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Abstract

The rapid expansion of the agricultural sector has led to a significant increase
in agricultural waste. Crop residues such as corn, rice, sugarcane, and wheat
are often openly burned, despite the detrimental environmental consequences.
In addition to agricultural waste, a substantial portion of the food produced is
also wasted and left to decompose without proper disposal mechanisms. From
both environmental and energy perspectives, the most effective waste manage-
ment strategy involves utilizing these wastes to synthesize value-added prod-
ucts. Rice husk ash (RHA) and eggshells (ES) are among the most abundant
agro-food wastes and represent promising sources of SiO2 and CaCOs, respec-
tively. These agro-food wastes or ashes are consist of various trace elements
such as silica, caleium, and magnesium typically required for the production
of bioglass and bioglass-ceramics. Furthermore, agro-food wastes offer sus-
tainable and environmentally friendly alternatives to conventional precursors.

is study focuses on the synthesis of hybrid glasses with a base composi-
tion of 435105-25Ca0-25Na,0-7P20; (wt%) using hiowaste-derived silica and
salcium, supplemented with conventional precursors. The effects of systemati-
ally substituting CaO with MgO and Na,O with KoO were investigated. The
resulting glasses and glass-ceramics were characterized to determine their phys-
ical, structural, thermal, and mechanical properties to assess gieir suitability
as biomaterials. The in-vitro bioactive properties were evaluated in-vitro using
simulated body fluid (SBF). Furthermore, biocompatibility was assessed ing
the 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium_bromide (MTT) assay
in human peripheral blood mononuclear cells (PBMC). This thesis is organized

into five chapters.

Chapter 1 provides a basic understanding of biomaterials, with a spe-
cific focus on bioglasses and glass-ceramics, and the essential requirements for

these materials to be considered bioactive. It outlines various testing methods
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employed to assess the bioactivity of glasses and glass-ceramics, including a
detailed explanation of the hydroxyapatite (HAp) layer formation mechanism
on the material surface upon immersion in SBF. #he biocompatibility testing
methods are also given in brief. The 3-(4,5-dimethylthiazol-2-y1)-2 5-diphenyl
tetrazolinm bromide (MTT) assay to assess the biocompatibility of glass and
glass-ceramic materials is also discussed. The reliability of this method stems
from its direct correlation with viable cell counts. Additionally, the chapter

explores the potential of agro-food waste and its components.

aapter 2 presents a comprehengive review of the existing literature on
sustainable bioactive glasses, with a particular emphasis on the utilization of
agro-food waste as a precursor source. The review explores %e potential of var-
ious agro-food wastes, including RHA and ESP, as sustainable alternatives to
conventional materials in bioactive glass synthesis. Different processing tech-
niques for extracting valuable minerals from these waste sources are examined,
along with a discussion of various synthesis methods employed for producing
bioactive glasses and glass-ceramics. The review analyzes the crucial structure-
property relationships in these materials, highlighting the influence of composi-
tion and processing parameters on bioactivity, biocompatibility, and mechani-
cal properties. Furthermore, ﬁe in-vitro and in-vivo performance of agro-food
waste-derived bioactive glasses in various biomedical applications is critically
evaluated. The chapter also investigates the effects of MgO and K30 on the
bioactive properties of different bioglasses and bioceramics. Finally, based on
this comprehensive literature survey, motivation and specific objectives of the

present work are outlined.

Chapter 3 details the synthesis of two glass series based on the nominal
composition 435i02-25Ca0-25Naz0-7P205 (wt%). The first series involved
the systematic substitution of CaO with MgO, resulting in the compositions
435105-25Nay0-7P205-(25-x)Ca0O-xMgO (where x = 0, 5, 10, and 15 wt%).
The second series involved the substitution of NagO with KyO, yielding the
compositions 435105-25Ca0-7P50;-(25-y)NasO-y K20 (where v = 0, 5, 10, and

15 wt%). Both glass series were synthesized via the melt-quench method using
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platinum-rhodium (Pt-Rh) crucibles. ﬂe chemical compositions of the as-
synthesized samples were analyzed using energy-dispersive X-ray spectroscopy
(EDS). Density measurements were performed using the Archimedes principle.
Microhardness, a_key mechanical property, was determined using a Vickers
hardness tester. %—m’tm bioactivity was assessed by immersing the glass sam-
ples in simulated body fluid (SBF) for various time periods (2, 5, 10, 20, and
40 days). Weight changes of the samples and pH changes of the SBE solution
were monitored. The immersed samples were further characterized using XRD,
FTIR, scanning electron microscopy (SEM), Eeld emission scanning electron
microscopy (FESEM) with EDS, and microwave plasma atomic emission spec-
troscopy (MP-AES) to investigate the physicochemical reactions occurring on
the glass surface. Biocompatibility of the as-synthesized glasses was evaluated
using the MTT assay on éuman peripheral blood mononuclear cells (PBMCs).

Cell viability was measured using an ELISA microplate reader.

Chapter 4 presents the results obtained from the characterization of the
synthesized glasses, followed by a detailed interpretation and discussion. e
chapter is structured into four sections. The first section compares the prop-
erties of eggshells (ESP) as a calcium source with conventional CaCOjz. The
second section details the results and discussion for the first glass series, 435104~
25Nay 0-7P505-(25-x)Ca0-xMgO (where x = (), 5, 10, 15 wt%). The third sec-
tion investigates the effects of K;O substitution for NasO in the control glass
composition, focusing on the series 43S5i02-25Ca0-TP205-(25-y)NagO-yK20
(where y = 0, 5, 10, 15 wt%). The fourth section compares the properties
of the hybrid glasses (derived from eggshells) with their counterparts synthe-
sized using conventional precursors. The influence of MgO substituting for
CaO and K0 substituting for Na,O is comprehensively studied using various
characterization techniques. MgQO substitution in the the glasses composition
resulted in increased phase separation. Also, MgO plays a dual role, acting as
both a network former (increasing polymerization within the silicate network)
and a modifier in the phosphate network. On the other hand, K5O substitution
enhanced structural homogeneity and promoted the conversion of non-bridging

oxygens (NBOs) to bridging oxygens (BOs), leading to a higher proportion of
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odd-numbered Q" units. Both MgO and K»0 substitutions widened the sinter-
ing window and improved thermal stability, with thermal expansion coefficient
(TEC) suitable for biomedical coatings. Both modifiers increase the hard-
ness as compared to control glass. The mixed modifier effect is also recorded
in both series, exhibiting a non-linear trend through the different properties
of glasses, as well as in in-wvitro testing. [In-vitro bioactivity tests revealed
that all glasses formed carbonated hydroxyapatite (¢-HAp). However, MgO
substitution delayed c-HAp formation and Si'* release while simultaneously
improving cytocompatibility. Conversely, K20 substitution accelerated c-HAp
formation, with SNK-15 (15 wt% K20) showing the highest bioactivity, but re-
duced cvtocompatibility over time due to increased ion leaching. Compared to
their hybrid counterparts, conventionally derived glasses displayed higher den-
sity and hardness, more rapid and stable c-HAp formation, but lower fracture
toughness and reduced cytocompatibility. The control glass, SC-0 (no MgO or
K50 substitution), demonstrated the most favorable balance of bioactivity and

biocompatibility.

Chapter 5 concludes the results presented in chapter 4. In the end, future

scope of the present study is given.




Chapter 1

Bioactive glasses: Classifications,

applications and sustainable synthesis

Overview

This chapter provides a foundational overview of biomaterials and their di-
verse applications in modern medicine and healthcare. The main focus is on
ioactive glasses and glass ceramics, a unique class of biomaterials with signif-
icant potential for tissue regeneration and repair. Key compositional modifica-
tions of bioactive glasses and their effect on bioactive properties are explored,
highlighting how these variations can tailor material properties to meet specifie
clinical needs. Further, the mechanism to test the bioactivity and biocompati-
bility are discussed. Finally, the chapter introduces the concept of sustainable
biomaterial synthesis using agro-food waste, setting the stage for further ex-

ploration of this promising area.
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1.1 Biomaterials: An introduction

Biomaterials, encompassing natural and synthetic materials, are Esigned to
interface with biological systems, replacing, supporting, or_enhancing tissues
and organs of living body [? 7 7 ? ]. These materials re used in a wide
range of applications, from simple wound dressings and bone plates to com-
plex devices like pacemakers and artificial hearts. A critical requirement for
biomaterials is their ability to remain in contact with living tissues and body
fluids for extended periods without causing adverse reactions [? |. This bio-
compatibility is achieved by mimicking aspects of living tissues, such as surface
topography, porosity, and mechanical properties, ensuring a neutral response

from the living body, free from inflammation or immune rejection.

The specific requirements for a biomaterial are dictated by its intended med-
ical application. Implantable biomaterials, for instance, must meet more strin-
gent criteria than those designed for external or temporary use. Major proper-
ties include biocompatibility, bioactivity, mechanical strength, and biodegrad-
ability [? 7 |. As illustrated in Fig. 77, these properties are fundamental
for ensuring long-term implant stability, functionality, and ultimately, patient
well-being. Biocompatibility allows for harmonious coexistence with surround-
ing tissues, while bioactivity enables the materials to actively participate in
biological processes like tissue regeneration. Mechanical strength is essential
for withstanding physiological stresses, and biodegradability allows for con-
trolled breakdown and absorption, especially crucial for temporary implants or

scaffolds.

The biomaterials market is showing rapid growth, driven by the increasing
demand for advanced healthcare solutions and the transformative impact of
biomaterials on human health and longevity [? 7 |. This growth, projected
to reach a compound annual growth rate (CAGR) of 12.6% by 2032 from a
market size of $123.8 billion in 2023, highlights the increasing integration of
biomaterials in diverse medical devices, from heart valves and stents to joint

replacements. Within this rapidly expanding field, bioactive glasses and glass-
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ceramics have emerged as a prominent area of interest %e to their unique
potential in bone regeneration and tissue integration. This focus on bioactive
glasses and glass-ceramics stems from their remarkable properties and abil-
ity to seamlessly integrate with living tissues, driving a significant increase in
demand. Indeed, the market for these materials is now estimated to exceed
1.5 million units annually, with a value approaching $10 billion [? ? |. The
choice of biomaterial, whether metal, polymer, ceramic, or composite, depends
critically on the specific application and its functional requirements, under-
scoring the importance of ongoing materials science innovation in addressing
the evolving challenges of medﬂne and healthcare. The following sections will
delve deeper into the specific properties and applications of bioactive glasses

and glass-ceramics, emphasizing their synthesis from sustainable resources.

1.2 Classification of biomaterials: based on biocompati-
bility

Biocompatibility, a material’s ability to harmoniously interact with the body,
dictates its integration with tissues and is crucial for success in specific appli-
:ations. Biomaterials are classified into three generations based on their tissue

interaction [? 7 |, as summarized in Table 77.
1.2.1 Bio-inert

Bio-inert materials represent the first generation of biomaterials and were de-
signed to have minimal interaction with surrounding biological tissues when
implanted into the body. These materials exhibit high chemical durability and
resist degradation, maintaining their structural integrity in physiological en-
vironments. Due to their inert nature, they do not actively engage with the
tissues and are often encapsulated by a fibrous layer of non-adherent tissue.
Common examples of bio-inert materials mclude alumina (AlyOg), zirconia
(Zr0Oy), zirconia-toughened alumina (Zr-AlLOj3), and yttria (Y203)[?7 |. The
alloys and metals such as stainless steel and titanium, are widely used in or-

thopedic and dental applications due to their excellent mechanical properties,
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corrosion resistance, and stability in both acidic and basic conditions. However,
while bio-inert materials provide structural support, they do not integrate with
the surrounding tissue and, in some cases, may lead to complications such as

implant displacement or loosening strength over time [? |.
1.2.2 Bio-active

The development of second-generation biomaterials in the 1970s marked a shift
toward materials designed to stimulate specific biological responses at the in-
terface with living tissues. This interaction promotes @e formation of a strong
bond between the material and surrounding tissue |7 |. As a result, these bio-
materials are referred to as bioactive due to their controlled reactions within
the physiological environment. E(amples of these bioactive materials include
crystalline calcium phosphates, bioactive glasses, and bioactive glass ceramics.
Clinically, these materials are widely used in applications such as bone regen-
eration, tissue augmentation, and as coatings on metallic implants to improve

their integration with bone and enhance healing processes |7 .
1.2.3 Bio-resorbable/Bio-degradable

Bio-resorbable /bio-degradable biomaterials represent the third generation of
biomaterials, developed in the 2000s. Unlike other materials, which are unable
to adapt to physiological load changes or biochemical stimuli, bio-resorbable
biomaterials are designed to mimic the dynamic nature of living tissues [? |.
This characteristic allows them to support the body’s healing processes while
gradually degrading over time. As the biomaterial is absorbed, it is replaced by
natural tissue, thus enhancing the repair and regeneration of damaged areas.
The development of these materials addresses the limitations of traditional ar-
tificial implants, providing a more biologically integrated approach to tissue re-
pair and regeneration |? |. Nearly all calcium phosphates act as bio-resorbable
materials. One of the important advantages of calcium phosphate biomaterials

is that their dissolution products can be easily assimilated by the human body.

However, before the clinical implantation of any biomaterial, it is crucial
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to carefully evaluate its biocompatibility and performance. Thorough testing
is required to ensure that these materials not only interact with tissues as
intended but also exhibit the necessary safety, efficacy, and longevity within
the body. This evaluation process necessitates an approach involving various

testing methodologies, as discussed in the following section.

1.3 Testing of biomaterials

Before implantation or use in human clinical applications, biomaterials must
undergo thorough testing outside the body. Various testing methodologies, in-
cluding in-silico, in-vitro, and in-vivo techniques, are utilized for this purpose.
These preclinical tests are crucial for predicting how the material will interact
with the complex biological environment of the human body and for identi-
fying potential risks or limitations of the biomaterials. Such evaluations help
ensure the safety, eflicacy, and reliability of the biomaterial before clinical trials

commence.
1.3.1 In-silico

In-silico testing, performed through computer simulations, is increasingly con-
tributing to the biomedical field by predicting the behavior of pathogens, genes,
and drugs within the human body. This approach allows for the rapid screen-
ing of therapeutic interventions, reducing the need for extensive physical trials
and helping to streamline drug development. Additionally, it provides insights
into complex biological interactions, accelerating the design of personalized

medicine and improving patient health [? |.
1.3.2 In-vitro

In-vitro testing is a critical step in the development and evaluation of bio-
materials for potential clinical applications. These tests enable researchers to
investigate the interactions of biomaterials with cells, tissues, and other biologi-
cal components under controlled laboratory conditions. This provides an initial

understanding of a material’s biocompatibility, cytotoxicity, and bioactivity [?
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The success of tissue engineering strategies depends on the ability to recre-
ate or mimic the conditions of the healthy tissue. In-vifro tests, despite their
usefulness, often lack the complexity of the human body, which includes a
dynamic and multifaceted environment influenced by mechanical stimuli, vas-
cularization, immune responses, and cellular interactions. For instance, n-
witro cytotoxicity tests provide valuable insights into immediate cell-material
interactions, but they do not account for long-term responses such as chronie
inflammation, degradation kinetics, or the material’s behavior under physio-

es. In-vitro methods cannot capture all complexities in the body

logical stress
during in-vivo tests as discussed in the following section. Despite these limita-
tions, in-vitro testing remains an indispensable part of the evaluation process
for medical devices, including implants. These tests precede in-vive studies
because they serve as valuable indicators of how newly developed biomaterials

might behave when in contact with living tissue(? |.

For biomaterials such as ceramics and bioactive oxide glasses, in-vitro test-
ing typically involves cytotoxicity assays, such as the (3-(4,5-dimethylthiazol-
2-y1)-2 5-diphenyl-2H-tetrazolium bromide) MTT assay, to assess the mate-
rial’s effects on cell viability and proliferation during degradation. Additionally,
bioactivity is often evaluated by immersing the materials in different immer-
sion mediums 1ch as simulated body fluid (SBF), solution to observe both
material degradation, and gle formation of a hydroxvapatite (HAp)-like layer
on the surface. This layer indicates the material’s potential for bonding with
bone tissue [? |. Before the development of SBF, in-vitro tests were conducted
using distilled water or Tris buffer solution. The SBF solution synthesized by
Kokubo et al. [? | mimies human blood plasma, with ionic concentrations

more or less similar to those found in plasma (as given in Table.?77).

For the synthesis of SBF during in-vitro studies, the pH of the solution
is maintained between 7.25-7.4 at normal body temperature (37°C). Since
Kokubo's innovation of SBF, several variations, such as revised SBF (r-SBF),
modified SBF (m-SBF), and conventional SBF (c-SBF), have been proposed to
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evaluate the in-vitro bioactivity of different materials |7 |. Despite these alter-
natives, Kokubo's protocol remains widely used for testing in-vitro bioactivity.
The SBF method is an efficient way to assess the bioactivity of materials like
glasses |7 7 |, particularly for monitoring formation hydroxyapatite (HAp) on
their surfaces. However, the bioactivity and HAp formation are highly depen-
dent on the material’s composition, processing parameters and their proper-
ties. For example, silicate-based bio-active glasses and glass-ceramics, including
diopside-based ceramics (Cé'in\-'IgSiQ%;;), have demonstrated excellent apatite-
forming abilities in SBF [? |. Thus,

glass-ceramics can often be rel'k%ly inferred from their reaction in SBF [? |. In

e in-vive bioactivity of these glasses and

addition to this, the structure of the test samples, play a crucial role in validat-
ing the accuracy of in-vifro bioactivity tests. Additionally, in-vitro methods
using tissue or cell cultures are also employed to assess the biocompatibility of

bioactive glasses and glass ceramics.
1.3.3 In-vivo

In-vivo testing is performed within living organisms under controlled physico-
chemical conditions to observe biological responses in a natural environment.
It is most commonly applied in animal testing to evaluate safety, eflicacy, and
potential side effects before proceeding to clinical trials involving human par-
ticipants. This method provides valuable insights into ﬁe interactions between
biomaterials and complex biological systems, helping to ensure the material’s

suitability for clinical biomedical applications 7 |.

1.4 Mechanism of bioactivity

In-vitro testing of Eomaterials such as bioactive glass and glass-ceramics fo-
cuses on ﬁw formation of a HAp layer on the material’s surface upon interaction
with SBF. This HAp layer, specifically its carbonated form (HCA or carbon-
ated (c-HAp)), is crucial for bonding with bone tissue due to its similarity to

bone’s mineral composition [? |.

The process begins when the glass surface comes in contact with SBF, initi-
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ating a series of chemical reactions. These reactions can be broadly categorized
into leaching, dissolution, and precipitation [? 7 |. Initially, ﬁah and alkaline
earth metal ions (e.g., Na™, K7) from the glass network exchange with hydro-
gen ions (H™ and H3O7) from the SBF, increasing the solution’s pH level =7,
resulting in increased basicity of the solution. This process is relatively easy be-
cause these ions function as modifiers in the glass network and are only weakly
bonded to the network [? |. Further, the ion exchange reaction weakens the
glass network, making it susceptible to dissolution. Hydroxyl ions (OH") then
attack and break down the silica network (—Si — O — Si — 0 — Si—) of glasses
and glass ceramics, releasing silicic_acid (Si(OH)y4) into the solution. The re-
lease of the silica into the solution gﬁghly dependent on the composition of
the glass. [? 7 |.

Subsequently, the silicic acid undergoes polycondensation, forming a silica-

rich gel layer on the glass surface. Calcium (Ca®") and phosphate (PO4*) ions
from the glass and the SBF then migrate to this silica-rich layer, precipitating
and forming an amorphous calcium-phosphate %&1—13) layer. Finally, carbon-
ate ions (CO3%) from the SBF incorporate into the Ca-P layer, leading to the
crystallization of a ¢-HAp layer. The time required for HAp formation varies
based on factors such as the material’s composition, ion exchange rate, hydrox-
ylation, and solution pH. Hench et al.[? | have detailed a five-step reaction
sequence for e-HAp layer formation on glass surfaces, as given below [? 7 |

and shown in Fig[1.1}

e Jon exchange: ﬁapid exchange of alkali or alkaline earth metal ions
(Na™, K7) with H™ or H;O™ from the solution.

Si—0—Ca®> + H = Si—O0H +Ca* (1.1)

7
e Dissolution of silica: Hydroxyl E}ns break —S5i — O — Si— bonds,
forming silanols (Si-OH™).
Si—0—Si+ H,O —25i—0OH (1.2)

e Silica re-polymerization: Condensation of Si-OH™ groups forms a
silica-rich layer.
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e Ca-P layer formation: Ca?" and PO,* migrate to the surface and form
an amorphous Ca-P film.

e HAp crystallization: Incorporation of OH", CO4%, or F- and erystal-
lization of the Ca-P layer into c-HAp or fluorapatite.

