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5.1 Background

5.1.1 Introduction

Orthodontic treatment of malaligned teeth and jaws is being carried out since ages.
Advances in material sciences have lead to development of materials that enable
treatment to be carried out in all walks of life and in mutilated dentitions. Despite
their broad success, the orthodontic treatment suffers from a range of limiting factors
like friction, long duration of treatment, and complications like inflammation of the
biological tissues, decalcification of teeth due to bacterial growth, and root resorp-
tions. To reduce these limitations and complications researchers and manufacturers
of devices are focusing on modification of surface characteristics of materials so as to
conquer these problems. The research is being focused on development of coatings
that are stable in the oral environment and noncytotoxic. The coatings developed
are either lubricants to reduce friction or antibacterial to reduce the microbial count
and problems associated with it like caries, periodontal diseases, and decalcification
around the brackets. Developments are also taking place to improve the bond strength
of the brackets to the enamel. Nanoparticles are also being used in photodynamic
therapy to control oral infections. The purpose of this article is to examine the various
applications of nanoparticles in the field of orthodontics. This chapter will guide a
young researcher to invent novel coatings and materials and to experiment in the area
of material sciences.
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5.1.2 Definitions

British Standards Institution defines nanoparticles as those particles in which all the
fields or diameters are in the nanoscale range. Whereas, nanomaterials are those
material for which at least one side or internal structure is in the nanoscale [1]. An
engineered nanoparticle may be defined as any intentionally produced particle that
has a characteristic dimension from 1 to 100 nm and has properties that are not shared
by non-nanoscale particles with the same chemical composition [2]. Nanotechnology
[3] is enabling technology that deals with nanometer-sized objects. Bionanotechnol-
ogy and nanobiotechnology are terms that refer to the intersection of nanotechnology
and biology [4]. Given that the subject is one that has only emerged very recently,
bionanotechnology and nanobiotechnology serve as blanket terms for various related
technologies. These two terms are often used interchangeably. When a distinction is
intended, though, it is based on whether the focus is on applying biological ideas or
on studying biology with nanotechnology. Bionanotechnology generally refers to the
study of how the goals of nanotechnology can be guided by studying how biological
“machines” work and adapting these biological motifs into improving existing nan-
otechnologies or creating new ones [5, 6]. Nanobiotechnology, on the other hand,
refers to the ways that nanotechnology is used to create devices to study biological
systems [7].

5.1.3 Historical Background

In 1959, the late Nobel Prize-winning physicist Richard P Feynman presented a
talk entitled “There’s plenty of room at the bottom” at the annual meeting of the
American Physical Society at the California Institute of Technology, Pasadena, CA
[3, 8]. This was the first time when the vision of nanotechnology was introduced.
Prof. Kerie E. Drexeler introduced the term “nanotechnology,” which was defined by
Norio Taniguchi [9] as follows: “Nanotechnology mainly consists of the processing,
separation, integration, and deformation of materials by one atom or one molecule.”

The optical characteristics of nanoparticles have been used in sculptures paintings
even before the fourth century AD. The most famous example is the Lycurgus cup,
known as dichroic glass, that changes color when held up to the light. The opaque
green cup turns to a glowing translucent red when light is shone through it internally
(i.e., light is incident on the cup at 90° to the viewing direction). Analysis of the glass
revealed that it contains a very small quantity of tiny (70 nm) metal crystals of Ag
and Au in an approximate molar ratio of 14: 1, which give it these unusual optical
properties [1, 10].

The soluble gold was mostly used for its fabulous curative powers of various
diseases. The first book on colloidal gold was published in 1618 by the philosopher
and medical doctor Francisci Antonii. A complete treatise on colloidal gold was
published in 1718 by Helcher [11]. Nanotechnology is easily evident in various old
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churches where ruby red color had been used in making of stained glass window.
Science had not advanced much at that time to answer this phenomenon. It was
later when developments in the field of chemistry took place that an answer to this
phenomenon was revealed. These vivid colors were controlled by the size and the
form (or shape) of the nanoparticles of gold and silver.

Industrial production of nanomaterials saw its origins in the twentieth century. For
example, nanoparticles of carbon black (tire soot) have been used in the fabrication
of rubber tires of automobiles from the beginning of the twentieth century [8]. Later
developments in the chemical and physical properties led to new possibilities in
various fields.

Nanotechnology has come a long way to find its application in supramolecular
chemistry self-assembling drug carriers and gene delivery systems [12], nanoparti-
cles and nanocapsules, antibody technologies, polymer-drug conjugates, polymer-
protein and antibody conjugates [13], nanoprecipitation, nanocrystals, emulsification
technologies, liposome technology [14], in situ polymerization, tissue engineering
and repair [15], dendrimer technologies [16], molecular imprinting including recent
innovations in dental diagnostics, material and therapeutics [17].

