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Abstract

Nanotechnology is emerging as an interdisciplinary field that is undergo-
ing rapid development and has become a powerful tool for various bio-
medical applications such as tissue regeneration, drug delivery, biosensors,
gene transfection, and imaging. Nanomaterial-based design is able to
mimic some of the mechanical and structural properties of native tissue
and can promote biointegration. Ceramic-, metal-, and carbon-based
nanoparticles possess unique physical, chemical, and biological character-
istics due to the high surface-to-volume ratio. A range of synthetic
nanoparticles such as hydroxyapatite, bioglass, titanium, zirconia, and sil-
ver nanoparticles are proposed for dental restoration due to their unique
bioactive characteristic. This review focuses on the most recent develop-
ment in the field of nanomaterials with emphasis on dental tissue engineer-
ing that provides an inspiration for the development of such advanced
biomaterials. In particular, we discuss synthesis and fabrication of bioac-
tive nanomaterials, examine their current limitations, and conclude with
future directions in designing more advanced nanomaterials.
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parts. At the nanometer-length scale, materials
behave differently due to the increased number
of atoms present near the surface compared to the
bulk structure.

A range of nanomaterials such as electro-
spun nanofiber, nanotextured surfaces, self-
assembled nanoparticles, and nanocomposites
are used to mimic mechanical, chemical, and
biological properties of native tissues [8, 10].
Nanomaterials with predefined geometries, sur-
face characteristics, and mechanical strength
are used to control various biological processes
[11]. For example, by controlling the mechani-
cal stiffness of a matrix, cell-matrix interactions
such as cellular morphology, cell adhesion, cell
spreading, migration, and differentiation can be
controlled. The addition of silica nanospheres to
a poly(ethylene glycol) (PEG) network resulted
in a significant increase in mechanical stiffness
and bioactivity compared to PEG hydrogels [12].
These mechanically stiff and bioactive nanocom-
posite hydrogels can be used as an injectable
matrix for orthopedic and dental applications.
Apart from these, a range of nanoparticles is used
to provide bioactive properties to enhance bio-
logical properties [12—15].

Dental tissue is comprised of mineralized
tissues, namely, enamel and dentin, with a soft
dental pulp as its core. Enamel is one of the hard-
est materials found in the body. It is composed
of inorganic hydroxyapatite and a small amount
of unique noncollagenous proteins, resulting in
a composite structure [16]. Due to the limited
potential of self-repair, once these dental tissues
are damaged due to trauma or bacterial infec-
tion, the only treatment option that is available
to repair the damage is the use of biocompatible
synthetic materials [17]. Most of the synthetic
implants are subjected to the hostile microenvi-
ronment of the oral cavity and thus have a limited
lifespan and functionality. Thus, there is a need to
develop biofunctional materials that not only aid
in dental restoration but also mimic some of the
native tissue functionally. One of the most impor-
tant considerations in regeneration of dental tis-
sue is engineering a bioactive dental implant that
is highly resorbable with controlled surface struc-
tures, enhanced mechanical properties, improved

cellular environment, and effective elimination of
bacterial infection [18].

While dental fillings and periodontal therapy
are effective for the treatment of dental diseases,
they do not restore the native tooth structure or
the periodontium. Current technologies are
focused on using stem cells from teeth and peri-
odontium as a potential source for partial or
whole tissue regeneration [16]; however, these
approaches do not provide protection against
future dental diseases. Recent advances in nano-
materials provide a wider range of dental restora-
tions with enhanced properties, such as greater
abrasion resistance, high mechanical properties,
improved esthetics, and better controlled cellular
environment [19, 20]. Currently, there is increas-
ing interest in nanomaterials/nanotechnology/
nanoparticles in dentistry as evident by the high
number of publications; in fact, one-third of the
tissue engineering publications are in the field of
dentistry (Fig. 2.1).

This chapter reviews recent developments
in the area of nanomaterials and nanotechnolo-
gies for dental restoration. We will focus on two
major types of nanomaterials, namely, bioinert
and bioactive nanomaterials. Bioactive nano-
materials include hydroxyapatite, tricalcium
phosphate, and bioglass nanomaterials, whereas
bioinert nanomaterials include alumina, zirconia,
titanium, and vitreous carbon. Emerging trends
in the area of dental nanomaterials and future
prospects will also be discussed.

