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2.1 Introduction

The paper presented by Nobel Laureate Dr. Richard Philips Feynman in 1959 at
the annual meeting of The American Physical Society at the California Institute of
Technology introduced something to the world that had always existed, but had some-
how escaped human curiosity [1, 2]. This concept was first termed “nanotechnology”
by N. Taniguchi in 1974, who also described it as “the processing of, separation, con-
solidation, and deformation of materials by one atom or by one molecule” [3]. The
potential of nanotechnology was further reinforced by the works of K. Eric Drexler
based on molecular machinery, manufacturing, and computation in the 1980s [4]. The
idea of nanotechnology is based on the manipulation of matters on the atomic, mo-
lecular, and supramolecular levels [5]. According to the definition of the National
Nanotechnology Initiative, nanotechnology is the manipulation of matter with at least
one dimension sized between 1 and 100nm (1 nm=1 billionth of a meter or 10~ of a
meter) [6]. At present, nanotechnology research is acknowledged as one of the flour-
ishing science and technological research areas [7, 8]. The recent nanotechnological re-
search in biomaterial sciences comprises development of nanoparticles, nanocapsules,
nanovesicles, nanoceramics, composites, nanocomposites, nanofibers, nanocoatings,
nanotubes, nanorods, and so forth [9-30]. Nanotechnology has been utilized in vari-
ous biomedical applications, such as dentistry, orthopedics, tissue engineering, wound
healing, antimicrobials, drug delivery, stem cell therapy, cancer therapy, biosensors,
diagnostics, and so forth [7, 8, 31-38]. With the advancement of nanotechnological
research and development, newer nanobiomaterials are being fabricated and evaluated
for use in dentistry. These are mainly utilized in dentistry as dental implantable mate-
rials, dental restorative materials, dental nanorobots, denture teeth, periodontal drug
delivery materials, and so forth [39-43]. Currently, numerous dental nanocomposites
are being designed and tested that are greatly contributing to the steady development
of nanodentistry [44]. Among these dental nanocomposites, inorganic-inorganic nano-
composites are preferred to meet the mechanical strength required for dental bioma-
terials. Important inorganic dental biomaterials being exploited for the design and
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development of dental nanocomposites include calcium fluoride (CaF,) [32], calcium
phosphate (CaPQ,) [45, 46], hydroxyapatite [47, 48], bioactive glass [49], and so
forth. CaF, is one of the inorganic biomaterials widely used in dentistry to design
dental nanocomposites [32, 50]. This chapter presents a comprehensive review of
CaF,-based nanocomposites in dentistry.

2.2 Nanocomposites

A composite is a mixture of two or more different materials that are combined to achieve
properties that are superior to each of the constituents [51]. A nanocomposite is a multi-
phase solid material in which one of the phases has one, two, or three dimensions of less
than 100nm, or a structure with repeated nanoscale distances between each of the dif-
ferent phases that make up the material [52]. Nanocomposites are mainly multiple nano-
materials, or nanomaterials incorporated into another bulk material [53]. The phases
of nanocomposites may be inorganic-inorganic, inorganic-organic, or organic-organic.
Nanoparticles can be employed to form a nanocomposite, for example, nanohybrid or
nanofilled composites. Nanocomposites possess better finishing, polishing ability, shade
matching, flexural strength, and hardness as compared with conventional composites
[52, 53]. Advantages of nanocomposites over conventional composites are [53, 54]:

i. increased hardness
ii. improved flexural strength
iii. improved toughness
iv. high polish retention
v. higher translucency
vi. exceptional handling properties and
vii. decreased polymerization shrinkage (in the case of polymer-based nanocomposites)

2.3 Classification of nanocomposites

Nanocomposites can be broadly classified into two main categories:
(1) polymer-based and (2) nonpolymer based.

