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Preface 

Bioactive glasses and glass ceramics are most prominent materials for application in the repair 

and regeneration of damaged soft and hard tissues. These glasses have potential to solve the 

answer transplantation problems which occurred due to shortage of living tissues and organs 

available. In general, these bioactive materials undergo specific surface reactions with the 

tissues and form a HAp layer when implanted into the body. Moreover, this HAp layer is 

similar to the mineral constituent of bone. This layer acts as an interface and forms a strong 

bond between the implant and tissue. The thickness and strength of HAp layer depends on the 

chemical composition of glass matrix chosen. Bioactivity is a measure of the capacity of 

material to form apatite layer when the material is in contact with physiological body fluid in 

vitro. It is also confirmed from in vitro bioactivity that the material can show potential 

bioactivity in vivo environment. The first bioactive glass composition was successfully 

generated by Larry Hench and his co-workers in the 1970s. Various clinically approved 

bioactive glasses like 45S5, 58S and some silica based glasses are used effectively for bone 

and dental applications. Most of the available commercial bioglasses contain high amount of 

silica. These silica rich glasses have the potential to develop long term implants to replace 

hard and soft tissues in vivo due to their in soluble nature. However, the long term interaction 

of silica locally and systemically is not yet understood completely and raises questions about 

the long-term reaction in vivo. Most of the clinical reports established that the glasses with a 

high amount of silica and high network connectivity were accepted by the human body but the 

rate of degradation was very low and the glass remnants were present in the patient’s body for 

more than 14 years. 

 
 As an alternative to rarely absorb SiO2 based glasses which rarely absorb for 

tissue repair, P2O5 based glasses were developed by many researchers because of their 

unusual properties such as lower melting temperature, lower transition temperature, higher 

thermal expansion coefficient, higher electrical conductivity, higher degradability, higher 

biocompatibility and lower chemical durability. Among the phosphate based glasses, the 

calcium containing phosphate glasses shows high bioactivity. Moreover, these glasses are the 

best suited for bone bonding due to the chemical composition which is very close to the 

natural bone phase. 
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Motivation and objectives of the work 

 In general, phosphate based glasses have poor mechanical strength, high dissolution and poor 

chemical durability when compared with silicate and borate based glasses, which limits their 

applications. The control over degradation rate and improvement of mechanical properties can 

be obtained by adding intermediate network modifiers such as transition metal oxides (Ca2+, 

Na+, Zn2+, Mg2+, Sr2+ and K+). The incorporation of these elements modifies the phosphate 

network and subsequently affects the degradation properties. The rate of degradation can be 

selectively controlled by varying the amounts of constituents incorporated into glass. 

 
In view of this, it is proposed to investigate the influence of four transition metal 

oxides viz., ZnO, TiO2, Al2O3 and ZrO2 trailed in the calcium phosphate based glass system in 

order to improve the structural, and mechanical properties along with biological properties 

such as biocompatibility, bioactivity, cytotoxicity, cell viability and antibacterial activity 

suitable for the development of novel bone regenerated implant materials. 

 
The main objective of the present study is to develop bioactive glasses by melt 

quenching technique and study the effect of transition metal oxides (ZnO, TiO2, Al2O3 and 

ZrO2) as a replacement for CaO and the resulting impact on structural, physical, mechanical 

properties and in vitro bioactivity, Cell viability and proliferation of 8ZnO–22Na2O–24CaO–

46P2O5 bioglass system for generation of resorbable implant material for bone repair and 

regeneration applications. 

 
The experimental studies carried out are: 

 
(i) Densities of prepared glasses were measured by employing Archimedes principle 

using Xylene as an immersion liquid. 

(ii) The mechanical properties such as hardness and fracture toughness were measured 

to know the structural compactness. 

(iii) The analysis of various thermal parameters such as glass transition temperature 

(Tg), crystallization temperature (Tc), melting temperature (Tm), thermal stability 

(ΔT) and Hruby's criterion (H) of the glass system was carried out to understand 

the structural transformations at different temperatures. 

(iv) XRD study was performed to confirm the amorphous/crystalline nature of the 

prepared samples as well as the formation hydroxyl apatite layer (HAp) over glass 

surface post immersion in simulated body fluid (SBF).  
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(v) FTIR spectroscopic studies were used to investigate the various functional and 

structural groups in the glass before and after immersion in SBF. 

(vi) SEM study was performed to obtain the surface morphology of glass samples and 

EDS analysis reveals elemental compositions of the glass samples. 

(vii) The measurement of weight loss of glasses provides the information about the 

dissolution kinetics and insight about dissolving a certain amount of glass in SBF 

solution.  

(viii) pH evaluation confirms the suitability for cellular activity and bone formation of 

the prepared bioglasses.  

(ix) The cytocompatibility and cell Proliferation analysis by using rMSCs cells 

provided the in vitro biological activity of the bioglass samples before they were 

tested in vivo as bone regenerative implant. 

(x) The antibacterial study against Escherichia coli (E. coli) and Staphylococcus 

aureus (S. aureus) and Pseudomonas aeruginosa (P. aeruginosa) bacteria gives the 

information about the exhibition of antibacterial activity of as-developed glasses.  

 

The research work presented in this thesis is divided into seven chapters 
and the outline of each chapter is presented below 
 

CHAPTER-I outlines the general introduction, scope and importance of the present work. It 

comprises in particular of fundamentals of various bioglass materials, importance of 

phosphate based bioglasses, influence of transition metal ions on the structural, and 

mechanical properties of such glasses and in vitro bioactivity when incorporated to phosphate 

glass network and a detailed review on previous literature reports suggesting the suitability of 

phosphate based bioglasses for application in bone regeneration implant applications. 

 
CHAPTER-II describes in detail various methods such as fabrication of transition metal ions 

doped phosphate bioglasses by melt quenching technique, density by Archimedes method for 

calculation of various physical parameters, preparation of simulated body fluid (SBF), 

conditioned media for cell culture and agar diffusion disc method for antibacterial assy. Along 

with different experimental techniques employed for the characterization of formation of 

crystalline hydroxyl apatite layer (HCA) on the glass surfaces by XRD, FTIR, SEM-EDS 

tests, pH, degradation, TG-DTA and vickers micro hardness tests, were employed and are 

explained in detail. The description of the apparatus used and the detailed principles and 

procedures of the experimental measurements were also included. 
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CHAPTER-III reports the synthesis of ZnO incorporated P2O5 based bioglasses and also 

presents the results and discussions on structural, thermal and in vitro bioactivity studies with 

varying ZnO content in the glass composition. The density and oxygen molar volume are 

found to increase and the molar volume and oxygen packing density are decreased with 

increase of ZnO concentration. The increase in density clearly indicates the presence of more 

ionic nature of P–O–Zn bonds than P–O–P bonds in glass network, which leads to 

compactness of the glass structure. The glass transition temperature (Tg) increases with 

increase in content of ZnO up to 8 mol% and then decreases for higher concentration of ZnO. 

The increase in Tg can be due to increasing aggregation effect of ZnO on the glass network 

and slow mobility of large Zn2+ ions, which lead to more rigidity of glass network. The values 

of stability (ΔT) increases from 111.26 °C to 121.19 °C and Hruby criterion (H) increases 

from 0.4319 to 0.5154 with the addition of ZnO, which clearly points to high stability and 

good glass forming tendency of all glasses. Vickers micro hardness and toughness values of 

as-prepared bioglasses increase, with increasing ZnO content is due to the expansion of glass 

network in harmony with increase in the bond length or inter-atomic spacing between the 

atoms. Zn2+ ions enter interstitially in the glass network to form more P–O–Zn linkages by 

breaking P–O–P bonds. These, in turn reduce the number of nonbridging oxygens (NBO’s) 

and increase cross-linking density, compactness and rigidity of the glass network. In the 

present as-prepared glasses, Z8 had highest Hv and KIC values. Correlation between the 

presence of additional intensity reflections from XRD, intensity of absorption bands of FTIR, 

change in surface morphology of SEM and ratio of Ca and P values from EDS was 

determined after incubation periods of 3, 7, 14and 21days in SBF, strongly confirming the 

development of rich HAp layer with incubation time. The addition of ZnO to glass network, 

enhances the crystallization of the CaO–P2O5 layer by creating a large number of OH- ions 

required for conversion of amorphous layer to crystalline HAp layer through SBF solution as 

Zn(OH)2. Unlike, previous results on ZnO doped glasses, the present system of glasses were 

subjected to controlled degradation behaviour and stable pH variation very close to the value 

of physiological fluid (pH 7.4) with increase in ZnO content and incubation time, which this 

might be due to a fixed percentage of CaO and the presence of high content of P2O5 and is 

replaced with a small amount of ZnO in the chosen glass matrices. Enhanced cell proliferation 

and cytocompatibility indicate that release of Zn2+ ions was controlled effectively in all glass 

samples. Superior antibacterial activity is also detected, which is due to synergistic ‘contact-

killing’ effect of Ca2+ and Zn2+ release. In summary, Zn2+ positively affects cellular response 

and antibacterial activity, providing an attractive bone filler alternative. 
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CHAPTER-IV presents results and discussions with regard to the influence of structural, 

mechanical, and biological properties of titanium incorporated zinc phosphate based glasses 

for orthopaedic implants. The density, glass transition temperature and mechanical strength of 

the as-developed glasses increase with increase in TiO2 content which is attributed to cross 

link densification of glass structure formed by strong P–O–Ti bonds. In vitro studies 

confirmed the development of rich crystalline HAp layer on samples with incubation time (3, 

7, 14 and 21days) and increase in content of TiO2 by up to 0.6 mol% in SBF. The glass 

samples became more resistant to hydration, indicating reduced dissolution rate and pH 

values. Moreover, controlled degradation with increase in Ti4+ was observed. The high cell 

attachments and biocompatibility were noticed by cell proliferation and cytotoxicity tests 

conducted using CCK-8 method on rMSCs cells. Furthermore, inhibition of bacteria species 

growth was significant with increase of TiO2, which confirmed good antibacterial activity of 

glasses. The results implied that there was no inhibitory effect on HAp layer formation which 

is useful for generation of new bone tissues. Among all TiO2 doped samples, 0.6 mol% glass 

showed highest mechanical strength, controlled pH and degradation behaviour along with in 

vitro bioactivity and is suitable for in vivo evaluation for bone resorbable implant 

development. 

 
CHAPTER-V reports the synthesis and study of aluminum doped phosphate based bioactive 

glasses and the influence of Al2O3 on structural and bioactivity behavior of phosphate glasses. 

The results showed that the density and micro hardness of glass samples increases with 

increasing Al2O3 content due to strengthening of glass structure by increasing bond strength 

of P–O–Al ionic linkages. Sample Al10 is showed highest mechanical strength among all 

samples. The formation of a rich HCA layer on the surfaces of samples immersed in SBF 

solution enhanced with incubation time and also with the content of Al2O3 up to 6 mol% of 

alumina and then decreased slightly, as confirmed from XRD, FTIR, SEM and EDS analysis, 

which indicates good bioactivity in as-prepared samples. Besides, the bioactivity is also 

confirmed by a decrease in pH values and controlled dissolution of bioglasses in SBF with 

Al2O3. Moreover, the HCA layer formed might remain longer time on these phosphate glasses 

due to controlled decrease in solubility by the inclusion of alumina. The growth of rMSCs 

cells on glass samples indicates the enhancement in cell viability and cell proliferation. The 

biocompatibility of Al6 (6 mol% Al2O3) is significantly higher compared to remaining 

glasses. Moreover, it is observed that the rate of cell proliferation of Al6 improved after 

culturing it for 72h. Out of all samples A6 showed enhanced bioactivity and high mechanical 
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strength. So the glass sample (6 mol% Al2O3) can effectively stimulate bone growth and can 

also be appropriate for the development of bone repair resorbable implants.  

 

CHAPTER-VI reports the fabrication and study on HAp layer formation, cytocompatibility, 

rMSCs proliferation, structural and mechanical properties influenced by small quantity of 

ZrO2 incorporation on 8ZnO–22Na2O–24CaO–46P2O5 bioglass system. The results obtained 

revealed that the physical properties such as density and mechanical strength raise with 

increasing content of ZrO2, which is attributed to the establishment of new P–O–Zr bonds. 

The XRD, FTIR, and SEM-EDS results after immersion in SBF for various time periods 

strongly confirms the development of rich hydroxyapatite layer over the as-synthesised glass 

surfaces. It is found that layer formation enhances with immersion time and ZrO2 content also 

gives up by 0.5 mol%. The controlled degradation rate and stable pH variations showed the 

release of Ca2+ and Zr4+ ions required for thick HAp layer. In addition, the growth of rMSCs 

cells on the surface of all bioactive glasses increases significantly, which shows enhancement 

in cell proliferation and biocompatibility. Moreover, these glasses cannot exhibit any toxic 

effects on rMSCs cells evaluated by CCK-8 assay. Furthermore, ZrO2 doped phosphate 

bioglasses showed better antibacterial effect against three strains E. coli, S.aureus and P. 

aeruginosa subsequently, among all glasses Zr.5 (0.5 mol% ZrO2) bioactive glass is owing to 

enhanced bioactivity with better mechanical strength and antibacterial activity; hence this 

would be suitable for development of clinical implants. 

 

CHAPTER VII presents a brief summary and conclusions drawn from investigations carried 

out on structural, thermal, and mechanical properties, degradation behaviour, pH evaluation 

and biological properties such as cytocompatibility, cell proliferation and antibacterial activity 

on calcium phosphate  glasses doped with transition metal oxides ZnO, TiO2, Al2O3 and ZrO2. 
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In this chapter, an introduction to biomaterials, and defining their necessary and scope, 

along with the aim of the current work, has been presented. In particular, the features of 

bioactive materials, bioactive glass, and structure of glass, mechanism of bioactivity and 

physico-chemical and biological properties of such materials have been described. Several 

clinical applications of in vitro bioactivity and bioglasses have also been discussed, along 

with insights into the category of phosphate glasses, a detailed literature review of which 

takes care of the nuances of the field of study. The main objectives and outcomes of the 

current thesis are also given at the end of this chapter. 

  

Chapter - 1 

 
Introduction and Review of Literature  
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1. Introduction  

Bioactive materials typically need to be biomimetic, eliciting a distinct biological response, 

thanks to their specific interaction with biological matrices and cell/tissue micro 

environments. These materials are used to support or fully capture the working of living 

tissues in the human body and also suitable to replace damaged or dysfunctional tissues and 

organs, partially or completely either natural (biopolymers like chitosan, alginate, hyaluronic 

acid, etc., proteins like collagen and fibrin, complete matrices like bovine bone mineral 

matrix) or synthetic (polymers, ceramics, metals and composites), based on the starting 

materials that are used for their synthesis and characterization. According to materials 

science, a biomaterial is an essential material possessing highly desirable characteristics such 

as biocompatibility, bioactivity, biodegradation and sufficient mechanical strength (for being 

relevant in biomedical areas to possess, for instance, osteoconduction/osteogenesis ability). In 

other words, biomaterials are defined as natural or artificial substances [1-4]. The basic 

requirements for potential biomaterials suitable for various biomedical applications are shown 

in Fig.1.1. 

 
Considerable research has been conducted already over the past two decades to 

modulate existing materials for medical applications and the development of novel materials. 

The success of biomaterials in healthcare applications is absolute and is based on 

biocompatibility, immunological reactions, host response and cell biomaterial interaction [5]. 

In addition, these materials are necessary for the body to be compatible with their behavior in 

different cases. It is well known that these organs and tissues have improved greatly the 

quality of life over the past 50 years and prolonged the average life span significantly, which 

has led to increased interest in biomaterials research [6,7]. Moreover, it is very essential to 

know the structure, functions and various properties of biomaterials, in order to enhance the 

quality of human health by re-establishing the function of bodily active tissues and organs. 

Thus, the subject of biomaterials can be divided into three aspects of biologically active 

materials, implants, and their interactions with the human body [8]. Over the past few 

decades, there has been a lot of innovative efforts from molecular chemistry and biology, to 

understand basic concepts such as breakthrough kinetics, bio accessibility and synthesis 

techniques to develop potential biomaterials [9,10], which has been very promising in the 

field of biomaterials and biomedical engineering. Later, in the 1980s and 1990s, researchers 

focused on the various bioactive materials development that could induce an appropriate 

biological response, particularly at the interface of host tissue and biomaterials. 



 

  

Fig. 1.1 Requirements of potential biomaterials (

 

Biomaterials are usually attached to 

fixation [11,12]. Bioactive bonding is due to chemical reactions between the interface of the 

bioactive material and human tissues, including the liquid connective tissue, namely blood. 

These chemical reactions cause strong bonds between implants and the host tissues. Bone 

regeneration and tissue reactivity success of bioactive materials depend on their 

biological systems and attachment to the surrounding tissues. Bioactive sy

from biomaterials response, can be classified based on their tissue attachment, such as being 

resorbable, bioactive, porous, or inert; the description and examples of this are 

Table 1. [11,12]. 

 
Biomaterials science is an interdisciplinary area that draws

inspiration from many branches of science, including biology, chemistry, materials, 

mechanical engineering and medicine

use in the medical field, which in turn, requires a comprehensive understanding of the above 

disciplines. There are three major categories of materials in this field, classified as first, 

second and third-generation

[11,12]. 
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Requirements of potential biomaterials (Kaur, 2017

terials are usually attached to host tissues by interfacial bonding or bioactive 

Bioactive bonding is due to chemical reactions between the interface of the 

bioactive material and human tissues, including the liquid connective tissue, namely blood. 

These chemical reactions cause strong bonds between implants and the host tissues. Bone 

regeneration and tissue reactivity success of bioactive materials depend on their 

biological systems and attachment to the surrounding tissues. Bioactive sy

response, can be classified based on their tissue attachment, such as being 

resorbable, bioactive, porous, or inert; the description and examples of this are 

Biomaterials science is an interdisciplinary area that draws heavily

inspiration from many branches of science, including biology, chemistry, materials, 

mechanical engineering and medicine. Biomaterials have been developed for a wide range of 

use in the medical field, which in turn, requires a comprehensive understanding of the above 

There are three major categories of materials in this field, classified as first, 

generation biomaterials, in relation to the period of their development 

 

Kaur, 2017) 

host tissues by interfacial bonding or bioactive 

Bioactive bonding is due to chemical reactions between the interface of the 

bioactive material and human tissues, including the liquid connective tissue, namely blood. 

These chemical reactions cause strong bonds between implants and the host tissues. Bone 

regeneration and tissue reactivity success of bioactive materials depend on their behavior in 

biological systems and attachment to the surrounding tissues. Bioactive systems, resulting 

response, can be classified based on their tissue attachment, such as being 

resorbable, bioactive, porous, or inert; the description and examples of this are précised in 

heavily on concepts and 

inspiration from many branches of science, including biology, chemistry, materials, 

have been developed for a wide range of 

use in the medical field, which in turn, requires a comprehensive understanding of the above 

There are three major categories of materials in this field, classified as first, 

biomaterials, in relation to the period of their development 



 

4 
 

Table 1. Types of tissue attachment of biomaterials 

 

 

1.1 Classification of biomaterial systems 

Bioactive systems can be defined as a specific biological response process that leads to the 

bond between tissue and matter. This has led to the development of materials that can interact 

with the body to stimulate the desired response from the body tissues. In research on bioglass, 

the dissolution of materials and the formation of HAp membranes are commonly used as a 

common indicator of bioactivity of bioglass in the case of in vitro assays. The response of the 

biological system, particularly cell proliferation and growth, is commonly used as an indicator 

to the extent of bioactivity of bioglass in the case of in vivo assays. 

 
1.1.1 Bioinert materials 

Bioinert materials belong to first-generation bioceramics and have those characteristic 

symptoms that the body accepts with minimal interaction with the physical environment. 

Bioinert systems have no adverse effect on the implant environment, but they fail to stimulate 

effective biological processes, like osteogenesis, osteoinduction and osteoconduction. Bioinert 

materials made of metals such as zirconium, aluminium, stainless steel and polymer such as 

polyethylene fall into this category, possessing abrasion resistance and used mainly for dental 

and orthopaedic applications [13,14]. 

 
1.1.2 Bioactive materials 

These come under the second generation of bioceramics and are defined as the 

formation of bioactive bonding those results due to chemical reactions between the interface 

of the bioactive material and human tissues. The bone-like membrane and the material made 

of hydroxyapatite (HAp) exhibit rapid reactions that lead to good chemical bonding. These 

Type of implant Type of attachment         Example 

Resorbable Replacement with tissues Tricalciumphosphate, 

Polylactic acid (PLA) 

Bioactive Interfacial bonding with 

Tissues (bioactive fixation) 

Bioactive glasses, HA, 

bioactive glass-ceramics 

Porous In-growth of tissues into pores 

(biological fixation) 

Hydroxyapatite (HA), HA 

coated porous metals 

Inert Mechanical interlock 

(Morphological fixation) 

Metals, alumina, Zirconia, 

Polyethylene (PE) 
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chemical reactions cause strong interfacial bonds between the implants and the tissue [15]. 

These materials are designed to attach themselves to living tissues by forming chemical and 

biological bonds in the premature stages of implantation. Bone regeneration and tissue 

reactivity success of bioactive systems depend on their behavior and attachment to 

surrounding tissues. Bioactive glasses and bioactive glass ceramics are examples of bioactive 

materials. Fig. 1.2 shows the applications of bioglass/ceramics within the human body and 

their biomedical importance [8]. For the moment, with regard to amorphous bioactive 

materials, silicate-based glasses have become increasingly popular with enhanced interactions 

with hard bone and soft neighbouring tissues [6,16]. 

 
1.1.3 Bioresorbable materials 

The third generation of biomaterials is defined by their special properties in replacing 

damaged tissue with fresh healthy tissue. Given a chance that such materials enter the living 

organism, they gradually disappear over time in the biological system. Some examples of 

resorbable biomaterials such as tricalcium phosphate (Ca3(PO4)2) and Polylactic acid 

(C3H4O2)n (with degradable, resorbable and absorbable properties). These materials enter into 

the body slowly and steadily, before they finally disappear, when they are replaced by 

completely new tissues. Moreover, these materials can be replaced by bone and tissue cells 

for an explicit period of time by reacting and dissolving in the bodily fluid [17]. 

 
1.1.4 Porous materials 

Porous bioactive systems are better than inert bioactive materials due to their 

biological fixation to tissues through the pores. Pores are very helpful in the growth of veins 

and tissues inside the implant, through which nutrition can also be sent to the cells. Examples 

are aluminium implant for hip replacement and hydroxyapatite (HAp) coated metallic 

implants. In this case, mechanical bonding is obtained by bone growth in the pores, which 

have diameters >100 µm [18]. An increased interfacial region interaction among the implants 

and then an increase in resistance of the tissues to the movement of the device mark their 

characteristic mode of action. Their mechanical strength is not the same as that of bulk 

materials. However, porous materials do not last long after implantation. Due to corrosion, 

exposure of a large surface area to body fluids further reduces their strength, thereby affecting 

the properties of bioactive systems. Biomaterials impact human lives through a multitude of 

applications, thus promising a bright future for the field. There are a number of pharmacies 

and manufacturing companies investing in the production, enlargement, and 

commercialization of new biomaterial products. Nowadays, the field of biomaterials has 
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rapidly evolved for coming up with various biomedical applications. This includes cases 

where the biomaterials have already opened a large range of medical equipment for skin, bone 

and dental repair, artificial arteries, organ replacement, nerve conduction tubes, mechanical 

heart valves, stents and pacemakers, and orthopaedics in addition to tissue engineering 

applications, all of which improve the quality of human life worldwide [8,19-21]. Such 

materials must be capable of eliciting a suitable host tissue response in a particular situation 

and is considered one of the most prominent features of biomaterials, which is 

biocompatibility. A biocompatible material must have at least an immune response and had 

better not interfere with blood flow [22]. 

 

 

Fig. 1.2 Applications of various bioactive materials within the human body (Kaur, 2017) 
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1.2 Bioactive glasses 

Bioactive glasses are a special type of biomaterials which offer specific biological actions and 

precise surface reactions once they come into contact with body tissues. The necessity for the 

development of novel bioactive materials with extraordinary properties has guided research in 

the area of bioactive glass fabrication. Bioglasses promise better benefits over conventional 

biomaterials and find use in tissue engineering, such as grafting, augmentation, repair and 

regeneration of both hard and soft bone tissues etc., and these applications are possible 

because of their outstanding properties: resorbable, osteoproductive, osteoconductive and 

osteoinductive behavior [23]. These glasses release ions into the local environment, thereby 

initiating a variety of biological responses [24]. Silicate based bioglasses are the most 

appropriate bioactive glass materials, that are extensively employed in non-load bearing 

applications and are likely to form these tissues with explicit clinical features, primarily for 

tissue regeneration applications [16,24]. 

 
L.L. Hench et al., developed the first bioglass (45S5), which is a SiO2 based bioactive 

glass [6] and this comes under the category of second-generation biomaterials, it shows the 

formation of bone-like apatite layer at the implant of tissue interface [25]. The Hench bioglass 

is composed of various oxide materials in weight percent of 45% SiO2, 24.5% Na2O, 24.5% 

CaO and 6% P2O5. The capacity of the bioglass to form thin hydroxyapatite (HAp) over the 

surface when immersed in simulated body fluid (SBF) is often considered a sign of its 

bioactivity [26]. In vitro bioactivity is presumed to be an indication of the bioactive potential 

of materials in vivo [27]. The bioactivity rate of bioglass varies, depending on the surface 

properties of bioglass containing chemical components proportions and makes it easier for the 

tissue to absorb any biomaterials in several ways [6,28] and the molecular proportions of the 

calcium and phosphorous oxides are almost similar in all constituents in the bones. Fig. 1.3 

shows the phase diagram representing different glass-forming regions. 

 
Bioglass shows high levels of bioactivity in the middle region (region A) named the 

border of bioactive bone-bonding. The constituent properties of bioglass form a rapid bond 

with the bone and it simultaneously interact with collagen, thereby bonding with soft tissues 

[12,29]. In C region, bioglass becomes a recyclable element so that they disappear in the body 

in about a month. Due to technical limitations, bioglass has never been fitted in D region. 

Bioactive glasses are highly promising biomaterials and show excellent bioactivity and 

biocompatibility when interacting with bone and tissue by forming a HAp membrane 

potential at the interface of the material [6]. This high reactivity is their main advantage for 
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applications in periodontal repair and bone strengthening. Bioactivity is examined by studying 

the formation of rich Ca and P layer by soaking the glasses in different SBF solutions. 

 
Since 1969, the domain of bioactive glasses is slowly evolving and has become a 

landmark in tissue engineering and regenerative medicine. Many researchers and scientists are 

involved in the research and development of a variety of glass systems for biomedical 

applications. A glass always has been at the center of some significant innovations that have 

led to a revolution in various aspects of human life. 

 

Fig. 1.3 The glass-forming region by phase diagram (L. L. Hench, 1998). 

The special focuses on the development of various bioglasses and their glass-ceramics have 

been received due to the unique characteristic features. 

The rapid surface reaction characteristic of bioglass leads to direct attachment to tissues to 

form a strong chemical bond [30]. 

(i) The glasses have comparatively low softening temperatures, which is an added 

advantage considering that ceramic particles can be easily bonded while filling 

micropores is also easily achieved during sintering.  

(ii) The properties can be easily altered by making glass composition suitable for 

medical applications.  

(iii) They exercise great control over chemical and biological bonding reactions with 

tissues [31]. 

In recent years, bioactive glass is a novel material that opens up a new research area in 

natural sciences and medicine, in view of their ability to react with host tissues and promote a 
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strong bonding, chemically at the interface to the natural bone. The ability to form a tight 

chemical bond with the living bone is a result of modification of the surfaces comprising 

precipitation of calcium and phosphorous rich layer. The human bone is made of composite 

minerals, namely collagen and calcium phosphate. The calcium phosphate-containing 

carbonate is the major constituent, while magnesium (Mg), sodium (Na), fluoride (F) and 

other trace elements are minor constituents present in the bone minerals. 

 

1.3  The use of glass as bioactive material 

The term “glass” evokes different meanings and images in different parts of the globe. 

According to the Indo - European base, the word glass refers to any object that is shining, 

glowing, or glazing while glass is also known as vitreous, which is a Latin term. It is defined 

as “an inorganic product of fusion which has been cooled to a rigid condition without 

crystallizing,” to use the definition given by the American Society for Testing Materials 

(ASTM) data base [32]. 

 
The origin of the discovery of the glass remains unclear, but it needs emphasizing that 

glass was among the first materials synthesized by mankind several thousand years ago. It 

was long before glass became an object of scientific research. This was in 1830 that the 

properties of glass were studied by Faraday. Glasses are produced from melting raw materials, 

this having been the process for thousands of years. Ancient glass objects made by mankind 

were discovered at the time of excavation in Egypt and are dated approximately 3000 BC 

[33,34]. The methods employed for the manufacture of glass had already been known to 

Mesopotamians by 4500 BC [33]. The structure of glass can best be described as a continuous 

random network. Glasses can be designed in a variety of shapes and sizes with a great 

homogeneity, from miniature and delicate fibers of huge glass-lined reactors and equipment. 

Ancient civilizations in Egypt, China, and India made use of biomaterials for reconstructing 

damaged body parts. Glass materials present several benefits over crystalline materials in that 

they boast unique structure and have desirable thermodynamic features. Innovative categories 

of bioglass have been identified and these play a very restorative role in medicine 

(biomaterials), energy conversion and in plenty of other fields [37]. Glass science thus 

embraces a range of features seen as desirable in material science, thereby demanding 

extensive knowledge in various fields of physics, chemistry and mechanics for any potential 

researcher. 

 



 

Glass is an amorphous material, that is, a

transformation behavior. A glass can thus be defined as “an amorphous material with no long

range order of atoms, lacking periodic atomic structure and exhibiting a region of glass 

transformation behavior” 

temperature range and it is also called the tran

inorganic, organic, or metallic, formed by any 

behavior is a glass. 

 
 

 

 

 

 
Fig. 1.4 Schematic representation of the amorphous
in two-dimensional. 
 

There are major processes involved in producing glass: the 

technique and the sol-gel process. 

a super-cooled liquid, i.e. the disordered structure of the liquid freezes into solid on account of 

drastically rapid cooling (or quenching).

become solid-state properties.

versatile materials, making it a point to 

particularly relevant in the field of telecommunication and biomedical applications.

 
The melt that can form a glass maintains its liquid

liquid under the melting point of the crystal, then becoming

upon further cooling. The transformation of the glass

illustrated in Fig.1.5. Traditionally glass transformation behavior is discussed 

enthalpy or through volume versus temperature representations.
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Glass is an amorphous material, that is, a non-crystalline solid that shows 

transformation behavior. A glass can thus be defined as “an amorphous material with no long

range order of atoms, lacking periodic atomic structure and exhibiting a region of glass 

 [34,35] as shown in Fig.1.4. These glass 

temperature range and it is also called the transition region of the glass. Any 

inorganic, organic, or metallic, formed by any technique, which exhibits glass transformation 

 

 

representation of the amorphous and crystalline nature of glass materials

There are major processes involved in producing glass: the 

gel process. Glass is essentially non-crystalline material

cooled liquid, i.e. the disordered structure of the liquid freezes into solid on account of 

cooling (or quenching). In this transformation, the fluid properties gradually 

state properties. Glass is readily one of the most flexible, easy to use 

, making it a point to retain all properties together. The current research is 

particularly relevant in the field of telecommunication and biomedical applications.

The melt that can form a glass maintains its liquid-like structure as a 

liquid under the melting point of the crystal, then becoming a brittle, 

upon further cooling. The transformation of the glass-forming and melting process is 

Traditionally glass transformation behavior is discussed 

enthalpy or through volume versus temperature representations. 

crystalline solid that shows 

transformation behavior. A glass can thus be defined as “an amorphous material with no long-

range order of atoms, lacking periodic atomic structure and exhibiting a region of glass 

These glass manners are in the 

sition region of the glass. Any materials, 

technique, which exhibits glass transformation 

nature of glass materials 

There are major processes involved in producing glass: the melting quenching 

crystalline material generated from 

cooled liquid, i.e. the disordered structure of the liquid freezes into solid on account of 

In this transformation, the fluid properties gradually 

Glass is readily one of the most flexible, easy to use and 

The current research is 

particularly relevant in the field of telecommunication and biomedical applications. 

like structure as a super cooled 

 and then elastic glass 

forming and melting process is 

Traditionally glass transformation behavior is discussed based on 



 

Fig. 1.5 The schematic diagram shows changes related to heating and cooling in the system 

responsible for the formation of glass.

Glass transformation temperature is usually measured through

thermal analysis or the dilatometer of

viscous melt to frozen bulk glass is 

temperature may be regarded as “glass transition temperature (Tg)”. The reversible action, 

from a bulk glass of liquid melt takes place 

that of Tg. The transition is o

changes depending on the cooling rate of the liquid melt. Therefore, even if the chemical 

composition is the same, the Tg of glass varies with 

in temperature and enthalpy which illustrates cooling behavior at the time of formation of 

glass from liquid to bulk sample is shown in 

temperature higher than its melti

structure of the melt reports a change.

 
The usual slow cooling of a substance from its 

lower than the melting temperature permits the atoms to arrange themselves in a long

periodic order, resulting in the conversion of the material into 

changes abruptly as shown in 

decrease because of the heat capacity of the crystal. However, if the liquid is cooled at a rate 
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The schematic diagram shows changes related to heating and cooling in the system 

responsible for the formation of glass. 

Glass transformation temperature is usually measured through

thermal analysis or the dilatometer of the glasses. The transition of glass specimen from 

viscous melt to frozen bulk glass is labelled “glass transition” where the concomitant 

temperature may be regarded as “glass transition temperature (Tg)”. The reversible action, 

liquid melt takes place when a glass is heated to a temperature beyond 

that of Tg. The transition is on account of an increase in viscosity of liquid melt where it 

changes depending on the cooling rate of the liquid melt. Therefore, even if the chemical 

the same, the Tg of glass varies with the cooling rate of the melt. The variation 

in temperature and enthalpy which illustrates cooling behavior at the time of formation of 

from liquid to bulk sample is shown in Fig. 1.5. When a substance

temperature higher than its melting temperature (Tm) is cooled below Tm

structure of the melt reports a change. 

