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Abstract Primary cause of restoration failure in dentistry is mainly due to bacterial
adhesion, proliferation, colonization and formation of biofilm onto the surface of
restorative materials, the so-called secondary caries. Meanwhile, biofilms also affect
the longevity of the materials. Chronic denture wearers suffer from denture stoma-
titis due to the inability of denture base resins to prevent the colonization of fungi
Candida albicans. Nowadays, novel strategies incorporate nanofillers such as inor-
ganic metal ion nanoparticles and organic nanoparticles into the restorative materials
to formulate improved dental materials. Nanomaterials offer a new strategy for
averting and remedying dental infections. Hence it is necessary to incorporate
antimicrobial nanofillers in dental restorative materials to accomplish improved
antimicrobial property.

Keywords Nanomaterials - Antimicrobial fillers - Dental restorative materials -
Secondary caries - Denture stomatitis

1 Introduction

Oral cavity relentlessly come across surplus of microorganisms and most of them are
normal commensals. Under favourable environment, these microorganisms multiply
and cause various infections and diseases. Plaque is the foremost cause of periodon-
titis, caries, peri-implantitis that results in failure of dental restoration (Fernandes
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et al. 2018). The combat between surgeons and bacteria is an extended war, due to
the formation of biofilm. Biofilms are multicellular communities of microorganisms
(bacteria, fungi and protists) that contribute to adhesion, proliferation and persistent
colonization in living and non-living surfaces (Lear and Lewis 2012). The biofilm
producers display unique phenotype with increased resistance to potent antimicro-
bials and host defence mechanism. Moreover, they form a slimy extracellular
polymeric matrix (EPS) consisting of polysaccharides, proteins, lipids and DNA
(Hall-Stoodley et al. 2004). They exist in a subclinical state, and upon appropriate
favourable condition, they spread and cause severe infections.

2 Dental Caries

Dental caries is one of the most common, prevalent, dynamic oral disease of
multifactorial origin that affects people of all age groups (Mahfouz and Esaid
2014). Primary caries occurs at the margin of the restoration due to incomplete
removal of the carious lesion (Lai and Li 2012). Acid production and biofilm
formation by cariogenic bacteria violate the equilibrium between demineralization
and remineralization of the tooth surface. Drop in pH leads to loss in calcium and
phosphate and makes the penetration deeper. The oral biofilm formation begins with
the adherence of salivary pellicle (free of bacteria) on the tooth and restorative
cement surface, where the acquired salivary pellicle acts as a receptor to which the
adherence of microbacterium occurs (Lendenmann et al. 2000). Consequently,
bacterial multiplication occurs and progresses through passive transportation of
bacteria into the pellicle (Marsh 2004). Thus, results in an irreversible adhesion.
Moreover, Streptococcus mutans, the primary inhabitant of oral cavity is capable of
degrading restorative cements due to the significant esterase activity (Bourbia et al.
2013). Microleakage at the restoration-tooth interface allows microcavities, contam-
ination and residual stresses (Venhoven et al. 1993).

Lack of interfacial integrity for a longer period would indeed predisposes to
secondary caries beneath the filling material (Sakaguchi 2005) and results in resto-
ration failure (fracture or dislodgement). Meanwhile, it is a potential cause of
hypersensitivity, pulp inflammation and necrosis (Larsen and Munksgaard 1991).
More specifically, matrix metalloproteinases (MMPs) present in saliva and cysteine
cathepsins expressed by dentin-pulp complexes act synergistically and degrade
the hybrid layer thus aid in caries progress (Nascimento et al. 2011). It has been
realized that severe bacterial contamination would definitely result in treatment
failure (Turner et al. 1975).

Risk factors and amenable causes for caries

¢ Consistency and flow rate of saliva

* Patients hygiene

 Diets rich in carbohydrates

* Mechanical and surface property of the restorative materials
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* Physical and chemical property (pH and buffering capacity) of the restorative
materials

» Biological property (antibacterial/antibiofilm) of the restorative materials

* Location and the extent of the caries lesion

3 Antimicrobial Agents

An Antimicrobial agent is defined as a substance or an agent that causes interference
with the harmful effects of the bacteria. It inhibits the growth, mitogenesis of the
microorganisms and destroys it, thus preventing microbial colony formation. On the
other hand, the term bioactive is described as the biological effect of any substance
that induces cell growth, proliferation and tissue formation. Meanwhile, it implies
the antibacterial effect of a biomaterial to prevent infection. Dr. Larry Hench was the
first to coin the term “bioactive material” (Jasmine et al. 2020).

4 Restorative Materials in Dentistry

Restorative materials used in dentistry should possess good aesthetics, superior
mechanical properties and should also have excellent antimicrobial properties,
thereby increasing the longevity of the restorative materials. Nowadays, innovation
of new restorative materials with microbicidal activity is the current trend and a
possible mean to effectively prevent and inhibit pathogenic microbial colonization
on the tooth surface (Zoergiebel and Ilie 2013). Similarly, these materials should
release lethal dose of antibacterial agent in a controlled manner. Some of the dental
restorative materials that have incorporated various antibiotics shown to have short-
term effects. Moreover, few of them encourage bacterial resistance at sub-lethal
concentration and counteractively favour biofilm formation. Organic antibacterials
possess greater resistance. Hence, development of metal-based antimicrobials (inor-
ganic) have acquired significant popularity. These attractive alternates have redox
properties, unique binding with minimum bacterial resistance. Despite their benefits,
toxicity against human tissues should be taken into consideration and hence
their therapeutic value have to be focused primarily. Metal ions with optimum
properties and biocompatibility could be a better choice.

Recent studies have focused on novel strategies that incorporate nanoparticles,
especially metal ions into the restorative materials with altered surface chemistry
(Nguyen and Hiorth 2015). Nanomaterials offer a new strategy for averting and
remedying dental infections (Magalhies et al. 2016). Nanomaterial is defined as a
material which has particle size ranging from 1 nm to 100 nm in an unbound state or
as an aggregate/agglomerate that has an internal or surface structure with one or
more dimensions and has a specific surface of about more than 60 m*cm>. Mean-
while, they possess unusual physical, biological and chemical properties that differ
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with different materials. Nanoparticles (NPs) exhibit increased surface area, and
disperse evenly without aggregates. Incorporation of nano and microparticles into
the dental materials can significantly reduce or block the microbial colonization thus
improve the oral health. An important proposed strategy to be focused is the
incorporation of remineralizing and antibacterial agents to reduce plaque adherence
and to repair the demineralized dentin.

