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Nanotechnology is an emerging field of science, engineering, and technology concerning the materials in
nanoscale dimensions. Several materials are used in dentistry, which can be modified by applying
nanotechnology. Nanotechnology has various applications in dentistry to achieve reliable treatment
outcomes. The most common nanometals used in dental materials are gold, silver, copper oxide,
magnesium oxide, iron oxide, cerium oxide, aluminum oxide, titanium dioxide, and zinc oxide (ZnO).

ZnO nanoparticles (NPs), with their unparalleled properties such as high selectivity, enhanced
Received 23rd December 2020

Accepted 1st June 2021 cytotoxicity, biocompatibility, and easy synthesis as important materials were utilized in the field of

dentistry. With this background, the present review aimed to discuss the current progress and gain an

DOI: 10.1039/d0ra107892 insight into applications of ZnO NPs in nanodentistry, including restorative, endodontic, implantology,
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1. Introduction

Nanotechnology is a rapidly expanding field with the potential
to diagnose and cure diseases.' Nanotechnology can be applied
to dentistry, known as nanodentistry or nanodontics, to
improve prevention, diagnosis, and therapy of oral and dental
diseases.>® Many different types of materials are used in
dentistry and nanotechnology has significant potential to
improve their properties.* Several nanostructures can be
utilized in dentistry, including nanofibers, dendrimers, nano-
pores, nanoshells, nanorods, nanoparticles, dental nanorobots,
nanorobotic dentifrice, nanosolutions, and nanoneedles.?
Nanoparticles (NPs) are an excellent candidate for nano-
dentistry and can be made by ceramics, polymers, and metals.®
Nanometals have been extensively studied, and many review
papers concerning metal NPs-based medical science have been
published.® Various materials in dentistry were modified by
incorporating metal NPs such as gold, silver, platinum, palla-
dium, nickel, copper, zirconium, aluminum, titanium,
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periodontal, prosthodontics, and orthodontics fields.

chromium, beryllium, boron, and zinc.” Among various metals,
zinc has attracted considerable attention in medicine, owing to
its antibacterial effects. Oxide and sulfide materials have also
been produced. ZnO NPs are a newer type of promising candi-
date and are used extensively owing to its high safety and useful
physicochemical advantages. In addition, ZnO NPs, due to their
good biocompatibility, high stability, low-cost and, low-toxicity,
have shown promising potential in biomedical applications.®

Zinc oxide nanoparticles (ZnO NPS) have been widely
investigated over the past two decades because of their superior
antibacterial, antifungal, electrical, chemical and optical prop-
erties. ZnO NPs can easily be synthesized by numerous tech-
niques. Therefore, ZnO has a potential biocompatibility over
many other metal oxides and has explored many pronounced
applications in current antiviral, antimicrobial, biomedical,
and environmental areas.

Interestingly, recent studies have revealed that ZnO NPs have
cytotoxic effects bactericidal cells, while at the same concen-
tration; ZnO NPs have non-toxic effects on human cells. ZnO
NPs shown higher toxic effects on bacterial cells than other
metal oxide NPs such as TiO,, due to their ion-shedding ability.

As a result, ZnO NPs are rapidly gaining in popularity as
a good candidate for nanodentistry, and several research groups
have begun to explore the role of NPs in the field of nano-
dentistry. The present review aims to gain an insight into the
applications of ZnO NPs in dentistry.

2. Nanomedicine and nanodentistry

Nanotechnology is the most widely accepted technologies in the
21st century.® The term of “nano” is derived from the Greek
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word meaning “dwarf”.>'® For the first time, Richard Feynman
introduced the term of nanotechnology and after fifteen years in
1974, Norio Taniguchi defined the concept of nanomedicine as
“nanotechnology mainly consists of the processing of separa-
tion, consolidation, and deformation of materials by one atom
or one molecule”.’ Nanotechnology employs structures
measured in the nanoscale range (1-100 nm).*® Materials with
the nanoscale range have unique physicochemical properties
that markedly differ from the bulk materials.* The fabrication
of nanomaterial structures can be classified into two groups:
top-down approach and bottom-up approach.™
Nanotechnology is able to change the nanoscience theory to
effective applications and to improve the quality of life with
novel properties such as large surface area to volume ratio,
uniform particle size, tunable optical, magnetic and electronic
properties, in addition to biocompatibility, bioconjugation and
easy surface functionalization.®*>
Many types of nano-sized structures have been used in
nanotechnology, including NPs, nanofibers, nanorods, nano-
wires, nanobelts, nanotubes, nanoribbons, quantum dots, and
hollow spheres."* Nanotechnology has exceptional capability of
yielding groundbreaking results in approximately every
branches of science such as physics, chemistry, engineering,
electronic, material science, biology and medicine.® Nanotech-
nology has attracted considerable attention in recent years
owing to its wide application in nanomedicine.**
Nanomedicine, as the specific application of nanotech-
nology in the health system, is a new field for better prevention,
diagnostics, and therapy of diseases.”*® It is the incorporation of
the knowledge of molecular biology, pharmaceutics, material
science, information technology and medicine. Nanotech-
nology provides a good opportunity to have a better under-
standing of disease mechanisms."” Many numerous kinds of
nanomaterials, such as lipids, liposomes, polymers, metals,
oxides, silica, and carbon-based NPs, have been developed in
recent decades.'® However, EMA and FDA for use in humans
have approved some of nanomaterials. According to the reports
only 175 nanostructured products were approved to be used in
medicine by regulatory agencies and generally made of poly-
meric or inorganic materials with metal and liposomal. Appli-
cation of nanotechnology is still expanding in medical science.
The recently developed interest in nanotechnology has
provided new insights into the application of NPs in dentistry.
Nanoparticles are used in many different approaches of
dentistry owing to high surface volume, biocompatibility,
bioactivity, and good mechanical properties. Nanotherapeutics
offers the possibility to control biofilms by utilizing the prop-
erties of NPs like ZnO-NPs. However, the emergence of nano-
technology has opened new avenues for the use of NPs."”

