Ramesh S. Chaughule Editor

Dental
Applications of
Nanotechnology

@ Springer



Dental Applications of Nanotechnology



Ramesh S. Chaughule
Editor

Dental Applications
of Nanotechnology

@ Springer



Editor

Ramesh S. Chaughule
Ramnarain Ruia College
Mumbai, India

ISBN 978-3-319-97633-4 ISBN 978-3-319-97634-1 (eBook)
https://doi.org/10.1007/978-3-319-97634-1

Library of Congress Control Number: 2018950210

© Springer Nature Switzerland AG 2018, corrected publication 2018

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part
of the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations,
recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission
or information storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar
methodology now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are exempt from
the relevant protective laws and regulations and therefore free for general use.

The publisher, the authors and the editors are safe to assume that the advice and information in this
book are believed to be true and accurate at the date of publication. Neither the publisher nor the
authors or the editors give a warranty, express or implied, with respect to the material contained herein or
for any errors or omissions that may have been made. The publisher remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Switzerland AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland



This book is dedicated to

Professor R. Vijayaraghavan

Ex Dean, Tata Institute of Fundamental
Research, Mumbai, India

A Mentor, Teacher, Advisor, Inspirator and
Everything

And my wife

Kshama

A constant spirit, Supporting and Delightful
partner through thick or thin in life



Foreword 1

Imagine a day when a drop of medicine could be placed on a cavity to kill bacteria
and then regenerate the parts of the tooth that were destroyed by microorganisms, or
when an injection of stem cells could be placed into the jaw of a car driver just after
a car accident to rebuild broken bones, or when an injection of a unique nano-
medicine could be placed near wisdom teeth to degrade them so that invasive
surgery to remove them would not be necessary. What a change in dental health
care these advances would be! These are true revolutions in dental medicine, and
are the advances we need to help millions of people around the globe have better
dental health, and to promote proper nutrition, self-esteem, and life expectancy.

These and so many more ideas are brought to life in this exciting new book by
Dr. Ramesh Chaughule entitled Dental Applications of Nanotechnology. Dr.
Chaughule brilliantly intertwines material science with medicine to highlight
unprecedented growth areas across all of dental medicine. The focus of such
advances relies on nanotechnology, not the unrealistic vision of nanorobots in the
body surveying and healing diseases at will, but the more realistic design and use of
materials in medicine with dimensions less than 10~°m. For those of you having
trouble understanding this dimension, consider that the diameter of a single strand
of hair is about 80,000-100,000 nm and we cannot even discern nanometer reso-
lution with your unaided eye. This is small and powerful!

Nanomaterials are excellent candidates for dental medicine, since our teeth, jaw
bones, and all tissues in the body are composed of nanomaterials, like proteins and
calcium phosphate. Cells in our bodies make nanomaterials every second and live
in nanomaterials every day. Dr. Chaughule acknowledges this and emphasizes in
this book how to leverage this simple fact to improve all aspects of dental health. It
is because of these reasons that nanomedicine is experiencing a boom in research
and activity across all of medicine. As just one of many examples, nanomedicine is
projected to be a global market worth $528 billion by 2019, which is almost double
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viii Foreword 1

that from 2014." We have not even reached the tip of the iceberg in the capabilities
what nanomedicine can bring. Moreover, with over a hundred nanomedicine
products approved by the FDA, it is clear that nanomedicine is here to stay and will
continue to revolutionize medicine. This pioneering book highlights just that.

This book covers fundamental research, applied clinical studies, and commer-
cialization potential across all of dental medicine. It is comprehensive and presents
ideas we need to improve dental care for patients and, most importantly, stimulates
new ideas rarely discussed in other books. It is an excellent resource for any
educator, medical device industry person, entrepreneur, clinician, and simply any
person interested in science, engineering, and medicine. After reading this book, it
is hard to imagine anyone not seeing the promise nanomedicine will have in
dentistry!

So, do not put away that toothpaste just yet, but a nanomedicine revolution in
dental care is right around the corner—this book shows it! Dr. Chaughule’s
pioneering book in this area gets us all thinking how dental care will significantly
change in the coming years, and we all need to pay close attention!

Boston, MA USA Thomas J. Webster, Ph.D.
Art Zafiropolou Chair; Department

Chair, Chemical Engineering,

Past-President, US Society For

Biomaterials; Fellow, AANM,

AIMBE, BMES, IUSBE, and NAI

Northeastern University

! Commercialization of New Technologies Driving Big Market Growth in Nanomedicine, BCC
Research LLC; accessed May 25, 2018, at https://www.bccresearch.com/pressroom/hlc/
commercialization-of-new-technologies-driving-big-market-growth-in-nanomedicine.



Foreword 11

It gives me great pleasure to write the foreword for this book which presents a
collection of topics from eminent authors on the role of nanotechnology and
nanobiomaterials in dental health.

From its humble beginnings in the 1970s, nanotechnology has today become
mainstream in almost every aspect of science and engineering. Nanotechnology
involves the manipulation of individual atoms and molecules in the 1-100 nm range
to produce unique and interesting structures with myriad applications in physical,
chemical, and biological systems. To date, it has had a huge impact in fields as
diverse as semiconductors and electronic devices, production of fuels, electro-
chemical energy conversion and storage, advanced composite structures for the
aerospace industry, improving air and water quality, as well as medical applications
including diagnostics and therapeutics. In particular, nanotechnology has arguably
had the greatest impact in medicine, for example, with the use of nanoparticles to
deliver chemotherapy drugs or vaccines to specifically targeted cells, insulin release
via nanocapsules, the removal of toxins from the bloodstream via nanosponges, use
of nanoparticles as free radical scavengers, as well as diagnostic tools such as the
use of carbon nanotubes coated with antibodies to detect cancer cells, monitor the
level of blood-borne gases, and many others. This book now extends the field of
nanotechnology and nanobiomaterials to new and exciting applications in dental
health.

Written by a group of leading experts, this book presents several important
chapters that address dental applications of nanotechnology. Periodontal disease
and tooth decay represent two of the biggest threats to dental health. Apart from
local infections of the structures around the teeth, periodontal disease has also been
linked to other health problems such as heart disease, diabetes, and respiratory
disease. Therefore, improving dental health can benefit not just one’s teeth and
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X Foreword II

gums, but also the entire body. Two chapters contained herein describe the thera-
peutic applications of nanomaterials to reduce the inflammation of the dental tissues
and promote bone regeneration. Prosthodontics is also a major focus; three chapters
relate the application of nanobiomaterials to the improvement of oral function and
appearance of patients with deficient teeth, oral, and maxillofacial tissues. Similarly,
orthodontics is covered by two chapters which address the wuse of
nanotechnology-tailored agents to combat biofilms, for example. Other chapters
delve into the application of nanomaterials to the soft inner tissue of the teeth or
pulp, the properties of advanced dental nanocomposites, and the role of nanome-
dicine in the assessment and treatment of oral biofilms, as well as diagnosis and
therapeutic drug delivery in dentistry.

The editor, Dr. Chaughule, should be commended for assembling a group of
experts from across the globe to present a comprehensive and timely book on the
dental applications of nanotechnology. The book should appeal equally to scientists
and researchers, students, and practitioners in the field. I fully expect that the
readers will find the material useful and enjoyable.

Newark, DE, USA Ajay K. Prasad
Engineering Alumni Distinguished

Professor and ChairDepartment of

Mechanical Engineering University of

Delaware

prasad @udel.edu



Preface

Nanotechnology has immense applications in almost all the fields of science and
human life. Nanoparticles constitute a crucial and technology-intensive area of
research and development in the burgeoning field of nanotechnology and
nanoscience. Scientists are exploring many research areas to understand bulk
materials at the nanoscale. Engineered nanoparticles with promising properties have
been tailored and produced on a technical scale. Nanotechnology is one of the most
popular areas of current research and has developed in multiple disciplines,
including dentistry. The foremost goal of dentistry is the rehabilitation of the
stomatognathic system. Nanotechnology-based treatment modalities like nanoma-
terials and nanorobots are finding their way in routine dental health care. Unlike
bulk materials, nano-sized particles are quite unique in nature because of the
increase in surface-to-volume ratio which alters their physical, chemical, and bio-
logical properties which trigger chemical activity with distinct crystallography.
Nanoparticles comprise a size range from 10 to 100 nm in diameter. Various
methods have been employed for the synthesis of the nanoparticles. The two
approaches mainly used are bottom-up and top-down (more details are given in the
book). The primary aim of restorative dentistry is to restore the form and function
of the tooth. The extensive range of restorative materials being manufactured
should combine innovation with long-lasting clinical success. The physical prop-
erties and handling characteristics of these restorative materials should constantly
improve with time, enabling dental professionals to meet the varying demands of
dental patients and the different requirements of practice. Nanotechnology has made
significant inroads into the fields of preventive, reconstructive, regenerative,
restorative, rehabilitative, and diagnostic domains.

I am pleased to introduce this book, “Dental Applications of Nanotechnology,”
to aspiring and working scientists, dental practitioners, and as a ready reference for
the dental students to understand the principles of nanotechnology, its applications,
and latest techniques. This book covers important topics such as pulp/periodontal
regeneration, tissue engineering, restorative dentistry, endodontics, prosthodontics,
orthodontics, and therapeutics.
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Implantable nanomaterials can be applied in various fields, such as tissue healing
and substitution, coatings for implants, tissue regeneration scaffolds, implant
materials, osseous repair, bioresorbable materials, smart materials, and diagnostic
and therapeutic devices. The chapter by Porenczuk discusses tissue engineering
processes that require cell lines, bioactive molecules, and supporting matices, such
as synthetic polymers, including bioglass, to be used as regenerative treatment
of the pulps. The use of nano-bioglass and hydroxyapatite nanocomposites in the
field of regenerative endodontics is also introduced. Periodontal regeneration leads
to the formation of new bone, cementum, and periodontal ligament on a previously
diseased root surface. Deepa and Arunkumar in their chapter discuss this issue
using various sizes of nanoparticle graft materials in the treatment of intrabony
defects, bone regeneration around implants, and its role in tissue engineering.
Recent developments in nanomaterials and nanotechnology have provided a
promising insight into the commercial applications of nanomaterials in the man-
agement of periodontal diseases. The Chapter by Arjunkumar discusses the various
ways in which nanotechnology has influenced the field of periodontics, in the form
of nanodentifrices, dental hypersensitivity cure, drug delivery systems, antibiofilm
approaches and resolution of inflammation. Dental restorative resins are explored to
further enhance their physical and mechanical properties, as the traditional dental
materials usually show weak mechanical properties, elastic modulus, and poor
abrasion resistance. Nanomaterials are used in the preparation of nanocomposites.
These are resin-based composites with inorganic filler particles, a coupling agent,
and polymerization initiator. Chaughule et al. have synthesized the composites
using titania to show enhanced mechanical, chemical, and biological properties than
that of materials available in the market. The Chapter by Hend Mahmoud Abou El
Nasr and Makbule Bilge Akbulut shows how nanotechnology has invaded every
aspect in endodontics. This includes improvement in radiography, local anesthesia,
dentin hypersensitivity, root canal disinfection, endodontic filling materials, and
functionalization/conjugation. Regenerative endodontics and endodontic surgery
are also improved by using nanobiomaterials. Nanomaterials play an important role
in innovation and clinical technological changes in the field of prosthodontics. It is
an important branch of oral health care and rehabilitation. The chapter by Jadhav
mainly focuses on the various applications of novel nanomaterials in the field of
dentistry and the advances in nanotechnology, with a focus on promising appli-
cations in prosthodontics. Using silver nanoparticles, she has explored suitable
applications in acrylic resin, tissue conditioner, dental adhesives, dental porcelain,
dental composites, dental cements, implants, and maxillofacial prosthesis. The
chapter by Aeran and Seth illustrates that nanotechnology applied to implants also
increased osseointegration by 150%, which is quite a significant result. In their
chapter, they have discussed the applications of nanometals, nanoceramics,
nanoresin, and other nanomaterials in prosthodontics. The performance of com-
posites can also be enhanced by adding appropriate nanomaterials. Nanomaterials
have been playing a significant role in basic scientific innovation and clinical
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technological change of prosthodontics. In another chapter on prosthodontics,
Praveena and her coauthors have elucidated how bulk materials, when reduced to
the nanoscale, change the physicochemical properties of materials. They also pre-
sent comprehensive information regarding the recent advancements of nanobio-
materials with respect to removable, fixed, and maxillofacial prosthodontics and
their advantages and limitations. In addition, they have discussed the significance of
nanotechnology in the field of implant prosthodontics. Orthodontics is a field of
dentistry that deals primarily with malpositioned teeth and jaws. The chapter by
Lekhadia enlightens the application of nanotechnology in biomaterials and
biomechanics in orthodontics and its use to improve and speed up orthodontic
treatment. Another chapter on orthodontics by Batra focuses on various materials
whose properties can be modified by the application of nanoparticles, and describes
tests that can be performed to detect the physical and biological properties of the
new materials. She discusses the advantages and disadvantages of using nanopar-
ticles, and the precautions that one needs to take while researching with nanopar-
ticles. Biofilms form when bacteria adhere to surfaces in some form of watery
environment and begin to excrete a slimy, glue-like substance that can stick to
implant materials, biological tissues, etc. One promising approach to combating
these biofilms is based on nanotechnology-tailored agents. Shetty and Gupta have
explored this technique by conventional approaches that could be augmented by
interference with the factors that enable the cariogenic bacteria to escape from the
normal homeostatic mechanisms to restrict their growth in plaque and outcompete
the organisms associated with health. Further, they focus on recent research on the
creation, characterization, and evaluation of nanoparticles for the prevention or
treatment of biofilms in the oral cavity.

Nanotechnology presently faces many technical, ethical, and biological chal-
lenges. Particularly, due to their small size, nanoparticles can cause various adverse
health effects. Hence, there is a critical requirement to standardize nanotechnology-
based products and devices and improve our understanding of how to exploit the
benefits while diminishing the risks. Bhardwaj et al. have enlightened this situation
in their chapter by describing nanotechnology in depth and explain the importance
of nanoencapsulation and nanotherapeutics used in dental drug delivery systems.
Besides technology improvements, there are also risk safety assessments of crucial
interest for further developments in this field. Dental materials should be harmless
to all oral tissues, and should not contain leachable and diffusible toxic substances,
which could pass into circulatory system and contribute to systemic toxicity
responses. The chapter by Dragana et al. deals with the construction and physical
characteristics, biocompatibility, bioactivity, and biofunctionality of new materials
based on active silicate systems and hydroxyapatite. They have suggested the use of
endodontic cement based on dicalcium and tricalcium silicate and hydroxyapatite
for further clinical trials.

The editor wishes to thank all the distinguished and expert contributors for their
enthusiastic participation in this endeavor. I am confident that the book will serve as
a valuable guide for researchers and students of dentistry, materials engineering,
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bioengineering, and medicine. Support from Dr. Suhas Pednekar, Principal,
Ramnarain Ruia College, Mumbai, and my family members is gratefully
acknowledged. Last but not least, the editor sincerely thanks the Springer staff for
showing faith in bringing out this book to their expectations.

Mumbai, India Ramesh S. Chaughule
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Chapter 1 ®)
Nano-materials in Regenerative Pulp e
Treatment

Alicja Porenczuk

1.1 The Construction of Tooth’s Tissues

Tooth’s hard tissues, such as enamel and dentin, are built of both the organic and
inorganic compounds, the latter made of a basic unit called a hydroxyapatite (HPA;
general chemical structure Ca;o(OH),(POy4)¢). HPA and its derivatives, such as flu-
orohydroxyapatite (FHA; general chemical structure [Cas(PO4);OH,_,F,] and car-
bonate hydroxyapatite (CHA)), make the most of the enamel’s structure. Although
the chemical composition of the enamel’s HPA is like the one forming bone, it con-
tains less carbonates, sodium and magnesium, and forms needle-like crystal network
[1]. The enamel is unique, as it is the only epithelial-derived calcified tissue in ver-
tebrates. Its hardness, resulting from a high mineral content, sets between iron and
carbon steel, yet its elasticity is higher than that [1]. Dentin is a complex, bone-like
structure forming the bulk of the tooth. It is much softer and more elastic than the
enamel due to a high protein content (20-30 wt%), most of which is collagen type I
followed by non-collagenous proteins and proteoglycans [1, 2]. The non-collagenous
proteins (phosphorylated and non-phosphorylated matrix proteins, proteoglycans,
metalloproteinases) and growth factors (transforming growth factor beta 1 (TGF
B1), fibroblast growth factor (FGF-2), insulin-like growth factor (IGF-I), IGF-II,
platelet-derived growth factor (PDGF), vascular endothelial growth factor (VEGF),
LIM mineralization protein 1 (LMP-1)) are considered to be important in dentin’s
both mineralization and remineralization processes [3—5]. Dentin and enamel are
bound at the dentin—enamel junction (DEJ) [2]. The enamel protects the tooth from
the occlusal forces, whereas dentin’s elasticity protects hard, yet brittle, enamel from
crashing under them. Dentin’s inner structure is formed by closely packed 18,000
and 21,000 tubules/mm? dentinal tubules, the diameter of which varies between 2
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and 4 wm [2]. The dentinal tubules are more numerous in the inner third layer than
the outer third layer of the tissue. Dentin’s layer close to DEJ is called mantle dentin,
and though it is less mineralized than the rest of the tissue, its elasticity protects the
overlying enamel from detaching from DEJ [2, 6]. The inner, or circumpulpal, dentin
makes the bulk of the tissue and is composed of intertubular and peritubular dentin.
The thickness of this layer continuously increases (4 mm/day) at the expense of the
space initially occupied by the pulp. When demineralized, the intertubular dentin
reveals a dense collagenous network, whereas the peritubular dentin shows a thin
network of non-collagenous proteins and phospholipids [2].

Dentin’s formation is proceeded by the odontoblasts and depends on the stage of
tooth’s development and its response to various stimuli [2]. A tight linkage between
the pulpal cells and the dentin makes it clear why in the literature they are referred to
as “the dentin—pulp complex.” The secondary dentin, formed throughout the tooth’s
lifetime, can be physiological, related to the normal aging process, and/or patholog-
ical, deposed as a mechanical barrier during carious attack or non-carious injuries.
In the last two cases, the deposed barrier (it is also known as the tertiary or reac-
tionary dentin) lacks the phosphorylated proteins [2]. The presence of reactionary
dentin may be related to both the virulence of the bacteria, speed of carious process
and/or to chemical irritation caused by dental materials. The interactions between the
dentin—pulp complex and dental materials may be influenced by both the materials’
features, such as chemical structure, composition, and concentration of any eluted
components or degradation products, and the cells’ response to them. Nowadays,
the attention is paid to the understanding of how dental materials may contribute to
the regenerative processes of the caries-affected tissues. There are numerous studies
focused on their cytotoxicity, and so, for example, zinc oxide/eugenol (ZOE) may
cause a severe pulp irritation [7]. Also, approximately 40% of teeth reconstructed
with the amalgam fillings manifest moderate to severe pulp inflammation, compared
to 24-48% filled with composite polymer resins [8]. Even the materials regarded as
biocompatible, such as glass-ionomer cements (GICs) or calcium hydroxide (CH),
can affect the pulpal cells’ vitality. Accorinte et al. proved that even the most widely
used pulp-capping materials, such as CH and/or mineral trioxide aggregate (MTA),
could induce chronic pulp inflammation attributable to their high pH, even though the
tissue bridge was eventually created [9]. The cytotoxicity of GICs is still a subject of
a dispute, as they may decrease the number of pulpal cells by approximately 32.5%
and their metabolism by 42.5% [10].

1.2 Caries

Tooth decay is an infectious disease caused by acid-producing bacteria and their
metabolism products. Its occurrence and development were once attributed to low
socioeconomic status in developing countries, resulting from the lack of effective
medical care and prophylaxis programs, yet at present this has been redeployed to
industrial, wealthy communities, such as the USA or Norway, where tooth decay is



1 Nano-materials in Regenerative Pulp Treatment 3

rapidly evolving, especially in children [11]. It is a well-known fact that a coexistence
of three factors, such as cariogenic diet rich in fermentable sugars, bacteria biofilm
on the tooth’s surfaces, and the individual susceptibility, favors caries incidence [11].
Recent findings from the Human Microbiome Project showed that dental caries is
related to bacteria shift in the biofilm composition [12]. Along with frequent sugars
uptake, the ecology of the dental plaque moves towards more acidic-tolerant species.
A novel approach states that the biofilm accumulated on tooth’s surfaces contains
both harmless and cariogenic species. The occurrence of specific conditions, such
as dramatic fluctuations in nutrient availability, pH, oxygen tension, and osmolality,
would dictate the transition between the species and their virulence [13, 14]. The
environmental stress provokes bacteria responses to biofilm formation, competence
development, and acid tolerance. The co-regulation processes are regulated by a
set of two components—a kinase able to sense the bacterial environment, which is
activated by an auto-phosphorylation, and the response regulator that modulates gene
expression at one or more promoter sites [14]. Although little is still known about the
etiology and role of each species in caries development, three major values decide
upon its incidence—adhesion, or effective competitiveness in the biofilm, ability to
produce acids, and acid tolerance [14]. It is a well-known fact that Streptococcus (S.)
spp. is responsible for the initiation of the carious process, with S. mutans being the
pioneer bacteria associated with its onset. S. sobrinus plays an important role in caries
development, as it produces more acids than S. mutans [13]. Further progression
and maturation of the carious lesions are caused by Lactobacillus spp., whereas
root caries development is promoted by acidophilic and aciduric Actinomyces spp.,
Atopobium spp., Olsenella spp., Pseudoramibacter spp., Propionibacterium spp.,
and Selenomonas spp. [15].

Remaining dentin thickness (RDT) is defined as the amount of healthy dentin
separating the bottom of the carious lesion from the pulp. With the decrease in this
distance, the permeability of the remaining dentin increases [ 16, 17]. The dentin’s per-
meability plays an important role, as the bacteria and chemical agents may penetrate
through the opened dentinal tubuli causing the cells irritation. Dentin’s tubular struc-
ture decides upon its permeability to bacteria and their toxic products of metabolism.
As the dentinal tubuli number increases toward the pulp chamber, the acidic irritation
may evoke the pulp inflammation or necrosis. Pulp’s biological response to various
stimuli or injury is dependent on the existing cell population. Dentin matrix contains
a wide range of bioactive molecules with potent cell signaling properties, which may
be released into the pulp during injury [18]. At the end of the twentieth century,
Roberts-Clark and Smith speculated that the presence of angiogenic growth fac-
tors, such as the platelet-derived growth factor (PDGF-AB) and vascular endothelial
growth factor (VEGF), may stimulate new capillary formation in the injured sites
[19]. This has been confirmed by other studies indicating that the pulpal cells would
secrete large amounts of PDGF-AB, VEGF, and fibroblast growth factor 2 (FGF-
2), and this process could be stimulated by HEMA present in polymer restorative
resins [20]. However, the role and depth of RDT during restorative treatment, and
the influence of applied materials in terms of their distance from the pulp, have
been a controversy. A layer of RDT < 3 mm is believed to be the pulp’s critical
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barrier when the total-etch bonding agents are applied [10]. For example, the usage
of the resin-modified liners, such as Vitrebond™ (3M ESPE, St. Paul, MN, USA)
or Ultra-Blend™ plus (Ultradent Products, Inc., South Jordan, UT, USA), caused no
inflammation or tissue disorganization, even with the RDT = 272 pm [10]. In other
study, the cells’ injury was observed in 33.7% when the RDT = 0.5-0.01 mm [17].

1.3 Fluoride and Remineralization Process

The term “remineralization” refers to a process of carious tissue repair induced
by a continuous flow of fluoride, calcium, and phosphates ions between the oral
fluids and the tissues. The HPA’s solubility depends on the level of calcium and
phosphate ions, present in both the tooth’s structures and the saliva. The mutual
ionic flow in the environment, regulated by pH fluctuations during the acidic attack,
may contribute to the onset of the enamel decay. When the pH value returns to
neutral, the ions incorporation into the tooth’s tissues promotes a process called
recrystallization, which can repair the damaged site at the very early stage [11,
12, 21]. Fluoride is one of the most electronegative elements and, when ionized, is
highly attractive to the hydroxyl ions building the HPA. Calcium fluoride serves as a
reservoir of fluoride and is only decomposed in very low pH. Since the electrostatic
forces are higher for combined calcium and fluoride ions than for calcium and the
hydroxyl ions, the first combination provides better physical-chemical stability of the
crystalline network. Therefore, the acidic solubility of FHA is lower than the HPA’s
[11]. Although high amounts of fluoride within the carious-affected tissues seem to be
crucial for the remineralization process, it was proved that frequent exposures to small
amounts of fluoride protect dental tissues even better. Even a minor (0.03-0.11 ppm)
increase of fluoride ions in the oral cavity through fluoride slow-release devices
would reduce adult caries imminence by 64% [21]. The same result can be obtained
through periodic topical fluoride gel applications or providing bioactive restorations
freeing small amounts of fluoride ions at a constant level [22].

1.4 Minimally Invasive Dentistry

Minimally invasive dentistry (MID) involves ultraconservative, atraumatic carious
tissue removal. The direct cavity excavation, meaning complete caries removal, bears
the risk of the pulp exposure and need for the endodontic treatment. The discolored
dentin left at the bottom of the cavity, demineralized yet hard in clinical inspection,
may undergo remineralization if the cavity is completely sealed off the outer environ-
ment (Fig. 1.1). Thus, the bacteria remnants in the infected tissue have no conditions
for further development, and the progression of the lesion is stopped [23, 24]. Deep
cavities preparation bears the risk of implementing of the endodontic treatment, in
which the inflamed pulp is removed and the system of the root canals is cleaned,
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Fig. 1.1 Selection criteria
for the IPT procedures

Clinical examination

psence of clinical symptoms of

irreversible pulpitis, e.g. presence
of fistula, enhanced tooth mobility,
intrinsic pain, positive percussion
test

= IPT

shaped, and filled with biologically inert material. The idea of leaving partially dem-
ineralized tissue in the cavity is supported by the fact that the bacteria persisting
in the cavity are sealed off the nutrients delivery. The minimally invasive therapies
of deep carious lesions involve an indirect pulp treatment (IPT), in which the bulk
of the caries-affected dentin is removed and the demineralized dentin is left at the
bottom. The IPT is divided into two other procedures—a one-sitting partial removal
and stepwise excavation. In the stepwise excavation, the carious tissue is removed in
one sitting and the cavity is temporarily restored with a biologically active material.
At the interval, the temporary restoration and the remnants of the carious tissue are
removed and the cavity is sealed with a permanent filling.

Studies on the efficiency of the IPT procedures show success rates varying from
69 to 97% [24-28]. The MID strategy involves also the usage of remineralizing
materials, which would promote the repair process within the cavity. The CH and/or
MTA, thanks to their chelating ability and high pH, can extract bioactive proteins
and the metalloproteinases metallo proteinases (MMPs) from dentin. Acidic agents,
such as GICs and their derivatives, dentin adhesive systems, can also induce this
process. The extracted biomolecules are involved in cell signaling and differentiation,
which lead to the extracellular matrix deposition and mineralization. Therefore, the
remineralization process of the demineralized dentin may be reached through the
biomaterials application in the cavity. Protection of the pulp—dentin complex against
irritants is done with dental materials called liners or sealers. One of the most studied
and recommended for application in deep carious lesions is the CH liner [29, 30].
Chisini et al. have shown that the majority of Brazilian dentists used the CH as
first-choice material for direct (86.3%) and indirect (80.3%) pulp protection [31].
The stepwise excavation using CH cement as liner showed clinical and radiological
success, even after 4 years of observation [32]. However, the CH cement cannot
adhere to dentin and is hydrolytically degradable over time, leaving empty spaces
underneath the restoration [33]. Moreover, it may induce mild to severe inflammation
of the cells adjacent to the application site [34, 35] and may lead to an incompetent
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dentin bridge formation containing tunnel defects (patency sites leading from the
exposure through the reparative dentin to the pulp, sometimes with fibroblasts and
capillaries present within the defect) [36]. Pereira et al. compared the short-term
usage of CH liner to the GICs in the stepwise excavation and have observed that
a provisional GIC restoration delivered darker, harder, drier, and less contaminated
dentin than the CH liner [37]. The GICs, due to high content of released and recharged
fluoride ions, are effective in dentin remineralization, yet their limited mechanical
features make them only temporary restorations. Another material used in MID
therapies, and endodontic treatment, is the MTA cement, which is made of powder
(70% of the Portland cement, approximately 20% bismuth oxide and 5% of gypsum)
[38]. It appears in two states—the white and the gray cement. The gray MTA is
dedicated to heavy load sites, as it is built of 1-10 wm powder particles. However,
due to the unaesthetic grayish color, it should not be used in the aesthetic zone
[39, 40]. The white MTA lacks the tetracalcium aluminoferrite, and the powder
particles are smaller than the gray MTA (1-30 wm). Therefore, it is more aesthetically
acceptable, yet at the cost of the physical properties [41, 42]. Generally, all types
of the MTA are hydrophilic in nature and need water for setting [43]. The mean
setting time is 165 min, which means that the restoration must be divided into two
separate appointments [44]. Also, the application is quite problem-making for the
clinicians [40]. The morphology of joint of the MTA cement to dentin is close to
the hybrid layer, with tag-like structures of the cement infiltrating deep into the
tissue. Therefore, it can be rated as the biofixation [43]. The comparison in the
efficiency of clinical usage of the white MTA and the CH liner showed that MTA
produced significantly thicker dentin bridge and caused less inflammation in a 90-
days observation period than the CH [34, 35]. The direct pulp capping with the
MTA was found to be more reliable, with less inflammation signs and predictable
dentin bridge formation [30]. Kundzina et al. have observed the 85% success rate
in direct pulp capping with the MTA, yet no significance between the MTA and the
CH liner application and the postoperative pain’s occurrence [45]. Elshamy et al.
proved that the antibacterial activity of MTA was significantly higher than the CH
liner, especially against L. acidophilus [46]. In the overall evaluation, the MTA was
found to be less costly, as the further retreatments were avoided [47].

Recent advances in dental materials sciences aim at introducing bioactive mate-
rials ready to induce biomineralization, bear heavy occlusal loads, and behave dif-
ferently depending on the situation. Biodentine (Septodont, Saint Maur des Fossées,
France) is a restorative material based on calcium silicates. It can be used as a dentin
substitute, due to high physical properties and bioactivity [48, 49]. It comprises
an encapsulated powder and a liquid. The powder is tricalcium and dicalcium sili-
cates (3Ca0-SiO,; 2Ca0-Si0,) and calcium carbonate (CaCOs3), whereas the liquid
consists of calcium chloride (CaCl, * 2H,0) and a hydro-soluble polymer [50].
The application of the material into the cavity is done with a spatula, without any
additional preparation. Biodentine’s application is particularly needed in the IPT
techniques. Serving as the dentin’s replacement, it should be partially removed after
the control time, with the rest of the material left as a liner. Koubi et al. observed that
Biodentine was suitable for posterior teeth restoration for up to 6 months [51]. The
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operating time is longer for Biodentine than for GICs [51]. In their studies, Nowicka
et al. and Tran et al. compared Biodentine and the MTA cements, and have proved
that they both were similarly effective in the cell proliferation induction. Moreover,
the clinical application of both materials resulted in a homogenous dentin bridge for-
mation over directly exposed pulp [29, 48]. However, it was revealed that Biodentine
should not be used as a dentin replacement under a polymer restoration, as leakage
was detected [50]. Also, when acid etched, significant changes to its structure and a
lower calcium to silicon ratio would occur [48]. It may be freely used as a baseline
under GIC restorations, though. Biodentine showed a high washout and resorption
values, and the addition of admixtures seemed to affect the physical properties of the
material [52].

1.5 Characteristics of Dental Biomaterials

Biomineralization is the process of minerals deposition within or outside of the
cells [53]. Dental materials capable of bonding to the tooth’s tissues and inducing
repair are called the biomaterials. Bioactivity is defined as the material’s ability to
adhere to the living tissue [54]. After placement, the chemical interaction between the
biomaterial’s surface and the tissue’s compounds takes place—this process is called
a “bioactive fixation” [3]. Biomaterials in dentistry include bioceramics divided into
a large area of other subjects, e.g., glass ceramics, silica-based glass (popularly
called the bioglass), zirconia, alumina, titania [55]. Generally, they are described
as bioactive, biocompatible, and resorbable. The bioglass, which is the most widely
used biomaterial, can form FHA crystals, thus inducing biomineralization. Moreover,
this process proved to be thermodynamically stable at the physiological pH, which,
in case of pulpal cells irritation caused by caries, may be decisive upon their survival.
The ratio of calcium to phosphorus in bioglass is stable in body fluids, which decides
on its prolonged bioactivity and resistance to being chemically interfered [55].

The involvement of both the life sciences and the engineering in medicine to
provide solutions for the damaged tissues’ repair or improvement is called tissue
engineering [56]. This area of medicine covers usage of isolated cells or their substi-
tutes, growth factors, and/or scaffolds (membranes, bases), on which the new tissue
could be developed [57]. The idea of creating a biologically active material that
would contain all substituents indispensable for the cells adhesion and cultivation
on its surface arose. The tissue engineering together with the regenerative medicine
(TERM) determines the involvement of material science research aimed at obtaining
a material that would be biocompatible and easily degradable, without leaving any
toxic remnants [58]. The regenerative endodontics is one of the TERM’s areas of
interest and is aimed at reparation of the pulp—dentin complex [59]. Even though
most of the synthesis methods are still on the verge of science fiction, some of the
created materials were stable enough to find their place in a clinical practice. For
instance, barrier membranes are used in periodontal surgery, particularly to support
the periodontal tissues regeneration by blocking the epithelial cells migration to
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Table 1.1 Comparison of polymer scaffolds’ characteristics

Advantages of different types of scaffolds

Natural polymers

Synthetic polymers

Very high biocompatibility

High biocompatibility

Support cell attachment, migration, and
proliferation

Support cell attachment, migration, and
proliferation

Can be functionalized with bioactive
molecules, e.g., growth factors

Naturally possess cells-to-scaffold binding
ligands (Arg-Gly-Asp (ROD) binding
sequences)

Require incorporation of cells-to-scaffold
ligands

Mimic the natural substrates needed for cell
functioning

Allows cells to attach, grow, and differentiate

Complete bioresorbability

Some, but not all, are biodegradable
Various degradation kinetics

Graft acceptance

High risk of rejection due to reduced
bioactivity

Limited application in load-bearing sites

Can be used in load-bearing sites

High elasticity

High stiffness (brittleness)

Easy to shape for implantation

Difficult to shape for implantation

Difficult to provide homogenous structure

Fabricated in predetermined shapes and

composition
Fabrication ability to provide mesoporous
scaffold

the operated site. Smart bioactive materials are used in the restorative dentistry and
enhance the remineralization process through stimulating of the ionic flow. Since
the chemical structure of HPA is close to the bone, the studies on its exploitation
in TERM evolved, leading to the usage of bioactive scaffolds in bone regeneration,
especially in orthopedics [11, 57].

TERM provides tissue regeneration via cells application into the damaged sites.
The foundation (scaffold) acts as a template for the cells to adhere and proliferate,
thus providing the healing effect. The bioactive particles are dispersed in the scaffold,
which, in this case, acts as a 3D network for all the biological actions. The scaffolds
may be either natural or synthetic polymers. Their properties are depicted in Table 1.1
[60-64].

The scaffolds need to be porous so as to facilitate the water flow through them and
enable the ions liberation, cells migration and proliferation as well as its vascular-
ization in the tissue [62]. The porosity should also facilitate the flow of the nutrients
to the cells and their waste products out of the scaffold site. The density and size
of the pores are determined by the specific surface area, in which the cells adhere.
Large pores are crucial for the cells to adhere to the cells-to-scaffold binding ligands
and, simultaneously, small enough to establish a high specific surface, with a mini-
mal ligand density to allow efficient binding of a critical number of cells [64]. The
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scaffolds should also possess properties that determine their application in TERM,
among which the biocompatibility, biodegradability, and mechanical strength ade-
quate to usage are required [58]. There are various types of scaffolds used in TERM.
Biomaterials, ceramics, natural and synthetic polymers may be distinguished in this
area. All of them possess different properties, which allow them to be used in spe-
cific situations. Due to high mechanical properties, ceramic scaffolds such as HAP
and tricalcium phosphate (TCP) are mostly used for bone regeneration procedures,
whereas the biological materials are useful in all situations where an excellent cell
adhesion and growth are required.

1.6 Nano-materials

The term “nano-materials” refers to materials built of nano-sized (1-100 nm) par-
ticles, thus possessing different properties from their normal-size equivalents. In
restorative dentistry, these include nano-hydroxyapatite (nano-HPA) composites,
nano-bioactive glass (nano-BAG) composites.

1.6.1 Nano-hydroxyapatite (Nano-HPA)

The mechanical properties of HPA make it inapplicable for bearing heavy mechanical
loads, e.g., orthopedic appliances [65]. Nano-hydroxyapatite (nano-HPA) powders
possess improved sinterability and enhanced densification, which may improve their
physical properties [57]. Along with the biocompatibility, their bioactivity level
was described as being higher than their coarser equivalents [66]. The synthesis
of multiform nano-HPA is technically challenging and may require using various
methods, which are depicted in Fig. 1.2.

To mediate and control the nucleation, growth, and the stability of
the nano-crystals, various precipitants are used, among which citrates (cal-
cium/citrate/phosphate solutions), acidic amino acids, and ethylenediamine
tetraacetic acid (EDTA) stand out [67, 68]. The nano-HPA powder particles or
nano-HPA nano-fibers (60-600 nm), in most cases obtained through electrospin-
ning, had a positive impact on the polymer composites’ properties. Their addition
enhanced the polymers’ mechanical stability, collagen-supported cell proliferation
and provided a substrate (nano-HPA’s surface) for the mineralization process [55, 69].
The nano-HPA particles dispersed on the surfaces of various scaffolds, e.g., poly(3-
hydroxybutyrate) (PHB), showed interesting morphology, with the bioglass sticking
out of the nano-HPA nano-fibers (spindle-like morphology) [55, 70]. The morphol-
ogy of the nano-HPA-PHB complex was rough enough to induce the cell attachment
and their further mineralizing activity [55]. In other studies, where the nano-HPA
particles were attributed on biodegradable scaffolds such as the collagen, poly(lactic-
co-glycolic acid) (PLGA) or collagen—polycaprolactone (PCL), their addition was
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Fig. 1.2 Methods of synthesis of nano-HPA

beneficial, as the mineralization taking place on their surfaces increased the bioac-
tivity of the whole scaffold [55, 71, 72].

1.6.2 Nano-bioactive glass (Nano-BAG)

Bioactive glass was developed as an inhibitor for the interfacial mobility of the
implant inserted into the vivid tissue [73]. The first material containing bioglass,
introduced by Hench in 1969 and further ameliorated in 1991, is called Bioglass
4585 (chemical composition: 45 wt% SiO,, 24.4 wt% Ca0, 24.5 wt% Na,0, 6 wt%
P,0s) [60, 73]. Its synthesis had a revolutionary response, as it was easily interacting
with the living tissue. Founded by the United States Army Medical Research and
Development Command, the novel material’s usefulness in quick rehabilitation of
the wounded soldiers was undisputable. Hench proved that a bioglass of a chemical
characteristic of Si0,-Ca0-Na,O-P,05 could biologically bond to the living tissue.
At first, the requirements placed before the bioactive materials were the biocompat-
ibility and non-toxicity of their derivatives or degradation products. Shortly, making
usage of the remineralizing properties of the bioglass, resulting from the calcium and
phosphorous content, became a primary goal for many scientists. Novel mesoporous
bioglass particles possess similar chemical characteristics as their predecessor, yet
due to the mesoporous structure, large surface area, and high porosity, they are far
more bioactive [74].

The bioactivity can be measured with a bioactivity index (BI), which divides the
bioglass materials into four separate categories (Fig. 1.3). At first, it was believed that
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The bioactivity index (BI)
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Fig. 1.3 A schematic division of the nano-BAG materials

the bioglass material should release phosphorous for the mineralization process to
occur. Lately, it is been stated that the bioglass composed of only the SiO,-CaO-Na,O
would exhibit spectacular remineralizing potential, even with SiO, to up to 85 mol%
[75]. Generally, the bioglass’ bioactivity remains unchanged, even if the CaO would
be replaced by MgO or CaF, and/or Na,O would be replaced by K,O. However,
the addition of fluoride, which is indispensable in the remineralization process,
decreases solubility and shifts the material’s position in “A—C” categories. The addi-
tion of multi-covalent cations shrinks the “A” category and may completely inhibit
the material’s bioactivity.

In order to obtain the desired adhesion of the bioglass material to the bone, a
layer of CHA must be formed on the surface of the implanted material. The ability
to form this layer results from the bioglass reactivity, which may be divided into
phases (Fig. 1.4). The amorphous layer built of calcium phosphates and later crys-
tallized forms the apatite layer able to induce the biofixation [76]. The kinetics of the
glass filler dissolution is strictly dependent on its chemical structure and individual
elements content [77]. The research conducted on the bioglass dissolution and its
ability to release fluoride ions has implied that materials containing up to 15% of
fluoride would be more effective in HPA formation than the ones with higher fluoride
content [77, 78]. High concentrations of calcium and phosphates ions may lead to the
amorphous calcium phosphate formation. The remineralizing potential of bioglass
is decreased in contact with serum proteins [77].

The apatite formation on the scaffolds’ surfaces may both improve the cell-to-cell,
scaffold—cell, and scaffold—tissue interactions. The adhesive zone created on the scaf-
fold’s surface helps to withstand most of the mechanical forces acting on it. Recent
reports have indicated that the development of nano-bioactive glass (nano-BAG)

particles can improve the absorption of the remineralizing ions and enhance the
mechanical properties of all bioglass materials [79]. The nano-BAG (20-30 nm) can
be obtained in a sol-gel method [61]. Foroughi et al., using the electrospinning tech-
nique, synthesized a nano-composite comprising of 9 wt% polyhydroxybutyrate, 10,



12 A. Porenczuk

Pr;trt::: ::::1:290 The pH rise enables
dissolution of the
physiological medium network and forming

g;‘“’ ;“é{";:?“é:ﬂ‘_ of additional silanol
Mg** ions : greeps

Condensation of the
adjacent Si-OH groups
polymerizes the SiO,
rich layers

Fig. 1.4 A schematic presentation of the CHA layer formation on the bioactive material’s surface

15, and 20 wt% chitosan, and 7.5, 10, and 15 wt% nano-BAG (35-55 nm). The uni-
form morphology of the obtained nano-BAG fibers has led to a significant enhance-
ment of the tensile strength (3.42 MPa), which was even four times greater than the
control sample [79]. Due to their high surface energy and ability to move toward the
direction of stretching, the nano-BAG particles would act as temporary cross-links
and, thus, enhance the scaffold’s mechanical features. It may seem that along with the
increasing level of the nano-BAG in the material, the physical endurance would be
higher; thus, higher levels of the added nanoparticles should be favorable. However,
high amount of the nano-BAG particles (15 wt%) has led to their agglomeration on
the scaffold’s surface and formation of the stress points, which weakened the material
[79]. The most suitable amount of the nano-BAG added to the scaffold was set to
be 10 wt%, as the rising nanoparticles content had a significant impact on Young’s
modulus, leading to a decrease in the scaffold’s flexibility [79].

The porosity of the scaffold plays a crucial role in the cells migration and pro-
liferation on its surface. The pores enable vascularization of the scaffold and its
integration with the tissue [61, 79]. Establishing of how much nano-BAG should be
added to the scaffold so as not to have a great impact on the porosity is thus essential.
Foroughi et al. showed that 15 wt% of the nano-BAG enrichment resulted in larger
pores. However, the overall porosity was low, as the agglomeration of the nano-BAG
occurred [79]. Maji et al. have determined that along with the increase in the wt%
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of the nano-BAG in the scaffold, the pore sizes diminished and their shape became
irregular [61].

As the nanoparticles possess different properties from their normal-sized ana-
logues, both the chemical and physical properties can be boosted up to the desired
level. The chosen BAG biomaterials’ characteristics and application are presented
in Table 1.2. Maji et al. have added 30 wt% of nano-BAG particles into a natural
biopolymer-based composite scaffold and have obtained a maximum compressive
strength of 2.2 £ 0.1 MPa, hydrophilicity and biodegradability. Their material was
also non-toxic and supported the mesenchymal cell attachment, proliferation, and
differentiation, which were confirmed in various cytotoxicity assays (MTT, RUNX-2
expression). The authors speculated that the material’s stability in aqueous environ-
ment could have been obtained through the chemical interactions between the gelatin,
chitosan, and silica phases compounds [61].

As the nano-BAG is known for its proliferation enhancement ability, it may be
necessary to specify its properties before application. Moorthi et al. put an effort to
investigate the nano-BAG particles with various amounts of CaO and SiO; ratio and
their role on the osteoblast proliferation. They found out that the nano-BAG material
(§810,-Ca0-P,05; mol% ~70:25:5) stimulated the osteoblast proliferation and pro-
moted more cells to enter G2/M cell cycle phase than the other nano-BAG material
(§810,-Ca0-P,05; mol% ~64:31:5) [80]. Thanks to that, the nano-BAG proved to be
suitable for orthopedic and periodontal tissue engineering applications [81].

