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Abstract:

Globally, dental caries has been increasing with the passage of time despite the recent
technological advancements in the field of dentistry. Nanotechnology has created new
opportunities for the development of innovative materials with desirable strength, longevity
and better efficacy. The current study was designed to produce and characterize the titanium
oxide nanoparticles (TiO,.Nps) using biological and hydrothermal methods. Furthermore, the
prepared TiO,Nps were evaluated for their antimicrobial activity and suitability in developing
innovative glass ionomer cement (TiO,GIC) for dental caries treatment.

During first phase, TiO,.Nps were synthesized via three routes including Bacillus coagulans,
Mentha spicata and Conventional hydrothermal heating. The synthesis of Nps was carried out
under different process temperatures based on material‘s sensitivity. The change in yellow
color of Bacillus coagulans culture solution, green color of Mentha spicata leaf extract and
black color of titanium tetrachloride solution in the flasks to white color confirmed the
formation of TiO, Nps. In the second phase, these TiO,.Nps were characterized for their size,
shape, phase form, surface roughness, morphology, topography, elemental composition, band
gap energy and functional groups by utilizing standard techniques such as X-ray diffraction
analysis (XRD), Scanning electron microscopic analysis (SEM), Atomic force microscopic
analysis (AFM), UV/Vis diffuse reflectance spectroscopic analysis (DRS), Energy dispersive
x-ray spectroscopic analysis (EDS), Fourier transform infrared spectroscopic analysis (FTIR),
Dynamic light spectroscopic analysis (DLS) and Raman spectroscopic analysis (Raman). The
TiO,.Nps synthesized by Bacillus coagulans were found to have spherical shape with diameter
of 21.84 nm size and showed 100% pure anatase phase with no impurity. The TiO,.Nps
prepared by Mentha spicata depicted slightly irregular spherical shaped particles having a size
of about 37.60 nm in diameter and showed100% pure anatase phase form with no impurity in
elemental composition however, carbon dixide was detected as a trace impurity. On the other
hand, TiO, Nps fabricated by Conventional hydrothermal heating manifested particle size of
about 52.28nm in diameter, 82% anatase and 18% rutile phase without any impurity in its
elemental composition. Thenitro-compounds and carbon dioxide was observed in their
functional groups as trace impurities.

The third phase antimicrobial activity of TiO,.Nps synthesized by all the three routes against
Escherichia coli (ATCC®35218™), Lactobacillus acidophilus (ATCC®314™), Enterococcus
faecalis (ATCC®29212™), Enterococcus faecium (ATCC®51559™), Staphylococcus aureus
(ATCC®25923™) and Pseudomonas aeruginosa (ATCC®27853™) was determined with the help
of agar disc diffusion test. The antimicrobial activity of Bacillus coagulans TiO,.Nps against E.
coli 27 mm =+ 0.70), L .acidophilus (26 mm + 0.70), E. faecalis (26 mm =+ 0.70),
(ATCC®51559™) (13 mm + 1.58), S. aureus (21 mm + 1.58) and P. aeruginosa (25 mm +
0.70) was comparatively higher from the TiO, Nps prepared by Mentha spicata and
Conventional hydrothermal heating (P-value< 0.05). The fourth phase investigated the
biocompatibility of TiO,.Nps synthesized by all the three routes via MTT assay. The Bacillus
coagulans drived TiO, Nps depicted highest level of biocompatibility against fibroblast cell
lines at all of the serial dilutions (99.57%, 97.43%, 95.51% and 93.00%) in comparison to
TiO,.Nps prepared by Mentha spicata i.e. (99.35%, 95.82,92.09% and 90.79%). In case of
TiO,.Nps fabricated by Conventional hydrothermal heating displayed least biocompatibilty of
98.92%, 94.43%, 9188% and 87.15%, and found to be mildly cytotoxic (P-value < 0.05). The
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fifth phase incorporated the most suitable and biocompatible TiO,.Nps in the dental restorative
material named glass ionomer cement in order to test its mechanical properties. The Bacillus
coagulans TiO, Nps were comparatively biosafe, biocompatible and acceptable to be
incorporated in conventional dental glass ionomer cement (GIC) in the percentages of 0%, 3%,
5%, 7% and 10% in order to generate an innovative TiO,GIC dental restorative material. The
different percentages of TiO,GIC dental restorative material was tested for its mechanical
strength properties such as micro-hardness, compressive strength, flexural strength, shear bond
strength, and surface morphology.

The current study concluded that microbial synthesis was much better choice for making
nanoparticles with better strength and antimicrobial properties. The 5% TiO,GIC dental
restorative material was not only found to be biosafe and biocompatible but possessed the
maximum mechanical strength properties such as micro-hardness, compressive strength,
flexural strength, shear bond strength (P-value < 0.05). Moreover, 5% TiO,GIC dental
restorative material revealed the minimum crack formation and porosity. The magnified
strength displayed by this innovative restorative material would be capable of bearing the
excessive masticatory stresses in the oral cavity without undergoing any distortion in order to
escalate its longevity, extra-stability and ideal shelf life. Therefore, the incorporation of
TiO,NPs proved to be better candidate for developing the long lasting dental restorative
materials to treat the dental caries and could be used for commercial preparations conveniently
and more feasibly in the current era.

Key Words: Bacillus coagulans, Dental Caries, Glass lonomer Cement (GIC), Restoration,
Titania Nanoparticles (TiO,.Nps).
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Introduction:

The prevalence of dental caries has been increasing over the time despite recent technological
advancements in the field of dentistry [1]. According to reliable statistics, 97.1 % of Pakistani
population is affected by dental caries. The reasons behind this high incidence rate have been
attributed to the poor health care system, low education status, non-availability of dental
specialist in remote areas, cost of treatment and other socio-economic factors [2]. Dental caries
is a multi-microbial disease subsequently, leads to the loss of tooth. Since years, restorative
materials are commonly employed for treating carious teeth such as ceramics, amalgams, resin
composites, and glass ionomer cements [3]. The glass ionomer cement is the most preferred
restorative material because of its ability to release fluoride, good adhesion to tooth surface,
acceptable aesthetic effects, biocompatibility and anti-microbial properties [4]. However,
application of the glass ionomer cement (GIC) presents some technical limitations like
compromised mechanical properties and moisture sensitivity posing a negative impact on
overall quality of restorative material in terms of its stability, sustainability, longevity and shelf
life [5]. Various attempts have been made to improve the mechanical properties of
aforementioned materials to gain the desirable results; however, these formulations are
associated with cytotoxic effects [6]. Another limitation is the high cost of additives which
further restrict their applications besides being unsafe. Therefore, development of cost
effective, non-toxic, biocompatible and mechanically improved restorative material is the need
of the time. One of the important contemporary approaches to design such improved
formulations is the addition of Nps in the parent material. It has been suggested that addition of
metal oxide Nps could be very effective for enhancing the mechanical properties of the filling
materials without leaving any negative effect. So far biologically produced Nps has not yet
been characterized for their suitability and application in the glass ionomers cements. Keeping
in view these limitations, current study was designed to develop cost effective glass ionomer
cement restorative material having desired properties with the addition of biologically prepared
Nps.

According to World Health Organization (WHO) dental caries is considered as a critical health
issue for most of countries in world [7]. This is due to the fact that this disease has affected
about 3.58 billion population around globe, irrespective of age, gender and culture. The data
provided by WHO depicts that 60-90% children (486 million) and 35% adults around world
are still suffering from dental caries disease [8]. Although, caries index has reduced in
developed countries but it poses serious concerns in other countries, particularly Asia where
incidence rate of dental caries is about 60-90% [9]. As previously stated, the onset of dental
caries is highest in Pakistani population as compared to the other Asian countries because of
various socio-economic problem including unavailability of dentists in the remote settings, low
education status and less income [2]. Additional contributing factors responsible for causing
dental caries includes unhygenic environment, poor eating habits, casual behavior, insufficient
fluoride intake and oral hygiene [1]. The prevalence of dental caries globally has been
displayed in Figure-1.1.



Figure-1.1: Prevalence of dental caries in different countries around the world [10]

Dental caries has been considered as a major disease of oral cavity having profound clinical
significance. It develops by the transition of a healthy oral microbiome to acidogenic microbial
community owing to multiplex intrinsic and extrinsic factors. The oral cavity contains a rich
diversity of microbiomes including bacteria, fungi, protozoans and viruses. So far 700
microbial species have been identified from the human oral cavity. In functional perspectives,
these microbiomes establish colonization on the tooth surface and oral mucosa in the form of
biofilm, thereby, maintains a complex ecosystem with precise equilibrium. The onset of the
disease is caused by the transition of oral microbiota towards more acidogenic microbial
communities breaking the normal state of equilibrium. Various factors contribute in this
transition such as poor oral hygiene which leads to the selective multiplication of pathogenic
microorganisms in the oral cavity creating shift in the existing oral ecosystem. In addition, the
dietary sugar intake provides competitive advantage to the pathogenic microorganisms to grow
more rapidly and dominate the healthy microbial communities. As a consequence of greater
sugar intake and increased population of acidogenic microorganisms in the oral cavity, the pH
of the oral cavity turned acidic leaving a white spot on the tooth. Furthermore, insufficient
amount of food, low fluoride and supplement intake deteriorate healthy oral microbiota by
reducing the self-immunity resulting enhanced adhesion of these acidogenic communities on
the surfaces of teeth in the form of biofilm. Consequently, this establishes dental caries with
profound negative health effect. In technical terms, dental caries is a multi-microbial disease in
which initial biofilm on tooth surface is formed by Steptococcusmutans, followed by dental
caries initiation by variety of pathogenic caries promoting bacteria present in the oral cavity
such asEscherichia coli, Lactobacillus acidophilus , Enterococcus faecalis, Enterococcus
faecium, Staphylococcus aureus and Pseudomonas aeruginosa [8]. It has been reported that
these species metabolize carbohydrates into organic acids through Embden-Meyerhof and
related pathways causing onset of biofilm and dental caries as shown in Figure-1.2.



Figure-1.2: Pathways causing initiation of biofilm formation and dental caries [11]

Biofilm is a highly organized, dynamically co-ordinated and complex matrix of microbial
communities established on the teeth surfaces embedded in extracellular polysaccharides (EPS)
[12]. The dietary sucrose serves as substrate that facilitates biosynthesis of extracellular
polysaccharides by selective oral microorganisms and help establishment of biofilm leading to
diminishing the tooth structure.The tooth structure damaged by dental caries is irreversible and
lead to deeper aspects resulting in loss of entire tooth. In order to prevent the entire tooth loss
followed by dental caries, it is highly recommended to repair salvageable tooth structures with
cost-effective, bio-compatible restorative dental materials having enhanced mechanical
strength, longevity and shelf-life to sustain heavy masticatory loads in oral cavity. The initial
attack of dental caries is on outermost acellular structure of tooth called enamel which can be
easily repaired by restorative dental materials [8]

The only treatment of dental caries is restoration or filling of carious tooth after the removal of
carious lesion from it in order to restore structure, function and aesthetics. Since years, some
restorative materials commonly employed for treating carious teeth are ceramics, amalgams,
resin composites, and glass ionomer cements [3]. The ceramic filling materials are not
recommended any more due to lack of their aesthetics, physical, chemical and mechanical
properties. The amalgam filling materials have lost their importance because of excessive tooth
cutting, poor aesthetics and mercury toxicity [3,13]. The composite restorations are failed due
to insufficient moisture control, poor isolation, poor proximal contact, insufficient tooth-
preparation, highly sensitive nature, time-consuming and extremely expensive which hinders
their usage [14]. The glass ionomer cement is the most preferred restorative material because
of it‘s ability to release fluoride, good adhesion to tooth surface, acceptable aesthetic effects,
biocompatibility and anti-microbial properties [15,16]. These desirable properties of GIC have
been attributed to presence of ion leachable glass-powder and polymeric water soluble- acid in
its formulation [5].

The major drawbacks of glass ionomer cement (GIC) on large scale are its extensively
compromised mechanical properties and moisture sensitivity which poses a negative impact on
quality of restorative material [5]. The mechanical properties of glass ionomer cement (GIC)
that are adversely affected include toughness, wear-resistance, compressive - strength, fracture



8

strength, and tensile strength [14]. The use of glass ionomer cement filling material is greatly
limited because it cannot sustain the masticatory pressures exerted by teeth in posterior regions
of oral cavity [17]. There is an essential need to address these limitations of GIC in view of
improving shelf-life, longevity, sustainability and durability of contemporary tooth restoring
practices. Thus, glass ionomer cement can be effectively used for both short-term and long-
term restorations in dental practice only and only if their mechanical strength and properties
are enhanced [3]. In order to improve mechanical properties of glass ionomer cement, multiple
fillers have been incorporated into it such as metals and non-reactive glass particles but still,
achieving desired mechanical properties is a major challenge in field of dentistry [18]. Besides
various claims, commercial modified forms of glass ionomer cements including glass
carbomers and resin modified glass ionomer cements with improved properties have been
introduced but they produced cytotoxic side-effects [6]. Thus, these filling materials are no
more recommended and used in dentistry because of their non-biocompatibility.

Since start of this millennium, dendritic growth forms have been evidenced in fields of
nanoscience and technology. The design principles and architecture of innovative nano
materials such as carbon nanorods, nanospheres, nanotubes, and metal-Nps have changed
traditional out-look of materials in science and nano-material based products and processes
have started growing on rapid pace. The word _NANO* is derived from a greek-word _nao*
meaning —dwarf” because it works at an atomic and molecular level where size range is
between 1-100 nm [18]. In this epoch, nanotechnology has swiftly acquired significance in
different areas of basic health care and biomedical sciences. Moreover, it involves diagnosis,
treatment and prevention of dental diseases by relieving pain, preservation and improvement of
dental health with nano-materials [19]. Recently, it has been discovered that Nps incorporating
various elements can become the main feature that could enhance performance of restorative
materials by providing promising results. The incorporation of Nps in materials have
fascinatingly enhanced their certain properties such as optical, magnetic, physical, chemical,
surface energy, biological and mechanical properties. Currently, metal oxide Nps have become
focus of recent researches specifically in field of nano-technology, nano-science and material-
sciences because of their ability to control morphology, size, shape, composition and structure
of materials [20].

The Titania (TiO,.Nps) has good biological reaction with human tissues, which is the sole
reason for their utilization in medicine and dentistry with great success [21]. Additionally,
these Nps are cost-effective and highly active against various pathogenic species responsible
for oral diseases especially dental caries in teeth [8,22]. The Titania (TiO,.Nps) are considered
ideal for restorations in the oral cavity because of their compelling characteristics including:
high electrical conductivity, chemical stability, low thermal conductivity, extremely white,
increased malleability, and resistance against corrosion, scratches, wear, attrition‘s, fatigue,
erosion, adfraction and abrasion [23]. These Nps have lower tendency of allergy and toxicity
due to stability of alloy, restricted ion release and their effects [12,13,24].

Although, Titania (TiO,.Nps) are least toxic but still they pose hazardous effects in nanometer-
size [25]. The Titania (TiO,.Nps) has been declared as suspicious possible carcinogenic
compound that may be responsible for causing cancer [26]. The toxicity of these Nps depend
on multiple factors such as route of synthesis, type of Nps, surface coating, aggregation,
dissolution, interaction-mode with cells, hydrophobicity, ion-release by Nps, medium‘s pH,



9

route, concentration and time of exposure. Similarly, physical and chemical properties of Nps
are also significantly responsible for inducing toxicity e.g: charge, shape, phase, size, band gap
energy, surface morphology, texture, crystalline structure, elemental composition, functional
groups and reducing agents during synthesis [27]. Recently, different attempts have been made
to enhance mechanical strength of glass ionomer cements restorative materials by employing
commercially available Titania (TiO,.Nps). These Titania (TiO,.Nps) may be non-
biocompatible due to their size, composition, shape, phase, functional groups and route of
synthesis [28,29]. However, researches done to-date have reported that size, shape, phase-
form, and surface characteristics are principle parameters responsible for causing cytotoxicity
in Nps [30,31].

The most significant characteristic that plays key role not only in estimating toxicity of Nps but
also controlling all other properties are synthesis protocols of Nps. The most common methods
used for production of Nps are conventional (physical, chemical) and biological (microbes,
plants) methods. Previously, chemical methods involving toxic solvents were used for
synthesis of Nps which offers limitations due to high temperature and pressure, costly nature,
ecotoxicity, high-energy and environmental sustainability. Thus, synthesis of Nps by using
chemical routes is not highly recommended. The latest innovations in biosynthesis of metal
Nps point to new biotechnological procedures including natural biological resources such as
algae, plants, bacteria, viruses and fungi both intracellularly as well as extracellularly [32,33].

The biological synthesis is considered as the most suitable choice for safe production of
metallic Nps [34]. This is possible due to reason that these Nps are environmentally friendly,
biocompatible, clean, and cost-effective [35]. In recent years, microorganisms are the most
effective and eco-friendly nanofactories, with strong potential to control shape and size of Nps
[36]. Thus, research has shifted from typical conventional synthesis methods to specific
biogenic procedures, in which microorganisms can be easily used to synthesize these special
Nps. There is a lack of available data on biogenic synthesis of metal oxide Nps [37]. The
limitation of counterparty investigations is the availability of super fine dental restorative
material with desirable properties. Therefore, finding a cost effective alternative for tooth
problems has been a subject of current research in the area of dentistry. Current study was
focused to develop a smart and innovative, glass ionomer cement restorative material with
enhanced biocompatibility and antimicrobial activity to treat dental caries. The mechanical
strength and properties of newly formulated glass ionomer cement restorative material were
reinforced with Titania (Ti10,.Nps) and evaluated its suitability for possible use in future.
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Aim:

The aim of the present study was to fabricate TiO, nanoparticles by microbial, green and
electrochemical methods and their possible role in developing an innovative restorative
material for dental caries.

Objectives:

The objectives of the current study were:-

1. Synthesis of Titania (TiO,.Nps) by using Bacillus coagulans, Mentha spicata and
Conventional hydrothermal heating methods.

2. Characterization of Titania (TiO,.Nps) synthesized by Bacillus coagulans, Mentha
spicata and Conventional hydrothermal heating.

3. Evaluation of antibacterial activity of Titania (TiO,.Nps) synthesized via all these three
routes.

4. In vitro evaluation of biocompatibility of Titania (TiO,.Nps) synthesized by these three
routes.

5. In vitro evaluation of mechanical properties of innovative TiO,GIC restorative material

at different percentages to be used as perfect restorative material in clinical dentistry.



Chapter-2
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2.1.1 Source of cariogenic microorganisms:

From mother to children, establishment of oral microbiome follows vertical transmission mode
on birth and subsequently during feeding [40]. It has been witnessed that when microbial level
in mother‘s saliva reaches 105 or more CFU/ml, rate of transmission of dental caries associated
bacteria increase manifold in infants [41]. Streptococcus has been the main causative agent of
forming the biofilm for caries initiation and is found in saliva of an individual including both
adults and infants [42]. The microbiome of both adults and infants varies greatly and an
imbalance between these microbes leads onset of the disease. Generally, the oral cavity of the
infants contains Granulicatella, Neisseria, Rothia, Veillonella, Hemophilus, Gemella, Rothia,
Leptotrichia and Fusobacter. However, in adults Oribacter, Neisseria, Fusobacter,
Haemophilus, Veillonella, Actinomycetes, Lactobacillus acidophilus, Staphylococcus aureus,
Escherichia coli, Enterococcus faecalis, Enterococcus faecium, Staphylococcus aureus and
Pseudomonas aeruginosa, Candida albicans, Rothia, and Trponema species predominantly
establish colonies in the oral cavity. The transformation from healthy microbiome to the onset
of the disease has been associated with over dominance of the some pathogenic oral bacteria
following their rapid multiplication and breaking the microbial community equilibrium in the
oral cavity. Most commonly L .acidophilus, S. aureus, E. coli, E. faecalis, E. faecium, S.
aureus, P. aeruginosa, and C. albicans areconsidered as the commonly caries promoting
bacteria in the human oral cavity [8,43].

Oral cavity is composed of keratinized and non-keratinized stratified squamous epithelium on
tongue, gingiva, periodontium, tooth‘s mucosa, hard and soft palate. These places constitute
independent ecological niche that promote the development of unique microbial communities.
This microbiome changes as the environment of oral cavity alters with aging process but still
remain in stable state giving rise to microbial stability which is also referred as microbial
homeostasis. There are certain factors that cause transient alterations in the stability of oral
microbiome ecosystem such as dietary changes, temperature, salivary flow, salinity, long term
antibiotics usage, pH conditions, redox potential, exposure to oxygen and nutrients affect the
oral ecosystem resulting in accumulation of bacterial species that controls composition of
biofilm [44,45].

2.1.2 Correlation between microbial homeostasis and dental caries:

The microbial homeostasis in the oral cavity controls the integrity of host defense. The direct
relation between the oral environment and host defense is well established suggesting any
participation may lead towards the onset of the disease. Various contributing factors play role
in the changing healthy paradigm in which diet composition and salivary flow are considered
determinant [46]. The sucrose and carbohydrates in the food promotes the rapid growth of
microorganisms in the oral cavity particularly on the surfaces of teeth in the form of a oral
biofilm. In addition to the dietary sugars, various factors of the saliva also contribute in the
microbial attachment on the solid surfaces. These factors include lactoferrin, lysozyme,
lactoperoxidase, stantine, mucin, immunoglobulin‘s and praline rich glycoproteins. The rapid
microbial growth in the oral cavity, the balance between microorganisms and host defense is
lost [47,48]. Furthermore, the pH of saliva drops as a result of increased number of acidogenic
and acidophilic microorganisms on teeth‘s surface and deteriorate this situation. These
microbes produce acids such as lactic-acid, formic-acid, acetic acid and propionic-acid. These
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acids drop pH level of saliva below critical value of about 5.0-5.5 leading to demineralization
of tooth‘s enamel structure followed by remineralization [49,50]. This demineralization and
remineralization occurs in two phases: First phase of demineralization involves initial acid
attack by bacteria, proteolytic destruction of tooth, loss of calcium phosphate and carbonate
from enamel surface with formation of cavity and initiation of caries. During the second phase
of remineralization, repair and recrystallization of tooth naturally by calcium, phosphate,
proteins and fluoride present in saliva but to a lesser extent [50].

In the literature, two theories regarding dental caries has been proposed namely —Specific
plaque hypothesis” and —Non-specific plaque hypothesis”. The —Specific plaque hypothesis”
elaborates that only few microorganisms are responsible for dental caries which can be easily
controlled by preventive measures. On the other hand, -Non-specific plaque hypothesis”
concludes that mixture of heterogeneous microorganisms play dominant role in development
of caries. Eventually, the current dental caries hypothesis named as —Ecological plaque
hypothesis” has proposed that carbohydrate intake, low pH group of bacteria, S.mutans, L
.acidophilus, S. aureus, E. coli, E. faecalis, E. faecium, P. aeruginosa , C.albicans play
significant role in dental caries [8,51]. Dental caries in tooth‘s structure appear as white spot at
initial stage which turns to black/brown spot at an advanced stage [52]. The microbial flora that
establishes an acidic environment at different sites in oral cavity responsible for enhancing the
chance of cariogenicity is illustrated in Table-2.1.

Table — 2.1 Microorganisms implicated in the human dental caries.

Groups Microorganisms References

Gram Streptococcus mutans, Streptococcus mitis, Streptococcus | [53]
positive cocci | salivarus, Streptococcus sanguis, Streptococcus intermedius,
Streptococcus vestibularis, Staphylococcus aureus, Atopobium
spp, Peptostreptococcus spp, Enterococcus fecalis.

Gram Actinomyces odontolyticus, Actinomyces naeslundii, [54]
positive rods | Actinomyces viscosus, Actinomyces israelii, Lactobacillus
fermentum, Lactobacillus acidophillus, Bifiodobacterium
dentium, Propionibacterium spp.

Gram Veillonella parvula, Nesseria spp [55]
negative cocci

Gram Bacteriodes denticola, Bacteriodes melaninogenicus, [56]

negative rods . . .
Fusobacterium necrophorum, Fusobacterium mortiferum,

Escherishia  coli, Klebsiella pneumoniae, Enterobacter
aerogens, Citrobacter freundi, Pseudomonas fluorescence,
Haemophilus spp, Prevotella spp, Leptotrichia spp.

Yeasts Candida albicans, Candida tropicalis, Candida glabrata. [57]
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2.1.3 Dental plaque, quorum sensing and dental caries:

Dental plaque is one of the first structures formed on tooth surface by bacteria commonly
referred as biofilm. Biofilm has been defined as highly specialized, coordinated and well
structured aggregation of microbial communities. In the oral cavity, particularity tooth surface,
a complex polysaccharides matrix supports adhesion of microorganisms in the form of biofilm
[58]. There are two patterns of biofilms produced by microorganisms on the tooth surfaces i.e
supragingival plaque and sub gingival plaque. Former (supragingival plaque) is produced by
gram positive bacteria including Streptococcus species predominantly S. mutans, that are
involved in biofilm formation together with Streptococcus gracillis, and Streptococcus
salivarius whereasdental caries initiates with the invasion of L. acidophilus, E. coli, S. aureus,
E. faecalis, E. faecium, P. aeruginosa, and C.albicans. The later (sub gingival plaque) has been
known to be produced by gram negative bacteria such as Campylobacter, Actinobacillus,
Porphyromonas gingivalis and Fusibacterium nucleatum. It has been suggested that
supragingival microbiomes are more likely related to dental caries and subgingival microbiota
causes gingivitis and other periodontal diseases [8,59].

The development of biofilm has been carried out in three main steps; a) bacterial attachment to
the enamel surfaces b) co-adhesion, colonization, production of extracellular polysaccharides
and co-aggregation of other microorganism increasing biofilm biomass and c) detachment of
bacteria from biofilm into the oral cavity resulting in dental caries [48]. Different forces such
as Van-der Waals, electrostatic, and hydrophobic make the microorganisms adhere reversibly
to each other during formation of biofilm. This accumulation of microorganisms in biofilm is
very fast and quick eventually, leading to aggregation of new bacterial species with already
colonized microorganisms [48,49]. Recent studies have indicated that establishment of the
biofilm is based on the complex inter-species interactions and chemical communication
between oral micro biome technically referred as quorum sensing. In this process
microorganisms secretes diffusible signals —autoinducers” which causes activation of the
genetic switches by regulating the metabolic activity of cells in turn inducing the microbial
film formation with elevated virulence.

The bacteria in the biofilm have the ability to communicate with each other and regulate
metabolic processes. It has been reported that Quorum Sense (QS) signals represent signaling
pathways activated in response to cell density and also regulates biofilm formation [60,61].
Streptococcus s a metabolically diverse bacteria having excellent adaptation profile in the host
as compared to the other bacteria. Oral Streptococcus uses a small quorum sensing peptide
pheromone as a stress-induced "alarm agent" to synchronize gene expression in specific cell
populations, thereby coordinating important biological activities. [58]. Gram-positive bacteria
produce heterogeneous group of short chain peptides molecules called as auto inducer peptides
(AIPs), during quorum sensing. These peptides are ribosomal products which at the later stages
of biosynthesis undergo post-translational modifications, thus attaining activation. These
molecules are released via membrane associated ABC cassettes operated in an ATP dependent
manor [62]

With the increase in bacterial population density, the auto inducer concentration also increases
in the surrounding environment. After achieving a certain threshold level, the binding of
oligopeptides to appropriate receptor in the bacterial membrane causing activation of receptor
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kinase via phosphorylation of its histidine residue. In the next stages, phosphoryl group is
transferred from receptor kinase to activate the response regulator molecule. As a result,
activated response regulator regulates transcription of various target genes of the QS pathway.
In S. mutans, comepence stimulating peptides driven quorum sensing (CSP-QS) system has
been studied with relation to the involvement of comCDE, comAB, and comX andgenes. These
genes are linked in a series. The precursor of the peptides are encoded by comC genewhich
arefurnished and transported via ABC-transporter. The ABC membrane bounded transporter
are product of comAB gene. In addition, comDE gene is also responsible to produce a two-
component signal transduction system which initiate response upon recognition of competence
stimulating peptides in S. mutans. Next in que, ComX encodes sigma factor for the regulation
of various genes including autophosphorylation of ComE protein in collaboration with CSP
and histidine kinase receptor encoded by ComD gene. Consequently, P-ComE activates
comCDE, comAB, and comX genes and generate a positive feedback QS system. The
classification of different QS systems is based upon their underlying mechanisms and genes
involved. However, besides differences in various QS systems, the molecular machines of
these systems follow same pattern of regulation specifically in establishment of biofilm.
Figure 2.2 describes the QS system in S. mutants and its molecular switches during biofilm
formation.

Figure 2.2: QS system in the gram positive bacteria leading to the biofilm formation [63].

The microbial layer formation is a dynamic process where adhesion, growth, removal and
reattachment occurs as a response of activation of QS system in the bacteria in the oral cavity.
This biofilm flora may reach a thickness of 300-500 cells on the surface of human tooth. In
addition, mature biofilm releases single cells in a row which joins together extending the
biofilm to other parts of oral cavity. Dental plaque biofilms are potently strong enough to resist
the antibiotic penetration into them in order to inhibit adverse effects of bacteria [64].
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2.2. Contemporary approaches for the treatment of dental caries:

Human-civilizations have revealed that certain different materials including teeth, sea-shells,
gold, wood, silver and bones were mostly used in an ancient era to replace and repair living
natural tissues. Chinese used amalgam to repair lost tooth structures in 659.A.D [65]. The main
reason for restoring the tooth cavity is to seal it and facilitate mechanical removal of dental
plaque from restored tooth surface in order to prevent the further extension of dental caries
[66]. The most common types of filling materials used until start of 20" century were zinc
oxide eugenol, zinc phosphate and silicate-cement [67]. These restorative materials are utilized
in dentistry since years but none of them reached the positive perfection due to lack of their
performance properties [68]. Later on, conventional GIC filling material was introduced which
was advanced by altering the concentration and ratio of powder-liquid used in its formulation
but all the advanced forms produced certain adverse effects [1,69]. Still today, glass ionomer
cement (GIC) is highly preferred filling material because it can retain most of the desired
characteristics of filling materials required for treatment of dental caries. Therefore, this filling
material has become a sensation in modern dentistry because of the possibility of various
advancements that can be easily made into it [70]. The comparison among different filling
materials are illustrated in Table-2.2

Table-2.2: Advantages and disadvantages of different conventional restorative materials.

Conventional Advantages Disadvantages Refrences
Materials
Amalgam e Enhanced Durability. e Disruption of tooth | [71]
structure.
e Corrosion-resistant.
e Compromised
(] Easﬂy manipulated. aesthetics.
* Easily handled. e Allergic response.
e Bacterial leakage | o  Mercury toxicity.
prevention.
e Discoloration.
e Long shelf life.
e Microleakage.
e Economical.
Nickel or cobalt | e Resistance to decay. e Bad aesthetics. [72]
chrome alloys
e Long term effectivity. e Tissue irritation.
e No fracture under stress e Tooth sensitivity.
e Needs minimum tooth | ¢ Heat and cold
removal. conduction.
e Leakage resistance. e Expensive.
e Toxicity.
Glass Ionomer e Aesthetically perfect. e Enhanced roughness. | [73]
e Fluoride release for caries | ¢ Mechanical strength
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prevention.

Minimum tooth removal.
Long-term durability.
Antimicrobial effects.
Cost-effectiveness.

Easy manipulation.

Both deciduous and
permanent teeth.

deduction.

e Low antimicrobial
properties.

e Micro-leakage.
e Surface wear.

e Disintegration.

Gold alloy Decay resistance. e Yellowish color. [72]
Durability. e Tooth sensitivity.
No fracture under stress. e Highly expensive.
Good fit. e Micro-leakage.
Least tooth loss.
Ceramics Excellent resistance to | ¢ Weak material [74]
decay.
e Breaks easily
Resistant to surface wear.
e costly material.
Resistant to leakage.
e Minimal tooth
sensitivity.
Ceramic-fused Resistance to decay. e Excessive tooth | [64]
metals removal.
Durable.
e Higher cost.
No sensitivity of tooth.
Resists leakage.
Resin ionomer Good aesthetics. e Very costly. [73]
Prevents decay by releasing | ¢  Wears fastly.
fluoride.
e Enhanced toxicity.
Minimum tooth removal.
Used for primary
restoration of teeth.
Provide resistance against
leakage.
Low rate of dental
sensitivity.
Composite resin Strongly durable. e Moderate tooth- | [74,75]

sensitivity.
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e Tooth coloured. e  Most costly.
e Maximum tooth | ¢ Time dependent
preservation. shrinkage.
e No decay further. e Temperature-
sensitivity.
e Resistant to masticatory
force. e Micro-leakage  over
time.

e Enhanced
deterioration.

2.2.1 Glass ionomer cement (GIC) an ideal restorating material:
2.2.1.1 Composition:

The GIC filling material is a mixture of glass powder and ionomer acid, which is a liquid. The
composition of GIC powder and liquid ratio is listed in Table-2.3 [70].

Table-2.3: Ratio of basic powder and liquid in composition of general glass ionomer cement.

Powder Liquid

Silica - 41.9% Polyacrylic acid (Itaconic acid,maleic acid) - 40- 55%
Alumina - 28.6% Tartaric acid - 6-15%

Aluminum fluoride - 1.6% Water - 30%

Calcium fluoride - 15.7%

Sodium fluoride - 9.3%

Aluminum phosphate - 3.8

2.2.1.28tructure and setting reaction of GIC restorative material:

The main structure of conventional GIC is prepared by reaction between fluoro-aluminosilicate
glass powder and aqueous solutions of polyacrylic-acid and/or other polyalkenyl-acids. The
structure of GIC filling material is greatly affected by its setting reaction which in turn reduces
the overall strength of this filling material. The factors responsible for affecting the structure of
GIC filling includes acid-base reaction, water sorption, pH changes, too quick or too slow
hardening, long storage duration and less water during mixing. The acid-base setting reaction
takes place after mixing GIC powder and its acidic polymer liquid which decomposes the
acidic polymer and sets GIC filling material quickly [17].