3. Nanoparticles in dentistry

Nanoparticles, as novel dental materials, have unrivaled phys-
icochemical and biological properties, making them suitable to
overcome complications associated with traditional dental
treatments through the therapeutic intervention.'** Preventive
therapy, curative therapy and tissues regenerative therapy are
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Fig.1 Application of NPs in dentistry.

triple purposes in dental therapeutic treatments.”> Nano-
products are widely used in numerous dental applications in
order to improve the quality of products such as endodontic,
periodontics, orthodontics, restorative and adhesive dentistry,
implant dentistry, acrylic resins, tissue engineering, and oral
cancer.””® Nanoparticles are usually incorporated into dental
materials-related restorative materials, cements/sealants,
adhesives bonding, and prosthesis bases systems.*> NPs used
in dentistry can be made of silica, carbon-based NPs, different
polymers, solid lipids, hydroxyapatite, hydrogel, dendrimers
and metal/metal-oxide.** It has been found that NPs are present
in approximately 3500 dental materials.>® Over the past decade,
NPs applied in dentistry mostly include noble metals, such as
platinum, gold, silver and metal oxide NPs, including iron
oxide, zinc oxide, titania, and zirconia owing to their broad-
spectrum bactericidal properties.***® For these reasons, many
recent studies have focused on the properties of NPs.* Nano-
particles can be divided into three main categories of dentistry
as follows (Fig. 1).

3.1. Antibacterial nanoparticles

Nanoparticles can act as an efficient antibacterial agent and is
widely accepted in biomedicine."* The superior bactericidal
activity of NPs with antibacterial activities is attributed to their
electrostatic attraction between positively charged NPs and have
the potential to reduce or eliminate the evolution of more
resistant bacteria, since their mechanism of action is directly in
contact with the bacterial cell wall and simultaneously targets
multiple biomolecules.” The small size of NPs improves not
only their antimicrobial action with minimal adverse effects,
including hypersensitivity and allergic reactions, but also their
mechanical properties.”” Many studies investigated the anti-
bacterial effect of NPs combined with a wide range of dental
materials.'®** Fig. 2 summarizes the most common metal
oxides NPs used in dentistry. These NPs are less toxic and have
a higher antibacterial activity in comparison to other metal
oxide nanoparticles such as AuO, AgO/AgO,, etc. The uses of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The most common metal oxide NPs used in dentistry.

AuO, AgO/AgO, NPs in dentistry have been severely limited and
have not yet been fully studied because of the difficult or
expensive to obtain or synthesize. The metal oxides NPs such as
ZnO, Zr0,, MgO, TiO, have useful applications in reducing the
biofilm formation. The use of these NPs as orthodontic adhe-
sives to control the oral biofilm and decrease the demineral-
ization around the brackets has attracted much attention.>® The
implantation failure can be caused by the plaque accumulation
in the oral cavity during the early stage.'®

Therefore, the use of NPs can significantly reduce the risk of
implantation failure. Numerous researches have investigated
the effect of using antibacterial NPs in composite resins and
glass ionomers. They reported that addition of NPs remarkably
boosted the mechanical and antibacterial activity.'®*

Research in recent years has exhibited that addition of
antimicrobial NPs plays a crucial role in the prevention of
primary and persistent endodontic infections after treating or
recolonizing the filled canal system.*® These facts have promp-
ted a renewed interest in the use of various antibacterial NPs to
improve their potency and applications in dentistry.*