2.2 Anatomy and Development

of the Tooth

To design advanced biomaterials for dental repair,
it is important to understand the chemical and
physical properties of native tissues. Teeth are
three-dimensional complex structures consist-
ing of the crown, neck, and root. Oral ectodermal
cells and neural crest—derived mesenchyme are the
primary precursors for mammalian teeth. Tooth
development can broadly be divided into five major
stages: dental lamina, initiation, bud stage, cap
stage, bell stage and eruption (Fig. 2.2). Initially,
ameloblasts and odontoblasts differentiate at the
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junction between epithelium and mesenchyme to
form enamel and dentin, which are the tooth-spe-
cific hard tissues. Following this, root formation is
initiated by differentiation of cementoblasts from
dental follicle mesenchyme to form cementum,
which is the third hard tissue of the tooth. As teeth
erupt into the oral cavity and the roots reach their
final length, substantial amounts of epithelial cells
are lost [21].

A range of soft and hard dental tissues is
observed, depending on the anatomical location.
For example, the tooth crown with a mechanical
stiffness of 100 GPa is composed of the miner-
alized outer enamel layer with 0.6 % of organic
matter and 0.36 % of proteins. Underlying the
enamel layer, the mineralized dentin layer has
moderate mechanical stiffness (80 GPa), and the
inner pulp dental tissue is very soft (~65 GPa)
[22]. The enamel layer is mechanically stiff as
it is composed of mineralized tissue that is pro-
duced by specific epithelial cells called amelo-
blasts. This layer consists of specialized enamel
proteins such as enamelin, amelogenin, and
ameloblastin. These proteins participate in help-
ing structural organization and biomineralization
of the enamel surface [16]. The underlying den-
tin layer is 75 % mineralized tissue containing
dental-derived mesenchymal cells called odon-
toblasts on the dental papilla [23, 24], while the
inner dental pulp tissue present in the root canal
consists of dentin, cementum, and periodontal
ligament layers, which secures the tooth to the
alveolar bone [4].

Most of the mineralized structure observed
in dental tissue is composed of nonstoichiomet-
ric carbonated apatite known as nanocrystalline
hydroxyapatite (HA) in a highly organized fash-
ion from micrometer to nanometer-length scale.
The nanocrystalline HA particles are rod-shaped
particles 1060 nm in length and 2—6 nm in diam-
eter [25]. The second most important component
of dental tissue is cells. Cells present in dental
tissue include osteoclasts and osteoblasts present
on the face of the alveolar bone, cementoblasts
on the surface of the root canal, and mesenchy-
mal tissue in the ligament tissue that is essential
for the long-term survival of these dental tissues.
Molecular signals initiated by these cells trigger

a set of events that regulate tissue morphogen-
esis, regeneration, and differentiation.

Human teeth do not have the capacity to
regenerate after eruption. Therefore, biomedical
engineering of human teeth using nondental cells
might be a potential alternative for functional
dental restorations. Here, we will discuss various
types of nanomaterials that are proposed to facili-
tate regeneration of dental tissues.

2.3 Nanomaterials for Dental
Repair

2.3.1 Hydroxyapatite
as a Biomaterial for Dental
Restoration

Hydroxyapatite particle (HAp) is a naturally
occurring mineral form of calcium apatite, which
is predominately obtained in mineralized tissue
[26-28]. Hydroxyapatite is also one of the major
components of dentin. Due to its bone-bonding
ability, hydroxyapatite has been widely used as a
coating material for various dental implants and
grafts. Additionally, HAp is highly biocompatible
and can rapidly osteointegrate with bone tissue.
Due to these advantages, HAp is used in various
forms, such as powders [29], coatings [30], and
composites [26, 31] for dental restoration. Despite
various advantages, hydroxyapatite has poor
mechanical properties (highly brittle) and hence
cannot be used for load-bearing applications [28].