The setting reaction of GIC filling material undergoes three distinct phases: Stage-1, Stage-II
and Stage-III. The decomposition of glass ionomer takes place in Stage-I in which polyacrylic
acid impregnates GIC particles and tooth substrate. The acid neutralizes and precipitates both
GIC particles and tooth substrate. As pH rises, poly acrylic acid ionizes and gets negatively



20

charged which sets up a diffusion gradient. This draws cations out of glass and tooth substrate
resulting in dissociation of polymers along with increase in viscosity (Figure-2.3 a)TheStage-II
is known as gelation and precipitation stage where pH increases and concentration of calcium,
aluminium, and fluoride increases where insoluble poly acrylate precipitate resulting in
formation of poly anions. These poly anions have carboxylate groups where cations bind them
and form a gel matrix which sets in five minutes. The GIC absorbs moisture and the moistened
chains gets degraded leading to loss of strength and mechanical properties. The GIC got
dehydrated making the cracks appear in its structure followed by porosity. The Stage-III is
referred as maturation stage which occurs after twenty four hours. The less stable calcium
polyacrylate chains are replaced by aluminium polyacrylate which allows calcium to join
fluoride and phosphate followed by diffusion in tooth. The presence of enough polysalts yields
a physically stronger matrix and vice-versa (Figure-2.3 b) [76].

Figure-2.3: Setting reaction phases of GIC filling material showing: (a) acid degradation of
alumino-silicate network, (b) setting reaction in GIC [77].

2.2.1.3 Advantages of GIC restorative materials:

The glass ionomer cements are potent dental materials clinically because they have certain
special properties that make them suitable as restorative materials and important tool for
preventing dental caries. The GIC restorative materials have additional qualities including
biocompatibility, reduced toxicity, anti-cariogenic potency due to fluoride release, adhesion to
moist tooth structure, compatibility with tooth enamel and long term sealing. Moreover, this
filling is particularly advantageous in patients with high caries index as it prevents extension of
dental caries which makes it a material of choice for restoration [78].

2.2.1.4 Disadvantages of GIC restorative materials:

There exists a chemical bond between GIC filling material and tooth structure due to presence
of phosphate ion in tooth enamel and dentin which reacts with carboxylic acids in GIC. This
chemical adhesion of GIC filling material can be strongly improved if different acids are used
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as surface modifiers especially polycarboxylic acid, citric acid and phosphoric acid. These
agents reduces the chemical adhesion of GiC filling material to tooth dentine by removing
smear layer from its surface which is a drawback and needs attention. On the other hand,
chemical adhesion of GIC filling material to tooth enamel is more stronger because of strong
interaction of polycarboxylic acid and hydroxyapatite in tooth enamel which is an advantage
[78]. The main disadvantage of GIC filling material includes its severely low mechanical
strength and toughness. Previously, a study revealed that main causes of failed fillings in oral
cavity are marginal as well as overall fracture. The basic mechanical standard properties that
determine the quality of a filling material includes its fracture strength, elastic modulus,
fracture toughness and surface-hardness. Additionally, flexural strength and compressive
strength are considered as the most important parameters to test filling material‘s strength
[79,80]. The compromised mechanical properties of GIC filling material is due to its moisture
absorbing capacity in oral cavity which is a key drawback. This moisture absorption results in
discoloration and decomposition of GIC filling material resulting in its deterioration in no time.
The mechanical properties of GIC filling material must be enhanced in order to bear great
stresses in oral cavity. There are certain qualities of GIC filling materials that make them an
ideal materials in clinical dentistry but they pose severe limitations in terms of mechanical
strength and properties to bear the masticatory loads in oral cavity without undergoing
distortion [80].

2.2.1.5 Modification of GIC filling material with resins:

The HEMA and Bis-GMA are liquid resins potent enough to improve mechanical properties of
GIC filling materials when added in small amounts. The hydrophilic resin monomer (HEMA)
when added in GIC filling material produced resin modified glass ionomer cement (RMGIC)
with certain enhanced mechanical properties [78].

The main drawback of this RMGIC filling material is its enhanced susceptibility to abrasive
wear in oral cavity due to weak filler matrix coupling which reduces the stability and durability
of this filling material. The biocompatibility of RMGIC filling material is significantly
compromised after addition of HEMA monomer as it is released in different amounts from
RMGIC filling material in first 24 hours making it cytotoxic [81]. The HEMA can absorb into
human dentin producing cytotoxic effects to dental pulp cells [82]. There is a dire need of an
ideal restorative material that should have multiple desired properties which includes
aesthetics, anti-cariogenicity, biocompatibility, cost-effectiveness, bonding and adhesion
[68,80].

2.3 Epoch of nanotechnology:

Nanotechnology has recently opened a new door for latest research which involves synthesis,
characterization and manipulation of particle‘s structure one-dimensionally in nano-scale range
of about 1-100 nanometers. The term —sano” has been taken from greek language term
—Nanos”, meaning —dwarf’ because it works at atomic and molecular level. Currently,
nanotechnology has also gained popular status in health care systems quite rapidly because of
its unique properties [83]. It is an emerging field utilized for diagnosis, treatment and
prevention of oral dental diseases with certain nano structured materials [19].
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2.3.1 Factors affecting properties of Nps:

The term "nanotechnology" was first used by Norio Taniguchi in 1974, although it had not
been widely known [4,5]. Three main components had been considered essential for defining
technology as nanotechnology [84].

1. The technology could change at the nano-scale dimensions.

2. The new fabricated structure must exhibit periodic repetition (ie, the nanoparticle should
repeat itself periodically along one or more directions)

3. Although they are found in nano-scale dimensions their innovative characteristics, features
and functions are nanometers, they should be similar to or better than the parent body.

The Nps depict advanced biological, physical and chemical properties as compared to their
corresponding bulk materials from which they are fabricated. The huge diversity in size, shape,
surface modification, morphology, chemical nature, dispersion state and dispersion medium of
Nps from micro-scale to nano-scale has further enhanced their efficacy in diagnosis, treatment
and prevention of diseases [4].

2.3.2 Classification of the Nps:

The Nps are generally classified into carbon based, organic and inorganic illustrated in Figure-
2.4. The carbon base Nps are entirely made of carbon. The organic Nps are found to be non-
toxic, biodegradable and ideal for drug delivery. The Nps that do not consume carbon during
their synthesis are called inorganic Nps such as metal and metal oxide based Nps. The metal-
oxide Nps have extraordinary properties e.g sizes (ranging between 10-100 nm), shapes
(spherical, cylindrical etc) surface characteristics (pore size, high surface area to volume ratio,
surface charge dentistry, surface charge), structures (crystalline, amorphous), color and
sensitivity to various environmental factors (heat, air sunlight, moisture etc) [85].

Figure-2.4: Classification of the Nps :(1) Organic-origin Nps, (2) Inorganic-origin Nps, (3)
Carbon origin Nps.
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2.3.3 Nano-Titania or Titania (TiO,.Nps):

Nano-Titania or Titania (TiO,.Nps) are Nps of metal oxides which exists mainly in powder or
thin film form [21]. There are four crystal forms of Titania (TiO,.Nps) which is depicted in
Figure-2.5 [86]. Under normal conditions, Titania (T1O,.Nps) are insoluble in water, and has a
high refractive index of n=2.4 thus, making them absolutely extra white with enhanced
properties [21].

Figure-2.5: Different Crystal forms and phases of Titania (TiO;-Nps).

Titanium has become material of choice as a result of its highly dominant biological [19],
dental [14,59] and mechanical properties [59]. These Titania (TiO,.Nps) are preferred due to
low toxicity, fatigue resistance, low allergic potential, potent antimicrobial properties and
above all biocompatibility. Moreover, Titania (TiO,.Nps) are naturally occurring, non-
expensive as compared to other metal-oxide Nps which are highly expensive and extensively
toxic [87,88]. These Nps possess long-terms stability, durability and are powerful to great
extent. The Titania (TiO,.Nps) are light weight having low elastic modulus and enhanced
strength [59]. The potently unique characteristics of Titania (TiO,.Nps) include their corrosion
resistance [59], highly active nature, physical and chemical stability, semi conductance and
abrasion (Scratches) resistance. In addition, pure titanium can be bent in any shape because of
its malleability which makes it a superior choice. These Nps have the capability to prevent
attrition, abrasion, erosion, wear, tooth abrasion and galvanic pain in the tooth [18]. The
Titania (TiO,.Nps) are approved by -American food and drug administration” (FDA) to be
utilized in products related to food and drugs. The Titania (TiO,.Nps) are commonly used in
various dental appliances e.g: implants, mouth washes, implants, tooth pastes, sealers,
orthodontic wires, crowns, bridges and endodontic instruments [89]. Thus, Titania (T10,.Nps)
have been highly recommended and preferred to be used in dental restorations as they can
withstand high level of mastication loads applied on the restorations in the oral cavity due to
their enhanced strength [18].

2.3.3.1. Phase-I: Synthesis protocols of the Titania (TiO,.Nps):

They are two common methods used for synthesis of Nps that are named as ni —Fop-Down
method” and Bottom-Up method” [90]. The large bulk sized materials are converted to nano-
sized particles in "Top-Down" method which includes common conventional methods such as
physical and chemical methods. The main limitation of conventional methods involve origin of
defects in surface, structure and morphology of new materials which adversely affects their
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chemical and physical properties. The small sized particles like atoms or molecules are
converted to nano-sized particles through redox reactions in "Bottom-Up" method which
involves biological routes such as biogenic and green methods. These Nps are very stable,
cost-effective and easily attained as a result of utilizing natural biological mediators such as
proteins, enzymes, phytochemical etc [91]. The schematic presentation of different routes used
for the synthesis of Nps are shown in Figure-2.6.

Figure 2.6: Schematic representation of protocol employed for synthesis of Nps [92].
(a) Conventional synthesis protocols of Titania (TiO,.Nps):

The conventional methods for synthesis of Nps are widely used but these methods also offers
limitations because of their high maintenance costs, expensive chemicals, high temperature,
high pressure, ecotoxicity, high energy, environmental sustainability, time-consuming process
and limited mass production. Currently, the main disadvantage of these Nps is their enhanced
cytotoxic effects reported by researchers [33,93].

Furthermore, chemicals used in conventional methods pose damage to environment and
eventually causing health hazards in humans reported by Boccaccini et al., in 2010 [94]. This is
possible because chemicals increase complexity of reactions and produce impurities [95].
Different conventional methods along with their advantages and disadvantages are listed in
Table-2.4.

Table-2.4: Advantages and disadvantages of different conventional methods of synthesis of
Nps.

Advantages Disadvantages Reference
Sol-gel method | e  Excellent adhesion between *High Contraction occurs. [96]
substrate and top layer. *Residual hydroxyl and
e  Protection against corrosion. carbon groups are formed.
e Sintering at low temperatures i.e *Long processing time.
200-600°C. *Fine pores

e  Simple, economical and efficient. | * Cytotoxity.
e  High purity product.

Gas *  Production of ultrafine * Need special devices. [97]
condensation nanocrystalline metals and * Extremely slow.
alloys.
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Conventional *  Substances formed are *  Highly costly [98,99]
hydrothermal unstable near melting point. equipment.

method * High quality large crystals . *  Cytotoxity.

Laser ablation * High-purity Nps production. * Need special devices. [100]

« Difficult to control size,
agglomeration, and crystal
structure.

Chemical
reduction

Cost-effective.
Good production rate.

Application of toxic
agents.

» Hazardous by product
formation.
Cytotoxicity.

[101]

(b) Biological synthesis protocols of Titania (TiO;.Nps):

Recently, environmentally friendly methods have gained more and more attention in
production of Nps. These methods are referred as biogenic and green nanotechnology which is
used to synthesize both metal and metal-oxide Nps. The microbial synthesis makes use of
variety of bacteria, yeast, and fungi while plant utilizes roots, leaves, extracts and seeds [93].

(c) Differences between conventional and biological synthesis protocols for Nps:

There are reported adverse effects of conventional methods utilized in certain medical
applications [102]. The biogenic and green synthesis protocols are extensively preferred
because of their reliability, high yield production, eco-friendly and environmentally safe nature
but above all their strong control over size, shape and morphology of newly formed Nps
[33,102,103]. The comparative differences between biogenic, green and conventional synthesis
of Nps are listed in Table-2.5 [102].

Table-2.5:Comparative differences between biogenic, green and conventional synthesis of
Nps.

Properties Conventional Biological Reference
Nature e Expensive. e Cost effective. [91]
e Toxic. e Nontoxic.
Reducing agents | Chemicals: Biomolecules: [103]
used
e Dimethylformamide, e Phenolics.
e N,N-dimethyformamide e Polysaccharides
Ethylene glycol e Flavones
e Hydrazine hydrate e TerpenoidS
e Sodium borohydride Polyol | e Alkaloids
e Sodium citrate e Proteins
e Amino acids
e Enzymes-nitrate reductase
Methodology Chemical stabiliser (surfactant) | No need to add a [104]
is added.
stabiliser (surfactant).
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Environmental |e Environmental pollution e Environmentally safe [103]
impact e Energy-intensive e No energy consumption
Antibacterial Lower antimicrobial activity | Better antimicrobial activity | [104]
activity against pathogenic bacteria against pathogenic bacteria
Stability Not stable Highly stable [91]
Byproducts Harmful by-products formed No harmful byproducts formed | [91]
formation
Biocompatible No biocompatible coating is | Biocompatible coating formed | [91]
coating formed on surface of Nps providing an
formation additional effective surface
area  for interaction in
biological environment
Process Non-economical Economical [91]

(d) Factors controlling the biological synthesis protocols of Nps:

There are multiple factors that control synthesis, characterization and applications of Nps
which involve total synthesis time, environmental conditions, temperature, synthesis protocols,
solution‘s pH, concentration of extracts and concentration of raw materials. The factors

contributing in biogenic and green synthesis are demonstrated in Figure-2.7 [102,105].

Figure-2.7: Factors controlling biogenic and green synthesis protocols of Nps [102,105].
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(i) Solution’s medium pH:

The pH of solution‘s medium used during synthesis of biogenic and green plays an essential
role in affecting their size, shape, surface and texture. Previously, significant effect of pH on
size and shape of silver (Ag) Nps has been reported by researchers [102,105].

(ii) Temperature:

Temperature of medium is also an essential parameter controlling the synthesis of Nps where
highest temperature (>350°C) is required by physical methods and temperature (below 350°C)
is used by chemical methods while ambient temperature (below 100°C) is used during biogenic
and green synthesis [102,105].

(iii) Pressure:

The pressure enforced on reaction medium has strong influence on size and shape of biogenic
and green Nps. The reduction rate of metal ions is more fast at ambient pressure due to usage
of natural biological agents in biogenic and green synthesis is an additional advantage
[102,105].

(iv) Time:

The incubation time period of reaction medium strongly influences the type and quality of
biogenic and green synthesis of Nps. Additionally, light-exposure, synthesis-process and
storage-conditions positively affects the characteristics of Nps. The long term storage of these
Nps result in particle aggregation in turn enhancing their potency and shelf life without any
adverse effects [102,105].

(v) Melting point:

The melting point of reaction medium during synthesis plays a key role in influencing the
properties of Nps especially their shape and size. The low melting point of reaction medium
indicates the conversion of Nps in range of nanometer scale. The stable Nps are formed quite
easily who display different configuration and similar energy levels. These properties in turn
adversely affect their numerous chemical properties [102,105].

(vi) Environment:

The characteristics of Nps are greatly influenced by surrounding environment as well. The
biogenic Nps are thicker and large in size due to formation of coating around them due to
oxidation or reduction reactions in their environment. These environmental reactions might be
responsible for developing potent characteristics of Nps. In a study, zinc-sulphide Nps changed
their crystalline-nature instantly with change in environment from wet to dry. In another study,
cerium-nitrate Nps changed their chemical properties when peroxide was used in their
suspension-medium [102,105].

(e) Mechanisms of biological synthesis or biosynthesis of Nps:

The mechanism behind biogenic and green synthesis of Nps has so far been seldom studied.
Similarly, Garneson et al., reported in a study that microorganisms or plants consumed in
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biogenic and green synthesis of Titania (TiO,.Nps) being in-expensive are easily and readily
available, grown easily and safely operated [106]. The microorganisms are easily available
from air, soil, food crops and water while, plants are taken from soil in different seasons. Thus,
phytochemicals produced by plants and enzymes or proteins secreted by microorganisms lead
to production of relatively high quality of Nps [107].

(i) Proposed mechanisms of bacteria-derived biogenic synthesis of Nps:

Bacteria synthesizes Nps either by extra-cellular methods or intra-cellular methods. The extra-
cellular methodology constitutes of enzyme secretion, bio-reduction and capping of Nps where
nitrate-reductase is well known for playing the key role in synthesis. The intra-cellular
methodology comprises of trapping, bio-reduction and capping of Nps through ion-
transportation, electrostatic interactions between metal ions and microbial cells for
synthesizing Nps [108]. The recommended method for synthesis of Nps is extra-cellular due its
convenient and cheap availability, easy purification and down-streaming as well as less time-
consuming protocols as compared to intra-cellular synthesis as shown in the Figure-2.8 [18].

Figure-2.8: Extracellular and intracellular synthesis of Nps [20].

The bacteria is considered as momentous candidates for synthesis of metallic Nps as a result of
their higher capability of reducing metal ions, high growth rate, flexibility, cost-effectiveness,
large-scale production, biocompatibility, easy manipulation, culturing and handling properties
[109,110]. This is due to reason that bacteria have developed certain defense mechanisms
including extracellular precipitation, intra-cellular sequestration, metal ion concentration
changes and efflux pumps which enhance their efficiency for synthesis [111]. Additionally,
they have adopted certain activities of complex formation, dissimilar oxidation, precipitations
as well as reduction of metal ions so as to combat the metal toxicity on large scale [111]. The
NADH- dependent nitrate reductases solely play a notable role in bio-reduction of metal ions
to produce metallic Nps due to their capability of transferring electrons to and / or from metal
ions. This enzyme transfer allows only one electron from NADH to metal atoms for oxidation
or reduction purpose. Bacteria synthesize Titania (TiO,.Nps) in two different steps: In first
step, metal ions are captured inside bacteria or outside on its surface while in second step,
enzymatic action reduces the arrested TiO, metallic ions into metal Nps through NADH
(nicotinamide adenine di-nucleotide). The metal ions in solution enter inside bacteria and break
into titanium anions (Ti*) and titanium cations (Ti*"). The release of electron (§) from NADH
occurs by reduction and it becomes NAD. This electron (&) is taken by titanium cations (Ti*")
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involving microbes is cheap, eco-friendly, simple, fast, with antibacterial activity and anti-
biofilm formation [113]. Furthermore, it is easy and highly reproducible as it does not require
expensive chemicals, high temperature and pressure. This biogenic synthesis technique is
simple with significantly enhanced multiple advantages [114]. This biogenic synthesis of
Titania (TiO,.Nps) from different microbes is listed in table-2.6.

Table 2.6: Titania (TiO,.Nps) synthesized from different microbial species.

S.no | Bacterial species Shape Size (nm) | Characterization Ref
Bacillussubtilis Spherical 11-32nm SEM, TEM [115]
2. Lactobacillus sp. Spherical ~24.6nm | SEM, TEM [116]
Propionibacterium jensenii | Spherical 15-80 FSEM [117]
4. Aeromonashydrophilia Spherical 28-54 XRD, and SEM [118]
Bacillus subtilis Spherical 10-30 FTIR, UV, XRD and | [119]
SEM, TEM.

(ii) Proposed mechanisms of plant-derived biological synthesis of Nps:

Different plant species exhibit different mechanisms when synthesizing Nps. The reduction
ability of plants as well as reduction potential of ions play key role in production of Nps which
further depends on type and quantity of biomolecules present in plants. The mechanism of
fabrication of metallic oxide Nps by plants and their extracts is more complex as well as not
fully understood. It is observed that generally, three phases are involved in synthesis of
metallic Nps from plants. The activation phase involves bio-reducing metallic salts and ions by
phytochemicals present in plant extract. The nucleation of already reduced metallic ions takes
place in this phase. The growth phase comprises of spontaneous combining of larger and
smaller Nps. The Ostwald ripening process is responsible for this purpose. The termination
phase incorporates final shaping of metallic Nps. The newly formed Nps attain thermodynamic
stability. This phase is strongly influenced by ability of plant extracts to stabilize metal Nps.
The mechanism of green synthesis is displayed in Figure-2.717 [120].

These three phases greatly affect characteristics of newly formed Nps such as increased
duration of growth phase results in aggregation of Nps with irregular shape. The high surface
energy exhibited by Nps make them less stable. The possible mechanism of bioreduction by
titanyl hydroxide was investigated by Nasrollahzadeh and Sajadi illustrated in Figure- 2.11
[121]. They confirmed that hydroxyl group of phenolic substances present in root extract of E.
Heteradena Jaub has reduced Ti(OH), to Titania (TiO,.Nps). There is close interaction of
phytochemicals with its relevant sites because polyphenols may be adsorbed on surface of Nps,
during green synthesis. The bimolecular components such as polyphenols, flavonoids,
terpenes, alkaloids, polysaccharides and heterocyclic compounds play an important role in
reducing, capping, stabilizing, and preventing aggregation of highly mono-dispersed Nps.
These biomolecules can coat Nps efficiently thereby, inducing strong synergistic effects in
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biomedical applications [122]. The schematic diagram revealing the synthesis of Nps with the
help of plants is given in the Figure-2.11.

Figure-2.11: Mechanisms for the synthesis of Titania (TiO,-Nps by plants).

The possible chemical reaction for the synthesis of Titania (TiO,.Nps) by plants is given in the
Figure-2.12.

Figure-2.12: Possible chemical reaction mechanism of Titania (TiO,.Nps) synthesis [121].

Previously, Titania (TiO,.Nps) produced from leaf extract were elaborated as cheap, time-
saving, environmentally friendly and simple. Therefore, green synthesis of Titania (TiO,.Nps)
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is considered as safe, eco-friendly, and energy-saving [123]. Many plants and their extracts
have been used to synthesize various shapes of Titania (TiO, Nps) listed in table-2.7.

Table2.7: Titania (TiO,.Nps) synthesized from different plants species.

Ser | Plant Shape Size(nm) Characterization Ref

1. Azadirachta indica leaves Spherical | 25-87 FSEM [124]
2. Psidium guajava leaves — 32.58 FSEM [125]
3. Vitex negundo linn leaves Spherical | 26-35 TEM [126]
5. Orange peel extract Spherical | 20-50 SEM [127]
6. Trigonellafoenum-graecum L. Spherical | 20-90 HR-SEM [128]

They are four possible drawbacks with green synthesis utilizing plants which are as follows:
Firstly: plant extracts are isolated from plants which are collected in different seasons from
different geographical locations. This influences composition of plant extracts and alters its
characteristics such as size, shape, morphology and properties of Nps. Secondly: leaf extract is
rich source of metabolites such as, phenols, amides, flavones, ketones, carboxylic acids, sugars
aldehydes, ascorbic acids and terpenoids. These components reduce metallic salts to metallic
Nps. These phytochemicals work efficiently individually, additionally and synergistically.
These phytochemicals are present in large amounts which makes these Nps poisonous [129].

Thirdly: The amino-acids i.e peptides cannot undergo complete bioreduction of metal ions to
their metal Nps. This is due to two reasons: (i) Metal ions induces very strong chelation of
peptides which inhibits their bio-reduction by reducing amino acids.(ii) Peptides weakly bind
to metal ions due to proline, leucine & phenylalanine in their composition. These plant
metabolites are not effective in reducing tetra-chloroauric acid anions, because they cannot
retain metal ions close to reduction areas and sites. Metal ions are not reduced properly and
desired yield couldn‘t be obtained. Fourthly: The amino acid sequence of proteins affect shape,
size, morphology and number of newly-formed Nps. The C-terminal and N-terminal amino
acid residues in peptide will slowly reduce metal ions to metal Nps thus, slowing down
reduction reaction. The formation of large sized Nps adversely affects their characteristics and
total yield ultimately [130]. These might be responsible for producing cytotoxic effects in
plants.

2.3.3.2. Phase-1I: Standard Characterization techniques of Titania (TiO;.Nps):

The characterization of Titania (TiO,.Nps) is carried out by different characterization
techniques atomic-force microscopic analysis, UV/VIS Diffuse reflectance spectroscopic
analysis , scanning electron microscopic analysis, elemental composition analysis, X-ray
diffraction spectroscopic analysis, dynamic light scattering analysis and fourier transform
infrared spectroscopic analysis. These techniques are used to depict size, shape, texture, phase
form, structure, surface morphology, surface roughness, chemical composition, functional
groups and compounds [131].




33
2.3.3.3 Phase-III: Antimicrobial activity of Titania (TiO,.Nps):

The Titania (TiO,.Nps)have shown potent antimicrobial, antifungal, antiviral and antiparasitic
activities. This may be possible due to their better efficacy and negligible side-effects [132].
The Titania (TiO,.Nps) have demonstrated antimicrobial activity against pathogenic micro-
organisms responsible for causing dental caries [26]. The Titania (TiO, Nps) have displayed
significant antimicrobial activity against both gram-negative as well as gram-positive bacteria
[133]. The cell walls of both Gram-positive and Gram-negative bacteria have negative charge
whereas metal Nps have positive charge on them. It is speculated that this feature affects
interaction between bacterial cell wall and Nps or ions released from them. Thus, this
interaction between negative (bacterial cell wall) charge and positive (metal Nps) charge
facilitate entrance of released ions from metal Nps into bacterial cells resulting in destruction
of pathogenic bacteria [16].

The mechanisms responsible for exhibiting antibacterial activity in Nps is (i) destroying the
integrity of bacterial cell membranes, (i1) inducing oxidative stress through free radical
formation , (iii) mutagenesis, (iv ) Protein and DNA damage, (v) inhibition of DNA replication
by binding to DNA, and (vi) respiratory chain damage . The Titania (TiO,.Nps) mainly trigger
production of reactive oxygen species (ROS) against pathogenic microbial cells and eventually
kills them [91,134]. The mechanism adopted by the Nps for the antimicrobial activity is given
in Figure -2.13.

Figure-2.13: Mechanism showing the antimicrobial activity of the Titania (TiO; Nps) [134]

Both biologically and conventionally synthesized Titania (TiO,.Nps) kill microorganisms but
better antibacterial activity is perceived by biologically synthesized Nps. Their excellent
antibacterial potential is attributed to capping agent provided by microbes and/or plant extracts.
Moreover, microbially synthesizedTitania (TiO,.Nps) have potent anti-microbial activity as
compared to plants. This is possiblebecause of significant differences in chemical composition
of same plants collected from habitats in different regions thereby, producing differences in
results [135]. The anti-microbial activity of metal oxide Titania (Ti10,.Nps) against different
pathogens is listed in Ttable-2.8.
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Table-2.8: Antimicrobial activity of Titania (TiO,.Nps) against various pathogens.

Target Organisms Size (nm) Shape and phase Reference

S.pneumonia, S. aureus, 6nm, Spherical [136]

B.subtilis, P.vulgaris, E. coli, 25.8nm,33nm | Anatase, Rutile,

P.aerugonisa, C.albicans mixed Anatase-Rutile

E. coli 10-25 Spherical [137]
Anatase

F. coli 10-25 Spherical [138]
Anatase

P. aeruginosa 10-25 Spherical [139]
Anatase

Fusobacterium nucleatum 10-70 Spherical [136]
Anatase

Bacillus subtilis 10-25 Spherical [138]
Anatase

Aquatic Biofilm 11-32nm Spherical [115]
Anatase

S. aureus, E. coli ~24.6 nm Spherical ~ Anatase- | [116]
rutile

S. aureus, E. coli 15-80 Spherical ~ Anatase- | [117]
rutile

S. aureus, S. pyogenes 28-54 Spherical Anatase [118]

P. aeruginosa 10-30 Spherical [119]
Anatase

S.typhi, E. coli, K. pneumoniae | 25-87 Spherical Anatase- [124]
rutile

S. aureus, E. coli 32.58 Spherical Anatase- [125]
rutile

S. aureus, E. coli 26-35 Spherical Anatase [126]

S. aureus, E. coli and P.|?20-50 Spherical Anatase [127]

aeruginosa

S. aureus, B.subtilis, P.vulgaris, | 20-90 Spherical Anatase [128]

C.albicans, P.aerugonisa, E.

coli, E. faecalis, S. facalis, Y.

enterocolitica, K. pneumoniae

(a) Factors Affecting the Anti-microbial Activity of Titania (TiO,.Nps):

The multiple powerful activities of metal-oxide Nps are possible only because of their
exceptional physical, biological and chemical properties [140]. The important properties
contributing to enhanced anti-microbial activities include concentration, surface morphology
[141], structure, shape, size and interaction pattern of Nps with surface of micro-organisms
[91,134].

(i) Size & concentration:

The effects of size and concentration have been analyzed in many different types of metal-
oxide Nps. The large-sized Titania (TiO,.Nps) (particle size: 62-74 nm) reported maximum
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antimicrobial activity as compared to small-sized nanoparticles (particle size: 21 nm) against
pathogenic microorganisms [142].

(ii) Chemical composition:

The metal-oxide Nps show enhanced antimicrobial qualities because chemical composition is
the basis for various activities. Therefore, titanium oxide, silicon oxide and zinc oxide Nps
revealed 90% antimicrobial activity against various micro-organisms [143].

(iii) Shape:

The shape of metal oxide Nps also displayed great impact on antimicrobial activity as reported
in a previous study [144].

(iv) Target microorganisms:

The metal-oxide Nps have shown significant anti-microbial activity against both gram-negative
and gram-positive bacteria [145]. The zinc oxide Nps revealed strong anti-microbial activity
against both gram positive and gram negative bacteria [143].

(v) Synthesis methodology:

The synthesis methods have great impact on anti-microbial activity of metal-oxide Nps. The
biologically synthesized Nps have potent anti-microbial activity as compared to Nps
synthesized by conventional methods that utilize toxic stabilizing agents during their synthesis,
thereby rendering less antimicrobial activity [32,33].

(vi) Phase form:

The 100% pure anatase Titania (TiO,.Nps)produced by various methods depicted better anti-
microbial activity in comparison to the mixed antase-rutile phases and pure rutile phases. This
is possible to the highly active and reactive nature of the anatase phase in comparison to the
rutile phase which is more stable comparatively thus, reduces the antimicrobial activity [136].

2.3.3.4 Phase-1V: Biocompatibility of Titania (TiO,.Nps):

The Nps can enter the body through four distinct routes such as: skin, lungs, oral cavity and
gastrointestinal tract. The cells and tissues of these human organs maintain a continuous
contact with external environment. The Nps can enter human body through ingestion,
inhalation and skin. After entering the human body Nps pass through circulatory and lymphatic
systems. Eventually these Nps reach distinct human organs and tissues where they are
adsorbed e.g: brain, bone-marrow, spleen, heart, kidney, liver, kidney, and nervous system.
Thus, poor absorption of Nps in these human organs contribute to reduced biocompatibility
[146].

There is an urgent need to evaluate human health and environmental safety regarding use of
Nps. The biocompatibility of commercial Nps including silica, titanium oxide, silver,
chrysotile and carbon nanotubes have been studied where these Nps have shown cytotoxicity
in different cell-lines. There is dire need to investigate the toxicity before utilizing them
biomedical implications [147]. These Nps are toxic to human tissues and cell-culture, leading
to inflammatory cytokine production, increased oxidative-stress, and cell-death. The Nps may
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also cause DNA mutations which will induce major structural damage to mitochondria
eventually, leading to cell death [148]. Certain different Nps with their purpose, advantages
and toxic effects are listed in Table-2.9.

Table 2.9: Purposes, advantages and toxic side effects of different Nps.

Material Purpose of use Advantage of this material Toxic side effects Referen
name ce
Carbon e Tooth-filling. e Large surface-area. e  High reactivity. [149]
nanotubes e Tooth-coating. | e Active agent. e Inflammation.
e Easy tooth adherence. e  Fibrotic reactions.

e  Cross membrane barriers.

o Toxic (size & shape based).
Graphene . Teeth- e Cost-effectiveness. e Toxic (shape & size based). | [150]

coating,. e  Fracture-resistant. e  Oxidative stress.
o Implantation. | ¢  Proper crystal lattice. e  Metallic impurities.
o Biofilm e  Treat bacterial biofilm.
reduction.
Hydroxyapa | ¢ Reduce o Easy tooth | ¢  Protein-particle complexes | [151]
tite (HAp) | Hypersensitiviy. integration. killed by macrophages in

e Tooth-filling. | e Similar tooth & bone tissues.

e Retard composition. e Dispersion into  lungs,
auxiliary J Biocompatible spleen, and liver by blood.
demineralizatio | e Tooth enamel | ® Inflammatory responses.

n. adsorption. e Oxidative stress.
e Repair enamel. | o Enamel protective | ®  Signalling pathway damaged
layer. .
o Periodontal e Severe toxicity .
reformation.
Zirconia e Reduced tooth- | e Similar  mechanical | e  Substantial DNA damage in | [151]
bacterial properties human T-cells.
adhesion. . Aesthetics. e  Apoptosis.

e Anticariogenic. | e Low cytotoxicity. e Ilinhibition of cell

e  Effective . Slightly proliferation in various cell
polishing biocompatible. lines.
agent. o High fracture | ®  Cellular oxidative stress .

resistance. e  Cell death.
e  Cross physiological barriers
and produce adverse effects.
Silica e  Tooth filling. e Slightly Biocompatible. e Toxicity (Entry route and | [152]

e Tooth e Low toxicity . physio-chemical characters
polishing. e Low density. dependent).

e Anticariogenic. |  Significant adsorption | ® Silicosis.

e  Antibacterial. ability. e Lung cancer.

e  Prevent e  Cost-effectiveness. e Severe cytotoxicity.
hypersensitivit | ¢ Reduced tooth surface | ® Oxidative stress.

y. roughness . e Apoptosis (size & dose

dependent).

e Several genotoxicity &
immunotoxicity.
DNA damage.

e Gene Irregulation.
Autophagy.

