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Abstract

Enhanced glass ionomer cement (GIC), based on bioactive glasses, are relatively new material
used in minimally invasive prevention of dental caries in the field of restorative dentistry over
the past few decades. A series of aluminum ion free silicatel lbés&ctive glasses with the
substitution of calcium with strontium and barium with the admixture of-potylic acid

after the introduction of tartrate and citrate ions in the presence of water were produced to
study for dental applications. Aluminum idree silicabased bioactive glass composition
substituting3 mole percent of calciuroxide with strontium and bariun6.14 SiQ.2.60
P205.23.95 Ca0.24.35 N@.1.5X1.1.5X2 X1= SrO and Srfj and 2= BaO and Bafj were
synthesised usingelt quenching teghique.It was postulated that a change of particle size

of filler content and introduction of citrate ions would enhance the mechanical, chemical and
biological properties of the resultant set cement. To test this hypothesis, glass flakes of
different size , ranging from 100 nm to 100 &em were

Company Ltd, UK and were characterised physically, mechanicallinantio biologically.

The analysis of prepared glass and cement samples as undertaken using various physical,
chenical, thermal, mechanical and vitro biological characterisation techniques:ra§
diffraction analysis (XRD), particle size analysis, contact angle and density measurements,
BrunauerEmmettTeller analysisFTIR and Raman spectroscopy, energy dispersikay
spectroscopy (EDX), scanning electron microscopy (SEM), differential thermal analysis,

compression strength, Gilmore needle tesyitro bioactivity with stimulated body fluid



study (SBF) and biocompatibility (MTT assay and confocal microscopy).

The produced series of glasses were found to be amorphous in natureragtelificaction
analysis. Results of both contact angle &mdnauerEmmettTeller analysigevealed that
calcium substitution with strontium and barium created positive changems bf increased
hydrophilicity and surface area. FTIR and Raman spectra of all glass samples7BG 1
revealed silicate and phosphate related peaks and thus, the presence of-gitioafho
structure. Characterisation of all ionomer cement sample$-Wlt and Raman spectroscopy

after the introduction of both tartaric and citric acid showed organic and inorganic peaks,
endorsing the formation of resultant glass ionomer cement. Scanning electron micrographs
indicated the layer formation over the surfatall prepared cement samples aftéand 14'

days in simulated body fluid solution. Similarly, the elemental analysis by energy dispersive
X-ray spectroscopy revealed the presence of hydimaylonate apatite along with calcium
phosphate ratio close to 1.67. Tihevitro cell viability analysis foboth glass and ionomer
cement samples based on MTT assay and confocal study established the connection between
improved biocompatibility after the substitution of strontium, barium and fluoride ions in
glass and citrate ions in ionomer cement samplesartti@d mechanical properties were also
observed with further analysis of the resultant cement by compressive strength and Gilmore
needle tests for the evaluation of working and setting time of all tartrate and-loéseate

ionomer cements.



On the basis obbtained resultst was concluded thatalcium ions can bsubstituted with
strontium and bariunons effectively due taheir similarity in ionic radius and charge. These

ions allow the creation of an extended and more freely dirds=d glass networkvithout

altering the fundamental glass structure. Moreover, substitution significantly irctbase
desired properties in terms of bioactivibgpcompatibilityand mechanical characteristiob

the developed glass seriasd resultant ionomer cementBhus, the produced series of
aluminium ions free silicate based bioactive glass series can be incorporated into existing glass

ionomer cement systems for both medical and dental applications with beneficial results.

Keywords: Glass ionomer cement, Silicatmsed bioactive glasses, Strontium and

barium substitutions, Bioactivity, Biocompatibility, Mechanical properties, Citric acid.
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% Percentage

pl Microliters

eEm Micrometre

mm millimetres

mg milligrams

° Degree

°C Degree Celsius

cm Centimetre

conc Concentrated

d Theta angl e
e Wavelength

® Registered

Ag Silver

Al Aluminium

ALP Alkaline phosphatase
Au Gold

Ba Barium

Vi



BET

BG

Bis-GMA

Ca

CA

CPBPs

CPC

DMEM

DTA

EDTA

EDX

Eq

FA

FCA

FCS

FTIR

BrunauerEmmettTeller-analysis

Bioactive glasses

bisphenotA-glysidyl methacrylate

Calcium

Citric acid

Citrate based polymer blends

Calcium Phosphate Cement

Diameter

odi fied eadlud e cmedisu m

Differential thermal analysis

Ethylene diamine tetra acetic acid

Energy dispersive kray spectroscopy

Equation

Fluoride

Fluorapatite

Carbonated fluorapatite

Foetal calf serum

Fourier transform infraredpectroscopy
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GIC

GF

am

G Pa

HA

HCA

HEMA

Hg

hrs

K20

kv

Mg

min

Mol %

M Pa

MTT

Na

NMR

Glass ionomer cement

Glass flakes

Grams

Gigapascas

Hydroxyapatite

Carbonated hydroxyapatite

hydroxyethylemethacrylate

Mercury

Hours

Potassium oxide

Kilo volts

Magnessium

Minute

Mole percent

Mega pascal

[3-(4,5-dimethylethiazol2-yl)-2,5-diphenyltetrazolium bromide]

Sodium

Nuclear magneticesonance (spectroscopy)
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OH

OSX

PAA

PBS

PQy

PDL

PMMA

RMGIC

pm

SBF

SEM

SiO;

Sr

Sn

TA

Ti

Oxygen

Hydroxal ion

Osterix

Polyacrylic acid

Phosphate buffer solution

Phosphate

Periodontal ligament fibres

Polymethytmethacrylate

Resin modified glass ionomer cement

Rounds per minute

Simulated body fluid

Scanning electron microscope

Silica

Strontium

Tin

Tartaric acid

Time

Titanium



UDMA

Wt %

XRD

Zn

ZPC

Urethane dimethacrylate

Weight percent

X-ray diffraction analysis

Zinc

Zinc phosphate cement
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Introduction Chapter

Chapter 1: Introduction

1.1 Introduction

Restorative dentistry isurrently one of thenostsought aftemodalities bypatients and most
frequently provided by clinician©ne of the most prevalent oral diseases which can be cured
by adopting preventiveestorative techniques (rather than surgery) is dental caries. There are
various acceptedreatments for thenhibition of dental cariesThese includetherapeutic
delivery of fluoridethrough the dnking of fluoridated water andopical application of
fluoridated agents such as fluoride gel. However, these preventive measures are insufficient for

complete eradication of dental caries.

Due to he introdudbn of minimal invasive conceph dentistry, the criteria for selection of
restorative material espially for direct restorative treatmentbhaschanged enormously.
Increasingly, patients arebecomingmore consciou®f aestheticscausing them to prefer
restoration work to look more naturalterms of blending witlthe residual naturanatomical
land marks. Thus demand from patientén this regardhas encouragedscientists and
manufacturers to designaterial which provides close approximatiesually and functionally,
to featuresobserved naturally after fundamentaingpositional amendments such glass
ionomer cement (GIC) and dental compog8alentijin. L et al. 1985Boyde 1989Bechtle et

al. 2009)
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Orthopedicallythe glass ionomer cement systdras been useir bone cements but not for

direct tooth restoration. Due its potentialto ablesustained release of fluoride ions, when

compared witlotherdental restorative materiais can be considered as direct toothoesion

There are also a numberrmoechanical drawbacksghich must be overcome to use this type of

cement such gsoor marginal adaptation and bonding, dissolution and dgriation, surface

roughnessplague adhesion and crack propagatiihof theseissues must be considered and

indeed improvedbefore glass ionomer cemastused in the first instander direct posterior

dental restoration.

Another area for concern isd consistent leaching of aluminium ions in higher concentrations

from the resulnt ionomer cementyhich can interfere and reduce the mineralisation process

of bone atthe initial stages. Aluminium ions are the least biologically acceptable inorganic

species which can leach out from the resultant cerk@ets more worryingly, thpresence of

aluminium 1ions i n high concentrationd has b

Par ki nsono6s idcreassedaaneentratiomod adueiciium ionghe brainhas been

found tolead to aluminiumon encephalopathy. Severalses of sukacute aluminium ion

encephalopathy have been reported after ithplantation of aluminium iorbased glass

ionomer cement during translabyrinthic otoneurosurg&herefore much focus is being

placed ordeveloping a novel silicate badeidactive glass ionoar cement which igluminium

ions freeand hasmproved mechanical and biological proper{i€siillard et al. 1997; Gomes

et al. 2013)
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However, designingn aluminium ionfree glass ionomer cement is not straightforwand
has proven elusive. This is becawdeminium plays a significant role ithe setting ofthe
cement. Chemically, durinfpesetting stagegarboxylicand poly acrylic acid liberatgrotons
in thepresence of water. Thedben react with the surfaparticles of the glas& matrix then
forms due to leaching of Al"3and Ca2 cationswhich readily form a cross linking bridge

between the caoxyl ions and glass particlé€Somes et al. 2013ones 201,XKim et al.2014)

Glasses are inorganic amorphous solids thabe processed once theach glass transition
temperatures.Structurally, glass consists of network formers, network ifiresd and
intermediate$Shelby2005)and can be formed of various bases sudiliaate, phosphate and
borate depending on the intended functiorGlassesare more readily soluble tha the
equivalent crystalline structures because of their presence in a higher energy state. Glass
compositions can be altered to influence solubility whichturn alters setting times. This is
particularly useful forglasseghat are usedor in vivo andin vitro applications. Moreover,
therapeutically significant ionsan be integrateith basic glassompositionwith relative ease

and in fairly significant proportiond-or instance, certain applications require substituted
apatite (strontium and fluoridégr setting reations. It is hypothesised that tivecorporation

of these ions does not affeberesultant cement properties.

Bioactive glassvhich has ghosphosilicate structure whsst manufactured by L. Hench and
named5S5° Bioglass. The compositiai$i0; 45%, NaO 24.5%, CaO 24.5% and®s 6.0 %

in wt percentagejauses the ability dietter quality glass ionomer cemdotmationupon the
3
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admixture with polyacrylic acid and water. Moreover, the substitution of other elements such
as strontium, barium and fluoride with calcium oxisigo the main composition can improve
the bonding andemineralisation ability ofthe formed cementGentleman et al201Q

Fredholm et al. 2012)

Glass ionomer cement is basically based on a liquid powder based system which undergoes an
acid base reaction upon interactidine powder icomposed ofaluminosilicate bsed glass

and the liquid consists of an agueousiBoh of poly acrylic acid. Thacid base reaction occurs

in three different stages such as dissolution, gelation and hardening. However, setting modifiers
(tartaric acid, for instance) can playital role in the reaction kinetgcof glass ionomer cement.
Thereactionrate modifiers initially delayhe prime reaction rate and delivarcomplete set of

snap at the end. Similarly, mechanical properties of resultant ceareatso associated with

the intraluction of setting modifiers. To enhance comprehensive mechanical and biological
properties of existing glass ionomer cement systedifferent modificationshave been

suggesteduch as addition of chelating-cmonomer acidgéNicholson 1998)

Citric acid possesses excellgritential to be used as a cross linker and a biologically active
molecule capable dacilitating calcium and phosphateicleation composites. Citrate, which
was previously known for its key role in cell metabolishas recentlyoeenreported to be
presenin up to 80%of human bones and séalfds based on citric acid haleen shown to
inducein vitro nucleation of hydroxyapatite over collagen matrices. Due to the presence of

hydroxyapatite over the surfaces of scaffpltlis evident that this molecule is potentially able
4
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to aid localised bone regeneration when studied imotvo andin vitro (SancheZ-errero et

al. 2015)

Moving now to the next component of glass ionomer ceméads dlakes are small flakes of

glass measuringetween0.1to 1 m i n s ding enthd equieement. Glass flakase
manufactured commerciallyith blowing and spinning methods. Incorporation of glass flakes
according taheir aspect ratio isitally important Smaller sizeofgl ass f |l akes (0.
have the inherent property of selalignmentperpendicular to the surface anistropically as
comparedto largersig¢ 5 t o 10&em) . Due to this inherent
naturallycreatea smooth surface and they can incretissstrength otheresulting composite

by enhancing the ability of the material to resisar, corrosion and penetratifRexer&

Anderson 199; Dunlap 1991 Shigeki & Hidekazu1992 Yang et al. 2004Paulet al. 2005

Franklin et al2005 Simon J & Charles 200Qjo et al.2010.
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1.2 Aims and Objectives

The aim of this thesis was to develop a novel biomaterial that can be used for direct posterior
dental restorations. In order to achieve this aim, the primary objective of this research was to
develop a series of bioactive aluminum ions free silica basedtlve glasses by substituting
calcium with strontium and barium ions in the basic glass composition, and to study the effects
of substitution by characterisation of all produced glass samples. For this puapose,
aluminum ionfree series of silica badebioactive glass composition with the calcium
substitution of strontium and barium with 3 mole percent of calcium ekdb4 SiQ.2.60
P205.23.95 Ca0.24.35 N®.1.5X1.1.5X2X1= SrO and Srk) and (X2= BaO and Bak)

weresynthesiedthroughthe mét quending technique

The secondary objective of this work was to develop a novel bioactive glass ionomer cement

with the admixture of tartaric and citric acid as setting modifiers and to study the effects of

citric acid based cements in comparison with tartrid. Similarly, the final objective of this

study was to alter the particle size of filler content for wrsiticate based gladtakes of

different sizesranging r om 100 nm to 100 ceads GlessrHake® bt ai n
Company Ltd, United Kingdom ad were optimisd and characterised physically,

mechanically aneh vitro, biologically.

As a hypothesis, it was suggested that the introduction of citrate ioockamging the particle

size ofthefiller content should improve the mechanical, cheméal biological propertge

6
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of the resultant set cement.

1.3Thesis Layout

This thesis is divided into six main chapters. Chaptaad providedhe introduction and
layout of this thesis along with the aims and objectisapter 2 consists d literature
reviewwhich details, the findings of existing research related to our current knowledge of the
anatomy ofthe human tooth, dental caries aahilable dental restorative materials, their
limitations and selection criteri@he middle part of cpter Zzompriseshedefinition, history

and theories of glass formation followeddgescription ofesearch on glass ionomer cement
systens (including background, applications, compositions, advantages and disadvantages,
properties and modifications)lhe end of this chapter includesy explanation of the
significance of citric acid and bio glass (background, kisiemistry, classifications,
applications and properties) followed the importance of aluminum idnee silicate based
bioactive glasses,ubstitution of strontium, barium and fluoride ions and finally the

introduction to the concept of glass flakes.

Chapter 3containsa description of the materials and methods usedpffeparationand
characterisation techniqués the individual preparain and analysis of all produced series
of silicate based bioactive glasses and glass ionomer cements (tartaric and citric acid based).

For instance, physical charactai®mns [XRD, Density measurements (Archimedes and

7
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Pycnometer), Contact angle measuretsieRarticle size analysis and BET{hermal
characterizations (DTA), chemical characterizations (FTIR and Raman spectrostuing,
biological characterisations comprisimy vitro bioactivity analysis (simulated body fluid
(SBF) study, SEM and EDX) and vitro biocompatibility analysis (MTT assay, optical and
confocal microscopy)ral lastly mechanical charactei®ns (including compressive strength

analysis and Gilmore needleste

Chapter 4 (reglts) and chapter 5 (discuss)oprovides the esults followed bya detailed
discussion based dhe available literatureand analysis of said results. Finallyh&pter 6
draws conclusion from the discussion and propdsggcal avenuesor future workin terms
of thefurther analysis and developmentgdroduced series of silicate based bioactive glasses

and ionomer cements.
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Chapter 2: Literature review

2.1 Introduction

This thesis investigates the development of silicate based bioactive glass ionomer cement for
dental applications. The new cement substitutes calcium with strontium and barium ions with
3 mole % of calcium oxides, along with the admixture of poly acrylid & the presence of

water after the introduction of tartrate and citrate as setting modifiers. Therefore, this chapter
begins with a detailed review of the literature by introducing the anatomical structure of the
human tooth, dental caries and selectiviteria for dental materials. This is followed by a
definition of glass and a summary of the findings of previous studies related to glass ionomer
cement, silicate based bioactive glasses and the use of glass flakes as filler content. Finally, our
presaét knowledge of the significance of strontium, fluoride and barium is provided by

referring to the available literature.

2.2 Structure of natural human tooth

Naturally, the humandental hard tissues consist of enamel, dentine and cementum.
Anatomically, 20% of the surface area of oral cavity consists of teeth. Teeth play a significant
role in mastication, speech and normal facial aesthetics. The fully matured human tooth is

composed of enamekhich is inert acellular and hard in naturélistologically it is epithelial

9
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in origin. Internally, the tooths supported by lesmineralized ananore resilient connective
tissuecalled dentine. In mammaltgeth within the oral cavity after their eruption coonly
attachvia connective tissue known asriodotium. The periodontium consists périodontal
ligaments fibers (PDL), surroundingzablar bone and cementumll Af these aforementioned
tissues are responsible fimoth attachment and provide more flexible support against heavy
mechanical wediorcesas a result ofmastication. Clinically, within the oral cavitthetooth

is divided intathecervical(or crown) portion which is visiblandtheradicular(or roof) portion

which is embeddenh thesurroundingalveolar bone and periodontiuf@oyde 1989)

2.2.1 Enamel

Enamel is the hardest mineralis dental hard tissue due i3 high mineral content.
Anatomically, it forms the outer most part or crown portion of an individual tétaghthickest
over cuspand incisal edgesf éhe incisors and molarslowever, it is commonly thinner over
cervical or neck portion of the toothully developed enamel consists of 2% water by weight
and 510% by volume. It also contair extracellular mineraded matrixconsisting of 96%
minerals and 4% organic materidlhe remainder is constituted pfotein (Osborn 1968;

William 1995; Nanci 2003)

Histologically, enamel prism is the basic structural unit of enamel and it shows key whole
appearanceMechanically, enamel is brittle in nature and has low tensile strength. Dse to it

high modulus of elasticityit provides more flexibleprotection against fracturéo the

10
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underlying dentine during cycliloading of the routine masticatoprocess. The pecific
gravity of enamel i8 and its refractive index is 1.3B has a density of 3.021g/crfWilliam
1995; Berkowitz et al. 2002)Enamel idharcer, denseand less porouatits superficial surface
than at the sub surface layer whiclmere porousNewly developed enamel is very thick and
white in colourdue to its of lowemineral contenthan more mature enaié€&or this reason,

it reflects less light compared to fully maturadd developed enamel. The translucency of
enamelncreass with age antbecome very much paleandmoreyellow in colourdue tothe
reflection oftheunderlying dentinéBoyde 1989; William 1995; Berkovitz et al. 2009; Nelson

2009)

2.2.2 Dentine

Dentine is biologically hydrated and complex in strugtdoeming the entire bulk of an
individual tooth. Naturally, it can modify itself according to physiological (aging) and
pathological (dental caries) behamial changes. Due to these characteristic features various
types of dentine can form. These include primary, secondary, tertiary (reparativeionaggct
dentine), transparent (bruxism) and sclerotic (arrested caries) dgRdnald L& Sakaguchi
2012; Anusavice et al. 2012)here are different layepf matured dentinelhe frst layer is
urnrmineralised and exhibg& various thicknessesanging from 1650 pm. It outlines the inner
pulp of the tooth known as prientine. Histologiddy, pre-dentine consists of collagédibres

and is similar to bones known asteoids. Layey of mineralised mature dentine are formed

11
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from predentine andconsists noftollagenous matrix proteing-ully mature dentine is
composed of 10% water, 20% orgarand 70% inorganic material.he aganic material
contains 90%ollagen (type,llll & V) and noncollagenous matrix proteinghe norganic
materialconsists of small plas of hydroxyapatite crystalglechanically, dentine is softer than
enamel buslightly harder than bone the&n be viewed radigraphically. Physicallydentine

is flexible, a feature whiclprovides the fracture resistance to the outer covering of brittle
enamel. Microscopically, dentine and enamel join together and #ostalloped shped

structure(Nanci 2003; Nelson 2009)

Additional elements for the tooth are thdpandthe soft tissuewhich consists of collagen

fibrils, blood vessels and nerve cells. Cementum covers the entire root portion of the tooth. The
thickness varies from 26 0 ¢ mtheadrvix and 152 00 e m at t he apex. Co
cementum is composed of organic amdrganicmaterial in a 1:1 ratioand waterAttached

periodontal ligamentfibres are composed ofcollagenousfibres and glycoprotein. The
cementum and periodontal ligamédibrestogether provide flexible support and anchorage to

the individual tooth during the press of masticatiofWilliam 1995.