3.2. Reinforcement nanoparticles

Regardless of which material is used as the filling agent,
numerous research efforts have focused on the restorative
material efficiency and properties in the past decade.** Silica,
quartz and radiopaque silicate particles based on the oxides of
barium, strontium, zinc, aluminum, and zirconium are a range
of conventional composite generally used as the restorative
material.” Nanotechnology can provide dental resin-based
composites with different particle size, ranging from supra-
micron to nanosized with unique characteristics.*® Nano-
particles can be utilized at the site of dental defects, owing to
their mechanical properties, high surface volume, biocompati-
bility and bioactivity.”” Addition of NPs into various restorative
and adhesive systems is the main strategy to enhance the
mechanical properties and the compressive strength of the
restorative material.”” Nanosized particles were added to the filler
to fill the space between larger filler particles, and to reduce the
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resin content of resin-based composites.” Restorative materials
are often broken due to the biofilm accumulation, secondary
caries, and bulk fracture.” Addition of certain NPs into ortho-
dontic adhesives/cements or acrylic can improve the mechanical
properties, and the hardness of composites decreases the poly-
merization shrinkage and provides the composites with smooth
surface and high optical properties.>® In general, researchers
have found that adding the Ag, Cu, ZnO, Zr, TiO,, ZrO,, and SiO,
NPs to the base materials of composite resins, cavity varnishes,
and glass ionomer cement (GICs) may produce more useful
results.” Modification of the dentin adhesive agent with nano-
fillers increases the bond strength to the dentin surface and the
mechanical properties of the adhesive layer due to the increasing
viscosity of adhesive, thereby forming a thicker adhesive layer
capable of preventing fluid movement from dentin tubules.*” The
incorporation of nano-glass particles into conventional GICs can
improve the compression strength and elastic modulus, and
reduce the setting time. In this regard, restorative dentistry in the
last few years focused on the use of nanomaterials hoping that
contemporary nanofillers will improve the overall mechanical
properties of fillers.

3.3. Therapeutics nanoparticles

Nanotherapeutics is a fundamental issue in developing effective
NPs to control biofilms.”® Nanoparticles can be utilized as
nanocarriers with antimicrobial therapeutic actions.'”*
Furthermore, they can be used to prevent and cure oral diseases
like oral cancer and act as osteogenic agents owing to their
biocompatibility.> Recent studies have showed promising
results in the regeneration of the periodontal apparatus,
including stimulation of periodontal ligament cells. Further-
more, the recent development in the use of NPs for dental
tissues regenerative applications and denture bases has shown
acceptable outcomes.'® For replacement dentures, addition of
NPs to polymers for tissue conditioners can decrease the chance
of denture stomatitis."”” Bacteria have been never thoroughly
eliminated from the root canals, but reduction of the bacterial
population in the root canal has been the key to successful
dental treatment. Consequently, NPs have been successfully
used against root canal infective organisms to reduce micro-
leakage in canal spaces.'* The researchers concluded that NPs
of Au, Ag, Pt, and Pd could be utilized for imaging techniques as
contrast enhancers for oral diagnosis such as detection of oral
cancer and identification of infectious pathogens.”*® Certainly,
recent studies have revealed that ZnO NPs have cytotoxic effects
toward cancerous cells, while at the same concentration; ZnO
NPs have negligible effects on normal cells, leading to specu-
lation that they can be used in cancer treatment.**"° Thus, it is
obvious that an alteration in zinc levels in cancer cells can
reason a deleterious effect. The selective localization of ZnO NPs
towards cancer cells due to boosted permeability, electrostatic
interaction, retention effect and selective cytotoxicity through
increased oxygen species present in cancer cells show that ZnO
NPs can selectively target and kill cancer cells, making them
a promising anticancer agent.*¢
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Table 1 Summary of studies that the influence of the different parameters on the size and shape of ZnO NPs

Review

Synthesized method

Applications

Findings

Ref.

ZnO NPs synthesized with
(Zn(CH,;C00),-2H,0)

A one-pot, organometallic method
for synthesis of ZnO NPs

ZnO NPs from solution by the
precipitation method containing
LiOH, NH,OH, NaOH

ZnO NPs prepared using a simple
polyol synthesis

ZnO NPs prepared using the
chemical precipitation method

ZnO NPs prepared using
a modified polyol process

Synthesis of ZnO nano particles by
precipitation techniques

ZnO NPs synthesized using Laurus
nobilis L. leaves aqueous extract
and two different zinc salts

ZnO NPs synthesized via

a solvothermal method

Microwave assisted synthesis of
ZnO nanoparticles

Nanoparticles as dental implant coating materials are widely
used in dentistry to improve wear resistance and bone graft.**
Many different NPs, including Ag, ZrO,, and TiO, were coated

21192 | RSC Adv, 2021, 11, 21189-21206

- Evaluating the effect of shape and size on their
antimicrobial and photo catalytic activity

- Evaluating the influence of the different
parameters on the size and shape of ZnO NPs

- Investigation of the ionic template effect on
the size and shape of ZnO NPs

- Controlling the shapes and sizes of ZnO NPs

- Controlling the morphology of ZnO NPs

- Characterization and optical properties of ZnO
NPs with controlled size and morphology

- Evaluating the effect of temperature on the
morphology of ZnO nanoparticles:
a Comparative study

- Controlling the morphology of ZnO NPs

- Characterization of narrow size distribution of
ZnO NPs

- Evaluating the effect of precursor reagents,
temperature, irradiation time, microwave
radiation power, and additives addition on the
final morphology of ZnO NPs