Silver e Antimicrobial . | ¢ Inhibit bacterial | ¢ Cytotoxicity. [153]
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Restorative colonization. e Argyria.
material. e Easy bacterial penetration | ¢ Excessive ROS .
Dental . e Oxidative stress.
prosthetic. e Slightly biocompatible. e  Genotoxicity.
Dental implant. | ¢ Long-term  antibacterial | o Lysosomal AcP activation.
activity. e Actine disruption.
¢ Hemocyte phagocytosis.
e Na-K-ATPase inhibition.
TiO, Nps Antimicrobial |e Long term effect on | e Toxicity depends on route
agent. dental implant. of exposition method of
Restorative Surface modification. synthesis &
material. e  Less bacterial adhesion. physicochemical
Dental e Improved hardness characteristics.
prosthetics. strength. e  (ause cancer.
Reduced tooth- | ¢ Biocompatible. Cytotoxic effects of different
bacterial e Low-toxic effect. concentrations (1-20)
adhesion . e Chemically stable. mg/cm’ after oral
Provide o Low density. administration.
protection e  Cost-effective. e  Allergic reactions.
against dental | 4 Strong antimicrobial | ®©  Capturing & absorption of
caries. activity . Ti02 from GIT into blood,
Bleaching e  Enhanced mechanical different internal organs, ar}d
agents. properties. urine resulting in
Dental e  Extraordinary cytotoxicity.
implants. functionality.
Orthodontics. |4 | ong term stability.
e  Durability.
e  Fatigue resistant.
e High mechanical [154,
resistance. 155]
e Corrosion and  wear
resistance.
e Low thermal
conductivity.
e High electrical
conductivity.

Versatile & adaptable
material due to its

strength and lightness.
Large  spectrum  of
activity against
microorganisms

including Gram-negative
and Gram-positive
bacteria and fungi.
Scratch &  abrasion
resistant.

(i) Mechanism of toxicity of the Nps:

The diversity in physical and chemical parameters of metal-oxide nanoparticle play key role in

developing toxicity which includes particle-size, shape, morphology, crystalline structures,
phase form, surface area, routes of synthesis, element composition, functional compounds,
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texture, surface-coating and functionalization. Similarly, different factors responsible for
promoting toxicity of nanoparticle promote toxicity involve oxidative stress, inflammation,
chemical reactions, genetic damage which leads to inhibition of cell-division followed by cell-
death [30,31]. The reactive oxygen species (ROS) and free radicals produced during oxidative
stress is associated with cytotoxicity of metal-oxide nanoparticle. Subsequently, this causes
damage to proteins, membranes and DNA of cells. Previously, various researches reported
cytotoxic effects of Titania (TiO,.Nps) by overproduction of reactive oxygen species (ROS)
(such as O (superoxide anion), OH (hydroxyl radical) and H,O, (non-radical hydrogen
peroxide)) with increased protein, lipid, and DNA peroxidation leading to cell death [156].

(ii ) Properties of Nps causing toxicity:

There is strong direct relationship between physical and chemical properties of nanoparticles
and cytoxicity. The dominant properties responsible for causing cytotoxicity are size, shape,
structure, surface morphology, texture, surface roughness, phase form, chemical composition,
synthesis protocols, dose, concentration, crystalline structure, functional compound, surface
coating, functionalization and aggregation [157,158].

(a) Dose-dependent toxicity:

The dose of Nps is directly related to cytotoxicity of these Nps. The genotoxic and cytotoxic
effects of mixed anatase-rutile phased Titania (TiO,.Nps)were reported with the increase in
dose concentrations [159]. Previously, a study revealed cytotoxic effects of Titania (TiO,.
Nps)when exposed to large-sized Nps (80-110 nm diameter) at different doses [160].

(b) Size-dependent toxicity:

Size has been considered as one of the most important parameter responsible for inducing toxic
effects. There exists a strong direct co-rrelation between Titania (TiO,.Nps)size and level of
DNA damage [157,158]. A study conducted by Savi. et. al. confirmed the severe toxic effects
of large sized Titania (TiO,.Nps) (< 50nm) when administered in single low dose ( 2mg/kg)
[161]. In another study, Titania (TiO,-Nps) in small size (20-30nm) did not produce any toxic
effect [162].

(c) Surface area-dependent toxicity:

Toxicity is greatly affected by crystalline structure, surface-area, and chemical composition.
The smaller sized Nps have greater surface-area coming in contact with the cell surfaces that
might lead to production of reactive oxygen species (ROS), oxidation [163], and DNA damage
that might reduce the cell viability.

(d) Shape-dependent toxicity:

The shape of Nps also play a dominent role in determining their toxicity. There exists a direct
co-relation between shape of NPs and cytotoxicity [163]. Different shapes of Nps display
different cellular uptake, subcellular localization and production of reactive oxygen species
[164]. Previously, researchers revealed that non-spherical nanoparticle (rod-shaped particles) is
more cytotoxic as they are easily and quickly absorbed on cell surfaces in comparison with
other Nps (spherical-shaped particles) [165].
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(e) Crystalline structure-dependent toxicity:

The Titania (TiO,.Nps)have anatase, rutile and brookite phases in their basic crystal structures
and debye scherrer‘s formula displays its crystalline size which is smaller than its particle size.
The chemical reactivity of anatase is high as compared to other phases [166]. A study reported
that mixed anatase-rutile phase resulted in severe cytotoxic reactions resulting in apoptosis and
oxidative stress [167]. In another study, pure 100% anatase Titania (TiO,.Nps)reported slight
induction in the cytotoxic effects [168]. The commercially available Titania (TiO,.Nps)having
large percentage of anatase (P-25 73-85% anatase, 14-17% rutile and 2-13% amorphous) were
responsible for producing cytotoxic effects [169].

(f) Surface coating and functionalization:

The Nps without surface coatings result in initiation of toxicity after coming in contact with
cells. Still, even less harmful particles can also be converted to highly toxic by using different
techniques.The utilization of surfactants to form surface-coatings for Nps can greatly change
their physical and chemical properties leading to cytotoxicity [170]. The reactive oxygen-
species (ROS) are produced due to oxygen, oxygen free radicals and transition metals [163] on
surface of Nps which causes inflammation. Previously, a study concluded that cytotoxicity of
Nps is due to reactive oxygen species and surface free radicals [160].

(g) Routes of synthesis:

The route of synthesis of Nps is responsible for rendering them cytotoxic on larger extent.
Certain synthesis pathways play an important role in toxicity of Nps. The conventional
synthesis methods of Titania (TiO,.Nps) require expensive and toxic chemicals whereas
biological synthesis methods involve simple eco-friendly routes which show multiple
advantages over conventional methods [171,172]. It is also worth knowing that formation of
anatase or rutile phase is affected by synthesis conditions [91].

2.4 Phase-1V: Mechanical strength and properties of GIC restorative material:

Although conventional Titania (TiO,.Nps)in GIC restorative material might have increased
antimicrobial activity along with mechanical properties to some extent but might become
responsible for producing cytotoxicity with the passage of time. The possible reason might be
the nano-size of titanium oxide which have reported unknown hazardous side-effects [25].
Furthermore, previously a research concluded that titanium oxide is a possible carcinogenic
compound in when used in Nps form. Currently, conventional Titania (TiO,.Nps)have been
classified as suspicious substances that cause cancer [21].

According to literature there are many combinations of conventionally available Titania (TiO,.
Nps) used in dental field. The researchers named Schmalz and Browne reported that
biocompatibility of dental materials must be performed in oral environment to confirm that
there is no adverse reaction of dental material because these materials are used in oral cavity
and toxicity could be the only reason for their non-biocompatibility. Currently, glass ionomer
cement (_GIC*) is one of the most successfully running restorative material in smart clinical
practice [173]. The problems associated with GIC restorative material is its compromised
mechanical strength and physicochemical properties in addition to water moisture with passage
of time which adversely affects its durability and shelf life [15,16]. The incorporation of
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conventional Titania (TiO,.Nps) in GIC restoration enhanced the mechanical strength and
physicochemical properties but induced pro-inflammatory effects in oral cavity [174]. This
pro-inflammatory effect in oral cavity due to TiO,GIC restoration might lead to cytotoxicity
with passage of time.

Table-2.10: Effect of the incorporation of various Nps on the mechanical strength of GICs.

Nanoparticle Strength Type Effect Significance References
Type
Zinc oxide Nps Compressive strength | No effect with 3 | -No improvement in | [175]
& Shear Strength wt% mechanical
characteristics
- Not suitable for
restorations
Zinc oxide Nps Flexural strength No effect with 5 |- No improvement | [176]
wt% in mechanical
characteristics
- Not suitable for
restorations
Ytterbium Compressive strength | Decreased with 1 |- No improvement | [177]
fluoride and wt% in mechanical
characteristics
barium sulphate - Not suitable for
restorations
TiO, Nps Flexural strength and | Increased with 3-5 | - Improvement in | [178§]
wt% mechanical
Compressive strength characteristics
Decreased with 7 | . Quitable  for
wt%o restorations
Chlorhexidine Diametral tensile | Decreased with 10— | - No improvement | [179]
strength 20 wt% in mechanical
Hexameta characteristics
- Not suitable for
phosphate Nps restorations
24.1 Vicker’s micro-hardness analysis of Titania (TiO;.Nps) in GIC restoration

(innovative TiO,GIC):

The most important test used to evaluate of resistance of material‘s surface to penetration of
load is commonly referred as Micro hardness testing [180]. Several studies have been
conducted to investigate micro hardness of GIC restorative material containing Titania (TiO,.
Nps). In an in vitro study, it has been revealed that GIC restorative material incorporated with
conventional Titania (TiO,.Nps) have significantly increased Vicker‘s micro-hardness as
compared to GIC restorative material without Titania (Ti0,.Nps) [18,181].
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2.4.2 Compressive strength analysisof Titania (TiO;.Nps) in GIC restoration (innovative
TiO,GIC):

The most important masticatory forces in oral cavity are compressive forces which are
investigated by compressive strength analysis [180]. The compressive strength of 125 Mpa and
100 Mpa can withstand masticatory forces in adult and prime posterior dentition. The
mechanical properties of GIC restorative material modified with conventional Nps have been
investigated on large extent. Previously, several researchers reported an increase in GIC
restorative material incorporated with conventional Titania (TiO,.Nps) in comparison to GIC
restorative material without Titania (TiO,.Nps) [18,181]. The compressive-strength of different
types of GIC restorative materials modified with conventional Titania (TiO,.Nps) has
increased to a great extent but toxicity may occur in these modified restorative materials in oral
cavity. This might be due to utilization of conventional Titania (TiO,.Nps) that are synthesized
by conventional processes.

2.4.3 Flexural strength analysis of Titania (TiO;.Nps) in GIC restoration (innovative
TiO,GIC):

The strength of GIC filling material can be best tested with the help of flexural strength
analysis. It is considered as an appropriate method of testing strength of filling materials
reported by Prosser H. et. al. Various researchers concluded that flexural strength of GIC
restorative material incorporated with conventional Titania (TiO,.Nps) has shown significant
improvement in comparison to conventional GIC restorative material without Titania (TiO,.
Nps) [182]. However, there is a need to conduct more researches regarding flexural strength of
GIC restorative material modified with Titania (TiO,.Nps) to ensure their biocompatibility in
oral cavity.

2.4.4 Shear bond strength analysis of Titania (TiO,.Nps) in GIC restoration (innovative
TiO,GIC):

The structure of tooth and chemical bonding between them plays a significant key role in
affecting bond strength of different components of tooth such as enamel and dentine [183].
Multiple studies have been carried out to estimate both enamel and dentine shear bond strength
of tooth with GIC restorative material modified by incorporating conventional Titania (TiO,.
Nps). The improvement in shear-bond strength of both enamel and dentin portions of tooth
with GIC restorative material containing conventional Titania (TiO,.Nps) was revealed as
compared to GIC restorative material without Titania (TiO,.Nps) where shear bond strength
was low [181,116]. The structure of tooth and chemical bonding between them plays a
significant key role in affecting bond strength of both enamel and dentine [183]. The enamel
has increased bond strength as compared to dentine.This is because enamel is outer most part
of tooth with higher surface energy. This leads to increased chemical bonding between enamel
and TiO,GIC restorative material leading to enhanced shear bond strength. Similarly, dentine
is inner part of tooth having lower surface energy [184]. The declined chemical bonding exists
between dentine and TiO,GIC restorative material leading to lower shear bond strength in
comparison to enamel. The enamel is outermost hardest part of tooth which is more
extensively exposed to harsh oral environment as compared to dentin, thereby requires further
researches to be carried out in order to increase shear-bond strength of tooth enamel to GIC
restorative material with Titania (TiO,.Nps) to withstand excessive distortive forces in mouth.
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2.4.5 Spectrum mapping and surfacemorphologyof Titania (TiO,.Nps) in GIC restoration
(innovative TiO,GIC):

There are two standard methods for analyzing the surface morphology of tooth enamel and
dentin. These methods include qualitative and quantitative analysis where, performance of
qualitative analysis by scanning electron microscope, and quantitative analysis by energy
dispersive X-ray spectroscopy with spectrum mapping has been carried out [185].



Chapter-3
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Materials and methods

The current study was designed for producing Nps and their applications in the dental
restorative materials. The following describes overall study design, protocols of experiments
and analytical tools used in this research. The study was conducted in the Department of
Microbiology, Quaid-I-Azam University, Islamabad, Pakistan Institute of Engineering and
Applied Sciences, Islamabad and National Institute of Health, Islamabad, Pakistan.

Study design:

Figure 3.1: Methodology of the current study.
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Figure-3.2: Graphical abstract of the current study.
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3.1 Phase-I: Synthesis of Titania (TiO;.Nps):

The Titania (TiO,.Nps)were prepared by Bacillus coagulans in order to compare their efficacy in
relation with the conventional methods. The schematic representation of the synthesis of
Titania (TiO,.Nps) by biogenic method using Bacillus coagulans is given in Figure-3.3.

Figure-3.3: Schematic representation elaborating the synthesis of Titania (TiO,.Nps) by

Bacillus coagulans.
3.1.1 Synthesis of Titania (TiO>-Nps) by Bacillus coagulans:

The experimental techniques used in present work comprised of Titania (TiO,.Nps)synthesis
by using Bacillus coagulans (Accession No:ATCC®7050™, Catalog No: 0596P Thermo Fisher
Scientific, USA) taken from the National Institute of Health (NIH), Islamabad.

3.1.1.1 Preparation of bacterial Inoculum:

The Bacillus coagulans strain was freshly cultured on nutrient agar plates and incubated for 24
hrs in an incubator under 37°C. After that, 100 mL of the nutrient broth was prepared by
mixing strains of freshly cultured Bacillus coagulans into Erlenmeyer flask. The flask was then
incubated for the next 24 hours by placing them in shaking incubator (Memart, Germany) at
28°C and 150 rpm. After that, all content of flask was subjected to centrifugation at 10,000
rpm for 10 min in order to obtain the cell free filtrates.

3.1.1.2 Biosynthesis of Titania (TiO;.Nps):

The supernatant was separated and 20 mL of 00.025 M Ti(OH), solution (American Elements,
10884-Weyburn Ave, Los Angeles, CA, USA) was added to the 80 mL bacterial culture solution
and it was heated on steam bath up to 60°C for 20 min until white deposition started to appear
at the bottom of flask, indicating the initiation of transformation, followed by formation of
Titania (TiO,.Nps). The culture solution was cooled and allowed to incubate at room
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temperature in laboratory ambience. After 12—48 h, culture solution was observed to have
distinctly markable coalescent white clusters deposited at the bottom of flask [186].

3.1.1.3 Harvesting of final product Titania (TiO,.Nps):

Finally, solution containing Titania (TiO,.Nps) was passed through centrifuge machine
(centrifuge model MOD-800) twice so as to get completely pure Titania (TiO,.Nps) without
any sort of impurity left. After passing through centrifuge machine (Healtho, centrifuge model
MOD-800 Beijing, China) ampules containing water solutions were kept still in stand to allow
Titania (TiO,.Nps)to settle down. When Titania (TiO,.Nps) settled down in ampules water
solution was thrown and these Nps were collected. These Titania (TiO,-Nps) obtained were
eventually, annealed in furnace (thermo electron LED GmbH, HERAEUS ACUTHERM, D-
83505, langenselbold, Germany) for 2 hours at 80°C for proper drying. After drying, Titania
(TiO,.Nps)were calcinated in furnace at 500°C for 3 hours to attain fine powdered form of
Titania (TiO,.Nps).

3.1.2 Synthesis of Titania (TiO,.Nps) by Mentha spicata plant:

The Titania (TiO, Nps)were prepared by Mentha spicata in order to compare their efficacy in
relation with conventional methods. The schematic representation of synthesis of Titania
(TiO,.Nps)by green method using Mentha spicata is given in Figure-3.4.

Figure-3.4: Schematic representation elaborating synthesis of Titania (TiO,.Nps)by Mentha
spicata plant.
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3.1.2.1 Preparation of Mentha spicata powder:

Fresh Mentha spicata leaves were collected and then washed firstly with normal water to
remove dust particles. Then, they were washed with distilled water to remove any other
impurity. Leaves were kept at normal room temperature for drying. After few days they got
dried and were crushed in powder form with the help of grinder. Following grinding, they were
passed through 20 mesh sieve or whatmann N-1 filter paper so that very fine powder was
obtained eventually [187].

3.1.2.2 Preparation of plant extract:

1 Mg of dried, finely ground plant powder was weighed in weighing balance (Lambart, Kern &
Sohn Traders Model: BM-320, Germany) and was dissolved in 100 mL of distilled water in
flask. The biomass and distilled water in flask was shook vigorously to get uniform mixture of
plant extract solution (liquid form). Then, plant extract solution was heated and boiled at
100°C for 10 minutes as boiling helped in disintegrating cell wall of plant due to which
biological agents came out. After 10 minutes, mixture in flask was left to cool down for some
time. Then, mixture was passed through whatmann N-1 filter paper to get the biomass-free
pure plant extract solution and stored at 4 °C.

3.1.2.3 Preparation of Ti (OH),stock solution:

1 ml of Ti(OH),(American Elements, 10884-Weyburn Ave, Los Angeles, CA, USA) was measured
and then added into 80 ml of distilled water in flask. Then, solution was shaken vigorously to
get Ti(OH), properly and completely dissolved in distilled water to get a Ti(OH), salt stock
solution. Afterwards, 20 ml of biomass free pure plant extract solution prepared initially was
added to Ti(OH), salt stock solution.

3.1.2.4 Preparation of Titania (TiO;.Nps):

This finally prepared solution in flask constituting of 20 mL plant extract solution and 80 mL
Ti(OH), salt stock solution was heated at 80°C for 30 minutes at 800rpm.Color changes were
observed i.e from green to milky white. After 24 hours, solution was washed repeatedly with
water and ethanol to remove any impurity if available.

3.1.2.5 Harvesting of the final product:

Finally, solution containing Titania (TiO,.Nps)was passed through centrifuge machine
(Healtho, centrifuge model MOD-800 Beijing, China) twice so as to get completely pure
Titania (TiO,.Nps)without any impurity left. After passing through centrifuge machine,
ampules containing water solutions were kept still in a stand to allow the Titania (TiO,.Nps)to
settle down. When Titania (TiO,.Nps)settled down in ampules, water solution was thrown and
these Nps were collected. These Titania (TiO,.Nps)obtained were finally annealed in furnace
(thermo electron LED GmbH, HERAEUS ACUTHERM, D-83505, langenselbold, Germany)
for 1 hours at 100°C for proper drying. These Nps were then calcinated at 500 °C for 3 hours
to get fine powdered form [187,188].
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3.1.3 Synthesis of Titania (TiO,.Nps) by Conventional hydrothermal heating method:

The Titania (T10,.Nps) were prepared by Conventional hydrothermal heating methods in order
to compare their efficacy in relation with biological methods. The schematic representation of
synthesis of Titania (T10,.Nps)by Conventional hydrothermal heating method (Figure- 3.5).

Figure-3.5: Schematic representation elaborating synthesis of Titania (TiO;-Nps) by
Conventional hydrothermal heating.

3.1.3.1 Preparation of TiCl, stock solution:

I mL TiCly salt (Sigma-Aldrich, Merck KGaA, Darmstadf, Germany) was taken and then dissolved
in 100 ml of de-ionized water to make 1 molar salt solution of TiCl, .Then, 1 molar solution of
TiCly salt was put in flask and placed on hot plate (WITEG. Model: MSH-
20A.P/N:DH.WMHO03120,MA, Burma). Metallic stirrer was put in flask for uniform mixing.
Then, flask containing Ticly salt solution was heated at 100°C until, precipitates of Titania
(TiO,.Nps)were obtained. Heating was continued until color of solution containing Titania
(TiO,.Nps)was changed initially from black to dark purple. After sometime, it changed its
color to blue and then finally, to white which confirmed the presence of Titania (TiO,.
Nps).These Npswere filtered with help of whatman N-1 filter paper using deionized water.

3.1.3.2 Harvesting of the final product:

Finally, Titania (TiO,.Nps)were repeatedly centrifuged with de-ionized water and ethanol until
white jelly like cake was formed.

3.1.3.3 Calcination of Titania (TiO;.Nps) :

The harvested product was in the form of jelly like cake that was then placed in heating oven at
110 °C for 2 hours in order to get powdered form of the final product. This heating completely
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dried jelly like cake which was calcinated at 500°C for 3 hours into fine powdered form Titania
(TiO,.Nps)with help of morter and pestle [189].

3.2 Phase-II: Standard Characterization of Titania (TiO;.Nps):

Characterization of Titania (TiO,.Nps)synthesized by different routes i.e microbe (Bacillus
coagulans), plant (Mentha spicata) and chemical (Conventional hydrothermal heating) methods
were individually characterized by utilizing standard protocols. The characterization of these
different types of Titania (TiO,.Nps) was conducted with X-Ray powder diffraction analysis
(XRD), UV-VIS diffuse reflectance spectroscopic analysis (DRS), atomic force microscopic
analysis (AFM), scanning electron microscopc analysis (SEM), energy dispersive x-ray
spectroscopic analysis (EDX), fourier transmission infrared spectroscopic analysis (FTIR),
dynamic light scattering spectroscopic analysis (DLS) and Raman spectroscopic analysis
[131,186,187]. The antimicrobial activity of these synthesized Titania (TiO,.Nps) was carried
out by agar disc diffusion test [187]. The biocompatibility of these Titania (TiO,.Nps)was
scrutinized by MTT assay to check cell viability % (cytotoxicity) of Nps exposed to fibroblast
cell lines [8]. The regime of characterization of Titania (TiO,.Nps)synthesized by Bacillus
coagulans, Mentha spicata and Conventional hydrothermal heating is listed in Figure-3.6.
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Figure-3.6: Characterization techniques performed for Titania (TiO,.Nps) synthesized by
Bacillus coagulans, Mentha spicata and Conventional hydrothermal heating.

3.2.1 XRD analysis of Titania (TiO,.Nps) for crystalline size and phase:

X-ray powder diffraction analysis was carried out by using XRD diffractor (DP-MAXZ 2400/
Diffractometer, Rigaku Corporation, Akishima, Tokyo, Japan) to identify the crystalline size and
phase form of Nps. Measurements were established at room temperature hence utilizing the
current of 150mA and voltage of 40 kV at angles of 20 i.e 20°- 80° having step size= 0.02°,
nickel filtered Cu Ka; (A = 1.54, A) radiation and solid state germanium detector with cooled
liquid nitrogen. The Joint Committee Powder Diffraction Standards Card; (JCPDS) was used
to formulate and compare spectral plots for data analysis [187,188].

3.2.2 DRS analysis of Titania (TiO,.Nps) for confirmation of crystalline size :

UV-Vis Diffuse reflectance spectrophotometer (Perkin Elmer, UV/VIS/NIR Spectrometer
Lambda 950 Waltham, MA, USA) was used to detect the crystalline size of Nps by calculating
their band gap energy in the reflectance mode and confirmed the formation of Titania (TiO,-
Nps) at wavelength range between 200-800 cm™ [186,187].

3.2.3 AFM analysis of Titania (TiO.Nps) for size shape and surface topography :

The size, shape and surface topography of Titania (TiO,.Nps)samples prepared by three
different methods was studied by using atomic force microscopy (Quesant Universal SPM,
Ambios Technology, Santa Cruz, CA,USA) which was then evaluated by AFM images using
software (Nanoscope, Illa, Digital Instruments). The suspensions of Titania (TiO, Nps)were
prepared by dissolving 1mg of Titania (TiO,.Nps)in Iml of ethanol. One drop from each
suspension of Titania (TiO,.Nps)was placed on glass slide and dried by evaporation. Once
dried, Titania (TiO,.Nps) on glass slab were covered with another glass slab and placed under
cantilever tip of AFM to generate topographic map for each and every sample. [186,187].

3.2.4 SEM analysis of Titania (TiO,.Nps) for particle size and shape:

Scanning Election microscope (Nova nanosem 430; Fei company 4022 261 49391-S column
F&G stron prep, Hillsboro, OR, USA) was employed to detect particle shape, size and
morphology of Titania (Ti10,.Nps) synthesized by Bacillus coagulans, Mentha spicata and
Conventional hydrothermal heating methods. The suspensions of Titania (TiO,.Nps)were
prepared by dissolving 1mg Titania (TiO,.Nps)in ImL of ethanol for all types. After
sonicating, suspensions of Titania (TiO,.Nps)for 15 minutes, a drop from each type of
suspension was placed on carbon stub and dried by evaporation. After drying, Titania (TiO».
Nps)on carbon stub were sputter coated for Iminute in sputtering coater machine (Emitech,
ks550x,USA). SEM was performed at different magnifications in order to perceive
morphology [186,187].

3.2.5 EDS analysis of Titania (TiO;.Nps) for elemental composition:

Energy dispersive x-ray spectroscopic analysis (nova nanosem 430; fei company, 4022 261
49391-S column FEG Siron Prep, Hillsboro, OR, USA) was done for elemental compositional
analysis of Titania (TiO,.Nps)prepared by Bacillus coagulans, Mentha spicata and
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Conventional hydrothermal heating methods. The EDS helped to identify particular elements
along with their atomic and weight percentages. The EDS generated x-ray spectrum in entire
scan area of SEM and energy of x-ray was characteristic of element from which x-ray was
emitted [186,187].

3.2.6FTIR analysis of Titania (TiO,.Nps) for the presence of functional groups:

FTIR (JASCO FT/IR-6600, Ultrech-Amsterdam, AMS, Netherlands) analysis was carried out to
ascertain the functional groups present in the Titania (TiO,.Nps)synthesized by three different
methods such as Bacillus coagulans, Mentha spicata and Conventional hydrothermal heating.
These functional groups were recorded in the range of 400-4000cm™ to identify chemical
compounds present on the surface of the Titania (TiO, Nps)[186,187].

3.2.7 DLS analysis of Titania (TiO;.Nps) for the hydrodynamic size in suspension:

DLS (Zeta sizer-nano Z-S Apparatus, ZEN-36000, Malvern panaLytical, Malvern-UK) was used to
confirm the hydrodymic size of Nps in the suspension at submicron level less than Inm. The
hydrodynamic size of Titania (T10,.Nps)synthesized by Bacillus coagulans, Mentha spicata and
Conventional hydrothermal heating were carried out [186,187].

3.2.8 Raman analysis of Titania (TiO,.Nps) for size and shape:

The phase form and size of the Titania (TiO,-Nps) by raman spectroscopy (MST- 4000A, DONGWO,
OPTRON, Gyeonggi-do, Korea) was conducted between 200 cm™ and 800 cm™ [190]. There are six
main peaks for distinguishing the phase form in raman active modes including 1 peak at A, 2 peaks at
Bi, and 3 peaks at E,. The presence of three peaks i.e 1 peak at A,,,1 peaks at By, and 1 peak at
Ejconfirms the phase of Nps. The active modes of B;, peak represents symmetric bending, E, peak
shows symmetric stretching and A, elaborates O-Ti-O anti-symmetric bending vibration in its
spectrum.The large particle size of Nps shows reduced intensity of raman peak and vice versa [191].

3.3 Phase-11I: Determination of antimicrobial activity of Titania (TiO,.Nps) for zone of
inhibition:

The antimicrobial activity of Titania (TiO,.Nps)synthesized by Bacillus coagulans, Mentha
spicata and Conventional hydrothermal heating was carried out by standard agar disc diffusion
test [187]. The schematic representation of antimicrobial activity of Titania (Ti10,.Nps) is
illustrated in Figure-3.7.
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Figure:3.7: Representation of agar disc diffusion test to investigate the zone of inhibition
Jormed by Titania (TiO;.Nps) against dental caries promoting pathogenic bacteria.

3.3.1 Agar disc diffusion test:
3.3.1.1 Preparation of media:

1.5 gm of agar was added to 100 ml of distilled water in flask to prepare nutrient agar media.
The solution in flask was vigorously shaken and then glucose was added to it. The mouth of
flask was tightly closed with thick cotton pellet and then covered with aluminum foil. This
media was sterilized in an autoclave for about 45 minutes followed with cooling at room
temperature. When media was properly cooled then, about 15-20 mL of it was poured into
petri dishes in a laminar flow. The petri dishes were kept and allowed to cool down so that
media could undergo solidification [187].

3.3.1.2 Analysis of antimicrobial activity:

Antimicrobial property of Titania (TiO,.Nps)was carried out by utilizing agar disc diffusion
analysis. This procedure was carried out against certain caries promoting bacteria including
both gram positive as well as gram negative bacteria such as E. coli (ATCC®35218™), L
.acidophilus (ATCC®314™), E. faecalis (ATCC®29212™), E. faecium (ATCC®51559™), S.
aureus (ATCC®25923™) and P. aeruginosa (ATCC®27853™). These bacteria were cultured by
using Lysogenic broth agar medium. Freshly prepared overnight bacterial culture was utilized
and 15 mL of Lysogenic broth agar was poured in disposable petri dishes which were initially
autoclaved. Bacterial cultures were spread uniformly on petri dishes. The Titania (TiO,.
Nps)synthesized by three different routes were diluted in PBS solution at concentration of 1mg
/ ml and was placed in sonicator for 15 minutes to get uniformly mixed stock solutions of
different types of Titania (TiO,.Nps). Then, Whatman filter paper was cut into small rounded
shape to form 3mm diameter discs, which were dipped, in each type of prepared Titania (TiO,.
Nps)stock solutions. All these three filter paper discs of about 3mm in diameter carrying
different types of Titania (TiO,.Nps)were placed in petri dish containing LB agar along with
one filter paper dipped in water used as a control group. These three different types of Titania
(TiO,.Nps)on filter paper discs were tested against the aforementioned caries promoting
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pathogenic bacteria. The tests plates containing different types of Titania (TiO,.Nps)were
incubated at about 37 °C for at least 24 hours. The result was predicted by measuring zone of
inhibition in mm or cm to find out type of Titania (TiO,.Nps) that had the most enhanced
antimicrobial activity [187].

3.4 Phase-1V: Testing of Biocompatibility of Titania (TiO,.Nps) for cell viability %:

The biocompatibility (cell viability %) testing of Titania (TiO,.Nps)synthesized by Bacillus
coagulans, Mentha spicata and Conventional hydrothermal heating was carried out by
standard MTT assay test [192]. The schematic representation of biocompatibility (cell viability
%) analysis of Titania (TiO, Nps)is illustrated in Figure-3.8.

Figure-3.8: Schematic representation of MTT assay for biocompatibility (cell viability%)
analysis against Titania (TiO;_Nps) synthesized by Bacillus coagulans, Mentha spicata and
Conventional hydrothermal heating .

3.4.1 Biocompatibility (cell viability %) assessment

3.4.1.1 Cell culture:

3.4.1.1.1 Cells utilized in the current study:

Cells utilized in the current study were L929 mouse fibroblast, purchased from American Type
Culture Collection (ATCC, Manassas, VA, USA) [193]. These cell lines were obtained through
the National Institute of Health (NIH), Islamabad.
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3.4.1.1.2 Preparation of cell culture:

Cell culture is a technique used to investigate the characteristics and properties of alive cell
lines which can‘t be performed in a living creature..929 mouse fibroblast cells obtained from
NIH institute were placed in flasks and were maintained in standard culture conditions i-e
DMEM (Dulbeccos Modified Eagle‘s medium, USA) supplemented with 10% fetal bovine
serum (HyClone Lab, Logan, Utah), 100ul/mL penicillin, 2.5ug/ml streptomycin for complete
removal of cryoprotective DMSO-dimethyl sulfoxide (Sigma, Prod.No.D2650, USA). The
cells were regularly monitored every 24 hours. The culture media was changed regularly twice
a week and were incubated in a humidified atmosphere of 5% CO, at 37°C [193].