2.3 Dental caries

The word Acarieso is a Latin derivative whic

as chronic contagious oral ailments resulting from the communication among oral

12
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microorganisms in dental plaque, dietary carbohydrates and susceptible teeth. It debilitates

the resistance and protection of oral wading across all age groups and can result in serious

health problems. The frequency and severity of dental caries dkepg@on certain factors

which include age, sex, race, sedemographic features, economic status, localities, food

practice and oral hygiene habfadav & Pakash 2017)

Microorganisms are the foremost causative agents of dental caries whereby numerous

facultative and obligative anaerobic bacteria dominate in the microbial community. Of these,

Streptococcus mutarm&s been reported as the chief etiologaggnt of dental caries as it is

extremely acidogenic and generates short chain acids which soften dental hard tissues. When

dental caries develop, dietary carbohydrates are utilised by the cariogenic bacteria present in

the dental plaque. Fermentationcafbohydrates results in the formation of lactic acid, which

triggers the melting of the hydroxyapatite crystal structure of the (&atlav & Prakash

2017)

Symptoms such as tooth ache, difficulty eating and chewing and pulpitis due to decayed teeth

are often the results of dental caries, with more serious potential complications including

myocardial infarction, complication to pregnancy and diabetics, imascular and

respiratory diseases, oral cancer, endocarditis, erectile, cavernous sinus thrombosis and

Ludwig anginaYadav & Prakash 2017)

Dental tissuesurfaces, specifically the neshedding shell of enamedccrue a biofilnthat

supports the growth of a variety of bacterial species within a protective habitat. Dental plaque
13
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is itself a multilayered biofilm consisting of various bacterial populatiorespnt as micro
colonies. Several microorganisms exist at the site of caries. These includes gram positive cocci
such asStreptococcus mutanStreptococcus salivaruand Staphylococcus aureugram
positive rods such asActinomyces odontolyticusLactobacilus fermentum and
Bifiodobacterium dentiumgram negative cocci such ¥gillonella parvulaand Neisseria
species and gramegative rods such &acteriodes denticold8acteriodes melaninogenicus,

Escherishia colandKlebsiella pneumoniagradav & Prakash 2017)

There are five different stages of caries formation which are as follows:

1. Initially, yellowish or chalky white spots start to appear on the toatiases due to
the loss of calcium ion. This initial stage of tooth decay is reversible by treatment and

has no other symptoms.

2. In the second stage, enamel starts to decay and the tooth surface begins to deteriorate

as the decay continues. This stage aviersible but does not cause pain or sensitivity.

3. In the tertiary stage, the decay progresses further than the eaathetacheshe

dentine. Tooth ache begins in this stage.

4. The pulp of the tooth becomes infected due to the bacterial colonisation V@ksels

and nerves present inside the pulp disintegrate resulting in pus formation.

5. Finally, in the last stage the root tip of the tooth becomes affected along with the

surrounding bones. Severe pain along with swelling on the cheeks is commonly seen

14
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during this phase.

2.4 Dental restorations

In an attempt to more effectively treat issues such as dental caries atuctlieiEcrease in

the demandbr delivery of optimal dental health caragdvancements have been made to support
the approach of evolving novel dental restorative materials for both direct and indirect
restorations. Precisely, an ideal dental restorative material should exhibit strength,
biocompatibility and adequate adhesion with the surrounding dental hard tiEsneeth
2007) At present, researchers are continuing their focus to those approachestvaanore
potential br theprevention of multifactorial oral diseases such as dental caries and perabdont
disease To accomplish this, various types of directteasr dental restorativenaterialshave
beendeveloped and introduced commercially. Taemulations of thesenaterialsare based

on metals (amalgamand cermet) and nemetals (ompomer} resins(composites andesin
modified glass ionomer ceme®RNIGIC), phosphates {ac phosphte) and silicatbased glass
ionomer cements (GIC). Howeveit, is evident from the literater that their collective
drawback outweightheir advantages. As a result, itheopularity has decreased over time

(Maltz et al. 2010; Anusavice et al. 2012)
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2.5Limitations of existing dental restorative materials

Currently, a numbeof materialsare being used for direct and indirect dental restorations.
Existing restorative materialre compositionally based on metand noametak, resin and
polymers, phosphatend silicatesHowever, the current materials e certain limitations

which are described briefly below according to their composition.

2.5.1 Metal based restorations

Metalbasedrestorations are mainly composed of either mercury (Hg), silver (Ag) and zinc
(Zn), tin (Sn) andgold (Au). The most comnon examples of this type of restoration are
amalgam and cermefThe nost cited meticulous mechanical, physical and biological
drawbacks are galvanism, creep, poor aesthetics, inadequate wear and corrosion resistance,
cytotoxicity, neurotoxicity, surfaceoughness and plaque adhesion. On the other hand, these
types of restorations are well understood and adequately §diadi et al. 2010; Ronald &

Sakaguchi 2012)

2.5.2 Resin and polymer based restorations

Resirs and polymers such as hydroxyethgietracrylate (HEMA), urethandi-methacylate
(UDMA), bis phenolA-glysidyl methacrylate (bi&MA) and polymethyimethacrylate

(PMMA) are most commonly used for these restorations. Composite, compoomeer gnd
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resin modified glass ionomer cemeRIMGIC) are common examplesollectively, bothin-

vitro and in-vivo evidence based mhitations include marginal leakage, microracks
propagationsurfaceroughnessplaque adhesiomolymerisation shrinkage, inadequate wear,
corrosion resistance atidge risk of recurrent or secondary caries. In terms of their advantages

they are economicalestheticallypleasing(Lee et al. 2010; Zhang et al. 2010)

Resin based cavity varnishes, used in dental applications, are superficial thin coatings which
provides a barrier to the penetration of chemicals or to the loss of essential constituents from
the surface of &lling material such as restorative materials. These varnishes are made up of
a clear or yellowish fluid containing resins that could be either natural (copal and colophony)
or synthetic resins (polystyrene). These resins are dissolved in a solvenv(ettetone) and

then they are smeared over the cavity floor with the help of a brush or cotton. As the solvent
evaporates, a thin layer of resin coating is left behind. Varnishes must be applied up to 3 times

on the filling material to ensure an eventoog of resin(Noort 2013)

2.5.3Phosphate and silicate bsed restorations

These restorationssecalcium and zinc phosphats a basalong with silicate glasséas filler
content) with various compositions. Sono&renon examples are glass ionomer cements (GIC),
calcium phosphateements (CPCand zinc phosphateements (ZPC). Howeverpommon

drawbacks are marginal leakage, plaquhesion, inadequate weaesistance,creep,
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insufficient bonding ability with surrounding dental hard tissues, discolorations&iding,
dissolutionand disintegraon of cement, and the risk of recurrent or secondary caries. However,
good aesthetics and alleviate manipulation can be considered as their advéhtatjes &

Hand 2010; Chen et al. 2010)

2.6 Selection criteria for dental restorative materials

The studyof dental restorative materialshased on materiaicience andengineering. There
are four categories of materiasiences such agramics, metals, compostend polymes.
On the basis of their individual characteristic featusdarge number oflentalmaterialsare
currently being designed and us@lBrien 1997) The fllowing sections provide a brief

desciption of the ideal properties and selectwiteria for dental restorative matesal

2.6.1 Mechanical strength

Mechanicaproperties of materialepend upon the type, concentration, size and distribution of
the incorporated filler particles. Commonly used filler partiahedental restorative materials
are fused silica, quartz and glassash asaluminasilicate The geometry and shape of filler
content affectshe interfacial bonding ability of an individuahaterialwith the surrounding
dental hard tissuedncorporation of nano or micrsized filler content can enhance the
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mechanicalcharacteristicfeatures of anyindividual material. For insince, increase in
resistance of material against creep, wear, corrosion, brittleness, distortion and disintegration

(Walls 1986; O'Brien 1997; Anusavice et al. 2012)

2.6.2 Water sorption

Characteristically, dental restorative material shouldclile to withstand water damage and
chemical effects. In thoist oral environment, matersatan undergo dimensional instability

due to water sorption. Principally, water molecules diffuse into the matrix and cause weakening
of interfacial bonds betweeihd matrix and filler content. Consequentially, dissolution and

disintegraion of set cement can occ{knusavice et al. 2012)

2.6.3 Biocompatibility

Ideally, restorave material should be capaldéminimizing the risk of multple oral lesions

and conditions such as leukoplakia and dental caries. Moreover, material should be bioactive
and capable enough to act as a barrier against cytotoxicity and neurot(QIBitien 1997;
Anusavice et al. 2012pue to its numerous advantages, such as betteriadtse®l aesthetics

with surrounding dental hard tissues by ionic bonding, and slow but sustained release of
fluoride ions in amn-vivo environmentglass ionomer cement is one of the main dental material
groups currently being researched. In spite these advantages though, glass ionomer cement

exhibits certain limitations including brittleness, low tensile strength, and dissolution and
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disintegrationm the early stages of settifMyalls 1986) The upcoming section of the literature
review provides a definition and history of this material group along with its setting and

reaction chemistry.

2.7 Glass

2.7.1 Definition and introduction

Glass is a solid material which easily breaks into small pieces due to its brittleness. According

to the American Society for Test ianmorgdact er i al
product of fusion which has cooled the rigid conditionswi t h o ut crYAstal |l i z
alternative description has been provided by Wonglargell in 1976 They state that glass is

an amorphous solid material which goes through the process of glass transition, when it is
subjected to heat treatmenhi3 transition process involves the continuation of the dimensions

and also the change in physical properties such as thermal expansion and specific heat capacity
which potentially come from the super cooled liquid state. Developmentally, the invention of
borosilicate and silica phosphdiased glasses which are more chemically resistant than pure

glass is fairly recenMarshneya 1994Shelby 2005)
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2.7.2 History and background

The early Egyptians realised that glass as a very precious and valuable material found on earth
evidenced by glass beads found in ancient tombs and death masks of Pharaohs. Similarly, in
pre-historic periods, the cave and land dwellers used natural volgéass materials in the
manufacturing of their tools as weapons including axes, knives, arrows and s(HyaHoy

2005)

Production of glass from raw materials by melting has been practiced for many centuries.
Therefore, there are various different school of thoughts which particdefined the first
formation and production of glass in ancient times. Some of them suggested that, the first glass
was basically evolved by the combination of sea salt and calcium oxide released from bones
residue which are present in the cinders eflihilt fire over the sand, found near the edges of

the Mediterranean Sea shoreline. This helps lowering down the melting temperature of the sand
and enables to produce low quality glass more commonly. Researchers of that time thought
that glass which isound in the sand may have such deliberated potential that it might be helpful

in the fabrication of first most frequent commercially offered glass tqSledlby 2005)

However, the first man made cured glass was produced in the form of beads and was also
shaped into sharp edged® especially, for hunting and sglfotection rational. As through
the development of the modern era many efforts have been introduced for the controlled shaped

production of different types of glasses. Earlier the production of bottles was done by
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meanering of the glass around the compact pattern of sand. Whereas, when the glass cooled,
the pattern sand was wiped out from inside of the bottle which leaves the vacant as well as the
lucent walls, which is usually asymmetrical in shape. The method forlimgdend casting

glass in the form of bottles and mirrors are much more refined and developed nowadays as
compared to earlier. Although, it is considerably easier now to produce glass according to more
desirable mechanical and physical properties but maomg flaws are still in existence which
requires more attention and investigation. The dramatic improvements in the glass
manufacturing in terms of bottles and glass jars become very much popular. Similarly, the art
of manufacturing coloured glasses hdsoabeen transferred as the family secrets from

generation to generation of artisgNarshneya 1994; Shelby 2005)
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2.7.3 Glassformation theories

2.7.3.1 Structural theories

Figure 1. Schematic diagram indicatingthe atomic structure of phosphorsilicate based

glassindicating non-bridging oxygen (NBO) and bridging oxygen (BO)
(Shelby 2005; Joneg013)

In 1926 Goldschmidt presented the first and simplest theory of glasatfon. He postulated

that the common formula for glass was RnOm, where Rn is the number of oxygen ions arranged
particularly in the range of 0.2 to 0.4 radius. He also hypothesised that, the only glass that
should be able to melt must be composed ofteatiedral cationic structure. The major
drawback of this theory was that there is no explanation of the dependence on the tetrahedral

ions required for glass formatig8helby 2005)
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A few years | ater, Zachariasen proposed ext
explain how tle number of ions could possibly be related to the formation of glass. Zachariasen
proposed that, silicaleased glasses have a tetrahedral structure which possibly forms
networks into all four corners, especially in a single crystal. However, the exteridiois

network is basically in all three directions (X, y and z axis) as shown in Figure 1 and 2. As a
result, there is an equal behavioural change in all directions which gives rise to the isotropic
property of the glass. In general, those compositidrgasses which have the ability to form

networks are most able to form good quality gl&elby 2005)

Various other structural theories of glass formation were proposed by other scientists. Smekal
proposed a theory to explain the formation of ionic and covalent bonds when gissdHae
stated that there are basically tmain categories of structural theories of glass. First category
states thaglass is an inorganic material which contains partial ionic and covalent bonds.
Similarly, the other one contains inorganic / organigichvith covalent bonds between them

and they are connected by weak Vander wall forces. Following this, Stanworth proposed that
the formation of glass is based on the elen&gativity of the cations. He classified oxides into
three main groups. Group kioes act as the network formers due to the formation of bonds
with oxygen and ionic characteristics of nedy percentGroup Il act as the intermediates

and contain more ionic bonds which bind with the oxygen ions. Group Il are the glass

modifiers beause this group contains muatore lesselectrenegativity. This means that
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oxides of this group modify the crystialtticed structure within the network of glass

(Varshneya 1994; Shelby 2005)

Figure 2: Schematic diagram showinghe tetrahedral structure of silica (SiOs) and

phosphate (PQ) (Arepalli et al. 2016)

On the basis of the bond strength, Sun proposed that, the formation of strong ionic or covalent

bonds during melting can prevent the formation of a crystal lattice structure upon cooling.

Some years later, Rawson explained the hsica wback of Sunds theory ¢

concluded that Sun had overlooked the relationship between temperature and bond strength.

He stated that, due to the very high melting temperature of glass, there is enough energy

available to break the bondsnultaneously. Rawson explained that material which contains

multiple bond strength and a low melting temperatexpresses better ability of glass

formulation in comparison with material with single strength of bonds with a high melting

temperatur€Shelby 2005)
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2.7.3.2 Kinetic theories

Thetheory of kinetics fotheformationof glassis associated tthe process of crystadiation.
The process of crystallisation can be describédeasombination adi pattern of crystal growth
and process of nucleation. The nucleus presetiita fomed crystal lattice structugrows to

a certain sizeand this growthmight be homogenous or heterogeneousthd# growth is
spontaneous within the mgit is referredto as homogenous nucleus growththe growth
occursspontaneously dut any impurities especially with the walls or base of the crucible

used, then iis referredto as heterogeneous nucleus growth patfghelby 2005)

2.8 Glass ionomer cement system (GIC)

2.8.1 Introduction and dental applications

Kent and Wilson 1972 contribued greatly to dentakstorative material sciences by mixing
poly-acrylic acid and ion leachable glag$e resultant product was namglhss ionomer
cement (GIC) or aluminosilate polyacrylate (ASPA)by De Trey in 1976: aybrid of
carboxylate ad dental silicate cementirfge itsinitial development, glass ionomer cemeas

received mixed responstom dental cliniciangSmith 1998; Anusavice et al. 2012)

Variousmodifications to this initial material have been suggested but without any significant

mechanical ophysicalimprovements as a resulthese modfications include use of mat
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andacrylic acid, dried polymer powder, metal reinforcements asothrbased modifications

(Tyas 1991)Despiteits remarkable advantages, the use of glassmer cement is still limited

in terms of dental applications. The prime reason for such limitation of use is ilmstric

tensileand flexural strengtrearly stage dissolution of cementrithg setting andnadequate

translucency(Tiwari & Nandlal 2012) These issues have limitéde use of glass ionomer

cementto less stress bearing restorations sucthase inClass V (gingival third of buccal,

labial, lingual andpalatal surfaces of teeth), lsers in composite restorationand as luting

cementDue to moraecent advancemas) glass ionomer cement is ndeingused in Class

lll (cavities on proximal surface of incisors and canines but incisal angles are not involved)

andClass Irestorationsand core builelps for crown and bridge placemen®ass ionomer

cementshavefound a niche in medical applications as well. Currenityis fairly commonly

usedfor middle ear reconstructive surgedye to its bioactivity, thgroduction of osteo

conductive iondor instart sustained release Bfioride ions its negligible exothermioature

and adequate bonding ability with surrounding metal and.dar@ther wordglass ionomer

cementis now being viewed as a suitablb®ne substitut§Ronald & Sakaguchi 2012;

Anusavice et al. 2012)
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2.8.2 Composition

Glass ionomer cement consists of patyylate cros$inked chains which are reinforced by
aluminosilicateparticles of glassThe glass powder may contain silica, calcium, alumina,
sodiumand fluoride.Of these the ratio of silica and alumina is the key factiictating its
reaction with ply-acrylic acid(Tiwari & Nandlal 2012) Other metal oxides (barium, zinc and
strontium) are ugkin addition to increas¢he radicopacity ofthe resultanttement.The
preparation of glasses is all based on traditionally available routes of glass processing.
Depending on the compositiptine mixture of raw batch material of glass is fused together at
arange of temperatusevaryingfrom 1100°C to 1500°CThe glass is then quickly quenched
in order to avoid any devitrificatiomhe casted glass is then ground into powafgrarticle
sizel5 t o byptledal milling method and then sievéthe liquid content tends to conisis
poly-acrylic acid (50%and copolymers (40%) of neit, itaconic andri-carboxylic acid along

with water (10%) Smith 1998; Anusavice et al. 22)1

More commonly, all commercially available glass ionomer cement compositions are based on
aliuminosilicate glasses along with modifications including calcium, strontium, lanthanum and
phosphate oxides. The typical composition of commercially availdbhtal glass ionomer

cement is indicated in Table 1.
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Table 1. Typical composition of glass ionomer cemer{(Ronald & Sakaguchi 2012

Anusavice et al.2012)

Sr No Oxides Mole percent (Mol %)  Weight percent (Wt %)
1 SiOz 22.3% 30.1%
2 Al20s3 249 % 19.9%
3 AlF3 2.7% 2.6%
4 NaF 1.9% 3.7%
5 Cak 33.2% 34.5%
6 AlIPOg4 151 % 10.0 %

Wilson and Nicholson (1993) found that two main types of glasses existi S0z 17 CaO

and SiQ 1 Al20s1 Cak. All other ionomer glases are derived from these two.