The usual slow cooling of a substance from its molten temperature to a temperature 

lower than the melting temperature permits the atoms to arrange themselves in a long

periodic order, resulting in the conversion of the material into a crystalline

changes abruptly as shown in Fig. 1.5. Where with any further cooling,

decrease because of the heat capacity of the crystal. However, if the liquid is cooled at a rate 

 

The schematic diagram shows changes related to heating and cooling in the system 

Glass transformation temperature is usually measured through graphs recorded in 

transition of glass specimen from 

“glass transition” where the concomitant 

temperature may be regarded as “glass transition temperature (Tg)”. The reversible action, 

is heated to a temperature beyond 

of liquid melt where it 

changes depending on the cooling rate of the liquid melt. Therefore, even if the chemical 

rate of the melt. The variation 

in temperature and enthalpy which illustrates cooling behavior at the time of formation of the 

a substance in a molten state at a 

below Tm, the atomic 

temperature to a temperature 

lower than the melting temperature permits the atoms to arrange themselves in a long-range 

crystalline state. Enthalpy 

cooling, enthalpy registers 

decrease because of the heat capacity of the crystal. However, if the liquid is cooled at a rate 
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faster than the melting temperature such that it attains a temperature below melting 

temperature, avoiding crystallization, a super cooled liquid is formed and on further cooling, 

the atoms continue to rearrange themselves. Viscosity reports a gradual increase and soon 

after becoming too large to allow complete arrangement for a stable liquid structure. 

 

1.4 Types of bioactive glasses  

Over the past four decades, the main challenges of bioglass tissue engineering are 

related to the design and development of materials and their bioresorbability after handling 

their function, so that the tissue can be rebuilt to its natural form. Therein lies our main 

concern regarding the systematic study of bioactive glass. There has been great research to 

develop silicate, borate, and phosphate bioactive glasses for biomedical applications. During 

the process, trace elements are added to obtain the desired properties in the glass matrix. From 

the compositional aspect of glasses, the chemical composition is chosen depending on the 

glass making process and the required application of the prepared glass. Some of the reported 

bioactive glasses and their structural components are described as follows. This chapter 

describes the basic structural arrangements of three groups of glasses used as biomaterials: 

silicate glasses, phosphate glasses, and borate glasses, and structural variations control the 

properties of glass. 

 
1.4.1  Silicate bioactive glass 

Bioactive Glass, designated as 45S5, is the most widely investigated glass for 

biomedical applications. Silica-based bioactive glasses are used in various forms and for a 

variety of clinical applications [36,6]. Silicon plays an important role in bone mineralization 

along with gene activation. The first man-made biomaterial silicate glass, 45S5 was found in 

1969. The composition of the original bioglass (45S5) is as follows: 45% SiO2, 24.5% CaO, 

24.5% Na2O, and 6% P2O5. SiO2 is the main content and glass-forming agent in these glasses 

(L.L.Hench et al.,1969s). Similarly, L.L.Hench et al. found that some glasses are 

biocompatible and show bone-binding ability. Silica-based (45S5) composition enhances the 

secretion of vascular endothelial growth factor in vitro. Hydroxyapatite is believed to be the 

best biocompatible replacement material for biomedical applications. Silica-glass is used as a 

host material, combining calcium and phosphorus to fix broken bones. The literature has 

reported on two different compositions of bioactive glasses [37], namely melt-derived (45S5) 

and sol-gel derived (58S) bioglasses. Dissolved-derivative bioglasses show far lower surface 

area compared to sol-gel derived bioglasses, as reported in in-vitro dissolution of both 45S5 

and 58S bioglasses [37]. Based on bioactive studies conducted at SBF, reactive oxide on these 
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bioglass surfaces encourage bioactivity to form strong bonds with living bone tissue. The 

peculiarity of bioactive glass is that the major part of the bone is hydroxyapatite (HAp) or 

Ca10(PO4)6 (OH)2, in vivo; with simulated body fluid [38] it gets formed on the glass surface 

when in contact with the body fluid (SBF) in vitro [39,40]. The ionic and covalent property of 

the Si–O and Si–O–Si bond is preferred for the formation of (SiO4)
4− tetrahedron in both 

crystalline and glass silica. The substitution of silicon for synthetic hydroxyapatite is 

underway in several research groups. Furthermore, they concluded that 45S5 bioactive glass 

composition has the potential to form new bone tissue. In various in vitro analysis, they 

briefly described the reasons for the presence of carbonated hydroxyapatite phase on the 45S5 

bioactive glass surfaces [39,40]. 

 
1.4.2  Borate bioactive glass 

Borate-based glasses have been fabricated to answer the needs of a variety of scientific 

and engineering applications. In the borate glass system, the melting of the composition rich 

in B2O3 shows high viscosity and a conspicuous tendency for the formation of glass. Since the 

invention of glasses, borate-based glasses have been very useful for optical and engineering 

applications. Recent researches [41,42] have amply proved that silica free alkaline borate 

glasses also exhibit bioactive behavior. Day et al., explored in 2003 [42] and then studied in 

depth the characteristic features of borate glasses for possible use in biomedical applications 

[43,44]. 

 
For the past two decades, borate glasses have been used in medical applications as 

bioactive implant material [45]. It has been recognized that borate-based glasses are important 

ingredients in the healing of chronic wounds. Though borate-based glasses are useful 

biological materials, few reports are available in the literature [46-49] which detail their 

numerous advantages. The borate equivalents of silicate-based bioglasses can be rapidly 

converted to HAp. Manupriya et al. studied the in vitro bioactivity and degradation of soda-

lime borate glasses immersed in simulated body fluid [49]. The possible bioactivity of borate 

glasses, because of the low chemical durability, and the modified soda lime silicate becomes 

faster and more fully hydroxyapatite than L.Hench patent bioglass (45S5) when kept in a 

diluted potassium phosphate solution instead of SBF. These glasses have been revealed to 

serve as a substrate for release in the treatment of bone infection [50,51]. Boron plays a 

potential stimulating agent for bone tissue engineering [52]. Moreover, borate glasses 

intended for use as implant materials in the human body and attached to living tissues must 

have reasonable solubility. This is because of the main structural unit of the borate network 
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(BO3) is the chains of trihedron or BO3 triangles [53]. They cannot form a fully three-

dimensional structure, and as a result, [BO3] has a lower cross-linking density. 

 
1.4.3  Phosphate bioactive glass 

Phosphate-based glasses happen to be inorganic polymers based on tetrahedral 

phosphate ion, which form a link to generate a three-dimensional network [54]. In other 

words, Phosphate glasses have a simple tetrahedral structure, similar to a polymer-based on 

[PO4] groups, whose structure is usually described using Qn terminology, where n represents 

the number of oxygen atoms that bridge the [PO4] tetrahedron [54,63,64]. This Qn 

terminology is developed for silicate-based glass. The same principle applies to phosphates, 

but here the bridge to tetrahedron represents the number of oxygen atoms [55]. The presence 

of any particular Qn species depends on the cation constitution in the glass composition. The 

three-dimensional network (Q3) species are the only phosphate group in the phosphate 

network that boasts high link, due to the conversion of Q3 into Q2 species when adding 

metallic cations such as Li+, Na+ and K+ [54]. The equivalent of concentrated ions as cations is 

Q2 species and is named meta-phosphate composition [56]. Since this ion forms only on 

oxygen bridges, it is known as a chain terminator, which produces just phosphate dimers or 

pyrophosphate, which is the only species present, and the number of ions changes to Q1 when 

increasing the number of cations to Q0 species and orthophosphate [56]. Considering that the 

primary component of phosphate-based glasses are very hygroscopic, the presence of low 

amounts of water promotes its crystallization [57]. As mentioned earlier, phosphate-based 

glasses can completely dissolve in aqueous media and offer real benefits for various 

biomedical applications. 

 
Phosphate glass has been investigated for more than one hundred and fifty years 

[58,59]. These glasses display very high transmission in the ultraviolet region, low thermo 

physical coefficient, and large emissions compared to silicate glasses [58,59]. Although P2O5 

is one among four classic Zachariasen glass-forming oxides, the nature of glass, applications, 

research, and development happens to be limited thanks to its hygroscopic nature [59,60]. 

Phosphate glasses are attractive because of their low melting temperature, low viscosity, and 

high thermal expansion coefficient [59]. Phosphate glass materials have the potential to be 

used as biomaterials because their chemical composition is close to that of the bone [61]. 

Kasuga et al., [62] reported calcium phosphate glass materials in the pyrophosphate region. 

Furthermore, glass-ceramics play an important role in their ability to form Ca–P apatite in 

SBF. 
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1.5 A brief review of phosphate-based bioactive glasses in medical 
applications 

 
Phosphate-based glasses are an attractive option in that they promise a controllable 

degradation rate from varying their chemical compositions, thereby giving rise to easily 

metabolizable degradation components in the body. At the same time, phosphate-based 

glasses are indeed a wise choice to encapsulate drug molecules as this is one sure way to 

diminish the drug dose needed and effectively combat the side effects associated with 

particular drugs. 

 
Studies on ZnO–Na2O–CaO–P2O5 bioglass are relatively few in comparison with phosphate-

based glasses. A concise review of some of the latest updates related to the present work on 

phosphate-based bioactive glasses and metal ions doped glasses  

 
Franks et al., [63] prepared ternary P2O5–CaO–Na2O glasses having an almost linear 

dissolution rate in the aqueous medium, the degradation rate of which can be managed ably 

through subtle variations in composition. These glasses show markedly severe degradation 

rate and are eminently suited for biomedical applications as imaging contrast agents and drug 

delivery systems. In another study, Abou Neel et al., [64] have developed successfully 

quaternary phosphate-based glass system P2O5–CaO–Na2O–TiO2 with up to 15 mol% TiO2 by 

the melt-quench route. They studied the effect on glass degradation, and physical, surface and 

biological properties with TiO2 incorporation. The dispersal of Ti4+ ions was also determined 

using inductively coupled plasma mass spectroscopy (ICP-MS). The results showed that 

enhancement in the biological activity with the increase in the content of TiO2. 

Navarro et al., [65] examined the effect of titanium addition on P2O5–CaO–Na2O glass 

systems and observed in the process the inclusion of titanium to P2O5–CaO–Na2O glass 

systems can enhance the glass-forming ability and chemical durability of these glasses. To 

add to this, it came through that incorporation of TiO2 into phosphate-based glasses not only 

brings down the solubility of the glasses in question but also lowers crystallization tendency 

thanks to the formation of cross-links between TiO4 and TiO6 structural groups and phosphate 

tetrahedra.  

In other studies, Franks et al., [66] looked into the solubility of quaternary glasses in 

P2O5–CaO–MgO–Na2O system. In such quaternary glasses, replacing CaO with MgO 

managed to reduce solubility as well as changes in pH at longer periods precisely on account 

of smaller ionic radius of magnesium. Knowles et al., [67] developed quaternary phosphate-
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based glasses in the P2O5–CaO–K2O–Na2O system and K2O was used as Na2O substitutes 

with the concentration of 0 to 25 mol%. The results revealed an increase in solubility with 

increasing K2O content following the larger ionic radius of potassium vis-à-vis sodium that 

brings about a larger disrupting effect on the structure, while simultaneously weakening the 

network. 

 
Rajendran et al., [68] synthesized P2O5–Na2O–CaO–TiO2 glass system, with different 

TiO2 contents and fixed P2O5 (45 wt%) and CaO (24 wt%) by employing the normal melting 

and annealing technique. They carry out the dissolution behavior of the prepared bioactive 

glasses with distilled water. Along with ultrasonic velocities, attenuation and elastic properties 

of the different glasses also studied to reveal the structural changes taking place in the glass 

system. The obtained results showed that the solubility of the undoped glass is higher than the 

titanium-containing glasses. In other words, the rate of dissolution the phosphate glasses 

decreases with an increase in TiO2 content. 

 
Rajkumar et al., [69] prepared and characterized zirconia doped phosphate-based 

glasses using the normal melt quench technique. The observed results revealed that all glass 

samples exhibit the formation of hydroxyapatite (Ca-P) rich layer on the surface, 0.75 mol% 

of ZrO2 containing glass processing higher bioactivity, and elastic moduli out of all the 

prepared samples. Moreover, the formation of NBO network by the breaking of P–O–P bonds 

into the P2O5 glass network is noticed. These results concluded that after the optimization of 

choosing glass composition might be suitable for biomedical applications. 

 
Ahmed et al., [70] have fabricated the Iron-phosphate glass fibers based CaO–Na2O–

Fe2O3–P2O5 system and characterized by considering the thermal, dissolution rates, diameter, 

and biocompatibility studies. Fe2O3 was added in traces 1–5 mol%, substituting it for Na2O 

mol%. The results brought to light a decrease in dissolution rates for bulk glass and glass 

fibers, simultaneously with an increase in CaO mol%, along with an increase in Fe2O3 mol%. 

It was discovered that iron-phosphate glass fibers containing 4–5 mol% Fe2O3 were adequate 

for cell attachment to achieve proliferation and differentiation. Ahmed et al., [71] began to 

study phosphate-based glass in 40P2O5–25CaO–20MgO–15Na2O system which recorded 

good cellular response and Hasan et al., [72] studied the system 45P2O5–16CaO–24MgO–

11Na2O–4Fe2O3, which also showed good cytocompatibility and proved its worth in fiber 

drawing. 
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Agata Łapa et al., [73] manufactured novel gallium/cerium-doped phosphate-based 

glasses and phosphate glass fibers 18MgO–10CaO–24Na2O–45P2O5–3Ga2O3 mol% and 

18MgO–10CaO–24Na2O–45P2O5–3CeO2 mol% by the melt quenching and melt-spinning 

method. They studied the degradation behavior, cytocompatibility, and antibacterial potential 

of the prepared glasses. The results revealed that adding Ga lowers dissolution behavior of 

phosphate glass fibers, wherein both Ce-PGF and Ga-PGF permit controlled release of ions 

that show antibacterial properties. Besides this, the presence and controlled release of ions 

having therapeutic and antibacterial characteristics generates a wound dressing which shows 

the capability to reduce the growth of Gram-positive bacteria in half, while ensuring non-toxic 

behavior towards mammal cells. 

 
Kheshen et al., [74] looked at three bio-phosphate glass-specimens with and sans 

Al2O3 addition to shed light on their bioactivity tendencies towards SBF biological solution. 

The results pointed out that Al2O3 exercises a significant impact on the ability of bioglass to 

form a hydroxycarbonate apatite layer on its surface. That layer was detected by FTIR 

spectra, SEM micrographs, and EDS pattern. Also, the influence of Al2O3 on the mechanical 

properties was subjected to investigation by measuring the hardness of glass samples, which 

predictably increased following the addition of Al2O3. The thermal expansion coefficient 

came down by increasing Al2O3 percent in bioglass samples. 

 
Kokubo et al., [75] preparation methods revealed the mechanism of formation of the 

surface apatite layer while also bringing to light changes in ion concentration of SBF fluid 

with the immersion of glass and glass-ceramics. It has been observed from the above results 

that the dissolution of Ca and P ions from bioactive glass and glass ceramics has an important 

role to play in the formation of an apatite layer on the surface. 

 
Takadama et al., [76] revealed the mechanism of apatite formation on bioactive titanium 

metal in vitro employing SEM and EDS studies. Apatite formation on metal may be readily 

identified by soaking the metal surface in SBF. The metal after immersion in SBF results in 

the exchange of Na+ ions from the surface of sodium titanate (produced by NaOH and heat 

treatment of Ti metal with H3O
+ ions) in the fluid to form Ti–OH groups on the surface. 

Amorphous calcium phosphate layer takes shape with a low Ca/P atomic ratio after long 

soaking time in SBF, which ends up stabilizing into a bone-like crystalline apatite. 
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1.6 Motivation and Scope of current work 

An important feature of phosphate-based glasses is their ability to be used as tools for muscle 

or nerve repair in soft tissue engineering. To enable hard tissue engineering, phosphate glasses 

finds use as bone tissue regenerative materials as bulk or as powders mixed with polymers. 

Phosphate glasses have been comprehensively studied as for the controlled release of 

antibacterial ions, such as silver, copper, zinc, and gallium, using 3D structure of muscle 

tissues [77]. The bioactive silicate-based glasses as biomedical implants are a happy choice 

with a long history. Most of the available commercial bioglasses contain a high amount of 

silica. These silica rich glasses after potential to develop long term implants to replace hard 

and soft tissues in vivo due to the insoluble nature. However, the long term interaction of 

silica locally and systemically is not yet understood completely as also issue about the long-

term reaction in vivo [7,8]. Most of the clinical reports proved that glasses with a high amount 

of silica and high network connectivity were observed by the human body but the rate of 

degradation was rather low and the glass remnants were present in the patient’s body for more 

than 14 years [9,10]. As an alternative to absorbing SiO2 based glasses for tissue repair, P2O5 

based glasses were developed by many researchers because of their unusual properties such as 

lower melting temperature, lower transition temperature, higher thermal expansion 

coefficient, higher electrical conductivity, higher degradability, higher biocompatibility and 

lower chemical durability [11,12]. Among phosphate-based glasses, the calcium-containing 

phosphate glasses show high bioactivity. Moreover, these glasses are best suited for bone 

bonding due to chemical composition which is very close to the natural bone phase [13]. In 

general, phosphate-based glasses have high dissolution and poor chemical durability when 

compared with silicate and borate-based glasses, which limits the applications. 

 Considerable work has focused on phosphate-based glasses in P2O5–CaO–Na2O 

system, which appears to be a fine option for tissue engineering applications with a more 

controllable degradation rate, in which the presence of bioglass is only necessary to support 

short-lived cells/tissues [70,78]. The control over degradation rate and improvement of 

chemical durability can be obtained by adding intermediate network modifiers such as 

transition metal oxides (Ca2+, Na+, Zn2+, Mg2+, Sr2+, and K+) [14,15]. The incorporation of 

these elements modifies phosphate network and subsequently affects degradation properties. 

The rate of degradation can be selectively controlled by varying amounts of constituents 

incorporated into the glass [15]. Moreover, the metal ions doped bioglasses are expected to 

have a higher mechanical strength than base glasses, which would offer high strength 

Phosphate based bioglass suitable for load-bearing applications without losing bioactivity. 



 

The primary motive of the study was 

engineering exploiting processes such as cell proliferation and bone formation 

survey of the literature showed that there is ample scope of work in these exciting and 

application orientation materials. After a careful survey of 

study phosphate based bioactive glasses derived from the following four glass compositions:
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1.7 Schematic representation of the proposed work:
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The primary motive of the study was finding relevant applications in cellular and tissue 

engineering exploiting processes such as cell proliferation and bone formation 

survey of the literature showed that there is ample scope of work in these exciting and 

application orientation materials. After a careful survey of the literature

based bioactive glasses derived from the following four glass compositions:

–24CaO–(54-x)P2O5 (x = 2, 4, 6, 8 and 10 mol

–(24-x)CaO–46P2O5–xTiO2 (x =0.2, 0.4, 0.6, 0.8 and 1mol%)

–(24-x)CaO–46P2O5–xAl2O3 (x = 2, 4, 6, 8 and 10 mol%)

–(24-x)CaO–46P2O5–xZrO2 (x = 0.1, 0.3, 0.5 and 0.7 mol%)

In view of this, it was also proposed to investigate the influence of four transition 

metal oxides viz., ZnO, TiO2, Al2O3 and ZrO2 trailed in calcium phosphate

system in order to improve structural, and mechanical properties along with biological 

properties such as biocompatibility, bioactivity, cytotoxicity, cell viability and antibacterial 

suitable for the development of novel bone regenerated implant materials.

tic representation of the proposed work: 

finding relevant applications in cellular and tissue 

engineering exploiting processes such as cell proliferation and bone formation [63,78,79]. A 

survey of the literature showed that there is ample scope of work in these exciting and 

literature, it was decided to 

based bioactive glasses derived from the following four glass compositions: 

= 2, 4, 6, 8 and 10 mol%).  

=0.2, 0.4, 0.6, 0.8 and 1mol%) 

8 and 10 mol%) 

= 0.1, 0.3, 0.5 and 0.7 mol%) 

also proposed to investigate the influence of four transition 

trailed in calcium phosphate-based glass 

mechanical properties along with biological 

properties such as biocompatibility, bioactivity, cytotoxicity, cell viability and antibacterial 

e regenerated implant materials. 
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1.8 The main objectives of the present thesis work 
 

i) To optimize the composition of phosphate-based glass, which is considered to be a 

bone regenerative material. 

ii) To improve physico-chemical properties and mechanical strength, in terms of 

various transition metal oxides ions added. 

iii) To study the in vitro bioactivity of developed glasses in simulated body fluid 

employing various characterization techniques. 

iv) To gauge the cytocompatibility, cell proliferation and antibacterial assays of 

bioglasses suitable for in vivo clinical applications. 
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In this chapter, a comprehensive overview of the melt quenching method for the 

preparation of phosphate-based bioglass samples is presented. The characterization 

techniques employed in the present research are also discussed along with relevant theory. 

The prepared samples, physical properties, density, molar volume and the process adopted 

for the preparation of the SBF solution for in vitro bioactivity test, variation of pH as well as 

degradation studies, are also presented. The mode of evaluating the performance of 

antibacterial and cytocompatibility on the glass samples has been described. The details of 

the apparatus used and the methodology to study the structural and thermal properties of the 

prepared samples, such as TG-DTA, XRD, FTIR, SEM-EDS and Hv are included as well. 

 

 

 

 

 

 

 

 

 

  

 

 

Chapter - 2 

 
Materials and Methods  



 

2.  Materials and Methods 

2.1  Preparation of bioglass 

In this chapter the preparation

in detail. Phosphate based bioglasses were prepared by using a normal melt

method of varying the concentration of ZnO, TiO

of all glass compositions of the samples are given in 

using high purity of chemicals purchased from Sigma Aldrich with purity

Appropriate chemical compositions of the batches were weighed 

mixed and ground carefully

Then the batch compositions were taken into a 

1100 °C in an electrical muffle furnace

prepared glass samples are 

 

Fig. 2.1 Brief

While melting, the glass compositions were stirred every 

homogeneity, and finally quenched onto a preheated brass moulds and then immediately the 

samples were transferred to an annealing muffle furnace set at 300

hours. After that the furnace was switched off 

in order to remove residual stress of the glasses. The samples were then gathered from brass 
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Materials and Methods  

ioglass  

In this chapter the preparation of bioactive glass technique and characterizations are discussed 

Phosphate based bioglasses were prepared by using a normal melt

varying the concentration of ZnO, TiO2, Al2O3, and ZrO2 [1,2]

compositions of the samples are given in Table 2.1. The samples were prepared 

chemicals purchased from Sigma Aldrich with purity

Appropriate chemical compositions of the batches were weighed at 20 grams for each sample, 

carefully using mortar and pestle to obtain homogenized composition. 

Then the batch compositions were taken into a platinum crucible and me

in an electrical muffle furnace, depending on composition. The 

 shown in Fig.2.1. 

Brief description of the synthesis of the glass matrix.

While melting, the glass compositions were stirred every 15

homogeneity, and finally quenched onto a preheated brass moulds and then immediately the 

samples were transferred to an annealing muffle furnace set at 300-400 

hours. After that the furnace was switched off and allowed to cool slowly to room temperature 

in order to remove residual stress of the glasses. The samples were then gathered from brass 

bioactive glass technique and characterizations are discussed 

Phosphate based bioglasses were prepared by using a normal melt-quenching 

2]. The nominal values 

The samples were prepared 

chemicals purchased from Sigma Aldrich with purity of 99.99%. 

20 grams for each sample, 

using mortar and pestle to obtain homogenized composition. 

crucible and melted at 1000 °C to 

, depending on composition. The synthesis of the 

 

description of the synthesis of the glass matrix. 

15 minutes to achieve 

homogeneity, and finally quenched onto a preheated brass moulds and then immediately the 

 °C and kept for 3 to 4 

allowed to cool slowly to room temperature 

in order to remove residual stress of the glasses. The samples were then gathered from brass 
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moulds and then transferred to sealed desiccators to protect glasses from moisture. The 

prepared bioactive glass samples were crushed to a fine powder in a mortar, for further 

characterization of the samples using different experimental techniques. The detailed 

compositions and sample codes of the glasses used in the present study are given in Table 2.1. 

Table 2.1 Glass sample code and nominal compositions of the prepared phosphate glasses 

 

2.2  Physical properties  

Physical properties such as density and molar mass play an important role in the structural 

evaluation of glass materials. The densities of the glass samples prepared were measured to a 

using electronic digital balance (model: BSA22S-CW: Sartorius) accuracy of ±0.0001g/cc 

employing the standard Archimedes principle, using Xylene (ρ = 0.86 g/cm3) an immersion 

liquid (99.99% pure). The measurements were performed at room temperature where the 

following equation was used to obtain the densities (ρ) of glasses [3], 

            Density (ρ) =
��

����������
× �������                                                           2.1 
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Where the masses of samples exposed to air and in Xylene are Wa and WXylene respectively. 

The density of Xylene liquid is ρxylene. 

Physical parameters: The other physical properties, molar volume, oxygen molar volume 

and oxygen packing density values of the bioglass samples were calculated from the 

experimentally determined densities. Molar volume Vm (cm3/mol) was calculated as a 

function of the mole fraction of each component using the following equation: 

Molar volume(Vm) = ∑
����

������
                                                               2.2 

Where X� is the molar fraction and M� is the molecular weight of the �th component, 

The oxygen molar volume of the glasses VO (cm3/mol) was calculated by the following 

formula: 

Oxygen molar volume(Vo) = �∑
����

������
� �

�

∑ ����
�                                                    2.3 

 
Where n� is the number of oxygen atoms in each oxide. 

 

The Oxygen packing density (OPD) of the glass samples can be calculated using the 

following formula 

Oxygen Packing Density (OPD) = 1000 C �
�

�
�                                                 2.4 

Oxygen packing density (OPD) = 1000 C (ρ/M)                                                 2.5 

 

Where C is the number of oxygen atoms per composition, M is the molecular weight of the 

glass sample [3,4]. 

 

2.3  Analytical methods 

2.3.1 In vitro bioactivity study  

The in vitro bioactivity of the synthesized glass samples were examined through 

immersing samples in simulated body fluid (SBF), it can also be prepared employing the 

procedure detailed by Kokubo and Takadama [5]. The bioactivity test comes in handy to 

identify the Hydroxyl apatite layer (HAp) formation on the glass samples when they were 

immersed in SBF solution. Then, the samples were kept at 37 ºC in the incubator, throughout 

the experiment to simulate the human physical environment. The experiment was carried out 
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in static condition. The requisite amount of glass powder was soaked in SBF for different time 

intervals (0, 3, 7, 14, 21days). The samples were then removed from the solution by filtration 

through use of filter paper and then dried for 24 h at 80 oC. After drying, the samples surfaces 

were analysed by X-ray diffraction, Fourier transform infrared spectroscopy, Scanning 

electron microscope-Energy dispersive X-ray spectroscopy, in order to confirm the apatite 

layer formation purpose. 

 
2.3.2 Preparation of simulated body fluid (SBF) 

The simulated body fluid (SBF) solution was prepared by the method suggested by Kokubo 

and Takadama [5,6]. The various ion concentrations of the prepared SBF solution are given in 

Table 2.2 which is equal to the human blood plasma (HBL). SBF is a metastable solution 

containing calcium and phosphate ions which are supersaturated with respect to the 

hydroxyapatite. The SBF has been prepared by adding the reagent grade (AR grade reagents 

(Aldrich makes) ) NaCl, KCl, NaHCO3, MgCl2 6H2O, CaCl2 and KH2PO4 chemicals were 

dissolved in distilled water with continuous stirring in a polyethylene container and at 

maintaining the buffer of pH 7.4 at 37 ºC with Tris-(hydroxymethyl aminomethane) and 

hydrochloric acid 1M. 

 
The SBF preparation process is described as follows. The beakers used for preparation 

are dipped in hydrochloric acid solution for about 12 h and washed with distilled water. 750 

ml of distilled water was taken in 1000 ml polyethylene beaker. The beaker was placed in a 

hot water bath to raise its temperature to 37 ºC under constant stirring. The beaker is placed 

on a clean bench to prevent dust. Each reagent given in Table 2.3 was added into distilled 

water from 1 to 8, one by one in the same order after the earlier added chemical gets 

completely dissolved. The 9th (Tris) and 10th factors were carefully added, to the pH 

adjustment and for the pH value of 7.40. 

 
After pH adjustment, the solution was transferred from the poly beaker to glass 

volumetric flask of 1000 ml. The inside of the poly beaker was washed with distilled water 

and the same was added to the flask containing the prepared solution. Further, distilled water 

was added to make up the total volume of the solution to 1000 ml and was stored in a 

refrigerator kept at 5-10 ºC. 
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Table 2.2 Concentration of various ions in the SBF solution 
 

 
 

Table 2.3 Chemical compositions of the prepared SBF solution (1000 mL) 

 
 
In order to test the stability of the solution, 50 ml of the solution was added to another 

polyethylene bottle. The Prepared SBF was explored to the presence of sediments was kept in 

an incubator at 37 ºC for 48 hours. If there is no precipitation in the prepared SBF, it is 

suitable for in vitro studies. In vitro bioactivity test was carried out by immersing the glass 

Concentration (mmol/L) 

Ion Type Simulated body fluid (SBF) Human blood plasma (HBP) 

Na+ 142 142 

K+ 5 5 

Mg2+ 1.5 1.5 

Ca2+ 2.5 2.5 

Cl- 148.8 103.0 

HCO3
- 4.2 4.2 

HPO4
2- 1.0 1.0 

SO4
- 0.5 0.5 

Order Reagent Amount 

1 NaCl 8.035 g 

2 NaHCO3 0.355 g 

3 KCl 0.225 g 

4 K2HPO4·3H2O 0.231 g 

5 MgCl2·6H2O 0.311 g 

6 1.0m-HCl 39 ml 

7 CaCl2 0.292 g 

8 Na2SO4 0.072 g 

9 Tris buffer 6.118 g 

10 1.0M HCl 0–5 ml 
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powder in 50 ml of SBF at 37 ºC.  The surfaces of the samples were investigated by XRD, 

FTIR and SEM-EDS to determine the advantage of apatite layer formation. 

 
2.3.3 Weight loss measurement 

The solubility of glasses was evaluated by the measurement of weight loss in 

simulating body fluid (SBF) at 37 °C in the incubator. The degradation studies of the bioglass 

samples in a simulated body fluid solution with pH 7.4 and temperature at 37 °C were 

obtained by a weight loss measurement method. Initially the glass powder samples were 

weighed before immersion and then immersed for various time periods (0, 3, 7, 14, and 

21days) in SBF solution. Next the samples were taken out of the solution and were dried at 

room temperature for 48 h. The weight losses after immersion were taken note of each time 

interval till the point of arrival of percentage of the initial weight according to the following 

equation [1, 2]. 

 

Weight loss =
�����

��
× 100 %                                                            2.6 

 
Where Wo and Wt stand for initial weight and weight after a specific immersion time 

respectively. 

 
2.3.4 pH evaluation 

The change in pH values of SBF solution containing glass samples for different 

immersion time 3, 7, 14 and 21 days were measured under identical conditions by using a pH 

meter (ORION pH 7000) with an error percentage ±0.005. Before reading the pH values, the 

electrode was calibrated, using the standard pH values of 4.01, 7.00, and 9.20. The 

measurement of pH of the SBF solution gives the information about the dissolution behaviour 

of the bioglass samples with time before and after immersion. 

 
2.3.5 Cell cytotoxicity and Proliferation 

In vitro cell investigations have been carried out to evaluate the biocompatibility of 

ZnO, TiO2, Al2O3, and ZrO2 in the development of bioactive glasses. Cytotoxicity and 

proliferation were analysed using Cell Counting Kit-8 (CCK-8) viability assay, where 2x104 

cells per 96-well plate of rMSC cells were cultured using conditioned media for a period of 24 

h and 72 h. The media that was conditioned was replaced every day. The cells cultivated 

using normal cell media acted as negative control. Cytotoxicity was then recorded precisely 

using CCK-8 assay by incubating samples with the CCK-8 reagent for 3 h in dark condition at 

37 °C. The optical density (OD) values at 450 nm were measured using the iMark microplate 
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reader (BioRad, USA) and converted into cell viability. Three exact samples of each other 

(n = 3) were tested for each condition and standard deviation was calculated for each test. The 

results were expressed in the percentage of average absorbance of controls vs cultured; this 

means the optical density of control is set to represent 100% viability. 

 
2.3.6 Conditioned media from rMSCs 

Stock solutions of conditioned media were prepared by dissolving glass particles in 

minimum essential medium (α-MEM) to treat with rat mesenchymal stem cells (rMSCs). 

Stock solutions were generated at a concentration of 5 mg/mL and kept in a shaker incubator 

at 600 rpm at 37 °C for 24 h. Soon after the 24 h incubation period, the solutions were filtered 

using 0.2 μm syringe filter (Millipore). Solution of media was collected to record stock 

solution pH values following glass dissolution. The normal buffering of the body as also pH 

neutralization was concluded by media and storing at 4 °C. 

 
2.3.7 In vitro Antibacterial activity test 

The antibacterial activity prepared bioglass samples were evaluated by agar disk diffusion 

assay using bacteria, Escherichia coli, Staphylococcus aureus and Pseudomonas aeruginosa. 

The activity exhibit by a substance that can kill bacteria or inhibit its growth is termed as 

antibacterial activity. The antibacterial activity is indicated by a presence of clear zone around 

each sample disk. The glass specimens (discs) were sterilized under UV-light for 20 min in 

aseptic condition. An overnight grown bacterial suspension culture was used for spreading 

onto the agar plates. 100µL of this suspension culture was introduced onto the agar plates and 

sample disks were placed at the centre of the agar plates. The agar plates were incubated at 37 

oC in a static incubator. Also, the antibacterial activity was further confirmed by using the 

optical density (OD) method. According to this procedure, culture media was inoculated with 

a single species of bacteria in five different test tubes and samples were added (5mg/mL) in 

the respective test tubes. These culture tubes were kept at 37 ºC at 170 rpm for seven hours. 