5 Classification of Nanoparticles

Classification of Nanoparticles
= Organic (Natural/Artificial) (Onaizi et al 2011., Perinelli et al 2018)
Based on the origin\
Inorganic. (Whitesides 2003)

Based on the structural configuration (Hall et al. 2007)

— T

Carbon-based Metal NP Dendrimers Composites
7 Zero dimensional/ Nanoparticles
Based on the dimensie% One dimensional/Nanorods

(Zhang et al. 2008) Two dimensional/films

5.1 Organic Nanomaterials

Organic materials are unique in structural and electronic characters. Carbon
nanotubes, lipids and polymers are some of the organic types that have multifaceted
applications (Hatton et al. 2008). Polymers may be of natural and synthetic origin.
Natural antimicrobial fillers are Antimicrobial peptides (AMP) (Onaizi and Leong
2011) and Antimicrobial enzymes (AME) (Thallinger et al. 2013). Biopolymers are
biodegradable, biocompatible and nontoxic. Sources of biopolymers are chitin,
chitosan, cellulose, starch and pectin (Perinelli et al. 2018).
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5.2 Inorganic Nanomaterials

Inorganic metal oxide NPs such as titanium oxide, zinc oxide, copper oxide,
magnesium oxide and silver oxide have the ability to withstand adverse processing
conditions (Whitesides 2003). Moreover, due to their tunable optical and physical
properties, these NPs have attained greater attention (Makhluf et al. 2005). Restor-
ative materials that do contain metal oxides of Ag, Hg, Cu, Ni, Zn and fluoride have
a well-documented antimicrobial property (Wang et al. 2016). Acidic pH enhances
the growth of aciduric and acidogenic bacteria in abundance. Hence these
nanoparticles should also have cariostatic property to counteract the acidic pH
caused by cariogenic bacteria to retard secondary caries. Apart from antibacterial
activity, ZnO NPs has the potential of tissue regeneration.

5.2.1 Silver NPs

Silver (Ag) ions are biocompatible, less toxic, and the sustained release of ions provide
a long-term antimicrobial effect (Slenters et al. 2008). With the advent of nanotech-
nology, AgNPs have a wide range of antimicrobial activity against bacteria and fungi
species with a low bacterial resistance (Morones et al. 2005; Aziz et al. 2016; Prasad
2014, 2016, 2017). Smaller the filler size, greater the surface area, hence a high
antibacterial effect is seen even with minimum quantity of incorporated filler. Thus,
nanoparticles allow a greater interaction with the environmental surroundings and
enhance bacterial elimination (Seil and Webster 2012). The filler shape plays important
role in the production of ROS and also induces destruction of the bacteria (Pal et al.
2007). Compared to spherical shape, rods and wires exhibit more active facets. This
facilitates easy penetration into the cell wall of the bacteria (Yang et al. 2009). Thus, it
influences the internalization mechanism of the material. Advantages of nanoparticles
are higher antibacterial activity with less influence on mechanical properties. Limita-
tions are discoloration and agglomeration of the AgNPs (Melo et al. 2013). Develop-
ment of resistant strains occurs against AgNPs due to gene mutations (Graves Jr et al.
2015). Further, they crosses the blood-brain barrier and gets accumulated in the brain
(Padovani et al. 2015). AgNPs, phthalocyanine and graphite oxide composites have
proven to have lasting antimicrobial activity (Gerasymchuk et al. 2016) and a promis-
ing way to prevent bacterial resistance (Karasenkov et al. 2015).

5.2.2 Zinc Oxide NPs

ZnO NPs possess a variety of shapes like nanorods, nanospheres, microspheres and
microrod. These shapes or morphologies act differently against Gram-positive and
Gram-negative bacterial pathogens, thus which confirms their broad-spectrum activ-
ity (Rago et al. 2014; Raghupathi et al. 2011). Size, colour and quantity of the fillers
may affect the physical and mechanical properties (Sakaguchi et al. 2006). Taken
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these into consideration, characters such as temperature, precursor types, pH, sol-
vents should be given importance and methods to control over it (Sirelkhatim et al.
2015). This gives restorative materials a good clinical longevity and an acceptable
outcome. The important antimicrobial mechanism suggested is the production of
ROS (peroxide) that favours inhibition of bacterial growth (Ranjita 2017; Zhang
et al. 2007; Bhuyan et al. 2015). Comparison between micro and nanorods revealed
that nanorods have superior antibacterial effect against Staphylococcus aureus and
Bacillus subtilis (Rago et al. 2014). Study results of Kasraei et al. also correlated
with that of Rago et al., i.e. ZnO nanoparticles inhibited Streptococcus mutans and
Lactobacillus significantly. Even with the lower concentration (10% (w/w)) of ZnO,
the reduction of biofilm formation is up to 80% (Seving et al. 2010) without affecting
the mechanical properties (compressive and tensile strength) (Rastelli et al. 2012).
On the other hand, it also provides a better dispersion of the filler into the composite
resin (Chen et al. 2017a). Microspheres of ZnO at 5 pg/ml of concentration inhibited
S. aureus, S. typhimurium and K. pneumonia, whereas E. coli at 155 pg/ml (Wahab
et al. 2012).

5.2.3 Copper and Nickel Oxide NPs

Copper and nickel NPs possess broad-spectrum of antibacterial activity against a wide
range of pathogenic bacteria. And also, a good alternate and inexpensive than Ag and
gold NPs (Chatterjee et al. 2012; Pang et al. 2009). Hallow oxide formation through
oxidation of Cu and Ni nanoparticles surface also exhibits strong antibacterial prop-
erty (Ren et al. 2009; Borkow et al. 2010). Copper oxide NPs also possess
antibacterial activity against Gram-positive and Gram-negative bacteria. The primary
mechanisms ascribed are adsorption of metal ions and reduction reaction at the
bacterial cell wall and degradation of the cytoplasm (Raffi et al. 2010; Yadav et al.
2017). Moreover, the antibacterial efficacy is based on both the concentration of NPs
and the initial bacterial concentration. Being bactericidal/bacteriostatic, Cu and Ni
NPs can be used in preparation of bone cements, coating for devices, sterilization,
irrigation of the root canal system and in various other probable applications in the
field of dentistry (Argueta-Figueroa et al. 2014). Novel nanocomposites prepared
using bioglass coated with Cu NPs have significant antibacterial property with
improved angiogenesis (Li et al. 2016a). However, incorporated Ti-Cu NPs as
immobilized antibacterial agent in dental materials provide a long-term
antimicrobicidal activity. Moreover, they have effective antibacterial and antibiofilm
activity against Porphyromonas gingivalis and S. mutans (Li et al. 2016b). Optimum
Cu content (5%) is indicated to maintain excellent mechanical property and a better
antimicrobial property that aids in greater reduction of biofilm formation (Liu et al.
2018). By means of contact sterilization, the dissolved Cu ions tend to damage the
bacteria (Cao et al. 2011). Further, they adversely affect the gene expression of
extracellular polymeric substance on the MRSA (Methicillin resistant Staphylococcus
aureus) biofilm producing bacteria. Thus, it leads to minimal adherence of the bacteria
by down-regulating the production of polysaccharide intercellular adhesion and
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clumping factor A that disable the formation of biofilm colonies (Liu et al. 2018).
Meanwhile, due to its antibacterial activity and excellent anticorrosive nature Ti-Cu
alloy has the potential to be a novel dental implant material.

5.2.4 Titanium Oxide NPs

Titanium and its alloys are the choice of material to be used commonly in the field of
dental implants. In fact, they are biocompatible with good mechanical properties.
Cell adhesive proteins that adhere on the surface of Ti implant surface proved to be
the site for binding of osteoblast precursors that favours bone ingrowth and stabili-
zation. Inappropriate intervention of these sequences by bacterial colonization
results in peri-implantitis. Further apart, this has to be prevented before the integra-
tion process. Incorporation of metal NPs (Cu, Ag) into the dental implant materials
permit a better control over the biofilm formation, since they acquire less resistance
(Rosenbaum et al. 2017). The most commonly encountered strains are Staphylococ-
cus aureus (16%), Escherichia coli (26%) and Pseudomonas aeruginosa (9%) (Von
Eiff et al. 2006). Cu NPs derived TiO, surface when exposed in a stimulated plasma
solution revealed high biocide potential against biofilm producing bacterial patho-
gens especially S. aureus and E. coli (Rosenbaum et al. 2017).