While the initial five steps of bioactive glass interaction—ion exchange, net-
work breakdown, silica re-polymerization, Ca-P layer formation, and HAp crys-
tallization occur independently of the surrounding tissues, they are essential
prerequisites for subsequent tissue integration. The resulting c-HAp layer pro-

vides a scaffold for the next stage of biological interaction, which involves a
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Figure 1.1: Mechanism of bioactive glass surface modification in response to SBF

cascade of reactions (steps 6-11), %ich include cell colonization, proliferation,
and differentiation to form new bone with good mechanical bond to the implant
surface |7 |. These biological processes melude cell colonizion, proliferation,
and differentiation, ultimately leading to the formation of osteoblasts and the
growth of new bone tissue firmly bonded to the implant surface. Bioactive
glass’s effectiveness in regenerating soft tissues and hard tissues is intrinsically
linked to the glass’s structural properties and chemical composition as discussed

in the following sections.

10
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1.? In-vitro cytotoxicity testing of bioactive glasses

While in-vive testing provides the most comprehensive assessment of bioma-
terial performance within a living organism, én-vitro methods offer valuable
preliminary insights and reduce the reliance on animal testing. In-vitro, cy-
totoxicity tests are particularly crucial for evaluating the biocompatibility of
newly developed biomaterials like bioactive glass/glass ceramics [? |. These
tests offer rapid, standardized protocols, generating comparative data that can

identify and eliminate toxic materials early in the development process.

The most common n-vitro biocompatibility test utilizes cell cultures to
assess various aspects of cell behavior, including cytotoxicity, proliferation, ad-
hesion, and death. Cultured human and animal cells provide a controlled
environment for evaluating the material’s effects on cell viability and function.
These studies are often referred to as cytocompatibility tests when focusing on
one or two speeific cell types [? |. Several methods exist for exposing cells to
the test materials. In direct contact tests, the cells are cultured directly on the
bioglass surface. Indirect contact tests employ an agar layer or filter between
the cells and the material, while elution tests expose cells to the dissolution

products released by the bioglass into the culture medium [? ].

The choice of cell type significantly impacts the assay’s performance and
depends on the specific assay being performed as well as the laboratory’s ca-
pabilities. Both primary cells and established cell lines can be used, derived
from various tissues and organisms (animal or human). The selection of ap-
propriate cell types for in vitro testing is guided by the intended application
of the biomaterial [? |. For example, when evaluating a material designed
for bone regeneration, human osteoblast cell (HOB) lines are commonly used.
Osteoblasts, the single-nucleus bone-forming cells responsible for synthesizing
and depositing HAp within the organic matrix, play a vital role in building

strong, dense bone tissue [? |.

Another important parameter is the time duration of the cell culture. While

many tests are conducted over 24 hours, slower-growing cells like HOBs often

11
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require longer culture periods, ranging from 3-7 days. In these cases, cell pro-
liferation and spreading assays, frequently performed using 96-well plates, are
employed to assess the biomaterial’s influence on cell growth. One such as-
say, ﬁe MTT (3-(4,5-Dimethylthiazol-2-y1)-2,5 diphenyl tetrazolium bromide)
assay, is a sensitive and reliable colorimetric method used to quantify cell pro-

liferation, viability, and cytotoxicity(? |.

%e MTT assay provides a quantitative measure of cell viability, a key
indicator of biomaterial cytotoxicity. ﬁ this assay, viable cells with active
mitochondria reduce the yellow tetrazolium MTT salt to an insoluble purple
formazan product by metabolically active cells. This reaction, catalyzed by suc-
cinate dehydrogenase, leads to formazan accumulation within the cells. Fig.
7?7 illustrates the principle of the MTT assay, a common method for assessing
cell viability. This color change, measured spectrophotometrically, provides a
direct indication of the number of viable cells. Adding a solvent such as spec-
trophotometric grade dimethylsulfoxide (DMSQ) or isopropanol dissolves the
formazan, enabling colorimetric quantification, which directly corresponds to

e number of viable cells. Cytotoxicity is then calculated as the ratio of viable
cells to the total number of cells initially seeded. A biomaterial is generally
considered cytocompatible if cell viability exceeds 70%. Since cytotoxicity is
a primary concern for biomaterials intended for in-vivo use, the MTT assay
plays a crucial role in assessing their safety. Furthermore, the MTT assay can
reveal the impact of a biomaterial’s structure on cell behavior, as ion release
and subsequent pH changes can influence cell attachment, proliferation, and

growth[? 7 |.

1.6 Bioactive glass and glass-ceramic: Properties and

applications

Following the discussion of biomaterials and their classification, this section
focuses specifically on bioactive glass and glass-ceramic as a unique class of
biomaterials. As discussed in the above sections, ceramics and bioactive glass-

based biomaterials form a specialized category of biomaterials that have a pro-

12
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found positive impact on human beings or living [7 7 7 |. The term "bioactive
glass" refers to glass materials that are non-carcinogenic, non-antigenic, and
compatible with surrounding tissues [?7 |. Bioactive glasses and ceramics of-
fer superior biocompatibility, along with anti-corrosion and anti-compression
properties, and possess composition flexibility that allows for tailored medical
applications. Typically, these materials are brittle and mechanically strong,
with elastic moduli similar to human bone. These materials are considered ad-
vanced materials E)r bone tissue engineering due to their ability to promote os-
teoprogenitor differentiation, enhance enzyme activity, support osteoblast cell
adhesion, and aid in revascularization, making them ideal for bone regeneration

and repair [7 .
1.6.1 4555 Bioglass®: A pioneering bioactive material

The second-generation biomaterial, bio-active glass known as "4555 Bioglass®"
was first designed by Larry L. Hench in 1969. The %85 Bioglass contains 45%
Si05-24.5% Ca0-24.5% Nag0-6% P20;5 in weight% [? | This glass demon-
strates a positive response in living bone by triggering osteogenesis through
the release of biologically active ions. The bioactivity of the glass can range
from surface bioactivity to bulk degradability, allowing it to be resorbed within
10 to 30 days in tissue. The invention of Bioglass® revolutionized biomateri-
als development and led to the creation of doped bioactive glass systems for
human being betterment. While ancient civilizations utilized biomaterials for
reconstructing damaged body parts, Bioglass® has been in clinical use since
1985, particularly in dental applications, such as NovaMin and Perioglass.[? ?

B
1.6.2 Compositional modifications and diverse applications

Bio-active materials, by definition, are designed to induce target-specific bio-
logical responses. A key advantage of bio-active glasses, which has attracted
significant attention from researchers, is that even small changes in their chem-
ical composition can lead to substantial changes in their properties. The per-

formance of bioactive glass depends on its composition and structure. For

13
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instance, Hench's 4555 glass is a silicate (Si05)-based glass having short-range
order (~ 3.4 A) with alkali and alkaline ions such as calcium (Ca0) and sodium
(Nap0) as modifiers and phosphorus pentaoxide (P20;) as another glass net-
work former oxide. The presence of a 5i0Oy network promotes Ee formation of
an HAp layer, which is essential for bonding with bone. The CaO and P,0;
release stimulates osteogenesis, while NasO enhances degradation, making it

ideal for rapid bone boding and repairing [? |.

Since the invention of bioglass, researchers have explored various composi-
tional modifications to tailor bioactive glasses for specific applications. Table
77 presents some examples of these modifications derived from the original 4555
bioglass [?7 7 7 |. Modified bio-active glasses such as 13-93, 45S5F, and 58S
are also employed in various biomedical applications, including dental repairs,
knee replacements, and middle ear bone reconstruction, benefiting millions of
patients worldwide. These advancements in bio-active glass compositions not
only enhance their therapeutic potential but also make them attractive candi-

dates for producing scaffolds used in bone regeneration (7 7 7 7 7 |.

Bioactive glasses, categorized as class A or class B based on composition, of-
fer a versatile platform for biomedical applications. Class A bioglasses, primar-
ily ecomposed of Si0y, Ca0O, and NayO, with potential additions of P5Oj, Cal's,
or B3Oj3, exhibit high bioactivity, readily forming a hydroxyapatite (HAp) layer
upon interaction with body fluids, leading to strong bonding with bone tis-
sue. This controlled degradation and ion release stimulate bone regeneration,
making them suitable for bone regeneration, tissue engineering, and dental
restorations. Conversely, class B bioglasses, with higher silica content (over 60
wt%) show only osteoconductive properties and often incorporate biocompat-
ible minerals like fluorapatite or wollastonite, are generally bio-inert, lacking
the inherent ability to bond with bone. However, their structural stability and
potential for composite formation, where bioactive phases can be integrated,

make them valuable components in various biomedical applications [?7 |.

Notably, research has revealed that modifying the composition of bioactive

glasses, such as replacing Ca®", Na™ or creating phosphate-free variations, can
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significantly alter their properties and bioactivity. For instance, incorporating
MgO can enhance mechanical properties, thermal properties, biocompatibility,
and biodegradability, while the addition of Al;O4 or B2Og can influence surface
reactions and formation of glasses, particularly reduces the melting tempera-
ture of the glass composition [? 7 |. Further tailoring of bioactivity and
antimicrobial properties can be achieved by incorporating ions like Sr* ", Cu?",
Agl® Zn?*, and FI. This compositional Hexibility highlights the adaptability
of bioactive glasses for diverse biomedical applications, emphasizing the im-
portance of understanding the interplay between composition, structure, and

bioactivity for optimized functionality [? 7 7 .

In addition to the composition, bioactive glass must have good interaction
with body fluids, ensuring the formation of an apatite-like layer that promotes
osteogenic cell proliferation and cellular adhesion, leading to partial bone re-
placement after long-term implantation. The synthesized glasses should also
exhibit compatibility with host tissues without adverse effects. During syn-
thesis, it’s crucial to ensure that released elements remain within biologically
safe levels, demonstrating compatibility and no cytotoxicity. Fig.?? illustrates
the ideal characteristics required for bioactive glasses as implants and their

applications.

While traditional methods for synthesizing bicactive glass depend on con-
ventional chemicals, researchers are increasingly looking for ways to synthesize
these materials in a more sustainable, cost-effective, and eco-friendly ways. One
exciting approach is to transform waste from agriculture and food production
into bioactive glass. This "trash to treasure" approach not only holds promise
for a greener future but also offers a potential solution for managing the vast

amounts of agro-food waste generated globally.

1.7 Agro-food waste as resource

The global conflict from 1939 to 1945, highlighted the urgent need for increased
food production and distribution to address widespread hunger and malnutri-

tion. In response, the government in the post-war era prioritized revitalizing
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the agricultural sector, paving the way for the Green Revolution. This initia-
tive, combined with expanding farmland and a rising population, has resulted
in a remarkable surge in agricultural output, which has more than tripled over
the past 50 years. However, as agricultural production intensifies to support
a growing population, managing agro-food waste has become a critical issue.
The agricultural and food sectors generate approximately one billion tonnes
of waste annually, with around one-third of all food intended for human con-
swnption going unused or wastes[? |. This represents a complex challenge with

significant environmental and economic impacts.

Although agricultural waste is biodegradable, the decomposition process can
be slow, and farmers often need to clear their fields quickly for the next planting
season. The costs involved in collecting, processing, and transporting this waste
an be prohibitive, often outweighing potential profits from alternative uscg
Consequently, some farmers burn crop residues, a practice that contributes to
air pollution and produces ash as a secondary byproduct [? 7 |. Land-filling
is another common disposal method, but it poses environmental risks such as
greenhouse gas emissions and groundwater contamination|? ]. The need for
sustainable and efficient agro-food waste management is clear. Developing in-
novative approaches to reduce environmental impact while enhancing resource

recovery is essential for planetary health and food security.

The agricultural industry, a major biomass producer, plays a key role in
transitioning to a more sustainable energy future. Agricultural residues can
be converted into biofuels like bio-oil, bio-char, and biogas, providing cleaner
alfernatives to fossil fuels and helping reduce greenhouse gas emissions [?7 |
However, the process of generating bioenergy from agricultural waste often
leaves behind ash, a byproduct that requires careful management. While ash
can be harmful due to its small particle size, it also contains valuable minerals
like Si0y, Ca0, NayO, K,0, and Py0;, making it a potential source for vari-
ous value-added produets|? 7 |. The mineral composition of agro-food waste
ash varies depending on factors like crop type, soil composition, and fertilizer

use, allowing for the synthesis of a diverse range of glasses and ceramic materi-
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als. Table 77 indicates Ee chemical compositions of different agro-food waste
49
ashes, such as rice husk ash (RHA), sugarcane leaves ash (SCLA), sugarcane
49
baggase ash(SCBA), corn husk ash(CHA), eggshell (ES). coconut cell (CC),

peanut shell (PS), and wheat straw ash (WSA) residues, ete. [? 7 |.

RHA and ES are standout resources among agro-food waste ashes due to
their composition and abundance. Rice husk, a common global byproduct, gen-
erates approximately 18-22 % RHA after processing, providing an economical,
readily available, and highly reactive silica source with a substantial surface
area [? |. Similarly, eggshells, which make up a considerable portion of global
food waste, are rich in calcium carbonate (CaCQO3) and serve as an excellent
alcium source for various applications [7 ? |.RHA, rich in amorphous silica
(SiOq) [? |, can be obtained from rice husk through combustion or chemical
extraction methods [? 7 |. Typically, combustion-derived RHA comprises
around 97 % silica, with trace elements making up the balance, and its purity
an be further increased to nearly 99 % with acid or alkali treatments. On the
other hand, ES, primarily composed of CaCOjg, can often be used directly as a

raw material without significant pre-treatment [?7 7 |.

The abundance of SiOs in RHA and CaCOj3 in ES makes them ideal can-
didates for synthesizing calcium silicate-based materials, including glasses and
bioglasses |7 7 |. RHA serves as a cost-effective source of silica for producing
various glasses, including microelectronic devices, dielectries [? 7 7 |, and im-
portantly, bioactive glass-ceramics [? 7 |. RHA-derived glass-ceramies, mim-
icking the composition of Hench’s 45S5 bioglass, have demonstrated promising
bioactivity when tested in simulated body fluid [? |, highlighting RHA’s po-
tential for creating biocompatible materials suitable for bone regeneration and

tissue engineering.

ES has also shown promise as a valuable source of calcium for producing
hydroxyapatite (HAp), a well-known bioactive material that supports bone
growth and integration [? 7 |. This reinforces the versatility of agro-food
waste as a sustainable source for synthesizing a range of advanced materials

with applications in healthcare and beyond.
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This chapter has explored the fundamental aspects of bioactive glasses and
glass ceramics, including their properties, synthesis, and biological interactions,
emphasizing sustainable approaches like using agro-food waste as a resource to
develop bioglass or bioceramics. These discussions underscore the expanding
interest and innovation within this field. The next %pter provides a compre-
hensive review of recent advances in sustainably derived bioglasses and glass

ceramics, focusing on developments from the past few years.
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Chapter 2

Literature review

Overview

This chapter presents a comprehensive literature review on sustainable bioac-
tive glasses, focusing on utilizing agro-food wastes as a source of valuable pre-
cursors. The review explores the potential of various agro-food wastes, includ-
ing rice husk ash (RHA) and eggshell powder (ESP), as sustainable alternatives
to conventional materials. It examines different processing techniques for ex-
tracting valuable materials from these wastes and discusses various synthesis
methods employed for producing bioactive glasses and glass ceramics. The
review also analyzes the structure-property relationships in these materials,
emphasizing the impact of composition and processing parameters on hioactiv-
ity, biocompatibility, and mechanical properties of end products. Furthermore,
it mvestigates the wn-vitro and in-vive performance of agro-food waste-derived
bioactive glasses in various biomedical applications. Finally, the chapter iden-
tifies key research gaps and motivation of the present study. Based on these,

the objectives for the present work are given at the end of this chapter.
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2.1 Value added materials from agro-food waste ashes

The increasing generation of agricultural, food waste residues and their ash
by-products poses significant health and environmental challenges. However,
these wastes also offer a valuable source of materials, as discussed in Chapter 1.
Agro-food wastes and their ashes contain substantial amounts of elements like
-arbon, silicon, magnesium, and potassium (Table ?7), providing a sustainable
alternative to conventional chemicals used in glass synthesis. Silica (SiO,)
is a major component in many agro-food waste ashes, such as rice husk ash
(RHA) making them attractive for silica-based applications [? 7 7 7 |.
However, the purity and form of silica depend heavily on processing parameters.
While RHA can yield 80-97% pure silica, it also contains other alkali and
alkaline earth metal ions (Table 77), offering flexibility in glass composition but
posing challenges for precise control over elements content. These challenges
‘an be addressed through mineral extraction techniques such as calcination at

controlled temperatures or acid pre-treatments to these wastes.

The processing parameters, particularly temperature and duration, are cru-
cial in determining the reactivity and crystalline structure of the extracted
silica. Controlled rice husk (RH) combustion below 700 °C typically yields
amorphous silica ash. Higher temperatures (> 800 °C) generally result in
crystalline ash, although amorphous silica can still be obtained with a shorter
duration at these heat treatment temperatures [? |. Fernandes et al. [? | re-
ported the transition to crystalline silica above 850 °C. In a subsequent study,
the two different extraction methods were used, and crystalline SiOy (cristo-
balite and tridvmite phases) with approximately 99% purity was obtained after
heat treatment above 1000 °C [? |. Some studies have achieved amorphous
silica at temperatures up to 900 °C with heat treatment times less than 1 hour
[? ]. Conversely, prolonged exposure (e.g.. 15 hours) can induce crystallization

even at lower temperatures like 300 °C for heat treatment of RH |7 .

Beyond temperature and time, pre-treatments like acid leaching can signif-

icantly influence the extracted silica’s quantity and purity. For example, acid
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leaching of RHA sintered at 600 °C under an inert atmosphere can yield silica
=90% with few metallic impurities. Yalein and Sevine [?7 | and Real et al. [? |
obtained silica from RHA with a purity index of 99.87% =+ 0.01 by combining
acid pre-treatment with burning RH at 700 °C for 6 hours in air. Deshmukh
et al. |7 | extracted amorphous SiOy with 97.73% purity using acid leaching
followed by burning at three different temperatures. Dhaneshwara et al|? |
achieved similarly high SiOs purity (= 99%) by burning rice husk at 700 °C
in an electric furnace followed by acid treatment. Beyond RHA as a rich sil-
ica source, food waste like eggshell powder (ESP) offers a valuable source of
ralcium. High-temperature treatment of ESP yields highly pure calcium oxide
(=~ 99%) along with some trace elements [? 7 |. Incorporating ESP into glass
compositions introduces calcium oxide, which acts as a network modifier and
‘an reduce the melting temperature of the glass melt, offering another avenue

for tailoring material properties 7 |.

2.2 Biogenic silica derived bioglass/bioglass-ceramics

As discussed in the preceding section, agro-food waste ashes, rich in various
minerals, have found applications in diverse engineering and medical fields. For
glasses intended as biomaterials, in-witre bioactivity testing, particularly the
formation of a bone-like apatite layer on the material’s surface when immersed
in simulated body fluid (SBF), serves as a crucial evaluation_imethod. This
ormation of the apatite layer, a key indicator of bioactivity, 1s influenced by
several factors, including glass composition, the synthesis method, immersion
time in SBF, and specific immersion conditions. Since the discovery of bio-
glass in 1969, researchers have extensively explored variations in composition
and processing parameters to optimize bioactivity, according to the needs of

different applications [? 7 7 7 |.

Beyond conventional chemical precursors, researchers have investigated the
use of extracted silica from rice husk ash (RHA) as an alternative sustainable
resource [? 7 7 |. Various processing techniques, including sol-gel and melt-

quench methods, have been employed to synthesize bioactive glasses using silica
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derived from RH and RHA [? 7 7 |. For example, Nayak et al. [? | extracted
amorphous silica from RH as sodium silicate and utilized it as a source for
synthesis of bioceramics. Similarly, Yueel et al. [? | synthesized 46S6 bioactive
glass (465104-24Na0-24Ca0-6P20; wt%) via melt-quenching at 1400 °C uging
biogenic silica from RHA. The glasses were immersed in SBF for 7 days at a
concentration of 20 mg/ml. The result indicates the partial HAp formation,
highlighting the influence of factors like surface area/volume ratio on apatite

layer formation kinetics.