The optical density was measured at different time points (0-7 h) at 600nm in a plate reader. 

Optical density indicates the concentration of bacterial cells in the suspension culture. All the 

experiments were performed in triplicates for statistical analysis. 

 

2.4 Materials characterization techniques 
 

2.4.1 Microhardness and Fracture toughness  

The microhardness (Hv) test was performed on a highly polished glass sample 

surfaces (model: SHIMADZU micro hardness tester–HMV-G20S, Japan), at room 
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temperature with an applied load of 200 gf (1.96 N) as dwell time 15s (Fig. 2.2). For the 

accuracy in measurement, ten indentations were taken at different points on the surface of the 

each glass sample. The measurement method involves the use of a diamond micro indenter in 

shape of a square pyramid (Vickers indenter). 

 

 

 
Fig. 2.2 Vickers micro hardness tester (HMV-2000/SHIMADZU) 

 
The resulting impressions of the indents were captured and corresponding length of 

the indent impression diagonals and length of the cracks originated from the corners of the 

indent impressions were also recorded by using an optical microscope after unloading. These 

indentation measurements were carried out at ambient temperature with relative humidity. 

The microhardness (Hv) and fracture toughness (KIC) were calculated using the formula: 

 

     Microhardness (H�) = 1.854
�

��                                                                 2.7 

 
Where �� Vickers hardness in GPa, F is the applied force in Newton and d is a length of the 

diagonals of the indentation in m. The glass fracture toughness KIC (MPa m1/2): 
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Fracture toughness (K��) = 0.016 H�
��

   ��/�                                                2.8 

 

Where ‘a’ is half-length of diagonal of indentation, ‘c’ is crack length of the centre of 

indentation to the crack end [6-8]. 

 
2.4.2 Differential thermal analysis  

Thermal properties of phosphate based bioglasses were analyzed using a Differential 

thermal analysis (DTA) and Thermo Gravimetric (TG) measurements were carried out on 

glass powder samples in an air medium from room temperature to 1100 oC with heating rate 

of 10 oC min-1 by using NETZSCH-STA 2500 Regulus thermal analysis system, as shown 

Fig. 2.3. This DTA technique used to examine thermal events in a sample i.e. the 

crystallization, melting, solidification, decomposition, oxidation etc., by heating or cooling 

without mass exchange with its surroundings. Thermogravimetry (TG) is a technique which is 

used for measuring change in mass of a sample with temperature. The glass powders with ~20 

mg quantity were taken in an alumina crucible and powdered alumina was used as a reference 

material to determine the glass transition temperature (Tg), crystallization temperature (Tc) 

and melting temperatures (Tm). The difference between Tc and Tg representing the thermal 

stability (ΔT) and the ratio between Tc−Tg and Tm−Tc gives Hruby's criterion (H) of the 

glass system: 

 

∆� = �� − ��                                                                      2.9 

 

� =  
�����

�����
                                                              2.10 

 
Fig. 2.4 shows DTA traces, where the upward peaks indicate glass transition temperature 

(Tg), and crystallization temperature (Tc), which are due to exothermic reaction, while the 

downward peak indicates melting temperature (Tm) is characterized by endothermic reactions 

were obtained from the DTA thermographs of all the glasses [9]. 
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Fig. 2.3 TG-DTA thermal analysis 

 

Fig. 2.4 A schematic representation of DTA trace 

2.4.3 X-Ray Diffraction Study 

X-ray diffraction (XRD) has turned out to be one of the greatest methods for defining atomic 

structure of solids. XRD technique is commonly used for phase detection and crystal structure 

of samples. In the present work, Powder X-ray diffraction (Model: PANalytical X’pert 

Powder) using Cu-Kα as a radiation (λ=1.540598 Ǻ) source at a scanning angle ranging 

between 10º-80º with a step size of 0.001° and time per step set 20s. In the present work 

standard data base JCPDS cards (2003) were used as reference data for the interpretation of 

X-ray patterns obtained. The prepared bioglass samples were characterized by the X-ray 
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diffraction performances. The presence of a wide hump in the sample indicates the amorphous 

nature and the pattern of sharp peaks corresponds to crystalline nature of the sample. For the 

present study this technique was deployed to evaluate the glassy phase after preparation of 

glass by quenching, and also with the aim of identifying phase formation after it was soaked 

in SBF solution. 

 

 

Fig. 2.5 Schematic illustration of Bragg’s diffraction 
 
It is a non-contact and non-destructive technique, which is suitable for the 

classification of any solid samples. When X-rays are incident on the sample, they will interact 

with the electrons of the atom and scatter the incident radiation. This kind of scattering from 

the crystal planes takes place only when the lattice spacing (d) is comparable with the 

wavelength of X-rays. As a result of the scattering, constructive or destructive interference 

may occur depending on the path difference between the scattered rays as shown in Fig. 2.5. 

 
The condition for conducting a structural interference is that the path difference 

between the scattered rays is the total number of multiples (n) of wavelength of X-rays, i.e., 

when conditions satisfy Bragg's Law [10]. 

 



 

39 
 

2dsinθ = nλ                                                                         2.11 

 
Where ‘θ’ is the diffraction angle and ‘λ’ is the wavelength of X-rays (λ Cu Kα = 1.54056 Å), 

d is the inter plane distance in the crystalline structure. The position of the diffraction peaks of 

the same sample changes with change in the wavelength of the X-rays. 

 

 

 

Fig. 2.6 PANalytical powder diffractometer 

 
 
 
 
 
 

  
 
 
 
 



 

40 
 

2.4.3.1 XRD-Working principle 
 

 

Fig. 2.7 Basic features of an X-ray diffractometer 

 
An X-ray diffractometer comprises three basic units: an X-ray tube, sample holder and 

an X-ray detector as given in Fig. 2.7. The electrons generated by heating the filament are 

accelerated toward the target by applying a voltage and made incident on the target material. 

The electrons possessing sufficient energy hit electrons from the target material resulting in 

characteristic X-ray emission spectra. The characteristic spectra consist of several 

components, the most used for X-ray diffraction being Cu-Kα and Cu-Kβ. The 

monochromatic X-rays are obtained after crossing X-rays with a crystal monochromator. 

Monochromatic X-rays are collimated and made incident on the sample. X-rays that satisfy 

Bragg’s law interfere constructively forming a bright spot on the detector. The basic 

characteristic of X-ray diffractometer is shown in Fig.2.7. The setup of the PANalytical 

powder Diffractometer is shown in Fig 2.6. 

 
2.4.4 Fourier transform infrared spectra  

FTIR spectroscopy is a method for obtaining the infrared spectrum of transmission or 

solid absorption. It is an important tool used to reveal the presences of various structural 

groups in glasses are present in phosphate-based glasses. The structural properties of bioglass 

samples were analysed by FTIR spectrometer (FTIR: model S 100; PerkinElmer) as shown in 

Fig. 2.8. The infrared spectra of the glass sample were noted at room temperature in the 

spectral range of 400–4000 cm-1 at a resolution of 4 cm-1. The pallets were prepared by 
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mixing sample with KBr (infrared grade-Potassium bromide) in 1:100 ratios by weight and 

then pressing them using hydraulic press. These pellets were immediately used to record 

FTIR spectra. From each sample, the FTIR spectrum was normalized with empty KBr pellet. 

It can be used to analyze organic and inorganic substances. The above studies were done on 

all glass composition before and after completing in vitro studies. Then it helps to determine 

the chemical bonds or molecular structure of materials in the molecule by producing infrared 

absorption spectra. Thus the presence of specific functional groups can be monitored by the 

types of infrared bands, known as group wavenumber. 

 

Fig. 2.8 Perkin Elmer 100SFTIR Spectrophotometer 

 
2.4.4.1 FTIR-Working Principle 

The schematic diagram of FTIR spectrophotometer is illustrated in Fig. 2.9. FTIR 

spectrophotometer has recently replaced the conventional equipment’s (dispersing type) due 

to its superior speed and sensitivity. The FTIR spectrophotometer has consisted of three main 

basic portions namely, infrared source, an interferometer, and a detector. The interferometer 

again consists of three parts, namely beam splitter, moving mirror, and fixed mirror. The basic 

part of the instrument is called the Michelson interferometer. 
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Fig. 2.9 Schematic diagram of Fourier Transform Infrared spectrometer 

When the radiation from an IR source is incident on the beam splitter, than half of the 

radiation is transferred, and half is revealed. The transmitted and reflected beams are made 

incident on the fixed and moving mirrors respectively from which the beams are reflected rear 

and incident on the beam splitter. The stable and moving mirror beams interfere 

constructively and destructively, depending on the mid-path difference. It is the sinusoidal 

signal at the beam splitter which affects the pattern and focuses on the detector [11]. 

 
2.4.5 Scanning electron microscope  

The scanning electron microscope (model:VEGA 3 LMU, TESCAN) instrument have been 

used to investigate the morphologic properties of glass surfaces, which in vitro studies explore 

any precipitation on the surface of the glass nature and the microstructure of glasses as well. 

On account of the manner in which the image is generated  , SEM images bring with them a 

characteristic three-dimensional appearance and are greatly effective for observing the surface 

structure of the sample.The photograph of the instrument is shown in Fig.2.10. SEM is one 

type of electron microscope widely used to produce high-resolution images of a sample 

surface that is not possible with a light microscope. Thus, from micrographs obtained using 

the SEM microscope, the Ca-P apatite layer formed on bioactive glasses was identified. In our 
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case here, we used this microscopy method to analyze the glass phases and layer formation on 

the glass surface. 

 

 

 
Fig. 2.10 Scanning Electron Microscope-Energy Dispersive Spectroscopy (TESCAN, 

WEGA3 LMU) 

 
2.4.5.1. Working principle of SEM 

SEM consists of an electron gun and electromagnetic lenses, and used to study the 

surface structure and morphology of different materials. A well-defined, when high energy 

incident electrons strike a specimen, they generate secondary electrons, back scattered 

electrons, characteristic X-rays, etc. These resultant electrons can be detected with appropriate 

detectors and provide insight about the surface structure and morphology of the specimens. 

The characteristic X-rays generated are used to obtain the chemical information from a 

specimen by using energy dispersive spectrometer (EDS) and wavelength dispersive 

spectrometer (WDS) techniques. The depth of focus is far larger than that provided by an 

optical microscope image even at very minute magnifications which is one of the nique 

selling points of SEM. 

 
2.4.6 Energy dispersive X-ray spectroscopy  

The EDS is an analytical method on behalf of elemental analysis or chemical 

characterization. Each element has a unique atomic structure which would be translated into a 

particular set of peaks on its X-ray spectrum. When incident high-energy radiations ionized 
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the atoms in the material, they emit characteristic X-rays. EDS is one of the techniques of X-

ray fluorescence spectrometry which analyzes characteristic X-rays from energies. An EDS 

system comprises a source of high-energy radiation, usually electrons, a sample, a detection 

system i.e. solid-state detector (usually made from lithium-drifted silicon, Si (Li)), and data 

collection and processing system. EDS spectrometers are very often attached to  electron 

column instruments. X-rays that enter Si (Li) detector generate a specific number of electron-

hole pairs. The characteristic X-rays photons can be separated by their energy levels because 

high energy photons generate a the number of electron-hole pairs. The X-ray spectrum 

consists of a series of peaks representing the type and relative amount of each element 

contained in the sample. The number of columns in each peak may be further converted into 

elemental weight concentration by comparisons with standard calculations. 

 

2.5. Safety measures needed for handling biomaterials 

 When you are working in a research lab or any other place that deals with chemical or 

biological samples, you may be tasked with preparing these substances for later use. The 

exact precautions you need to take will vary with the setting and with what kinds of 

samples you work with, but here are some generally accepted practices help you keep safe. 

 

 Always wear gloves. This may be particularly important in cases where you need to 

prepare formulations that are free from any contamination. You need to wear these gloves 

not only to avoid contamination of the substance but also to avoid being burned by some 

chemical, like an acid, or infected with some dangerous bacterium. 

 

 If necessary, wear a face mask or shield, as well as goggles. A face shield will protect your 

face from getting burned from a chemical and goggles will protect your eyes. In some 

instances, you'll be preparing solutions that give off very dangerous and toxic fumes that 

may make you choke, or gag, or cough. In those cases, you should work in very well-

ventilated areas and/or in labs that use fume hoods, which will limit your exposure to toxic 

fumes. 

 

 Although there is broad evidence that neither bioglass nor PLA is toxic, adequate testing is 

mandatory for polymers to be used in biological systems. Before the use in humans it must 

be proved that the material is biocompatible and not cytotoxic.  
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This chapter discusses aspects of Na2O–CaO–P2O5 glass matrix with Zn2+ ions 

concerning the investigation of phosphate-based bioglass structural properties. The bioglass 

samples were prepared using a traditional method of melt-quenching technology. In this 

chapter the physical properties of glass samples, such as density, molar volume, micro 

hardness and in vitro bioactivity test were conducted after immersing them in SBF solution 

for 3, 7, 14, and 21days. Then results of structural analysis with the help of X-ray diffraction, 

SEM-EDS, FTIR-Spectroscopy, TG-DTA and biological studies on cell cytocompatibility and 

antimicrobial properties are clearly described in this chapter. 

 

 

 

 

 

 

 

 

 

 

 

Chapter-3 

 
Synthesis and characterization of ZnO doped phosphate based 

bioactive glasses for bone regeneration 
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3.1 Introduction  

Bioactive glasses and glass ceramics are most prominent materials for application in the repair 

and regeneration of damaged soft and hard tissues. These glasses have potential to solve the 

transplantation problems occurred due to shortage of living tissues and organs available. In 

general these bioactive materials undergo specific surface reactions with the tissues and form 

a HAp layer when implanted into the body. Moreover, this HAp layer is similar to the mineral 

constituent of bone. This layer acts as an interface and also forms a strong bond between 

implant and tissue [1,2]. The thickness and strength of the HAp layer depends on chemical 

composition of choosing glass matrix. Bioactivity is the measure of the material to form 

apatite layer when the materials in contact with the physiological body fluid in vitro. It also 

confirms from the in vitro bioactivity that the material can show potential bioactivity in vivo 

environment [3]. The first bioactive glass compositions were successfully described by Larry 

Hench and his co-workers in 1970s [4]. Clinically approved various bioactive glasses like 

45S5, 58S, and some silica based glasses are used effectively for bone and dental applications 

[5,6]. Most of the available commercial bioglasses contain high amount of silica. These silica 

rich glasses are potential to develop long term implants to replace hard and soft tissues in vivo 

due to insoluble nature. However, the long term interaction of silica locally and systemically 

is not yet understood completely and raising the issue about the long-term reaction in vivo 

[7,8]. Most of the clinical reports proved that the glasses with high amount of silica and high 

network connectivity were accepted by the human body but the rate of degradation was very 

low and the glass remnants were present in the patient’s body for more than 14 years [9,10]. 

 
  However, as an alternative for rarely absorbed SiO2 glasses for tissue repair, P2O5 

based glasses were developed by many researchers because of their unusual properties such as 

lower melting temperature, lower transition temperature, higher thermal expansion 

coefficient, higher electrical conductivity, higher degradability, higher biocompatibility and 

lower chemical durability [11,12]. Among the phosphate based glasses, the calcium 

containing phosphate glasses shows high bioactivity. Moreover, these glasses are the best 

suits for bone bonding due to the chemical composition which is very close to the natural 

bone phase [13]. In general, phosphate based glasses have high dissolution and poor chemical 

durability when compared with silicate and borate based glasses, which limits the 

applications. The control over degradation rate and improvement of chemical durability can 

be obtained by adding intermediate network modifiers such as transition metal oxides (Ca2+, 

Na+, Zn2+,Mg2+, Sr2+ and K+) [14,15]. The incorporation of these elements modifies the 

phosphate network and subsequently affect the degradation properties. The rate of 
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degradation can be selectively controlled by varying the amounts of these constituents 

incorporated into the glass [15]. 

 
 Zinc is one of the most abundant trace elements present in bone and it shows the 

stimulatory effect on the formation of bone mineral phase in vitro and in vivo. It is essential 

for the function of all cells to regulate genetic control of cell proliferation by binding specific 

deoxyribonucleic acid (DNA) regions. The addition of ZnO to the bioglass system can inspire 

cell proliferation and differentiation so that the capacity to form a strong bond with the bone. 

In particular, ZnO improves the bioglass chemical permanence in aqueous solutions such as 

body fluids and also improves its mechanical strength [16,17]. Besides, it also increases the 

bone mass, anti-inflammatory, antibacterial, and bone healing properties by increasing the 

DNA of osteoblasts [18-21]. Abou Neel et.al, reported that the formation of bone bonding 

enhances on replacing some content of calcium with zinc in bioglass system [10]. On the 

other hand, a high amount of zinc release can create adverse reactions, so as to avoid this; the 

rate of release of zinc from implanting must be slow. The release of zinc can be slowdown by 

incorporating divalent cations with suitable ionic radius [22]. 

 
 In the present paper, we focused on the development of novel bioglass system ZnO–

Na2O–CaO–P2O5 and detailed study on influence of ZnO incorporation on structural, thermal 

properties, mechanical strength, degradation, pH variation, and formation of HAp layer on the 

glass surface and cell viability for generation of bone resorbable implants. 

 

3.2   Results and Discussion 

3.2.1 Glass conformation test 

The glassy nature of the prepared P2O5 based bioglass samples was examined by 

recording X-ray diffraction patterns shown in Fig.3.5 (a). The results obtained show any 

noticeable sharp intensity peaks present in the diffraction patterns and also the appearance of 

broad humps over the region 20°–34° for 2θ indicates the no long rage order periodicity in the 

glass network, which corresponds to diffraction effects due to amorphous portion of the 

samples. It confirms the amorphous glassy nature of the chosen glass materials [23]. 

 
3.2.2 Physical parameters of the bioglasses 

The experimental results of various physical parameters such as density, molar volume, 

oxygen molar volume, and oxygen packing density of the bioglasses are summarised in Table 

3.1. The ZnO concentration dependent density, molar volume, and oxygen packing density 

are shown in Fig. 3.1 (a) & (b). The density and oxygen molar volume are found to increase 



 

and the molar volume and 

concentration.  

Fig. 3.1 Variation of different physical 

of ZnO (mol%): (a) Density (g/cm

Oxygen packing density. 

 
Table 3.1 Physical and mechanical parameters of the 

The density values of glasses varied from 2.543

volume (Vo) of the glasses increases slightly from 24.143

inversely the molar volume (Vm) 

cm3/mol with increase of ZnO mole %. 

showed slight increase from 24.143

clearly indicates the presence of more ionic nature of P

glass network. This leads to the compactness of the glass structure, 

higher density of ZnO (5.61 g cm
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and the molar volume and oxygen packing density decreased with increase of ZnO 

Variation of different physical parameters of studied glasses with increase in 

Density (g/cm3) and Molar volume (b) Oxygen molar volume and 

Physical and mechanical parameters of the ZnO–Na2O–CaO

The density values of glasses varied from 2.543 g/cm3 to 2.572 g/cm

(Vo) of the glasses increases slightly from 24.143 cm3/mol to 24.504 cm

inversely the molar volume (Vm) of the glasses decreases from 40.319cm

/mol with increase of ZnO mole %. The oxygen molar volume (Vo) of the glasses system 

showed slight increase from 24.143 cm3/mol to 24.504 cm3/mol. The increase in density 

clearly indicates the presence of more ionic nature of P–O–Zn bonds than P

glass network. This leads to the compactness of the glass structure, [27]

higher density of ZnO (5.61 g cm−3) with respect to P2O5 (2.30 g cm

decreased with increase of ZnO 

 

died glasses with increase in content 

Oxygen molar volume and 

CaO–P2O5 glass system 

 

to 2.572 g/cm3, oxygen molar 

/mol to 24.504 cm3/mol and 

of the glasses decreases from 40.319cm3/mol to 37.981 

The oxygen molar volume (Vo) of the glasses system 

The increase in density 

Zn bonds than P–O–P bonds in the 

[27] and also due to the 

(2.30 g cm−3) [28]. On the other 
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hand, the decrease in molar volume is due to the reduction in the mole fraction of oxygen ions 

in the glass [29]. The molar volume decrease can be attributed to strong bond of the Zn–O 

bond in comparison to P–O and P–O–P bonds which results in smaller bond lengths 

consequently causing a tightening of the glass network [28,30]. The substitution of P2O5 by 

ZnO is responsible for this orderly decrease because the ionic radii of oxygen ions are higher 

when compared with radii of both Zn and P ions [29]. Oxygen packing density (OPD) of the 

glasses varied between 76.389 to 72.667 mol/1 and are found to decrease with content of zinc 

oxide (2 to10 mol%). Which is attributing the less tightly packing of oxygen atoms in the 

glass network [23]. 

 
3.2.3 Thermo gravimetric-differential thermal analysis 

The analysis of various thermal parameters for instance glass transition temperature 

(Tg), crystallization temperature (Tc), melting temperature (Tm), thermal stability (ΔT) and 

Hruby's criterion (H) of the glass system is essential to understand the structural 

transformations with different temperatures. From DTA traces the upward peaks indicates the 

glass transition temperature (Tg) and crystallization temperature (Tc) are due to exothermic 

reaction and the downward peak indicates melting temperature (Tm) is characterized by 

endothermic reactions. The different thermal parameters are labelled in Table 3.2 and DTA 

traces are shown in Fig. 3.2. 

 
Table 3.2 Thermal properties of ZnO doped bioactive glasses 

Sample code Tg (oC)    Tc (oC)   Tm (oC)     ΔT (oC)     KH 

Z2 343.31 458.73 716.18 115.42 0.4483 

Z4 345.27 456.53 714.11 111.26 0.4319 

Z6 346.89 459.12 709.86 112.23 0.4475 

Z8 348.52 469.12 704.43 121.19 0.5154 

Z10 344.63 458.98 699.75 114.35 0.4749 

 
The glass transition (Tg) values (343.31 oC–348.52 oC) increases with an increase in up to 8 

mol% of ZnO content and then decreases for higher concentration of ZnO. In case of 

crystallization temperature (Tc) (458.73 oC–469.12 oC) and melting temperature (Tm) (716.18 

oC–699.75 oC), there is a general decrease in trend with increase of ZnO content up to 10 

mol%. The first increase in Tg with an increase of ZnO from 2 to 8 mol% is due to an 

increase in the average crosslink density through non-bridging oxygen ions (NBO) and the 

number of bonds per unit volume. 
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Fig. 3.2 (a) TG-DTA traces of Z2, Z4, Z6, Z8 and Z10 bioglasses and (b) Variation of glass 
transition (Tg), and thermal stability of all the glasses as a function of ZnO (mol%). 

 
In addition, increase in Tg can also be due to the increasing aggregation effect of ZnO on the 

glass network and slow mobility of large Zn2+ ions, which lead to more rigidity of the glass 

network [30,31]. Further increasing the ZnO concentration leads to slight decrease in Tg from 

348.52 °C to 344.3 °C, which is owing to the breaking of P–O–P bonds in addition of Zn2+ 

ions [30]. It is attributed to the high degree of depolymerisation in the glass network. Thermal 

stability (ΔT) is a measure of the rigidity of glass network while Hruby criterion (H) shows 

the glass forming tendency of chosen materials. In the present ZnO doped glasses, the values 

(a) 

(b) 



 

52 
 

of stability (ΔT) increases, from 111.26 °C to121.19 °C and Hruby criterion (H) increases 

from 0.4483 to 0.5154 with the content of ZnO, which clearly indicates high stability and 

good glass forming tendency of all glasses. The greater the value of (ΔT) and the smaller the 

difference of Tm–Tc the more the deceleration of crystallization against devirtification of the 

glass network, which leads to glass formation [32]. In the present system, Z8 is confirmed as 

the best glass because of its high thermal stability (ΔT) and Hruby criterion (H) values. 

 
A significantly slight weight loss is observed at two regions of the TG curves shown in 

the Fig.3.2 along with DTA traces. The first weight loss of ~1.59% of Z2 sample appeared 

from the room temperature to ~128 °C and the second weight loss is around ~2.64%, from the 

temperature between ~128 °C to ~ 626 °C. In the Z4 sample the first weight loss of the ~1.93 

% found from room temperature to 166°C and the second weight loss is ~3.25% from the 166 

°C to 449 °C. The TG curve of Z6 sample is observed from the room temperature to 325 °C 

with a first weight loss of ~2.42% and a second weight loss of 3.18% from 325 °C to 623 °C. 

Similarly, for Z8 and Z10 samples the first weight loss of ~1.35% (from room temperature to 

120 °C) and ~5.21% (159 °C) respectively. The second weight loss of  ~2.51% from 120 °C 

to 610 °C and ~9.59% from 159 °C to 340 °C of samples Z8 and Z10 respectively. The first 

stage of weight loss at around 76 oC to 250 oC is owing to the loss of hydrated, and 

coordinated water molecules, which is coming into the ambient environment and the second 

stage of weight loss at around 300 oC to 600 oC is attributed to residual precursor phosphorus 

from the glass composition. After this there is no significant weight loss is observed with rise 

in temperature up to 1000 °C. The low loss of weight indicates the high rigidity of the glass 

network of as-developed samples [33]. 

 
3.2.4 Mechanical properties 

The mechanical properties such as hardness, and fracture toughness are very essential 

for any material to establish structural compactness. Calcium phosphate glasses gain 

reasonably better improvement in mechanical properties with the addition of ZnO. The 

variation of Vickers microhardness and fracture toughness as a function of ZnO content of 

prepared bioglasses are shown in Fig.3.3 (a) and (b) the related values are summarised in 

Table 3.1. It is observed that Vickers microhardness and fracture toughness values gradually 

increases from 2.615 (±0.0742) to 3.190 (±0.0921) GPa and from 0.17609 to 0.25099 (MPa 

m1/2) respectively with growing content of ZnO in the glass network.  

 



 

 
Fig. 3.3 (a) Microhardness and 

as a function of the ZnO (mol

and Z8 glass samples. 

 
Fig. 3.3 (c) shows the optical microscopic 

glasses. The fracture toughness of the bioglasses

measured the crack length from the 

samples. A gradual increase in the measured 

bioglasses, with increasing an ZnO content is due to 

harmony with the enhance 

ions enter interstitially in the glass network to form more P

O–P bonds. Which in turn reduces

cross-linking density, compactness and rigidity of the glass network 

prepared glasses Z8 has highest Hv a

hardness and the toughness from Z2 (2 mol%) to Z8 (8 mol%) and then decreases slightly for 

Z10 (10 mol%), which is apparently due to the decrease in packing density 

breaking of some P–O–Zn bonds per volume in the glass network during the application of 

load, which leads to decrease the resistance to deformation.
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Microhardness and (b) fracture toughness of the Z2, Z4, Z6, Z8 and Z10 glasse

as a function of the ZnO (mol%) and (c) Optical images of vickers indentation from  Z2, Z4 

shows the optical microscopic Vickers indent impressions for 

fracture toughness of the bioglasses is calculated by using 

length from the optical microscopic Vickers indent impressions of the 

radual increase in the measured microhardness and toughness values of the 

bioglasses, with increasing an ZnO content is due to the expansion of the 

harmony with the enhance in the bond length or inter-atomic spacing linking the atoms. Zn

ions enter interstitially in the glass network to form more P–O–Zn linkages by breaking the P

reduces the number of non bridgingoxygens (

linking density, compactness and rigidity of the glass network [34]

prepared glasses Z8 has highest Hv and KIC values. It is found that there 

hardness and the toughness from Z2 (2 mol%) to Z8 (8 mol%) and then decreases slightly for 

Z10 (10 mol%), which is apparently due to the decrease in packing density 

Zn bonds per volume in the glass network during the application of 

load, which leads to decrease the resistance to deformation. 

 

fracture toughness of the Z2, Z4, Z6, Z8 and Z10 glasses 

ndentation from  Z2, Z4 

ickers indent impressions for Z2, Z4 and Z8 

is calculated by using Hv values and 

optical microscopic Vickers indent impressions of the 

microhardness and toughness values of the 

of the glass network in 

atomic spacing linking the atoms. Zn2+ 

Zn linkages by breaking the P–

(NBO’s) and increases 

[34]. In the present as-

values. It is found that there is an increase in 

hardness and the toughness from Z2 (2 mol%) to Z8 (8 mol%) and then decreases slightly for 

Z10 (10 mol%), which is apparently due to the decrease in packing density [35,36]. It means 

Zn bonds per volume in the glass network during the application of 
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3.3 . In vitro bioactivity evaluation in SBF 

3.3.1 X- ray diffraction analysis 

The X-ray diffraction results of the glass samples (Z2, Z4, Z6, Z8 & Z10) after immersion in 

SBF for various time periods (3, 7, 14 and 21 days) are shown in Fig. 3.4 (a, b, c, d & e). The 

samples show any noticeable crystalline sharp peaks before immersion in SBF, which 

confirms the amorphous nature of all glasses (Fig. 3.4 (a)). After immersion in SBF for 

different days, the XRD patterns show intense crystalline peaks. It is signifying the formation 

of a crystalline hydroxy apatite (Ca10(PO4)6(OH)2) layer on the surface of the glasses. The 

observed peaks for present glasses at different diffracted angles (subsequent to HAp 

reflections 10.82 (110), 15.28 (021), 21.73 (200), 22.82 (111), 23.50 (231), 25.87 (002), 27.56 

(131), 31.74 (211), 32.17 (112), 32.86 (300), 40.81 (103), 41.80 (032), 45.32 (203), 56.27 

(500), 66.36 (143), 75.56 (215) (indexed using the JCPDS card No 72-1243) are shown in 

Fig. 3.4 (b, c, d, e). The HAp layer is developed on the surface of the glasses due to chemical 

reaction of the glass surface with the simulated body fluid [37,38].  

 
After 3days of immersion in SBF, the diffraction pattern shows development of four 

prominent peaks at  values of 10.82, 21.73, 31.74 and 45.32 corresponding to crystal planes 

(110), (200), (211) and (203) respectively shown in Fig. 3.4. It is observed that, the peak 

intensity of HAp reflections (203) and (211) increases, while for (110) and (200) decreases at 

with increase in content of ZnO. Additional peaks are observed along with the above 

mentioned four reflections after 7, 14 and 21 days of incubation period in SBF. The intensities 

of the reflections at different values of increase gradually with increase in incubation time 

(7, 14 and 21days) and also with change in ZnO content Fig. 3.4 (b, c, d, e & f). After 21 days 

of immersion time, a clear dense apatite layer is detected on all glass surfaces. Accumulation 

of the HAp layer over the glass surfaces signals the bioactive nature of as-prepared glasses. 

The evolution of the crystalline HAp layer as a function of incubating time in SBF is 

confirmed by the gradual intensification and reduction of individual HAp reflections at 

diffracted angles and also thinning of the peak width. In all samples, there is an increase in 

intensity of two prominent reflections at 31.74 (211) and 45.32 (203) with a variation of 

immersion time is observed due to the increase of Ca2+ and PO4
3- ions concentration on the 

surface of the glass by ion leaching, which initiate the development of amorphous calcium 

phosphate (CaO–P2O5) rich layer and then it can be instigate to development of crystalline 

HAp layer on glass surface [2,38] 

 



 

 

Fig. 3.4 XRD patterns of Z2, Z4, Z6, Z8 and Z10 glasses before and after immersion in a SBF 

solution for different time periods: 

21 days and (f) Variation of reflection intensities with different immersion points of Z8 

(8 mol% ZnO) glass. 
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XRD patterns of Z2, Z4, Z6, Z8 and Z10 glasses before and after immersion in a SBF 

solution for different time periods: (a) 0 days, (b) 3 days, (c) 7 days, (d)

days and (f) Variation of reflection intensities with different immersion points of Z8 

XRD patterns of Z2, Z4, Z6, Z8 and Z10 glasses before and after immersion in a SBF 

days, (d) 14 days and (e)        

days and (f) Variation of reflection intensities with different immersion points of Z8         
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The addition of ZnO to glass network, enhances the crystallization of the CaO–P2O5 

layer with the interaction of the SBF solution to shape the HAp layer by entering into the SBF 

solution as Zn(OH)2 to create a large number of OH- ions required for conversion of the 

amorphous layer to crystalline HAp layer [39]. The XRD results reveal that, the present 

chosen glasses showing high apatite layer forming ability to increase of ZnO content at the 

expense of the major constituent P2O5 in the glass matrix without disturbing the concentration 

of CaO and Na2O. 

 
3.3.2 FT-IR spectroscopic analysis 

Fig. 3.5 Shows the FTIR spectroscopic pattern of the bio glass samples Z2, Z4, Z6, Z8 and 

Z10 before, and after immersion in SBF for 3, 7, 14, and 21 days. The spectrum before the 

immersion shows some intense absorption bands at 526, 720, 900, 1105 and 1270 cm-1 and 

weak absorption at 1643, 2382 and broad band of absorption peak around 3470 cm-1. These 

bands are evident of phosphate group’s occurrence in the glass network. FTIR spectra of the 

bioglass samples before immersion are displayed in Fig.3.5 (a). The absorption band at 

around 526 cm-1 may be assigned by the harmonics of P–O–P bending vibration and also due 

to the deformation mode of PO- groups [30,40]. The peaks at 720 cm-1 and 900 cm-1 are due to 

symmetric and asymmetric stretching mode of vibrations attributed to P–O–P bands, 

respectively [40,41]. A peak at 1105 cm-1 is observed due to vibrations of a phosphate group 

(P–O–) or might be P–O–Zn linkages [16-18]. Here there is a little intense band at around 

~1270 cm-1 ascribed to (O–P–O), which is asymmetric stretching vibration of O–P–O bonds 

[41]. Nearly at around 1643 cm-1, a weak intense band is assigned due to P–O–H bridge. 