The nano-BAG incorporation into the conventional GIC structure was introduced,
so as to combine the remineralizing potential of both the glass filler from GICs and
the nano-BAG. Moreover, it was suspected that an enhancement in both the biolog-
ical and mechanical properties could be obtained through the nano-BAG addition.
Only 10-30 wt% of the nano-BAG particles are recommended to be added to a
GIC powder, as it was observed that the higher nano-BAG particles content, the
lower was the compressive strength. This could have resulted from the reduction
of Al* ions content in the GIC powder when replaced with the nano-BAG particles
[82]. Kim et al. speculated that nano-BAG addition to a conventional GIC structure
would increase the surface area and, thus, enhance the biomineralization capability.
The investigation of mechanical and biological properties of nano-BAG particles
(amorphous and spherical in shape, 42 nm in diameter, 5 wt%) incorporated into
the conventional GIC revealed that the enhanced material manifested similar curing
time as the conventional GIC (6 min.) and a minimal weight loss over 28 days of
the observation period. The cytotoxicity of this material was tested on the immor-
talized human dental pulp stem cell line (ihDPSC) using the MTS assay and the
alizarin red staining. Both tests confirmed no significant differences in cytotoxicity
of this material and revealed the presence of the mineralized nodules. The material
has also shown good biological surface activity, which resulted in high biomineral-
ization capacity, mechanical properties, such as compressive (200.1 £ 15.9 MPa),
diametral tensile (11.3 4+ 1.9 MPa), and flexural strengths (24.2 + 2.2 MPa) [82].
To compare the nano-BAG-enhanced GIC cements, the material comprising of a
conventional GIC powder enriched with synthesized nano-ceramic particles (nano-
HPA combined with nano-fluoroapatite and N-vinylpyrrolidone) was investigated. In
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their study, Moshaverinia et al. proved that after 24 h of setting, the diametral tensile
and biaxial flexural strengths of the modified glass-ionomer cements exhibited higher
compressive (184 MPa), diametral tensile (22 MPa), and flexural strengths (33 MPa),
as compared to the control group [83]. In a similar study where the nano-HPA/nano-
fluoroapatite were added to the conventional GIC, the improved cements exhibited
relevantly higher compressive (177-179 MPa), diametral tensile (19-20 MPa), and
biaxial flexural strengths (26-28 MPa) as compared to the control group (160 MPa
in compressive strength, 14 MPa in diametral tensile strength, and 18 MPa in biaxial
flexural strength). What’s more, their bond strengths to dentin were higher after 7
and 30 days of storage in distilled water [84]. The composition of the nano-BAG
(chemical composition close to Bioglass 45S5: 46.08 wt% SiO,, 22.96 wt% Na,0,
27.18 wt% CaO, 3.77 wt% P,Os, particle size 30-50 nm) and chitosan resulted in a
more intensive calcium and phosphorous release with subsequent formation of the a
HPA layer (thickness of ~1.2—-0.2 pwm). The nano-BAG incorporation into chitosan
has also inclined its hydrophobic character to hydrophilic [85, 86]. The conclusion
from these reports clearly states that the nano-BAG addition to different materi-
als would enhance their mechanical properties. The calcium ions concentration on
nano-BAG-enhanced membranes in the presence of the human periodontal ligament
cells was relevantly higher than bare chitosan composite membranes, suggesting
that inorganic particles would let out high levels of the remineralizing ions [87]. In
comparison with the nano-HPA particles set in chitosan membranes, the addition
of nano-HPA would decrease both the tensile strength and elongation at failure, but
increased the elastic modulus. These membranes were much more flexible under wet
conditions, compared to chitosan/nano-BAG membranes [88].

Xu et al. have successfully prepared a composite scaffold with a controlled micro-
pattern, nano-sized fiber matrix (500-1000 nm), and surface-modified nano-BAG
component (approximately 30 nm) for wound healing. The composite scaffold con-
sisted of akermanite (Ca, Mg, and Si-containing bioceramic stimulating angiogen-
esis), and the nano-bioactive glass particles were deposited on the surface of the
fibers through pulsed laser deposition technique [89, 90]. The authors claimed that
the hydrophilicity of dense scaffolds could be increased by placing hydrophilic inor-
ganic nano-sized particles on their surfaces. The process of coating of the scaffold
with nano-BAG through pulsed laser deposition technique led to a hydrophobic-to-
hydrophilic transition of the scaffold, which then released most of the Ca, Mg, and Si
ions during the first 24 h of the immersion period. Their material manifested a wound
healing ratio of 95%, significantly higher than the control (76%) within 11 days. Their
results indicated that not only was the material useful at accelerating wound healing,
but also improved the quality of the produced tissue through enhanced angiogenesis
[89].
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1.7 Summary

The acidic activity of the carious bacteria may cause a severe damage or death
of the primary pulp cells—the odontoblasts. The severity of this damage depends
on the bacteria shift in the biofilm and their virulence. The remaining pulpal cells
are able to migrate to the damaged site and differentiate into the odontoblast-like
cells, possessing the ability of the dentin components secretion. Thus, reparation
of the damaged carious lesion can be gained. A minimally invasive dentistry aims
at preserving as much tissues as possible through the carious-affected tissue partial
removal and application of bioactive materials ready to induce the remineralization
process within the cavity. The tissue engineering and regenerative medicine require
the presence of main components—an appropriate cell line, bioactive molecules, and
supporting matrices. The latter, called scaffolds, may be either natural or synthetic
polymers or bioceramics, including bioglass. At present, the nano-bioactive glass and
nano-hydroxyapatite are in the spectrum of scientific research. They were proven to
be biocompatible to different cell lines. Moreover, their addition to scaffolds can
enhance their mechanical properties. Their usage in regenerative dentistry is thus
promising.
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Chapter 2 ®)
Nanobiomaterials and Their Role Geda
in Periodontal Rehabilitation

D. Deepa and K. V. Arunkumar

2.1 Introduction

2.1.1 Brief Introduction of Nanotechnology in Periodontics

Scientists in the field of regenerative medicine and tissue engineering are continu-
ally in quest of new ways to apply the principles of cell transplantation, material
science, and bioengineering to construct biological substitutes that will restore and
maintain normal function in diseased and injured tissues. The regenerative treatment
of periodontal defects with grafts, or procedure, has attracted enormous attention
from material scientists and also from both private and government organizations
because of its considerable financial potential and scientific significance. One of the
emerging areas is tissue engineering that seeks to develop techniques and materials
to aid in the formation of new tissues to replace damaged tissues. The definitive goal
in periodontal therapy is creation of an environment that is conducive to maintaining
the patient dentition in health, comfort, and function [1]. Periodontal surgery as a part
of treatment of periodontal disease is mainly performed to gain access to diseased
areas for adequate cleaning, achieve pocket reduction or elimination and to restore
periodontal tissues loss as a consequence of disease process. The shift in therapeutic
concepts from resection to regeneration has significantly impacted the practice of
periodontology in the recent times. Periodontal regeneration leads to the formation
of new bone, cementum, and periodontal ligament on a previously diseased root sur-
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face. It requires a sequence of biological events including cell adhesion, mitogenesis,
chemotaxis, differentiation, and metabolism. Bone grafts provide structural frame-
work for clot development, maturation, and remodeling that support bone formation
in osseous defects.

According to Ashman, an ideal synthetic bone material should be [2]:

(a) Biocompatible.
(b) Able to serve as a framework for new bone formation.
(c) Resorbable in the long term and have potential for replacement by host bone.
(d) Osteogenic, or at least facilitate new bone formation.
(e) Radiopaque.
(f) Easy to manipulate clinically.
(g) Not supporting the growth of oral pathogens.
(h) Hydrophilic.
(1) Available in particulate and molded forms.
(j) Having surface electrical activity (i.e., be charged negatively).
(k) Microporous and provide added strength to the regenerating, host bone matrix,
and permit biological fixation.
(1) Readily available.
(m) Non-allergenic.
(n) Effective in a broad range of medical situations (e.g., cancer, trauma, and infec-
tive bone destroying diseases).
(o) Having a surface that is amenable to grafting.
(p) Acting as matrix or vehicle for other materials (e.g., bone protein inducers,
antibiotics, and steroids).
(q9) Having high compressive strength.

2.2 Nanocrystalline Bone Grafts in Bone Regeneration

Nanotechnology is a multidisciplinary field that covers a vast and diverse array
of devices derived from engineering, physics, chemistry, and biology. The prefix
“nano” has found in last decade an ever-increasing application to different fields of
the knowledge. Within the convention of International System of Units (SI), it is
used to indicate a reduction factor by 109 times. So, the nanosized world is typi-
cally measured in nanometers (1 nm corresponding to 10~° m) and it encompasses
systems whose size is above molecular dimensions and below macroscopic ones
(generally >1 nm and <100 nm). At this size, atoms and molecules work differently
and provide a variety of surprising and interesting uses. The term “nanotechnology”
was first used in 1974 by Norio Taniguchi, a researcher at the University of Tokyo.
Also, nanoparticles have special properties, including chemical, optical, magnetic,
and electro-optical, which differ from those of either individual molecules or bulk
species [3]. The important feature of nanostructured materials is the development of
self-assembly. Self-assembly is the essential part of nanotechnology. It is common
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to many dynamics, multi-component systems, from smart materials and self-healing
structures to netted sensors and computer networks. When choosing a material for
self-assembly, the materials should have a critical number of charged groups, below
which the assembling procedure does not work at all. To form a well-defined sta-
ble multilayer, the appropriate opposite charge density is required for the matched
materials. To facilitate analytical studies, the materials should bear some functional
groups, which can be detected by analytical instruments [3]. Nanosized hydrox-
yapatite (NHA) is the main component of mineral bone. Living bone constantly
undergoes a coupled resorptive—formative process known as bone remodeling. NHA
possesses exceptional biocompatibility and bioactivity properties with respect to
bone cells and tissues, probably due to its similarity with the hard tissues of the
body. Calcium phosphate biomaterials have been extensively used clinically in the
form of powders, granules, dense and porous blocks and various composites. These
materials form the main mineral part of calcified tissues. However, calcium phosphate
presence in bone is in the form of nanometer-sized needle-like crystals of approxi-
mately 5-20 nm width by 60 nm length, with a poorly crystallized non-stoichiometric
apatite phase containing CO32~ Na*, F—, and other ions in a collagen fiber matrix.
Current research deals with new hydroxyapatite (HA) formulations aiming at better
and more effective biomedical applications, producing this material with properties
closer to those of living bone, such as nanosized and monolithic structures. NHA
exhibits greater surface area and is expected to have better bioactivity than coarser
crystals [4].

Bone grafts in nanosized particles mimic the natural bone mineral in its size, com-
position, and morphology is said to have better osteoconductive property than the
conventional bone grafts. Therefore, nanosized ceramics may represent a promising
class of bone graft substitute in intrabony defects due to their improved osseointegra-
tive properties. For example, advantages of nanocrystalline hydroxyapatite (NCHA)
materials are their osteoconductivity, bioresorbability, and close contact than the
conventional HA. A special feature of nanostructured materials is an extremely high
number of molecules on the surface of materials. It can promote proliferation, migra-
tion, and survival of periodontal ligament cells.

Webstar et al. [5] evaluated the effect of osteoblast function on NHA. Crystalline
HA was prepared via established wet chemical synthesis. It was concluded that
osteoblast adhesion as well as proliferation were significantly (p < 0.01) greater on
nanocrystalline (50 nm grain size) than on conventional (250 nm grain size) HA at all
time periods tested. Therefore, NHA binds to the bone and stimulates bone healing
by stimulation of osteoblast activity.

2.3 Preparation Methods of HA Nanoparticles

(a) Dry methods: Dry methods, which could be identified in contrast to wet methods
where a solvent is always used, could be performed in two main ways: solid-state
synthesis and mechanochemical process. These methods have the convenience
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of producing highly crystalline HA from relatively inexpensive raw materials.
The main disadvantage is the large size of particles in case of solid-state synthesis
and the low phase purity of HA in case of mechanochemical process. In the
recent years, progress in preparing HA using dry methods, especially solid-
state method, has been very slow [6].

Wet methods: Aqueous solutions of various sources for phosphate and calcium
ions are employed, and HA crystals are normally produced by precipitation. Wet
processes could be performed by a number of technical routes classified into
six groups: conventional chemical precipitation, hydrolysis method, sol-gel
method, hydrothermal method, emulsion method, and sonochemical method.
Wet chemical methods have the advantages in precise control over the mor-
phology and size of particles, and based on the statistical analysis, they are the
most promising methods for the synthesis of nanosized HA. However, difficul-
ties in controlling the crystallinity and phase purity of nanoparticles, and some
technically intricate and time-consuming details make some wet procedures
unsuitable for scaling up to produce large quantities of HA. Most commonly
used methods are wet chemical method and modified sol-gel method.
High-temperature processes: These methods, which have the convenience of
avoiding undesirable calcium phosphate phases, are used to produce HA with
high crystallinity and good chemical homogeneity. Two possible routes for high-
temperature synthesis of HA are combustion method and pyrolysis process, of
which the former has received more attention. Poor control over the processing
variables and generation of the secondary aggregates, especially during the
pyrolysis, are the main disadvantages.

Synthesis from biogenic sources: To produce HA ceramics, various natural
materials, mainly bone waste, eggshells, exoskeleton of marine organisms, nat-
urally derived biomolecules, and biomembranes, have been employed over the
past decade. This field is expected to attract more attention in the near future,
owing to the better physicochemical properties of the HA generated from bio-
genic sources. However, some of these materials could be exclusively used to
produce HA blocks or at most HA particles of large size. This stresses the need
for further work in the area.

Combination procedures: These methods, as relatively new strategies, employ
two or more distinct procedures to synthesize HA nanoparticles. Among sev-
eral possibilities, combinations of hydrothermal-mechanochemical, hydrother-
mal-hydrolysis, and hydrothermal-microemulsion have received more atten-
tion. Reports on various hybrids employed microwave method have also been
published recently. In general, combination procedures open exciting possibil-
ities to improve the characteristics of HA nanoparticles [6].

NHA powder exhibits greater surface area and is expected to have better bioactiv-
than coarser crystals [4]. Osteoconductivity, solubility, sinterability, and mechan-
1 reliability of HA could be promoted by controlling its particle size and structural

morphology in order of a nanoscale [7]. In the evaluation of bioactivity of NHA as
compared to conventional HA, it was also found that the pH of the conventional HA
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was of unvarying trend, as it was not resorbed in the medium, which indicates its
physiological stability. The NHA showed drastic changes in the pH suggesting that
it dissolves much faster than conventional HA which may remain as a permanent
implant thus inhibiting the healing process [8]. The pH value depends on solubility
or resorbability of HA. As pH decreases, solubility increases. This is in accordance
with the study of Faithi et al. who quantitatively estimated the release of calcium
ions from NHA to support its in vitro bioresorbability. The results showed that more
calcium ions were released from the NHA in comparison with conventional HA [4].
The ionic dissolution rate of NHA is much similar to that of natural bone mineral
in vitro in comparison with conventional HA. In this manner, the resorbability of
HA could be promoted by engineering the crystallite size to nano-submicron level.
Accordingly, it is clear that the rate of bioresorbability of NHA is higher than that in
conventional HA and is similar to that in biological apatite of bone. NHA possesses
exceptional biocompatibility and bioactivity properties with respect to bone cells and
tissues, probably due to its similarity with the hard tissues of the body [9]. Besides a
good biocompatibility, a synthetic bone substitute should also ensure the formation
of new bone after their implantation. In fact, an optimal synthetic bone substitute
is resorbed by hydrolytic and cellular degradation process involving the action of
macrophages and further is replaced by vital bone over time. A major prerequisite
for this process is angiogenesis because newly formed blood vessels transport oxygen
and nutrients into the implanted bone substitute, a physiological milieu is created,
which supports the ingrowth of bone cells and also differentiation of pluripotential
stem cells from the surrounding tissue to an osteoblastic phenotype. Nanostructured
HA promotes up-regulation of FGF-2 and primes endothelial cells to VEGF action.
FGF-2 plays a biological pleiotropic role, including cell migration, angiogenesis,
bone development, and repair. Also, a synthetic bone substitute must not only sup-
port the growth and foster the phenotype of the cell type for the tissue it is to replace
(i.e., osteoblasts), but also support the cells that are responsible for maintaining the
bone cells (i.e. fibroblasts). The up-regulation of FGF-2 through gene transcription is
an important event which explains the role of HA nanocrystals in inducing a positive
and controlled angiogenic phenotype in endothelium. The robust increase of FGF-
2mRNA (3-6 folds) translates into a significant production of the soluble FGF-2
isoform [10].

To take advantage of NHA in treating periodontal defects, which are open defects
with a constant flow of gingival crevicular fluid that causes such minute and poten-
tially easily phagocytosed particles to be exfoliated, their local retention must be
improved.

In one of the studies, NHA was prepared by adding 0.5 M Ca (NO3) 24 H,0
(Merck) in ethanol with 0.5 M (NH4), PO4 (Merck). The formation and quality
of the synthesized compound were studied using X-ray diffractometer and SEM.
Elemental analysis of the synthesized powder was determined by energy dispersive
X-ray analysis (EDAX) attached with the SEM (particle size ~20 nm). A similar
method for synthesis of NHA was used by Loo et al. who synthesized hydroxyapatite
nanoparticles through chemical precipitation, and hydrothermal was performed as
a post-synthesis treatment to achieve particles of well-defined size and morphology
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[11]. Another form of nanocrystalline hydroxyapatite used in past studies is the
paste form (OSTIM, Heraeus Kulzer, Hanau, Germany) containing 65% water and
35% nanostructured apatite particles. According to Kasaj et al., the paste form of
NHA has low consistency and limited space making potential. The low consistency
of NHA might result in poor resistance to collapse the mucoperiosteal flap into
the intrabony defect, allowing undesirable cell types to enter the secluded wound
area. This collapse may be prevented by means of implantation of additional bone
grafts or bone graft substitutes into the defect to support NHA preserving its original
position [12]. However, in the present study powder form of NHA was used and no
such limitation was observed during or in follow period for 6 months. In contrast,
Huber et al. reported that the paste does not harden off when mixed with blood or
spongiosa and therefore favoring cell migration into the implantation area coinciding
with revascularization. Further, its viscosity enables it to be applied to form fit in
close contact with the bone [13]. The NHA paste has been used for the treatment
of metaphyseal fractures in orthopaedic surgery, tooth perforations, jaw cysts, and
peri-implantitis lesions. However, as stated above the present study opted for the
powder form of NHA graft which was a more economical alternative.

The main feature of bioactive bone graft materials such as BCP ceramics is their
ability to form a strong direct bond with the host bone, resulting in a strong interface,
compared to bioinert or biotolerant materials which form a fibrous interface.

Also, NHA and microparticles of B-tricalcium phosphate (3-TCP): (1) reduce the
gross amount of NHA required to obturate large defects and (2) make the NHA par-
ticles more resistant to direct dissemination or phagocytosis by possible adsorption
of the nanosized particles on the microsized particulate surface, improving its local
availability [14].

Our study was undertaken to evaluate and compare clinically and radiographically
the effectiveness of NHA and NHA with B-TCP in the treatment of human intrabony
defects. This was the first study to our knowledge in which NHA with B-TCP was
used in ratio of 70:30 for the intrabony defects [15]. Twenty intrabony defects in 10
systemically healthy patients were selected for the study. Ten defects were treated
with NHA (Sybograf™) (control group) and ten defects were treated with NHA with
B-TCP graft (Sybograt™ Plus) (test group).

The clinical and radiographic parameters were evaluated at baseline, 3 months and
6 months. Gingival index, plaque index, and gingival bleeding index were recorded.
The probing depth and relative attachment level were recorded using a custom made
acrylic stent with a UNC-15 probe. Radiographically, the area of the defect was
assessed. The results were evaluated and subjected to statistical analysis. The results
demonstrated that there was significant reduction in the gingival index, plaque index,
and gingival bleeding index scores. However, there was no statistically significant
difference in the scores when compared between the test and the control groups. This
suggested that strict plaque regimens were reinforced, and meticulous oral hygiene
was followed by the subjects during the study. There was significant reduction of
probing pocket depth (PPD) from baseline to 6 months in control group and test
group. Also, there was significant reduction in relative attachment level (RAL) from
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baseline to 6 months in control group and test groups. On intergroup comparison,
there was no statistically significant difference.

In adjunct to the probing depth and the attachment level, the radiographic area
of the defect showed a similar trend within the groups and no significant difference
was seen when compared between the two groups. Hence, it was concluded that the
results of the study demonstrated significant improvement in all the parameters with
good radiographic defect fill; however, there was no statistical significant difference
on intergroup comparison (Figs. 2.1, 2.2, 2.3, 2.4, 2.5, 2.6, and 2.7).

Klawitter et al. stated that trabeculae of bone vary in size from 20 to over 100 pm.
‘When trabeculae reach about 100 wm, it carries its own blood vessels; much in the
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Fig. 2.1 Sybograf™

and Sybograf plus™

Fig. 2.2 Preoperative
radiograph at baseline

Fig. 2.3 Three months after
treatment with Sybograf™
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Fig. 2.4 Six months after
treatment with Sybograf™

Fig. 2.5 Preoperative
radiograph at baseline

Fig. 2.6 Three months after
treatment with Sybograf
plus™

Fig. 2.7 Six months after
treatment with Sybograf
plus™

same way an osteon does via Haversian canal. Compact bone has Haversian systems
or osteons of between 50 and 250 pm. Thus, to support trabecular bone ingrowth, the
pores would need to be at least 40—100 pwm, and to support osteonal bone ingrowth,
pores of at least 100 wm would appear necessary [16]. Later Hirschorn et al. reported
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that particle size of about 380 pum in diameter would yield this minimal dimension and
particles yielding under 100 pm space dimensions may possess less mineralization
potential [17].

Another vital property of nanomaterials which play a major role in regeneration in
the current study is development of self-assembly which helps to integrate different
functions into synthetic extracellular matrices. These synthetic extracellular matrices
will need to perform functions such as to sustain cell viability and proliferation, allow
the establishment of a blood vessel network formation, and provide sufficient support
to prevent tissue collapse. In recent times, developments in this field have seen the
use of pH-induced self-assembly of a peptide amphiphile to artificially construct a
nanostructured fibrous scaffold with the structural features of extracellular matrices.
After cross-linking, the newly produced fibers are able to direct mineralization of HA
to form a composite material in which the crystallographic axes of HA are aligned
with the long axes of the fibers. This alignment is similar as that observed in vivo
between collagen fibrils and HA crystals in bone [3].

Material properties including porosity, surface geometry, and surface chemistry
play significant role in determining the osteoconductive capacities of a graft which
must be analyzed histologically.

2.4 Nanotechnology and Dental Implants

Nanotechnology is one of the current fields of interest to adjust the properties
of implants and tissue engineering scaffolds. It deals with systems and structures
that result in novel properties due to their small size (1-100 nm). The two main
approaches: (i) bottom-up (from molecular level to organized molecular films,
supramolecular structures, or nanoparticles) and (ii) top-down technologies (bits
of bulk material are removed resulting in nanoscale features; e.g., surface pattern-
ing) are used. One of the challenges in implantology is to achieve and maintain the
osseointegration as well as the epithelial junction of the gingiva with implants. An
intimate junction of the gingival tissue with the neck of dental implants may prevent
bacterial colorizations leading to peri-implantitis while direct bone bonding may
ensure a biomechanical anchoring of the artificial dental root.

Nanotechnology could be utilized to create surfaces with controlled topography
and chemistry that would assist understanding biological interactions and developing
novel implant surfaces with predictable tissue-integrative properties.

Nanoscale alteration of titanium implant surfaces can alter cellular and tissue
responses that may promote osseointegration. Three nanostructured implant coatings
have been developed:

e Nanostructured Diamond: It has ultrahigh rigidity, improved toughness, low
friction, and good adhesion to titanium alloys.
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e Nanostructured Hydroxyapatite Coatings: This is used to achieve the desired
mechanical characteristics and enhanced surface reactivity and has been found to
increase osteoblast adhesion, proliferation, and mineralization [18].

e Nanostructured Metallo-Ceramic Coatings: These offer continuous variation
from a nano crystalline metallic bond at the interface to the hard ceramic bond on
the surface [19].

Besides surface contact area and surface topography, bone bonding, and stability
play a major role in implant success and osseointegration. Bone growth and implant
success could also be accelerated by the use of nanotechnology. Osteoblast configu-
ration on a more complex implant surface is produced by the addition of nanoscale
deposits of hydroxyapatite and calcium phosphate particles [20]. Material engineer-
ing, and hence implant dentistry, has advanced extensively on the basis of researches
conducted on the effects and subsequent optimization of micro-topography and sur-
face chemistry. These new implants constructed on the basis of this technology are
more acceptable as they enhance the integration of nano-coatings resembling bio-
logical materials to the periodontal tissues [21]. In addition, implant surfaces coated
with titanium oxide nanotubes and laced with silver nanoparticles serve the purpose
of fighting infection, thus increases the shelf life of the implants.

2.5 Nanotechnology in the Management of Peri-implantitis

Peri-implantitis affected parts become covered by an infected smear layer of instru-
mentation debris after routine implant preparation, which seems to compromise fibrin
clot adhesion to such altered surfaces. In addition, continuous flap mobility and early
clot retraction could draw the clot-blended graft complex away from the implant sur-
face with subsequent creation of a micro-gap graft, epithelialization, and eventual
implant surface recontamination. For that reason, treating a peri-implantitis affected
implant surface should include complete removal of the infected biofilm and the
smear-like layer, resulting in complete exposure of the roughened titanium implant
surface. This should be followed by maximizing clot-blended graft adhesion to the
implant surface through application of a graft material with a particle size smaller
than that of the implant surface pores. Such mechanical integration is considered
to reduce the possibility of the implant bone micro-gap, a factor that could ensure
complete protection of the underlying defect-filled regenerative materials or blood
clot. This, along with subsequent enhanced bone regeneration, could be interpreted
as a true re-osseointegration.

Particle size seemed to be an important factor that optimizes adhesion of particles
to the exposed implant surface. Such improved adhesion is likely to retard the apical
migration of the epithelial attachment, a factor that could enhance reosseointegra-
tion. Further peri-implantitis affected surface conditioning with citric acid improves
nanoparticle-sized hydroxyapatite-blended clot adhesion to titanium implant sur-
faces (Gamal et al. 2013 [22]). Growth factors such as platelet-derived growth factor
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(PDGF) have significantly enhanced periodontal therapy outcomes with a high
degree of variability, mostly due to the lack of continual supply for a required period
of time. One method to overcome this barrier is gene therapy. Platelet-derived growth
factor, PDGF-B gene delivery in fibroblasts using nanosized calcium phosphate par-
ticles (NCaPP) as vectors, has found to significantly enhance fibroblast proliferation.

2.6 Nanomaterials for Periodontal Tissue Engineering

Tissue engineering is an evolving interdisciplinary field integrating biology, engi-
neering, materials science, and medicine that focuses on the development of biolog-
ical substitutes to restore, replace, maintain, or enhance tissue and organ function.
Tissue engineering concepts for periodontal regeneration are focused on the utiliza-
tion of synthetic scaffolds for cell delivery purposes [23]. Although the employment
of such systems offers promise, it is very likely that the next generation of mate-
rials will rely heavily on nanotechnology and its potential to produce non-biologic
self-assembling systems for tissue engineering purposes [24]. As detailed above,
self-assembling systems for biologic systems are those which automatically undergo
prespecified assemblies much in line with known biologic systems associated with
cells and tissues. Using these principles, it is possible to construct systems on a nano-,
micro- or even macroscale.

Nanotechnology has got the potential to produce non-biologic self-assembling
systems for tissue engineering purposes. It is possible to create polymer scaffolds in
the future for cell seeding, growth factor delivery and tissue engineering via nanode-
vices implanted to sites of tissue damage. As native tissues or organs are composed of
proteins within nanoscale and cells directly interact with nanostructured extracellu-
lar matrices (ECM), nanobiomaterials such as nanofibers, nanotubes, nanoparticles,
and other nanofabricated devices with smaller than 100 nm in at least one dimen-
sion are able to contribute cell growth and tissue regeneration. Recent advances in
nanotechnology, however, have enabled the design and fabrication of biomimetic
microenvironment at the nanoscale, providing an analog to native ECM.

Presently, materials available for such constructs are metals, ceramics, polymers,
and even composite materials, the like of which have not yet been developed. The clin-
ical utility of these nano-constructed self-assembling materials is their capacity to be
developed into nanodomains or nanophases, leading to unique nanobuilding blocks
with inbuilt nanocontrol and nanodelivery capabilities. Our present capacity to create
polymer scaffolds for cell seeding, growth factor delivery and tissue engineering pur-
poses is well recognized. In the future, these processes may well be manipulated via
nanodevices implanted to sites of tissue damage. Example that defines the benefits of
nanotopographic patterning is the addition of chemically etched, nanoscale rough-
ness to the surface of porous polylactic-co-glycolic acid, PLGA scaffolds—a method
that has been shown to enhance cell adhesion and growth, as well as the expression
of matrix components [25]. Moreover, several advanced techniques like multiphoton
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polymerization and layer-by-layer assembly have shown that nanotopographic cues
hold the potential to exponentially improve scaffold design.

Apart from the benefits discussed above, nanotechnology is also expected to play
an important role in creating novel tissue regeneration strategies (e.g., cell sheet engi-
neering), and in surmounting other important obstacles in tissue engineering—such
as the development and characterization of new biomaterials and stem cell engi-
neering. For example, high-throughput assays based on micro-/nanotechnologies
are emerging for the cell-based screening of biomaterials [26].

One exciting opportunity that lies ahead is the idea of “organ-on-a-chip” which,
in the foreseeable future, will substitute the expensive and life-costing animal test-
ing used for drug development and for evaluation/optimization of nanoparticulate
systems for drug delivery. For tissue engineering, nanotechnology has also opened
the door to new approaches that could stimulate the reconstruction of complex tissue
architectures.

Therefore, further studies using more subjects and histologic analysis of newly
formed bone could clarify the benefits of the new nanocrystalline bone grafting
material using tissue engineering principles. In addition, a longer post-treatment
observation interval may be needed to confirm the stability of clinical outcomes
using these materials.

2.7 Conclusion

Advances in nanomaterials and nanotechnology have provided a hopeful insight
into the commercial applications of nanomaterials in the management of periodontal
diseases. While current work is focused on the recent development particularly of
nanoparticles and nanotubes for periodontal management, the materials developed
from them such as the hollow nanospheres, core—shell structures, nanocomposites,
nanoporous materials, and nanomembranes will play an escalating role in materials
development for the dental industry. With the clearing up of nanotechnology-specific
medical regulations and a continued influx of investments and time, we believe
that nanomedicine will not only improve conventional therapies, but also bridge the
shortcomings of conventional medicine to help people on both global and individual
levels.
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Chapter 3 ®)
Advanced Nanomaterials and Their Geda
Functionalization in Clinical Endodontics

Hend Mahmoud Abou El Nasr and Makbule Bilge Akbulut

3.1 Introduction

The term nanotechnology, also known as molecular nanotechnology or molecu-
lar engineering, was first introduced by Richard Feynman in 1959 to the scientific
approach of creating functional materials, devices, and systems through the control
of atoms on a nanometer scale (i.e., in range of 0.1-100 nm) [1, 2]. It involves the tai-
loring of materials at atomic level (one nm is one billionth (10~%) of a meter) to attain
unique properties, which can be suitably manipulated for the desired applications [3].

3.1.1 Types of Nanotechnologies

Broadly, nanotechnology consists of three mutually overlapping molecular technolo-
gies that are highly interdependent [4]:

(a) Wetnanotechnology: It is the study of biological systems that exist primarily in
a water environment. The functional nanometer-scale structures of interest here
are genetic materials, membranes, enzymes, and other cellular components.
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(b) Dry nanotechnology: It is derived from surface science and physical chemistry
and focuses on the fabrication of structures in carbon, silicon, and other inorganic
materials.

(c) Computational nanotechnology: This permits the modeling and simulation of
complex nanometer-scale structures.

3.1.2 Types of Nanoparticles (NPs)

Nanoparticles can be organic polymers (organic NPs) and/or inorganic elements
(inorganic NPs) [5].

Liposomes, dendrimers, and carbon nanomaterials are examples of organic NPs,
while inorganic NPs, such as polystyrene, magnetic, ceramic, and metallic NPs, have
a central core composed of inorganic material that define their fluorescent, magnetic,
electronic, and optical properties [5].

3.1.3 Properties of Nanoparticles

At the nanometer-length scale, materials behave differently due to the increased
number of atoms near the surface compared to the bulk structure.

e Two principal factors cause the properties of nanomaterials to differ from other
materials: the increase in relative surface area and the physical effects [4].

e The smaller a particle, the greater is its surface-area-to-volume ratio and the higher
its chemical reactivity and biological activity.

e The greater the chemical reactivity of nanomaterials results in increased pro-
duction of reactive oxygen species (ROS) that have potent antimicrobial effect.
However, the same properties that make nanoparticles so unique—that is, pri-
marily, their small size, large surface area, chemical composition, solubility,
and geometry—could also be responsible for their potential hazard to human
health.

3.2 Nanotechnology in Medicine

Nanometer-sized particles are in the same range of dimension as antibodies, mem-
brane receptors, nucleic acids and proteins, among other biomolecules. These
biomimetic features, together with their high surface-to-volume ratio, make NPs
powerful tools for imaging, diagnosis, and therapy [5].
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Therefore, the integration of nanomaterials with biology led to the development
of diagnostic devices, contrast agents, analytical tools, physical therapy application,
and drug delivery vehicles.

Moreover, based on enhanced effectiveness, the new-age drugs are nanoparticles
of polymers, metals, or ceramics, which can combat conditions like cancer and fight
human pathogens like bacteria.

Thus, applying nanotechnology for diagnosis, treatment, monitoring, and control
of disease has been referred to as “nanomedicine” [6].

3.3 Nanotechnology and Nanobiomaterials in Dentistry

New potential treatment opportunities in dentistry may include different approaches:

(a) Building up particles by combining atomic elements: i.e., bottom-up approach.
This is applied in local anesthetics, hypersensitivity cure, dentifrices, orthodon-
tic treatment, diagnosis and treatment of oral cancer.

(b) Using equipment to create mechanically nanoscale objects: i.e., top-down
approach [1]. Examples include nanocomposites, impression materials, nanoso-
lutions, nanoneedles, nanotweezers, and bone replacement materials.

(¢) In addition to bottom-up and top-down approaches, there is the functional
approach. This approach disregards the method of production of a NP; the
objective is to produce a NP with a specific functionality [2].

Nanotechnology has been applied to many specialties in the dental field. For
instance, effective drug delivery systems were generated for the treatment of peri-
odontal diseases. NPs impregnated with antimicrobial agents were produced in order
to maintain therapeutic concentration of the agent in the periodontal pocket for a
sufficient length of time to ensure eradication of the bacteria present [6, 7]. More-
over, toothpastes containing nanosized calcium carbonate enabled remineralization
of early enamel lesions as a prophylactic measure to prevent dental caries [6]. In
the same context, NPs of amorphous calcium phosphate (CaPO,) dental composite
restorative materials were developed and were described as “smart” because they
release calcium and phosphate ions at a cariogenic pH [8] and remineralize tooth
lesions [9].

3.4 Nanotechnology in Endodontics

Almost every aspect in endodontics has gained advantage of the newly emerging nan-
otechnology. Different types of nanoparticles used in endodontics and other appli-
cations are summarized in Table 3.1.
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3.4.1 Radiography

By using dental digital radiographies obtained with nanophosphor scintillators, the
radiation dose is diminished and high-quality images are obtained [6].

3.4.2 Local Anesthesia

To induce oral anesthesia in the era of nanodentistry, a colloidal suspension containing
millions of active analgesic micron-sized dental NPs is instilled on patient’s gingivae.
After contacting the surface crown or mucosa, ambulating nanorobots reach the pulp.
Once installed there, analgesic dental NPs may be commanded by dentist to shut
down all sensitivity in any particular tooth that requires treatment [1].

3.4.3 Dentin Hypersensitivity

Dentin hypersensitivity is defined as sharp pain arising from exposed dentin as a
result of various stimuli such as heat, cold, chemical, or osmotic and that cannot be
ascribed to any other pathology.

Occlusion of the exposed and patent dentinal tubules is an effective method to
provide relief from dentinal pain [10].

Nanoparticles of carbonated apatite, silica, bioglass, and functionalized hydrox-
yapatite have been used for the management of dentin hypersensitivity [10—12]. They
occlude the dentinal tubules within minutes offering patients a quick and permanent
cure [1].

The main advantage of using nanoparticles is their size, which allows them to be
pushed deeper into dentinal tubules. Furthermore, these nanoparticles, once modified,
could promote remineralization of the demineralized dentin [13].

3.4.4 Cleaning of Endodontic Instruments

Saghiri et al. [14] found that nanostructured foam was more efficient in removing
debris from endodontic files, especially from those with complex cross-section than
ProFile file cleaner.
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3.4.5 Root Canal Disinfection: Nanoparticle-Based
Disinfection

Bacterial infection is the primary cause of endodontic disease. Biofilm is the prefer-
able mode for bacterial growth in oral disease conditions such as apical periodontitis
[15]. Irrigants, alone or in combination, failed to achieve “microbe-free” root canals
prior to obturation. Therefore, newer antimicrobials were warranted for root canal
disinfection. Nanoparticles exhibit antibacterial activity as a result of their polyca-
tionic/polyanionic nature with higher surface area and charge density, resulting in
greater degree of interaction with the bacterial cell [16]. The size of NPs plays an
important role in their antibacterial activity with smaller particles showing higher
antibacterial activity than the macroscaled ones. Moreover, bacteria are less likely
to acquire resistance against nanoparticles than other conventional antibiotics. How-
ever, direct or close contact between the NPs and the bacterial membrane is essential
for effective destruction of bacteria [16].

3.4.6 Endodontic Filling Materials

Different types of nanoparticles were investigated for their antimicrobial potential
against endodontic pathogens:

A. Silver Nanoparticles (Ag NPs)

The antimicrobial properties of Ag NPs have been generally exploited in nanofiber
materials, bandages, wound dressings, and ointments. Ag NPs also prevented bac-
terial colonization on various surfaces such as catheters, prostheses, and clothing
[1].

Mechanism of action: Silver (Ag) works in a number of ways to disrupt critical
functions in a microorganism. It attacks multiple sites within the cell to inactivate
critical physiological functions such as cell wall synthesis, membrane transport,
nucleic acids (DNA and RNA) synthesis, protein folding and with transport [1]. The
mode of action of Ag NPs has been proposed to be identical to one of the Ag ions.
The positively charged Ag NPs interact strongly with the cell membrane modifying
its permeability [17, 18]. Moreover, the Ag NPs interact with multiple targets in the
microbial cell, such as enzymes and plasmids, providing the bacteria least capacity
to gain resistance [18].

Ag NPs with size in the range of 10—100 nm showed powerful bactericidal poten-
tial against gram-positive and gram-negative bacteria. A root canal irrigating solution
of 0.1% Ag NPs imparted limited antibacterial effect against Enterococcus faecalis
biofilm, while an intracanal medicament of 0.2% Ag NPs gel applied for 7 days led
to the destruction of E. faecalis biofilm and the number of viable bacterial cells was
significantly decreased [18]. Further, a mixture of calcium hydroxide [Ca(OH),] and
Ag NPs had a potential advantage in eliminating E. faecalis from root canals [19].
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The surface charge on Ag NPs was important in bactericidal efficacy against E. fae-
calis. When NPs with positive, negative, or neutral surface charges were compared;
the positively charged Ag NPs were effective against E. faecalis and exhibited a high
level of cytocompatibility [20]. Ag NPs dispersion was found to be biocompatible,
especially in lower concentrations [21].

B. Chitosan Nanoparticles (CS NPs)

Chitosan is a polysaccharide derived from chitin, one of the most abundant natural
polymers in the biosphere. Chitin is the main component of the exoskeleton of marine
crustaceans (e.g., shrimps, crabs). It is currently receiving a great deal of interest for
medical, pharmaceutical, and agricultural applications because of its biodegradabil-
ity, biocompatibility, nontoxicity, and antiviral properties [22]. It can be synthesized
in various forms such as powder, capsules, films, scaffolds, hydrogels, and beads
[22].

Mechanism of action: Chitosan acts mainly on the outer surface of the bacteria.
One of the proposed mechanisms of its antibacterial properties is that—similar to Ag
NPs—the interaction between positively charged chitosan and negatively charged cell
would alter the bacterial cell wall permeability resulting in the leakage of intracellular
components and cell death [22].

It was also hypothesized that, due to its chelating property, it sequesters essen-
tial nutrients and inhibits enzymatic activities essential for bacterial cell survival
[22]. Its antifungal property was referred to its penetration of the cells, reach-
ing the nuclei where they bind with DNA and inhibit RNA and protein synthe-
sis. Although the antibacterial effect of chitosan is not affected by dentin, dentin
matrix, or lipopolysaccharide [23], it shows its antibacterial activity only in an
acidic medium because of its poor solubility above pH 6.5 [22]. Thus, its use
is limited because of its insolubility in water, high viscosity, and tendency to
coagulate with proteins at high pH [22]. Incorporating chitosan NPs into pastes
of calcium hydroxide was effective as intracanal medicament at 7 and 14 days
[24]. Figure 3.1 depicts the antibacterial mechanism of nanoparticles with posi-
tive charge (e.g., chitosan). Mature bacterial biofilm consisting of abundant EPS
and bacteria enclosed. When cationic nanoparticles are introduced for the treatment
of biofilms, it can interact with both EPS and bacterial cells. The initial electro-
static interaction takes place between positively charged nanoparticles and neg-
atively charged bacterial surface. Bacterial killing occurs upon contact-mediated
lipid peroxidation via production of reactive oxygen species (ROS). The mem-
brane damage and increased permeability of unstable membrane eventually lead
to the ingress of nanoparticles into the cytoplasm and release of cytoplasmic con-
stituents. EPS secreted by bacteria in biofilm may interact with the nanoparticles
and prevent from interacting with bacteria and thus reducing the antibacterial effi-
cacy.

Nanoparticles of calcium hydroxide (CaOH NPs) itself were prepared and were
compared to chitosan NPs as intracanal medicaments for 1 week and 1 month. The
highest depth of penetration into dentinal tubules was recorded by the CaOH NPs,
while the greatest fracture resistance was found with the CS NPs. On the other hand,
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Fig. 3.1 A schematic diagram illustrating the antibacterial mechanism of nanoparticles with posi-
tive charge (e.g., chitosan)

both types of nanoparticles showed larger zones of inhibition of E. faecalis compared
to their regular counterparts [25].

C. Zinc Oxide NPs (ZnO NPs)

ZnO NPs and a mixture of ZnO/CS NPs produced a significant reduction in the

number of E. faecalis adhering to dentin [26] and were able to disrupt the multilayered
biofilm architecture [16].
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Mechanism of action: The antibacterial activity of the polycationic ZnO NPs was
attributed to the electrostatic attraction with the negatively charged bacterial cell,
which might lead to the altered cell wall permeability, resulting in leakage of the
proteinaceous and other intracellular components and death of the cell [16]. ZnO
nanocrystals were biocompatible and allowed new bone formation and remodeling
[27].

D. Bioactive Glass (BG)

Bioactive glass received considerable interest in root canal disinfection due to its
antibacterial properties.

Mechanism of action: The antibacterial mechanism of BG has been attributed
to several factors acting together: the high pH due to release of ions in aqueous
environments [28], the increase in osmotic pressure more than 1%, which is inhibitory
for many bacteria, and the induced mineralization on the bacterial surface due to
calcium/phosphorus precipitation [29]. However, it was less effective than calcium
hydroxide in preventing residual bacterial growth [28]; it was also less effective in
eliminating biofilms compared to the planktonic counterparts [30, 31].

3.4.7 Root Canal Disinfection

A. Photodynamic therapy (PDT)/photosensitizers

The recent advances toward achieving predictable endodontic disinfection focused
on newer alternatives such as PDT. PDT is based on the injection, ingestion, or topical
application of a photosensitizer dyes followed by visible light activation [7, 23, 32].
There are two classical PDT mechanisms: production of radical ions of oxygen (type
I) or singlet oxygen (type II) [33].

Mechanism of action: PDT uses a specific wavelength of light to activate a non-
toxic dye (photosensitizer), leading to the formation of ROS and singlet oxygen.

These reactive oxygen or singlet oxygen molecules are highly reactive and damage
bacterial cell wall, membrane lipids and proteins, and nucleic acids, which eventually
promote bacterial cell death [23, 34]. This antibacterial mechanism confers PDT with
the advantage of broad-spectrum antibacterial activity and a lower risk of developing
resistance. However, areduction in the uptake of the photosensitizers into the bacterial
cells could be one of the clinical factors compromising the antibacterial effect of PDT
[23]. Moreover, the antibacterial activity of PDT was compromised in the presence
of root canal constituents such as pulpal tissue, serum, dentin matrix, and bacterial
remnants [35].

e Photosensitizers: Phenothiazines and xanthenes are two classes of photosensitizers
commonly tested for antibacterial efficacy [23].

B. Rose bengal (RB) is an anionic xanthene dye [36]. It is water soluble, nontoxic
and absorbs light in the visible spectral region [37]. However, its application is
strongly limited by the fact that it tends to aggregate in aqueous solutions.
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C. Methylene blue (MB) is a well-established photosensitizer that falls under the
category of cationic phenothiazines [23] and has been used in PDT for targeting
various gram-positive and gram-negative oral bacteria. MB possesses a greater
antibacterial effect than RB because of its hydrophilicity, low molecular weight,
and cationicity [23]. Nonetheless, the reduced susceptibility of biofilms to PDT
was attributed to reduced penetration of the photosensitizer.

D. Indocyanine green (ICG) has gained special attention as a new photosensitizer
due to its low host tissue toxicity, high absorption in the near infrared spectrum,
fungal and bacterial elimination efficacy, and powerful photosensitized cellular
damage. It affects the target cell mainly through a photothermal effect rather
than a photochemical effect and performs its bactericidal effect through oxidative
stress [38]. The use of ICG with PDT caused a significant reduction in E. faecalis
colony units. Moreover, when Ag NPs were added to the ICG, the eradication
of the microorganism was intensified [39].

3.4.8 Functionalization/Conjugation

Functionalization could alter the surface composition, charge, and structure of the
material wherein the original bulk material properties are left intact. Coating or sur-
face attachment of photosensitizers to NPs significantly improves their antibacterial
properties [35]. Functionalized NPs with photosensitizers offer unique physicochem-
ical advantages such as allowing higher concentration of photosensitizer uptake per
cell, reduce the efflux of photosensitizer from target cell, permit greater interaction
with cells because of the surface charge, provide greater stability to photosensitizer
molecules after conjugation, and allow controlled release of ROS [32, 36].

Chitosan offered an attractive material for conjugation with other reactive
molecules. This was attributed to the membrane destabilizing/permeabilizing effect
of chitosan that could subsequently enhance the effect of singlet oxygen on bacterial
cells [35]. In fact, the antibacterial effect of PDT was significantly improved when
chitosan was conjugated with rose bengal, even in the presence of tissue inhibitors
(dentin, dentin matrix, lipopolysaccharides [35].

3.4.9 Dentin Stabilization

Collagen is the main structural protein of human dentin [40] and contributes to its
viscoelasticity, ultrastructural stability, and tensile strength [41]. Degradation of col-
lagen by bacterial enzymes can facilitate microbial penetration, compromise struc-
tural integrity, and lower the resistance of dentin to fracture [24]. Moreover, matrix
metalloproteinases (MMP-1, MMP-2, MMP-8, and MMP-9) are found in dentin
collagen matrix and play an important role in its physiological and pathological
degradation [42]. Activation of these MMPs can occur by some root canal irrigants
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during endodontic treatment. Among the materials tested to inhibit the action of these
MMPs were chitosan and its derivatives, due to its ability to neutralize MMPs [42].