Figure 3: Schematic diagram showing compositional range of glass in glass ionomer

cement production(Anusavice et al.2012 Holand & Beall 2012)
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Modifications tothe basic design of glass ionomer cement have resulted in the composition of
traditionally available materials. Moreover, glasaamer composition is limited within a
range, as shown in Figure Bhe formation of the glass outside this rateyedsto crystallise

and phase separation occurs when usinggtrench coohg method The knowledge of
comprehensive reaction chemistry is very important for the prediction of micro structural
properties of set cemerReaction chemistry starts after manipulatiorpofvder and liquid
conents of cement. Physically, yellosolour plastic paste forms instantly. Chemically,
immediately ater mixing of contents the aclohse reaction starts and acid starts to dissolve

the glasgjuickly (Bheret al. 2011; Holand & Beall 2012)

Glassionomer cement can be formed using different methods

1. Mixture of glass powder with aqueous solution of poly acrylic acid.

2. Mixture of glass powder with freezeried poly acrylic acid and water.

Collectively, glass ionomer cements are available in various tailored .fdxm& result
determination ofhe settingreaction is itself a challeng@nalogues of ranges of poly acrylic

acid with differences in molecular weightare incorpoated into available formulation$he

major polymeric acids / chelating agents which are currently used in the formation of glass
ionomer cements are acrylic acid, maleic acid, tartaric acid and itaconic atidvas below

in Figure 4(Walls 1986; Anusavice et al. 2012)he atermination of viscosity and hdimg

ability merely depensiupon molecular weight of pebcid.
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Acrviic Acid Itaconic Acid
HC COOH
P l:|' _ CH2 L -
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Figure 4: Acidic components currently being used in glass ionomer cement

commercially (Anusavice et al. 2012)

Studies have showthat changes irthe polymer canponent can potentially enhantee
strength of tk set cement buihat,due to matrix instability, the disintegration and dissolution
of the resultant cement could ocaormediately More specifically, he copolymer of poly
vinyl-phosphonic acids potentially capable of improving thenitial setting stability of the
glass iolmmer cement from hydrolytic ioniavasion.Another finding is that thase of maleic
acid can increase the crdgiking density within the cement and provide better mechanical
strength In this case though, theittleness othe set cemenhcreass. However theaddition

of tartaric acid plays a positive roletimesetting chenistry of glass ionomer cement, as shown

in Figure 5(Moshaverinia et al. 2009; Tiwari & Nandlal 2012)
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2.8.3 Role of setting modifiers

The setting reaction of glassnomer cement starts after theidabase reaction between the
basic glass and polymeric acid. In glass powder with aqueous solution of poly acrylibecid
dissolution of polyacid occurs instantl during mixing, as compared tioeezedried poly
acrylic acid glass powder mixturBhesetting reactionf glass ionomer cemeatcurs irthree
different stagess a result of the release and cHissing network formation of calcium and
aluminiumions from the glass particles and maturation of the matrix polymer. These stages

are dissolutin, gelation and hardening and are shown in Figure 6.

Dissolution begins with the amalgamation of different constituents present in the cement.
During this initial stage of cement formation, due to the presence of water molecules, hydrogen
ions from polymec acid become separated and preferentially separate carboxyl groups.
Moreover, hydrogen ions detach the calcium?{Zandaluminium(Al®*) ions from the surface

of glass particles into the polymeric matrix. As a result, siliceous hydro gel forms because
hydrogen ions diffuse in the glass particles and create negative charge. This negative charge
creates an environment for calcium asdminium ions to cover the surface of the glass
particles and create a deficient zone of cat{Mwshaverinia et al. 2009; Anusavice et al. 2012;

Tiwari & Nandlal 2012)

Experimental studies have proven that silicat&®ins leach out during the dissolution stage

from the surface of glass particles and Hatton and Brook (1992) suggested that siftthte (Si
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ions play a role in the cross linking reaction and matrix formgtitaiton & Brook 1992)In

1996, Matusyat alproposed the reaction and setting chemistry of glass ionomer cement based
on NMR and infrared spectroscopic analysis. They concluded that silicon ions play a
significant role in cement matrix formation and that the reaction precedes the release of

aluminiumions. This release resultsatuminiumion based pohlacrylic acid gel formation.

Originally, glassaaluminiumions are in tetrahedral form with oxygen but, as the setting reaction
progressegluminiumionsbecome octahedral. Due to this chemicaltshithe silicon network,

a progression in the strength of the glass ionomer cement occurs during the gelation stage
(Matsuya et al. 1996)n 1998,Nicholson published work supporting the proposed theory of
Hatton and Brook. He concluded from his research that during the dissolution stage when
calcium andaluminiumions become soluble the release of phosphorus and silicon ions begins.
As a result, athis stage, termination occurs more prominently than the exchange of ions due
to inorganic network formation, which enhances the resultant cement insol(Mitholson

1998; Guggenberger et al. 1998)milarly, in 1999 Maedat alconcluded, by using the SIMS
technique, that silica fmation only occurs in the siliceous layer which is precisely surrounded

by dense non electron halo glass partifidaeda et al. 1999)

The second and most prominent stage of the glass ionomer setting reaction is the gelation stage.
This stage lasts up to a few minutes. Due to the formation of free catioalsium Ca*) and
aluminium (AI®*), a cross linking bridge forms in between the terminated groups of carboxyl

ions and polycarboxylates. Calcium ions (divalent) release much more quickbiuhanium
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ions (trivalent) in the polymer matrix. Finally, in the hardening stage, the-lon&gsy bridge
forms in betweemluminiumions and the depleted carboxyl group. This stage typically lasts
between five to ten minutes, although some studies report a loaged of time required due

to the introduction of setting modifiers as shown below in Figiiidholson 1998; Anusavice

et al. 2012)

With Tastanc acid

Wiithout Tartans acid

Figure 5: Graphical representation ofthe effect of frtaric acid on cement during setting

reaction of glass ionomein terms of viscosity over time (Noort 2013)

Significantly, the addition of tartaric acid to the liquid content can be considered as an
important step towards the setting process and reaction chemistry of glass ionomer cement.
Tartaric acid acts as a modifier and it controls the dissolution ralasd garticles present in

the composition. As an impact, initial setting and handling characteristics of glass ionomer

cement improve. Due to its high acidity, tartaric acid readily attacks the glass particles. As a
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result, the influence of reactivity ofags particles towards pebcids is decreasdtVilson et

al. 1976; Nicholson 1998Wilson et al, by using a Gilmore needle along with oscillating

rheometer, analysed the potential effects of different substitutions within the composition of

glass ionomer cement. & concluded that the addition of tartaric acid was quite successful,

particularly in terms of the working and handling characteristics of the resultant cement

(Stamboulis et al. 2004rurthermore, Prosslet al(1982) analysed the effects of modification

into glass ionomer cement by using infrared spectroscopic techniques. They found that the rate

of acidity present during the setting reaction can control the degree of the acid base reaction

(Prosser et al. 1982)

(Polvacrvlic acid) : Zone of 1on
[/M\/"] - > ﬁalg—t

Forous Linked Polvmer Aaerix

[~Eilicate Glass
F-Final Structore of St Cament

Figure 6: Schematic diagram showing chemical and setting reaction of glass ionomer

cement(Noort 2013)
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Generally speaking, with the addition of strong acids, the process of chemical reaction
accelerates compared to when using bases. This slows down the speed of reaction. Similarly,
modifications for the improvement of working time can delay the releasatiohs. On the

other hand, alterations for setting time can lead to the formation chpaybase complexes.

As a result, blocking of bridging occurs among the cations andgmidig positively. This can

only be converse with the rise in pH as breakdof\aomplexes can initiate and trapped cations

can become part of a given reaction. However, applications of tartaric acid in higher
concentrations (>20%) can create adverse effects such as weakening the resistance of cement
against agueous invasion andrgasing the solubility of the set ceme@risp et al. 1979)
Inclusion of fluoride ions can also effect the workability due to the formatiaiuofiinium

fluoride, which can play a e in the release of cations and their premature inclusion during
matrix formation(Wilson et al. 1976)However, there is no in a straight line related evidence

for mentioned species alg with their different structures and their bonding patterns

(Nicholson 1998)

2.8.4 Structural and mechanical properties

Determination of micro structural properties is vital for successful application of glass ionomer
cement. Hatton and Brook (1992) examined the microstructure using a transmission electron
microscope (TEM). They found that in set cement, the alumina silioas of glass particles

encircle the crosbnked cations of the poly carboxylic matiiidatton & Brook 1992)Release
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of fluoride ions is a significant factor of glass ionomer cementnagta. Due to the presence

of fluoride ions, ionic exchange between the hydroxyl groupY©@Hhydroxyapatite and
fluoride ions occur. As a result, flouroapatite crystals are formed. Due to low surface energy
they increase dissolution resistance of sghent and increase the aoéiriogenic effect of

glass ionomer cements. Potentially, the recharge ability of fluoride ions present in glass
ionomer cement, can accelerate within the complex oral environment due to the presence of
sodium fluoride (NaF), eggially after use of fluoridated tooth pastes and mouthwdSimeish

1998; Anusavice et al. 2012)

Numerousin-vivo and in-vitro experimental studies have been conducted to determine the
mechanical properties of glass ionomer cements. Press#{1986) concluded that, in glass
ionomer cements, crack propagation or fracture starts due to the inadequate tensile strength of
set cemen{Prosser et al. 1986)urthering this reearch, Xieet al. (2000) calculated the
flexural strength of conventional glass ionomer cemenR8 ®MPa) in comparison with resin
modified glass ionomer cements (RMGIC) (80 MPa). They postulated that disintegration of
cement takes place due to incident&acture which may occur during glass matrix formation

(Xie et al. 2000) It was finally concluded that the distortion and dissolution of set cement
occurs due to inadequate matrix formation, filler particle size and shape and insufficient

handling techniqueAnusavice et al. 2012)
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2.85 Advantages and disadvantages

On the basis oin-vivo andin-vitro evidence based research and recent compositional glass
ionomer cement modifications and advancements, its applications in medical andieldstal

has been growing rapidly. To be more precise, it has been found that the potential bioactive
bondingability of glass ionomer cement with surrounding mineralised hard tissues, such as
ionic and hydrogen bonding with the hydroxyapatite layer, is due to the presence of poly
carboxylate groupgNoort 2013; Geyer et al. 1997Yarious different widies have been
conducted to evaluate the applications of glass ionomer cement in certain medical and dental
surgical aplications such as Brook et @l991) study explaining bone substitute in oral and
maxilio-f aci al surgery, Jomekdos ClP8%rppstacedynemnft g
and Helms (1993) study regarding otological surg@mnpok et al. 1991; Babighian 1992;

Geyer & Helms 1993) | n t h e e9dpiesentedR easearepdrt relatedltominium
encephalopathy (clinical conditions due to excess accumulatadarafniumions in the blood
associated with dlhei mer 6s di sease and neurol ogi cal d
cement known as lonocéhased in surgeries involving the sk(Renard et al. 1994; Guillard

et al. 1997)The loss ohluminiumions in early stages and their consequences pushed the use

of glass ionomer cement in medical applications behind, especially in oral maxillofacial

surgeriesAndersson and Dahl, 1994owever, inthe United Kingdom, Sereno CEMs
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being used in less stress bearing areas of the middle ear in ossiculoplasty surgical procedures

(Sereno CEM, UK).

In dentistry, due to its aesthetic qualities, radio opaque nature (radiological) and cost
effectiveness, it is widely accepted as a direct restorative material for anterior / deciduous
restorations, luting and lining under crown bridge restorat{btiskel et al. 1998; Croll &
Nicholson 2002) In cotrast, due to its inadequate resistance against strong abrasive
mechanical forces (wear) during mastication, disintegration and dislodgment of set cement
under cyclic loading (creep), and insufficient protection against plaque adhesion (surface
roughness)the use of glass ionomer cement for posterior dental or stress bearing areas is
limited. Marginal instability and microrack propagation along with pesperative pain and
sensitivity are also considered key factors for its limited use inderatial aplications.
However, due to glass ionomer cement being fluoride releasing and the resultant recharging
capability in complex oral environmernt$as long been the most significargtydied material

by various research group#/alls 1986; Kurkjian 1986; Naasan & Watsb@98)

Furthermore,the surface of glass ionomearemens is hydrophilic and osteoconductive.
Numerous studies have been conducted by researchers to evaluate the biocompatibility of glass
ionomer cement in botim-vivo andin-vitro conditions. The bioactive cellular response was
observed due to the ionieleasing nature of glass ionomer cem@liva et al. 1996;
Brentegani et al. 1997)mmediately after the gelation phase, ionic exchatges to occur in

thein-vivo environment, and this is directly dependent upon the compositional elem#éras of
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glass ionomer cement. Similarly, the size of glass filler particles also plays a significant role in
the promotion of good bonding and biocatiple abilities of set cement. It is known that
smaller size filler particles are less toxic, and due to uniform distribution, can more easily form
better bonds with surrounding hard and soft tissues than larger pdltisdksanasombool et

al. 2002; Rao 2002)

2.8.6 Recentmodifications and their limitations

Certain modifications of glass ionomer cement have been suggesteet¢ome mechanical,
physical, chemical and biological drawbacks in traditionally availglalss ionomer cement

In its early stages of developmetdjcium flouroaluminesilicates based glass wiasroduced

Since then, various commercial compositions have been introduced according to specific
clinical requirements, such as the use of phosphorous and sodium ions. Similarly, to enhance
the radio opaty of set cement, strontium, barium and lanthanum were introduced successfully.
Structurally, alkaline based silicate gl asse
model. According to studies, the tetrahedral structure of silicates)($#d fom a 5 to 8
membered ring structure with transformed alkaline metal ions, such as calcium iéhs (Ca
which are present in interstitial spaces of the (iand & Seddon 1997; Wood & Hill 1991)

Pure silica §i0s) basedjlasses are electreeutral in nature and cheralty more prone to acid

attack. As a result, they cannot be used as glass ionomer cements. The additionnidm

ions (AP in the glass composition increase susceptibility to acid affdicholson 1998;
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Maeda et al. 1999)Griffin and Hill (1999) tested numerous glass components including
fluoride and phosphate as major components and concluded that increased phosphate
containingglasses are susceptible to acid attack. However, due to the presence of four balanced
electrons in phosphate, phosphatygen bond which is hydrolytically stable can be created.
They also found that the inclusion of calcium ions in the form of calciuecfCaO) can

promote norbridging units, which can act as glass modifi@sffin & Hill 1999).

The addition offluoride content into the composition in the form of calcium fluoride ¢CaF
can be beneficial to the resultant decrease to the glass fusion temperature. Moreover, it can also
increase the strength, translucency and handling characteristics of the cement. On the other
hand, the addition of phosphate can increase the workingetimbdime of the cement whilst

only providing an inconsequential improvement in streifgtiusavice et al. 2012)

The separation of phase occurs in the mixture of glass ionomer cement composititms due
difference in batchThis is commerciallyvery beneficial in lowering the reactivity and
increments in strength of glass. By controlling the structure of glass, setting properties can be
controlled such as its reactivity. Due to the surface crystadlisarocess, the glass becomes
more stable when confronted with acid att@élood & Hill 1991) In the same way, liquid

liquid phase separatiois also a very importarflactor that occurs during quenching. Two
different phases can occur such as then&dion of residual aluminsilicate and calcium

fluoride phase. The calciuftuoride phase is more prone to palgid attack during the setting
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reaction. It is known that, in ngphosphate based glasses, the calcium fluoride is nucleated

initially (Nicholson 1998)

Moreover, certain significant modifications have been introduced to existing glass ionomer
cementsystem. These include the introduction eiiNylpyrrolidone containing poly acids,
fluoroapatite and nanbydroxyapatite particles to improve mechanical properties of
commercially available GC Fuji Il GIC. As a result of these additions, Rebtafound that,
mechanical strength was increagbtbshaverinia et al. 2009Furthermore, othezompounds

such asChloro-hexadire gluconate(Ahluwalia et al. 2012) glycidyl methacrylae d¢
ethanoleamine derivatives and polymethyle reattylate (PMMA were introduced intthe
existing glass ionomer cement syst@fhang et al. 2010However, it was observed that the
properties of biocompatibility wereompromiséd and increases in both cytotoxicity and
neurotoxicity were observe@vanberg et al. 1990; Wilson 1990; Moshaverinia et al. 2008;

Yang 2012; Subramani et al. 2013; Botsali et al., 2014)

2.91Introduction of citric acid as a setting modifier

Recent studies have suggestedt citric acid has a significant ability toodulae thestress
bearing function of bonedBased on these findings Tran et al. (20fpdimarily suggested
biodegradable, mechanically strong, and biocompatible citrate bayeaspe blends (CPBPS)

in a polymer bio ceramic composite system which offers countless benefits because of their
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capability to mimic the composin of natural bone. Introduction to these blends exposes the
impact of free exogenous citrate on osteoblaktee) reflecing the ability of citrate based

biomaterials to be used efficiently in orthopaedic material desidiiraget al.2014)

Previouslyin 1960 this tricarboxylic acid molecule was reported to be up to 5% of the organic
consttuents of bone accoutile for regulating and stabilig nano particles. Although later
90% of the total body citrate was found to be presethigiskeletal system. A closetyonitored
nuclear magnetic resonance (NMR) study declared vigorous assowéttbe surface of

apatite nano crystals withecitratemolecule(Tranet al.2014)

Furthermore studies have indicated thmotential ofcitric acid to generate hydroapatite

crystals in simulated body fluid (SBH} is now known as aissolved calcium solubilisg

agent, firmly boundo fundamental pastof bone nano composgeAdvancements in the
studies related to citric arthopdedidiommatrialeand ugges

scaffold(Tranet al.2014).