A range of techniques have been developed to
improve the mechanical toughness of this HAp
[32]. Such hybrid nanocomposites are used to
design bioactive coatings on dental implants.
Brostow et al. designed a porous hydroxyapatite
(150 pm)-based material by selecting a polyure-
thane to fabricate porous material and improve
the mechanical properties of the implants [32].
Polyurethane was used because of its tunable
mechanical stiffness. These hybrid nanocom-
posites are shown to have enhanced mechanical
strength along with an interconnected porous net-
work. It was shown that a rigid polymer with 40 %
alumina contained fewer smaller closed pores,
which causes an increase in Young’s modulus.
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Fig. 2.3 Nanocomposite reinforced with nHAP. (a)
Addition of nHAP to polymer matrix have shown to
increase the mechanical strength by 5 folds. (b) The
nHAP reinforced nanocomposite showed elastomeric
properties indicating strong nHAP-polymer interactions

Earlier studies have highlighted the use of porous
materials for dental fillings [33-35]. The increase
in mechanical properties is mainly used to enhance
surface interactions between nanoparticles and
polymers. In a similar study, Uezono et al. showed
that nanocomposites have significantly higher bio-
activity when compared to microcomposites, as
determined by an enhanced bone-bonding ability
[36]. They fabricated titanium (Ti) rod specimens
with a machined surface with nHAp coating and a
nanohydroxyapatite/collagen (nHAp/Col) coating
and placed it under the periosteum of a rat calvariu.
After 4 weeks of implantation, they observed that
nHAp/Col-coated titanium rods were completely
surrounded by new bone tissue.

As compared to conventional microsized
hydroxyapatite, nanophase hydroxyapatite dis-
plays unique properties such as an increased
surface area, a lower contact angle, an altered
electronic structure, and an increased number

at nano-length scale (c). The addition of nHAP also shown
to promote cell adhesion properties of nanocomposite net-
work (Reprinted from Gaharwar et al. [38]. With permis-
sion from American Chemical Society)

of atoms on the surface. As a consequence, the
addition of hydroxyapatite nanoparticles to a
polymer matrix result in enhanced mechanical
strength. For example, Liu et al. showed that the
addition of nHAp to chitosan scaffolds enhances
the proliferation of bone marrow stem cells and
an upregulation of mRNA for Smadl, BMP-
2/4, Runx2, ALP, collagen I, integrin subunits,
together with myosins compared to the addition
of micron HAp [37]. The addition of nHAp sig-
nificantly enhances pSmadl1/5/8 in BMP path-
ways and showed nuclear localization along with
enhanced osteocalcin production. In a similar
study, nHAps are used to reinforce polymeric net-
works and enhance bioactive characteristics [38].
The addition of nHAps to a PEG matrix results
in a significant increase in mechanical strength
due to physical interactions between polymers
and nanoparticles (Fig. 2.3). Additionally, this
cell adhesion and spreading was also enhanced
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due to the nHAp addition. These bioactive
nanomaterials can be used as an injectable matrix
for periodontal regeneration and bone regrowth.
Overall, nHAp-reinforced nanocomposites or
surface coating improves mechanical stiffness
and bioactivity of implants and can be used for
dental restoration.

2.3.2 Dental Regeneration Using
Bioactive Glass

Bioactive glass was developed by Hench et al. in
1960 with a primary composition of silicon diox-
ide (Si0,), sodium oxide (Na,O), calcium oxide
(Ca0), and phosphorous pentoxide (P,Os) in spe-
cific proportions. Bioglass is extensively used in
the field of dental repair due to its bone-bonding
ability [39-42]. When the bioglass is subjected
to an aqueous environment, it results in the for-
mation of hydroxycarbonate apatite/hydroxy-
apatite layers on the surface [43, 44]. Despite
these advantages, bioglass is brittle and has a low
wear resistance and thus cannot be used for load-
bearing applications.

A range of techniques was developed to
improve the mechanical properties of bioglasses.
For example, Ananth et al. reinforced bioglass
with yttria-stabilized zirconia. This yttria-
stabilized zirconia bioglass is deposited on the
titanium implant (Ti6 Al4V) using electrophoretic
deposition [45]. The yttria-stabilized zirconia
bioglass (1YSZ-2BG) coating showed signifi-
cantly higher bonding strength (72+2 MPa)
compared to yttrium-stabilized zirconia alone
(35+2 MPa). A biocompatibility test was per-
formed to check for the ability to form an apatite
layer on 1YSZ-2BG. A thin calcium phosphate
film was observed on part of the 1 YSZ-2BG-
coated surface after 7 days of immersion in
simulated body fluid (SBF) without any pre-
cipitation. The apatite layer formation and size
of calcium phosphate globules increased with
an increase in the immersion time. The favored
apatite formation on 1YSZ-2BG could be due
to the Si-OH group arrangement on the bioglass
(Fig. 2.4). Moreover, osteoblasts seeded on yttria-
stabilized zirconia bioglass surfaces exhibited

flattened morphology with numerous filopodial
extensions. After 21 days of culture, the cells
spread readily the on yttria-stabilized zirconia
bioglass surface and resulted in the production of
mineralized nodules. The enhanced mineraliza-
tion of these bioactive surfaces is mainly attrib-
uted to the release of ions from the bioglass that
facilitated the mineralization process.

