived wollastonite (CaSiO3) ceramics substituted with 

trace metal oxide (Ag, Zr and Mg) are discussed along with future prospective of the 

research work. 
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8.1 Summary 

The research work presented in this thesis has been focused mainly on two aspects:  

1. Synthesis of β-wollastonite (β-CaSiO3) though sol-gel method using natural resources such 

as rice husk as a source of silica and eggshells as a source of calcium oxide. Wollastonite is a 

promising bone implant material because of its advanced bio-functionalities, excellent 

bioactivity and biocompatibility.  

2. Improving the structural, mechanical properties and dissolution behaviour of wollastonite 

with various trace metal oxide (Ag, Zr and Mg) additions. 

Initially, β-wollastonite was prepared using bio-waste such as rice husk ash (RHA) as 

a source of silica and eggshells as a source of calcium oxide through sol-gel method. The 

optimum calcination and sintering temperatures required to obtain pure phase of β-

wollastonite were achieved using thermal analysis. The in vitro apatite forming ability, 

degradation behaviour and mechanical properties of synthesized wollastonite were discussed. 

Later, β-wollastonite was also prepared using tetraethylorthosilicate (TEOS) and calcium 

nitrate tetrahydrate (Ca(NO3)2.4H2O) by conversional sol-gel method. The results of in vitro 

bioactivity, degradation, antibacterial activity, and cell proliferation studies for β-wollastonite 

synthesized from natural resources and through chemical methods were compared by 

observing their performance under the same experimental conditions. 

In order to enhance the structural properties, antibacterial activity and dissolution 

behaviour of wollastonite, silver (Ag) was chosen as a dopant element because (i) Ag is an 

antibacterial agent that shows strong biocidal effect against 12 species of bacteria, including 

Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli) (ii) the incorporation of 

silver into wollastonite at the expense of calcium would decrease the number of non-bridging 



Chapter – 8 

   

168 
 

oxygen groups and reduce the dissolution rate. Ag was doped into wollastonite, where Ag 

doping concentration varied from 2 to 6 mol.% and its effect on the properties of β-

wollastonite was studied. 

As Zr shows superior biocompatibility, osseointegration and good mechanical 

strength, it is speculated that the incorporation of zirconia into wollastonite will significantly 

improve the mechanical and biological properties. Zr was doped into wollastonite with the 

objective of improving mechanical properties and degradation rate, where Zr doping 

concentration varied from 1 to 5 mol.% and its effect on the bioactivity, degradation rate, 

cytocompatibility and mechanical properties of wollastonite was studied. 

Further, the study focused on extension of method of preparation for calcium silicate-

based bioceramics such as diopside (CaMgSi2O6), akermanite (Ca2MgSi2O7), bredigite 

(Ca7Mg(SiO4)4), merwinite (Ca3MgSi2O8), monticellite (CaMgSiO4), hardystonite 

(Ca2Zn(Si2O7) and baghdadite (Ca3ZrSi2O9). Among various calcium silicates-based 

bioceramics, diopside with the crystal structure of monoclinic, has received much attention 

on account of its quite interesting properties in terms of good compressive strength, superior 

mechanical stability and bending strength and controllable degradation rate. It shows good 

hydroxyapatite formation rate and has excellent in vivo osteoinduction. Therefore, diopside 

bioceramics were synthesized from natural resources such as rice husk as a source of silica 

and eggshells as a source of calcium oxide via sol-gel method; the degradation rate, apatite-

forming ability, biocompatibility and mechanical properties for bone tissue reconstruction 

and repair were also assessed for diopside bioceramics. 

X-ray fluorescence (XRF) spectrometer, Thermo gravimetric and differential thermal 

analyzer (TG-DTA), X-ray diffraction (XRD), Fourier transform infrared (FTIR) 

spectroscopy (FTIR), Scanning electron microscopy- Energy dispersive spectrometry (SEM-
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EDS) and Particle analyzer were used to characterize the prepared samples. Bioactivity was 

studied based on the rate of hydroxyapatite formation using in vitro experiments in simulated 

body fluid (SBF). Weight loss studies were performed in Tris-HCl buffer solutions to know 

the degradation behaviour of the synthesized ceramics according to ISO 10993 “Biological 

evaluation of biomedical devices-Part 14: Identification and quantification of degradation 

products from ceramics. Cytocompatibility was estimated for osteoblast-like cells (MG – 63) 

using MTT assay. Mechanical properties such as microhardness and fracture toughness were 

tested using micro Vickers hardness tester, while compressive strength, bending strength and 

elasticity modules were tested using universal testing machine. 