Normally, during the cyclic process of Kerbo
by the skeletal system. More recently, research models indicate the vital role of citrate ions in
bone anatomy, physiology and the development of biom&dyecause of which citric acid

based hydroxyapatite composites and polymers (GHABR, were introducedwhich has

attracted significant ahtionin the field of biomaterials and tissue engineering. Hue.et al

(2014)andSunet al (2014)indicated that citrate molecules are more comprehensively studied

43



Literature review Chapter 2

over the nanarystalline structural surface of apatite and potentially can form bridges between
surrounding hard tissues. Similarfindings showinghe natural occurrence of citrate ians

bone tissues, its significance in bone physioj@nd recent indicationf its impacton stem

cell cultures havedirected research intathe potential impacts of citrate ions over bone

development andrthopaedidiomaterial advancementSun et al. 2014)

Current investigations have revealed themising attributes of citric acid supporting
osteogenic devepment and regulation. Synthesiiscitrate based substitutes in contrast with
autogenous bone grafts have been explaingtieegold standard for bone regeneration and
osteointegration lmause of theirdeal biocompatibility Exogenous citrate hybridized in
certain biomagrials, used in culture medium aritberated from biomaterials babeen
demonstratedb boost the gene expression of alkaline phosphatase (ALP) and osterix (OSX)
These geneare considered as the kearkers for bone regeneration and formation. They are
also responsible fadvancements ofsteogenic phenotype and suppmsteointegration when
closely monitoredAdditionally, citrate based biomaterials have been reportedojoostibone
regeneration in cranial defects showing its remarkable osteogenic potential in irffplanéet

al. 2014)
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2.10Bioactive glasses

2.101 Background and hsto-chemistry of silicate based bioactive glasses

Bioactive glass was developgustly in 1969 by Larryl. Hench,aresearcher &m the United
States of America. Hifirst composition was known &6S5 Bo-glas$ and since 1985 it has
been used clinically. The term bioactiveglass refers to the reactive biomaterialvhich
inherentlypossesses the capability of binding with mineealiissues ofigrounding bone in
normal physiological environmetEarly in its developmentf was used in the form amall
piecesespecially for prosthetic regenerative surgertheimiddle ear bone. Bioactive glass
now accepted in théeld of regenerative mécine and tissue engineering. Similarly, countless
improvements have been made to allihe introduction of bioactive glasses in the field of
dentistry especially for endodontic, prosthodontic and implant dent{stench 2006; Khan

et al. 2013)

The most basicompositionintroduced,was based on 45% Si0O24.5%Na0O. 6%CaO and

P.Os and wagormulatedto increase the amouot CaO in combination with#®s, particularly

in theformed matrix of NeO 1 SiOp. The calculated batch glass waslted, casted and then
crushed into smadl rectangular shaped implants. These were successfully inserted into the
femoral bone of ratfor initial testing for a period of six weeks. On the basis of these findings
Hench explained that 45S5 composition of bioactyass can successfully foranlayer of

hydroxyapatite(HA) which can chemically bindvith collagen fibrils to form substantial
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interfacial bond (Hench 2006) Similarly, in 1977 Professor Ulrich Gross in Germany
introduced mew formula based on 45S5@glas$ with theaddition of potassium oxide (K)
and magnesium oxid&igO). He concluded that thiggasscould formstrong mechanical bonds
with existing boneHowever,when he introduced titanium (Tithe bond érmation reduce

instantly(Hench 2006; Subramani et al. 2013)

Furthermorebioactive glass does not readily intermingle with the surrounding living tissues.
Firstly, theyareabsorbed byhe layer of matrix proteins which contains collagenand non
collagenous proteinsitronectin, fibrorectin and fibrinogenCell surface receptors can enact
cellular responseto organis cells to start anchoring over bioactive glass surfaces. Prafynin
responsgof individual cells with bioactive materiarecomplex in naturelt begins with the
adsorption of proteins intthe extracellular matrixfollowed by cell bondingand cellular
growth and differentiation. The biocompatibilityari individual material plays a dynamiole

in further progressioand success of an implantedactive materiaglHench 2006; Khan et al.

2013)

To attain a proper balanced physical response and stimulus, stable interfacial bending
essential between the body tissues and implant. Thus, an ideal biomaterial must have
biomechanical and biochemical compatibility. Therefore, replacement of bone by an implant

requires physical and mechanical matching as well as bioactivity.
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Bioactiveglasses can be categorised into two classes (as denoted by Hench):

1. Osteoproductivenaterials considered as Class A. Thagaulate both intracellular and

extracellular responset the interface and can bond with both hard and soft tissues.

Wilson et al describedosteoproduction as the proceskere osteogenic stenelts

colonise at a bioactive surface within a defected environment that occurs due to surgical

interventions.

2. Osteoconductive materials considered as Class B. These develop biocompatibility

the interface along which bone migrates. This type of bioactive glasses only exhibits an

extracellular response at the interface.

A series of reaction are involved for the formation of mechanically strong lbetaeen the

bioactive glasses and tissudgitially after implant, formation of SiOH bondakes place,

followed by the polycondensation of SiIOH bonds teOS%i bonding. Subsequently,

adsorption of amorphous calcium, phosphate and carbonate ions occurs, leading to the

crystallisation of carbortad hydroxyapatite (HCA)The initial reactions at the glagene of

the interfacdill the development of HCA layegre independent of the presence of tissue and

occur in simulated body fluid (SBFAfter the formation of HCAadsorption of biological

moieties such as protein and collagen in the HCA layer takes place. Extracellular interactions

are dependent on the material és surface char

silonals play a vital role in the adsorption of proteins withsilméace of materials. Activation
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of the complement system and coagulation system leading to cellular adhesion begins after
protein adsorptionThe interaction among@steoblast receptors and thealogous protein

ligand results in cellular attachment. In the next stage differentiation of the cells is followed by
the generation and crystallisation of the matrix. The reaction stages from adsorption of
biological moieties until the crystallisation tife matrix are essential for the implant to bond

with the tissues mechanicall¢ao & Hench 1996; Jones 2013)

2.102 Classification of bioactive glasses

Conventional bioactive glasses can be formed by melting different oxides at a high temperature
followed by casting and sintering processes. There are four basic components of bioactive
glasses: silicon dioxide5{Oy), calcium oxide (CaO), sodium oxide (X and phosphorus

pentoxide (BOs). These are different in terms of weight proportioHswever,the bone

bonding ability of bioactive glasses is merely related to the composition of glass. As indicated

in following schematic diagram Figure 7, re
which can form a bond wi t h esenisrtheartnwhichnig b on
encapsul ated with fibrous tissue at the ti
restorable portion of composition which can

represents the portion of composition whielmiecot form glas@Brauer et al. 2010; Jones 2013)
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Figure 7: Bonebinding ability of bioactive glasses based on compositiqdones2013)

Moreover, bioactive glasseart be processed by either sol gel or conventional melt quench
methods, as indicated in Figure 8. The sol gel method is a chemical based synthetic process
where all contents of composition are processed to form a gel at room temperature and then
dried to fam a glass. The sol gel process does not include any melting procedure and the
involvement of network modifiers is less than the melt quench method. This results in the
formation of naneporosities at the end. On the other hand, all melt quench metheédleri
glasses are denser and have a low surface area. Degradation rate is negligible. From the
literature, it is evident that all sol gel derived glasses promote less bone growth in comparison

with melt quench derived glass&ubramanet al. 2013; Noort 2013)
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4555.4F
Melt-qu enched

Figure 8: Classification of bioactive glasses (B@Cao & Hench 1996).

2.103 Use of silicate based bioactive glasses in dental applications

Currently, mainstreambioactive glasses used identistry are basednothe proposed
composition ofHench, in which silica is the major component of all contoss. The
bioactve glass was introduced dtentistry by DrClark anchis research fellows in 198They
successfully managed to preserve thergulous alveolar ridge of patisrity implanting
bioactive glass. Thiselpedthe development ofBio-glas§ commercially Certain other
bioactive glasselave since become commercially available wiiffierent brand names such

as Perieglas®, extensivey usedfor periodontal treatments and implant procedures. Bioactive
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glasesbased on batch contents SiNa&O1 P.Os1 CaOtraditionally have inherent potential
of antimicrobal activities with remineralisation of dental hard tissues such as enatiegitine
and cementum. Due to these unusual inherent properties they are used asmaatinggdants,

bone graftandin toothpastegHench 2006; Khan et al. 2013)

2.104 Silicate based bioactive glass (45S5 Bitass)

A bioactive glass haseenusedgenerallyto explain the group of silicate based glasses, which
may contain disrupted structure. This structure contatieh&n of silica along with numerous
non-bridging oxygen ion$ silicon tetrahedral and as a rdstliley can degrade into aqueous
solution and liberate calcium iofldench 2006; Brauer et al. 2010he 45S5 based bioactive
glasses arevidely being accepted to form carbonateddioxyapatite (HCA) layer with
simulated body fluids (SBF$olution concentration of ions closely related to human blood
plasmain vitro studies(Brauer et al. 2010)in 45S5 Bio glas€ the first two characters (45)
indicaies the weight percentages of silicon dioxide. Similarly, last two characters indicate the
ratio of weight of calcium oxide (CaO) to phosphorous pent oxiglesjPThese glasses have
the ability to rapidly create strong bandith surrounding hard tissued/hereas, they tend to
promote bone growth away frothe bone and implant interface. Duett@® presence of both
osteogenic and osteoinductive properties and also becaimspodsene of silica and calcium
ions in parenglasscomposition, helpedarbon#ed hydroxyapatite (HCApyerto interact and

form bonds with the surrounding hard tiss(fesitl et al. 2001; Jones 2013)
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2.11 Aluminium ions free bioactive glass ionomer cemen

Due toits inherent biocompatibility, clinicians aglass ionomer cement witluminiumions
in various skull based and netwatological surgeriesAn example is iprosthetic restorations
of certain skull defectsuch ascerebrospinal fluid fistulagNicholson & Czarnecka 2009;

Gomes et al. 2013; Jones 2013; Kim et al. 2014)

Sevealin vivoandin vitro studies on commercially available glass ionomer cegwntaining
aluminium for both medical and dental applications indicageinhibitory effect over the

process of osteoid formation and bonmeralisation. However due tocontinuous leaching of
aluminiumions andheiraccumulation far from the site of restoration, its igdemited. It has

been reported thaflass ionomer cememthich containsaluminiumpotentially elicis atoxic

response in bone formation and its minisedibn. Even worse, it has been suggested as causing
certain neurological di s e as e glisease(Nidhols@n &, Par k

Czarnecka 2009; Gomes et al. 2013; Khoroushi & Keshani 2013; Kim et al. 2014)

Several attempthave beemade to developluminiumion free glass ionomer cememthich
is acceptable foa wide range oboth medical and dental applications. Recently200Q
Kamitakahara, proposed modifieduminium free glass ionomer composition Ga#DOs-
SiOx-Cak with CaOFe0s-SiO, with theadmixture of polyacrylic acid and water. However,
whilst theaim of @ment formation was achieviedlie to presence of iraons, the bioetivity

of the glass composition wasmpromisedin a smilar attempf in 1992 Diba et al. discovered
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thatbioactive glassesontaining magnesiuso exhibit reduced bioactivityhis research has
exploredthe art of replacing trivalent éahs (A3 and F&*) with (Mg ?*and Zrt*) ion divalent

cations(Gomes et al. 2013; Khoroushi & Keshani 2013; Kim et al. 2014)

The effects of the addition afuminiumions are still very contentious. At low concentrations,
aluminium ions can potentially accelerate new bone formation through the formation of
osteoblastgMeyer et al. 1993)In addtion, severalin vitro studies indicate that the presence

of aluminiumions in cultured osteoblasts cells have no detrimental effect. Similarly, a low
concentration odluminiumions can create the positive effect in the proliferation of osteoids.
However it can enhance further mobilisation of calcium ions through a cell independent
mechanism from bone by creating an indirect effect through the inhibition of collagen synthesis

of bone(Goodman and O'Connor 1991; Barreto et al. 2008)

2.12Significance of strontium and barium substitution in bioactive glasses

Glass ionomer cemeit basically an osteconductive material and is hydrophilic mature.
In terms of ionic release of glass ionomer cement, it is merely dependent upon glass
composition (Hench 2006). The cemean froma strong bond with bone osteogeiféctors
(boneremodelling. More specifically, it has been found that the sultsbiuof fluoride ions
along with strontium ions provides the platform for the formation of new bone (Fredholm 2010).

Hill et al.indicated thatthe presence of strontium ions ifags composition can also contribute
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to the development of new bones and play vital role in the cure and prevemtiof
osteoporosigFredholm et al. 2012)However, gontium ions in rat bonesaused acute
interferencewith bone formation. But, at the stage of cell differentigttbepresence aé high
concentréion of strontium ions indicatthe interference of strontium ions in the formation of
hydroxyapatite crystalsFurthermore numerous medical studies indicate that, strontium
substitution in basic glass composition with calcium idoss notreate any deleterious effect

onthenormal physiological environme(Gentleman et al. 2010)

It has been reported that calciuams act as a network modifier in sikte based bioactive
glassesHowever, due to the similarity afalcium ions in terms of ionic radius and charge,
strontium can be substitutéBeitl et al. 2012; Fredholm et al. 201Zhere isalow chargel
ratio with the size of strontium ions (large ionic radius) asgared to calcium ions thaén
createanextended and more freely cragsked glass network without altering the fundamental
glass stucture (Gentleman et al. 2010; Mahapatra & Ku 2018)ontium oxide (SB) and
strontium fluoride (Srg) arebeing widely used to replace or substitute calcium oxide (CaO)
and calcium fluoride (Calrin basic ionomer glass compositions, in order to fabricate-ra
opaque glass ionomer cemefthe substitution of strontium anbdarium into ionomer
composition can increase the radipacity withoutcausingthe unfavourableeffect on the
visual properties othe produced cement. Theegence of strontium and barium ions in
composition can help in early radipaphic detection of sendary caries and micro leakage.

Moreover, the ability of fluoride ions release imprewehere completpartial substitution or
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total replacemenoccurs(Fredholm et al. @12; Shahid et al. 20145imilaly, it has been
observed that thpresence of fluoride ions along with strontium and barium substitution can
play a vital role in promoting osteoblastic activity in behg reducingherate of ostedastic
activity. However, it potentially promotesmineralisitionof dental hard tissues by decreasing
the process of demineralisation through the formation of fluoroapatite crystals with
surrounding hard tissues such as enamel and déMmemne et al. 2011; Lynch et al. 2012;

Kim et al. 2014; Miller 2014)

In sum, thechemical and biological effesof fluoride ions orbone and dental hard tissues a
imperfectly understod due to its complexity. Boih vivoandin vitro studies reveal that the
releasef fluoride ions can help to increatbe biocompatibility of formed cemeni addition
nonfluoride basedjlass ionomer cememixhibits less toxicityn vitro andsimultaneously it
alsocauses decrease in ostemnductivityin vivo (Fredholm et al. 2012; Shahid et al. 2014)
However, incorporation of increasirmgmouns of fluorideionsinto the basiccomposition can
encourage adverse effean thesurounding dental hard tissues in the fornflobresces and
fluoride staining §n deciduous tek). Similarly, it canalso beoxic to thenormal physiologic
environment ad as aresult, reduce the stgurface structure quality dbrmed bone A
controlled amount of fluoride ions the substitution can beneficially affettie maintenace
of the local physiological environment and stimulation of bamineraligtion (Brauer et al.
2010; Lynch et al. 2012)it has also been found that the usestbntium and bariunfior

substitutioncan significantly help iearly diagnosis adlental caries and marginal leakages due
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to the formation ofresultantradic-opaque ement, beneficiafor both medical and dental

applicationgGentleman et al. 2010; Fredholm et al. 2012)

2.13Significance and release of fluoridéons

Persistent release of fluoride ions from cemenmt io@luceosteobalstic activityBurke et al.

2010; Sayyedan et al. 2013} can encourage the bonding abilities tife cement with
surrounding hard tissues especially enamel and detitinagh the formation of fluoroapatite
crystals. However, fluoride, strontium and barium based substitutions are currently in practice
for the treatment of osteoporosis mhibiting osteoclastic activity antly promotingthe
density of trabecular bor(Brauer et al. 2010; Mneimne et al. 201TH)e formation of fluore
apatitecrystalsprovides more resistance against the process of resorption than @yataks
astheformationof hard tissues is eontinuous process of resorption and depositiorsten

1990) In context ofdentistry the release and uptake of fluoride ions patdigtenhances the

acid resistance ability of hydroxyapatite crystals present in enamel. Significantly, because of
theinherent antibacterialatureof fluoride ions, the process of demineralisatiodental caries
decreasethrough the induced processremineraligtion by fluoroapatite crysta($Viegand

et al. 2007; Burke et al. 2010; Cabezas 2010)
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2.14The concept of glass flakes (GF)

Glass flakes are small flakes of glagschwere initially used as the reinforcing agent for roof
lighting panelomposedf polyester resinGlass flake incorporation causes thedulus and
dimensional stability of polyester resin to be impro{Reelxer & Anderson 1979; Dunlap 1991;

Franklin et al. 2005; Simon et al. 2009; Uo et al.2010; Holand & Beall 2012)

2.14.1Use of glass flakes in material sciences and engineering

Glass flakes are currently usedewery domain of lifeA selection of its uses are listed below

(Simon et al. 2009)

1 As protective wear resistaa coatings, particularly in trel and gasndustry.

1 Asfiller contentin the cosmetic industry

1 Asreinforcing agent in the formation aeramics.

1 In the formation of decorative purposedterals.

1 As areinforcing agent in tHermation of complete dentures.

1 As areinforcing agent in composite as an optical material.

Glassflake basedcompositematerials are so useful because they so readily bind with other

materials and enhance batiechanicaland physical propertiesGlassflake compositesare
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generallyusel in the formation of theeinforced thermoplastic resins after consideration of
their aspect ratid-or instance, gladtakes particles which were incorporaiadeinforcement
of thermoplasticresins, maywork on phenomenal basis. Likewisghen theywere used
particularlyin sufacecoatingghey revealed the ability to alighemselves iparallel direction
along with thecoatingas indicated in following Figure.As a result, this coulgrevent
moisturepenetratioras well as the influx of oxygen ian between the arrangedyers. This
is due to augmentgzhth wayof bothmoistureandoxygen iors towardshe surface aomaterial.
Moreover,this mayallow the material to become mocerrosionresistancgAlan & Banajee

1998; Simon et al. 2009; Motohiro et al. 2010)

Polymerisation Contraction

__—Pipe

Coating Shrinks away
from walls of pipe as a
result of polymerisatio
contraction

Figure 9: Schematic diagram indicating the mechanism of polymerisation contraction in

oil pipe lines after application of glass flakes as filler content

As shown aboveglassflake basedcomposite are mostly usgin the oiland @sindustries

particularly in order to provide strength and strong wear resistartbe f@rotective coatings
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from inside of oil pipe lines. As a result, a significant decrease is natitedns ofwar-page
and shrinkagef material with resultingnprovemensin dimension stability, surface hardness,

wear resitancetensik and flexural strengttSimon et al. 2009; Motohiro et al. 2010)

2.142 Phenomena of anisotropic shrinkageind aspect ratio

The incorporation of glass flakes accordingtheir aspect ratigs key considerationit is
hypotheticallyevident in the available literatutkatglass flake of smaller size rarigg from

0. 1 texhibltimh@rent ability of seldlignmentanddisplaysmooth surfaceas shown in
Figure 10 Glass flakes ranggf r om 5 t o di Qotseifalignnandscanzca&use rough
or uneven surfaceas shown in Figure 1Due to theparallel sefalignment ofsmall glass
flake particles, the odds of influaf moisture and oxygen israre also minimigd due to
anisotropic polymerisation shrinkages a resultthe material becomes corrosion resistant and
is imbued withproperties such as tenséad flexural strengthand surface and dimensional
propertiesare enhancd (Rexer & Anderson 197®unlap 1991; Franklin et al. 2005; Simon

et al. 2009; Uo et al. 2010; Holand & Beall 2012)

Naturally, its geometrical thredimensional design of shell formation is very closely related
with the phenomenal use of glass flakes as filler content. Due to the three dimensional plate
like structural nature of the shell of glass flakes, mechanicablaysical strength is increased
tremendously. As a result, resistance against heavy mechanical and compressive forces is

promoted.
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Rexln F sk

Figure 10: Schematic diagram showing ability ofsek|a | i gnment i n 0.1 to 1

flake particles.