3.4.1.1.3 Determination of cell splitting:

The splitting was initiated when cells in flask were multiplied and absence of any bacteria,
virus or fungus was determined. After cultured cells were allowed to proliferate, their
adherence at a logarithmic phase was detached by a process called trypsinization (0.02%
trypsin in 0.25% EDTA) [194]. The cells were microscopically observed that they had splitted
from base and floated.

3.4.1.1.4 Cell culturing in standard 96-well plate:

The cells were counted in hemacytometer after trypsinization. When cells reached a certain
amount of number the cell suspension was made in 10% DMEM containing 1 x 10" cells.
Then, 100 pL was taken and seeded in each well of standard 96-well plate used. Again, seeded
96-well plate was incubated for 24-48 hrs (Depends on type of cell) with 5% CO, in incubator
at 37°C. After this, 96-well plate was then examined by an inverted microscope to observe the
culture confluency [193].

3.4.1.2 Preparation of Titania (TiO,.Nps)stock solution and serial dilutions of low and high
dose:

Different types of Titania (TiO,.Nps)prepared by Bacillus coagulans, Mentha spicata and
Conventional hydrothermal heating methods were added as 1mg/ml concentration of stock
solution for each type of Titania (TiO,.Nps). These three types of Titania (TiO,.Nps)were
placed in sonicator for about 15 minutes so as to get uniformly mixed stock solutions of Titania
(TiO,.Nps). The pipette was used to take out 4 x 10~ ml from Img/ml TiO, stock solution and
poured into 8 ml PBS (0.5 ug/8ml) to make high dose serial dilution of initial concentration for
all types of synthesized Titania (TiO,.Nps).Other low serial dilutions for all types of
synthesized Titania (Ti0,.Nps) were prepared from 4 ml PBS (0.063pg/4ml, 0.125ug/4ml and
0.25ug/4ml). The low and high dose of serial solutions for synthesized Titania (TiO,.Nps)
from all the three routes was illustrated in the table-3.1[193]. The working solution of this
concentration was prepared by using the following standard formula:

C]XV]: C2 X V2

Where,

C,= Concentration of Stock Solution.
C,= Concentration of Serial Dilution
V= Desired volume of Stock Solution.
V,= Desired volume for Serial Dilution
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Therefore, the calculations were done by:-

c, W
V1= 2 ¥z
cl

This formula was valid and used when required dose was in molar units or in g/ml. The PBS
solution was used to prevent removal of porphyrin from cultured cells. All the required stock
solutions and serial dilutions for different types of Titania (TiO,.Nps)utilized in this
experiment were freshly prepared just 3 hrs prior to the initiation of experiment to avoid any
bias.

Custom protocol for Molarity calculations of Titania (TiO;.Nps)from mass & Volume:

Mass = 0.005 grams

Formula weight (daltons) = 79.87

Volume = 5 milliliter

Molarity = 12.5203 milliliter

Calculate serial dilution using = Initial concentration and dilution factor
Stock solution name = TiO,

Diluent name = PBS

Concentration of stock solution = 1 mg/ml
Serial dilution initial concentration = 0.5 pg/ml
Dilution factor =2

Final volume for each dilution =4 ml

Number of dilutions = 4

Table-3.1: Custom protocol for preparation of low and high dose serial dilutions of TiO;
with PBS solvent.

Dilutions | Stock solutions of TiO,. Nps(ml) | PBS (ml) | TiO; (ng/ml)
1 4 x 10-3 (from 1 mg/ml stock) 8 0.5

2 4 (from dilution 1) 4 0.25

3 4 (from dilution 2) 4 0.125

4 4 (from dilution 3) 4 0.063

3.4.1.3Analysis of MTT assay for cell viability % (cytotoxicity):

The cells were cultured in 96 well plates at density of 45000 cells/ml cells per well in 200 pl
culture medium. The cells were exposed to Titania (TiO,.Nps) after 70-80% of confluence.
Finally, cultures were exposed to TiO; extracts i.e 50 ul/well. This means that 50ul/well from
all the serial dilution concentrations (0.063ug, 0.125ng, 0.25ug and 0.5pg)from all types of
Titania (TiO,.Nps)prepared were poured in columns of 96-well plate directly. Water was used
as control group and was also poured in columns of 96-well plate. The 28 microliters of MTT
dye 2mg/ml was added to each well, and plates were incubated at 37 °C in 5% COy/air for 2
hours. The medium was then carefully removed, and purple products were dissolved in 130uL
dimethyl sulfoxide (DMSO).The plates were shaken for 10 min [195] to prevent the Nps from
interfering with this assay. After incubation period, fluorescence of each well was measured at
wavelength of 490nm with a fluorescence reader BIORAD (Thermo Fisher New York USA).
Three different readings for each sample was recorded [192].
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The mathematical equation used to calculate cell viability was given as follows [196];

Cell viability % = Mean Optical Density of Test Group x 100%
Mean Optical Density of Control Group

The cytotoxicity of Titania (TO,.Nps) was categorized as: noncytotoxic (cell viability: >90%);
mildly cytotoxic (cell viability: 60-90%); moderately cytotoxic (cell viability; 30-60%) and
severely cytotoxic (cell viability: 30%-less) [197].

3.5 Phase-V: Determination of mechanical strength and properties of GIC restorative
material:

3.5.1 Standard composition of conventional GIC:

Glass-ionomer cement (GICs) mainly composed of a basic glass powder and an acidic polymer
which would set by an acid-base reaction between these components [196]. The standard
commercial brand composition of GIC used is listed in table-3.2.

Table-3.2: Standard composition of glass ionomer cements filling material.

Powder Liquid

Silica - 41.9% Polyacrylic acid (Itaconic acid, maleic
Alumina - 28.6% acid) - 40-55%

Aluminum fluoride - 1.6%

Calcium fluoride - 15.7% Tartaric acid - 6-15%

Sodium fluoride - 9.3% Water - 30%

Aluminium phosphate - 3.8

3.5.2 Preparation of different combinations of GIC and Titania (TiO,.Nps):

The conventional GIC filling material was purchased from local vendor of Islamabad. The
group divisions, group compositions of different synthesized Titania (TiO,.Nps)and company
name of commercial GIC filling material is shown in Table-3.3[197].

Table- 3.3: Group names and compositions of TiO,GIC cement samples pertaining different
concentrations.

Ser | Group divisions Group Compositions | Company name

1 Control group (E-1) GIC + 0 wt% TiO, Universal Restorative Cement-2
2 | Experimental group (E-2) GIC + 3 wt% TiO, Universal Restorative Cement-2
3 Experimental group (E-3) | GIC + 5 wt% TiO; Universal Restorative Cement-2
4 | Experimental group (E-4) | GIC + 7 wt% TiO, Universal Restorative Cement-2
5 | Experimental group (E-5) | GIC + 10 wt% TiO, | Universal Restorative Cement-2

3.5.3 Concentration of Titania (TiO;.Nps)in GIC restorative material:

The different concentrations of Titania (TiO,.Nps) and GIC filling material employed in the
current study are shown in table-3.4.All different concentration of Titania (TiO,.Nps) and GIC
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powder (GC universal restorative cement 2) were vigorously mixed in vortex for at least
complete one minute so as to get precise measurements [198].

Table-3.4: Standard mixing of different concentrations of GIC and Titania (TiO;-Nps)to
make TiO,GIC powder.

Ser | Group GIC Powder | Titania (TiO,.NPs) | Total
percentages Concentration | concentration Concentration of
TiO,GIC

1 E-1 (0% TiO,GIC) | 5 gm 0% w/w (0 gm) 5 gm Ti0,GIC

2 E-2 (3% TiO,GIC) | 5 gm 3% w/w (0.15 gm) 5.15 gm TiO,GIC

3 E-3 (5% TiO,GIC) | 5 gm 5% w/w (0.25 gm) 5.25 gm TiO,GIC

4 E-4 (7% TiO,GIC) | 5 gm 7% w/w (0.35 gm) 5.35 gm Ti0,GIC

5 E-5(10% TiO,GIC) | 5 gm 10% w/w (0.50 gm) 5.50 gm TiO,GIC

3.5.4 Mixing of Titania (TiO;.Nps)with GIC Cement:

The Titania (TiO, Nps)synthesized by Bacillus coagulans, Mentha spicata and Conventional
hydrothermal heating were obtained as white powder. The balancing machine (Sigma-Aldrich,
St. Louis, MO, USA) was used to get accurate measurements of different concentrations of
Titania (TiO,.Nps)and GIC powder. The TiO,GIC powder at different concentrations was
mixed with mortar and pestle to get a uniform mixture.

3.5.4.1 Sample size distribution for mechanical strength and properties testing:

A total of 250 samples having different concentrations of Titania (TiO,.Nps)were used testing
of mechanical properties. The groups included were conventional control group E-1 (0%
TiO,GIC), experimental group E-2 (3% TiO,GIC), experimental group E-3 (5% TiO,GIC),
experimental group E-4 (7% TiO,GIC) and experimental group E-5 (10% TiO,GIC) having
n=10 in each group is shown in Table-3.3. These prepared samples were used for testing
micro-hardness (n=10), flexural strength (n=10), compressive strength (n=10) and shear bond
strength to enamel (n=10) and dentin (n=10) component of tooth structure shown in Table-3.5.
The surface morphology of these samples (n=10) was tested under SEM after the compressive
strength testing was done.

Table 3.5: Sample size distribution for mechanical strength testing (N = 250).

Flexural Compressive | Shear Bond Strength Micro-
Strength Strength and | Epnamel Dentin hardness
SEM
Groupl=10 Groupl=10 Groupl=10 Group1=10 Group1=10
Group 2=10 Group 2=10 Group 2=10 | Group 2=10 | Group 2=10
Group 3=10 | Group 3=10 Group 3=10 | Group 3=10 | Group 3=10
Group 4=10 Group 4=10 Group 4=10 | Group 4=10 | Group 4=10
Group 5=10 | Group 5=10 Group 5=10 | Group 5=10 | Group 5=10
50 50 50 50 50
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3.5.4.2 Basic regime for mechanical strength and properties testing:

The basic regime for carrying out different tests for enhancing mechanical strength of
concentrations of TiO,GIC is shown in Figure-3.9.

Figure-3.9: Schematic representation of mechanical properties testing of innovative
TiO,GIC restorative material synthesized by Bacillus coagulans at different percentages.

3.5.5 Evaluation of mechanical strength and properties of TiO,GIC cement samples at
different concentrations:
3.5.5.1 Preparation of mould:

Electronic vernier calliper (NSK, Tochigi, Japan) was used for accurately measuring
dimensions of Metal moulds prepared for testing hardness of TiO,GIC powder used as filling
material in common dental practices. The metal mold of about 9.5X1mm was prepared for
testing Vicker‘s micro-hardness, Flexural strength, Compressive strength, and Surface
morphology (scanning electron microscopy). The metal blocks of 4x4 x Imm were made for
carrying out shear bond strength on both enamel and dentin portions of tooth [198].
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3.5.5.2 Preparation of sample:

Ti0,GIC cement circular samples measuring 9.5 x 1mm (n=50) for all different concentrations
i.e groups such as conventional control E-1 (0% TiO,GIC), experimental group E-2 (3%
Ti0,GIC), experimental group E-3 (5% TiO,GIC), experimental group E-4 (7% TiO,GIC) and
experimental group E-5 (10% TiO,GIC) were made in Metal molds according to
manufacturer‘s instructions. All concentrations of powder samples were mixed with poly-
acrylic acid to get soft and creamy mixture which was loaded into cylindrical metal mold. The
hardened TiO,GIC cement circular blocks (9.5XImm) of different concentrations were
obtained after sometime which were removed from metal mold. Then, these different
concentrations of TiO,GIC samples were placed in epoxy mounting die to carry out cold
mounting of these samples at room temperature for about 20-30 minutes to get completely
dried TiO,GIC cement samples.The silicon carbide paper grits of different sizes (1000, 2400
and 4000) and diamond pastes of 1-6 microns was used in grinding machine (PN:
z101244575.4 Nanjing: Scientific, Instrument Measurement & Control Co; Ltd, China) to carry
out smothering and polishing of samples. The total of 50 samples were made ready to perform
Vicker‘s micro-hardness test out of which, 10 TiO,GIC cylinders belonged to conventional
control group E-1 (0% TiO,.Nps), 10 TiO,GIC cement samples of experimental group E- 2
(3% TiO,.Nps), 10 TiO,GIC cement samples of experimental group E- 3 ( 5% TiO,.Nps), 10
TiO,GIC cement samples of experimental group E- 4 (7% TiO,.Nps) and 10 TiO,GIC cement
samples of experimental group E- 5 (10% TiO,.Nps) [198].

3.5.5.3 Testing of Vicker’s micro-hardness of TiO;GIC cement samples at different
concentrations:

The ISO: 9001:2008 certified diamond Indentor having 300 gm or 3N force was used to
Perform Vicker‘s micro-hardness test on prepared cicular blocks. The Vicker‘s hardness tester
(Model: 401 Mud, S/N: 414, Wolpertw group, Atlanta, USA) was used. The Vicker‘s hardness
tester was attached to a microscope (Nikon- 514770, Tokyo, Japan) for complete visualization of
indents as well as diagonal lengths such as d1 and d2. The 3 indentations on each specimen
were employed for 15 seconds. The Vicker‘s micro-hardness test is utilized under ISO 9917-
1:2007 and preferred because it can measure errors more accurately even on small and rounded
surfaces [198].

3.5.5.4 Testing of compressive strength of TiO;GIC cement samples at different
concentrations:

The two flat metal disks in universal testing machine (Shenzhen SANS: testing machine co;
Ltd,. Tokyo, China) was used for compressive strength testing, of prepared TiO,GIC cement
samples at all different concentrations. These TiO,GIC cement samples were subjected to
compressive load at cross speed of about Imm/min mpa. This load wasn‘t stopped for a
moment and was continued to apply till entire TiO,GIC cement samples broke. This procedure
was repeated for all 10 TiO,GIC cement samples at different concentrations and finally results
and measurements were recorded and obtained [198].
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3.5.5.5 Testing of flexural strengthof TiO,GIC cement samples at different concentrations:

The TiO,GIC circular blocks (9.5 x Imm) of different concentrations such as as conventional
control group E-1 (0% TiO,GIC), experimental group E-2 (3% TiO,GIC), experimental group
E-3 (5% Ti0O,GIC), experimental group E-4 (7% TiO,GIC) and experimental group E-5 (10%
Ti0,GIC) were used for flexural strength testing having n= 10 for each group. The three points
bending was performed in Universal Testing Machine (Shenzhen SANS: Testing machine Co;
Ltd. Tokyo, China)to test flexural strength of prepared TiO,GIC cement samples. Then, each
prepared TiO,GIC cement sample was placed in cylinder having opening of about 10 mm in
diameter. Afterwards, total load with slow increase at cross speed of Imm/min mpa was
applied and ensured. When TiO,GIC cement sample broke and divided into two completely
equal parts, load application was immediately stopped.This procedure was repeated for all 10
TiO,GIC cement samples at different concentrations and finally results and measurements
were recorded and obtained [198].

3.5.5.6 Testing of shear bond strength of TiO,GIC cement samples at different
concentrations:

100 freshly extracted, human anterior teeth were stored in 0.1% thymol solution and were used
for measurement of shear bond strength to both enamel and dentin part of the human tooth.
The teeth for enamel and dentin shear bond testing were mounted in the epoxy resin. These
teeth were divided into 10 different subgroups i.e 5 for measuring enamel bond strength with
conventional control group E-1 (0% TiO,GIC), experimental group E-2 (3% TiO,GIC),
experimental group E-3 (5% TiO,GIC),experimental group E-4 (7% TiO,GIC) and
experimental group E-5 (10% TiO,GIC) and in same manner they were divided into 10
different subgroups for measuring dentinal bond strength with conventional control group E-1
(0% TiO,GIC), experimental group E-2 (3% TiO,GIC), experimental group E-3 (5%
TiO,GIC),experimental group E-4 (7% TiO,GIC) and experimental group E-5 (10%
TiO,GIC). Each subgroup of both enamel and dentin contained 10 teeth each initially these
samples of TiO,GIC cement samples at different concentrations i.e 0% TiO,GIC, 3%
Ti0,GIC, 5% TiO,GIC, 7% TiO,GIC, and 10% TiO,GIC, for testing both enamel and dentin
shear bond strength were fixed in depoxi steel resin (magic depoxi steel) after labeling them.
These TiO,GIC cement sample blocks of about 4x4 x1mm at different concentrations were
developed in metal mold as per manufacturer‘s recommendations. The enamel labial surfaces
of all teeth were properly finished and polished with 400 and 800 silicon carbide abrasive
paper in metallographic polishing machine (PN: z101244575.4 Nanjing: Scientific, Instrument
Measurement & Control Co; Ltd, Tokyo, China). Following, this all 4x4xImm blocks of
different concentrations of TiO,GIC cement samples were attached to enamel labial surfaces of
all teeth and cleaned in an ultrasonic cleaning machine (Branson; Smith Kline Company; C.A,
USA) for at least one minute is this was carried out for enamel bond strength testing.

The labial surface of tooth was reduced to almost 1.5 mm with high speed diamond bur to get
dentine part of tooth. Then, tooth surface was prepared, finished and polished with 400 as well
as 800 silicon carbide abrasive paper in metallographic polishing machine having a frequency
converter (PN: z101244575.4 Nanjing: Scientific, Instrument Measurement & Control Co; Ltd,
Tokyo, China). Then, all 4x4 x1mm blocks of different concentrations of TiO,GIC cement
samples were attached to dentinal surfaces of all teeth and cleaned in an ultrasonic cleaning
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machine (Branson; Smith Kline Company; C.A, USA) for at least one minute. The shear bond
strength testing for both enamel and dentine was held in Universal Testing Machine (Shenzhen
SANS: Testing Machine Co; Ltd, Tokyo, China) with cross speed of Imm/min mpa which
meant that all TiO,GIC cement sample blocks at different concentrations were attached to
enamel and dentin surfaces which were held tightly in mounting jig prepared. Then, force was
applied at interface of TiO,GIC cement sample blocks attached to both enamel and dentin,
using metal pin. After application of force, all TiO,GIC cement sample blocks got detached
from dental surfaces of both enamel and dentin. The bond between TiO,GIC cement sample
blocks and dental surfaces (both enamel and dentine) broke at interface followed by stopping
the force ultimately. Finally, all details were recorded and measured. [198].

3.5.5.7 Scanning electron microscopic analysis and spectrum mapping for compositional
analysis of TiO,GIC cement samples at different concentrations:

The broken parts of TiO,GIC cement sample blocks (9.5x1 mm) for all different
concentrations of groups such as conventional control group E-1 (0% TiO,GIC), experimental
group E-2 (3% TiO,GIC), experimental group E-3 (5% TiO,GIC), experimental group E-4
(7% Ti0,GIC) and experimental group E-5 (10% TiO,GIC), after compressive strength testing
were finished as well as polished with 400; 1000; 1500; silicon carbide abrasive paper in
metallographic polishing machine having frequency converter (PN: z101244575.4 Nanjing:
Scientific, Instrument Measurement & Control Co; Ltd, Tokyo, China). Later, all these,
Ti0,GIC cement sample blocks were cleaned in ultrasonic cleaning machine (Branson; Smith
Kline Company; C.A, USA) with completely pure distilled water for about five minutes. These
were then, stuck tightly with carbon conductive tape on aluminum stub in a sequence. All
TiO,GIC cement sample blocks were sputter coated in sputter coating machine (Quorum:
technologies; Itd. ashford, ken; England) for at least 30 minutes. Then, all these TiO,GIC
cement sample blocks were kept tight in specimen holder of SEM (Nova; Nanosem; 430; FEI
Company, 4022 261 49391-S Column feg SIRON Prep, Austin, Texas, USA) and cross-section
of all TiO,GIC cement sample blocks were observed with flow of secondary electrons at
different magnifications. This was carried out for compositional analysis by spectrum mapping
and surface morphology by SEM [198].

3.6 Statistical analysis:

The SPSS version 24.00 (IBM‘s Corporations, Armonk-s, N.Y; USA) was used to conduct the
statistical analysis. One-way ANOVA test and POST HOC TUKEY test was used for single
and multiple comparisons. The significance level for the current study was accounted at P-
value < 0.05.
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Results:

Present study was designed to synthesize Titania (TiO,.Nps) following three different routes by
using Bacillus coagulans, Mentha spicata and Conventional hydrothermal heating
process.These three types of TiO,Nps were then characterizsed by standard protocols using
XRD, DRS, AFM, SEM, EDX, FTIR, DLS and Raman for size, shape, phase form, surface
morphology, topography,functional compounds and elemental composition. These Nps were
tested for their antimicrobial activity by agar disc diffusion test and were then investigated for
their biocvompatibility via MTT Assay test. The Titania (TiO, Nps) displaying comparatively
more antimicrobial activity and biocompatibility were induced in conventional GIC at different
concentrations to produce an innovative Titania (TiO,.Nps) based dental GIC restorative
material. This innovative restorative material was tested for their mechanical properties such as
micro-hardness, compressive strength, flexural strength, shear bond strength and surface
morphology.

4.1 Phase-1: Synthesis of Titania (TiO,.Nps):
4.1.1 Visual color change of Titania (TiO;.Nps) by Bacillus coagulans:

The Bacillus coagulans culture solution was yellowish-cream in color initially which turned to
white after the experiment indicating the formation of Titania (TiO,.Nps) (Figure-4.1).

Figure-4.1: Synthesis of Titania (TiO;.Nps) by Bacillus coagulans: (a) Bacillus
coagulansculture solution, (b) Titania (TiO,.Nps) in solution form , (c) Cake form of
Titania (TiO,-Nps) and (d) Fine powdered form of Titania (TiO,.Nps) .
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4.1.2 Visual color change of Titania (TiO;.Nps) by Mentha spicata:

The Mentha spicata substrate solution was green in color before experiment and changed to
white color after the experiment confirming the formation of Titania (TiO,.Nps) (Figure-4.2).

Figure -4.2: Synthesis of Titania (TiO,.Nps) by Mentha spicata: (a) Mentha spicata
substrate solution, (b) Titania (TiO,.Nps) in solution form, (c) Cake form of Titania (TiO;.
Nps) and (d) Fine powdered form of Titania (TiO;.Nps).

4.1.3 Visual color change of Titania (TiO,.Nps) by Conventional hydrothermal heating:

The TiCly substrate solution was black in color before the experiment and changed to white
color after the experiment confirming the formation of Titania (TiO,.Nps) (Figure-4.3).
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Figure-4.3: Synthesis of Titania (TiO,.Nps)by Conventional hydrothermal heating: (a)
Titanium tetrachloride substrate solution, (b) Titania (TiO,.Nps) in solution form, (c) Cake
form of Titania (TiO;.Nps) and (d) Fine powdered form of Titania (TiO,.Nps).

4.2 Phase-II: Characterization of Titania (TiO,.Nps):
4.2.1 XRD analysis of Titania (TiO,.Nps) for crystalline size and phase:

X-ray diffraction analysis was carried out to the ascertain size of crystalline size and phase of
Titania (TiO,.Nps) synthesized by Bacillus coagulans, Mentha spicata and Conventional
hydrothermal heating. The fine powdered samples of all different types of Titania (TiO,.Nps)
were placed on XRD grid for analysis of different peaks at 20 to find out their phases i.e
Anatase, Rutile or Brookite.

Crystalline size can be determined by Debye Scherrer‘s equation:

T= K4
B Cos 6
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T = grain-size of crystalline.
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K = shape factor having constant value = 0.9.
L = x-raywavelength, CuK,=1.5406A’

S = full width at half maximum (FWHM) after subtracting instrumental line broadening,
radians. It is denoted as A(260) and O is Bragg angle.

4.2.1.1 XRD analysis of Titania (TiO;.Nps) synthesized by Bacillus coagulans:

XRD pattern of Titania (TiO,.Nps) synthesized by Bacillus coagulans was found to be in
complete accordance with JCPDS card no: 01-071-1167 that showed main peak (101) of
anatase phase predominantly at 20 = 25.38". Other peaks were observed at (004) 37.98°, (200)
48.14°, (211) 54.12°, (213) 62.77°, (116) 68.59" and (301) 75.17". The Titania (TiO,-Nps)
produced by Bacillus coagulans were found to be in 100% pure anatase phase (Figure -4.4).

Figure-4.4: XRD pattern, of Titania (TiO,.Nps) synthesized by Bacillus coagulans
depicting various prominent peaks of anatase.

The crystalline size of these Titania (TiO,.Nps) was calculated by Debye - Scherrer‘s formula
which was found to be 21.84 nm (Table-4.1).

Table-4.1:  Crystalline size calculation of Titania (TiO;.Nps) synthesized by Bacillus
coagulans through Debye-Scherrer’s equation.

No. | B obs. [°2Th] | B std. [°2Th] | Peak pos. [°2Th] | B struct. [°2Th] | Crystalline size [A]
1 0.669 0.008 25.38 0.661 123
2 0.629 0.008 37.98 0.621 135
3 0.472 0.008 48.14 0.464 188
4 0.629 0.008 54.12 0.621 144
5 0.629 0.008 55.2 0.621 144
6 0.944 0.008 62.77 0.936 99
7 10152 0.008 75.175 0.144 696
218.4285714 4
Size in nm = 21.84nm
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4.2.1.2 XRD analysis of Titania (TiO,.Nps) synthesized by Mentha spicata plant :

XRD pattern of Titania (TiO,.Nps) synthesized by Mentha spicata was found to be in
accordance with JCPDS Card no: 00-001-0562 that showed existence of main peak (101) of
anatase phase basically at 20 = 25.39". Other peaks observed were at (103) 37.89°, (200)
48.14°, (105) 53.97°, (213) 62.77", (116) 68.89°, (107) 75.37° The Titania (TiO, Nps)
synthesized by Mentha spicata were observed to be lying in 100% pure anatase phase (Figure-
4.5).

Figure-4.5: XRD pattern, of Titania (TiO;-Nps) synthesized by Mentha spicata depicting
various prominent peaks of anatase.

The crystalline size of Titania (TiO,.Nps) synthesized by Mentha spicata was calculated by
Debye - Scherrer‘s formula which was found to be 37.6 nm (Table-4.2).

Table-4.2:  Crystalline size of Titania (TiO;.Nps) synthesized by Mentha spicata through
Debye- Scherrer’s equation.

No. | Bobs. [°2Th] | B std. [°2Th] | Peak pos. [°2Th] | B struct. [°2Th] | Crystalline size [A]
1 0.216 0.008 25.397 0.208 392
2 0.196 0.008 37.896 0.188 447
3 0.216 0.008 38.651 0.208 405
4 0.472 0.008 42.503 0.464 184
5 0.236 0.008 48.147 0.228 382
6 0.236 0.008 53.979 0.228 391
7 0.216 0.008 55.172 0.208 431
8 0.196 0.008 62.773 0.188 495
9 0.236 0.008 68.899 0.228 423
10 0.472 0.008 70.384 0.464 210
376 A
Size in nm =
37.6nm
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4.2.1.3XRD analysis of Titania (TiO,-Nps) synthesized by Conventional hydrothermal
heating:

XRD gattern of Titania (TiO,.Nps) synthesized by Conventional hydrothermal heating was
found to be in complete accordance with JCPDS card no 01-071-1166 that completely showed
main peak (101) of anatase phase predominantly at 20 = 25.32". Other peaks were observed at
(103) 37.00°, (004) 37.84", (112) 38.61", (200) 48.12°, (105) 53.98", (211) 55.16™, (213) 62.30’,
(204) 62.82° and (116) 68.92°. The only rutile peak observed at 20 = 27.45" was in
collaboration with JCPDS card no 00-077-0440. The Titania (TiO,.Nps) produced by
Conventional hydrothermal heating were found to be in 82% pure anatase phase and 18%
rutile phase (Figure-4.6).

Figure-4.6:  XRD pattern, of Titania (TiO;.Nps) synthesized by Conventional
hydrothermal heating depicting various prominent peaks of anatase with one rutile peak.

The crystalline size of Titania (TiO,.Nps) synthesized by Conventional hydrothermal heating
was calculated by the Debye - Scherrer‘s formula which was found to be 52.28 nm (Table-4.3).

Table-4.3: Crystalline size of Titania (TiO;.Nps) synthesized by Conventional
hydrothermal heatingthrough Debye- Scherrer’s equation.

No. | B obs. [°2Th] | B std. [°2Th] | Peak pos. [°2Th] | B struct. [°2Th] | Crystalline size [A]
1 0.11 0.008 25.323 0.102 798
2 0.078 0.008 27.454 0.07 1168
3 0.59 0.008 37.004 0.582 144
4 0.59 0.008 37.849 0.582 144
5 0.59 0.008 38.613 0.582 145
6 0.59 0.008 48.123 0.582 149
7 0.59 0.008 53.985 0.582 153
8 0.12 0.008 55.168 0.112 800
9 0.288 0.008 62.301 0.28 332
10 0.096 0.008 62.823 0.088 1058
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11 0.12 0.008 68.926 0.112 860
5228181818 4
Size in nm = 52.28
nm

4.2.1.4 Summary of XRD analysis Results for crystalline size and phase:

XRD pattern of Titania (TiO,.Nps) synthesized by Bacillus coagulans, and Mentha spicata
were found to be in 100% pure anatase phase. On the other hand, Conventional hydrothermal
heating displayed 82% anatase phase and 18% rutile phase .The crystalline size of Titania
(TiO,.Nps) synthesized by Bacillus coagulans were 21.84 nm where asTitania (TiO,.Nps)
synthesized by Mentha spicata and Conventional hydrothermal heating were 37.60 nm and
52.28 nm (Figure-4.7)
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Figure-4.7: Differences in the crystalline size of Titania (TiO;.Nps) synthesized by Bacillus
coagulans, Mentha spicata and Conventional hydrothermal heating obtained after XRD
analysis pattern.

4.2.2 DRS analysis of Titania (TiO,.Nps) for confirmation of crystalline size:-

The Eg (band gap energy) for pure Titania (TiO,.Nps) was taken from wave- length values
corresponding to intersection points of horizontal and vertical areas in spectrum plotted from
UV-Vis spectroscopy data in reflectance mode.The standard value for band gap energy (Eg
=3.23 eV ) was calculated by equation:

E (Eg)=hv=hceV
/8
In this equation, h was plank‘s constant having value of 6.626 x 10°* J/s and v was frequency.

Moreover, A is wavelength where & = c¢/v in which 2= 403 while ¢ was speed of light with
constant value of 3 x 10® m/s. By putting values:

E= 6.6025x10>*x3x 10® =323¢eV
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403

The band gap energy value verifies the crystalline size of the Titania (TiO,.Nps). When the
calculated band gap energy value is increased from the standard value of 3.23eV this confirms
the smaller crystalline size of the Titania (TiO,.Nps) formed but when the calculated energy
band gap is decreased from the calculated value then larger crystalline size is of Nps is
confirmed. Thus, inverse relationship exists between energy band gap and crystalline size. The
absorbance mode in the DRS spectrum confirms the formation of Titania (TiO,.Nps) between
the wave length 200-600 cm™'[199].

4.2.2.1 DRS analysis of Titania (TiO,.Nps) synthesized by Bacillus coagulans:

The DRS spectrum confirmed the formation of Titania (TiO,.Nps) by Bacillus coagulans
at337nm wavelength. Theband gap energy calculated for Titania (TiO,.Nps) synthesized by
Bacillus coagulans was found to be 3.5 eV confirming that crystalline size of these Titania
(TiO,.Nps) was small (Figure-4.8).

Figure-4.8: DRS pattern scan of Titania (TiO,.Nps) synthesized by Bacillus coagulans
showing: (a) Formation at specific wave length, (b) Energy band gap confirming the small
crystalline size of Titania (TiO;.Nps).

4.2.2.2 DRS analysis of Titania (TiO,.Nps) synthesized by Mentha spicata plant:

The DRS spectrum confirmed the formation of Titania (TiO,.Nps) by Mentha spicata at329
nm wavelength. Theband gap energy of Titania (TiO,.Nps) synthesized by Mentha spicata was
3.2 eV attributing that crystalline size of these Titania (Ti0,.Nps) was medium (Figure-4.9).
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Figure-4.9: DRS pattern scan of Titania (TiO;.Nps) synthesized by Mentha spicata
showing: (a) Formation at specific wave length, (b) Energy band gap confirming the
medium crystalline size of Titania (TiO,.Nps).

4.2.2.3 DRS analysis of TiO,.Nps synthesized by Conventional hydrothermal heating:

The DRS spectrum confirmed the formation of Titania (TiO,.Nps) by Conventional
hydrothermal heating at337 nm wavelength. TheTiO, Nps synthesized by Conventional
hydrothermal heating calculated the band energy to be 2.9 eV. The crystalline size of these
Titania (TiO,.Nps) was comparatively the largest (Figure-4.10).

Figure-4.10: DRS pattern scan of Titania (TiO,.Nps) synthesized by Conventional
hydrothermal heating showing: (a) Formation at specific wave length, (b) Energy band gap
confirming the larges crystalline size of Titania (TiO;-Nps).

4.2.2.4 Summary of DRS analysis results for confirmation of crystalline size :

The band gaP-value s calculated by DRS spectrum for Titania (TiO,.Nps) synthesized by
different routes such as Bacillus coagulans, Mentha spicata and Conventional hydrothermal
heating were observed to be at 3.5 eV, 3.2eV and 2.9 eV which verified that the crystalline
size of Titania (TiO,.Nps) synthesized by Bacillus coagulans was the smallest in comparison
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to Mentha spicata and  Conventional hydrothermal heating Titania (TiO,.Nps) where
crystalline sizes were found to be medium and larger comparatively (Figure-4.11).
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Figure-4.11: DRS pattern scan, comparing the energy band gap of Titania (TiO;.Nps)
synthesized by Bacillus coagulans, Mentha spicata and Conventional hydrothermal heating
methods with the standard DRS value.