The confederation of nanotechnology with the field of dentistry has given rise to
new stream “nanodentistry.” The important historical events in the development of
Nanotechnology are summarized in Table 5.1.

5.2 Shapes and Types of Nanoparticles

Different shapes of nanoparticles such as rod, rectangle, hexagon, cube, triangle, and
star-shaped nanoparticles can be produced by variation of experimental parameters
such as concentration of the metal precursor, reducing agents, and stabilizers and
reaction conditions such as temperature, time [19]. Bulk solution synthetic methods
often produce nanoparticles of multiple sizes and shapes, and low yield of the desired
size and shape. Colloidal solution can generally produce particle of desired shape
and size [20]. Controlling size, shape, and structural architecture of the nanocrystals
requires manipulation of the kinetic and thermodynamic parameters [21]. Following
are certain types of nanoparticles;

5.2.1 Carbon-Based Materials

Carbon nanomaterials are one of the broadly discussed, researched, and applied
of synthetic nanomaterials. Carbon nanotubes (CNTs), nanofibers (CNFs), and
graphene are promising components for next-generation high-performance structural
and multifunctional composite materials. The carbon nanomaterials have exceptional
tensile strength, elastic modulus, electrical and thermal conductivity, and unique elec-
tronic, magnetic and optical properties. Apart from their above properties, their robust
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Table 5.1 Important historical breakthroughs in nanotechnology: [18]

Year Event/remarks People/country

1931 Transmission electron M. Knoll and E. Ruska
microscope (TEM) (Technical University of

Berlin, Germany)

1937 Scanning electron microscope | M. vonArdenne

(SEM) (Forschungslaboratorium fiir
Elektronenphysik, Germany)

1954 Targeted drug delivery concept | Paul Ehrlich
by miniature particles —magic
bullets

1959 Feynman’s Lecture on “There’ | R.P. Feynman (California
s Plenty of Room at the Institute of Technology,
Bottom” Pasadena, CA, USA)

1960’s Investigation of polyacrylic Peter Paul Speiser, Zurich
beads for oral administration

Late 1960’s First nanoparticles for drug Paul Speiser’s research group
delivery purposes and for
vaccines

1969 “Micelle Gerd Birrenbach, Germany
polymerization”—First work
employed toward processing
sustained release nanoparticles
for vaccination purpose

1974 Concept of nanotechnology N. Taniguchi (Tokyo
proposed University of Science, Japan)

1977 Lysosomotropic effects of the | Patrick Couvreur, Zurich
nanoparticles discovered

1978 First review article about Kreuter, Germany
nanoparticles

1979 First rapidly biodegradable Patrick Couvreur, Zurich
acrylic nanoparticles

1981 First poly(lactic acid) Robert Gurny, Switzerland
nanoparticles for drug delivery
developed

1986 Three-dimensional space S. Chu (Bell Lab., USA)
manipulation of atoms
demonstrated

1984,1986 Nanoparticles can improve the | Maincent et al., France
oral bioavailability of drugs

1986 Nanocapsules Al Khouri Fallouh et al.

1993 Concept of nanomedicine Robert A. Freitas Jr.

1995 Nanoimprinting S.Y. Chou, USA

(continued)
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Table 5.1 (continued)
Year Event/remarks People/country
1996 Nanosheets T. Sasaki (National Institute

for Research in Inorganic
Materials, Japan)

2000 Term “nanodentistry” Robert Freitas, USA
introduced

2000 National Nanotechnology USA
Initiative (NNI)

2003 Twenty-first Century USA

Nanotechnology Research and
Development Act

2005 Nanosciences and Europe
Nanotechnologies: An action
plan
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Fig. 5.1 Various kinds of nanomaterials and their specific properties

chemistry and ease of manipulation make them attractive candidates for diagnostic
applications [22]. Carbon nanomaterials exist in allotropic forms such as diamond,
graphene, amorphous carbon, and single-walled carbon nanotubes (SWNTs). These
materials can be classified according to the number of dimensions, which are not
confined to the nanoscale range (0—100 nm), i.e., zero-dimensional (0-D) nanoparti-
cles, one-dimensional (1-D) nanotubes, and two-dimensional (2-D) such as graphene
[23] (Fig. 5.1).
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5.2.2 Metal-Based Materials

Metal nanoparticles are the building blocks of the next generation of electronic,
optoelectronic, biomedical, and chemical sensing devices. Among several metal
nanomaterials, silver and gold nanoparticles are one of the most commercialized
NPs because of their unique optical, electrical, and photothermal properties. They
have wide applications in bio-sensing, diagnostic imaging, wastewater treatment,
chemo-catalyst, cancer diagnosis, and therapy [24].