FProtruding Flake Partioles at surface ghving rise to rough
abras ve s urfooes

Figure1l: Schematic di agram showing misalignme
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2.15Summary

Dental caries is a muifactorial oral condition and it is widely accepted as a primary challenge

in clinical dentistry. Its rate of progression is directly relatedepghat i ent 6 s age and
habits. The rate of prognosis absolutely depeungdsn time ofinitial diagnosis and adoption of
adequate required restorative techniques. Glass ionomer cements (GIC) can potentially be used
as a preventive and curative measure for dental caries. However, traditionally available
conventional and modifiedlass ionomer cements have mechanical, physical, chemical and
biological drawbacks. These includeadequate wear resistance, plaque adhesion over
restorative surface marginal leakage and miecovack propagation, less binding ability with
surrounding detal hard tissues and pegperative sensitivity whichan result irecurrent or
secondary carie3his project aims to overcome these existing drawbacks by developing novel
bioactive conventional glass ionomer cement based on glass flakes. Smallglesigdlakes

have the potential to selilign. A sries of 45S8 based bioactive glass composisowhich
substitute calcium with strontium and barium3amole perent were been produced in the
presence of citric acid as a setting modifiedthen werecharacteisedphysically, chemically,
biologically and mechanicallyrurthermore, it has been observed on the basis of available
results thatdue to thesimilarnty to calcium ions in terms of ionic radius and charge, strontium

and barium can be substitutadd exhibitthe same role irthe glass network. There slow

charge ratio with the size of strontium ions (large ionic idas compared to calcium ions
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that can create extended and more freely ctivd®d glass networkwithout altering the

fundamendl glass structureas discussed in detail in the following chapters (results and

discussion).
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Chapter 3: Materials and Methods

3.1Introduction

This chapter includes all materials and methodologies, which were used in this study. However,
this chapter consists of two basic domains. Firstly, all material designing and compositional
selection for the formation of developed silicatesdzh bioactive glass ionomer cement and
obtained silicate based glass flakes is described. Secondly, all characterisation techniques based
on physical, chemical, thermal, mechanical andrallitro biological properties, in relation

with their backgroundsi discussed in detalil.

3.2 Glass preparation

3.2.1 Glass sample preparation

The aluminium ions free series of silicate based bioactive glass {B&dmposition based
on 45S5 bioactive glass have been developed and fully characterisedniasitions of the
glasses have calcium substitution with strontium (SrO ang]) Sl barium (BaO and Baf
by 3 mole percent of calcium oxide (CaO). Details of these compositions in both mole and

weight percentages respeetiy are given in Table.2
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In addition, all glass flakes based samples were prepared by utilizing obtained silicate based

glass flake composition from Leeds Glass Flakes Company Ltd United Kingdom, for their

further characterisation and analysis as shown in following Table 4. Whereashtained

glass flake composition is based on differen

350 nm both milled and umilled (as provided by the company) were used in formation of all

glass flake based sample preparation as shown in folplable 5 respectively. Similarly, the

silicate based glass flakes obtained from company constitutes mainly of boron, aluminium, zinc,

potassium and titanium with different molar percentages accordingly as indicated in following

Table 4 respectively.
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Table 2: Silicate based bioactive glass composition based on 45S5 bioactive glass having

calcium substitution with strontium and barium by 3 mole % of calcium ions.

SR. NO: Composition & Additions in 100 Mole & Wt %

BG1 SiO, P>Os CaO NaO SrO BaO Srk Bak
(45S5) 46.14 260 26.91 24.35 - - - .

4501 599 2450 2450 - - - -

BG 2 SIO P20s CaO NaO SrO BaO Srk Bak
(45S5with  46.10 2.60 23.95 24.35 - 1.50 - 1.50
BaO/Bak) 4272 569 2071 23.28 - 3.55 - 4.06

BG 3 SIO, P-0Os CaO NaO SrO BaO Srk Bak

(45S5 with 46.10 260 2395 2435 150 1.50 - -

SrO/Ba0) 4344 579 21.06 23.67 244 3.61 - -

BG 4 Si0; POs CaO NaO SrO BaO Srk Bak
(45S5 with 46.10 2.60 23.95 2435 150 - - 1.50
SrO / Bak) 43.21 576 2095 2355 242 - - 4.10

BG5 SiG:;  P0s CaO NaO  SrO BaO Srk Bak
(45S5 with 46.10 2.60 23.95 24.35 - 1.50 1.50 -
BaO / Srk) 43.21 576 20.95 23.55 - 3.59 2.94 -

BG 6 Si0; P0Os CaO NaO SrO BaO Srk Bak
(45S5 with 46.10 2.60 23.95 24.35 - - 1.50 1.50
Srk/ BaR) 4299 573 20.85 23.43 - - 2.92 4.08

BG 7 SiG:  P0s CaO NaO  SrO BaO Srk Bak
(45S5 with 46.10 260 23.95 2435 1.50 - 1.50 -
SrO / Srk) 43.72 583 21.20 23.82 2.45 - 2.97 -
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Moreover, all series of seven batchespobduced glasses were batched accordingly as
mentioned in above Table 2 with pure silica sand, aluminidhydiogen phosphate, soda ash

and lime in 46.14Sie2.60 BOs 26.91Ca0 and 24.35 Na (mole %) as listed in Table 3
respectively. Based on calculated batch and available measured material, over automatic
weighing machine 100 gm glass melt was prepared as shown in Table 2 respectively. Whereas,
glass melt was performed in an electric fe@@ELITE Thermal System Ltd. UK) at 1350°C

for 4 hours while maintaining continuous stirring (alumina stirrer) with (ELITE Electric Stirrer.
UK) in order to achieve homogeneity and consistency throughout the whole process of melting.
However, process of efting also included the pilgeating at 1050°C with 2°/min to avoid any
possible thermal shock with alumina crucible. The prepared molten glass was poured into 9
litres of deionised water, particularly to form granular frit and was dried at 50°C for & hour
Likewise, molten glass was also poured into almated metal mould and it was annealed
afterwards at 550°C for 1 hour along with 1°C cooling rate to avoid any prospect of internal

stresse¢Lenten Thermal Design Ltd. UK)
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Table 3: List of different chemicals used for batching of produced glasses

Material used Source and percentage of purity

1 Sand/ Silica (Sig) Loch Aline Sand.UK >99%

2 Aluminium hydroxide (Al(OH}) Acros Organics.UK >99%

3 Calciumcarbonate (CaC£) Fisher Scientific. UK>98%

4 Sodium carbonate (N@GQs) Sigma Aldrich.UK >99%

5 Calcium fluoride (Caf) Sigma Aldrich.UK >99%

6 Strontium carbonate (SrGpD Sigma Aldrich.UK >98%

7 Barium carbonate (BaGp Acros Organics.UK >99%

8 BariumFluoride (Bak) VWR Alfa Aesar UK >99%

9 Aluminium di-hydrogen VWR Alfa Aesar UK >99%

Phosphate (NHH2PQx)

10 Strontium Fluoride (St VWR Alfa Aesar UK >99%

Table 4: Composition of Glass Flakes (GF) from Leeds Glass Flake Compaihyd. UK.

Sr. No: Name of compound Mole %
1 Sand / Silica (Si¢) 647 70 %
2 Potassium oxide (¥O) 07T 3%
3 Boron oxide (BOz) 271 5%
4 Zinc oxide (ZnO) 171 5%
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5 Sodium oxide (N£D) 81 13%
6 Magnesium oxide (MgO) 171 4%
7 Calcium oxide (CaO) 3T 7%
8 Aluminium oxide (AbOs) 31 6%
9 Titanium oxide (TiQ) 07 3%

Table 5: Different types, sizes and shapes of Glass Flakes (GF) obtained from Leeds

Glass Flake Company Ltd. UK.

Sr. No: Types Sizes Shape
1 Milled 100 &m Flake
2 Un-milled 100 &m Flake
3 Milled 100 nm Flake
4 Un-milled 100 nm Flake
5 Milled 350 nm Flake

3.2.2 Selection of crucible

Theselection of crucible or reaction vessel is an important factor in the formation of bioactive
glasses. There were wide ranges of crucibles, which are commercially available for glass
melting procedures. Generally, selection of crucible is directly relatddthe conditions,
composition and cost of melt. However, the use of platinum crucible is considered for high
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purity of glass melts as the risk of contamination is low but these are significantly expensive.
Usually, use of ceramic crucibles (mullite) le®n in practice especially due to their low costs.
Slip-casted crucibles are slightly less porous as compared to commercially available ceramic
crucibles. Whereas, platinum crucible can undergo flux line due to the presence of phosphate
content (POs) in its composition. However, this ruled out the use of platinum crucible for
produced series of batches for glass melts. Based on availability and cost effectiveness, alumina

crucible was selected and used for glasshesaing and till its final melting

3.2.3 Controlling of particle size

The dry ball milling technique was considered to grind the frit of produced glass samples into
fine powder of < 45 em as controlled size gl
glass samples were poared by adopting zirconium ball mill along with internal volume of 1:

| ratio. Similarly, the charged volume of 0.5 | of balls having diameter ranges from 1 mm to 15

mm was applied. Whereas, the milled glass powder samples were sieved in order to obtain <
45 em sized glass particles according to BS

cements.
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3.3 Cement preparation

3.3.1 Cement sample preparation

For the process of formation of cement from both the developed series of silicate based
bioactive glasses and obtained glass flake composition from Leeds Glass Flake Company Ltd
UK, the mercaptaifree dried polyacrylic acid powder (Sigma Aldrich. UK Battlo: 306223,

99%) having molecular weight of 52,000, dried tartaric acid powder (Alfa Aesar. UK Batch
No: A13668, 99%) and citric acid (Alfa Aesar. UK Batch No: A13668, 99%) along with the
distilled water were used, as shown in following Table 6. Simjladynent was produced by
using an o6in housed ratio of s i l-acrglia acel, b as ed
tartaric and citric acid. The ratio of different components was used X g where, x = 1gram of
glass powdered to 0.2 grams of palyrylic aid (PAA) to 0.3 grams of tartaric (TA) / citric
(CA) acid and 1000 ¢l of distilled water.
hand mixing technique on a provided mixing sheet. The resulting cements were given the
nomenclature relating to therneat series of produced glasses used for instance, GIC TA/ CAl

- 7 in relation with both tartaric and citric acid respectively.
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Table 6: Materials used for the fabrication of cement

Sr. No: Material used Amount measured Company/ source
1 Poly acrylic acid (PAA) 0.2 grams Sigma Aldrich UK
2 L-(+)-Tartaric acid (TA) 0.3 grams Alfa Aesar UK
3 Citric acid (CA) 0.3 grams Alfa Aesar UK
4 Water 1 gram (1 NormalDDistiledWater

During the whole process of cement preparation each and every handling instrument was
washed prior to the procedure with Isopropanol to avoid any contamination and then dried into
hot air vacuumed oven up to 6570° C temperature for 2 hours respectivéiihereas, for the
manipulation process of cement, all required materials were measured with automatic weighing
machine. Firstly, all powdered contents were mixed homogenously together by using a
stainlesssteel spatula and mixing sheet. Secondly, contisamd constant adding of measured
amount of water (1000 €l) was added to fornm
Moreover, mixture of prepared cement was then shaped into disc shaped (1 cm diameter and 2
mm thickness) and cylindrical structures (4mdmmeter and 6mm height) respectively, to
analyse the produced silicate based bioactive glass ionomer cement samples with further
characterisation techniques according to BS EN ISO (9917) standard for dental water based

cements.
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3.4 Glass and Cement chacterisation

3.4.1 Physical characterisation

3.4.1.1.X-Ray diffraction analysis

To identify the amorphous or crystalline nature of produced series of silicate based bioactive
glass samples;ray diffraction was employedhe preparechi | | e d powdeds&mpksn)

were loaded individually into plastic specimen holder and placed into a tray chamber of
Siemen8 D5 0 0 0  Q@liffractiot) meterwith specimen changer machims shown in

following Figure 12 The copper KU radi ataxiong 0Ae=21d, 54 MM
with continuous angular increment of 0.01° and the scanningspeed2 A 2d/ mi n was
x-ray diffractioncommander software. Tlugperating voltage of machine was 40 & 30mA

of current. The obtainethta was recorded and arsdy in the form of graphical representation

with attached computer.

The xray diffraction analysis commonly used for structural and atomic space investigations
of any specimen, wavelength ofrays facilitates its use to analyze individual specimen at
their atomic scale. Likewise, in this technique hot filament material made up of tungsten is
usually used to produce electrons that would bombard onto the surface of specimen. However,
in relation with the crystal structure of specimen, the incident raydadiéffact in different

ways. In this case, the incident ray and the diffracted ray formed a diffracted angle known as
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2q angle that was plotted against the reflected intensities correspon(Biogly et al. 2008a;

Sharma et al. 2012)

Figure 12: Photographic image of Siemens® D5000 XRD machine wigpecimen

changer.
Moreover, xr ay di ffraction analysis is based on t
i nstance; n o = 2 d sin &. Wher e, the distae

di ffraction angl e i s ¢ anordewd wagdlergthgstdénotaddy i n d i
the symbol 6ndé respectively. Simultaneously
regarding interatomic distance and bond angles as wealayXdiffraction technique is a

powerful phase detection technique whiovolves minimum sample preparati(Boyd et al.

2008b; Sharma et al. 2012)
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3.4.1.2. Contact angle measurement

Wettability of all produced silicate based bioactive gléB& 1-7) discs were determined
individually by using sessidrop contact angle method technique, with a contact angle
Goniometer equipment with an agal system model number 1600(220)° consising attached
micropipette, light source, microscope and a plate form for speasishown in following
Figure 13 Wher eas, a d rpore waterf (MilBpor&® Wwas pléced wvet thea
prepared dry surfaceglass discs fixed on stainless steel metal substratum. Water contact angle
measurements were taken after 5 secamdpectively andhe temperaturg22 °C) and
moisture (73 %) were kept constant throughout thentire experiment Measurements were
recordedby deposing at least five drops on eachppred glass discs individually and an

average measurement was taken.

Figure 13: Photographic image of Contact Angle Goniometer measuring equipment.
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3.4.1.3Patrticle sizeanalysis

Particle size measuremertsall prepared glass sampl@G 1-7) after ball milling technique

were obtained gl ass powder < 45em was dispersed in
particle size distribution was analysed by using laser particlasalgsis techniquégMalvern
Mastersizer 3000 UK). However, obscuration range was kept between the rangésidf %

and 5 measurements for each sample were taken with the delay of 10 seconds in between each
measurement along with theonstant stirring peed of 2000 rounds per minutes (rpm)
respectively. The obtained results were analysed by iasgersizer software and plotted in
Microsoft® word excel 2016Similarly, for qualitative analysisf un-reacted prepared powder

gl ass samples of < 45 naimyelecedan enicrgscopen(8EM). Alln d e r
prepared glass powdsamples werelaced over th sticky carbon discs, which wattached

to metal (aluminium) stubs and wepeeviousy gold coated (SC500A EM ScopK) for 4
minutesrespectively Whereas, prepared glass powdered sampleswiased withPhilips®
(CamScan Electron Optics Ltd, USA)ith operating voltage of 10kand secondary electron

images weralso captured witdifferent magnifications.
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3.4.1.4Brunauer-Emmett-Teller analysis

Specific surface areas all produced series of silicate based bioactive glass poiBded-7)

that wasmeasured byBrunauerEmmettTeller analysis(BET) with nitrogen adsorption
techniqueas shown in following Figure 18Before analys, samples were dried and purged
with nitrogen gas at 250°C for 14 hours to remove any remaining moisture contents and

contaminants

Figure 14: Photographic image of BrunauerEmmett-Teller analysis (BET)equipment.
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3.4.1.5 Density MeasurementfArchimedes and Pycnometer)

For thefurther evaluation of physical properties afi castd silicate based bioactivglass
samplegBG 1-7), the density evaluation stied were performebly usingboth Archimedes

and gas Pycroeter experimental techniquelSor Archimedes density measuremettie

cleaned produced casted square shaped silicate based bioactive glass samples of 2cm of equal
width and length, wemmeasured ifiquid with anattacheduilt-in stainlesssteel basket, which
wasimmersed into the liquid medium casisof water.Three consecutive readimgeretaken

for all samples in air andqueous media respectivelyhe average mean values were recorded

in g/cm3,

Similarly, density of all prodeed silicate based bioactive glass samples, each of which was
analysed individually by using Archimedes, Mettler Toledonew classic MS. USA machine
respectively as well. However, before each measurement all the specimens were cleaned using
isopropanol in ater to remove any contaminated smear layer. Automated Archimedes machine

worked on the principle based on the following equations,

Vglass= 0= PO £ @1-92)/dH20

Furthermore, the mass of glass in both air and water can be dendtgdnaddo g r espect i v el
Similarly, according to the Archimedes principal the total volume of glass when it is immersed

in deionised watenyasy would be equal to volume displacepdV20) . Wherdwads, t he
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indicates density of deionised water at provitEdperature and density of glasigdsy were
calculated by following mentioned equation correspondingly. The precision of density meter

was 0.001gcm.

dglass: gl/VgIass: (gl'dHZO/ gl'gz)

Likewise, Pycnometer density measurement is an effectivddothe evaluation oporous

and norporous materials in a displaced medium of gas and liquid. The inert gas such as helium,
argon or nitrogen is used as the displacement medtomthis purpose, prepared powdered
samples wersealed iranair tightinstrument compartment of known voluméygnappropriate

gas wasntroduced and then #llowed expandingnother precision for internal volume. The
pressure Here and after expansion wareasuregwhichwasthen usd to compute the volume

of sampls resgctively. However, density measurements of all prepared glass samples were
performed in an inert gas environment such as helium at 18.53°C temperature with 25 purges.
All samples were placed into provided stainless steel cruciblenat ih diametemdividually

andtheaverage mean values in g/cm?3 were reedrdnd observed respectively.
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3.4.2 Thermal characterisation

3.4.2.1Differential thermal analysis

The differential thermal analysis is a common characterization technique used to record any
possible drastic changes of energy when a material is subjected to certain heating profile.
However, the change in the energy of sample would be recorded agairgetience material

and therefore the term o0differential d i s ust!
rates used in this technique. The data can be observed by plotting the graph of temperature
difference between sample and reference. Likeyirom the plotted graph researchers are
capable of revealing the results about glass transition, crystallization and melting temperature
of any sample accordingly. Whereas, other thermal events such as removal of any particular
substance from producedrmples can also be observed and analyzed ag@&rsley and
Warrington, 1992, . Usd&obtbhistecknigue inghts prajdct.also reéal@d )
the information regarding cost effectiveness of produced glasses comméFradliizolm et

al. 20L0; Gomes et al. 2013; Saadaldin et al. 2013)
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Figure 15: Photographic image of PerkinElmer® Differential thermal analysis

instrument.