Bioactive glass releases several ions that
include sodium, phosphate, calcium, and silicon.
Silicon in particular plays a central role as a bio-
active agent. When released, it forms silanols in
the near-liquid region above the glass surface.
These silanols spontaneously polymerize to form
a silica gel layer for the eventual nucleation and
growth of a “bone-like” apatite. These same
silanols also appear to influence collagen matrix
synthesis by various cells types. In previous
work, it was found that the ionic products from
bioactive glass dissolution enhances the forma-
tion of a dense, elongated collagen fiber matrix,
which was attributed to the presence of ionic Si
in vitro [46, 47]. Moreover, it was found that
these ions combinatorially effected the expres-
sion of genes associated with osteogenesis. The
combinatorial concept of gene expression
involves the use of gene regulatory proteins,
which can individually control the expression of
several genes, while combining these gene regu-
latory proteins can control the expression of sin-
gle genes. Analogously, it was shown that Si and
Ca ions can combinatorially regulate the expres-
sion of osteocalcin and this combinatorial effect
can also enhance the mineralized tissue forma-
tion [48, 49]. Therefore, these ions can be used as
an inductive agent to enhance the formation of
mineralized tissue through the combinatorial of
osteogenic gene expression.

2.3.3 Nanotopography Improves
Biointegration of Titanium
Implants

Titanium is one of the inert metals that is
extensively used in the field of dental and muscu-
loskeletal tissue engineering for load-bearing
applications due to its excellent biocompatibility,
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Fig. 2.4 Bioglass reinforced yttria-stabilized composite
layer deposited on Ti6Al4V substrates. (a) SEM surface
images of Ti6Al4V coated with 1YSZ-2BG immersed in
simulated body fluid (SFB) for day 3, 7, 14, and 21. The
formation CaP onto the surface of the 1YSZ-2BG indi-

high toughness, and excellent corrosion resistance
and osteointegration [50-53]. When exposed to
an in vivo microenvironment, a titanium surface
spontaneously forms an evasive TiO, layer that is
highly bioinert and provides excellent corrosion
resistance [54]. Despite these favorable character-
istics, the chemically inert surface of titanium
implants is not able to form a firm and permanent
fixation with the biological tissue to last the life-
time of the patient. Additionally, fibrous tissue
encapsulation around the titanium implants leads
to implant failure [51].

One of the possible techniques to reduce
fibrous capsule formation and enhance tissue
integration is to modulate surface structure and

cates the catalytic effect of Si—-OH, Zr—-OH and Ti-OH
groups on the apatite nucleation. (b) Morphological of
osteoblast cells cultured on the Ti6Al4V surface coated
with YSZ, YSZ-BG and 2YSZ-2BG (Adapted from
Ananth et al. [45]. With permission from Elsevier)

topography that directly aid in cell adhesion and
mineralization [20]. Buser et al. observed that
modifying the titanium implant surface with
microtopography resulted in enhanced implant
integration of underlying bone tissue in vivo [55,
56]. This is a widely accepted technique to
enhance tissue integration of dental implants;
however, these surface modification techniques
at a micro length scale are far from satisfactory in
preventing bone resorption and result in limited
interaction with the natural tissues [57, 58].
Recent studies have shown that nanotopog-
raphy of dental implants is far more effective
in overcoming these problems. It is observed
that nanoengineered surfaces are able to induce
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Fig. 2.5 Schematics showing surface modification of
titanium implant using anodization and chemical surface
etching. SEM images showing (i, i) blank titanium, (iii)

osteoinductive signals to cells and facilitate
their adhesion to the implant surface [20].
Nanotopography significantly modifies the bio-
chemical and physiochemical characteristics of
the implant surface and directly interacts with cel-
lular components, favoring extracellular matrix
deposition or formation of mineralized tissue at
the dental implant surface [20]. Moreover, nano-
structured titanium implants promote cell adhe-
sion, spreading and proliferating as these nano
surfaces directly interact with membrane recep-
tors and proteins [20].