2.3.1 Polymer based

In the polymer-based nanocomposites, the electrical, optical, mechanical, and cata-
Iytic characteristics are attributed by the inorganic materials and the polymeric matrix,
which influence enhanced thermal characteristics and mechanical stability [55, 56].
These are processed by different ways, such as solution intercalation, in situ intercala-
tive polymerization, melt-intercalation, template synthesis, and sol-gel synthesis [57].
These polymer-based nanocomposites have been categorized as [54, 56, 57]:

« Polymer/ceramic nanocomposites: for example, chitosan-pectin-titanium dioxide (TiO,)
nanocomposite, K-carrageenan/calcium phosphate nanocomposite, bacterial cellulose/
hydroxyapatite nanocomposites.
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+ Inorganic/organic polymer nanocomposites (clusters): for example, polymer nanofiber with
zero valency nanoparticles.

« Inorganic/organic hybrid nanocomposites (nanocrystal): for example, cadmium sulfate
nanocrystals.

« Polymer/layered silicate nanocomposites: for example, nylon-6/montmorillonite nanocom-
posites, montmorillonite-alginate nanocomposites.

« Polymer/polymer nanocomposites: for example, chitosan-starch nanocomposites, nanocrys-
talline cellulose-fibrin nanocomposites.

Depending on the composition and inherent characteristics, polymer-based nano-
composites have exhibited improved mechanical properties such as tensile strength,
toughness, thermal expansion and conductivity, ablation resistance, chemical re-
sistance, and so forth [55]. Inorganic materials (metals or ceramics) provide and
maintain the mechanical properties of the polymer matrices supporting cellular
mechanisms. Thus, as documented in various clinical cases in dentistry, these may
be used as substitutions of indigenous tissue. In recent years, the development of
various polymer/ceramic nanocomposites has offered promising prospects in the
field of dentistry due to their ability to regenerate of pulp-dentin complexes, peri-
odontal ligaments, alveolar bones, and to serve as a probable substitute for enamel,
and so forth [44, 56, 58].

2.3.2 Nonpolymer based

In nonpolymer based nanocomposites, the compositions do not contain any poly-
mers or polymer-derived materials. These are often called inorganic nanocomposites
[56, 59]. These nonpolymer based nanocomposites can be further categorized into
metal-based nanocomposites and ceramic-based nanocomposites.

Metal-based nanocomposites are characterized by:

+ increased strength and hardness

+ lesser melting points

+ super plasticity

+ increased miscibility of nonequilibrium components in alloying and solid solutions
« improved magnetic properties

+ increased electrical resistivity (because of increased disordered grain surfaces)

Ceramic-based nanocomposites are characterized by:

+ increased strength and hardness

+ better toughness

+ ablation resistance because of refined particle size
+ increased ductility

The nonpolymer based nanocomposites are also classified as: metal/metal nano-
composites (either in form of alloy or core shell structure): for example, Pt-Ru
nanocomposites, ceramic/ceramic nanocomposites: for example, calcium sulfate-
biomimetic apatite nanocomposites, zirconia-alumina nanocomposites, metal/ceramic
nanocomposites (either in form of nanotube or complicated nanostructure): for exam-
ple, hydroxyapatite/titania nanocomposites, hydroxyapatite-magnetite nanocompos-
ites, and hydroxyapatite-titanium dioxide (TiO,) nanocomposites.
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In the nonpolymer based nanocomposites, inorganic materials (metals or ceram-
ics) such as bioactive glass nanoparticles, calcium phosphate, hydroxyapatite, and so
forth, are beneficial in relation to dentin-pulp complex regeneration [58]. Dentin-pulp
regeneration, alveolar bone regeneration, and enamel substitution are the areas in den-
tistry in which the applications of metal-based nanocomposites and ceramic-based
nanocomposites offer promising prospects [44, 58].