5.2.5 Chitosan

Chitosan is an organic bioactive compound derived naturally from chitin, an extract
of seafood shells, crabs, lobsters and shrimps (Yan and Chen 2015). Being biocom-
patible, biodegradable and less toxic, it has shown promising results in tissue
regeneration. Carboxymethylated chitosan is a derivative of chitosan exhibits exten-
sive antimicrobial property. The major mechanism involved is, the chelation of ions,
that removes the trace metals and essential nutrients that are essential for bacterial
survival (Shin et al. 2005). Powdered form of this material have been used in drug
delivery technology, implants and in scaffolds (Alhajj et al. 2019). In addition,
BisGMA and TEGDMA monomers used for crosslinking chitosan have toxicity
against pulp cells (Goldberg 2008). Furthermore, its use in composites, glass
ionomer cement, denture based resins and in dental adhesives is an emerging new
method. The major disadvantage is it reduces the mechanical strength of the restor-
ative material (Takagi et al. 2003). Electrospray and electrospinning methods are
used to produce microspheres and nanofibres, respectively (Chen et al. 2018). The
electrospinning method incorporates calcium phosphate with chitosan microspheres
and generates dibasic calcium phosphate anhydrous, a novel material with antimi-
crobial property. Even at the lowest concentration chitosan (0.5%) possesses anti-
microbial property (Raafat and Sahl 2009). It is well established that composite
loaded with chitosan exhibits strong antimicrobial potential across the restorative
material without compromising its biocompatibility (Tanaka et al. 2020). The major
disadvantage of chitosan is reduction in the mechanical strength of the restorative
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material. In addition, BisGMA and TEGDMA monomers used for crosslinking of
chitosan possess toxicity against dental pulp cells.

The three main methods that render effective antibacterial activity to the dental
restorative materials are

1. Release killing method.
2. Contact killing method.
3. Multirelease functional method (Cloutier et al. 2015)

Release Killing method

Local delivery of preloaded antimicrobial agents into the environment is the main
mechanism of action. Examples are antibiotics and silver compounds
Advantages

. No systemic toxicity

. Minimal drug resistance

. Release of high doses of antimicrobial agents over time

. Broad spectrum antimicrobial activity (Campoccia et al. 2013).

B W =

Drawbacks

. Inherent depletion of the reservoir source.
. Short acting.

N =

Contact Killing method

To evade the reservoir exhaustion of the antimicrobial agents and incorporation of
antibacterial fillers into the polymers that exert their antimicrobial property through
contact killing mechanism is an attractive alternate (Jia et al. 2017). Polycations,
antimicrobial peptides (AMPs) (Onaizi and Leong 2011), antimicrobial enzymes
(AMEs), proteolytic enzymes, polysaccharide degrading enzymes, oxidative
enzymes (Thallinger et al. 2013) and chitosan are typical examples (Munoz Bonilla
and Marta Fernandez 2012). Also incorporation of quaternary ammonium com-
pounds (QACs) into dental composites such as dental adhesives, glass ionomer
cements (GIC), resin modified GIC, pulp capping agents, root canal sealers and
acrylic resins provide a long lasting bactericide-immobilized restorative materials
(Imazato 2003).

Advantages

1. Nontoxic and non-irritant
2. Long-term antibacterial property

Drawbacks

—_—

. Bacteriostatic
2. Surface biofouling
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Multirelease functional method (Responsive and Synergistic Antimicrobial
Properties)

Photothermal materials based on near infrared irradiation convert light energy to
thermal energy have gained increased attention owing to their distinct antimicrobial
mechanism (Gharatape et al. 2016; Wang et al. 2016). Examples are gold based
nanomaterials (GNPs), reduced graphene oxide (rGO) and polypyrrole
nanoparticles. They cause physical destruction and penetrate the living tissues with
sufficient intensity by generating local heat, thus evading resistance strains (Liang
et al. 2014; Yang et al. 2009). GNPs are biocompatible and exert its antimicrobial
property via surface plasmon resonance (Gharatape et al. 2016). Moreover, antimi-
crobial property could be further improved by surface conjugation with specific
antibodies (Millenbaugh et al. 2015). The innovation of smart antibacterial surfaces
is based on the “kill and release” approach that have the ability to destroy the
material associated bacteria as well as eradicate dead bacteria and debris especially
multidrug resistance bacteria, thus uphold long-term antimicrobial property (Qu et
al. 2019). Photo therapy basically of two types—antibacterial photothermal therapy
(APTT) and antibacterial photodynamic therapy (APDT). A combination of biocidal
agents and phototherapy have improved antimicrobial property due to synergistic
effects. Examples are gold nanorod and kanamycin against E. coli (Hu et al. 2013),
rGO and vancomycin against multidrug resistance E. coli (Yang et al. 2009)

6 Mechanism of APDT action

APDT has been paid great attention in recent years owing to its potential antimicro-
bial activity against various oral pathogens and biofilms (Al-Shammery et al. 2019).
The primary mechanism implicates interaction between photosensitizer and low
energy laser that produce reactive oxygen species in the existence of oxygen
(Hu et al. 2018). These agents do surface modification through different mechanisms
such as disinfection, photocatalysis, photothermal lysis and photodynamic killing,
thereby eliminating multidrug resistance bacteria. Based on the types of
photosensitizing agents, they can be delivered through intravenous injection, topical
application and oral ingestion (Konopka and Goslinski 2007).
Advantages

. Improbable development of antimicrobial resistance

. Prompt suppression of the contributing microbes due to oxidative changes in
bacterial cell membrane (Hu et al. 2018).

3. Biopolymers and NPs hauling photosensitizers have the advantage of

(1) Improved antibacterial efficiency. (2) Enhanced biocompatibility and biode-

gradability. (3) Reduced accumulation of photosensitizers (Zhang et al. 2016)

N =
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Drawbacks

1. Photosensitivity due to the presence of accumulated photosensitizing agents for a
few days (Takasaki et al. 2009).

Materials with antimicrobial property supplemented with remineralizing and
protein repellent properties come under this category. Moreover, they respond to
the microenvironmental cues of the microbial infections (Wei et al. 2019). Examples
are silver nanoparticles (AgNPs), amorphous calcium phosphate (NACPs), a com-
bination of NACPs and QAM.

7 Mechanism of Action of NPs

Nanoparticles exert their antibacterial effect through interaction with the peptidogly-
can of the bacterial cell wall and thereby increasing the membrane permeability (Qiu et
al. 2016). In addition, NPs bind to mesosomes and impede bacterial respiration. They
also inhibit DNA replication via interaction with sulphydryl groups and block signal
transduction (Giannousi et al. 2014; Pal et al. 2007). The surface of NPs interacts with
the transport proteins and inhibits transportation across the semipermeable membrane
(Moghimi and Szebeni 2003). Further, NPs generate reactive oxygen species,
dysregulate metal ion homeostasis and ATP production that are essential for cell
growth and survival. This in turn causes distortion of cell membrane (Nel et al.
2006; Aziz et al. 2014, 2015). NPs mediate amino acid oxidation and produce protein
bound carbonyls which results in deactivation of various enzymes (Lynch and Dawson
2008). The positively charged NPs bind to the negatively charged bacterial cell
membrane and exert their antibacterial activity (Cao et al. 2018; Prasad and Swamy
2013; Swamy and Prasad 2012). Moreover, the size of nanoparticles allows them easy
penetration through the bacterial membrane (Melo et al. 2013).