Apart from physical modification of titanium
implant surfaces, chemical techniques to modify
the surface characteristics have also been shown
to influence dental tissue integration. For exam-
ple, Scotchford et al. modified surface character-
istics by functional groups (RGD) using
molecular self-assembly to improve the osteoin-
tegration of a titanium implant surface [59, 60].
The RGD domains are immobilized on the tita-
nium surface via a silanization technique using
3- aminopropyltriethoxysilane. Another method
to impart nanotopography on the titanium
implants includes chemical etching [61]. In this
technique, the implant surface is treated with
NaOH, which results in the formation of nano-
etched structures and the formation of a sodium
titanate layer. When this treated surface is sub-
jected to simulated body fluid (SBF), nHAp crys-
tals are deposited that aid in osteointegration of
dental implants. In another study, Wang et al.
showed that surface etching techniques to obtain

nano structured modified titanium surface and (iv) micro/
nano modified surface (Adapted from Jiang et al. [50].
With permission from Elsevier)

nanostructure on the surface of implants can also
improve mineralization on the implant surface
[62]. They observed that the amorphous TiO,
resulting due to the etching of the implant surface
by H,0, results in formation of mineralized tis-
sue [63, 64].

Deposition of bioactive ceramic nanoparticles
on the implant surface can also enhance the bone-
bonding ability [65, 66]. Nanosized calcium
phosphate is deposited on the implant surface
using the sol-gel transformation method to pro-
mote the formation of mineralized tissue on the
implant surface [65, 66]. The implant surface
modified with calcium phosphate promotes osteo-
blast attachment and spreading as shown by elon-
gated filopodia. This resulted in interlocking of
the implant with the adjoining bone in a rat model.

In a similar approach, Jiang et al. showed that
combining nano- and microtopography, signifi-
cantly enhanced osteointegration can be obtained
(Fig. 2.5) [50]. They subjected the titanium
implant surface to a dual chemical treatment con-
sisting of acid etching followed by an NaOH
treatment. The dual treatment resulted in nano-
structured pores 15—100 nm in size and a micro-
porous surface with a 2- to 7-um size. The treated
implant surface showed improved hydrophilicity,
enhanced bioactivity, and increased corrosion
resistance. Due to an increase in surface area, a
significant increase in protein adsorption was
observed on the nano/micro titanium implant.
Thus, with the surface-functionalized and surface
topography—modified titanium substrate, this
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solution

Fig. 2.6 (a) TEM images of zirconia nanoparticles pre-
pared by laser vaporization. (b) Resin solution acting as
adhesive is combined with zirconia nanoparticles. The
composite resin loaded with zirconia nanoparticle showed
uniform dispersion after ultrasonication. The adhesive den-
tal resin loaded with nanoparticles are incorporated within
to etched dentin with the implant. (¢) TEM photographs
showing dental resin composite with (i) 5 % wt and

ceramic-—based material is clinically successful
as a dental implant in regeneration of endosseous
tissues.

2.3.4 Bioinert Zirconia
Nanoparticles in Dentistry

Zirconia (or zirconium dioxide) is a polycrystal-
line biocompatible ceramic with low reactivity,
high wear resistance, and good optical properties
and thus extensively used in dental implantology
and restorations [67, 68]. The mechanical prop-
erties of zirconia can be improved by phase trans-
formation toughening using stabilizers such as
yttria, magnesia, calcium, and ceria to stabilize
the tetragonal phase of zirconia [69-72].
However, tetragonal zirconia is sensitive to low
temperature degradation and results in a decrease
in mechanical strength and surface deformation
[68, 73]. By reducing the grain size of zirconia to
nanoscale, phase modification can be arrested.
Garmendia et al. showed that nanosized yttria-
stabilized tetragonal zirconia (Y-TZP) can be
obtained by spark plasma sintering [74, 75].
Nanosized Y-TZP showed significantly higher

Adhesive resin  Zirconia
nanoparticles

(ii) 20 % wt zirconia nanoparticles. The nanocomposite
loaded with zirconia nanoparticles showed formation of
submicron crystal enhancing remineralization and bioac-
tivity at the implant-dentin interface. Adhesive resin (ar),
hybrid layer (h/), demineralized dentin (d) are represented
in image. Black arrow represents nanoparticles and open
arrow represent formation of hybrid layer. (Adapted from
Lohbauer et al. [77]. With permission from Elsevier)

temperature stability and crack resistance com-
pared to macrosized Y-TZP and zirconia [76].