These groups form the strongest hydrogen bonding with non-bridging oxygens [42]. From the 

IR band located in the range of 2382 cm-1 is very weak intense band and due to the assigned 

by the different structural sites as a stretching vibration of P–O–H group or stretching of CO2 

[30]. A broad band absorption peak at around 3470 cm-1 is due to the presence of water 

molecules in the glass structure. The presence of water is probably due to the absorption of 

atmospheric moisture by the phosphate glass sample or pellet resulting in the appearance of 

the H–O–H band belonging to water molecules, because the sample as such does not contain 

water as a unit in the network [43]. The FTIR spectra of the bioactive glass (Z2, Z4, Z6, Z8 

and Z10) after immersion in SBF solution for 3, 7, 14 and 21days are shown in Fig. 3.5 (b–

e).The functional groups of different bands confirming the HAp layer formation with 

comparison to literature are summarised in Table 5. After immersion in SBF for different time 

periods (3, 7, 14 & 21 days), new bands at around 556 to 665 cm-1, 1035 to 1060 cm-1, 1402 
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to 1552 cm-1, 2088 to 3237 cm-1 are established along with the existing bands. This indicates 

the formation of HAp layer over the surfaces of the glass samples. 

 

The peaks identified at around 556 to 665 cm-1 are ascribed to P–O stretching vibration 

modes of hydroxy apatite group [16,18,19,21] appeared in all glass samples shown in Fig. 3.5 

(b–e). The intensity of these peaks decreases for the incubation of 3 to 7 days with the 

increase in content of ZnO and then rises from 14 to 21 days of incubation. The absorption 

bands at 744–740 cm-1 attributed to the symmetric stretching of the P–O–P groups [40,44]. 

These bands slightly shifted to higher wave number and the intensity increases with the 

incubation time and also with the concentration of Zn2+ ions in the glass network. It is 

observed in all these IR spectra near at 920–925 cm-1 absorption peaks ascribed to asymmetric 

stretching band (P–O–P) by asymmetric bridging oxygen atoms bonded to a phosphorus atom 

in a Q2 phosphate tetrahedron [41]. From the Fig. 3.5 (b–e), the bands appeared at around 

1035 cm-1 and 1060 cm-1 are the characteristic of P–O symmetric and asymmetric stretching 

vibration of phosphate groups, respectively [42]. It is found that, no change in intensity and 

shifting of the weak band at 1036 cm-1 with increase in concentration but disappears at 7 days 

of incubation, which might be overlapped with 1060 cm-1 band. The peaks at 1130 to 1142 

cm−1 are assigned due to PO2 symmetric stretching mode [45]. A stable band at 1295 cm-1 is 

ascribed to asymmetric stretching mode PO2 shifted toward a lower frequency [42,45]. The 

intensity of this band increases with immersion from 3days to 14days and then decreases. It 

may be due to decrease in crystalline nature of Ca–P layer with an increase in ZnO 

concentration [22,46,47]. 

 
The presence of above mentioned significant phosphate bands in all bioglass samples 

for various incubation periods in SBF provides the evidence of rich HAp layer formation on 

glass surfaces. The development of bands at 1402 to 1404 cm-1 and a weak band at 1464 cm−1 

confirms the presence of the carbonate CO3
2- group. On the other hand the bands ranging from 

1400–1512 cm-1 is related to substation of carbonate in the glass structure [30,48–51]. As a 

result, the growth of HAp layer on the glass surfaces is in the form of new hydroxy carbonate 

apatite (HCA) layer after immersion in SBF [12,30]. Along with CO3
2- group bands, a sharp 

peak at ~1552 cm-1 authenticates the presence of A-type HCA [50,51]. Fig. 3.5 (b, c, d, e) 

show little broad absorption bands following a decrease in intensity with incubation and 

content of ZnO at 2088–2095 cm-1 which are attributed to P–O(H) stretching in HPO4
2− 

groups [42]. The absorption bands at 3225–3237 cm−1 and 3409–3441 cm-1, both 

corresponding to the stretching mode of vibration of –OH hydroxyl group. 3 days of 
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immersion shows abroad band located at 3438 cm−1 and with an increase in immersion time 

(7, 14 and 21 days), it splits into two sharp bands which peak at around 3225 cm−1 and 3441 

cm−1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.5 FTIR spectra of Z2, Z4, Z6, Z8 and Z10 glasses before and after immersion in a SBF 

solution for different time periods: (a) 0 days, (b) 3 days, (c) 7 days, (d) 14 days and (e) 21 

days and (f) Variation of band intensities with different immersion periods of Z8 (8 mol% 

ZnO) glass. 
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Table 3.3 Assignment of various FTIR bands before and after immersion of glass samples in 

SBF for 3,7,14 and 21 days. 

 
 

Therefore, mentioned bands at around 1035, 1402, 2095, 2996 and 3225 cm−1 were 

completely missing in vitro tests. The above absorption peaks related to OH− group of bonds 

confirms, the existence of hydroxyl components that originated from water molecules after in 

Wave number(cm-1) Assignment of FTIR bands References 

525 P–O–P bending Vib./Deformation mode of PO- [28,41] 

556-560   P–O band (crystal) [16,18,19,21] 

594-596 P–O  band [16,18] 

632-665 OH- HAp group [19,20] 

720 P–O–P stretching vibrations [41,42] 

740-743 P–O–P  symmetric stretching [41,46] 

900 asymmetric stretching vibration of P–O–P 

linkages, νas(P–O–P), 

[41,42] 

1105 Symmetric stretching vibration νs (P–O–P) [16,18,18] 

920-925 P–O–P  asymmetric stretching [42] 

1035-1060 PO4  asymmetric stretching [41,42,43] 

1130-1142 1130   P= O asymmetric stretching 

1142   PO2  symmetric stretching 

[47,48] 

1270 νs (O–P–O) group [42] 

1295 (O–P–O) asymmetric stretching [44,47] 

1402-1404 

1464 

1402–1404  OH group 

1470     C–O vibration in CO3
2- 

[28] 

[48,53,54,55] 

1552-1512 CO3
2- Stretching vibration [54,55] 

1630-1636 OH- [28,56] 

1643 P–O–H bridge [43,44] 

2088-2095 PO–OH stretching PO4
2- [44,57] 

2382 stretching of CO2 / stretching vibration of P–O–

H group 

[28,34] 

2946-2999 PO–H stretching in HP4
2- group [44,57] 

3225-3237 O−H stretching vibrational mode [44,57] 

3405-3441 hydroxyl (-OH) group [42] 

3472 H2O or P–O–H vibration [45] 
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vitro treatment and Fig. 3.5(f) clearly shows the variation of band intensities with different 

immersion periods of Z8 (8 mol% ZnO) glass sample. This discussion concludes, with the 

increase of zinc content and immersion time the intensity of absorption peaks related to 

apatite is pronounced more, confirming the development of the crystallized apatite layer 

(HAp) over the glass surfaces. These results are in good agreement with the XRD analysis. 

 
3.3.3 SEM-EDS micrographs analysis 

Fig. 3.6 shows the SEM micrographs and respective EDS spectra of Z8 and Z10 bioactive 

glass surfaces before (0days) and after being immersed in SBF solution for 3, 7, 14 and 21 

days. The surfaces of Z8 and Z10 glass samples are appearing like more plane and smooth 

with a good compactness before immersion in SBF solution. This indicates no morphological 

change of the as-prepared glasses. After 3 days of immersion, the surface is mostly covered 

with flakes or foam type of structure, confirming the development of Ca–P apatite layer over 

glass surfaces. From the EDS spectra, it is clearly observed that, after immersion in SBF, 

there is a prominent increase in the intensities of existing peaks of calcium and phosphorous 

when compared with untreated samples. The EDS results confirm the formation of new HAp 

layer over glass surface with association to visual evidence from SEM micrographs. In 

addition to Ca and P, the EDS spectra reveals the presence of elements O, Mg, Cl, S, K and 

Zn on the surfaces of the treated all samples in SBF. The existence of these elements is due to 

ion exchange between the glass and the simulated body fluid. Moreover, these elements are 

responsible for growth of bone-like apatite precipitates over glass surface (shown in Fig. 3.6). 

After 7 days and 14 days of immersion, the glass surfaces of Z8 and Z10 are all most covered 

with cotton foam like a well precipitated apatite layer. It is also observed from Fig. 3.6 after 

21days of immersion, a complete dense layer of HAp is produced on the surfaces of Z8 and 

Z10 glasses. In addition, the gradual increase in Ca and P concentrations with the increase in 

immersion time from 3days to 21 days identified from intensity peaks obtained in EDS 

spectra. In accordance with the SEM–EDS results, the thickness of the developed HAp layer 

on the glass surface strongly depends on the Ca/P ratio. In order to use the glass material as 

implant material, the Ca/P ratio of HAp of that material must be greater than 1 (for human 

bone ~1.67) [15,35]. However, the Ca/P ratios of the as-prepared glasses varying in between 

1.46-1.85, these values are very close to Ca/P ratios of the human bone [36]. 
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Fig. 3.6 (a) SEM micrographs and 

and after immersion in SBF for differ

EDS spectra of all glasses after immersion in SBF solution for 14 days and 

sectional view of SEM micrograph and EDS elemental mapping of Z8 glass after 21

immersion in SBF. 

 
Moreover, Fig. 3.6 (b)

the samples with a variation of ZnO content for 14days of immersion in SBF. With

concentration of ZnO from 2 mol% to 8 mol%, a slight increase in the formation of HAp layer 

over the glass surface is noticed

noticed. This is in good agreement with the results ob

(shown in Fig. 3.4 & 3.5). Most of the previous reported research results reveal the inhibition 

of the HAp formation with increase the content of ZnO in SiO

uncontrolled releases of zinc ion 

of glasses showing an increase in crystalline nature of HAp with ZnO addition. This might be 

slow release of Zn2+ ions. It is also confirmed from Ca/P ratio values obtained from EDS data. 
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SEM micrographs and EDS spectra of the Z8 and Z10 bioglass samples before 

and after immersion in SBF for different incubation time 0, 3, 7, 14 and 21

spectra of all glasses after immersion in SBF solution for 14 days and 

micrograph and EDS elemental mapping of Z8 glass after 21

3.6 (b) illustrates the effect on the HAp layer formation on the surface of 

variation of ZnO content for 14days of immersion in SBF. With

concentration of ZnO from 2 mol% to 8 mol%, a slight increase in the formation of HAp layer 

is noticed after that (Z10) a slight decrease in apatite layer density is 

noticed. This is in good agreement with the results obtained from XRD and FTIR analysis 

). Most of the previous reported research results reveal the inhibition 

of the HAp formation with increase the content of ZnO in SiO2 based bioglasses due to 

uncontrolled releases of zinc ion [53]. On the contrary to previous results, the present system 

of glasses showing an increase in crystalline nature of HAp with ZnO addition. This might be 

ions. It is also confirmed from Ca/P ratio values obtained from EDS data. 

 

spectra of the Z8 and Z10 bioglass samples before 

and 21 days, (b) SEM–

spectra of all glasses after immersion in SBF solution for 14 days and (c) The cross-

micrograph and EDS elemental mapping of Z8 glass after 21 days of 

layer formation on the surface of 

variation of ZnO content for 14days of immersion in SBF. With increase in 

concentration of ZnO from 2 mol% to 8 mol%, a slight increase in the formation of HAp layer 

after that (Z10) a slight decrease in apatite layer density is 

tained from XRD and FTIR analysis 

). Most of the previous reported research results reveal the inhibition 

based bioglasses due to 

On the contrary to previous results, the present system 

of glasses showing an increase in crystalline nature of HAp with ZnO addition. This might be 

ions. It is also confirmed from Ca/P ratio values obtained from EDS data. 
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Fig. 3.6 (c) explains the cross-sectional view of SEM micrograph and EDS elemental 

mapping of Z8 glass after 21days of immersion in SBF. The cross-sectional micrograph of the 

Z8 sample is divided into two regions. The top region is HAp layer and underneath to HAp 

layer is the glass. The thickness of apatite layer formed on Z8 glass for 21days of incubation 

is around 43.28 mm. In the present system of glasses the thickness of HAp layer enhances up 

to 8 mol% ZnO and then decreased further increase of ZnO content. However, the addition of 

ZnO does not inhibit HAp formation up to certain mol%, but it may slowdown the degree of 

HAp formation due to the unsolvable nature of ZnO. It is good that, the chosen system of 

glass composition acquiring the controlled zinc release and high apatite is forming ability in 

vitro.  

 
3.3.4 Weight loss during the conversion reaction 

This measurement of weight loss of glasses provides information about the dissolution 

kinetics and insight about dissolving amount of glass in SBF solution. Fig.3.7 illustrates the 

weight loss of the bioglasses as a function of immersion time. The weight loss of all the 

samples is found to be increased with the increase in immersion time from 3days to 21 days. 

A sudden increase in weight loss within 3days of immersion takes place due to rapid ion 

exchange from sample to SBF solution. Later, it follows very slight increase in trend with 

immersion periods 7, 14, and 21 days. Moreover, with the increase in content of ZnO the 

degradation of all glass samples also increases slightly. So there is a considerable low weight 

loss due to reduction of ion release from the samples. During the dissolution processes, the 

amorphous regions will dissolve and  increases the release of Na+, Ca2+ and Zn2+ ions leads 

formation of an amorphous Ca–P layer and then over a period, the degradation decreases and 

rapid degradation of crystallized regions takes place [5,54]. Most of the previous reports on 

zinc phosphate based glasses showed high degradation rate with high content of zinc present 

in glasses [25,47]. This is because of increase of release of phosphate anions with increase of 

ZnO content due to the formation of Zn–O–P weak bonds. Moreover, Ca2+ ions release is 

higher for low content of ZnO [46,54]. Conversely, in the present system of glasses 

evidencing the controlled degradation behaviour with increase in content of ZnO, this may be 

due to a fixed percentage of CaO and Na2O, presence of high content of P2O5 which is 

replaced with a small amount of ZnO in the chosen glass matrices. This degradation gives 

very clear indication that, there is not much deviation of the degradation curves with 

immersion time after 3days and also with the content of ZnO. This reveals the deposition of 

rich HAp layer over the glass surface; on the other hand, the glasses show high bone forming 

ability.  



 

Fig. 3.7 The weight loss of all bioglasses during immersion time (

SBF solution at 37 oC. The error bars represent the standard deviation

 
3.3.5 pH evaluation 

The variation of pH values in the SBF solution after immersion of the glass samples for 

different time periods are shown in 

glass samples are observed with 

ion leaching. A sudden increase in pH values from 7.4 to 7.56 within 3days of immersion for 

all samples. Moreover, within 3days

increase in content of ZnO from

trend of pH values is prono

pH value decreases and approaches to 7.45 within 7days of incubation and then further 

decrease to 7.42 within 14 

0days. It is found that, here also the values of pH increases with ZnO content, but Z4 and Z6 

values coincide with each other. Furthermore, the pH decreases to 7.25

immersion. The initial increase in pH values of SBF of all glasses, when compared with the 

pH value at 0days of SBF may be due to the release of Na

with H+ or OH– ions in the simulated body fluid (SBF

Ca2+ initiate the formation of HAp layer over the surface of glasses 

slight decrease in pH value with the increase in immersion period is observed due to increase 

in dissolution rate of glasses and decrease in sodium ion content. On the other h

formation of calcium phosphates and carbonates by precipitation of Ca

solution leads to decrease in pH values and also the 

 

64 

The weight loss of all bioglasses during immersion time (0, 3, 7, 14 and 21

The error bars represent the standard deviation (as mean ± SD)

The variation of pH values in the SBF solution after immersion of the glass samples for 

different time periods are shown in Fig.3.8. There is a noticeable change in pH values of all 

glass samples are observed with different days (0, 3, 7, 14 and 21days) of immersion is due to 

A sudden increase in pH values from 7.4 to 7.56 within 3days of immersion for 

, within 3days of incubation the pH values also increase

content of ZnO from 2 mol% to 10 mol%. After that there is a decrease in 

of pH values is pronounced with 7 days, 14 days and 21 days of incubation time. The 

pH value decreases and approaches to 7.45 within 7days of incubation and then further 

 days. This is almost equal to the initial value of the pH of SBF at 

It is found that, here also the values of pH increases with ZnO content, but Z4 and Z6 

values coincide with each other. Furthermore, the pH decreases to 7.25 

The initial increase in pH values of SBF of all glasses, when compared with the 

pH value at 0days of SBF may be due to the release of Na+ and Ca2+ ions  through exchange 

ions in the simulated body fluid (SBF) solution. The released cations Na

initiate the formation of HAp layer over the surface of glasses [55,56]

slight decrease in pH value with the increase in immersion period is observed due to increase 

in dissolution rate of glasses and decrease in sodium ion content. On the other h

formation of calcium phosphates and carbonates by precipitation of Ca

solution leads to decrease in pH values and also the movement of zinc ions into solution 

 

0, 3, 7, 14 and 21 days) in 

(as mean ± SD): n=3). 

The variation of pH values in the SBF solution after immersion of the glass samples for 

There is a noticeable change in pH values of all 

14 and 21days) of immersion is due to 

A sudden increase in pH values from 7.4 to 7.56 within 3days of immersion for 

of incubation the pH values also increases with the 

2 mol% to 10 mol%. After that there is a decrease in the 

days of incubation time. The 

pH value decreases and approaches to 7.45 within 7days of incubation and then further 

This is almost equal to the initial value of the pH of SBF at 

It is found that, here also the values of pH increases with ZnO content, but Z4 and Z6 

 within 21days of long 

The initial increase in pH values of SBF of all glasses, when compared with the 

ions  through exchange 

The released cations Na+ and 

[55,56]. Afterwards, a 

slight decrease in pH value with the increase in immersion period is observed due to increase 

in dissolution rate of glasses and decrease in sodium ion content. On the other hand, the 

formation of calcium phosphates and carbonates by precipitation of Ca2+ ions from the SBF 

movement of zinc ions into solution 



 

makes it towards acidic nature 

rate and pH values are found to 

achieved by the precipitation of Zn ions as Zn(OH)

layer strongly depends on the pH variation 

[56]. In the current study, the obtained pH values 

physiological fluid (7.4). These results are in 

confirms the bioglasses prepared 

formation. Their high degradation rate leads to a higher pH value and 

development of hydroxy carbonate apatite layer on the sample surface with more crystallinity 

evident from SEM image. 

 

Fig. 3.8 pH changes of SBF solution containing all bioglasses with different immersion times 

as the initial value of pH is 

 
3.3.6 Cell cytotoxicity and 

The cytocompatibility and cell

vitro biological activity of the bioglass samples before going to test 

regenerative implant. The main interest of the present study is,

functional activity of rMSCs

ions released from glasses. 

are used because of their multi

potential source for regenerative treatment of bone tissues. 
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makes it towards acidic nature [57]. Moreover, with increase in ZnO content, the dissolution 

rate and pH values are found to increase. The stabilization of pH of

achieved by the precipitation of Zn ions as Zn(OH)2 in SBF [58]. The development of HAp 

layer strongly depends on the pH variation and the rate of dissolution of 

In the current study, the obtained pH values of 7.25 to 7.56 are very close to the value of 

These results are in close agreement with SEM analysis 

prepared very are more suitable for cellular activity and bone 

Their high degradation rate leads to a higher pH value and 

development of hydroxy carbonate apatite layer on the sample surface with more crystallinity 

changes of SBF solution containing all bioglasses with different immersion times 

is 7.4 at 37 oC. (Error bars indicate the standard deviation: n=3).

Cell cytotoxicity and Proliferation 

and cell Proliferation analysis are very crucial to know about the 

biological activity of the bioglass samples before going to test 

regenerative implant. The main interest of the present study is, how the 

rMSCs cells seeded on surfaces of as-prepared bioglasses are affected by 

ions released from glasses. For this cell growth study, rat mesenchymal stem

because of their multi potent and self-renewal capacity. Moreover, it acts as a 

potential source for regenerative treatment of bone tissues. Fig. 3.9 

Moreover, with increase in ZnO content, the dissolution 

. The stabilization of pH of the medium can be 

The development of HAp 

dissolution of Ca2+ and PO4
3- ions 

7.25 to 7.56 are very close to the value of 

close agreement with SEM analysis (Fig. 3.6). It 

more suitable for cellular activity and bone 

Their high degradation rate leads to a higher pH value and favour an early 

development of hydroxy carbonate apatite layer on the sample surface with more crystallinity 

 

changes of SBF solution containing all bioglasses with different immersion times 

(Error bars indicate the standard deviation: n=3). 

analysis are very crucial to know about the in 

biological activity of the bioglass samples before going to test in vivo as bone 

how the viability and 

prepared bioglasses are affected by 

mesenchymal stem cells (rMSCs) 

renewal capacity. Moreover, it acts as a 

 demonstrates the cell 



 

viability on the ZnO dope bioglasses (Z2, Z4, Z6, Z8 and Z10) and control during rMSCs 

culture for 1day and 3days

samples from Z2 to Z8 showing considerable high cell viability when compared with the 

control except Z10 for 1day and 3days. It is observed that, the cell viability enhances with 

increases in ZnO content up to 8 mol% (Z8) with respect to control, implying the possible 

ionic effects on rMSCs viability. Afterwards, it is found to reduce slightly with an increase in 

concentration of ZnO at 10 mol% (Z10) for 1day and further decreases in case of 3days 

culturing as shown clearly in the 

Fig. 3.9. Cell cytotoxicity and 

doped glasses by CCK-8 method.

 
The viability and cell proliferation of Z8 (8 mol

higher values compare to other samples. Moreover, the rate of cell proliferation of Z8 

improved after culturing for 3days. However, this decrease in proliferation is attributed to 

high zinc release from Z10 glass sample. In other words  the reduction in ce

with an increase in ZnO mol% after 3days may be due to the quantity of ZnO present in the 

glass [29,58]. Most of the available previous literature reports on ZnO doped glasses 

suggesting that, the inhibition nature of HAp layer formation due to h

Moreover, increase in ZnO concentration higher than ~2 ppm in conditioned medium can 

show toxic effects and leads to cell death 

Atsuo Ito et al., showed that, at 10 mol% of ZnO in composite ceramic of tricalcium 

phosphate and HAP enhanced osteoblastic cell proliferation and differentiation 
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viability on the ZnO dope bioglasses (Z2, Z4, Z6, Z8 and Z10) and control during rMSCs 

culture for 1day and 3days and is as assessed by a CCK-8 method. 

samples from Z2 to Z8 showing considerable high cell viability when compared with the 

control except Z10 for 1day and 3days. It is observed that, the cell viability enhances with 

content up to 8 mol% (Z8) with respect to control, implying the possible 

viability. Afterwards, it is found to reduce slightly with an increase in 

concentration of ZnO at 10 mol% (Z10) for 1day and further decreases in case of 3days 

culturing as shown clearly in the Fig. 3.9.  

Cell cytotoxicity and Proliferation analysis of rMSCs on different content of ZnO 

8 method. 

cell proliferation of Z8 (8 mol%) sample is showing significantly 

higher values compare to other samples. Moreover, the rate of cell proliferation of Z8 

improved after culturing for 3days. However, this decrease in proliferation is attributed to 

high zinc release from Z10 glass sample. In other words  the reduction in ce

mol% after 3days may be due to the quantity of ZnO present in the 

Most of the available previous literature reports on ZnO doped glasses 

suggesting that, the inhibition nature of HAp layer formation due to high release of Zn

Moreover, increase in ZnO concentration higher than ~2 ppm in conditioned medium can 

show toxic effects and leads to cell death [29,59].Similar reports from vario

showed that, at 10 mol% of ZnO in composite ceramic of tricalcium 

phosphate and HAP enhanced osteoblastic cell proliferation and differentiation 

viability on the ZnO dope bioglasses (Z2, Z4, Z6, Z8 and Z10) and control during rMSCs 

method. Interestingly, glass 

samples from Z2 to Z8 showing considerable high cell viability when compared with the 

control except Z10 for 1day and 3days. It is observed that, the cell viability enhances with 

content up to 8 mol% (Z8) with respect to control, implying the possible 

viability. Afterwards, it is found to reduce slightly with an increase in 

concentration of ZnO at 10 mol% (Z10) for 1day and further decreases in case of 3days 

 

on different content of ZnO 

%) sample is showing significantly 

higher values compare to other samples. Moreover, the rate of cell proliferation of Z8 

improved after culturing for 3days. However, this decrease in proliferation is attributed to 

high zinc release from Z10 glass sample. In other words  the reduction in cell proliferation 

mol% after 3days may be due to the quantity of ZnO present in the 

Most of the available previous literature reports on ZnO doped glasses 

igh release of Zn2+ ions. 

Moreover, increase in ZnO concentration higher than ~2 ppm in conditioned medium can 

Similar reports from various researchers 

showed that, at 10 mol% of ZnO in composite ceramic of tricalcium 

phosphate and HAP enhanced osteoblastic cell proliferation and differentiation in vitro within 
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a nontoxic level [22], Abou Neel et al., demonstrate that, 10–20 mol% of ZnO showed lower 

compatibility with MG63 cells due to reduction in the surrounding pH to acidic level [6], 

Aina et al., observed that, 45S5 Bioglass doped with 5 wt% ZnO enhanced cell proliferation, 

later increasing zinc concentration caused to significant release of lactate dehydrogenase , 

which  resulting in cell death [47]and Saurabh Kapoor et al., reported that, the glass ceramics 

4 mol% of ZnO contained glass ceramics displays the highest levels of mesenchymal cell 

proliferation, further increasing ZnO contents led to a significant decrease in viability [28]. 

Conversely to the earlier studies on different ZnO doped glass systems, the present results of 

Zinc-phosphate based glasses confirming the effectively controlled the release of Zn2+ ions. 

This leads to enhanced cell proliferation and cytocompatibility. Out of all glasses the viability 

of Z8 (8 mol%) is significantly high. Moreover, the rate of cell proliferation of Z8 improved 

after culturing for 3days. So the material can stimulate the bone growth effectively and these 

glasses can be suitable for bone repair implants. 

 
3.3.7 Evaluation of antibacterial activity  

The antibacterial effect of ZnO bioglass samples is assessed by the perceived zone of 

inhibition against E. coli and S. aureus as shown in Fig. 3.10. This study is conducted to 

determine the amount of ZnO-doped samples exhibiting antibacterial activity by the presence 

of a zone of inhibition around each sample disk. It is clearly visualised that, the samples Z2, 

Z4, Z6, Z8 and Z10 have shown clear inhibitory zone as indicated by transparent zone against 

E. coli (Fig. 3.11a) and S. aureus (Fig. 3.11b). And also noticed that the antibacterial activity 

of E.Coli is more porn as compared S. aureus for given glass samples. This trend is in good 

agreement with the earlier reports describing the high antibacterial activity of the Zn2+ ions 

containing  bioglasses [11,60,61]. Moreover, the Zn2+ ions from ZnO-doped glasses showing 

better antibacterial activity compared to the TiO2–Al2O3/ZrO2 doped glasses [11,62,63]. The 

growth of inhibition zone indicates the improved antibacterial activity, which is mainly due to 

release of Zn2+ ions. These ions subsidise to intense disorder of bacterial membrane potential 

and consequently, which leads to increase the ZnO concentration inside of the cell where it 

induces oxidative stress. The increase oxidative stress inside the cell causes the destruction in 

the bacterial cell wall [60,64]. Along with agar method, optical densities also measured at 

various timing points from 0 h–7 h at 600nm to confirm the antibacterial activity.  

 



 

 
Fig. 3.10 Antibacterial activity by 

and 48 h for sample Z2, Z4, Z6, Z8 and Z10

 

Fig. 3.11 Optical density measurement against 

points. 
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Antibacterial activity by agar disk-diffusion assay against E. coli

h for sample Z2, Z4, Z6, Z8 and Z10.  

Optical density measurement against (a) E. coli and (b) S. aureus

 

E. coli and S. aureus at 24 

S. aureus at different time 
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Fig. 11(a & b) is showing the optical density measurement traces of bioglasses at 

different time points against E. coli, and S. aureus respectively. E. coli strain has relatively 

improved growth compared to S. aureus in terms of optical density. The results obtained from 

optical density measurement showed that the OD values decreases when the bacterial species 

are treated with samples. The low OD value indicates that the antibacterial properties of the 

samples given against gram-negative bacteria formation are high. Both, agar disk diffusion 

assay and optical density measurements confirms the ZnO doped samples are exhibited good 

antibacterial effect against E.coli.  

 
4.  Conclusions 

In the current work, we have developed enhanced bioactivity and improved mechanical 

strength of ZnO incorporated P2O5 based bioglasses for bone regeneration applications. The 

main conclusions which can be drawn from the results are: 

1. The density and oxygen molar volumes are found to enhance and the molar volume and 

oxygen packing density are reduced with increase in ZnO concentration. The increase in 

density visibly indicates the presence of more ionic nature of P–O–Zn bonds than P–O–P 

bonds in glass network, which leads to compactness of the glass structure. 

2. The glass transition temperature (Tg) increases with increase in content of ZnO up to 8 

mol% and then decreases for higher concentration of ZnO. The increase in Tg can be due to 

increasing aggregation effect of ZnO on the glass system, and slow mobility of the large Zn2+ 

ions, which lead to more rigidity of glass network. The values of stability (ΔT) increase from 

111.26 °C to 121.19 °C and Hruby criterion (H) increases from 0.4319 to 0.5154 with the 

content of ZnO, which clearly designate the high strength and as a good glass forming 

tendency of all glasses. 

3. Vickers microhardness and toughness values of the as-prepared bioglasses increase with 

increasing ZnO content due to expansion of the glass network in harmony with the increase in 

the bond length or inter-atomic spacing. Zn2+ ions enter interstitially in the glass network to 

form more P–O–Zn linkages by breaking P–O–P bonds. These, in turn lead to reduction of 

number of nonbridging oxygens (NBO’s) and increases cross-linking density, compactness 

and rigidity of the glass network. In the present as-prepared glasses Z8 has highest Hv and KIC 

values. 
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4. Correlation between the presence of additional intensity reflections from XRD, intensity of 

absorption bands of FTIR, change in surface morphology of SEM and ratio of Ca and P 

values from EDS results after incubation periods of 3, 7, 14 and 21days in SBF strongly 

confirms the development of the rich HAp layer with incubation time. The addition of ZnO to 

glass network, enhances the crystallization of the CaO–P2O5 layer by creating a large number 

of OH- ions required for conversion of the amorphous layer to crystalline HAp layer through 

SBF solution as Zn(OH)2. 

5. Unlike, previous results on ZnO doped glasses, the present system of glasses evidencing the 

controlled degradation behaviour and stable pH variation very close to the value of 

physiological fluid (pH 7.4) with the increase in content of ZnO and incubation time, this 

might be due to a fixed percentage of CaO and presence of high content of P2O5 and is 

replaced with small amount of ZnO in the chosen glass matrices. 

6. Enhanced cell proliferation and cytocompatibility indicate the release of Zn2+ ions was 

controlled effectively in all glass samples. 

7. Advanced antibacterial activity is also detected, which is due to synergistic ‘contact-killing’ 

effect of Ca2+ and Zn2+release. In summary, Zn2+ positively affects the cellular reaction and 

antibacterial activity, given that an attractive bone filler alternative. 

 
From the above mentioned final conclusions, it is noteworthy that, out of all glasses Z8 (8 

mol%) exhibiting all enhanced properties might to be used in the development of bone 

resorbable implants. 
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This chapter has systematically analysed structural and biological properties as well 

as dissolution behavior aspects of ZnO–Na2O–CaO–P2O5 glass matrix with Ti4+ ions. This 

chapter also delineates physical properties of density, molar volume, microhardness, and 

thermal. In vitro bioactivity test were carried out on glass matrix immersed in SBF solution 

for 3, 7, 14 and 21days, and the resulting pH variation as well as degradation rate, were 

discussed. Structural analysis which was performed with the help of X-ray diffraction, SEM-

EDS, FTIR-Spectroscopy, Biological studies on Cell cytocompatibility and antimicrobial 

results are also briefly described in the chapter. 

  

Chapter-4 

 
Influence of Ti4+ ions on physico-mechanical and in vitro 

bioactivity of ZnO–Na2O–CaO–P2O5 glass system  

 



 

78 
 

4.1 Introduction  

The necessity of development of new biocompatible and bioactive materials with superior 

properties has driven research in the field of bioactive glass synthesis. These glasses are 

investigated for their excellent properties such as resorbability, osteoproductivity, 

osteoconductivity and osteoinductivity. They have multiple advantages over traditional 

materials used in medicine including functions ranging from grafting to augmentation as well 

as implantation and repair [1]. Phosphate bioactive glasses are of great interest in particular, 

because of their biocompatibility, bioresorbable nature and because of inorganic phase of the 

bone. Moreover, phosphate glasses contain elements that are natural constituents of the 

human body, so it is suitable for various potential applications in soft and hard tissue 

engineering [1,2,3,4]. The phosphate enters the glass network by forming PO4 tetrahedra 

structural units. These units are the main building blocks of phosphate glass structure. 

Nominally phosphorus has a charge of 5+. The glassy structure of phosphate comprises only 

orthophosphate tetrahedra that form a three-dimensional network by sharing three covalently 

bonded bridging oxygens (BOs) with neighbouring PO4
3- tetrahedral, but the oxygen atoms 

that are not shared between phosphate tetrahedra might distribute their two unpaired electrons 

with the P5+ ions to form a terminal double bond [5,6,7]. Moreover the addition of modifying 

metal oxides lead to depolymerisation of the glass network by means of the splitting of P–O–

P bonds with the formation of negatively charged NBOs at the expense of BOs [7]. Several 

studies conducted on bioactivity of phosphate glasses biocompatibility showed that, there are 

no adverse effects found on craniofacial osteoblasts, when the degradation rates are 

considerably low [8,9]. Therefore, the controlled the dissolution rate of the glasses can be 

achieved by inclusion of appropriate amounts of various transition metal oxides.  Introduction 

of ZnO in small quantity is expected to act as a modifier and increases the molar volume 

through weak linkages with the network former. ZnO has also been investigated for its 

antimicrobial properties in bioactive glasses. It is expected that the antibacterial properties of 

the glass will improved with the concentration of ZnO. In other hand , the addition of ZnO 

shows inhibitory effects on the formation of apatite layer on glass surfaces, which causes 

reduction in bioactivity [1,10]. The presence of calcium oxide (CaO) and phosphorous 

pentoxide (P2O5) is expected to produce amorphous calcium phosphate clusters that 

accumulate at the surface of glass leading to the formation of hydroxyapatite (HAp) layer. 