4.2.3 AFM analysis of Titania (TiO,.Nps) for the size, shape and surface topography:

The AFM analysis was carried out to observe 3D topological map of surface of Titania (TiO,-
Nps) synthesized by Bacillus coagulans, Mentha spicata and Conventional hydrothermal
heating methods for their size, shape, texture and roughness. The images of Titania (TiO, Nps)
synthesized by Bacillus coagulans, Mentha spicata and Conventional hydrothermal heating
were taken in tapping mode of AFM having scan rate of 0.5 Hz and scan resolution of 1024.

4.2.3.1 AFM analysis of Titania (TiO,.Nps) synthesized by Bacillus coagulans:

The AFM scan of Titania (TiO,.Nps) synthesized by Bacillus coagulans depicted
predominantly spherical shape, small size, smooth surface having surface roughness of about
Rms=4.485 (Figure-4.12).
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Figure-4.12: A three dimensional AFM image of Titania (TiO,.Nps) synthesized by Bacillus
coagulans showing : (a,b) Small size and spherical shape at low resolution, (c,d) Small size
and spherical shape at high resolution and (e) Histogram showing minimum surface
roughness value at highest peak intensity and lowest surface height confirming their
smooth surface.

4.2.3.2 AFM analysis of Titania (TiO;.Nps) synthesized by Mentha spicata plant:

The AFM scan of Titania (TiO,.Nps) synthesized by Mentha spicata plant revealed their
medium size having predominantly spherical shape with slightly irregular shaped particles.
These Titania (TiO,.Nps) were found to be less smooth having surface roughness of about
Rms=5.693 (Figure-4.13).
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Figure-4.13: A three dimensional AFM image of Titania (TiO,.Nps) synthesized by Mentha
spicata showing: (a, b) Medium size and predominantly spherical shape with slightly
irregular shaped particles at low resolution, (c, d) Medium size and predominantly spherical
shape with slightly irregular shaped particles at high resolution and (e) Histogram showing
medium surface roughness value at medium peak intensity and medium surface height
confirming their less smooth surface.

4.2.3.3 AFM analysis of Titania (TiO;.Nps) synthesized by Conventional hydrothermal
heating:

The Titania (TiO,.Nps) prepared by Conventional hydrothermal heating showed the large size
having mixture of spherical with slightly more irregularly shaped particles in their AFM scan.
The surface texture of these Nps was least smooth having surface roughness (Rms) value of
about 8.275 respectively (Figure-4.14).



76

Figure-4.14: A three dimensional AFM image of Titania (TiO,.Nps) synthesized by
Conventional hydrothermal heating showing: (a, b) Large size and predominantly spherical
shape with slightly more irregular shaped particles at low resolution, (c, d) Large size and
predominantly spherical shape with slightly more irregular shaped particles at high
resolution and (e) Histogram showing maximum surface roughness value at lowest peak
intensity and highest surface height confirming their least smooth surface.

4.2.3.4 Summary of AFM analysis results for size, shape and surface topography:

The Titania (T10,.Nps) synthesized by Bacillus coagulans were found to be ideally small,
predominantly spherical, highly smooth having surface roughness (Rms) value of 4.485. The
Titania (TiO,.Nps) formed by Mentha spicata revealedmedium size, predominately spherical
with slightly irregular shaped particles, less smooth surface having surface roughness (Rms)
value of 5.693. The Titania (TiO,.Nps) synthesized by Conventional hydrothermal heating
were of large size, predominantly spherical with slightly more irregular shaped particles, least
smooth surface having surface roughness (Rms) values of about 8.275 respectively (Figure-
4.15).
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Figure-4.15: AFM analysis of Titania (TiO;.Nps) synthesized by Bacillus coagulans,
Mentha spicata and Conventional hydrothermal heating confirming the surface roughness
(RMS) values.

4.2.4 SEM analysis of Titania (TiO,.Nps)for particle size and shape:

All Titania (TiO,.Nps) were investigated for surface morphology to calculate the size and
shape utilizing scanning electron microscope (NOVA) Nanosem 430; FEI company, 4022 261
49391-S column FEG Siron Prep) at an accelerating voltage, 20.00 KV and working distance
15 mm.The particle size calculated by SEM is always greater than the crystalline size
calculated by XRD.

4.2.4.1 SEM analysis of Titania (TiO,.Nps) synthesized by Bacillus coagulans:-

The SEM micrographs of Titania (TiO,.Nps) synthesized by Bacillus coagulans displayed
dominantly spherically shaped Nps found individually as well as in aggregates. The particle
size of these Nps was found in the diameter of about 23 nm confirming their small size
(Figure-4.16 a and b).

Figure-4.16: Scanning electron microscopic image of Titania (TiO,.Nps) synthesized by
Bacillus coagulans showing small particle size and predominantly spherical shape at: (a) 2
kx ,(b) 1 kx.
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4.2.4.2 SEM analysis of Titania (TiO;_Nps) synthesized by Mentha spicata plant:-

The SEM micrographs of Titania (TiO,.Nps) synthesized by Mentha spicata revealed presence
of predominantly spherical shaped with slightly irregular shaped particles in an agglomerated
manner. The particle size of these Nps was found to about 39 nm which confirmed their
medium size (Figure-4.17a and b).

Figure-4.17: Scanning electron microscopic image of Titania (TiO,.Nps) synthesized by
Mentha spicata showing medium particle size and predominantly spherical with slightly
irregular shaped particles at: (a) 2 kx ,(b) 1 kx.

4.2.4.3 SEM analysis of Titania (TiO,.Nps) synthesized by Conventional hydrothermal
heating:-

The SEM micrographs of Titania (TiO,.Nps) synthesized by Conventional hydrothermal
heating methods depicted predominantly spherical with slightly more irregular shaped particles
in agglomeration form. The particle size of Titania (TiO,.Nps) synthesized by Conventional
hydrothermal heating was calculated to be 54 nm in diameter confirming their large particle
size comparatively (Figure-4.18 a and b).

Figure-4.18: Scanning electron microscopic image of Titania (TiO;.Nps) synthesized by
Conventional hydrothermal heating showing large particle size and predominantly spherical
with slightly more irregular shaped Nps at : (a) 2 kx ,(b) 1 kx .
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4.2.4.4 Summary of SEM analysis results for particle size and shape:-

SEM micrographs displayed spherical shaped Titania (TiO,.Nps) synthesized by Bacillus
coagulans having smallest particle size of 23 nm. The Titania (TiO,.Nps) synthesized by
Mentha spicata revealed predominantly spherical with slightly irregular shaped Nps having
medium particle size of about 39 nm. On the other hand, Titania (TiO,.Nps) synthesized by
Conventional hydrothermal heating demonstrated predominantly spherical with slightly more
irregular shaped Nps having the large particle size of about 54 nm (Figure-4.19).
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Figure-4.19:Scanning electron microscopic image of Titania (TiO;.Nps) synthesized by
Bacillus coagulans, Mentha spicata and Conventional hydrothermal heating methods
showing their particle sizes.

4.2.5 EDX analysis of Titania (TiO,.Nps) for elemental composition in its spectrum:-

The EDX spectrum Titania (TiO,.Nps) synthesized by Bacillus coagulans, Mentha spicata and
Conventional hydrothermal heating were investigated for the presence of their patent
elemental composition along with any impurity if present.The weight% and atomic % of
different elements in the spectrum of Titania (TiO,.Nps) prepared by all the routes were
calculated.

4.2.5.1 EDX analysis of Titania (TiO;.Nps) synthesized by Bacillus coagulans:-

The EDX spectrum of Titania (TiO,.Nps) synthesized by Bacillus coagulans revealed intense
peak of titanium (Ti) and oxygen (O) in its spectrum. The weight % and atomic % of titanium
in EDX spectrum was found to be 86.10% and 67.41% whereas Oxygen was 13.90% and
32.59% There was no additional peak observed in the EDX spectrum of these Nps (Figure -
4.20).



80

Figure-4.20: Energy dispersive x-ray spectroscopic analysis of Titania (TiO;.Nps)
synthesized by Bacillus coagulans displaying the peaks of titanium and oxygen with weight
% and atomic %.

4.2.5.2 EDX analysis of Titania (TiO,.Nps) synthesized by Mentha spicata:-

Intense peaks of titanium and oxygen were observed in EDX spectrum of these Titania (TiO,-
Nps) synthesized by Mentha spicata plant. The Titanium was available in 78.30 weight % and
54.65 atomic % while oxygen was in 21.70 weight % and 45.35 atomic %.There was no
additional peak observed in the EDX spectrum of these Nps (Figure-4.21)

Figure-4.21: Energy dispersive x-ray spectroscopic analysis of Titania (TiO;.Nps)
synthesized by Mentha spicatadisplaying the peaks of titanium and oxygen with weight %
and atomic %.
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4.2.5.3 EDX analysis of Titania (TiO,;.Nps) synthesized by Conventional hydrothermal
heating:-

The main peaks of tiatanium (Ti) and oxygen (O) were detected in EDX spectrum of Titania
(TiO,-Nps) synthesized by Conventional hydrothermal heating. The weight % and atomic %
of main elements i.e Titanium was 76.28% and 51.79% whereas oxygen was 23.72% and
48.21% .There was no additional peak observed in the EDX spectrum of these Nps (Figure-
4.22).

Figure-4.22. Energy dispersive x-ray spectroscopic analysis of Titania (TiO,-Nps)
synthesized by Conventional hydrothermal heatingdisplaying the peaks of titanium and
oxygen with weight % and atomic %.

4.2.5.4 Summary of EDX analysis results for elemental composition in its spectrum:-

The EDX spectrum of Titania (Ti10,.Nps) synthesized by Bacillus coagulans, Mentha spicata
and Conventional hydrothermal heating revealed prominent peaks of titanium and oxygen in
weight % and atomic % with no other impurities in their spectrum. The amount of titanium in
weight % and atomic% was found to be maximum in Titania (TiO,.Nps) synthesized by
Bacillus coagulans in comparison to Titania (TiO,.Nps) synthesized by Mentha spicata and
Conventional hydrothermal heating where weight % and atomic % of titanium was
comparatively less (Figure-4.23).
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Figure-4.23:Energy dispersive x-ray spectroscopic analysis of Titania (TiO;.Nps)
synthesized by Bacillus coagulans, Mentha spicata and Conventional hydrothermal heating
displaying the peaks of pure titanium and oxygen with weight % and atomic %in their

spectrum.
4.2.6 FTIR analysis of Titania (TiO;.Nps) for the presence of functional groups:-

The FTIR revealed functional compounds of Titania (TiO, Nps)synthesized by Bacillus
coagulans,Mentha spicata and Conventional hydrothermal heating in broad band spectrum
between 4000-100 cm™.

4.2.6.1 FTIR analysis of Titania (TiO;.Nps) synthesized by Bacillus coagulans:-

In FTIR spectrum of Titania (TiO,.Nps) synthesized by Bacillus coagulans salient and
spectacular peak were recorded at 2925.51 cm™, 2791.09 cm™, 1649.07 cm™ and 689.17 cm’
'respectively. The eminent wave at 2943.51 cm™ was due to stretching of terminating (O-H)
hydroxyl groups. The peaks at 2791.09 cm™ employed C-H stretching corresponding to
carboxyl group. Moreover, C=0O stretching was evidenced at peak of 1649.07 cm’
'corresponding to group of amines. In addition, last peak was evident at 581.17 cm™ for Ti-O-
Ti bending ensuring formation of metal oxygen bonds resulting in synthesis of Titania (TiO,.
Nps).There was no additional peak observed in the FTIR spectrum of these Nps(Figure-4.24,
Table-4.4).

Table-4.4: Formation of peaks, peak intensities and groups at different wavelengths in
spectrum of of Titania (TiO,.Nps) synthesized byBacillus coagulans.

Peaks Peak Intensity (cm-l) Groups Wavelength (cm-l)
O-H 3419.23 cm’ Alcohol 4000-3000 cm’’
C-H 2791.09 cm™ Aldehyde 3000-2500 cm™
C=0 1649.07 cm™ Amine 2000-1650 cm™
C-N 1318.23 cm™ Amines 1400-1000 cm™
Ti-O-Ti | 581.17 cm™ Titanium Oxide | 1000-400 cm™
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0=C=0 1449. 01 cm’! Carbon dioxide 1450-1400 cm™
Ti-O-Ti 503.23 cm’! Titanium Oxide 1000-400 cm™

Figure -4.25: FTIR spectrum, of Titania (TiO;.Nps) synthesized by Mentha spicata
demonstrating various peaks of its patent functional groups with an additional peak of
carbon dioxide at 1499.01 cm’™.

4.2.6.3 FTIR analysis of Titania (TiO>.Nps) synthesized by Conventional hydrothermal
heating:-

The chief notable peaks generated by FTIR of Titania (TiO,.Nps) synthesized by Conventional
hydrothermal heating were 3491.23 cm™, 3277.19 cm™, 3113.41 ecm™, 2900.97 cm™, 2363.75
cm™, 1937.49 em™, 1679.13 em™, 1621.07 cm™, 1557.91 cm™, 1453.71 em™, 1018.23 cm™,
675.11 cm™& 540.52 cm™ respectively. The peaks at 3491.23 em™, 3277.19 cm™, 3113.41 cm’
"and 1679.13 cm™ occurred because of O-H stretching vibrations of alcohol groups. The peaks
at 2900.97 cm™ revealed C-H stretching of organic compound while peaks at 2363.75 cm™and
675.11 cm™ attributed to C-C stretching vibrations of alkyne groups. In addition, peaks at
1445.71 cm™ demonstrated O=C=0 showing carbon dioxide groups and C-N stretching
vibrations of amines were recorded at 1018.23 cm™. Other peaks such as 1937.49 cm’
revealed C-H bending of aromatic compound, 1679.13 cm™ peak showed O-H bending of
hydroxyl group, 1621.07 cm™ peak revealed N-H bending of amine group, 1557.91 cm™ peak
observed N-O stretching of nitro-compound. The last peak was evident at 540.52 cm™ ensuring
Ti-O-Ti bending resulting in Titania (TiO,.Nps) formation. The peaks at 1445.71 ¢cm™ and
1557.91 ecm'for carbon dioxide and nitro-compounds were additional peaks in the FTIR
spectrum of these Nps (Figure-4.26, Table-4.6)



Table-4.6: Formation of peaks, peak intensities and groups at different wavelengths in
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spectrum of Titania (TiO;.Nps)synthesized by Conventional hydrothermal heating.

Peaks Peak Intensity (cm—l) Groups Wavelength (cm-l)
O-H Stretching | 3419.23 cm™ Alcohol 4000-3000 cm’'
O-H Stretching | 3277.19 cm™ Alcohol 4000-3000 cm''
O-H Stretching | 3113.41 cm™ Alcohol 4000-3000 cm’'
C-H Stretching | 2900.97 cm’ Organic Compound | 2400-2000 cm
CEC Stretching | 2363.75 cm’ Alkyne 2400-2000 cm’'
C-H Bending 1937.49 cm’ Aromatic 2000-1650 cm'
Compound
O-H Bending 1679.13 cm’ Alcohol 2000-1650 cm''
N-H Bending 1621.07 cm™ Amine 1670-1600 cm'
N-O Stretching 1557.91 cm’ Nitro Compound 1600-1500 cm’'
0=C=0 144571 cm’ Carbon oxide 1450-1400 cm™
C-N 1018.23 cm’ Amines 1400-1000 cm’
Cc=C 675.11 cm’ Alkane Bending 1000-650 cm’™
Ti-O-Ti 544.52 cm’ Titanium Oxide 1000-400 cm™

Figure -4.26: FTIR spectrum, of Titania (TiO,.Nps) synthesized by Conventional
hydrothermal heating demonstrating various peaks of its patent functional groups with
additional peaks of carbon dioxide and nitro-compounds at 1445.71 cm™ and 1557.91 cm’™.

4.2.6.4 Summary of FTIR analysis results for the presence of functional groups:-

The FTIR spectrum confirmed synthesis of Titania (TiO,.Nps) by producing evident peaks
between 800 cm” — 400 cm™. The FTIR spectrum of Titania (TiO,-Nps)synthesized by
Bacillus coagulans revealed patent functional groups of O-H, C-H, C= O and Ti-O-Ti with no
other additional groups. The FTIR spectrum of Titania (TiO,.Nps) synthesized by Mentha
spicata depicted functional groups of O-H, C-H, C= O and Ti-O-Ti with an additional peak of
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carbon dioxide in its spectrum and Titania (TiO,.Nps) synthesized by Conventional
hydrothermal heating showed functional groups of O-H, C-H, C= O, C-O, N-H, N-O, C-N,
C=C and C = C and Ti-O-Ti with other additional peaks of carbon dioxide and nitro-
compounds in its spectrum respectively (Figure-4.27).
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Figure-4.27: FTIR spectroscopy analysis of Titania (TiO;.Nps) synthesized by Bacillus
coagulans, Mentha spicata and Conventional hydrothermal heatingmethods displaying
various patent peaks with the additional peaks.

4.2.7 DLS analysis of Titania (TiO;.Nps)for the hydrodynamic size in suspension:

The DLS analysis was carried out to confirm the hydrodynamic particle size of Titania (TiO,.
Nps) in the suspension form. The standard shows that the hydrodynamic size calculated by
DLS is greater in comparison to the crystalline size calculated by XRD and particle size
investigated by SEM in comparison to the values obtained by XRD, and SEM analysis [200].

4.2.7.1 DLS analysis of Titania (TiO;.Nps) synthesized by Bacillus coagulans:-

The DLS scan depicted the 34 nm particle size of Titania (TiO,.Nps) synthesized by Bacillus
coagulans which was greater than the crystalline size obtained by XRD analysis and particle
size attained by SEM analysis for these Nps as per the DLS standard (Figure-4.28).
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Figure -4.28: DLS spectrum, of Titania (TiO;.Nps) synthesized by Bacillus coagulans
demonstrating the smallest hydrodynamic particle size.

4.2.7.2 DLS analysis of Titania (TiO;.Nps) synthesized by Mentha spicata plant:-

The DLS scan revealed 49 nm particle size of Titania (TiO,.Nps) synthesized by Mentha
spicata which was slightly greater than the crystalline size obtained by XRD analysis and
particle size attained by SEM analysis for these Nps as per the DLS standard (Figure-4.29).

Figure -4.29: DLS spectrum, of Titania (TiO;.Nps) synthesized by Mentha spicata
demonstrating the medium hydrodynamic particle size.

4.2.7.3 DLS analysis of Titania (TiO,.Nps) synthesized by Conventional hydrothermal
heating:-

The DLS scan showed 58 nm particle size of Titania (TiO,.Nps) synthesized by Conventional
hydrothermal heating which was greater than the crystalline size obtained by XRD analysis



88

and particle size attained by SEM analysis for these Nps as per the DLS standard (Figure-
4.30).

Figure -4.30: DLS spectrum, of Titania (TiO;-Nps) synthesized by Conventional
hydrothermal heating demonstrating the largest hydrodynamic particle size.

4.2.7.4 Summary of DLS analysis resultsfor the hydrodynamic size in suspension:-

The DLS scan revealed the hydrodynamic particle size of Titania (TiO,.Nps) synthesized by
Bacillus coagulans, Mentha spicata andConventional hydrothermal heating which was found
to be 34 nm, 49 nm and 58 nm. These hydrodynamic particle size values obtained for all these
synthesized Nps were greater than the crystalline size obtained by the XRD analysis and
particle size attained by the SEM analysis which was in collaboration with XRD, and SEM
(Figure-4.31)
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Figure-4.31: DLS spectroscopy analysis of Titania (TiO;.Nps) synthesized by Bacillus
coagulans, Mentha spicata and Conventional hydrothermal heatingmethods displaying their
different hydrodynamic particle sizes.
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4.2.8 Raman Spectroscopic analysis of Titania (TiO,.Nps) for size and phase:

The confirmation of particle size and phase form of Titania (TiO, Nps) was carried out by
raman spectroscopy accurately between 200 cm™ and 800 cm™ [190]. The factor group
analysis is used to confirm the phase form of the Titania (TiO,.Nps). There are six main peaks
available in the active modes of raman for defining the phase of the Nps such as 1 peak at A,
2 peaks at By and 3 peaks at E, .Out of these six peaks if only three peaks such as 1 peak at E,
1 peak at Ajg, and 1 peak at By, are present in the raman active modes then the phase of the
Nps gets confirmed in the spectrum. The active modes of Bj, peak represents symmetric
bending, E, peak shows symmetric stretching and A;, elaborates O-Ti-O anti-symmetric
bending vibration in its spectrum and these three peaks are responsible for the formation of the
main phase form of Titania (TiO,.Nps). The particle size is calculated by the raman intensity in
its spectrum. The larger raman intenisty shows the smaller particle size of Titania (TiO,.Nps)
whereas smaller raman intensity shows the larger particle size of these Nps [191].

4.2.8.1 Raman Spectroscopic analysis of Titania (TiO,.Nps) synthesized by Bacillus
coagulans: The active modes in raman scan of Titania (TiO,.Nps)demonstrated E, at 243 cm'l,Bl ¢ at
398cm™, A, at 517 cm™ and E, at 643 cm” which dominantly represented the anatase phase of the
synthesized Titania (TiO,Nps). The raman intensity at 1,00,000 revealed the small size of Titania
(TiO, Nps) which was in close association with the SEM and XRD (-4.32).

Figure 4.32: Raman spectroscopic scan image of Titania (TiO,.Nps) synthesized by Bacillus
coagulans, showing small size at highest raman intensity and pure peaks of anatase phase.

4.2.8.2 Raman Spectroscopic analysis of Titania (TiO,.Nps) synthesized by Mentha spicata
plant:-

The active modes in raman scan of Titania (TiO,.Nps)demonstrated E, at 243 em™, B, at 398
cm’”, Ajg at 517 cm™ and E, at 640 cm™ which showed the anatase phase of the synthesized
Titania (TiO2.Nps). The raman intensity at 98000 revealed the medium size of Titania (TiO,.
Nps) which was in collaboration with the SEM and XRD (Figure-4.33).
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Figure-4.33: Raman spectroscopic scan image of Titania (TiO;.Nps) synthesized by Mentha
spicata, showing small size at medium raman intensity and pure peaks of anatase phase.

4.2.8.3 Raman Spectroscopic analysis of Titania (TiO;.Nps) synthesized by Conventional
hydrothermal heating:-

The active modes in raman scan of Titania (TiO,.Nps)demonstrated E, at 243 cm™, By, at 397
cm”, A, at 519 cm” and E, at 641 cm” of which 243 cm™, 519 cm” and 641 cm’
demonstrated the anatase phases while peak at at 397cm™ revealed rutile phase of the
synthesized Titania (TiO,.Nps). The raman intensity at 97000 revealed the largest size of
Titania (TiO,.Nps) which is in accordance with the SEM and XRD (Figure-4.34).

Figure-4.34: Raman spectroscopic scan image of Titania (TiO;.Nps) synthesized by
Conventional hydrothermal heating, showing large size at lowest raman intensity and pure
peaks of anatase phase with one rutile peak.

4.2.8.4 Summary of Raman spectroscopic analysis results for size and phase:

The active modes of raman peaks in Titania (TiO,.Nps) synthesized by Bacillus coagulans and
Mentha spicata manifested pure anatase phase while Titania (TiO,.Nps) produced by
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Conventional hydrothermal heating showed the pure anatase phase with one rutile peak in its
spectrum. The raman intensity at 100000 reveals the smallest size of Titania (TiO,.Nps)
synthesized by Bacillus coagulans whereas the raman intensity at 98000 reveals the medium
size of Titania (TiO,Nps) fabricated by Mentha spicata plant. The Titania (TiO,.Nps)
produced by Conventional hydrothermal heating demonstrated the raman intensity peak at
97000 showing the largest size of these Nps (Figure-4.35)
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Figure-4.35: Summary of Raman spectroscopy analysis of Titania (TiO;-Nps) synthesized by
Bacillus coagulans, Mentha spicata and Conventional hydrothermal heating depicting the
Phase and size relationship associated with raman intensity.

4.3 Phase-111: Antimicrobial activity of Titania (TiO;-Nps) for zone of inhibition:

The antimicrobial activity of Titania (TiO,.Nps) synthesized by Bacillus coagulans (n=5),
Mentha spicata (n=5) and Conventional hydrothermal heating (n=5) were tested against
several caries promoting bacteria in humans such as E. coli (ATCC®35218™), L .acidophilus
(ATCC®314™), E. faecalis (ATCC®29212™), E. faecium (ATCC®51559™), S. aureus
(ATCC®25923™) and P. aeruginosa (ATCC®27853™) (Figure-4.36).
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Figure-4.36: Zone of inhibition obtained by Titania (TiO;.Nps) against E. coli, L
.acidophilus, E. faecalis, E. faecium, S. aureus and P. aeruginosa : (A) control (water), (B)=
Titania (TiO,.Nps) synthesized by Bacillus coagulans, (C)= Titania (TiO;.Nps) synthesized
by Mentha spicata and (D)= Titania (TiO,-Nps) synthesized by Conventional hydrothermal
heating .

4.3.1 Antimicrobial activity of Titania (TiO,.Nps) synthesized by Bacillus coagulans:

The Titania (TiO,.Nps) synthesized by Bacillus coagulans exhibited maximum zone of
inhibition against all the caries promoting pathogens (Figure-4.36, Table 4.7).

Table 4.7: Zone of Inhibition (mm) produced byTitania (TiO;.Nps) synthesized by Bacillus
coagulansagainst E. coli, L .acidophilus, E. faecalis, E. faecium,S. aureus and P.
aeruginosa with standard deviation (S.D) and standard error (S.E).

Ser Bacterial Strain Zone of Inhibition (mm) produced by
Titania (TiO,.Nps) synthesized by Bacillus
coagulans with S.D and S.E

1. E. coli 27 mm + 0.71 (0.41)
2. L .acidophilus 26 mm + 0.70 (0.41)
3. E. faecalis 26 mm + 0.71 (0.41)
4. E. faecium 13 mm + 1.59 (0.41)
5. S. aureus 21 mm + 1.58 (0.41)
6. P. aeruginosa 25 mm + 0.67 (0.41)
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4.3.2 Antimicrobial activity of Titania (TiO,.Nps) synthesized by Mentha spicata:

The Titania (TiO,.Nps) synthesized by Mentha spicata manifested zone of inhibition against
all the caries promoting pathogens but comparatively less than Titania (TiO,.Nps) synthesized
by Bacillus coagulans(Figure-4.36, Table 4.8).

Table 4.8: Zone of Inhibition (mm) produced byTitania (TiO,.Nps) synthesized by Mentha
spicata plant against E. coli, L .acidophilus, E. faecalis, E. faeciumS. aureus and P.
aeruginosa with standard deviation (S.D) and standard error (S.E).

Ser Bacterial Strain | Zone of Inhibition (mm) produced by
Titania (TiO,.Nps) synthesized by Mentha
spicata with S.D and S.E

1. E. coli 24 mm + 0.73 (0.47)

2. L .acidophilus 24 mm + 1.03 (0.47)

3. E. faecalis 23 mm =+ 1.61 (0.47)

4. E. faecium Nil +0.00 (0.00)

5. S. aureus 17 +1.58 (0.47)

6. P. aeruginosa 24 mm + 1.07 (0.47)

4.3.3Antimicrobial activity of Titania (TiO,.Nps) synthesized by Conventional hydrothermal
heating:

The Titania (TiO,.Nps) synthesized by Conventional hydrothermal heating method revealed
minimum zone of inhibition against all the caries promoting pathogens in comparison to
Titania (T10,.Nps) synthesized by Bacillus coagulans and Mentha spicata (Figure-4.36, Table
4.9).

Table 4.9: Zone of Inhibition (mm) produced byTitania (TiO,.Nps) synthesized by
Conventional hydrothermal heating against E. coli, L .acidophilus, E. faecalis, E. faeciumsS.
aureus and P. aeruginosa with standard deviation (S.D) and standard error (S.E).

Ser Bacterial Strain Zone of Inhibition (mm) produced by Titania
(TiO,.Nps) synthesized by Conventional
hydrothermal heating with S.D and S.E

1. E. coli 19 mm + 1.58 (0.43)

2. L .acidophilus 19 mm + 1.58 (0.43)

3. E. faecalis 20mm + 1.58 (0.43)

4. E. faecium Nil +0.00 (0.00)

5. S. aureus 16 +0.70 (0.43)

6. P. aeruginosa 20 mm + 1.58 (0.43)

The mean difference in the antimicrobial activity between the Titania (TiO,.Nps) synthesized
by all three routes was significant (P-value < 0.05). The antimicrobial activity of the Titania
(TiO,.Nps)synthesized by Bacillus coagulans was found to be maximumwhile moderate in the
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Titania (TiO,.Nps)synthesizedby Mentha spicata and minimum in the Titania (TiO,.Nps)
synthesizedby Conventional hydrothermal heating (P-value < 0.05) (Table 4.10).

Table: 4.10: Mean difference in the antimicrobial activity of Titania (TiO,.Nps) synthesized
by Bacillus coagulans, Mentha spicata plant, and Conventional hydrothermal heating.

S.No | TiO,-Nps Comparison of Mean Difference with | P-value
synthesized by Antimicrobial activity | standard error (S.E)
different routes between TiO,.Nps
synthesized by
different routes
1. TiO,.Nps synthesized | TiO,.Nps synthesized 4.33 (0.30) 0.001
by Bacillus coagulans | ced by Mentha spicata
Ti0, Nps synthesized 7.33 (0.30) 0.001
by Conventional
hydrothermal heating
2. TiO, Nps synthesized | TiO, Nps synthesized -4.33 (0.30) 0.001
by Mentha spicata by Bacillus coagulans
TiO,.Nps synthesized 3.00 (0.30) 0.001
by Conventional
hydrothermal heating
3. TiO, Nps synthesized | TiO, Nps synthesized -7.33 (0.30) 0.001
by Conventional by Bacillus coagulans
hydrothermal heating | TiO,.Nps synthesized -3.00 (0.30) 0.001
by Mentha spicata

4.3.4 Summary of antimicrobial activity results for zone of inhibition:

The Titania (TiO,.Nps) synthesized by Bacillus coagulans revealed maximum antimicrobial
activity against all the dental caries promoting pathogens as compared to the Titania (TiO,.

Nps) produced by Mentha spicata andConventional hydrothermal heating
reduced antimicrobial activity comparatively (Figure-4.37).

that displayed
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Figure-4.37: Antimicrobial activity of Titania (TiO,.Nps) synthesized by Bacillus coagulans,
Mentha spicata plant, and Conventional hydrothermal heatingdepicting zone of inhibition
against various dental caries promoting pathogens.

4.4  Phase-1V: Biocompatibility of Titania (TiO,.Nps) for the cell viability %:
4.4.1 Biocompatibility analysis (Cell viability %) of the Titania (TiO;-Nps):

The Titania (TiO,.Nps) synthesized by Bacillus coagulans,Mentha spicata and Conventional
hydrothermal heating were evaluated for cell viability % after exposing to L929 mouse
fibroblasts. These three types of Titania (TiO,.Nps)were compared with each other at different
dilutions of 0.063 pg/ml, 0.125 pg/ml, 0.25 pg/ml, and 0.50 pg/mlfor their cell viability % to
calculate their cytotoxic/ non-cytotoxic nature. The 0.063 pg/ml was the low dose and 0.50
pg/ml was the high dose in the current study for the synthesized Titania (T10,.Nps) from all
the three routes. The cell viability % or survival rate of fibroblasts was 100% against the
control group. The Titania (TiO,.Nps) synthesized by Bacillus coagulans depicted an increased
cell viability % or survival rate of fibroblast in comparison to the Titania (TiO,.Nps) formed
by Mentha spicata and Conventional hydrothermal heating methods which was significant
(P-value <0.05) at the end of the investigation.

The universally accepted standard used for detecting cytotoxicity-response of Nps was
categorized as Noncytotoxic (cell viability, > 90%), mild cytotoxic (cell viability between 60 -
90 %), moderate cytotoxic (cell viability between 30-60%) and severe cytotoxic (between 30%
- less) [201]. Cell viability was calculated by equation:-

Cell viability % = Mean optical density of test group x 100
Mean optical density of control group

The cell viability % or fibroblast cells survival rate against all the serial dilutions of Titania
(TiO,.Nps) synthesized by Bacillus coagulans and Mentha spicata revealed no cytotoxic effect
till the end of the investigation. On the other hand, cell viability % or fibroblast cells survival
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rate against high dose serial dilution of Titania (TiO,.Nps) synthesized by Conventional
hydrothermal heating showed mild cytotoxicity (Table-4.11).

Table- 4.11: Cell viability % or fibroblast cells survival rate against different serial dilutions
of Titania (TiO;-Nps)synthesized by Bacillus coagulans, Mentha spicata plant, and
Conventional hydrothermal heating.