- Methods of synthesis of ZnO NPs could
controlling their shape, size

- The value of E; with concentration of
Zn(CH3COO0),-2H,0 can be attributed to the
change in the shape/size of the ZnO NPs

- The shapes of the synthesized NPs varied
with the concentration of the originator
Zn(CH,;C0O0), - 2H,0

- Miscibility with water, coordinating ability,
and evaporation rate of solvent appear to be
important for the control of the growth of
particles

- An increase in the length of the alkyl chain
results in an increase of the shape anisotropy
- Concentration, time, and temperature
showed an important impact on shape and
size

- The results showed that the presence of
K,S0,, KNO; or LiNO; led to the formation
of slightly smaller ZnO NPs

- The ZnO NPs were free from impurities

- Increasing the amount of water added to
the precursor solution enlarged the aspect
ratio of the rod-shaped particles and
increased the particle size of the equiaxial
particles

- A moderate ammonia concentration was
beneficial in limiting the particle growth

- The particle size of calcined ZnO powders
were very sensitive to the calcination time

- The average size of the particles of ZnO
obtained using the flow injection technique
was approximately 20 nm while the
crystallite size was 10 + 15 nm

- The increasing of the alkaline ratio results
in a great change of the elaborated particles
morphology that evolved from irregular and
anisotropic forms to spherical one

- The particles synthesized from sulphate
precursors showed very nicely organized
rods and grains morphology arranged like
flowers before calcinations but the
morphology changed after calcination at
400 °C to only flakes type. However, the
morphology did not alter even after
calcinations for the nano particles
synthesized from other two precursors such
as zinc acetate and zinc nitrate

- The precursors have played a vital role in
surface morphology and structure of ZNPs

- A narrow size distribution can be obtained
for ZnO NPs prepared by a solvo thermal
method using TEA as a polymerization agent
- All the mentioned variables influenced to
some extent the shape and/or size of the
synthetized nanoparticles

51

52

53

54

55

56

57

58

59

60

on the surfaces of dental implants. Nanoparticles were able to
create a novel method to treat many dental diseases through
incorporation with dental materials.>

© 2021 The Author(s). Published by the Royal Society of Chemistry
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4. Properties, method of synthesis
and antimicrobial activity of ZnO
nanoparticles

ZnO has a potential biocompatibility over many other metal oxides
and has explored many pronounced applications in antimicrobial
and biomedical areas. The physical and chemical properties of
ZnO nanoparticles are influenced both by their shape and size
(Table 1). Over the past decades, a great number of efforts have
been devoted in nanoscience to the control of ZnO NPs with
controllable and adjustable shapes. Different physical, chemical,
and biological (green chemistry) methods used to produce
uniform ZnO nanostructures can be found in the literature.’*

ZnO NPs can be prepared by several methods, resulting in
nanostructures of different shapes such as solvent-based
ultrasonic irradiation,* hydrothermal,** microemulsion,*
physical vapor deposition,** arc plasma,* thermal evapora-
tion,* solvothermal,” microwave synthesis,*® wet chemical,*”
solgel,*® and green methods like plant extracts.**°

Various size and shape particles of ZnO were obtained via
altering reaction conditions such as the concentration of either
additive, the molar ratio of the starting materials, the pH of the
reactants and the temperatures. Generally, the synergistic
effects of kinetic or thermodynamic aspects are considered as
key roles in determining the shape formation of inorganic NPs.

Traditional nucleation and growth kinetics in colloidal
synthetic method have been used to control the size of nano-
particles. As well as, precursor concentrations, the precursor to
surfactant ratio, and a reduction temperature by choosing
a solvent are all regarded as important factors to control the
shape of nanoparticles. Moreover, it was found that the size of
nanoparticles could be controlled by the reaction time.

Size, shape, dissolution, surface charges, aggregation, and
concentration are the key factors in determining the toxicity and
antibacterial effects of ZnO NPs.*>% The antibacterial properties
increase with increasing the surface area.®®

All these characteristics depended on the preparation method
of ZnO NPs.® Various nanostructures of ZnO, such as nanorods,
nanopowders, nanotubes, nano/micro flowers microspheres,
quantum dots, thin films/NPs, and capped NPs, have been
developed, which can be used for antimicrobial application.**

ZnO NPs are commonly used as an additive in medicine and
industry owing to its unique thermal, optical, mechanical,
chemical, piezoelectric properties and electric conductivity.***
It is biocompatible, biosafe, and nontoxic with considerable
bactericidal properties for the broad range of bacteria (Gram-
positive and Gram negative) and fungi, including A. hydro-
phila, B. subtillis, E. coli, E. faecalis, S. pyogenes, S. typhimurium,
K. pneumonia, S. aureus, S. enteritidis, L. monocytogenes, and P.
aeruginosa, etc. (Fig. 3).*