Another approach to increase the mechanical
properties of zirconia is to incorporate various
nanoparticles such as carbon nanotubes and silica
nanoparticles. For example, Padure et al. improved
the toughness of nanosized Y-TZP by incorporat-
ing single-wall carbon nanotubes (SWCNTs)
[76]. The addition of SWCNTSs as a reinforcing
agent to Y-TZP results in enhanced mechanical
strength and making it attractive for dental resto-
ration. In a similar approach, Guo et al. fabricated
Y-TZP nanocomposite by reinforcing with silica
nanofiber. The reinforced nanocomposite showed
significant increase in the flexural modulus (FM),
fracture toughness, flexural strength, and energy
at break (EAB) compared to Y-TZP.

Nanosized zirconia can be used as a reinforc-
ing agent in various dental fillers. Hambire et al.
incorporated zirconia nanoclusters within a poly-
mer matrix to obtain dental filler. The addition of
zirconia nanoparticles resulted in significant
increases in mechanical stiffness and enhanced
tissue adhesion. Lohbauer et al. showed that a
zirconia-based nanoparticle system can be used
as dental adhesive (Fig. 2.6) [77]. Zirconia
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nanoparticles (20-50 nm) were prepared via a
laser vaporization method. These nanoparticles
are incorporated within the adhesive layer and
have shown to increase tensile strength and pro-
mote mineralization after implantation.

Overall, nanostructured Y-TZP and nanosized
TZP are extensively used in the field of dentistry
due to the bioinert characteristic and aesthetic
quality. The addition of zirconium nanoparticles to
dental filler and incorporation into the dental tissue
layers significantly enhance the mechanical stiff-
ness and can promote bone bonding, restoring the
dental defect and promoting accrual bone growth.

2.3.5 Antimicrobial Silver
Nanoparticles for Dental
Restoration

Over the centuries, silver has been used exten-
sively in the field of medicine owing to its anti-
microbial property, unique optical characteristic,
thermal property, and anti-inflammatory nature
[78]. Nano and micro particles of silver are used
in conductive coatings, fillers, wound dress-
ings, and various biomedical devices. Recently,
there has been a growing interest in using silver
nanoparticles in dental medicine, specifically for
the treatment of oral cavities due to the antimi-
crobial property of silver nanoparticles [79]. The
antimicrobial property of silver is defined by the
release rate of silver ions. Although metallic sil-
ver is considered to be relatively inert, it gets ion-
ized by the moisture, which results in a highly
reactive state. This reactive silver interacts with
the bacterial cell wall and results in structural
changes by binding to the tissue protein and ulti-
mately causing cell death [80].

Due to silver’s antimicrobial properties, it
is used in dental fillers, dental cements, den-
ture linings, and coatings [81]. For example,
Magalhaeces et al. evaluated silver nanoparticles
for dental restorations [82]. They incorporated
silver nanoparticles in glass ionomer cement,
endodontic cement, and resin cement. The anti-
microbial properties of these dental cements
were evaluated against the most common bac-
terial species of Streptococcus mutans that are

responsible for lesions and tooth decay. All these
cements doped with silver nanoparticles showed
significantly improved antimicrobial properties
when compared to cement without any nanopar-
ticles. In a similar study, Espinosa-Cristébal
et al. investigated the inhibition ability of silver
nanoparticles toward Streptococcus mutans [83].
They evaluated the antimicrobial properties of
silver on the enamel surface, which is commonly
affected by primary and secondary dental car-
ies. They evaluated three different sizes of silver
nanoparticles (9.3, 21.3, and 98 nm) to deter-
mine minimum inhibitory concentrations (MICs)
in Streptococcus mutans (Fig. 2.7). Due to the
increase in surface area—to-volume ratio, silver
nanoparticles with smaller size showed signifi-
cantly enhanced antimicrobial properties.

Another application of these silver nanopar-
ticles is evaluated in hard and soft tissue lining.
Dentures (false teeth) are the prosthetic devices
created to replace damaged teeth and are sup-
ported by hard and soft tissue linings present
in the oral cavity [80]. These soft and hard tis-
sue linings are subjected to higher mechanical
stress during chewing and colonization of spe-
cies, and this soft lining is one of the major issues
due to invasion of fungi or plaque leading to
mucosa infection. Candida albicans is the com-
monly found fungal colony near the soft linings.
Chladek at al. modified these soft silicone linings
of dentures with silver nanoparticles [84]. They
showed that the addition of silver nanoparticles
significantly enhances the antifungal properties
and can be used for dental restorations. In a simi-
lar study, Torres et al. also evaluated antifungal
efficiency of silver nanoparticles by incorporat-
ing it within denture resins [85]. They prepared
denture resins by reinforcing silver nanoparticles
within polymethylmethacrylate (PMMA). The
addition of silver nanoparticles facilitates the
release of silver ions and enhances antimicro-
bial activity. The denture resin loaded with sil-
ver nanoparticles showed improved inhibition of
C. albicans on the surface along with an increase
in flexural strength.