Toascertainglas transition 06Tgb6 and evprepareak o045 cam st
milled powdered glassamples werglaced into PerkiiElme® DTA 7 USA, besides the
reference materiand the electronic dip sensor waaced into the sample, in order to record

any change of weight and temperature during heasghown in fobwing Figure 15The

heating profile was s$eequally for each prepared glass sample for instance RT (room
temperature) to 1000°@t 10°C / nm ramp in normal atmosphericiaenvironment. The

results were observed and recmidbver the attachedalibrated computer in graphical
representationsSimilarly, alumina crucible was used instead of platinum crucible in order to
avoid any chemical reactip due to presence of phosphate contes®{Pparticularly during

the whole process of thermal analysis of all produced samples-B@%pectively.
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3.4.3 Chemical characterisation

3.4.3.1. Fourier Transform Infrared (FTIR) spectroscopic analysis

Fouier transform mfrared spectroscopi=TIR) technique is based on the phenomena of
vibrational spectroscopy. However, for a material to be recognized as infrared active it must
exhibit change in dipole moment when subjected to infrared radiations. Principally, the
mathematical technique ideiitid as Fourier transform is employed to obtain final spectra
which could be exhibited in absorption or transmission spect{iRehman et al. 2012;
Sathyanarayana 2013)ikewise, the photoacoustiourier transformnfrared spectroscopic
(PASFTIR) technique is a nerdestructive technique of analysis in an inert environment
(helium). Due to the optical absorption the samples get heated up and reveal thermal
expansion and on cooling the sample released heat in the form of a thermal wave. Whereas,
change in thermal energyuld be observed to divulge the information regarding chemical

composition of prepared sampl@gjayaraghavan 2008)
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Figurel6. Phot ographic image of Thermo scient.

spectrometer MTEC photoacoustic cell.

Photoacoustic Fourier transform infrarggectroscopy (PASTIR) technique was utilized to obtain

individual spectrum of all produced silicate based bioactive glasses and ionomer cement samples with
different setting modifiers (tartaric and citric acid). However, all produaetpkes wereized nto 10

mm in diameterand 2 mm in thickness respectively. Similarly, the Thermd £ nt i f ik E Ni c o
i SE50 spectr omeéedotamaousteicdl unddd adsdabanre mads usedbetweerthe

range of400 cmt - 4000 cm* as shown in following Figure 18he sample chaber was purged with

helium gadefore collecting the spectiadividual spectrum was obtained at resolution of 4cm

1 with 256 numbers of scans. Analysis of spectraseased ouby using OMNIC® software.
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3.4.3.2. Raman spectroscop@nalysis

Raman and infrared spectroscopic analytical techniques are sensitive to basic structure of
silicate glasses thus; it allows in determining the vibration mode changesOu$iShonds.
Both infrared and Raman spectroscopic techniques are asdomiéttechanges in vibration
and rotational level of energy. However, both these techniques ardestinctive and

complement to each other.

However, a molecule that can exhibit the change in its polarization could be referred as Raman
active molecule wasdicated by C.V. Raman in 1928. Raman spectroscopy technique is
related with the laser emission which potentially is able to produce monochromatic light. Due
to change in energy, an incident photon exhibits elastic scattering, inelastic or Raman
scattemng upon the interface with a molecule. Likewise, if the frequency of the emitted photon
is higher than initial energy state, it would be more than its final energy state and known as
anti-strokes. In strokes the final energy state would be higher that eniergy statas shown

in following Figure 17 On the other hand, in inelastic scattering different molecules
demonstratedifferent frequencies known as Ramanshift (cm) or unique fingerprint
region of that material. Rehmae al. in 1994 reported #it, Raman spectroscopy indicates
more sensitivity towards-B and GO vibrations respectively and has the benefit of having

minimal sample preparation as wgllhalmers et al. 2012; Rehman et al. 2012)
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Figure 17: Schematic diagram indicating the phenomena of Raman scattering
(Smith & Dent 2013)

Raman spectsropy technique was used to obtain spectwiitvoth produced silicagbased
glassand ionomer samples with different setting modifiers (tartaric and citric acid) samples by
using Ther mo sci en iciofcape thdeDsKife& spétmum gbnformat,
between 55 cm- 3409 cm® as shown in following Figur&8. However, all spectrums were
obtainedby using 532 nm lasers, at TOW powes, 25 pinhole apertuse 50 Id objective,
exposure time 15 sec and number of exposurgmilarly, the aalysis ofindividual spectrum

was carried ouby using OMNIC® software forRaman spectroscopy.

Figure18 Phot ographic i mage of Thermo scientif
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3.4.41In-vitro biological characterisations

3.4.4.1In- vitro bioactivity analysis

3.4.4.1.1 Stimulated body fluid (SBF) study

In vitro bioactivity of all silicate based bioactive glasses and produced glass ionomer cement
samples with different setting modifiers (tartaric and citric acid) wasedysed by immersing
themin simulated body fluid solution (SBF) f@4 hours for all glass samples and fé&y 7"

and 14" daysfor both cement samples respectivelyin@ated body fluid solution (SBRyas
produced according to the procedure described by Kokubo and Takadama in 2006 and the
composition is tabulated in ke 7. After the afore mentionedespective interval ofime,
immersed samples wemllected and analysed by using inductive energy dispersrag x

spectroscopy (EDS) and scanning electron microscope (SEM)

Table 7: Materials usedin the preparation of SBF solution for in vitro bioactivity

analysis(Kokubo & Takadama 2006)

Sr. No: Compounds Chemicalformula ~ Amount (gm) Source /

Company

1 Sodium Chloride NacCl 8.035 gm Sigma Aldrich
UK

2 Sodium bicarbonate NaHCO 0.355gm  SigmaAldrich
UK

3 Potassium Chloride KCI 0.225 gm Sigma Aldrich
UK
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4 Di-potasium hydrogen K2HPO4.3H20 0.231gm  Sigma Aldrich
phosphate trihydrate UK

5 Magnesium Chloride MgCl2.6H0 0.311gm  Sigma Aldrich
Hexahydrate UK

6 Calcium Chloride CaCb 0.292gm  Sigma Aldrich
UK

7 Sodium Sulphate NaeSOy 0.072gm  Sigma Aldrich
UK

8 TRIS-hydroxymethyle ((HOCH,)sCNHy) 6.118 gm Sigma Aldrich
aminomethane UK

9 Hydrochloric acid 1.0 M HCL 0-5mligm  Sigma Aldrich
UK

Furthermore, the simulated body fluid solutimas prepared by following the prescribed
method given by Kokubo and Takadama in 2@86shown in following Figure 19All
equipment used in these experiments were washed initially with 1.0M hydrochloric acid (HCI)
and deionized water to avoid any contartiora Firstly, 700 ml of deionized water was added

to 1000 ml marked capacity polypropylene beaker. Then beaker was placed over the surface
of hot plate magnetic stirrer (MR H&kec, Heldolph Instruments) at temperature ofC37

After attaining set tempetare, reagents from 1 to 8 (as given in Table 7) were added in the
solution. Each reagent was allowed to dissolve completely before the addition of next one.
Once all reagents were dissolved completely, deionized water was added to attain the volume
of 900ml according to the protocol. The temperature was allowed to re8€hpBipr to the
immersion of pH meter. After attaining initial pH as recorded between the range of 1.0 and

3.0, Trishydroxymethyle aminometharveas added incrementally to the solutiantiupH
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reached to 7.45. On the other hand, temperature was kept constal al@wy with the
constant addition of 1.0M hydrochloric acid solution and volume of solution was then adjusted
to 1000 ml accordingly. The obtained solution was colorless angbrecipitation was
observed. For final storage, the obtained solutisras transferred into multiple

polypropylene vials of 50 ml capacity and were stored@ti# a fridge(Oyane et al. 2003;

Kokubo & Takadama 2006)

Figure 19: Photographical image showing experimental setup used for the preparation

of conventional simulated body fluid solution (eSBF).
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3.4.4.1.2 Scanning electron microscopic (SEM) analysis

For further qualitativenvestigations scanning electron microscopic analysis were conducted
for the conformation of the formation of carbonated hydroxyapatite layer upon both immersed
glass ionomer cement samples with different setting modifiers (tartaric and citric acid) with
certain interval of time for instancé' 17" and 14" days respectively. Similarly, Philips/FEI
XL30 SFEG microscope was used with beam energy of 15 kV along with different
magnifications and all images were recorded on the attached corapwieown irfollowing

Figure 20 However, all produced glass ionomer cement samples before scanning electron

microscopic analysis were gold coated respectively.

Figure 20: Photographic image of Philips/FEI XL30 SFEG microscope scanning

electron microscope (SEM).
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3.4.4.1.3 Energy dispersive-xay spectroscopy (EDX) analysis

For elemental analysis of all produced glass ionomer cement samples with different setting
modifiers (tartaric and citric acid) with different interval of time ifestance ¥ and 14" days

after immersion in simulated body fluid solution (SBF)eryy dispersive xay spectroscopy
(EDX) analysiswas performed respectively. However, all produced samples were carbon
coated and analysed by using ING8ight 6650 (Oxfad Instrument) with beam engrgf 15

kV as shown in Figure 2@®imilarly, all results were observed and analysed by using INCA

software for aergy dispersive-xay spectroscopfEDX).

However, this technigue is most commonly known to be used along egitmisg electron
microscopy in an incorporated component. The energy beam is focused either over designated
area or spotted over the surface of the sample. Similarly, the incident energy beam excites the
inner shell of electrons of atoms present over tirdase of specimen. As a result, atoms
exhibit higher energy state after they get charged but, they became unstable in nature and
eventually undergo dexcitation mode amdicated in following Figure 21Likewise, when

these electrons move back towards khwer energy states they begin to start to lose their
level of energy especially in the form ofrays. It is evident from literature survey that,
emission of xrays becomes more prominent with heavy at@fnatta et al. 2007; Gomes et

al. 2013)
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Figure 21. Schematic diagram for energy dispersive xay spectroscopy (EDS).

3.4.4.2In- vitro biocompatibility analysis

3.4.4.2.1 Sterilisation of both glass and cement samples

All produced silicate baseddactive glass sampldsom BG 1-7 and glass ionomer cement
samples GIC 4/ (TA and CA)were cutand shapedhto circular tablets measurintcm in
diameter and 2mm in heigtéspectively. Samplesere firstly immersed in 70¥%ethanoffor
24 hours and then were washed with phagphbuffer solution KBS for 3 times before

transferring them into fresh medium for furthewitro cell viability analysis respectively.
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3.4.4.2.2 Cell culture and MTT assay of glass and cement samples

The bhocompatibility ofall producedksilicate based bioactivglas®sand glass ionomer based
cement samples with both setting modifiers (tartaric and citric acid)imegstigated by using
human oral fibroblasts, stdultured from oral mucosa of healthy donor (voluntary donation)

as shownn following Figure 22. The cells used were of passage 4, batch number 315, obtained
from the Kroto Research Institute tissue bank reference number 12179 and ethical reference
number 003463, The University of Sheffield, UKowever, all produced samples footh

glass and ionomer based cement samples were shapdéogof 2mm in height and 1 cm of
diameter were prepared and sterilized by usingcéane (15 min at 121°C/ 15 pgiyddin et

al. 2017).

However, the cells were cultured in DMEM (Sigma AdtriUK) media supplemented with 10%
FCF serum, 1% penicillin / streptomycin, 1% glutamine. Cells were then allowggdwoto
confluerce over the surface of tissue culture7d flask (Sigma Aldrich UK) as shown in

following Figure 31.

91



Materials and methods Chapter 3

Figure 22: Light microscopic image of human oral fibroblast cultured over the surface

of T-75 flask, exhibiting the uniform cellular growth before MTT assay analysis.

The glass discs were kept in prepared media (Sigma Aldrich UK) in a 24 weligul2ee hrs

before cell seeding. When the cultured oral fibroblasts reached confluency, they were detached
from T-75 flask by using trypsin EDTA (Sigma Aldrich UK). These detached cells were then
introduced in the 24 well tissue culture plate having thesgthscs with a seeding density of
1.25x10 cells / ml. Thematerial and nomnaterial control (positive) and (negative) were
introduced for the idect comparison respectively. Moreover, after seedogls were
incubated at 37°C in a 5 % G@tmosphere 024 hoursGrowth of cells were later observed

on the glass samples in contact with the conditioned media by optical light microscope. The
attachment and proliferation of the cells was further assessed by using confocal microscopy

correspondinglyUddin & al. 2017)

Similarly, the prepared discs of all produced cement samples were also kept in prepared

DMEM (Sigma Aldrich UK) media for 24 hours in falcon tubes separately. Cells were seeded
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in T-75 tissue culture flask and were then allowed to be cortflien the cells became
confluent, they were detached by using trypsin EDTA (Sigma Aldrich UK) and were seeded in
a 24 well plate. These cells were allowed to proliferate in the 24 well plate until confluent after
which culture media from the wells was r@pdd by immersed media taken from the falcon
tubes having cement samples. These 24 well plates were incubate®Canh3¥ 5% CQ
atmosphere for 24 hourBhematerial and nomaterial control (positive) and (negative) were
introduced for the idect comparison respectively. Growth and proliferation of the cells were

observed later by optical light microscopy prior to MTT assay.

The quantitative measurement MTT assay for 24 and 48 hours was performed for both
produced glass and cement samphesvidually, in order to determine whether the produced
samples are toxic to normal cellular growth. Similarly, MTT solut{@miazolyl blue
tetrazolium bromide, Sigma AldricHJK) was aseptically added to each 96 well (Sigma
Aldrich, UK) plate and waseft for incubation at 37°C for 4 hours. The cells were then lysed
with isopropanol (Sigma Aldrich, UK) as well. The intensity of colored solution was measured
by using a photo spectrometdi T plate reade(BIO-TEK, USA)at a wavelength of 570 nm

as shownn following Figure 23
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Figure 23: Photographic image of spectrometer MTT plate reader (BIGTEK, USA).

3.4.4.2.3 Optical and confocal microscopy

The cell morphology and cell attachment over the produced silicate based bioactive glass
samples were observed by using confocal laser scanning microscope (CLSM) using M700
machine (Carl Zeiss Jena. Germany) and light optical micros¢@dympus CHBS
MicroscopeUK) as shown in following Figure 24rhe all produced silicate based bioactive
glass samples were shaped idikcs of 2mm in height and 1 cm of diameter aedesterilized

by using autoclave (15 min at 121°C/ 15 paiividually. Similarly, after cell culture, the
matured and grown cells were fixed with 3.7% paraformaldehyde and stained with prolong
gold antifade reagent with 4;damidinc2-phenylindole (DAPI) molecular probes for nuclei

and fluorescence signals were visualized
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Figure 24: Photographic image of light optical microscopy (a) and confocal laser

scanning microscope (CLSM) (b) respectively.

3.4.5 Mechanical characterisation

3.4.5.1 Compressive strength analysis

Mechanically, the compressive strength of all produced silicate bas#ifled bioactive glass
ionomercementwith the addition of tartaric and citric acid as setting modifier samples were
analysed respectively. Similarly, by using stainless steel moudldroh in diameter and 6mm

in height was used to make cylinder shaped samples accorddrgist standard for dental
materials (BS EN2 9917 & 6039) The all produced cylindrical shapsdnples were placed

in desiccator for 24 hours for drying in normaéinospheric (air) environmer@imilarly, before

final mechanical testing procedure, all produced specimens for both tartaric and citric acid

based samples were kegit37°C, 100%umidity environment for 24 hours. The experiment
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was conducted by usingounsfield test equipment (UK) using 1KN load cell at crosshead

speed of Imm/mias shown in following Figure 25

Specimens compression strength (CS) were calculated according to eqDStia@d)/ 9. d

Wh e r e@sghe maximum applied load in (N) adddsGhe diameter of the sample in (mm).

The compression elastic modulus (CM) was calculated as the initial slope (elastic regime) of
the stress strain curves of each cement. The average values were calculated for both
compression strength and compressitodulus of each cement formulation and normality of

the data distribution was confirmed by using Shapir@/ilk test. The highly significant
(p<0.001)) and significant differencep€0.05) between the different cement formulations were

evaluated by usinthet i test for their statically analysis.

Figure 25: Photographic image of Hounsfield mechanical compression strength test

equipment.
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3.4.5.2 Gilmore needle test

To determineworking and setting time gérepared cement as accordingBuatish standard

for dental materials (BS ER 9917 & 6039)Gilmore needle test experiment was performed

on all produced silicate based glass ionomer cement with different setting modifiers such as

tartaric and citric acidespectively Gilmore needle worken two different types and size$

needles along with different weights placed over the surface of setting casnedicatedn

following schematic Figure 2&irstly, the large diameter (10mm) needle with 28gm weaht

determine the working time until needle stops to indent any more. Secondly, the needle with

smaller diameter (1mm) with the weight of 400gm is then applied and the time when the needle

stops to penetrate was measured as setting However, loth testavere being carried out in

ambient temperature 21+ 1° C. For working time, the initial weight and indentatisn

recorced when cement initially start® resist against weight. For setting time, the samples

werekept into 23°C + 1°C according to British standard of setting time analysis arad it

carriedout in 37°C temperature. Whereascording to British standards if working timasv

greater than 5miand less the 1minthan prepared cement will be ineffeeivSimilarly, if

setting time will exceed from 2@in then formed cemenwill not beviable.
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Large Neadls Small Needle 28 pm weight
400 g weaght
| mm Dizmatar ———— 10 mm Diameter of
o Neede Neede
'C—_—:} { ) Prepared Cemeni Samples
Bace of the [ratmment

Figure 26: Schematic diagram of Gilmore Needle Instrument used.

3.6 Statistical analysis

The statistical analysis was performed by using IBRES 22.0 version amglaph pad psm
softwarefor graph plottingo analyse the statistical values of all the experimedisidually.

All presented graphed data refer to mean * standard deviation {B®ghanges amgrthe

control and the treated sample®re also analysed by the onsay ANOVA analysis of
variance, followed by T Ré&seltyg ditp-vmd sute 805@) tOe st

were considered statistically significant.
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3.7Summary

In this chapter, detailed characteristic features and parameters were discussed, which were used
in the optimised characterisations and analysis of all produced samples. The series of silicate
based calcium substituted bioactive glasses (BG With stontium and barium ions along

with the 3 mole % of calcium ions and prepared company based glass flakes samples were
synthesised and characterised individually. Whereas, based on produced series of silicate based
bioactive glasses, ionomer cement sample®uwnade with the introduction of different setting
modifiers such as tartaric and citric acid in the presence of water and poly acrylic acid.
Moreover, in the following consecutive chapters 4 and 5 all obtained results will be expressed

and discussed inethil along with the references from the available literature respectively.
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Chapter 4: Results

4.1 Introduction

This section of the thesis possesses all experimentally obtained results based on physical,
chemical, thermal, mechanical amd vitro biological studies from the produced series of
silicate based bioactive glass ionomer cements with the introductionffefedt setting
modifiers such as tartaric and citric acid. However, all observed results of glass flakes based
samples upon the admixture with different setting modifiers, as from the obtained composition
provided from Leeds Glass Flake Company Ltd UK also presented in accordance with

their physical, chemical and biological characterisations respectively.