These heterogeneities are expected to improve the bioactivity of glass [11]. Phosphate is a 

good network former with a high dissolution rate. It has also been shown that glasses with 

lower Ca/P ratio induce more rapid production of apatite layer [12]. Sodium oxide is expected 
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to play an important role as a network modifier in the glass composition. Since Na+ ions 

produce non bridging oxygens and are expected to reduce rigidity of the network, it leads to 

reduction of glass hardness [13]. Low network connectivity is also correlated to higher 

bioactivity, however and high concentrations of Na+ are also known to trigger a cytotoxicity 

response [10,14]. 

 
However, phosphate based glasses displayed exceptional bioactivity and poor 

mechanical strength, when compared to other bioactive glasses. This is mainly due to higher 

dissolution rate of phosphate glasses both in vitro and in vivo [15,16,17]. The formation rate 

of HAp layer depends on degradation rate. Higher the degradation rate, better and faster the 

apatite layer formation but lower is the compactness of the glass structure. In other hand, there 

is a mismatching between the rate of conversion of HAp layer to the growth of new bone has 

been occurred. Attaining balance between these two parameters is most important in case of 

bone regeneration applications. It is also well established that degradation rate can be 

controlled by modifying glass composition, with some metallic oxides in the glass network, 

such as TiO2 [18]. 

 
Titanium oxide is a very special and useful transition metal oxide and a well-known 

nucleating agent for any glass system. Titanium dioxide (TiO2), unlike sodium, is an 

intermediate glass forming oxide. Previous studies have shown that sodium and titanium ions 

produce opposite effects in the rate of dissolution of silicate based bioactive glasses. Na 

increases the rate of dissolution of  Si ions while Ti reduces  dissolution rate [19]. Titanium 

ions enter glass network both as [TiO6] and [TiO5]/[TiO4] structural units depending on the 

concentration of TiO2 [18,20,21]. Many research reports revealed that the addition of TiO2 to 

phosphate based glasses enhances physic-chemical (density, molar volume, durability etc.), 

thermal (thermal expansion coefficient, glass transition temperature, etc.), mechanical 

(hardness, fracture toughness etc.) properties along with improved biocompatibility and 

bioactivity both in vitro and in vivo [11]. In addition, the formation of Ti–OH groups on the 

glass sample is reported, which is due to great affinity of TiO2 absorb the water molecules, 

when immersed in SBF solution. These elementary Ti–OH groups stimulate to develop 

crystalline HAp layer [22]. However, the influence of TiO2 on structural and in vitro 

bioactivity of zinc phosphate based bioglasses is not reported yet. But most of the researchers 

have focused on calcium phosphate and silicate based bioactive glasses only. Furthermore, the 

main role of TiO2 in bioactive glasses and glass ceramics is still under debate. 
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In the present work, titanium incorporated novel Zinc-Phosphate bioactive glasses are 

fabricated by melt quenching technique. The effect of TiO2 on physico-mechanical, chemical 

and biological properties that influence the formation of quality of HAp layer to bind soft and 

hard tissues for the development of resorbable implants in the field of bone tissue engineering 

is investigated in detail. 

 

4.2   Results and Discussion 

4.2.1 Physical properties of the bioglasses 

Physical parameters of bioglasses such as density, molar mass, molar volume, oxygen packing 

density and oxygen molar volume (Chanshetti et al., 2011) were calculated and the values 

recorded in Table 4.1. 

 
4.2.1.1 Density  

Fig.4.1 shows the density of phosphate glasses, as a function of TiO2 content. The bulk 

bioglass clearly shows density increasing (Table 4.1) linearly with increased TiO2 content. 

This increase is probably due to the dense closely packed glass structure formed by the strong 

P–O–Ti bonds and also due to formation of structural units TiO5 or TiO4 of titanium [27,28].  

Moreover, the bioglass density is also dependent on the compactness of the structural groups. 

We also notice that the density of the samples increases with the increasing TiO2 

concentration and decreasing CaO content and of 23 mol% CaO sample shows significantly 

higher density. In other words, the detected increase in density is attributed to replacement of 

CaO with TiO2 which is ascribed to the replacement of a light element (Ca) with a heavier one 

(Ti) [29]. 

 
4.2.1.2 Molar mass and Molar volume  

The molar volume of the samples was calculated from their densities and the range 

noted in Table 4.1 The bioglass series (T0, T.2, T.4, T.6, and T.8 and T1) showed a decrease 

in molar volume with an increasing density (inset of Fig. 4.1), due to the incorporation of 

titania. The decrease in molar volume is due to the reduction of oxygen atoms by means of 

replacement of Ca–O bonds with Ti–O bonds [16,29]. 

 
4.2.1.3 Oxygen molar volume and oxygen packing density 

The oxygen molar volume of the prepared samples was found to increase with 

increasing mol% of titanium oxide in place of calcium oxide content (Table 2). The values of 

oxygen packing density also increased with increasing content of TiO2 as shown in inset of 

Fig. 4.1. This behaviour of the glass sample reveal crucial facts about increase in the ratio of 



 

the number of oxygen atoms 

indicates that the glass structure becam

content of CaO at constant mol% of NaO, ZnO and P

ions. 

Fig. 4.1 Dependence of density with change in TiO

bioactive glasses and inset shows the variation of molar mass, molar volume and oxygen 

packing density and molar volume with content of titanium.

Table 4.1 Density, Molar mass, Molar volume, Oxygen molar volume, Oxygen Packing 
density and Micro hardness o

 

The values of oxygen packing density also increased with increasing content of TiO

shown in inset of Fig. 4.1

increase in the ratio of the number of oxygen atoms 
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the number of oxygen atoms [23]. In the present studies, the oxygen molar volume decreased 

ass structure became denser as mol% of TiO2 increases, wit

constant mol% of NaO, ZnO and P2O5 which is due to the intensity of Ti

Dependence of density with change in TiO2 content on ZnO–Na

bioactive glasses and inset shows the variation of molar mass, molar volume and oxygen 

packing density and molar volume with content of titanium. 

, Molar mass, Molar volume, Oxygen molar volume, Oxygen Packing 
density and Micro hardness of the TiO2 doped Phosphate based bioglasses.

The values of oxygen packing density also increased with increasing content of TiO

1. This behaviour of the glass sample reveal

the ratio of the number of oxygen atoms [23]. In the present studies, the oxygen 

In the present studies, the oxygen molar volume decreased 

increases, with decreasing 

which is due to the intensity of Ti4+ 

 

Na2O–CaO–P2O5–TiO2 

bioactive glasses and inset shows the variation of molar mass, molar volume and oxygen 

, Molar mass, Molar volume, Oxygen molar volume, Oxygen Packing 
doped Phosphate based bioglasses. 

 

The values of oxygen packing density also increased with increasing content of TiO2as 

. This behaviour of the glass sample reveal crucial facts about 

In the present studies, the oxygen 



 

molar volume decreased indicates that the gl

increases, with decreasing content of CaO at 

due to the intensity of Ti4+ ions.

4.2.1.4  Microhardness 

Vickers Hardness test

behaviour of bioglass. From 

TiO2 content leads to micro hardness increasing gradua

Therefore, it seems that the substitution of a part of calcium ions with titanium ions improved 

the mechanical properties. Among the prepared samples micro hardness value is greater for 

glass sample T1 (1 mol%), which is the higher concentration of TiO

in Fig. 4.2. This is attributed to very close packing of atoms by the format

of P–O–Ti. On the other hand, it is easily understood that the higher density of glass leads to 

more compact glass structure, consequently confirming

strength [28]. 

Fig. 4.2 Microhardness (Hv) as a function of content of TiO

 
4.2.1.5  Differential thermal analysis

Fig. 4.3 illustrates differential thermal analysis of T.

exothermic and endothermic peak positions from DTA curve (reaming samples are not shown 

in Fig. 4.3). Thermal parameters like glass transition temperature (Tg), crystallization 

temperature (Tc) and melting temperature (Tm) obtained during exothermic, endot
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ar volume decreased indicates that the glass structure became denser as 

h decreasing content of CaO at constant mol% of NaO, ZnO and P

ions. 

test gives us very useful information about the surface structural 

behaviour of bioglass. From Table 4.1, it is shown that an increase from 0 up to 1 mol% of 

micro hardness increasing gradually, also observed in

ems that the substitution of a part of calcium ions with titanium ions improved 

the mechanical properties. Among the prepared samples micro hardness value is greater for 

glass sample T1 (1 mol%), which is the higher concentration of TiO2 doped glasses as s

. This is attributed to very close packing of atoms by the format

n the other hand, it is easily understood that the higher density of glass leads to 

structure, consequently confirming higher microhardness

Microhardness (Hv) as a function of content of TiO2 (mol %) doped glass samples.

Differential thermal analysis 

ifferential thermal analysis of T.6 glass sample corresponding to 

exothermic and endothermic peak positions from DTA curve (reaming samples are not shown 

). Thermal parameters like glass transition temperature (Tg), crystallization 

temperature (Tc) and melting temperature (Tm) obtained during exothermic, endot

ass structure became denser as mol% of TiO2 

constant mol% of NaO, ZnO and P2O5 which is 

gives us very useful information about the surface structural 

it is shown that an increase from 0 up to 1 mol% of 

lly, also observed in Fig. 4.2. 

ems that the substitution of a part of calcium ions with titanium ions improved 

the mechanical properties. Among the prepared samples micro hardness value is greater for 

doped glasses as shown 

. This is attributed to very close packing of atoms by the formation of strong bonds 

n the other hand, it is easily understood that the higher density of glass leads to 

higher microhardness and mechanical 

 

%) doped glass samples. 

6 glass sample corresponding to 

exothermic and endothermic peak positions from DTA curve (reaming samples are not shown 

). Thermal parameters like glass transition temperature (Tg), crystallization 

temperature (Tc) and melting temperature (Tm) obtained during exothermic, endothermic heat 



 

changes are suitable for qualitative assessment of

produce quality glasses for better applications. 

Table 4.2 Thermal

sample  Tg (

T0 339.58

T.2  340.96 

T.4  341.89 

T.6  344.97 

T.8  349.65 

    T1  358.69 

 

Fig. 4.3 DTA trace of 0.6 

The thermal results have shown that, the values of 

with increasing content of TiO

are summarized in Table 4.2

glass transition (Tg) from 339.58 to 358.69 

to 549.83 oC and melting temperature (Tm) from 

in content of TiO2 from 0.2 to 1 mol%. 

173.28 to191.14 oC and Hruby 

as-prepared bioglasses following the same increasing trend with increase in content of TiO
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qualitative assessment of thermal stability of glasses and the ability to 

produce quality glasses for better applications.  

Thermal parameters of the bio glasses obtained from DTA analysis

Tg (°C)  Tc (°C)  Tm (°C)  ΔT (°C) 

339.58 512.46 681.93 173.28 

340.96  517.23  682.89  178.27  

341.89  524.39  689.56  182.50  

344.97  529.79  693.59  184.82  

349.65  536.85  695.93  187.20  

358.69  549.83  701.53  191.14  

trace of 0.6 mol % (T.6) of ZnO–Na2O–CaO–P2O5–TiO

The thermal results have shown that, the values of Tg increases for all

with increasing content of TiO2and it is also well pronounced up to 1 mol%. The DTA results 

Table 4.2. The Tg values rises from 339.58 to 358.69 

339.58 to 358.69 oC, crystallization temperature (Tc) from 

C and melting temperature (Tm) from 681.93 to 701.53 oC increases with increase 

from 0.2 to 1 mol%. Parameters such as stability (ΔT

C and Hruby criterion (KH= (Tc−Tg)/(Tm−Tc)) from 1.0249 to 1.2599 of 

prepared bioglasses following the same increasing trend with increase in content of TiO

thermal stability of glasses and the ability to 

parameters of the bio glasses obtained from DTA analysis 

    KH 

1.0249 

1.0761 

1.1049 

1.1283 

1.1767 

1.2599 

 

TiO2 glass system. 

Tg increases for all glass samples 

also well pronounced up to 1 mol%. The DTA results 

. The Tg values rises from 339.58 to 358.69 oC. The values of 

C, crystallization temperature (Tc) from 512.46 

C increases with increase 

as stability (ΔT= (Tc−Tg)) from 

from 1.0249 to 1.2599 of 

prepared bioglasses following the same increasing trend with increase in content of TiO2, 
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confirming the structure formation and thermal stability of the bioglasses [30]. The increase in 

these parameters with TiO2 content is due to growing TiO2 aggregation on the phosphate 

structural network to form new linkages and enter into the network in the form of either TiO4 

or TiO5/6 structural units [20,31,32]. Moreover, the increase in density and Tg of the samples 

with TiO2 is ascribed to formation of P–O–Ti bonds, which reinforce the glass structure by 

forming ionic cross-linking between the non-bridging oxygen (NBOs) of two different chains 

[15,28]. This leads to increase in glass viscosity and subsequently the glass transition 

temperature increases [33]. Therefore, the results obtained support earlier phosphate glass 

results, which indicates that Tg, Tc and Tm temperatures increase with increase in TiO2 

content [32,34]. 

X-ray diffraction analysis Fig. 4.4 illustrates XRD patterns of bioglass samples before 

and after immersion in SBF solution for various time points (0, 3, 7, 14and 21days). Before 

being soaked, the patterns of all glasses show a broad hump at around 25o-35o, which is 

related to glass network. It is obvious that the prepared bioactive glasses are amorphous in 

nature before immersed in SBF solution (Fig. 4.4 (a)). After incubation of samples for 3, 7, 14 

and 21days in SBF, it is found to observe the formation crystalline peaks in the patterns of all 

samples due to structural changes as shown in the Fig. 4.4 (b, c, d, e). The development of 

HAp layer is clearly seen even after 3days of immersion and from Fig. 4.4 (b), it is observed 

that the glass sample with a surface apatite layer emerged after 3 days of immersion time and 

the evolution of HAp layer is confirmed from XRD patterns processing intensity peaks at 

31.73o and 45.46o corresponding to reflections at (211) and (203) respectively. However, XRD 

data reveal that all the samples exhibited very low crystallization of apatite layer after 3 days 

of immersion in SBF. Further increasing the immersion time for 7, 14 and 21 days, there is 

increasing intensity of reflection along with the formation of new intensity peaks at diffracted 

angles (2θ) and related reflections at 31.73(211), 32.112(300), 45.46(203), 56.53(500) and 

66.18(422), 75.86(215), 27.48(112), 40.76(103), 25.92(003), 22.68(111), 21.67(200), 

15.32(021) and 10.78(100) respectively. The phases of all peaks matched standard JCPDS 

data card No. 89–4405 and 40–0008. The XRD patterns confirmed rich crystalline layer 

formation on the surface of all glasses investigated after a maximum of 21days of immersion 

in simulated body fluid shown in Fig. 4.4 (e). This crystalline layer could be identified as a 

high hydroxyl apatite layer. The formation of HAp layer on the surface of the glass samples 

signifies the capacity to form a strong bond between the implant and natural bone [17,33] 
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Fig. 4.4 XRD patterns of bioglass samples: before (a-0days) and after (b-3, c-7, d-14, and e-

21days) immersion in a SBF solution. 
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The formation of HAp layer on the surface of the glass samples signifies the capacity to 

form a strong bond between the implant and natural bone [17,33]. This reaction happens 

mostly by ion leaching and network dissolution in SBF. In addition the HAp layer growth and 

nucleation were mainly influenced by Ca2+ and P ions from physiological body fluid.  In the 

present TiO2 doped bioglass system, the growth and crystallisation of apatite layer takes place 

due to chemical reaction between CaO and H3O
+ ions, when the sample is immersed in SBF 

solution. Moreover, the presence of Ti–OH groups and dissolution of bioglass increases the 

calcium and phosphate ions in SBF solution [17,35,36]. As-prepared TiO2 glasses are 

displayed considerably higher peak intensities, which confirm their tendency to form 

complete crystalline hydroxyapatite (HAp) layer. Among all samples, the reflection intensities 

related to HAp of T.6 (0.6 mol%) glass sample is predominating. These results attest to the 

prominence of as prepared bioglasses as being suitable for bone repair and regeneration 

implant application. In an effort to obtain additional information on the rate of formation of 

Ca–P layer, the surfaces of samples T0, T.2, T.4, T.6, T.8 and T1 were analysed by FTIR and 

SEM-EDS (Fig. 4.5 & Fig. 4.6) after immersion in SBF solution. 

 
4.3 FTIR spectroscopy analysis 

Fourier transform infrared spectra were investigated for all glass samples (T0, T.2, T.4, T.6, 

T.8, and T1), at room temperature, before and after immersion in SBF solution for different 

intervals of time (0, 3, 7, 14, and 21days) as shown in Fig. 4.5 (a, b, c, d, and e). From Fig. 4.5 

(a), before immersion all the glass samples exhibit a spectrum characterized by the presence 

of bands in the regions showing intense absorption bands at ~525 cm-1 assigned to 

fundamental frequencies (the harmonics O=P–O) of PO3
4 [21]. The centre of the bond at 736 

cm-1 is assigned to symmetric stretching vibration of  (P–O–P) bonds which is characteristic 

of metaphosphate group Q2([P(OP)2(O
−)2]) [20,37]. The vibrations of PO4

3- can be recognized 

by the main region at 968 cm-1, which is a weak band corresponding to the symmetric 

stretching. The transmittance of the spectral band in the range 1075 cm−1 corresponds to the 

P–O vibrations, may be due to the deposition of PO4
2− ions indicating the initiation of the 

phosphate group [38]. The band at 1158 cm-1 is assigned to symmetrical stretching vibration 

mode of PO2 and the observed absorption peak at 1645 cm-1 is attributed to the deformation 

mode of water molecule –OH(H2O) [26,39]. The bands at 2375 cm-1 and 3453 cm-1 are 

ascribed to O–H symmetric stretching vibration of hydrogen bonded O–H groups [38, 40,41] 

 



 

Fig. 4.5 FTIR spectra of bioglasses: 

immersion in SBF solution.
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FTIR spectra of bioglasses: before (a-0days) and after (b-3, c-7, d

immersion in SBF solution. 

 

7, d-14 and e-21days) 
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After immersion, almost precisely, strong  absorption peaks from 556 to 562 cm-1 are evident 

by the presence of calcium pyrophosphate P–O bending mode, which are characteristic bands 

present in hydroxyl apatite after in vitro studies (of  3, 7, 14, and 21days) [42,43]. The bands 

between 733–740 cm−1 are established due to the formation of P–O–P symmetric stretching 

vibrations, which is a good indicator of the establishment of pyrophosphate units [43,44]. 

From Fig. 4.5 (b, c, d, e), the distinct bands at around 920 to 924 cm−1 are related to P–O 

symmetrical stretching vibrations in tetra calcium phosphate [45]. 

 
From Fig. 4.5 (c) the bands at 961 cm-1 and 1066 cm-1 are ascribed to vibrational mode 

of PO4
3- group representing a HAp precipitation after 7 days of incubation [34,45]. The band 

may have shifted to a lower wavenumber with respect to immersion time due to the addition 

of TiO2. Similar changes in structural peaks splits, through the absorption spectra from 1115 

to 1155 cm-1(as asymmetric stretching of (PO3)
2– in Q1 units) the formation of HA was 

confirmed by broad bands, which are characteristic of P–O in HAp [43,27]. A low intensity of 

absorption band appeared at 1256 cm-1, which is  assigned by asymmetric stretching mode of 

PO2 terminal groups (in the Q2 units) [46]. The FTIR characteristics of the simultaneous 

enrichment of other bands situated in between 1403 to 1468 cm-1 (it’s a B-type carbonate 

HAp;Ca9 (HPO4)0:5(CO3)0:5(PO4)5OH, in the system was bone-like apatite) and 1514–1521 

cm-1 which are characteristic of carbonate group (C–O), confirms the apatite layer formed  is 

a carbonate-substituted hydroxyapatite [34,47,48]. Due to P–O–H stretching vibrations, the 

bands located at (7days) 2395 cm-1 correspond to atmospheric CO2 traces while bands at 3416 

cm−1 are due to O–H stretching mode of vibrations, respectively. The low sharp bands 

between 1638–1642 cm-1 and broad bands between 3416–3433 cm-1 indicate adsorbed H2O in 

bioglass samples from a large surface area [36].  In fact, due to atmospheric moisture in the 

pellet pressing time, on the bioglass surfaces, there is water molecule absorption. It is clearly 

observed from Fig. 4.5 that the intensities of absorption bands for 0.6 mol% of TiO2 increase 

with incubation time, along with some bands which slightly shift towards lower wavenumber. 

The band shift is ascribed to changes in the force constants of stretching vibration of P–O 

bonds, which influences the depolymerisation affinity of glasses during incubation in SBF 

[21]. The FTIR results revealed the development and enhancement of HAp layer on the glass 

surfaces with immersion time and proper titanium concentration. Moreover, interestingly, the 

FTIR results obtained are in good agreement with XRD results of as-synthesized bioactive 

glass samples. 
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4.4 SEM-EDS analysis 

The SEM micrograph of bioglass samples containing 0.6 (T.6) and 1 (T1) mol% of TiO2, 

before and after immersion in SBF at physiological conditions pH 7.4 at 37 oC (up to 21days), 

after evidence of bioactivity morphological changes are shown in Fig. 4.6. Before immersion 

of bioglass samples in SBF, the micrograph structure of the sample surfaces clearly showed 

without any layer formation at 0 days and EDS analysis shows nominal presence of elements 

P, Ca, Zn, Na, Ti, O in the glass and there is no trace of apatite composition. After 3 and 7 

days of immersion (T.6 and T1 samples), the surface precipitation increased and new foam 

like structure appeared or apatite cluster formation on the bioactive glass surfaces was 

conspicuous. The formation of cation type layer on the surface of T.6, T1 samples (Fig. 4.6) 

increases with exposure time 14 and 21 days in SBF and supports previous reports [49]. 

Apatite development can be observed by observing the thickness of layer formed and 

complete coverage of the surface of the samples, which is mainly due to nucleation and 

crystal growth of apatite layer process as the incubation period expands [50]. Moreover, it is 

easy for Ca2+ and PO4
3- to be supersaturated in some regions and favourable for HA to 

nucleate and grow [25]. The formation of HAp layer was also confirmed by EDS spectra 

before and after immersion in SBF for various time intervals. Before immersion, EDS 

analysis gives nominal elements P, Ca, Zn, Na, Ti, O only are present in the glass and there 

are no traces of apatite composition. After treatment in SBF new elements (P, Ca, Zn, Na, Ti, 

O, Cl, K, Mg) along with the actual glass compositional elements are present [51]. Moreover, 

the Ca/P atomic ratios determined (between 1.8 and 2.3 for T.6 and T1) from intensity peaks 

also confirmed the formation of HAp layer. The increase in CaO content increases Ca2+ ion 

release into SBF solution and it leads to increase in HA layer formation on the sample surface. 

Hench et al. explained this in detail based on the analysis of  XRD, FTIR and SEM-EDS 

experiments [52]. From SEM analysis, we come to a conclusion that the dynamics of the 

growth of the bioactive layer on the surface of the bioactive glass can be controlled by 

altering the concentration of TiO2. That is, TiO2 doping causes depolymerisation of (PO4)
3- 

and produces short phosphate network through the formation of Ti–O–P bonds [28,53]. 

Moreover, the Ca/P atomic ratios determined (between 1.8 and 2.3 for T.6 and T1) from 

intensity peaks also confirmed the formation of HAp layer. The increase in CaO content 

increases Ca2+ ion release into SBF solution and it leads to increase in HAp layer formation 

on the sample surface. Hench et al., explained this in detail based on the analysis of  XRD, 

FTIR and SEM-EDS experiments [52].  

 



 

Fig. 4.6 SEM micrographs and EDS spectra of T.6 and T1 glass samples 

various time periods (0, 3, 7, 14 and 21days)

 
From SEM analysis, we 

bioactive layer on the surface of the bioactive glass can be controlled by altering the 

concentration of TiO2. That is, 

short phosphate network through the formation of Ti
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SEM micrographs and EDS spectra of T.6 and T1 glass samples 

various time periods (0, 3, 7, 14 and 21days). 

SEM analysis, we come to a conclusion that the dynamics of the growth of the 

bioactive layer on the surface of the bioactive glass can be controlled by altering the 

That is, TiO2 doping causes depolymerisation of (PO

short phosphate network through the formation of Ti–O–P bonds [28,53]

 

SEM micrographs and EDS spectra of T.6 and T1 glass samples immersed SBF for 

come to a conclusion that the dynamics of the growth of the 

bioactive layer on the surface of the bioactive glass can be controlled by altering the 

depolymerisation of (PO4)
3- and produces 

,53]. Out of all samples 
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0.6 mol% TiO2 doped ZnO–P2O5 bioactive glass confirm high growth of HAp layer. From the 

results of SEM and EDS, it is very clear that a hydroxyapatite layer formed on all sample 

surfaces which tallied with XRD and FTIR results discussed in above mentioned sections (4.3 

and 4.4). 

 

4.5 Weight loss measurements 

The weight loss and pH measurements are very important to know the amount of active ions 

released during the dissolution process of the glasses which are suitable for repair and 

regeneration of tissues, when these materials are implanted in the body. It is well known that, 

simple phosphate based glasses possess poor chemical durability than multicomponent 

phosphate glasses. In addition to being of network modifiers, ions in these glasses can 

slowdown the release of dissolution behaviour and lead to formation of rigid network [17,28]. 

The degradation process takes place, once water gets absorbed by glass and forms gel type 

layer on glass sample containing PO4
3- ions. Later these phosphate chains leak into the 

surrounding physiological medium and make the medium acidic by forming phosphoric acid 

(H3PO4). This leads to decrease in pH values of easily dissolvable Ti-free glasses. The 

addition of Ti4+ ions to glass network can slowdown the hydration process by increasing cross 

link density between phosphate chains by forming P–O–Ti bonds [29]. Therefore, these 

measurements are necessary for as-prepared bioactive glasses. Fig. 4.7 shows the change in 

weight loss as a function of immersion time. It is clearfrom  that Fig. 4.7 the percentage of 

weight loss of all the samples increases with increase in immersion time from 3days to 

21days. A rapid increase in weight loss occured initially within 3days of immersion due to 

suddenleaching of ions  from sample to SBF solution. Later, it follows very slight increase in 

trend with immersion periods of 7 days, 14 days and 21 days. On the other hand, decrease in 

solubility with increase in content of TiO2 from 0.2 mol% to 1 mol% is detected.It is also 

observed that the dissolution rate of TiO2 doped glasses is low compared to TiO2–free glasses. 

In general phosphate based glasses contain more P–O–P bonds and can easily dissolve in 

SBF, but incorporation of TiO2in glass network leads to gradual breaking of P–O–P bonds 

and the formation of P–O–Ti bonds [34]. Due to large electric charge and small ionic radii of 

Ti4+, ions can easily enter phosphate network and forms strong covalent bonds (P–O–Ti), 

which resist dissolution when compared to P–O–P bonds [17,26,54] 

 



 

 
Fig. 4.7 Weight loss of the 

in SBF solution at 37 oC. 

 
On the other hand, the decrease in dissolution with incre

attributed to increase of leaching ion strength and leads to decrease of interaction with 

hydrated layers, which in turn decreases dissolution rate 

control rate of dissolution can be achieved in phosphate based glasses by appropriate 

inclusion of TiO2. 

 

4.6 pH measurements

The apatite layer formation or bioactivity of as

measuring changes in pH values of SBF solution. 

values of SBF solution, when the glass samples are treated for different immersi

intervals (0, 3, 7, 14 and 21

increase rapidly after 3 days of incubation with reference to the initial starting value of pH at 

0days (pH=7.4 at 37 oC). After that a gradual decrease in 

Furthermore, the pH values of glasses T.8, T1 and T.2, T.4, T.8 and T1 for incubation of 7

days and 14 days respectively, showing below the starting value (pH=7.4). After 21 days of 

immersion all TiO2 doped glasses show l

except TiO2-free glasses. The sudden rise of pH values after 3

quick release of Ca2+ and Na

[41,55,56]. Later the pH values 
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of the bioglass samples during the immersion time (3, 7, 14 and 21days) 

On the other hand, the decrease in dissolution with increase in content of  TiO

attributed to increase of leaching ion strength and leads to decrease of interaction with 

hydrated layers, which in turn decreases dissolution rate [17,34]. The 

control rate of dissolution can be achieved in phosphate based glasses by appropriate 

pH measurements 

The apatite layer formation or bioactivity of as-prepared glass samples are tested by 

measuring changes in pH values of SBF solution. Fig. 4.8 demonstrates the variation of pH 

values of SBF solution, when the glass samples are treated for different immersi

intervals (0, 3, 7, 14 and 21 days).It is observed that the pH values of all glass samples 

days of incubation with reference to the initial starting value of pH at 

). After that a gradual decrease in pH is noticed with immersion time. 

Furthermore, the pH values of glasses T.8, T1 and T.2, T.4, T.8 and T1 for incubation of 7

days respectively, showing below the starting value (pH=7.4). After 21 days of 

doped glasses show low pH values when compared with starting value 

free glasses. The sudden rise of pH values after 3 days of immersion is due to 

and Na2+ ions from glass and exchange with H+ ions from SBF solutions 

. Later the pH values were found to decrease with immersion time and also with 

 

bioglass samples during the immersion time (3, 7, 14 and 21days) 

in content of  TiO2 is 

attributed to increase of leaching ion strength and leads to decrease of interaction with 

 results reveal that the 

control rate of dissolution can be achieved in phosphate based glasses by appropriate 

prepared glass samples are tested by 

demonstrates the variation of pH 

values of SBF solution, when the glass samples are treated for different immersion time 

s of all glass samples 

days of incubation with reference to the initial starting value of pH at 

pH is noticed with immersion time. 

Furthermore, the pH values of glasses T.8, T1 and T.2, T.4, T.8 and T1 for incubation of 7 

days respectively, showing below the starting value (pH=7.4). After 21 days of 

ow pH values when compared with starting value 

days of immersion is due to 

ions from SBF solutions 

found to decrease with immersion time and also with 



 

increase in content of TiO

phosphoric acid by the release of phosphate ions in physiological solution (SBF). Already it 

has been discussed that the increase in structural compactness

formation of TiO5 and TiO

bonds [57]. The pH values obtained 

(0.6 mol% TiO2), which attains highest pH value when compared to other glasses containing 

TiO2, as shown in Fig. 4.8. Moreover, the 

to be in congruence with increased density, glass transition temperature (Tg) va

 

 
Fig. 4.8 Variation of pH in SBF with the so
bioglasses. 
 

4.7 Cell Cytotoxicity and Proliferation

The effects of bolus on cellbehaviors

bone formation ability of the bioglasses

bioglass that might affect the viability and functional activity of the cells. The indirect culture 

assay was used, where ionic extracts conditioned media were used to treat cells. 

conditioned media were first treated at room temperature for 24 and 72 hours and the cell 

viability were measured by CCK assay, 

shows cell viability assays on bioglass samples (T0, T.2, T.4, T.6, T.8, and T1) and the 

control during cell culture for 

method. It is observed that 
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increase in content of TiO2 for all glasses, which might be attributed to formation of 

osphoric acid by the release of phosphate ions in physiological solution (SBF). Already it 

has been discussed that the increase in structural compactness is in accordance with the 

and TiO6 units, which enter into the glass network to form strong P

. The pH values obtained are likely to register low weight loss values except T.6 

), which attains highest pH value when compared to other glasses containing 

. Moreover, the decreases in pH and degradation results were

ence with increased density, glass transition temperature (Tg) va

pH in SBF with the soaking period (0, 3, 7, 14 and 21

Cell Cytotoxicity and Proliferation assays 

cellbehaviors were examined. The rMSCs cells were used to know the 

ability of the bioglasses. In particular, we focused on ions released from 

the viability and functional activity of the cells. The indirect culture 

assay was used, where ionic extracts conditioned media were used to treat cells. 

conditioned media were first treated at room temperature for 24 and 72 hours and the cell 

viability were measured by CCK assay, highest rate exhibited in cell proliferation. 

shows cell viability assays on bioglass samples (T0, T.2, T.4, T.6, T.8, and T1) and the 

culture for 24 h, and 72 h and is evaluated using cell counting kit (CCK

method. It is observed that the cell growth kinetics of all samples was 

attributed to formation of 

osphoric acid by the release of phosphate ions in physiological solution (SBF). Already it 

in accordance with the 

units, which enter into the glass network to form strong P–O–Ti 

weight loss values except T.6 

), which attains highest pH value when compared to other glasses containing 

decreases in pH and degradation results were found 

ence with increased density, glass transition temperature (Tg) values. 

 

aking period (0, 3, 7, 14 and 21days) of 

The rMSCs cells were used to know the 

. In particular, we focused on ions released from 

the viability and functional activity of the cells. The indirect culture 

assay was used, where ionic extracts conditioned media were used to treat cells. A 

conditioned media were first treated at room temperature for 24 and 72 hours and the cell 

cell proliferation. Fig.4.9 

shows cell viability assays on bioglass samples (T0, T.2, T.4, T.6, T.8, and T1) and the 

h and is evaluated using cell counting kit (CCK-8) 

s found to be enhanced 



 

significantly when compared with plastic control except T.8 (0.8 mol% of TiO

Among all samples, 0.6 mol% of TiO

Fig. 4.9 Evaluation of rMSCs

and 72 h by the CCK-8 method.

 
Moreover, all samples show

control as base line (assumed to be 100%). It means as

any toxic effects. If the viability assay values

[58]. Furthermore, the seeded rMSCs cells proliferate on the TiO

incubation time. The proliferat

mol%; later it decreases slightly compared with control. 

cell form a covalent bond due to TiO

properties and the effect leads to higher cell viability when compared with other samples  

discussed by researchers (

2011; Verket et al., 2012); 

resulting expansion of cell proliferation assays should have a titanium oxide effect 

densities and dependence on bone cell functio

enhance cell proliferation efficiency of glass sample containing titanium 

further increase in TiO2 creates inhibitory effects on cell growth and HAp layer formation

observation which is in good agreement with the XRD, FTIR, SEM and controlled dissolution

analysis. 
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significantly when compared with plastic control except T.8 (0.8 mol% of TiO

Among all samples, 0.6 mol% of TiO2 (T.6) doped bioglass showed high cell growth. 

rMSCs cells growth on TiO2 doped phosphate glasses culturing for 24

8 method. 