Metallic nanoparticles can be used as effective growth inhibitors of various
microorganisms and thereby are applicable to diverse medical devices. Nanotechnol-
ogy discloses the use of elemental nanoparticles as active antibacterial ingredient for
dental materials. In dentistry, both restorative materials and oral bacteria are believed
to be responsible for restoration failure. Metal nanoparticles can also control the for-
mation of biofilms within the oral cavity, as a result of which it is often used as
topically applied agents within dental materials [25].

5.2.3 Dendrimers

Dendrimers are perfect monodispersed macromolecules with a regular and highly
branched three-dimensional architecture. Dendrimers are produced in an iterative
sequence of reaction steps, in which each additional iteration leads to a higher gen-
eration material [26]. The first dendritic structures that have been thoroughly investi-
gated and that have received widespread attention are Tomalia’s PAMAM dendrimers
and Newkome’s “arborol” systems [27]. Dendrimer is grown in a stepwise manner
from a central core, implying that numerous reactions have to be performed on a
single molecule. Consequently, every reaction has to be very selective to ensure the
integrity of the final product [28]. These nanomaterials are nanosized polymers built
from branched units. The surface of a dendrimer has numerous chain ends, which can
be tailored to perform specific chemical functions. This property could also be useful
for catalysis. Also, because three-dimensional dendrimers contain interior cavities
into which other molecules could be placed, they may be useful for drug delivery
[29]. Dendritic molecules have been tested in supramolecular polymer chemistry, in
medicinal chemistry, and in catalysis.

5.2.4 Nanocomposites

A nanocomposite is a multiphase solid material where one of the phases has one,
two, or three dimensions in the nanometer scale, which is of less than 100 nm.
Nanocomposites show unique properties, because of the nanometric size effect, com-
pared to conventional composite even at low filler content. The organic—inorganic
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nanocomposites are often developed by grafting synthetic polymers on inorganic
particles or by adding modified nanoparticles (NPs) into polymer matrices [30]. This
leads to composite materials with improved properties. Nanoparticles can be incor-
porated into polymeric nanocomposites. Polymeric nanocomposites consisting of
inorganic nanoparticles and organic polymers represent a new class of materials that
exhibit improved performance compared to their microparticle counterparts. It is
therefore expected that they will advance the field of engineering applications. The
type of nanoparticles incorporated determines the properties of polymer compos-
ites. It depends on the size, shape, and concentration of the nanoparticles and their
interactions with the polymer matrix [31].

5.3 Properties of Nanoparticles

The characteristic of nanoparticles like the size, shape, and surface characteristics
determine the properties of the nanoparticles. Nanoparticles have properties different
from microparticles due to their small size and relatively large surface area. When
the size of a particle is close to or smaller than the de Broglie wavelength of the
charge carrier (electrons and holes) or the wavelength of light, the periodic boundary
conditions of the crystalline particle are destroyed, or the atomic density on the amor-
phous particle surface is changed [32]. Due to these, a lot of the physical properties of
nanoparticles are quite different from bulk materials, yielding a wide variety of new
applications. Optical properties of nanoparticles are due to the excitation of surface
plasmons in metallic nanoparticles, this property can be used in biomedicine, energy,
and environment protection technologies [33]. Magnetic properties of nanoparticles
are by virtue of its external magnetic field and hence can be used for biomedical
imaging and information storage technology.

The adhesion and the friction of nanoparticles play important roles in nanofab-
rication, lubrication, the design of micro/nano devices, colloidal stabilization, and
drug delivery. Controlling the size, shape, and surrounding media of metal nanopar-
ticles are important as many of their intrinsic properties are determined by these
parameters. Particular emphasis has recently been placed on the control of shape,
because, in many cases it allows properties to be fine-tuned with a greater versatil-
ity that gives the particles a unique nature. It is only within the past decade that it
has become possible to control the shape of particles synthesized in solution, and
numerous methods have been developed for this. Stabilizing agent also plays a role
in the size of nanoparticle. The key effect of the stabilizer on the nanoparticle size
lies in the initial particle nucleation stage [34]. A thermodynamically stable and
mature nanoparticle can only be formed when a nucleus grows into a cluster that
is larger than a certain critical size. Therefore, a fast initial nucleation is critical to
the production of stable nuclei and subsequently smaller nanoparticles. The higher
the temperature, larger and more polydisperse nanoparticles are obtained. Similarly,
change in pH or H* activity can impact the reduction of ions. As the reduction of H*
proceeds, the solution pH goes up, which favors the reduction of metal ions.
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5.4 Synthesis of Nanoparticles

Nanoparticles may be synthesized by physical, chemical, or biological methods.
Physical methods include evaporation, condensation, high gravity reactive precip-
itation, and laser ablation procedures. Chemical synthesis includes solvothermal
methods, sol-gel conversions, chemical reduction, electrochemical techniques, pho-
tochemical reduction, and pyrolysis.