Further research by Yucel et al.[? | explored the effects of substitution
of strontium (S1?*) for calcium (Ca?*) in a 45Si05-24.5Nag0-14Ca0-6PyO5-
10.5510 (wt%) bioglass composition syﬁhesize(l via melt-quenching using RHA-
derived silica. It was found that Sr>*, due to its lower field strength compared
to Ca?*, creates a more loosely cross-linked glass network. This structural
change resulted in increased bioactivity and a thicker apatite layer with an
increase in the immersion time in SBF (7 to 21 days). Furthermore, these bio-
glasses exhibite%continuous, though slow, weight loss for up to 7 days in Tris
buffer solution, attributed to the release of Ca?t, Na*t, Si**, and P3* ions. This
degradation behavior, along with a favorable pH range (7.4-8.2) for osteoblasts,
offers additional evidence of the bioactivity of the materials [? |. Similarly,
Karakuzu-Tkizler et al. [? | investigated substituting magnesium and alumina
(up to 1 wt%) for CaQ in 45S5 bioglass synthesized with RHA-derived silica.
Their findings indicated enhanced hardness without compromising bioactivity,
surpassing the apatite layer formation observed in bioglasses made with com-
mercial or conventional silica. The addition of magnesium and alumina also
improved the biodegradability of the commercial silica glasses. The impact of
heat treatment on mechanical properties was explored by Leenakul et al. [?
|. Enhanced mechanical properties were observed in 4585 bioglass made with
biogenic silica after heat treatment at different temperatures. The promising
bioactive properties were retained. These studies highlight the potential for
tailoring bioglass properties through compositional adjustments and process-
ing techniques when utilizing RHA as a sustainable silica source. Subsequently,

the heat treatment temperature and glass stability significantly influence the
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anctivity and mechanical properties of bioactive glasses and glass ceramics.
Glass ceramics, produced through controlled crystallization (vitrification, nu-
cleation, and crystal growth), can exhibit enhanced density, chemical durability,
and mechanical strength. Potentially, compressive strength can be increased
due to heat treatment effects such as particle rearrangement, mass diffusion to
pores, and grain growth. However, fully crystallized glass ceramics can nega-
tively impact bioactivity by decreasing dissolution rates and hindering apatite
formation |7 |. A balance between enhanced mechanical properties and bioac-
tivity can be achieved by inducing partial, controlled crystallization, resulting
in semi-crystalline phases. Successful controlled crystallization depends on heat
treatment parameters, including heating rate, nucleation, crystallization tem-
peratures, and heat treatment duration. Precise control over these parameters
is crucial for achieving homogeneous microerystalline glass ceramics with uni-

form microstructures and optimized mechanical properties 7 |.

For instance, Peitl et al. [? | studied the erystallization and SBF interac-
tion of Na,O-Ca0-5i0y glasses and glass-ceramics with varying PoOj content
in glass composition. It was observed that these materials formed a carbonated
hy(.l%(yapatite (c-HAp) layer even after controlled crystallization at 550-700
°C. Fourier-transform infrared spectroscopy (FTIR) and inductively coupled
plasma mass spectrometry (ICP) analyses revealed significantly faster c-HAp
formation (835 hours) after SBF immersion compared to conventional bioac-
tive ceramics, which typically require at least 7 days. This enhanced bioactivity
in the above composition is attributed to two key mechanisms: the formation of
non—phosphate bioactive crystal phase (NasCasSizOg) and the rapid release of
phosphorus ions from the crystal structure’s solid solution. Remarkably, even
phosphorus-free compositions formed a ¢-HAp layer by absorbing phosphorus
from the SBF solution. Although crystallization increased the onset time for

c-HAp formation, it did not hinder the overall bioactivity of the material.

Many studies have reported similar findings, generally indicating that in-
creasing crystallinity in bioglass/bioceramics slows down the bioactivity [? |.

On the other hand, some research even demonstrates enhanced biocactivity
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in partially crystallized glass-ceramics, where two or more crystalline phases
are present [7 |. For instance, Loh et al. [? | reported that heat-treating
CaF3-Ca0-Nay0-B303-510, glasses at 700 °C to form glass-ceramics increased
densification, microhardness, and fracture toughness while retaining bioactiv-
ity comparable to the pristine glass. Their in-vitro bioactivity studies, using
phosphate-buffered solution (PBS) immersion, confirmed apatite layer forma-
tion, indicating physicochemical reactions between PBS and glass that promote
bioactivity. Some studies have even demonstrated that 4555 glass-ceramic con-
taining combeite crystals with high cerystallinity (up to 100%) can retain their
bioactivity [? ? |. Similarly, Siqueira et al. [? | reported that the formation
of wollastonite (CaSiO;) and a-tricalcium phosphate (Cag(PQy)z) crystalline

phases in a glass matrix increased bioactivity.

In addition to using conventional chemical precursors for the synthesis of
bioglass/glass ceramics, numerous studies have investigated RHA-derived bio-
glass and glass ceramics. These studies often report comparable properties to
conventionally synthesized materials. For instance, Nayak et al. [? 7 | uti-
lized RHA as a silica source for sol-gel derived glasses (50Si0,-25Na,0-25Ca0
mol%). It was found that heat treatment at 1000 °C yielded combeite and
devitrite crystals with good mechanical strength. However, heat treatment
at 1050 °C resulted in decreased strength. This was due to the formation of
cracks in glass ceramics, attributed t:ﬁermal expansion mismatch between
glass matrix and ceramics. The same group also fabricated porous bicactive
ceramics from RHA-derived silica gel, achieving a mechanical strength of 27.5
+ 0.2 MPa with ~ 25% porosity. The apatite formation was confirmed dur-
ing in-vitro test. Leenakul et al. [? | observed a transition from amorphous
to crystalline phases in melt-quenched 4555 bioglass derived from RHA upon
heat treatment at 650-1050 °C. Optimal mechanical properties were achieved
at 1050 °C while maintaining bioactivity. Furthermore, mesoporous bioglass
(MBG) was_gvnthesized Irom RHA via the sol-gel method. The results showed
promise for @'ug delivery and bone regeneration, exhibiting no cytotoxicity and

effectively delivering an anticancer drug [? 7 |.
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In addition to RHA, eggshell powder (ESP) is another valuable agro-food
waste resource, rich in calcium oxide, for bioglass and bioglass-ceramic syn-
thesis. The use of eggshells and their membranes as a CaO source has gained
significant attraction. An in-vive study showed enhanced angiogenesis and
antibacterial activity in copper-doped bioglasses nanocoated with the eggshell
membrane (ESM)[? |. Punj et al. [? ? | synthesized bioactive calcium silicate
glasses from rn husk ash (CHA), sugarcane leaf ash (SCLA), and ESP, re-
porting enhanced bioactivity and osteointegration compared to mineral-derived
glasses, with microhardness increasing with eggshell replacement (575-638 HV).
The same group also synthesized diopside (CaMgSiaOg) from these agro-waste
sources, demonstrating apatite formation and non-toxicity in-vitro [? |. Pala-
kurthy et al. [? | synthesized bioactive SiOz CaO NasO hioglass from
eggshells and RHA | confirming bioactivity, HAp formation, and cytocompati-
bility.

Beyond these applications, ESP has also been utilized to synthesize various
bioceramics. Choudhary et al. [? | synthesized akermanite (CayMgSiyO7),
diopside (CaMgSisOyg), and nanocrystalline larnite (CapSiOy4) using ESP via
sol-gel and mechanical milling methods. HAp formation on akermanite was
observed by them after 7 days in SBF. Cell proliferation, osteogenesis, and
angiogenesis were promoted, while osteoporotic bone regeneration was sup-
pressed in-witrg. The synthesized diopside exhibited a bonding strength of
approximately 350 £ 7 MPa and a fracture toughness of 4 & 0.3 MPa [? 7 7
7 ]. Other studies have explored wollastonite (CaSiO;), diopside, forsterite,
and pseudo-wollastonite ceramics synthesized from RHA and ESP by heat
treatment at various temperatures (870-1300 °C). Wollastonite glass-ceramics
showed a greater propensity for HAp formation than pseudo-wollastonite due
to enhanced degradability in SBF [? ? |. Loh et al. [? | reported that these
materials, sintered at 700 “%a(:hieved excellent mechanical properties (5.34 +
0.21 GPa microhardness, 2.99 + 0.24 MPa-m"/? fracture toughness), compara-
ble to human enamel while retaining bioactivity and biodegradability in PBS,

although with a slower apatite formation rate.
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These studies highlight the complex relationship between thermal behavior,
heat treatment temperature, and bioactivity. Higher heat treatment temper-
atures often increase crystallinity, potentially reducing bioactivity due to de-
creased dissolution and permeability in SBF and other in-vitro testing Huids.
For bioglass and bioglass-ceramics derived from agro-food waste, biodegrad-
ability (silica network dissolution and apatite formation) is also influenced by
impurity oxides inherited from the rice husk ash |7 |. RHA-derived bioac-
tive glass-ceramics (R-SBgC) combined with polycaprolactone (PCL) using
the thermally induced phase separation (TIPS) method have shown promising
results as bioactive composite scaffolds. These scaffolds have enhanced den-
sity and compressive modulus, suitable for non-load-bearing bone substitutes
[? 7 ]. Other bioactive materials like calcium phosphate and silicate-calcium
ceramics are also being synthesized from agro-food waste, showcasing the ver-
satility of these sustainable resources [? 2 ? |. These studies demonstrate
the potential of agro-food waste-derived anctive glasses and glass-ceramics
for various biomedical applications, particularly in bone regeneration, due to
their promising bioactivity and biocompatibility. While bioactive glasses stim-
ulate bone growth by 1'0mot'1ng the formation of hydroxyapatite (HAp), the
use of naturally derived HAp itself as a biomaterial is also a promising area of

research, as discussed in the following section.

2.3 Formation of hydroxyapatite from natural sources

As discussed in the previous section, HAp ans a crucial role in the bioactivity
of bioglasses and glass-ceramics. This naturally occurring calcium phosphate
mineral exhibits excellent bioactivity and is a major component of both teeth
and bone, readily bonding with natural bone tissue due to its similar chemical
and structural composition [? |. However, the mineral composition of human
bone differs slightly from stoichiometric HAp due to the presence of impurities
like rnate, chloride, fluoride, magnesium, and sodium. [? | Natural bone

apatite contains approximately 3-8 wt% carbonate 7 |.

While commercially available calcium phosphate bioceramics such as tri-
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salcium phosphate (TCP), biphasic calcium phosphate (BCP), and HAp are
often expensive due to the required high-purity reagents, naturally derived HAp
presents a cost-effective alternative [? ]. Natural sources, including fish bone,
bovine bone [? ? |, coral [? |, and oyster shells [? |, can be processed to
obtain HAp. Naturally derived HAp often exhibits enhanced bioactivity due
to its inherent porosity [? ? |. In contrast, commercially synthesized HAp,
often produced via hydrothermal synthesis or chemical precipitation methods,
may lack essential trace elements like magnesium, sodium, potassium, silicon,

strontium, and iron [? .

Coralline HAp, derived from the hydrothermal conversion of coral skeletons,
has been used in biomedical applications [? 7 7 |. However, the endanger-
ment and slow growth of some coral species necessitate exploring alternative
renewable sources. Avian eggshells, with a mineral composition similar to coral
and readily available, have emerged as a promising candidate, particularly for
maxillofacial and craniofacial surgery [? 7 |. Sinlarly, Chicken eggshells,
comprising about 11% of an egg’s weight, consist primarily of calcium car-
bonate (94%), with smaller amounts of magnesium carbonate (1%). calcium
phosphate (1%). and organic matter (4%). Importantly, it also contain trace
elements like Na, Mg, and Sr, found in human bone, further supporting their
potential as a biomaterial source [? |. Furthermore, chicken eggshells are being
used to synthesize various calcium salts crucial for bone regeneration, including
[-tricalcium phosphate (3-TCP), BCP, CaO nanoparticles, and HAp. These
salcium salts, commonly used in biomaterials, enhance the osteoconductivity
of the resulting materials by mimicking the inorganic components of native

bone |7 ].

Chicken eggshells, a readily available biowaste resource, are rich in calcium
carbonate (95-98% CaCOj) and also contain trace elements such as Mg, Sr,
Si, Na, and F, making them an attractive source for HAp synthesis. While
these trace elements are present in relatively small amounts, it can influence
the properties of the resulting HAp. Studies have shown that the presence

of these ions, even at trace levels, can affect the lattice structure, vibrational
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frequencies, and thermal stability of commercially synthesized HAp, potentially

impacting its bioactivity and biocompatibility [? .

Several studies have investigated the use_of eggshells for HAp synthesis,
employing various processing techniques. %‘ example, Ahmed et al. [?7 |
demonstrated the synthesis of HAp from calcined eggshells. Their methab
vielded HAp with a combination of amorphous and crystalline phases and a
Ca/P molar ratio of 1.69. The researchers observed that further heat treatment
could enhance the crystallinity of the final product. Siddharthan et al. [? |
explored a microwave processing method to synthesize nanoerystalline apatite
from chicken eggshells, achieving varying Ca/P ratios (1.5, 1.60, and 1.67).
These eggshell-derived HAp materials exhibited improved morphology, stoi-
chiometry, thermal stability at higher temperatures, and enhanced osteoblast
cell adhesion compared to some commercially synthesized HAp materials [?
|. Importantly, it has been also observed that the presence of trace elements
did not negatively affect the bioactivity and biocompatibility of the eggshell-
derived HAp (7 |. @mﬂar results were obtained by Dumitrescu et al. [? |, who
synthesized hydroxyapatite powder from eggshells using a 1ct‘0wave—assisted
hydrothermal technique. Their study compared the eggshell-derived HAp with
(:()Huuer(’ﬁlly available bone-derived HAp materials, namely partially depro-
teinized poreine bone (Gen—Os®) and deproteinized cortical bovine bone (Bio-
Oss). The results indicated that the eggshell-derived HAp exhibited sig-
nificantly higher mesoporosity, suggesting improved biomolecule adhesion and

osteoconductivity, which are essential properties for bone regeneration.

The specific extraction process employed for obtaining HAp from eggshells
plays a crucial role in determining the final material’s properties, including
the Ca/P ratio, crystallinity, phase assemblage, and particle size [? |. These
properties, in turn, influence the bioactivity, biocompatibility, and overall per-
formance of the HAp in biomedical applications. Ahmed éal. [? ], in their
earlier work, reported that calcination of eggshells at 900 °C for 30 minutes
resulted in the formation of a single crystalline HAp phase. This calcined HAp

exhibited spherical, hexagonal, and cylindrical shapes, as confirmed by scan-
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ning electron microscopy (SEM) analysis. %e crystallite size was found to be
in the range of 30-60 nm, and the Ca/P molar ratio was 1.66. This highly crys-
talline single-phase HAp contrasted with the mixed amorphous and crystalline
phases observed in uncaleined eggshells. Tn addition, Patel et al. [? | re-
ported the synthesis of highly erystalline hydroxyapatite from eggshells using
a combination of sonication and calcination. Their method resulted in im-
proved cell viability, suggesting a greater biocompagibility for the synthesized
HAp. Furthermore, Sultana et al. [? | developed a novel UV-mediated solid
state method for the synthesizing of hydroxyapatite from eggshells without the
need for thermal treatment. This innovative approach involved ball milling the
eggshells, followed by UV irradiation at room temperature. It was indicated by
their results that the HAp produced through this UV-mediated method exhib-
ited admissible in-vitro bioactivity and no significant cytotoxicity. Microwave
irradiation offers a rapid and efficient method for HAp synthesis. Krishna et
al. [? | synthesized nanocrystalline HAp (N-HAp) with this method, achieving
platelet-like morphology, high-temperature stability, and enhanced osteoblast
cell adhesion. Ultrasonication followed by calcination at 600 °C has also been
used to produce N-HAp with comparable mechanical properties to commer-
cial HAp, exhibiting enhanced in vitro bioactivity and biocompatibility. Mi-
crowave processing advantages include shorter processing times, high reaction
rates, narrow size distribution, and high purity, making it suitable for appli-
cations such as implant coatings [? |. Furthermore, heat treatme.lwt higher
temperatures (1000-1150 °C) can refine particle size and improve mechanical

properties such as compressive strength, hardness, and fracture toughness.

Numerous other methods, including wet chemical, solid-state reaction, hy-
drolysis, and mechanochemical techniques, have been employed for HAp syn-
thesis [? 7 7 7 | Ramesh et al. [? | used a solid-state sintering method with
calcined eggshell powder (ESP) and dicalcium hydrogen phosphate dihydrate
(DCPD), achieving high densities (> 98%) at heat treatment temperatures of
1300-1350 °C. Optimal properties, including enhanced fracture toughness and
hardness, and a fine grain size, were obtained at 1250 °C. Ho et al. [? | used

a similar method, initially obtaining A-TCP with minor HAp, converting to
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single-phase HAp after further heat treatment. These HAp/TCP bioceramics

find applications in bone grafts, drug delivery, and protein purification.

2.4 Compositional and processing parameters effects on

glasses and bioactivity

%e properties of bioactive glasses and glass ceramics are intricately linked to
their composition, structure, and processing methods. Synthesized primarily
through melt-quench or sol-gel techniques, these materials are extensively used
in biomedical applications, such as implant coatings, bone grafts, and scaffolds,
where mechanical and thermal properties are crucial. Understanding the struc-
tural transformations and crystalline phases resulting from heat treatment is

essential for optimizing their performance |7 .

The glass transition temperature (7}) is a fundamental parameter influenc-
ing the thermal behavior of bioactive glasses. As O'Donnell [? | demonstrated,
precise estimation of T enables the prediction of other temperature-dependent
properties critical for processing, such as annealing temperature, fiber-drawing
temperature, and heat treatment temperature. Moreover, T} is directly linked
to the network connectivity of the glass, which governs both its bioactivity and
mechanical properties. In applications like implant coatings, maintaining the
stability of glass properties is critical, as undesirable variations, such as changes
in the TEC, can induce stress and strain within the material. Localized strain
may affect &e bioactivity and as well as other properties of the glass [? |. Ad-
ditionally, a mismatch in the TEC between the substrate and coating material
san lead to delamination or failure of the composite system [? |. Therefore,
understanding the thermal behavior and temperature-dependent properties of
bioactive glasses is imperative for selecting optimal compositions and ensuring
reliable performance. Several theories have been proposed to elucidate the roles
of various ions in bioactive glasses, focusing on aspects such as structure, ionic
potential, and network connectivity [? ? 7 |. However, these theories often
neglect the complex interplay between MgO and P5Oj5, particularly their com-

bined influence on bioactivity. While P20; is a well-established glass former,
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MgO exhibits a dual nature, acting as both a network former and a network

modifier depending on its concentration and the overall glass composition |7 |.

Magnesium, a vital mineral the human body after calcium, sodium, and
potassium, plays a crucial role in numerous physiological processes |7 |. It is
a key component of bone, dentin, enamel, muscle, and soft tissues, acting as
a cofactor in over 300 enzymatic reactions. Magnesinm’s involvement in phys-
iological functions includes bone development, protein synthesis, muscle con-
traction and relaxation, nucleic acid synthesis, Adenosine triphosphate (ATP)
metabolism, and vitamin-D stimulation. Maintaining appropriate magnesium
levels in extracellular ﬂui(%l?—l,(lf) mMol/L) is essential for these processes.
Its higher concentration in the stratum corneum, the outermost layer of the epi-
dermis, suggests a role in skin barrier function, epidermal differentiation, and
proliferation [? 7 7 |. Additionally, magnesium regulates active calcium trans-
port, activates phagocytosis, and is involved in calcification processes within
calcified tissues |7 7 |. However, magnesium’s role in bioactive glasses is com-
plex and debated. Some studies suggest that high magnesium concentrations
hinder apatite layer formation [? 7 |, while others report no significant ef-
fect [? 7 |. This discrepancy highlights the need for further research to fully
understand the influence of magnesium on bioactivity. Balamurugam et al.
[? ] synthesized a 558'1()2—26&1()—13%)—&’20; (mol%) bioactive glass via
the sol-gel method and observed rapid increases in pH and the release of Ca?t
and Mg?" ions in SBF, indicating high reactivity and bioactivity. The forma-
tion of a silica-rich layer that subsequently crystallized to form hydroxyapatite
was reported, further confirming the material’s bioactivity. While CaO and
MgQ share similar properties, CaQ consistently acts as a glass modifier. It
occupies interstitial spaces within the glass network, increasing non-bridging
oxyeen atoms and reducing network connectivity in the glass. This structural
modification by CaQ contributes significantly to the properties and bioactiv-

ity of the glass. The presence of magnesium in the glass composition is also

reported to promote cell adhesion and osteoblast proliferation [? |.