4.2 Glass preparation

All developed series of silicate based bioactive glasses (BGrnkre melted and casted after
pouringinto pre- heat treatedectangular shaped metallic dis shown in following Figures
27-33 respectivelyDuring initial pouring stage it &s observed that, all glass samples (BG 1
7) were homogenoudess viscousn nature and showed an amorphous appearance upon
cooling. Howeve there were no significant signs of establishment of bulk and surface

nucleation of crystals were observed. Whereas, it was also observed that, all produced glass
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samples exhibit amorphous nature and they were not undergone with devitrification upon

cooling.

Scale = 2 em thick
5 cm length

Figure 27: Photographic image of produced silicate based glass sample BG 1 after

casting.

‘.:. 'y

Scale=2cm fh‘ick
5 cm length |

Figure 28: Photographic image of produced silicate based glass sample BG 2 after

casting.

Scale = 2 cm thick
5 cm length

Figure 29: Photographic image of produced silicate based glass sample BG 3 after

casting.

Mor eov e rh,outsheed &iompy of 45S5 b a2.6d@0RG6.99Ga0Ot i ve

and 24.35 N#O (mole %)] as shown in Figure 27 (BG 1) was produced whictcaapletely

transparent, smooth and slightly pink in colour. Similarly, strontium andrbadsased glasses
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were observed to be less viscous and fluidly, transparent and more glass like upon pouring than

calcium basedlgsses like BG 1 glass sample.

Scale =2 cm thic;k

___5.cm length
———— -"—Oﬁ‘ﬁ;ﬂ%'mg‘i'

Figure 30: Photographic image of produced silicate based glass sample BG 4 after

casting.

Scale=2 cn!thick
5 cm length

Figure 31: Photographic image of produced silicate based glass sample BG 5 after

casting.
This indicdes that substitution of calcium ions in the basic glass composition with larger ions
such as strontium and barium disrupts the glassy network more readily than others. Moreover,
the calcium substitution with strontium and barium ions in composition, helfmsver the
glass fusion temperature which has more economical effect in commercial applications
(Fredholm et al. 2010; Shahid et al. 2Q1Whereas, glass samples from722were also

completely transparent and light blue in colour as shown in Figure fre3® 28spectively.

102



Results Chapte

Scale = 2 cm thicK

Figure 32: Photographic image of produced silicate based glass sample BG 6 after

casting.

Figure 33: Photographic image of produced silicate based glass sample BGfter

casting.

All casted glass samples were apparently amorphous in nature with no obvious signs of
crystallisation. Moreover, initial characterisations for the confirmation of amorphous or
crystalline nature of produced glass samplegyxdiffraction characterisation technique was
adopted for all produced glass samples as shown in following Figure 36 respectively. Similarly,
in this project we also characterised the obtained synthesised glass flakes from Leeds Glass

Flakes Company Ltd. UK as shownHigure 34.
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Scale = 106m
- Saal

Figure 34: Photographic image of obtained silicate based glass flakes from Leeds Glass

Flakes Company Ltd. UK.

4.3 Cement preparation

During cement preparation, it was observed thatpraltiuced silicate based bioactive glass
ionomer cement samples with the introduction of different setting modifiers such as tartaric
and citric acid, were homogenously mixed upon the admixture ofgulfic acid in the
presence of water. Whereas, theaiied silicate centred glass flakes based composition from
Leeds Glass Flakes Company Ltd UK, upon the admixture of tartaric and citric acid exhibited
less homogeneity with prolonged working and delayed setting time. Moreover, after mixing all
cement sampk appeared white in colour and opaque in nature and were shaped and sized into
1cm diameter and 2 mm thickness having round discs forms as shown in following Figure 35.
The working time and setting time of all produced silicate based glass ionomer samplés

were observed and recorded fei32minutes respectively. Similarly, this was more accurately

analysed with ISO standard Gilmore needle test method for dental cements.
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Scale = 1 cm diamete
2 mm thick

Figure 35: Photographic image showing discs of prepared cement samples.

Likewise, upon setting all produced cement samples become hard. It was also observed that,
during the process of manipulation of cement, due to-laas® nature of reaction, the
cementation process was slightly exothermic in nature, which lasts up to few seconds (5 sec)
and the handling characteristics of cement were found satisfactory except ajassbthsed

cement samples.
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4.4 Glass and Cement characterisation

4.4.1 Physcal characterisation

4.4.1.1 X-ray diffraction analysis

All produced silicate based bioactive glasses samples {B&Ad obtained glass flakes from
Leeds Glass Flakes Company Ltd. UK, were analysed by usiayg diffraction techniquén
orderto evaluate the extent of crystallisation that occurred during theeps of rapid cooling.
The resultindicates tha@ll synthesised glass sampl@G 1-7) and obtained glass flakes
samples were-ray amorphouas shown in following Figure 36 and 37 respesty. However,

in produced silicate based bioactive glass samplesdéegree of two theta angle gradually
moved towards smaller values with therease of strontium and barium substitutiorte
parent compositioms shown in following Figure 3@he amaophous halo shift indicatesn
increasen average spacing in glass structure due to larger sigteonitium Sr*) andbarium
(Ba™) cationsand also due to ionic radius of strontidmi6Aand barium 1.3& which is close

to calcium at 0.94AFredholm et al. 2010; Mneimne et al. 2011; Fredholm et al. 2012; Lynch

et al. 2012)
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Figure 36: Traces of xray diffraction analysis of all produced glass series (BG-I).
Results indicate the predominance of amorphous state andd®2angle shifts towards
smaller values with increase of strontium and barium ions substitution into the parent
composition respectively. The amorphous halo shift indicates the increase in average
spacing in the glass structure due to larger size of Sr+2 and Beations, without

disrupting basic structure of glass.
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Intensity
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2 Theta Angle

Figure 37: XRD trace of obtained glass flakes based on the composition provided from
Leeds Glass Flakes Company Ltd. UKHowever, results indicate the predominance of

amorphous natureof glass structure.

4.4.1.2. Contact angle measurement

Wettability of bioactive glasses plays significant role with respect to cell adhesion, cell
proliferation and protein adhesigBuée et al. 2013)it can easily be observed from results
that, all produced silicate based bioactive glass samples indicates more hydrophilicity except
BG 1 (65 ) as shown in Figure 38. The watentact angle of BG 1 (control 45S5) is under the
theoretical limit of 655U, it is very high enough to make silicate based glasses to be a potential
candidate for cell adhesidiogler 1998) Similarly, due to the introduction of strontium and

barium as substitutional component with calcium ion in the parent composition a gradual
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decrease in contact angle from BG 2an be observed in following Figure 38 correspondingly.
This specifically indicates thacreased hydrophilic nature of developed series of silicate based
bioactive glasse¢Duée et al. 2013)However, significantdifference was also observed

statically p < 0.05) with onevay ANOVA.

20 -
|
50 T
T

50
30
. | I I

BG1 BGA BGES BGE

BE2 BGE3

Silicate based bioactive glass samples from BG 1-7

Contact anghe (degree)

BGE?

Figure 38: Contact angle measurement results analysis of silicate based bioactive glass
samples(BG 1-7) by using oneway ANOVA (p<0.05 * representssignificant difference)
and data represents mean = SD (n=3However, BG 57 shows lower contact angle
which leads to better wet ability (hydrophilic) with respect to increased biocompatibility

such as protein adsorption, cell attachment and spreading resptively.
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4.4.1.3Density measurement(Archimedes and Pycnometer)

The density of each producsiicate basedlass samples (BG7) were analysed bgdopting

both Archimedes principle along with air and water as an immersagium and also with
Pycnometer analytical techniquEhe density measurement of all deyed series of calcium
substituted glass with strontium and barium exhabitncreasan the density but within the
range of silicate based bioactive glasses as shown in following Fagurand Table 8

respectively(Fredholm et al. 2010; Jones 2013)

Likewise, the density of all produced silicate based glass samples were recorded by using
Pycnometer test. This analysis was conducted in an inert environment by using helium gas at
normalatmospheric room temperature@4However, for each individual produced powdered

gl ass sampl es of < -7, bbtained resultzwerd reqgp@ed and oblseaved B G

over attached computer respectively.
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Density Measurements "Pycnometer and Archimedes™

IT |T
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Bioactive glass samples (BG 1-BG 7)

Figure 39: lll ustration of the results of density measurements of glass (BG7). Results
represents mean + SD (n3), where (in black) indicates Pycnometer measurements and

(in orange) indicates Archimedesneasurementgespectively.

Table 8: Density measurement analysis (Pycnometer & Archimedes) of glass samples

(BG 1-7).

Glass samples Pycnometer density Archimedes density

measurements in g/cm3  measurements in g/cm3

BG 1 2.73 2.72
BG 2 2.78 2.76
BG 3 2.78 2.77
BG 4 2.79 2.78
BG5 2.77 2.76
BG 6 2.78 2.77
BG 7 2.79 2.78
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4.4.1.4 Particle size analyses

For quantitative and qualitative analysisatifmilled glass powdesamplesx 45 e m si z e,
laser particle size analysis and scanning electron microscope (SEM) was underéaladyst

particle size distribution and morphological structure of all produced series of silicate based
bioactive glasses as @hin in following Figure 40respectively. Distinctive differences in
morphology and particle size distribution governs specifaratteristic features of resultant

glass ionomer cement such as working and setting time as va¢tleasnechanical properties

such as compressive strengthwas observed that almost 95 % or even more particles were <

4 5 ¢ mze.iLikewise, the meanapticle sizes were approximately Z05 e m isn si z e
tabulated in following Table.9The laser article size results illustratbat all produced glass

samples had similar particlsize distribution. Moreover, scanning electron microscopic
technique was &sl to analyse the morphological characteristics of all milled glasshewas s

in following Figures 40 respectively
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Figure 40: lllustration of particle size analysis (< 45 um) and SEMmage of produced

silicate based bioactive glass samples (BG7)}.

However, all prepared milled silicate based bioactive glass powdered samples were analyzed
individually by using Malvern Mastersizer 3000 system UK to determine their particle size
distribution. The wet analysis technique was adopted by using Hydro EV wet dispersion unit
and water was used as the liquid medium in normal atmospheric environm@&ntraé
obscuration range was kept from 5%0 % in total. Whereas, five measurementsernaken

for each individual sample, with the delay of 10 seconds between each measurement along
with stirring speed of 2000 rotation per minute (rpm). Similarly, the obtained data were
analyzed by using Mastersizer softwaamd Microsoft Excel 201% The surface morphology

of all prepared samples was also determined by using scanning electron microscopy (SEM).
All samples were gold coated prior to imaging and SEM analysis was conducted by using
Philips/FEI XL30 SFEG with beam energy of 15kV respectively

Furthermore, scanning electron microscopic (SEM) analysis was also conducted for the

evaluation of particle size and morphological structure of obtained glass flakes from Leeds
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Glass Flakes Company Ltd. UK. Different sizes of these obtained glassvlakesised both
in nano and micro meters such that, 100 and 350 nano meter (milled-amitieai along with
100 and 350 micro meter (milled and-uomilled) glass flakes correspondingly as shown in

foll owing Figure 41 by wusing same optimised

Table9: Particle size analysis results of al/|l r

1-7.

Mean particle Particle sizes <

Sr No: Glass Samples
Size ( 45 e&m
1 BG glass sample 1 18.28 96%
2 BG glass sample 2 26.90 97%
3 BG glass sample 3 25.85 98%
4 BG glass sample 4 20.79 90%
5 BG glass sample 5 26.46 95%
6 BG glass sample 6 23.75 85%
7 BG glass sample 7 20.11 89%
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Sr No.

100pm
Milled

100pm
Unmilled

100nm
Milled

100nm
Unmilled
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350nm
Milled

Figure 41: SEM Micrographs of Glass Flakes of different sizes as obtained from Leeds

Glass Flakes Company Ltd UK.

4.4.1.5 BrunauerEmmett-Teller analysis

All produced silicate based bioactive glass samples BGvire analysed by usim@yunauer
EmmettTeller analysis(BET) for the evaluation of surface area respectively, as shown in
following Figure4r especti vely. However, the 6in house
glasswithout any calcium substitution indicatéower surface area as 4m#’/g. Whereas,

increase in surface area from 4664.9m?/g were observed in glass samples from B@ 2

having calcium substitution with strontium and barium ions with 3 mole % of calcium oxides

correspondingly.
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Figure 42: BET measurementanalysis of all produced glass series (BG12) with
ANOVA (pOO. 05) and r epr ed.Restitsindicededhat, stbsti&®s ( n =
increase the specific surface area of all produced bioactive glass from B& 2
respectively. This indicates that, more amant of surface engaged in reaction will

exhibit better biological properties respectively.
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4.4.2 Thermal characterisation

4.4.2.1 Differential thermal analysis

In order to analysetheglass ansi t i o n of@rystplbsatianthe difteerergial thermal
analysis was performed on all theoducedsilicate based bioactivglass samples inormal
atmospheric environment (air). However, it was obsemad due to thesubstitution of
calcium ions withstrontiumand bariunin the parat compositiondistinct change occurred
in the glass transition. This exchange of i@amdicates the significant disruption of glassy
network and as a result the decrease in glass transition temperature oasustemvn in
following Figure 43 Similarly, both $rontiumand bariumhas got larger cati@than calcium
and it tend to disrupt the glass network more readily along with decreagkags transition

due toincrease in ioit radius(Fredholm et al. 2010)
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Figure 43: Traces of differential thermal analysis of all produced silicate based bioactive
glass series from (BG 47). DTA graph indicates that, due to increase in the Sf and

Ba** substitution the distinct change in glass transition temperature occurs due to larger
cationic effect of SF* and Ba“than Ca** and the disruption of glass network initiated

more readily along with decrease in glass transition temperature respectively.
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4.4.3 Chemical characterisation

4.4.3.1. Fourier Transform Infrared (FTIR) spectroscopic analysis

For chemical investigation dcftrontium and barium supplementgntpduced silicate based
series of glasse@BG 1-7), Fourier transform infrared spectroscopic (FTIR) analys&s
performedofiTher mo scienti ficE NicoletE i SE50 spec
cell, under absorbanceatie between the rangé&400 cm' - 4000 cmt as shown in following
Figure 44 respectely. Howeverjt was observed thahe peaks appearadbetween the range

of 12007 1000 cmbecause of Si O asymmetric stretching. Likewise, peakdetween the
range 0500- 540 cm tattributed to A O bending mode and peaks appeared within the range
of 890- 975 cm ! attributed to the one $iO nonbridging oxygen (NBO) per SiQetrahedron

(Q3 group). Hbwever, peaks between the range800i 840 cm !oan be classified due the
presence ofito SFO-2NBO functional groups (€group). Whereas, the FTIR spectrum of all
produced glass samples were identical with each other. Similarly, this indlvapssence

of identical SiO bonds and Qspecies; this means that allicium substituted glass with
strontium and barium iongssentially ave similar network connectiva@ructure asliscussed

in detail in the following discussion chapter 5 respectigehgdholm et al. 2010)
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Figure 44: FTIR spectrum of all produced silicate based bioactive glass series (BG7L

Similarly, peaks at 10601040 cm! and 745 cmt were showing basic silica glass chemical
structure regarding stretching mode SiO bonds and bending mode $O bonds,
separately. The absorption peaks of deformation mode of P®'groups located at

around 520 cm! respectively.

Similarly, the onset of thiormation of hydroxyapatite layer (HCA layerffer theimmersion
of produced silicate basdioactive glassamples (BG 47) in prepared simulated body fluid
(SBP solution for 24 hours wermbservedy utilizing FTIR techniqueaespectively as shown
in following Figure 45However, the otreatedoroduced silicate based bioactylass samples
exhibitedbroad peaksvhich wereassigned to SD in the range of 10601040cm tbut, after

24 hours of immersion in simulated body fluid solution gtretchingof P-O bond belonging
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to PQ?3 'groups were observéd this region. Whereathe peaks ranging in betwe&f0- 515

cm' twereattributed to PO bending mode due to presenc®@k® 'tetrahedrastructure. These

significant peakattribute theformation ofcarbonatedydroxyapatite phasgHCA layer) in

the produced silicate based bioactive glass samples respectively.
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Figure 45: In vitro bioactivity FTIR analysis of all produced silicate based bioactive

glass samples (BG-T). However, most peaks located in the region of 1121051 cn?

were due to asymmetric stretching vibration mode of FO-P bonds. Whereas, the peaks

in the range of 600- 400 cm ! may be assigned to bridging phosphorous bending

vibrations mode of O P17 O or O = Pi O, this may indicate the formation HCA layer
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Furthermore, thg@eakswhich were emergedh all produced silicate based bioactive glass

samples (BG ) especially aftermmersionin the range of 920 912 cm'?! indicated the
appearance of® groups regarded as-Siunitwi t h o#ei dgbngo dgimgd t hr e
oxygen bondsSimilarly, all prepare@pecimens werdared in SBF solution for 24 hoyifer

drying in dry hot aired vacuumed incubator before FTIR analysis for 48 hours. However, in
obtainedFTIR spectrum the deformation modes eH@roups and absorbed water molecules

were observed (H-O-H) and attributedvith the peak valuef 1635cm' ! and also théOH

groups in stretching vibratiomsode were attributed in between the raof@419i 3177cm' 2.

P=0 stretching SRR e
i Si-O-8Si stretchin 1-O- onds
symmetric_stretching symmetric qoo ‘ I g
of OH groups COO asymm\emc = 7 + (!) '/ g
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0 I ) ~
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Figure 46 FTIR spectrum of tartaric acid based glass ionorar cements samples (TA

GIC 1-7) indicates peaks at 1574, 1407 and 1398 @iwas attributed to carboxylic acid
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group respectively. However, peaks at around 1576 and 1586 @were assigned to

symmetric and asymmetric stretching vibration of GC=0 bonds.

Furthermore, all prepared silicate based glass ionomer ceammieSTA GIC 1-7) upon
the admixture of pohacrylic acid anddrtaric acid as setting modifigrthepresence of water

were analyzedyy using FTIR techniquas shown in above indicated Figure 46 respectively

-1 1
Similarly, it was observed that, peaks from B4® cm and 556600 cm were attributed to

Si-O-Si bending mode and-® bend correspondingly. However, theaj attributedcat 720
-1 -1
cm and 800 cmindicates the presence ofSibending mode. The phenomenon ofE6i
-1 -1
stretching was also observed betweébe rangeof 850 cm and1200cm and around

-1
1066cm as well(Gonzalez et al. 2003; Bellucci et al. 2011; Subramani et al. 2012)

-1

Similarly, the shoulder of this peak was observed at 950 anu this shoulder appeared
due toO-H deformation vibration because of theesence of SDH structure inall of the
tartaric acid based cement sampl€kis indicatedhe formation of silica gel around glass

particles during the cement se{j reaction stage. Whereasother shouldevasseen around

-1
1020 cm due to asymmetric stretching of@® bondsas shown in Figurd7 respectively

(Gonzalez et al. 2003; Bellucci et al. 2011; Subramani et al. 2012)
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Figure 47: FTIR spectrum of citric acid based glass ionorar cements samples (CA GIC

1-7) Similarly, peaks at 1419, 1311 and 1275 chwere attributed to carboxylic acid

group. However, peaks at around 1558 and 1540 chwere assigned to symmetric and

asymmetric stretching vibration of O- C=0 bonds.