The antibacterial activity of ZnO NPs has been studied in
recent years.** Tayel et al. evaluated the antibacterial potenti-
ality of ZnO NPs and conventional ZnO powder was evaluated
against nine bacterial strains, including E. coli, E. cloacae, P.
fluorescens, P. aeruginosa, S. typhimurium, S. enteritidis and S.
aureus.” They found that the NPs form of ZnO had more

© 2021 The Author(s). Published by the Royal Society of Chemistry
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S. enteritidis
Streptococcus pyogenes
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L. monocytogenes
Klebsiella pneumonia

P. aeruginosa
Salmonella typhimurium

E. faecalis

Fig. 3 The most common oral infections.

efficient antibacterial action than those of the powder form
against all examined strains.” Chang et al. revealed that the
prepared ZnO films enhanced the antibacterial activity of the Ti-
based implant against Streptococcus mutans.*® Furthermore, the
antibiofilm behavior of teeth surfaces coated with ZnO and CuO
NPs was examined against Streptococcus mutans.®® The ZnO and
CuO NPs coated teeth surfaces showed a remarkable decrease in
biofilm formation by 85% and 70%, respectively, compared to
the uncoated tooth.®® Khan et al. reported that incorporation of
ZnO NPs or Ag NPs into composites showed considerable
antibacterial activity against Lactobacillus and S. mutans, and
the effect of ZnO NPs on S. mutans was higher than that of Ag
NPs.” Wang et al. found that ZnO NPs had excellent antibac-
terial activity against P. gingivalis and A. naeslundii, and ZnO
NPs had low cell cytotoxicity in vitro.” Mirhosseini et al. evalu-
ated the antimicrobial activity of different concentrations and
sizes of ZnO NPs against E. faecalis, C. albicans, and S. mutans, L.
fermentum. They observed that the antimicrobial action of ZnO
NPs increased with decreasing the particle size, and C. albicans,
E. faecalis, and S. mutans had the highest sensitivity to ZnO size
changes than to other bacteria.”* Antibacterial activity of
different size of ZnO NPs against S. sobrinus and S. mutans via
microdilution technique was assisted by Bakhori et al., and the
results showed that ZnO NPs with size distributions of 21 nm
exhibited higher inhibition on both bacteria compared to ZnO
NPs with size distributions of 52 nm.”

5. Application of ZnO nanoparticles in
dentistry

Depending on application of NPs, the use of ZnO NPs in
dentistry can be categorized as follows: restorative dentistry,

endodontic, implantology, periodontal, prosthodontics, and
orthodontics fields (Fig. 4).

RSC Adv, 2021, 11, 21189-21206 | 21193
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Fig. 4 Application on ZnO NPs in dentistry.

5.1. Restorative dentistry

Dental caries disease is a polymicrobial biofilm disease that
according to the WHO, nearly 100% of adults worldwide suffer
from a toothache due to tooth cavity.”> Amalgam, composite,
gold, ceramic and glass ionomer are the commonly used
materials for dental restorative.” In the last decades, incorpo-
ration of metallic NPs into dental restorative materials resulted
in improved dental restorative materials properties.” Therefore,
many researchers have used various inorganic metal oxide
nanofillers, such as TiO,, Al,O3, SiO,, AIN, BN, ZnO, and etc. in
dental materials to enhance the antibacterial activity, mechan-
ical properties and physical properties.”>”® The proper dental
restorative materials with good mechanical properties should
have better adhesion between filler and hard dental tissues.” In
this regard, ZnO NPs are developed and mostly used to decrease
the activities of caries-related bacteria owing to their various
potential properties such as electrical, optical, piezoelectric,
electromagnetic shielding, thermal, mechanical, sensing, and
biomedical (non-toxic and eco-friendly) properties.”> Numerous
studies have demonstrated the potency of ZnO NPs as rein-
forcements, to elevate the mechanical and physical properties
and to enhance the antimicrobial properties (Table 2).777

Composite is a commonly used material for the restorations
of the tooth.”*" According to the existing literature, addition of
ZnO NPs into commercial resin composite can modify resin
composite for better biofilm inhibition.”>#'

The influence of incorporating ZnO NPs into auto-
polymerized acrylic resins on flexural strength was investi-
gated by Kati, and after addition of ZnO NPs, a significant
increase in the flexural strength was observed.®*

Similar results were obtained by Al-Shammari for heat-
polymerized acrylic resin.** Wang et al. studied the effect of
cellulose nanocrystal/zinc oxide nanohybrids on the reinforcing
and antibacterial properties of dental resin composites.