Al-Noaman et al. [? | investigated the effects of partially substituting MgO
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for CaO in bioactive glass coatings. The resulting changes in thermal proper-
ties, structure, and bioactivity in SBF were evaluated for the glasses. Their
indings indicated that magnesium suppressed crystallization and decreased the
%ﬂrmal expansion coefficient, glass transition temperature (7}), and softening
temperature (7;). Importantly, it was concluded that the glasses’ ability to
form apatite was not inhibited by magnesium, but rather the onset of apatite
deposition was delayed. This suggests a nuanced role for magnesium in the
bioactivity mechanism. Wetzel et al. [? 7 | further investigated the effects
of partially replacing CaO with MgO, confirming that magnesium addition
up to a certain threshold did not hinder apatite formation. Additionally, a
widening of the sintering window for bioactive glasses with increasing magne-
sium substitution was observed, offering potential advantages for processing
and controlling material properties. Fiume et al. investigated the biological
response of novel silicate bioactive glasses containing MgO. In one study [? |, a
E.SSiOQ’10Na20’1OKQO’IOB’IgO’QOCaO’Z.SPZO.’j (mol%) glass demonstrated
excellent pro-osteogenic properties and complete resorption within 3 months
in-vivo, with new tissue formation. An earlier study by the same group [?
| on a similar Si02-NaaO-K20-Mg0O-CaQ-P205 glass also showed excellent
cytocompatibility and osteogenic effects m’tm and in-vivo. Jha et al. [? |
found that substituting MgO for CaO in a SiOs-Ky0-CaO-MgO glass increased
chemical durability, slowing ion release during in-vitro bioactivity tests, while
increasing hardness (464-502 HV), comparable to bone. These studies highlight
the potential benefits of incorporating MgO in bioactive glasses for bone regen-
eration. Expanding on this, Tkizler et al. [?7 | studied the effect of 1 wt% MgO
addition to 4555 bioglass synthesized with biogenic silica via melt-quenching.
Enhanced hardness in both biogenic and commercial silica-based bioglasses
was observed. Moreover, magnesium incorporation specifically improved the
bioactivity and biodegradability of the commercial silica-based glasses. These
results highlight the significant influence of both silica source and magnesium

addition on bioglass properties.

Further studies have demonstrated that the addition of alkali oxides to bioac-

tive glass compositions can offer several advantages, including lower melting
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temperatures, leading to more economical production. Up to a certain concen-
tration, alkali oxides also enhance glass solubility in aqueous media, promoting
increased interaction between the host tissue and the biomaterial, a key fac-
tor for bioactivity. Moreover, the presence of alkali oxides can improve the
thermal stability of bioglasses by suppressing erystallization, which in turn fa-
cilitates better sintering and control over the final material’s microstructure
[?7 7 ]. Cannillo et al. [? | investigated a novel potassium-based bioactive
glass (46.15105-2.6P505-26.9Ca0-24.4K,0 mol%), inspired by 4555 Bioglass
®  where K,0 substituted NayO. While the thermo-mechanical properties and
in-vitro response were comparable to 4585, the potassium-containing glass ex-
hibited higher stability during enameling, avoiding crystallization, unlike 45S5.
This suggests its greater suitability for producing glass coatings. Crovace et al.
[? | explored the impact of NasO substitution with K20 in a similar silicate
glass system. A decrease in crystallization kinetics and viscosity was observed,
with the 50NasO/50K20 composition exhibiting the fastest densification, con-
firming ée mixed alkali effect é\JAE) on sintering kinetics. While HCA for-
mation in SBF was unaffected, the osteogenic potential of pre-osteoblastic cells

was enhanced.

Sinitsyna et al. |7 | studied the broad range of KoO substitution for NasO
(0-100%) in S53P4 bioactive glass, also observing an MAE, particularly influ-
encing thermal properties, most notably around 20% K,O. Higher K30 levels
expanded the glass network, decreasing density and widening the thermal pro-
cessing window. lon release kinetics in TRIS and SBF showed varied trends
depending on the substitution level, with single-alkali glasses exhibiting supe-
rior bioactivity compared to mixed-alkali compositions. Moderate KoO sub-
stitutions (<40%) reduced bicactivity and thermal processing flexibility, while
higher levels (>66%) enhanced processability but moderately decreased bioac-
tivity. Fully substituted K;O glass, however, exhibited low crystallization and
promising bioactivity. Similarly, Zia et al. [? | investigated the impact of K20
on the microstructure of a NayO-CaO-P205-5105 ceramic system synthesized
via heat treatment at 900 °C. Increased thermal stability and a decreased crys-

tallization tendency with increasing KoO content were observed, which can be
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beneficial for promoting bioactivity in-vitro. The major erystalline phases iden-
tified were sodium caleium silicate (NayCagSigOyg), combeite (NasCasSizOg),
and wollastonite (CaSiOy). These findings highlight the complex influence of

K40 substitution on properties and bioactivity, enabling tailored glass design.

2.5 Biocompatibility of bioactive glasses/bioglass-ceramics

erived from agro-food waste

Biocompatibility is an essential requirement for biomaterials, especially those
intended for implantation. [In-vitro cytotoxicity testing offers a crucial initial
assessment of bioglasses and glass ceramics, providing valuable safety data and
informing subsequent in-vive studies [? |. élcel et al. [?7 | studied the cyto-
toxicity of rice husk derived 4656 bioactive glasses with a congentration of 20
mg/ml on sarcoma osteogenic (SAOS-2) osteoblast-like cells ﬁtured in Dul-
becco’s Modified Eagle Medium-F12 (DMEM-F12) media via MTT assay. 4656
glass has shown no toxic effect during the test. Furthermore, the substitution of
strontium in 4555 bioactive glasses (using RHA) was also studied to determine
their cytotoxicity via MTT assay. Strontium has been considered a promising
incorporation agent to enhance the replication of preosteoblast cells and reduce
osteoclast activity. The results have shown good metabolic activity and cell
viability, due to the controlled degradation rate of strontium and silica ions in
DMEM cell culture dia determined by inductively coupled plasma-optical
emission spectroscopy (ICP-OES). It has also been found that pH change also
directly affects the growth of cells, metabolic activity, and membrane potential
due to their acidic and basic properties. The fast increment in pH because of
H™ cation oceurs due to more ion dissolution of the glass |? |. Palakurthy et al.
[?7 ] used the human osteoarcoma MG-63 cell lines to test the cytocompatibility
of RHA and ESP based bioglasses (Si0;-Ca0-Na,O) with different concentra-
tions (1000-50 pg/mL) and compared to blank control via MTT assay. The
cell viability has been observed at =70% en at a higher concentration i.e.,
1000 pg/mL. These bioglasses have demonstrated no toxicity effect that can

be used in biomedical applications.
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Punj et al]? | studied the effect of diopside synthesized using CHA, SCLA, and
ESP on MG-63 cell lines. Furthermore, the cytotoxicity of agro-food waste-
derived glasses on similar MG-63 cell lines was studied, and the non-toxic effect
of the glasses was reported even at a higher 10 mg/ml concentration [? |. The
biocompatibility of biogenic silica nanoparticles (hSNPs) derived from RHA
and sugarcane bagasse ash (SCBA) was also assessed by Athinarayanan et
al.|[? using MTT assay on human lung fibroblast cells (hLFCs) at differ-
ent concentrations of bSNPs (0, 25, 50, 100, 200, and 400 pg/mL). The cell
viability >85% has been found for bSNPs even at a higher concentration of
400 pg/mL, indicating bSNPs are biocompatible amd may be applicable for

biomedical applications.

These findings consistently support the biocompatibility of agro-food waste-
derived bioactive glasses, even with compositional modifications. Kargozar et
al. [? ] synthesized magnesium (Mg)-doped bioglass (Si0y-P205-CaO-NasO

MgO-Ky0 (mol.%)) to use in bone reconstruction. Futher, Shoaib et al. |?
|synthesized the mesoporous bioactive glass (MBG) with composition (SiOa-
Ca0-NayO-K20-P20; mol %) by sol-gel method. Polyethylene glycol (PEG
6000) was used as a soft template. Similar research group studied the effect of
Mitomyein C (Me) loaded esoporous bioactive glass nanoparticles (Mg-MBG
NPs) on MG-63 cancer cells and reported ﬁat Mg-MBG alone has no anti-
proliferative effect but the Me-Mg-MBG demonstrated an 1C50 value of 20.8

pg/ml and significant inhibitory effects on cancer cells.

The following table summarizes key studies on bioactive glasses and glass-
ceramics, highlighting the use of sustainable resources like RHA and ESP as
precursors. The table also includes studies investigating the effects of MgO

and Ky0O substitution on the properties of bioactive glasses.

2.6 Motivation of the study

The development of sustainable and biocompatible materials is a critical area
of research in biomedical engineering, driven by the increasing demand for en-

vironmentally friendly solutions. Bioactive glasses, with their proven efficacy in
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bone regeneration and tissue repair, have garnered significant attention. While
extensive research has explored synthesizing bioactive glasses from conventional
sources, utilizing agro-food waste as a sustainable alternative presents a com-
pelling opportunity. This approach not only reduces environmental impact
but also creates value from the wastes. As detailed in this literature review,
-onsiderable progress has been made in utilizing agro-food waste, particularly

43

1ce husk ash (RHA) and eggshell powder (ESP), as sustainable precursors for

-~

=

bioactive glass synthesis. These studies demonstrate the feasibility of produc-
ing bicactive glasses with comparable or even enhanced properties compared
to conventionally derived materials. However, a significant gap existg regard-
ing the systematic exploration of hybrid bioglass systems combining rcrfood
waste-derived (510,, CaQ) and conventional mineral oxides such as P03 and
NayO. Existing research primarily focuses on using agro-food wastes either as
the sole raw material or as silica sources alongside conventional oxides, with
limited exploration of hybrid systems, %the best of our knowledge, no stud-
ies have reported bioactive glasses grived from both rice husk and eggshell

owder as silica and calcium sources, respectively, with systematic variations
of MgO substituting for CaO and KO substituting for NapO in 4555 bioglass

for biomedical applications.

This identified gap and the potential for developing novel bioactive glasses
with tailored properties and improved sustainability are the primary motiva-
tions for the present study. This research aims to contribute to a more sustain-
able biomaterials industry while advancing innovative solutions for bone re-
generation and tissue repair by systematically investigating the effects of these
compositional modifications and utilizing readily available agro-food waste re-

SOUrces.

Based on the above observations and literature survey, the following objec-

tives are proposed for the present study.
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2.7 Objectives

e Synthesis and characterization of 438102+ (25-x)CaO+4(25-y) NaaO-+xMgO -+
yEKoO+4+7P20;5 (x— 0,5,10, and 15; y— 0, 5,10 and 15) (wt%) glasses.

e In-vitro synthesis and characterization of hydroxyapatite layer on devel-
oped glass and glass ceramics.

o BEvaluation of cytotoxicity of selected glass and glass ceramics.
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Chapter 3

Materials and methods

Overview

This chapter details the synthesis and characterization of calcium silicate
glasses derived from hybrid resources, incorporating both roffood waste (rice
husk ash and eggshells) and conventional chemicals. The structural, ther-
mal, microstructural, and physicochemical 'operties of the as-prepared glasses
were investigated. Crucially, their bioactivity and biocompatibility, assessed
using simulated body fluid (SBF) and human eripheral blood mononuclear
cells (PBMCs), respectively, were evaluated to determine their suitability for
biomedical applications. The synthesis procedure, characterization techniques,
and testing methodologies, including the specific conditions and parameters for

each analysis, are comprehensively described.
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ggr&food wastes, such as rice husk ash and eggshells, represent a valuable
source of materials with potential applications in various fields, particularly
biomedicine. Careful selection and processing of these wastes are crucial for

obtaining materials suitable for transforming them into valuable resources.

3.1 Agro-food wastes as raw materials

The present study aims to synthesize bioactive calcium silicate glass compo-
sitions from hybrid sources, that is, agro-food waste ashes and conventional
chemicals. Rice husk (RH) was collected from a local rice mill in Patiala, Pun-
jab, India. The obtained RH was initially cleaned to remove soil particles or
remaining rice straws. Furthermore, it was washed with normal water to re-
move any remaining dust. The dried RH was used to obtain RHA. Further,

A was calcined using two different heat treatments to obtain silica (SiOs).
ThﬁHA was first caleined at 1250 °C for 4 h (As shown in Fig. 77), followed
by heat treatment at 1450 °C for 4 h. Chicken eggshells (ES) were obtained
rom the hostel of the Thapar Institute of Engineering and Technology, Pa-
tiala, Punjab, India. The eggshells were ashed with distilled water to remove
impurities and kept in a 1M HCI solution for 2 h, followed by washing 1th
distilled water. Then, ES were kept in the oven at 70 °C for 6 h to remove any
moisture from the eggshell. Finally, eggshells were 'ound in an agate mortar

to convert into powder.

The purity of SiOs and CaCOs, determined sing energy-dispersive X-ray
spectroscopy (EDS) with Quantax Esprit software (Bruker microanalysis), was
found to be 97.7 wt% and 98 wt%, respectively, with trace elements listed in
Table 77. These sources, obtained from agro-food wastes and other required
conventional chemicals according to the objectives, were used to synthesize the
bicactive glasses. Details of the glass synthesis, characterization, and testing

procedures are provided in the following sections.

Further, details of the glass synthesis are given in the following section.
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3.2 Synthesis of bioactive glass

Bio-active glasses can be synthesized by using different techniques, such as

melt quenching, sol-gel, chemical deposition, and co-precipitation ete. The
first ever 4555 bioglass was synthesized using the traditional melt- quenching
method [? |. However, melt quenching and sol-gel are the well developed and
prominent methods used for the preparation of bioactive glagses. Each and
every technique has merit and demerit. In the present case, ﬂle conventional

melt quench technique has been adopted to synthesize the glasses.

The first series of glass compositions was synthesized % study the effect
of MgQO substitution on bioactivity. The selected compositions were as fol-
lows: 438i02—(25—)CaO-(x)MgO—25N320—7P205 (x = 0, 5, 10, and
15 wt%). The derived SiOs and CaCOyj from RHA and ESP, respectively, were
combined with the conventional chemicals (NasCOj3, PoO3, MgO) in the desired
proportions. The conventional chemicals such as sodium carbonate (NayCOsg)
with 99.99% purity (Loba Chemie), phosphorus pentoxide (P203-99.99%, Loba
Chemie), magnesium oxide (Mg(-99.99%, Loba Chemie) were used as the con-
ventional chemicals. These were used without any further purification. The
blended mixture of conventional chemicals and agro-food waste-derived Si0Oy
and CaCO; was homogenized by grinding for 2 h(}uﬁ (h) in an acetone medium.
To remove any residual carbonates, the mixture was calcined at 1000 °C for
2 h. The calcined material was then grinded again for 1 h. The grinded, cal-
cined mixture was heated in a platinum-rhodium crucible withi&an electronic
furnace (Okay model with MoSiy heating elementglat a rate of 5 °C/min. The
mixture was held at intermediate temperatures (300 °C, 600 °C, 900 °C, and
1200 °C) for 0.5 h each to promote diffusion éld minimize volatilization of
certain components before finally being melted at 1550 °C. The melt was then
air-quenched using two thick copper plates. The 1e1t was air-quenched using

two thick (6.84 mm) copper plates.

Second series of glass compositions was synthesized to investigate the effect

of K50 in place of NayO. In this series, NaoO was incrementally replaced with
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K50 in the following compositions: 43Si02-25Ca0-(25-y)NaO-(y)K20-
TP,05 (v = 0, 5, 10, and 15 wt%). The same procedure as described for
the first series was used to synthesize these glasses. The nominal composition

of all the glass samples along with their labels are given in Table 77

% Characterization methods

3.3.1 Density measurement

Density is a crucial parameter that provides insights into the compactness,
porosity, and interconnectivity of the glass structure [? |. This directly in-
fluences the bioactivity of glasses, affecting both their degradation rate and
interaction with surrounding tissues. In the present study, density (p) f the
as-quenched glasses was determined using Archimedes’ principle with xylene
using as buoyant medium:

W

m X Psample (31)

Psample

where piiene is the density of xylene (0.863 g/em? at 30°C), W, is the weight of
the sample in air, and W, is the weight of the sample in xylene. Subsequently,
67

molar volume (V;,) and oxygen packing density (OPD) were derived from the

calculated density using standard equations as given below:

M
Vi = (3.2)
Psample
psamplc
OPD =(C x —— 3.3
Y 3.3)

Where ?is the number of oxygen atoms per formula unit.

?3.2 X-ray diffraction (XRD)

%{D is a non-destructive technique widely used to characterize materials’
structural properties, including identifying amorphous or crystalline phases.
In the present study, the XRD was performed on the as-prepared samples as

well as after immersion in simulated body fluid (in-vitro testing) to confirm
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the amorphosity, nanocrystallinity, and hydroxyapatite (HAp) formation, re-
spectively. The principle of XRD relies on @e interaction of X-rays with the
arrangement of atoms in a crystalline lattice [? |. This ordered arrangement
creates planes with characteristic interplanar spacings (d-spacing). When X-

rays interact with these planes, diffraction oceurs according to Bragg's law:

2dsinf = nA (?4)

where 0’ is the order of reflection, A is the X-ray wavelength (0.1-4 A),
d 0 is the diffraction angle. Constructive interference from diffracted X-
rays results in diffraction peaks, which are analyzed to identify the crystalline
phases. In a typical X-ray diffractometer, onocht'omatic X-rays are generated
by a cathode ray tube, filtered by crystal monochromators, collimated, and
directed onto the sample. As the sample and detector rotate, the intensity
of reflected X-rays is recorded. When the incident X-rays’ geometry satisfies
Bragg’s law, constructive interference occurs, producing diffraction peaks. A

etector records and processes these X-ray signals, converting them into counts
per second, and the output is displayed on a computer monitor (e.g., as shown

in Fig. 77).

As the glasses lack long-range atomic order, they exhibit broad halo patterns
in XRD instead of sharp diffraction peaks. The halo’s position is composition-
dependent, and multiple halo’s may indicate phase separation or inhomogeneity
[? |. In contrast, glass ceramics, which possess partial crystallinity, exhibit
both broad halo and crystalline peaks embedded over the glass matrix. XRD
analysis provides crucial information on the crystalline phases formed during
heat treatment or after immersion in SBF, which is essential to understand the

bioactivity of these materials.

In this study, XRD patterns were acquired using a Rigaku Smartlab SE
X-ray diffractomeﬁr with a Cu-Ka source (A = 1.54 A) Measurements were
performed in air over a 26 range of 10-90° with a scanning speed of 4°/min

and a step size of 0.02°. Phase identification was carried out using X’'Pert
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HighScore Plus software. Samples were analyzed in their as-quenched state,

both before and after SBE immersion (in-vitro testing).
§.3‘3 Differential thermal analysis (DTA)

DTA is a crucial technique for assessing the thermal behavior of materials, pro-
viding insights into thermal stability and phase transitions, such as the glass
transition temperature (7},) and crystallization temperature (7;). These char-
acteristic temperatures are essential for understanding material properties and
processing parameters [? |. For bicactive glasses, T, and T, are particularly
important as they influence H‘le sintering and crystallization behavior during
the fabrication of glass-ceramics, which can significantly impact the final ma-
terial’s bioactivity. Many processes, such as coating and enameling, involve
subjecting the glass to high temperatures, often near obexcee(ling the crystal-
lization temperature (77.) [? |. Therefore, determining the thermal stability of
the glass through DTA is essential.

In DTA, both the sample and an inert reference (e.g., Al,O3) are subjected
to identical thermal cycles, and the temperature difference (AT) between them
is continuously monitored. This difference is plotted against temperature, pro-
ducing a DTA curve (thermogram). Endothermic and exothermic peaks on the
thermogram correspond to physical or chemical changes in the sample, such as
glass transition, crystallization, melting, and other phase transitions. A typi-
cal DTA setup (e.g., as depicted in Fig. 77) includes a furnace, sample and
reference holders equipped with thermocouples, and a recording system. The
differential arrangement of thermocouples, connected to a differential ampli-
fier, allows for precise measurement ofﬁe temperature difference between the

sample and reference, enabling the detection of even subtle thermal events.

ﬁ this study, DTA was performed using a Perkin Elmer Diamond Pyris
TG/DTA instrument. Approximately 15 lg of glass powder was placed in a
Pt crucible, with Al,O3 (99.9% pure) as the reference material. The EJ and
T, were determined from DTA curves obtained in the 20-1000°C range at a

heating rate of 15°C/min. The softening temperature (7) was determined via
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dilatometric measurements using a Netzsch DIL402PC dilatometer at a heating

rate of 5°C/min in air. The temperature measurements were accurate to within
+1°C.