2.4 Nanocomposites in biomedical applications

During the past few decades, nanocomposites have been designed for use in various
important biomedical applications such as dentistry, orthopedics, tissue engineering,
wound healing, antimicrobials, drug delivery, stem cell therapy, cancer therapy, bio-
sensors, diagnostics, and so forth [24, 26, 44, 58, 60-65]. Examples of nanocompos-
ites used in important biomedical applications are summarized in Table 2.1.

Table 2.1 Examples of nanocomposites used in biomedical
applications

Applications | Nanocomposites References

Dentistry Chitosan/carboxymethyl starch/montmorillonite [66]
nanocomposites (for reduction of dental bacterial
biofilm formation)

Chitosan and dicalcium phosphate on tricalcium [67]

silicate-based nanocomposites (for root-end dental

application)

CaPO, and CaF, dental nanocomposites [32]

CaF, based dental nanocomposite [46]
Orthopedic Porous chemically cross-linked poly(e-caprolactone)- [68]

hydroxyapatite nanocomposite scaffold (to repair a
mandibular bone defect)

Hydroxyapatite-mullite composites (for orthopedic [69]
implantation)
Tissue Gelatin-hydroxyapatite nanocomposite scaffolds [60]
engineering
Bioactive glass ceramic nanoparticles disseminated [70]

chitosan nanocomposite scaffolds
Drug delivery | Chitosan-starch nanocomposite particles (for delivery of | [71]
bis-desmethoxy curcumin analog)

Montmorillonite-alginate nanocomposite (for releasing [72]

of irinotecan)

Sodium alginate/nanohydroxyapatite nanocomposite [73]
beads (for sustained releasing of diclofenac sodium)
Nanohydroxyapatite-antibiotic composites (as bone- [74-78]

implantable drug delivery)
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Table 2.1 Continued

Applications | Nanocomposites References
Stem cell Chemically modified bacterial cellulose nanocomposite [79]
therapy
Cardiac Modified polyhedral oligomeric silsesquioxane- [80]
prosthesis nanocomposites (in heart valve prosthesis having self-
endothelialization potential)
Poly(vinyl alcohol)-bacterial cellulose nanocomposites [81]
(in mechanical aortic heart valve prosthesis)
Artificial Nanocrystalline cellulose-fibrin nanocomposites (for [82]
blood vessels | artificial vascular graft applications)
Cancer Fe;04-hydroxyapatite nanocomposites (for potential [83]
therapy bone cancer therapy)
Wound Chitosan-poly(vinyl alcohol)-TiO, nanocomposite (as [84]
healing wound dressing)
Alginate/Ag/nicotinamide nanocomposites (for treating | [38]
diabetic wounds)
Bacterial cellulose-ZnO nanocomposites (as dressing [85]
system for burn wounds)
Antimicrobial | Zn-mineralized alginate nanocomposites [86]
properties Grafted sugarcane bagasse/Ag nanocomposites [23]
Biosensors Graphene/polyvinylpyrrolidone/polyaniline [87]
nanocomposite (cholesterol biosensor)

In dentistry, an acceptable substitute for human tooth tissues should resemble
the chemical and physico-mechanical characteristics of the natural tooth, which can
be replaced or utilized as dental restorative materials, dental nanorobots, denture
teeth, dental implantable materials, periodontal drug delivery materials, and so forth
[39—43]. Varieties of nanocomposites are being developed for dentin-pulp regener-
ation, alveolar bone regeneration, enamel substitution, periodontal ligament regen-
eration, periodontal drug delivery, and so forth [44, 58, 88]. In most of cases, dental
nanocomposites are being fabricated using resin materials and inorganic materials
such as bioactive glass ceramics, CaF,, CaPO,, hydroxyapatite, metals, and so forth
[44, 58]. Use or incorporation of inorganic materials in the composition of dental
nanocomposite formulas should be beneficial for achieving improved mechanical
properties such as tensile strength, toughness, chemical resistance, ablation resistance,
and so forth [55, 56].