Apart from incorporating antimicrobial
properties, silver nanoparticles also improve
the mechanical strength of dental materials.
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Fig. 2.7 (a) Different size of silver nanoparticles charac-
terized using TEM and DLS. (b) SEM images showing
the inhibition efficiency of silver nanoparticles towards

Mitsunori et al. showed that the addition of silver
nanoparticles to porcelain significantly enhances
mechanical toughness [86]. Additionally, an
increase in hardness and fracture toughness of
ceramic porcelain were observed with uniform
distribution of silver nanoparticles. The addition
of silver nanoparticles also arrests crack propaga-
tion on the implants that are developed due to the
occlusal force. This is mainly due to the forma-
tion of smaller crystallites in porcelain ceramic
with silver nanoparticles.

Overall, silver nanoparticles can be used to
improve the mechanical properties such as modu-
lus, fracture toughness, and hardness of dental
biomaterials. Additionally, the release of silver
ions from silver nanoparticles can significantly
improve the antimicrobial properties of dental

Streptococcus mutans species (i) 9.3 nm (ii) 21.3 nm (iii)
98 nm (iv) negative control (Adapted from Espinosa-
Cristébal et al. [86]. With permission from Elsevier)

implants. Due to these unique property combina-
tions, silver nanoparticles are extensively investi-
gated in the field of dental research.

2.3.6 Bioactive Synthetic Silicates

Synthetic silicates (also known as layered clay)
are disk-shaped nanoparticles 20-30 nm in diam-
eter and 1 nm in thickness. These are composed
of layers of [SiO,] tetrahedral sheets of Mg?*,
which complement their octahedral coordina-
tion by bridging with OH~ groups. The partial
substitution of Mg?* in the octahedral sheets by
Li* charges the faces of the silicate nanoplatelets
negatively, so the Na* ions are accommodated
between the faces of the platelets for charge
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Fig. 2.8 (a) Synthetic silicates are 2D nanosheets with
20-30 nm in diameter and 1 nm in thickness. (b) Stem
cells readily update these nansheets and differentiate into

compensation, leading to a defined spatial dis-
tribution of charge on these nanoparticles [87].
Laponite, a type of synthetic silicate with empiri-
cal formula Na*y;[(SigMgs4Lig3)O020(OH)4] 07,
has been shown to be cytocompatible. These
silicate nanoplatelets are shown to induce osteo-
genic differentiation of human mesenchymal
stem cells (hMSCs) in the absence of osteoinduc-
tive factors, such as BMP-2 or dexamethasone
(Fig. 2.8) [88]. A single dose of these silicate
nanoparticles enhances the osteogenic differ-
entiation of hMSCs when compared to hMSCs
cultured in standard osteogenic differentiation
conditions (in the presence of dexamethasone).
Moreover, these synthetic silicates have shown to
interact physically with both synthetic and natu-
ral polymers and can be used as injectable matri-
ces for cellular therapies [13, 89, 90, 91]. These
findings foster the development of new bioactive
nanomaterials for repair and regeneration of min-
eralized tissue including bone and dental tissue.

Normal

Mineralized Matrix (Day 21)

Osteoconductive Osteoinductive

Control
Silicate Nanoparticles
P<0.05
P<0.05
| —

P<0.05
—

Osteoconductive  Osteoinductive

Normal

osteogenic lineages as determined by the production of
mineralized matrix after 21 days of culture (c, d)