PDT enhances cross-linking of collagen fibrils in the dentin matrix, thereby
increases the tensile strength and elastic modulus of collagen, and improves dentin
stability [23]. It is a rapid process in which the proteins and collagen molecules
are covalently cross-linked when illuminated in the presence of appropriate photo-
sensitizers [43]. However, the cross-linked collagen may become stiff and brittle.
Thus, the incorporation of polymeric fillers would reinforce the collagen structure
and serve as spacers in between the collagen fibrils [43, 44]. One promising method
of improving collagen cross-linking and reducing degradation is the use of PDT in
combination with polycationic chitosan nanoparticles. Chitosan nanoparticles (CS
NPs) and PDT inhibit the activity of bacterial collagenases. Thus, combining PDT
and binding to CS NPs inhibit bacterial-mediated collagenolytic activity and enhance
the mechanical properties of collagen matrix [34].

3.4.10 Endodontic Filling Materials

Root canal obturation is one of the essential steps for successful endodontic treat-
ment aiming at preventing the reinfection of root canals that have been chemo-
mechanically cleaned, shaped, and disinfected. Adequate root canal obturation is
achieved through entirely filling the root canal system and providing a tight seal.
Three-dimensional root canal obturation requires the use of a core material (gutta-
percha, resilon, or coated cones) and root canal sealer.

3.4.10.1 Obturating Core Material

Gutta-percha has always been and remains the most widely used root canal obturating
material. It presented a slight antibacterial activity due to its zinc oxide component
[45]. However, studies have shown that endodontic microorganisms have high affinity
for gutta-percha [46, 47]. This could lead to persistence of infection in the root
canals. Therefore, antimicrobial agents were integrated into gutta-percha points to
improve their antibacterial properties. Calcium hydroxide gutta-percha points (Roeko
Gmbh + Co., Langenau, Baden-Wiirttemberg, Germany), Active Point (chlorhexidine
containing gutta-percha), MGP (iodoform containing gutta-percha) (Medidenta), and
TGP (tetracycline containing gutta-percha) (Medidenta) could be given as examples
for commercially available preparations. On the other hand, gutta-percha was coated
with nanosilver particles in an attempt to enhance its antibacterial effect [48]. This
new material has displayed significant antibacterial and antifungal properties against
E. faecalis, Staphylococcus aureus, Candida albicans, and Escherichia coli [48].
Moreover, nanosilver-coated gutta-percha was cytotoxic to mouse fibroblasts after 1
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hour and decreased with time to become similar to standard gutta-percha after 24 h
and 1 week [49].

EndoSequence® BC Points™ has been introduced with a patented formula of coat-
ing each cone with bioceramic nanoparticles. Bioceramic nanoparticle-impregnated
cones were claimed to provide gap-free seal when used in conjunction with BC Seal-
er™ through the interaction and bonding of bioceramic particles between sealer and
gutta-percha cones [50].

Bioactive glass nanoparticles (BG NPs) integrated into polyisoprene or
polycaprolactone-based root canal filling materials were proposed as promising sin-
gle obturation materials without the need of a sealer [51]. This is because hydroxya-
patite formation was observed on their surface [51].

3.4.10.2 Root Canal Sealers

One of the desired properties of root canal sealers is their antimicrobial proper-
ties. The common sealers possess antibacterial activity for a maximum period of 1
week, with most of them showing a significant reduction in antibacterial properties
immediately after it sets [52, 53]. With recent advances in material science and nan-
otechnology, nanoparticles were incorporated into novel root canal sealers to improve
their physical, chemical, biological, and antibacterial properties. They highly interact
with microbial cells due to their higher surface area and charge density.

Types of nanoparticles added to root canal sealers: The development and char-
acterization of root canal sealers were performed with nanoparticles of quaternary
ammonium polyethyleneimine nanoparticles (QPEI NPs), zinc oxide nanoparticles
(ZnO NPs), chitosan nanoparticles (CS NPs), calcium phosphate nanoparticles (CP
NPs), and bioactive glass nanoparticles (BG NPs).

A. Antibacterial Properties

Incorporation of cationic nanoparticles such as CS NPs and ZnO NPs in zinc oxide-
based and resin-based root canal sealers improved their antibacterial effect [54, 55].
Del Carpio-Perochena et al. [56] added CS NPs in the epoxy resin-based and calcium
silicate-based root canal sealers and found that this addition enhanced the antibac-
terial activity of epoxy resin-based sealer whereas no extra benefit was shown in
calcium silicate-based sealer. Epoxy resin-based and polymer-based sealers with
added QPEI NPs eliminated the growth of E. faecalis for 4 weeks [57, 58]. Barros
et al. [59] revealed that incorporation of QPEI NPs did not change the antimicrobial
activities of ZnO-based and resin-based endodontic sealers in fresh state, while addi-
tion of QPEI NPs resulted in great increase in the antibacterial effect of ZnO-based
sealer after aging for 7 days.

An experimental nano-hydroxyapatite epoxy resin-based sealer was compared
with commercial sealers regarding antibacterial activity and exhibited similar antimi-
crobial inhibitory effect between this experimental sealer and AH Plus [60].
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B. Biological Properties
1. Biocompatibility

The biocompatibility of nano-ZnO sealer was comparable to unmodified ZnO-based
sealer and less cytotoxic to murine fibroblasts than epoxy resin-based sealer [61].
In an animal study, nano-ZnO sealer induced similar tissue reaction to epoxy resin-
based and commercial zinc oxide and eugenol-based sealer. It exhibited satisfactory
biocompatibility on subcutaneous tissue of rats after 15, 30, and 60 days of implan-
tation [62]. Additionally, nano-ZnO sealer was more biocompatible with human gin-
gival fibroblasts than commercial micro-sized ZnO- and resin-based sealers [63].
Abramovitz et al. showed that the addition of QPEI NPs to epoxy resin-based,
polymer-based, and methacrylate resin-based sealers did not impair their biocom-
patibility, since QPEI NPs did not leach into surrounding tissues [64].

2. Bioactivity

An experimental bioactive methacrylate endodontic sealer containing amorphous
calcium phosphate nanoparticles (CP NPs) was developed. It aimed at helping the
remineralization of root dentin and thus strengthening the roots [65]. This bioactive
sealer released calcium and phosphate ions for a long period of time and has been
proposed as a promising root canal filling material because of its anti-biofilm activity
and remineralization capacity [66].

C. Physical Properties

Current publications investigated the physical properties of nanomodified sealers.
Addition of CS NPs did not alter the flow characteristics of ZnO-based root canal
sealer [54]. Incorporation of QPEI NPs increased the setting time, hydrophilicity,
wettability, and surface charge of ZnO-based and epoxy resin-based sealers [59].
Loading with nano-zirconium oxide particles as radiopacifier enabled the penetration
of portland-based and epoxy resin-based sealers in dentinal tubules at the apical third,
thus improving their retention and sealing ability [66]. It was observed that replacing
conventional ZnO powder in Grossman sealer with ZnO NPs decreased the setting
time and dimensional changes of the sealer [67]. Moreover, loading with 25% ZnO-
NP improved the physicochemical properties such as setting time, flow solubility,
dimensional stability, and radiopacity of Grossman sealer [67]. Addition of nano-
hydroxyapatite to methacrylate-based root canal sealers caused no alteration in their
radiopacity and film thickness [68].

D. Commercial Sealers Produced with Nanotechnology

Guttaflow is a silicon polymer-based root canal sealer that is composed of finely
ground gutta-percha, poly-dimethylsiloxane and nanosilver. Nanosilver is biocom-
patible, prevents the spread of bacteria, and does not cause corrosion or color changes
in the sealer [69]. Nanoceramic Sealer (NCS) (B&L Biotech, Fairfax, VA, USA) is
another calcium silicate-based sealer that has been compared with other commercial
calcium silicate-based sealers and was found to support periodontal ligament stem
cell survival [70].
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3.4.11 Temporization

Quaternary ammonium polyethyleneimine (QPEI) NPs are long-lasting, stable, bio-
compatible, and nonvolatile antibacterial polymers. Incorporation of QPEI NPs into
standard temporary restorative material improved significantly their sealing ability
and antibacterial properties [71].

3.5 Nanobiomaterials in Endodontics

Biomaterials are materials that stay in close contact with vital tissues such as pulp,
periradicular tissues, or periodontal ligament for extended periods of time. They have
an extensive usage in the field of endodontics including pulp capping, pulpotomy,
perforation repair, root-end filling, apexogenesis, and apexification procedures. The
majority of endodontic biomaterials are mainly composed of calcium hydroxide or
calcium silicate.

Nanotechnology application in endodontic biomaterials emerges in two ways.
One of them is nanomodification of the content of the material, and the other way
is to add nanoparticles into the composition of the material. Both nanomodification
and incorporation of nanoparticles are expected to provide better biological and
physicochemical properties.

3.5.1 Vital Pulp Therapy

Vital pulp therapy is aiming at treating pulp injuries by capping the pulp, to stimu-
late the formation of tertiary dentin and maintain pulp vitality. Nanosized bioactive
glass (BG) particles possess a higher specific surface area, a more regular size, and
better bioactivity compared with traditional BG particles [72, 73]. Nanocrystalline
hydroxyapatite (HA) paste was found biocompatible and superior to formocresol
when tested as pulpotomy and pulp capping agent [74]. It was also recommended
as a substitute for MTA and Dycal in direct pulp capping [75]. Moreover, incorpo-
ration of 3%wt. nano-hydroxyapatite increased the compressive strength of calcium
hydroxide cement and enhanced the release of calcium ions which indicates miner-
alization capacity that is desired for inducing hard tissue formation in pulp capping
procedures [76].
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3.5.2 Regenerative Endodontics

A well-controlled release system of specific growth factors is a pivotal strategy in
dentin-pulp engineering. The different delivery systems share the same goal, which
is the release of bioactive molecules in a time-controlled manner. Numerous stud-
ies focused on creating appropriate delivery systems such as NPs, microspheres,
hydrogels, and scaffolds for tissue regeneration [77]. An antibiotic-containing nano-
/microfibrous scaffold has been synthesized to provide a drug delivery system to
disinfect necrotic immature permanent teeth through a controllable release of low,
yet effective antibiotic doses, while serving as a matrix for the growth and differen-
tiation of stem cells from the apical papilla after bleeding is induced [78, 79].

3.5.3 Endodontic Surgery

A. Root-End Filling Materials

Chogle et al. found that the addition of NPs to the monomer matrix of root-end filling
materials reduced apical leakage significantly [80]. The cytotoxicity of a polymer
nanocomposite resin was not significantly different from that of ProRoot MTA and
Geristore [81].

B. Mineral Trioxide Aggregate (MTA)

Mineral trioxide aggregate (MTA), introduced into the endodontic literature in 1993
[82], has been widely preferred by clinicians due to its biocompatibility, bioactivity,
and good sealing ability [83]. However, MTA has some shortcomings like long setting
time, weak handling characteristics, and discoloration potential [83].

Akbari et al. [84] found that the addition of nanosilica to MTA accelerated the
hydration process, reduced the setting time, and had no adverse effect on its com-
pressive and flexural strengths. Moreover, the addition of Ag NPs to MTA improved
its antimicrobial efficacy [85, 86] and induced similar inflammatory reaction to con-
ventional MTA in the subcutaneous tissue of rats [87].

Nanowhite mineral trioxide aggregate (Nano-WMTA) produced via reducing the
size of particles of WMTA and adding tricalcium aluminate, calcium sulfate, zeolite,
and strontium into the composition exhibited decreased setting time [88], low surface
porosity, and more resistance to acidic environment than WMTA [88, 89]. Further-
more, the greater surface area of nano-WMTA and incorporation of nano-tricalcium
aluminate induced faster release of calcium ions and significantly raised the calcium
content, as well as the pH of the environment compared to conventional WMTA. This
displayed favorable histopathological reactions and contributed to bone regeneration
in the mandible of rabbits [90-92]. These nanobiomaterials resemble bone neutral
minerals in size and composition promoting desirable osteoconductive activity [93].
In fact, nano-WMTA has been proposed in the situation of periapical inflammation
[89].
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Zirconium oxide (ZrO) nanoparticles were added into the composition of white
portland cement as radiopacifier. This ZrO blended cement revealed accelerated
hydration process and decreased solubility. Besides, incorporation of ZrO nanopar-
ticles did not cause alteration in antimicrobial activity against S. aureus and E. coli,
but exhibited slightly more antibacterial activity against Pseudomonas aeruginosa
[93].

The incorporation of titanium dioxide nanoparticles into white portland cement
reduced the setting time and improved flexural and compressive strength of the
material [94]. However, addition of other nanoparticulate radiopacifiers such as zir-
conium oxide, niobium oxide, and bismuth oxide or calcium tungstate did not alter
the physicochemical properties of calcium silicate-based cements when compared
to microparticulate forms [95].

The addition of nano-hydroxyapatite to the portland cement reduced the final
setting time and enhanced the antibacterial activity of the cement against E. faecalis
biofilm. However, it impaired the compressive strength and solubility of the material
[96].

C. Bone Replacement Materials

Nanosized HA is the main component of mineral bone in the form of nanometer-
sized needle-like crystals of approximately 5-20 nm width by 60-nm length. Utilizing
nanotechnology, calcium and phosphate are manipulated at the molecular level and
assembled to produce a strong and osteoconductive material with unique structural
and functional properties [1].

3.6 Conclusion

From protecting existing pulp tissue to regenerating new pulp tissue, nanotechnol-
ogy has invaded every aspect in endodontics. The new properties imparted to the
nanomaterials by virtue of their smaller particles and altered physicochemical and
electrostatic characteristics seemed to be of potential benefit to the endodontic spe-
cialty. However, its validity and clinical relevance are still not established. This,
certainly, opens new research horizons and highlights the major questions that need
to be addressed in order to optimize its benefits to endodontics.
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Chapter 4 ®
Nanocomposites and Their Use e
in Dentistry

Ramesh Chaughule, Dipika Raorane, Suhas Pednekar and Rajesh Dashaputra

4.1 Introduction

Dental caries (tooth decay) has historically been considered as the common problem
in the oral disease burden globally in the individuals of all ages. Dental caries is still
a major public health problem as the disease affects 60-90% of school-aged children
and the vast majority of adults [1]. It occurs mainly due to acid attack from food and
bacteria buildup. Silver amalgam has been used more than 150 years as a restorative
material to overcome this decayed tooth structure [2]. Amalgam is a kind of metallic
filling material composed of mercury (nearly 50%) and a powdered alloy made
mostly from silver, zinc, etc. Continuous use of silver amalgam for tooth fillings or
capping of the tooth has the disadvantages like mercury toxicity, its potential health
hazard, poor aesthetic nature, odd look and therefore inconvenient for the use in
restorative dentistry. It is thus replaced by composite restorative materials. The term
‘composite’ actually only refers to the fact that the material is composed of several
components, i.e., at least two different phases. According to this broad definition,
glass ionomers, compomers, resin-based composites, ormocers, etc., are included in
this group. They all have something in common that is they cure to form a polymer
network with glass, quartz, ceramic filler particles, etc., embedded in it. Among
them, glass inonomer cement is primarily used in prevention of dental caries and its
treatment as a filling material [3]. It acts as sealants when pits and fissures in the tooth
occur and release fluoride to prevent further enamel demineralization and promote
remineralization. But due to less polishability, brittle nature, poor wear resistance,
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Fig. 4.1 Elucidation of structure of dental composite resin materials

tensile strength, aesthetic, etc., than resin composites make it inconvenient to use by
dental practitioners. A general elucidation of dent in widely used resin composite is
shown in Fig. 4.1.

Resin-based composites are the most popular restorative materials providing very
good aesthetics and a long period of good clinical performance [4]. Dental composite
materials are increasingly important in modern dentistry because of their advantages
in dental applications [5]. They come up with number of advantages like good aes-
thetic appearance, acquires tooth-like restoration, no metal content and the shade of
a natural tooth.

4.2 History of Composite Materials

Composites are physical mixtures of metals, ceramics, and/or polymers. Normally,
dental composites are the classical mixture of ceramic particles and a polymer matrix.
A growing number of dental practitioners are now using composite materials in their
day-to-day practice because these materials have a capability to replace biological
tissue in the function with their appearance. Classification of such dental composites
is shown in Table 4.1.

4.3 Dental Composite Materials

The composites typically involve organic phase, i.e., matrix, inorganic phase, i.e.,
fillers and coupling phase (coupling agent) that binds the organic and inorganic
entities together. Apart from matrix and inorganic phase, composite materials
need photo initiator to initiate polymerization [4]. Thus, dental composite material
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Table 4.1 Classification of composites [6]

Types of composites Filler

Densified [7] <60% by volume

— Midway filled Particles <3 pm

Ultrafine Particles >3 pm

Fine >60% by volume

— Compact-filled [8] Particles <3 pm

Ultrafine Particles >3 pum

Fine

Microfine [9] Average particle size =04 pm

— Homogeneous and heterogeneous

Industrial use Blends of densified and microfine composites
[10]

Traditional Equivalent to what are termed macrofill
composites in other classifications

Fiber-reinforced [11] Industrial-use composites

mainly consists of resin matrix, different inorganic fillers, coupling agents, and
photo-initiating agent.

4.3.1 Dental Resin Matrix

Resin is a main matrix and is chosen in such a way that it has the ability to poly-
merize. There are different polymerizing reactions that can initiate polymerization
in the presence of light, heat, cold conditions and/or in the presence of catalyst, etc.
Polymerization depends upon the type of resin material. Polymerization is a chem-
ical reaction that transforms small molecules into large polymer chains [12]. The
polymerization of composite materials is never complete. The large percentage of
reactive groups does not participate in polymerization. In addition, any surface layer
exposed to air is incompletely polymerized. Polymerization shrinkage occurs when
the dental composite is cured and changes the properties of the resin by chemical
reaction, such as condensation, polymerization, or addition. Resin systems shrink
during polymerization mainly because the monomer molecules are located at van
der Waals distances (4 angstrom) from one another, while the corresponding poly-
mers are within a covalent bond distance (1.5 angstrom) to each other. This accounts
for the shrinkage during the polymerization process [13].

As the light-curing resin materials are very much convenient to use, they are in use
on regular basis extensively. The resin monomer matrix should possess C=C group
in their structures that can polymerize in the presence of photoinitiation to give
a rigid polymer. Methacrylate polymeric networks with good resistance to aque-
ous milieu are sought for use in both prophylactic and restorative dentistry [14].
Dimethacrylate-based resins are widely used for manufacturing dental resin compos-
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ite materials. They possess excellent mechanical properties, rapid polymerization,
aesthetic quality, ease of handling, and the ability to bond to enamel surface [15].
Several commonly used dimethacrylate monomers include secondary functionality
such as hydroxyl or urethane groups. Hydrogen with nitrogen and/or oxygen in resin
structures remains engaged in intramolecular or intermolecular hydrogen bonding
with different functional groups in resin materials. These types of interactions are
responsible for viscosity differences on macroscopic scale of bulk monomer [16].
The mixture of different resins improves intermolecular hydrogen bonding and thus
in turn improves compatibility in the final polymerized states.

The commonly used resin is Bis-GMA that possesses almost the desirable prop-
erties of dental materials like natural appearance, the absence of color, taste, or toxic
agents. Many commercially available materials, at present, use Bis-GMA as major
monomer matrix. Its distinct property is its high viscosity. Similarly, it shows high
values of strength, surface hardness, low specific gravity, good thermal conductivity,
good shelf life, good retention than other materials, and mainly useable for all types
of prostheses. Its structure suggests that hydroxyl groups are the backbone and the
m—7 interactions of the aromatic rings increase the viscosity that helps in polymer
conversion. This restricts the incorporation of fillers into it. It has also the ability to
dilute easily in typical solvents or diluents.

To overcome the drawbacks of Bis-GMA (bisphenol a glycidyl methacrylate)
resin, generally it is to be diluted to enhance the handling of composites. Due to
the high viscosity of Bis-GMA (up to 1200 Pa.), it remains a challenge to add inor-
ganic particles into the resin matrix. Without the inorganic fillers, the dental resin
composites tend to generate high polymerization shrinkage during the curing stage
and low mechanical properties, which can lead to secondary caries. It is therefore
important to devise ways of introducing inorganic fillers into resin composites. Bis-
GMA combines with low viscosity monomer like TEGDMA (triethylene glycol dye
methacrylate). Diluting the composite with TEGDMA has been shown to have less
desirable effects on the properties of the resin, because it increases water absorption
and polymerization shrinkage [13, 17]. On the other hand, lower polymerization
shrinkage stresses may result from the relative ease of flow of diluted resin compos-
ites during the early stages. TEGDMA is a long molecule which terminates with two
functional methacrylate groups identical to those of Bis-GMA.

For having an attempt to replace TEGDMA or to combine with TEGDMA, short-
chain polymers such as urethane dimethacrylate, i.e., UDMA (urethane dimethacry-
late), came into picture. The study of UDMA as a base monomer and TEGDMA as a
low viscosity monomer in different molar concentrations is also carried out with pho-
topolymerization. Increasing the concentration of TEGDMA resulted in a decrease
in the viscosity of the UDMA/TEGDMA mixture, a delay in the time to maximum
polymerization rate, and an increase in the extent of polymerization (Ep) values of
the resin mixtures. Furthermore, Ep values decreased with increasing filler content
between 0 and 60 wt% [18]. Table 4.2 shows the chemical structures of Bis-GMA,
TEGDMA, and UDMA.
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4.3.2 Fillers

Generally, inorganic fillers, having constant volume, are added to the monomer sys-
tem to attain the degree of strength which allows resin-based composites to be used in
stress-bearing posterior areas. Thus, the residual polymerization shrinkage is reduced
to a minimum. Final properties of the resin matrix depend upon the particle size, its
distribution, etc. It is obvious that bigger and harder the size, greater is the strength.
But at the same time, polishability decreases. The look is also the major concern of
the patients. Only the correct combination of different filler particle fractions with
respect to their size produces optimum mechanical and polishing properties.

To meet the physical properties of the amalgam with these resin composite mate-
rials, many attempts were made in the field of research worldwide. For improving the
properties of these materials, there are plenty of opportunities to alter in these three
fields, i.e., organic phase, inorganic phase, and coupling phase. Inorganic fillers are of
two types, traditional and modern. Traditional includes macrofilled and microfilled
materials, whereas modern ones are hybrid and nanofilled resin materials. Among
all these types, nanofilled resin materials have gained much importance because of
their improved applicability.

Nowadays, patients are equally cautious about the look of their teeth. Constant
improvement in the composite materials is going on since then. Composite resins
are classified according to their various characteristics (i.e., curing mechanism and
particle type). The most commonly used classification considers mainly the distribu-
tion and average particle size of a given composite’s filler phase [19]. These are thus
divided as macrofilled, microfilled, hybrid, and finally nanofilled (Table 4.3) which
correspond to the terminology of nanocomposites [20].

4.3.2.1 Macrofilled Composites

Macrofilled composites were the first resin composites marketed in the 1960s to fill
front teeth [21]. Large crystalline particles were ground into a fine powder containing
particles 5-50 wm in diameter. Particles larger than this are visible to the naked eye.
Due to large particle size, macrofilled composites are not very polishable. They feel
rough and can easily accumulate plaque and stain. Abrasion and wear are the major
disadvantage of macrofilled composites. Loss of filler particles exposes more and
more of the soft plastic matrix to abrasive force, and the restoration wears away
leaving behind the potholes of that macrosized particles. Occlusal surfaces of back
teeth receive many abrasive challenges. A filling that wears excessively causes the bite
to change and may affect the other tooth by shifting a bite slightly [22]. Macrofilled
resins are available in the market, but they are not of much interest to dentists because
of their limited properties, poor clinical performance such as roughness, staining,
wear. Figure 4.2 shows SEM image of macrofilled composite.
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Table 4.3 Different types of resin composites with size

Types Sizes

(1) Macrofilled composites 5-50 pm

(2) Microfilled composites 0.1-10 pm

@Po
(3) Nanocomposites 20-100 nm =) %’ 0?5 )
(1) Agglomerates

Fig. 4.2 Ground quartz filler
particles (with diameters of
about 1-30 pwm). Such
relatively large fillers were
used in early formulations of
traditional composites. The
smaller particles seen in the
background contribute to a
broad particle size
distribution
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Table 4.3 (continued)

R. Chaughule et al.

Types

Sizes

(ii) Isolated discrete particles

1-100 nm

(4) Hybrid composites 1.0-5.0 wm and smaller filler
(1) Macrohybrid particles of 0.05 pm

(i1) Microhybrid Average 0.6 pm

(iii) Nanohybrid Less than 0.1 wm or 100 nm

4.3.2.2 Microfilled Composites

Microfilled composites are in use in dentistry for nearly 30 years [23]. They main-
tained the aesthetics and polishability that macrofills lack. Thus, main characteristics
of these composites are the high polish that can be achieved and maintained over
time and excellent enamel-like translucency. Therefore, they are indicated for the
restoration of anterior teeth and cervical abfraction lesions [15]; they should not be
used in heavy stress-bearing areas because they frequently exhibit marginal chip-
ping and bulk fracture [23]. As their name implies, the particle size in fillers over
here ranges from 0.1 to 100 pm. Size varies due to the agglomeration of particles
if present. These properties have limited the usefulness of microfills, particularly
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Fig. 4.3 Typical particles of
a small particle-filled
composite, with sizes in the
range of 0.1-10 pm

in the posterior area while taking X-rays. Microfilled composites with smaller par-
ticle fillers allowed better polish retention while enhancing aesthetics, but offered
less strength. Additionally, traditional microfills containing only silica filler are not
radiopaque. The surface area of fillers is large; thus, the composites are least filled
and highly viscous. Lower concentration of fillers results in decreasing the strength
of final composites when compared with macrofills. They are not suitable for the
places that are exposed to high-stress areas. Two examples of microfill in the market
today are the various versions of Heliomolar from Ivoclar, Vivadent and Renamel
from Cosmedent. Figure 4.3 shows SEM image of microfilled composite.

4.3.2.3 Nanocomposites

In the last few years, the nanotechnology has played an important role in improv-
ing the clinical performance of dental resin composites. Nanotechnology deals with
chemical and physical methods to produce nanoscale operational materials ranging
in size between 0.1 and 100 nm [24]. Striking enhancements in optical, chemical,
physical, and mechanical properties can be attained using nanomaterials [25]. A
large amount of examinations is being dedicated to the development of nanocom-
posites of distinct kinds for several programs, involving high-performance coatings,
biomedical systems, structural materials, catalysts, photonics, and electronics. The
nanocomposites are the newest addition to composite filling materials. They differen-
tiate from hybrid composites by their particle size, i.e., nanosize, and it is the smallest
size that can be used in dental resin materials as fillers. They are much more popular
than the previous additions because they have superior wear characteristics, high pol-
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ishability, and better handling characteristics. Nanoparticles also achieve enhanced
transparency and aesthetics. They are now termed as universal composites [26].
Synthesis of filler nanoparticles is carried out using liquid precursors by bottom-up
approach. Silicon nanoparticles show cage-like structure with 8 silicon and 12 oxy-
gen atoms. Particles are so small (within the range of 1-100 nm) that they become a
part of resin matrix. They can be synthesized in two ways where controlled synthesis
gives discrete nanoparticles and the other shows clusters of nanoparticles along with
discrete one. A nanocluster possesses reduced interstitial spacing of the filler parti-
cles giving higher filler loading. Increased filler loading in turn increases mechanical
properties and ability to resist wear. Nanoclusters thus show better performance than
discrete nanoparticles by having the capability of achieving smoother surface area
and high translucency. Nanocomposites with nanoclusters allow smaller particles to
come together and function as larger particles, resulting in increased strength, wear
resistance, and polishability. The nanoclusters provide a distinct reinforcing mech-
anism compared with the microfill or nanohybrid systems resulting in significant
improvements to the strength and reliability.

In dentistry, posterior restoration class I and II need composites that show high
mechanical properties, whereas anterior restoration requires composites with supe-
rior aesthetics. The resin composite that offers all the requirements of both posterior
and anterior restorations has not emerged yet. Nanotechnology has great impact on
restorative dentistry by offering refinements to already resin-based composite sys-
tem [25, 27] and the novel nanocomposite expected to be useful for all posterior and
anterior restorative applications.

4.3.2.4 Hybrid Composites

This category of composite resins began to appear in the market about 10 years
ago [28] to retain the advantages of macro- and microfilled resin, i.e., strength of
macrofills and polishability of microfills, and to minimize or repair the problems
faced by them. Hybrid composites blended in larger particle fillers to improve strength
but were less polishable, resulting in more of a matte rather than gloss finish. They
were chosen for their durability for posterior restorations in which strength was
essential. It was developed to improve the hybrid composites and create a more
universal material. The improvements in this category were focused on enhancing
wear resistance and aesthetic properties, without sacrificing strength. Most composite
resins in this category exhibit an average particle size of 0.5 pwm. Figure 4.4 shows
the SEM image of hybrid composites.

Hybrid composites contain various particle sizes, ranging from 0.02-0.04 to
1-3 wm. Hybrid composites do not retain a high polish for long, because large
particles pop out from tooth surfaces. However, hybrid composites are easy to work
with and are resistant to wear. They include smaller and submicron-sized particles
which are more difficult to dislodge than large particles. Hybrid composites can
be filled more densely with filler particles than composites containing only micro-
sized particles. Large particles keep the paste consistency from becoming too stiff.
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Submicron-sized particles take up space between large particles. The highest parti-
cle density attained with hybrids is 90% by weight. Because of high particle density,
hybrids were the first composites promoted for posterior use, and they remain one
of the most wear-resistant posterior composites in the market. On comparing it with
other types, their physical strengths like tensile strength, compressive strength are
almost 25% increased than macrofilled, and polymerization shrinkage decreases sub-
stantially [29].

Tetric EvoCeram and IPS Empress Direct from Ivoclar Vivadent along with Her-
culite Ultra from Kerr are the typical examples of the nanohybrids available in the
market today. As an example, Herculite XRV from Kerr is one of the most popular
microhybrids in the market.

4.3.3 Coupling Agents

Coupling agents are used to improve adherence of resin by modifying the surface of
inorganic fillers. For good restoring properties, it is desirable to have strong bonding
and good adherence between the interfaces like inorganic fillers and resin materials.
Thus, coupling agents are a kind of hybrid inorganic—organic compounds that are
specifically used to promote adhesion. This linker has been reported to slow the
degradation process, to protect filler against fractures, and to improve distribution
and stress transfer from flexible organic matrix to stiffer and stronger inorganic filler
particles [28]. It also decreases water intake capacity of composites and minimizes
wear. The purpose of coupling agents coupled with inorganic fillers is to help the
inorganic particles to mix with organic matrix and form homogeneous mixture in
same phases based on the principle ‘Like dissolves Like’ [28]. They have been used
to coat fillers for over 50 years in industrial plastics and later in dental fillers. Today,

Fig. 4.4 Polished surface of
a hybrid composite. Particle
sizes range from about 0.1 to
3 wm (SEM magnification x
5000)
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Fig. 4.5 Synthesis of surface-modified fillers with silane coupling agent

they are still state of the art. The history of coupling agents is not so old. In the
mid-1940s, three patent applications were filed that laid the foundation for coupling
agents. Steinman filed patent on the use of methallyl silicate, Te Grotenhuis on vinyl
siloxanes, and Goebel and Iler on methacrylato chromic chloride. These patents were
all concerned with improving the adhesion of matrix resins to glass fiber by the use
of a coupling agent. After that, due to various applications, their use in chemistry and
dentistry was increased. Here are some different types of coupling agents with their
structures that are most frequently used to couple with inorganic fillers as shown in
Table 4.4.

These are bifunctional molecules capable of reacting via their methoxysilane or
ethoxysilane groups with the fillers and with the resin matrix. The covalent bond that
forms with M—O-Si has a significant ionic character [30]. Better dispersion, smaller
clusters improved microhardness and flexural strength. One side of the coupling agent
tends to bond with hydroxyl groups of silica particles, and other is copolymerized
with polymer matrix [31]. Chemical reaction of silane coupling agent with inorganic
fillers is shown in Fig. 4.5.
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Table 4.4 Different types of coupling agents with examples

71

Coupling agents

Examples

(1) Silane

(i) Trichloro vinyl silane
Cl

CI|

N /Si\/

(ii) Triethoxy vinyl silane

/\o)ﬁ/"\/

SiH,

(iii) 3-methacryloxypropyl trimethoxysilane
(MPTS)
(0]

O—

/
O/\/\/Sl\o/
—0

(2) Organic chromium

(1) Methacrylic acid chromium complex

(3) Titanate

(i) Triisostearyl titanate

(4) Aluminate zirconium

(i) Tetrapropoxy zirconium
H;C_/_ \\ /
SN
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4.3.4 Photo-Initiating Agents

Photoinitiators are responsible for photoreaction on absorption of light, producing
reactive species. These are capable of initiating or catalyzing chemical reactions
that result in significant changes in the solubility and physical properties of suitable
formulations like resins or polymer materials. Camphorquinone (CQ), a blue light
photoinitiator, is commonly used in dental resin formulations. CQ is said to pro-
duce highly reactive polymerization that requires very small amount to be used in
tooth-colored materials with enamel-like translucency [32]. Different resin compos-
ites require different light energy levels for proper curing. Manufacturers are now
producing composite materials with more than one initiator, e.g., EDB, i.e., ethyl-
4-dimethylamino benzoate, diphenyliodonium chloride, diphenyliodonium hexaflu-
orophosphate, etc. The type, amount, etc. of photo initiators are important factors
that affects the polymerization process during curing of composite materials. Typical
structure of CQ is shown in Fig. 4.6.

4.4 Nanotechnology in Dentistry

4.4.1 Need of Nanotechnology

Nanotechnology is a science that works at the molecular level. It deals with structures
ranging in the size of 100 nm or smaller in at least one dimension and developing
materials or devices within that size [33]. Nanotechnology deals with the nanostruc-
tures, nanomaterials, nanoparticles, etc. Simply, this technology gives manipulation
of matter on molecular and atomic levels to bring out enormous changes in applica-
tions of various fields. One such important field is dentistry [5]. As you go down with
the size of particles, the physical and chemical properties change that can be useful to
apply in different fields. Dentistry is one such field where nanotechnology plays var-
ious roles such as tissue engineering [6], nanodental implant [14], dental nanorobots
[15], nanocomposites [16], dental nanostructures [13], nanomaterials for periodon-
tal drug delivery [13], dental imaging [28], nanomedicines such as toothpastes etc.
[30]. In recent years, the increasing interest in aesthetic restoration has led to further
development of materials that have the same color as that of teeth. Nanotechnology
allows the production of nanosized filler particles that are compatible with dental

Fig. 4.6 Chemical structure HBC CH 3
of CQ (4,7,

7-trimethylbicyclo [2.2.1]

heptane-2, 3-dione) O

H3C 0
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composites; therefore, a greater amount of filler can be added into the composite
resin matrix [16]. Composite resins containing such particles are easy to shape and
have a high degree of strength and resistance to abrasion. Restorative dentistry comes
up with the modern advancement where aesthetic filing comes into picture. These
filling materials are nothing but the resin matrix with nanofillers mixed evenly into
it. Nanofiller plays an important role in enhancing the properties of dental restorative
filling materials in many ways, like its physical, mechanical, biological properties,
its appearance. Nanofillers due to its smaller size, larger surface area, and high sur-
face energy make it convenient to capture reactive monomer or polymer segment on
its surface [34]. They also favored stressing transfer from soft resin matrix to hard
organic nanofiller. Thus, resin-based composite materials have acquired nanotech-
nology for future progress and upcoming years will elaborate the topic further for
more advancement.

4.4.2 Nano in Composite Resins

No synthetic nanocomposite material is better enough to be ideal for dental appli-
cations. Thus, in an attempt to improve the applicability of these nanocomposite
materials, they have undergone progressive evolution from bulk-filled dental com-
posites [35] to nanofilled dental composites [36]. The development in the use of
nanocomposites patented in response to the persistent and discouraging issues of
polymerization shrinkage, strength, microhardness, and wear resistance essential in
posterior occlusal applications. Around in the same era where Bowen developed the
resins specially for restorative dentistry [37], a new word ‘nano’ was introduced by
the scientist Nobel Laureate Sir Richard Feynman in 1959. This discovery was a
landmark for advances in dental composites and nanoparticles as fillers. Choice of
nanoparticles is based on their physical properties, tackle issues like polymerization
shrinkage, wear resistance, microhardness, and achieve patient satisfaction in terms
of the aesthetic appearance [38]. Despite many improvements in this field, dental
composites do not have enough toughness, strength, and durability in order to be
used in stress-bearing areas. A variety of nanofillers was chosen to figure out their
effects on final products such as nanoparticles of silica, glass, carbon nanotubes,
alumina, zirconia, titania.

4.4.2.1 Nano-silica as Fillers

Crystalline quartz or silica is the first kind of fillers that were used in resin nanocom-
posite materials. Natural silica is nonreinforcing and has been used as a filler, only
to reduce the cost. Silica and glass fillers are used in a wide range of dental appli-
cations because of its biocompatibility, wear resistance, and aesthetics. They are,
however, subject to brittle failure [39]. The positive effect of nanosized silica and
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silicate-based fillers on flexural strength, surface hardness, fracture toughness, and
optical properties has already been reported in the literature [40].

4.4.2.2 Carbon Nanotubes as Fillers

Carbon nanotubes are used in the preparation of composite materials that are biocom-
patible in nature and give high mechanical strength and resilience [41]. But these
materials showed lack of hydrophobicity and chemical inertness that limits their
applications [42].

4.4.2.3 Nano-zinc as Fillers

Zinc oxide is naturally white in color, and its incorporation into this new dental
amalgam might fade the metallic color of the conventional amalgam out. Specialty
of zinc oxides is their antibacterial properties [43]. ZnO probably has the richest
family of nanostructures of all materials, both in structures and in properties. Its
percentage loading is high which increases the mechanical properties of the resin
[44]. This affects the polishability of the final composite and thus finally its look.

4.4.2.4 Nano-alumina as Fillers

Nano- and microsized alumina nanoparticles were used for improving the mechanical
properties of the materials. Arora et al. [45] recently reviewed the effect of alumina
addition and reported a positive impact on the properties of acrylic resin. It was
chosen due to their unique properties like high elastic modulus, thermal and chemical
stability, high strength, toughness. Comparing the two, nanosized filler was proved to
be more effective [40]. Chen and coworkers found, that larger Al,O5; concentrations
(9 wt%) caused a pronounced weight loss even at low temperatures [42].

4.4.2.5 Zirconia as Fillers

A lot of work has been already done with zirconia as fillers in composite materials.
In addition to that, zirconia—silica nanofibres were used [39] in the past few years.
Zirconia is biocompatible, chemically inert, corrosion resistant, opaque in nature,
low thermal conductivity, etc. They need to be present in higher amount as fillers
~60-70% in content which is responsible for the toughness, whereas research is now
in focus on minimum amount of filler content, i.e., less than 10%.
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4.4.2.6 Nanohydroxyapatite as Fillers

Hydroxyapatite (HA) is a natural mineral containing calcium and phosphate. It is
very much suitable for dental applications as it is biologically compatible and sub-
stituent for dentin [46]. It gives excellent bioactivity, enhances physical strength,
and is the most stable form of calcium phosphate. More work has been done on
nanohydroxyapatite and glass ionomer cement for restoration [47]. It resulted in an
increased resistance to demineralization and acceptable bonding strength. Nanophase
crystals of HA can bind to the bone and stimulate bone healing by the stimulation of
osteoblastic activity [48]. However, the setting time of nano-HA cement exceeded
the clinically suitable maximum setting time.

4.4.27 Nano-TiO, as Fillers

Titanium dioxide (TiO;) nanoparticles, for example, are very fine, agglomerate eas-
ily in practical applications, and are especially difficult to disperse in organic sol-
vents [48]. But it shows excellent properties if synthesized in a controlled manner.
Adding surface-modified TiO, nanoparticles improves the microhardness and flexu-
ral strength of dental resin-based composites [49]. Though the researchers have not
yet achieved the level of increasing mechanical strength with reduction in polymer-
ization shrinkage, it is mainly due to the size and type of nanoparticles they have
used.

4.4.3 Current Progress

Increasing demand for aesthetic dentistry has led to the development of resin com-
posite materials for direct restorations with improved physical and mechanical prop-
erties, aesthetics, and durability. It seems that no single material is better enough to
satisfy all its desired properties of dental composites. It is required to have a kind
of material which gives high mechanical strength, good aesthetic properties, etc.
To come up with this conclusion, fillers should have good chemical and physical
properties, optimum size distribution of smaller and larger particles, etc. Nanohy-
brid is the mixture of smaller and larger particles where smaller particles reside in
between the gaps of larger particles and larger particles take care of the consistency
of the paste and provide wear resistance. Smaller particle size also helps in reducing
the polymerization shrinkage. Other factors are color (shade), translucency, fluores-
cence, and opalescence (optical properties) that give natural tooth its vital-looking
appearance [50]. The rest of the impressive features of TiO, nanoparticles are that
they are nontoxic and have high refractive index and antibacterial properties, white
in color, chemically inactive, corrosion resistance, high microhardness, etc. Further-
more, the literature has also shown that nanoscale TiO, reinforcement agents bring
new optical, electrical, physiochemical properties attained at very low TiO, content,
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Table 4.5 Comparison of physical and mechanical properties of nanocomposite resins of various
filler sizes [53]

Characteristics Macrofilled Microfilled Microhybrid Nanohybrid
Size (jLm) 8-12 0.04-0.4 0.4-1.0 0.5-3
Inorganic filler 60-70 35-67 75-80 80-90
(Wt%)

Compressive 250-300 250-350 300-350 350-400
strength (MPa)

Tensile strength | 50-65 30-50 40-50 75-90
(MPa)

Elastic modulus | 8-15 3-6 11-15 15-20
(GPa)

Curing shrinkage |— 2-3 2-3 2-3
(vol.%)

Water sorption 0.5-0.7 1.4-1.7 0.5-0.7 0.5-0.6
(mg/cmz)

which makes polymer—TiO, nanocomposites a promising new class of materials.
It can be anticipated that it will be commercially beneficial for widespread fields
[51]. The major concern is synthesis of nanohybrid TiO, particles and its high cost.
Green synthesis together with microwave-assisted nanoparticles synthesis can be a
protocol to overcome this problem. Recently, green synthesis using fruit peel extract,
an agricultural waste, and rapid microwave synthesis with respect to size and shape
of nanostructures is done by Raorane et al. [52]. This may help in reducing the cost
for TiO, nanoparticles by keeping the quality unaltered by using microwave tech-
nique. Fruit peel contains phytochemicals that act synergistically as capping agent in
biosynthesis of nanoparticles in hybrid form. Agricultural waste reduces the cost of
process, hazardous chemical waste, etc., and microwave synthesis reduces the time
from several hours to few minutes. Dentistry and green chemistry both are the most
important and promising fields. This protocol will be the best example of green chem-
istry and dentistry that will move forward with hand in hand. Major importance goes
to the final physical and mechanical properties of the material. Comparison of many
such physical and mechanical properties with respect to size is given in Table 4.5.
It is seen that the properties of nanohybrid materials are superior to macrofilled,
microfilled, macrohybrid, microhybrid, etc. Thus, TiO, nanohybrid synthesized by
green and microwave method would be an appropriate solution.

4.5 Challenges and Future Outlook

The performances of a dental composite depend on filler type, resin composition, filler
matrix bonding, and cure conditions. Primary challenge in this field is to achieve man-
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ufacturing ability to produce discrete nonagglomerated nanoparticles that are evenly
distributed in resin matrix. Conventional particles that are in macrofilled or micro-
filled resin-based composites are prepared by top-down procedures where larger
particles are ball milled or ground into smaller ones. The nanohybrids are produced
by manipulating the structure of materials to provide dramatic improvements in the
electrical, chemical, mechanical, and optical properties. Nanofillers have higher con-
tact surface with the organic phase as compared to macro-/mini-filled composites to
improve the material strength. More invitro studies should be carried out followed
by invivo trails to examine the feasibility of the nano filler composite materials to
use on regular basis.
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Chapter 5 ®)
Applications of Nanoparticles e
in Orthodontics

Panchali Batra

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
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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
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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.
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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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Chapter 6 ®)
Nanomaterials: A Boon to Prosthodontics oo

Rajashree Dhananjay Jadhav

6.1 Introduction

Prosthodontics is an important branch of dentistry. The main purposes of oral pros-
thesis are to restore function, facial appearance and maintain the patient’s health. In
recent years, nanomaterials have captured more and more attention because of their
unique structure and properties. Researchers started studying and using various nano-
materials not only in medical field but also in dentistry particularly in prosthodontics.
Nanomaterials are mainly used in ceramic, resin, and metals providing a huge space
for the improvement and innovation of dental material. The term nanotechnology
was first introduced by Richard Feynman in 1959. This was practically made possi-
ble by Eric Drexler in the mid-1980s when he emphasized the potential of molecular
nanotechnology [1, 2]. The term “nano” is derived from the Greek word “dwarf.”
One nanometer is one-billionth or 10~° of a meter. Single hair strand has a thick-
ness of 100,000 nm [3]. Nanotechnology is the direct manipulation of materials at
the nanoscale [4]. Nanotechnology is translated as “the science of the small” [5].
Nanotechnology modulates metals into their nanosize. This drastically changes the
physical, chemical, and optical properties of metals. Nowadays, nanoparticles have
been known as materials with good potential to be extensively used in biological and
medical applications. Inorganic nanoparticles and their nanocomposites are used
as antibacterial agents [6]. An important aspect of nanoscience is the formation of
toxicity-free synthesis of metal nanoparticles, which is a great challenge. The interac-
tion of metal nanoparticles with microorganisms is a vast field of research. In recent
years, a rapid increase in microbes that are resistant to antibiotics has been observed
[7]. Due to the emergence and increase of microbial infections which is resistant to
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antibiotics, many researchers have tried to develop new and effective antimicrobial
reagents free of resistance. This led to the resurgence in the use of nanosized metals
used in medical and dental fields.

In recent years, new methods have been proposed to synthesize nanoparticles so
that size and shape of the various nanoparticles can be tailored as per requirement.
These nanomaterials are present with different interesting morphologies such as
spheres, tubes, rods, and prisms. Inorganic nanoparticles based on metal oxides,
such as zinc oxide, iron oxide, titanium dioxide, and cerium oxide, and metals, such
as gold, silver and iron, copper, and magnesium, and quantum dots such as cadmium
sulfide and cadmium selenide and also silicon dioxide and aluminum oxide are
available and used freely [8]. Alginate nanomaterials can also be used as antimicrobial
agents [9].