Ser | Groups Cell Cell Cell Cell Standard Cytotoxicity
Viability Viability Viability % | Viability % | % for status
% at % at serial | at serial at serial cytotoxicity
serial dilution dilution dilution (0.5 | detection in
dilution (0.125 (0.25 pg/ml) | pg/ml) with | which the
(0.063 pg/ml) with S.D S.D &S.E groups exist
pg/ml) with S.D &S.E
with S.D &S.E
&S.E
1. | Control 100% + 100%+ 100% +0.00 | 100% +0.00 | 100% Non
0.00 (0.00) | 0.00 (0.00) | (0.00) (0.00) cytotoxic
2. Bacillus 99.57% + | 97.43% + 95.51%+ 93.14%+ > 90% Non
coagulans 0.56 (0.32) | 0.11 (0.06) | 2.27(1.31) 1.49 (0.86) cytotoxic
TiO, Nps
3. | Mentha 99.35 + 95.82%+ 92.09% + 90.79%10.34 | > 90% Non
spicata TiO,. | 0.29 (0.17) | 0.38(0.22) | 0.22(0.13) (0.20) cytotoxic
Nps
4. Conventional | 98.92 + 94.43%+ 91.88%+0.27 | ~87.15% + > 90% Non
hydrothermal | 0.23 (0.13) | 1.13 (0.65) | (0.16) 1.48(0.85) cytotoxic
heating TiO,. 60-90% AMildly
Nps cytotoxic

The mean differences in the cell viability % between control group and the Titania (TiO,.
Nps)synthesized by Bacillus coagulans,Mentha spicata and Conventional hydrothermal
heating exposed to L929 mouse fibroblasts was insignificant at low dose serial dilution (0.063
pg/ml)as there was not much difference in the cell viability % of control group with other
groups showing their increased cell viability % or fibroblast cells survival rate (P-value >0.05).
The cell viability % or fibroblast cells survival rate reduced with progress in the concentrations
of the serial dilutions which was found to be significant among the inter groups such as control
group and the Titania (TiO, Nps)synthesized by Bacillus coagulans,Mentha spicata and
Conventional hydrothermal heating at high dose serial dilution (0.5 pg/ml). The control group
revealed 100% cell viability or fibroblast cells survival rate in comparison to other Titania
(TiO,.Nps) groups investigated (P-value < 0.05). The mean differences of cell viability % or
fibroblast cells survival between control group and the Titania (TiO,.Nps)synthesized by
Bacillus coagulans,Mentha spicata plant and Conventional hydrothermal heating was
significant (P-value < 0.05) but insignificant between Mentha spicata and Conventional
hydrothermal heating groups(P-value > 0.05) at serial dilution (0.25 pg/ml). The mean
differences of cell viability % or fibroblast cells survival between control group and Titania
(TiO,.Nps)synthesized by Bacillus coagulans,Mentha spicata and Conventional hydrothermal
heating was significant (P-value < 0.05) at high dose serial dilution (0.5 pg/ml). This
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confirmed the non-cytotoxic nature of the Titania (TiO,.Nps)synthesized by Bacillus
coagulans andMentha spicata but slightly cytotoxic nature of the Titania (TiO,.Nps)
synthesized by Conventional hydrothermal heating incomparison to the control group (Table-

4.12).

Table-4.12: Cell viability % analysis between control group and different types of Titania
(TiO;,.Nps) with S.E (Standard Error) at different serial dilutions.

Comparison Control group and Cell viability% comparison Mean P-value
of cell viability | TiO,-Nps synthesized | between control group and TiO,. Difference with
y ps sy group
% at different | by different routes Nps synthesized by different standard error
y ps sy y
serial dilutions routes exposed to fibroblasts (S.E)
Control group Bacillus coagulans TiO, Nps 0.43 (0.27) 0.159
Mentha spicata plant TiO, Nps 0.65 (0.27) 0.047
Conventional hydrothermal heating 1.08 (0.27) 0.005
Ti0, Nps
Bacillus coagulans Control group -0.43 (0.27) 0.159
. TiO» Nps Mentha spicata TiO, Nps 0.22 (0.27) 0.449
dAitltfggsl Conventional hydrothermal heating 0.65 (0.27) 0.047
Ti0, Nps
(0-063 pg/mi) Mentha spicata TiO,. Control group -0.65 (0.27) 0.047
Nps Bacillus coagulans TiO, Nps -0.22 (0.27) 0.449
Conventional hydrothermal heating 0.43 (0.27) 0.159
Ti0, Nps
) Control group -1.08 (0.27) 0.005
Chydrothermal heating
TiO, Nps Bacillus coagulans TiO, Nps -0.65 (0.27) 0.047
Mentha spicata Ti0, Nps -0.43 (0.27) 0.159
Control group Bacillus coagulans TiO, Nps 2.57 (0.49) 0.001
Mentha spicata TiO, Nps 4.18 (0.49) 0.001
Conventional hydrothermal heating 5.57 (0.49) 0..001
TiO, Nps
Bacillus coagulans Control group -2.57 (0.49) 0.001
TiO,Nps Mentha spicata TiO, Nps 1.61 (0.49) 0.011
At serial Conventional hydrothermal TiO,- 3.00 (0.49) 0.001
dilution Nps
(0125 pg/ml) 1= spicata TiO,. | Control group 418(049) | 0.001
Nps Bacillus coagulans TiO, Nps -1.61 (0.49) 0.011
Conventional hydrothermal heating 1.39 (0.49) 0.023
TiO,-Nps
Conventional Control group -5.57 (0.49) 0.001
hydrothermal heating - ) 0.001
TiO, Nps Bacillus coagulans TiO, Nps -3.00 (0.49) ’
Mentha spicata TiO, Nps -1.39 (0.49) 0.023
Control group Bacillus coagulans TiO,.Nps 4.49 (0.94) 0.001
Mentha spicata TiO, Nps 7.91 (0.94) 0.001
Conventional hydrothermal heating 8.12 (0.94) 0.001
TiO, Nps
Bacillus coagulans Control group -4.49 (0.94) 0.001
TiO2.Nps Mentha spicata TiO, Nps 3.42(0.94) 0.007
At serial Conventional hydrothermal TiO,. 3.63 (0.94) 0.005
dilution Nps
025 ng/ml) 1 spicata TiO,. | Control group 791(094) | 0.001
Nps Bacillus coagulans TiO, Nps -3.42 (0.94) 0.007
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Conventional hydrothermal heating 0.21 (0.94) 0.829
TiO, Nps
Conventional Control group -8.12 (0.94) 0.001
hydrothermal heating i ) 0.005
TiO, Nps Bacillus coagulans TiO, Nps -3.63 (0.94) ‘
Mentha spicata TiO, Nps -0.21 (0.94) 0.829
Control group Bacillus coagulans TiO, Nps 6.86 (0.87) 0.001
Mentha spicata TiO, Nps 9.21 (0.87) 0.001
Conventional hydrothermal heating 12.85 (0.87) 0.001
TiO, Nps
Bacillus coagulans Control group -6.86 (0.87) 0.001
. TiO»-Nps Mentha spicata plant TiO, Nps 2.35 (0.87) 0.027
A.t se.rlal Conventional hydrothermal heating 5.99 (0.87) 0.001
dilution TiO, Nps
OSpe/ml) o ha spicata TiO,- | Control group 921(087) | 0.001
Nps Bacillus coagulans TiO, Nps -2.35(0.87) 0.027
Conventional hydrothermal heating 3.64 (0.87) 0.003
TiO, Nps
Conventional Control group -12.85 (0.87) 0.001
hydrothermal heating ) ) 0.001
TiO, Nps Bacillus coagulans TiO, Nps -5.99 (0.87) ‘
Mentha spicata TiO, Nps -3.64 (0.87) 0.003

4.4.2 Summary of Biocompatibility analysis (Cell viability %) of the Titania (TiO;-Nps):-

The cell viability % or survival rate of fibroblast cells against the Titania (TiO,.Nps)
synthesized by Bacillus coagulans and Mentha spicata revealed non-cytotoxic behavior (cell
viability > 90%). The cell viability % or survival rate of fibroblast cells against the Titania

(TiO,.Nps) synthesized by Conventional hydrothermal heating confirmedmildly cytotoxic
behavior (cell viability% between 60-90%) at the end of the investigation (P-value < 0.05)

(Figure-4.38).

120

100

80

60

40

20

Cell viability % of Titania (TiO2-Nps)

T T
J_J_J_I

—
l_
-
|_|

Control

Bacillus coagulans
TiO,-Nps

Mentha spicata
TiO.-Nps

Conventional
hydrothermal

H0.063 ug/ml
H0.125 ug/ml
H0.25 ug/ml
0.5 ug/ml

heating TiO,-Nps

Figure-4.38:
Nps)synthesized by Bacillus coagulans, Mentha spicata and Conventional hydrothermal
heating in comparison to control group investigated at different serial dilutions.
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4.5 Phase-V: Mechanical strength and properties of GIC restorative material:

4.5.1 Incorporation of Titania (TiO,.Nps)in GIC (TiO,GIC):-

The Titania (TiO,.Nps) synthesized by Bacillus coagulans were found to be most stable, safe
and sustainable with enhanced antimicrobial activity and biocompatibility. Therefore, these
Nps were induced in the glass ionomer filling material to develop an absolute filling material
with enhanced mechanical properties.The mechanical properties of different concentrations of
filling material groups such as conventional control group E-1 (0% TiO,GIC), experimental
group E-2 (3% TiO,GIC), experimental group E-3 (5% TiO,GIC), experimental group E-4
(7% TiO,GIC) and experimental group E-5 (10% TiO,GIC) were investigated to compare
micro-hardness, compressive strength, flexural strength, shear bond strength of enamel and
dentine with surface morphology.

4.5.2 Mechanical strength and properties testing:

4.5.2.1 Vicker’s micro-hardness analysis of TiO,GIC cement samples at different
concentrations:

The hardness strength of TiO,GIC was investigated by Vicker‘s micro-hardness tester which
revealed systematic increase in a linear pattern with increase in % of the Titania (TiO,.Nps) in
GIC up to 5% and linear pattern decrease in the Vicker‘s micro-hardness strength with increase
in % of Titania (TiO,Nps) in GIC up to 10%. The conventional control group E-1 (0%
TiO,GIC) displayed minimum hardness strength whereas experimental group E-3 (5%
TiO,GIC) displayed maximum hardness strength. The differences in Vicker‘s micro-hardness
strength among conventional control group E-1 (0%TiO,GIC), experimental group E-2
(3%Ti10,GIC), experimental group E-3 (5%TiO,GIC), experimental group E-4 (7% TiO,GIC)
and experimental groupE-5(10% TiO,GIC) was significant (P-value < 0.05) (Table-4.13).

Table-4.13: Vicker’s micro-hardness (VHN) and standard error of various concentrations of
TiO,GIC cements.

Control and TiO,GIC Samples Total Vicker’s micro-hardness | Standard
Samples (n) |(VHN) of control and|Error

TiO,GIC Samples with |(S.E)
standard deviation
(VHN+S.D)

Conventional control group E-1 10 53.80 £ 1.26 0.39

(0% Ti10,GIC)

Experimental group E-2 (3% TiO,GIC) 10 62.40 £ 1.06 0.33

Experimental group E-3 (5% TiO,GIC) 10 67.70 £ 0.46 0.15

Experimental group E-4 (7% TiO,GIC) 10 59.10+0.87 0.27

Experimental group E-5 (10% TiO,GIC) |10 57.90 + 1.08 0.34

The inter-group comparisons of TiO,GIC at all percentages showed a significant difference in
the Vicker‘s micro-hardness values (P-value <0.05) (Table-4.14).
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Table-4.14:Intergroup comparisons of Vicker’s micro-hardness of TiO;GIC cements

containing various concentrations of Titania (TiO;.Nps).

Control and
different
concentrations of

TiO,GIC Samples

Comparison of Vicker’s
between control and
concentrations of TiO,GIC samples

micro-hardness
different

Mean Difference

of

Vicker’s micro-hardness

between control

different

and

concentrations

of TiO,GIC samples with

standard error (S.E)

P-value

Vicker‘s micro-hardness of Experimental -8.60 (0.44) 0.001
Conventional group E-2 (3% TiO,GIC)
control group E-1 Vicker‘s micro-hardness of Experimental -13.90 (0.44) 0.001
(0% TiO,GIC) groupE-3 (5% TiO,GIC)
Vicker‘s micro-hardness of Experimental -5.30 (0.44) 0.001
group E-4 (7% TiO,GIC)
Vicker‘s micro-hardness of Experimental -4.10 (0.44) 0.001
group E-5 (10% TiO,GIC)
Experimental group | Vicker‘s micro-hardness of Conventional 8.60 (0.44) 0.001
E-2 (3% TiO,GIC) |control group E-1 (0% TiO,GIC)
Vicker‘s micro-hardness of Experimental -5.30 (0.44) 0.001
groupE-3 (5% TiO,GIC)
Vicker‘s micro-hardness of Experimental 3.30 (0.44) 0.001
group E-4 (7% TiO,GIC)
Vicker‘s micro-hardness of Experimental 4.50 (0.44) 0.001
group E-5 (10% TiO,GIC)
Experimental group | Vicker‘s micro-hardness of Conventional 13.90 (0.44) 0.001
E-3 (5% TiO,GIC) |control group E-1 (0% TiO,GIC)
Vicker‘s micro-hardness of Experimental 5.30(0.44) 0.001
group E-2 (3% TiO,GIC)
Vicker‘s micro-hardness of Experimental 8.60 (0.44) 0.001
group E-4 (7% TiO,GIC)
Vicker‘s micro-hardness of Experimental 9.80 (0.44) 0.001
group E-5 (10% TiO,GIC)
Vicker‘s micro-hardness of Conventional 5.30(0.44) 0.001
Experimental group | control group E-1 (0% TiO,GIC)
E-4 (7% TiO,GIC) | Vicker‘s micro-hardness of Experimental -3.30 (0.44) 0.001
group E-2 (3% TiO,GIC)
Vicker‘s micro-hardness of Experimental -8.60(0.44) 0.001
groupE-3 (5% Ti0,GIC)
Vicker‘s micro-hardness of Experimental 1.20 (0.44) 0.009
group E-5 (10% Ti0O,GIC)
Vicker‘s micro-hardness of Conventional 4.10 (0.44) 0.001
Experimental group | control group E-1 (0% TiO,GIC)
E-5 (10% TiO,GIC) | Vicker‘s micro-hardness of Experimental -4.50 (0.44) 0.001
group E-2 (3% TiO,GIC)
Vicker‘s micro-hardness of Experimental -9.80 (0.44) 0.001
groupE-3 (5% TiO,GIC)
Vicker‘s micro-hardness of Experimental -1.20 (0.44) 0.009

group E-4 (7% TiO,GIC)
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4.5.2.1.1 Indentation evaluationof TiO,GIC cement samples after Vicker’s micro-hardness
analysis:

The images of indentations after the Vicker‘s micro-hardness analysis were taken under the
inverted fluorescence microscope (Czech Republic) (Figure-4.39). The conventional control
group E-1 (0% TiO,GIC) displayed the largest indentation size (Figure-4.39a) confirming the
minimum micro-hardness strength value (59.10 + 0.87 VHN, S.E = 0.27). Similarly, linear
pattern decrease in indentation size was recorded with the increase in the micro-hardness
strength values up to 5% TiO,GIC in the experimental group E-3 (5% TiO,GIC) that revealed
maximum Vicker‘s micro-hardness strength value (Figure -4.39¢) (67.90 + 0.48 VHN, S.E =
0.15). The experimental group E-4 (7% TiO,GIC) showed slightly greater indentation size
(Figure -4.39d) confirming reduction in Vicker‘s micro-hardness strength and experimental
group E-5 (10% TiO,GIC) revealed largest indentation size (Figure -4.39¢) confirming the
maximum declination in the Vicker‘s micro-hardness strength value (53.90 + 0.88 VHN, S.E =
0.39) which was significant (P-value < 0.001) (Figure -4.39, Table-4.12).

Figure-4.39: Indentations evaluation after the Vicker’s micro-hardness analysis under the
inverted fluorescence microscope for TiO;GIC cement samples at different concentrations
showing: (A) Conventional control group E-1(0% TiO;GIC) showing greatest indentation
size with smallest Vicker’s micro-hardness strength value, (B) Experimental group E-2 (3%
TiO,GIC) showing smaller indentation size with slightly greater Vicker’s micro-hardness
strength value, (C) Experimental group E-3 (5% TiO,GIC) showing smallest indentation size
with greatest Vicker’s micro-hardness strength value, (D) Experimental group E-4 (7%
TiO,GIC) showing greater indentation size with smaller Vicker’s micro-hardness strength
value, and (E) Experimental group E-4 (10% TiO,GIC) showing more greater indentation
size with slightly more smaller Vicker’s micro-hardness strength value.

4.5.2.1.2 SEM micrographs of TiO,GIC cement samples for surface cracks after Vicker’s
micro-hardness analysis:

SEM analysis of 9.5 x 1 mm of TiO,GIC cylinders of all the samples was carried out after the
Vicker‘s micro-hardness testing. These included the groups named conventional control group
E-1 (0% TiO,GIC), experimental group E-2 (3% TiO,GIC), experimental group E-3 (5%
TiO,GIC), experimental group E-4 (7% TiO,GIC) and experimental groupE-5 (10%
TiO,GIC). The increase in the concentration of TiO, Nps in GIC depicted the linear pattern
decrease of cracks in TiO,GIC samples up to the experimental group E-3 containing 5%
(Figure 4.40 a-c) and linear pattern increase in cracks in the group E-4 containing 7% TiO,.Nps
and experimental group E-5having 10 % TiO, Nps (Figure 4.40 d,e). The group conventional
control group E-1 (0% TiO,GIC) (Figure 4.40a) revealed maximum crack sites because of the
least hardness strength as a result of absence of TiO,.Nps. The experimental group E-2 (3%
TiO,GIC) (Figure 4.40b) revealed slight deduction in cracks and this deduction in
cracks became maximum in the experimental group E-3 (5% TiO,GIC) (Figure 4.40c). Further



102

increase in the percentages of TiO, Nps greatly reduced the hardness strength and revealed
moderate cracks in the experimental group E-4 (7% TiO,GIC) (Figure 4.40d). The
experimental group E-5(10% TiO,GIC) (Figure 4.40¢) depicted maximum crack sites because
of the minimum hardness strength attained in this group.

Figure 4.40. SEM images of TiO,GIC cement samples at low and high resolutions showing
cracks of different concentrations of Titania (TiO;-Nps) : (a) Conventional control group E-
1 (0%Ti0,GIC) showing maximum cracks on its surface because of minimum hardness
strength value, (b) Experimental group E-2 (3% TiO,GIC) showing moderate cracks on its
surface because of slightly increased hardness strength value, (¢c) Experimental group E-3
(5% TiO,GIC) showing least cracks on its surface because of maximum hardness strength
value, (d) Experimental group E-4 (7% TiO,GIC) showing more cracks on its surface
because of minimal hardness strength value, (e) Experimental group E-5 (10% TiO;GIC)
showing slightly more cracks on its surface because of more minimal hardness strength
value.

4.5.2.1.3 Summary of Vicker’s micro-hardness analysis of TiO,GIC cement samples at
different concentrations:

The maximum value of Vicker‘s micro-hardness strength was found in the experimental group
E-3 (5% TiO,GIC) which was 67.90 + 0.48 VHN, S.E =0.15 as compared to the conventional
control group E-1 (0% TiO,GIC) which was 59.10 + 0.87 VHN, S.E = 0.27 and other
experimental groups E-2 (3% TiO,GIC), E-4 (7% TiO,GIC) and E-5 (10% TiO,GIC) (p.value <
0.05) (Figure-4.41).
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Figure-4.41: Mean differences in the Vicker’s micro-hardness (VHN) of TiO;GIC cement
samples at different concentrations.

4.5.2.2 Compressive strength analysis of TiO;GIC cement samples at different
concentrations:

The compressive strength of different percentages of Titania (TiO,.Nps) added to GIC
manifested linear pattern increase in the compressive strength of the conventional control
group E-1 (0% TiO,GIC), experimental group E-2 (3% TiO,GIC) and experimental group E-3
(5% Ti0,GIC). The experimental group E-4 (7% TiO,GIC) and experimental groupE-5(10%
TiO,GIC) revealed linear pattern decrease in the compressive strength which was also
significant (P-value < 0.05) (Table-4.15).

Table-4.15: Compressive strength and standard error of TiO,GIC cement samples at
different concentrations.

Control and TiO,GIC Samples | Total Compressive Strength of|Standard
Samples (control and TiO,GIC |Error
(n) Samples with standard |(S.E)
deviation (MPa £S.D)

Conventional control group E-1 10 91114 0.46

(0% TiO,GIC)

Experimental group E-2 10 1393+£1.3 0.43

(3% TiO,GIC)

Experimental group E-3 10 1951 +1.2 0.41

(5% TiO,GIC)

Experimental group E-4 10 15.54+0.5 0.18

(7% TiO,GIC)

Experimental group E-5 10 11.61+1.2 0.40

(10% TiO,GIC)

The mean differences in the inter-group TiO,GIC samples at different concentrations
elaborated maximum compressive strength in the experimental group E-3 (5% TiO,GIC) and
minimum in the experimental group E-5 (10% TiO,GIC) which was also significant (P-value <
0.001) (Table-4.16)

Table-4.16: Inter-group comparisons of compressive strength of TiO;GIC cement samples
containing various concentrations of Titania (TiO;.Nps).

Control and different| Comparison of compressive strength [ Mean Difference | P-value

concentrations of |[between control and different | of compressive

TiO,GIC Samples concentrations of TiO,GIC samples |strength between
control and
different

concentrations of
TiO,GIC samples
with standard
error (S.E)
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Conventional control Compressive strength of Experimental |-4.82 (0.55) 0.001
group E-1 (0% TiO,GIC) |group E-2 (3% TiO,GIC)
Compressive strength of Experimental |-10.40 (0.55) 0.001
group E-3 (5% TiO,GIC)
Compressive strength of Experimental |-6.43 (0.55) 0.001
group E-4 (7% TiO,GIC)
Compressive strength of Experimental |-2.50 (0.55) 0.001
group E-5 (10% TiO,GIC)
Compressive strength of Conventional |4.82 (0.55) 0.001
Experimental group E-2 | control group E-1 (0% TiO,GIC)
(3% TiO,GIC) Compressive strength of Experimental |-5.58 (0.55) 0.001
group E-3 (5% TiO,GIC)
Compressive strength of Experimental |-1.61 (0.55) 0.006
group E-4 (7% TiO,GIC)
Compressive strength of Experimental |2.32 (0.55) 0.001
group E-5 (10% TiO,GIC)
Compressive strength of Conventional |10.40 (0.55) 0.001
Experimental group E-3 | control group E-1 (0% TiO,GIC)
(5% TiO,GIC) Compressive strength of Experimental |5.58 (0.55) 0.001
group E-2 (3% TiO,GIC)
Compressive strength of Experimental |3.97(0.55) 0.001
group E-4 (7% TiO,GIC)
Compressive strength of Experimental |7.90 (0.55) 0.001
group E-5 (10% TiO,GIC)
Compressive strength of Conventional |6.43 (0.55) 0.001
Experimental group E-4 | control group E-1 (0% TiO,GIC)
(7% TiO,GIC) Compressive strength of Experimental |1.61 (0.55) 0.006
group E-2 (3% TiO,GIC)
Compressive strength of Experimental |-3.97 (0.55) 0.001
group E-3 (5% TiO,GIC)
Compressive strength of Experimental |3.93 (0.55) 0.001
group E-5 (10% TiO,GIC)
Compressive strength of Conventional |2.50 (0.55) 0.001
Experimental group E-5 | control group E-1 (0% TiO,GIC)
(10% TiO,GIC) Compressive strength of Experimental |-2.32 (0.55) 0.001
group E-2 (3% TiO,GIC)
Compressive strength of Experimental |-7.90 (0.55) 0.001
group E-3 (5% TiO,GIC)
Compressive strength of Experimental |-3.93 (0.55) 0.001
group E-4 (7% Ti0,GIC)

4.5.2.2.1 Summary of Compressive strength analysis of TiO;GIC cement samples at different
concentrations:

The compressive strength analysis revealed a systematic linear pattern increase in the
compressive strength of TiO,GIC samples with the increase in % of TiO, Nps in glass ionomer
cement up to 5% and linear pattern decrease up to 10%. The maximum value of compressive
strength was attained by the experimental group E-3 (5% TiO,GIC) which was C.S = 19.51,
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S.E = 0.55 while minimum value of compressive strength was attained by the experimental
group E-5 (10% TiO,GIC) which was C.S=11.61,S.E=0.55 when compared with the
conventional control group E-1 (0% TiO,GIC) where C.S= 9.11,S.E = 0.55 (P-value < 0.001)
(Fig-4.42).
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Figure-4.42: Differences in Compressive Strength (C.S) ofTiO,GIC cement samples at
different concentrations.

4.5.2.3. Flexural strength analysis of TiO,GIC cement samples at different concentrations:

When Titania (TiO, Nps) were added to the GIC in different percentages, it fabricated a linear
pattern increase in the flexural strength of the conventional control group E-1 (0% TiO,GIC),
experimental group E-2 (3% TiO,GIC) and experimental group E-3 (5% TiO,GIC). On the
other hand, experimental group E-4 (7% TiO,GIC) and experimental groupE-5(10% TiO,GIC)
notified decrease in the flexural strength in a linear pattern which was significant (P-value <
0.05) (Table-4.17)

Table-4.17: Flexural strength and standard error of various concentrations of TiO,GIC
cement samples.

Control and TiO,;GIC |Total Flexural Strength of control and |Standard

Samples Samples |TiO,GIC Samples with standard|Error (S.E)
(n) deviation (MPa £S.D)

Conventional control group |10 19.31 +£0.9 0.31

E-1 (0% Ti0,GIC)

Experimental group 10 24.17+1.4 0.45

E-2 (3% TiO,GIC)

Experimental group 10 31.29+1.1 0.37

E-3 (5% TiO,GIC)

Experimental group 10 26.15+1.8 0.58

E-4 (7% Ti0,GIC)




106

Experimental group
E-5 (10% TiO,GIC)

10 21.93+£2.4

0.77

The mean differences in the flexural strength of the inter-group TiO,GIC cement samples
revealed the maximum flexural strength in the experimental group E-3 (5% TiO,GIC) and
minimum flexural strength in the experimental group E-5 (10% TiO,GIC) which was
significant (P-value < 0.05) (Table-4.18).

Table-4.18: Inter-group comparisons of flexural strength of TiO;GIC cement samples
containing various concentrations of Titania (TiO;.Nps).

Control and | Comparison of flexural strength | Mean Difference of | P-value
different between control and different | flexural strength between
concentrations of | concentrations of TiO,GIC samples control and different
TiO,GIC Samples concentrations of
TiO,GIC samples with
standard error (S.E)
Flexural strength of Experimental group |-4.86 (0.74) 0.001
E-2 (3% TiO,GIC)
C tional control Flexural strength of Experimental -11.98 (0.74) 0.001
nvention ntr .
r‘; VERHONat MO group E-3 (5% Ti0,GIC)
u
% | (I())‘V Ti0,GIC) Flexural strength of Experimental -6.84 (0.74) 0.001
o group E-4(7% TiO,GIC)
Flexural strength of Experimental -2.62 (0.74) 0.001
group E-5 (10% Ti0,GIC)
Flexural strength of Conventional control |4.86 (0.74) 0.001
group E-1 (0% TiO,GIC)
B i mental Flexural strength of Experimental -7.12 (0.74) 0.001
Exzpe“men LEOUP | oroup B3 (5% Ti0,GIC)
(3% TiO,GIC) Flexural strength of Experimental -1.98 (0.74) 0.011
o2 group E-4 (7% Ti0,GIC)
Flexural strength of Experimental 2.24 (0.74) 0.004
group E-5 (10% Ti0O,GIC)
Flexural strength of Conventional 11.98 (0.74) 0.001
control group E-1 (0% TiO,GIC)
B mental Flexural strength of Experimental 7.12 (0.74) 0.001
Exfe“men ABOUP ) or6up E-2 (3% TiO,GIC)
(5% TiO,GIC) Flexural strength of Experimental 5.14 (0.74) 0.001
o2 group E-4 (7% TiO,GIC)
Flexural strength of Experimental 9.36 (0.74) 0.001
group E-5 (10% Ti10,GIC)
Flexural strength of Conventional 6.84 (0.74) 0.001
control group E-1 (0% TiO,GIC)
B mental Flexural strength of Experimental 1.98 (0.74) 0.011
Exf CHmental 80U o oup E-2 (3% Ti0,GIC)
o Flexural strength of Experimental -5.14 (0.74) 0.001
7% TiO,GIC
(7% TI0,GIC) group E-3 (5% TiO,GIC)
Flexural strength of Experimental 4.22(0.74) 0.001
group E-5 (10% Ti0,GIC)
Flexural strength of Conventional control |2.62 (0.74) 0.001
[Experimental group group E-1 (0% TiO,GIC)
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E-5 Flexural strength of Experimental -2.24 (0.74) 0.004
(10% TiO,GIC) group E-2 (3% TiO,GIC)
Flexural strength of Experimental -9.36 (0.74) 0.001
group E-3 (5% TiO,GIC)
Flexural strength of Experimental -4.22 (0.74) 0.001
group E-4 (7% TiO,GIC)

4.5.2.3.1 Summary of flexural strength analysis of TiO,GIC cement samples at different
concentrations:-

The flexural strength analysis revealed a systematic linear pattern increase in the flexural
strength of TiO,GIC cement samples with the increase in % of Titania (TiO,.Nps) in the glass
ionomer cement up to 5% and linear pattern decrease up to 10%. The maximum value of the
flexural strength was attained by the experimental group E-3 (5% TiO,GIC) which was F.S =
31.29, S.E = 0.37) while minimum value of the flexural strength was attained by the
experimental group E-5 (10% TiO,GIC) which was F.S=21.93,S.E=0.77 when compared with
conventional control group E-1 (0% TiO,GIC) where F.S=19.31, S.E = 0.31 (P-value < 0.001)
(Figure -4.43).
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Figure-4.43: Differences in Flexural Strength (F.S) ofTiO.GIC cement samples at different
concentrations.

4.5.2.4 Shear bond strength analysis of TiO;GIC cement samples at different
concentrations:

Shear bond strength was carried out for both the enamel and dentine portions of the tooth by
bonding all the samples of TiO,GIC cement containing different percentages of Titania (TiO,-
Nps) first to the enamel and then to the dentin. In addition, enamel shear bond strength of all
the samples of TiO,GIC cements was greater than that of dentine shear bond strength
comparatively, which was significant (P-value < 0.05).

4.5.24.1 Enamel shear bond strength of TiO,GIC cement samples at different
concentrations:

The enamel shear bond strength of TiO,GIC cement samples illustrated a linear pattern
increase with increase in the percentage of Titania (TiO,.Nps) up to 5%. This increase in
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enamel shear bond strength was demonstrated from conventional control group E-1 (0%
Ti0,GIC), to experimental group E-2 (3% TiO,GIC) and finally experimental group E-3 (5%
TiO,GIC). On the other hand, experimental group E-4 (7% TiO,GIC) and experimental
groupE-5(10% TiO,GIC) revealed a linear pattern decrease with the increase in the percentage
of Titania (TiO,.Nps) which was significant (P-value <0.05) (Table-4.19).

Table-4.19: Enamel Shear Bond strength and standard error of various concentrations of
TiO,GIC cement samples.

Control and Total Enamel shear bond |Standard
TiO,GIC Samples Samples |Strength of control and | Error
(n) TiO,GIC Samples with |(S.E)
standard deviation
(MPa £S.D)
Conventional control group 10 2.11+£0.21 0.06
E-1 (0% TiO,GIC)
Experimental group 10 2.62+0.19 0.06
E-2 (3% Ti0,GIC)
Experimental group 10 4.19+0.36 0.11
E-3 (5% Ti0,GIC)
Experimental group E-4 (7% 10 3.6+0.52 0.16
Ti0,GIC)
Experimental group 10 3.08+0.28 0.08
E-5 (10% TiO,GIC)

The mean differences between the inter-groups of TiO,GIC cement samples at different
percentages displayed maximum enamel shear bond strength in the experimental group E-3
(5% Ti0,GIC) but minimum enamel shear bond strength in the experimental group E-5 (10%
Ti0,GIC) which was also significant (P-value < 0.05) (Table-4.20).

Table-4.20: Inter-group comparisons of enamel shear bond strength of TiO;GIC cement
samples containing various concentrations of Titania (TiO; Nps).