?3.4 Scanning electron microscopy (SEM) and energy dispersive
spectroscopy (EDS)

EM, coupled with EDS, played a crucial role in characterizing the synthesized
glasses and glass-ceramics before and after immersion in simulated body fluid
(SBF). SEM generates high-resolution images by scanning focused electron
beam across the material’s surface. The interaction of the electrons with the
sample produces various signals, including secondary electrons (SE), backscat-
tered electrons (BSE), and characteristic X-rays, which provide information
about surface topography, elemental distribution, and composition, respec-
tively [7 |. ‘A schematic of the SEM principle is shown in Fig. 77. Field
emission scanning electon microscopy (FESEM) is a similar instrument to SEM;
it provides enhanced solution (down to 1.5 nm) up to three to six times better

than conventional SEM and provides clearer and less distorted images [? |.

EDS, integrated with SEM, provides elemental analysis of the sample. When
the ﬁgh—energy electron beam of the SEM interacts with the sample, it causes
the ejection of inner-shell electrons from atoms within the sample, creating va-
cancies (as shown in Fig.?? b). These cancies are quickly filled by outer-shell
electrons, releasing energy in the form of characteristic X-rays unique to each
element. An energy-dispersive X-ray (EDX) detector measures these %—rays,
allowing for the identification and quantification of the elements present [? |.
This is essential for verifying the composition of the synthesized glasses and
confirming the presence and relative amounts of key oxides. In the context of
bioactivity assessment, SEM-EDS is particularly valuable. After SBEF immer-
sion, SEM allows for direct visualization of hydroxyapatite (HAp) formation
on the material’s surface, providing insights into the morphology of the HAp
layer, including its thickness, density, and crystallinity. EDS is crucial for deter-

mining the Ca/P ratio within the HAp layer, a key indicator of bone-bonding
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potential. A Ca/P ratio close to that of natural bone apatite (approximately
1.67) is considered desirable for good bioactivity. Furthermore, SEM-EDS can
be used to identify different phases formed in glass-ceramics, as well as to track

elemental changes during degradation studies.

For the present study, SEM micrographs were obtained using a JEOL/EQ
SEM (version 1.0). Samples were coated with gold (Au) using a JEOL JEC-
3000 FC auto fine coater at 20 mA for 60 seconds. Higher-resolution imaging
was performed using a Zeiss Sigma 500 Eld emission scanning electron mi-
croscope (FESEM). Elemental analysis was conducted via energy-dispersive
Xeray spectroscopy (EDS) using a Bruker Quantax XFlash 6130 detector on

the FESEM, operating in low vacuum mode.
9.3.5 Fourier Transform Infrared Spectroscopy (FTIR)

Infrared spectroscopy is a crucial analytical technique in materials science,
based on the principle of molecular vibrations. When infrared radiation inter-
acts with a sample, specific wavelengths are absorbed, corresponding to the
vibrational frequencies of the material’s structural units, while the remaining
radiation is transmitted. e infrared spectrum is broadly divided into three
regions: far-infrared (< 400 ecm™!), mid-infrared (4000-400 cm™!), and near-
infrared (13000-4000 em™!). A change in the electric dipole moment during
vibration is essential for infrared absorption. FTIR spectroscopy, the most
common infrared method, employs the interference of two beams to generate
an interferogram, a signal based on the path length difference between the
beams. Fourier transformation converts this signal from the distance domain
to the frequency domain (wavenwmber). The resulting spectrum, displaying
transmittance as a function of wavenumber, is then analyzed by assigning spe-
cific bands to the vibrations of distinct structural units. This unique spectral
fingerprint allows for the identification of a sample’s structural components
and can even be used to evaluate bond strength. Overlapping bands can be
resolved using deconvolution, a signal processing technique that enhances spec-

tral resolution |7 |.
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FTIR spectroscopy is particularly valuable for analyzing anctive glasses
and glass-ceramics, both before andﬁter immersion in simulated body fluid
(SBF). A key aspect of bioactivity is the formation of silanol groups (Si-OH™)
when exposed to physiological fluids. Network modifiers within the silica net-
work disrupt the tetrahedral SiOy units, %eaking Si-0-Si bonds and forming
Si-O-NBO (non-bridging oxygen) groups. This process, coupled with silicate
network dissolution, is crucial for bioactivity. FTIR spectroscopy, sensitive to
these vibrational mode changes, provides insights into these structural trans-
formations. Analyzing ﬂw Si-0-Si and Si-O-NBO absorption bands reveals
information on network connectivity and the influence of modifiers [? |. Each
glass composition’s unique infrared absorption spectrum serves as a fingerprint,
facilitating the identification and comparison of different structures. Compar-
ing spectra before and after SBF immersion allows for identifying structural
changes such as hydroxyapatite (HAp) formation or alterations m the glass

network, which elucidates the bioactivity mechanism.

In this study, FTIR analyses were conducted using an IRTracer-100 spec-
trometer (Shimadzu Corporation, Japan). Spectra were recorded in the 400-4000
em™! range with a 2 cm™! resolution using the KBr pellet method (0.5 mg sam-
ple mixed with 200 mg KBr). Data analysis, including deconvolution of over-
lapping bands, was performed using Origin 2018 software. The accuracy of the
Gaussian fitting during deconvolution was assessed by maximizing R-squared

(R? = 0.999) and minimizing reduced chi-squared (x% ~ 1077).
3.3.6 Vickers Microhardness

Vickers microhardness measurements were performed on the as-quenched sam-
ples using a Mitutoyo MVEK-HO microhardness tester (Japan) equipped with
a diamond Vickers indenter. Indentations were made at four different points
on each sample surface using an applied load of 100 gf for a dwell time of 15
seconds as shown in Fig. ?7. . The indentations were made on the as-prepared
sample surfaces without prior polishing. A light microscope (Eclipse-MA100,

Nikon, Tokyo, Japan) at 100x magnification was used to measure the lengths of
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both diagonals immediately after indentation. Three indentations were made
at each of the four points to minimize error, and the average diagonal length

was used for the calculations.

%e Vickers microhardness (HV) was calculated using the following equa-
tion:

~ 1.854L

HV = = (3.5)

where? is the applied load in gram force (gf) and d is the average diagonal

length (mm) of the indentation.
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g.ll Characterizations for bioactive properties

In addition to the characterization techniques mentioned above, further anal-
yses are necessary to explicitly confirm the bioactivity phenomenon discussed

in this section.
3.4.1 In-vitro testing

?L—vitm bioactivity and degradation of the powdered glass samples were as-
sessed using mulated body fluid (SBF). The SBF solution was prepared ac-
cording to Kokubo's protocel [? | using high-purity NaCl, NaHCO3, KCI,
KyHPO4-3H;0, MgCly-6H,0, CaCly, and NasSO, dissolved in deionized wa-
ter. The pH was maintainal at approximately 7.34 (within the normal range
of human blood plasma) using 50 mM Tris-hydroxymethyl aminomethane-
((CH,OH)3CNH,) and 45 mM HCI. A weight (powder sample) to volume (SBF
solutionﬁntio of 0.02 g/mL was maintained [? ? ]. One gram of each glass
powder was immersed in 50 mL of SBF in polyethylene bottles and incubated
at 37 °C for 2, 5, 10, 20, and 40 days.

SBF pH was monitored daily gsing a digital pH meter (P Hep model HI96107,
precision 0.1). Samples were collected after 2, 5, 10, 20, and 40 days of immer-
sion, filtered, dried at room temperature, and weighed using a Mettler Toledo
precision microbalance to determine weight loss (W,) according to the following

equation:

Wy — W
W =2 7

!
x 100 3.6
W (36)
Where % and Wy are the initial and final weights of the sample, respec-

2

tively. Soaked samples were characterized using XRD, FTIR, and SEM-EDS
and compared to pristine (unsoaked) samples. The residual SBF was analyzed
using microwave plasma atomic emission spectroscopy (MP-AES) to determine

the elemental release profile.
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3.4.2 ?/Iicrowave plasma-atomic emission spectroscopy (MP-AES)

MP-AES is a highly sensitive elemental analysis technique that is valuable
in various applications. In the present bioactive study, MP-AES is used for
the quantification of trace elements released from the samples, providing in-
sights into the dissolution behavior of the material and corroborating observed
changes n the pH of the SBF and the sample weight. magnetron and a
waveguide are major components of the instrument. The magnetron generates
electromagnetic energy ( 3.5 GHz), which is transferred to a waveguide assem-
bly and focused onto a plasma torch |7 |. The sample, introduced into the
plasma via a nebulizer, is atomized and excited by the microwave-generated
nitrogen plasma. This excitation causes the atoms to emit light at charac-
teristic wavelengths, which are then detected by the solid-state charge-coupled
device (CCD) detector, and used to quantify the elemental concentrations, even
at very low levels (parts per billion).In the present bicactive study, MP-AES
serves as a complementary technique, providing detailed elemental release pro-
files (up to ppb levels) to corroborate the observed pH and weight changes in

the immersed samples.

In the present work, an Agilent 4100 MP-AES system (spectral resolution:
25-40 pm) was used to quantify ion concentrations leached from the samples
into SBF. Samples (0.1 g) were dissolved in IN HNO;3 (10 m? and water (25
mL), heated to reduce volume by 50%, and then diluted with 100 mL of water.
All measurements were performed in triplicate and average values were used

for final analysis.

3.5 Biocompatibility test

3.5.1 MTT assay

The cytotoxicity of all glass samples were evaluated using the MTT (?{4,57
dimethylthiazol-2-y1)-2 5-diphenyltetrazolium bromide) assay with human pe-
ripheral blood mononuclear cells (PBMCs) [? |. PBMCs were isolated from

healthy volunteer blood using density gradient centrifugation with HiSep™
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LSM1077 (HiMedia, India), following the standard method. The olated cells
were waghed with phosphate-buffered saline (PBS) and resuspended in Dul-

ﬁodiﬁed Eagle Medium (DMEM, HiMedia, India) supplemented with
5% fetal bovine serum, 100 UI/mL pepicillin, 100 pg/mL streptomycin, and 25
ng/mL amphotericin B. Cells were seeded in a 96-well plate at a density of 4

becco’s

% 107 cells /well. The schematic illustration of the MTT assay is shown in Fig.
77.

For (lnse—resptmée assessment, cells were treated with varying sample con-
centrations (0-200 pg/mL) for 24 h in a humidified incubator at 37°C with 5%
COs,. @
time-dependent cytotoxicity assessment over 48 h. Following incubation, 200

ased on these results, a concentration of 100 pg/mL was selected for

of supernatant was removed, and 20 pL of MTT solution (5 pg/mL) was
added to each well. After 4 h of incubation in the dark, 150 pli of DMSO
was added to each well, and the absorbance was measuted at 540 nm using an
Infinite Pro ELISA reader. Cell viability was calculated relative to untreated

controls:

BB of treated cel
Viability (%) = W % 100 (3.7)

Experiments werggperformed in triplicate with three independent biological
replicates. Results are presented as mean + standard deviation. Statistical
analysis erformed using one-way ANOVA with Tukey’s multiple compar-
ison test (GraphPad Prism, GraphPad Software, Inc., San Diego, CA).
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Chapter 4

Results and discussion

Overview

This chapter presents the nthesis, characterization, and in-vitro assess-
ment of two bioactive glass series prepared via the melt-quench method. The
first series investigated the substitution of CaO with MgO (43Si02-25Nas0-
TP205-(25-x)Ca0-xMgO, x — 0, 5, 10, and 15 wt%) while the second explored
the replacement of Nay,O with KyO (435109-25Ca0-7P205-(25-v) Na,O-yK, O,
v = 0,5, 10, and 15 wt%), initially using hybrid sources (eggshell and agro-food
waste ash) combined with conventional chemicals. Different characterization
techniques were used to determine the change in properties che glasses before
and after immersion in SBF. The MgQ substitution improved the compactness
and thermal stability, while KoO decreased density and reduced phase sepa-
ration. Both modifiers increased the sintering window and resulted in Vickers
hardness values ranging from 4.65 to 6.2 GPa. In-vitro testing in SBF showed
that MgO initially retarded but later stabilized HAp formation, while KoO
promoted faster c-HAp growth. All glasses exhibited good cytocompatibility
(>85% cell viability). All glasses indicate good cytocompatibility (MTT assay
with PBMCs) with =85% viability. Based on the results, the best glasses were
synthesized using only conventional precursors for comparison. The results in-
dicate a higher hardness and faster HAp formation, but lower cytocompatibility

at higher concentrations than their hybrid-source-derived counterparts.
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4.1 43SiOg—25Na,20—7P205—(25—) CaO-(x)MgO (x = 0,
5, 10, and 15 wt%)

4.1.1 Compositional analysis of as-quenched glasses

EDS analysis a,s used to determine the elemental composition of the as-
quenched glasses. The measured compositions were consistent with the nomi-
nal compositions of the glasses. Table 7?7 presents the elemental compositions
(wt%) determined by EDS, with associated standard deviations (n—8). A rep-

resentative EDS spectrum for the SC-0 glass is shown in Fig.?7?.

In addition to the nominal composition, trace elements, including MgO at
levels below ~ 1 wt%, were also detected as shown in (Fig. 77 and Table
?7). Notably, MgO was also observed even in the SC-0 glass, which lacked MgO
addition in the nominal compgsition. Furthermore, AlsO3 was also detected
with the level below ~ 1 wt%. The presence of these trace elements is attributed
to impurities in the starting materials of bio-wastes, as has been widely reported

for agro-food waste ash [? 7 |.
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4.1.2 Physical parameters

The density (p) of as-quenched glasses was calculated using Archimedes’ method.
36
These data were then used to deduce the molar volume (Vy,), oxygen packing

density (OPD), and oxygen molar volume (V,) as shown in Fig. 77.

The density decreases with increasing MgO substitution for CaO. This ob-
servation is consistent with the lower molar mass of MgO (40.3 g/mol ) com-
pared to CaO (56.1 g/mol ). The molar volume (V,,), representing the volume
occupied by one mole of glass, also decreases with increasing MgO concentra-
tion. While density and molar volume typically exhibit an inverse relationship,
the observed decrease in both parameters in these glasses can ge attributed to
the higher field strength aggd smaller ionic radius of Mg+ (0.72 A) compared
to Ca®" (1.00 A) |7 7 |. The higher field strength of Mg?* leads to a more
compact glass network due to stronger coulombic interactions with oxygen an-
ions, resulting in an overall volume contraction despite the lower mass of MgO
[? 7 ]|. In other words, the impact of the increased field strength outweighs
the effect of the lower molar mass, resulting in a net decrease in molar volume.
Furthermore, to shed light on this anomalous behavior, the oxygen packing
density was calculated, revealing a trend opposite to that of the molar volume
(Vin). The increased compactness induced by MgO can be further explained
by its higher polarizing power compared to CaQ. The smaller ionic radius of
Mg?* results in a higher charge-to-size ratio, leading to stronger polarization
?gnon—bridging oxygen é\IBO) atoms and a more compact glass structure [?
|. This effect reinforces the observed trends in density and molar volume. The
deviation from linearity observed in these parameters with increasing MgO con-
tent is attributable to the mixed modifier effect, which typically arises when
the ratio of the two modifiers approaches unity, influenced by their respective

field strengths and electronegativities [7 7 7 |.
4.1.3 XRD analysis

The X-ray diffraction (XRD) patterns of all the as-quenched glasses are shown

in Fig.?7?. The presence of a broad halo, instead of sharp peaks, confirms
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the amorphous nature of the present glasses, indicating the absence of long-
range translational order. In addition to a wide halo at a maximum of around
32°, another halo is also present at ~ 20°. This secondary halo becomes more

prominent with the addition of MgQO in place of CaO.

This secondary halo suggests the possibility of phase separation within_the
glass matrix [? |. Several factors could contribute to this phenomenon. ﬁe
higher field strength of Mg>" compared to Ca?* can promote immiscibility and
phase separation [? |. qhe formation of P-O-Mg bonds, due to the disruption
of the orthophosphate enviromment of P2Os by MgO (as discussed in Section
4.1.4), may also contribute to phase separation. Furthermore, the presence
of two glass formers, P2O5; and SiOs, is known to generally lead to phase
separation in glasses [7 7 ]. The increasing tendency of the secondary halo
with increase in MgO content indicates the increased phase separation tendency
of the glasses. This observation is further supported by the presence of two
glass transition temperatures (T;) and two crystallization temperatures (T.)
determined from differential thermal analysis (DTA), as discussed in section
4.1.5.

4.1.4 %ifferential Thermal Analysis (DTA)

Differential thermal analysis (DTA) was performed to determine the glass tran-
sition temperature (T,) and crystallization temperature (T.) to assess thermal
stability (Figure 77). The thermographs reveal two T, values: a subtle one be-
tween 300-400 °C (Tj;) and a more prominent one between 400-550 °C'(T2).
The derivative of the DTA curve (Fig. ??) confirms the presence of these two
endothermic Ty peaks in all glasses. Both T, values decrease with increasing
magnesium content. T is likely associated with the phosphate network, which
typically exhibits a Ty in the 300-400 °C range [? 7 |. Ty2 is attributed to the

silicate glass network, usually observed between 450-600 °C [? 7 |.

Despite the decreasing Ty trend, the substitution of Ca* with Mg?* leads
to an increase in T, and a broadening of the crystallization peak, resulting

in a wider sintering temperature window (AT = T, - ng). This broadened
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window is advantageous for processing, as it allows for sintering without un-
wanted crystallization. The enhanced stability and wider sintering window are

attributed to the inhibitory effect of MgO on crystallization.

55




4.1 435‘i()2—25Nag()—7P2()57(2&g CaO-(x)MgO (x = 0, 5, 10, and 15 wt%) 56

4.1.5 FTIR analysis

FTIR spectra of all the glasses show more or less similar spectra, with mi-
nor band splitting and shifting of the bands is observed with increasing MgO
substitution (gshown in Fig. 7?) To better understand the structural roles
of Si0; and P05, FTIR spectra of all the glasses were deconvoluted (Fig.
?77?). Deconvolution reveals bands from 500 to 1200 em ™!, representing various

structural units of both the glass networks.

In the silicate network, the Q" notation (where n represents the number

of brid&ug oxygens per silicon tetrahedron) is used to describe the structural
units. The band at 840846 cm ™! is attributed to Si-O stretching vibrations in
Q" units. The band at ~906-907 em™", assigned to Q' units, remains relatively
unchanged with MgO content, suggesting that Q? units dominate the present
glass structure. The increase in peak area and FWHM of the bands at ~1084

1098 cm™! (Q* units) with increasing MgO substitution indicates an increase

in the proportion of Q* structural units (as shown in the le 77). This shift
in Q" distribution is reflected in the increasing ratios of %, Qj—ﬁQ—z, and Q_ZO%

with increasing magnesium substitution. However, the ratio % deviates from
the linear trend, initially decreasing for SCM-5, then increasing for SCM-10,
and finally slightly decreasing for SCM-15. Overall, these changes in structural
units reveal increasing polymerization f the glass network. The band at 732

em ™! s assipned to Si-O-Si stretching vibrations [? 7 |.

Regarding the phosphate network, the band at 1034-1065 cm™' represents
vibrations of P()g’ tetrahedra with four non-bridging oxygen (NBO) atoms.
The shoulder band at ~586 cm™! shifts to slightly lower wavenumbers with
increasing MgQO substitution, indicating asymmetric bending vibrations of the
P-O bond and increased disorder in orthophosphate environment[? 7 |.
This increased disorder iwtentially %e to the formation of P-O-Mg bonds,
facilitated by the higher electronegativity of Mg?* (1.31) compared to Ca?*
(1.00) and Na* (0.93) |? |. The presence of orthophosphate units may also

contribute to the observed phase separation in the glasses [? 7 |.
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Magnesium, with its higher field strength based on Dietzel’s criteria, exhibits
a dual nature, acting as both a network modifier and a former depending on
its concentration [?7 |. Watts [? | reported that, in similar glass compositions
(49.46 Si0s - 26.38 NayO - (23.8-x) CaO - 1.07 P,0; - xMgO, where x ranges
from 0 to 23.08 mol%), approximately 86% of the magnesium acts as a net-
work modifier, while the remaining ~14% acts as a network former. This dual
behavior is reflected in the observed shifts in the Si05 and P2O5; bands: MgO
addition causes the SiOg-related bands to shift to higher wavenumbers (indica-
tive of a network-forming role), while the PyOs-related bands shift to lower
wavenumbers (indicative of a network-modifying role). This dual role of MgO
further contributes to the increased phase-separation tendency. In essence,
MgO promotes the formation of orthophosphate groups, which enhances phase
separation in the glasses while simultaneously increasing the polymerization of

the silicate network.