8 Factors Influencing the Antibacterial Property of NPs

A minimum concentration of nanofillers provide a greater release of ions without
affecting the mechanical properties of the cements (Xu et al. 2011). Moreover, the
components that adsorbed over the NPs, their composition and structure have a
direct influence over the antibacterial activity (Olenin and Lisichkin 2011). Indeed,
thick layer impedes antimicrobial activity and vice versa. Studies revealed that
incorporation of NPs into polymers or coated onto biomaterials seems to have
superior antimicrobial properties (Saafan et al. 2018). Moreover, it is advantageous
in drug resistance microbes (Fernandes et al. 2018). Some researchers found that
NPs of lower concentration do not exhibit cytotoxic effects and established a dose
dependent activity. In fact, the concentration, type, form, size and distribution of the
NPs influence the duration and potency of antibacterial effect.
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9 Antimicrobial Fillers in Pulp Capping Agents

Pulp exposure is common as a sequalae of caries progression or due to trauma and
during cavity or crown preparation (Stanley 1989). Therefore, to preserve the
vitality, functional and biological activities of the exposed pulp temporarily and
permanently, pulp capping procedure is being done (Haskell et al. 1978). The most
commonly used pulp capping agents are calcium hydroxide (CaOH) and mineral
trioxide aggregate (MTA) (Camilleri and Pitt Ford 2006). CaOH possesses high
antibacterial activity through the release of hydroxyl ions in an aqueous environment
(Siqueira 2001). These ions cause denaturation of proteins and damage the micro-
organisms cytoplasmic membrane. In addition, the alkaline pH (12.5) of the material
also enhances the antibacterial effect. MTA is composed of 15-25% of silicon
dioxide and 50-75% of CaOH. However, it has been shown that MTA forms silicate
hydrate gel on hydration. Hence, both MTA and CaOH have similar mechanism of
action (Roberts et al. 2008). Moreover, MTA discharges antimicrobial action even in
anaerobic state (Reston and de Souza Costa 2009). Similarly, calcium silicate-based
material otherwise called biodentine has been used for indirect pulp capping (IPT).
The provisional use of biodentine seems to be beneficial in uncooperative paediatric
patients in whom complete removal of caries lesion is not possible. In addition it can
be used as IPT agent under dental composites and also in minimal invasive treat-
ment. It has been investigated that biodentine has the potential to inhibit S. mutans,
S. gordonii and S. sorbinus. The study by Deveci et al. revealed that Biodentine,
Chlorhexidine (CHX) and cetrimide combination proved to have much bacterial
inhibition zone of Lactobacillus and S. mutans (Deveci et al. 2019).

10 Antimicrobial Fillers in Root Canal Sealers

Root canal treatment is the chemomechanical debridement and shaping of the root
canal and effective elimination of the microorganisms from them. Antibiotics,
steroids and calcium hydroxide are commonly used intracanal medicaments. Despite
their benefits, they may produce resistant strains and even host sensitization. There-
fore, a better alternative might be nanosized metal ions such as nanomonosodium
titanate and gold titanates that are much effective (Eiampongpaiboon et al. 2015).
When these particles are exposed to water or while mixed up with calcium hydrox-
ide, they occlude the dentinal tubules as well as the bacteria significantly, even at
micromolar concentration (Drury et al. 2018). Due to increase in surface area to
volume ratio, the ion exchange property is also more efficient (Beyth et al. 2014).
Studies have proved that gold nanoparticles have the antibacterial potency against
both gram-positive and gram-negative bacteria such as Staphylococcus aureus,
Lactobacillus casei, Escherichia coli and Pseudomonas aeruginosa (Morim 2016).
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11 Antimicrobial Fillers in Glass Ionomer Cement (GIC)

In 1969 Wilson and Kent introduced glass ionomer cement (GIC). They are fre-
quently used material for luting, lining, fissure sealants, and also in temporary,
permanent and atraumatic restorations. Composition of the conventional GIC pow-
der is alumina, silica and calcium fluoride. In addition, Ba and Sr salts are added to
impart radiopacity to the cement. The liquid of GIC contains polycarboxylic acid,
tricarboxylic acid, maleic, itaconic acid and tartaric acid (Phillips and Anusavice
2013; Baig and Fleming 2015). Incorporation of tartaric acid improves the handling
property and thus sufficient working time. The setting reaction of GIC is basically an
acid base reaction. Among all the restorative materials, GIC is well known for their
practical benefits that includes fluoride release and recharge, chemical bonding, low
coefficient of thermal expansion and pleasing aesthetic quality. The inclusion of
silicates and fluorides prevent caries progression. Furthermore, chelation between
carboxyl group of acid polymer with the hydroxyapatite of enamel, dentin and bone
enables a better chemical bond between them. The fact is that, it releases appropriate
amount of fluoride that inhibit the metabolism of carcinogenic organisms, thus
favouring remineralization (Wiegand et al. 2007).

Moreover, the fluoride release is continuous throughout the materials life time.
The linear expansion coefficient of GIC is comparable with that of the tooth. The
major drawbacks of GIC are significantly reduced wear resistance, brittleness
(Papacchini et al. 2005), synergism and imbibition. Resulting in dimensional
changes, decrease surface wear resistance and interfacial gaps that restrict its appli-
cation in the area of high occlusal load. Years of extensive research have attained
considerable changes in the composition that significantly modified the mechanical
and handling properties of GIC. These include resin modified GIC, fibre
reinforced and bioactive GIC that incorporates of zirconia, zinc, strontium oxide,
silica particles, N-vinylpyrrolidone and amino acids (Gu et al. 2005; Zoergiebel and
Ilie 2013; Boyd and Towler 2005). Nowadays studies have shifted focus on the
incorporation of various nanoparticles to obtain efficient bioactivity (Y1i-Urpo et al.
2005). Zinc, silica, ceramics, ytterbium fluoride, titanium oxide, bioactive glass,
titanium dioxide, montmorillonite clay, aluminosilicate glass, hydroxyapatite and
fluoroapatite, phosphopeptide-amorphous calcium phosphate are some of the parti-
cles that are added to obtain desirable strength (Poorzandpoush et al. 2017). In
general, metallic oxides such as SrO and BaSO4 have been found to result in
desirable mechanical properties (Moheet et al. 2019).