Moreover, all samples showed absorbance values greater than 90% with respect to plastic 

control as base line (assumed to be 100%). It means as-prepared bioglasses are not inducing 

any toxic effects. If the viability assay values were less than 70% they were

Furthermore, the seeded rMSCs cells proliferate on the TiO

incubation time. The proliferation enhances with time and also in TiO

later it decreases slightly compared with control. Therefore, the correct ligand of the 

due to TiO2 content increases and develops the certain bactericidal 

properties and the effect leads to higher cell viability when compared with other samples  

discussed by researchers (Lakhkar et al., 2012, Mozumder, Zhu, & Perinpanayagam et al, 

; this showed low cytotoxicity and good bioactivity 

resulting expansion of cell proliferation assays should have a titanium oxide effect 

and dependence on bone cell functions. While substituting TiO

enhance cell proliferation efficiency of glass sample containing titanium 

creates inhibitory effects on cell growth and HAp layer formation

good agreement with the XRD, FTIR, SEM and controlled dissolution

significantly when compared with plastic control except T.8 (0.8 mol% of TiO2) glass sample. 

high cell growth.  

 
phosphate glasses culturing for 24 h 

absorbance values greater than 90% with respect to plastic 

prepared bioglasses are not inducing 

they were treated as toxic 

Furthermore, the seeded rMSCs cells proliferate on the TiO2 doped glasses with 

TiO2 content of up to 0.6 

Therefore, the correct ligand of the 

the certain bactericidal 

properties and the effect leads to higher cell viability when compared with other samples  

Perinpanayagam et al, 

city and good bioactivity [59,60]. The 

resulting expansion of cell proliferation assays should have a titanium oxide effect of molar 

While substituting TiO2 for CaO would 

enhance cell proliferation efficiency of glass sample containing titanium by up to 0.6 mol%, 

creates inhibitory effects on cell growth and HAp layer formation, an 

good agreement with the XRD, FTIR, SEM and controlled dissolution 



 

4.8  Antibacterial analysis 

The antibacterial activity of T0, T.2, T.6 and T1 bioglass samples was tested against Gram

negative bacteria, E. coli, by 

 

Fig. 4.10 Antibacterial activity of the TiO

Escherichia coli. (a) The

concentrations monitored at 12

monitored up to 7 h at fixed concentration 1

Antibacterial tests using an agar diffusion plate.

 
Fig. 4.10 shows the antibacterial activity of TiO

against bacteria Escherichia coli.

that, Zn and Ti are a potent antibiotic against many

obtained showed that OD values d

species at different time intervals with fixed amount of bioglass (10

different amounts of bioglass samples (

the growth of E. coli with increase in Ti concentration leads to decrease in OD of the bacterial 

solution. The decrease in OD designates antibacterial activity of as

However, the increase of Ti significantly inhibit

the antibacterial tests of bioglass against 
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Antibacterial analysis  

The antibacterial activity of T0, T.2, T.6 and T1 bioglass samples was tested against Gram

, by optical density method (ODM).  

activity of the TiO2 doped zinc-phosphate bioglasses against bacteria

The bacteria viability during culture with bioglass with different 

oncentrations monitored at 12 h (b) The bacteria viability during culture 

h at fixed concentration 10mg/mL by Presto Blue assay (n

Antibacterial tests using an agar diffusion plate. 

shows the antibacterial activity of TiO2 doped zinc-

Escherichia coli.  It is a well-known fact and many available reports revealed 

that, Zn and Ti are a potent antibiotic against many bacterial species 

OD values decrease when bioglass samples are treated with bacterial 

species at different time intervals with fixed amount of bioglass (10 mg/mL) and also with the 

different amounts of bioglass samples (Fig. 4.10 a & b). On the other hand, the suppression of 

with increase in Ti concentration leads to decrease in OD of the bacterial 

solution. The decrease in OD designates antibacterial activity of as-prepared glasses 

of Ti significantly inhibits the growth of bacteria species. Moreover, 

the antibacterial tests of bioglass against E. coli using an agar diffusion plate confirm the 

The antibacterial activity of T0, T.2, T.6 and T1 bioglass samples was tested against Gram-

 
phosphate bioglasses against bacteria 

during culture with bioglass with different 

during culture with bioglass 

0mg/mL by Presto Blue assay (n=3), (c) 

- phosphate bioglasses 

known fact and many available reports revealed 

bacterial species [6,62,63]. The results 

when bioglass samples are treated with bacterial 

mg/mL) and also with the 

). On the other hand, the suppression of 

with increase in Ti concentration leads to decrease in OD of the bacterial 

prepared glasses [63,64]. 

the growth of bacteria species. Moreover, 

using an agar diffusion plate confirm the 
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formation of antibacterial effective zone around the sample observed after 7 h, shown in Fig. 

10(c). This difference may be due to the release of tiny amounts of ions Zn and Ti. As a 

consequence, the Zn and Ti co-delivery ions sufficiently inhibit the growth of bacterial 

species.  

 

5. Conclusions 

Titanium incorporated zinc phosphate based glasses were successfully developed by 

conventional melt quenching process and detailed investigations were carried out to know the 

influence on structural, mechanical, and biological properties for the fabrication of resorbable 

orthopaedic implants. The density, glass transition temperature and mechanical strength of as-

prepared glasses increase with increase in TiO2 content which is attributed to cross link 

densification of glass structure formed by strong P–O–Ti bonds. In vitro studies confirmed the 

development of rich crystalline HAp layer on the samples with incubation time (3, 7, 14 and 

21 days) and content of TiO2 up to 0.6 mol% in SBF. The glass samples turned more resistant 

to hydration, indicating reduced dissolution rate and pH values. Moreover, a controlled 

degradation with increase in Ti4+ was observed. High cell attachments and biocompatibility 

were noticed by cell proliferation and cytotoxicity tests were conducted using CCK-8 method 

on rMSCs cells. Furthermore, inhibition of bacteria species growth significantly with increase 

of TiO2 confirmed good antibacterial activity of the glasses. The results concluded that there 

was no inhibitory effect on HAp layer formation which is useful for generation of new bone 

tissues. Among all TiO2 doped samples, 0.6 mol% glass showed high mechanical strength, 

controlled pH and degradation behaviour along with in vitro bioactivity in vitro and is suitable 

for in vivo evaluation for bone resorbable implant development. 
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This chapter covers the structural aspects of ZnO–CaO–Na2O–P2O5 glasses mixed 

with Al2O3 ions, and results based on biological response and dissolution behaviour. In 

this chapter, physical properties such as density, molar volume, micro hardness and in vitro 

bioactivity test of glasses with Al2O3 content immersed in SBF solution for several of 3, 7, 14, 

and 21days, due to the pH variation as well as degradation rate, are also discussed. 

Structural analysis was carried out with the help of X-ray diffraction, SEM-EDS, and FTIR-

spectroscopy, and Biological studies on cell cytocompatibility and antimicrobial of results 

also figure in the chapter. 

  

Chapter -5 

 
Evaluation of HAp layer formation over Al3+ ions doped novel 

zinc-phosphate glasses for bone repair implant applications 
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5.1 Introduction 

Bioglasses and glass ceramics are crucial biomaterials employed in biomedical tissue repair 

and regeneration applications than metals and metal related composites due to their nontoxic 

behaviour, better corrosion resistance and improved mechanical properties [1]. The main 

advantage of these bioglasses is ability to form bone like mineral phase or crystalline HAp 

layer, when in contact with simulated body fluid (SBF). The formation of apatite layer 

confirms bioactivity of the materials in vitro and in vivo. The crystalline apatite layer formed 

can enhance cell proliferation and cell attachment, which leads to repair of defected bone 

tissues or generation of new soft or hard tissues [2]. Various types of bioglass implant 

materials have been developed for the purpose of repair and regeneration of defected hard and 

soft bone tissues. However, some materials show high mechanical strength and low 

bioactivity and others show poor strength and high bioactivity. Particularly, silica free 

calcium phosphate based glasses have great advantages, because of their chemical 

composition is quite similar to natural bone phase [3]. Moreover, phosphate based bioactive 

glasses can stimulate to form new bone due to their osteoinductive nature [4]. The main 

disadvantage of these glasses is high solubility rate and low fracture toughness. This limits the 

potential use of bio implants suitable for load bearing applications. Recently, numerous 

attempts have been made by researchers, in order to improve mechanical properties and 

achieve the controlled degradation by varying bioglass composition with suitable metal oxides 

such as ZnO, TiO2, SrO, MgO, Al2O3 etc. These metal oxides act as network modifiers and 

enable the release of non-bridging oxygen atoms (NBO’s) by breaking the continuity of glass 

network. As a result, the reactivity of the glass enhances when it interacts with aqueous 

medium and also leads to apatite formation on bioglasses [5,6]. 

 
Out of various metal oxides, strong and stable aluminium oxide can improve the 

fracture toughness and control the release of metal ions suitable for the development of 

phosphate based bioglass stable implants [5]. Besides, improvement of mechanical strength 

and control of solubility, the chemical durability of glasses was also found to increase 

enormously with the incorporation of Alumina oxide [7]. Pure Al2O3 acts as a Bioinert and 

also exhibits biocompatibility with living organs. The mechanical strength of Al2O3 is 

considerably high when compared with the bioglass materials [8]. It has been reported that the 

addition of Al2O3 to bioglasses improves the mechanical strength without degrading 

biocompatibility and also restrains hydroxyapatite layer formation depending on the glass 

composition and the content of Al2O3 [9,10]. According to McMillan, if the ionic field 
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strength (Z/r2) of metal ion is less than 5 Å−2, it acts as network modifier, where Z is in cation 

valence state and r is the radius of ion. If it is greater than 5 Å−2 then it act as network former, 

but for Al3+ it is ≈11.53 Å−2 [1]. Alumina enters glass network as AlO4 tetrahedra for higher 

concentrations, which makes the glass network very rigid and leads to improvement in 

mechanical properties. At lower concentrations the Alumina enters the network as AlO6 

octahedra causing intense bioactivity [3,7,11,12]. Al2O3 act as network stabilizer and forms 

strong covalent bonds (P–O–Al) with the P2O5 glass network [7]. Furthermore, Al2O3 plays 

the role of network former and slows down the rate of dissolution of bioglasses. The 

controlled release of Aluminium ions leads to the formation of Al3+ ion based apatite layer. 

On the other hand, the reduction of bioactivity and inhibition of hydroxyapatite (HAp) layer 

formation of the glasses in contact with the simulated body fluid (SBF) is observed due to 

increase in ionic field strength from the addition of a network of Aluminium oxide to the glass 

system [13]. At the same time, there is carcinogenicity and adverse impact on the bioactivity 

of glasses with the incorporation of huge amount of Al2O3 [14,15]. Most of the available 

earlier research reports focused on the effect of Al2O3 doped silicate based bioglasses only.  

There are very few reports are available on physico-chemical, mechanical and bioactive 

properties of Al2O3 incorporated phosphate based glasses. J.M. Smith et al studied in detail 

about the structural properties of Al2O3–Na2O–CaO–P2O5 glass as a function of aluminium 

content by neutron diffraction data analysis method [3]. Moreover, many researchers varied 

Aluminium oxide content in the glass system from 0 mol% to 5 mol% [1,5,7,16]. This study 

varied Al2O3 concentration from 0 to 10 mol% in silica free ZnO–P2O5 based glasses in order 

to enhance the bioactivity along with hardness. Still, there is a lack of reliable information 

about the influence of Al2O3 on biological and mechanical properties of P2O5 based glasses. 

So it is most essential to explore in detail in vitro biocompatibility, cell culture, cell 

proliferation and mechanical properties of alumina doped zinc phosphate glasses in particular. 

In the current report, we have fabricated novel Al2O3 doped 8ZnO–22Na2O–24CaO–

46P2O5 bioglass system. To the best of our knowledge, it is new and no one has reported 

studies on the glass system yet. The main objective of the present investigation is to study the 

effect of Al2O3 substitution by CaO on structural, physical, mechanical, thermal properties 

and in vitro bioactivity, cell viability and proliferation for the generation of resorbable implant 

material for bone repair and regeneration applications. 
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5.2 Results and Discussion 

5.2.1  Physical and Mechanical Properties 

Table 5.1 summarises, the various physical parameters and Vickers micro hardness of the as-

prepared bioglass samples with the addition of Al2O3, density, oxygen molar volume and 

oxygen packing density appeared to increase and there was a decrease in molar volume of the 

glasses. The variation of different physical parameters as a function of Al2O3 concentration is 

shown in Fig.5.1 (a) & (b). An increase in density is observed with Al2O3 content.  

 
Table 5.1 Physical and mechanical properties of the ZnO–CaO–Na2O–P2O5–Al2O3 glass 

system. 

 

The Aluminium enters glass network in the form of [AlO4] and [AlO6], when it 

replaces phosphate. In general phosphate contains a large number of P–O–P bonds. By the 

introduction of Al2O3 to the glass network, the breaking of P–O–P linkages occurs, leading to 

formation of new P–O–Al bonds. Moreover, these newly formed bonds are more stable than 

P–O–P and which lead to the more compactness of the glass structure [20,21]. On the other 

hand, the decrease in molar volume is attributed to the reduction in mole fraction of oxygen 

ions in the glass network [22]. The variation of Vickers microhardness as a function of Al2O3 

content of bioglasses is shown in Fig. 5.1 (c). The microhardness of glass samples increases 

from 325(±09.40) to 429(±12.83) Hv with increasing Al2O3 content in the glass network. On 

the same grounds as of density, a steady increment in the measured Vickers microhardness of 

bioglasses with increasing Al2O3 content is due to the strengthening of glass structure by 

increasing bond strength of P–O–Al ionic linkages [23] 

 
Sample 

code 

Molar    
mass 
(M) 

(g/mol) 

Molar 
volume 
(Vm) 
(cm3 

/mol) 

Density 
(ρg) 

(g/cm3) 

Oxygen 
molar 

volume 
(Vo) 

(cm3/mol) 

Oxygen 
packing 
density 
(OPD) 
(mol/1) 

Vickers 
hardness   

 (Hv) 

Al0 98.898 38.497 2.569 24.365 73.772 325(±09.40) 

 

Al2 99.816 38.688 2.580 24.332 74.440 329(±16.52) 

 

Al4 100.734 38.953 2.586 24.346 74.960 349(±15.81) 

 

Al6 101.651 38.917 2.612 24.172 76.059 368(±13.23) 

 

Al8 102.569 39.163 2.619 24.175 76.601 396(±16.32) 

 

Al10 103.487 39.274 2.635 24.094 77.404 429(±12.83) 
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Fig. 5.1 The variations of physical parameters (a) Density (g/cm3) and molar volume (b) 

Oxygen molar volume and Oxygen packing density values (c) Micro hardness as a function of 

Al2O3 content. 

  
In other words, it can also be explained that, there is a slight increase in the number of 

octahedrally coordinated Al3+ ions and stronger ionic cross linkages due to insertion of Al3+ 

ions between phosphate networks [5]. This in turn reduces the number of nonbridging oxygen 

atoms (NBO’s) and increases cross-linking density, compactness and rigidity of the glass 

network. Out of all prepared glasses, Al10 had highest Hv value.  

 
5.2.2 Differential thermal analysis 

Fig. 5.2 shows DTA graph for Al4 bioglass and Fig. 5.2 is presented in order to compare the 

variation of thermal parameters with increase of Al2O3 doping in bioglasses. Thermal 

properties such as glass transition temperature (Tg), crystallization temperature (Tc), melting 

temperature (Tm), ΔT and Hruby parameter are assessed from DTA graphs and are presented 

in Table 5.2. 



 

Fig. 5.2 Variation 

 
Table 5.2 Thermal

Sample Code 

Al2 

Al4 

Al6 

Al8 

Al0 

 
DTA curves in Fig. 5.2

is found in the range of 223.42

in the range of 698.71–796.17

range of 980.49–915.45 °C.
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 of thermal properties of the Al2O3 doped bioglass samples.

Thermal properties of aluminium doped bioactive glasses
 

   Tg (oC)    Tc (oC)    Tm (oC)     ΔT (oC)

223.42 698.71 980.49 475.29

258.53 724.42 936.89 465.89

293.61 737.27 927.87 443.66

302.82 779.16 918.12 476.34

308.35 796.17 915.45 487.87

Fig. 5.2, the glass transmission temperature (Tg) an endothermic effect 

223.42–308.35 °C, crystallization temperature (Tc), exothermic effect 

796.17 °C, and melting temperature (Tm), endothermic effect in the 

C. These results are in agreement with reports 

 

bioglass samples. 

luminium doped bioactive glasses 

C)      KH 

475.29 1.68 

465.89 2.19 

443.66 2.33 
 

476.34 3.49 

487.87 4.08 

glass transmission temperature (Tg) an endothermic effect 

C, crystallization temperature (Tc), exothermic effect 

melting temperature (Tm), endothermic effect in the 

These results are in agreement with reports elsewhere for similar 
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glasses. The results revealed that the incorporation of Al2O3 and the decrease in CaO content 

causes increase in glass transition and crystallization temperatures, and decrease in melting 

temperature. From Table 5.2 it is also observed that the stability of the glasses ΔT is not 

varying much with the variation of Al2O3 content in the glass. The highest Al2O3 content glass 

Al8 is found to have high Tg and Tc along with high stability (487.87) among all the glasses. 

Further, the glass shows good bioactivity [24].To examine the glass-forming potential of the 

study materials, Hruby parameter (1.68-4.08) was also measured. When Al2O3 ions are 

substituted for calcium ions, they form a strong covalent Al-O bond than Ca-O. This is 

because the electro negativity of Al2O3 is higher than that of calcium. These evolutions are 

presented in Table 5.2 [25]. Our results are in good agreement with those in previous studies 

on alumina phosphate glasses [24,26]. Tiwari et al., reported that initial rise in glass transition 

temperature and crystallization temperature may be the effect of glass network strengthening 

by Al2O3-induced cross-linking among phosphate chains [27]. In general, Tg and Tc reflect 

structure compactness in the glass structure arrangement. The more the degree of structural 

compactness in glass construction, the higher the value of Tg and Tc. Therefore, it is a lot 

easier to obtain glass when the structure is very compact. As the amount of Al2O3 rises with 

decrease in CaO, Al2O3 takes part in forming Al3+ glass structure and renders the glass 

structure far more compact as [AlO4] and [AlO6]. This is the principal reason that makes Tg 

grow steadily [28]. 

The Al2O3 in the glass structure can acquire the new P–O–Al instead of P–O. This enables 

the glass structure to become more solid. Moreover, Al2O3 can break the glass structure and 

the bond of P–O–Al instead of P–O–P, which is more stable compared to P–O–P [28,29]. 

Therefore, as the content of Al2O3 increases, the glass structure becomes more compact, 

leading to an increase of Tg, Tc and Tm. Furthermore, in the melting region, even though the 

initial temperature is almost unchanging for all composite samples, the melting process varies 

in each composition of different alumina percentage [30]. 

 

5.3   In vitro bioactivity analysis 

5.3.1 X- ray diffraction analysis 

The XRD patterns of Alumina doped phosphate bioactive glasses before and after immersion 

in SBF solution for various time periods (0, 3, 7, 14 days) are shown in Fig. 5.3(a) and 5.3(b, 

c, d, e & f) respectively. From Fig. 5.3 (a), it is found that a broad hallo hump over the region 

18°–34° for 2θ and the presence of any significant sharp intensity peaks in the diffraction 

patterns.  



 

 

 

 

 

 

 

 

Fig. 5.3 XRD patterns of the glasses before and after immersion in SBF soluti

time intervals: (a) 0days, (b) 3days, (c) 7

72-1243). 
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XRD patterns of the glasses before and after immersion in SBF soluti

: (a) 0days, (b) 3days, (c) 7days, (d) 14days and (e) 21days 

XRD patterns of the glasses before and after immersion in SBF solution for different 

days, (d) 14days and (e) 21days (Hydroxyapatite; 
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This corresponds to the diffraction effects due to the amorphous portion of the samples. 

Which evidencing the amorphous glassy nature of the as-prepared glasses [19]. The samples 

show no noticeable crystalline sharp peaks before immersion in SBF, which confirms the 

amorphous nature of all glasses (Fig. 5.3(a)). The well-defined intense crystalline peaks 

appeared after immersion of all bioglass samples in SBF for various time periods (3, 7, 14 and 

21days).It is a clear indication of crystalline hydroxyapatite (Ca10(PO4)6(OH)2) layer 

development over the surface of all glasses. Moreover, the broadening of hallo humps 

symmetrically without disappearing completely also confirms the crystalline HAp layer 

formation on glass samples. The intensity peaks observed for present glasses at various 

diffracted angles (consequent to HAp reflections 10.82(110), 15.28(021), 21.73(200), 

22.82(111), 25.87(002), 27.56(131), 31.74(211), 32.17(112), 40.81(103), 45.31(203), 

56.29(500), 66.31(143), 75.52(215)  (indexed using the JCPDS card No 72-1243) are 

shown in Fig. 5.3(b, c, d, e). After 3 days of immersion in SBF, the diffraction patterns show 

the development of two prominent peaks at  values of 31.74 and 45.32 corresponding to 

crystal planes (211) and (203) respectively, shown in Fig. 5.3. It is observed that, the peak 

intensity of HAp reflections (211) and (203) increases at with increase in content of Al2O3 

from Al2 to Al6 (2 to 6 mol% Al2O3) and then decreases from Al8 to Al10. The same trend is 

continued after 7, 14 and 21 days of immersion time in SBF solution but additional peaks are 

present along with the above mentioned two reflections at . 

 
Moreover, the intensities of the reflections at different values of increases gradually 

with an increase in incubation time up to 7days and then decrease slightly in 14 and 21 days 

shown in Fig. 5.3 (b, c, d, e & f). But all samples (Al2 to Al10) possess an excellent capability 

of HAp layer formation on the surfaces even for 3days of immersion to 21 days. The 

deposition of HAp layer over the bioglass samples indicates the bioactivity of the as-

synthesized glasses in vitro. Furthermore, in vitro analysis in SBF solution authenticates the 

bioactive potential of the glasses in vivo [31,32]. The formation of apatite layer is mainly due 

to increase of Ca2+ and PO4
3- ions concentration on the surface of glass by ion leaching from 

SBF, which initiate the development of amorphous calcium phosphate (CaO–P2O5) rich layer. 

The amorphous nature of HAp layer can be confirmed by the existence of broad humps 

centred at 2θ = 32◦ from XRD patterns of bioglass samples [33]. Later it can be converted into 

a crystalline HAp layer on bioglass surface [32]. Therefore, XRD results disclosed the 

enhancement in apatite layer formation capacity with Al2O3 content at the expense of major 

constituent CaO in the glass matrix without disturbing the concentration of ZnO, P2O5, and 

Na2O. Further the apatite layer formation is confirmed by FTIR and SEM analysis. 
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5.3.2  FTIR-Spectrometry  

Fig. 5.4 (a, b, c, d, e) shows FTIR spectral bands of as-prepared bioactive glasses (Al2, Al4, 

Al6, Al8 and Al10) before and after immersion in SBF for different time periods (3, 7, 14, and 

21 days). Fig. 5.4a shows the absorption spectral bands of bioglasses before being soaked in 

SBF solution. These untreated glass samples exhibit vibrational bands at 509, 545, 740, 902, 

1133, 1292, 1648, 2358, 2931 and 3438 cm-1. Most of these absorption bands in between 

500–1400 cm-1 are assigned due to presence of phosphate in the glass network. After 

immersion in SBF for different time periods (3, 7, 14 & 21days), new bands at around 548 to 

636 cm-1, 852 to 882 cm-1, 958 to 1070 cm-1, 1302 to 1526 cm-1, 2880 to 2893 cm-1, 3211 cm-1 

and 3712 to 3724 cm-1 emerge along with the existing bands of untreated samples. The 

presence of new vibrations, shifting of existing bands and change in peak intensities confirms 

the formation of a crystalline HAp layer on the surfaces of bioglass samples. It is well known 

that, aluminium enters the phosphate glass network as [AlO6] and [AlO4]. Octahedral units 

[AlO6] exist for small amounts of aluminium while it can be converted into tetrahedral units 

[AlO4] for higher amounts of Al2O3. This can enhance the glass stability by forming P–O–Al 

linkages, when [PO4] bonds with [AlO4] units [21,34,35]. The absorption bands at around545 

to 636 cm-1 are attributed to stretching vibration modes of P–O bonds [36-38] or ascribed to 

[AlO6] vibrations [21], which indicates the establishment of CaO–P2O5 apatite layer on as-

prepared glasses (Fig. 5.4 (b–e)). Initially a broad band centred at 545 cm-1 is appearing before 

immersion in SBF and then shifted to higher wavenumber following 3days of immersion on 

further increasing the incubation time from 7 days to 21 days, it is observed that the broad 

band split into two prominent bands (545 and 636 cm-1) centred by a small kink at 549 cm-1.  

The absorption peaks at around 740 to 748 cm-1 and 852 to 882 cm-1 are due to symmetric and 

asymmetric stretching of P–O–P vibrations, respectively [5,39,40]. The intensity of these 

peaks gradually decreases as the content of Al2O3 increases, which is due to replacement of 

P–O–P by P–O–Al linkage within the glass network, resulting in decrease in P–O–P linkage 

[21]. Moreover, these bands moved a little bit towards the lower wavenumber side with 

immersion time ranging from 3 days to 21 days.  Before immersion, a little broad band 

appeared at 902 cm-1 and it turned into a doublet with small peaks at 882 and 968 cm-1 after 

immersion in SBF for 3days, which is assigned due to P–O symmetrical stretching vibrations 

in tetra calcium phosphate (Ca4(PO4)2O). It symbolises presence of a crystalline HAp layer 

[41,42]. Moreover, these bands become sharper and shifted to higher frequency with increase 

in incubation time.  
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Fig. 5.4 FTIR spectra of the glass samples before and after immersion in SBF for different 

incubation times: (a) 0 days, (b) 3 days, (c) 7 days, (d) 14 days and (e) 21 days. 
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From Fig. 5.4(b–e), the bands which appeared at around 1065 cm-1 to 1070 cm-1 are 

the characteristic vibration modes of PO4
3- groups, which is clear sign of precipitation of 

hydroxyl apatite from SBF solution [41,42]. It is found that, there is no change in intensity 

increment between 3days and 7days of immersion while there is decrease with increase in 

incubation time. Moreover, there is no considerable shift in wavenumber with content of 

aluminium and also the immersed time. The band at about 1258–1302 cm-1 is assigned to 

asymmetric stretching modes of O–P–O bond [40,43]. Along with the presence of phosphate 

groups, the bands at around 1424 to 1526 cm-1 are attributed to carbonate groups (C–O), 

indicating the precipitation of B-type hydroxy carbonate apatite. The presence of these groups 

confirms the formation of HCA layer from HAp layer [44,45]. HCA layer is responsible for 

the bonding between bioactive material and the bone tissue for repairing and regeneration of 

new bone tissues. The occurrence of FTIR absorption bands from 1623 to 1648 cm-1 and 3438 

to 3722 cm-1may be ascribed to O–H bending and stretching vibrations, respectively, which 

indicate the hygroscopic nature of phosphate glass [46]. The bands located at around 2358 to 

2931cm-1 are assigned to stretching vibrations of P–O–H group /C–H stretching vibrations 

[46,47]. These results strongly point to the formation of HCA layer on as-prepared Al2O3 

doped phosphate bioglasses. Moreover, we can observe the influence of replacing small 

amounts of CaO by Al2O3 on the formation of HCA layer on the surface of the bioactive 

glasses and also the increase in life time of the HCA layer with immersion time from stable 

absorption peaks which appear in FTIR spectra (Fig. 5.4). Furthermore, the obtained FTIR 

results are supported strongly by the XRD results of bioactive glass samples. 

 
5.3.3 SEM-EDS Analysis  

The SEM micrographs and EDS spectra of bioactive glasses (Al6 and Al10) before and after 

soaking in SBF for 0, 3, 7, 14 and 21 days are shown in Fig. 5.5. The untreated sample 

surfaces show the homogeneous plane surface without any cracks, which indicates that no 

morphological changes occurred before immersion. After 3 days of incubation in SBF, some 

remarkable changes in the microstructure of the surfaces of all samples are enclosed typically 

with flake type of construction, which is evidence of formation of HAp layer on the glass 

surfaces. It is also confirmed from additional peaks that appear in EDS spectra, compared 

with spectra of untreated samples. In addition to Ca and P, EDS spectra reveals the presence 

of elements O, Zn, Mg, Cl, K and Al on the surfaces of all samples soaked in SBF. The 

existence of these elements is due to ion leaching between the glass and the simulated body 

fluid. Moreover, these elements are responsible for the growth of bone-like apatite 

precipitates over the glass surface (shown in Fig. 5.5). After 7 days, 14 days and 21 days of 
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immersion, the glass surfaces of Al6 and Al10 are all mostly covered with highly dens cotton 

foam like precipitated HCA layer. Moreover, these cotton foam or flake like HCA 

transformed into finer structure with increase in immersion time due to partial dissolution and 

re-precipitation phenomena in SBF solution [48]. 

 

 

Fig. 5.5 SEM-EDS of Al6 and Al10 bioglass samples before and after immersion for different 

incubation time periods: (a) 0 days, (b) 3 days, (c) 7 days, (d) 14 days and (e) 21 days. 

 
However, it is very clear from the SEM micrographs and EDS spectral peak intensities 

that there increase in the formation of HAp layer over the glass surface with increase in 

concentration of Al2O3 from 2 mol% to 6 mol% and then decrease in apatite layer density 

slightly from Al8 to Al10. This is due to the establishment of AlO6 octahedra up to 6 mol%, 

which leads to improvement of bioactivity of as-prepared glass sample by increasing the 

number of non-bridging oxygens. On the other hand, a slight decrease in HAC layer 
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formation beyond 6 mol% due to AlO4 tetrahedra formation in the glass network [49,50]. 

Himanshu Tripathi et al., observed the adverse effect on the bioactivity of the glasses with the 

inclusion of Al2O3 more than 1.5 mol% of Al2O3 or higher quantities in SiO2–CaO–P2O5–

SrO–Al2O3 glass system [7]. Most of the earlier reported research results disclose the 

inhibition of HAp formation with increase the content of Al2O3content in SiO2 and P2O5 

based bioglasses due to the formation of strong covalent bonds (Si–O–Al) and (P–O–Al) 

bonds respectively, with the glass network, which results in the compactness of the glass 

structure [7]. Contrary to previous results, the present system of glasses showed an increase in 

the crystalline nature of HAp with Al2O3 addition of up to 6 mol% and then slight decrease 

followed by further increase in Al2O3. SEM micrographs and EDS spectral analysis are in 

good agreement with the results obtained from XRD and FTIR analysis. 

 
5.3.4 pH measurement 

The evaluation of pH values gives the hydrolytical stability to all glasses in SBF solution. 

Fig.5.6 shows the variation of pH values in SBF solution after incubation of bioglasses for 

different time periods (0, 3, 7, 14 and 21 days). It is observed that there is an appreciable 

change in pH values during immersion time, which is due to ion leaching from the glasses to 

the SBF solution. After 3days of immersion there is an abrupt rise in pH values of glasses 

Al0, Al2, Al4, and Al6 from an initial value of SBF (pH=7.4 at 0days) and decreases for Al8 

and Al10, when compared with base glass Al0 (pH=7.51). After that there is a decrease in the 

trend of pH values with 7 days, 14 days and 21 days of incubation time. 

 

Fig. 5.6 pH variation of bioglasses with immersion time at initial pH 7.4 at 37 oC. 
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The initial increase in pH values of SBF of all glasses, when compared with pH value at 

0days of SBF may be due to the release of Na+ and Ca2+ ions through exchange with H+ or 

OH- ions in the simulated body fluid (SBF) solution. The cations Na+ and Ca2+released initiate 

the formation of HAp layer over the surface of glasses [51,52]. Afterwards, a slight decrease 

in pH value with increase in immersion period is observed due to increase in dissolution rate 

of glasses and decrease in sodium ion content. On the other hand, the formation of calcium 

phosphates and carbonates by precipitation of Ca2+ ions from the SBF solution leads to 

decrease in pH values and also the movement of Aluminium ions into solution makes it acidic 

in nature [53]. From Fig .5.6 it is very clear that, pH values increase by up to 6 mol% of 

Al2O3 and then decrease to 10 mol% of Al2O3 for 3 days of immersion. This increase in pH up 

to Al6 indicates increase in bioactivity up to 6 mol% Al2O3, which is due to formation of 

AlO6 octahedral units and creates more of non-bridging oxygens. Further, the decrease in 

bioactivity beyond 6 mol% of Al2O3 addition is due to formation of AlO4 tetrahedral units in 

the glass network. In other words, it can be explained that, a little drop in pH with increase in 

Al2O3 content is due to increase in glass strength with the addition of stabilizer cations to glass 

network, which leads to control of  dissolution of the glass sample in SBF solution [7]. In 

other words, the addition of Al2O3 decreases the release of phosphate ions in SBF solution 

due to its absorption in HCA layer formation and to the reduction of glass solubility [5]. 

These results are evidence of controlled release of ions from glasses, leading to the formation 

of a rich HCA layer. Further, these are supported by micrographs of SEM. So these bioglasses 

can form interfacial bonds with living bone due to formation of rich HCA layer on glass 

surfaces. 

 
5.3.5 Degradation measurement  

Fig. 5.7 shows the degradation behaviour of bioglasses as a function of soaking time in SBF. 