Both natural and synthetic polymers are
shown to physically interact with synthetic sil-
icates. For example, long-chain poly(ethylene
oxide) (PEO) has shown to form a physically
cross-linked network with a shear thinning
characteristic. The addition of silicates has
shown to enhance the mechanical stiffness,
structural stability, and physiological stability
of a nanocomposite network. When these nano-
composites are dried in a sequential fashion,
a hierarchical structure is formed [13]. These
hierarchical structures consist of a highly orga-
nized layered structure composed of synthetic
silicates and polymers. These structures are
shown to have controlled cell adhesion and
spreading characteristics [15]. The bioactive
property of silicates helps in synthesizing such
improved composites where silicates are act-
ing as bioactive filters, triggering cues for spe-
cific regeneration approaches in bone-related
tissues.
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24 Future Outlook

and Emerging Trends

In the future, the way forward in the field of den-
tal regeneration is through the current knowledge
in the field of tissue engineering, developmental
biology, and cell and molecular biology. The
regeneration capacity of these dental cells influ-
ences the extent for engineering the whole tooth.
The regeneration potential for dental tissues is
limited at the ameloblasts, which are mainly
responsible for tissue regeneration, which is no
longer present in adult dental tissue. Other dental
tissues such as dentin consist of the neural crust
cells, dentin mesenchymal cells that exihibit
regenerative potential in response to injury [16],
whereas cementum protecting the tooth has lim-
ited regeneration. Due to the limited regeneration
capability of dental tissue nanotechnology, nano-
materials and stem cell-based approaches might
facilitate regeneration of these tissues.

Several tooth structures have been regenerated
in animal models using stem cell approaches. For
enamel, epithelial cells of the Malassez (ERM)
cells are used to regenerate enamel. These cells
are located as a cluster near PDL at the tooth root.
These cells remain in the GO phase of their cell
cycle and are a direct lineage of Herwig’s epithe-
lial root sheath, which are derived from enamel
organs via cerival loop structures in developing
enamel. These cells can differentiate into amelo-
blasts and can form the dentin—enamel matrix.
The tissue structure system is then implanted
onto the exposed dentin matrix to help rebuild
the DEJ and enamel [92]. A similar procedure
was used for tooth root regeneration, except
that an entire regenerated tooth root structure is

transplanted into the craniofacial pocket after
in vitro development of a transplanted den-
tin matrix made from recovered dentin from
extracted teeth and dentin follicle cells [93].
These stem cell approaches utilize existing tooth
structures as scaffolds and have become very
effective at repairing some of these structures in
animal models.

For common dental deformities like peri-
odontal disease or dental caries, focus has been
drawn to two main approaches in tissue regen-
eration, the first being the introduction of filler
materials into the point of defect with the goal
being to induce bone regeneration, while the
second approach focuses on instructing the cel-
lular components present in the gums to take
part in regeneration with the help of external
cues [94]. Nanoparticles as injectable mixtures
are suitable for filler-based approaches owing to
their improved surface-to-volume ratio, reduced
toxicity, and improved cellular response at the
site of the dental defect (Fig. 2.9 and 2.10). The
latter approach is by instructing the dental stem
cells, which involves understanding of develop-
ment of gums and cellular processes with the
participation of key components of tissue engi-
neering, which includes signals for development
of morphological characters, stem cells to
respond to morphogenesis, and scaffolds for
mimicking an extracellular matrix (Fig. 2.11)
[95]. Possible combination of these approaches
that involves nanoparticles as scaffolds with
stem cells and growth factors involving signal-
ing molecules like BMP, FGFs, Shh, and Wnts
will direct forward in a potential regenerative
approach as a future vision for tooth biomedical
engineering [19, 96].
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folds. Some of the key signaling molecules (growth
factors) are BMPs, FGFs, Shh and Wnts. The stem cells
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2,5 Concluding Remarks

This paper presented the recent implementation
of nanoscale materials from ceramic and metal
particles to engineer dental tissue restoration. The
synthesis and incorporation of these nanoparticles
at the dental tissue repair site to bring persistent
biological responses for tissue restoration are
achieved by surface topography, modifications,
and biological properties of these particles. Their
effective stiffness, inert behavior, natural consis-
tencies, biocompatibility, antimicrobial property,
and improved protein—surface interaction for
enhanced cell proliferation have rendered maxi-
mum responses for dental restoration. Also, their
abilities in forming composites, injectable materi-
als, and fibers waved a better efficiency in acting
as a dental biomaterial. Possible limitations on
controlling the nanoscale size of these materials
in correspondence to their concentration at the

factors

wf%

used for dental regeneration include marrow derived stem
cells (MSCs), dental pulp, and periodontal ligament
(PDL) stem cells

implant surface and release rate cause toxicity,
leading to the death of healthy cells, which needs
more investigation in the dental field.
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