Biosynthesis of nanoparticles may be done via microorganisms, enzymes, fungi,
plants, and plant extracts. Depending upon the location of nanoparticles, their syn-
thesis via biological mode may be intracellular or extracellular. Intracellular method
involves transport of ions into microbial cells to form nanoparticles in the presence
of enzymes while extracellular synthesis is not within the cellular components of the
organism [35] (Fig. 5.2).

There are two alternative approaches for synthesis of metallic nanoparticles: the
“bottom-up” approach and the “top-down’ approach. In bottom-up approach, atoms
or molecules are assembled to molecular structures in nanometer range. Bottom-up
approach is commonly used for chemical and biological synthesis of nanoparticles.
Advantage of the bottom-up approach is the enhanced possibility of obtaining metal-
lic nanoparticles with comparatively lesser defects and more homogeneous chemical
composition(s). In top-down approach, the bulk materials are gradually broken down
to nanosized materials using physical (e.g., mechanical) or chemical means. A major
drawback of the top-down approach is the imperfection of the surface structure. Such

A (

el

- F

amino ack ds

Fruit

{e.g., nitrate reductase) 9% e p:\-':‘qr.“‘haudn o :g';
|anmn polyphenoks, o -
Ir £.. naphthogquinanes/ . . . terpencids, . Flawer
h ) Biological synthesis organic acid Root
Microorganisms of nanoparticles Plant tissues o
| P
— seshIsn
@ Metal nanoparticles (NPs) d .‘ . - '
/ Applicaﬁons \ /—\
X -
A Nanosensors detect
biomolecules,
R e ™\ | environmental factors
Antimicrobial, ~ magnetic field - s - o o
antipathogen, Cosmetics -
mosquitocidal uses and 4 " e - .F
medical < 1 Gene
Cell
appliances ) : Xl ) tabeling delivery
P o ) Colorectal —

', Bladder
NPy External
nagretic fel
m Most applicable area S
m— Second most-applicable area Magnetically Various types of
*== Applications under clinical trial Phototh \, human cancer J
\__therapy \(dgdalvary

Fig. 5.2 Biosynthesis of nanoparticles



5 Applications of Nanoparticles in Orthodontics 89

Table 5.2 Various approaches for synthesis of nanoparticles

[ Method __________|Processinvoived | |

Physical method Ball Milling
Mechanochemical Top down approach

synthesis

Plasma vapor deposition =
Laser pyrolysis

Flash spray pyrolysis

Inert gas condensation

Flame hydrolysis

Chemical Sol-gel or gel-sol
conversions

"~ Bottom — up appreach

Plasma/laser/flame
enhanced chemical vapor
deposition

Thermal decomposition

Solvo-thermal synthesis

Biclogical Fungi
Bacteria = Intracellular &

xtracellular synthesis
Yeast

Plant extracts

defects in the surface structure can have a significant impact on physical properties
and surface chemistry of the metallic nanoparticles due to the high aspect ratio [36].

Synthesis by various methods by top-down and bottom-up approach has been
summarized as (Table 5.2):

Nanoparticles can be made from different materials composition with different
physical and chemical properties. They can be attached with a various ligands for
biological targeting for different functions like contrasting agents, drug delivery
vehicles, and therapeutics (Fig. 5.3).

5.5 Applications of Nanoparticles in Dentistry

Nanoparticles are used in various forms in dentistry for diagnostic and therapeutic
purposes. They have been used for administering local anesthesia, for cure of dentinal
hypersensitivity, to diagnosis and cure oral cancers. Nanoneedles and nanofibers
have been employed for wound dressings [37]. Nanoparticles due to their property
of biocidal, anti-adhesive, and delivery capabilities are being explored to prevent
the formation of biofilms within the oral cavity [38]. As nanoparticles possess a
greater surface-to-volume ratio, they can interact more efficiently with microbial
membranes and provide considerably larger surface area for antimicrobial activity.
They have been used as device coatings [39] as topically applied agents, within
materials like in dental resin composites [40], cavity liners, pit and fissure sealants,
cores and buildups, indirect restorations, cements, acrylic resin denture bases [41]
mouth rinses, and toothpastes [39].
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5.6 Applications of Nanoparticles in Orthodontics

Nanoparticles have been used for various below-mentioned purposes in orthodontics
(Fig. 5.4).

Application in
Orthodontics
M
As antimicrobial brieating Fabrication of Fabrication of In Evolving cell Application as
agents e hollow wires Brackets matrix interface Nanofillers

Fig. 5.4 Applications of nanoparticles in orthodontics
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5.6.1 Application as Antimicrobial Agent

Since ages efforts are being made to reduce the microbial activity in the oral cavity.
Inventions are being done in the methods of sterilization or the materials are being
coated or incorporated into particles thus making them self-disinfecting [42]. Plaque
accumulation on fixed and removable appliances is a common problem encountered
during orthodontic treatment. This bacterial growth can lead to many complications
like gingivitis, periodontitis, white spot lesions, increased risk of caries, halitosis,
superimposed infections, failure of TAD’s, and delayed tooth movement. To mini-
mize these problems, nanoparticles are being incorporated in various materials.