Further, a carbonate band is observed at ~1482 em !

in all glass samples,
which can be attributed to carbonate impurities present in the eggshell powder
[? 7 7 ]. This band becomes more prominent upon the formation of carbonated

hydroxyapatite (c-HAp), as discussed further in Section 4.4.2.
4.1.6 Thermal expansion coefficient (TEC)

TEC is related to the asymmetry of the interatomic potential well. As shown
in Table 77, the TEC decreased with increagine MgO content, which can
be attributed to the smaller ionic radius and higher field strength of Mg
compared to Ca®t [? |. Fig. ?7 presents the dilatometric curves for the as-
quenched glasses. A slight increase in TEC is observed for SCM-10, with a
slight decrease in softening temperature (T,) as compared to SCM-15 glass.
This anomaly could be due to a mixed modifier effect as the MgO/CaO ratio
approaches unity, resulting in increased competition between the two modifier

oxides, which can lead to deviations in expected property trends [? |.

The results observed for decreasing T are also consistent with DTA results
with increasing MgO (Table 77), consistent with the DTA results. The ap-
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proximately 30 °C difference between T, and T, is due to the different heating
rates (Le., 5 °C for TEC and 15 °C for DTA) employed in the two differ-
ent techniques. The measured TEC values are within the range suitable for
bioactive glasses, dentin, enamel coatings, and orthopedic substrates [? |. Tm-
portantly, the TEC of bioactive glasses can be adjusted through compositional
modifications, allowing it to be tailored for specific applications like dental and
orthopedic coatings while maintaining bioactivity [? 7 |. The TEC of SCM-15
is close to that of dentin and enamel (8 x 1070~ 10 x 1076/°C) |? |, suggesting

its potential suitability for such applications.
4.1.7 Hardness

Hardness, a complex property influenced by Emd strength, porosity, degree of

vmerization, and fictive temperature. For oxide glasses, hardness is typically
reported to be within the range of ~2-8 GPa |7 |. In the present study, Vickers
hardness values ranged from 4.6 to 6.2 GPa (Fig.77).

Although&g() substitution for Ca0 is generally expected to increase hard-
ness due to the higher field strength of Mgt (0.45 A=2) compared to Ca>*
(0.33 A‘z), resulting in stronger bonds, a clear monotonic trend was not ob-
served. Hardness initially increased from SC-0 (0 wt% MgO) to SCM-5 (5 wt%
MgO), then decreased for SCM-10 (10 wt% MgO), and finally increased again
for SCM-15 (15 wt% MgO). This non-linear behavior may be attributed to
the mixed modifier effect, which is expected to be most prominent in SCM-10.
SCM-5 exhibited the highest hardness among the series, potentially indicating
increased network connectivity, which might be related to its lower bioactivity
compared to other samples as discussed in the following sections. Initially, MgO
may act as a network former, integrating into the SiO; network. However, with
increasing MgO content, it may preferentially modify phosphate units, disrupt-
ing the glass network and leading to the observed non-linearity. The measured
hardness values align with the reported hardness of 4555 glass (4.58 + 0.094

GPa) and other heat-treated bioglass/bioceramic systems [? 7 |.
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4.1.8 In-vitro testing of glasses

4.1.8.1 Biodegradability and pH change in SBF

The bioactive properties and degradation behavior mhe glasses were evaluated
by immersing them in simulated body fluid (SBF) for various durations at
constant temperature. Fig.?? shows the weight change (Fig. ?77(a)) and pH
variation (Fig. 77(b)) of the glasses over time. SC-0 exhibited the greatest

weight loss, while SCM-15 showed the least.

SC-0 and SCM-5 showed the most rapid weight loss within the first two days
of immersion. SC-0 then showed a weight gain at 5 days, followed by weight
loss at 10 days, finally stabilizing at 20 days. SCM-5, after its initial weight
loss, exhibited continuous weight gain up to 20 days. Glasses with higher MgO
concentrations (SCM-10 and SCM-15) showed slower dissolution during the
first two days, with maximum weight loss observed at 5 days, followed by con-
tinuous weight gain up to 20 days. The increasing MgO content correlates with
slower degradation. This is likely because SC-0 contains only CaQ (which is
more hydrophilic than MgQ), while the other glasses contain a mixture of CaO
and MgO in different ratios. The distinct behavior of SC-0 can be attributed

o the presence of only one alkaline earth metal oxide (CaQO) in its composition.

Moreover, CaQ is more hydrophilic in nature in comparison to MgO [? ].

Interestingly, SCM-15 showed minimal weight change. This might be at-
tributed to the mixed-modifier effect of the MgQ/CaO combination, where a
ratio approaching unity hinders dissolution due to the competitive interaction
of the two modifier ions [? |. Similar weight change trends have been reported
for other bioactive glasses derived from agro-food waste and mesoporous bioac-

tive glass [7 7 ].

Further, the pH variation provides insights into the dissolution %ocess. The
pH change is directly related to the physicochemical reactions and 10n exchange
between the glass and the SBF. All glasses exhibited degradation, and the pH

variation was non-uniform over time. The initial pH rise is attributed to the
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t‘eleaseﬁf base ions (Ca®", Na™, and Mg?") and their interaction with H™ and

;07 ions, followed by the release of acidic Si'™ ions at later stages [7 7 |.
This process eventually reaches equilibrium, resulting in a stabilized pH. The

release of base ions can be represented as follow:

Si-0-Ca?" + H™ — Si-OH™ + Ca*" (4.1)

This pH increase leads to the formation of silicic acid (Si(OH),) near the
glass surface, which in turn stabilizes the pH and facilitates attack on the silica
network by SBF. MgO-substituted glasses showed a non-uniform pH trend at 5
days. However, after 10 days, glasses with higher magnesium content (SCM-10
and SCM-15) exhibited smaller pH changes than SC-0 and SCM-5, potentially
due to slower Si*" release. This observation is supported by MP-AES results
(section 4.1.8.3), indicating lower silicate concentrations in SBF for SCM-10
and SCM-15. These results suggest that magnesium substitution increases
chemical durability and hinders Si** release, consistent with the weight change

results.

A further pH increase suggests reabsorption of Ca?’ and PO4% ions 'om
the SBF to form hydroxyapatite (HAp) on the glass surface. This pH increase
slows as the solution_becomes saturated, and the ion exchange rate decreases.
Calcium phosphate (Ca-P) ions from the glass and SBF form a Ca-P-rich layer,
which gradually incorporates carbonate ions (CO3%) from the SBF, forming
carbonated HAp (c-HAp) |7 |. Slower dissolution and pH variation lead to more
stable HAp formation. The ¢-HAp formation is driven by lon exchange and
influences the dissolution rate, which can be optimized by adjusting modifier
type and concentration. Using a single modifier like CaO promotes faster HAp
growth, while incorporating two modifiers (e.g., CaO and MgQ) moderates the
dissolution rate, beneficial for applications requiring slow degradation [? 7 |.
The pH variation was recorded up to 40 days, at which point dissolution was

observed for all glasses.
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4.1.8.2 MP-AES analysis

Eﬁcrowave plasma-atomic emission spectrometry (MP-AES) was employed to
quantify ion concentrations in SBF after immersing the glasses for 20 days.
Table ?? shows the concentrations of Sitt, Ca?t, Mg?*, and Na® in SBF,
along with changes in Ca and P content (wt%) in the glasses before and after
immersion, as determined by EDS analysis. The Ca/P molar ratio calculated

from EDS data is also included.

SC-0 exhibited the highﬁt ion release, possibly due to a less polymerized
glass network. The release of alkali ions and their exchange with H' ions are
crucial for bone bonding and regeneration [? ? |. The uneven release of sodium
is recorded for all the glasses. However, increasing amounts of magnesium
retards the liberation of sodium. This may be attributed to the dual role of
MgO and the incorporation of Na™ ions into (MgQOy4)?~ tetrahedral for charge

balancing [? |.

The release of silica was highest for SC-0, with increasing magnesinm having

1+ release. This ion must be released from the intercon-

minimal impact on Sj
nected glass network in the form of the Si-OH ™ group. Silicon ion release from
the glass network may occur later in the apatite formation process, as the glass
network weakens alter immersion in SBF, and the increase in magnesium in the
glass sample replacing CaQ results in a decrease in the amount of leached Ca?*
ion in the solution. Interestingly, the decrease in Ca®* jons in the solution indi-
cates increased Ca?* in the glasses, as shown in the EDS result of the immersed
samples (discussed in the section below 4.1.9), which suggests the deposition
of Cla®* from the solution to the glasses. This trend is in accordance with the
saturation of the pH value and the increase in the weight of the samples, as

explained in the section above.

4.1.9 FE-SEM with EDS analysis

The FE-SEM micrographs (Fig.8) show an appreciable surface modification of

the glasses after the immersion of glass samples with increasing time in SBF
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solution. A heterogencous hydroxyapatite (HAp) layer develops on all glasses
after 20 %ys of immersion in SBF (as shown in Fig. 77). SC-0 and SCM-15
show progressive HAp layer growth, while SCM-5 exhibits slower development
even after 20 days, this may be due to the higher network connectivity in
the SCM-5 glass as discussed earlier. FE-SEM images show a heterogeneous,
spongy layer that forms on the SC-0 surface, along with small flakes. For SCM-
5 and SCM-15, small, heterogeneously distributed clusters of white aggregates
are observed. SCM-15 shows a more pronounced formation of the HAp layer
compared to SCM-5 and SCM-10. EDS analysis of these white aggregates is

presented in Table ?7.
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Qhe Ca/P molar ratio for SC-0, SCM-5, and SCM-10 (ranging from 2.8
to 4.1) was higher g‘lan the standard stoichiometric ratio for hydroxyapatite
(HAp) (1.67). However, the Ca/P ratio for SCM-15 (1.63) was close to the
standard stoichiometric value, suggesting enhanced bioactivity for this compo-
sition. While %a/P ratio of 1.67 is often considered ideal for HAp, values
between 2.8 and 4.1 have also heen reported for carbonated HAp (e-HAp) in
bioactive glasses [7 7 7 |. is higher Ca/P ratio can be attributed to
heterogeneity in the c-HAp layer caused by trace elements present in the start-
ing materials, particularly when r(rfood wastes were used as the sustainable

resources to synthesize the glasses [? |

The distribution of various elements in SCM-15 without immersion and after
immersion for 20 days is confirmed using area mapping, as shown in (Figl4.1))
, which confirms the elemental distribution. It is evident from these figures

that a HAp rich layer is formed on the immersed SCM-15 glass.

63




4.1 43S10,-25Nap 0-7P205-(25-x) CaO-(x)MgO (x — 0, 5, 10, and 15 wt%) 64
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Figure 4.1: EDS area mapping of SCM-15 glass: (a) before immersion and (b) after im-
mersion for 20 days

4.1.10 XRD analysis after immersion

%.D patterns of the glass samples before and after immersion in SBF are shown
in Fig. 7?7 Minimal changes are observed in immersed glasses as compared to
the pristine glasses. After immersion, weak diffraction peaks corresponding to
semi-carbonated hydroxvapatite (HAp) (ICDD card no. 01-072-1243) appear
in all immersed samples. In SC-0, a few feeble peaks indexed with tetracaleium
phosphate (TTCP) (ICDD card no. 01-070-1379) are also present. The main

constituents of tetra caleium phosphate are calcium (Ca) and phosphorus (P),
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the primary elements found in the structure of the bone matrix. The phase
primarily occurs as an intermediate between the HAp layer’s formation with the

Ca/P ratio >2, and can be beneficial for cell adhesion and bone regeneration
77

In the magnesium-substituted glasses, HAp formation is not detected by
XRD within the first 5 days of immersion. This suggests that Mg?* initially
retards HAp formation but may ultimately enhance its stability. The slower
degradation of these glasses indicates increased glass network interconnectivity
due to magnesium. However, prolonged immersion leads to the breakage of
bonds formed by magnesium, followed by the formation of a silanol layer and
subsequent development of the HAp layer. As the XRD pattern of all the
glasses shows no formation of the HAp layer, the data for 2 days is omitted for

further studies.
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4.1.11 FTIR analysis after immersion in SBF

FTIR spectra of the glass samples after immersion in SBF for various durations
are shown in Fig. ?77. Deconvoluted was done to (Fig.7?) analyze the changes
in the bands compared to the pristine glasses. While the deconvoluted spectra
reveal variations in the trends among the different glass compositions, the most
sign%ant changes are observed after 20 days of immersion, except for SCM-
15. The band at ~910 em ! gradually merges with a sharper band at ~1015
em~! (attributed to phosphate units), with the latter’s intensity increasing with

immersion time.

In the fingerprint region, SCM-10 and SCM-15 exhibit similar behavior. De-
convolution reveals increased intensity and a shift towards higher frequencies
compared to the pristine glasses, consistent with the expected changes upon
SBE immersion. These changes highlight the interplay between silanol and
phosphmﬁunits in forming the hydroxyapatite (HAp) layer. Specifically, the

shoulder band at 580 em™!

increases in intensity, and the appearance of phos-
phate and carbonate bands, along with band splitting, further confirms the

formation of carbonated HAp (¢-HAp) [? 7 |.

After immersion, the phosphate and carbonate bands observed on the glass
surface resemble those of synthetic c-HAp and HAp formed on mineral-based
bioactive glasses [?7 |. It is contradictory that magnesinm with 15% substitution
forms a better c-HAp layer than SCM-5 and SCM-10 glasses; this might be due
to the relatively weaker bond strength of MngSi bonds compared to Si-O-
Si bonds, which could facilitate glass degradation with increasing immersion
time |? |. These results are in trend with magnesium at 5 wt% and afterward,
opposite in the trend compared to the earlier reports in the literature for higher
magnesium substitution [? ? |. This contrasting behavior may be related to
the association of higher MgO content with the phosphate glass network, as
discussed in Section 4.1.4. However, it is well documented in the literature that
magnesium enhances the bioactive properties by promoting cell proliferation

and osteointegration [? |.
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32
4.1.12 MTT a.ssay

The MTT assay was performed to evaluate the effect of the glasses on the
viability of eripheral blood mononuclear cells (PBMCs) at concentrations up
to 200 pg/ml (Fig.??)(a). Cell viability was also monitored over 48 hours
using a constant concentration of 100 pg/ml (Fig.?7)(b). The results indicate
that cell viability remained above 85% for all glasses up to 200 g,/ml and after
48 h of treatment with 100 pg/ml.

?ccording to ISO 10993-5, a substance is considered cytotoxic if it reduces
cell viability by more than 30%41? 7 ]. None of the tested glasses exhibited
cytotoxicity to PBMCs, even at the highest cogeentration (200 pg/ml) or after
48 h of exposure (100 pg/ml). This finding was confirmed by a one-way ANOVA
test (p < 0.05). Notably, glasses like SC-0 and SCM-10, which showed poorer
HAp layer formation in previous studies, did not exhibit any cytotoxic effects.
Interestingly, SCM-5 resulted in the highest cell proliferation among the glasses.
The cytocompatibility of MgO-doped bioactive glass, showing no toxic effects at
100 pg/ml on normal human fibroblast cells, has been previously reported |7 .
The glasses tested in the present study demonstrate excellent eytocompatibility
with PBMCs.
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4.2 438102—250&0—7P205(25—y)NaQO—(y)K20 (y = 0, 5,
10, and 15 wt%)

Similar to the MgO-substituted series, these glasses were synthesized via the
melt-quench technique. This series systematically replaces Na,O with Ky0.
The as-prepared glasses and those immersed 1 simulated body fluid (SBF)
were characterized using various techniques, with the results and discussion

presented in the following subsections.

4.2.1 Compositional Analysis

Elergy—dispersive K-ray spectroscopy (EDS) was employed to analyze the com-
position of the melt-quenched glasses. The measured compositions of the pris-
tine glasses closely matched the nominal compositions, with trace amounts of
additional elements also detected. As with the MgO-substituted series, SC-0
serves as the control glass. Similar to the previous series, trace amounts of
MgO and Al,O3 (below 1 wt%) were detected

4.2.2 Physical parameters

ﬁe density (p) of the glasses was measured using Archimedes’ method as
discussed earlier and given '&ection 3.3.1. As shown in Fig. 77, increasing
K50 substitution for NayO results in a decrease in density (from 2.70 g/cm®
to 2.61 g/cm?®) and a corresponding increase in molar volume. This inverse
relationship between density and molar volume is expected. The observed trend
is attributed to the substitution of the smaller Na* (1.02 A) with the larger K+
(1.34 151), indicating that ionic size has a more significant effect than the atomic
mass of NagO and K»O. The larger K™ ions disrupt the glass network, creating a
more open structure and increasing the molar volume. This is consistent with

e decreasing oxygen packing density and increasige oxygen molar volume
observed with increasing K20 [? ? 7 |. The lower field strength of K™ (0.52
A~?) compared to Na® (0.96A-2) [? ] further contributes to the more open,

less compact glass structure. This increased openness might lead to higher
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dissolution rates in SBF, as discussed in section 4.2.8.
4.2.3 ?RD analysis

XRD patterns of the glﬁes are presented in Fig. 77. A broad hump between
25° and 37°, indicates the amorphous structure of the present glasses. This
characteristic hump arises from ée presence of short-range order and the ab-
sence of long-range order. A secondary halo is also present at ~20° in SC-0

glass only.

With increasing KoO substitution for NasO, the main hump become broad,
while the secondary halo diminishes and eventually disappears at 15 wt% K,0
(SNK-15). This suggests a decrease in immiscibility and a corresponding in-
crease in homogeneity with KaO content. This trend is attributed to the re-
placement of the higher field strength Na®™ (0.96 A‘Q) with the lower field
strength K* ((].52!3&’2) [? |, as higher field strength cations generally promote
immiscibility [? |. Furthermore, the main hump shifts slightly to lower angles
with inereasing K-0O, consistent with increased homogeneity and the larger

ionic radius of K compared to Na™.
4.2.4 Biﬁ'erential thermal analysis

DTA was used to determine the glass transition temperature (T,), and crystal-
lization temperature (T,) to evaluate the thermal stability of the glasses. A
curves are shown in Fig.??, and the derived thermal properties are summarized

n

Both T, and T, exhibit an increasing trend with increasing KsO content,
consistent with the findings of Avramov et al. [? 7 |. This trend is attributed
to the spatial hindrance effect of the larger K™ ion compared to Na™ . The
larger K™ hinders the mobility of modified Si()_fi’ tetrahedra, reducing devitri-
fication and increasing T, and T, [? ]. The conversion of some NBOs to BOs,
as observed in the FTIR spectra section 4.3.5, is likely to contribute to this

increase.
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The onset of T, increases with higher KoO, and the T, peaks broaden. This
broadening suggests slower crystallization, po‘c%iaﬂy due to the disruption
of the glass network by the larger K™ ions and the mixed alkali effect, where
the presence of both Na™ and K™ creates competing interactions that hinder
erystallization [? |. Overall, there is an increase in thermal stability (AT =
T, —T,) with increasing KoO, reaching 160 °C for SNK-15. This wider sintering
window (AT) can be advantageous for biomedical applications requiring high

sintering temperatures and delayed crystallization 7 |.
4.2.5 ?TIR analysis

FTIR spectra of the glasses (Fig. 77) reveal slight band shifts and broaden-
ing, indicative of changes in the silicate and phosphate networks with increasing
K20 content in the glasses. Higher KO concentrations influence the silicate
structural units, causing bands, particularly in the 800-1200 cm ! range asso-
ciated with Si-O-Si and P-O bond vibrations, to shift to lower wavenumbers
and broaden [2 |. This broadening suggests an increase in structural disorder,

likely due to the larger size of K* (1.34 A) compared to Na* (0.96 A) [? |.

Initially, adding KoO disrupts the silicate network, decreasing the intensity
of the 1012 em™! band and forming Si-OH™ groups at 1226 em™!, which en-
hances water absorption and benefits the physiochemical reactions during in
vitro testing [7 |. Increasing KO up to 10 wt% causes slight shifts in the
500-700 em™! range and intensifies the 1012 em™! band without silanol group
formation as compared to SNK-5 and SNK-15 glass. Above 10 wt% K50, this
band’s intensity decreases, with the emergence of a silanol band, indicating a
stronger mixed alkali modifier effect (NagO /K20 ratio ~1). Mixed modifier
effects are known to be most prominent when the ratio of two modifier oxides,
mixed former, and mixed intermediate oxides approaches unity, as discussed

earlier and widely reported in the literature |7 7 |.

To further investigate the structural changes, the fingerprint region was
deconvoluted as shown in Fig. ??. Bands in the 500-730 cm™ range are

attributed to Si-O-Si stretching, while the band at 587 em™! corresponds to
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P-O bending vibrations [? |. These bapds are relatively weak due to the low
phosphorus content. In the 740-1200 em™" range, the intense band around
~909 cm~! denotes NBO-O-Si asymmetric stretching, with the dominance of
Q! units increasing with KoO [? é The band at 1031-1065 cm™! represents
changes in PO?~ vibrations, and the band at 1480 em ! is attributed to car-
bonyl groups, potentially related to carbonate remained in the eggshell pores 7
|, which is also observed in the MgO-series glasses (as discussed in the section
4.2.5).