2.5 Calcium fluoride (CaF,) and its use in dentistry

CaF, is a calcium salt, also called fluorspar. It is insoluble solid material. CaF, occurs
as the mineral fluorite and crystallizes in a cubic motif (i.e., fluorite structure) [89]. In
the crystal of CaF,, Ca®" centers are 8 coordinate, being centered in a “box” for 8 fluo-
ride centers [90]. In addition, each fluoride center is coordinated to the 4 Ca”" centers.
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Although perfectly packed crystalline samples of CaF, are colorless, but impure; CaF,
are often deeply colored owing to the presence of impurities [89].

CaF, is recognized as an important dental material used in fluoride treatments.
In dentistry, lower concentrations of CaF, have a positive effect on both enamel and
dentin demineralization and re-mineralization [91]. CaF, deposits actually act in such
a manner because of a surface covering of PO, ions and/or proteins, which makes
CaF, less soluble under in vivo conditions, as compared with a pure state in the inor-
ganic solutions. In addition, because of the ~PO, groups on the CaF, surface, fluoride
is supposed to be discharged with declining pH milieu, when the —PO,4 groups are
protonated in the dental plaque. For effectual fluoride treatments, fluoride needs to
be deposited and gradually released [92]. In dental applications, CaF, is extensively
utilized, especially in restorative dentistry. The two most common hindrances in re-
storative dentistry are the marginal breakdown of restoration, leading to secondary/
recurrent caries and the fracture of restoration [93]. Studies have shown that sustained
release of fluoride ions helps in combating the demineralization process of enamel
and dentin, further preventing secondary caries [94, 95]. Fluoride ions are capable of
inhibiting demineralization, as well as promoting remineralization. Mineralization by
fluoride ions is aided by the availability of calcium ions.

2.6 Calcium fluoride (CaF,) nanocomposites in dentistry

With the expansion and progress of nanoscience and nanotechnology, newer nano-
biomaterials are being explored for use in a range of biomedical purposes, including
dentistry. Among these newly developed nanobiomaterials, nanocomposites are the
group comprised of multiple nanoscale materials, or a nanoscale material incorpo-
rated into the bulk materials. In dentistry, and hard tissue engineering applications,
inorganic nanocomposites are preferred over polymeric nanocomposites to meet the
required mechanical characteristics [44, 55, 56]. The inorganic materials that are used
to formulate dental nanocomposites are CaF, [32], CaPO, [46, 74], hydroxyapatite
[48], bioactive glass [49], and so forth. In recent years, CaF, has been used to develop
various nanocomposites for dental applications [32, 50].

In their research, Xu et al. developed CaF,-based dental nanocomposites through in-
corporating CaF, nanoparticles into the dental resin. In this research, three hypotheses
were tested: (a) a resin composite containing CaF, nanoparticles would have sustained
the release of high levels of fluoride; (b) a composite containing both CaF, nanopar-
ticles and CaPQ, nanoparticles would release not only fluoride, but also calcium and
phosphate ions; (c) a composite containing both nanoparticles (CaF, nanoparticles and
CaPO, nanoparticles) and reinforcing fillers would have high levels of ion release, as
well as high mechanical properties. The fluoride releasing capacity of the CaF, based
nanocomposite was matched, or surpassed, the reported releases from traditional glass
ionomer or resin-modified glass ionomer (RMGI) materials. The strength and elas-
tic modulus of the newly developed nanocomposites matched those of commercial
stress-bearing nonreleasing composites. The mechanical properties and the ion release
of the nanocomposites could be modified by guiding the nanoparticle filler level and
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the reinforcing filler level. In this research, the newly developed CaF,-based dental
nanocomposites were found to be competent, having both superior mechanical, as
well as fluoride releasing, properties.