GIC possess chemical bonding and strong adhesion that allows them to bond on
both enamel and dentin. Thus, it would be a better opportune material for posterior
restoration. When increased crosslinking and polysalt bridge formation are per-
ceived in the set cement, they improve the mechanical properties of the set cement
(Oliva et al. 1996). Reinforcement of GIC with hollow and solid discontinuous glass
fiber fillers increase the fracture toughness, compressive strength and flexural
strength. GICs containing nanohydroxyl apatite (nHA) and fluoroapatite (FA) have
improved bonding to the dentin with good mechanical properties (Moshaverinia
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et al. 2008). Casein phosphopeptide-amorphous calcium phosphate incorporation at
3% concentration inhibited demineralization and encouraged remineralization by
enhancing calcium and phosphate release (Al Zraikat et al. 2011). Addition of 5%
niobium pentoxide (Nb,Os) revealed bioactivity and biocompatibility (Garcia et al.
2016). Hydroxyapatite-alumina/zirconia nanocomposite (HANBG) when added to
BAG improves antibacterial activity, bioactivity and also mechanical properties
(Thampi et al. 2014). Inclusion of fluoroaluminosilicate glass provoked an acid
base reaction with polyacrylic acid and yielded pre-reacted glass ionomer (S-PRG)
filler (Ikemura et al. 2003). In turn, capable of releasing fluoride with recharge
functions (Han et al. 2002). Fluoride released from the dental materials when interact
with apatite of the tooth surfaces forms fluoroapatite (Feagin and Thiradilok 1979)

Addition of titanium oxide nanoparticles (TiO,) increase the adhesiveness. TiO,
nanotubes (TiO, nt) have increased surface to volume ratio. Hence, even at mini-
mum concentration (3—5%), TiO, nt is stable, nontoxic, and increases the fluoride
release thus have antimicrobial effects. Moreover, a better particle distribution pro-
tects the matrix effectually and increases the microhardness. Hence, an overall
improvement in mechanical property of GIC to resist abrasion is essential. At a
concentration of 10%, niobium pentoxide affects the interaction between powder
and polyacrylic acid and negatively influence the chemical bonding of GIC to the
tooth (Garcia et al. 2016). GIC appended with chlorhexidine diacetate and
digluconate have bactericidal action against Streptococcus mutans and Lactobacillus
acidophilus (Tiirkiin et al. 2008).

12 Antimicrobial Fillers in Dental Composite Resins

Dental composite resins are considered to be the suitable material for tooth cavity
restoration due to improved aesthetics and physical properties. The first formulated
earlier composites experienced low abrasion resistance, colour instability and inad-
equate mechanical strength (De Gee et al. 1990). Due to extensive research, the
current dental composites with good mechanical properties and excellent colour
match have emerged. It is the versatile material of choice with optimal aesthetic
property in all classes of direct restorative treatment (Lynch et al. 2014). Also, the
wear rate is equal to that of enamel. Most of the current composites material
composition is basically silane coated glass/ceramic particles dispersed in methac-
rylate resin that include bifunctional monomers (Chen 2010). Hardening of the
material occurs through free radical polymerization, activated by visible light or
initiated chemically (Stansbury 2000). It attributes to 49% of all restorations.
However, clinical studies have revealed that 74% of the failed composite resto-
rations are due to secondary caries (SC) (Xie et al. 2011; Wiegand et al. 2007). This
could be due to its surface property, release of unreacted monomers and absence of
antibacterial property that accumulates more plaque and forms thick biofilm (Zhang
et al. 2008). Most commonly used monomers in the conventional composites are
2,2-bis[4-(2-hydroxy-3-methacryloyloxypropoxy)phenyl]propane (BisGMA) and
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triethylene glycol dimethacrylate (TEGDMA). However, Bisphenol A (BPA) is used
as a raw material for the synthesis of the monomer of the dental composites. After the
placement of BPA based composites, trace amount of BPA was found on saliva and
urine. Hence, substitution of BisGMA monomer with tris(4-hydroxyphenyl)methane
triglycidyl methacrylate (TTM) is a novel approach. The advantages of TTM over
BisGMA are comparable mechanical, biological properties and also the ability to
photopolymerize with visible light.

Classification of Composites

Based on the filler size and the properties,

e Macrofill (10-50 pm) conventional composites-monodisperse
» Midifill (1-5 pm)

e Minifill (0.4 pm)

e Microfill (0.01-0.1 pum) homogeneous/heterogenous

* Hybrids (0.01-5 pm) polydisperse

¢ Microhybrid (0.01-1 pm) polydisperse

e Nanofill (0.01-0.04 pm) monodisperse

e Nanohybrid (0.01-1 pm) polydisperse

Fixing orthodontic brackets is the primary step in orthodontics and is achieved
through bonding agents (Eliades 2002). In spite of their advantages like ease of
application and excellent aesthetics, composite resins and dental adhesives as such
are unable to hamper bacterial adhesion and demineralization. Moreover, drawbacks
such as bond failure, plaque accumulation, white spots and demineralization around
the brackets are unfortunately unavoidable (Allaker 2010). In earlier days, antimi-
crobials such as chlorhexidine, fluorides were used as effective means to prevent
these drawbacks. The current trend is application of nanotechnology into the dental
restorative materials to improve their properties (Leung et al. 2005; Sodagar et al.
2013). Metal nanoparticles such as Ag, Zno, Tio,, Cuo, zirconia and magnesium
oxides and hydroxyapatite have gained greater popularity among inorganic fillers.
Moreover their physical, optical properties and the concentration can be tailored
according to the needs. The carbon nanotubes, lipids and polymers are some of the
organic NPs with the unique structural characters. Chitosan are either incorporated
into the polymers or coated onto the biomaterials (Magalhaes et al. 2016), due to the
demonstrated broad spectrum antimicrobial properties (Saafan et al. 2018). A com-
bination of chitosan and ZnO NPs less than 5% (Sodagar et al. 2013) of incorpora-
tion into dental composites have an potency to enhance antibacterial activity
with superior mechanical properties (Mirhashemi et al. 2013). Application of TiO,
into composite resins confers antibacterial properties. TiO, NPs at 1% concentration
prominently inhibited S. mutans (Poosti et al. 2013), whereas more than 5% of TiO,
NPs inhibited S. mutans and S. sanguinis but not on biofilm producing
L. acidophilus (Sodagar et al. 2017).

Various methods have been used to modify the composite resins that prevent
bacterial proliferation. Incorporation of low molecular weight organic or inorganic
moieties including antibiotics, fluoride, iodine, zinc, QAM, chlorhexidine and silver
based nanomaterials may have limitations toward antimicrobial property and
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mechanical property (Beyth et al. 2006). Due to the release of soluble agents, they
are cytotoxic to the human tissues (Cocco et al. 2015). Inclusion of nanoparticles
into dental materials have the benefit of antimicrobial property as well as
remineralization of dental hard tissues (Angel Villegas et al. 2019). The composi-
tion, particle size, filler loading and the surface treatment of the antimicrobial fillers
should permit release of ions even in an aqueous environment. Release of ions such
as calcium, phosphate and fluoride ions have the benefits of reducing postoperative
dentin hypersensitivity that enhance precipitation of hydroxyapatite crystals, better
bonding of the material with tooth surface and durability (Tarle and Par 2018).
However the mechanical properties such as polymerization shrinkage, shrinkage
stress, elastic modulus, degradation, degree of conversion and biocompatibility
should not be compromised.