Control and  different | Comparison of enamel shear bond strength | Mean Difference of| P-value

concentrations of TiO,GIC | between control and different | enamel shear bond
Samples concentrations of TiO,GIC samples strength between
control and different
concentrations of

TiO,GIC samples with
standard error (S.E)

Enamel shear bond strength of Experimental  |-0.51 (0.15) 0.001
group E-2 (3% TiO,GIC)
Enamel shear bond strength of Experimental |-2.08 (0.15) 0.001
Conventional control group group E-3 (5% TiOGIC)
E-1 (0% Ti0,GIC) Enamel shear bond strength of Experimental  |-1.49 (0.15) 0.001
group E-4 (7% TiO,GIC)
[Enamel shear bond strength of Experimental -0.97 (0.15) 0.001

group E-5 (10% Ti10,GIC)
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Enamel shear bond strength of Conventional | 0.51 (0.15) 0.001
control group E-1 (0% TiO,GIC)
Enamel shear bond strength of Experimental |-1.57 (0.15) 0.001
. group E-3 (5% TiO,GIC)
E tal E-2
( ;Ee;lirgel(l; C;g roup Enamel shear bond strength of Experimental  |-0.98 (0.15) 0.001
o group E-4 (7% TiO,GIC)
IEnamel shear bond strength of Experimental -0.46 (0.15) 0.004
lgroup E-5 (10% Ti10,GIC)
Enamel shear bond strength of Conventional |2.08 (0.15) 0.001
control group E-1 (0% TiO,GIC)
Enamel shear bond strength of Experimental 1.57 (0.15) 0.001
. group E-2 (3% TiO,GIC)
E tal E-3
( S)ZBe;lirgeg? C;g roup Enamel shear bond strength of Experimental |0.59 (0.15) 0.001
o group E-4 (7% TiO,GIC)
IEnamel shear bond strength of Experimental 1.11 (0.15) 0.001
group E-5 (10% Ti0,GIC)
Enamel shear bond strength of Conventional 1.49 (0.15) 0.001
control group E-1 (0% TiO,GIC)
Enamel shear bond strength of Experimental | 1.98 (0.15) 0.001
E-2 (3% TiO,GIC
Experimental group E-4 Stotp (3% TIO,GIC) -
(7% Ti0,GIC) Enamel shear bond strength of Experimental |-0.59 (0.15) 0.001
group E-3 (5% TiO,GIC)
[Enamel shear bond strength of Experimental 0.52 (0.15) 0.001
group E-5 (10% Ti10,GIC)
Enamel shear bond strength of Conventional | 0.97 (0.15) 0.001
control group E-1 (0% TiO,GIC)
Enamel shear bond strength of Experimental |0.46 (0.15) 0.004
E-2 (3% TiO,GIC
Experimental experimental Stotp (3% TIO,GIC) -
roup E-5 (10% TiO,GIC) Enamel shear bond strength of Experimental  |-1.11 (0.15) 0.001
group E-3 (5% TiO,GIC)
Enamel shear bond strength of Experimental |-0.52 (0.15) 0.001
group E-4 (7% TiO,GIC)
4.5.2.4.1.1  Summary of enamel shear bond strength of TiO,GIC cement samples at
ry 9 /4

different concentrations:

The enamel shear bond strength analysis revealed a systematic linear pattern increase in the
enamel shear bond strength of TiO,GIC with the increase in % of Titania (TiO,.Nps) in glass
ionomer cement up to 5% and linear pattern decrease up to 10%. The maximum value of
enamel shear bond strength was attained by the experimental group E-3 (5% TiO,GIC) where
E.B.S =6.91, S.E = 0.12 while minimum value of the enamel shear bond strength was attained
by the experimental group E-5 (10% TiO,GIC) where E.B.S=2.20, S.E=0.11 when compared
with the conventional control group E-1 (0% TiO,GIC) where E.B.S=2.11,S.E = 0.06 (P-value

<0.001) (Figure -4.44).
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Figure-4.44: Differences in the enamel shear bond strength (E.B.S) ofTiO;GIC cement
samples at different concentrations.

4.5.2.4.2 Dentin shear bond strengthof TiO;GIC cement samples at different
concentrations:

Dentin shear bond strength of TiO,GIC cement samples demonstrated a linear pattern increase
with the increase in the percentage of Titania (TiO,.Nps) such as conventional control group E-
1 (0% TiO,GIC), experimental group E-2 (3% TiO,GIC) and experimental group E-3 (5%
TiO,GIC). However, a systematic linear pattern decrease was notified in the experimental
group E-4 (7% TiO,GIC) and experimental group E-5 (10% TiO,GIC) which was significant
(P-value < 0.05) (Table-4.21).

Table-4.21: Dentin shear bond strength and standard error of various concentrations of
TiO>GIC cements.

Control and Total Dentin shear bond Strength of|Standard

TiO,GIC Samples Samples |control and TiO,GIC Samples with|Error
(n) standard deviation (MPa +S.D) (S.E)

Conventional control group |10 1.98 £0.19 0.06

E-1 (0% Ti0,GIC)

Experimental group 10 2.25+0.22 0.07

E-2 (3% TiO,GIC)

Experimental group 10 3.67+0.32 0.10

E-3 (5% TiO,GIC)

Experimental group 10 3.10+0.21 0.06

E-4 (7% Ti0,GIC)

Experimental group 10 2.51+0.21 0.06

E-5 (10% TiO,GIC)

The mean differences of the inter-groups TiO,GIC cement samples at different percentages
revealed maximum dentin shear bond strength in the experimental group E-3 (5% TiO,GIC)
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and minimum shear bond strength in the experimental group E-5 (10% TiO,GIC) which was
significant (P-value < 0.05) (Table-4.22).

Table-4.22: Inter-group comparisons of dentin shear bond strength of TiO,GIC cement

samples containing various concentrations of Titania (TiO,Nps).

Control and | Comparison of dentin shear bond strength | Mean Difference of | P-value
different between control and different | dentine shear bond
concentrations of | concentrations of TiO,GIC samples strength between
TiO,GIC Samples control and different
concentrations of
TiO,GIC samples
with standard error
(S.E)
Dentin shear bond strength of Experimental |-0.27 (0.11) 0.015
group E-2 (3% TiO,GIC)
Dentin shear bond strength of Experimental |-1.69 (0.11) 0.001
Conventional group E-3 (5% TiO,GIC)
control group Dentin shear bond strength of Experimental |-1.12 (0.11) 0.001
E-1 (0% TiO,GIC) |group E-4 (7% TiO,GIC)
Dentin shear bond strength of Experimental |-0.53 (0.11) 0.001
group E-5 (10% TiO,GIC)
Dentin shear bond strength of Conventional |0.27 (0.11) 0.015
control group E-1 (0% TiO,GIC)
Dentin shear bond strength of Experimental |-1.42 (0.11) 0.001
Experimental group group E-3 (5% Ti0:GIC)
E-2 (3% TiO,GIC) Dentin shear bond strength of Experimental |-0.85 (0.11) 0.001
group E-4 (7% TiO,GIC)
Dentin shear bond strength of Experimental |-0.26 (0.11) 0.019
group E-5 (10% TiO,GIC)
Dentin shear bond strength of Conventional |1.69 (0.11) 0.001
control group E-1 (0% TiO,GIC)
Dentin shear bond strength of Experimental |1.42 (0.11) 0.001
Experimental group group E-2 (3% TH0,GIC) -
E-3 (5% TiO,GIC) Dentin shear bond strength of Experimental |0.57 (0.11) 0.001
group E-4 (7% TiO,GIC)
Dentin shear bond strength of Experimental | 1.16 (0.11) 0.001
group E-5 (10% TiO,GIC)
Dentin shear bond strength of Conventional |1.12 (0.11) 0.001
control group E-1 (0% TiO,GIC)
Dentin shear bond strength of Experimental |0.85 (0.11) 0.001
Experimental group group E-2 (3% TIO,GIC)
. Dentin shear bond strength of Experimental |-0.57 (0.11) 0.001
E-4 (7% TiO,GIC) .
group E-3 (5% TiO,GIC)
Dentin shear bond strength of Experimental | 0.59 (0.11) 0.001
group E-5 (10% TiO,GIC)
Dentin shear bond strength of Conventional |0.53 (0.11) 0.001
Experimental group |control group E-1 (0% TiO,GIC)
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E-5 (10% TiO,GIC) |Dentin shear bond strength of Experimental |0.26 (0.11) 0.019
group E-2 (3% TiO,GIC)
Dentin shear bond strength of Experimental |-1.16 (0.11) 0.001
group E-3 (5% TiO,GIC)
Dentin shear bond strength of Experimental |-0.59 (0.11) 0.001
group E-4 (7% TiO,GIC)

4.5.2.4.2.1 Summary of dentin shear bond strength of TiO;GIC cement samples at different
concentrations:

The dentin shear bond strength analysis revealed a systematic linear pattern increase in the
dentin shear bond strength of TiO,GIC with the increase in the % of Titania (TiO,.Nps) in
glass ionomer cement up to 5% and linear pattern decrease up to 10%. The maximum value of
dentin shear bond strength was attained by the experimental group E-3 (5% TiO,GIC) where
D.B.S = 5.64, S.E = 0.08 while minimum value of dentin shear bond strength was attained by
the experimental group E-5 (10% TiO,GIC) where D.B.S=1.92,S.E=0.11 when compared with
the conventional control group E-1 (0% TiO,GIC) where D.B.S= 1.98,S.E = 0.06 (P-value <
0.05) (Figure -4.45).

4.5
< 4
g 35 [
5 3 I 14 0% Ti0,-GIC
€505 I W 3% Ti0,-GIC
S o I
58 2 I 5% Ti0,-GIC
Q
E 1.5 7% Ti0,-GIC
?, ! i 10% Ti0,-GIC
S 05

0 T T T T 1

0% Ti0,-GIC 3% Ti0,-GIC 5% TiO,-GIC 7% Ti0,-GIC 10% TiO,-GIC

Figure-4.45: Differences in the dentin shear bond strength (D.B.S) ofTiO;GIC cement
samples at different concentrations.

4.5.2.6 Scanning electron microscopic analysis for surface morphology and Spectrum
mapping for compositional analysis:

The spectrum mapping for compositional analysis of Conventional control group E-1 (0%
Ti0,GIC) and experimental groups including E-2 (3% TiO,GIC), E-3 (5% TiO,GIC), E-4 (7%
Ti0,GIC) and E-5 (10% TiO,GIC) containing different concentrations of TiO, Npsis given in
the Table-4.23.
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Table 4.23: Differences in the elemental composition of TiO,GIC cement samples
containing various concentrations of Titania (TiO;Nps).

Sr Elements Conventional Experimental Experimental Experimental Experimental
control group group E-2 group E-3 group E-4 group E-2
E-1 (0%TiO,GI) (3%TiO,GIC) (5%TiO,GIC) (7%TiO0,GIC) (10%TiO,GIC)
1. Al 23.95% 23.89% 23.51% 22.02% 20.62%
2. Si 20.07% 20.03% 20.01% 20.00% 19.71%
3. C 14.93% 13.57% 12.03% 13.55% 13.02%
4. (0] 14.55% 15.91% 16.21% 10.51% 14.01%
5. F 2.04% 3.59% 6.46% 10.30% 10.34%
6. Sr 22.60% 21.19% 20.57% 20.41% 19.14%
7. P 1.70% 1.17% 0.33% 0.97% 0.59%
8. S 0.16% 0.15% 0.09% 0.31% 0.11%
9. Ti 0% 0.50% 0.79% 1.93% 2.45%
4.5.2.6.1 Conventional Control group E-1 (0% TiO,GIC):

The SEM scans of Conventional control group E-1 (0% TiO,GIC) showed maximum
degradation sites having largest size of cracks and greatest number of voids in glass particles of
GIC matrix at S0KX and 20KX magnifications due to absence of Titania Nps (Figure-4.46a
and b).The compositional analysis revealed the presence of different percentages of elements
in its composition without Titania Nps. The atomic % of elements present in it are C (14.93%),
O (14.55%), F (2.04%) , Al (23.95%), Si (20.07%), Sr (22.60%), P (1.70%) and S (0.16%).
The Al, Sr, Si, C and O were found in the maximum amounts whereas F, P and S were found
in lesser quantities (Figure-4.46¢, Table-4.23). The elemental mapping confirmed the presence
of carbon, oxygen, fluorine, aluminum, silicon, strontium, phosphorus and sulphur in its

spectrum (Figure- 4.46d).
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4.5.2.6.2 Experimental group E-2 (3% TiO;GIC):

The SEM scans of experimental group E-2 (3% TiO,GIC)displayed slight reduction in
degradation sites having declined size of cracks and number of voids in glass particles with 3%
Titania Nps in GIC matrix at S0KX and 20KX magnifications (Figure-4.47 a and b). The
compositional analysis demonstrated the presence of C (13.57%), O (15.91%), Al (23.89%), Si
(20.03%), Sr (21.19%), P (1.17%), S (0.15%), F (3.59%) and Ti (0.50%) in its composition by
atomic %. The amounts of Al, Sr, Si, C, O, P and S were reduced whereas F was increased in
comparison to the Conventional control group E-1 (0% TiO,GIC) and presence of Ti was
confirmed (Figure-4.47c). The presence of carbon, oxygen, fluorine, aluminum, silicon,
strontium, phosphorus, sulphur and titanium were revealed in its composition by the elemental
spectrum mapping (Figure-4.47d).
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Figure 4.47 : Spectrum mapping and Scanning electron microscopic analysis of
Experimental group E-2 (3% TiO;GIC) displaying: (a) glass particles having slightly
reduced disintegration sites with cracks and voids in its matrix with 3% Titania Nps in the
SEM image, (c) atomic % composition of elements in the EDX scan and, (d) Exact quantity

of different constituents present in the elemental spectrum .
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4.5.2.6.3: Experimental group E-3 (5% TiO;GIC):

The SEM scans of experimental group E-3 (5% TiO,GIC)displayed maximum reduction in
degradation sites having minimum cracks and no voids in glass particles with 5% Titania Nps
in GIC matrix at S0KX and 20KX magnifications as compared to the experimental group E-2
(3% TiO,GIC) and Conventional control group E-1 (0% TiO,GIC) (Figure-4.48a and b). The
compositional analysis demonstrated the presence of C (12.03%), O (16.21%), F (6.46%), Al
(23.51%), Si (20.01%), Sr (20.57%), P (0.33%), S (0.09%) and Ti (0.79%) in its composition
by atomic %.The amounts of Al, Sr, Si, P and S were reduced whereas F and Ti was increased
in comparison to the Conventional control group E-1 (0% TiO,GIC) and experimental group
E-2 (3% Ti0,GIC). The maximum decrease in carbon content and maximum increase in O was
observed in this group (Figure-4.48c). The presence of carbon, oxygen, fluorine, aluminum,
silicon, strontium, phosphorus, sulphur with more titanium were evidenced in its composition
by the elemental spectrum mapping (Figure-4.48d).
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Figure 4.48: Spectrum mapping and Scanning electron microscopic analysis of
Experimental group E-3 (5% TiO:;GIC) displaying: (a) glass particles having maximum
reduction in disintegration sites without cracks and voids in its matrix with 5%Titania Nps
in the SEM image, (c) atomic % composition of elements in the EDX scan and, (d) Exact
quantity of different constituents present in the elemental spectrum.
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4.5.2.6.4 Experimental group E-4 (7% TiO;GIC):

The SEM scans of experimental group E-4 (7% TiO,GIC) displayed reduction in degradation
sites having cracks and voids in glass particles having more increased quantity of Titania Nps
in the GIC matrix at 50KX and 20KX magnifications. These degradation sites having cracks
and voids were more as compared to the experimental group E-2 (3% TiO,GIC) and
experimental group E-3 (5% TiO,GIC) but lesser than Conventional control group E-1 (0%
TiO,GIC) (Figure-4.49a and b). The compositional analysis demonstrated the presence of C
(13.55%), O (10.51%), F (10.30%), Al (22.02%), Si (20.00%), Sr (20.41%), P (0.97%), S
(0.31%) and Ti (1.93%) in its composition by atomic %.The amounts of Al, Sr, Si, P, S and C
were reduced in comparison to Conventional control group E-1 (0% TiO,GIC) and
experimental group E-2 (3% TiO,GIC) whereas F and Ti was increased further, when
compared with Conventional control group E-1 (0% TiO,GIC) and experimental group E-2
(3% TiO,GIC).The content of P, S, C and F in this group was greater than experimental group
E-3 (5% TiO,GIC) but O, Al, Sr, and Si were lesser comparatively (Figure-4.49¢c). The
presence of carbon, oxygen, fluorine, aluminum, silicon, strontium, phosphorus, sulphur and
titanium were confirmed in its composition by the elemental spectrum mapping (Figure-4.49d).
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Figure 4.49: Spectrum mapping and Scanning electron microscopic analysis of
Experimental group E-2 (3% TiO;GIC) displaying: (a) glass particles having slightly
declined reduction in disintegration sites with cracks and voids in its matrix with 7% Titania
Nps in the SEM image, (c) atomic % composition of elements in the EDX scan and, (d)
Exact quantity of different constituents present in the elemental spectrum.
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4.5.2.6.5 Experimental group E-5 (10% TiO,GIC):

The SEM scans of experimental group E-5 (10% TiO,GIC)displayed glass particles having
greatest quantity of Titania Nps at SOKX and 20KX magnifications with slightly more declined
reduction in the voids of the glass matrix as compared to the experimental group E-2 (3%
TiO,GIC), experimental group E-4 (7% TiO,GIC), andexperimental group E-5 (10%
Ti0,GIC)(Figure-4.50a and b). The compositional analysis demonstrated the presence of C
(13.02%), O (14.01%), F (10.34%), Al (20.62%), Si (19.71%), Sr (19.14%), P (0.59%), S
(0.11%) and Ti (2.45%) in its composition by atomic %. The amounts of Al, Sr, Si, P, S and C
were reduced in comparison to Conventional control group E-1 (0% TiO,GIC), experimental
group E-2 (3% TiO,GIC) , and experimental group E-4 (7% TiO,GIC) whereas F and Ti was
increased further, when compared with Conventional control group E-1 (0% TiO,GIC) ,
experimental group E-2 (3% TiO,GIC), and experimental group E-4 (7% TiO,GIC). The
content of P, S, C and F in this group was greater than experimental group E-3 (5%
TiO,GIC)but O, Al, Sr, and Si were lesser comparatively (Figure-4.50c). The presence of
carbon, oxygen, fluorine, aluminum, silicon, strontium, phosphorus, sulphur and titanium were
confirmed in its composition by the elemental spectrum mapping (Figure-4.50d).
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Figure 4.50: Spectrum mapping and Scanning electron microscopic analysis of
Experimental group E-5 (10% TiO,GIC) displaying: (a) glass particles having slightly more
declined reduction in voids in its matrix with 10%Titania Nps in the SEM image, (c) atomic
% composition of elements in the EDX scan and, (d) Exact quantity of different constituents

present in the elemental spectrum .
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Discussion:

Nanotechnology has been gaining ample attraction in health care systems owing to its
fascinating properties and broader implications in various technical domains [83]. The greater
diversity in nanoparticles size, shape, surface morphology, chemical nature, phase form and
above all synthesis methods have altered their biological, physical and chemical significance
for advancing clinical diagnosis and treatment procedures [4]. The use of nanomaterials in the
dentistry has been a comparatively neglected domain of the research. Compelling scientific
data has been suggesting the future dominance of nanomaterials in designing drugs and
composite materials for clinical dentistry. Considering the emerging role of Nps in future
therapeutics, the current research was designed to prepare and Nps based innovative glass
ionomer cement for its possible application in the dental filling materials.

5.1 Phase-1: Synthesis of Titania (TiO;.Nps):

Titania (TiO,.Nps) synthesis was carried out using Bacillus coagulans and Mentha spicata
extract following —green synthesis route” and under chemical laboratory conditions employing
titanium tetrachloride solution. In flask containing Bacillus coagulans culture, the color was
changed from creamy white to pure white after 24 hours (Figure -4.1) whereas, green to white
color change was observed in Mentha spicata extract (Figure -4.2) and purple to white in
titanium tetrachloride solution (Figure-4.3). These findings confirmed the synthesis of Titania
(TiO,.Nps) on the basis of results of some previous reports. The change of color has been
suggested as the key indicator for synthesis of Nps [99]. The mechanism responsible for color
change during Titania (TiO,.Nps) might be oxidation process leading to Ti ** cations and Ti *
anions by reacting with water molecules entrapped in the precursor salts. The electron was
released and taken up by Ti*" cations along with water resulting in change of color from dark
to lighter [202]. The scientific reason of the visibale color change has been explained in
various previous works and was also a possible justification of color change as found in the
present study.

5.2 Phase-11 Standard Characterization Techniques:

5.2.1 XRD analysis and Raman spectroscopic analysis of Titania (TiO,.Nps) for crystalline
size and phase:

The physico-chemical properties of the prepared Nps were determined via their
characterization such as size, shape, phase, elemental composition, surface morphology,
texture, topography, hydrodynamic size and functional compounds [203].

X-ray diffraction analysis and Raman spectroscopic analysis of Titania (TiO,.Nps) was used to
identify its phase and particle size. The Raman spectroscopic analysis depicted pure anatase
peaks at the wave lengths of 243 cm™ and 398 cm™ for the innovative Titania (TiO,.Nps)
produced by Bacillus coagulans (Figure-4.32)and Mentha spicata (Figure -4.33) whereas
Titania (TiO,.Nps) prepared by Conventional hydrothermal heating (Figure-4.34) revealed
pure anatase phase at the wave length of 243 cm™ and rutile phase at 397 cm™. These peak
formation at 243 cm™ and 397 cm™ are patent for anatase and rutile phases [204]. The raman
peaks at higher intensity shows the smaller particle size and vice versa [191]. The innovative
Titania (TiO,.Nps) produced by Bacillus coagulans(Figure-4.32) demonstratedthe peak
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intensities at 1,00,000 showing smaller particle size while Titania (TiO,.Nps) synthesized by
Mentha spicata (Figure-4.33) and Conventional hydrothermal heating (Figure-4.34) were
observed at peak intensities of 98,000 and 97,000 showing medium and large size of these Nps.
The innovative Titania (TiO,.Nps) produced by Bacillus coagulanswere found to be in 100%
pure anatase phase (Figure-4.4,4.32 and Table-4.1)). Previous study conducted by S.
Vijayakumar et al confirmed the pure anatase phase of Nps produced by Bacillus subtilis
[205]. The Titania (TiO,.Nps) synthesized by Mentha spicata were lying in 100% pure anatase
phase (Figure-4.5, 4.33 and Table-4.2) which was in accordance with the previous study
conducted by S. Babitha et al after utilizing green plant [206]. On the other hand, Titania
(TiO,.Nps) prepared by Conventional hydrothermal heating were lying in 82% pure anatase
phase and 18% rutile phase (Figure-4.6, 4.34 and Table-4.3). The factors affecting phase form
and particle size of Nps are temperature, pressure, pH and by-products produced during
synthesis process [203]. The Bacillus coagulansculture used in the current study might have
the highest pH that produced small sized Nps ranging between 5-30 nm [207], while Mentha
spicata and Conventionalhydrothermal stock solution might have the lowest pH that resulted in
slightly medium sized Nps between 31-40 nm and large sized Nps between 30-50 nm
[208,209]. The large size of Nps produced by conventional methods is due to the utilization of
the extra energy generated by the expensive toxic chemicals employed during their synthesis.
These chemicals are not only responsible for the large size of the Nps but also making them
unstable and more aggregated [210,211]. The plausible explanation for the aforementioned size
of Nps via Bacillus coagulansculture might be the availability of very few NADH-dependent
enzymes at high pH that might have prompted the particle aggregation quite slowly and
gradually resulting in their small sizes. Secondly; natural capping and stabilizing agents might
have caused a closely packed aggregation of Titania (TiO,.Nps) producing spherical shape of
these Nps synthesized by bacteria as compared to plant and Conventional hydrothermal
heating that lacked these natural enzymes resulting in their mixed spherical and irregular
shapes. The pure anatase phase of Titania (TiO,.Nps) synthesized by Bacillus coagulans and
Mentha spicata could be due to low process temperature without any pressure used in their
preparation. On the other hand, Titania (TiO,.Nps) prepared by Conventional hydrothermal
heating might have undergone oxidation, reduction or corrosion in their composition at high
temperature in the presence of toxic chemicals that might be responsible for producing
different phases under similar circumstances. However, further research might be important to
draw a conclusion regarding the appropriate mechanism for this phase behavior.

5.2.2 DRS analysis of Titania (TiO;.Nps) for confirmation of crystalline size:

The UV-vis diffuse reflectance spectroscopic analysis was used to investigate the synthesis of
Titania (TiO,.Nps) in absorbance mode between 200-600 nm [212]. The absorbance mode of
Titania (TiO,.Nps) synthesized by Bacillus coagulans, Mentha spicata and Conventional
hydrothermal heating was 337, 329 and 337 which matched the findings of the previous works
[213,214]. The crystalline size, structure and aggregation of these Nps is calculated by band
energy gap P-value in reflectance mode. The standard value of band gap energy for Titania
(TiO,.Nps) was 3.23eV. The band gap value verify particle size of synthesized Nps supporting
the fact that smaller particle size constituted larger energy band gap and vice versa [212]. The
band gap energy calculated for Titania (TiO,.Nps) synthesized by Bacillus coagulans was
found to be 3.5 eV (Figure-4.8) whereas for those synthesized by Mentha spicata and
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Conventional hydrothermal heating it was 3.2eV and 2.9 eV (Figure-4.9, 4.10). These band
gap energy values have confirmed that smallest Nps were produced by Bacillus coagulansin
comparison to Mentha spicata and Conventional hydrothermal heating in the current study.

The concentration of solution (bacterial culture, plant extract and chemical) , type of catalyst,
and size of raw materials used in fabrication of Nps have great effects on their particular
properties including size, shape and phase distributions [215]. This showed that small sized
Nps prepared by Bacillus coagulans imposed enhanced aggregation due to the presence of
naturally potent biomolecules, enzymes, proteins and co-enzymes in them. The biomolecules
might have been responsible for rapid capping of these Nps during initial nucleation and
growth phases that could have closely packed these Nps together resulting in their spherical
shape as well. Moreover, enzymes involved in microbial synthesis are devoid of any toxic
chemical which could have enhanced particle aggregation and resulted in their well orderly
arrangement of newly formed Nps resulting in their small sizes. The plants grow at different
locations and at different times which might produce variations in the nature of their
phytochemicals especially terpenoids that might generate impure substances. These impurities
of phytochemicals might have assembled together inside these plant based Nps resulting in
their size enhancement comparatively. The highly strong chemicals utilized by conventional
methods may cause active polymerization reaction resulting in larger complex formation and
further enlargement of Nps thereby, increasing their size.

5.2.3 AFM analysis of Titania (TiO;-Nps) for the size, shape and surface topography:

The size, shape, surface roughness and texture of the prepared Nps was determined by AFM.
The minimal surface roughness of about Rms=4.485 was observed by Titania (TiO,.Nps)
synthesized by Bacillus coagulans in comparison to Mentha spicata and Conventional
hydrothermal heating where it was Rms = 5.693 and Rms=8.275 which was quite high.The
Titania (TiO,.Nps) synthesized by the bacteria revealed smooth surfaces which are in line with
the reports of previous findings reported by Ladange et al [216]. The smooth surfaces imply
that nano-architecture has been developed with high precision having no space in the lattice for
the deposition of any other by product. The concatenation of these Nps was greater at the
surfaces without any voids therefore, produced a smooth surface texture of the designed
nanomaterials. Due to this property, Titania (TiO,.Nps) have been considered as more active,
chemically reactive and shows better performance when compared with the same particles
synthesized by non-biological regimes [217]. Additionally, smoothness of Titania (TiO,.Nps)
might have occurred as a result of uniform capping during synthesis thereby, producing smaller
size with spherical shape formation. The Titania (TiO,.Nps) prepared by Mentha spicata
displayed slightly greater surface roughness that might have been possible due to deposition of
large amounts of plant phytochemicals in the voids left behind in the surfaces of these Nps
during the synthesis. On the other hand, the Titania (TiO,.Nps) prepared by Conventional
hydrothermal heating confirmed the presence of mixed anatase-rutile phase with prominent
surface roughness. These Nps possessed the anatase phase which had been considered as
chemically reactive phase whereas rutile is inert and stable that might have prohibited them to
get properly accumulated on the surfaces resulting in surface roughness.
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5.2.4 SEM analysis and DLS analysis of Titania (TiO,.Nps) for particle size and shape:

Scanning electron microscopic analysis and dynamic light scattering analysis was performed in
order to observe the surface morphology including size and shape of the synthesized Titania
(TiO,.Nps) via three different routes. The Titania (TiO,.Nps) synthesized by Bacillus
coagulans displayed spherical shape having small particle size (Figure-4.16 and Figure-4.28)
while those synthesized by Mentha spicata (Figure-4.17and Figure-4.29) and Conventional
hydrothermal heating (Figure- 4.18 and Figure-4.30) revealed mixture of spherical and
irregular shaped Titania (TiO,.Nps) in medium and large sizes. A study performed by
Kalishwaralal. et al reported small particle size of Titania (TiO,.Nps) synthesized by bacteria
[207] whereas medium particle size of Titania (TiO,.Nps) using plant was obtained by
Satishkumar, et. al., [208] and large particle size by conventional method was attained by
Bekele, et. al.,[209]. The possible reasons for these results could be associated with reaction
temperature, pressure, chemistry of reducing agents, nature of stabilizers and by-products
produced. This assumption has been duly supported by the researchers who suggested that the
chemical environment and temperature of the reaction are directly associated with size and
shape based modifications of the Nps [218,219]. In case of the present research, lowest
temperature and no pressure was used by Bacillus coagulans culture during the synthesis that
produced spherical and small shaped Nps. Application of the microbial cultures generates
small and spherical Nps suggested by some previous workers [207,220]. Although low
temperature and pressure was used by Mentha spicata extract but some what mixture of
spherical with slightly few irregularly shaped Nps were attained which might have been due to
the prolonged heating in order to dissolve all biological components from plants in the
substrate. The increased temperature and pressure used in Conventional hydrothermal heating
produced large size having mixture of spherical with more irregularly shaped Nps [221]. The
high temperature and pressure utilized by Conventional hydrothermal heating during the
synthesis had adversely affected the size, shape and phase form of these Nps [99]. This might
have occurred as a consequence of production of toxic by-products during their synthesis
[222,223]. Another possible explanation of the aforementioned could be the prolonged
incubation-time of reaction medium utilized by the microbial synthesis that could have reduced
the availability of large amounts of reducing agents and metal salt precursors thus declining the
secondary reduction of metallic ions on nuclei‘s surfaces after initial bonding of preformed
nuclei on surface of metal ions resulting in spherically small sized Nps.b) presence of reduced
amounts of reducing agents and precursors might have enhanced shrinkage among Nps,
leading to loss of active aggregation between Nps by declining secondary reduction of metallic
ions. These facts are also supported by the results of Patra, et. al., [224]. However, further
research is required to understand the exact mechanism operating behind the size-shape
relationship under varying reaction conditions, specifically using natural products.

5.2.5 EDX analysis of Titania (TiO,.Nps) for elemental composition in its spectrum:

The true picture of elements present in composition of newly formed Np‘s was investigated by
EDX/EDS [225]. These elements appear in EDS as a result of reducing agents and catalysts
used during their synthesis. The energy dispersive x-ray spectroscopic analysis (EDS) of
Bacillus coagulans, Mentha spicata, and Conventional hydrothermal heating derived Nps
having pure titanium (Ti) and oxygen (O) peaks with no additional peaks of any impurity
(Figure- 4.20,4.21,4.22). The presence of any impurity in EDS either detectable or non-
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detectable in form of traces is responsible for producing cytotoxicity of Nps. The impurity
leading to cytotoxicity of Nps is dependent on components used as reducing and stabilizing
agents in their synthesis. The Titania (TiO,.Nps) produced by Bacillus coagulans were
declared safe and non-toxic as a result of their biomolecular synthesis [171,172]. The presence
of naturally occurring biomolecules, enzymes, proteins, and co-enzymes inside
microorganisms took part in the production of biocompatible Bacillus coagulans Nps. Based
on these facts, it can be suggested that the presence of natural molecules facilitates high purity
of the product owing target specific activity of cellular materials. However, different types of
the microbial cells generate slightly different results due to difference in chemical environment
of the cells. In general terms, application of microbial cultures generates similar type of the
results with minor differences [226]. The Titania (TiO,.Nps) formed by Mentha spicata used
phytochemicals as reducing and stabilizing agents during synthesis. The phytochemicals
named polyphenols, catechins, alkaloids, flavonoids, tannis and other functional group
compounds are present inside the plants which are naturally toxic to some extent. These
reducing and stabilizing agents are less safe due to their highly complex bioreduction process
which promotes the formation of Nps but with traces of impurities [226]. Additionally, this
complexity might have adversely affected size, shape and morphology of these Nps rendering
them toxic in nature.

The Titania (TiO,.Nps) synthesized by Conventional hydrothermal heating originated due to
utilization of titanium tetrachloride as a reducing and stabilizing agent during synthesis. The
titanium tetrachloride solution might have released traces of toxic byproducts from its
composition. Previous studies have also confirmed that either usage of different chemicals as
reducing and stabilizing agents during the synthesis or their byproducts released after the
synthesis are equally responsible for inducing cytotoxic behavior in Nps [227]. Future
investigations are required to confirm the effects of elemental compositions on the cytotoxic
behavior of Nps.

5.2.6 FTIR analysis of Titania (TiO,.Nps) for the presence of functional groups:

The Fourier transform infrared spectroscopic analysis was employed for presence of various
functional groups in the Titania (TiO».Nps). The peaks observed between 600-400 cm™ are
characteristically patent peaks confirming the formation of Titania (TiO,.Nps) synthesized by
any route i.e bacteria, plant and conventional method as reported by A.Khadar et al (Figure-
4.24,4.25,4.26 and table 4.4,4.5, 4.6) [228]. It was reported by V. Augugliaro et. al. that the
peak of C-H stretching particularly at the wave length of 2900 cm™ is the marker of presence
of some kind of impurities [229]. The presence of O=C=0 groups containing carbon dioxide at
the wave length of 1499.01 cm™ and 1445.7 cm™ were demonstrated in Titania (TiO,.Nps)
synthesized by Mentha spicata and Conventional hydrothermal heating which were evident
trace impurities reported previously between 1450 cm™-1400 cm™. [230]. The absence of any
peak at 2900 cm™ and 1450 cm™- 1400 cm™ in the Titania (TiO,-Nps) synthesized by
Bacillus coagulansconfirmedthe absence of any impurity while presence of this peak in Titania
(TiO,.Nps) synthesized by Conventional hydrothermal heating revealed the presence of some
impurity. On the other hand, presence of trace impurities of carbon dioxide in Titania (TiO,.
Nps) synthesized by Mentha spicata and Conventional hydrothermal heating was confirmed in
this study. The bacterial proteins and lipids present in the structure and function of Bacillus
coagulans could be responsible for producing amine linkage chains that might have played an
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essentially beneficial role in the synthesis of Nps. These amine linkage chains might have been
produced in limited in numbers that could have generated small sized Titania (TiO,.Nps)
through adhesion of proteins with metallic ions. Thus, involvement of only bacterial protein
and lipid chain as a functional group, during synthesis might have played a key role in
declaring these Nps as biocompatible. The Titania (TiO,.Nps) synthesized by Mentha spicata
utilized phytochemicals which might have resulted in the repeated functional group chains that
could have displayed their slightly less biocompatible behavior. The Titania (TiO,.Nps)
produced by Conventional hydrothermal heating  have employed chemicals at high
temperature and pressure during synthesis that might have resulted in production of large
amounts of different functional group chains that could make them non-biocompatibile in the
current study. Further studies are required to address the biocompatibility issues as its a
genuine point of concern from medical point of view.