FTIR analysis reveals an increase in the proportion of Q' and Q? structural
units with increasing KoO content, coupled with a decrease in Q? units. This
trend suggests a conversion of some NBOs to BOs, as shown in the deconvoluted
spectra (Table 77). To further quantify these changes, the fractions (fo, fi, fa,

f3) of the different Q" units were calculated using the following equations:

fo = 0 1A(Qn) 2 3 (42)
AQ) + AQ) +1A(Q ) +AQ7)

fi = 0 1A(Q ) 2 3 (4.3)
AQY) +AQ) + AQ) + AQY)

2

b= 0 1A(Q : 2 3 (4.4)
AQ) +AQ) + AQ) + AQ)

; AQY) e

3 (4.5)

TAQY +AQY) +AQY) + AQY

where A(Q") represents the area of the corresponding Q" peak.

The calculated f,, values, presented in Table 77, show that f; and f; decrease
with increasing K2O, while f; and f3 increase. Overall, the results indicate an
increase in the odd structural units as compared to the even structural units.
This trend is likely due to the mixed alkali effect arising from the presence of
both Na™ and K™ modifiers |7 |.
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E.G Thermal expansion coefficient

The thermal expansion coefficient (TEC) exhibits a non-linear trend with in-
creasing K0 substitution. The TEC initially increases from SC-0 to SNK-5,
then decreases for SNK-10 and SNK-15 (Table ??). The highest TEC (17 x
10-6/°C) is observed for SNK-5, and the lowest (10 x 107%/°C) for SNK-10.
SNK-15 shows a slight inerease in TEC (12 x 1076/°C). While a decreasing
TEC generally suggests the formation of stronger bonds, the non-linearity in
this series complicates this interpretation. The softening temperature (7) in-
creases with increasing Ks0, consistent with the DTA results and indicative
of enhanced thermal stability. The measured TEC values fall within the range
reported for bioactive glasses, human teeth, coatings for orthopedic substrates,
and enamel (8-10 x 10°%/°C) [? 7 |.
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4.2.7 Hardness of pristine glasses

The Vickers hardness of the pristine glasses, as shown in Fig. 77, increases with
increasing K,O content, ranging from ~4.6 to 6.02 GPa. However, SNK-10 de-
viates from this trend, potentially due to the more pronounced mixed-modifier
effect discussed in the above sections. Despite K™ having a lower field strength
than Na™, substituting Na™ with K™ does not decrease the hardness. This may
be attributed to local structural distortions introduced by the K* substitution,
potentially increasing hardness [? |. These values fall within the acceptable
range for bioactive glasses [? |, surpassing even Hench’s glass. The increase in
BOs relative to NBOs with increasing KO, along with decreased phase separa-
tion, may contribute to the enhanced hardness. The absence of fractures during
indentation (Fig. ?7?) indicates good fracture toughness of these glasses. In
other words, the developed glasses may have better technological properties

like machinability etc.

The K20 series exhibited lower hardness values (5.3-6.02 GPa) compared
to the MgQO series (6.2-6.5 GPa). This difference may be attributed to the
more open glass structure resulting from the larger size of K* replacing Na™
compared to the smaller Mg?t replacing Ca?t. This open structure is also
consistent with the lower thermal stability observed in the KsO series compared
to the MgO series. However, both series exhibit higher thermal stability and
hardness compared to the SC-0 control glass (4.6 GPa). The mixed modifier
effect, evident in both series as the ratio of modifiers approaches unity, likely

contributes to the non-linear trends observed in various properties.

4.2.8 In-vitro testing of bioactivity

4.2.8.1 Biodegradability

The pH change of the SBF solution upon glass immersion (Fig. 77(a)) is a key
indicator of bioactivity. Initially, a rapid pH increase from 7.34 to 8.2 within
10 days is observed, driven by the release of Na*, K*, and Ca®* ions from the

glasses into the SBIF and their exchange with H™ or H30™ ions. The change in
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the pH value is related to the dissolution of the glasses in SBF. As discussed
in FTIR analysis (section 4.3.5), the formation of the Si-OH™ group increases
with K;0 content. So, it is responsible for early changes in pH values and the

degradability of glasses.

This elevated pH indicates Ele dissolution of the silica glass network, result-
ing in the formation of better silanol groups and a subsequent decrease in pH in
ale second step. The fluctuations in pH over time are governed by the overall
concentration of acidic ions like Si** and basic ions such as KT, Ca®*, and Na™
in the SBF. After the initial surge, there is typically marginal or no further
change in pH, indi(:ath@ha stabilization of the ion exchange process between

SBF and glasses [1-4]. Chemically, it can be explained as follows:

Si-O-K7/Na™ + H™ — Si-OH™ + K7 /Na™ (4.6)

The pH and weight changes of the glasses during immersion in SBF (Fig.
7?) are closely related and reflect alterations in the chemistry of the glass sur-
face due to ion leaching from the glasses. This pH decrease suggests potential
network breakage due to leaching of the glassy matrix, exposing a fresh sur-
face and reducing the demand for H™ ions. SNK-5 and SNK-15 show higher
biodegradability, likely facilitated by Si-OH™ groups (section 4.2.3), which pro-
mote HAp layer formation. Conversely, SNK-10's continuous pH increase is
attributed to ongoing Si** leaching, supported by MP-AES analysis. SNK-10
also shows less Ca?' and Na' leaching, consistent with its weight gain at 20
days. Among the Ky0 glasses, SNK-5 exhibits the greatest weight loss, and
SNK-15 the least, with SNK-15 reaching maximum weight gain at 20 days.
This weight gain correlates with reduced Ca’* in SBF and its deposition on
the glass surface (EDS analysis, Table ?7(b)). Ky0O glasses show continuous
weight gain up to 40 days, unlike SC-0, which shows weight loss after 20 days.
As discussed previously, the single alkali oxide glass (SC-0) shows a different
weight loss trend, likely due to its higher initial Ca*" leaching and resulting

porosity in the immersed glasses. This difference influences the kinetics of HAp

74




4.2 43810,-25Ca0-7P, 05 (25-y)NaO-(y) K20 (y = 0. 5, 10, and 15 wt%) 75

formation and dissolution. The pH and weight changes after SBF immersion
are related to HAp layer formation. Furthermore, the presence of two modifiers
in comparable ratios can significantly alter the glass behavior. Therefore, glass
compositions can be tailored for specific needs and applications in the human

body.
4.2.9 ﬂP-AES analysis

MP-AES was used to quantify ion concentrations in SBF after glass immersion
for 20 nd 40 days (Table ?7?). The results indicate that among the glass con-
taining K0, increasing K,;O concentration results in the maximum leaching
across all the glasses, indicating heightened susceptibility to physicochemical
reactions compared to reference SC-0 glass. As previously discussed, the for-

ation of Si-OH™ groups increases with increasing KoO concentration. The
lower field strength of K™ compared to Na™ might be the possible reason be-
aind increased leaching. The physiochemical reactions between alkali ions and

H™ ions play an important role in bone bonding and regeneration.

Compared to the reference (control) glass SC-0, all KyO-containing glasses
exhibit higher Si** ion leaching, which is directly associated with glass disso-
lution. This indicates that glass degradation initiates upon immersion in SBF
through the reaction between silica tetrahedral units and water. SNK-15, how-
ever, demonstrates less Si** leaching than SNK-5 after both 20 and 40 days,
consistent with the observed decrease in pH after 20 days and the reduced

weight loss for this glass observed after 20 days.

Furthermore, K5O enhances the release of modifier ions (Ca’t and Na')
while reducing Si** release. IReplacing Na™ with K* appears to facilitate
modifier ion leaching while hindering Si** leaching. Similar trends for Ca’*
and Na® release with increasing Ko0O in S53P4 glass have been reported by
Massera et al. [? |. This enhanced modifier ion release may contribute to
the improved HAp layer formation observed on the SNK-5 and SNK-15 glass
surfaces. In contrast, SNK-10 shows the opposite trend, releasing more Si‘+

than modifier ions. This higher Si** release delays the formation of the silanol
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layer and subsequently the calcium phosphate layer, as evidenced by the XRD
analysis of SNK-10. This may explain the less pronounced HAp layer formation
on SNK-10, even after extended immersion for 20 and 40 days, which is also

supported by FE-SEM-EDS analysis.

This series exhibits increased glass dissolution compared to the MgO series.
The addition of MgO retards Si** ion release, likely contributing to the slower
and delayed HAp layer formation compared to the KO series. In the K0
series, the higher dissolution of calcium and Si*' ions, compared to both the
control glass and the MgO series, promotes earlier formation of the silanol

layer, which subsequently facilitates HAp layer development.
4.2.10 FE-SEM and EDS analysis of in-vitro tested glass

Fig. 77 shows the morphological changes in the glasses before and after immer-
sion m SBF. Initially, a sponge-like layer forms on the glass surface, followed
by the development of spherulite or globular structures composed of flakes.
These structures grow over the spongy layer with increasing immersion time,
particularly evident in SNK-5 and SNK-15 over 20 and 40 days. The increasing
calcium (é) and phosphorus (P) content observed in EDS analysis confirms

the development of an HAp layer on the glass surface after immersion.

Interestingly, all glasses with K,O addition exhibit better HAp layer forma-
tion than the glasses without K50 and glasses with MgO addition (as explained
in first series). However, SNK-10 (10 wt% K50) shows less prominent HAp
growth than SNK-5 and SNK-15 even after 40 days. This could be due to
continuous Si** leaching into SBF, delaying the formation of the Si-OH™ layer
necessary for calcium phosphate deposition. This observation is consistent with

the XRD, FTIR, and MP-AES results.

EDS mapping reveals a carbonated hydroxyapatite (c-HAp) layer on all
glasses, supported by the increased intensity of the CO2~ band in FTIR spectra.
The Ca/P ratios for the K0 glasses (3.4 2.26) are higher than the standard
stoichiometric HAp ratio (1.67). Notably, SNK-15 shows a significant decrease

76




4.2 43810,-25Ca0-7P, 05 (25-y)NaO-(y) K20 (y = 0. 5, 10, and 15 wt%) 77

in Ca/P ratio, approaching the values reported for ¢-HAp in the literature
(7 | e formation of the HAp layer in the present glasses contrasts with
results reported in the literature for the glasses synthesized using conventional
chemicals with K,O substitution, where K5O is reported to retard the HAp

layer formation on the glasses [7 7 7 |.
4.2.11 XRD analysis after immersion of glasses in SBF

XRD patterns of the pristine glasses and after immersion in SBF for various
durations are shown in Fig. 77. Minor changes are observed after immersion,
with weak diffraction peaks corresponding to semi-crystalline hydroxyapatite
(HAp) (ICDD card no. 01-072-1243) appearing at 20 =~ 32° in all immersed
glasses. Feeble peaks corresponding to tetracalcium phosphate (TTCP) (ICDD
card no. 01-070-1379) are also observed. TTCP, composed primarily of calcium
and phosphorus, often appears as an intermediate phase during HAp formation,

particularly when the Ca/P ratio is > 2 [? 7 |.

No HAp formation is detected in SNK-5, SNK-10, and SC-0 glass after 2
days of immersion in SBF. In contrast, SNK-15 shows weak peaks for both
HAp and TTCP after 2 days, with stable HAp formation up to 40 days. Both,
SNK-5 and SC-0 show both phases after 5 days. The stable HAp formation is
recorded in SNK-5 and SNK-15 samples compared to SC-0 glass. No HAp is
observed in SNK-10 after 5 days; however, weak TTCP peaks appear after 10
days, and HAp forms after 40 days. This delayed HAp formation in SNK-10 is
consistent with the weight change and MP-AES analysis of SBF.

Similar to the MgO series, minimal changes are observed in the Ko0O glasses
after 2 days of immersion. However, HAp layer formation occurs earlier in
the KoO series compared to the MgQO series. The TTCP phase is observed
in all KoO glasses, likely due to the consistent calcium content, unlike the
MgO series where CaO is systematically replaced. Similar to SCM-10, SNK-10
exhibits delayed formation of both TTCP and HAp, possibly due to the mixed
modifier effect. The comparable concentrations of NasO and Ky0 in SNK-10
and CaO and MgO in SCM-10 likely lead to a competitive interaction between
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these modifiers, influencing the observed behavior.
4.2.12 FTIR analysis after in-vitro testing

FFIR spectra of the glasses after immersion in SBF reveal notable changes
in their structural composition as shown in Fig.??7. The increased full width
at half maximum (FWHM) with immersion time indicates greater structural
disorder and porosity. The intense Si-OH™ band at ~1200 em™ appears in
all glasses at different immersi(}nﬁmes [7 |. The band at ~910 em ! grad-
ually merges with the phosphate band at ~1025 em™! as the immersion time

increases.

SNK-5 and SNK-15 show intense phosphate bands after 20 days, while SNK-
10 exhibits delayed dissolution, with a strong phosphate band appearing only
after 40 days. The early formation of the silanol layer (after 5 days) in SNK-5
and SNK-15 suggests that it acts as a precursor to HAp formation. In the
fingerprint region, all samples sho\ﬁimﬂar behavior, with increasing intensity
of the P-O bending band at ~587 em™! and the appearance of a new band at
605 em !, indicating HAp formation [? 7 |. The pronounced band at ~1450
em™! (CO%7) confirms the formation of carbonated hydroxyapatite (c-HAp),
consistent with EDS results. SNK-10 shows significant changes in ﬁe Si-0O-
Si stretching band at 910 em ™! [? |, in correlation with the extensive Sitt
leaching observed in MP-AES analysis, likely contributing to its delay in HAp

formation.

Deconvoluted FTIR spectra (Fig. ?7) provide more detailed insights into
structural changes. The deconvoluted spectra show increased intensity and
shifts to higher frequencies compared to pristine glasses, which is expected af-
ter SBF immersion. These findings underscore the exciting transformations in
glass’s structural composition with immersion time, highlighting the interplay
between silanol and phosphorus units in forming HAp layers. The distinct
behavior of the SNK-10 samples, with its delayed vet intense changes, offers
intriguing insights into the dissolution and reformation processes in bioactive

glasses. Interestingly, carefully selecting two distinet modifiers in an approxi-
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mate ratio of 1 may help to develop bioactive materials with improved thermal
and corrosion resistance. These materials can be tailored to have either higher
or lower pH values, making them suitable for compatibility with human plasma

as well as fillers in teeth.

FTIR results indicate more pronounced structural changes in the K;O series
compared to the MgO series. The K5O glasses exhibit intensified silanol bands,
even in the pristine state, potentially due to their more open structure. This
open structure, compared to the MgO series, likely leads to greater structural
modification upon immersion. The FTIR spectra also reveal more intense c-
HAp formation in the KyO series compared to both the MgO series and the

control glass.
32
4.2.13 MTT gssay

The MTT assay was used to_evaluate the effect of the glasses on cell viability
at concentrations up to 200 pg/ml as shown in Fig.??(a). Additionally, the
effect on human peripheral blood wononuclear cells (PBMC) was monitored
over different time durations up to ?8 h using a constant concentration of 100
pg/ml (Fig.7?7(b)). The rgsults demonstrated that cell viability remained
unaffected across all glasses at concentrations up to 200 pg/ml and even after
48 h of treatment with 100 pg/ml.

The findings of the present bioglasses reveal that none of the glasses were
cytotoxic to PBMC, maintaining viability above the threshold value i.e., =30%
according to ISO10993-5 standard as mentioned earlier [? | . Statistical analy-
sis mg a one-way ANOVA test confirmed no significant differences among the
treated cells (p < 0.05). Interestingly, glasses with less HAp formation (SC-0
and SNK-10) did not show cytotoxic effects. Notably, SC-0 exhibited high cell
proliferation. The biocompatibility of KsO-doped mesoporous bioactive glass
has been previously reported at a concentration of 20 pug/ml on human nor-
mal fibroblast cells [? |. Overall, the present glasses demonstrate excellent
cytocompatibility with PBMCs.
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In contrast to the MgO series, the K50 glasses exhibit lower cell viability
over time. The MgO series maintains high viability (up to 85% at 200 pg/ml
and 94% at 100 pg/ml) even after 48 hours. While the KO glasses initially
show comparable viability (up to 86% at 200 pg/ml), viability decreases over
time, reaching 83% for SNK-5 and 85% for the other K0 glasses. This reduced
viability in the K30 series may ee attributed to the higher ion leaching rate
compared to the MgO series (Section 4.3.9).
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4.3 Comparative study of glasses

ﬂaeed on bioactivity, biocompatibility, and other properties of glasses, three of
the best compositions were also synthesized using only conventional to validate
and compare the results with glass synthesized by hybrid sources i.e., biowaste
and conventional chemicals. Glasses with composition 435105-25Ca0-25Nas0-
TP305, 435102-10Ca0-15Mg0-25NasO-7TP, 05, and 435102-10Ca0-10NasO- 15K,0-
TP205 are designated as MS-0, MM-15, and MK-15, respectively. The proper-
ties of these synthesized glasses are discussed below and compared with those

of the hybrid-source-derived glasses of similar compositions.
4.3.1 Physical paramters

The (.lensit'ﬁs of the conventionally prepared glasses MS-0, MM-15, and MK-
15 are 2.8 g/em?®, 2.64 g/em?®, and 2.7 g/em?, respectively. These values are
slightly different from the hybrid-source-derived glasses i.e., SC-0, SCM-15,
and SNK-15 glass. However, the trends in density and molar volume remain
consistent across both sets of glasses. Table 77 summarizes the density, molar
volume (Vy,), and oxygen packing density (OPD) of the conventional glasses

compared with those derived from hybrid-sources.

Similar to the hybrid-source-derived series, the addition of MgO in MM-
15 leads to a decrease in both (lﬁsity and molar volume compared to MS-0.
This is attributed to the smaller ionic radius and higher field strength of Mg+
relative to Ca®*, resulting in a more compact network [? ? |. Conventionally
derived glasses exhibit slightly higher density and OPD and lower V,,, compared
to their hybrid counterparts. This difference is likely due to the higher porosity

often ohserved in bicactive glasses derived from biowaste sources [?7 7 .

Likewise, MK-15 exhibits decrease in density and an increase in molar
volume is observed compared to MS-0, which is consistent with the potassium-
substituted hybrid-source-derived glasses. This is due to the substitution of the
smaller Na* ion (1.02 A) with the larger K* ion (1.34 A), which disrupts the

network, resulting in a more open structure and an inereased molar volume.
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This Stru(:ﬁral change is also reflected in the lower oxygen packing density.
The lower field strength of K+ (0.52 A=2) compared to Na* (0.96 A=2) further
contributes to this less compact structure [? 7 ? ]. These results confirm
that hybrid-source-derived glasses exhibit a more open structure compared to

conventionally derived glasses.
4.?2 XRD analysis

XRD analysis confirmed the amorphous nature of all conventionally prepared
glasses, as evidenced by the broad halo observed around 32° (Fig. ?7). Similar
to the hybrid series, a second halo at ~20° is present in MS-0. This second
halo becomes more prominent with MgO addition in MM-15 in comparison
to MS-0 glass, mirroring the trend observed in the hybrid sources obtained
MgQO glasses and suggesting an increased tendency for phase separation. As
discussed previously, network-modifying cations with higher field strengths can

promote phase separation [? |.

In contrast, the 20° halo disappears entirely with KoO addition (MK-15),
indicating decreased phase separation, consistent with the observations in the
hybrid-source-derived K20 glasses i.e., SNK-15. This is likely due to the substi-
tution of the higher field strength Na™ (0.96 ‘B&_Q) with the lower field strength
K* (0.52 A2) [? |. Higher field strength cations are known to increase im-
miscibility. The slight shift of the main hump to lower angles with increasing
K50 content further supports increased homogeneity and is consistent with the
larger ionic radius of K compared to Na™. Thus the XRD pattern of hybrid
sources derived glasses and conventional chemical derived glasses are more or

less follow the similar trend.

4.% Differential thermal analysis (DTA)

DTA was performed on the conventionally prepared glasses (as shown in Fig.
?7)to determine their thermal properties and compare them with the hybrid-
source-derived glasses. The results, summarized in  Table 77, show similar

)

trends to the hybrid-source-derived glasses. As expected, T, decreases with
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MgO addition (MM-15) and increases with K50 addition (MK-15).

The decrease in Ty for MM-15 compared to MS-0 can be attributed to the
dual nature of MgO and the formation of (MgQ,)?~ tetrahedra, which can
disrupt the silicate network and lead to weaker El—OfMg bonds compared to
Si-O-Si bonds. This observation aligns with trends in other MgO-containing
hioglasses [? |. The presence of Na* ions might also contribute to this T,
decrease due to ion mixing or preferential bonding [? |. Similar to the hybrid-
source-derived glasses, the presence of two T, values, especially in MM-15,
suggests an increased tendency for phase separation. Broadening of the crys-
tallization peaks with increasing MgO is also observed, consistent with the
XRD results (Section 4.4.2).