Diverse research has been accomplished so far, to develop antimicrobial fillers of
various types to provide the composite materials with enhanced antibacterial activity.
Numerous studies have been employed on composites with added organic materials
such as quaternary ammonium polyethylenimine nanoparticles, benzalkonium chlo-
ride, chlorhexidine, acrylic acid, triclosan and chitosan aminohexadecyl methacrylate.
Also with additives like, quaternary ammonium dimethacrylate (QADM),
12-methacryloyloxydodecylpyridinium bromide (MDPB), dimethylaminohexadecyl
methacrylate (DMAHDM), dimethyl-hexadecyl-methacryloxyethyl-ammonium
iodide (DHMALI), and dimethylaminohexadecyl methacrylate that gave varying degree
of success. In addition, inorganic fillers (mesoporous silica with chlorhexidine, zinc
oxide and silver ions) can also be mixed with monomers. They get entrapped into
polymers after polymerization and exert their antimicrobial property (Ohashi et al.
2004). Antibacterial activity of A-glass-CyCl-Ag is due to interaction of sulfadiazine
with DNA and silver ion binding leads to deactivation of protein as well as expiration
of the bacteria

Fluoridated glass, inorganic fluoride compounds and pre-reacted glass ionomer
fillers (S-PRG) are the forms of fluoride that are incorporated with resin composites.
Dental composites with S-PRG is termed as giomer. Giomer releases small amount
of fluoride, and it exhibits superior optical properties and strength than conven-
tional GIC (Garoushi et al. 2017). Moreover, inclusion of CaF, nanoparticles
reduced mineral loss from the tooth margins. When strontium replaces Ca, it
enhances the radiopacity and improves the antibacterial activity. Addition of
10-20% of monocalcium phosphate monohydrate (MCPM), tricalcium phosphate
or tristrontium phosphate, help relief of residual stress by encouraging water induced
expansion (Park and Ferracane 2014). This compensates the polymerization shrink-
age of the composites (Aljabo et al. 2015). Nanoparticle amorphous calcium phos-
phate (NACP-size of 116 nm) decreased the demineralization depth of the enamel
and increased the remineralization of adjacent tooth surface (Tezvergil-Mutluay
et al. 2017). Also it reduced the penetration depth of the bacteria (Khvostenko
et al. 2016). The ability of nanoassemblies to inhibit high bacterial load through
bacterial membrane fusing, clumping and disintegration that causes significant
bacterial death (Schnaider et al. 2019).
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13 Bioactive Glass (BAG)

The bioactive glass was invented by Hench in 1969 (Hench et al. 2004). It is a
soluble form of glass. The composition of BAG consists of SiO, CaO,Na,O and
P,Os in a variable concentration (Jones 2013) and can act as source of fluoride,
calcium, strontium ions, and also control their release (Shahid et al. 2014). There-
fore, by altering specific ingredient in a small proportion according to the particular
need, it is possible to tailor BAG (Kaur et al. 2014). The BAG is capable to form
apatite layer through precipitation of HA spontaneously (Jones 2013), and makes it a
potential source of remineralizing ions (calcium and phosphate). BAG when
exposed to water, exchanges sodium and calcium ions with the hydrogen ion of
water and forms Si—-OH groups (silica rich layer). During the rise in local pH, the
hydroxyl ions attack Si—~O-Si bonds and form Si(OH)4. Then condensation of Si—
OH groups occur and attract more calcium and phosphates ions (Hench 2006).
Further, crystallization occurs in the form of amorphous calcium phosphate (ACP)
to hydroxyl appatite (HA). It has been reported that the ability of BAG to form
silicon-rich layer could serve as a template for HA precipitation. For this to happen,
appropriate adjustment in hydrophilicity should be taken place (Spanovic et al.
2017). BAG increases the local pH initially and inhibits the matrix metalloprotinase
activity that aids in precipitation of HA (Profeta 2014). Furthermore, it inhibits
collagen degradation, upsurges the hardness of demineralized dentin. Henceforth,
BAG has the ability to increase the longevity and stability of the hybrid layer by
defending it from hydrolytic degradation (Tezvergil-Mutluay et al. 2017). The
antimicrobial effect of BAG is mainly by the change in the local pH, in addition,
direct contact toxicity also contributes to the improved effect (Chatzistavrou et al.
2014). Inclusion of 10% Al; to BAG improved the compressive strength without
causing any adverse effect (De Caluwé et al. 2017). Incorporation of fluoride
containing bioactive glass (BAG) reduces the susceptibility to SC. Monocalcium,
dicalcium and tricalcium phosphates, hydroxyapatite and amorphous calcium phos-
phate are some of the fillers added to dental composites. Among these fillers, ACP is
a direct precursor of HA (Dorozhkin 2010). When exposed to water, ACP dissolves
and releases phosphates and calcium ions that subsequently transformed into HA
ions (Eanes and Meyer 1977). The ACP/HA conversion is autocatalytic and forms a
nuclei that progress the crystallization process (Boskey and Posner 1973). Hence,
HA aids in remineralization (Skrtic et al. 2000). Pure form of ACP is unstable,
thereby readily converts into HA within few hours (Pan et al. 2010).

14 Quaternary Ammonium Compounds

The development of quaternary ammonium methacrylate (QAM), and their incor-
poration into dental resins has promoted antimicrobial activities (Weng et al. 2018).
Studies revealed that hydrophobic positively charged long polymeric alkyl chain of
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QAM has the ability to penetrate the negatively charged cell membrane of the
microorganisms (Skrtic et al. 2000). This enables cell membrane disruption, cyto-
plasmic leakage and finally death of microorganisms. Antibacterial mechanism of
positively charged ammonium groups is mainly due to contact killing, and is
governed by factors like chain length, number of nitrogen atoms and the nature of
compound that attaches to this group. 5-10 wt% of QAM:s can be used for composite
resin (Liang et al. 2014). Specifically, long cationic polymers promote an increase in
hydrophobicity of QAM. Hence, hydrophobicity property of QAM is directly
proportional to the alkyl chain length of QAM (Tiller et al. 2001). Addition of
chlorhexidine diacetate (1%) and 5% of dimethylamino-hexadecyl methacrylate
(DMAHDM), a derivative of quaternary ammonium salts to self-cured resins
showed significant antimicrobial action against S. mutans and C. albicans exhibits
synergistic effect. These agents reduce the biofilm development without influencing
the mechanical and physical properties (Campos et al. 2020).

A novel composite that consists of nanoparticles of amorphous calcium phos-
phate (NACP) and DMAHDM exhibited remineralizing and antimicrobial capabil-
ities (Zhang et al. 2016). This is mainly due to the increase in CL of DMAHDM from
3 to 16 that significantly reduced the colony forming unit of microorganism and
decrease the biofilm formation up to tenfold. Hence it is promising material for tooth
cavity restoration. Incorporation of calcium phosphate nanoparticles along with
quaternary ammonium dimethacrylate (QADM) and silver nanoparticles (Ag NP)
into composites stimulated regenerative capacity and antibacterial activity (Cheng
et al. 2012a).

15 Methods to Improve Mechanical Property

Zirconia particles block HA nucleation site and have the benefits of retardation of
ACP conversion with improved mechanical properties (Skrtic et al. 2002). Thus it
provides a long-lasting bioactive effect. Further, ACP composites when reinforced
with 10% of inert glass fillers, there is an increase in mechanical properties (Marovic
et al. 2014) as well as reduction in polymerization shrinkage. Thus incorporation of
more inert fillers is significantly important to reduce filler/composite ratio. Also,
addition of nano ACP particles is an alternative approach to increase the mechanical
property with low cohesive strength that enables adequate ions release due to high
surface area (Xu et al. 2011). A combination of nanoparticle amorphous calcium
phosphate (NACP) and AgNP contributes to the antimicrobial property and
remineralization capacity to composite material (Cheng et al. 2012b). Addition of
zinc oxide particles ensures a better opacity and good antimicrobial property to the
material. The primary effect of ZnO on bacteria is inhibition of the enzymes involved
(Maas et al. 2017). It exhibits antibacterial activity only on the bacteria contacting it
and also makes the resin weaker. To overcome this, AgNP can be mixed up along
with QAMs (Zhang et al. 2013).
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16 Chlorhexidine

Chlorhexidine (CHX) is a broad spectrum potent antimicrobial agent. Hence,
believed as a gold standard for antibacterial application (Amin et al. 2009). Studies
have shown that a gradual release into the environment leads to toxic effects to the
tissues and affects the mechanical properties of the materials. Moreover, CHX is
highly soluble and has poor substantivity (Bonesvoll and Gjermo 1978). It usually
provides short-term antimicrobial effect and declines after a time period (Imazato
2003). The concept of Imazato et al. is “immobilized bactericide action” that means
the antimicrobial monomers are not released in the environment as such, but contact
inhibition takes place when the bacteria comes in direct contact with the material.
Until then, it is stabilized in a carrier material (Imazato 2003). Hence, any antimi-
crobial agent when incorporated into a biomaterial have a finite duration of release.
Thus, it has a long-lasting antibacterial effect without compromising the mechanical
properties. GIC appended with chlorhexidine diacetate and digluconate have bacte-
ricidal action against Streptococcus mutans and Lactobacillus acidophilus (Tiirkiin
et al. 2008). Compared to these, CHX hexametaphosphate showed reduced solubil-
ity and a sustained release (Wood et al. 2015).