5.6.1.1 Materials Modified by Nanoparticles

Nanoparticles as antimicrobial agents can be incorporated or applied on:

Bracket Surface

Orthodontic brackets have been coated with nitrogen-doped titanium dioxide. The
activation of nitrogen-doped titanium dioxide leads to the formation of OH free rad-
icals, superoxide ions (O,), peroxyl radicals (HO,) and hydrogen peroxide (H,O,).
These chemicals, through a series of oxidation reactions, react with biological
molecules such as lipids, proteins, enzymes and nucleic acids, damage biological
cell structures, and also exert antimicrobial activity [43].

Resin Composite during Bonding

TiO, nanoparticles of size 21 £5 nm have been blended to light cure orthodontic
composite paste (Transbond XT) in 1, 2, and 3%. All the three concentrations had
similar antibacterial effects [44]. ZnO-NPs when mixed with Chitosan NP in the ratio
10% (w/w) have also shown antibacterial activity when added to resin [45]. Silver
and HA nanoparticles have also been added to the primer of Transbond XT in 1 and
5% concentrations and have shown good antibacterial properties [46]. 0.0100 wt%
of copper NPs have also been used in resins [47].

Resin-Modified GIC

Resin-modified GIC has been improved by incorporating nanosized fluoroapatite
(NFA) or fluorohydroxyapatite (NFHA) particles at 25% concentration. However,
there was a significant reduction in shear bond strength. The fluoride release nearly
tripled after 70 days [48]. Nanohydroxyapatite (Nano-HA) has also been added to
orthodontic banding cement to prevent microleakage under orthodontic bands [49].
Zinc oxide has been added to light-cured resin-modified glass ionomer to create
mixtures of 13% ZnO and 23.1% zinc oxide [50, 51].

Microimplants

Since bacterial infection has been identified as one of the major causes of titanium
microimplant failures, a novel antibiotic vehicle composite, TiO,NT-PSPMA, has
been synthesized via atom transfer radical polymerization; this method improved the
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local antibiotic concentration and prolonged its sustainable release by loading larger
amounts of antibiotic into Titanium nanotubes (TiO, NTs) arrayed on Ti implants.
Ag nanoparticles loaded into TiO, NTs with the assistance of the ionic polymer 3-
sulfopropyl methacrylate potassium salt (PSPMA) have been used. This composite
perhaps could be used in future to prevent implant infection [52].

Acrylic Resins

TiO,, Si0;,, and silver NPs have been added to cold-cure acrylic resins that are mainly
made of polymethyl methacrylate (PMMA). However, the cytotoxicity of this resin
over long duration still needs to be verified [53-55].

5.6.1.2 Tests Carried Out

The following laboratory tests are carried out to check for the properties of material:

Antimicrobial activity: Disk agar diffusion (DAD) test

Cytotoxicity on cell lines: Live and dead staining, lactate production, spectroscopy
Distribution of nanoparticles: SEM

Shear bond strength: Ionstron machine and adhesive remnant index (ARI) scores
Microleakage: Microleakage under the bands can be assessed by the methylene blue
dye

Insolubility of NP: Atomic absorption test

Bacteria test: Streptococcus mutans since it causes caries, Aggregatibacter actino-
mycetemcomitans since it causes periodontal diseases.

5.6.2 Application as Lubricating Agent to Reduce Friction

Friction is one of the major deterrents present in alignment or retraction of teeth during
orthodontic treatment. High friction leads to anchorage loss, increased duration of
treatment, and increased waiting list in hospitals [56, 57]. Numerous attempts were
made to overcome this problem, by using wires of a different metal, shape, and size
[58, 59]. Not only the wires even the bracket surfaces are coated and the ligation
methods are also varied to reduce the problem of friction [60].

5.6.2.1 Nanoparticles Used

Various nanoparticles are being used as a coating in an effort to reduce friction
[61-63].
The nanoparticles used are as follows:

1. Nickel-phosphorus and tungsten disulfide (WS,)
2. Co+fullerene-like WS,
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Carbone nitride (CNx)

ZnO

Molybdenum disulfide

Diamond-like carbon coating and nitrocarburizing

Polysulfone embedded with hard alumina nanoparticles for brackets

NNk W

5.6.2.2 The Method of Coating

The orthodontic wires are inserted into the electroless solution of the nanoparticles
which needs to be coated usually for about 30 min. A short (1 min) sonication can be
used to disperse the agglomerates and ensure the stability of the suspension. Some
scientists have even etched the wire with HF (20%) acid to improve the adherence
of the coatings on wires. The researchers interested in this method can do further
reading on electroless plating [64].