After 3days of immersion a sudden increase in weight loss is noticed, which is due to rapid 

release of ions from the glass sample to SBF solution. Later, a slight weight loss of all 

samples is found to increase for 7, 14 and 21 days of incubation periods. Moreover, it is 

clearly seen from Fig.5.7 that, the degradation of the all glass samples decreases with the 

increase of Al2O3 content from 2 mol% to 10 mol% in the glass system. The minimal weight 

loss of the sample is found to be Al10. So there is a considerable low weight loss due to 

reduction of ion release from the samples. During dissolution processes, there is  release of 

Ca2+and PO4
3− ions which in form increases the release of Na+, Ca2+ and Al3+ ions into the 

surrounding SBF solution and causes degradation of the glass, which results in super 
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the release rates of Ca2+ and PO
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decrease in bioactivity. Conversely, the present system of glasses is showing high bioactivity 

and mechanical strength. This is possible only when there is controlled degr

glasses with increase in content of

high degradation, while Al

bioglasses. In the present study,

the presence of ZnO and addition of Al
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prepared aluminium incorporated bioglasses

and bone regeneration. 
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saturation of calcium and phosphate, helping to formation of  HAp layer.

and PO4
3− from biomaterials are associated with 

Weight loss (%) of undoped and Al2O3 doped glasses as a function of immersion 

Most of the previous reports on aluminium doped phosphate based glasses showed low 

high amount of aluminium present in glasses [4,

weight loss with an increase of Al2O3 content is due to decrease in the number 

bonds and the formation of strong P–O–Al bonds, which weaken the connectivity of 

phosphate network and also replacing of Na+ with Al3+ ions take place, which 

Conversely, the present system of glasses is showing high bioactivity 

and mechanical strength. This is possible only when there is controlled degr

increase in content of Al2O3. It is well known fact that ZnO doped glasses shows 

high degradation, while Al2O3 doped glasses show very low degradation in phosphate based 

In the present study, the base glass (0 mol% Al2O3) has high degradation due to 

ZnO and addition of Al2O3 may stabilize the degradation rate of ZnO

bioactivity. This explanation is supported experimentally by pH analysis and 

visually by SEM micrographs. These results report the formation of a rich HCA layer on

prepared aluminium incorporated bioglasses, which are more suitable for in vitro cell culture 

p layer. It is well known that 

d with bioactivity [3,54]. 

 

doped glasses as a function of immersion 
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[4,5,7]. The decrease in 

the number of P–O–P 

Al bonds, which weaken the connectivity of 

ions take place, which results in 

Conversely, the present system of glasses is showing high bioactivity 

and mechanical strength. This is possible only when there is controlled degradation of the 

. It is well known fact that ZnO doped glasses shows 

doped glasses show very low degradation in phosphate based 

) has high degradation due to 

may stabilize the degradation rate of ZnO–P2O5 

bioactivity. This explanation is supported experimentally by pH analysis and 

ation of a rich HCA layer on as 

more suitable for in vitro cell culture 



 

 
5.3.6  Cytocompatibility and 

Fig. 5.8 exhibits the cell viability 

and control during rMSCs 

Interestingly, glass samples from Al2 to Al8 show

compared with control except Al10 for 2

enhances with an increase in Al

implying the possible ionic effects on rM

slightly with an increase in concentration of Al

decreases in case of 72 h culturing as shown clearly in

proliferation of Al6 (6 mol%) sample is show 

Al2O3 doped samples except the base sample (Al0 or 0 mol% 

cell proliferation of Al6 improved after culturing 

proliferation is observed for Al8 and Al10, which is ascribed to very low degradation of the 

glass. In other words the slight reduction in cell proliferation with an increase in Al

after 3 days may be due to the network forming action of Al

Himanshu Tripathi et al. studied in vitro bioactivity and structural properties of the SiO

CaO–P2O5–SrO–Al2O3 bioactive glasses and reported the inhibition of cell viability and 

proliferation beyond 1.5 mol% of

Fig. 5.8 Cytocompatibility

cells and CCK-8 method. 
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and Proliferation 

exhibits the cell viability on Al2O3 doped bioglasses (Al2, Al4, Al6, Al8 and Al10) 

 culture for 24 h and 72 h and is as assessed by a CCK

Interestingly, glass samples from Al2 to Al8 showed considerable high cell viability when 

compared with control except Al10 for 24 h and 72 h. It is observed that, 

enhances with an increase in Al2O3 content up to 6 mol% (Al6) with respect to control, 

implying the possible ionic effects on rMSCs viability. Afterwards, it is found to decrease 

slightly with an increase in concentration of Al2O3 at 10 mol% (Al10) for 24

h culturing as shown clearly in Fig. 5.8. The viability and cell 

Al6 (6 mol%) sample is show significantly higher values compare

doped samples except the base sample (Al0 or 0 mol% Al2O3). 

cell proliferation of Al6 improved after culturing it for 72 hours. A slight decrease in 

iferation is observed for Al8 and Al10, which is ascribed to very low degradation of the 

glass. In other words the slight reduction in cell proliferation with an increase in Al

days may be due to the network forming action of Al2O3 in the glass system.

Himanshu Tripathi et al. studied in vitro bioactivity and structural properties of the SiO

bioactive glasses and reported the inhibition of cell viability and 

mol% of Al2O3 addition [7]. 

Cytocompatibility and Proliferation analysis of the bioglasses assessed by 

doped bioglasses (Al2, Al4, Al6, Al8 and Al10) 

h and is as assessed by a CCK-8 method. 

considerable high cell viability when 

h. It is observed that, cell viability 

content up to 6 mol% (Al6) with respect to control, 

SCs viability. Afterwards, it is found to decrease 

at 10 mol% (Al10) for 24 h and further 

The viability and cell 

significantly higher values compared to other 

 Moreover, the rate of 

for 72 hours. A slight decrease in 

iferation is observed for Al8 and Al10, which is ascribed to very low degradation of the 

glass. In other words the slight reduction in cell proliferation with an increase in Al2O3 mol% 

in the glass system. Recently, 

Himanshu Tripathi et al. studied in vitro bioactivity and structural properties of the SiO2–

bioactive glasses and reported the inhibition of cell viability and 

 

roliferation analysis of the bioglasses assessed by rMSCs 
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Many researchers have reported reduced bioactivity and increased mechanical strength 

of Al2O3 doped silicate and phosphate based bioglasses with increase in content of Al2O3 on 

account of very low dissolution rate of ions and formation of more number of strong P–O–Al 

covalent bonds with an increase of alumina content in the glass network [5,7,10]. On the 

contrary with regard to previous research reports on Al2O3 doped phosphate glass systems, the 

present results of zinc-phosphate based glasses containing aluminium confirmed effectively 

controlled the release of Al3+ ions. This leads to enhancement in cell viability and cell 

proliferation. Out of all glasses, the viability of Al6 (6 mol% Al2O3) is significantly high. 

Moreover, the rate of cell proliferation of Al6 improved after culturing for 72 h. So the 

material can stimulate the bone growth effectively and these glasses can be suitable for bone 

repair implants. 

 
3. Conclusions 

Aluminium doped phosphate based bioactive glasses were developed using melt quenching 

method and the influence of Al2O3 on structural and bioactivity behaviour of phosphate 

glasses was investigated for bone regeneration implant applications. The results showed that 

the density and microhardness, thermal properties (Tg, Tc & Tm) of glass samples increases 

with increasing Al2O3 content due to the strengthening of glass structure by increasing bond 

strength of P–O–Al ionic linkages. Sample Al10 is showed high mechanical strength among 

them. The formation of a rich HCA layer on the surface of sample immersed in SBF solution 

enhanced with incubation time and also with increase in content of Al2O3 by up to 6 mol% of 

alumina and then decreased slightly as confirmed from XRD, FTIR, SEM and EDS, which 

indicates good bioactivity of as-prepared samples. Besides, bioactivity is also confirmed by a 

decrease in pH values and controlled dissolution of bioglasses in SBF with increase content of 

Al2O3. Moreover, the HCA layer formed might live longer time on phosphate glasses due to 

controlled decrease in solubility by the inclusion of alumina. The growth of rMSCs cells on 

glass samples indicates enhancement in cell viability and cell proliferation. The 

biocompatibility of Al6 (6 mol% Al2O3) is significantly higher compared to remaining 

glasses. Moreover, it is observed that the rate of cell proliferation of Al6 improved after 

culturing it for 72 h of all samples A6 showed enhanced bioactivity and high mechanical 

strength. So this glass sample (6 mol% Al2O3) can effectively stimulate bone growth and also 

can be appropriate for development of bone repair resorbable implants.  
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This chapter has systematically studied the structural aspects of ZnO–Na2O–CaO–P2O5 

glass matrix with Zr4+ ions. In this chapter physical properties of density, molar volume, 

micro hardness and in vitro bioactivity of the matrix immersed in SBF solution for several of 

3, 7, 14, and 21days, further were tested pH variation as well as degradation rates, are also 

discussed. Then structural analysis done with the help of X-ray Diffraction SEM-EDS, FTIR-

Spectroscopy, TG-DTA and Biological studies on cell cytocompatibility and antimicrobial of 

results are briefly detailed in this chapter. 

  

Chapter - 6 

 
In vitro bioactivity, antibacterial activity and functionality of 

zirconia doped zinc phosphate bioglasses for application in 

dental and orthopedics 
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6.1 Introduction 

Zirconium containing glasses and glass ceramics have been identified as prospective bioactive 

materials for use in dental and orthopaedic implant applications [1-3]. The first bioactive glass 

was formulated as 45S5 by Prof. Larry Hench in 1969 and is used successfully in many 

clinical applications such as bone defect repair, regeneration of new bone, bone filler 

materials, dental, and orthopaedic implants [4-6]. These aforementioned potential applications 

of bioglasses are possible only because of their exceptional properties like biocompatibility, 

bioactivity, osteoconductivity, antibacterial, and angiogenesis etc., [2,3]. The uniqueness of 

the bioglasses is to form new bone bond with living tissues, when it comes to physical contact 

as a biological response. The chemical bond formed or interface is nothing but biologically 

active apatite known as hydroxyl carbonate apatite (HCA). This apatite layer ties strongly the 

implant material and host tissue chemically [4,7]. A variety of oxide based bioglasses, such as 

SiO2, B2O3 and P2O5 etc., are available. Out of which P2O5 based bioactive glasses have been 

attracted significant attention as materials to be used in the field of tissue engineering, because 

of high bioactivity, easily dissolvable nature and low mechanical strength. Moreover 

phosphate enters glass network as PO4 structural units. However, these phosphate based 

bioactive glasses are not suitable for load bearing applications due to poor mechanical 

strength and low fracture toughness and high degradation rate, which might be ascribed to 

high amorphous nature of the glasses [4]. It is a well-known fact that improved bioactivity 

and other functional properties of the bioglasses can be achieved by choosing the initial 

composition and incorporation of other oxide materials to host composition [4-6].  

Additionally, several therapeutically active ions such as zinc, titanium, strontium, zirconia, 

cobalt, fluoride and magnesia etc., have been included by incorporating them into various 

glass systems to improve bioactivity along with functionality. Nevertheless, zirconia 

incorporation in bioglasses have attracted many researchers because of its special features 

which are functionality most suited in the fields of orthopaedic and dentistry [8]. 

 
The addition of zirconia (ZrO2) to phosphate glass network can enhance bioactivity 

along with mechanical strength. ZrO2 enters glass network in the form of ZrO6 octahedra 

structural units and forms Zr–O–Si and Zr–O–P covalent bonds in silica and phosphate glass 

networks respectively, in order to reinforce glass network [9,10]. Zirconium oxide exists 

mainly in three crystalline phase structures; monoclinic phase (m-ZrO2), tetragonal phase (t-

ZrO2) and cubic phase (c-ZrO2), and their structural stability depends on the temperature. 

Based on the stability, the mechanical properties also alter. The tetragonal phase of ZrO2 

ensures a stable structure at a high temperature of around 1170–2370 oC with good 
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mechanical strength in comparison with other two crystalline phases. The stabilization of 

tetragonal phase at room temperature can also be attained by adding metal oxides like CaO, 

MgO, Na2O, CeO2 and Y2O3 etc., in order to fabricate high strength implants [11-13]. Along 

with these extraordinary mechanical properties, zirconia doped bioglasses showed good 

biological properties. Zirconia is a biocompatible and bioinert ceramic material. It is unable to 

form any direct bond with bone or show any osteoconduction environment. Significantly 

small amounts of zirconia might reduce the rate of crystallization or enhance the amorphous 

microstructure, which leads to increase in degradation and that makes bioglass as more 

bioactive [10]. Glasses containing zirconia can’t induce cytotoxicity side effects with soft and 

hard tissues and it also displays favourable antibacterial effects. Moreover, it does not release 

any harmful constituents in the human body during dissolution processes. This is also 

confirmed by the earlier reports related to in vitro and in vivo toxicity tests [8,14,15]. Besides 

having good biological properties, zirconia based glasses and glass ceramics also have the  

mechanical properties of them almost close to those of strong metals and alloys such as 

stainless steel etc., [16]. Zirconia based ceramics are being used in place of titanium and 

alumina based implants in orthopaedic and dentistry due to their comparable mechanical 

strength and nontoxic behaviour, titanium implants showed some cytotoxicity effect on 

tissues. Because of these superior qualities, Zirconia based glasses and glass ceramics are 

considered as ideal choice of  material for development of biomedical implants for 

orthopaedic and dentistry [8]. D.G. Wang et al., studied the influence of ZnO and ZrO2 on 

structure, mechanical properties, degradability and in vitro bioactivity of wollastonite and 

they also developed and characterized MgO–CaO–SiO2–P2O5–CaF2 bioactive glass-ceramics 

doped with ZrO2 [17,18]. Ting Lei et al., investigated the effect of small amounts of ZrO2 on 

the dissolution behaviour, pH variation, and in vitro bioactivity along with  mechanical 

properties of CaO–P2O5–SiO2–SrO glass system by sol-gel method, and they found enhanced 

bioactivity and controlled dissolution [19]. V. K. Marghussian et al., developed CaO–TiO2–

P2O5 micro porous glass-ceramic by adding zirconia and also observed the improvement in 

chemical durability and mechanical strength in the presence of ZrO2 [20].  Jin cheng Du et al., 

discussed the effect of ZrO2 on the local environment and medium-range structure of the 

soda-lime silicate glasses by using molecular dynamics simulation method by means of  pair 

distribution function and bond angle distribution calculations [9]. V. Rajendran et al., 

fabricated P2O5–Na2O–CaO–ZrO2 glasses by varying  of  ZrO2 contents upto1.0 mol% in 

place of Na2O and they pointed out that 0.75 mol% of ZrO2 containg glass displaying higher 

bioactivity and good mechanical strength out of other compositions [21]. The aforementioned 
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studies are related to ZrO2 incorporated high silica based bioglasses and glass ceramics   

[9,17-20]. Most of the researchers have looked at structural, mechanical and bioactivity of 

SiO2 based bioglasses influenced by zirconia content and the research reports revealed that, 

mechanical properties enhance tremendously and bioactivity decreases with increase in ZrO2 

content.  

 
However, very few reports are available on zirconia contain P2O5 based bioglasses and 

glass ceramics [20,21]. Moreover, there is no unblemished and ample evidence about the 

impact of Zr4+ ions in the phosphate glass structure, which leads to modify the degradation 

rate, bioactivity, mechanical strength cell proliferation and antibacterial activity of bioglasses 

used for tissue engineering applications. In view of such lack of information about the effect 

of zirconia on phosphate network and their applications, we made an attempt to explore these 

gaps by choosing a novel zinc phosphate bioglass system by the inclusion of small amounts of 

ZrO2 without compromising the mechanical strength on rate of bioactivity.  

 
In the present study, we have reported in detail about the HAp layer formation, 

cytocompatibility, rMSCs proliferation, antibacterial activity against three strains E.coli, 

S.aureus and P. Aeruginosa and structural and mechanical properties altered by the addition 

of small amounts of zirconia and also the suitability of as-developed glasses for dental and 

orthopaedic implant applications. 

 
6.2 Results and Discussions 

6.2.1 Physical parameters  

The structural changes that occurred by the inclusion of metal oxides to bioglasses can be 

studied by measuring physical parameters like density, molar volume, oxygen packing density 

and oxygen molar volume of the as-prepared glasses. The values of various physical 

parameters are presented in Table 6.1. From Fig. 6.1(a) & (b) the density and molar volume of 

as-prepared ZrO2 doped bioglasses showed opposite behavior. It is clearly noticed that, the 

density of glasses increases from 2.569 to 2.588 gcm-3, while molar volume decreases from 

38.496  to 38.389 cm3 /mol with increase in the content of ZrO2 (0.1 to 0.7 mol%). Likewise, 

with the addition of ZrO2, oxygen packing density appeared to increase from 73.772 to 

74.148, while the oxygen molar volume of the glasses decreased from 24.365 to 24.194 

cm3/mol. This increase in density and decrease in volume with the addition of zirconia in 

place of CaO at constant mol% of Na2O, ZnO, and P2O5 is attributed to the formation of 

terminal oxygen by demolishing P–O–P bonds. Consequently, Zr4+ ions are interconnected to 



 

PO4 tetrahedral by non-bridging oxygen (NBOs). In other words the establishment of ionic 

cross-linking between NBOs of two differen

[3,21]. 

 
Fig. 6.1 Variation of physical parameters (a) 

volume and oxygen packing density  as a function of ZrO

Table 6.1 Physical and mechanical parameters of the ZrO

6.2.2 Microhardness and Fracture toughness

The variation of vickers micro

of zinc phosphate bioglasses are shown in 

summarised in Table 6.1.

increased gradually from 3.42 (±0.1001) to 3.95 (±0.0807) GPa 

(MPa m1/2) respectively, with increasing the ZrO

noticed that, there is considerable increment in the microhardness and fracture toug

 

Sample 

code 

Molar    

mass(M) 

(g/mol) 

Molar  

volume 

(Vm)    

(cm3

Zr0 98.898 
 

38.496

Zr.1 98.965 
 

38.418

Zr.3 99.101 
 

38.409

Zr.5 99.234 
 

38.399

Zr.7 99.368 
 

38.389
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bridging oxygen (NBOs). In other words the establishment of ionic 

linking between NBOs of two different chains may lead to glass structure reinforcement 

hysical parameters (a) Density, Molar volume, 

volume and oxygen packing density  as a function of ZrO2 (mol%) content.

 
Physical and mechanical parameters of the ZrO2 doped 

and Fracture toughness 

microhardness and fracture toughness as a function of ZrO

of zinc phosphate bioglasses are shown in Fig. 6.2 (a) & (b) and the related values are 

. The values of Vickers microhardness and fracture toughness 

3.42 (±0.1001) to 3.95 (±0.0807) GPa and from 

) respectively, with increasing the ZrO2 content in the glass network. It is clearly 

noticed that, there is considerable increment in the microhardness and fracture toug

olar  

volume 

(Vm)    
3/mo) 

Density 

(ρg) 

(g/cm3) 

Oxygen 

molar 

volume 

(Vo) 

(cm3/mol) 

Oxygen 

packing 

density 

(OPD) 

(mol/1) 

Vickers

hardness

Hv (GPa)

38.496 2.569 24.365 73.772 3.19 
(±0.0921)

38.418 
 

2.576 24.300 
 

73.948 
 

3.42 
(±0.1001)

38.409 
 

2.579 24.274 
 

73.986 
 

3.60 
(±0.1088)

38.399 
 

2.581 24.257 
 

73.995 
 

3.75 
(±0.0895)

38.389 
 

2.588 24.194 74.148 
 

3.95 
(±0.0807)

bridging oxygen (NBOs). In other words the establishment of ionic 

t chains may lead to glass structure reinforcement 

Density, Molar volume, (b) Oxygen molar 

(mol%) content. 

doped bioglasses 

 

and fracture toughness as a function of ZrO2 content 

and the related values are 

ickers microhardness and fracture toughness 

and from 0.259 to 0.313 

content in the glass network. It is clearly 

noticed that, there is considerable increment in the microhardness and fracture toughness 

Vickers 

hardness 

Hv (GPa) 

Fracture  

toughness 

KIC     

(MPa 

m1/2) 

3.19 
(±0.0921) 

0.251 

3.42 
(±0.1001) 

0.259 

3.60 
(±0.1088) 

0.262 

3.75 
(±0.0895) 

0.273 

3.95 
(±0.0807) 

0.313 



 

130 
 

values, when compared with Zirconia free bioglasses [26,27]. The optical microscopic images 

of Vickers indentation impressions of Zr.1, Zr.3, Zr.5, and Zr.7 glasses are illustrated in Fig. 

6.2(c). 

 

 

Fig. 6.2 Mechanical parameters as a function of ZrO2 (mol%) concentration, (a) Micro 

hardness vs ZrO2 (mol%) (b) Fracture toughness vs ZrO2 (mol%) and (c) Optical images of 

vickers indentation for Zr.1, Zr.3, Zr.5 and Zr.7 glass samples. 

 
The fracture toughness of bioglasses are calculated using Hv values and from measuring 

the crack length from optical microscopic Vickers indent impressions of the samples. A 

significant enhancement in hardness values with ZrO2 content is due to the establishment of 

new P–O–Zr bonds by breaking P–O–P bonds, which leads to densification of phosphate 

glass network [21]. In other words, with increase in the amount of ZrO2, during the heating 

process, the ions present in the precursors attracted by Zr4+ might be devitrified in complex 

and dense glassy network, which leads to decrease in porosity and strengthen the glass 

network [3]. 



 

6.2.3  Thermal properties

The results of thermal analyses (DTA) are shown in 

values Tg, Tc, and Tm of ZrO

of glass transition temperature (Tg) from 

(Tc) from 335.675 to 386.324 

increases with increase in content of 

increase of ZrO2 from 0.1 to 0.7 mol% 

through non-bridging oxygen ions (NBO) and the number of bonds per unit volume.

addition, increase in Tg can also be due to the increasing aggregation effect of ZrO

glass network and slow mobility of large Zr

network. The exothermic Tc and endothermic Tm peaks are also increase gradually with the 

addition of ZrO2 (of Zr+4 ions (0.72 A

increasing ZrO2, through the reduction of non

[1,15,3]. 

 

Fig. 6.3. 
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properties 

The results of thermal analyses (DTA) are shown in Fig. 6.3 and Table 6.2.

values Tg, Tc, and Tm of ZrO2 doped glass samples are summarized in 

of glass transition temperature (Tg) from 262.211 to 301.156 oC, crystallization temperature 

386.324 oC and melting temperature (Tm) from 672.676 

increases with increase in content of ZrO2 from 0.1 to 0.7 mol%. The increase in Tg with an 

0.1 to 0.7 mol% is due to an increase in the average crosslink density 

bridging oxygen ions (NBO) and the number of bonds per unit volume.

addition, increase in Tg can also be due to the increasing aggregation effect of ZrO

glass network and slow mobility of large Zr4+ ions, which lead to more rigidity of the glass 

The exothermic Tc and endothermic Tm peaks are also increase gradually with the 

ions (0.72 A˚)). Furthermore, there is a rising  glass viscosity with 

, through the reduction of non-bridging oxides and/or high ionic field strength

. DTA-TGA analysis curves of ZrO2 doped bioglasses

 

Table 6.2. The temperature 

doped glass samples are summarized in Table 6.2. The values 

C, crystallization temperature 

672.676 to 697.495 oC 

The increase in Tg with an 

to an increase in the average crosslink density 

bridging oxygen ions (NBO) and the number of bonds per unit volume. In 

addition, increase in Tg can also be due to the increasing aggregation effect of ZrO2 on the 

ions, which lead to more rigidity of the glass 

The exothermic Tc and endothermic Tm peaks are also increase gradually with the 

rising  glass viscosity with 

bridging oxides and/or high ionic field strength 

 

doped bioglasses 
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Table 6.2 Thermal properties of the ZrO2 containg bioglasses 

Sample code   Tg (oC)   Tc (oC)   Tm (oC)     ΔT (oC)     KH 

Zr.1 262.211 335.675 672.676 73.465 0.220 

Zr.3 271.102 349.210 686.926 78.108 0.231 

Zr.5 280.404 362.875 691.843 82.471 0.250 

Zr.7 301.156 386.324 697.495 85.168 0.273 

 

In the current ZrO2 doped glasses, the glass stability (ΔT) values increases, from 73.465 °C to 

85.168 °C and Hruby criterion (H) increases from 0.220 to 0.273 with the content of ZrO2, 

which undoubtedly designates the high stability and the good glass-forming tendency of as-

prepared glasses. The abstained results confirming the structure formation and thermal 

stability of the zirconia incorporated bioglasses. 

 

6.3 In vitro HAp layer conformation 

6.3.1  X-ray diffraction (XRD) analysis  

Fig. 6.4 illustrates XRD traces of all bioactive glass samples before and after immersion in 

SBF solution for various time intervals (0, 3, 7, 14 and 21days). A clear broad hump is 

detected between 20-35° (2θ) of XRD patterns before incubation in SBF. It indicates the 

amorphous nature of the as-synthesized glass samples and is shown in Fig. 6.4(a). Moreover, 

addition of zirconia could not create any crystalline signals in the homogeneous phosphate  

glass network [28]. The in vitro bioactivity of bioglass samples post-immersed in SBF 

solution for 3, 7, 14, and 21 days are shown in Fig. 6.4(b, c, d, e). The presence of crystalline 

peaks in XRD traces confirms the development of microstructure hydroxyapatite (Ca10 (PO4)6 

(OH)2) layer on glass surfaces [22,29]. This is evident from the peaks observed at diffracted 

angles (2θ): 10.83o, 15.27o, 21.73o, 22.82o, 25.86o, 27.56o, 31.75o, 40.69o, 45.32o, 56.28o, 

66.35o and 75.56o corresponding to the reflections 110, 021, 200, 111, 002, 112, 211, 221, 

203, 500, 143 and 215 respectively. These intense crystalline peaks of the XRD pattern were 

indexed using JCPDS card No: *72-1243, @40-0008, 76-0694. It is detected that 

incubation time plays a crucial role to enhance HAp layer formation on bioglass surfaces 

based on ratios of calcium and phosphate, when compared with the initial phase [22,30,31].  

After 3 days of immersion (Fig. 6.4b), the appearance of new strong peaks at 31.74o (211) and 

45.32o (203) in the XRD patterns indicates the development of crystalline phases of calcium 

phosphate hydroxide (HAp) [32]. 



 

133 
 

 

Fig. 6.4 XRD patterns of the bioglasses before and after immersion in SBF solution for 

different (a-0days, b-3days, c-7days, d-14days and e-21days) time intervals. 
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Further, increasing the incubation time for 7, 14 and 21days, entering of additions peaks along 

with the prominent intense peaks presented during 3days of incubation is observed. It is found 

that, all the reflections related to HAp increase with the incubation time. In addition the 

intensities of reflections increase with the content of ZrO2 from 0.1 mol% to 0.5 mol% and 

then decreases further increase in the concentration of zirconia (for 0.7 mol%) in the glass 

network after immersion, shown clearly in Fig. 6.4(b,c,d,e). The formation of calcium 

phosphate layer attributed to ions leaching from the bioglass to SBF solution and this ion 

leaching is more prone towards amorphous glass structure than the crystalline structure [33]. 

This is the added advantage of the glasses to possess high bioactivity. Montezarian et al.,[34] 

Observed that, the substitution of ZrO2 in replacement of CaO might enhance the density of 

Zr4+ ions near the [PO4]
3- units. Due to this formation of  the glass network increases in the 

form of ZrO4 structural units [19] 

 
In the present system of as–prepared bioglasses follows the same trend with the addition 

of ZrO2 to the base glass, which results in reducing the crystallization affinity in the glass 

network. This confirms the chosen zirconia doped phosphate bioglasses have great capacity to 

form HAp layer. Further, these obtained XRD results are verified and supported in detail by 

the FTIR and SEM-EDS analysis. 

 
6.3.2  FTIR spectroscopy analysis 

Fig. 6.5 designates the structural properties of bioglasses assessed using FTIR spectra before 

and after immersion for various time periods (0, 3, 7, 14 and 21 days) and corresponding 

various absorption bonds are summarised in Table 6.3. From Fig. 6.5(a) it is observed that 

various absorption band intensities of all glass samples as a function of wave number are 

noticed at ~506, 749, 910, 986, and 1066, 1269, 1640, 2364, and 3349 cm-1. These are in 

accordance with the available previous FTIR spectroscopic studies available on phosphate-

based glasses. The absorption band at 506 cm-1 can be assigned by P–O bending amorphous 

while at 749 cm-1, it is due to symmetric stretching of P–O–P bridges [35,36]. The intensity 

peaks at 910 and 986 cm-1 are ascribed to asymmetrical stretching ʋas(P–O–P) bonds (Q2 

phosphate units), and while the other shifts to higher shoulder centred peak at 986 cm-1 are 

due to symmetrical stretching ʋs(PO3)
2- in Q1 units, respectively [37,38]. Around 1066 cm-1 

the band is assigned by asymmetric stretching vibration of the meta phosphate group ʋas(PO3). 

Here, band at ~1269 cm-1 is ascribed to asymmetric stretching vibration of O–P–O groups (Q2 

phosphate tetrahedron) [39-41]. At the absorption bands, 1640 cm-1 is ascribed due to P–O–H 

water molecule. The weak band at 2364 cm-1 is due to various construction sites of P–O–H 
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group vibration or attributed to stretching of CO2 [42-44]. The broad intensity peak at 3449 

cm-1 is ascribed to O–H symmetric stretching groups [40]. From Fig. 6.5, we have observed in 

all glass samples that band intensity is slightly increased along with increase in Zirconium 

content [42]. After immersion of glasses for 3, 7, 14 and 21days in SBF solution, an 

additional prominent absorption bands representing hydroxyapatite layer (556 to 560, 664, 

734 to 739, 914 to 920, 1114 to 1120, 1274, 1290 cm-1), carbonate (C) and hydroxyl (OH) 

groups (1404–1406, 1460, 1552, 1636–1641, 1650, 2096, 2850, 2928–2930, 3230, 3410–

3426 cm-1) are emerged along with the fore mentioned bands in untreated glass samples as 

shown in Fig. 6.5(b,c,d,e). The bands are concentrated at 556–560 cm-1, 664 cm-1 and shift 

towards higher wavenumber with immersion time ascribed to P–O bending vibrations of 

apatite PO4
3- tetrahedral [45]. The absorption peak in the range of 734 to 739 cm-1 can be 

assigned to the symmetric stretching ʋs(P–O–P) mode [35,37,38,46]. This is a good sign of 

establishment of pyrophosphate units in the glass network? The spectral bands between 914–

920 cm-1 are attributed to asymmetric stretching mode of P–O–P linkages [41,44,47]. A broad 

peak noticed at 1116 to 1120 cm-1 is attributed to asymmetric stretching mode of (PO3)
2– in 

Q1 units. The presence of broad peaks in FTIR spectra is associated with the formation (α-

Ca2P2O7) of Hydroxy apatite [21,35,37]. The characteristic phosphate group representing 

absorption bands in the range 1274 cm-1is assigned due to asymmetric stretching modes of O–

P–O linkages or ʋas(PO2) units of two nonbridging oxygen atoms [35,41]. The band at around 

~1290 cm-1 is due to initiating from HPO4 group [48]. New significant hydroxy apatite bands 

are evolved after 7, 14 and 21days of incubation of glasses in SBF solution shown in Fig. 

6.5(c,d,e). The weak absorption peak at 1460 cm-1 is split into two peaks (1404 to 1406 cm-1 

B-type and 1460 cm-1 A-type) and the peak intensities increase with increase in immersion 

time and increase in the content of ZrO2,which may be attributed to stretching vibration mode 

of carbonate (C–O) group. From the characteristic wave numbers of ~1406, 1460 cm−1 

confirmed by related to A-type and B-type CHA [45]. In addition, the specific bands of C–O 

resonance of CO3
2– are located at 1552 cm-1

, which endorses the occurrence of A-type HCA 

layer (hydroxyl is substituted by carbonate group) [49]. The intensity peak at 1636–1650 cm-1 

and a broad band between 3230–3410 cm-1 are attributed to symmetric stretching of O–H 

groups (instigated by absorbing water molecules) [42,50]. 
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Fig. 6.5 FTIR spectra of bioglass samples before and after immersion in SBF solution for 

different time periods: (a) 0 days, (b) 3 days, (c) 7 days, (d) 14 days and (e) 21 days. 
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The absorption bands observed at 2096 cm-1 show characteristic peaks of –OH group 

(Dumas and Miller 2003) and the bands noticed at 2850–2930 cm-1 are assigned to the C–H 

stretching vibrations [44,51]. The appearance of PO3
2–, CO3

2− and OH groups in FTIR spectra 

of all as-synthesized bioglasses confirm the development of rich crystalline HCA layer. Ping 

Yin et al., [19] and N. Veeraiah et al., [3] reported that increase in ZrO2 content might reduce 

the rate of formation of HAp layer formation. Contrary to earlier available reports, in the 

present system of glasses, apatite layer formation is found to be enhanced with increase in 

content of ZrO2 and also with immersion time. The FTIR results are in good agreement with 

XRD analysis (shown in section 6.3.2). 

 
Table 6.3 FTIR Spectroscopic absorption bands of Zirconia doped bioglasses 

FTIR Spectroscopy absorption bonds of bioglass samples before and after 

immersion in SBF (cm-1). 

0days 3days 7days 14days 21days Assignments References 

506 560 556 556 560 ~506 P–O amorphous 

556–560 HAp PO4
3- 

[36,37] 

[46] 

-- -- -- 664 -- Apatite PO4
3 tetrahedral [46] 

749 734 739 736 738 ʋs(P–O–P) bridges [36,38,39,47] 

910 916 916 914 920 ʋas(P–O–P) (Q2 units). [42,45,48] 

986 -- -- -- -- ʋs (PO3)
2- in a Q1units [38,40] 

1066 -- -- -- -- ʋas(PO3)  group [40] 

-- 1114 1118 1116 1120 ʋas (PO3)
2– in Q1 units [22,36,38] 

1269 1274 1276 1290 -- ʋas(PO2) units (NBOs)/ 

~1290 HPO4 group 

[36,40-42] 

[49] 

-- -- 1406 1404 -- B-type of CHA [46] 

-- 1460 -- 1460 -- A-type of CHA [46] 

-- -- 1552 1552 -- CO3
2– are A-type HCA [50] 

1640 -- 1638 1636 1650 P–O–H group [43] 

2364 -- -- 2096 -- P–OH/CO2  group [44,45,52] 

-- -- -- -- 2850 C–OH stretching [45,52] 

-- -- 2930 2924 2928 C–OH stretching [45,52] 

-- -- 3230 --  -- O–H group [51,43] 

3449 3421 3410 3426 3426 H2O /O–H groups [41,43] 
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6.3.3 SEM-EDS analysis 

Hydroxyapatite layer formation of all zirconia doped bioglass samples are analysed by using 

SEM micrographs and the EDS spectra. Fig. 6.6 shows the surface morphology of Zr.3 (0.3 

mol%) and Zr.5 (0.5 mol%) bioglass samples before and after soaking in SBF for 3,7,14 and 

21days. It is clearly noticed that, before immersion the glass samples exhibited smooth 

surfaces with dense glass morphology (Fig. 6.6(a-0days)). This is also confirmed by the 

intensity peaks appeared in EDS spectra related to the elements (Zn, Ca, Na, Zr, P, and O) of 

glass chosen bioglass system (Fig. 6.6(a-0days)). After 3days of immersion a new layer 

containing white flakes type of structure is formed on the glass surface and is known as 

hydroxyapatite layer, which is the main building block to bond the bone and implant material 

in the body as illustrated in Fig. 6.6(a-3days). The crystalline hydroxyapatite layer formation 

was confirmed by XRD and FTIR results. As immersion time increases (Fig. 6.6. shows at (a) 

7days and (b) 14, 21days), the morphology on the surface of glasses has also changed. We can 

see the conversion of flake type structure to dense foam type of structure and after 14 days 

and 21 days of immersion time (Fig. 6.6(b-14, 21days)), the glass surfaces are completely 

covered by uniformly formed apatite layer. This is due to the leaching of Ca2+
, Na+ and P5+ 

ions from glass to solution, migration of ions from solution to surface of the glasses and in 

addition, establishment of Zr–OH groups on the surface of glasses by exchange mechanism 

due to interaction with water molecules. Moreover, the higher reactivity of glass in aqueous 

medium depends on the disordered structure of glass [52]. Finally it leads to nucleation and 

evolution of HAp layer on the glass surface [53]. 