The DMAHDM monomer, one of the derivatives of quaternary ammonium salt
along with chlorhexidine have a synergistic antimicrobial effect against Strepfococ-
cus mutans and Candida albicans without influencing the flexural strength, surface
roughness and colour stability of the composite. Previous studies also demonstrated
a synergistic effect of chlorhexidine when incorporated with other potent antifungal
agents in dental materials. Recharge capacity of GIC with CHX has been recently
investigated. The GIC has the ability to uptake CHX from its environment and
release them in higher concentration via reversible process (Bellis et al. 2018).
Matrix metalloproteinases (MMPs) present in saliva and cysteine cathepsins
expressed by dentin-pulp complexes act synergistically, degrade hybrid layer and
aide in caries progress (Nascimento 2011). CHX and green tea
polyphenolepigallocatechin-3-gallate (EGCG) are potent inhibitors of MMP (Pallan
et al. 2012). They reduced the rate of collagen degradation by preventing over
activation of MMPs (Hashimoto et al. 2003). Further, these agents have the capa-
bility of inhibiting glucosyltranferases action, acid tolerance and acid production,
hence the growth of cariogenic bacteria suppressed (Xu et al. 2011).

17 Antimicrobial Fillers in Dental Implants

Dental implant is a standard, recommended treatment protocol to replace, repair the
lost or missing tooth structure. Peri-implant disease (PID) is the inflammation of the
soft tissue around the implant, mainly due to plaque accumulation and biofilm
formation (Renvert et al. 2018). PID can be of two types, peri-implant mucositis
(PIM) and peri-implantitis (PI) (Berglundh et al. 2018). A high prevalence of
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anaerobic gram-negative organisms is associated with PIM, in addition to S. aureus,
S. mutans, E. coli, P. gingivalis and C. albicans and can eventually progress into
PI. Meanwhile, with appropriate treatment PIDs can be reversed, if not may lead to
gradual bone loss and bacterial associated implant failure (Rosen et al. 2013). Hence,
clinical management of PIDs is still challenging. Defensins and cathelicidins are the
naturally occurring antimicrobial peptides (AMPs) that are present both in salivary
and gingival secretions (Chen et al. 2017a). Further, AMPs are the key mediator in
regulating microbial homeostasis normally and they establish the first line defence
mechanism particularly in the gingival and periodontal disease progress (Khurshid
et al. 2018). They are highly degradable by bacterial and host cell proteases.

Hence, incorporation of AMPs into engineered bioadhesive hydrogels not only
protect AMPs from degradation but also deliver controlled antimicrobial activity
over a period of time. Light curable gelatin methacryloyl hydrogel incorporated with
AMPs gives gelatin methacryloyl antimicrobial peptide bioadhesives. Antimicrobial
hydrogel bioadhesives revealed high antibacterial activity against P. gingivalis and
are cytocompatible (Sani et al. 2019). Moreover, they create a favourable environ-
ment for the growth of migratory progenitor cells that stimulate bone regeneration.
Hence, they can be used to treat PIDs. AMP coated dental implants protect
against PIDs.

Titanium dioxide (TiO,) NPs exhibits pronounced optical property, bioactivity,
chemical stability and antibacterial activity. TiO, is most promising to have
photocatalytic effect, hence when exposed to UV-A light generates electrons and
holes at the valence band (Foster et al. 2011). The electrons from the valence band
get excited and produce superoxide ion, whereas the holes form hydroxyl radicals
(Mohammed et al. 2018). Further, production of reactive oxygen species attack the
bacterial cell membrane and leads to cytoplasmic leakage (Gogniat et al. 2006). The
direct contact toxic effect of TiO, is mainly due to photocatalytic disinfections that
eventually leads to lipid peroxidation (Maness et al. 1999), protein alteration
(Goulhen-Chollet et al. 2009) and DNA damage (Gogniat and Dukan 2007). TiO,
binds to E. coli, causes cell disruption and lysis (Gumy et al. 2006; Carré et al. 2014).
TiO, also possesses improved osteoinductive and osteointegration property (Li et al.
2015). The rutile TiO, nanorod arrays expressed potent photocatalytic antifungal
and antibacterial activity against C. albicans, A. actinomycetemcomitans,
Aggregatibacter actinomycetemcomitans and P. gingivalis (Jia et al. 2017). More-
over, implant surface modified with TiO, coating promoted adhesion and prolifer-
ation of periodontal ligament stem cells (PDLSCs) (Li et al. 2017) and also
osteogenic differentiation of mesenchymal stem cells (MSCs) (Qiu et al. 2016).
Anatase microspheres which is of Ti(SO4) origin, impregnated with AgNPs
improved the antibacterial activity of the implant surface against S. aureus and
E. coli (Weng et al. 2018). The Ag/TiO, combination exhibited excellent
antibacterial effect due to the Schottky barrier effect and also possesses
cytocompatibility with Newborn mouse calvaria-derived preosteoblastic cells
(MC3T3-El).
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18 Denture Base Resins

Tooth loss or edentulism is seen in all races and across all nations of the world. An
US study places the rate of edentulism of American elderly of age 65 years or more
to be 19% (Dye et al. 2015), whereas 15% of UK people of the same age are
edentulous (Peltzer et al. 2014). For completely edentulous people, complete den-
tures are still most commonly used treatment of choice. Partial dentures with acylic
base plate are still used in several developing countries for partial edentulism.

Poly methyl methacrylate (PMMA) resin is the most commonly used denture
base acrylic material for both types of edentulism for more than 70 years since its
introduction. However, PMMA suffers from inherent drawbacks like high surface
roughness, porosity and bad thermal conductor (Nandal et al. 2013). Unfortunately,
these disadvantages plus its high hydrophobicity in aqueous environment do not
prevent the overgrowth of a fungus C. albicans in chronic denture wearers. Though
C. albicans is normally present in oral cavity as indigenous microbial flora (Cannon
and Chaffin 1999), its overgrowth contributes to the clinical condition called Den-
ture Stomatitis (DS).