5.3  Phase I1I: Antimicrobial Activity of Titania (TiO,.Nps):

The antimicrobial activity of synthesized Titania (TiO,.Nps) was carried out via agar disc
diffusion test. The Titania (TiO,.Nps) synthesized by Bacillus coagulans displayed maximum
antimicrobial activity against E. coli followed by L .acidophilus, E. faecalis, E.faceium,S.
aureus,and P. aeruginosa as compared to those synthesized by Mentha spicata and
Conventional hydrothermal heating (Figure-4.36 and Table 4.10). These findings were similar
to some previous findings [136,231,]. The reason behind enhanced antimicrobial activity of
Titania (TiO,.Nps) synthesized by Bacillus coagulansagainstboth the gram positive and gram
negative caries promoting pathogens could be due to their exceptionally ideal small size,
spherical shape, smooth surface, biomolecular based synthesis with pure anatse phase.
Previous studies confirmed that Np‘s shape, size, surface morphology, synthesis methodology
and phase forms are purely responsible for the increased antimicrobial activity of the Nps
[232,233]. Furthermore, these microbially synthesized Titania (TiO,.Nps) depicted excellent
stability which enables the strong capping layer present on their surfaces to entrap large
amount of pathogenic bacteria. This efficacy of the Nps is associated with the electrostatic
interactions between negatively charged bacterial cell surfaces and positive charge of the
Titania (TiO,.Nps). Thus, it makes a practical sense to consider an antagonist relationship
between the two. Mechanistically, this interaction leads to the rupture of bacterial cell
envelopes in order to demonstrate the antimicrobial potential of these Nps. These results find
reasonable agreement with the findings of the references [234,235]. Further, the enzymes,
proteins, co-enzymes and biomolecules present in bacteria also releases large amounts of
adsorbed Ti-ions which might have attacked the cell wall of pathogenic bacteria initially. This
is followed by discharge of intracellular and proteinaceous components from bacteria. These
released components destabilize the plasma and outer membranes of the cells due to the
extensive reduction in intracellular ATP levels thus, prohibiting the release of Vitamin E
responsible for the stability [130]. Then pits and pores of grave nature are developed on the
cell wall surfaces of these pathogenic caries promoting bacteria exposed to Np‘s. This in turn,
increases the permeability of cell wall surfaces to absorb and absorb large amounts of these
Np‘s causing death of these pathogenic bacterial cells [236]. Besides, detail studies regarding
the structure-function relationship and interactions of the Np‘s at cellular interfaces need
further investigations.
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The reason for the slightly lesser antimicrobial activity displayed by Titania (TiO,.Nps) formed
by Mentha spicata is that plants vary in the characteristics of the biomolecules produced by
them due to the differences in their growth and development at certain geographical locations
in different seasons. This variability in the characteristics of these plant biomolecules might
occur as result of changes in the temperature, water, environment, soil, atmosphere and
fertilizers. The most common plant biomolecules utilized in the synthesis of Titania (TiO;-
Nps) are phytochemicals, flavoids and terpenoids present in their composition. During syntheis
of Nps, temperature variations might pose these plant biomolecules toxic that might become
less capable of penetrating the pathogenic bacteria entirely. This in turn would hinder the
absorption and adsorption of Titania (TiO,.Nps) in bacterial cell surfaces as a result of toxic
matter present in these Nps thus, reducing their deaths that could be hazardous [135]. The
Titania (TiO,.Nps) synthesized by Conventional hydrothermal heating displayed the least
antimicrobial activity due to the reason that these methods utilize certain chemicals as capping,
reducing and stabilizing agents during the synthesis process which produce toxic by-products.
These toxic by-products gets attached on the surface of these Nps resulting in their instability.
This instability altogether with toxic by-product formation are key factors responsible for their
minimum antimicrobial activity against pathogenic bacteria [185]. Due to differences in the
morphology of the gram positive and gram negative strains, there is a great deviation in the
antimicrobial activity revealed by these Nps .Therefore, different results regarding
antimicrobial activity were attained in the present investigation making a logic and reasonable
justification of the present findings. The interaction of Nps with the membrane associated
proteins and with the gram negative porins yet remain unexplained and invite further research.

5.4 Phase -1V Biocompatibility (cell viability %) of Titania (TiO,.Nps):

The biocompatibility of Nps is the foremost requisite before their utilization at medical and
dental platforms. The biocompatibility (non-cytotoxicity/cell viability %) of Nps is
investigated by MTT assay testing [234]. The universally accepted standard used for detecting
the cytotoxic response of Nps is characterized by following a standard protocol which
describes Nps as Non cytotoxic (cell viability > 90%), mild cytotoxic (cell viability between
60-90 %), moderate cytotoxic (cell viability between 30-60%) and severe cytotoxic (between
30% - less) [197]. The cytotoxicity analysis of Titania (TiO,.Nps) prepared with help of
Bacillus coagulans and Mentha spicata demonstrated their non cytotoxic nature because of
their greater cell viability > 90% at all the concentrations in comparison with the control group
that showed 100% cell viability. The cytotoxicity analysis of Titania (TiO,.Nps) prepared by
Conventional hydrothermal heating revealed mild cytotoxicity at the end of investigation
because their cell viability was in the range between 60-90 % as compared to the control
group( P-value < 0.05) (Table-4.11 and 4.12).

The cytotoxicity of Nps is predominantly dependent on their mode of synthesis, physico-
chemical properties, time-duration of exposure and concentration used [215]. The synthesis of
Nps with the help of bacteria has been supported previously in the literature due to its
enhanced advantages [91]. The advantages of bacteria include their outstanding
biocompatibility, flexible nature, high growth rate, high yield, cost-effectiveness, easy
culturing and manipulation [109, 237]. The biocompatible behavior of these Nps synthesized
by bacteria might be due to presence of natural enzymes, proteins and co-enzymes [238].
Firstly, these natural products could have reduced and stabilized the Titania (TiO,.Nps)
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produced by Bacillus coagulans in the first step.Secondly, these natural products might have
released non-toxic residues during the process of synthesis that might have rendered these Nps
biocompatible with no toxicity. Thus, adverse effects of cytotoxicity might not have been
observed in these Nps which commonly includes apoptosis, inflammation and oxidative stress.

The large variety of plant phytochemicals might have taken part in disrupting the biological
functions of the cell lines that could have adversely affected their viability which might lead to
future toxicity. There are seventy seven identified toxic plant phytochemicals present in
different green species of which trepenoids, glycosides and alkaloids are the most common
ones [239]. Further investigations are required to check the effects of these phytochemicals on
the cell viability to ensure their biocompatible nature for future advanced biomedical
applications.

The toxic and expensive chemicals were used in the synthesis of Nps by Conventional
hydrothermal heating. The sodium hypochlorite used in the current study for reducing TiCly
salt to Titania (TiO,.Nps) could have released hazardous byproducts which might have turned
them in an unstable state. This unstable state of Titania (TiO,.Nps) might have allowed their
easy and increased penetration in the cells. This increased penetration might have lead to
apoptosis, inflammation and oxidative stress in the fibroblast cell lines leading to rapid and
excessive generation of ROS (reactive oxygen species) and free-radicals. These ROS and free-
radicals inhibit the release of vitamin E and glutathione that play key role in maintaining the
stability of Titania (TiO,.Nps) [240].

The biocompatibility of Nps was also evaluated by their physico-chemical properties because
there exists a direct relationship between these properties and cytotoxicity. The size, shape,
phases, composition and surface area are the important characteristics of the Nps which can
impart any negative effect. Although, small size and spherical shape of Nps exhibit large
surface to volume ratio which means that small sized Nps can be easily adsorbed and absorbed
in the cells and produce changes in their biological and metabolic functions [163]. These
disruptions in the bacterial cell functions might lead to the reduction in their cell viability %.
The Titania (T10,.Nps) synthesized by Bacillus coagulans displayed slight reduction in the cell
viability % but within the range of non-cytotoxic in the current study. The plausable
explanation for their non-cytotoxicity with larger surface area to volume ratio could be that
small sized and spherical shaped Nps after coming in contact with cells might have easily and
quickly penetrated the cell surfaces but couldn‘t release large quantities of toxic products such
as reactive oxygen-species (ROS) and free-radicals because of the presence of their pure
composition without any impurity. A study performed by Ganapathi, et. al., confirmed that
excessive release of reactive oxygen-species (ROS) and free-radicals might serve as major
contributors of cytotoxicity [156]. The Titania (TiO,.Nps) synthesized by Mentha spicata and
Conventional hydrothermal heating were comparatively larger and contained mixture of
spherical with irregularly shape Nps. The large size of these Nps might have controlled their
easy penetration in bacterial cell surfaces to some extent but their irregular shapes might have
promoted their attachment with the cell surfaces. This attachment might help in releasing the
toxic impurities present in the plant phytochemicals and toxic byproducts formed during the
conventional methods. These released components might have reduced the cell viability % to
greater extent eventually, inducing the well-defined cytotoxic effects.



132

The phases of Titania (TiO,.Nps) also play a significant role in transforming these Nps from
biocompatible to non-biocompatible by reducing their cell viability %. The anatase phase is
chemically reactive and is somewhat unstable while mixed anatase-rutile phase is quite inert
and stable [241]. The Titania (TiO,-Nps) produced by Bacillus coagulans and Mentha spicata
were having 100% pure anatase phase and those synthesized by Conventional hydrothermal
heating  fell in mixed anatase-rutile phase in this study. Although, cell viability % of
fibroblasts against anatase Titania (TiO,.Nps) synthesized by Bacillus coagulans and Mentha
spicata in the current study was reduced as a result of strong reactivity and instability of these
Nps that might have made these fibroblasts unstable leading to their deaths but not less than
90%. The pure composition and functional compounds of Titania (TiO,.Nps) in the EDX and
FTIR spectrum with no impurity might be the main factor responsible for upholding the cell
viability% > 90%, hence, confirming their non-cytotoxic behavior. The Titania (TiO, Nps)
synthesized by Mentha spicata possessed pure composition in their EDX scan but few traces of
impurities in the form of nitrogen compounds and carbon dioxide in the FTIR spectrum that
might have reduced their cell viability % but not less than 90% because of their anatse phase.
The cell viability % of Titania (TiO,.Nps) synthesized by Bacillus coagulans wasmaximum in
comparison to Titania (TiO,.Nps) synthesized by Mentha spicata but this difference between
these two groups was insignificant. Still, future study regarding the cell viability % and
biocompatibility in plant oriented Nps is required to get a justified scientific evidence
regarding the safe nature of terpenoids, alkenoids, and alkoids present in the plants.

The compromised biocompatibility of Titania (TiO,.Nps) synthesized by various conventional
methods have been already reported in the literature [161,167]. The mixed anatase-rutile phase
obtained by the Titania (TiO,.Nps) synthesized by Conventional hydrothermal heating might
have tried their level best to prevent the cell viability % from dropping beyond 90% against
fibroblasts exposed to them because of the stable, inert nature of the rutile phase of these Nps
but their toxic byproducts formed during the synthesis might have rendered them mildly toxic
by reducing the cell viability% between 60-90% .The EDX scan of these Nps did not reveal
any impurity but traces of impurities in the form of nitrogen compounds and carbon dioxide in
the FTIR spectrum might have been responsible for reducing the cell viability < 90% thus,
confirming their cytotoxic behavior.

The current study unveiled different concentrations of all the synthesized Nps to fibroblast cell
lines to detect their cytotoxicity, where increased concentration exposure of Nps to cell lines
results in death of cells [242]. The Nps synthesized by Bacillus coagulans and Mentha spicata
exposed to fibroblast cell lines were non-cytotoxic whereas those synthesized by Conventional
hydrothermal heating revealed mild cytotoxicity in greater concentrations. The reason may be
the fact that Nps synthesized by Bacillus coagulans have attained a more stronger, stable, safe
and uniform capping layer around their surfaces during redox reactions. This safe capping
layer is formed from natural biomolecules such as proteins, enzymes and co-enzymes present
in the bacteria. These Nps might have disintegrated the cells surfaces but without releasing any
toxic product. Thus, this additional strong and stable capping layer around the Nps synthesized
by Bacillus coagulans is responsible for their enhanced biocompatibility and non-cytotoxicity.
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5.5 Phase - V: Mechanical strength and properties of TiO; Nps in GIC restorative material:

The GIC is till to date considered as the best restorative material in the dentistry because of its
versatile qualities such as strong tooth adhesion, anti-cariogenic property, bio-compatibility,
flouride release, dentin compatible elasticity and less co-efficient of thermal expansion but the
only drawback lies in its reduced mechanical strength properties which needs improvement
[243]. The conventional GIC is lacking in its mechanical properties due to the void formation
in its structure during the mixing of powder and liquid as a result of entrapment of air in its
structure. These voids vary in their size and number [244], which might develop stress
concentration sites in the GIC restoration in the oral cavity that could have compromised the
mechanical strength of this restorative material to the fullest.

The mechanical properties of the restorative materials are the key features responsible for their
selection and utilization in the oral cavity. Multiple varieties of masticatory loads have been
applied to the human dentition with in the oral cavity on regular basis. The restorative
materials used in the oral cavity must possess adequate mechanical strength to bear such
masticatory forces in order to enhance their shelf life and durability successfully in the clinical
settings [245]. There exists a close association between mechanical strength properties of any
restorative material and filler added to it particularly size and content of filler [246]. The
incorporation of Nps enhances the mechanical strength and properties of restorative materials
via provision of increased surface area and filler loadings because of its nanoscaled unique
features [247]. Thus, the increased surface area and nano-size of the Titania (TiO,.Nps) might
have enhanced the mechanical interlocking between the GIC matrix and Nps by the close
approximation of GIC powder particles and its liquid through these Nps [248]. Moreover, any
change in the quantity, concentration, particle size distribution, cross-linking, chemical
reaction and bonding between Nps and restorative materials also affect their mechanical
strength and properties to a great extent [249]. Thus, commercial Titania (TiO,.Nps) used as
fillers in the GIC previously could possibly enhance the mechanical strength and properties of
the restorative material but only up to a certain limit [181].

The mechanical properties of GIC with different concentrations of Titania (TiO,.Nps) in the
conventional control group E-1 (0% TiO,GIC), experimental group E-2 (3% TiO,GIC),
experimental group E-3 (5% TiO,GIC), experimental group E-4 (7% TiO,GIC), and
experimental group E-5 (10% TiO,GIC), prepared by Bacillus coagulans were evaluated and
compared utilizing Vicker‘s micro-hardness, compressive strength, flexural strength and shear
bond strength tests on human tooth (enamel and dentin). The Titania (TiO,.Nps) prepared by
Bacillus coagulans were employed as a result of its natural biomolecular synthesis, highest
level of stability, enhanced antimicrobial activity and biocompatibility with entirely pure and
non-cytotoxic behavior. The experimental group E-3 (5% TiO,GIC) displayed the maximum
mechanical strength and properties in comparison to other groups used in this study.

The main test that contributes to the mechanical strength property of the restorative material is
its surface hardness property due to its resistance to deformation [245]. The surface hardness of
the restorative material is best investigated by Vicker‘s micro-hardness tester having pyramid
shaped indent used for the specific time with a particular load [246]. The current study
depicted the maximum surface hardness in the experimental group E-3 (5% TiO,GIC)
containing 5% Titania (TiO,.Nps) in comparison to the conventional control group E-1 (0%
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Ti0,GIC) having 0% Titania (TiO,.Nps) and other experimental groups E-2 (3% TiO,GIC)
with 3% Titania (TiO,.Nps), E-4 (7% TiO,GIC) with 7% Titania (TiO,.Nps), and E-5 (10%
TiO,GIC) with 10% Titania (TiO,.Nps) (Figure-4.41 Table 4.13, 4.14). The findings in current
study were similar to work done by Garcia, et. al., but only up to addition of 3% Titania (TiO,.
Nps) [181]. Another study performed by Ozge, et. al., also reported the same increase in the
surface hardness up to the limit of 3% Titania (TiO,.Nps) only which was insignificant [250].
The results of the addition of 5% Titania (TiO,.Nps) in the experimental group E-3 in the
current study did not match the literature and addition of 7% Titania (TiO,.Nps) in the group
E-4 and 10% Titania (TiO,.Nps) in the group E-5 was not investigated previously [181, 250].

The filler‘s particle size, its density, and distribution plays a significant role in the surface
micro-hardness of any restorative material [248]. Previously, mentioned studies utilized the
commercially available Titania (TiO,.Nps) [181, 250], whose biocompatibility was not
evaluated that could have become the sole reason for the limited increase in their surface
hardness. This might have been possible due to the entrance of impurities present in the Titania
(TiO,.Nps) into the GIC matrix that could have prevented the surface hardness from increasing
with the increase in the concentration of these Nps. The biocompatibility of any material used
in the oral cavity is the ultimate requirement in the clinical settings. The Titania (TiO,.Nps)
synthesized by Bacillus coagulans in our study were biocompatible enough that might have
enhanced the surface hardness of this innovative glass ionomer restorative cement in the
experimental group E-3 containing 5% Titania (TiO,.Nps) only. The plausable explanation for
this increase in surface hardness could be that these Titania (TiO,.Nps) might have served the
purpose of an ideal filler due to its pure composition, small size, spherical shape and adequate
concentration that could have helped in establishing a strong mechanical interlocking between
the GIC powder particles and liquid monomer eventually, resulting in the formation of a well-
organized network between Nps and GIC. On the other hand, the increased percentage of
Titania (TiO,.Nps) in the experimental groups E-4 (7% TiO,GIC), and E-5 (10% TiO,GIC)
might have prohibited their strong integration with GIC powder particles and liquid monomer.
The excess content of these Nps that couldn‘t bind with GIC and its liquid monomer might
have been left out freely unbounded in the matrix of GIC or on its surface thus, in turn
resulting in its declined surface hardness in this study. Additionally, the purity of these Titania
(TiO,.Nps) up to 5% might have endorsed a dense surface texture by interacting more quickly
with liquid monomer that might have prevented the indentation in their surface thus, improving
their surface hardness.

The clinical performance of any restorative material in the oral cavity is assessed by the
masticatory loads applied on it during biting and functioning purposes [251]. Therefore,
compressive strength of the restorative material could play an immense role in enhancing their
mechanical properties by contributing to their increased shelf life. The innovative experimental
group E-3 (5% TiO,GIC) containing 5% Titania (TiO,.Nps) revealed maximum compressive
strength in comparison to the control group E-1 and other experimental groups E-2, E-4 and E-
5 (Figure-4.42 and Table-4.15, 4.16) which was in accordance with a study conducted by
Abbas, et. al., [252]. The 5%Titania (TiO,.Nps) in the experimental group E-3 (5% TiO,GIC)
synthesized by the Bacillus coagulans might have been stable enough at this concentration to
intervene the polymer chain disruptions produced in the micro-structure of GIC powder
particles during final mixing and placement. This might have been attained by the
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entanglement of these Nps in the disruptions of GIC with the help of building strong cross-
linking between them. The biological synthesis of these Nps could be the possible reason for
their upgraded stability and sustainability that might also be helpful in improving their density
at the tooth-restoration inter-junctions to prevent compression hence, magnifying its cross-
linkings.

The restorative materials in the oral cavity are subjected to the twisting, bending and flexing
forces on the regular basis that is dependent on the flexural strength [181], which is why an
improvement in the fleural strength is essential. The innovative experimental group E-3 (5%
TiO,GIC) containing 5% Titania (TiO,.Nps) depicted maximum flexural strength in
comparison to the control group E-1 and other experimental groups E-2, E-4 and E-5 in the
current study. The findings in the current study were similar to the work done by Garoushi, et.
al.,[253]. Other researchers reported decrease in the flexural strength of commercial Nps added
in different percentages to the GIC restorative material [181,254]. This decrease might have
become possible due to much smaller Nps size used previously in comparison to the particle
size used in the current study. Furthermore, pure elemental composition and functional groups
of Titania (TiO,.Nps) synthesized by Bacillus coagulans in 5% might have developed strong
chemical bonding between the Nps in this concentration and free unbound metal ions present
in the GIC powder which might have not been attained so easily in the commercially
incorporated Titania (TiO,.Nps). There might be possibility of trace impurities in these
commercial Nps that could have been obtained as byproducts during their synthesis. These
impurities might have prevented the chemical bonding between the surfaces of Nps and metal
ions of GIC as a result of lack of attractive forces between them resulting in their deduced
flexural strength.On the other hand, increased percentages of Titania (TiO, Nps) in the
experimental groups E-4 and E-5 might have resulted in the weak chemical bonding between
the Nps and free metal ions of GIC as a result of excessively increased amounts of Nps that
might have reduced their flexural strength (Figure-4.443 and Table-4.17, 4.18).

Shear bond strength analysis for both the enamel and dentine portions of the tooth was being
carried out by universal testing machine. The innovative experimental group E-3 (5%
Ti0,GIC) containing 5% Titania (TiO,.Nps) revealed maximum shear bond strength for both
enamel and dentine as compared to control group E-1 and other experimental groups E-2, E-4
and E-5 (Figure-4.44, 4.45) [255]. The structure of human tooth enamel is homogeneous,
having hydroxyapatite with high surface energy [183] while structure of human tooth dentin is
heterogeneous, having organic and inorganic content with low surface energy [256]. On the
other hand, the chemically active anatase phase of Titania (T1O,.Nps) synthesized by Bacillus
coagulans in the experimental group E-3 (5% TiO,GIC) might have enabled these Nps in 5%
to undergo a strong chemical reaction with both the enamel and dentin portions of the tooth as
a result producing alterations in their structure architecture, composition and surface energy
that might have supported the chemical reaction enhancing the shear bond strength to both
enamel and dentin up to a certain limit. Beyond a certain specific limit, the chemical reaction
would have become aggressive in an uncontrolled manner with the increase in the percentage
of Titania (TiO,.Nps) that might have produced adverse effects on the shear bond strength in
the remaining experimental groups E-4 and E-5 in the current study respectively (Table-4.19-
4.22).
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The scanning electron microscopic analysis revealed presence of a highly porous structure with
maximum voids, cracks and disintegration sites in the conventional control group E-1 (0%
TiO,GIC) without Titania (TiO, Nps) (Figure-4.46a,b) which decreased in the experimental
group E-2 (3% TiO,GIC) (Figure-4.47a,b). These pores, voids, cracks and disintegration sites
became minimum in the experimental group E-3 (5% TiO,GIC) (Figure-4.48a,b) but these
pores, voids, cracks and disintegration sites again increased in the experimental group E-4 (7%
TiO0,GIC) (Figure-4.49a,b) and became maximum in the experimental group E-5 (10%
Ti0,GIC) (Figure-4.50a,b).

Smooth surface texture is the sole requirement of any ideal restorative material used in the
clinical dentistry [257]. Various studies conducted by researchers concluded that smooth
texture of a restorative material promotes the mechanical strength thus, inhibiting the caries
progression [258,259]. The surface texture of GIC might be adversely affected by dehydration,
moisture sensitivity, setting reaction time, and roughness [260,261]. Other factors contributing
to the surface texture of GIC restoration includes their particle number and distribution, size,
shape, particle-particle interfacial bonding, particle-matrix interfacial bonding, storage
environment, powder particles, and its powder liquid ratio [258,259]. It was confirmed by
researchers that during the mixing of GIC powder and liquid, air gets entrapped in the
restoration matrices as a result of the large size of these powder particles. This large size of
GIC powder particles hinder their accurate approximation leaving behind the air bubbles in the
form of the voids in the set matrix of the GIC restoration thus adversely affecting its structural
morphology and mechanical properties. Although, the set GIC matrix is stable in the aqueous
environment of the oral cavity but these voids act as pathway for the entrance of various fluids
and food particles that might allow the adherence of various micro-organisms to this set matrix
of GIC [198]. Thus, it is concluded that restorative material‘s surface gets roughened through
adherence of bacteria which causes the maturation of dental plaque in turn leading to the
recurrent secondary caries [262]. This roughness in the restorative material‘s surface might be
considered as the sole reason of discoloration, degradation and cracks in its texture [263]. The
Titania Nps prepared in the current study were ideally small and pure enough to occupy the
maximal larger gaps in the conventional GIC thereby, rendering its surface smooth in order to
prevent the future bacterial adherence.

The spectrum mapping for compositional analysis revealed linear pattern decrease in Al, Si, Sr,
P, C and S contents in all the experimental groups such as E-2 (3% TiO,GIC) (Figure-4.47¢c,d),
E-3 (5% TiO,GIC) (Figure-4.48c,d), E-4 (7% TiO,GIC) (Figure-4.49c,d) and E-5 (10%
Ti0,GIC) (Figure-4.50c,d) in comparison to the conventional control group E-1 (0% TiO,GIC)
(Figure-4.46c,d).The linear pattern increase in F and Ti contents was attained from
conventional control group E-1 (0% TiO,GIC) (Figure-4.46¢,d) to the experimental group E-5
(10% TiO,GIC) (Figure-4.50c,d) .There was slight reduction seen in Al, Si and Sr contents in
the experimental group E-3 (5% TiO,GIC) with maximum declination in C ,P and S contents.
On the other hand, maximum increase in the O content and intermediate increase in F content
was depicted in this group ((Figure-4.48c,d) (Table-4.23).

The spectrum mapping gives the understanding of the any material utilized in clinical dentistry
because it gives the accurate distribution of the elements on the material‘s outer surface which
might come in contact with the oral tissues. The structural, biological, physical, chemical and
mechanical properties of materials are greatly dependent on the presence of major components
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in their composition [264,265]. The current study revealed the basic elemental composition of
Carbon (C), Oxygen (O), Fluorine (F), Aluminum (Al), Silicon (Si), Strontium(Sr),
Phosphorus (P), and Sulphur (S) in the conventional GIC (Gold GC universal restorative
cement 2) which matched the literature where conventional GIC used was FAX-II [181]. Other
studies confirmed the presence of Aluminium (12.820%), Silicon (13.180%) and Oxygen
(66.750%) in the commercially prepared conventional Fuji-IX GP (Fast) whereas Aluminium
(16.720%), Silicon (13.180%), and Oxygen (66.750%) in the commercially prepared
conventional Fuji-IX GP as their main compositional elements as reported by Yapp. et., al
[259]. In another study conducted by Zanata. et., al the presence of Aluminium (16.900%)
Silicon (15.800%) , Fluoride (5.100%),Phosphorus (2.700%), Calcium (3.700%), Strontium
(11.100%) and Potassium (1.100%) were confirmed as prime elements in the composition of
GIC [266]. The difference in the amounts of these elements in the basic composition of the
commercially prepared conventional GIC is according to the manufacture‘s instructions.

The commercial GIC has major components of aluminium and silicon in its composition which
is responsible for its stability in set form [267]. The calcium and phosphorus content in GIC is
responsible for imparting the mechanical strength to some extent. The increased quantity of
these elements in GIC deteriorates not only their strength but also their aesthetics by
diminishing their radiopacity which is the basic requirement of a clinically successful
restorative material. Therefore, barium, strontium, and lanthanum could be induced in order to
overcome this problem associated with commercially available GIC [268]. Barium is
considered as the most suited optic modifier for enhancing the aesthetics but it might be
responsible for causing genotoxicity and cytotoxicity [269]. The fluoride content in the GIC
prevents the caries recurrent attack with the improvement in the handling and mechanical
characteristics to some extent [270,271]. This fluoride release should be continued throughout
the life in a controlled manner to prevent the caries [272]. The fluoride release is controlled by
particle size, powder-liquid ratio, PH, handling and composition of GIC [273]. The reduction
in the fluoride content of GIC after the clinical usage of ten years has been demonstrated in a
study that could be responsible for initiating the secondary caries attack [266]. The increase in
the fluoride content of GIC after the addition of Nps was reported by a researcher which might
solve this problem of recurrent caries but up to a certain limit [274]. The experimental group
E-5 (10% Ti0,GIC) in our study displayed reduction in the Al, Sr, Si, P and S but to the lesser
extent with intermediate increase in F and Ti contents whereas maximum increase in the O
content was observed. Additionally, maximum reduction in C content was observed in this
group. The controlled release of F content from experimental group E-5 (10% TiO>GIC)might
play a significant role in preventing the demineralization of tooth‘s enamel surface hence,
prohibiting the cavity formation in that structure.

The increase in the percentage of Ti and O contents in the spectrum mapping of current study
matched with the work done by Garcia. et al., [181] but only up to 5% because Titania-Nps
addition at 7% and 10% was not investigated. Previously, it was reported that addition of
commercially available Titania Nps in the GIC reduces the content of C and increases the O in
the spectrum of Titania induced GIC on small scale. This might have been possible due to the
strong binding between glass particles matrix and Titania Nps [181]. The small size of these
stable Titania Nps in adequate amounts produced through micro-organisms might have
activated the interactive binding forces between the GIC- matrix and Nps in the absence of any
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impurity or toxic by-product.Thus, these powerful binding interactive forces between large
GIC glass powder particles matrix and small sized Titania might have improved their
mechanical properties.

This suggests that addition of certain limit of Titania (TiO,.Nps) to GIC powder might improve
their mechanical properties by covering the stress concentration areas present in between GIC
powder particles but in a calculative manner. This concludes that any change in the
composition of GIC restorative material may affect its micro-hardness, flexural strength,
compressive strength, shear bond strength and surface morphology but only to a certain level.



139
Conclusion:

The current study highlights the synthesis, characterization, antimicrobial activity and
biocompatibility analysis of Titania (TiO,.Nps) prepared by Bacillus coagulans, Mentha
spicata and Conventional hydrothermal heating. Among them, the Titania (TiO,.Nps) prepared
by Bacillus coagulans provedto be having better antimicrobial activity and biocompatibility
were incorporated in conventional glass ionomer cement (GIC) to produce most biosafe and
biocompatible innovative TiO,-GIC restorative material for the treatment of dental caries
disease in the oral cavity. The Titania (TiO,.Nps) synthesized by Bacillus coagulans were
more stable, quick and sustainable without any toxic byproduct formation. Furthermore,
different characterization techniques revealed small sized spherical shaped Titania (TiO,.Nps)
having diameter ranging between 20-30 nm. These newly formed Nps were found in 100%
pure anatase phase. The Titania (TiO,.Nps) synthesized by Bacillus coagulans were smooth
with band gap energy of 3.5 eV that confirmed the small crystallite size of these Nps. The
elemental composition depicted the formation of pure Titania (TiO,Nps) because of only Ti
and O peaks in its spectrum with natural functional groups of only O-H, C-H, C=0 and Ti-O-
Ti in Bacillus coagulans fabricated Titania (TiO,.Nps).

The antimicrobial activity of Titania (TiO, Nps) synthesized by Bacillus coagulans revealed
maximum activity against caries promoting bacteria:E. coli, L .acidophilus, S. aureus, E.
faecium, E. faecali and P. aeruginosa as compared to other Titania (TiO,.Nps) formed by
Mentha spicata and Conventional hydrothermal heating. The biocompatibility analysis
depicted that Titania (TiO,.Nps) synthesized by Bacillus coagulans remained noncytotoxic
during the whole experiment because of the cell viability of fibroblast cells exposed to them
was > 90%. The mechanical properties of 5% innovative TiO,GIC restorative material showed
maximum hardness, compressive strength, flexural strength and shear bond strength (Enamel
and Dentin) as compared to control group (conventional GIC) and other % of added Titania
(TiO2.Nps). Moreover, surface morphology of 5% innovative TiO,GIC restorative material
revealed minimum pores confirming the strength of restorative material to bear excessive
masticatory stresses in the oral cavity without undergoing any distortion in order to increase
the strength, durability and shelf life of the restorative material for the future applications in the
dental sciences.
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Future perspectives:

Current research highlighted the green synthesis and biomedical applications of Titania (TiO,.
Nps) for developing the innovative restorative materials for dental caries treatment. Materials
were synthesized and evaluated for their mechanical strength and physico-chemical properties

however, due to paucity of time and resources, some areas are left which needs absolute dire
attention in the future research.

il.

iil.

1v.

Vi.

Further research is required to understand the exact mechanism operating behind the size-
shape relationship under varying reaction conditions, specifically using natural products.

The crystallinity of nanoparticles in terms of their reactive anatase phase, inert rutile and
brookite phases needs much more better understanding in order to declare them toxic or
nontoxic in nature.

The presence of natural molecules in Bacillus coagulans facilitates the high purity of
product owing target specific activity of cellular materials which needs further
investigations by utilizing other microorganisms.

The structure-function relationship and interactions of the nanoparticles at cellular
interfaces need further investigations.

The biocompatibility of Titania (TiO,.Nps) against different cell lines needs to be tested at
more higher concentrations for longer duration in order to utilize them easily in the oral
cavity.

The mechanical strength of the innovative TiO,GIC restorative material needs to be
further investigated at more higher percentages so as to find out the most appropriate
restorative material capable of bearing highest levels of masticatory loads.
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