Metals have been used for centuries as antimicrobial agents. Gold, copper, tita-
nium, and zinc have attracted the attention of many researchers and used extensively
having different properties and spectra of antimicrobial activities [10, 11]. But silver
nanoparticles have been proved to be most effective as they have good antimicro-
bial efficacy against bacteria, viruses, and other eukaryotic microorganisms [12]. For
thousands of years, silver has been used in medicines. Silver has been known for its
significant broad-spectrum antimicrobial activity against gram-positive and gram-
negative bacteria, fungi, and viruses [13], including antibiotic-resistant strains [14].
The use of silver as an antibacterial agent decreased with the discovery of antibi-
otics, but because of the antibiotic-resistant pathogens there is revival in silver-based
applications. Particle size, size distribution, shape, and surface chemistry of silver
nanoparticles determine their performance that means in vivo distribution, biolog-
ical fate, toxicity, and the targeting ability of nanoparticles. Their small size and
large surface area can lead to particle—particle aggregation and that makes physical
handling of nanoparticles difficult in liquid and dry forms. Aggregation of the sil-
ver nanoparticles may lead to the loss of properties associated with the nanoscale
nature of the particles. Agglomeration and particle sizes of AgNPs are responsi-
ble for cytotoxicity. Smaller AgNPs (3 nm) are more cytotoxic than larger particles
(25 nm) at a concentration of 10 pwg/mL [15]. For better efficacy, size, shape, and
morphology are very important. Pal et al. found that triangular silver nanoparticles
showed greater biocidal action than rod or spherical nanoparticles. Recent advances
in nanotechnology help in modulation of size and shape of nanoparticles [16].

Thus, various nanoparticles are incorporated in the acrylic resin, tissue condi-
tioner, dental composites, dental adhesives, dental cements, dental porcelain, max-
illofacial prosthesis, and implants to improve their antimicrobial and mechanical
properties.
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6.2 Nanoparticles in Denture Base Resins (Polymethyl
Methacrylate)—PMMA

Most of the oral prosthesis are made up of polymethyl methacrylate (PMMA) was
introduced as a denture base material by Wright in 1937. Its overall performance is
satisfactory; it is widely used for fabrication of oral prosthesis like removable partial
denture, complete dentures, and maxillofacial prosthesis [17]. It has been shown by
researchers that PMMA denture base material may act as reservoir for many microor-
ganisms and has the potential to support biofilm formation [18, 19]. Placement of a
prosthesis in the oral cavity results in changes of the oral environmental conditions
as the prosthesis becomes colonized with oral microorganisms. It isolates the under-
lying mucosa from the cleansing effect of the tongue and free flow of saliva. Also, the
porous surface of denture base material (PMMA) and irregularities on anatomical
surface of the prosthesis favor the accumulation of various microorganisms. This
leads to candidiasis or denture stomatitis [20, 21].

6.2.1 Denture Stomatitis or Candidiasis

Candida species are ubiquitous, human fungal pathogens. They are responsible of
initiating a variety of recurring diseases in the oral and vaginal mucosae. Many species
of Candida have been involved in pathogenesis, but among them Candida albicans
has been shown to be most opportunistic pathogen causing infection in the oral cavity
and to be able to colonize acrylic materials [22-25]. Candida species form biofilm
on acrylic denture surfaces. This biofilm is a network of yeasts, pseudohyphae,
and hyphae surrounded by an extracellular matrix and logged into irregularities of
anatomical surface of acrylic prosthesis [26]. Tissue invasion by these species causes
infection of the oral mucosa. C. albicans has the ability to degrade the proteins in
both yeast and hyphal forms. They can induce a chronic inflammatory response in the
oral mucosa, described as denture stomatitis [27, 28]. Denture-induced stomatitis is
an inflammatory reaction of the denture-bearing mucosa that affects approximately
60-70% of complete denture wearers [29]. Denture stomatitis is a challenge for the
dental field. Methods for prevention of this such as the incorporation of antimicrobial
agents into the denture base resin and into tissue conditioners have been developed.

Incorporation of nanoparticles into the acrylic resin denture base material is mainly
in the form of silver and platinum nanoparticles as an effective antimicrobial agent.
Some researchers showed that the addition of metal nanoparticles such as TiO,,
Fe, 03, and silver to PMMA materials could increase the surface hydrophobicity
[30].

Wady [21] in 2012 evaluated the activity of a silver nanoparticle solution against
C. albicans and then the effect of incorporation of AgNPs on the material’s hydropho-
bicity, Candida adhesion, and biofilm formation. But they concluded that although
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the AgNPs had antifungal activity, there was no effect on C. albicans adherence and
biofilm formation.

But Li et al. evaluated the effect of denture base resin containing silver nanopar-
ticles on C. albicans adhesion and biofilm formation and concluded that AgNPs had
antifungal activity and inhibited C. albicans biofilm formation [31].

Acosta-Torres et al. [32] developed a PMMA containing 1 pg/mL of AgNPs, and
they compared this new PMMA—Ag compound to PMMA. It has been observed that
PMMA-AgNPs specimens showed significantly less C. albicans adherence com-
pared to PMMA. Besides that, they evaluated the activity of mouse fibroblasts and
human lymphocytes, and it has been shown that PMMA—-AgNPs compound does
not present cytotoxicity or genotoxicity. These results suggest that the acrylic resin
incorporated with AgNPs could be developed as an antifungal denture base resin.

In a study performed by Monteiro et al. [33], AgNPs were incorporated in a
commercial denture base resin, in 0.05, 0.5, and 5% of AgNPs (by mass) concen-
trations. The authors evaluated the mechanical properties of this modified denture
base resin, as well of the unmodified one (0% of AgNPs). The flexural strength
test was performed, and it was observed that all the groups presented very similar
flexural resistance values, suggesting that AgNPs incorporation does not affect the
mechanical properties of acrylic resin.

PMMA/AgNPs nanocomposite shows antifungal efficacy against C. albicans and
can be evaluated by zone of growth inhibition method. Figure 6.1 shows silver
nanoparticle’s inhibited bacterial growth by the clear fungal inhibition zone (con-
centration of silver nanoparticles taken 1 mg/disk), which is correlated with the
antifungal activity of AgNPs denture base resin nanocomposite.

Fig. 6.1 PMMA-Ag
nanocomposite acts as an
antifungal material. Pink
colored denture base resin
shows adherence of Candida
Albicans
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Humada et al. investigated the effect of silver nanoparticles (AgNPs) incorporation
on viscoelastic properties of acrylic resin denture base material. They concluded that
incorporation of AgNPs within the acrylic denture base material can improve its
viscoelastic properties [34].

Castro et al. assessed the antimicrobial activity and the mechanical properties
of an acrylic resin embedded with nanostructure silver vanadate (B-AgVO3). They
concluded that incorporation of f-AgVO3; has the potential to promote antimicrobial
activity in the acrylic resin. At reduced rates, it improves the mechanical properties,
and at higher rates, it does not promote changes in the control [35].

Other nanoparticles such as ZrO,, TiO,, and carbon nanotubes have been used to
improve the performance of PMMA, and the results showed that desired mechanical
property enhancement can be achieved in those composites with small amounts of
nanoparticles added [36].

6.3 Silver Nanoparticles in Tissue Conditioners

Relining the ill-fitting denture with a tissue conditioner allows tissues to return to
normal health. Tissue conditioners are used in the treatment of chronic soreness from
complete dentures [37]. Tissue conditioners are degradable with time and susceptible
to microbial colonization mainly C. albicans. Incorporation of AgNPs in the tissue
conditioners could help in the reduction of microbial colonization. Zeolites have been
incorporated by many researchers into tissue conditioner to make it antimicrobial
[38—41]. Zeolites are aluminum silicate crystalline structures having void spaces
measuring 3—10 angstroms. Antimicrobial cations, such as silver and zinc, may be
lodged within the void spaces of the zeolites. As this ion availability occurs, the free
cations come into contact with the microorganisms, suppressing their development
by inactivating microbial enzymes, interrupting RNA replication, and blocking their
respiration by an oxidative process [40, 41].

Abe et al. [39] studied the effects of incorporating antimicrobial silver zeolite
2 and 5 wt% on in vitro cytotoxicity of five tissue conditioners against the living
dermal model, which consisted of human dermal fibroblast in a collagen lattice.
Samples made up of each tissue conditioner containing silver zeolite were tested
for cytotoxicity. Cell viabilities for Visco-Gel, FITT, GC Soft-Liner, and SR-Ivoseal
decreased with increasing content of silver zeolite in the tissue conditioner. Cell
viabilities of Shofu tissue conditioner showed no significant difference with degree
of silver zeolite incorporation and had better results than other tissue conditioners.
The result suggests that Shofu tissue conditioner has the highest cell viability.

Matsuura et al. [40] in 1997 studied the antimicrobial effect of tissue conditioners
containing silver zeolite (SZ). Tissue conditioners containing SZ have been proved
that they have antibacterial effects. They showed that silver zeolite continuously
releases a small amount of silver ions into water resulting in antimicrobial activity
which is not harmful to cells. SZ appears to be an appropriate material to use in tissue
conditioners. Cell viability of tissue conditioners containing silver zeolite was tested.
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The results suggested that Shofu tissue conditioner has the highest cell viability as
compared to other selected tissue conditioners.

Nikawa et al. [41] studied the antifungal effect of zeolite-incorporated tissue
conditioner against C. albicans growth, and they said that Zeomic combined tissue
conditioner would be a potential aid to improve affected oral tissues of denture-
induced stomatitis or candidiasis patients.

Nam KY in 2011 has incorporated AgNPs into a tissue conditioner, in 0.1, 0.5, 1.0,
2.0, and 3.0% concentrations. Their inhibitory effect was studied against Staphylo-
coccus aureus, Streptococcus mutans, and C. albicans after 24 and 72 h. The authors
have reported that the modified tissue conditioner showed antimicrobial properties
even at lower concentrations, that is, 0.1% for S. mutans and S. aureus and 0.5% for
C. albicans [42].

6.4 Nanoparticles in Impression Materials

Physical properties of polyvinylsiloxane impression materials were improved by
the addition of nanosized silica. The study was carried out in which six types of
fillers including nanosized fumed silica were added to polyvinylsiloxane impression
materials. They had reported that the fumed silica was effective in increasing the
viscosity, tensile strength, and maximum % strain.

Irreversible hydrocolloid, i.e., alginate impression powders can be mixed with
water that contains silver hydrosol nanoparticles to make an alginate impression. This
will reduce microbial cross-contamination by bacteria, yeasts, fungi, and viruses to
the stone model from the infected impression [43].

Nanofillers are added to vinyl poly siloxanes, thus producing novel addition sili-
cone impression materials. This material is claimed to have better properties such as
flow and improved hydrophilic properties that helps in avoiding voids in the impres-
sion and model as well [44].

Ginjupalli et al. evaluated the antimicrobial activity and properties of two com-
mercially available irreversible hydrocolloid impression materials (Zelgan and Trop-
icalgin) after incorporating varying concentrations of AgNPs. They concluded that
adding silver nanoparticles to irreversible hydrocolloid impression materials algi-
nate resulted in superior antimicrobial activity without having any adverse effect
on their properties. Addition of silver nanoparticles to Zelgan alginate impression
material significantly increased the gel strength compared with the control group. An
increase in the permanent deformation was found with the incorporation of AgNPs
of both Zelgan and Tropicalgin. The flow of Zelgan increased with the incorporation
of AgNPs, whereas a decrease in the flow of Tropicalgin was observed at 1 and 2
wt% of AgNPs. An increase in the gelation time of both Zelgan and Tropicalgin
was observed with the incorporation of AgNPs. They concluded that AgNPs can
be incorporated into irreversible hydrocolloid impression materials as antimicrobial
agents without adversely affecting their properties [45].
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Table 6.1 Properties of prosthodontics material
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Dental materials

PMMA

Ceramics
ZrOy AlLO3 glass

ceramic

Metal
TigA14V CoCrMo
CoCr

Advantage

Good biocompatibility,
esthetics processability,
and reparability

High strength, suitable
color, and low thermal

and electrical
conductivity

Titanium alloy has high
strength, low density,
light weight, low
shrinkage,
nonmagnetic, good
mechanical properties
and corrosion
resistance, and
nonallergic, teratogenic,
and carcinogenic. CoCr
alloy has high strength,
wear resistance, and
less tooth tissue cutting,
with good biological
safety. CoCrMo has
good corrosion
resistance, wear
resistance, ductility,
gloss, anti-plaque
adhesion, and biosafety

Disadvantage

Poor strength, low
fracture resistance,
radiopacity behavior,
and microbial adhesion

Low ductility and
brittleness

Further improvement is
desired to improve the
corrosion resistance and
biocompatibility of the
Ti and CoCrMo alloy.
CoCr alloy easily leads
to sensitive symptoms

Nanoresearch

TiO; nanoparticle
reinforced the |
mechanical behavior of
PMMA

Well-dispersion
nano-ZrO; particles
can improve the
modulus and strength
and maintain or even
improve ductility. Ag
TiO» and Fe, O3
particles significantly

reduce adherence of C.
albicans of PMMA and
do not affect
metabolism or
proliferation

The hardness and
fracture toughness
increased nanozirconia
ceramics. Glass
ceramics with,
nanosized grains
showed excellent
corrosion resistance,
high fracture toughness,
and translucency

Nanophase metals
(specifically, Ti,
TigA4V, and CoCrMo
alloys) promote
osteoblast adhesion,
proliferation,
differentiation, and
mineralization

Various nanoparticles are added to dental materials used in prosthodontics. The
properties of those prosthodontic materials are summarized in Table 6.1 [46].

6.5 Nanoceramics

At present, ceramic dental crown mainly includes alumina and zirconia ceramic.
Nanoceramic refers to the ceramic material with nanoscale dimensions in the
microstructures phase. Compared with the conventional ceramics, nanoceramics
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have a unique property, which makes it become the topic in the study of mate-
rial science. Ceramic is brittle material; however, nanoceramic shows toughness
and ductility. Compared to the conventional ceramics, nanoceramic has the superior
mechanical properties, such as strength and hardness. The hardness, toughness, and
strength of nanoceramics are four to five times higher than those of the traditional
materials. Mitsunori et al. conducted a study on addition of silver nanoparticles in
dental porcelain, and they showed that the fracture toughness and Vickers hardness
of the porcelain were increased [47].

Tokushi et al. incorporated silver and platinum nanoparticles in dental porcelain
and concluded that the addition of silver nanoparticles and platinum nanoparticles
enhanced the mechanical properties of porcelain. The incorporation of silver and
platinum nanoparticles increased Young’s modulus and the fracture toughness of
ceramics. Silver nanoparticles increased the fracture toughness more than platinum
nanoparticles [48].

6.6 Luting Cements and Nanoparticles

Antibacterial activity of luting cement is advisable when luting crowns, bridges,
inlay, onlay, and veneers. Silver nanoparticles are used in luting cements because of
their advantage that they show antibacterial activity due to their higher surface-area-
to-volume ratio. Yoshida et al. showed that resin composite cement incorporated with
silver-containing materials had a long-term inhibitory effect against S. mutans and
favorable mechanical properties [49].

6.7 Dental Adhesives

Dental adhesives are the materials used to increase adhesion or cohesion between
two substances or between a material and tooth structure. Silane is added to dental
adhesives in order to increase the cohesive strength. Since the adhesive liquid is
not very viscous, the filler particles tend to settle out during storage which leads to
inconsistency in their performance. To overcome this disadvantage, discrete silane-
treated nanoparticles of silica or zirconia in the size range of 5-7 nm [50] are added to
dental adhesives. According to a study by Silikas et al., no decrease in bond strength
of dental adhesives after the incorporation of silica or zirconia nanoparticles was
obtained [51].
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6.8 Silver Nanoparticles in Maxillofacial Prosthesis

Maxillofacial prostheses are used to restore lost facial parts. Candida albicans infec-
tion remains a problem for maxillofacial prostheses made of silicone, as the microor-
ganism causes degradation of the material and infection of the tissue. Fungal infection
as a result of Candida adherence on the surface of the material is always a problem
for maxillofacial patients [52].

The intaglio or anatomical surface of maxillofacial prostheses is exposed salivary
and nasal secretions. That is why these prostheses are susceptible to biofilm formation
and colonization by microorganisms, with subsequent degradation of the prosthesis
[53]. The coating of silicone materials with AgNPs could be of great use to prevent
fungal infection for patients with maxillofacial prostheses.

Zhala Meran et al. studied biocompatibility and antifungal properties of silicone
facial prostheses coated with silver nanoparticles (AgNPs) . Medical-grade silicone
disks were coated with 5 and 50 mg L21 dispersions of either AgNPs or AgNOs;.
They showed that silicone prosthetic materials coated with AgNPs are biocompatible
with fibroblast cells and showed antifungal properties. This study demonstrated that
AgNPs-coated silicone elastomer had antifungal activity without appreciable adverse
effects on human dermal fibroblast cells [54].

6.9 Silver Nanoparticles in Dental Implants

Titanium has been used for dental implants due to their good biocompatibility, better
mechanical strength, and great corrosion resistance [55].

Failures in dental implants are due to lack of stability or misfit at the implant-
abutment interface [56]. Micro-gap on the interface of two-piece implants with vari-
able fluid flow at this interface leads to the bacterial infiltration and inflammatory
cells that leads to the bone loss around this area. Some failures are due to the infection
and inflammation [57-59].

Surface modification of titanium-based implant is done to avoid implant failure.
Due to the interaction of the implant surface with bone and gingival and also, partial
exposition of implant to the oral cavity that includes bacteria, fabricating a coating
material with both antimicrobial activity and biocompatibility is important and leads
to implant success [60]. Nanoparticles have also been used as coatings to the implant
surface to improve osseointegration. Coating of bioinert nanomaterials like zirconium
and aluminum over titanium implant surfaces may change the physical properties
and enhance the osteogenic potential of implants [61]. It has been also reported that
materials such as titanium nanotubes are able to increase the density of osteoblast
cells on the implant that may lead to better implant stability [62].

Al,O3 nanoparticles help in osseointegration and in the healing process around
dental implant. It helps in new bone formation with haversian canals, osteoblast, and
osteocyte and also improves mechanical properties of dental implants [63, 64].
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Silver nanoparticles coating helps to prevent the growth of bacteria and thus helps
in ossiointegration. Titanium is a biocompatible material widely used in medical
and dental implants. After implantation, titanium surfaces are prone to bacterial
colonization that could lead to bacterial infection, inflammation, and finally lead to
implant failure. Silver nanoparticles (AgNPs) are known as antibacterial agents, and
their integration to titanium surfaces decreases the risk of implant failure.

Flores et al. studied the antibacterial potential of silver nanoparticles against
Pseudomonas aeruginosa. Their data proved that the incorporation of AgNPs on
Ti implants is an effective method to protect implant surface against pathogen colo-
nization [65].

Zhao et al. studied titania nanotubes (TiO, NTs) incorporated with silver nanopar-
ticles fabricated on Ti implants. The silver nanoparticles adhere to the wall of the
TiO, NTs prepared by immersion in a silver nitrate solution followed by ultraviolet
light radiation. Their results showed that TiO, NTs loaded with Ag nanoparticles
can kill bacteria in the suspension [66].

6.10 Conclusion

Future development of materials used in prosthodontics has been recognized to be
dependent mainly on the progress of nanoscience. Nanomaterials have been playing
a significant role in basic scientific innovation and clinical technological changes
of prosthodontics. Dental materials used in prosthodontics can be significantly
improved after their scales were reduced from micron-size to nanosize. Nanopar-
ticles have come up as one of the most effective antibacterial agents due to their
large surface-area-to-volume ratios. They can be used as effective growth inhibitors
of various microorganisms. Nanoparticles not only act as antibacterial agents but
also improve mechanical and physical properties of the dental materials.

Although numbers of different nanoparticles are in use in prosthodontics, still
AgNPs are extensively used and studied more. The uses of silver nanoparticles are
many. They are already used for many commercial applications, certain medical
applications, and in dentistry. Number of mechanical and physical properties of den-
tal materials could be amended by adding AgNPs. In particular, suitable applications
in acrylic resin, tissue conditioner, dental adhesives, dental porcelain, dental com-
posites, dental cements, implants, and maxillofacial prosthesis are important.
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Chapter 7 ®)
Nanomaterials: The Changing Phase oo
of Prosthodontics

Himanshu Aeran and Jyotsna Seth

7.1 Introduction

Prosthodontics is a dental specialty pertaining to the diagnosis, treatment plans,
rehabilitation and maintenance of oral function, comfort, appearance and health of
patients with clinical conditions associated with missing or deficient teeth or oral
and maxillofacial tissues using biocompatible substitutes. Due to the improvement
in living standards, awareness, and promotion of oral health care, a prosthodontics
with newer concepts and technologies received widespread attention.

Nano science primary deals with synthesis, characterization, exploration, and
exploitation of nanostructured materials. These materials are characterized by at
least one dimension in the nanometer range. A nanometer (nm) is one billionth of a
meter, or 10~ m.

Nano sized materials currently are being used in numerous industries; e.g., carbon
black particles make rubber tires wear-resistant, nanofibers are used for insulation
and reinforcement of composite, iron oxides create the magnetic material used in
disk drives and audio—video tapes, nano-zinc oxides and titanium are used as sun
blocks for ultraviolet rays. Nanomaterials are cornerstones of nanoscience and nan-
otechnology. Nanostructure science and technology is a broad and interdisciplinary
area of research and development activity that has been growing explosively world-
wide in the past few years. It has the potential for revolutionizing the ways in which
materials and products are created and the range and nature of functionalities that
can be accessed. New materials with outstanding mechanical properties are rapidly
being developed for dental applications [1].
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Over the past few decades, inorganic nanoparticles, whose structures exhibit sig-
nificantly novel and improved physical, chemical, and biological properties, due
to their nanoscale size, have elicited much interest [2]. Nanophasic and nanostruc-
tured materials are attracting a great deal of attention because of their potential for
achieving specific processes and selectivity, especially in biological and pharmaceu-
tical application. The use of nanoparticles has become very popular in design and
development of many dental materials so as to improve their clinical, physical, and
mechanical properties [3].

It has been shown that the performances of many biomaterials used in prosthodon-
tics enhanced after their scales were reduced by nanotechnology from micron into
nanosize. After the addition of nanomaterials various nanocomposites composed of
nanomaterials and traditional metals, ceramic resin or other matrix which have been
widely used in prosthodontics shows significant improvement in properties like mod-
ulus of elasticity, surface hardness, strength and filler loading [4].

7.1.1 Approaches in Nanotechnology

Nanotechnology works mainly by four approaches [5] as follows:

e Bottom-up approach: This approach arranges smaller components into more
complex assemblies. This begins by designing and synthesizing custom-made
molecules that have the ability to self-assemble or self-organize into higher-order
structures. This is a chemical approach.

e Top-down approach: This approach creates smaller devices by using larger ones to
direct their assembly. This approach requires larger amounts of materials and can
lead to waste if excess material is discarded. Here, larger materials are patterned and
carved down to make nanoscale structures in precise patterns. Materials reduced
to the nanoscale can suddenly show very different properties, enabling unique
applications. This is a physical method. Figure 7.1 shows the methods of chemical
as well as physical approach.

e Functional approach: This approach develops components of the desired function-
ality without much importance to their assembly or structure.

e Speculative approach: This approach often takes a big picture view of nanotech-
nology, with more emphasis on its societal implications than the details of how
such inventions could actually be created.

7.1.2 Synthesis of Nanomaterials in Prosthodontics

Nanomaterials, being a billionth of a meter, indeed allow us to think in both the
“bottom-up” and the “top-down” approaches to synthesize nanomaterials, i.e., either
to assemble atoms together or to disassemble bulk solids into finer pieces until they
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are constituted of only a few atoms. This domain is a pure example of interdisciplinary
work encompassing physics, chemistry, and engineering up to medicine.

The nanomaterials in prosthodontics are mainly used in top-down approach. In
top-down approach, various different techniques are used. Mechanical grinding is
one of these techniques where the material is prepared not by cluster assembly but
by the structural decomposition of coarser-grained structures as the result of sever
plastic deformation. This has become a popular method to make nanocrystalline
materials because of its simplicity, the relatively inexpensive equipment needed, and
the applicability to essentially the synthesis of all classes of materials.

The other approach used in top-down approach is wet chemical synthesis. In
top-down method, single crystal is etched in an aqueous solution for producing
nanomaterials, e.g., the synthesis of porous silicon by electrochemical etching [6].

Nanomaterials have been developed promptly, and some researches of nanomate-
rials have been carried out in prosthodontics. Many of the current dental materials are
available through nanocrystallization to improve their original performance and play
continuously a key role in oral applications. Research of nanotechnology in dental
materials is mainly focussed on two ways [7]: one is the preparation of new inorganic
nanoparticles, and the other is to modify the surface with inorganic nanofillers and
thereby to develop ultralow shrinkage rate of repair resin.

7.2 Application of Nanodentistry in Prosthodontics

In prosthodontics, various types of nanomaterials are added to improve the properties
of commonly used materials like resin denture base material, ceramics, polyvinyl
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siloxane impression material, maxillofacial materials, luting cements. Research on
addition of nanoparticles in this regard will promote the usage of such materials with
greater efficiency, and durability will definitely be of great advantage to dentists and
patients undergoing prosthodontics treatment.

7.2.1 Nanoparticles in Resin Polymethyl Methacrylate

Polymethyl methacrylate is obtained by polymerization of acrylic acid and its esters.
The main component is polymethyl methacrylate, also containing small amount of
ethylene glycol dimethacrylate [8]. Polymethyl methacrylate has good mechanical
properties such as high hardness, rigidity, discontinuity deformation, biological prop-
erties, aesthetic properties, and easy processing characteristics. Main disadvantages
are instability of color, poor resistance to wear and tear volume shrinkage after poly-
merization, oral mucosa initiation and aging and staining or discoloration that easily
occurs. Nanoparticles are added to polymethyl methacrylate as antimicrobial agents
to increase the viscoelastic properties of resin [4].

Epidemiological studies report that approximately 1% of removable denture wears
suffer from denture stomatitis and oral pathological conditions like denture stomati-
tis mainly caused by adherence of biofilm onto the denture base [9]. Incorporation of
nanoparticles into the denture base materials is mainly in the form of silver and plat-
inum nanoparticles as an effective antimicrobial agent [ 10]. Some researchers showed
that addition of metal nanoparticles such as titanium oxide, ferric oxide, and silver
to polymethyl methacrylate materials could increase the surface hydrophobically to
reduce biomolecular adherence [11]. Polymethyl methacrylate containing nanopar-
ticles shared a lowered Candida albicans (C. albicans) cell adhesion and a lower
porosity, compared to standard polymethyl methacrylate [12]. Li et al. [13] evalu-
ated the effect of denture base resin containing silver nanoparticles on C. albicans
adhesion and biofilm formation and an inhibitory effect on adhesion and biofilm for-
mation by denture base resin containing nanosilver discovered especially at a higher
concentration.

Monterio et al. [14] evaluated a denture base resin containing silver nanoparti-
cles through morphological analysis to check the distribution and dispersion of the
particles in the polymer and by testing the silver release in deionized water at dif-
ferent time periods. The silver nanoparticles were incorporated in the polymethyl
methacrylate denture resin to attain an effective antimicrobial material to help con-
trol common infections involving oral mucosal tissues in complete denture wearer,
because nanocomposites have good efficacy against C. albicans.

Nam [15] did a study to evaluate the antimicrobial property of a denture base
as characteristics by the synthesis of a modified polymethyl methacrylate denture
acrylic loading platinum nanoparticles. The study showed that platinum nanoparticles
were successfully loaded and uniformly immobilized into polymethyl methacrylate
denture acrylic with a proper thermal stability and similar surface morphology and
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platinum nanoparticles expressed significant bacterial anti-adherent effect rather than
bactericidal effect above 50 mg/L.

Many products used for dental restoration have been produced from acrylic resins
based on heat-cured polymethyl methacrylate, due to its optical properties, biocom-
patibility, and aesthetics. However, it has a long-standing drawback that is lack of
strength particularly under fatigue failure inside the mouth and also shows low abra-
sion resistance and microbial adhesion onto polymethyl methacrylate to long-term
polymethyl methacrylate wearers [16].

Carbon nanotubes and carbon nanofibrils have been used as reinforcement or addi-
tives in various materials to improve the properties of the matrix materials. Cooper
et al. [17] prepared the polymethyl methacrylate matrix with different quantities
of carbon nanotubes or carbon nanofibrils using a dry powder mixing method. It
showed that impact strength of the composites is significantly improved by even
small amounts of single-wall nanotubes.

Acosta-Torres et al. [11] reinforced polymethyl methacrylate with titanium diox-
ide and ferric oxide nanoparticles for improving coloring and antimicrobial property
of polymethyl methacrylate. These results indicated that nanostructured metal col-
oring additives produce nontoxic hybrid materials with antimicrobial property for
prosthetic applications.

Clinical Implication: With addition of nanoparticles in resin polymethyl methacry-
late, the resultant material achieved is with better color stability, good resistance to
wear and tear, lesser volume shrinkage after polymerization, and better antimicrobial
efficacy.

7.2.2 Nanoceramic Materials

Dental ceramics is the most aesthetic material used in dentistry. These materials are
a part of systems designed with the purpose of producing dental prostheses that in
turn are used to replace missing or damaged dental structures [18]. They are used
because of their high aesthetic value, high strength, suitable color, and low thermal
and electrical conductivity. Various materials such as hydroxyapatite ceramic, glass
ceramic, alumina, and zirconia are used for ceramic materials. Alumina ceramics
have good aesthetics, high gloss, chemical stability, wear resistance, high hardness,
good biocompatibility, but the biggest drawback is porcelain crack [19]. Due to
its low tensile strength, brittleness of ceramic directly influence and limit the
use of traditional ceramic materials and scientists believe that nanoceramics may
offer better specific improvements. Nanoceramics also may meet the need for
translucency of dental restoration. Nanoceramics refer to ceramic material with
nanoscale dimensions in the microstructured phase. As compared to conventional
ceramic, nanoceramics have superplasticity. Ceramic is brittle material; however,
nanoceramics shows good toughness and ductility. In nanoceramics, the atoms are
very easy to migrate under the conditions of force deformation. Secondly, compared
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Fig. 7.2 Schematic representation of solgel process of synthesis of nanomaterials

to conventional ceramics, nanoceramics have the superior mechanical properties,
such as strength and hardness increasing significantly [20]. The studies show that
microhardness of nano-titanium dioxide ceramics is 13,000 kKN/mm?, while that of
ordinary titanium dioxide ceramics is lower than 2000 kN/mm?.

Li et al. [21] reported the different physical properties of nano-zirconium diox-
ide ceramic material from the conventional ones. Conventional zirconium dioxide
hardness is around 1500, and its fracture toughness is quite low, and so break easily
occurs in processing. However, nano-zirconia ceramic hardness reaches more than
1750, increased by about 20%. Not only its hardness is improved, but also the fracture
toughness is increased. Wang et al. [22] reported the influence of nano-ZrO, control
on the mechanical properties and found that composite has better toughness.

Another form of glass ceramic which is based on lithium disilicate with lack of
mechanical properties used commonly in dental veneers and crowns, but due to insuf-
ficient mechanical properties, failures have been reported. Person et al. [23] used a
solgel method to produce glass ceramic in zirconia—silica system with nanosized
grains, which was found to be translucent, with a transmittance of over 70% and
possessed excellent corrosion resistance as shown in Fig. 7.2. The hardness of nano-
material increased more than the conventional lithium disilicate. Carbon nanotubes
nowadays are widely used as nanofiller in nanomaterial to improve mechanical and
electronic properties [24].
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An et al. [25] produced alumina—carbon nanotube composites by hot pressing and
studied mechanical and tribological properties of alumina—carbon nanotube compos-
ites. They concluded that wear and mechanical properties were enhanced by 30% by
adding 0—4% carbon nanotube content.

Clinical Implication: Resultant nanoceramics show excellent translucency and
superior mechanical properties such as strength, hardness, corrosion resistance,
toughness, and ductility.

7.2.3 Nanoparticles in Impression Material

Improved physical properties of polyvinyl siloxane impression material are done
by addition of nanosized fumed silica. Choi et al. [26] have used dental impression
materials formulated with loading combination of six types of fillers including nano-
sized fumed silica. They concluded that the test group in which quarter of quartz
was replaced with fumed silica showed the most ideal working and setting time for
clinical use.

Combining the nanosized fumed silica, it was effective in increasing the viscosity,
tensile strength, and maximum strain producing better detail reproduction of the
material. The best modulation of physical properties in polyvinyl siloxane was seen
after combining fillers during the formulation.

Clinical Implication: Addition of nanoparticles improved impression material with
mostideal working and setting time along with the effective viscosity, tensile strength,
and maximum strain for best clinical use to record better tissue details.

7.2.4 Nanoparticles in Maxillofacial Materials

Pesqueira et al. [27] evaluated the effect of disinfection and accelerated aging on
the dimensional stability and detail reproduction of a facial silicone with different
types of nanoparticles. Samples were divided into three groups: colorless nanopar-
ticles, pigmented make-up powder nanoparticles, and pigmented ceramic powder
nanoparticles. Half specimens were disinfected, and half were kept neutral; all spec-
imens were subjected to accelerated aging. Tests for both dimensional stability and
detail reproduction were performed. Chemical disinfection and also accelerated aging
affected adversely the dimensional stability of facial silicone with significant results.
The silicone’s detail reproduction was not affected by these factors regardless of
nanoparticles type, disinfection, and accelerated aging.

Clinical Implication: Maxillofacial material with nanoparticles produces better
detail reproduction of tissue.
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7.2.5 Nanoparticles in Hybrid Resin Luting Cement

Habekostet al. [28] investigated the influence of nanoparticle loading level on proper-
ties of experimental hybrid resin luting agent. The properties evaluated were flexural
strength (o), modulus (E, ), Knoop hardness number (KHN), and film thickness (FT).
It was concluded that modest incorporation of nanoparticles may improve the prop-
erties of resin luting materials. Nanofiller mass fractions above 25% should however
be avoided because they may be detrimental to the properties of the resin luting
cement (Fig. 7.3).

Clinical Implication: Nanoparticles in hybrid resin luting cement improved the
properties of the cement like flexural strength, modulus, Knoop hardness, and reduc-
ing film thickness.

7.2.6 Nanometal Material and Dental Implants

Most metal stents of partial denture are made by using cobalt—chromium alloy or
cobalt—chromium-molybdenum alloy and titanium alloy [29]. The initial cobalt-
based alloy is cobalt—chromium binary alloy and is then modified to cobalt—chromi-
um-tungsten and later developed into cobalt-chromium-molybdenum alloy. Its
mechanical properties and corrosion resistance are better than stainless steel or gold
alloy [30].

Another metal material that is nowadays used in dentistry [31] is titanium
(Fig. 7.4). With excellent mechanical properties and good biological security, bio-
logical integration of titanium is usually satisfactory but some patients are prone to
allergies, causing skin, mucous membrane inflammation [32]. Biological integration

(b)
o':
& ° .. =
%0 @ 3.:,'.:
Adhesive resin Zirconia
solution nanoparticles

Fig. 7.3 Addition of nanoparticles in resin luting cement
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2 Ti-MAO-NI nano-stick

Ti-MAO-NI with nano-stick array film by micro-arc oxidation (MAO) and nitrogen ion
implantation (NII) treatment shows excellent biotribological propertitics and bioactivity.

Fig. 7.4 Addition of nanoparticles in titanium

with surrounding host tissue is one of the most important factors for long-term suc-
cess of dental implants, and modification of titanium implant surface improves this
integration. Dorkhan et al. [33, 34] modified surface of titanium surface by anodic
oxidation into nanoscales with pores in the 50 nm concluded that these implants with
nanostructured surface improve surrounding host tissue cell adherence.

Other property to improve dental implants was wear resistance. To overcome wear
resistance, Sathish et al. [35] coated a novel nanostructured bilayered zirconium diox-
ide/aluminum trioxide—titanium dioxide on biomedical titanium—niobium-zirconia
alloy. The bilayered coating exhibits 200-500 fold better in the wear resistance with
lower porosity.

Lan et al. [36] prepared a nanotextured titanium surface using a chemical etching
technique and concluded that the effects of nanotextured titanium made the surface
rough of pure titanium which further increased pre-osteoblastic cells adherence, pro-
liferation, differentiation, and mineralization leading to increase in osseointegration
of dental implant to underlying bone.

Yao et al. [37] created nanometer surface features on titanium and titanium-—alu-
minum-vanadium implants by anodization and concluded that osteoblast adhesion
was enhanced on the anodized metal substrates compared to unanodized substrates.

Webster and Ejiofor [38] further provided the evidence of increased osteoblast
adhesion on titanium, titanium—aluminum-vanadium and cobalt—chromium-molyb-
denum compacts with nanometer compared to conventionally sized metals.

Clinical Implication: Nanometals in implants show excellent physical properties
like corrosion resistance, wear resistance, adhesion strength, lower porosity along
with increased osteoblast adhesion which ultimately increases the longevity of dental
implants.
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7.2.7 Nanoparticles in Tissue Conditioner

Tissue conditioner used to enhance the recovery of denture bearing tissues from
trauma, damage, or residual ridge resorption are usually caused by ill-fitting dentures.
These materials are degenerated with time and are susceptible to colonization by
microorganisms [39]. Tissue conditioners could be kept clean by mechanical and
chemical methods, but these methods cause damage to tissue conditioners [40].
Silver has been well known for its antimicrobial characteristics. So to overcome this
problem, silver nanoparticles are added in tissue conditioner, and because of their
smaller size, they provide large surface area [41].

Nam [42] conducted the study and modified tissue conditioner combined with
silver nanoparticles that displayed antimicrobial properties against Staphylococcus
aureus, Staphylococcus mutans at 0.1% and C. albicans at 0.5% aftera24 hand 72 h
incubation periods.

Clinical Implication: As disinfecting tissue conditioner damages the material,
upcoming nanoparticles added antimicrobial activity in this material for improving
its clinical use.

7.3 Summary

Latest research progress on applications of nanometals, nanoceramics, nanoresins,
and other nanomaterials in prosthodontics shows that materials in prosthodontics can
be significantly improved after their scales were reduced from micron to nanosize by
nanotechnology. The performances of composites can also be enhanced by adding
appropriate nanomaterials. Nanomaterials have been playing a significant role in
basic scientific innovation and clinical technological change of prosthodontics.
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Chapter 8 ®)
Nanostructures in Dentistry: In oo
Diagnosis, Drug Delivery and Oral

Cancer Therapy, and their

Biocompatibility

Archana Bhardwaj, Abhishek Bhardwaj and R. Nageswar Rao

8.1 Introduction

8.1.1 Nanotechnology

Nano is derived from “vavog,” the Greek word for dwarf. It refers to one billionth of a
unit. So, a nanometer is one billionth of a meter, roughly equivalent to the cumulative
diameters of ten hydrogen atoms. The nanoscale is about a thousand times smaller
than micro, which is about 1\80,000 of the diameter of a human hair [1]. Figure 8.1
depicts the various sizes of nanoscale materials for comparison.

The concept of nanotechnology was first elaborated in 1959 by Richard Feynman,
a Nobel Prize-winning physicist, in a lecture titled, “There’s plenty of room at the
bottom.” He ended the lecture concluding “this is a development which I think cannot
be avoided.” He described it as a technique of creating functional materials, devices
and systems through control of atoms on a nanometer scale and utilization of the
unique properties exhibited at that scale [2]. However, Feynman’s proposal remained
unrealized until the mid-1980s, when the MIT-educated engineer, K. Eric Drexler
published his book, “Engines of Creation,” which popularized the prospective of
nanotechnology. He coined the term “nanotechnology,” also known as “Molecular
Nanotechnology” or “Molecular Engineering” [3]. Since then, nanotechnology has
found itself useful in a multitude of applications, including dental diagnosis, material,
and therapeutics.
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Fig. 8.1 Nanoscale

8.1.2 Principle of Nanotechnology

Nanotechnology is the production of functional materials and structures in the range
of 0.1-100 nm, the nanoscale, by various physical or chemical methods. It is formu-
lated on the basic principle of constructing functional structures by controlling atoms
and molecules on an individual basis. At nanoscale, quantum physics becomes sig-
nificant and the behavior of surfaces begins to govern the characteristics of bulk mate-
rials. All properties, including electrical, optical, and magnetic ones, are altered [4].

8.1.3 Advantages of Using Nanotechnology in Dentistry

Mechanical properties of dental materials deeply affect their clinical success. Dental
materials should have adequate strength to withstand the static and dynamic occlusal
forces for a long period of time in the complex environment of the stomatognathic
system. What makes the concept of nanomaterials interesting is that their size is
smaller than the critical lengths defining many physical events. The major advantage
of using nanobiomaterials in dental practice is their improved mechanical properties,
superior abrasion resistance, lower shrinkage, and enhanced optical and esthetic
properties [5].
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Nanotechnology

Fig. 8.2 Applications of nanotechnology

8.1.4 Applications of Nanotechnology in Dentistry

Nanotechnology has applications in multiple fields (Fig. 8.2). In the present sce-
nario, nanobiomaterials have been used in various dental applications such as light
polymerizable composites and their bonding systems, impression materials, ceram-
ics, and dental implant coatings. Their use in the field of periodontics, orthodontics,
endodontics, oral surgery, prosthodontics, oral cancer, salivary diagnostics, and nan-
otechnology for tooth repair and regeneration is also under research. With the appli-
cation of nanotechnology in dentistry, the maintenance of ideal oral health might
soon become achievable.

8.2 Nanomedicine

Nanomedicine is the science of preventing, diagnosing, and treating disease and
preserving and improving human health, using nanosized particles [6].
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8.2.1 Types of Nanotechnologies in Nanomedicine

They can be generally divided into three potent molecular technologies.

e Nanoscale materials and devices to be applied in advanced diagnostics and
biosensors, targeted drug delivery, and smart drugs

e Molecular medicine through genomics, proteomics, artificial biobotics (microbial
robots)

e Molecular machines and medical nanorobots aid in immediate microbial diag-
nosis and treatment, and enhancement of physiological functions [7].

8.2.2 Nanosensors

Nanosensors have been used for military application in identifying airborne harmful
materials and weapons of chemical warfare and to identify drugs and other substances
in expired air [8, 9].

8.2.3 Nanophase Materials

Nanophase materials are promising materials for various bio-applications as human
tissues themselves are composed of nanometer size components. These include:

e Nanophase hydroxyapatite (HA)

e Nanophase alumina

e Nanophase carbon: Carbon nanofibers have extraordinary conjectural mechanical
properties in addition to nanoscale dimensions like natural HA; these features
support its proposal as a maxillofacial implant material [10].

8.2.4 Nanorobots

e Fabrication: Carbon, in the form of diamond or fullerene, is used for nanorobots
fabrication due to its high strength and chemical inertness. Nanorobots are
0.5-3 pwm in diameter and are constructed of parts with dimensions in the range
of 1-100 nm. The external passive diamond coating provides a smooth, flawless
coating making them inert to the body’s immune system. Figure 8.3 shows the
fabrication of nanorobots.

e Mechanism of Action: The powering of nanorobots can be done by metaboliz-
ing local glucose, oxygen and externally supplied acoustic energy. They can be
controlled by onboard computers. A navigational network installed in the body
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Fig. 8.3 A nanorobot

may provide high positional accuracy to all passing nanorobots and keep track of
the various devices in the body. Nanorobots can distinguish between different cell
types by checking their surface antigens.

e Uses: Nanorobots may find use in gerontology, pharmaceutics, diagnostics, in
reversal of atherosclerotic damage, enhancing lung function, aiding natural immu-
nity, repairing brain injury, modifying cellular DNA sequences, and repairing cel-
lular damage, apart from diverse applications in dentistry.

e Deactivation of Nanorobots: When the task of the nanorobots is completed, they
may exit via the usual human excretory channels. They can also be retrieved by
active scavenger systems.

e Nanoterminators: Scientists are yet to build a mechanism for self-destruction
of nanorobots similar to apoptosis. The question arises as what will happen if
nanorobots free themselves from control. For example, those intended for anes-
thetizing the dental pulp may pass through the bloodstream and arrive at one of
the vital centers, respiratory center at the medulla oblongata or conduction bundle
in the heart, and discontinue the current of nerve impulses. In such a case, the
consequences may be catastrophic. To counteract the problem, researchers advo-
cated the development of nanoterminators or the killers of nanorobots, which will
destroy the disobedient and crazy nanorobots [11].
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8.3 Nanotechnology in Dentistry: Approaches
to Nanotechnology

Today, nanotechnology is understood by the following approaches [12-16].

8.3.1 Bottom-up Approach (Self-assembly)

In this technique, smaller components are arranged into more complex assembly.
This begins by designing and synthesizing custom-made molecules that have the
ability to self-assemble or self-organize into higher-order mesoscale or macroscale
structures. Modern synthetic chemistry has reached the point where it is possible
to prepare small molecules to almost any structure. Such bottom-up approaches are
much cheaper than top-down methods, but could potentially be overwhelmed as the
size and complexity of the desired assembly increases as shown in Table 8.1.

8.3.2 Top-Down Approach

In this technique, smaller devices are created by using larger ones to direct their
assembly. So, small features are made by starting with larger materials patterning
and carving down to make nanoscale structures in precise patterns. Complex struc-
tures containing hundreds of millions of precisely positioned nanostructures can

Table 8.1 Approaches to nanotechnology

Bottom-up approach Top-down approach
* Local nanoanaesthesia » Nanocomposites
» Hypersensitivity cure * Nanosolution

* Tooth repositioning

* Nanorobotic dentifrice

» Dental durability and cosmetics
* Nanodiagnostics

 Therapeutic aid in oral diseases
» Nanotherapeutics/drug delivery
* Gene therapy

» Diagnosis of oral cancer
 Treatment of oral cancer

* Whole tooth replacement

Nano glass ionomer restorative
Pit and fissure sealants
Impression materials
Nano-composite denture teeth
Nanoencapsulation

Dentifrices

Laser plasma application

Bone replacement materials
Osseo-inductive materials
Prosthetic implants

» Tooth renaturalization » Radiopacity
¢ Dental biomimetics ¢ Orthodontic wires
» Endodontic regeneration * Nanoneedles

* Nanoterminators Nanosterilizing solution
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be fabricated. Materials are reduced to the nanoscale and can suddenly show very
different properties, enabling unique applications (Table 8.1).

8.3.3 The Functional Approach

The functional approach disregards the method of production of a nanoparticle, and
the objective is to produce a nanoparticle with a specific functionality. In other words,
it seeks to develop components of a desired functionality without regard to how they
might be assembled. Molecular scale electronics seeks to develop molecules with
useful electronic properties. These could then be used as single-molecule components
in a nanoelectronic device. Synthetic chemical methods can also be used to create
synthetic molecular motors.

8.3.4 The Biomimetic Approaches

This approach seeks to apply biomolecules for applications in nanotechnology. The
intersection of nanotechnology and biology is referred to by the term Bionanotechnol-
ogy. It utilizes the principal of bionics and biomimicry. This fruitful collaboration
between materials science, biology, and biomedicine for the advancement of bio-
materials collects the most promising solutions provided by nature for the field of
biomedicine, showing how to achieve the desired functionality by using biomimetics.

8.3.5 Speculative

This approach seeks to anticipate what inventions nanotechnology might yield, or
attempt to propose an agenda along which inquiry might progress. These often take a
big-picture view of nanotechnology, with more emphasis on its societal implications
than the details of how such inventions could actually be created.