8.2 Conclusions 

β-wollastonite was successfully achieved at relatively low temperature (850 °C) 

sintering from natural resources such as rice husk ash (RHA) as a source of silica and 

eggshells as a source of calcium oxide through sol-gel method. In vitro biological studies 

results revealed that the prepared wollastonite samples exhibited good bioactivity with faster 

growth rate of hydroxyapatite and no toxic effect on osteoblast-like MG-63 cells. The 

mechanical properties revealed good compressive strength (40.77 ± 2.46 MPa) and Micro-

hardness (20.14 ± 1.85 HV) values. Furthermore, the apatite crystals were close‐packed and 

fine, and the growth rate was faster on wollastonite that was prepared from natural resources 

(NCS) than on wollastonite prepared from chemicals (CCS). Degradation results 

demonstrated that NCS has lower dissolution rate than CCS ceramics. The most noticeable 

antimicrobial study demonstrated that NCS samples exhibit significant antimicrobial activity 

against E. coli and S. aureus. Cell culture study revealed that NCS ceramic particles were 

found to be cytocompatible and demonstrate cell proliferative ability along with CCS ceramic 

particles. 
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Silver (Ag) doped wollastonite ceramics showed the promising apatite layer formation 

on their surface and the addition of Ag result in the enhancement of apatite layer formation 

rate. Degradation study revealed that the addition of silver decreases the degradation rate of 

wollastonite. The antimicrobial activity test demonstrated that Ag doped wollastonite exhibits 

excellent inhibition zone of pathogens such as E. coli and S. aureus than pure form of 

wollastonite. 

The incorporation of zirconia into wollastonite phase could increase mechanical 

properties. The microhardness and compressive strength increased from 19.3 ± 1.3 to 45.1 ± 

2.8 HV and 40 ± 2.4 to 86 ± 2.1 MPa, respectively, with increase in zirconia content from 0 

to 5 mol%. The bending strength and elasticity modulus increased from 10.2 ± 0.7 to 23.6 ± 

1.2 MPa and 1.44 ± 0.1 to 5.8 ± 0.2 GPa, respectively. In vitro studies results revealed that 

the prepared Zr-W ceramics show good bioactivity with the formation of hydroxyapatite 

while apatite forming rate slightly decreased with increase in zirconia content. Degradation 

test result showed that the addition of zirconia decreased the degradation rate of wollastonite. 

Cytocompatibility test demonstrated Zr-W ceramics have no toxic effect on MG-63 cells. 

Further, Pure phase diopside was successfully obtained at significantly low 

temperature (800 °C) from rice husk ash (RHA) and eggshell using sol-gel method. The 

prepared diopside ceramics possessed good mechanical properties especially compressive 

strength (210 ± 12.5 MPa), fracture toughness (2.8 ± 0.3 MPa 𝑚   ), bending strength (86.7 

± 7.3 MPa) and elasticity modulus (17.5 ± 2.3 GPa) values in the range seen in human 

cortical bone, as well as improved mechanical stability and slow degradation rate. Biological 

studies results demonstrated that the synthesized diopside ceramics exhibited good apatite 

forming-ability, and cytocompatibility as well as stimulatory effect on osteoblasts like cell 

proliferation. 
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Based on the above observations, it may be conclude that the calcium silicate-based 

bioceramics derived from natural resources showed good bioactivity, biodegradation, 

cytocompatibility and mechanical properties. Therefore, these calcium silicate-based 

ceramics prepared from rice husk ash and eggshells might be potential low cost candidate for 

use as bioactive implant in bone tissue engineering as well as safe reinforcement material in 

the manufacture of biocomposites scaffolds. The work also provides evidence that the 

method is effective for accelerating utilisation as well as recycling of waste volumes to 

generate bioceramics for synthetic bone substitutes. 

8.3 Future  

 In order to utilize the beneficial effects of ions released and to enhance the biological 

performance of prepared calcium silicate-based ceramics in the direction of specific 

host response, future developments may explicitly examine the kinetics of specific ion 

release. 

 The prepared calcium silicate-based materials can be processed into porous ceramic 

scaffolds using scaffold fabrication techniques to avail oneself of the benefits of 

porous scaffolds like patient-derived cells seeding capacity and drug loading capacity 

into the scaffolds. 

 Calcium silicate-based ceramics/polymer composite scaffolds can be obtained for 

specific bone grafts by monitoring their proportions. 

 Detailed biocompatibility experiments can be done along with in vivo animal models. 

 

 

 

 



172 
 

List of publications 

1. Srinath Palakurthy, Abdul azeem P, Venugopal reddy K, Samudrala Rajkumar. In 

vitro bioactivity and degradation behaviour of β-wollastonite derived from 

natural waste. Mater Sci Eng C. 2019;98:109-117. doi:10.1016/j.msec.2018.12.101. 

2. Srinath Palakurthy, Abdul azeem P, Venugopal reddy K. In vitro evaluation of silver 

doped wollastonite synthesized from natural waste for biomedical applications. 