 
Supporting SEM data, the HAp layer development on as-prepared bioglasses is 

analysed by EDS spectra shown in Fig. 6.6. The results attained confirm increase in Ca and P 

concentrations to soaking time in SBF solution and Ca–P ratios along with the development 

of the apatite layer. In addition, the presence of Mg, Cl and K ions after SBF treatment along 

with glass ions are a clear indication of the formation of apatite layer. According to N. 

Zarifah, et al., the bioglasses processing Ca/P ratios greater than 1 can be most suitable for 

bone implant applications, because of good solubility [53,54]. The calculated stoichiometric 

ratios (Ca/P) is ranging from 1.65 to 1.89 for the chosen bioglass samples associated with the 

SBF solution, which are almost equivalent to bone composition [54-56]. Along with 

incubation time, the content of zirconia also influences the formation of apatite layer over the 

surfaces of glass samples. The formation of HAp layer increase with increases in content of 

ZrO2 from 0.1mol% to 0.5 mol% after which there is a slight decrease in layer formation from 

intensity peaks of EDS and SEM morphology.  
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Fig. 6.6 SEM micrographs and EDS spectra of the Zr.3 and Zr.5 bioglass samples before and 

after immersion in SBF solution for different time periods (a) 0 days, 3 days and 7 days, (b) 

14 days and  21 days. 
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This is due to decrease in solubility with the presence of zirconia, in other words, the 

release of Ca2+ ions increases initially up to 0.5 mol% ZrO2 and then decrease with increase in 

ZrO2 (0.7 mol% onwards), it leads to decrease in HAp layer formation in full agreement with 

the study by Montazerian et al.[34]. Fig. 6.7 explains the cross-sectional view of SEM 

micrograph and EDS elemental mapping of base glass (Zr-free (Zr0)) and Zr.5 glass after 

21days of immersion in SBF. We can see clearly two regions from cross-sectional 

micrographs, the top region is HAp layer and beneath to HAp layer is the glass. 

 
Fig. 6.7 The cross-sectional outlook of SEM micrograph and EDS elemental mapping of (a) 

base glass (Zr0) and (b) Zr.5 glass after 21 days of immersion in SBF. 

 
The thickness of apatite layer formed on Zr.5 and Zr0 glass is around 35.62 and 43.28 

microns respectively; for 21days of incubation in SBF. Zr-free glass shows thick layer 

formation than Zr-doped glasses, but the thickness of HAp layer formation increases with 

ZrO2 content. This confirms the rich layer formation and leads to high bioactivity of chosen 

glasses. These results fit perfectly with XRD and FTIR results. 

 
 
 



 

6.3.4 Degradation Analysis

The rate of degradation or dissolution behavior of bioglasses is estimated by measuring the 

weight of glasses before and after immersion in SBF solution for various time intervals, 

because the measurements of weight loss gives straight evaluation of degrad

solution. Fig. 6.8.shows the weight loss of Zr doped bioglasses before and after immersion in 

SBF solution for 3, 7, 14 and 21

decrease with increase in immersion time 

high dissolution rate when compared with ZrO

ZrO2 doped glass (Zr.7) exhibited low

reduction of ion release from the samples. For the duration of degradation 

release of Ca2+, PO4
3−, Na

dissolution of the glass, which results in 

leading to the formation of HAp layer. It is well known that the release rates of Ca

PO4
3− from biomaterials are associated wit

Fig. 6.8 Variation in weight loss

soaking time in SBF solution

 
It is very clearly visualized in the figure that, the dissolution rate slightly increases with 

increase in the content of ZrO

which might be due to the formation of highly cross

degradation. This increase in solubility of Zr.1, Zr.3 and Zr.5 glasses lead to rich HAp layer 

formation. It’s a well-known
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Degradation Analysis 

The rate of degradation or dissolution behavior of bioglasses is estimated by measuring the 

weight of glasses before and after immersion in SBF solution for various time intervals, 

because the measurements of weight loss gives straight evaluation of degrad

the weight loss of Zr doped bioglasses before and after immersion in 

BF solution for 3, 7, 14 and 21 days. The weight loss of all bioglasses was observed to 

decrease with increase in immersion time (Fig. 6.8). Zirconia free base glass (ZrO

high dissolution rate when compared with ZrO2 doped glasses. Out of all glasses 0.7 mol% 

doped glass (Zr.7) exhibited low weight loss. This considerable low weight loss is due to 

reduction of ion release from the samples. For the duration of degradation 

, Na+ and Zr4+ ions into the surrounding SBF medium causes the 

dissolution of the glass, which results in super saturation of calcium and phosphate and 

to the formation of HAp layer. It is well known that the release rates of Ca

from biomaterials are associated with bioactivity [57]. 

weight loss of glass samples as a function of ZrO

SBF solution. 

It is very clearly visualized in the figure that, the dissolution rate slightly increases with 

increase in the content of ZrO2 for up to 0.5 mol% and  beyond that it decreases (0.7 mol%), 

might be due to the formation of highly cross-linked dense structures that prevent 

degradation. This increase in solubility of Zr.1, Zr.3 and Zr.5 glasses lead to rich HAp layer 

known fact that apatite enhancement depends on the solubility of 

The rate of degradation or dissolution behavior of bioglasses is estimated by measuring the 

weight of glasses before and after immersion in SBF solution for various time intervals, 

because the measurements of weight loss gives straight evaluation of degradation of glasses in 

the weight loss of Zr doped bioglasses before and after immersion in 

days. The weight loss of all bioglasses was observed to 

Zirconia free base glass (ZrO2) displays 

doped glasses. Out of all glasses 0.7 mol% 

weight loss. This considerable low weight loss is due to 

reduction of ion release from the samples. For the duration of degradation procedures, the 

surrounding SBF medium causes the 

calcium and phosphate and 

to the formation of HAp layer. It is well known that the release rates of Ca2+ and 

 

glass samples as a function of ZrO2 concentration and 

It is very clearly visualized in the figure that, the dissolution rate slightly increases with 

hat it decreases (0.7 mol%), 

linked dense structures that prevent 

degradation. This increase in solubility of Zr.1, Zr.3 and Zr.5 glasses lead to rich HAp layer 

on the solubility of glass 



 

in SBF solution higher the sol

on Zr-doped glasses [3,19,2

gradual increase of zirconia up to 0.5 mol% leads

might be attributed to the presence of low concentrations of ZrO

and controlled release of Ca

pH values of the residual SBF solution strongly supports degradation behavior of ZrO

bioglasses along with previously discussed XRD, FTIR and SEM

 
6.3.5 pH evaluation 

Fig. 6.9 depicts the variation of pH values of SBF solution containing bioglasses as a func

of incubation time (0, 3, 7, 14 and 21days). 

after 3days of immersion from initial pH 7.4, at 37 

 

Fig. 6.9 The evaluation of the pH variation of glass samples immersed in SBF solution for 

different time intervals at 37 

 
After an increase in immersion time from 7days to 21days, a gradual decrease in pH is 

noticed in all samples immersed

of Ca2+, PO4
3−, Na+ and Zr4+ 

ions in SBF solution triggering OH

hand, this is due to dissolution of cations from the surface of bioactive glass

21 days of immersion, the decrease in pH values of all samples is due to the absorption of 
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igher the solubility greater the layer initiation. Contrary to previous reports 

,21], the present system of bioglasses shows 

gradual increase of zirconia up to 0.5 mol% leads to increase in degradation rate slightly. This 

might be attributed to the presence of low concentrations of ZrO2 in phosphate glass network 

and controlled release of Ca2+ ions as replacement of CaO by ZrO2. Furthermore, the rise in 

residual SBF solution strongly supports degradation behavior of ZrO

bioglasses along with previously discussed XRD, FTIR and SEM-EDS results. 

the variation of pH values of SBF solution containing bioglasses as a func

(0, 3, 7, 14 and 21days). A sudden rise in pH of the solution (around 7.55) 

after 3days of immersion from initial pH 7.4, at 37 oC.  

The evaluation of the pH variation of glass samples immersed in SBF solution for 

different time intervals at 37 oC. 

After an increase in immersion time from 7days to 21days, a gradual decrease in pH is 

immersed in SBF solution. The increase in pH values are due to release 

4+ ions from the surface of glasses which then react with H

triggering OH−1 ions resulting the rapid rise in pH values 

hand, this is due to dissolution of cations from the surface of bioactive glass

21 days of immersion, the decrease in pH values of all samples is due to the absorption of 

the layer initiation. Contrary to previous reports 

nt system of bioglasses shows a reverse trend as the 

degradation rate slightly. This 

in phosphate glass network 

. Furthermore, the rise in 

residual SBF solution strongly supports degradation behavior of ZrO2 doped 

EDS results.  

the variation of pH values of SBF solution containing bioglasses as a function 

A sudden rise in pH of the solution (around 7.55) 

 

The evaluation of the pH variation of glass samples immersed in SBF solution for 

After an increase in immersion time from 7days to 21days, a gradual decrease in pH is 

increase in pH values are due to release 

then react with H3O
+ or H+ 

pid rise in pH values [57]. In other 

hand, this is due to dissolution of cations from the surface of bioactive glass. After 7, 14 and 

21 days of immersion, the decrease in pH values of all samples is due to the absorption of 
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phosphate and calcium ions in the SBF [48,58]. Moreover, with the addition of ZrO2 from 0.1 

to 0.5 mol%, there is a slight increase in pH and beyond this decrease. The changes that 

appeared in pH variation of Zr-doped glasses are very small compared to the base glass. 

Furthermore, it follows the same trend as that of weight loss. Sample Zr.5 displays a high pH 

value due to high dissolution rate. Therefore, the results obtained endorse controlled solubility 

of as–developed Zr glasses, which is an indication of  high quality HAp layer growth [19,57]. 

This nature is highly advantageous  and welcome towards  cell adhesion and growth [34]. 

 
6.3.6 Cell cytotoxicity and Cell proliferation 

Cell proliferation evaluation on as-prepared zirconia doped phosphate bioglasses was done by 

using cell counting kit (CCK-8) method. Fig. 6.10 shows the growth of rat mesenchymal cells 

(rMSC) along with ZrO2 bioglass samples for one and three days of incubation. Interestingly, 

the cell viability enhances for all bioglass samples compared with the plastic control.  

 

 

Fig. 6.10 Cytocompatibility and Proliferation analysis of the bioglasses assessed by rMSCs 

cells and CCK-8 method. 

 
The glass samples Zr.1, Zr.3 and Zr.5 showed significantly higher cell viability at 24 h and 72 

h of culture except Zr.7. It was also noticed clearly that the addition of up to 0.5 mol% of 

ZrO2 (Zr.5) improved the cell viability, which then reduced gradually on further increase in 

content of ZrO2. Among all zirconia doped bioglasses Zr.5 (0.5 mol% ZrO2) glass possessing 

highest cell viability and proliferation. However, Fig. 6.10 it can observed that, the growth of 
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the rMSCs cells on the surface of Zr0 (ZnO containing base glass) without Zirconia also 

increases significantly, even higher than that of Zr.1, Zr.3, Zr.5 and Zr.7, which shows the 

enhancement in cell viability and proliferation. It may be due to ionic effect indicating cell 

viability with the rat mesenchymal cells. The increase in proliferation is ascribed to the 

release of Zr4+ ions effectively regulated by glass network with increase in ZrO2 content by up 

to 0.5 mol%. There was decrease in  cell proliferation after 3 days of 0.7% ZrO2, due to 

gradual densification of ZrO2 glass network [59,60]. For a specific doping ion concentration, 

the responses of osteoblasts, bone marrow stroma stem cells or fibroblasts can be gradually 

enhanced by the increased amount of ZnO. However, at excess concentration, Zn can induce 

cellular toxicity via production of reactive oxygen species and disruption of energy 

metabolism. Moreover, the amounts of Zn2+ and Zr4+ incorporated in zirconia doped 

bioglasses or released into medium are much lower than their threshold values which can 

induce cytotoxicity (Figs. 1 and 5). It means that if ZnO or ZrO2 is doped separately in the 

glass system, should not reduce the cell viability. The decrease in numbers and viability of 

cells might be due to the comprehensive effect of ZrO2 and ZnO, even though the 

concentrations of Zn and Zr are much lower than their inhibitory concentrations [61]. In other 

words, the increase in cell proliferation depends on stabilization of pH variations. In the 

present chosen categories of glasses pH variation was between 7.35 to 7.55, which is desirable 

for cell metabolism and thus for cell proliferation [62]. Moreover, all samples showed 

absorbance values greater than 100% with respect to plastic control as base line (assumed to 

be 100%). It means the as-prepared bioglasses were not inducing any toxic effects, assuming 

the viability assay values less than 70% were treated as toxic [63,64]. These results confirm 

enhancement in cell proliferation and cytocompatibility of as-prepared bioglasses. Lee et al., 

[65] reported that the cell culture studies are an alternative approach to SBF test and they 

confirmed the development of similar type of HAp layer under cell culture environments. The 

cell culture results are correlated detailed analysis of XRD, FTIR, SEM and pH data. So it is 

concluded that ZrO2 incorporated bioglasses show stimulatory effect on bone growth and 

leads to development of orthopaedic implants. 

 
6.3.7 Antibacterial activity 

Fig.6.11 describes the studies of agar disk-diffusion assays conducted against E. coli, S. 

aureus and P. aeruginosa for 24 h and 48 h at 37 ˚C [66]. The antibacterial activity of the 

given samples was confirmed by the presence of a zone of inhibition around each sample 

disk. The zone of inhibition was obtained by subtracting the diameter of sample disk from the 

total zone of inhibition given in Table 6.4.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.11 Antibacterial assay using agar plate of disk diffusion assay against 

S.aureus and (c) P. aeruginosa
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Antibacterial assay using agar plate of disk diffusion assay against 

P. aeruginosa at different time intervals, 24 h and 48 h.

Antibacterial assay using agar plate of disk diffusion assay against (a) E. coli, (b) 

h. 
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Table 6.4 Antibacterial activity of glass samples based on zone of inhibition 

 

Sample  

code 

 Inhibition zone diameter* (in mm) 

E. coli S.aureus P. aeruginosa 

24 h 48 h 24 h 48 h 24 h 48 h 

Zr.1 9.25 6.19 7.36 5.21 00 00 

Zr.3 12 8 9.23 6.10 2 0 

Zr.5 17 14 10.13 7.85 7 2 

Zr.7 9.52 7.49 7.62 5.34 00 00 

* All the calculations are made by subtracting the diameter of the glass sample disk i.e. 
10mm. 

 

It can be clearly visualised that samples Zr.1, Zr.3, Zr.5 and Zr.7 have shown clear inhibitory 

zone against E. coli, S. aureus and P. aeruginosa was not clear. E. coli was found to be more 

susceptible compared to S. aureus and P. aeruginosa against the given glass samples. From 

these micrographs, the bacterial growth of E. coli was inhibited significantly, as indicated by 

the transparent zone. Fig. 6.11 (a b & c) are show the inhibition efficiency of samples against 

E. coli at 24 h and 48 h, respectively which clearly indicates inhibition zone by sample Zr.3 

and Zr.5. It is observed that, antibacterial activity was found to rise with increasing content of 

ZrO2 from 0.1 mol% to 0.5 mol% and then decreases. This might be due to rise in release of 

Zr4+ ions. The results obtained are in good agreement with earlier reports describing 

antimicrobial activity of zirconia and other metal oxides [67,70]. The results obtained from 

antibacterial studies suggested that sample disks (Zr.3 and Zr.5) can greatly inhibit the growth 

of both gram negative bacteria shown in Table 6.4. The highest zone of inhibition was shown 

by Zr.3 and Zr.5 against P. aeruginosa, S. aureus and E. coli respectively after 24 & 48 hours.  

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

Fig. 6.12 Optical density measurement of samples at different time points against (a) 

(b) S.aureus and (c) P. aeruginosa

 
Further, the antibacterial activity also confirmed by 

eight different time points from 0h

both the bacterial cultures and O

The results obtained from optical densit

when the bacterial species were

antibacterial properties of given samples 

is showing the optical density measurement graphs of different samples at different time 

points against E. coli, S. aureus

assay and optical density measurements clearly indicate that sample Zr.5 

against E. coli and S. aureus

aeruginosa. Therefore Zr.5 could be taken for future use 

because of its superior bioactivity and antibacterial activity.
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Optical density measurement of samples at different time points against (a) 

P. aeruginosa. 

Further, the antibacterial activity also confirmed by the optical

eight different time points from 0h-7h at 600nm. Samples were individually incubated with 

th the bacterial cultures and OD measurement was recorded from the 

The results obtained from optical density measurement showed that the O

when the bacterial species were treated with samples. A low OD value indicates the 

antibacterial properties of given samples against gram negative bacteria. 

is showing the optical density measurement graphs of different samples at different time 

S. aureus and P. aeruginosa respectively. Both 

assay and optical density measurements clearly indicate that sample Zr.5 

S. aureus whereas, sample Zr.3 showed highest potency against 

. Therefore Zr.5 could be taken for future use for various medical purposes 

superior bioactivity and antibacterial activity. 

Optical density measurement of samples at different time points against (a) E. coli 

he optical density measured at 

7h at 600nm. Samples were individually incubated with 

D measurement was recorded from the Fig. 6.12 (a, b and c). 

t showed that the OD values decreases 

D value indicates the 

against gram negative bacteria. Fig. 6.12 (a, b and c)  

is showing the optical density measurement graphs of different samples at different time 

respectively. Both agar disk diffusion 

assay and optical density measurements clearly indicate that sample Zr.5 has more potential 

whereas, sample Zr.3 showed highest potency against P. 

various medical purposes 
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6.4 Conclusions  

In the present study, HAp layer formation, cytocompatibility, rMSCs proliferation, structural 

and mechanical properties influenced by small quantity of ZrO2 incorporation on 8ZnO–

22Na2O–24CaO–46P2O5 bioglass system have been investigated.  The results obtained 

revealed that, the physical properties such as density and mechanical strength escalation with 

increasing content of ZrO2, attributed to the establishment of new P–O–Zr bonds. The XRD, 

FTIR, and SEM-EDS results after immersing them in SBF for various durations strongly 

confirms the development of rich hydroxyapatite layer over as-synthesised glass surfaces. It is 

found that the layer formation enhances with immersion time and also ZrO2 content up to 0.5 

mol%. The controlled degradation rate and stable pH variations showed the release of Ca2+ 

and Zr4+ ions required for thick HAp layer. In addition, the growth of rMSCs cells on the 

surface of all bioactive glasses increases significantly, which shows increase cell proliferation 

and biocompatibility. Moreover, these glasses do not exhibit any toxic effects on rMSCs cells 

evaluated by CCK-8 assay. Furthermore, ZrO2 doped phosphate bioglasses showed better 

antibacterial effect against three strains E. coli, S.aureus and P. aeruginosa; subsequently, 

among all glasses Z.5 (0.5 mol%) bioactive glass showed enhanced bioactivity with better 

mechanical strength and antibacterial activity; hence this could be suitable for the 

development of clinical implants. 
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This chapter reports the summary and main conclusions of structural and 

dissolution behaviour, in vitro bioactivity and antibacterial activity of undoped and 

transition metal oxides (ZnO, TiO2, Al2O3 and ZrO2) doped high phosphate bioglasses 

developed by conventional melt quenching method. It is also discussed bone mineral 

phases like rich HAp layer formation over the surfaces of glass samples suitable for bone 

regeneration tissue engineering applications. The scope of future work is also discussed 

in this study. 
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7.1 Summary 

In the present study, high phosphate bioactive glass systems with chemical compositions 

xZnO–22Na2O–24CaO–(54-x)P2O5 (x = 2, 4, 6, 8 and 10 mol%), 8ZnO–8ZnO–22Na2O–(24-

x)CaO–46P2O5–xTiO2 (x =0.2, 0.4, 0.6, 0.8 and 1mol%), 8ZnO–22Na2O–(24-x)CaO–46P2O5–

xAl2O3 (x = 2, 4, 6, 8 and 10 mol%), 8ZnO–22Na2O–(24-x)CaO–46P2O5–xZrO2 (x = 0.1, 0.3, 

0.5 and 0.7mol%) have been synthesized by melt quenching technique. The bioactive glasses 

thus prepared were characterized by employing various techniques like XRD, FTIR, SEM, 

DTA etc., to know structural changes such as physical parameters, mechanical properties and 

thermal properties with the inclusion of various transition metal ions (Zn+
, Ti+, Al+ and Zr+). 

The biological activity of as prepared bioglasses was explored in vitro by measuring 

biocompatibility, bioactivity, cytocompatibility, cell proliferation and antibacterial activity. 

Besides, the chemical behavior such as weight loss and pH variation of glass samples when 

they come in physical contact with artificial blood plasma or simulated body fluid (SBF) 

solution was studied. XRD and FTIR studies provide the information about the amorphous or 

crystalline nature and various vibrational bonds of the bioglasses respectively, before and 

after immersion in SBF solution at 37 °C with pH 7.4. The formation of bone like hydroxy 

apatite layer (HAp) over the surface of glass samples can be identified by observing surface 

morphology and elemental analysis  from SEM-EDS data before and after immersion of 

bioglass samples at various time intervals (0, 3, 7, 14, 21days). To know the glass dissolution 

behavior in order to estimate the bioactive capacity of the bioglasses, weight loss 

measurements were done as a function of incubation time. At the same time pH variation was 

also noticed in support of the degradation of glass samples in SBF solution. Cell viability, 

Cell cytotoxicity and proliferation were analyzed by seeding Rat Mesenchymal Stem Cells 

(rMSCs) on bioglasses using cell counting kit (CCK-8). The antibacterial activity against 

gram negative bacteria Escherichia coli, Staphylococcus aureus, and Pseudomonas 

aeruginosa was tested by agar disk diffusion assay and optical density (OD) methods for 24 h 

and 72 h of incubation. The results obtained confirm the appropriateness of as-developed 

phosphate bioactive glasses for application in bone regeneration tissue engineering. 

 

7.2  Conclusion 

The main conclusions drawn from the results of the above studies are summarized below: 

The physical parameters such as density, molar volume, oxygen molar volume and oxygen 

packing density of bioglasses change with incorporation of different concentrations of ZnO, 

TiO2, Al2O3 and ZrO2 transition metal oxides. The density and oxygen molar volume are 
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found to increase and the molar volume and oxygen packing density decrease with increase in 

ZnO concentration. The increase in density clearly indicates the presence of the highly ionic 

nature of P–O–Zn bonds than P–O–P bonds in glass network, which leads to compactness of 

the glass structure. The density, glass transition temperature and mechanical strength of as-

prepared glass specimens report an increase with an increase in TiO2 content which could be 

attributed to cross link densification of glass structure following the formation of powerful P–

O–Ti bonds. The density as well as microhardness of glass samples increases with an increase 

in Al2O3 content thanks to the strengthening of glass structure because of corresponding 

enhancement in bond strength of P–O–Al ionic linkages. Density and mechanical strength 

escalation with increasing content of ZrO2 could be attributed to the establishment of new P–

O–Zr bonds. 

 
The XRD traces of all glass samples before immersion showed that the prepared 

samples are non-crystalline in nature. After immersion in SBF for various time periods (3, 7, 

14 and 21days), the traces displayed sharp crystalline peaks in all phosphate glasses doped 

with ZnO, TiO2, Al2O3 and ZrO2 transition metal oxides. The presence of crystalline peaks in 

XRD traces confirms development of micro structured hydroxyapatite (Ca10(PO4)6 (OH)2) 

layer on the glass surfaces. This is the evident from the peaks observed at diffracted angles 

(2θ): 10.83o, 15.27o, 21.73o, 22.82o, 25.86o, 27.56o, 31.75o, 40.69o, 45.32o, 56.28o, 66.35o and 

75.56o corresponding to the reflections 110, 021, 200, 111, 002, 112, 211, 221, 203, 500, 143 

and 215 respectively. It is found that, additional peaks appeared with incubation time and also 

the intensities of reflections were related to HAp increase with incubation time. In addition 

the intensities of reflections increase with increase in  the content of ZnO from 0 mol% to 8 

mol%, TiO2 from 0.2 to 0.6 mol%, Al2O3 from 2 to 6 mol% , ZrO2 from 0.1 mol% to 0.5 

mol%, and it then decreases further with increase in the concentration of these dopents in the 

glass network.  The XRD results reveal that the glasses chosen for the present study show 

high apatite layer forming ability to increase dopent content while reducing major constituent 

P2O5 in the glass matrix without affecting the concentration of CaO and Na2O. 

 
The FTIR spectrum before immersion shows some intense absorption bands at 526, 

720, 900, 1105 and 1270 cm-1 and weak absorption at 1643, 2382 cm-1 and broad band of 

absorption peak around 3470 cm-1. These bands are indicative of phosphate group occurrence 

in the glass network. The absorption band at around 526 cm-1 may be assigned by the 

harmonics of P–O–P bending vibration and also due to the deformation mode of PO- groups. 

The peaks at 720 cm-1and 900 cm-1 are due to symmetric and asymmetric stretching mode of 
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vibrations attributed to P–O–P bands, respectively. A peak at 1105 cm-1 is observed due to 

vibrations of the phosphate group (P–O) it might be because of P–O–Zn linkages. Here, a 

little intense band at around ~1270 cm-1 is ascribed to (O–P–O), which is the asymmetric 

stretching vibration of O–P–O bonds. Nearly, at around 1643 cm-1, a weak intense band is 

assigned due to the presence of P–O–H bridge. These groups form the strongest hydrogen 

bonding with non-bridging oxygens. The IR band located in the range of 2382 cm-1 is weak 

due to a stretching vibration of P–O–H group or stretching of CO2. A broad band absorption 

peak at around 3470 cm-1 is due to the presence of water molecules in the glass structure. The 

presence of water is probably due to the absorption of atmospheric moisture by the phosphate 

glass sample or pellet resulting in the appearance of H–O–H band belonging to water 

molecules, because the sample per se has no water as a unit in the network. After immersion 

of glasses for 3, 7, 14 and 21days in SBF solution, an additional prominent  absorption band 

representing hydroxyapatite layer (556 to 560, 664,734 to 739, 914 to 920, 1114 to 1120, 

1274, 1290 cm-1), carbonate (C) and  hydroxyl (OH) groups (1404–1406, 1460, 1552, 1636-

1641, 1650, 2096, 2850, 2928–2930, 3230, 3410–3426 cm-1) emerges along with the fore 

mentioned bands in untreated glass samples. This indicates the formation of HAp layer over 

the surfaces of glass samples. Moreover, it is also observed that with the increase of dopent 

content and immersion time the intensity of absorption peaks related to apatite is pronounced, 

confirming the development of crystallized apatite layer over glass surfaces. These results 

tally very well with XRD analysis.  

 
The SEM-EDS of ZnO, TiO2, Al2O3 and ZrO2 doped phosphate based bioglasses are 

clearly visualised and before immersion all glass samples exhibited smooth surfaces with 

dense glass morphology. This is also confirmed by the intensity peaks related to the elements 

(Zn, Ti, Al, Ca, Na, Zr, P and O) present in the EDS spectra matches with the chosen bioglass 

system constituents with maximum ratios. After 3days of immersion, a new layer containing 

white flakes type of structure is formed on the glass surface and is known as hydroxyapatite 

layer, which is the main building block to bond the bone and implant material in the body. 

The crystalline hydroxyapatite layer formation was confirmed by XRD and FTIR results. As 

immersion time increases, the morphology on the surface of the glasses has also changed. We 

can see the conversion of flake type structure to dense foam type of structure after 14days and 

21days of immersion time where the glass surface is completely covered by uniformly formed 

apatite layer. This is due to the leaching of Ca2+
, Na+ and P5+ ions from glass to solution, 

migration of ions from solution to surface of the glasses. From EDS, the stoichiometric ratios 

(Ca/P) calculated range from 1.65 to 1.89 for the chosen bioglass samples associated with 
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SBF solution, which are almost equivalent to bone composition. This confirms the rich layer 

formation and leads to high bioactivity of the chosen glasses. These results are in agreement 

with the XRD and FTIR results. 

The degradation or weight loss of all bioglasses is found to decrease with increase in 

immersion time and it also changes with doping concentration of transition metal oxides. An 

abrupt increase in weight loss is detected following three days of immersion of the sample in 

water, which is due to rapid release of ions from the glass sample to SBF solution. Much later 

though, a tiny weight loss of all samples was found to increase at 7, 14 and 21 days of 

incubation period. Base glass (ZnO doped) displays high dissolution rate when compared with 

TiO2, Al2O3 and ZrO2 doped glasses. Out of all glasses 0.7 mol% ZrO2, 0.6 mol% TiO2 and 10 

mol% Al2O3 doped glasses exhibited low weight loss. This considerable low weight loss is 

due to reduction of ion release from the samples. For the duration of degradation procedures 

the release of Ca2+, PO4
3−, Na+ and Zr4+ , Ti4+, Al3+ ions into the surrounding SBF medium  

causes  dissolution of  glass, which results in super saturation of calcium and phosphate and 

leads to the formation of  HAp layer. It is well known that the release rates of Ca2+ and PO4
3− 

from biomaterials are associated with bioactivity. 

There is a noticeable change in pH values of all glass samples with different days 

observed between (0, 3,7,14 and 21days) of immersion due to ion leaching. A sudden increase 

in pH values is 7.4 (0days of initial SBF) and 7.56 of immersion of all samples. Moreover, 

within 3days of incubation the pH values also increase with increase in content of ZnO, TiO2, 

Al2O3 and ZrO2. Noticeable decrease in pH values becomes conspicuous at 7 days, 14 days 

and 21 days of incubation time. The pH value of residual SBF solution measured at regular 

intervals of immersion time reported a trend similar to that of weight loss for all glasses on 

which research was carried out.  

The cell cultural studies confirmed that, cell viability enhances for all bioglass samples 

compared with the plastic control. The cell viability enhances with increase in ZnO content up 

to 8 mol% with respect to control, implying the possible ionic effects on rMSCs viability. 

Afterwards, it is found to decrease slightly with an increase in concentration of ZnO at 10 

mol% for 1 day and further decreases in case of 3 days of culturing. The viability and 

proliferation of cells in 6 mol% sample bestowed significantly higher values compared to 

other Al2O3 doped samples. Moreover, proliferation rate of cells at a concentration of 6 mol% 

showed alleviation after culturing it for 72 hours. Proliferation enhances with time and also 

based on TiO2 content of 0.6 mol% in the solution; later, it decreases slightly. ZrO2 doped 
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glasses showed significantly higher cell viability at 24 h and 72 h of culture except Zr.7. It 

was also noticed clearly that in addition to ZrO2, up to 0.5 mol% cell viability improved and 

then reduced gradually with further increase in content of ZrO2. Among all Zirconia doped 

bioglasses 0.5 mol% ZrO2 glass possessed highest cell viability and proliferation. It may be 

due to ionic effect indicating cell viability with the rat mesenchymal cells. The increase in 

proliferation is ascribed to the release of Zr4+, Ti4+, Al3+and Zn2+ ions effectively regulated by 

glass network and the decreasing rate of cell proliferation after 3 days might be due to gradual 

densification of glass network. 

The antibacterial activity of ZnO, TiO2 and ZrO2 doped phosphate based glasses were tested 

against bacteria E. coli, S. aureus and P. aeruginosa using agar diffusion disc and optical 

density (OD) methods. ZnO doped glasses showed clear inhibitory zone indicated by 

transparent zone against E. coli and S. aureus. It was also noticed that the antibacterial activity 

of E.Coli was more pronounced compared to S. aureus for the given glass samples. The 

antibacterial tests of TiO2 doped bioglass against E. coli employing an agar diffusion plate 

attest to the formation of antibacterial effective zone around the sample, which is observed 

after 7h. On the other hand, stifling the growth of E.coli with increase in Ti concentration 

reduces OD of the bacterial solution. The decrease in OD dictates antibacterial activity of as-

prepared glasses. In case of ZrO2 doped glasses, the bacterial growth of E. coli was inhibited 

significantly, as indicated by the transparent zone. The highest zone of inhibition was shown 

by Zr.3 and Zr.5 against S. Aureus and E. coli respectively after 24 and 48 hours respectively. 

Both agar disk diffusion assay and optical density measurements confirm ZnO, TiO2 and ZrO2 

doped samples exhibited good antibacterial effects.  

 

7.3 Scope for future work: 

The prepared phosphate-based glasses made by controlled heat-treatment can be converted 

to their glass-ceramics. 

 
 The phosphate glasses developed further can be investigated more comprehensively in 
terms of mechanical behavior. 
 
 In a detailed study on biocompatibility, we can experiment more deeply with in-vivo 

animal models. 

 
 Finally, based on in-vitro and in-vivo results, clinical trials for tissue-related engineering 

applications will be implemented on more proximal animals in the future. 