Xu et al. prepared a CaF, nanopowder using a spray-drying system [32]. In this
methodology, a calcium hydroxide [Ca(OH),] solution (2mM/L) and an ammonium
fluoride (NH4F) solution (4mM/L) were prepared and simultaneously fed into a
two-liquid nozzle that permitted mixing of the two solutions at the time of atomiza-
tion. The reaction led to the formation of ammonium hydroxide (NH,OH) and CaF,.
The suspended CaF, nanoparticles were trapped in the electrostatic precipitator and
collected at the end of the process. NH,OH was removed as NH; and H,O vapors with
the air flow.

Ca(OH), +2NH,F —2 NH,OH + CaF, — CaF, +NH, T+H,0 T

During some studies, composites belonging to three groups were used to examine
the effect of the CaF,/whisker ratio on the mechanical properties of a composite con-
taining whiskers and CaF, and dicalcium phosphate anhydrous (DCPA) nanoparticles,
and to measure the ion release for the nanocomposite [96-98].

CaF, nanoparticles were characterized by powder X-ray diffraction (P-XRD) anal-
ysis (to detect the phase of the nanoparticles) and transmission electron microscopy
(TEM) analysis (to visualize morphology of the nanoparticles). The P-XRD analysis
demonstrated the feasibility of synthesizing CaF, nanoparticles using the two-liquid
nozzle spray-drying approach. Compared with its highly crystalline macrocounterpart,
the CaF, nanopowder had broader peaks, denoting that the CaF, was present in a rela-
tively poorly-crystalline phase. Multipoint BET (Brunauer, Emmett, and Teller) particle
surface area analyses were also performed in these studies. The BET measurement for
the CaF, nanopowder yielded a specific surface area of 35.50m?/g, the density of CaF,
nanoparticles measured p=3.18 g/cm®; while the diameter of the CaF, nanoparticle was
d=6/(A,)=53nm [32]. The morphology of CaF, nanoparticles was visualized by a typ-
ical TEM photograph (Fig. 2.1), and at a higher magnification, the particles showed
many spherical protuberances on their external surfaces that were probably created by
the fusion of the smaller particles during the spray drying process (Fig. 2.2). Random
TEM photographs of the CaF, nanoparticles were taken, and the sizes of 200 particles
were estimated by magnification. The smallest particle size was found to be 15nm and
the largest was measured as 335 nm. The median particle size was 56 mm (Fig. 2.3).

The important characteristics of an ideal CaF,-based restorative nanocomposite
include ion release, enhanced physical and mechanical properties (such as flexural
strength, elastic modulus, fracture toughness, and water aging property), and antibac-
terial property.

2.6.1 lon release

The relatively high fluoride release from the CaF, -based nanocomposites may be
because of the smaller size, and hence, the high surface area of the nanoparticles. A
few studies have also investigated the pH effect on fluoride release, as an acidic pH
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Fig. 2.1 TEM micrograph of CaF, nanoparticles.

H.H.K. Xu, L. Jennifer, J.L.. Moreau, L. Sun, L.C. Chow, Strength and fluoride release
characteristics of a calcium fluoride based dental nanocomposite, Biomaterials 29 (2008)
4261-4267; Copyright © 2008 Elsevier Ltd.

Fig. 2.2 CaF, nanoparticle at higher magnification.

H.H.K. Xu, L. Jennifer, J.L. Moreau, L. Sun, L.C. Chow, Strength and fluoride release
characteristics of a calcium fluoride based dental nanocomposite, Biomaterials 29 (2008)
4261-4267; Copyright © 2008 Elsevier Ltd.
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Fig. 2.3 Histogram of CaF, nanoparticle size distribution, obtained via measuring the sizes
of 200 particles on TEM pictures. The particle size ranged from 15 to 335 nm, with a median
(50th percentile) of 56 nm. BET surface area measurement yielded a specific surface area of
35.5m?g, and a calculated CaF, particle diameter of 53 nm.