8.4 Therapeutic Nanostructures in Dentistry

Nanodentistry may lead to the achievement of almost perfect oral health through the
use of nanomaterials, biotechnology including tissue engineering and nanorobotics
(Fig. 8.4). It includes:

e Nanomaterials
e Nanodiagnostics
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NANODIAGNOSTICS

NANOROBOTS

Fig. 8.4 Components of nanodentistry

Fig. 8.5 Nanorobots on the tooth surface and within the root canal

e Nanorobotics (Fig. 8.5).
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8.4.1 Nanomaterials

Nanomaterials are those materials with components less than 100 nm in at least one
dimension. These may include atoms clusters, grains, fibers, films, composites, or
nanoholes from these combinations and they can be constituted of metals, ceramics,
polymeric materials, or composite materials.

8.4.2 Classification of Nanomaterials

A. Nanomaterials in one dimension are termed as sheets, in two dimensions as
nanowires and nanotubes, and as quantum dots in three dimensions [17].

B. As defined by Richard W. Siegel, nanostructured materials can be created with
various modulation dimensionalities:

Zero (atomic clusters, filaments, and cluster assemblies),

One (multilayers),

Two (ultrafine-grained over layers or buried layers), and

Three (nanophase materials consisting of equiaxed nanometer-sized grains).

C. Nanomaterials generally fall into two categories: fullerenes and inorganic
nanoparticles

a. Fullerenes

These are a class of allotropes of carbon which are basically graphene sheets rolled
into tubes or spheres. A common method used to produce fullerenes is to send a
large current between two nearby graphite electrodes in an inert atmosphere. The
resulting carbon plasma arc between the electrodes cools into sooty residue from
which many fullerenes can be isolated. These include the carbon nanotubes which
are of interest both because of their mechanical strength and also because of their
electrical properties.

b. Inorganic Nanoparticles

Inorganic nanoparticles (e.g., quantum dots, nanowires, and nanorods), because of
their interesting optical and electrical properties, could be used in optoelectronics.
Furthermore, these properties, which depend on the size and shape of nanomaterials,
can be adjusted during production.

Inorganic nanoparticles (either currently in use or under development) include

Semiconductor nanoparticles
Metal nanoparticles

Metal oxide nanoparticles
Silica nanoparticles
Polyoxometalates

Gold nanocrystals.
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8.4.3 Nanostructures Used in Dentistry

Present-day nanostructures exploit carefully structured nanocarriers such as nanopar-
ticles, nanorods, nanospheres, nanotubes, nanofibers, dendrimers, quantum dots
(QDs), nanopores, nanoscale cantilevers, nanoshells, and liposomes to target-specific
tissues and organs (Fig. 8.6). These nanostructures may serve in the diagnosis and
cure of dental disease, as well as provide anticancer agents in dentistry.

Various types of nanostructures include:

e Nanopores

A nanopore (Fig. 8.6a) is simply a small hole, of the order of 1 nm in internal diameter.
Nanopore sequencing is one of the most promising technologies being developed as
a cheap and fast alternative to the conventional Sanger sequencing method. Protein
or synthetic nanopores have been used to detect DNA or RNA molecules [18].

o Nanotubes

Nanotubes (Fig. 8.6h) are made up of carbon atoms bonded into hexagonal patterns
and have about half the diameter of a DNA molecule. They exhibit great strength
and electrical conductivity. Apart from helping in cancer diagnostics, they have been
used in various dental applications. Titanium oxide nanotubes have been revealed
to accelerate the kinetics of hydroxyapatite (HA) formation in vitro, mainly in the
perspective of bone growth applications for dental implants [19]. Recently, modi-
fied single-walled carbon nanotubes (SWCNTSs) have been shown to improve the
flexural strength of composites. These SWCNTs had silicon dioxide applied to them
in combination with specialized organosilane bonding agents [20]. Moreover, novel
nanostructured titania tubes have been successfully introduced in the poly(methyl

(@) (b) (c)

() (9) (h)

Fig. 8.6 Types of nanostructures a Nanopore, b Nanobelt, ¢ Nanoscale cantilever, d Nanorod, e
Nanofiber, f Nanoshell, g Nanosphere, h Nanotube, i Quantum dot, j Dendrimer
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methacrylate) (PMMA) bone cement matrix to enhance its mechanical properties
[21].

e Quantum Dots

Quantum dots (QDs) are typically semiconductor nanocrystals that have gained
tremendous attention due to their unique electronic, magnetic, chemical, and optical
properties (Fig. 8.61). They have proven very useful in applications in many fields
across the physical, engineering, chemical, biological, medical sciences, and espe-
cially in dentistry. QD conjugates with standard epifluorescence microscopy, leading
to brilliant single-cell resolution of biofilms. Alves et al. studied dental resins impreg-
nated with different concentrations of CdSe/ZnS core—shell QD and found that this
modification resulted in the fabrication of restorative materials with fluorescence
properties that closely match those of natural human teeth [22].

e Nanoscale Cantilevers

Nanoscale cantilevers (Fig. 8.6c) are flexible beams resembling a row of diving
boards. Cantilever arrays with their extraordinary multiplexing capabilities could
aid cancer diagnosis and could be engineered to bind to molecules associated with
cancer, such as DNA sequences, single-nucleotide polymorphisms, and proteins [23].

e Nanoshells

A nanoshell (Fig. 8.6f) is a type of spherical nanoparticle consisting of a dielectric
core that is covered by a thin metallic shell. The core is usually of silica and the
metallic outer layer is composed of gold. By modifying the core-to-shell ratio, sci-
entists can propose these shells to absorb near-infrared light creating a powerful heat
that is mortal to cancer cells, without affecting adjacent normal cells. These materi-
als have a variety of other applications in dentistry, including fluorescent diagnostic
labels, catalysis, avoiding photodegradation of teeth, enhancing photoluminescence,
creating photonic crystals, and preparation of bioconjugates [18].

e Dendrimers and Dendritic Copolymers

Dendrimers (Fig. 8.6j) are man-made molecules about the size of an average protein
and have a branching shape. This shape gives those vast amounts of surface area to
which scientists can attach therapeutic agents or other biologically active molecules.
In addition, photopolymerized dendritic copolymers and particulate filler composites
have been combined for use as dental restorative materials. The incorporation of
polymerizable 2, 3-dihydroxybenzyl ether dendrimers into dental composite resins
produced dental materials with enhanced physical properties [24, 25].

o Nanobelt

While nanotubes are a few millionths of a meter long, nanobelts (Fig. 8.6b) are
millimeters long and have multiple advantages over tubes in terms of price, flexibility,
and practicality.
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For making nanobelts, an oxide containing zinc, tin, cadmium, gallium, or indium
is evaporated for 2 h. Nanobelt is then deposited as a wool-like product. These little
straps have a rectangular cross section with a width of 30-300 nm and a thickness of
10-15 nm. Each belt is a single crystal. Because the material is already an oxide, it
does not undergo any further chemical reaction and has a pure, flawless surface [26].

e Nanorods

Nanorods (Fig. 8.6d) are nanoscale objects having dimensions ranging from 1 to
100 nm. Nanorods, having ananosized HA adhesive system, may have practical appli-
cations in dental clinics. Chen et al. have created enamel-prism-like HA nanorods
that have self-assembly properties [27]. They are analogous to the enamel rods that
construct the vital crystalline construction of dental enamel; therefore, nanorods may
provide a convenient artificial model of this naturally occurring structure. Shojai et al.
synthesized HA nanorods which showed high dispersion stability in a dilute experi-
mental adhesive. HA nanorods may also be regarded as an alternative to other fillers
such as silicates for use in dental adhesives [28].

e Nanospheres

Nanospheres (Fig. 8.6g) have also been tried for their potential role in duplicat-
ing natural processes of tooth development. During the secretory stage of enamel,
the organic matrix self-assembles to form nanospherical structures that align along
the maturing enamel crystallites. Nanosphere assembly could be considered for a
restorative purpose [29].

e Nanofibers

Nanofibers (Fig. 8.6e) are defined as fibers with diameters less than 1000 nm. They
have a high aspect ratio and a high surface area to volume ratio, which results in
greatly improved physical and mechanical properties. They have been explored for
several biomedical applications. Currently, nanofibers are used to produce ceramics
containing hydroxyapatite and fluorhydroxyapatite [30]. Moreover, nanofibrillar sil-
icate crystals have been tried in strengthening dental composites. Nanofibers, added
in the correct proportion and uniform distribution, were established to improve the
physical properties of these composites [31]. The nanofibrous (NF)-poly(L-lactic
acid) (PLLA) supported odontogenic differentiation of human dental pulp stem cells
and dentin-like tissue formation, demonstrating its potential for dental tissue engi-
neering application [32].

e Liposomes

Liposomes are vesicular structures which have an aqueous core surrounded by a
lipid bilayer. They adsorb to hydroxyapatite, the major constituent of dental enamel.
The potential of liposomes as a dental drug delivery system has also been explored
recently [23].
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8.5 Nanodiagnostics: Diagnosis of Oral Cancer and Other
Diseases

8.5.1 Advantages of Using Nanodiagnostics

e This technology will help in the use of nanodevices and nanosystems for early
disease identification at cellular and molecular level.

e The efficiency and reliability of diagnostic methods using human fluids or tissue
samples could be increased further with the help of nanotechnology.

e In the case of in vivo diagnostics, it could develop devices which will be able to
work inside the human body in order to identify the early presence of disease,
tumor cells and also identify and quantify toxic molecules.

e In the case of cancer diagnosis, these advances will permit less invasive, less
uncomfortable means of identifying and quantifying the markers of disease, thus
aiding not only in diagnosis, but also monitoring recurrence or metastasis and
defining the locations, biologic types, and behaviors of malignancies [33].

8.5.2 Various Techniques Used in Nanodiagnosis

e Nanopores

Nanopores being tiny holes that allow DNA to pass through, one strand at a time, will
make DNA sequencing more efficient. The pores are so small that DNA separation is
being attempted using this structure. As DNA passes through a nanopore, scientists
can monitor the shape and electrical properties of each base, or letter on the strand.
Since these properties are unique for each of the four bases that make up the genetic
code, scientists can use the passage of DNA through a nanopore to decipher the
encoded information, including errors in the code known to be associated with cancer
[17, 34].

e Nanotubes

These carbon rods, which are about half the diameter of a molecule of DNA, can not
only detect the presence of altered genes, but may also help researchers pinpoint the
exact location of those changes. This may help to identify DNA changes associated
with cancer [35]. A multidisciplinary team in Massachusetts Institute of Technology
has developed carbon nanotubes that can be used as sensors for cancer drugs and
other DNA-damaging agents inside living cells [36].

e Quantum Dots

These are miniscule molecule making up tiny crystals that glow when stimulated by
UV light. The wavelength or color of the light depends on the size of the crystal. Latex
beads filled with these crystals can be designed to bind to specific DNA sequences. By
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combining different sized quantum dots within a single bead, scientists can create
probes that release distinct colors and intensities of light. On stimulation by UV
light, each bead emits light that serves as a sort of spectral bar code, identifying a
particular region of DNA. To detect cancer, scientists can design quantum dots that
bind to sequences of DNA that are associated with the disease. When the quantum
dots are stimulated with light, they emit their unique bar codes, or labels, making the
critical, cancer-associated DNA sequences visible [1].

e Nanoscale Cantilevers

These flexible beams can be engineered to bind to molecules associated with cancer.
They may bind to altered DNA sequences or proteins that are present in certain types
of cancer and can provide rapid and sensitive detection of cancer-related molecules.
As a cancer cell secretes its molecular products (DNA sequences or proteins), the
antibodies coated on the cantilever fingers selectively bind to these secreted proteins,
changing the physical properties of the cantilever and signaling the presence of cancer
[23].

e Nanoelectromechanical Systems (NEMS)

Nanotechnology-based NEMS biosensors that exhibit exquisite sensitivity and speci-
ficity for analyte detection, down to single-molecule level, are being developed. They
convert biochemical signals to electrical signals, thus monitoring health status, dis-
ease progression, and treatment outcome through noninvasive means [37, 38].

e Laboratory-on-a-Chip Methods

Laboratory on a chip (LOC) is a device which integrates several laboratory func-
tions on a single chip. These deal with the handling of extremely small fluid vol-
umes, down to less than picoliters. Assays are performed on chemically sensitized
beads populated into etched silicon wafers with embedded fluid handling and optical
detection capabilities. Complex assays can be performed with small sample volumes,
short analysis times, and markedly reduced reagent costs. LOC methodologies have
been used to assess the levels of interleukin-1beta, C-reactive protein, and matrix
metalloproteinase-8 in whole saliva. This might prove to be the future use of these
biomarkers for diagnosing and categorizing the severity and extent of periodontitis
[39, 40].
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e Oral Fluid Nanosensor Test (OFNASET)

OFNASET technology combines self-assembled monolayers (SAM), bionanotech-
nology, cyclic enzymatic amplification, and microfluidics for detection of salivary
biomarkers for oral cancer. It was demonstrated that a combination of salivary pro-
teomic and mRNA biomarkers detected oral cancer with high specificity and sensi-
tivity [41].

e Optical Nanobiosensor

The nanobiosensor is a unique fiberoptics-based tool which allows the minimally
invasive analysis of intracellular components. Components such as cytochrome C,
an important protein involved in the production of cellular energy as well as in
apoptosis, can be analyzed [42].

e Nanotexturing

Physicochemical nanoscale modification of surfaces has been proposed to analyse
low-molecular-weight proteins from body fluids and other biologic samples. It will
provide size segregation, selective capture, and resultant enhancement of specific
regions of the proteins [38].

e Bio-Barcode Assay

A magnetic probe captures a target molecule using either monoclonal antibody or
complementary oligonucleotide. Target-specific gold nanoparticles sandwich the tar-
get, thus distinguishing it and amplifying the signal. The barcode oligonucleotides
are then released and detected using the scanometric method [38].

e Nanowires

Nanometer scale wires may help monitor local chemical, electrical, or physical prop-
erty changes in cells or tissues [38].

e lodinated Nanoparticles

Iodinated nanoparticles can be confined to the lymph nodes after bronchoscopic
instillation. These may then be visualized precisely through the use of computerized
tomography (CT) [38].

8.6 Nanoencapsulation and Nanotherapeutics—
Nanoparticles as Dental Drug Delivery Systems

Using natural processes as a guide, substantial advances have been made at the inter-
face of nanomaterials and biology. Nanoparticles are being developed for a host
of biomedical and biotechnological applications including drug delivery, enzyme
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immobilization, and DNA transfection. The disadvantage that accompanies conven-
tional drug delivery systems is short retention time in the oral cavity due to salivation,
irregular swallowing, food and beverage intake, and abrasion by soft tissue move-
ments. The use of nanostructures as a part of dental drug delivery system might
overcome these problems [6, 43, 44].

8.6.1 Advantages of Nanoparticles as Dental Drug Delivery
Systems

e Nanotechnologic packaging of therapeutics will provide the ability to co-localize
delivery of multiple and complimentary therapeutic agents.

e Materials that now require injections potentially could be inhaled or swallowed
using nanoengineered delivery devices, thus improving patient comfort and com-
pliance.

e Vaccines may be made more comfortable, by using multitudes of micro- or
nanometer-scale needles, to which human nerves are insensitive, rather than a
painful injection.

e Nanoparticles formulations provide protection for agents susceptible to degra-
dation or denaturation in regions of harsh pH and also prolong the duration of
exposure of a drug by increasing retention of the formulation through bioadhe-
sion. This may lead to increased bioavailability.

e Nanotechnology will eliminate the solubility problems, lead to a reduction in the
dosage of drug, and reduce the adverse effects. This may allow the safe use of
some drugs that are effective but otherwise have unacceptable toxicity profiles.

e Nanoparticulates also may allow increase in the amount of drug that reaches abnor-
mal cells. They possess a site-specific targeting ability combined with potentially
metabolism-specific targeting.

8.6.2 Drug Delivery by Liposomes

Liposomes are vesicular structures with an aqueous core surrounded by a lipid bilayer.
In vitro experiments have confirmed that liposomes adsorb to HA, which is the
major constituent of dental enamel. More recently, Nguyen et al. have investigated
the potential of liposomes as a dental drug delivery system, specifically for teeth
targeting, using in vitro adsorption of charged liposomal formulations to HA. They
found that negatively charged liposomes were more effective and were the least
reactive with the components of parotid saliva. The reactivity of negatively charged
liposomes is based on the type of charge group bound to them. Calcium ion present in
parotid saliva is a prerequisite for the interaction with negatively charged liposomes,
and their affinity to the cations determines the degree of interaction [23, 45].
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8.6.3 Nanoencapsulation

The South West Research Institute (SWRI) Texas, USA, has developed targeted
release systems. These include nanocapsules in the form of new vaccines, antibiotics,
and delivery of drugs with fewer adverse effects. In 2003, Osaka University in Japan
made possible the targeted delivery of genes and drugs to human liver. In the time
to come, dedicated nanoparticles might be developed to focus on oral tissues as well
as cells derived from the periodontium.

Multilayer epoxy nanoencapsulants have a long history of medical applications
in dentistry with their optimal use being implants with a medium-term (30 days to
6 months) lifespan. A typical multilayer epoxy application might be a dental implant
that measures moisture in a patient’s mouth and then stimulates the submandibular
gland to produce more saliva [9, 46].

8.7 Nanobiomaterials in Oral Cancer Therapy

8.7.1 Nanoshells

Nanoshells are miniscule beads coated with gold. By manipulating the thickness
of layers making up the nanoshells, the beads may absorb specific wavelengths of
light. The most useful nanoshells are those that absorb near-infrared light, as it can
easily penetrate several centimeters of human tissue. The light absorption results
in an intense heat that is lethal to cells. Researchers can already link nanoshells to
antibodies that recognize cancer cells. Scientists envision letting these nanoshells
seek out their cancerous targets, then applying near-infrared light. In laboratory
cultures, the heat generated by the light-absorbing nanoshells has successfully killed
tumor cells while leaving neighboring cells intact [24].

8.7.2 Dendrimers

Dendrimers possess certain characteristics like high degree of branching, multiva-
lency, globular structure, and well-defined molecular weight, which makes these an
ideal candidate for cancer therapy. Dendrimers form nanometer by nanometer, so the
number of synthetic steps or generations dictates the exact size of particles in a batch.
The peripheral layer can be made to form a dense field of molecular groups that serve
as hooks for attaching other useful molecules, such as DNA. Dendrimers of a certain
size trigger a process called endocytosis in which the cell’s outer membrane deforms
into a tiny bubble or vesicle. The vesicle encloses the dendrimer which is admitted
into the cell’s interior. Once inside, it is released and migrates to the nucleus where
it becomes part of cell’s genome. It has already been tested in mammalian cell types.



150 A. Bhardwaj et al.

Donald et al. reported using glycodendrimer “nanodecoys” to trap and deactivate
influenza virus particles. In 1998, James R. Baker pursued his work to use dendrimers
as a safer and more effective genetic therapy agent. According to him, these nanos-
tructures can sneak DNA into cells while avoiding triggering an immune response
[24].

8.7.3 Nanomaterials for Brachytherapy

Nanomaterials like “BrachySilTM” that delivers P*? are in clinical trial. Drug deliv-
ery system that can cross the blood brain barrier is vision of the future with this
technology. Parkinson disease, Alzheimer disease, and brain tumors will be man-
aged more efficiently by such techniques [33].

8.7.4 Gene Therapy

This technique prevents or treats genetic diseases, by correcting faulty genes that lead
to disease development, i.e., by repairing or replacing them. Gene delivery systems
may be broadly categorized into three types: viral vectors, nonviral vectors, and the
direct inoculation of genes into tissues (gene guns). However, such nanovectors to
correct disease at molecular aspect are yet in a developing stage [47].

8.8 Challenges Faced by Nanotechnology

Nanotechnology faces many challenges that need to be overcome such as

Inadequate assimilation of clinical research;

Precise positioning and assembly of nanoscale parts;

Cost-effective nanorobot mass manufacturing methods;

Synchronization of numerous independent nanorobots;

Biocompatibility concern;

Social issues of public acceptance, ethics, regulation, and human safety [37, 48].

8.9 Biocompatibility of Nanaomaterials

Nanoparticles have distinctive physicochemical properties that can be different in
comparison with the same materials in macroscale size. The main difference is the
disparity between the surface area and unit weight, and a much higher surface reac-
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tivity. This may lead to increased absorption through the lungs, skin, and digestive
tract.

Despite efforts to improve their targeting efficiency, significant quantities of nano-
materials are cleared by the mononuclear phagocytic system before finding their
targets, increasing the likelihood of unintended acute or chronic toxicity. Nanoparti-
cles, due to their small size, can intermingle with DNA, RNA, and other intracellular
apparatus, causing various adverse effects.

The main health risks related to the use of such devices consist of cytotoxicity,
translocation to undesired cells, acute and chronic toxicity, and the environmental
impacts [49, 50].

8.9.1 Biological Consequences of Nanomaterials

Studies indicate that the biological consequences of nanomaterials are material and
formulation specific. Most of the nanomaterials are compatible with biological sys-
tems and permissive for cell growth and differentiation. Nanorobots may be pyro-
genic or non-pyrogenic. The non-pyrogenic nanorobots used in vivo are bulk Teflon,
carbon powder, and monocrystal sapphire, whereas pyrogenics are alumina, silica
and trace elements like copper and zinc. The pyrogenic nanorobots are controlled by
in vivo medical nanorobots.

Each new nanomaterial must be assessed individually, and all material proper-
ties must be taken into account. To address such concerns, the Swedish Karolinska
Institute conducted a study in which various nanoparticles were introduced to human
lung epithelial cells. The results, released in 2008, showed:

Iron oxide nanoparticles caused little DNA damage and were non-toxic.

Zinc oxide nanoparticles were slightly worse.

Titanium dioxide caused only DNA damage.

Copper oxide was found to be the worst offender and was the only nanomaterial
identified by the researchers as a clear health risk.

e Carbon nanotubes were found to be cytotoxic and induced granulomas in the lungs
of laboratory animals, as they caused DNA damage even at low levels [51].

8.9.2 Regulations for Control

Presently, there are no exact regulations for the control of nanotechnology-based
materials and allied problems. Overall, there is a critical requirement to standardize
these nanotechnology-based products and delivery devices. Characterization, safety,
and environmental impact are the three main elements that need to be regulated.
Regulatory agencies like the Food and Drug Administration (FDA), the Environ-
ment Protection Agency (EPA), and the Nuclear Protection Agency are regulating
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the major health risks associated with nanomaterials. Workers may be exposed to
nanosized particles in the manufacturing or industrial use of nanomaterials. The
National Institute for Occupational Safety and Health is also performing research on
nanoparticle interaction with body systems [52].

The benefits of nanotechnology are enormous, and therefore, studies that examine
the health, environmental, ethical, and safety issues should improve our understand-
ing of how to exploit the benefits and diminish the risks.

8.10 Future Perspective of Nanotechnology in Dentistry

Nanotechnology is on the brink of initiating extraordinary advances in biomedical
sciences. In the future, nanotechnology and biomimetic approach could be used for
repair and restoration of damaged enamel. Based on the current knowledge, it is
certain that nanotechnology has a great potential for prevention of dental caries.
There are efforts to prevent the aging and degradation of resin—dentin bonding by
feeding minerals back into the collagen network by guided tissue remineralization.
Experimental nano-bioactive glass-ceramic composite scaffolds could be useful in
periodontal regeneration. Novel properties of nanosurfaces could affect cell adhe-
sion, proliferation, and differentiation. This would result in hastening and improving
the process of osseointegration. There are already a few commercial nano-modified
dental implant systems available for clinical use. Dentistry, as we know today, is
ready for a paradigm shift.

The Foresight Institute has offered the $250,000 Feynman Grand Prize to the
first researcher or researchers who develop two devices: a basic nanorobot and a
nanocomputer. Christine Peterson, President of the Foresight Institute, estimates
that the prize will be claimed between 10 and 30 years from now. Because the initial
nanodevices will be basic, prototypical units, commercial applications will follow
years later.

8.11 Conclusion

Nanotechnology will bring enormous changes into the field of dentistry, as it offers
fresh opportunities for sensing clinically relevant markers, molecular disease imag-
ing, and tools for therapeutic intervention. Nanotechnology in future will have a great
impact on dental research, prevention, diagnostics, and treatment options. However,
as with all developments, it may also pose a risk for misuse and abuse. Time, newer
developments, economical and technical resources, and human needs will determine
which of its applications are realized first.
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Chapter 9 ®)
Nanotechnology oo
in Orthodontics—Futuristic Approach

Dhaval Ranjitbhai Lekhadia

9.1 Introduction

The term “Nano” in Greek means “Dwarf.” One nanometer is 10~° m. Thus, nan-
otechnology refers to manipulating matter atom by atom at the nanometer scale
[1-4].

9.1.1 Definition

The universal definition of nanotechnology has not been established yet, since the
existing definitions vary depending on the intended use. Therefore, current attempts
to define nanotechnology can be divided into the three main groups:

1. Scientific definitions,
2. Public definitions, and
3. Those that allow making certain decisions [5].

First definition of Nanotechnology by Norio Taniguchi (1974) says that
“Nanotechnology is the production technology to get the extra high accuracy and
ultra fine dimensions, i.e. the preciseness and fineness of the order of I nm (nanome-
ter) 107° m in length” [5]. The general definition of nanomaterials is “Nanoscale
materials can be defined as those whose characteristic length scale lies within the
nanometric range, i.e. in the range between one and several hundreds of nanome-
ters (preferably between 0 and 100 nm) [6]. However, the definition applicable to
dentistry can be said as “Nanodentistry is the science and technology of maintaining
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near-perfect oral health through the use of nanomaterials including tissue engineer-
ing and nanorobotics [6].

9.1.2 Classification of Nanomaterials

According to Siegel [7], nanomaterials are classified as zero-dimensional, one-
dimensional, two-dimensional, and three-dimensional. Various nanostructures
include nanoparticles, nanopores, nanotubes, nanorods, nanospheres, nanofibers,
nanoshells, dendrimers, and dendritic copolymers. Inorganic nanoparticles include
semiconductor nanoparticles, metal nanoparticles, metal oxide nanoparticles, silica
nanoparticles, polyoxometalates, and gold nanocrystals.

9.1.3 Approaches Followed in Production of Nanoparticles

There are three main approaches followed in the production of nanoparticles [8].

1. Bottom-up approach. These seek to create smaller devices by using larger ones
to direct their assembly.

2. Top-down approach. These seek to arrange smaller components into more com-
plex assembly.

3. Functional approach. This approach has the objective to produce a nanoparticle
with a specific functionality.

Science and technology has witnessed the fabrication of several nanoparticles
that we use in our day-to-day lives, many a times not realizing it is part of the future
revolution.

9.2 Nanotechnology and Orthodontic Archwires

Friction between the archwire and bracket slot have always been of concern to
orthodontists when using the friction mechanics for retraction. Even leveling and
aligning of teeth will require least amount of friction to be present in order to speed
up tooth movement by preventing binding of the archwire and the bracket slot. Effect
of different lubricants on orthodontic brackets and archwires have been evaluated and
recorded in the literature. Learl et al. [9] evaluated the effect of different lubricants
on friction between orthodontic brackets and archwires. They concluded that lubri-
cation plays a role in friction forces between self-ligating brackets and CuNiTi wires,
with mucin and CMC-based artificial saliva providing a reliable alternative to natural
human saliva.



9 Nanotechnology in Orthodontics—Futuristic Approach 157

Friction is higher in ceramic brackets as shown in the literature. Fidalgo et al. [10]
assessed the friction coefficient between brackets and wires of different materials
under conditions simulating the oral environment. They found that the system formed
by metallic bracket and SS wire exhibited less roughness and lower friction. The use
of ceramic brackets with TMA wire should be judiciously used as this system was
found to have a higher friction coefficient.

9.2.1 Nanocoatings in Archwires

Minimizing the frictional forces between the orthodontic wire and brackets has the
potential to increase the desired tooth movement and therefore results in less treat-
ment time. Nanoparticles have been used as a component of dry lubricants in recent
years. Dry lubricants are solid phase materials capable to reduce friction between
two surfaces sliding against each other without the need for a liquid media.

Materials used as potent dry lubricants include inorganic fullerene-like nanopar-
ticles of tungsten sulfide (IF-WS2). These can be used as self-lubricating coatings
for orthodontic stainless steel wires. The coating consists of electrodeposited Ni film
impregnated with inorganic fullerene-like nanospheres of tungsten disulfide.

Redlich et al. [10] coated stainless steel wire with nickel-phosphorus electroless
film impregnated with inorganic fullerene-like nanoparticles of tungsten disulfide
(IF-WS2) by inserting stainless steel (SS) wires into electroless solutions of nick-
el-phosphorus (Ni—P) and IF-WS2. Friction tests simulating archwire functioning of
the coated and uncoated wires were carried out by an Instron machine and SEM/EDS
analysis of the coated wires showed clear impregnation of the IF-WS2 nanoparticles
in the Ni—P matrix. The friction forces measured on the coated wire were reduced
by up to 54%.

Katzetal. [11] have shown reduction in friction between archwires and self-ligated
brackets. The friction value was reduced and this reduced value was maintained
throughout the tests.

9.2.2 Shape-Memory esthetic Polymer Wires

Over the past decade, there has been an increased interest in producing esthetic
orthodontic wires to complement tooth-colored brackets. Shape-memory esthetic
polymer is an area of potential research. These are a class of stimuli-responsive
materials, which have the capacity to remember a preprogrammed shape imprinted
during the synthesis; can be reformed at a higher temperature to impart a desired
temporary shape; and recover their original shape when influenced by a stimulus,
such as heat, light, or magnetic field [12].

These wires can also be made with clinically relevant levels of elastic stiffness.
Once placed in the mouth, these polymers can be activated by the body temperature
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or photoactive nanoparticles activated by light and thus influence tooth movement.
Future research directions in shape-memory nanocomposite polymers to produce
esthetic orthodontic wires can be of interesting potential in orthodontic biomaterial
research [13].

Jung et al. [12] tested the use of shape-memory polymer wires in orthodontic
application, and it was found that this shape recovery force was sufficient to correct
misaligned teeth in the orthodontic test. The shape-memory PU wire possesses strong
potential as a novel orthodontic appliance with esthetically appealing appearance.

Shape-memory esthetic polymer is an area of potential research. Shape-memory
polymers (SMPs) are materials that have the ability to memorize a macroscopic or
equilibrium shape and then be manipulated and fixed to a temporary or dormant
shape under specific conditions of temperature and stress. They can later relax to the
original, stress-free condition under thermal, electrical, or environmental condition.
This relaxation is associated with elastic deformation stored during prior manip-
ulation. The return of the SMP toward its equilibrium shape can be accompanied
by an adequate and prescribed force, useful for an orthodontic tooth movement,
or macroscopic shape change, which is useful for ligation mechanisms. Due to the
SMP’s ability to have two shapes, these devices meet needs unattainable with cur-
rent orthodontic materials allowing for easier and more comfortable procedure for
the orthodontist to insert into the mouth of the patient [14, 15].

These SMPs orthodontic wires can provide improvements over traditional
orthodontic materials as they will provide lighter, more constant forces which in
turn may cause less pain for the patients. In addition, the SMP materials are clear,
colorable, and stain resistant, providing the patient a more esthetically appealing
appliance during treatment. The high percent elongation of the SMP appliance (up
to about 300%) allows for the application of continuous forces over a long range of
tooth movement and, hence, results in fewer visits for the patient [16, 17].

Future research directions in shape-memory nanocomposite polymers to produce
esthetic orthodontic wires can be of interesting potential in orthodontic biomaterial
research.

9.2.3 Hollow NiTi Wires

To improve the handling of orthodontic tools, a project involving nickel titanium
nanoparticles for orthodontics was proposed. A replacement for the bulk nickel tita-
nium wire with a textile or polymer fiber coated with NiTi nanoparticles via electro-
spinning and then removing the fiber could produce a hollow wire for orthodontic
purposes. This wire could potentially have the same shape-memory and superelastic-
ity properties, while possibly reducing the material needed for the wire production.
After producing such a hollow NiTi wire, its properties would have to be compared
with the original NiTi orthodontic wire already in use [18].
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9.3 Nanotechnology and Orthodontic Adhesives

Polymer nanocomposites are a new class of materials that contain nanofillers that
are 0.005-0.01 microns in size. To make filler particles of the mechanically strong
composites of today (such as macrofills, hybrids, and microhybrids), one starts from
dense, large particles like mined quartz, melt glasses, ceramics and comminute them
to small particle size [19].

9.3.1 Reduced Polymerization Shrinkage and Increased
Mechanical Properties

Due to the reduced dimension of the particles and a wide size distribution, an
increased filler load can be achieved that reduces polymerization shrinkage [20]
and also increases mechanical properties such as tensile and compressive strength
and resistance to fracture.

Geraldeli and Perdigao [21] compared nanocomposites with that of total-etch
adhesives and reported that nanocomposites had a good marginal seal to enamel and
dentine compared with total-etch adhesives.

9.3.2 Literature Review of Nanocomposites

A study undertaken by Chalipa et al. in 2013 [22] reveals that nanocomposites, while
maintaining the shear bond strength value of regular composites, can be successfully
used for bonding orthodontic brackets.

Hosseinzadeh-Nik et al. in 2013 [23] conducted a study to determine the bond
strength and the location of bond failure in the brackets bonded to the tooth with
a nanocomposite. The value of the tensile bond strength for the bracket bonded
with the nanocomposite was found to be more than the minimum value of tensile
bond strength recommended for successful composite adhesive and nanocomposite
groups.

In recent times, a nanoionomer which is resin-modified GIC (Ketac TM N10O
Light Curing Nanoionomer) has been introduced to operative dentistry [24, 25]. This
light curing nanoionomer is composed of nanofillers fluoroaluminosilicate glass, and
nanofiller “clusters” combined to improve mechanical properties and high fluoride
release.

Uysal et al. [26] tested nanocomposite (Filtek Supreme Plus Universal) and a
nanoionomer (Ketac™ N100 Light Curing Nanoionomer) restorative to determine
their shear bond strength (SBS) and failure site locations in comparison with a
conventional light-cure orthodontic bonding adhesive (Transbond XT). The results
suggest that nanocomposites and nanoionomers may be suitable for bonding since
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they achieve the previously suggested SBS ranges for clinical acceptability. But they
are inferior to a conventional orthodontic composite.

Bishara and Ajlouni [27] compared the shear bond strength of a nanohybrid
restorative material, Grandio (Voco, Germany), and traditional adhesive material
(Transbond XT; 3 M Unitek) when bonding orthodontic brackets and concluded that
nanofilled composite materials can potentially be used to bond orthodontic brackets
to teeth if its consistency can be made more flowable to readily adhere to the bracket
base.

9.3.3 What Are Nanocomposites?

Non-agglomerated discrete nanoparticles are homogeneously distributed in resins or
coatings to produce nanocomposites. The nanofiller used includes an aluminosilicate
powder having a mean particle size of 80 mm and a 1:4 M ratio of alumina to silica
and a refractive index of 1.508 [28].

9.3.4 Advantages of Nanocomposites

The advantages of nanocomposite materials include excellent optical properties,
easy handling characteristics, and superior polishability [29]. Also, nanofillers can
decrease surface roughness of orthodontic adhesives, which is one of the most sig-
nificant factors for bacterial adhesion [30, 31].

Other advantages include superior hardness, flexible strength, modulus of elas-
ticity, translucency, esthetic appeal, excellent color density, high polish and polish
retention, and excellent handling properties.

9.4 Nanotechnology and Elastomeric Ligatures

Orthodontic appliances predispose to the accumulation of bacterial plaque and
increase the risk of developing periodontal disease [32] and carious lesions that
may rapidly progress because of the intense demineralization around the brackets
and under orthodontic bands.

Studies have shown that most patients that undergo orthodontic treatment have
some type of enamel lesion after the removal of the appliance [33, 34]. During
orthodontic treatment, there is a significant increase in the number of Streptococcus
mutans CFUs [33-38] and lactobacilli [39] which is associated with the development
of white spots and later development of carious lesions [40].

Successful attempts to reduce susceptibility to enamel decalcification have been
made with the use of fluoride agents [41-43] that enhance remineralization in the
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presence of critical pH, inhibit plaque glycolysis, and promote the formation of high-
quality fluorapatite. Fluoride has bactericide and bacteriostatic properties that act on
microorganisms in the oral cavity, such as S. mutans [44].

Fluoride-releasing elastomers can continuously release these agents in areas close
to the areas more susceptible to demineralization [45—47]. In vitro studies have
demonstrated that the initial amount of fluoride released by fluoride-releasing elas-
tomeric ligature ties is high, but levels decrease logarithmically after one week
[48-51]. The use of these materials also temporarily reduces the levels of S. mutans
in saliva and increases enamel resistance at a 20-mm depth after one month in the
oral cavity [52].

Elastomeric ligatures can serve as a carrier scaffold for delivery of nanoparticles
that can be anticariogenic, anti-inflammatory, and antibiotic drug molecules embed-
ded in the elastomeric matrix. The release of anticariogenic fluoride from elastomeric
ligatures has been reported in the literature previously [53, 54]. The studies conclude
that the fluoride release is characterized by an initial burst of fluoride during the
first few days followed by a logarithmic decrease. For optimum clinical benefit, the
fluoride ties should be replaced monthly [55].

Banks et al. conducted a prospective controlled clinical trial to evaluate the effec-
tiveness of stannous fluoride-releasing elastomeric modules (Fluor I Ties) and chain
(Fluor I Chain) in prevention of decalcification of enamel during fixed orthodontic
therapy [45]. It was concluded that the use of fluoride-releasing elastomeric mod-
ules and chains reduced post fixed appliance treatment enamel decalcification scores
per tooth by 49 percent. Significant differences in decalcification between the two
groups were seen in all but the occlusal enamel zones. Fluoride-releasing elastomer-
ics appear to provide a clinically worthwhile reduction in enamel decalcification
during fixed appliance therapy when they are changed at each treatment visit.

9.5 Nanoenamel Remineralization Agents in Orthodontics

Control of oral biofilms during orthodontic treatment is very important in order to
prevent dental caries and maintain a healthy to tooth structure. There are number of
published papers that have studied possibilities for dental caries prevention of using
the benefits of nanotechnology [56-59].

9.5.1 Antibacterial Nanoparticles

NPs (nanoparticles) present a greater surface-to-volume ratio (per unit mass) when
compared with non-nanoscale particles, interacting more closely with microbial
membranes and provide considerably larger surface area for antimicrobial activ-
ity. Metal NPs in the size range of 1-10 nm have particularly shown the greatest
biocidal activity against bacteria [60]. Silver has a long history of use in medicine
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as an antimicrobial agent [61]. The antibacterial properties of NPs have been used
through the mechanism of combining dental materials with NPs or coating surfaces
with NPs to prevent microbial adhesion, with the aim of reducing biofilm formation
[62, 63]. Resin composites containing silver ion-implanted fillers that release silver
ions have been found to have antibacterial effects on oral streptococci [64].

9.5.2 Review of Nanoenamel Remineralization Agents
and Antibacterial Properties

Ahn et al. [65] compared an experimental composite adhesives (ECAs) containing
silica nanofillers and silver nanoparticles with two conventional composite adhesives
and resin-modified glass ionomer cement(RMGIC) to study surface characteristics,
physical properties, and antibacterial activities against cariogenic streptococci. The
results suggest that ECAs had rougher surfaces than conventional adhesives due
to the addition of silver nanoparticles. Bacterial adhesion to ECAs was less than
to conventional adhesives, which was not influenced by saliva coating. Bacterial
suspension containing ECAs showed slower bacterial growth than those containing
conventional adhesives. There was no significant difference in shear bond strength
and bond failure interface between ECAs and conventional adhesives. This study
suggested that ECAs can help prevent enamel demineralization around brackets
without compromising physical properties.

Lin et al. (2011) showed that incorporation of nanofluorapatite in resin-modified
glass ionomer cement lead to improvement in the fluoride release properties and
reducing decalcification during fixed appliance treatment than other preventive
modalities [66].

Liu et al. [67] performed a study to access the antimicrobial and osteoinductive
properties of stainless steel wire coated with silver nanoparticles. The results show
that stainless steel wire coated with silver nanoparticles exhibit strong bactericidal
and osteoinductive properties that make it a promising pharmaceutical material in
orthopedic surgery [67].

On examining the antimicrobial activity of supra-gingival plaque on nanoscale
HA-coated Ti against early and late colonizers, Murakami et al. [68] observed that
HA-coated Ti may have potential for use as implants [68].

Zhao et al. [69] investigated nanohardness, wear resistance, and pseudoelasticity
of hafnium implanted NiTi shape-memory alloy and found it to exhibit better wear
resistance than the untreated NiTi in the aspects of a lower initial friction coefficient
with a much longer fretting time. Also, the Hf-NiTi exhibited improved pseudoelastic
behavior and retained their surface integrity even after being strained in tension to
10% [69].

The study performed by Borzabadi-Farahani et al. [22] shows that although the
use of nanoparticles in orthodontics can offer new possibilities, information on the
long-term performance of orthodontic material using nanotechnology is lacking and
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necessitates further investigation and so do possible safety issues (toxicity) , which
can be related to the size of the nanoparticles [22].

A study undertaken by Chalipa et al. [70] reveals that nanocomposites, while
maintaining the SBS value of regular composites, can be successfully used for bond-
ing orthodontic brackets [70].

Hosseinzadeh-Nik et al. [71] conducted a study to determine the bond strength and
the location of bond failure in the brackets bonded to the tooth with a nanocomposite.
The value of tensile bond strength for the bracket bonded with the nanocomposite
was found to be more than the minimum value of tensile bond strength, recommended
for successful composite adhesive and nanocomposite groups [71].

Zhang et al. [72] undertook a study to investigate the effects of dentine primer con-
taining dual antibacterial agents, namely 12-methacryloyloxy dodecyl pyridinium
bromide (MDPB) and nanoparticles of silver (NAg), on dentine bond strength, den-
tal plaque microcosm biofilm response, and fibroblast cytotoxicity. The results indi-
cate that the method of using dual agents MDPB + NAg in the primer yielded potent
antibacterial properties and, thus, this method may be promising to combat residual
bacteria in tooth cavity and invading bacteria at the margins [72].

Argueta-Figueroa et al. [73] developed a process to prepare bimetallic Cu—Ni
nanoparticles as well as tested their antibacterial activity against standard human
pathogens. While the experimental results were found to be promising for potential
use in dental materials science, a further investigation was deemed to be necessary
[73].

Gao et al. [74] studied the effect of titanium nanotubes with embedded silver
oxide nanoparticles on bacteria and osteoblasts and observed that the said arrays can
effectively kill Escherichia coli and Staphylococcus aureus even after immersion for
28 days, demonstrating the long-lasting antibacterial ability [74].

Mhaske et al. [75] performed a study to access the antiadherent and antibacterial
properties of surface-modified stainless steel and NiTi orthodontic wires with silver
nanoparticles against Lactobacillus acidophilus. The authors observed that the wires
coated with silver showed an antiadherent effect against L. acidophilus leading to
minimization of accumulation of dental plaque and, thus, the minimization of dental
caries during orthodontic treatment [75].

Gao et al. [76] presented a novel strategy to control plaque biofilms using catalytic
nanoparticles (CAT-NP) with peroxidase-like activity that trigger extracellular matrix
degradation and cause bacterial death within acidic niches of caries-causing biofilm
[76].

Medeiros et al. [77] undertook a study to analyze the effect of calcium nanophos-
phate paste, fluoride gel, and varnish to protect against enamel erosion. Results
showed that the calcium nanophosphate paste showed similar protection against
enamel erosion compared with high-concentrated fluoride agents, even containing
lower fluoride concentration [77].

An experimental study was done in 2008 by Lackovic et al. in which it was
concluded that silver nanoparticles reduce the attachment of S. mutans and thus
reduced biofilm formation [78].
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Elsaka et al. in their study in 2011 concluded that addition of titanium dioxide
nanoparticles to glass ionomer cement improved its mechanical and antibacterial
properties [79].

9.6 Nanotechnology and Orthodontic Miniscrews

Orthodontic microimplants are manufactured from materials such as commercially
pure titanium, surgical stainless steel, and titanium alloys (Ti6Al4V). Several factors
including osseointegration at the bone-implant interface and the amount of bacterial
colonization around the implants influence the final characteristics and outcomes
of dental and orthodontic microimplants [80]. According to previous studies, the
long-term survival or stability of implants primarily depends on the inflammatory
condition that causes peri-implantitis and loss of supporting bone [81]. Inflammation
leads to progressively escalating damage to the cortical bone, especially around the
neck of the implants [82, 83]. Peri-implant mucositis, an inflammatory lesion, not
only affects the soft tissues but also damages the supporting bone [84]. According to
a previous study, 43% of individuals with implants suffer from peri-implantitis, and
peri-implant mucositis was seen in up to 50% of the cases [85]. Thus, limiting the
amount of inflammation is vital for ensuring long-term stability and success of the
implant. Infection of the implants and their subsequent loosening is most commonly
seen in titanium-based prosthesis and can largely be avoided by inhibiting the adhe-
sion of microbes on the surface of the implanted devices [86]. The initial colonizers
that adhere to tooth and implant surfaces include Streptococcus oralis, Streptococ-
cus sanguinis, and S. mutans. In addition, Aggregatibacter actinomycetemcomitans,
a gram-negative bacterium, is also essentially known to be responsible for many
periodontal and peri-implant diseases [87].

9.6.1 Nanoparticles in Miniscrews to Prevent Infection
of Implants

Many methods including surface treatments such as polishing and modification of
surface free energy [88-91] have been employed to reduce or nullify the bacterial
aggregation around titanium-based prosthesis. Elemental silver has been specifically
known for its array of antimicrobial properties for many years [92].

Many previous studies have demonstrated the excellent antibacterial properties
of silver-impregnated hydroxylapatite films as well as silver zeolite against different
cultured bacteria [93-95].

It has been speculated that several mechanisms are involved in the antibac-
terial potency of nanosilver. Due to an extraordinarily large surface area, sil-
ver nanoparticles (AgNPs) exhibit better antibacterial properties than metal-
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lic silver [96]. Therefore, in the recent past, the amalgamation of AgNPs with
different biomaterials to improve the biocompatibility and antibacterial capabil-
ity has been intensely studied, and much incorporation such as silver-doped
hydroxylapatite, polymer AgNPs, and AgNPs on TiO, have been developed
[97-99].

Vanugopal et al. surface-treated titanium microimplants with AgNPs to achieve
antibacterial properties and concluded that Ti-BP-AgNPs surface had remarkable
antibacterial activity toward the oral bacteria S. mutans, S. sanguinis, and A. actino-
mycetemcomitans. These data suggest that Ti-BP-AgNPs has excellent antibacterial
properties, making it a promising implantable biomaterial [100].