Moreover, all prepared silicate based bioactilesgjonomer cemen(CA GIC1-7) samples

Chapte

after the admixtur of pokacrylicacid and citric acid as setting modifier in the presence of water

were also analysed by adopting FTIR characterisation techniques. Similarly, in all produced

cirtic based glass ionomearsples, peaks attributed from the range betwlé91036cm!

indicated the5i-O-Si bondsrespectivelyHowever, absorption peaks 1419, 1311 and 1275

cm! were attibuted to carboxylic acid group. Tipeaksobservedaround 1558 and 1546n
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1 were assiged to symmetric and asymmeicial vibratioral stretching of @C=0 bonds
Whereas, the presencei@H groupsobserved at arround the pealda00 cm' and thepeaks

at 23612331cm' attributed to th@symmetrial stretching of CQrespectively.

4.4.3.2. Raman spectroscopic analysis

Raman spectroscopy is considered as the fundamental type of molecular spectroscopy which
is basically related with inelastic scattering phenomena. Due to the inelastic scattering of
photons the Raman scattering occurs. Siityilaéinis determines the peaks which were created

by vibrational energy and because of this the identification of molecular symmetry and
chemical structure could be analysed. However, it can provide qualitative information by

vibrational transition of molades along with infrared absorption.
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Figure 48: Raman spectrum of all produced siliate based glass series (BG7)

and peak at 630" 650 cm! can be ascribed as SD-Si group; 943950 cm? ascribed as
the symmetrical stretching of phosphate group (P@ and 800- 1150 cmt*indicates SiO-
Si tetrahedral silica with different (NBO) non-bridging oxygen units. Whereas, shifting
of frequencies and variation in intensities merely associated witine addition of alkali

and alkaline earth oxides to the silica network respectively.

Raman spectroscopy has been widely accepted for the analysis of anionic structure of silicate
based glasses and the effect of phosphorus and other substitutions dagiwestructure.
Similarly, the open amorphous structure of all silicate based bioactive glasses appeared due
to the addition of alkali and alkaline earth oxides into parent composition. These catigns (Na

Ca', Sr and B4d) play a vital role in the modiation and disruption of glassy network. Due
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to the presence of these cations in the basic glass structure, the reduction in the ratio of
connectivity in the glassy network by replacing #widging silicon oxygen bonds
collectively occurs. Raman spectropy is very sensitive to changes occur ifO86i bonds

and a useful technique in the detection eOSNBO bonding in bioactive glasses. However,

the shifting of frequencies and variation in intensities merely associated with addition of alkali
and alkalhe earth oxides to the silica network. Inclusion of higher ratio of network modifiers
can potentially be able to increase the Raman intensities. The similar nature of behaviour has
also been reported for other glasses such as phedplate and borosil&ate glasses

(Gonzalez et al. 2003; Bellucci et al. 2011; Subramani et al. 2012)
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Figure 49: In vitro bioactivity Raman analysis of all produced silicate based bioactive

glass series (BG 7). However, peaks of PO symmetric stretching mode attributed at
945 cm?, after immersion in stimulated body fluid solution (SBF) mentioned peaks

shifted towards higher wave number, exhibits hydroxyapatite growth in all produced

glass samples.

For silicate and phosphate based glassesphetral range from 2001200 cm! were been
considered because of the presence of main peak for silicate glasses fall within this interval.
The presence of broad peak in between the range df 680 cm® can be ascribed as-6iSi

group as shown inb@ve Figure 48. However, this peak is usually preseni®s-RaO-CaO

SiO, based glass system and they can potentially be able to move towards higher wave numbers

with low SiG, containing glass compositions.
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Furthermore, peaks from 800 to 1150 tareassociated with the $3-Si tetrahedral silica
bonds along with different (NBO) ndoridging oxygen units. Whereas, the small peaks
appeared at 860 chm®20 cm' and 975 cnt oan be ascribed to the monomers of SiO
(4NBO), dimmers SO7 (B3NBO) and chais of SpOs (2NBO) respectively. Moreover, the
peak appeared at 103035 cm' can be related to vibrational changes due to the presence of
two dimensional structures such asGsi(1NBO). Similarly, the presence of intense bands
within the range of 94350 cm? ascribed as the symmetrical stretching of phosphate group
(PQu). Additionally, this peak usually hides partially at 920 tand it could appear within

the range of 975 1130 cm! im the form of shoulders significantly on the right hand side of
this peak(Gonzalez etl. 2003; Bellucci et al. 2011However, after the immersion of all
produced glass samples in simulated body fluid smiu(SBF) the appearance of peaks
between the range df1507 800 cm! and also the # symmetric stretching modeas
observed at the 945 clwhich usual shifted to higher wavenumbaenticedas shown in

following Figure 4951].
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Figure 50: Raman spectrum of tartaric acid based glass ionomer cement samples (TA
GIC 1-7). Similarly, peaks at 1406 cimt and 885 cm! attributed to C=0 and C-C
respectively. However, peaks at 2988 ctrand 2907 cmt attributes to CH and CH2

symmetrical and peaks at around 1440 crhwere with regard to deformation of GH

1200 800 400

bonds respectively.
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Furthermore, all prepared silicate based bioactive glass ionomer cement samples with the

admixture of polyacrylic acid and tartaric acid as settimgdifier in the presence of water

were analyzed by using Raman spectroscopy as shown in Figure 50 respectively. However,

1 1 . L
the spectrunibetween the range of 500 crand 1700 cm were dtributed to the vibrations
raised from the structural changes of organic molecules. This usually aheersthe

formation ofsaltsduringthe reaction of metal oxides wigoly-acrylic acid and tartaric acid
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1 1 1
Similarly, peaks appeared at 606 cn811 cm and 1317 cm indicates the formation of

-1 . .
calcium tartrateWhereaspeakattributed aB10 cm consideredor the presence of sodium

tartrate.The C- C stretcled region ofcalcium tartratevere observedt the ranges between

1 1 1
885 cm and around 1014 cm Moreover,peak ofthe low intensity is present at 950 cm

which ascribed a® O, symmetric stretching. A similar low intensity feappearediround

1
the wavelength 0£066 cm which attributes t&Si-O-Si stretclng. However, he symmetric

andasymmetric COO stretching weaéso observed for the presencecafcium tartrateand
1 1
attributedat 1403 cm and 1630 cm respectively. Thgghenomenal changes for tkaH,
1
deformation of calcium pobacrylatewere alscobservedat wavelength such ds138 cm

1
and peaksttributed at2927 cm indicates the presence @H, or CH stretchingmode

correspondingly.
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Figure 51: Raman spectrum of citric acid based glass ionomer cements samples (CA
GIC 1-7). Similarly, the peaks at 967cmt was assigned to ©O1 C and Ci O stretching
vibration mode. However, the peaks at around 840 crhwere regarding deformation of

C-H bonds respectively.

Moreover, all produced silicate based bioactive glass ionomer cement samples with the
admixture of polyacrylic acid with citric acid as setting modifier in the presence of water were

also characterised by using Raman technique as shown in Figure 51. Similarly, the peak
appearedat around 84(&m’l ascribed asvith deformation of @H bonds.However, the peak

observed at waveleng867 cm'1 attributedCi Oi C and G O stretchingn vibrational mode.

On the other handn the structure of citrate thpresence ofCH groupsare relatively

noticeable. Whereas, tipeaks at 146t and 143%m" wereattributed astsetching of CQ
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andthedeformation of GH correspondinglyLikewise, ppaksobserved at 297éhn'l 2944cm

' and 29200m'l were attributed to symmetric stretching mode of>@ffbups which may

indicatethe presencef citrate chainsespectively

4.4.41n-vitro biological characterisations
4.4.4.1In- vitro bioactivity analysis

4.4.4.1.1 Scanning electron microscopic (SEM) analysis

For further qualitative analysisf all produced silicate based bioactive glass ionomer cement
samplegTA / CA GIC)with the admixture of pobkacrylic acid in the presence of two different
setting modifiers such as tartaric and citric aail water were analysed by using scanning
electron microscopic (SEM) technique asowh in following Figures rom 52 till 57
respectively. Howevesll prepared samples (both tartaric and citric acid based samples) were
immersed in produced simulated body fluid solution (SBF) tor7f and 14" days prior to
analysis correspondingly. Wheredspm the obtainedand observed micrographs from
scanning electron microscope, there were dissndace morphological changescurred on

7" and 14' dayimmersedsamples withrespect to $day or control untreated sampl@hese
changes or development of globular growth over surface could be referred to as the formation

of hydroxyl carbonated apatite (HCA) layer. Likewise, it was also observed that, the citric acid
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based modified glass ionomer cement samples morpholggediibited more potential for
the formation of carbonated hydroxyapatite in comparisons with tartaric acid based modified

glass ionomer cement samples. For instance, the spherical growth of hydroxyl carbonated

apatite layer (HCA) respectively.
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Figure 52: SEM micrographs of tartaric acid based cement samples (TAGI) at 1st day

(control sample) at 10, 5 and 2 um scales before immersion i¥SBF respectively.
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Samples 10 pm 5 pm 2 um
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Figure 53: SEM micrographs of tartarlc aC|dbased cement samples (TAGT) at 7th

day at 10, 5 and 2 um scales after immersion ir$BF respectively.
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Figure 54: SEM micrographs of tartaric acid based cement samples (TAGI) at 14th

day at 10, 5 and 2 unscales after immersion in eSBF respectively.
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Figure 55: SEM micrographs of citric acid based cement samples (CACT) at 1st day

(control sample) at 10, 5 and 2 um scales before immersion i¥SBF respectively.
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Figure 56: SEM micrographs of citric acid based cement samples (CACT) at 7th day

at 10, 5 and 2 um scales before immersion iIR®BF respectively.
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Figure 57: SM micrraphs of citric acid based cement samples (CAGT) at 14th day

at 10, 5 and 2 um scales before immersion iIR®BF respectively.
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4.4.4.1.2 Energy dispersive-xay spectroscopy (EDX) analysis

Energy dispersive-xay spectroscopy (EDX) technique was adopted to exhibit the iafamm

of individual elements based on their unique atomic structure. Similarly, all produced silicate
basedbioactiveglass ionomer cement samples upon with the admixture ofguoljic acid,
tartaric and citric acid as setting modifier in the presenceatér were analysed by using
energy dispersive -rkay spectroscopy techniques shown in following Figure 59 and 60
respectively. However, the obtained energy dispersivayxspectroscopy spectrum was
observed for allismulated baly fluid (SBF) immersedement samples aftet"and 14" days

for the evaluation of calcium and phosphateorats shown in following Tables 10 and 11

respectively.

Moreover it was observed that, the energy dispersivayxspectroscopgnalysis results for

both tartaric and diic acid based cement samples indicated the ratio of calcium and phosphate
according to their atomic percentagesl exhibited the values ranging from 1.69 to W&&h

may confirm the presence of apatite formation at the entl d&y of immersionSimilarly, at

the end of 1% day of immesion the values ranged from 2.70 1.97 Yet the obtained Ca/P

ratio of the produced cement samples were found to be slightly greater and lesser than the ratio
of hydroxyapatite (1.67)still this did not affecthe bioactivity of these samples (as discussed

in detail in detail in chapter 5)
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The scanning electron microscopic graphs with the increased spherical particular growth over
the surface of prepared tartaric and citric acid based cement samples cawtherdfesred

with energy dispersive-ray spectroscopgnalysis. However, the spherical particles contained
high intensity of calcium, strontium and phosphate with the decrease in intensity of Si ions can
possibly be correspond to the formation of carbethéydroxyapatite layer ifZand 14" day

analysis respectively.

Likewise, after scanning electron microscopic analysis the eneigyersive xay
spectroscopynalysiswas also conducted over the obtained glass flake based samples. The
presence of calcium, sodium, magnesium and silica ions in the composition was observed. as

shown in following Figure 58.
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Figure 58: Micrograph of Leeds glassilakes Ltd UK based silicate glass sample

composition energy dispersive xay spectroscopy (EDS) analysis.
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Figure 59: Micrographs of tartaric acid based cement samples (TACT) EDS analysis

for 7th and 14th day after immersion in ¢cSBF respectively.

Table 10: Calcium and phosphate ratio of tartaric acid based cemergamples after 7th

and 14th days of immersion in conventional stimulated body fluid solution (§BF).

Samples Calcium / Phosphate ratio
TAC 7 days 14 days
TAC1 1.69 1.72
TAC2 1.46 151
TAC3 1.54 1.58
TACA4 1.72 1.74
TACS 1.72 1.75
TACG6 1.74 1.82
TAC7 1.74 1.85

Table 11 Calcium and phosphate ratio of cement samples after 7th and 14th days of

immersion in conventional stimulated body fluid solution (eSBF).

Samples Calcium / Phosphate ratio
CAC 7 days 14 days
CAC1 1.72 1.82
CAC 2 1.77 1.89
CAC 3 1.79 1.89
CAC 4 1.80 1.92
CACS5 1.81 1.94
CAC6 1.82 1.95
CAC7 1.86 1.97
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Figure 60: Micrographs of citric acid based cement samples (CAGZX) EDS analysis for

7th and 14th day after immersion in eSBF respectively.
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4.4.4.2In- vitro biocompatibility analysis

4.4.4.2.1 MTT assay and statistical analysis of glass and cement samples

Before conducting MTT assathe growth of culturedcells in 24 well tissue culture plate in
thepresence of preparedicate based glasamples (BG 47) andimmersednediumfrom the
prepared cement samples were observed microscopioall4 and 48 hoursdependently.

The proliferation of oral fibroblasts was observed on the surface of the glass samples in contact
with the conditioned media inside thells of tissue culture plate. However, the control group
(positive) was alsassessed as shown in following Figure 61. The increased cellular attachment
and their proliferation were noticed in strontium, barium and fluoride substituted silicate based

bioactive glass samples in 48 hours in comparison with 24 hours respectively.
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BG6

500 um

BG7

Figure 61: Microscopically images of oral humanfibroblasts over tissue cultured plate

before MTT assay (BG 17) including control sample.

Figure 62: Photographical image of 96 well plates before MTT assay for 24 hours. The

presence of purple colour in assigned weliadicates the microchondrial activity of cell.
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Figure 63: Photographical image of 96 well plates before MTT assay for 48 hours. The

presence of purple colour in assigned wells indicates the microchondrial activity of cell.
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Figure 64: Graphical illustration of MTT assay results showingn vitro biocompatibility
analysis of all produced silicate based bioactive glass series (BG)lbetween24 hours
and 48 hourssampleswith ANOVA (significant difference* p <0.05. Data represents

mean + SD (n=3)The introduction of substitution including strontium and fluoride ions
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into BG 2-7 samples allowed more cell growth after culturing for 24 hrs and 48 hrs with

respectively.

For the further evaluation ofitochondrial activity of the cultured oral human fibroblasts after
immersion of samples (BG 1) in prepared medium for 24 and 48 hours the MTT assay was
performed, as shown in Figure 62 and 63 respectively. Whereas, the presence of purple colour
indicats mi t ochondrial activity of the cells. Si
study were significantly analysed as well as indicated in Figure 64 respectively. Obtained
resultsindicates that, there ggnificantdifferences | <0.05) and ircrease in cellular growth

that has calcium substitution with strontium, and fluoride ions, in comparison with parent
composition BG1 as shown in Figure 64. Similarly, it was observed that, MTT analyss of B

2-7 samplesndicated increased cellular growithr both 24and 48 hoursThis merely indicates

that the calcium substitution with strontium and fluoride in parent composition may create

favourable effect with respect to cellular proliferation and their attachment.

Moreover, before performingITT assy over cultured oral human fibroblagtslls in 24 well

plates, biocompatibility of prepared tartaric and citric acid based glass ionomer cement samples
TAGIC / CAGIC (1-7), in the presence of immersed medium was examined carefully under
the |Iight microscope wit h h240a0d 48 mursnasdgndidattd c at i
in following Figure 74 and 78 respectively. Whereas, the photographic images of 24 well plates

of both 24 and 48 hours for TAGIC / CAGICi{(I7) samples exhibit mitochondrial activity of

the cells (in purple) as indicated Figures 66i 67 and 70" 71 respectively. However, the
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control group (positive) was also introduced. The increased cell attachment and their
proliferation were noticed in strontium and fluoride ions substituted silicate based bioactive
glass ionomer cemésamples in 48 hours in comparison with 24 hours and were statistically

analysed by using ongay ANOVA as shown in following Figures 68 and 72 respectively.

Samples 24 hourshefore MTTassay

48 hourshefore MTTassay

Control
(positive)

TAGIC1

TAGIC2

TAGIC3

500 pym
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TAGIC4

TAGIC5
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500 ym
TAGIC7

500 um Ao

Figure 65: Microscopically imaged oral human fibroblasts over tissue cultured plate

before MTT assay with tartaric acid based glass ionomer cement samples (TAGIC7)

including control sample.
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Figure 66: Photographical image of 96 well plates before MTT assay for 24 hours of
tartaric acid based glass ionomer cement samples (TAGIG2) respectively.The

presence of purple colour in assigned wells indicates timeicrochondrial activity of cell.

Figure 67: Photographical image of 96 well plates before MTT assay for 48 hours of
tartaric acid based glass ionomer cement samples (TAGIG) respectively.The

presence of purple colour in asgned wells indicates the microchondrial activity of cell.
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Figure 68: Graphical illustration of MTT assay results showing in vitro biocompatibility

analysis oftartaric acid based cements (GIC TA 17) between24 hours and 48 hours

sampleswith ANOVA (*p <0.05 significant different) and data represents mean + SD

(n=3).1n 48 hours more cell growth observed as compared to 24 hours respectively.
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Figure 69: Microscopically imaged oral human fibroblasts over tissue cultured plate

before MTT assay with citric acid based glass ionomer cement samples (CAGIC7)

including control (positive) sample.

Figure 70: Photographical image of 96 well plates before MTT assay for 24 hours of
citric acid based glass ionomer cement samples (CAGIGT) respectively.The presence

of purple colour in assigned wells indicates thenicrochondrial activity of cell.
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Figure 71: Photographical image of 96 well plates before MTT assay for 48 hours of
citric acid based glass ionomer cement samples (CAGIGT7) respectively.The presence

of purple colour in assigned wells indicates the microchondrial activity of cell.

Figure 72 lllustration of MTT assay results showing in vitro biocompatibility analysis

of citric acid based cements (GIC CA ¥7) between24 hours and 48 hourssampleswith
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