19 Denture Stomatitis

DS refers to inflammatory condition of palatal mucosa corresponding to the place
where the denture base remains in contact with the tissue (Dorocka-Bobkowska et al.
2010). DS is especially prevalent in elderly people with systemic diseases leading to
immunocompromised status along with poor denture hygiene and xerostomia
(Uzunoglu et al. 2014). C. albicans is not the primary pathogen as the recent reports
show that DS can also be caused by other fungal species like C. glabrata,
C. dubliniensis, C. parapsilosis, C. krusei and C. tropicalis (de Oliveira Mima
et al. 2011). This has a special clinical relevance in today’s time as most of the
above mentioned species are resistant to common antifungal drugs (Redding et al.
2003). Bacteria like S. mutans and Lactobacillus species are also implicated in DS
(Webb et al. 1998). So, prevention of such problems assumes greater importance
than treatment. Keeping this in mind, a PMMA denture base with antimicrobial
properties that can prevent the occurrence of DS is definitely preferable.

20 Antimicrobial Fillers in Denture Base Resins

It was found out that coating the PMMA resin with glow-discharge plasma
(Zamperini et al. 2013), Mannan (Sato et al. 2013) or reactive oxygen species
(ROS)-based disinfectant (Odagiri et al. 2012) could inhibit C. albicans but the
coatings did not sustain longer in the aqueous oral environment. Thus, an external
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application of antimicrobial coating is of less clinical value. Incorporating the
antimicrobial material as a filler into the PMMA resin is the logical next step in
the research process.

The organic NPs have been primarily used to prevent the formation of secondary
caries. Quaternary ammonium molecules can be combined with methacrylate mono-
mer using silane bonds to produce quaternary ammonium methacrylate (QAMs).
QAMs undergo polymerization with bisGMA (bisphenol A-glycidyl methacrylate)
to produce resin polymer which is clinically useful (Gong et al. 2012). They are
primarily not successfully used with PMMA denture base resin due to their inability
to withstand high temperature and pressure generally required for curing the resin
(Chen et al. 2017a). Though chitosan, yet another organic NPs is most abundantly
available naturally, its clinical use is limited (Song and Ge 2019).

Incorporation of inorganic NPs, typically Silver (AgNPs) into the PMMA resin
has stimulated a lot of research primarily due to their ability to withstand extreme
environments (Arunachalam et al. 2015). Besides, they are not toxic to human
tissues and equal importance is the fact that these metal fillers can be incorporated
either into the powder or the liquid component of resin (Chladek et al. 2016) giving
the flexibility of its usage. Their versatility lies in the fact that they can be
manufactured in large-scale using variety of methods (Thomas et al. 2018). In fact,
the most documented research focuses on using AgNPs into PMMA resin to produce
antibacterial and antifungal denture base resin material that can be adopted clinically
(Kassaee et al. 2008; Jabtoriska-Stencel et al. 2018; Thomas et al. 2018; Chladek
et al. 2019a, b; Jo et al. 2017; Chen et al. 2017b).

AgNPs possess broad spectrum of action covering the bacteria, fungi and viruses.
The active silver ions released in the aqueous environment interact with proteins
present in bacteria and cause cell lysis. In order to achieve this action, they are
supplied in a variety of nanoforms and shapes like spheres, pores, capsules, tubes,
shells, dendrimers or quantum dots (Suhani et al. 2018). Kurt et al. (2017) studied the
effect of adding AgNPs to PMMA denture base material in increasing concentrations
and concluded that as the concentration of AgNPs increased, the antifungal activity
also increased. The material was not cytotoxic to L929 mouse fibroblast cell line
(Kurt et al. 2017).

In order to assess the long-lasting antimicrobial effect of AgNPs, the particles
were incorporated in silver-sulfadiazine (AgSD) to form AgSD-loaded mesoporous
silica nanoparticles (AgMSNs) which can release silver ions very slowly and for a
prolonged duration in the aqueous medium. Besides acting as a carrier, sulfadiazine
has anti-adhesive effect which is beneficial for preventing candida adhesion to oral
mucosa. Jeong-Ki Jo et al. (2017) combined AgMSNs with PMMA to form a
“rechargeable” resin. They found that flexural strength, hardness and anti-adhesive
effects increased for up to a month (Jo et al. 2017)

Though AgNPs looks like an ideal antimicrobial filler to PMMA, it has some
disadvantages. Mainly, due to its plasmon resonance effect, it imparts a dark brown
colour to the final material. Obviously, it is aesthetically unacceptable in the oral
cavity (Chladek et al. 2019b; Jabtoriska-Stencel et al. 2018). In order to circumvent
this clinical problem, AgNPs is used as silver sodium hydrogen zirconium phosphate
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(SSHZP) which is white in colour and clinically acceptable. According to Jabtoriska-
Stencel et al. (2018), SSHZP filler concentration between 2 and 10 weight percent-
age (wt%) gave the best antimicrobial effect without compromising other essential
mechanical properties (Jabtoniska-Stencel et al. 2018).

Zirconium oxide nanoparticles (nano-ZrQO,) also have received a lot of attention
for their ease of manufacturing and their efficiency (Gowri et al. 2014). Nano-ZrO,
in various concentrations of 0% wt, 2.5% wt, 5% wt and 7.5% wt was polymerized
with PMMA by Gad et al. (2017a) in their research work. The highest reduction in
C. albicans was observed with 7.5% wt of nano-ZrO, (Gad et al. 2017b).

Ultrafine dispersed diamonds or detonation nanodiamonds (ND) have some
eye-catching properties of high strength, chemical stability, thermal conductivity
and good biocompatibility for use in biomedical applications (Mochalin et al. 2012).
Mangal et al. (2019) compared ND performance with PMMA vs standard ZrO, with
PMMA and discovered that 0.1-0.5 wt.% ND significantly improved the flexural
strength, elastic modulus and surface hardness of resin and provided considerable
resistance to C. albicans and reduction in salivary biofilm formation (Mangal et al.
2019). The same result was corroborated by Fouda et al. (2019).

Whiskers are a type of filamentary crystal, the tip of which is less than 1 nm with
semi-conductive property and ability to release ROS. Silver-supported zirconium
phosphate (Novaron) and Tetrapod-like zinc oxide whiskers (T-ZnOw) exhibited
higher flexural strength and surface hardness and increased antibacterial activity
(Chen et al. 2017a).

Glass fibres represent the architype fibre to reinforce denture base polymers due
to its well known improvements in flexural strength and fatigue resistance. They
were found to increase candida resistance also (Moreno-Maldonado et al. 2012; Gad
et al. 2017b)

21 Antimicrobial Fillers for Other Applications

AgNPs was combined with vanadate nanowires to form silver vanadate decorated
with AgNPs (B-AgV0O3). Ferreira et al. (2020) used silver vanadate as a filler in
dental porcelain material and evaluated the mechanical and anti-microbiological
properties. All the different strengths of silver vanadate increased the antimicrobial
efficacy without changing hardness property (Ferreira et al. 2020).

Portland cement is a calcium silicate-based cement can be impregnated with
AgNPs to form Portland cement nanocomposites. AgNPs give antimicrobial prop-
erty to a bone graft and increased its bio-mechanical properties. This was confirmed
by Nam (2017).

Dendrimer or Cascade polymer or Arborole is a type of nanoparticle consisting of
lyophilic layer inside and lyophobic shell outside, act as drug carrier. It can be used
to create different sizes and shapes of hydroxyapatite crystal to be used as a filler for
dental materials (Bapat et al. 2019).
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22 Conclusion

Incorporating an antimicrobial filler in restorative dental materials seems no more an
option but a prerequisite for an ideal replacement material. The research for an ideal
filler material which is not only antimicrobial but also augments the mechanical
properties of the material is promising in some areas.
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