5.6.2.3 Tests Used to Determine the Efficiency of Coatings

Whenever one is coating the wires, it needs to check the strength/quality of coating
in terms of adherence and the effectiveness of coating in terms of the purpose for
which the coating is applied. One also needs to check how much of ions are being
released once they are coated because the release of free ions can lead to cytotoxicity
[65].

(a) Tests used to determine reduction in friction

Tribiological assays are done using a ball on flat tribometer and the friction coefficient
is determined after various cycles. Dry and wet friction tests with paraffin oil lubricant
can be carried out during 50-200 cycles. Apparatus used is universal mechanical
testing apparatus.

(b) Tests to determine the quality of film

o SEM/TEM/micrographs can be taken of the coated wires.
e X-ray photoelectron spectroscopy (XPS) analyses can be done
e Energy dispersive x-ray spectroscopy, x-ray powder diffractometry

(c) Tests to determine the adequate adherence of the film
Scotch-tape test or bending test of the wire with a 2 cm radius of curvature
(d) Test to determine corrosion behavior

Potentiodynamic polarization test and electrochemical impedance spectroscopy
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(e) Test to check cytotoxicity

The cytotoxicity of the coating needs to be checked on various cell lines like the
human periodontal ligament fibroblast cells (HPLF), human gingival fibroblast cells
(HGF), human pulp cells (HPC).

5.6.2.4 Mechanism of Action of Coating

The mechanism by which the reduction in friction is achieved can be explained by
the theories suggested by Rapoport et al. [66] and Cizaire et al. [67]. At the first
stage, when there is no angle between the slot and wire, the nanoparticles act as
spacers and reduce the number of asperities that come in contact, resulting in a lower
coefficient of friction. The friction at the wire increases as the angle increases. At
this point on the coated wire, the nanoparticles from the coating are released into
the tribological interface and their exfoliation occurs, resulting in the formation of
a solid lubricant film on the sliding wire. The higher load at this point brings the
asperities of the mating surfaces in straight contact causing the fluid (saliva in the
mouth) to be squeezed out of the gap between the wire and slot, relying on the
excellent tribological behavior of the solid lubricant film to allow the sliding of the
archwire. When the two materials are SS, as is the case with the uncoated wire,
the friction coefficient is high. The presence of nanosheets at the interface under
high loads leads to a very facile sliding between these sheets, thereby reducing the
coefficient of friction.

5.6.3 Fabrication of Hollow Wires

NiTi/Ni-TiO, composite nanoparticles are being used for the fabrication of hollow
wires. These wires are hollow from inside but retain the properties of NiTi wires.
They are synthesized via the synthesis method called the ultrasonic spray pyrolysis
(USP). The orthodontic wire is used to obtain the precursor solution for the synthesis
of spherical NiTi particles. These spherical NiTi particles are then coated over a
textile or a polymer fiber via electrospinning. Then, the fiber is removed from inside
thus producing a hollow wire. Bending properties of these hollow NiTi wires were
performed by the three-point bending test and compared with conventional NiTi
wires [68, 69].
Advantages of hollow wires:

1. This wire could potentially have the shape-memory and superelasticity proper-
ties, while possibly reducing the material needed for the wire production.

2. They may deliver lighter and more continuous force.

3. The bending properties can be customized by inserting another wire into the
hollow core.
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Limitation:
Itis still difficult to obtain pure NiTi particles so research is being done on different
precursor solutions, gases and collection media so as to obtain pure NiTi particles.

5.6.4 Fabrication of Orthodontic Brackets

Nanoparticles are being used for fabrication of brackets like the hard alumina
nanoparticles embedded in polysulfone. These brackets have strength, reduced fric-
tion and biocompatibility while maintaining the transparency of the bracket.
Brackets are also being coated with nanoparticles to improve their properties like:

e Titanium dioxide because of its photocatalytic properties
e Nickel-phosphorous and tungsten disulfide (WS, ) nanoparticles to reduce friction.
e ZnO and CuO nanoparticles for antibacterial properties [70, 71].

Once they are coated, the following tests are carried out to check for their properties:

e Surface roughness is seen on atomic force microscope.

e Compressive strength, maximum strain, and elastic modulus are checked on
Instron testing machine.

e Photocatalytic ability is checked by decolorization method with toluidine blue
followed by measurement on absorption spectrometer.

5.6.5 Use of Nanoparticles in Evolving the Cell-Matrix
Interface

5.6.5.1 To Improve the Primary Stability of TADs

The surface of the microimplants is being modified with the help of nanoparticles.
The following nanoparticles are being used:

(a) Nanostenciled rgd-gold patterns have been used to control and influence the
differentiation of mesenchymal cells with implant surface. Manipulating the
maturation of cell-matrix adhesions by nanopatterned surfaces allows influenc-
ing morphology, actin dynamics, migration, and ECM assembly of adhering
fibroblasts [72].