H.H.K. Xu, L. Jennifer, J.L. Moreau, L. Sun, L.C. Chow, Strength and fluoride release
characteristics of a calcium fluoride based dental nanocomposite, Biomaterials 29 (2008)
4261-4267; Copyright © 2008 Elsevier Ltd.

greater fluoride release is desired in order to combat the carious process. Calcium and
—PO, ions are essential for the remineralization of the decayed tooth structure. In the
study by Xu et al., the fluoride release from the CaF, based nanocomposite contain-
ing 25% whiskers, 20% CaF,, and 20% DCPA was measured as 0.15 +0.03 mM/L on
day 1; it increased to 0.68 +£0.11 mM/L within 1 week; and 2.34 +0.26 mM/L within
10weeks. The initial fluoride release rate reached 1.94 mg/(h cm?); but it decreased
to a level of about 0.5 mg/(hcm?) after 500h, and further decreased to about 0.29 mg/
(hcm?) after 1680h (10 weeks) (Fig. 2.4). The —PO, ion release increased rapidly
from day 1 to about 2weeks, after which, it plateaued by reaching a steady-state
concentration of about 1.75 mM/L. The corresponding measured calcium ion release
was low (at 0.03mM/L) [32]. The main advantages of these CaF,-based nanocom-
posites were the high release of ions that bring about the anticariogenic factor, even
at lower filler levels, due to the high surface area of nanoparticles. Ion release for
caries inhibition and stress bearing are the prime requisites for the fabrication of these
nanocomposites.

2.6.2 Physical and mechanical properties

Dental nanocomposites impregnated with nanoparticles are characterized by superior
hardness, flexural strength, modulus of elasticity, tensile strength, and a 50% reduc-
tion in filling shrinkage as compared with conventional composites. Incorporation of
nanoparticles forms nonagglomerated discrete nanoparticles with a homogeneous dis-
tribution of constituents. The study by Xu et al. focused on the mechanical properties
of the CaF,-based dental nanocomposite, which resulted in the following revelations.
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Fig. 2.4 Rate of fluoride release per hour per specimen surface area (mg/h cm?) from
nanocomposite containing mass fractions of 25% whiskers, 20% CaF,, and 20% DCPA.
The initial release rate was nearly 2mg/(hcm?).
H.H.K. Xu, L. Jennifer, J.L.. Moreau, L. Sun, L.C. Chow, Strength and fluoride release
characteristics of a calcium fluoride based dental nanocomposite, Biomaterials 29 (2008)
4261-4267; Copyright © 2008 Elsevier Ltd.

In this study, flexural strength of the CaF,-based dental nanocomposite was measured
[32]. It was found that decreasing the whisker content resulted in decreased strength of
the CaF,-based dental nanocomposite. The flexural strength for the dental nanocom-
posite containing 65% whisker content (without incorporation of CaF, nanoparticles)
was measured to be 145+9MPa, which was significantly higher than 110+ 11 MPa
for the nanocomposite containing 30% CaF, nanoparticles and 35% whisker content.
However, 93 + 5MPa flexural strength was measured for the nanocomposite contain-
ing 40% CaF, nanoparticles and 25% whisker content. The strengths of the CaF,-based
dental nanocomposite did not differ much from the 108 + 19 MPa of the commercial
hybrid composite (Fig. 2.5A). The group of composite specimens containing 25%
whiskers, 20% CaF,, and 20% DCPA exhibited a flexural strength of 100 +7 MPa. The
value is not much different from the 93 + 5 MPa of the composite, with 25% whiskers
and 40% CaF,. This denotes that as long as the composite contained the same amount
of whiskers (25%), irrespective of the nanoparticles being either CaF, or DCPA, it
did not significantly influence and alter the mechanical properties of the composite
material. In a study by Weir et al., the measured flexural strengths were 94 MPa for
nanocomposite containing 10% CaF, nanoparticles, 60 MPa for nanocomposite 20%
CaF, nanoparticles, and 48 MPa for nanocomposite 30% CaF, nanoparticles at 2 years;
much higher than the commercial composite control (15 MPa) [99]. The study reported
by Xu et al. (2008) showed that dental nanocomposite containing 40% CaF, nanopar-
ticles and 25% whisker content possessed much lower elastic modulus than that of the
composite containing 65% whisker content (without incorporation of CaF, nanopar-
ticles) (Fig. 2.5B) [32]. The CaF,-based dental nanocomposite exhibited modulus of
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Fig. 2.5 (A) Flexural strength and (B) elastic modulus of dental resin composite containing
CaF, nanoparticles. At the top, NCF denotes nanoparticles of CaF,, and WHI denotes whisker
content. The x-axis denotes the corresponding CaF,/(CaF, + whisker) mass ratio, where “0”
means all whiskers and no CaF,.