They reported that the resin composites with 2 wt% incor-
porated cellulose nanocrystal/zinc oxide nanohybrids signifi-
cantly increased the amount compressive strength and flexural
modulus, and decreased the mechanical properties compared
to resin composites with no cellulose nanocrystal/zinc oxide
nanohybrids.?® Tavassoli Hojati et al contributed to the

21194 | RSC Adv, 2021, 11, 21189-21206
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antibacterial action of resin composite containing ZnO NPs
against Streptococcus mutans and examined their physical and
mechanical properties.*” They found that the flexural strength
and compressive modulus remained unchanged by incorpora-
tion of ZnO NPs, while the compressive strength and flexural
modulus were remarkably increased. In addition, they reported
that incorporation of ZnO NPs into a flowable resin composite
would affect physical and mechanical properties, bond
strength, and antimicrobial activity.®” Resin composites con-
taining ZnO NPs emerged as a good option for the potential
one-step treatment of caries lesion.®*

Various techniques have been employed to prepare the
nanocomposite of ZnO. For example, ZnO/MgO nanocomposite
was successfully synthesized based on the sonochemical
method by Karimi et al.** Addition of ZnO NPs is one of the most
important approaches to achieve antibacterial activity in resin-
based restorative materials (Cierech, Wojnarowicz et al. 2016).
ZnO NPs with sizes smaller than 100 nm were successfully
incorporated into the polymethyl methacrylate resin material to
assist the antifungal activity against Candida albicans.*® Glass
ionomer cement (GIC) materials have been widely used in
dentistry as restorative materials due to the ability to modify
their physical properties by changing the chemical formulation
or the powder/liquid ratio.” Several attempts have been made to
improve poor mechanical properties, such as low fracture
strength, toughness and wear of GIC materials by addition of
agents.”* Vanajassun et al. observed the significant increase in
the antibacterial properties of the set GIC containing ZnO NPs.**
Agarwal et al. proved that incorporation of ZnO NPs into type IIa
GIC led to a marginal increase in mechanical properties.”
Garcia et al. investigated the antibacterial activity of ZnO NPs
incorporated into selfcured GIC as a restorative material on the
Streptococcus mutans biofilm.** They reported that no change
showed in cell morphology in relation to the type of GIC,
maturation time, and NPs concentration, and addition of ZnO
NPs at concentrations of 1% and 2% by weight to GICs did not
improve their antimicrobial activity against S. mutans.** Since
a long time ago, dental amalgam is one of the mostly used
materials in restorative dentistry. It is favorable owing to high
strength, easy application, and low cost. ZnO is naturally white,
and its incorporation into dental amalgam might fade the
metallic color of the conventional amalgam out. Based on the
results obtained by Yahya et al. the hardness of dental amalgam
was increased with incorporation of ZnO NPs.*

5.2. Endodontic

Endodontic therapy has been suggested since 1930s as
a method for diagnose, prevent, and treat pulp diseases and
their sequelae, including extraction of pulp tissue, cleaning of
root canal, and the root canal filling. Endodontic treatment is
one of the most common procedures to eliminate endodontic
infection.”** Complete elimination of dental infection is
impossible, since endodontic infections are of polymicrobial
nature with various bacteria and microorganisms such as E.
faecalis, S. mutans and S. anginosus, F. nucleatum, and S. aureus
(about 150 types).'*>'** The root canal space should be filled

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Summary of studies that evaluated application of ZnO NPs in restorative dentistry