In MK-15, the increase in Ty compared to MS-0 aligns with the behavior
of the K2O-containing hybrid-source-derived glasses and can be attributed to
the spatial hindrance effect of the larger K™ ion compared to Na™, as discussed
previously in section 4.3.4. This effect restricts the mobility of modified Si():ﬁ:’
tetrahedra, reducing devitrification [? |. The broadening of the T, peak in
MEK-15 suggests slower crystallization, potentially due to glass network dis-
ruption by the larger K¥ ions and the mixed alkali effect |7 ]. Overall, the
addition of KO leads to increased thermal stability (AT — T, - Ty), beneficial
for biomedical applications requiring high sintering temperatures and delayed
crystallization [? |. The thermal behavior of the conventionally derived glasses
closely resembles that of the hybrid-source-derived glasses, validating the use

of biowaste for synthesizing bioactive glasses with high thermal stability.
4.9.4 FTIR analysis

The FTIR spectra of the conventionally derived glasses (as shown in Fig.7?
show similar b%s to their hybrid-source-derived glasses, primarily featuring

silicate-related bands in the 800-1200 cm ! region.

As observed in the hybrid sources derived series with SCM-15, the MM-15

sample exhibits a slight shift of these bands to higher wavenumbers compared
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to MS-0. The bands between ~851 and ~1200 cm~! are attributed to Si-O-Si

asymmetric stret&ing, with possible overlap from phosphorus-related bands
in the 900-1200 cm~! region [? 7 |. The shoulder band at ~1014 em™*
shows a slight decrease in intebﬂity with MgO addition. Similar to SCM-15,

minor changes are observed in the bands at ~916 em ! and ~850 em~!. The
band at ~706 cm !, present in all samples, corresponds to Si-O-Si symmetric

1

stretching vibrations |? |. Additionally, the band at ~565 cm™! is assigned to

P-O asymmetric bending vibrations. |7 |.

In MK-15 glass, a slight broadening of the spectra is observed, particularly in
the 800-1200 cm ™! regi This broadening suggests an increase in structural
disorder, likely due to the larger cationic size of K= (1.38 A) compared to
Na'® (1.02 A) [? |. Similar bands to those observed in MS-0 and MM-15 are
also present in MK-15, indicating ée presence of both silicate and phosphate
structural units. However, the intensity of the ~916 cm ™! band increases
with KoO addition (MK-15), consistent with the trend observed in the K,0-

substituted hybrid-source-derived glasses.

To further investigate these structural changes, the different Q™ structural
units and their fractions (f,) were quantified using deconvoluted FTIR spectra
in the 600-1200 cm ! region. The results follow a similar trend to that observed
in the hybrid-source-derived glasses. With increasing MgO concentration, Q°
and Q? units increase relative to Q! units. KO addition, on the other hand,
leads to aéincrease in the odd-numbered structural units (Q* and Q') relative
to Q%, as shown in Table ?7. Overall, the FTIR spectra of the conventionally
derived glasses are largely consistent with those of the hybrid-source-derived

series.
4.3.5 Thermal expansion coefficient

The TECs of the conventionally prepared glasses (MS-0, MM-15, and MK-
15) are approximately similar but marginally higher than those of the hybrid-
source-derived glasses. MS-0 has a TEC of 15.1 x 107%/°C. Both MM-15 and
MEK-15 exhibit lower TEC values, 14 x 1075/°C and 15 x 10%/°C, respectively.
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The softening temperatures (Ty), summarized in Table 77, are also comparable
to those of the hybrid-derived glasses and consistent with the T, values obtained
from DTA. This similarity in thermal properties between the conventional and
hybrid glasses suggests comparable behavior in terms of thermal response of

both type of glasses synthesized using two different sources.

The measured TEC values are within the range suitable for various biomed-
ical applications, including bioactive glasses, dentin and enamel coatings, and

orthopedic substrates [? 7 |.
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4.3.6 Hardness

The microhardness of the glasses MS-0, MM-15 and MK-15 is 6.6, 6.25, and
6.3 GPa, respectively, These values are higher compared to their hybrid coun-
terparts: SC-0 (4.8 GPa), SCM-15 (6.1 GPa), and SNK-15 (6.02 GPa).This
difference might be due to the formation of more covalent bonds in the conven-
jonally prepared glass structure, leading to increased rigidity and compactness.

hese results are also consistent with the density and FTIR results of MS-0,
MM-15, and MK-15 glasses. This suggests that conventionally derived glasses
have greater rigidity than those derived using hybrid sources. However, the
hardness of these conventional glasses is still within the range reported for
bioactive glasses |7 7 |. However, these glasses shows cracks in comparison
to those of hybrid glasses, indicating that these have low fracture toughness as

compared to the hybrid glasses as shown in Fig.
4.3.7 In-vitro testing

qhe in-vitro bioactivity of the conventionally prepared glasses (MS-0, MM-15,
MK-15) was evaluated and compared with that of their hybrid sources derived
glasses (SC-0, SCM-15, SNK-15).

4.3.7.1 Biodegradability test

The weight change and pH variation during immersion in SBE provide insight
into the biodegradability of glasses. Fig. 77 shows the results for the conven-

tional glasses.

MS-0 and MM-15 exhibited maximum weight losses of 5.9% and 6.6%, re-
spectively, after just two days of immersion in SBE. Unlike the gradual weight
loss observed for the hybrid-derived glass SC-0, MS-0 showed a more rapid ini-
tial weight loss, potentially due to the higher reactivity of conventional chem-
icals. This higher reactivity is also reflected in the earlier formation of HAp
observed in the XRD analysis of MS-0 (section 4.3.10). Following the initial

weight loss, MS-0 showed a weight gain throughout the immersion period, ex-
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cept for a slight weight fluctuations after 20 days of immersion. This fluctuation
could be due to the formation of an intermediate phase formation, as observed
in the XRD analysis. The weight change trend of MS-0 is consistent with its

pH change profile as shown in Fig. 77 (a).

MM-15 showed a similar initial weight loss to its hybrid source derived glass,
SCM-15. However, MM-15 exhibited higher weight gain after 5 days, possibly
due to the increased reactivity of the conventional chemicals. Similar to SCM-
15, the addition of MgO in MM-15 slow down the degradation rate, resulting
in only marginal weight changes throughout the immersion period. This slower
degradation correlates with the slower release of Si*' observed in the MP-AES
results for MM-15. The pH changes in the SBF solutions are non-uniform
and consistent with the observed weight changes, reflecting alterations in the
glass surface chemistry due to ion leaching and HAp formation, as discussed in
sections 4.2.8, and 4.3.8.

MEK-15 exhibited a maximum weight loss of 5 wt% after 2 days, compared to
3.8 wt% for SNK-15 at the same time period. Like SNK-15, MK-15 showed a
weight increase after 5 days, consistent with the formation of an intermediate
phase observed in the XRD analysis. A slight weight loss at 10 days was
followed by relatively stable weight until 20 days of immersion, after which a
continuous weight increase was observed up to 40 days. This behavior is more
or less same as the trend observed for SNK-15. Overall, both MS-0 and MM-
15 show different weight change profiles after 40 days compared to SC-0 and
SCM-15, respectively. This suggests differences in the long-term stability (iq
the HAp layer formed on the conventionally derived glasses with respect to the

hybrid-derived glasses.
4.3.8 MP-AES analysis

MP-AES analysis was performed to quantify ion concentrations in SBF after
immersing the MS-0, MM-15, and MK-15 glasses for 20 and 40 days. Table 77
shows the concentrations of Si**, Ca?t, Mg?*, Na*t, and K+ in SBF, along with

changes in Ca and P content (wt%) in the glasses before and after immersion,
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as ﬂermined by EDS analysis. The Ca/P molar ratios calculated from EDS

data are also included.

MS-0 exhibited the highest Si** ion release compared to the other glasses,
consistent with the trend ohserved in the hybrid-source-derived glasses. How-
ever, these conventionally prepared glasses showed less ion release in compari-
son to those of their hybrid source counterparts, possibly because of the more
polymerized structure of the conventional glasses, as suggested by the den-
sity and FTIR analysis. Additionally, our earlier study revealed that eggshell-
derived CaQ exhibits a different conversion profile and higher porosity com-
pared to conventional CaCQj, potentially retaining some carbonate groups
even at 1000 °C [? |. This difference in the CaO precursor may contribute
to the higher ion leaching observed in the hybrid-source-derived glasses. Fur-
thermore, the decrease in Si'* release in the case of MM-15 glass indicates the
slower Si** release, which may contribute to the more heterogeneous HAp layer
formed on their surfaces, as shown in FESEM micrographs. Similarly, results
have been observed in the case of magnesium-substituted SCM-5, SCM-5,10,
and SCM-15 glasses reported in the present study. The slower ion release might
be the possible reason behind the continuous pH increase even after 20 days
in the MM-15 glass, corresponding to the delayed but continuous ion exchange
reaction between SBF and glasses. Furthermore, the MM-15 sample shows less
leaching of the Mg?* as compared to the SCM-15 glass, which might be the
possible reason behind the better formation of the HAp layer as compared to
the SCM-15 glass indicating higher release of Mg®* in SCM-15 glass, as magne-
sium is highly reported to decrease the crystallization tendency of HAp layer [?
|. However, the sodium ion leaching is non-uniform in all the glasses and higher
as compared to the hybrid-soruce derived glasses. TE decrease in the leaching
of Ca¥ in MS-0 and MM-15 glasses after 40 days is due to the formation of

the HAp layer on the glass surface as observed in the EDS analysis.

In MK-15 glass, the lower Ca®* release could be the reason for the less
dense HAp layer formed compared to SNK-15 glass. However, MK-15 glass

indicates the release of higher amounts of the Ca?t and other ions, except
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silica as compared to MS-0, and MM-15 glass, followed by a decrease in the
CaZt in the solution after 40 days. Overall, the results indicate less CaZt
and Si*" ion release from the conventionally prepared glasses compared to the
hybrid-source-derived glasses, which can be attributed to the high porosity o

the agro-food waste-derived glasses, as reported previously [? |.
4.3.9 FESEM-EDS analysis

FE-SEM analysis reveals appreciable changes on the glass surfaces after 20 and
40 days of SBF immersion (Fig. 77). After 20 days, all samples show non-
uniform distribution of the HAp layer due to surface inhomogeneity. The HAp
layer become homogeneous over time with increasing thickness of the layer.
MS-0 and MM-15 exhibit small spherical crystals, more pronounced than those
observed on SC-0 and SCM-15 glass. After 40 days, flaky structures appear on
M5-0 and MM-15, indicating further layer growth. This enhanced HAp forma-
tion on the mineral-based glasses could be due to faster ion exchange compared
to the hybrid-source-derived glasses, potentially due to the less Mg>* leaching
{compared to SCM-15 glass), which is known to retard c-HAp crystallization.
However, the EDS analysis indicates a higher Ca/P ratio (as shown in Table
7?) as compared to the SC-0 and SCM-15 glass samples (Ca/P ratios of 4.1
and 1.6, respectively) after 20 days. The Ca/P ratios for MS-0 and MM-15
glass were approximately 2.45 and 2.20 after 40 days, indicating more stable
laver formation compared to SC-00 and SCM-15, which showed dissolution after
20 days.

For MK-15, FE-SEM micrographs reveal less spongy layer formation com-
pared to SNK-15. This could be attributed to the reduced Ca®* ion release
from MK-15, as observed in the MP-AES analysis. The reduced spongy layer
formation, followed by the development of a flaky structure after 40 days of
immersion, suggests less homogencous HAp formation on MK-15 compared to
SNK-15. This observation is further supported by the higher Ca/P ratio for
MEK-15.
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4.3.10 XRD analysis after in-vitro test

%D patterns of the pristine and SBF-immersed glasses are shown in Fig.??.
After immersion, all glasses exhibit weak diffraction peaks corresponding to
semi-crystalline hydroxyapatite (HAp) (ICDD card no. 01-072-1243), super-
imposed on the amorphous hump, as formation of HAp is a surface phenomenon
[? ]. In contrast to the hybrid-source-derived glasses, HAp peaks appear in
MS-0 and MM-15 after just two days of immersion and remain stable up to 40

days, indicating more rapid and stable HAp layer formation.

In MS-0, weak peaks corresponding to tetracalcium phosphate (TTCP)
(ICDD card no. 01-070-1379) are observed at 20 and 40 days immersion in
SBF, appearing later than in SC-0, where TTCP is present at all time points.
This delayed TTCP formation in MS-0 might explain its higher Ca/P ratio
after 20 and 40 days. MM-15, however, does not exhibit any peaks correspond-
ing to the TTCP phase, likely due to its lower Ca®" content, similar to the
SCM-15 glass. Further, MK-15 shows fewer and weaker HAp peaks compared
to SNK-15 glass, indicating delayed HAp formation than SNK-15 glass. This
delay may be attributed to the reduced Ca?* leaching observed in MPAES

analysis in MK-15 glass compared to SNK-15 glass.
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4.3.11 FTIR analysis after immersion

FTIR spectra of the glasses after varying SBF immersion times (Fig. ?7) reveal
changes in their structural composition. The increased FWHM observed for
all glasses with increasing immersion time indicates an increased structural
disorder. The intense Si-OH~ band at ~1200_¢m™" is present in all glasses at
different time intervals [? |. The prominent —O—Si stretching band at ~910

1

cm ™! gradually merges with the phosphate band at ~1025 em™! as immersion

time increases [7 7 |.

MS-0 and MK-15 exhibit highly intense phosphate bands after 20 days of
immersion, similar to SC-0 and SNK-15 samples, while MM-15 shows a slow
and continuous increase in this band with increasing immersion time, followed
by an intensified band corresponding to phosphate units after 40 days. The
carly formation of the silanol layer suggests it acts as a precursor to HAp
formation. In the %gerprint region, all samples show similar behavior, with
increased intensity of the P-O~ bending band at ~387 em™" [? ? |. The band
at 735 em ! gradually disappears with immersion time,ﬁuggesting increased
disorder in the silicate structure. The pronounced CO%’ band at ~1450 cm™
confirms the formation of carbonated hydroxyapatite (c-HAp), consistent with
the EDS results [? 7 |. Overall, the FTIR spectra confirm e-HAp formation on
all glass surfaces with increasing immersion time. The most significant changes
are observed in MS-0 and MK-15, potentially due to higher silica leaching

compared to MM-15, resulting in a more intense Ca-P layer.
4.3.12 MTT assay

Fig.?? shows the cell viability of the conventionally derived glasses (MS-0,
MM-15, and MK-15) affer 24 h of incubation with PBMCs at concentrations
up to 200 pg/ml. In contrast to the hybrid-source-derived glasses, which main-
tained high viability even at 200 pg/ml, the conventional glasses exhibited a
decrease in cell viability to ~70% at just 50 pg/ml. This decrease might be
attributed to the higher initial leaching of alkali ions (e.g., Na™) from the con-

ventional glasses, potentially causing a cytotoxic effect. High alkali ion release
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and its negative impact on cell viability have been reported in the literature [?
77

The faster ion release from the conventional glasses compared to the hybrid
glasses could also contribute to this reduced cvtocompatibility. Similar findings
have been reported by Wallace et. al [? | and Tilocea [? |, suggesting that a
rapid release of alkali ions, rather than a balanced release of calcium (essential
for cell viability and interfacial bonding), can be detrimental. Due to the
significant decrease in viability observed at 50 pg/ml, a lower concentration
(25 pg/ml) was used for the time-dependent cell viability test (up to 48 h). All
conventional glasses, except MK-15, maintained acceptable cell viability up to
48 h. MK-15 showed a decrease to 64% viability after 48 h. Overall, the hybrid-
source derived glasses exhibited higher cell viability (>80%) as compared to

their conventionally derived glasses.

4.4 Summary

The MgO substitution for CaQ increased the phase separation as compared to
the control glasses. MgQ exhibiting a dual role increased the polymerization
within the silicate network, and act as modifier in the phosphate glass network.
In contrast, K;O substitution for NasO enhanced structural homogeneity and
promoted the conversion of NBOs to BOs, increasing the proportion of odd-
numbered Q" units. Both MgO and K,O widened the sintering window and
increased hardness compared to the control glass, although a mixed modifier
effect caused non-linear trends. In vitro, MgO glasses showed delayed c-HAp
formation and less stable HAp formation (Ca/P — 1.63 after 20 days) but su-
perior cytocompatibility. KyO glasses exhibited faster and stable c-HAp forma-
tion (Ca/P — 2.2 after 40 days) but reduced cytocompatibility over time due to
higher ion leaching. Conventionally derived glasses, compared to their hybrid
counterparts, had higher density, faster and more stable HAp formation (Ca /P

2.4-4.5 after 40 days), increased hardness, but lower fracture toughness and
reduced cytocompatibility. Overall, the hybrid-source-derived glasses show bet-

ter bioactive properties compared to the conventional precursor-derived glasses.
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These results demonstrate the impact of modifier type and precursor source on

bioactive glass properties and biological response, informing composition design

for specific applications.
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Chapter 5

Conclusion and future scope

Conclusion

Two glass series, 435i05-25Nay0-7TP,05-(25-x)Ca0-xMgO (x = 0, 5, 10, 15
wt%) and 435105-25Ca0-7P505-(25-y)Nas O-yK20 (v — 0, 5, 10, 15 wt%),
were synthesized using hybrid sources i.e., biowaste-derived (SiOz and CaCOs3)
and conventional chemical precursors via melt-quenching. These series were
characterized to analyze the structural, thermal, and mechanical properties
using various characterization techniques. Further, in-vitro bioactivity and
biocompatibility assessments with human PBMCs were conducted. Bases on
the results obtained, three of the best compositions were also synthesized using
only conventional precursors for comparison. The conelusion of the present

study is given below:

All the glasses were amorphous in nature with some phase separation ten-
dency. With MgO substitution, the phase separation tendency increases, while
K50 substitution enhances homogeneity and decreases phase separation in the
glasses. MgO plays the dual role by acting as an former and modifier in the
silicate and phosphorus glass network. Overall, the addition of MgO increases
the polymerization On the other hand, whereas KO promoted conversion of
some fraction of NBOs to BOs, increasing odd-numbered Q" units. Both mod-
ifiers enhances the thermal stability and widened the sintering window. The

TECs were within the range suitable for bioactive glass applications in coatings
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of enamel and other osteo- and orthopedic substrates. Both MgO and K0 in-
creased hardness as compared to control glasses. However, both series show
mixed modifier effects, causing deviations from linearity in different properties

of glasses as well as in the bioactive properties.

During in-vitro testing, all ﬁle glasses shown the formation of the c-HAp
layer on the glasses. However, the formation of c-HAp depends upon the den-
sity of the glasses and substituted components. The best bioactivity and bio-
compatibility is observed in 435109-25Ca0-25Nay0-7P,05 (Sc-0) glass. MgO
substitution retarded Si** release and delayed c-HAp formation. On the other
hand, K5O increased ion leaching, accelerating c-HAp formation. Both the
glasses show cytocompatibility of >85% for up to 200ug/ml, however, KyO
shows less cytocompatibility as compared to the MgO series glasses over the
time test due to higher leaching of ions in the K90 series. The SNK-15 glass
with 435104-25Ca0-7TP20;5-(10)Nay0-15K50 shows the maximum bioactivity.

The conventionally derived glasses exhibited better physical, structural,
and mechanical properties as compared to their hybrid-source-derived coun-
terparts. However, the bioactive properties and cytocompatibility are higher
in the hybrid-source-derived glasses. This approach of hybrid sources (biowaste
+ conventional chemicals) can be used to develop bioactive materials without
hampering their other properties. This approach is cost-effective and sustain-

able in nature. In fact, it shows better results than conventional chemicals.

Future scope of the present work

Further research should investigate:

1. These synthesized glasses using a hybrid approach are promising candi-
dates for body implants, bone tissue engineering, and dental applications.
However, the present glasses require more extensive in-vivo testing, includ-
ing cytotoxicity and therapeutic efficacy evaluations, to prove the safety
profile for translational usage.

2. The specific influence of two alkali modifiers in the (MgO, K20)-containing
glasses warrants detailed investigation, particularly for potential dental
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filling applications. Further optimization of these compositions could lead
to enhanced properties and performance.

. This approach using biowaste-derived precursors offers a cost-effective and

sustainable alternative to conventional synthesis, often yielding materials
with competitive or even superior properties. Further research and devel-
opment in this area could pave the way for innovative and environmentally
friendly biomaterials.
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