H.H.K. Xu, L. Jennifer, J.L. Moreau, L. Sun, L.C. Chow, Strength and fluoride release
characteristics of a calcium fluoride based dental nanocomposite, Biomaterials 29 (2008)
4261-4267; Copyright © 2008 Elsevier Ltd.

elasticity similar to that of the commercial hybrid composites. CaF, nanoparticles are
being considered to increase fracture toughness, but further studies are still required
in this aspect to prove the mechanism of toughening, and hence, their effects on the
durability and longevity of the nanocomposite. In the study carried out by Weir et al.,
on CaF,-based nanocomposites, where the long-term mechanical durability including
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wear, thermal-cycling, and long-term water-aging behavior of the CaF,-based nano-
composite were investigated [99]. CaF, nanoparticles of diameter 53nm and glass
particles of 1.4 um were used as fillers for the fabrication of four nanocomposites with
the following filler contents:

(i) 0% CaF, nanoparticles +65% glass

(ii) 10% CaF, nanoparticles +55% glass
(iii) 20% CaF, nanoparticles +45% glass, and
(iv) 30% CaF, nanoparticles +35% glass

Weir et al. used three commercial composites as control. Specimens were treated
with thermal-cycling between 5 and 60°C for 10°cycles, three-body wear for 4 x 10°
cycles, and water-aging for 2years [99]. Thermal-cycling exhibited that the CaF,
nanocomposites possessed flexural strengths in the range of 100—150 MPa, which was
five times higher than 20-30 MPa for RMGI. The wear for both the nanocomposite
and the commercial control were found to be similar. Water-aging led to reduction of
strength of all materials. Scanning electron microscopic results revealed air bubbles
and cracks in RMGI, but the micrographs of CaF,-based nanocomposite and the com-
posite control exhibited high density and a solid ultrastructure [96-98]. In a study by
Cheng et al., chlorhexidene (CHX) was loaded to both CaPO, nanocomposites and
CaF, nanocomposites, which showed that the addition of CHX reduced the strength
of CaPO, nanocomposites and CaF, nanocomposites [46]. The CaF, nanocomposites
also exhibited a similar 20% loss of strength. But, the strength of the nanocompos-
ites containing CHX was almost like that of a commercial composite control without
CHX. The strength of the CaF, nanocomposites consisting of CHX was twice that of
a RMGI control.