(b) Primary stability and partial osseointegration of TADs could be achieved by
the synergistic effects from nanoclay reinforced tricalcium phosphate (TCP)
nanocoating on titanium miniscrews [73].

(c) Ultrafine grain-sized titanium (UFG Ti) obtained by severe plastic deformation
presents a bright potential for biomedical applications because it provides the
strength of titanium alloys without toxic alloying elements, such as Al and V
that, by dissolving away from the implant, may be harmful to human health.



96 P. Batra

The osseointegration of these UFG Ti microimplants is also found to be superior
[74].

5.6.5.2 To Improve the Stability of the Newly Forming Bone

Patients with clefts many a times require a bone graft to fill the defects. Bioactive and
biodegradable poly (lactide-co-glycolide)/bioactive glass/hydroxyapatite (PBGHA)
and poly (lactide-co-glycolide)/bioactive glass (PBG) nanocomposite coatings have
been tested. They have an ability to serve as a scaffold or template to guide the
newly forming bone along its surfaces thus promoting its stability. BGs also serve
as synthetic biocompatible osteoconductive bone substitutes, with bone bonding
capacity and documented antibacterial and angiogenesis-promoting properties. The
following laboratory tests are carried out to check for the quality of coating:

e The nanocomposite coatings are characterized by scanning electron microscopy,
X-ray diffraction, and atomic force microscopy.

e Mechanical stability of the prepared nanocomposite coatings can be studied by
intramedullary implantation of coated Kirschner wires (K-wires) into rabbit tibia
[75].

5.6.5.3 To Fill Defects in Damaged Bone

Nanosized hydroxyapatite particles can be converted into injectable paste with the
help of neutral phosphate buffer which is self-setting at 37 °C in 20 min. Stability of
the injectable hydroxyapatite has been confirmed in aqueous medium as well as in
human blood [76].

5.6.5.4 To Enhance the Formation of Bone

Titanium nanotubes with crystallized Ag,O nanoparticles with diameters ranging
from 5 nm to 20 nm embedded in them have been found to significantly enhance
the functions of many cell types including osteoblasts thus having promising appli-
cations orthodontics. This leads to controlled release of Ag and hence long-lasting
antibacterial activity without showing cytotoxicity. It has even shown some favor-
able effects on promoting cell spreading and can be used as a biomedical coating on
devices [77].
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5.6.6 Nanomaterials as Nanofillers in Orthodontics

Nanoparticles of reduced size are being used as fillers to reduce polymerization
shrinkage and to improve the mechanical properties of strength. There are two types
of fillers: nanoclusters and nanoparticles [78]. They are synthesized by techniques
such as flame pyrolysis, flame spray pyrolysis, and sol-gel processes. Nanosized filler
particles have been incorporated into the composite matrix and glass ionomer cements
to form nanocomposites and nanoionomers [78—81]. The following nanoparticles are
being used as fillers:

e Silica nanosized filler particles (10 wt%, particle diameter <7 nm) are being added
to orthodontic adhesives [40].

e Titanium dioxide and zirconia due to their very high refractive indices and less
weight of material are very useful [82].

e Nanozirconia is also being used in ionomer cements to improve properties like
esthetics (e.g., low visual opacity), polish retention, and radiopacity as compared
to previously known glass ionomer compositions. The nanozirconia is surface
modified with silanes to aid in the incorporation of the nanozirconia into ionomer
compositions [83].

5.6.7 Nanoparticles as Enamel Remineralizing Agents

Demineralization and white spot lesions are common problems encountered during
and post-orthodontic treatment. Nanoparticles are being used for remineralization of
decalcified enamel.

Nanohydroxyapatite has been developed as a paste. Calcium nanophosphate crys-
tals which are smaller than 100 nm, lead to improved bioactivity of the product,
resulting from the increase in surface area and wettability of HA (hydroxyapatite)
nanoparticles and thus form a protective layer on the enamel surface and provides
protection against erosion [84].

5.6.8 Self-healing Materials

Research is being directed toward the fabrication of self-healing materials or mate-
rials that could mimic the biologic system and fill the cracks or damages on their
own. When a crack appears near the network, the healing fluid or precursor can flow
to the damaged region and fill the fissure. This fluid can be stored in bubbles which
can be incorporated in the material.

This reservoir, upon exposure to air, polymerizes as a result of crack formation
and closes the crack, thus maintaining the structural integrity of the material. This
concept can be applied to polymer brackets and archwires. The autopolymerized
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monomer can be incorporated in nanosized bubbles and can be integrated with the
material. Fracture of the bracket or wire would induce bursting of the nanobubbles
and exposure of the monomer to air, thereby resulting in polymerization and filling
of the crack-induced gap [85, 86].