Ceram Int. 2019; 45(18):25044-25051. doi:10.1016/j.ceramint.2019.03.169. 

3.  Srinath Palakurthy, Abdul azeem P, Venugopal reddy K, Vasudevarao Penugurti, 

Bramanandam Manavathi. A comparative study on in vitro behavior of calcium 

silicate ceramics synthesized from biowaste resources. J Am Ceram Soc. 2019; 

103(2):933-943. doi:10.1111/jace.16745. 

4.  Srinath Palakurthy, Abdul azeem P, Venugopal reddy K, Vasudevarao Penugurti, 

Bramanandam Manavathi. Zirconia-containing wollastonite ceramics derived from 

bio waste resources for bone tissue engineering. Biomed. Mater. 2020; 15(5): 

055025. doi:10.1088/1748-605x/ab975d. 

5.  Srinath Palakurthy, Abdul azeem P, Venugopal reddy K. Review on calcium silicate- 

based bioceramics in bone tissue engineering. Int J Appl Ceram Technol. 2020; 

17(5):2450-2464. https://doi.org/10.1111/ijac.13577 

6.  Srinath Palakurthy, Venugopal reddy K, Sushil Patel, Abdul azeem P. A cost effective 

SiO2–CaO– Na2O bio-glass derived from bio-waste resources for biomedical 

applications. Prog. Biomater. 2020;9:239-248. doi:10.1007/s40204-020-00145-0. 

7.  Srinath Palakurthy, Abdul Azeem P, Venugopal Reddy K, Chiranjeevi Padala, 

Bramanandam Manavathi, Prasada Rao R. A novel cost-effective approach to 

fabricate diopside bioceramics: a promising ceramics for orthopedic applications. 

Advanced Powder Technology, 2021; 32(3):875-884. 

https://doi.org/10.1016/j.apt.2021.01.038 

 

AIP Proceedings 

1.   Srinath Palakurthy, Abdul azeem P., Venugopal reddy K., Rajkumar Samudrala,  

      Synthesis and in vitro bioactivity of SiO2-CaO-Na2O glass using bio-waste resources,   

      AIP Conference Proceedings 2115, 030233 (2019); https://doi.org/10.1063/1.5113072 

2.   Srinath Palakurthy, Abdul azeem P, Venugopal reddy K, Sol-gel synthesis of SiO2-  

      CaO-Na2O bio-ceramics using bio-waste, in: AIP Conf. Proc., 2020.    

      doi:10.1063/5.0017238. 

 

 

https://doi.org/10.1111/ijac.13577
https://doi.org/10.1016/j.apt.2021.01.038


173 
 

List of papers presented in National/International Conferences 

1. Presented a paper entitled “In vitro bioactivity of wollastonite derived from natural  

    waste for biomedical applications”  in the International Conference “Recent Trends in  

    Materials Science and Technology 2018 (ICMST 2018)” organized by Indian Institute of  

    Space Science and Technology (IIST) jointly with Materials Research Society of India  

    (MRSI), held during October 10
th

-13
th

, 2018, at VSSC, Thiruvananthapuram. 

 

2. Presented a paper entitled “In vitro Evaluation of Silver Doped Wollastonite  

    Synthesized from Natural Waste”  in the International Conference “Advanced ceramics  

    and Nano materials for Sustainable Developments (ACeND - 2018)” organized by Indian  

    Ceramic Society Karnataka chapter held during September 9
th

-21
th

, 2018, at Christ deemed  

    to university, Bengaluru, India. 

 

3. Presented a paper entitled “Synthesis of cost effective SiO2-CaO-Na2O bio-glass using  

    Bio waste resources” in the International Conference “63
rd

 DAE Solid State Physics   

    Symposium (DAE-SSPS 2018)” organized by Bhabha Atomic Research Centre, Mumbai,   

    India held during December 18
th

-22
th

, 2018, at Guru Jambheshwar University of Science   

    and Technology, Hisar, Haryana 

 

4. Presented a paper entitled “In vitro bioactivity of zirconia-containing wollastonite   

    synthesized from natural resources” in the International Conference “Advanced   

    functional materials and devices” held during February 26
th

-28
th

, 2019, at National  

    Institute of Technology, Warangal. 

 

5. Presented a paper entitled “Sol-gel Synthesis of SiO2-CaO-Na2O Bio-Ceramics using   

    Bio-Waste”  in the International Conference “64
rd

 DAE Solid State Physics Symposium   

    (DAE-SSPS 2019)” organized by Bhabha Atomic Research Centre, Mumbai, India, held  

    during December 18
th

-22
th

, 2019, at Indian Institute of Technology, Jodhpur, Rajasthan. 

 

 

 

 

 

 

 

 

 

 

 



174 
 

 



175 
 

 



176 
 

 



177 
 

 



178 
 

 



179 
 

 

 



180 
 

 