9.6.2 Ideal Mini-Implant Surface Using Nanoparticles

It is postulated that the balance lies in the fabrication of an ideal surface that could
stimulate initial osseointegration and facilitate its removal once the TAD is no longer
needed. Biocompatible coatings like titanium nanotubes can be studied to evaluate
if the nanotubular layer can enhance initial osseointegration and can serve as an
interfacial layer between the newly formed bone and the TAD [101].

Recently, three nanostructured implant coatings are developed.

1. Nanostructured diamond: They have ultrahigh hardness, improved toughness
over conventional microcrystalline diamond, low friction, and good adhesion to
titanium alloys [102].

2. Nanostructured processing applied to hydroxyapatite coatings: This is used to
achieve the desired mechanical characteristics and enhanced surface reactivity
and has been found to increase osteoblast adhesion, proliferation, and mineral-
ization [102].

3. Nanostructured metalloceramic coatings: These provide continuous variation
from a nanocrystalline metallic bond at the interface to the hard ceramic bond
on the surface [102]. Nanostructured ceramics, carbon fibers, polymers, met-
als, and composites enhance osteoblast adhesion and calcium/phosphate mineral
deposition.

Studies have suggested that nanophase ZnO and TiO, may reduce S. epider-
midis adhesion and increase osteoblast functions necessary to promote the efficacy
of orthopedic implants [103].
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9.7 Nanotechnology for Rapid Tooth Movement
in Orthodontics

9.7.1 Terminologies

1. Bio-MEMS (Biomedical Microclectromechanical systems): It is defined as the
science and technology of operating at the microscale for biological and biomed-
ical applications, which may or may not include any electronic or mechanical
functions. They are made up of micromachined elements usually on silicon sub-
strates, including gears, motors, and actuators with linear and rotary motion for
applications to biological systems.

2. NEMS (Nanoelectromechanical systems): These are devices integrating electri-
cal and mechanical functionality on the nanoscale level.

9.7.2 Application of Bio-MEMS and NEMS

Evidence suggests that orthodontic tooth movement can be enhanced by supplement-
ing the mechanical forces with electricity [104, 105].

Animal experiments indicated that when 15-20 wA of low direct current (DC) was
applied to the alveolar bone by modifying the bioelectric potential osteoblasts and
periodontal ligament cells demonstrated increased concentrations of the second mes-
sengers, CAMP and cGMP. These findings suggest that electric stimulation enhanced
cellular enzymatic phosphorylation activities, leading to synthetic and secretory pro-
cesses associated with accelerated bone remodeling.

However, the intraoral source of electricity is a major problem that has to be
addressed. It has been proposed that microfabricated biocatalytic fuel cells (enzyme
batteries) can be used to generate electricity to aid orthodontic tooth movement. An
enzymatic microbattery when placed on the gingiva near the alveolar bone might
be a possible electrical power source for accelerating orthodontic tooth movement.
It is proposed that this device uses organic compound (glucose) as the fuel and is
noninvasive and nonosseointegrated. The enzyme battery can be fabricated with the
combination of two enzyme electrodes and biocatalysts such as glucose oxidase or
formate dehydrogenase to generate electricity. However, there are several issues like
soft tissue biocompatibility, effect of food with different temperature and pH range
on the output of such microfabricated enzyme battery that need to be addressed. The
use of microenzyme batteries has issues like enzyme stability, electron transfer rate,
and enzyme loading which result in shorter lifetime and poor power density. Many
nanostructured materials, such as mesoporous media, nanoparticles, nanofibers, and
nanotubes, have been demonstrated as efficient hosts of enzyme immobilization.
When nanostructure of conductive materials is used, the large surface area of these
nanomaterials can increase the enzyme loading and facilitate reaction kinetics, and
thus improve the power density of the biofuel cells [106].
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It is expected that the MEMS-/NEMS-based system will be applied over the next
few years to develop biocompatible powerful biofuel cells, which can be safely
implanted in the alveolus of the maxilla or mandible to enhance orthodontic tooth
movement.

9.8 Nanotechnology for Bone Growth and Prevention
of Root Resorption in Orthodontics

9.8.1 NanoLIPUS Devices for Bone Growth

Ultrasound (US) is a form of mechanical energy that is transmitted through and
into biological tissues as an acoustic pressure wave at frequencies above the limit of
human hearing, is used widely in medicine as a therapeutic, operative, and diagnostic
tool [107, 108].

Low-intensity pulsed US (LIPUS) has been reported to be effective in liberating
preformed fibroblast growth factors from a macrophage-like cell line (U937), and it
enhances angiogenesis during wound healing [109].

Also, LIPUS has been reported to enhance bone growth into titanium porous-
coated implants [110] and bone healing after fracture [111, 112] and after mandibular
distraction osteogenesis [113]. The specific mechanisms by which US stimulation
works on bone cell activities are still unknown.

El-Bialy et al. [114] applied LIPUS on the temporomandibular joint (TMJ) region
of growing rabbits and baboon monkeys for 20 min daily. Their results show a
significant increase in mandibular cartilaginous growth, especially under chronic
mandibular advancement [115].

In another study by Oyonartea et al. [116] experimental rats were stimulated with
LIPUS in the TMJ region unilaterally, for 10 or 20 min for 20 days. The results
showed that LIPUS application may affect mandibular growth pattern in rats acting
at the cartilage and bone level.

9.8.2 NanoLIPUS Devices to Prevent Root Resorption
in Orthodontics

El-Bialy et al. [117] observed that LIPUS can promote dental tissue formation in
rabbits and concluded that it may be used to treat root resorption. Similar results
were found by Liu et al. [118].

The initial devices were bulky but with nanotechnology nanoLIPUS device can be
made with system on a chip design. The wireless design of the ultrasound transducer
means the miniscule device will be able to fit comfortably inside a patient’s mouth
while packed with biocompatible materials. The unit will be easily mounted on a
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bracket or even a plastic removable crown. An energy sensor can also be used that
will ensure the LIPUS power is reaching the target area of the teeth roots within the
bone.

9.9 Nanotechnology and Orthodontic Brackets

9.9.1 Smart Brackets with Nanomechanical Sensors

Quantitative knowledge of the three-dimensional (3D) forcemoment systems applied
for orthodontic tooth movement is of utmost importance for the predictability of the
course of tooth movement as well as the reduction of traumatic side effects. The
concept of a smart bracket with integrated sensor system for 3D force and moment
measurement has recently been published. Nanomechanical sensors can be fabricated
and be incorporated into the base of orthodontic brackets in order to provide real-time
feedback about the applied orthodontic forces. This real-time feedback allows the
orthodontist to adjust the applied force to be within a biological range to efficiently
move teeth with minimal side effects.

Lapaki et al. [118, 119] reported on the introduction of a “smart” bracket for mul-
tidimensional force and moment control. They reported on a large-scale prototype
bracket that utilized microsystem chip encapsulated into small low profile contem-
porary bracket systems with reduced dimensions to allow clinical testing of this
technology. They concluded that their methodological approach is generally suitable
for monitoring the relatively low forces and moments exerted on individual teeth
with fixed orthodontic appliances.

9.9.2 Nanorobotics Coupled with Smart Brackets—Futuristic
Approach

Nanorobotics centers are self-sufficient machines which are functional at the
nanoscale. The nanorobot design consists of a biocompatible glycocalyx-coated
diamondoid material with molecular sorting rotors and a robot arm (telescoping
manipulator) [120]. Different nanorobot molecule types are distinguished by a series
of chemotactic sensors, and their functioning is controlled by a stimulator.

Nanorobots may be used for manipulation of tissues directly at nanolevel and
research has begun on the use of nanorobotics for medical applications like drug
delivery, management of aneurysms, and tumors.

The theory of use of such nanorobots could be extended to dentistry and orthodon-
tics in distant future, where nanorobots with specific motility mechanisms would
navigate through periodontium to remodel it directly allowing accelerated orthodon-
tic tooth movement. Nanorobotics when coupled with smart brackets could bring
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about accelerated tooth movement with relatively low forces and moments exerted
on individual teeth with fixed orthodontic appliances.

9.10 Probable Risks of Nanotechnology

Postorthodontic treatment, infection based on the growth of bacteria remains one
of the most common complications. Nanomaterials can be used to load and deliver
antibacterial agents to targeted spaces inside the oral cavity. However, scientists [121,
122] have concerns about the unknown harmful impacts of these materials on the
human body by inhalation into the lungs.

Yao et al. [123] and Zhang et al. [124] mention that there are certain negative
impacts of nanotechnology on environment in many ways, such as increased toxi-
cological pollution on the environment due to the uncertain shape, size, and chem-
ical compositions of some of the nanotechnology products (or nanomaterials). The
authors opine that it is necessary to establish environmental risk assessment upon
nanomaterials, which will finally promote the developments in the fields of nan-
otechnology.

The amount of free nanoparticles in nature depends on various factors such as their
physicochemical properties, quantity, and time of exposure. Nanomaterials released
in the environment can be further modified by temperature, pH, different biological
conditions, and presence of other pollutants.

In this interaction nanomaterials can alter atmosphere, soil, and water. These trans-
formations and interactions can adversely affect the current state of the environment
and be harmful to human health and balance of the ecosystems [125, 126].

Nanoparticles have unique physicochemical properties that can be different in
comparison with the same material in macroscale size. The main characteristic of
these particles is greater difference between the surface area and unit weight, and
higher surface reactivity [127-129]. It might lead to increased absorption through
the lungs, skin, digestive tract, and it might cause side effect to the lungs and other
organs [130, 131]. Nanoparticles are so small that they can interact with DNA, RNA,
and other intracellular components.

The question is what kind of immune response could be activated by these small
particles, and what will be the metabolism, absorption, and elimination path of these
products? There is a need for systemic solutions, monitoring, and recording of poten-
tial hazard as well as finding timely responses in order to achieve safety for human
health and environment.

9.11 Conclusion

There is a huge potential in research in this area including nanodesigned orthodon-
tic bonding material, possible nanovector for gene delivery for mandibular growth
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stimulation and nanoLIPUS devices. A successful future for nanotechnology will
only be achieved through open sharing of ideas and research. Although biosafety
of nanoparticles and materials is a subject of concern, the future in orthodontic
treatment will benefit enormously through nanotechnology should all the current
attempts succeed to its clinical application at a reasonable cost to the orthodontist
and patients.
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10.1 Introduction

With the improvement of people’s living standards and the promotion of oral
health knowledge, prosthodontics increasingly received widespread attention [1].
Prosthodontics is a highly specialized branch of dentistry concerned with the mak-
ing of artificial replacements for missing parts of the mouth and jaw.

Restorative materials used in Prosthodontics can mainly be divided into three cat-
egories: polymers/resins, ceramics, and metals [2]. Metals are inherently strong but
conduct heat rapidly and are opaque. Ceramics and polymers are thermally insulating
and tend to be more translucent but lack toughness. Polymers are so much weaker
and more flexible than metals and ceramics. No one class of materials possesses all
the desired properties [2]. The pursuit for ideal restorative materials has lead to the
exploration of newer technologies into dentistry.

Nanotechnology has revolutionized the field of dentistry. Bulk material when
reduced to nanoscale there is significant change in the optical, thermal, and antimi-
crobial properties [1]. This alteration of the desired physicochemical properties of
nanomaterials has led to the conceptual development of “Nanodentistry.”
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The potential benefit of nanotechnology is its ability to exploit the atomic and
molecular properties of materials and to develop newer materials with better prop-
erties. Nanomaterials are mainly used in ceramic, resin, and metal, providing a huge
space for the improvement and innovation of dental material [1].

Nanotechnology and nanoscience have developed new dental composite material
and bonding agents with superior properties. Various nanoparticles such as zirconium
oxide, titanium oxide and carbon nanotubes have been incorporated to improve the
performance of polymethylmethacrylate [1]. Nanoceramics are superplastic materi-
als designed to meet need for translucency and strength of dental restoration [1]. The
tissues to replace implanted biodegradable material will provide new vistas in the
field of tissue regeneration. The basic idea of nanotechnology, used in narrow sense of
the word, is to employ individual atoms and molecules to construct functional struc-
tures and maintenance of near-perfect oral health through the use of nanomaterials,
biotechnology, tissue engineering nanorobotics, etc. [3].

The objective of this chapter is to describe the principles and need for nanotech-
nology in dentistry emphasizing their applications in the branch of regeneration of
hard and soft tissues around a solid implant, or development of new prosthodontics.

10.1.1 Nanotechnology Definition

While many definitions of nanotechnology exist, the most widely used is from the
US Government’s National Nanotechnology Initiative (NNI). According to the NNI,
nanotechnology is defined as “Research and technology development at the atomic,
molecular, and macromolecular levels in the length scale of approximately 1-100 nm
range, to provide a fundamental understanding of phenomena and materials at the
nanoscale and to create and use structures, devices and systems that have novel
properties and functions because of their small and/or intermediate size” [3].

Nanotechnology or molecular engineering is the production of functional materi-
als and structures in the range of 0.1-00 nanometers—nanoscales by various physical
or chemical methods [4]. The term “nano” is derived from “nanos,’ the Greek word
for “dwarf.” A nanometer is 10~ a meter or one-billionth of a meter [5]. In simple
terms, it is engineering at the atomic and molecular scale. It is a highly multidisci-
plinary field and cuts across many disciplines, including colloidal science, chemistry,
applied physics, and biology.

10.1.2 Historical Review

Nanotechnology is not a new term. This phenomenon is seen in the nature in the
locomotor organs of various organisms and in our biological system. Although
nanotechnology has been around since the beginning of time, the discovery of
nanotechnology is widely attributed to the American Physicist and Nobel Lau-
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Table 10.1 Classification of nanomaterials based on dimensions

Dimension Characteristics Examples
Zero Clusters/powders Atomic clusters, filaments,
and cluster assemblies

One Multilayers Nano-thin film

Two Ultrafine grained over-layers | Nanotubes, nanofibers,
or buried layers nanowires

Three Nanophase materials Nanoparticles, nanopowders,
consisting of equiaxed dendrimers, fullerenes,
nanometer-sized grains quantum dots, nanostructures,

nanocapsules , nanopores

reate, Dr. Richard Phillips Feynman [3]. The first use of the word ‘“nanotech-
nology” has been attributed to Taniguchi in 1974. In 1986, Eric Drexler intro-
duced and popularized the term ‘“nanotechnology” in his book “Engines of Cre-
ation” [3]. Dr. Robert A. Fretias Jr is one among the pioneer scientists who
has written about nanomedicine, nanodentistry, and its future changes [3]. It was
introduced into dentistry as nanocomposites in the year 2002 by Filtek Supreme

[6].

10.1.3 Classification of Nanomaterials

Siegel has classified nanomaterials [6, 7] based on dimension as shown in Table 10.1.

10.1.4 Approaches in Nanotechnology

The fabrication techniques of the nanoscale materials can be divided into the follow-
ing three approaches [5, 6].

a. Larger to smaller (top-down approach)

Top-down fabrication reduces large pieces of materials all the way down to the
nanoscale (Fig. 10.1). This approach requires larger amounts of materials and can
lead to waste if excess material is discarded. Here, larger materials are patterned and
carved down to make nanoscale structures in precise patterns. Materials reduced to the
nanoscale can suddenly show very different properties, enabling unique applications
(Table 10.2).

b. Simple to complex (bottom-up approach)
The bottom-up approach to nano-manufacturing creates products by building
them up from atomic- and molecular-scale components, which can be time-
consuming (Fig. 10.1). This begins by designing and synthesizing custom-made
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Fig. 10.1 Approaches in nanotechnology

Table 10.2 Examples of top-down and bottom-up approach

Top-down approach examples

Bottom-up approach examples

. Salivary diagnostics

. Laser plasma application for periodontia
. Nanotechnology-based root-end sealant
. Nano-needles

Nano-bone fibers

. Nanocomposites

. Nanotechnology for GIC

. Nanoceramic technology

. Nanobond

. Nanosolutions

. Coating agents

12. Nanotechnology for impression materials
13. Nanocomposite denture teeth

14. Nanoparticles as antimicrobial agents
15. Implants surface coatings

16. Nano-bone replacement materials

R e Y N N

—_—
—_ O

. Inducing local anesthesia

. Hypersensitivity cure

. Tooth repair

. Nanorobotic dentifrice (dentifrobots)

. Orthodontic nanorobots

. Dental durability and cosmetics

. Nanotech floss

. Photosensitizers and carriers

. Diagnosis and treatment of oral cancer

O 01O N bW —

molecules that have the ability to self-assemble or self-organize into higher order

structures.
c. Functional Approach

In this approach, components of a desired functionality are developed without
regard to how they might be assembled.

10.2 Need for Nanotechnology in Dentistry

Nanomaterials differ from other materials in two principle factors [1]: relative sur-

face area and quantum effect.

a. Relative Surface Area: There is marked increase in surface area when reduced
to nanoscale. For example, a particle of 30 nm has 5% of its atoms on its surface,
at 10 nm 20% of its atoms, and at 3 nm 50% of its atoms as seen from Fig. 10.2.

b. Quantum Effects: Bulk material when reduced to nanoscale there is significant
change in the optical, thermal, and antimicrobial properties (Fig. 10.3).
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Fig. 10.2 Increased surface area of nanomaterials

(b) (c)

Fig. 10.3 Reduction of bulk material to nanoscale. a Opaque to transparent, b platinum as catalyst,
¢ silicone turns as conductor

An opaque material turns translucent.

An inert platinum material acts as catalyst.
Silicone insulator becomes conductor.

Solids at room temperature turn to liquids.
Increased fillers increase mechanical strength.
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Table 10.3 Applications of nanobiomaterials in prosthodontics

Removable prosthodontics Tooth-supported fixed Implant-supported fixed
prosthodontics prosthodontics

1. Carbon nanotubes 1. Nanocomposites 1. Implant coatings
reinforced PMMA 2. Nanosolutions 2. Tissue regeneration

2. Metal oxide reinforced 3. Impression materials scaffolds
PMMA 4. Nanofilled resin-modified | 3. Structural implant materials

3. POSSs reinforced silicones GIC and bone repair

4. Metal oxide reinforced 5. Coating agents 4. Bioresorbable materials
silicones 6. Nanocare gold

5. Nanocomposite denture 7. Nano-optimized ceramics
teeth

e This alteration of the desired physicochemical properties of nanomaterials has led
to the conceptual development of nanodentistry. The principles of nanotechnology
are applied in the field of nanomedicine, dentifrobots, nanomaterials, implantol-
ogy, and biotechnology.

10.3 Applications of Nanotechnology

Nanotechnology is highly multidisciplinary field and cuts across many disciplines,
including colloidal science, chemistry, applied physics, and biology. Growing inter-
est in the future medical applications of nanotechnology is leading to the emergence
of a new field called “nanomedicine” preserving and improving human health using
nanoscale-structured materials, biotechnology, and genetic engineering and eventu-
ally complex molecular machine systems and nanorobots [8].

The application of the principles of nanotechnology in the field of dentistry has
led to the conceptual development of “nanodentistry” [9]. It is foreseen as a means
of making possible the maintenance of near-perfect oral health through the use of
nanomaterials, biotechnology including tissue engineering and nanorobotics.

10.4 Nanobiomaterials in Prosthodontics

The branch of prosthodontics in dentistry is a unique blend of science, art, and
creativity which aims at rehabilitation of oral health of people with missing teeth
and facial structures, providing various treatment modalities ranging from remov-
able partial and complete dentures to fixed tooth-supported and implant-supported
prostheses. Nanomaterials in prosthodontics are mainly used in ceramic, resin, and
metal, providing a huge space for the improvement and innovation of dental mate-
rial. Applications of nanobiomaterials in prosthodontics can be grouped as given in
Table 10.3.
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Fig. 10.4 Carbon nanotubes reinforced to PMMA

10.4.1 Removable Prosthodontics

10.4.1.1 Carbon Nanotubes Reinforced Polymethylmethacrylate
(PMMA)

Heat-activated acrylic denture base resins are the best materials currently used for
denture prostheses. In acrylic resin, the two main unavoidable dimensional changes
are expansion and shrinkage. Dimensional changes occur as a result of shrinkage of
monomer and release of stress during polymerization [1].

According to carbon nanotubes were regarded as the best reinforcement materi-
als in resins [10]. Micro-additions of 0.125-0.5% of carbon nanotubes are added
to monomer by ultrasonic agitation. Augmentation of polymethylmethacrylate
(PMMA) resins with carbon nanotubes improves the strength of the prostheses to
better withstand the forces of mastication (Fig. 10.4). Carbon nanotubes have tensile
strengths up to 4000 times stronger than steel and as much as 200 times stronger than
carbon fibers [11].

Carbon nanotubes bond to matrices like PMMA polymer by comparatively weak
van der Waals forces. The carbon nanotube/PMMA matrix adhesion strength is very
large, such that the bond strength is greater, and the mechanical fatigue strength and
compression strength are enhanced. These carbon nanotubes present in PMMA pre-
vent shrinkage and dimensional changes in the resin during and after polymerization,
helping in better denture fit or bone/implant interface eliminating the need for metal
reinforcement in stress-bearing areas [11].

10.4.1.2 Metal Oxide Reinforced Polymethylmethacrylate (PMMA)

To date, up to 95% dental prostheses are composed of Polymethylmethacrylate
(PMMA), due to its advantages, including its optical properties, biocompatibility,
and esthetics. Microbial adhesion onto PMMA, lack of strength, and toxicity are
inherent drawbacks of acrylic polymeric materials [1].
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Fig. 10.5 Metal oxide particles reinforced to PMMA

Nanosized TiO,, Fe,03, and silver particles (150-350 nm in diameter) can be
reinforced during synthesis of PMMA (Fig. 10.5). These metal oxide particles possess
high photocatalytic activity by increasing their disinfection effect. The introduction
of nanosized metal oxide materials for preparing acrylic resins allows the production
of polymer with both color and surface modifications. Addition of metal oxides
particles improves the flexural strength, tensile strength, antimicrobial property and
reduces the occurrence of porosity [12, 13].

10.4.1.3 Polyhedral Oligomeric Silsesquioxanes (POSSs) Reinforced
Silicone Elastomers

Silicone elastomers are used in maxillofacial restorations due to their ease of fabri-
cation and realistic appearance. They have properties that are important for human
maxillofacial prosthetics such as elasticity, esthetics, heat, and chemical stability.
Main reasons for mechanical failure in maxillofacial prostheses include tensile and
tearing loads.

A new approach that has the potential to improve polymeric materials is the use
of polyhedral oligomeric silsesquioxanes (POSSs) as a reinforcing agent. POSSs
are a nanoscale organic—inorganic hybrid containing a 1.5 nm silica cage with eight
pendant organic groups [14].

The use of POSSs as a reinforcing agent has enhanced the tensile and tearing
strengths of conventional materials (Fig. 10.6). There is no statistically significant
decrease in the extension at failure. Interestingly, the extension is increased with
POSS loading suggesting that POSS may have a plasticizing effect on polymer
matrixes.
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Fig. 10.6 POSSs reinforced to PMMA

10.4.1.4 Nano-Metal Oxides to Silicone Elastomer

Silicone elastomer is the most preferred material for maxillofacial prosthesis. But
the advent disadvantage is the aging process of the material over a period of time.
Addition of nano-titanium particles to silicones improves the physical properties of
the materials. Even the anti-thermal aging properties are markedly increased [15].

10.4.1.5 Nanocomposite Denture Teeth

Conventional denture teeth have their own inherent disadvantage. Porcelain is highly
wear resistant, but is brittle, lacks bonding ability to the denture base, and is not easy
to polish. Acrylic on the other hand is to adjust, but undergo undue wear. Nanocom-
posite denture teeth (Fig. 10.7) are made of polymethylmethacrylate (PMMA) and
homogeneously distributed nanofillers [16].

Fig. 10.7 Nanocomposite
teeth

BRILLIANT  Nano Composit
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Advantages are

e Excellent polishing ability and stain resistant.
e Improved esthetics and increased durability.
e Enhanced wear resistance and surface hardness.

10.4.2 Tooth-Supported Fixed Prosthodontics

10.4.2.1 Nanocomposites

The development of polymeric dental composites has revolutionized the field of den-
tistry over the past 30 years. This development has been achieved mainly through
organic monomer discovery, modifications in formulation and filler technology,
advances in light curing equipment and efficient photoinitiators. Despite these devel-
opmental advances, dental composites are still limited by problems such as polymer-
ization shrinkage, and wear resistance. The post-gel polymerization shrinkage causes
significant stresses in the surrounding tooth structure and composite tooth bonding
leading to premature restoration failure. Other problems such as uncured organic
monomers leaching from the dental composites into the surrounding gum tissue
have caused cytotoxic effects [3]. One of the recent advances in restorative dentistry
has been the introduction of nanofiller particles (nanoparticles) into the resin matrix
(Fig. 10.8) thereby producing a newer light-cured composite resin nanocomposite
[3].

None of the present-day composite resin satisfy all the requirements, and hence,
the search for developing a composite dental filling material that could be used in all
areas of the mouth with high initial polish and superior polish retention (typical of
microfills), as well as excellent mechanical properties suitable for high stress-bearing
restorations (typical of hybrid composites), is still on. Since nanocomposites fulfill
most of these requirements, they can be considered to be the ideal restorative material
of the present era [17].

Nanofiller Particles

Two new types of nanofiller particles—nanomeric particles (NM) and nanoclusters
(NC) have been synthesized and incorporated into the resin matrix [3].

The NM particles are monodisperse, non-aggregated, and non-agglomerated silica
nanoparticles. These can be synthesized by using aqueous colloidal silica sols to
obtain dry powders of nanosized silica particles 20 and 75 nm in diameter. The silica
particles are treated with 3-methacryloxypropyltrimethoxysilane or MPTS, using a
proprietary method. MPTS, a bifunctional material also known as a coupling agent,
contains a silica ester function on one end for bonding to the inorganic surface
and a methacrylate group on the other end to make the filler compatible with the
resin before curing to prevent any agglomeration or aggregation. MPTS also allows
chemical bonding of the NM filler to the resin matrix during curing.
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The nanoclusters particles can be of two types:

(1) The first type consists of zirconia—silica particles synthesized from a colloidal
solution of silica and a zirconyl salt. The primary particle size of this NC filler
ranges from 2 to 20 nm, while the spheroidal agglomerated particles have a
broad size distribution, with an average particle size of 0.6 \wm. This formulates
the dentin, body, and enamel shades of Filtek Supreme standard paste.

(2) The second type of NC filler is synthesized from 75-nm primary particles of
silica and has a broad secondary particle size distribution with a 0.6-j.m average.
This formulates the Filtek Supreme transparent shades.

The surfaces of both types of nanocluster filler particles are treated with an MPTS
coupling agent to provide compatibility and chemical bonding with the organic resin.

Resin system: The resin system used in the nanocomposites contains
bisphenol A glycidyl dimethacrylate, ethoxylated bisphenol A dimethacrylate,
triethylene glycol dimethacrylate,1,6-bis(2-methacryloyloxycarbonylamino)-2,4,4-
trimethylhexane, photoinitiator, and stabilizer.

To make filler particles of the mechanically strong composites of today (such as
macrofills, hybrids, and microhybrids) the dense, large particles (mined quartz, melt
glasses, ceramics) are comminuted to small-particle size. However, these milling
procedures usually cannot reduce the filler particle size below 100 nm (1 nm=
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1/1000 pm). To circumvent this roadblock, synthetic chemical processes are used
to produce building blocks on a molecular scale. These materials are assembled into
progressively larger structures and then transformed into nanosized fillers suitable
for dental composite with low polymerization shrinkage [3].

Advantages of nanocomposites [18] are

Superior hardness.

Superior flexural strength.

Superior modulus of elasticity.

Superior translucency and esthetic appeal.
Excellent color density.

High polish and polish retention.

About 50% decrease in filling shrinkage.
Excellent handling properties.

Commercial products are Filtek Supreme, Clearfil majesty posterior, PureNano,
and Premise.

Filtek Supreme Universal Restorative. It consists of nanofillers and a resin
matrix introduced by 3 M ESPE Dental Products, St. Paul, (2002).

Clearfil Majesty Posterior. It is a light-cure, nano-superfilled, radiopaque
restorative composite resin developed by Kuraray Medical Inc. composed of nano-
and micro-inorganic filler treated with a proprietary new surface coating technology
(Fig. 10.9).

The new surface technology permits a larger quantity of nanofiller to be dispersed
in the resin matrix which consists of monomer and microfiller. The resulting matrix
is reinforced with the filler loading of 92 wt% (82 vol.%).

Fig. 10.9 Clearfil majesty
nanocomposites
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In spite of the extremely high filler loading, Clearfil majesty posterior also has a
very shapeable consistency and the high refractive matrix provides benefit of a very
minor transparency shift after light curing.

Composition:

Bisphenol A diglycidyl methacrylate

Hydrophobic aromatic dimethacrylate

Triethylene glycol dimethacrylate

Nano glass ceramics

Surface treated alumina microfiller and silica nanoparticles filler

Camphorquinone and pigments

Camphorquinone and pigments.

Premise (Kerr Corporation). It is a dental composite restorative having signifi-
cant technological advancements over competing products combining esthetics, ease
of placement, durability, and long-term polish (Fig. 10.10). Its a single combination
of three types of loads (0.02, 0.4 pm and charged pre-polymerized) makes it possible
to reach a load factor of 84% which contributes to the improved properties of the
material.

As visible light hits the 0.02 pwm filler particles, the light is scattered much more
than a larger particle composite. More scattering allows blending in of the restoration
(the “chameleon effect” and also gives life-like esthetics).

PureNano™ has been developed by NanoProducts Corporation and contains
non-agglomerated discrete nanoparticles that are homogeneously distributed in resins
or coatings. The nanofiller used include an aluminosilicate powder having a mean
particle size of about 80 nm and a 1:4 M ratio of alumina to silica. The nanofiller
has a refractive index of 1.508 and offers similar properties and advantages as Filtek
supreme universal restorative nanocomposites. PureNanoTM nanoparticles enable

Fig. 10.10 Premise
nanocomposites
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nearly 50% reduction in filling shrinkage and are particularly useful for fabricating
load bearing and cosmetic restorations.

10.4.2.2 Nanosolutions

Nanosolutions produce unique and dispersible nanoparticles, which can be used in
bonding agents [6].

Trade names. Adapter Single Bond, Prime & Bond NT Adhesive, GC G-Bond
and Excite Bond.

Adper Single Bond Plus. The adhesive is a fast, easy, and convenient nano-based
bonding agent offering exceptional bond strength (Fig. 10.11). The adhesive has been
recognized as a new option in total-etch visible light activated dental adhesives. It
contains BisGMA, HEMA, dimethacrylates, ethanol, water, a novel photoinitiator
system acid, and a methacrylate functional copolymer of polyacrylic and polyitaconic
acids. It incorporates 10% by weight of 5-nm-diameter spherical silane-treated sil-
ica particles through a process that prevents agglomeration. As discrete particles,
their extremely small size keeps them in colloidal suspension [19]. The use of sil-
ica nanofiller nanotechnology contributes to higher bond strength performance and
provides a stable, filled adhesive. Since the particles do not cluster together or settle
out of dispersion, the adhesive does not need to be shaken prior to use.

It is available in two delivery options: a unit dose system and in a single bottle
system. The unit dose delivery system requires no measuring, mixing or cleanup. Itis
disposable and hence offers hygienic dispensing. It contains the adhesive and brush-
tip applicator in a self-contained system. The large blister is squeezed to transfer the
adhesive into the chamber enclosing the applicator. The applicator is briefly spun to
fully saturate with adhesive and is then ready to use.

The single bottle use is a convenient squeeze bottle delivery system meant for
multiple uses. It is attached with a “pinch and flip” cap which helps to reduce spillage
and wastage. The translucent bottle makes it easy to see how much adhesive is left.

Prime & Bond NT Adhesive. It is a fifth-generation (i.e., “one-component”)
dentin bonding agent marketed by the Dentsply/Caulk Company (Fig. 10.11). It
contains extremely small 7-nm fillers which are the basis for including “NT” in

Fig. 10.11 Nanosolutions
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the product’s name: “NT” for “nanotechnology.” Although Prime & Bond NT Dual
Cure is described as a “single-component” product, it consists of a 34% phosphoric
acid etchant, an acetone-based, nanofilled adhesive resin, and an acetone/ethanol-
based, sulfinate self-cure activator. Other improvements to the product’s composi-
tion include incorporation of a small resin to better infiltrate the dentin surface, a
crosslinking agent to strengthen the adhesive, and a higher overall resin concentration
which makes it possible to achieve adequate coverage with only one application.

For doing direct bonding of resin composites, compomers, and veneers, only the
etchant and bonding resin is used. For bonding indirect restorations such as inlays,
onlays, and crowns and the bonding resin is combined 1:1 with the self-cure activator.
This converts the material into a dual-cure adhesive. Prime & Bond NT Dual Cure
is also recommended for amalgam bonding and as the preparatory step before the
cementation of endodontic posts with a resin cement.

GC G-Bond. It is a seventh-generation one-component bonding agent. Etching,
priming, and bonding are done in a single step with a single coat application. It
produces high bond strength with dry, moist or wet, dentin or enamel. It is proposed
thatitis advanced 4-MET and Phosphoric Acid Ester Monomer Adhesive Technology
combined with nanofilled particles forms a unique nanofilled interface with the dentin
a “Nano-Interaction Zone” (NIZ). This “nano”-level reaction produces insoluble
calcium compound for a better bond less likely to deteriorate from enzymes contained
in the mouth.

Excite Bond. Ivoclar Vivadent Exite contains 12-nm fillers and is packaged in a
single-use capsule. It is very fast to apply in one coat and comes with a graphics-only
instruction card.

10.4.2.3 Impression Materials

Impression materials are available with nanotechnology application. Nanofillers are
integrated into the vinyl polysiloxanes, producing a unique addition siloxane impres-
sion material [6, 19, 20].

Advantages:

o Better flow.

e Improved hydrophilic properties, hence fewer voids at margin and better model
pouring.

e Enhanced detail precision.

Trade name: Nanotech elite H-D+ and Imprint 2 Penta H

Nanotech Elite H-D+

In the evolution of polyvinyl siloxanes, Zhermack, Italy, has developed a new
and more effective platinum-based system elite HD+ to obtain a complete and stable
reticulation (Fig. 10.12). It is an insoluble, odorless, two-part system with a relative
density of 1.50 g/cc. The insertion of particles with a nanometric size and structure
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Fig. 10.12 Impression
materials

causes atomic and molecular interaction that macroscopically influences the proper-
ties of the impression material. The nanometric particles and the other components of
the material create a nanostructure which enables a degree of fluidity completely dif-
ferent from the initial viscosity to be obtained. This improves the flow, tear resistance,
hydrophilic properties, resistance to distortion, and heat resistance. When pressure is
exerted in taking the impression, an excellent reproduction of infinitely small details
is obtained [6].

Elite also has a snap set with a total time in the mouth for 2.5 min. Its rigid final
set minimizes the possibility of distortion and offers excellent tear resistance and
adhesion with the wash. No specific hazards are encountered under normal use of
the product. Contact with the eyes may, however, cause slight irritation and reddening
of the conjunctiva.

10.4.2.4 Nanofilled Resin-Modified Glass Ionomer

A new nanofilled RMGI restorative material has been introduced. It is based on
a prior RMGI with a simplified dispensing and mixing system (paste/paste) that
requires the use of a priming step, but no separate conditioning step. Its primary
curing mechanism is by light activation, and no redox or self-curing occurs during
setting (Fig. 10.13).

Apart from the user-friendliness, the major innovation of this material involves the
incorporation of nanotechnology, which allows a highly packed filler composition
(69%), of which approximately two-thirds are nanofillers.

Composition: Chemistry of nanoionomer is based on the methacrylate modified
polyalkenoic acid, which is capable of both crosslinking via pendate methacry-
late groups as well as the acid-base reaction between the fluoroaluminosilicate
glass (FAS) and the acrylic and itaconic acid copolymer groups. It contains surface
treated nanofillers (approx 5-25 nm) and nanoclusters (approx 1 to 1.6 microns).
Filler loading is approx. 69% by weight of which the relative proportion of two
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Fig. 10.13 Nanofilled resin-modified GIC

filler types (FAS and combination of nanofillers) are approx 2/5 and 3/5, respec-
tively. All nanofillers are further surface modified with methacrylate silane cou-
pling agents to provide covalent bond formation into free radically polymerized
matrix.

Advantages: Good luster and enhanced mechanical properties [9].

10.4.2.5 Coating Agents

These are used as final coating over esthetic restorations (Fig. 10.14). Nanotechnol-
ogy uniformly disperses nanofillers [6].
Advantages:

e Higher wear resistance.

Fig. 10.14 G-coat plus
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Fig. 10.15 Nanocare gold

e Prevents abrasion and discoloration.
e Smooth high luster finish retained over time.

10.4.2.6 Nanocare Gold

Nanocare gold dental material is used directly before embedding dental films, ceramic
or porcelain crowns, bridges, porcelain veneers (Fig. 10.15), inlays or onlays.

Advantages:

e Provides antimicrobial effect.
e Improves adhesion to tooth tissues which greatly increases durability of dental
restorations.

10.4.2.7 Nano-Optimized Moldable Ceramics

Traditional ceramics are made of clay and other natural occurring materials, while
modern high-tech ceramics use silicon carbide, alumina, and zirconia. At present,
ceramic dental crown is mainly including alumina ceramic and zirconia ceramic [1].

Alumina ceramics have good esthetics, high gloss, chemical stability, wear resis-
tance, high hardness, good biocompatibility, no allergies, and no effect on the MRI,
but the biggest drawback is brittleness. ZrO, has a good abrasion resistance, physio-
logical corrosion resistance, and biocompatibility, whose modulus of elasticity, flex-
ural strength, and hardness are higher, compared to those of HA and titanium alloys.
The strength and bending resistance of zirconia ceramics through computer-aided
design/computer-aided manufacture are significantly higher than alumina ceramic,
but they still lack toughness and high sintering temperature [1].

Nanoceramic (Fig. 10.16) refers to the ceramic material with nanoscale dimen-
sions in the microstructures phase. Compared with the conventional ceramics,
nanoceramics have unique properties, which make it become the hot topics in the
study of material science [6].
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Composition:

e Nanofillers: Enhance polish ability and reduce wear.

o Nanopigments: Adjust the shade of the restoration to the surrounding teeth
(chameleon effect).

e Nanomodifiers: Increase the stability (non-slump) of the material and prevent
sticking to instruments.

Advantages:

e Nanoceramics have superplasticity.

e Show good toughness and ductility.

e Superior mechanical properties: The hardness and strength of many nanoceramics
are 4-5 times higher than those of the traditional materials.

e Improved translucency and corrosion resistance.
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10.4.3 Implant-Supported Fixed Prosthodontics

Nanotechnology provides a new generation of biocompatible nanomaterials for
repairing and replacing human tissues. Human tissue that is diseased or traumatically
compromised may require synthetic materials for its repair or replacement. While
most types of tissues repair the interaction of stem cells with chemical modulators,
there are differences in the ways that various tissues heal [3].

In many cases, the failure occurs at the tissue—implant interface, which may be due
to the implant material weakening its bond with the natural material. To overcome
this, implants are often coated with a biocompatible material to increase their adher-
ence properties and produce a greater surface area to volume ratio for the highest
possible contact area between the implant and natural tissue.

Nanotechnology can offer new solutions for tissue repair and replacement in the
following areas.

10.4.3.1 Implant Coatings

Nanotechnology brings a variety of new high surface area biocompatible nanoma-
terials and coatings to increase the adhesion, durability, and lifespan of implants.
Ceramic materials such as calcium phosphate (hydroxyapatite or HAP) (Fig. 10.18)
are made into implant coatings using nanosized particles instead of micro-sized par-
ticles. In addition to the higher surface areas and improved adhesion properties of
the nanoparticle coatings, improved coating techniques are also being developed.
While high-temperature processes such as plasma spray can melt ceramic particles
and reduce their surface area and adhesion properties, new low-temperature pro-
cesses with electromagnetic fields can maintain the nanomaterial properties. This
provides the maximum possible contact area between the implants and bone surface
to improve the potential for in-growth in the host bone (Fig. 10.17).

New types of nanomaterials are being evaluated as implant coat-
ings to improve interface properties [21, 22]. For example, nanopoly-
mers (Table 10.4) such as polyvinyl alcohol (PVA) can be used to coat
implantable devices that are in contact with blood (e.g., artificial hearts, vas-
cular grafts, catheters) for dispersing clots or preventing their formation [13,
14].

10.4.3.2 Tissue Regeneration Scaffolds

Nanostructures arc being researched for the preparation and improvement of tis-
sue regeneration scaffolds. Research areas include the ability to develop molecular
sensitive polymers using the optical properties of nanoparticles as control system,
manipulating the stiffness, and strength of scaffolds using hybrid nanostructures and
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Fig. 10.18 New generation HAp-coated implants

Table 10.4 Range of materials added to calcium phosphate for the production of nanocomposite
coatings and their advantages and concerns

Material Advantages Concerns
CNT * Excellent mechanical » Non-biodegradable
properties * Possible transfer of internal
* Used to reinforce the HAp organs after the degradation

of the matrix
Free graphite is difficult to
disperse homogeneously

Bioactive glass Increased surface bioactivity |  Special attention is needed

» Improves the bioactivity of to control the surface

metallic dental implants reactivity rates

TiO;  Capable of inducing cell * Crystallinity control is
growth and enhances required
osteoblastic activity

Silica * Alters the surface and * Long-term adhesion and
interfacial properties of Hap | reliability
composites

Collagen » Improved osteogenic effects

Formation of new bone
tissue without encapsulation

the use of nanotechnology to prepare molecular imprints to maximize long-term
viability and function of cells on scaffold surfaces [3].

With the ultimate objective of growing large complex organs, a variety of nano-
materials and nanotechnology fabrication techniques are being investigated as tissue
regeneration scaffolds that provide improved structural requirements and guide the
activity of seeded cells [14]. Some examples are as follows:



198 C. Praveena et al.

a. Nanoscale polymers such as polyvinyl alcohol (PVA) are being molded into heart
valves and seeded with fibroblasts and endothelial cells.
b. Polymer nanocomposites are being researched for bone scaffolds.

Scientific challenges related to a better understanding of molecular/cell biology
and fabrication methods for producing large three-dimensional scaffolds are among
the many obstacles yet to be overcome.

Nanostructures are also being, used to study the fundamental properties of
implanted tissues. In areas of in vivo analysis, nanostructures are used as tracers
for implanted cells and to study the response of host to implanted tissues.

10.4.3.3 Structural Implant Materials and Bone Repair

Nanotechnology provides a new generation of biocompatible materials that can be
used as implants or temporary bioresorbable structures [23]. Bone is a high strength
material that is used as both weight bearing and non-weight bearing. Bones are more
than just structural materials as they also contain interconnected pores that allow
body fluids to carry nutrients and permit interfacial reactions between hard and soft
tissues. In the case of bone fractures, grafts disorders and dental applications, bones
may require repair or replacement [3].

A variety of natural materials are used as bone substitutes. These include autografts
from the patient’s pelvis, allograft from another human, bovine material or coral
blocks. Natural materials are tend to be brittle and can lose mechanical strength
during sterilization. They can also cause inflammation, pain at the pelvis graft site
and potentially transmit disease. Bone cavities can also be filled with synthetic bone
cement. Current bone cements containing PMMA act as filler or grout, which is
injected as flowable paste and then hardens vivo. While PMMA cement can offer
adequate mechanical properties and bonding, it is typically recommended only for
non-weight-bearing bones. PMMA has also been linked to tissue damage, nerve root
pain, and other side effects.

High strength nanoceramic materials, such as calcium phosphate appetite (CPA)
and hydroxyapatite (HAP), can be made into flowable, moldable nanoparticle paste
that can confirm to and interdigitate with bone. As natural bone is approximately
70% by weight CPA including hydroxyapatite (HAP), biocompatibility is thought
to be extremely high with minimal side effects. As its dense surface and tight three-
dimensional crystalline structures will allow for superior compressive strength to
PMMA, nanoceramics may be suitable for both weight-bearing and non-weight-
bearing bones [3].

10.4.3.4 Bioresorbable Materials

Bioresorbable polymers are currently being used in degradable medical applica-
tions such as sutures and orthopedic fixation devices. With new production methods,



10 Nanobiomaterials and Their Application in Prosthodontics 199

nanostructures are being fabricated which could be used as temporary implants.
Bioresorbable implants will biodegradable and do not have to be removed in sub-
sequent operation. Nanostructured implants are being designed to degrade at a rate
that will slowly transfer load to a healing bone that it is supporting. Thus, it is pos-
sible in near future to have nanomaterials used in the body to exceed current human
performance on multiple dimensions and beyond current human limitations [6].

10.5 Social Implications

Potential risks of nanotechnology can broadly be grouped into three areas [24].

(a) The risk to health from nanoparticles and nanomaterials.
(b) The risk to environment from nanoparticles and nanomaterials.
(c) The risk posed by molecular manufacturing (or advanced nanotechnology).

Studies of the health impact of airborne particles are the closest thing, and we
have to use as a tool for assessing potential health risks from free nanoparticles.
These studies have generally shown that the smaller the particles get the more toxic
they become. This is due in part to the fact that, given the same mass per volume, the
close in terms of particle numbers increases as the particle size decreases. Regulatory
bodies have concluded that nanoparticles form the potential for an entirely new risk,
and that it is necessary to carry out an extensive analysis of the risk.

The concerns expressed by national and international groups are also constantly
being considered and monitored as the potential usages, risks, and applications of
nanotechnology are recognized [25].

10.6 Conclusion

The futuristic view of multiple treatment opportunities offered by nanotechnological
advances may sound unlikely, implausible, or even heretic. Yet, the theoretical and
applied research to turn them into reality is progressing rapidly.

As claimed by the National council of science and technology (USA), “Molecular
technology is destined to become the core technology changing the nature of every
human-made object in the next century.”

Dentistry is also facing a major revolution in the wake of this technology having
already been targeted with novel “nanomaterials.” The development of nano-based
materials such as nanocomposites, bonding agents, impression materials, and implant
surface modifications has influenced the clinical dental practice to a great extent.
This is particularly true for purpose-designed nano- and microstructures. Biologic
approaches such as tissue and genetic engineering will yield new diagnostic and
therapeutic approaches.



200

C. Praveena et al.

However, the search for ideal materials still continues and may lead to the develop-
ment of newer materials with superior properties and improvement in the properties
of the currently available dental materials with the advances in nanotechnological
research.
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Chapter 11 ®)
Nanomaterials for the Management e
of Periodontal Diseases

Radhika Arjunkumar

11.1 Introduction

Periodontitis is a complex disease and has a multifactorial etiology. It can occur
as the less severe gingivitis, chronic and aggressive periodontitis and as a mani-
festation of numerous systemic diseases like diabetes and hematological disorders.
Periodontal disease is characterized by infection and inflammation, which leads to
progressive attachment loss and bone loss around teeth, which if left untreated can
lead to premature loss of tooth [1].