Formulations NPs Applications Findings Ref.
ZnO NPs incorporated into - Evaluating the effect of ZnO NPs incorporated = - The loading of ZnO NPs on the demineralized 88
resin composite into resin composite for the potential one-step dental surface and their infiltration power were
treatment of caries lesion significantly improved when ZnO NPs were carried
by the resin
SYNT-ZnO NPs - Evaluation of the compressive strength and - Incorporation of ZnO NPs increased compressive 96
radiopacity of calcium silicate cement strength and radiopacity
containing ZnO NPs
ZnO/AgNPs in a composite - Application of Ag doped ZnO NPs in - The nanospheres of ZnO/Ag lead to a better 83
resin a composite resin biofilm inhibition
- The nanospheres of ZnO/Ag could be a good
option as a new restorative material
Polymerized acrylic resins- - Evaluation of incorporating zinc oxide NPsto - The incorporation of zinc oxide NPs has 84
ZnO NPs autopolymerized acrylic resins on their flexural a significant effect on the flexural strength of auto-
strength polymerized acrylic resins
ZnO NP-glass ionomer - Evaluation of properties of glass ionomer - Addition of ZnO NPs to type IIa GIC led to 93
cement cement reinforced with ZnO NP a marginal increase in mechanical properties
GIC-ZnO NP - Evaluation of the antibacterial activity of zinc - A low concentration of NPs does not improve the 94
oxide NPs incorporated into selfcured glass antibacterial properties of the GIC
ionomer cement (GIC) and light-cured resin-
reinforced GIC on Streptococcus mutans biofilm
ZnO NP-PMMA resin - Evaluation of the antifungal activity of ZnO - Addition of ZnO NPs to PMMA resin increased 90
NPs against Candida albicans antifungal activity
PC-ZrO,-ZnO NPs - Evaluating the antibiofilm activity against - The addition of nanoparticulated ZnO decreased 97
Enterococcus faecalis and radiopacity, the compressive strength of PC
compressive strength of Portland cement (PC) - All materials presented higher radiopacity and
added to zirconium oxide (ZrO,), with ZnO NPs  antibiofilm activity than pure PC
- The presence of ZnO (5% or 10%) significantly
decreased the compressive strength of the materials
ZnO NP-glass ionomer - Evaluating antibacterial and mechanical - GIC incorporated with 3% w/w concentration of 92
cement properties of ZnO NP to the conventional glass size ZnO NP was the best alternative to conventional
ionomer cement GIC for restorative purposes which provides greater
antibacterial property
- Incorporation of ZnO NPs has no significant
difference over the mechanical properties of set
glass ionomer cement
Flowable resin composites - Evaluating the physical-mechanical properties =~ - The ZnO containing resins show significantly 87
containing ZnO NPs and antibacterial activity of resin composites lower depth of cure, and higher bond strength
containing ZnO NPs against Streptococcus - The flexural strength and compressive modulus
mutans remain unchanged by incorporation of NPs
- Compressive strength and flexural modulus
significantly increase
- Antibacterial activity significantly increases
Amalgam-Al,03;-ZnO NP - Hardness improvement of dental amalgam - Al,O; NPs as filler improved hardness of dental 95
using Al,03-ZnO NP amalgam material
- The hardness of Silverfil increased as the
percentage of ZnO loading increased
ZnO and ZnO:Ag nano - Evaluation of microleakage and antibacterial - Ag doped ZnO nanopowders for using as sealer 98
sealers properties of prepared ZnO and ZnO:Ag nano exhibit better microleakage and antibacterial
sealer properties comparing to common sealer
ZnO/MgO nanocomposite - Characterization of NPs and nanocomposite of - The zinc polycarboxylate dental cements obtained 89
in zinc polycarboxylate ZnO and MgO for zinc polycarboxylate dental by synthesized nano-scale powders revealed
dental cement cement preparation excellent mechanical strength
- Zinc polycarboxylate dental cement had higher
strength than conventional Harvard and Adhesor
zinc polycarboxylate cements
- Mechanical strength of dental cements was
dependent on composition size scale
ZnO-NP-containing - Evaluation of the antibacterial effectiveness of =~ — An 80% reduction in bacterial counts was 82

composites

ZnO-NPs against Streptococcus sobrinus
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with root-end filling materials after removing the infections and
shaping root canals.?****1%%

An perfect root canal filling materials should easily fill the
canals, easily adhere to the walls, not shrink, and should be
harmless to the periapical tissue and permanent tooth germ.*
Moreover, biocompatibility and antimicrobial properties are
two key factors in choosing the best of them.'**'*® Recently,
many materials have been used as the root canal filling,
including methacrylate resins, epoxy resins, poly-
dimethylsiloxane, calcium hydroxides, silicone, and ZnO.'*”
Since 1930s, ZnO has been most widely used as a root canal
filling material.**®

It has been reported that nanosize materials play a signifi-
cant role in the regenerative endodontic field and disinfection
of the root canal space. It is known that ZnO is nearly insoluble
in water due to high polarity; therefore, nanostructures of ZnO
might be helpful to overcome this limitation. ZnO NPs can have
selective toxicity to bacteria and antibacterial effects on
numerous Gram positive/negative bacterial strains.’® Further-
more, ZnO NPs are known as one of the important antibacterial
NPs with minimal effects on human cells. The antibacterial
properties of ZnO NPs depend on their concentration, conse-
quently, higher levels, resulting in the maximum antibacterial

View Article Online

Review

effect. In addition, smaller NPs have more antibacterial prop-
erties when in contact with an aqueous medium.'**'** Some
studies showed positive results in the incorporation of ZnO NPs
into the root canal sealer, such as using chitosan-ZnO NPs in
endodontic disinfection and ZnO-graphite-type carbon NPs in
endodontic regeneration.*****

Table 3 summarizes the number of studies examining the
use of ZnO NPs in root canal infections. Antibacterial properties
of ZnO NPs against Enterococcus faecalis biofilm to disintegrate
the biofilms within the root canal system have attracted
considerable attention during recent years.'*

Shrestha et al. demonstrated that Chitosan and ZnO NPs had
strong antibacterial activity against E. faecalis."*® Paul contrib-
uted to the antimicrobial properties of ZnO NPs against E. fae-
calis penetrating into dentinal tubules.* They found that NPs
could eliminate the planktonic E. faecalis and reduce the bio-
film thickness."™ Samiei et al. contributed to ZnO NPs,
a mixture of ZnO and CS NPs (CS/ZnO-NPs), and ZnO NPs with
multilayered coating of CS (CS-layer-ZnO-NPs). They reported
that the root canal surface treated with cationic antibacterial
NPs, including ZnO-NP, CS/ZnO-NP, or CS-layer-ZnO-NP could
reduce the adherence of E. faecalis to the NPs-treated dentin.**
According to Shayani Rad et al the micro leakage and

Table 3 Summary of studies that evaluated application of ZnO NPs endodontic

Formulations NPs Applications

Findings Ref.