2.6.3 Antibacterial property

Kulshrestha et al. showed that CaF, nanoparticles exhibited potent antibacterial ac-
tivity against Streptococcus mutans, leading to approximately a 90% reduction of
biofilm formation, decreased acid, and extracellular polysaccharide formation [100].
At low pH, fluoride and hydrogen ions react to form hydrofluoric acid (HF), which
penetrates bacteria and inhibits enzymes (enolase and ATPase). Fluorides in very high
concentrations, that is, 3040-5700 ppm, cause lysis of the bacterial cells. Fluoride
ions adversely affect metabolism and adhesion of bacterial cells. The presence of
CaF, nanoparticles is marked by decreased adhesion of microbes on the tooth sur-
face, and a subsequent reduction in biofilm formation, followed by lessened carious
process development. In a study by Cheng et al., novel nanocomposites containing
amorphous CaPQO, nanoparticles, CaF, nanoparticles, and CHX were fabricated to
establish their effect on bacterial growth, biofilm formation, lactic acid production,
and colony-forming units (CFU). CHX is a potent antimicrobial agent. This property
of CHX was utilized in this study in reduction of biofilm formation and subsequent
caries initiation and progression. The motives of study carried out by Cheng et al.
were: (i) formation of nanocomposites consisting of amorphous CaPO, nanoparticles,
CaF, nanoparticles and CHX, and (ii) inspection and documentation of the effects of
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the formed nanocomposites on S. mutans biofilm formation and lactic acid production
for the first time [46]. Four nanocomposites were fabricated with fillers of: CaPO,
nanoparticles, CaPO, nanoparticles and 10% CHX, CaF, nanoparticles and CaF,
nanoparticles and 10% CHX. A commercial composite with fluoride release, a com-
posite without fluoride release, and a RMGI were also investigated. Adding CHX to
the amorphous CaPO,4 and CaF, nanocomposites promoted the antimicrobial property.
Nanocomposites containing CHX decreased acid production and biofilm formation
compared with the commercial composite. In addition, CFU of nanocomposites with
CHX were ordered to a lesser magnitude as compared with the commercial compos-
ite. These novel nanocomposites successfully released phosphate and fluoride ions to
promote remineralization and resist acid attacks, respectively. These also decreased
biofilm formation and lactic acid production. The CaF,-based nanocomposites were
found antimicrobial, mechanically strong, and chemically stable materials with an-
ticariogenic properties, which can be a prospective dental material for restoration of
decayed tooth structure. As compared with commercial control composites, nanopar-
ticles of amorphous CaPO,4 were found to possess minimum antibacterial property;
whereas CaF, nanoparticles were antibacterial to some extent. Addition of CHX into
the amorphous CaPO, and CaF,-based nanocomposites led to the enhancement of the
microbial property. Uniquely, the CaF,-based nanocomposites containing CHX had a
higher pH than that of CaPO, based nanocomposites containing CHX, which can be
attributed by the fact due to the release of fluoride ions that helped in decreasing the
acid production of the bacteria by preventing metabolic pathways like the fermenta-
tion pathway for lactic acid production. Compared with the commercial composite,
where pH reduced to 4.2, CHX containing nanocomposite maintained S. mutans cul-
ture media at a pH 6.5, which prevented demineralization of tooth structure. Ion re-
lease facilitated remineralization and formation of fluoroapatite for anticariogenicity.
Hence, these nanocomposites caused inhibition of biofilm formation and subsequent
prevention of dental caries. Because CHX is a very potent antimicrobial agent, the
additional fluoride release from CaF,-based nanocomposites containing CHX should
be beneficial in further decreasing lactic acid production, which is required for car-
ies initiation, hence successfully jeopardizing the carious process. Further studies are
being carried out to emphasize the antimicrobial and anticariogenic abilities of the
CaF,-based nanocomposites.

2.7 Conclusion

The development of CaF,-based dental nanocomposites is a recent discovery, which
has gained much attention in dentistry. In the past few years, CaF,-based dental nano-
composites have been designed and evaluated by various research groups. These
CaF,-based dental nanocomposites were found to be competent, having both superior
mechanical, as well as fluoride releasing properties. Because the CaF,-based nano-
composites are able to release fluoride ions along with greater mechanical properties
than the commercial composites, these can be ideal restorative materials with a good
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long-term prognosis. The strong mechanical properties and anticariogenic potential of
CaF,-based dental nanocomposites can be utilized in conservative and esthetic den-
tistry. CaF,-based nanocomposites are promising in the field of dentistry due to their
stress-bearing ability and cariostatic properties. Hence, CaF,-based nanocomposites
may undoubtedly be considered as a boon for restorative dentistry.
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