Dental plaque is the main causative factor of periodontal disease, and plaque
control forms the mainstay of periodontal therapy. Mechanical and chemical plaque
control methods have been employed to treat the disease with success. However, these
treatment modalities are not without shortcomings. In the quest for better treatment
options for patients with a greater success rate and lesser side effects, nanotechnology
has played a significant role.

11.2 Nanorobotic Dentifrices

When properly designed, dentifrobots could identify and destroy pathogenic bacte-
ria residing in dental plaque and elsewhere, while sparing the 500 or so species of
harmless oral microflora and allowing them to flourish in a healthy ecosystem. Denti-
frobots would also provide a continuous barrier to halitosis, since bacterial putrefac-
tion is the central metabolic process involved in oral malodor. Subocclusal dwelling
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nanorobotic dentifrice which can be delivered by mouthwash or toothpaste could
patrol all supragingival and subgingival surfaces at least once a day, metabolising
trapped organic matter into harmless and odorless vapors concomitantly performing
continuous calculus debridement [2].

The invisibly small dentifrobots with purely mechanical devices [1-10 micron
in size], crawling at 1-10 /s, would be inexpensive and would safely deactivate
themselves if swallowed and would be programmed with strict occlusal avoidance
protocol [3].

11.3 Hypersensitivity Management

Tooth hypersensitivity is one of the most common problems encountered in clinical
practice. Unlike dental caries and periodontal disease, it is one of the most painful
and least successfully treated chronic problems of the teeth. It has been reported that
8-30% of the adult are affected by dentin hypersensitivity [4].

Numerous theories have been put forth to explain the mechanism of hypersensi-
tivity, which includes the direct stimulation theory, odontoblastic transducer mech-
anism, gate control theory, and the hydrodynamic theory. The hydrodynamic theory
is the most accepted, and according to this, a rapid shift in the fluid flow within the
dentinal tubules appears to be responsible for causing the odontoblastic pain [5]. Sev-
eral treatment methods have been tried to reduce dentinal hypersensitivity, ranging
from home-use, over the counter products such as desensitizing mouthwashes, den-
tifrices, or tray application forms to in-office application products such as varnishes,
liners, restorative material, dentinal adhesives, iontophoresis procedures, and more
recently, laser [6].

Among the various treatment options mentioned above, dentifrices have emerged
as an important means of treating hypersensitivity. Many of these dentifrices contain
potassium nitrate, stannous fluoride, sodium fluoride, sodium mono fluorophosphate,
and strontium chloride as an active ingredient and have proven to be effective, leading
it to be a frequent choice among both patients and dentists for the treatment of
sensitive teeth [7].

Research into the ultrastructure of teeth has led to a renewed interest in hydroxya-
patite (HAP), which is a building block for the mineralized dental tissues. This has
led to the preparation of HAP for the occlusion of dentinal tubules. Among all the
formulations of HAP, nano-hydroxyapatite (n-HAP) is considered one of the most
biocompatible and bioactive materials and is widely accepted in medicine and den-
tistry in recent years [8]. Nanosized particles have a similarity to the apatite crystals
of tooth enamel in morphology and crystal structure [9]. Different formulations of
n-HAP have been developed, and early data has suggested remineralization of subsur-
face lesions [10]. The n-HAP-containing toothpaste was effective in reducing dentin
hypersensitivity with standard dentifrices tested and could also be advocated in the
management of hypersensitivity [7, 11]. Apart from reduction of hypersensitivity by
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tubule occlusion, n-HAP dentifrices also have shown to improve the microhardness
of dentin in in vitro settings (Unpublished data by the author).

Reconstructive dental nanorobots could selectively and precisely occlude specific
tubules within minutes, offering patients a quick and permanent cure. Nanorobots
pass through the journey of enamel, dentin, and reach into the pulp. Once they are
installed in the pulp, nanorobots establish control over nerve impulse traffic. The
analgesic dental nanorobots may be commanded by the dentist to shut down all
sensitivity in selected tooth that requires treatment. When the dentist passes the
icon for the desired tooth on the handheld controlled display monitor, the nerve is
immediately anesthetized. After the oral treatment procedures are completed, the
dentist orders the nanorobots via the same acoustic data links to restore all sensation,
to relinquish control the nerve traffic and to retrieve from the tooth via similar path.
This analgesic technique is a patient-friendly one as it reduces anxiety, needle phobia,
is quick, and has a completely reversible action [12, 13].

11.4 Drug Delivery

Chemotherapy in the management of periodontal diseases has a significant albeit
adjunctive effect. Systemic antimicrobials are found to be beneficial in the treatment
of chronic and aggressive forms of periodontal disease. Among all groups of antibi-
otics, a combination of amoxicillin and metronidazole was found to be most effective
[14, 15]; use of systemic antibiotics, however, leads to high propensity for antibiotic
resistance, non-compliance to the regimens, possibility of adverse drug reactions,
and a very high dosage.

Periodontitis being a site-specific disease can be treated by local drug deliv-
ery systems as well. This approach is more favorable as compared to systemic
approach because it mainly focuses on improving the therapeutic outcomes by
achieving factors like site-specific delivery, low-dose requirement, bypass of
first-pass metabolism, reduction in gastrointestinal side effects, and decrease in
dosing frequency. Overall, it provides a safe and effective mode of treatment, which
enhances patient compliance [16].

Poor oral bioavailability of conventional oral formulations has paved the way for
new therapeutic options, like the use of nanotechnology for drug delivery. A number
of polymer-based delivery systems like films, chips, strips, fibers, microparticles,
nanofibers, and nanoparticles made from a variety of natural and synthetic materials
have been successfully tested to deliver a variety of drugs. These systems are bio-
compatible and biodegradable, completely fill the pockets, and have strong retention
on the target site due to excellent mucoadhesion properties [17].
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11.4.1 Nanoparticles

An emerging therapeutic strategy is the use of nanoparticles as drug carriers [18,
19]. The factors that make nanoparticles more advantageous than microparticles,
microspheres, and emulsion- based delivery systems are [20].

e They are particulate dispersions or solid particles with a size range from
10-1000 nm.

e The drugis dissolved, entrapped, encapsulated, or attached to a nanoparticle matrix
[21].

e They are highly dispersible in aqueous medium, offer controlled release rate and
enhanced stability.

e Because of their small size, nanoparticles can access sites unreachable for other
devices, like the periodontal pocket regions below the gingival margin.

e A uniform drug distribution for prolonged time period is obtained, thus decreasing
the dosage frequency.

Studies show that the immobilization/encapsulation process improves the over-
all biologic effectiveness of active agents including pharmacokinetic parameters
(bioavailability, clearance) and reduces the side effects [22, 23]. In addition, it has
been noted that the antibiotic resistance of drug-resistant pathogens may be overcome
by using nanoparticles as antibiotic carriers [24].

11.4.1.1 Magnetic Nanoparticles

Among the many types of nanostructures, core—shell magnetic iron oxide nanopar-
ticles are the most commonly used drug carriers in biomedical studies [19, 25].
Chlorhexidine (CHX) is a second-generation bis-biguanide antiseptic. It acts on the
inner cytoplasmic membrane; hence, it is a membrane active type of substance. It
is dicationic at pH levels above 3.5. It prevents plaque accumulation; hence, it is a
antiplaque and antigingivitis agent [26] and reduces the adherence of Porphyromonas
gingivalis to epithelial cells [27]. It can be bacteriostatic or bactericidal depending
on the dose. It acts against a wide array of bacteria including Gram-positive and
Gram-negative bacteria, dermatophytes, and lipolytic viruses and fungi.

However, CHX application is limited due to inactivation in body fluid and cytotox-
icity toward human cells, especially at high concentrations. To overcome the limita-
tions of CHX, Tokajuc et al. [28] synthesized nanosystems composed of aminosilane-
coated magnetic nanoparticles functionalized with chlorhexidine (MNP @CHX). In
the presence of human saliva, MNPs@ CHX displayed significantly greater bacteri-
cidal and fungicidal activity against planktonic and biofilm-forming microorganisms
than free CHX. In addition, CHX attached to MNPs has an increased ability to restrict
the growth of mixed-species biofilms compared to free CHX. The observed depo-
larization of mitochondria in fungal cells treated with MNP@CHX suggests that
induction of oxidative stress and oxidation of fungal structures may be a part of the
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mechanism responsible for pathogen killing. Nanoparticles functionalized by CHX
did not affect host cell proliferation or their ability to release the proinflammatory
cytokine, IL-8. The use of MNPs as a carrier of CHX has great potential for the
development of antiseptic nanosystems.

Apart from CHX numerous drugs like tetracycline, doxycycline, metronidazole,
silver, and leaf extracts can also be used as nanoparticle drug delivery systems to
treat periodontal diseases (Table 11.1).

11.4.1.2 Nanofibers

Polymeric fibers having diameters in submicron or nanometer range (e.g., 10 x
10° 100 x 10° mm) are called nanofibers [33]. They provide numerous remarkable
characteristics such as

e Very large surface area to volume ratio (this ratio can be as large as 103 times that
of microfiber),

e Suppleness in surface functionalities, and

e Superior mechanical performance (e.g., stiffness and tensile strength).

Nanofibres can be prepared by

Drawing,

Template synthesis,
Phase separation,
Self- assembly,
Electrospinning.

Among these electrospinning has been accepted as an efficient technique for the
fabrication of continuous nanofibers from a variety of polymers. These polymers can
either be first dissolved in suitable solvent and then electrospun or can be directly
electrospun in molten form [34]. Both hydrophobic and hydrophilic drugs can be
incorporated.

Polymers can be fabricated to form nanofibrous scaffolds and seeded with various
cells. Due to high surface area, porosity, and resemblance of this 3D structure to nat-
ural extracellular matrix, they enable cell adhesion and provide a nano-environment
for cellular growth and function. This has led to their wide application in tissue engi-
neering [35]. Few drug-loaded nanofibers used for the treatment of periodontitis are
listed in Table 11.2.

11.5 Anti-biofilm Approaches

Rapid advances in nanoscale engineering provide opportunities to develop new nano-
materials against virulent biofilms. Nanoparticles can carry and selectively release
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Table 11.1 Nanoparticle drug delivery systems to treat periodontal diseases

Polymer Drug Inferences Reference
2-Hydroxyethyl Tetracycline * Cytocompatible Sindhura Reddy et al.
methacrylate (HEMA) | nanoparticles in CaSOy4-Tet [29]

calcium sulfate beads nanoparticle

composite beads
could be valuable in
declining bacterial
count at the
infection site

The size range of
nanoparticles was
130420 nm with an
entrapment
efficiency of 89%
The sustained
release followed
Higuchi model

The composite
beads were found to
have antibacterial
activity against

Staphylococcus
aureus and
Escherichia coli
Polymersomes Metronidazole, * Amphiphilic block | Wayakanon et al. [30]
doxycycline copolymer vesicles

having ability to
encapsulate drugs
Can act
intracellularly
They enter early
endosomes of cells
by the process of
endocytosis and
release drug by
disassembling due
to low pH
decreased count of
P. gingivalis

This can be an
efficient delivery
device for
antibiotics which
cannot normally
enter host cells

(continued)
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Table 11.1 (continued)
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Polymer

Drug

Inferences

Reference

Poly(DL-lactide-co-
glycolide)
(PDLGA)

Silver

Silver possesses
antibacterial activity
with no acute
toxicity to human
cells

More effective
against aerobic
bacteria than the
anaerobic oral
pathogenic bacteria

Luetal. [31]

PDLGA

Harungana
madagascariensis leaf
extract

PLG nanoparticles
enhanced the
bactericidal effect of
the extract

Moulari et al. [32]

antimicrobial agents after attachment or within oral biofilms, resulting in their disrup-
tion. The mechanism involves “smart release” of agents when triggered by pathogenic
microenvironments (e.g., acidic pH or low oxygen levels) for localized and controlled
drug delivery to simultaneously kill bacteria and dismantle the biofilm matrix.

11.5.1 Zinc Oxide (ZnO) Nanoparticles

e Zinc oxide (ZnO) nanoparticle-coated titanium disks have demonstrated anti-
adhesion properties. These ZnO-modified surfaces reduce viable bacteria like
S. aureus and streptococci without cytotoxic effect on osteoblasts and human
mesenchymal cells [39].

e The use of metal oxide nanoparticles to coat implants could provide osteocon-
ductive and antimicrobial functionalities to prevent failure.

e Nevertheless, it may be difficult preventing bacterial adhesion altogether in the
complex oral environment

e The benefits of ZnO nanoparticles in the presence of saliva and other host-derived
components as well as a complex microbiota are yet to be proven clinically [40].

11.5.2 Silver Nanoparticles (AgNPs)

The use of AgNPs for surface modification has recently emerged as a promising

approach.
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Polymer Drug Inferences Reference
Electrospun PLGA Human periodontal |+ Multilayered Inanc et al. [36]
membranes ligament (hPDL) hybrid
cells arrangements had
developed by
deposition of
supplementary

membrane layers
on the existing
ones

Cell adhesion,
viability, and
osteogenic
differentiation
were obtained
indicating the
feasibility of use
in periodontal
tissue regeneration

Polytetrafluoro—thylene
(PTFE) nanofibers coated
on smooth glass and rough
titanium substrates

Cultured human
gingival fibroblasts

Cell and collagen
alignment
persuaded by
PTFE nanofibers
and controlled by
implant surface
may enable
improvement in
gingival support

Kearns et al. [37]

Polydioxanone (PDS)
biodegradable nanofiber
matrices

Metronidazole and
ciprofloxacin

The nanofiber
matrices did not
impair the growth
of periodontal
beneficial bacteria
Growth inhibition
of Fusobacterium
nucleatum and
Aggregatibacter
actinomycetem-
comitans was
obtained from
ciprofloxacin-
containing
nanofibers

Bottino et al. [38]
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e AgNPs exhibited both high anti-adhesion and antibacterial actions against Strep-
tococcus mutans when they were coated on the surface of methacrylate resins
in vitro [41].

e The AgNPs coatings can induce death of bacteria either through cell mem-
brane—nanoparticle interactions or through secondary effects induced by long-
term released AgNPs or Ag* ions, by the production of reactive oxygen species,
by alteration of the membrane integrity, and by protein-site-specific interactions
that could prevent DNA replication [42].

e The concentration of dissolved oxygen has a direct implication on the AgNPs
dissolution via the Ag” oxidation, and a low (or absence of) antimicrobial activity
has been reported in anaerobic conditions [43].

11.5.3 Nano-hydroxyapatite-Modified Surfaces

e Surfaces modified by hydroxyapatite nanorod arrays exhibited antibacterial activ-
ity against S. aureus and Escherichia coli (significantly superior to titanium sur-
faces) and induced no cytotoxic effect toward human bone marrow stromal cells
[44].

11.5.4 Other Coatings with Anti-adhesion and Antibacterial
Properties

1. Hexametaphosphate associated with chlorhexidine also displayed antibacterial
effects when coating pure grade II titanium. The antimicrobial efficacy of the
coated surfaces appears to be associated with long-term release of chlorhexidine,
which was capable of inhibiting the growth of Streptococcus gordonii, an early
colonizer [45].

2. Graphene oxide (GO) has shown to have anti-adhesion and antibacterial proper-
ties [46]. The mechanism in which GO induces antimicrobial effects is not yet
fully understood, although the size of the GO sheet appears to play an important
role [47].

As these coatings are assembled in very small-length scales (nanometers), there
is little influence on the mechanical properties of the bulk upon which they are
assembled (e.g., hardness, strength, flexibility) and therefore exert limited action
against mechanically induced failures [48]. However, antimicrobial coatings can
help prevent interface (e.g., adhesive) failure from the deleterious effects of biofilms.
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11.6 Role of Nano-proresolving Medicines in Management
of Periodontal Diseases

Nonsoluble communication between cells have emerged as an efficient means
of long-range communication beyond soluble cytokines and autacoids [49].
Membrane-shed vesicles, termed microparticles, can be employed to construct nano-
proresolving medicines (NPRM) incorporating proresolving lipid mediators (LMs)
that can target specific tissues without dilution or inactivation of the mediators [50].
Incorporation of proresolving mediators into NPRM has proven to be an effective
approach for promoting survival in animal models of sepsis [51], reducing inflam-
mation and stimulating resolution [52]. Both lipoxin A4 and resolvin E1 (RvEl)
facilitate bone regeneration in small animal models of periodontitis [53-55].

T.E. Van Dyke et al in a proof-of-principle experiment in 2014 used nano-
proresolving medicines (NPRM) containing a novel lipoxin analog (benzo-lipoxin
A4, bLXA4) to promote regeneration of hard and soft tissues irreversibly lost to
periodontitis in the Hanford miniature pig. In this experiment, NPRM-bLXA4 dra-
matically reduced inflammatory cell infiltrate into chronic periodontal disease sites
treated surgically and dramatically increased new bone formation and regeneration
of the periodontal organ. These findings indicate that NPRM-bLXA4 is a mimetic of
endogenous resolving mechanisms with potent bioactions that offers a new therapeu-
tic tissue engineering approach for the treatment of chronic osteolytic inflammatory
diseases [56].

11.7 Conclusion

Recent developments in nanomaterials and nanotechnology have provided a promis-
ing insight into the commercial applications of nanomaterials in the management of
periodontal diseases. Nanotechnology has the potential to provide controlled release
devices with autonomous operation guided by need. It is envisaged that this trend
will be further improved in the future as more and more nanotechnologies are com-
mercially explored.
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Chapter 12 )
Oral Biofilms: From Development oo
to Assessment and Treatment

Heeresh Shetty and Pankaj Gupta

12.1 Introduction

Rodney M. Donlan has defined biofilms as “An assemblage of microbial cells that is
irreversibly associated with a surface and enclosed in a matrix of primarily polysac-
charide material” [1]. Although James et al. is credited with describing the detailed
structure of biofilms in trickling filters of water treatment plants using scanning and
transmission electron microscopy in 1969 [2], it was Antonie van Leeuwenhoek who
first observed microbes with his crude microscope on the tooth structure and thus is
credited with its discovery.

Though the structure and composition of biofilms were correctly theorized by
Costerton [3] half a century ago, it was not till the last two decades that the ultra-
structure of biofilms and the genes involved in cell adhesion have been characterized
by the use of confocal laser scanning electron microscope. Biofilms can form on any
fluid—solid interface like indwelling medical devices, domestic and industrial water
lines, natural aquatic systems like ponds and lakes, and living tissues. The general
cycle of biofilm formation is illustrated in Fig. 12.1. Though the structure of biofilms
varies greatly in different places, some characteristics related to the structure, com-
position, and the environmental variables can be generalized.

1. Variables related to cell adhesion and biofilm formation
2. Biofilm architecture
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Fig. 12.1 Cycle of biofilm formation

12.1.1 \Variables Related to Cell Adhesion and Biofilm
Formation

There are multitudes of factors which affect the attachment of the cells to the surface
(Fig. 12.2). These include surface characteristics of the solid, the fluid dynamics of
the aqueous medium, and the properties of the attaching cells.

A rough surface attracts higher bacterial colonization because of increased surface
area and reduced shear stress [4]. The surface characteristics of the solid also have
effect on microbial colonization; for example, hydrophilic surfaces like glass attract
less bacterial colonization than hydrophobic substances like Teflon [5, 6].

The aqueous medium to which the surface is exposed will affect the rate and extent
of microbial attachment by coating the surface with polymers from the aqueous
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medium. This phenomenon was demonstrated for the first time by Loeb and Neihof
on surfaces exposed to seawaters [7].

Hydrodynamic boundary layer referes to the layer near the solid-liquid interface
where fluid velocity is negligible, the thickness of which is inversely proportional to
the fluid velocity. When the fluid velocity is low, the thickness of this layer is more
and the cell depends on its own motility and size for association with the surface.
Therefore, high velocity of the fluid will cause rapid association with the surface
until the velocities are high enough to dislodge the cells from the surface [1, 8].

Many other factors like the temperature of the aqueous medium, nutritional levels,
and its acidity also affect the attachment of the microbes to the solid surface. The
characteristics of the attaching cells like the presence of fimbriae and flagella, cell
surface hydrophobicity, and the production of extracellular polymeric substances
also influence the association of the microbial cell to the surface but the details of
which are beyond the scope of this chapter, for a detailed review of all the factors,
the reader is referred to an excellent article by Donlan [1].

Not only the characteristics of the solid surface and the aqueous medium affect
the attachment of the microbes to the surface, but also the microbes themselves show
an up- or downregulation in genetic expressions upon initial attachment which leads
to a favorable colonization of the surface; for example, it was demonstrated that
Staphylococcus aureus in biofilms shows an upregulation of the glycolysis genes
probably because of deficiency of oxygen in the developed biofilms [9].
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12.1.2 Biofilm Architecture

Biofilms are heterogenous aggregates composed of microcolonies of bacterial cells
which are encased in extracellular polymeric substances (EPS) separated by intersti-
tial voids [10]. EPS are the primary matrix material of the biofilms and can consti-
tute anywhere between 50 and 90% of the total organic carbon of the biofilms [11].
The composition of EPS varies greatly, but it is primarily composed of polysac-
charides. The EPS vary greatly in their characteristics; for example, they may be
polyanionic for biofilms of gram-negative bacteria [12], while it may be cationic
for gram-positive ones [13]. EPS may be hydrophobic in some cases, though most
EPS have hydrophobic and hydrophilic areas in them and most are highly hydrated
because they absorb a large amount of water in them by hydrogen bonding [12]. A
high degree of variability is also found in terms of solubility and rigidity of the EPS.

Biofilms can be influenced by non-microbial particles from the host or the envi-
ronment, and an example of this can be found in the calcification of plaque from the
saliva which protects the microbes from mechanical removal as well as the action of
antibacterial like chlorhexidine. A micro-colony is the basic structural unit of estab-
lished biofilms. Various interactions within and between them bestow upon them
characteristics which are not available to the planktonic cells. This can range from
multidrug resistance as a result of gene transfers to attachment of different species
of bacteria to each other as a result of quorum sensing (cell to cell signalling).

It is important to appreciate the heterogeneity of biofilms in all aspects. They
are almost ever-changing in terms of space and time caused by various external and
internal factors which provide a number of tactical advantages to the colonizing
microbes over free microbes, namely, the resistance to removal because of the tough
intercellular matrix, the tight adhesion to the underlying surface, which makes its
complete removal by mechanical and chemical means difficult [14]. It has been
reported that bacteria in biofilms are up to 1000 times more resistant to antimicrobial
agents when compared to planktonic bacteria [15]. In the branch of dental health
care, biofilms can be found not only in the oral cavity but also in the waterlines of
the dental chair, both of which can have an effect on the treatment outcomes.

12.2 Biofilms in the Oral Cavity

Dental plaque was the first thing to be ever observed under a microscope, and research
on it has been going on for more than a century. Though the view of plaque as a biofilm
was proposed for the first time around 25 years ago by Marsh, he proposed that a
change in environmental variables can trigger a change in the residential microflora
to a disease-associated composition [16].

It is difficult to define particular species of microbes as being part of oral biofilms
because the composition and structure of biofilms vary significantly between healthy
individuals and it also changes as the person grows old. That’s said, some species like
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Neisseria, Streptococcus, Veillonella, Actinomyces, and Granulicatella have been
found to be associated with biofilms in health with increasing consensus [17].

The oral biofilm associated with health consists of multiple species of microbes in
close proximity of each other, which allows for a lot of interactions between species.
Saliva seems to be the primary nutrient source for the microbial population of the
oral biofilms which is broken down using proteases and glycosidases to form the EPS
with little change in the pH of the environment. Thus, a hemostatic state is achieved
in which neutrophilic organisms thrive.

A lot of interspecies interaction takes place among the microbes of the biofilms
which can be symbiotic or antagonistic, and this results in the prevention of non-oral
microbes from colonizing the biofilm. Thus, an oral biofilm associated with health
has a dynamic balance between slow acid and alkali production, thereby maintaining
the pH near neutrality. This restricts the growth of disease-causing microbes on the
tooth surface.

Dietary sugar, especially sucrose, is considered as the most cariogenic not only
because it is metabolized to acids but also because it produces intra- and extracellular
polysaccharides. When dietary sugars are present, the biofilm shifts to a more acid
producing, saccharolytic microbes which lower the pH by the breakdown of sugars
and inhibit the neutrophilic microbes from growing which were associated with tooth
health.

Biofilms associated with root canal infections are a major issue, and it has been
dealt with in detail in another chapter. Figure 12.3 shows the SEM images of biofilms
on root canal walls and dentinal tubules [25].

In the gingival sulcus, the microbes in the biofilm associated with periodontal
disease use gingival crevicular fluid as the main source of nutrition and are mostly
proteolytic and anaerobic in nature. Complex food webs with a lot of interspecies
interactions lead to sequential breakdown of host proteins and glycoproteins while
scavenging on oxygen, thereby creating an environment suitable for thriving of anaer-
obic microbes. Not only are some of these microbes capable of causing an alteration
of the host environment but are also capable of taking advantage of the host defense
mechanisms for which they have been termed “inflammophiles™ [18].

Both dental caries and periodontal diseases-causing microbial biofilms have some
common characteristics. Firstly, both are composed of highly organized, metaboli-
cally active multiple species of microbes. Secondly, both are controlled by a positive
feedback loop mechanism though the stressors are different (altered salivary compo-
sition and flow along with dietary sugars for caries and alteration of the activities of
key bacterial species and altered immune response for periodontal diseases). In peri-
odontal diseases, dental plaque accumulation at the gingival margins causes inflam-
mation of the gingiva, thereby activating the positive feedback loop and resulting
in an increasing number of inflammophiles, while frequent exposure to sugar and
its resultant fermentation to acids lowers the pH and promotes the growth of aci-
dogenic bacteria in caries susceptible individuals. Another important property of
disease-causing microbial biofilms are the emergent properties, which means that as
a community, the properties are more than the sum of all the microbes put together.
This has been demonstrated by the poor growth of the microbes in pure cultures on
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Fig. 12.3 Scanning electron micrographs showing biofilm (a) on the root canal wall (b) and within
dentinal tubules, The Root Canal Biofilm. Editors: Luis E. Chavez de Paz, Christine M. Sedgley,
Anil Kishen, Springers publications

glycoproteins in gingival crevicular fluid or saliva which is in contrast to the abundant
growth as a microbial community [17].

Though the above-mentioned similarities exist between periodontal and caries-
related biofilms, but some important differences need to be acknowledged. In caries-
associated biofilm, the biodiversity has been observed to be less than in health, which
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is unlike biofilms associated with periodontal diseases where the diversity is more
[17].

12.3 Controlling Biofilms

The etiology of pathogenesis in the oral cavity is complex, and a primary goal for
dentistry is the prevention of disease. Oral hygiene instruction is the primary step in
preventing both carious lesions and periodontal disease.

Control of oral biofilms is primarily accomplished through dentifrices contain-
ing abrasives, detergents, and antimicrobials, which are used in conjunction with
mechanical toothbrushing [19]. Controlling biofilm formation, growth, and its re-
aggregation is of importance for improvement and maintenance of oral health. Con-
versely, inability to control plaque leads to gingival inflammation and eventually to
chronic periodontitis.

Anti-plaque agents usually function by disrupting or removing biofilms or pre-
venting the formation of new biofilms. However, it is not necessary that they kill
the microorganisms within the biofilm. The agents classified as antimicrobial act
by inhibiting the growth (bacteriostatic) or killing (bactericidal) microorganisms
are defined by minimum inhibitory concentration (MIC) and minimum bacterici-
dal concentration (MBC), respectively. A key consideration in the administration of
therapeutics is the uptake and penetration of these agents into biofilms [20]. This is
of considerable importance, especially when these agents have to reach less acces-
sible stagnation sites within the oral cavity. There is a huge interest and challenge in
developing plaque control measures that require a minimum patient compliance and
professional healthcare intervention [21].

Several alternatives to plaque control measures including the prevention of micro-
bial adhesion surfaces, complementary approaches (electrical therapy, ultrasound,
photodynamic therapy), and nanomaterials (liposomes, nanospheres, solid lipid
nanoparticles, polymeric nanoparticles, dendrimers, polymeric micelles) have been
used to control and eradicate the biofilms [22]. Considering this context, nanoparti-
cles have completely different mechanisms of antibacterial activity than traditional
antimicrobials, making nanotechnology a promising strategy to target and overcome
biofilms within the oral cavity. Research has shown that certain nanostructures have
the ability of controlled and sustained release, thereby improving stability and reduc-
ing drugs toxicity [23].

Some characteristics of nanoparticles which can be modified to facilitate the eradi-
cation of biofilms are its surface charges, the degree of hydrophobicity, and the ability
of the nanoparticles to be taken up by the surface of biofilms [24].
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12.4 1In Vitro Biofilm Quantification

In order to evaluate the antibiofilm efficacy of the nanoparticles, it is important to
understand the methods that can be used to quantify biofilms. Common methods
used to assess the antibiofilm effect of nanoparticles are

(A) Bacterial growth rate

It is the simplest method in which the bacterial growth rate is measured by reading
the optical density (OD) at 590 nm. This is based on the fact that higher the bacterial
cell density more is the light scattering.

(B) Live/dead staining

This is a well-established method to evaluate bacterial cell viability. Bacterial cells
with intact or damaged cytoplasmic membranes are stained with SYTO 9 (fluorescent
green) and propidium iodide (fluorescent red) [26]. The drawback is that this method
is time-consuming, and in general only a small portion of biofilm cultures can be
examined using confocal laser microscopy.

(C) Metabolic assays

In order to assess the overall biofilm bacterial cell viability after treatments of
nanoparticles with or without an alternating magnetic field, metabolic assays, such
as the XTT assay and Alamar Blue assay, can be used to estimate bacterial viability
as an indirect measurement [27].

(D) Staining

Crystal violet staining and measuring their absorbance in biofilms are used to assess
the effect of nanoparticles on biofilm formation.

(E) Combination

The bacterial cell viability cannot be measured using crystal violet as it stains the
entire biomass, including extracellular matrices as well as live and dead biofilm
bacterial cells [28]. Usually in such cases a combination of live/dead staining and
crystal violet staining is used for a thorough in vitro characterization of biofilms.

12.5 Nanoparticulate Metals as Antimicrobial Agents

Silver, zinc, and copper have been used as antimicrobial agents since time immemo-
rial. These metals and their oxides have been integrated into a wide range of dental
products, either alone, or in combination with other components, each having differ-
ent properties and spectra of activity [29].

Powdered (micron-sized) zinc citrate or acetate has been incorporated into var-
ious oral care products to control the formation of dental plaque [30]. Powdered
titanium dioxide has been used extensively as a whitener in toothpastes. In context
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to nanoparticulate metals, focus has been predominantly on the antimicrobial prop-
erties of silver [31] and copper [32]. Both these metals have been coated on to or
incorporated into various base materials [33] and hydrogels [34]. An inverse rela-
tionship between the size of nanoparticles and antimicrobial activity has been clearly
demonstrated, where particles in the size range of 1-10 nm have been shown to pos-
sess the greatest biocidal activity against bacteria [35]. Indeed, it has been shown
that smaller silver nanoparticles are more toxic than larger particles, more so when
oxidized [36]. At the nanoscale, Ag+ions are known to be released (leached) from
the surface [37].

12.5.1 Silver

Nanoparticulate silver is the most widely used antimicrobial agent among the metals.
Tonic silver has the following advantages,

e It has broad-spectrum antimicrobial action.

e Itis well tolerated by tissues.

e It is compatible with most materials used in making medical devices.

e It can be compounded into the submatrix or applied on the surface, and resistance
to it is rare.

Silver can inhibit microbial growth and also even kill microorganisms. Silver
works in a number of ways to disrupt critical functions in a microorganism. For
example, it has a high affinity for negatively charged side groups on biological
molecules such as sulfhydryl, carboxyl, phosphate, and other charged groups dis-
tributed throughout microbial cells. This binding reaction modifies the molecular
structure of the macromolecule, thereby making them worthless to the cell.

Silver attacks the bacterial cell at multiple sites at the same time, thereby disrupt-
ing critical physiological functions of the cell such as cell wall synthesis, nucleic acid
(RNA and DNA) synthesis and translation, membrane transport, electron transport
and protein folding function, which are the key energy sources of the cell. Disrup-
tion of these functions either inhibits bacterial growth or results in the death of the
microorganism. Resistance to the antimicrobial action of silver is highly unlikely
as the organism would have to undergo simultaneous mutations in every critical
function within a single generation to escape the influence of silver.

Various studies available in the literature on the nano-silver activities cannot
be compared because of differences in the chemistry and physical properties of
the particles employed. Furthermore, the bactericidal effect of AgNPs is depen-
dent on the size and shape of the particles [38, 39]. The specific surface area
of a dose of AgNPs increases as the particle size decreases, thereby felicitating
greater material interaction with the surrounding environment. In addition to these
triangular-shaped particles of silver displays more potent bactericidal activity than
rods or spherical particles [39]. Other characteristics influencing the biological
activity of nanoparticles are zeta potential and particle chemistry, with the latter
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likely to play a significant role in the ability of particles to penetrate into the cell
[40].

A number of studies have demonstrated an inverse relationship between the size
of silver nanoparticles and antimicrobial activity, where the highest biocidal activity
has been shown by particles in the size range of 1-10 nm. Studies have also demon-
strated higher toxicity from smaller silver nanoparticles when compared to larger
particles, especially when oxidized [36]. At the nanoscale, Ag+ions are known to
be leached from the surface [37]. There is a high possibility that silver nanoparti-
cles have multiple mechanisms of antibacterial action; however, due to the limited
knowledge on this subject, the exact basis for the antibacterial activity of AgNPs is
still undefined.

Some studies have reported that AgNPs release Ag+ions in the presence of water
[41-43]. According to Lok and coworkers, approximately 12% of the silver is present
in the ionic form, tightly associated with the oxidation layer [36]. However, their
experimental design made it difficult to differentiate between the mechanisms of
action of AgNPs and dissolved Ag+ions. Their study concluded that nano-silver
affects bacterial membrane permeability by attaching to the cell membrane surface
and modifying the cell potential.

Microbial responses to ionic silver and nanoparticles are different, and knowledge
of both is required for a complete understanding of the antibacterial activity. It has
been also shown that AgNPs interact with bacterial membrane proteins, intracellular
proteins, phosphate residues in DNA and interfere with cell division, leading to bac-
terial cell death [31, 44]. DNA conglomeration defense mechanisms, which protect
the cell from toxic effects, gets activated in the presence of biocidal Ag+ions released
from the nanoparticle surfaces, but at the same time compromises on its replication
capabilities.

Few studies have reported that nano-silver causes oxidative damage, leading to
the production of reactive oxygen species (ROS), i.e., free radicals [45, 46], and it
has been suggested that the production of ROS is one of the primary mechanisms of
nanoparticle toxicity [47]. Schematic representation of the effect of silver nanopar-
ticles on microbial cell targets and biofilm formation is presented in Fig. 12.4 [48].

Many studies have reported the antibiofilm activity of silver nanoparticles. Small
but significant decreases in the biomass of 24-h P. putida biofilms were observed by
Fabrega and coworkers, and they were the first to discuss interactions between well-
quantified and characterized bacterial biofilms and silver nanoparticles [49]. They
reported small but significant decreases in the biomass of 24-h P. putida biofilms. The
average diameter of the AgNPs employed in this study was 65 4= 30 nm. Kalishwaralal
et al. [50] in their study found that AgNPs (mean diameter 50 nm) at a concentration
of 100 nM almost completely prevented biofilm formation by P. aeruginosa and S.
epidermidis by impeding the initial step: bacterial adhesion to the surface. Studies
which have tended to employ smaller AgNPs have shown greater biological activity.
Nano-silver (average diameter 25.2+4 nm) was found to effectively prevent the
formation of P. aeruginosa biofilms and kill bacteria in established biofilm structures
[51]. There was 98.7% decrease in colonization and growth of M. smegmatis biofilms
on membranes coated with nano-silver at a concentration of 100 pm. In addition,
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Fig. 12.4 Schematic representation of the silver nanoparticle mechanism of action on the biofilm
forming microbial cell

this bacterium was reduced to only 0.03% in the presence of silver nanoparticles
[52]. The variations observed in the antimicrobial and antibiofilm efficacy in the
aforementioned studies may be attributed to the differences in the chemical and
physical properties of nano-silver. Some researchers have proposed the usage of
stabilized AgNPs to overcome the relatively low stability of colloidal solutions. This
delays the aggregation of particles into larger forms that can significantly decrease
their activity. Radzig and colleagues found that stabilizing AgNPs (about 8 nm in
diameter) with hydrolyzed casein peptides strongly inhibited biofilm formation by
some gram-negative bacteria. AgNPs concentration between 5 and 10 pg/mL showed
decrease in the bacterial mass in biofilms of E. coli, P. aeruginosa, and Serratia
proteamaculans [53].

Hartmann et al. introduced a chip-calorimetric approach to detect bacterial
metabolic changes which allows non-invasive and real-time investigation of the
effects of nanoparticles on bead-grown biofilms. With this system, their study
revealed a complete inhibition of the cell metabolic activity in a bead-grown biofilm
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of P, putida treated with commercially available silver nanoparticles (exact diameter
not given) at a concentration of 0.5 pg/mL [54].

A schematic representation of the mechanism of action of silver nanoparticles on
biofilms is illustrated in Fig. 12.4.

12.5.2 Copper (Cu)

In comparison with silver, there are few studies in the literature that have reported
the antimicrobial properties of copper. It is suggested that copper may well have a
similar mechanism of action to that of silver. The precise mechanism by which cop-
per nanoparticles exert activity against microorganisms is still unclear. According to
Yoon et al., copper acts by combining with the -SH groups of key microbial enzymes.
Their study demonstrated superior antimicrobial activity with copper nanoparticles
against E. coli and spore-forming Bacillus subtilis when compared to silver nanopar-
ticles [55]. However, other studies demonstrate silver to have superior activity to
copper against a wide range of different species and strains [56].

12.5.3 Gold

Contrary to silver, gold does not have intrinsic antimicrobial properties. However,
the properties of nanoscale gold facilitate robust particle functionalization, which
has been explored by researchers for the possibility of using gold nanoparticles in
biofilm treatment. Similar to silver, gold nanoparticles are most commonly syn-
thesized by the reduction of gold salts [57-59]. Gold nanoparticles showed 97%
Staphylococcus aureus biofilm inhibition and disrupted 24-h-old S. aureus biofilms
up to 95% and Acinetobacterbaumannii biofilms up to 40%. However, silver and
bimetallic nanoparticles showed better antimicrobial activity against biofilms in all
strains tested in terms of inhibition and disruption [60]. Ramasamy et al. investigated
the antibiofilm efficacy of gold-silver bimetallic nanoparticles synthesized from y -
proteobacterium Shewanella oneidensis MR-1. Gold-silver bimetallic nanoparticles
inhibited all strains effectively at 250 WM. Particle concentration as low as 10 uM
was enough to inhibit E. coli biofilm formation [61].

Gold exhibits a weak antimicrobial effect in comparison with silver and cop-
per. Nevertheless, gold nanoparticles have been employed in multiple applications
involving biological systems. The exceptional binding properties of gold make it par-
ticularly suitable for attaching ligands to enhance bio-molecular interactions. Gold
nanoparticles also exhibit an intense color in the visible range and contrast strongly
for imaging by electron microscopy. Despite all the current and potential applica-
tions for gold nanoparticles, there remains little information as to how these particles
affect microorganisms.
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12.6 Nanoparticulate Metal Oxide

12.6.1 Copper Oxide

CuO nanoparticles exhibit effective antimicrobial activity against various bacteria,
however, higher concentrations are required to achieve desired antimicrobial effects,
and at these concentrations CuO nanoparticles could be toxic to mammalian cells
[62—64]. Although CuO NPs have excellent antibacterial effects, their antibiofilm
effects are limited to a narrow antibacterial window [65]. CuO is cheaper than Ag,
with the advantage of being a stable chemical, and with physical properties that allow
it to be easily mixed with polymers [62]. However, further research is warranted to
investigate CuO NPs as a potential antibacterial agent in dental materials.

12.6.2 Zinc Oxide

Similar to that of other nanoparticulate metals and metal oxides, the antimicrobial
mechanisms of zinc are not completely understood. Nano-zinc oxide has received
increasing attention, not only because it is stable under harsh processing conditions
but also because it is generally regarded as safe and biocompatible [66]. Studies have
shown that ZnO exhibits a degree of selective toxicity to bacteria with a minimal effect
on human cells [67, 68]. The important factor that contributes in bacterial growth
inhibition could be the release of zinc ions from ZnO NPs and the generation of reac-
tive oxygen species [69, 70]. Liu et al. [71] in their study have shown that exposure to
ZnO NPs causes leakage of the intracellular contents of bacteria and the disruption
of cell walls and cell membranes. ZnO is said to be relatively more biocompatible
than other NPs with known antimicrobial activity, such as silver NPs, as zinc is a
necessary trace element in humans [72]. ZnO demonstrated greater sensitivity under
anaerobic conditions for organisms implicated in oral infections, including A. acti-
nomycetemcomitans, P. gingivalis, Prev. intermedia, and F. nucleatum, with growth
inhibitory and killing concentrations of 0.25-2.5 and 0.25-2.5 mg/mL, respectively
[73]. Khan et al. [74, 75] suggested the possible incorporation of ZnO NPs in oral
pastes and mouthwashes at concentration of 100 lg/ml. Use of these nanoparticles
in toothpastes is also reported by other authors [76, 77]. ZnO NPs with an average
size of 35 nm have shown to exhibit good antimicrobial activity against oral bacteria
in vitro [74, 78]. In addition to the antimicrobial and antibiofilm formation activities,
ZnO NPs have also shown to inhibit dentine demineralization [79].
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12.6.3 Titanium Dioxide (TiO,)

TiO, NPs are one of the most widely produced NPs globally with some stud-
ies estimating a global production of 3000 tons per year [80, 81]. Its abil-
ity to act as a photocatalytic antimicrobial compound is well established [82].
TiO, is widely used in a number of applications in a nanoparticulate form and
is generally considered to be nontoxic at the given concentrations. TiO, NPs
have shown significant antimicrobial activity against a number of microorganisms
including E. coli, S. aureus, P. aeruginosa, E. faecium, B. subtilis, and Klebsiella
pneumonia [83, 84]. The MIC value of the TiO, NPs (62-74 nm) is reported in the
range of 40-80 lg/ml against the above-given bacteria. ROS generation, DNA dam-
age after internalization, peroxidation of membrane phospholipids, and inhibition
of respiration are some of the possible modes of action of TiO, NPs against bac-
teria [85, 86]. Photoactivation of TiO, NPs remarkably increased its antimicrobial
activity against Bacteroidesfragilis, E. coli, E. hire, P. aeruginosa, S. typhimurium,
and S. aureus [87]. However, there have been concerns about the health hazards of
nano-titanium oxide through inflammation as generated by release of interleukin-1a
[88].

12.7 Anti-adhesive Nanoparticles

12.7.1 Chitosan

Chitosan is a biopolymer obtained by deacetylation of chitin, a natural polymer, and
has been used extensively in biomedical applications due to its high biocompatibility
and antimicrobial properties [89].

The exact mechanism of the antimicrobial action of chitin, chitosan, and their
derivatives is still unknown, but various mechanisms have been proposed. Interaction
between positively charged chitosan molecules and negatively charged microbial cell
membranes leads to the leakage of proteinaceous and other intracellular constituents
[90]. Chitosan acts mainly on the outer surface of the bacteria. At a lower concen-
tration (<0.2 mg/mL), the polycationic chitosan probably binds to the negatively
charged bacterial surface to cause agglutination, while at higher concentrations, the
larger number of positive charges may have imparted a net positive charge to the
bacterial surfaces to keep them in suspension [91]. Greater antibacterial activity was
demonstrated against Staphylococcus aureus than against E. coli. A concentration
of 500 ppm was needed to kill all S. aureus within 120 min [92].

An in vitro study conducted by Kishen et al. [93] demonstrated the effect of a
zinc oxide and a combination of zinc oxide and chitosan nanoparticulates on root
canal surfaces and concluded that cationic antibacterial nanoparticulates are able to
significantly reduce E. faecalis adherence to dentin.
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12.7.2 Silica Nanoparticles

Silica nanoparticles because of their high thermal and chemical stability, high surface
area, and good biocompatibility have generated considerable interest. Colloidal silica
is a highly versatile material, as it can be developed in different forms and sizes; its
surface is easily modified and is relatively cheap. Silica particles and silica-modified
nanoparticles loaded with different antimicrobial agents have been routinely used
for the prevention and treatment of infections.

12.7.2.1 Nitric Oxide-Releasing Silica Nanoparticles

The antimicrobial activity of NO, a reactive free radical produced by inflammatory
cells, has been demonstrated by a variety of approaches. NO production is part of a
host defense mechanism in response to infection. It is stimulated by proinflamma-
tory cytokines such as IL-1, IL-2, IFN-y, and TNF-a, and microbial products such
as lipopolysaccharide and lipoteichoic acid stimulate the release of NO synthase
isoform (NOS2). NO-donor compounds when directly administered in vitro have
shown to inhibit or kill microbes, demonstrating effectiveness against a remarkably
broad range of pathogenic microorganisms including bacteria, fungi, viruses, and
parasites [94]. Several strategies have been developed for delivering nitric oxide to
bacteria. Nitric oxide-releasing silica nanoparticles have been used to successfully
control biofilm formation. Although the mode of action of NO-releasing nanopar-
ticles remains unclear, it may be attributed to the rapid diffusion properties of NO,
which may result in enhanced penetration into the biofilm matrix and thus improve
efficacy against biofilm-embedded bacteria [95].

12.7.2.2 Metal-Modified Silica Nanoparticles

The high cytotoxicity of copper and silver nanoparticles toward mammalian cells has
been an area of concern. The incorporation of silver and copper into silica nanopar-
ticles allows the reduction of concentrations of metal ions needed to achieve antimi-
crobial concentrations.

A. Silver-SiNP

There are a number of studies in the literature with the combination of silver and
silica for the synthesis of nanoparticles. Spherical nanoparticles with a silver core and
an amorphous silica shell were successfully fabricated by using tetraethoxysilane as
silica precursor and reducing silver nitrate with ascorbic acid. These nanoparticles
had excellent antibacterial effects against E. coli and S. aureus [96]. Wang et al.
[97] in their study reported the antibacterial effects of Ag—SiO, hollow composite
powders against Escherichia coli, Staphylococcus aureus, and bacillus. Hollow silica
nanospheres and nanotubes were synthesized as hosts for the immobilization of
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silver. Though both composites had excellent antibacterial activity, Ag-supported
tubular hollow structure demonstrated a stronger antibacterial ability compared to
the spherical hollow structure due to their ability to retain higher silver contents as
well as smaller and more dispersed silver nanoparticles.