5.6.9 Nanoparticles in Bioimaging

One of the potential applications of nanoparticles is also in the field of bioimaging as
contrast agents. The advantages of nanoparticles over existing contrast agents include
tunable physical (e.g., optical and magnetic) properties, high stability (e.g., against
photobleaching), possibility of targeted delivery, and specific binding via chemi-
cal functionalization, multimodality (ability to combine several functions in one
particle), high sensitivity, and selectivity. They can be used in bioimaging tech-
niques such as optical and confocal microscopy, NIR imaging, magnetic resonance
imaging (MRI), computed tomography (CT), positron emission tomography (PET),
single-photon emission CT (SPECT), and ultrasound imaging. The current chal-
lenges include potential nanotoxicity and biocompatibility issues [87].

5.7 Mechanism of Action of Various Nanoparticles

Mechanism of antibacterial activity of metallic nanoparticles is not exactly known.
However, the presence of positive charge over the metal ion is crucial for this antimi-
crobial action which aids in the electrostatic attraction between the negatively charged
bacterial wall and the positively charged metallic nanoparticles [88]. Nanoparticles
can enter the cell after binding to a specific receptor target. There are several factors
which can regulate the behavior of nanomaterials at the nano-biointerface. Such as
the shape of nanoparticles directly influences uptake into cells: Rods show the highest
uptake, followed by spheres, cylinders, and cubes when the synthesized nanoparti-
cles are larger than 100 nm [89]. In studies with sub-100-nm nanoparticles, spheres
show an appreciable advantage over rods. In fact, at this size range, increasing the
aspect ratio of nanorods seems to decrease total cell uptake. The size-dependent
uptake of nanoparticles is likely related to the membrane-wrapping process. Small
nanoparticles have less ligand-to-receptor interaction than do larger nanoparticles
(Table 5.3).

5.8 Toxicity

The rapid developments in the field of nanotechnology also bring with them the con-
cerns related to toxicity through new sources of exposure like inhalation, ingestion,
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Table 5.3 Different nanoparticles with their mechanism of action

Name Mechanism of action

Silver Increase cell permeability — pitting of cell
surface — agglomeration — cause cell death
[90].
Free radical formation. [91, 92]

Copper Combines with—SH groups of key microbial
enzymes

Zinc oxide Induction of reactive oxygen species(ROS)

Quaternary ammonium compounds Transfusion across and damage to the bacterial

cell membrane

Gold 1. Collapse membrane potential inhibit ATPase
activities to decrease the ATP level;

2. Inhibit the subunit of ribosome from binding
t RNA;

3. Enhance chemotaxis in the early-phase
reaction

Titanium dioxide Generation of ROS along with superoxide,
peroxide, and hydrogen peroxide radicles

and injection. Not only that there are serious environmental implications but also
associated with the manufactured nanomaterials.

Nanomaterials have unique physicochemical properties, such as ultra-small size,
large surface area to mass ratio, and high reactivity and these properties also influence
and determine the biological responses and can often lead to toxicity. Nanoparticles
have been found to cross the transplacental membrane or cross the peritoneal cavity
into uterus and may affect the cranial development of embryo [93]. Endocytosis of
nanoparticles can also lead to oxidative stress, which can be a concern for a number of
autoimmune diseases [94]. Cytotoxicity of silver nanoparticles has also been reported
a number of times, but the exact mechanism of action of silver nanoparticle is yet
to be elucidated. It has been reported that silver nanoparticle is associated with the
depletion of glutathione (GSH) level, increased level of ROS [95]. Ag NPs can enter
via the blood-brain barrier and accumulate in different regions of the brain and this
may be beneficial for drug delivery, but at the same time can increase a risk to the
patient. Copper nanoparticles are often metabolized in liver and are reported to have
toxic effects to hepatic and renal tissues [96]. Gold nanoparticles are also associated
with male sterility, it is reported that they can affect the motility of spermatozoa by
penetrating penetrate sperm cells, which could result in fragmentation [97]. Surface
charge of Si NPs is also associated with the cytotoxicity toward human cells and
positively charged Si NPs are 250-fold more cytotoxic compared to their negatively
charged counterparts [98] (Fig. 5.5).
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Fig. 5.5 Most important recorded toxic effects of therapeutically used nanoparticles

5.9 Conclusion

Nanoparticles have lot of potential in the field of dentistry and orthodontics per se.
There is lot of research being focused on development of newer materials by the
application of nanoparticles. Majority of the research is at the level of publications.
The translation of this research to reality in the form of commercial products is a
long journey. It is high time that researchers focus and encash on the potential of
these vibrant particles as their applicability needs to be explored further in the field
of dentistry.
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