B. Copper-SiNP

Copper is a heavy metal which is an effective antibacterial agent with relatively
low toxicity toward mammalian cells. It inactivates bacteria by altering structure of
proteins and enzymes so that they can no longer perform their normal functions [98].

Copper can be deposited on a supporting material like spherical silica nanopar-
ticles so that the releasing time of Cu can be delayed over a long period of time.
Kim et al. [99] in their study demonstrated excellent antibacterial properties of the
Cu-SiO; nanocomposites when examined with disk diffusion assays.

12.8 Surface-Modified Silica Nanoparticles

Grafting methods constitute a functionalization technique that involves a wide range
of modifications made on the surface of the nanoparticles resulting in an ordered
secondary structure with new interesting properties including antibacterial and anti-
fungal abilities. In this way, polypeptide polymer-grafted silica nanoparticles (NPs)
were synthesized from poly-L-lysine covalently attached and their efficacy as antimi-
crobial agents was proved on both gram-negative E. coli and gram-positive Bacillus
subtilis [100].

Silica nanoparticles could also be used to covalently link molecules with antimi-
crobial effect to their surface through the selection of proper linkers. In this context,
hybrid-silica nanoparticles (NPs) containing the FDA-approved antimicrobial tri-
closan (Irgasan) were found to be superior in killing bacteria, as compared with the
free biocide [101]. Botequim et al. [102] tested silica nanoparticles coated with a
quaternary ammonium cationic surfactant, didodecyldimethylammonium bromide
(DDAB) against bacteria (S. aureus) and fungi (C. albicans), resulting in lower
minimal inhibitory concentrations (MIC) against bacteria and fungi compared to a
soluble surfactant.

12.9 Bioglasses and Bioceramics

Bioactive glasses of the Si0,-Na,0-CaO-P,0s composition have demonstrated
antimicrobial activity in aqueous solutions due to the release of their ionic com-
pounds over time [103]. This results in an alkaline environment [103], which is
not tolerated by bacteria [104]. In addition, antibacterial bioactive glass effect has
been attributed to the release of silica [105]. The bactericidal efficacy of bioactive
4555 Bioglass®-derived glass-ceramic substrates against common gram-positive and
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gram-negative bacteria and also against yeast has been demonstrated [106]. More-
over, the shift from micro- to nano-sized bioglass materials caused a tenfold increase
in silica release and also in solution pH by more than three units. As a result, the
killing efficacy was substantially higher for the nanomaterial against all tested strains
of Enterococcus fecalis [107]. However, their antibacterial efficacy in human teeth
is still inferior to that of other materials. Efforts have been made to spike bioactive
glass with antimicrobial agents to increase its antimicrobial efficacy when used on
dental hard tissues.

12.10 Photodynamic Therapy and the Use of Nanoparticles
to Control Oral Biofilms

Antimicrobial photodynamic therapy (aPDT) is increasingly being explored for treat-
ment of oral diseases and infections. In aPDT, a photoactivated compound or photo-
sensitizer (PS), which has been taken up by microorganisms, is activated by visible
light of a specific wavelength to produce reactive oxygen species (ROS) , including
highly cytotoxic singlet oxygen (Fig. 12.5) [108]. Elimination of resistant microor-
ganisms and secreted virulence factors, local delivery of PS, and double selectivity
(deleterious effect only on sites where both PS and light are delivered concomitantly)
are some of the advantages of aPDT over conventional antimicrobial therapies [109].
The adjunctive use of aPDT as an alternative to chemical antimicrobial agents has
been suggested in the treatment of periodontitis for elimination of subgingival bac-
terial species [110].

Several studies have also shown incomplete destruction of oral biofilms using
methylene blue (MB)-mediated aPDT [111, 112]. Biofilms exhibit reduced suscepti-
bility not only to PDT but to antimicrobial treatments in general, which is attributed
to reduced penetration of the PS and other drugs deep in the biofilm matrix [113]. In
addition, it has been shown that MB and other phenothiazine derivatives are substrates
of multidrug resistance efflux pumps in bacteria, which decreases the effectiveness of
the few PS molecules that are able to penetrate the biofilm matrix [114]. Such draw-
backs can be overcome by nanoparticles (NPs), which can significantly improve the
pharmacological characteristics of the PS, e.g., improved solubility and absorption
increased local retention and protection against degradation and/or efflux [115-118].

The advantages of nanoparticles containing PS over free include [116, 117]: (1)
a larger critical mass (concentrated package of PS) for the local production of ROS;
(2) limit the target cell’s ability to pump the drug back out, thus reducing the chances
of multidrug resistance; (3) increase treatment selectivity by the localized delivery
of agents, by passive or active targeting; and (4) the nanoparticle matrix is non-
immunogenic.

In the context of PDT polymer-based NPs, they display a few advantages regarding
drug delivery and have garnered considerable interests. Biocompatibility and low
toxicity are two remarkable properties of polymeric NPs, besides their easy and
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Fig. 12.5 Mechanism of photodynamic therapy action. A photosensitizer is taken up by microor-
ganisms (1) and following exposure to light of the appropriate wavelength (2) becomes activated to
an excited state (3). Then the photosensitizer transfers energy from light to molecular oxygen (4)
to generate singlet oxygen and free radicals (5) that are cytotoxic to cells (6)

straightforward process to fabricate stable formulations [118]. The most widely used
polymeric NPs to date are those composed of poly(lactic-co-glycolic acid) (PLGA).
The physicochemical properties, biodegradation rate, and in vivo behavior of PLGAs
can be easily modified by manipulating its molecular weight, lactic acid—glycolic acid
ratio, and end group [119], resulting in a minimal systemic toxicity thereby giving
way to its approval for use in humans by the US Food and Drug Administration
(FDA) and the European Medicine Agency (EMA).

Nobel metallic nanoparticles such as colloidal SeNPs are attracting significant
interest as they have some unique chemical and physical properties that make them
efficient carriers and enhancers. Haris and Khan [120] in their study used selenium
nanoparticle-enhanced photodynamic therapy against S. mutan biofilm. It is a new
combination for enhancement of performance of antimicrobial photodynamic ther-
apy processes in coupling nanotechnology to PDT. Antibiofilm assays and micro-
scopic studies showed a significant reduction of biofilm presence of conjugate. A
crystal violet assay revealed a maximum percent inhibition of S. mutans biofilm
formation after 24-h incubation.

Colloidal gold nanoparticles, loaded with methylene blue and exposed to red light
at 665 nm, have been tested against planktonic E. faecalis and in experimentally
infected root canals [121]. The rationale behind this is that gold nanoparticle conju-
gates because of their improved binding and cell wall penetration properties should
deliver a higher concentration of photoactive molecules. However, it remains to be
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fully established whether such conjugates will show superior antibacterial activity
when compared to more conventional treatments.

12.11 Biofilm Removal in Dental Unit Water Lines

Dental waterline contamination is widespread in any type of dental setting having
serious implications on clinicians and patients alike, especially elderly and immune-
compromised. Hence, international bodies like center for disease and control (CDC)
and American Dental Association (ADA) have come up with stringent measures for
maintenance of water quality.

A wide variety of microbes has been isolated from the biofilms in DUWL. Among
all microorganisms isolated from DUWL, the ones having a pathogenic potential are
Legionella pneumophila, Mycobacterium spp., Pseudomonas aeruginosa, Acineto-
bacter baumannii, Staphylococcus spp., and Stenotrophomonas maltophilia [122,
123]. Most of the isolated organisms are gram-negative mesoheterotrophic water
bacteria.

Yeast-like fungi such as the Candida albicans and Candida curvata have been
found in the samples of water and biofilms from DUWL. Other species isolated from
dental water units undergoing a continuous waterline treatment were Aspergillus
flavus, Penicilliumexpansum, Exophialamesophila [123, 124]. Some of these fungi
have also been isolated from immunocompromised patients with respiratory infec-
tions (Table 12.1) [125].

Evolution of multiple drug-resistant organisms (MDRO) and their spread into
hospital and clinical setting have all accentuated the need to monitor these organisms
[123]. To keep the biofilm and the contamination of DUWLs under control, or rather
reduce the risk of infection both for the patients and health personal, water treatment
methods in usage are biocidal agents such as chlorine and its derivatives, use of
ultraviolet light [126], boiling of water, ultrasonic irradiation at a low frequency
[126], water distillation, reverse osmosis, filtration with fiber and ceramic filters,
activated carbon, solid block, pitcher and faucet-mount filters, bottled water, ion
exchange, water softener, ozone systems, and activated alumina “Altered” Water.

12.11.1 Nanotechnology for Water Decontamination

The ever-increasing dearth of potable water has almost reached a crisis which could
be abated utilizing advancements in nanoscience and engineering that have led to
the development of tools such as nanoabsorbents, nanocatalysts, bioactive nanoparti-
cles, nanostructured catalytic membranes, submicron nanopowder, nanotubes, mag-
netic nanoparticles, granules, flake, and high area metal particle supramolecular
assemblies with characteristic length scales of 9-10 nm including clusters, micro-
molecules, nanoparticles, and colloids having a significant impact on water qual-
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Table 12.1 List of isolated organisms from DUWL

Bacteria

Gram-positive bacteria

Gram-negative bacteria

Rods:

Brevibacterium epidermidis
Cocci:

Micrococcus luteus
Micrococcus lylae
Staphylococcus cohnii
Staphylococcus lentus
Staphylococcus pulvereri/vitulus
Staphylococcus spp.
Streptococcus spp.

Brevundimonas vesicularis
Moraxella lacunata
Moraxella spp.

Ralstonia (Pseudomonas)
Sphingomonas paucimobilis
Stenotrophomonasmaltophilia

Fungi

Molds Yeast like

Aspergillus amstelodani Candida albicans
Aspergillus fumigates Candida curvata
Aspergillus glaucus Geotrichum candidum

Aspergillus repens
Citromuces spp.
Penicilliumpusillum
Penicilliumturolense
Sclerotium sclerotiorum

ity in the natural environment [127]. Carbon nanotubes (CNTs) such as dioxin
[128], dichlorodiphenyltrichloroethane and its metabolites [128], polynuclear aro-
matic hydrocarbons [129-131], polybrominated diphenyl ethers [132], chloroben-
zenes and chlorophenols [133, 134], trihalomethanes [135, 136], nonylphenol [137],
bisphenol A, phthalate esters [138], dyes [139] have attracted a lot of attention as
very powerful adsorbents, for a wide variety of organic compounds from water.
Among the wide variety of materials, four categories could be considered for water
purification: (1) carbonaceous nanomaterials, (2) metal-containing nanoparticles, (3)
zeolites, and (4) dendrimers. Their versatile physicochemical properties make them
particularly attractive as separation and reactive media for water purification [140].

Carbon-based nano-adsorbents

CNTs are known to eliminate organic chemicals more efficiently than activated car-
bon on adsorption [141]. Oxidized CNTs due to their fast kinetics have higher adsorp-
tion capacity for metal ions. Electrostatic attraction and chemical bonding on the
surface of functional groups (e.g., carboxyl, hydroxyl, and phenol) of CNTs assist
in adsorption of metal ions [141].

Metal-based nano-adsorbents

One of the major advantages of metal oxides such as iron oxide, titanium dioxide, and
alumina for the removal of metals and radionuclides is its cost-effectiveness. Metal-
based nanomaterials have shown great potential to outcompete activated carbon in
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removing a variety of heavy metals such as arsenic, lead, mercury, copper, nickel,
and cadmium [142].

Polymeric nano-adsorbents

Dendrimers are customized adsorbents that are capable removing both heavy and
organic compounds. Their interior shells can be made hydrophobic for sorption of
organic compounds, while the exterior branches can be tailored for adsorption of
heavy metals [143].

12.11.2 Other Techniques

Pollution detection and sensing

Sensors for the detection of different compounds can be fabricated from nanostruc-
tured materials [144]. Silver nanoparticle array membranes can be used as flow-
through Raman scattering sensors for water quality monitoring [145].

Nanofiltration

Water treatment using nanofiltration which is used for drinking water production is
one of the easiest techniques that can be employed [146]. They consist of pressure-
driven membranes with pore size in the range of 0.2 and 4 nm and properties in
between those of reverse osmosis and ultrafiltration membranes. These nanofilter
(NF) membranes have been shown to be effective in removing turbidity, microor-
ganisms, and inorganic ions such as Na+and Ca++. CNTs have been arranged to
form hollow monolithic cylindrical membranes, [147] which were efficient for the
removal of bacteria or hydrocarbons. Silver nanoparticles have been considered for
drinking water treatment due to their strong and broad spectrum of antimicrobial
activities [66, 127, 148]. Among the various silver nanofilters tested, Ag/cation resin
filter is said to have the highest bacteria removal efficiency. These filters completely
removed all targeted bacteria, namely Escherichia coli, Salmonella typhimurium,
Shigella dysenteriae, and Vibrio cholera [148]. Figure 12.6 schematically represents
a composite nanomaterial-packed bed reactor for the purification of water [127].

Adsorbents

Slurry reactors or adsorbers have included nano-adsorbents into their existing treat-
ment procedures. These are considered to be most effective in powdered form since
all surfaces of the adsorbents are utilized, and the mixing greatly facilitates the mass
transfer. Nano-adsorbents can also be used in fixed or fluidized adsorbers in the form
of pellets/beads or porous granules loaded with nano-adsorbents [149].
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Fig. 12.6 Schematic representation of a composite nanomaterial-packed bed reactor for purifica-
tion of water contaminated by mixtures of (i) metal ions, (ii) organic solutes, and (iii) bacteria

Nanoemulsions

Nanoemulsions are uniform population of droplets of high energy ranging in diame-
ter from 100 to 300 nm [150]. These nanoemulsions exhibit a wide range of biocidal
activity even against enveloped viruses, spores, fungi, and bacteria [151]. They act
by nonspecific disruption of bacterial cell membranes, thereby preventing the devel-
opment of resistant strains. Nanoemulsions can be diluted and stored for up to 2 years
at a broad range of temperatures [152—154]. A significant reduction in live bacteria
observed in nanoemulsion-treated DUWL tubing showed that nanoemulsion effec-
tively reduced DUWL communities.
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Mechanism of action

The kinetics of the nanoemulsion is accredited to their production, wherein
nanoemulsions are under produced using high shear forces in a microfluidizer. The
shear energy is stored in oil droplets, giving them the high energy, which is passed on
to bacteria upon fusion of the droplet with the bacteria, disrupting the bacterial mem-
brane. Nanoemulsions are usually supplemented with cetylpyridinium chloride and
quaternary ammonium salt, by its incorporation as a co-surfactant to the nanodroplet.
Nanoemulsion containing cetylpyridinium chloride is considered to be effective in
DUWL decontamination as they exhibit multiple modes of antibacterial activity such
as disruption of intermolecular interactions, cellular membrane, cellular permeability
controls, and inducing leakage of cellular contents [153].

12.11.3 Disadvantages of Using Nanotechnology for Water
Treatment

Ecotoxicity in water is a major concern due to engineered nanoparticle production.
TiO; nanoparticles aggregate severely when added to water. Aqueous fullerene par-
ticles can get coagulated in the presence of salt. However, these problems can be
addressed by the use of model wastewater treatment, by clearing sludge for the
removal of oxide nanoparticles [154].

12.12 Conclusion

The high costs and complexities of the current antibiofilm agents press upon the
urgent need for developing cost-effective alternatives. As is made clear by this
chapter, recent developments in nanotechnology-based approaches aimed at pre-
venting, controlling, and treating bacterial biofilm infections in the oral cavity and
also in DUWL are worthy of serious consideration.

Biofilms have varied architecture and adaptive capabilities which pose unique
challenges to conventional anti-infective agents. Nanoparticles by virtue of their
adaptation to the environment via change of charge, hydrophobicity, etc., can be
looked upon as an exciting avenue for combating biofilms and the microbes associated
with it.
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13.1 Introduction

During the last two decades, a significant progress has been made in the area of
development and application of new biomaterials with superior features comparing to
the conventional ones [1]. At the same time, the progress in understanding the biology
of stem cells has provided introduction of regenerative therapy in endodontics [2].
Researchers in the area of regenerative endodontics have shown that materials used in
these procedures are crucial for induction of pulp stem cells and periodontal ligament,
and interaction of materials with cells depends on the chemical composition of the
materials [3]. Nowadays, the main focus is the application of biomaterials, that are
biocompatible, bioactive, and bio-inductive, which results in the induction of cell
differentiation and proliferation with tissue regeneration as a consequence.
Introduction of calcium silicate cements in clinical practice brought significant
progress in the treatment of dental pulp and apical periodontium. Researchers have
shown that these materials could induce formation of hard dental tissues and peri-
odontal regeneration [4—6]. Also, they possess antimicrobial activity and adequate
physical-chemical properties, good marginal sealing and setting ability in the wet
conditions [7, 8]. However, the clinical use of calcium silicate is disturbed by grainy
consistency of fresh cement, short working time, and long setting time. Long setting

Opacié¢-Gali¢ Vanja and Petrovi¢ Violeta: equally contributed.

0.-G. Vanja - P. Violeta - P-B. Marijana - Z. Slavoljub
University of Belgrade-School of Dental Medicine, 11000 Belgrade, Serbia

J. Vukoman
University of Belgrade-Institute of Nuclear Sciences Vinca, Belgrade, Serbia

N. Biljana - M.-C. Dragana (<)
University of Belgrade-Faculty of Biology, 11000 Belgrade, Serbia
e-mail: mdragana@bio.bg.ac.rs

© Springer Nature Switzerland AG 2018 247
R. S. Chaughule (ed.), Dental Applications of Nanotechnology,
https://doi.org/10.1007/978-3-319-97634-1_13


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-97634-1_13&domain=pdf

248 0.-G. Vanja et al.

time carries a risk of leaching of materials from the site of application and delays the
end of endodontic treatment [9]. Thus, researches aimed on the synthesis of materials
with good physical and biological characteristics, with a shorter setting time still in
progress [10-12].

Hydroxyapatite is known as material, with a good biocompatibility, bioactivity,
and bioconductivity. However, due to the porous structure and inadequate mechanical
properties, its use as endodontic cement is limited. Therefore, current research is
focused on testing of new formulations of materials based on calcium phosphate
with the calcium silicates. In these composite cements, calcium silicate hydrate phase
has the role of filler, providing improved mechanical characteristics and prominent
bioactivity to the cement, compared to pure calcium phosphate cements [13—15].

Recently, nanostructured material testing in the field of endodontic therapy has
begun. The main advantage of the nanomaterials compared to conventional materials
lies in the distinct activity of particles, as a consequence of the large reaction surface
with respect to the total weight and volume of the particles. Large reaction surface and
small size of particles provide their distinct activity in vivo environment. Smaller size
particles enhance the hydration of the material and consequently exhibit a positive
effect on the hardening and setting time [16] and also improve the physical and
chemical characteristics of material [12].

13.2 New Nanostructured Biomaterials

The new materials were synthesized by a nanotechnology-innovative combination
of hydrothermal sol-gel method and method of self-combustion waves (combina-
tion of sol-gel and high-temperature synthesis). The use of enhanced technology
resulted with calcium silicate (CS) material whose structure consists of three hier-
archical levels: agglomerates of few microns in size, which are built of ellipsoidal
particles (the size of 117-477 nm), which are further composed of even smaller
elements—crystallite (the size of 20 nm) [17, 18].

Another material (HA-CS) is a mixture of hydroxyapatite, obtained by the
hydrothermal method and the calcium silicate. HA-CS particles have irregular, gen-
erally circular shape, with the diameter of 60—470 nm. Both of the materials contain
a plasticizer. Nanostructure of newly synthesized material provides distinct particle
activity that results in fast setting of the cement. Setting of the CS material starts
after 34+0.1 min, and setting of the HA-CS material 540.1 min from the start
of mixing the material with water, and completely ends after 10£0.15 min (CS)
or 15+£0.15 min (HA-CS) [18]. CS and HA-CS were compared with White MTA
Angelus®.
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Table 13.1 The weight of the samples during 28 days in artificial tissue fluid (mg)

my 24 h 7 dan 14 dan 21 dan 28 dan
MTA 99.0+2.8 |111.0£3.9 |111.7+£3.3 |107.9+£4.6 | 107.9+£4.5 | 107.8+5.0
CS 99.24+29 |113.3+£3.3 |108.84+4.3 |108.4+4.0 |109.2+4.3 |109.1+4.2
HA-CS 73.8+2.2 963+1.8 | 952423 | 93.7+£2.1 | 93.1+2.1 | 929+1.7
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13.3 Physical Properties

13.3.1 Solubility

Solubility of a material is directly related to its porosity and according to ISO standard
should not be larger than 3% of material weight. Higher porosity/solubility may result
in disintegration of a material at the site of its application. Solubility and porosity of
the new nanostructured biomaterials has been tested, after the storage of materials
in artificial tissue fluid in the duration of 28 days.

The greatest absorption of fluid (swelling patterns) in all materials was observed
after 24 h, and after this time there were no significant changes (Table 13.1). The
least absorption of fluid was observed in MTA, and it was similar to CS (Fig. 13.1).

The absorption of the liquid indicates the initially porous structure of all the tested
materials. Although porosity is a feature of all dental materials in the mixture with
water, a specific amorphous structure of the calcium silicate cements, consisting of
a number of pores and capillaries, contributes to its greater porosity [19]. Since the
pores within set cement can be filled with water from the environment, number of
pores decreases with cement solidification, which is manifested by lower absorption
of fluid in function of time [11, 20]. The porosity of the HA-CS was significantly
higher than the porosity of both CS and MTA materials (p <0.05), and it could be
attributed to the hydroxyapatite, which is one of the main elements of this material
(Fig. 13.2). The obtained values for all materials tested were higher than the values
prescribed with ISO standards.
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After 28 days, minimal sorption of liquid was measured in the MTA material, the
values for CS was slightly higher, while the highest sorption of liquid was observed
in the HA-CS. The minimum solubility was observed in the MTA material, similar
as for CS. Solubility of the HA-CS was significantly higher compared to both CS
and MTA materials (p <0.05) (Fig. 13.3).

Although with a similar chemical composition, the CS showed a slightly higher
fluid sorption compared to the MTA, which could be due to different particle sizes.
Namely, the smaller particles of the CS material, and consequently, higher reactive
surface, could enable stronger contact of the molecules of liquid with the particles,
which could further result in a greater sorption of liquid and somewhat higher solu-
bility in relation to the microstructure of the MTA. The highest sorption of fluid in
the HA-CS, in addition to its nanoparticle size, could be attributed to the chemical
composition of materials.

According to the results of considerable research, calcium silicates are insoluble or
minimally soluble cements [11, 19]. Yet, in the literature the data on explicit solubility
of these materials are available [21]. From the clinical point of view, the greatest risk
of dissolution and subsequent leaching of calcium silicates exists in the first hours
after application and is connected with the long setting time of the commercial
cements (few hours). Also, the long setting time raises the question of possible
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interaction of calcium silicate with the components of restorative dental materials
[22]. In this regard, the application of new nanostructured materials, particularly
the CS, with significantly shorter setting time if compared to conventional calcium
silicates could further reduce the risk of disintegration and leaching of materials,
creating the conditions for a definitive restoration at the same appointment.

13.3.2 Marginal Microleakage

A good marginal seal prevents bacterial microleakage, which is considered to be a
significant factor for long-term success of endodontic treatment. MTA exerts good
marginal sealing, even in the cavities that are contaminated with blood [8, 23].
According to the Hawley et al. 2010, good marginal seal of calcium silicate cements
is the result of the expansion of materials during setting [24], while according to
Sarkar et al. (2005) good marginal seal of the MTA is attributed to the creation of
the hydroxyapatite on a surface of the material after contact with tissue fluids [25].

Marginal microleakage of CS, HA-CS, and MTA was analyzed on extracted
human molars, after the experimentally prepared furcal perforations of the pulp cham-
ber floor, and their closure with CS, HA-CS, and MTA. The lowest microleakage
was obtained for CS and MTA materials, while in the HA-CS material microleakage
was significantly higher (p <0.05) (Fig. 13.4).

Herein, in the groups of samples filled with the CS and MTA, variable results
were obtained. These results are in accordance with the results of De Deus et al. [26],
who also found variable results within the groups [26]. With the HA-CS material,
dye penetration was detected in all samples, and in most of the samples an explicit
disintegration of the material was observed. Sanghavi et al. [27] and Tsatsas et al.
[28] previously pointed out inadequate sealing ability of calcium phosphate ceramics
as well [27, 28].



252 0.-G. Vanja et al.

Fig. 13.5 Furcal perforations filled with the CS, HA-CS, and MTA after dye penetration A-CS,
B-HA-CS, C-MTA (x30)

It is important to note the way how the dye penetrated (Fig. 13.5). A strictly
marginal microleakage cannot be discussed, because, besides the color detected at
the junction of the material and dental structures, discoloration of the material was
observed. This is probably due to dye absorption by the material itself. Similar
results were shown by Tobon-Arroyave et al. [29], who found that the method of
dye penetration in the MTA is different compared to conventional cements [29].
Namely, the penetration in conventional cements was detected circularly around the
material, or between the materials and the dentin of the root canal. In contrast, in
all the samples with the MTA, absorption of the color was observed throughout the
whole thickness of materials which might be result of the porous structure of the
tested materials.

13.3.3 The Bond Strength to Dentin

One of the most important requirements of endodontic materials is the resistance
to dislocation during operative procedures (condensation of definitive restorative
materials) and the regular teeth function. The bond strength of MTA to dentine is
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weaker compared to Amalgam, compomer, and reinforced ZOE cement [30]. Bond
strength of MTA to dentin increases after exposure to tissue fluids, but it is still
weaker compared to resin-modified GIC and adhesives [31]. It has been found that
the presence of moisture [32], a basic environment [30], and the presence of smear
layer [33] positively affect on the bond strength. Atabek et al. [34] demonstrated that
longer setting time of calcium silicate gives better results in bond strength to dentin
[34].

Bonding of calcium silicates to dentin is achieved by deposition of hydroxyapatite
on the surface of the material due to dissolution of materials and reactions of released
calcium with phosphates from tissue fluid. Initially, the hydroxyapatite crystals fulfill
the microspaces between the dentine and materials, providing a mechanical bond to
dentin. Later, a chemical bond is achieved as a result of the reaction between apatite
and dentin [25]. Also, in time, mineral crystals penetrated into dentinal tubules,
contributing to the better adhesion of the material [35].

The bond strength of CS, HA-CS, and MTA to dentin was measured using a
universal testing machine. Fractures of the materials were classified as: adhesive (at
the junction of the materials and the dentin), cohesive (within the material or dentin),
and mixed.

The highest values of bond strength to dentin of the root canal were found in
MTA material (Fig. 13.6). In CS and HA-CS groups, the bond strength was slightly
weaker, but it was not significantly different compared to MTA, which pointed out
similar chemical composition of the materials and, consequently, a similar method
of adhesion to the tooth structure.

In most of the samples of CS and HA-CS groups, the cohesive type of fracture
was found. The mixed fracture was found in the most of the samples filled with MTA
(Fig. 13.7). These results are in accordance with findings of Formosa et al. [36] and
the EL Ma’aita et al. [33]. One could expect that over time the bond strength of all
tested materials to dentin would grow, taking into account their bioactivity.
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Fig. 13.7 Fractures of the materials after push out test a cohesive fracture, b mixed fracture, ¢
adhesive fracture (x30)

13.4 Biocompatibility

Some of the most important initial steps in assessing biocompatibility are in vitro
tests on tissues and cell cultures even though they do not show a complete mechanism
of interaction between materials and tissues. Tests that can provide significantly more
information about both inflammatory and immune response of the tested material are
in vivo tests [37]. The reduction of toxic effect of the material caused by proteins,
tissue fluids, and other factors is a fundamental difference between in vivo and in vitro
studies [38].

Biomaterials demonstrate intention to react with biological systems, with a poten-
tial to restore damaged human tissues and organs, as well as their functions. Any
material that evokes a host’s positive response could be considered as a bioactive one
[39, 40].

There are a few facts about the toxicity of nanostructured calcium silicate and
calcium phosphate cements in endodontic therapy, because the application of these
materials has recently been made available. In general, their toxicity is associated
with particle size, which can lead to the absorption of the nanoparticles by the cells,
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Fig. 13.8 Genotoxic effect
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or dissolution of nanoparticles inside the cells. A higher concentration of released
ions can affect cell survival [41]. Endodontic materials are mainly in a close con-
tact with the dentin and periodontal tissue during a long period of time. The tissue
response to these materials is very important and can significantly affect the outcome
of endodontic treatment.

13.4.1 Genotoxicity

One of the most common assays for the genotoxicity testing is the single cell gel
electrophoresis, known as the comet assay. Comet test is a sensitive and fast technique
for quantification and analysis of DNA damaged in the cells [42].

Therefore, genotoxic potential of the nanostructural materials CS and HA-CS
was tested in human lymphocytes, and both of the materials exhibited low genotoxic
potential (Figs. 13.8, 13.9, and 13.10). However, HA-CS showed lower genotoxic
potential compared to CS.

CS and HA-CS materials are nanostructured, and the number of harmful effects
on nuclear structure and function (inhibition of replication, transcription, and cell
proliferation) is associated with the penetration of nanoparticles into the cell nucleus.
Additional attention during pre-clinical researches using results from more tests is
highly recommended [43].
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(b)

Fig. 13.10 The genotoxic effect of different compounds. a Damaged cell as a consequence of
genotoxic potential of CS (conc 5 mg/ml) in donor 4. b Undamaged lymphocyte (negative control).
¢ Fully damaged cell which has been treated with 0.5 mM 7-BOOH, as positive control

A number of other studies have shown different cell response to genotoxic sub-
stances [42, 44-46]. Herein, different sensitivity of the cells obtained from different
donors lymphocytes could be the result of the different genetic backgrounds and
consequently differences in their DNA repair capacities. To underline such genetic
differences between donors, a comparison of negative control (untreated cells) by
themselves and the same comparison after the t-BOOH treatment were conducted.
t-BOOH causes significant structural DNA damages due to synthesis of reactive
oxygen species (ROS) which leads to oxygen stress and hydroxyl radical (OH)
production. The obtained differences indicated various levels of induction of DNA
repair enzymes in different donors, which is in line with findings reported by Hazra
et al. [47]. Also, those studies showed high variability of the genes involved in base
excision repair of DNA (BER) and nucleotide excision repair of DNA (NER) in
lymphocytes from healthy subjects. As ROS is induced by r-BOOH that leads to
induction of DNA damages mainly repaired via BER pathway (except double-strand
breaks), it can be assumed that there is a significant variability of the genes involved
in BER and NER repair enzymes into lymphocytes from normal healthy subjects.

It is well known that cells in suspensions were more exposed to the influence of
the tested substance than cells growing in monolayer [48]. According to this, it can
be assumed that lymphocytes in suspension were more exposed to testing material
than cells in dental and periodontal tissues in real condition would ever be and,
furthermore, that tested concentrations significantly exceeded the dose that would
be absorbed regularly in vivo.

13.4.2 Cytotoxicity

13.4.2.1 Cytotoxicity-in Vitro

Investigation of the nanohydroxyapatite cytotoxicity indicates its biocompatibility,
irrespective of the shape of particles [15], the concentration, and the duration of the
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leaching material [49]. Toxicity of nanocommercial endodontic cement (BioAggre-
gate) based on calcium silicate and hydroxyapatite in the cell culture is similar [50]
or less (in the system) compared to MTA [51]. Biocompatibility of nanostructured
bioceramic materials based on calcium silicate and calcium phosphate was confirmed
in a study by Ma et al. (2011) [52], but the authors noted that a shorter setting time
with longer leaching of material may result in a higher amount of released ions with
a negative effect on biocompatibility.

The cytotoxicity of new nanomaterials CS and HA-CS was evaluated according
to ISO 10993-5 specifications and compared with commercial microstructured MTA
Angelus. After elution of the samples, 100 and 50% eluates were tested on human
lung fibroblasts. Additionally, the pH value of the 100% eluates was monitored
(within 24 h, 4, 7, 21 days).

Exposure of the cells to undiluted eluates (100%) of all materials significantly
reduced cell viability at all time periods. Interestingly, 100% concentration of MTA
eluate resulted in significantly lower cell viability compared to CS and HA-CS eluates
at all test periods; moreover, cytotoxicity of undiluted MTA increased over time
(Fig. 13.11) [53].

Diluted eluates of the all tested materials showed significantly lower toxicity in
comparison with undiluted eluates (Fig. 13.12).

Previous studies have shown variable results regarding cytotoxicity of MTA which
spanned from the lack of any cytotoxicity [54], to measurable cytotoxic effects with
increased cytotoxicity over time [50]. Also, for different MTA-based commercial
materials have been reported variable cytotoxic effects [55]. Variability among results
is associated with different cell lines, protocols for material preparation and setting,
surface area/medium ratio, duration of exposure, as well as different parameters for
measuring cell viability. The present findings indicate dose-dependent cytotoxicity
of the tested materials.
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Fig. 13.12 Effect of the 50% eluates of the materials on the cell viability

Table 13.2 pH values of the

! 24h 7 days 21 days
undiluted eluates of the
materials MTA 10.75 11.70 11.73
CS 9.73 11.49 11.49
HA-CS 9.62 10.59 9.95

Since pH data indicate different ion elution kinetics from the test materials
(Table 13.2), cytotoxicity of the materials also could be associated with pH val-
ues obtained at the corresponding time-point. The most rapid ion release and the
highest pH values were found for MTA. The observed cytotoxicity of MTA corre-
sponded well with high pH, and the same correlation between cytotoxicity and pH
values was recorded for CS and HA-CS.

Different cytotoxicity of MTA and CS in spite of similar chemical structure could
be related to differences in radiopacifying agents. MTA contains bismuth oxide which
interferes with hydration processes, becomes a constituent of calcium silicate hydrate,
and may elute from set material [S6]. Lower cytotoxicity of HA-CS compared to CS
and MTA could be related to the chemical structure of this material and lower pH. The
main ingredient in HA-CS is hydroxyapatite with calcium silicate added to improve
mechanical properties [14]. HA-CS has previously been also reported to have lower
genotoxic potential compared to CS [17].

13.4.2.2 Cytotoxicity-in Vivo

In vitro tests are an initial step in the evaluation of the biocompatibility, but to deter-
mine the type of interaction between materials and tissues in vivo tests are necessary.
Subcutaneous tissues are common choice for biocompatibility evaluation, and local
tissue reaction on implant could be quantitatively and qualitatively evaluated (his-
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tology, histochemistry, SEM, TEM). Tissue reactions on materials are a cumulative
pathophysiological consequence of healing after the surgery and material presence,
chronic inflammation, and at the end, tissue renewal adjustment on material. Also,
the dynamics of fibrous capsule formation are good marker of tissue recovery, and
it is in reverse proportion with the level of tissue inflammation [57-59].

The tissue around CS and HA-CS showed the most notable inflammatory reaction
at the beginning of the observation period (Fig. 13.13), with moderate disturbance
of connective tissue. During the further tissue recovery, a significant decrease of the
inflammation intensity level was observed with both materials with disappearance
of inflammation infiltrate’s cells and recovery and tissue remodeling as well. The
most developed capsule was detected for HA-CS, indicating well tolerance of tissue
to this material, pointed out a good interaction between materials and surrounding
tissue’s cells. However, the difference between tissue response obtained from nega-
tive controls (empty part of tubes), and tested materials, indicated that CS, HA-CS,
MTA did not significantly contribute to the inflammation reaction (Figs. 13.14 and
13.15).

13.5 Bioinductivity

Bioinductivity of the CS and HA-CS was monitored after direct pulp capping (DPP) in
experimental animals. DPP is a therapeutic procedure which is often used to preserve
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Fig. 13.14 The effect of nanomaterials on the induction of inflammation (30 days of exposure).
a CS: well-developed fibrous capsule can be observed (HE, x40). b HA-CS: the integrity of the
connective tissue around the very well-developed capsule was maintained with no signs of vascular
congestion; well-developed fibrous capsule (HE, x40). ¢ MTA: mild inflammation of connective
tissue, very thin capsule around the implant (HE, x40). d Negative control (empty tube): the integrity
of connective was preserved; well-formed capsule (HE, x400)

the dental pulp vitality. Calcium silicate- and hydroxyapatite-based materials are
crucial for better and more efficient regenerative endodontic treatment [3, 60].

13.5.1 Direct Pulp Capping in Rabbits

First, the efficacy of the materials in DPP was evaluated in rabbits (Oryctolagus
cuniculus). Class V cavities were prepared in gingival thirds of vestibular surfaces
of incisors, and exposed pulps were closed with CS, HA-CS, and MTA. The animals
were killed after 14 days, and tissue samples were analyzed according to the following
parameters [61]:

(i) the inflammatory response of the pulp (intensity, scope [1-4])
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Fig. 13.15 The effect of nanomaterials on the induction of inflammation (60 days of exposure). a
CS: the integrity of connective tissue was well preserved; capsule was well formed (HE, x100).
b HA-CS: the integrity of connective tissue was well preserved; a well-developed fibrous capsule
around the implant (HE, x100). ¢ MTA: the connective tissue was with the maintained integrity;
capsule was well developed (HE, x400). d Negative control (empty tube), connective tissue was
with well-preserved integrity; a thin capsule is formed (HE, x40)

(i) other findings in the pulp (giant cells, microorganisms, bulk material parts
[1-4]
(iii) the formation of dentin bridge (continuity, morphology, thickness [1-4]).

The interaction between the capping material and the injured pulp tissue as well
as the processes of healing and regeneration is not yet completely understood. Bio-
materials that are in contact with the tooth/bone tissues should encourage tissue
response in terms of adhesion, proliferation, and differentiation of cells. Topography
and chemistry of the materials used play an important role in adhesion of cells [62].
Nanostructure of CS and HA-CS materials could probably increase adhesion, pro-
liferation, and differentiation of the cells, since the bone is nanostructured by itself.
The size and geometry of the crystals can modify the reaction of surrounding tis-
sue. Inflammatory reaction on newly synthesized CS and CS-HA was observed near
the material with no further expansion of the coronary pulp. Thin layers of newly
formed calcified tissues (up to 149 pwm) were found in samples with CS and HA-CS
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Fig. 13.16 CS material
newly formed calcified tissue
of a regular structure,
surrounded by mesenchymal
cells with odontoblasts
differentiation (HE, x 100)

Fig. 13.17 HA-CS-
incomplete dentine bridge.
Presence of fibrovascular
tissue between the parts of
newly formed osteoid (HE,
x40)

(Figs. 13.16, 13.17, and 13.18), with regular structure similar to reparative dentin.
This finding correlates with mild and moderate inflammation in samples with CS
and CS-HA, and this finding is a confirmation of their biocompatibility.
Pulp—dentin complex has the regenerative potential that induces the formation of
tertiary dentin. Dentin matrix is not just a scaffold for the development of mineral-
ized tissue, but also a reservoir of growth factors secreted by odontoblasts and pulp
fibroblasts [63]. These growth factors hypothetically give the signal for the prolif-
eration, differentiation, and accumulation of pulp cells at the site of the damaged
pulp. They initiate tissue regeneration. It is a very encouraging result that calcified
tissue was formed in a relatively short period of time. Thicker layer of newly formed
calcified tissue was observed in the samples of the experimental cements (CS and
CS-HA).This finding correlates with mild and moderate inflammation in samples
with CS and CS-HA, and this finding is a confirmation of their biocompatibility.
These bioactive ceramic materials (CS, CS-HA, MTA) form a hydroxyapatite layer
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Fig. 13.18 MTA-
hypercellular newly calcified
tissue. (HE, K200)

after contact with biological fluids rich with phosphate ions. This layer can stimu-
late the deposition of mineralized tissue on its surface and later integration with the
surrounding tissue in vivo [64]. The biocompatibility of these new cements can be
explained by these processes. All three materials have shown the biocompatibility
and the ability to induce calcification on the surface of the pulp tissue within 14 days.

13.5.2 Direct Pulp Capping in Vietnamese Pigs

Because of the differences between rabbit and human teeth and a relatively short
observation period (14 days) in rabbits, it is interesting to describe the results of direct
pulp capping with new nanostructured materials (CS and HA-CS) in Vietnamese
pigs. The experimental study was completed on permanent teeth of Vietnamese pigs
(Susscrofadomesticus) which morphologically resemble human teeth, with a longer
observation period (30 days).

The criteria for histological evaluation of pulp reactions on applied materials are:
dentin bridge formation (thickness, continuity with surrounding dentin, morpholog-
ical aspects, and localization), reorganization of pulp tissue (morphological integrity
of odontoblasts and odontoblast-like cells, as well as the integrity of deeper pulp
tissue), inflammatory response of pulp (acute or chronic), and existence of bacterial
cells [65].

The results of histological analysis showed that new dentine was formed in approx-
imately all samples in both groups (CS and HA-CS). Newly formed dentin had char-
acteristics of reparative dentin with a small number of irregular dentinal tubules.
These were in continuity with the surrounding dentin [66].

Dentin bridge which completely enclosed pulp perforation was detected in most
samples with HA-CS (Fig. 13.19).
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Fig. 13.19 Complete dentin
bridge after direct pulp
capping with HA-CS. Newly
formed dentin completely
closes preparation region of
the pulp chamber, and it is
very similar to original
dentin. Particles of HA-CS in
the area of perforation are
visible (HE, 40x)

Fig. 13.20 Complete dentin
bridge after direct pulp
capping with CS. Newly
formed dentin completely
closes the preparation region
of the pulp chamber.
Particles of HA-CS are
visible in the area of
perforation (Goldner
trichrome, 40 %)

0.-G. Vanja et al.

In CS group complete dentine bridge was detected in a similar number of samples

as in MTA group (Fig. 13.20).

Incomplete dentin bridge in the form of dentin islands was observed in few samples

of the CS and MTA groups (Fig. 13.21).

Reparative dentin in the form of a complete or incomplete dentin bridge (dentin
islands) is formed after mineralization of the extracellular matrix. These islands tend
to establish contact with dentin walls and seal and conserve exposed dental pulp

(Fig. 13.22).

Continuous reparative dentin that extends along the lateral walls of dentin was
noted in one case in both CS and HA-CS groups, while this form of dentin was not
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Fig. 13.21 Dentin islets
after direct pulp capping with
CS. Newly formed dentin is
in the form of dentin islands
and tends to close perforation
of cavum dentis. Completely
preserved pulp tissue without
inflammatory reaction can be
seen (HE, 40x)

Fig. 13.22 Dentin islets
after direct pulp capping
with HA-CS. Three dentin
islets that almost completely
closed cavum dentis and
signs of neoangiogenesis in
the form of newly created
blood vessels can be seen
(HE, 40x)

registered in the samples with MTA (Fig. 13.23). Underneath the newly formed dentin
bridge, odontoblasts with minor or major structural differences were registered in
the most of the teeth from both experimental groups [66].

Tissue reorganization below the perforation was registered in the most of the
samples of CS, HA-CS, and MTA groups in the form of odontoblast-like cells’
hyperactivity. There was a correlation between the number of odontoblast-like cells,
thickness of the bridge, and the preservation of deeper areas of the pulp similar to the
report of Tziafas et al. 2002 [67]. Greater number of these cells increases the thickness
of dentin bridge, while radicular pulp retains its physiological morphology [68].
Reorganization of subjacent area was in correlation with the number of odontoblast-
like cells and showed prominence in the HA-CS group (Fig. 13.24) [66].

Fully preserved pulp tissue was ararity in all applied materials after 30 days. Signs
of neoangiogenesis and proliferation of blood vessels were recorded in most of the
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Fig. 13.23 CS-newly
laterally deposited dentin
that narrows pulpal space
and mild inflammatory
reaction (HE, 40x)

Fig. 13.24 HA-CS-newly
formed dentin bridge which
completely closed the pulp
chamber. Signs of
neoangiogenesis and
proliferation of blood
vessels. Mild inflammation
(Goldner trichrome 40x)

cases. This was a clear indication of a healing process and complete revascularization
(Fig. 13.25).

In CS group there were few samples with the presence of venous stasis, hemor-
rhage, and inflammation in the central part of the pulp. Complete disorganization of
the pulp tissue was not registered in the samples of either experimental or control
groups [66].

Histological analysis after 30 days indicates that the experimental pulp capping
materials CS and HA-CS caused mild to moderate chronic inflammation of pulp
tissue. Severe inflammation or abscesses were not observed in any sample. Mild
inflammation was present in the most samples in the group with CS and HA-CS.
Moderate inflammation with cellular proliferation in coronal and radicular pulp was
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Fig. 13.25 Signs of
neoangiogenesis and stasis in
dental pulp. This finding was
probably related to the
chemical properties of the
capping material and
mechanical trauma during
cavity preparation, rather
than the presence of bacterial
infection (HE, 400x)

observed in some cases with MTA, but in the CS and HA-CS groups there were
fewer inflammatory cells. Acute inflammation and pulp necrosis were not observed
in any sample. The findings of the study demonstrated the existence of inflammatory
cells in the coronal and radicular pulp areas for all applied materials. Mononuclear
cells were registered in the pulp tissue in all samples, suggesting the existence of
chronic inflammation scoring from slight to average, according to earlier determined
criteria. Unexpectedly, inflammatory cells were found in greater numbers in the
central than in the peripheral parts of the pulp and were not associated with the
presence of bacterial cells. In the control MTA group, the existence of lymphocytes,
plasma cells, and macrophages was detected only in a few samples [66]. This is in
agreement with the results of other authors [69].

Gram staining did not detect any gram-positive bacteria in the pulp of all samples.
Small number of bacteria was observed just in dentinal tubules in some samples with
all tested materials. It could be difficult to determine whether these bacteria invaded
dentin during the capping procedure or they entered the dentinal tubules through the
cavity margins during the healing process. This could be due to microleakage of the
restorative material [66].

Therapeutic effects of CS and HA-CS were similar to MTA, and that indicates that
new nanostructured materials based on calcium silicate cements and hydroxyapatite
have favorable effects on reparative activities of the pulp of Vietnamese pigs primarily
due to their physical and chemical properties. Different particle sizes of CS and HA-
CS in regard to MTA considerably enhance the performance of these materials in
terms of shorter setting time and workability in moist conditions. These properties
affect the bonding quality of these materials to exposed pulp and their favorable
effects on odontoblast activation and dentin bridge formation.
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13.6 Conclusion

Nanotechnology is a relatively new field that involves substance manipulation at
the molecular level, including individual molecules and interactions between them.
Research in this area is focused on achieving high specificity to get desired physical
and chemical properties of nanoparticles.

The authors agree that the use of nanomaterials in dentistry is very important
and will be useful for improving the quality of life of patients. Advantages involv-
ing the use of new materials for preventive health care by nanoparticles are either
antimicrobial or restorative properties for enamel.

Application of nanoparticles must overcome the challenges for their application,
which contributes to more sophisticated diagnostic capabilities and provide more
effective therapies and preventative properties.
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