ZnO NPs-Gt microparticles

ZnO NPs

ZnO NPs-Gt microparticles

ZnO pulp canal sealer-ZnO/Ag NPs

ZnO NPs-AH26/ZOE sealer

Pure ZnO and ZnO:Ag NPs-gelatin

ZnO NPs

21196 | RSC Adv, 2021, 11, 21189-21206

- Evaluation of the antibacterial
effect and biocompatibility of zinc
oxide (ZnO) NPs and graphite-type
carbon (Gt) microparticles as
endodontic materials

- Enhance the antibacterial activity

- Evaluation of the antibacterial
effect and biocompatibility of zinc
oxide (ZnO) NPs and graphite-type
carbon (Gt) microparticles as
endodontic materials

- Measuring the depth of tubular
penetration of zinc oxide based pulp
canal sealer when mixed with zinc
oxide NPs

- Evaluating the sealing ability

- Preparing suitable sealer to
decrease the microleakage of the
root canals as well as having good
antibacterial property

- Evaluation of ZnO NPs compared
to NaOCL/EDTA treatment in
eliminating E. faecalis form infected
root canals

- ZnO improved wound healing by
enhancing tissue regeneration

- ZnO nano-powder can be used as
a potential material in the
regenerative endodontic field

- ZnO and Gt powders have an
efficient antibacterial activity

- ZnO NPs sealer had higher
antimicrobial properties compared
to AH26

- ZnO improved wound healing by
enhancing tissue regeneration

- ZnO nano-powder can be used as
a potential material in the
regenerative endodontic field

- ZnO and Gt powders have an
efficient antibacterial activity

- Incorporation of NPs improved
the flow properties of the
endodontic sealer materials

- The synthesized ZnO NPs sealers
were suitable in root canal therapy
to prevent leakage

- The synthesized pure ZnO and
ZnO:Ag nanopowders exhibit better
microleakage and antibacterial
properties in comparison with ZOE
and AH26 sealers

- The ZnO NP were significantly
more effective at killing bacteria in
the dentinal tubules than the
NaOCl/EDTA treatment

113

115

116

112
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antibacterial properties of ZnO nanopowders, silver-ZnO
nanopowders, zinc oxide eugenol (ZOE) and epoxy resin sealer
(AH26) were compared to each other.**?

ZnO and ZnO/Ag nanopowders showed better microleakage
and antibacterial properties than ZOE and AH26 sealers. In
addition, the nano-ZnO sealer showed higher antimicrobial
properties than two common endodontic sealers AH26 (resin-
based) and Pulpdent (ZOE-based) did against E. faecalis, E.
coli, C. albicans, S. mutans, and S. aureus."> Although, incor-
poration of ZnO NPs improved the properties of the
endodontic sealer materials and could be considered a poten-
tial material in regenerative endodontic field, further valida-
tion studies are needed to verify their safety regarding
prolonged exposure.
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5.3. Oral implantology

Orthopedic or dental implants have been successfully employed
to replace dental elements.'”” Orthopedic and dental implant
failures are one of the most serious complications after surgery
that occur due to oral biofilms consisting mainly of Strepto-
coccus spp. accumulated on implants.**®'*°

NPs play a key role in the development of dental implants.
NPs can be used to improve the bone incorporation of dental
implants and soft tissue integration.®® Implants can either be
coated or impregnated with metallic NPs as efficient antimi-
crobial agents to prevent dental implant failure.*** Chemical
modifications on implant surfaces have been performed in
order to minimize effects of preventing the dental implant
failure.**

120

Table 4 Summary of studies that evaluated application of ZnO NPs in oral implantology

Formulations NPs Applications

Findings Ref.

ZnO NPs

implant
ZnO NPs-Ti films on Si
substrates

- Evaluate the antibacterial activity of ZnO NPs
against isolates from internal cavity of dental

- Evaluate the antibacterial and biocompatible
nanocomposite for dental implant applications

- ZnO NPs were effective against bacteria isolated 128
from internal cavity of dental implant

- The strongly inhibit the growth of both 124
Staphylococcus aureus and Escherichia coli observed

- The superior adhesion and proliferation ability on

the nC-titania-zinc-oxide coated substrates as

compared to uncoated ones observed

ZnO NPs deposited on Ti

PEEK/ZnO composites

PSA-ZnO-SiO,-DMH NPs
on Ti implant

ZnO on carbon nanotubes/
chitosan modified Ti

ZnO NPs-hydroxyapatite
coated onto Ti discs

ZnO NPs and
nanohydroxyapatite onto
the surface of glass
substrates

Graphene/ZnO
nanocomposite

Coated implants with ZnO
and WO; NPs

- Evaluate the corrosion resistance of ZnO NPs
deposited on commercial pure titanium
implants

Enhancing the mechanical performance of
poly(ether ether ketone)/ZnO nanocomposites
to provide promising biomaterials for
orthopedic implants

- Enhancing antibacterial ability of Ti implants
against both Pseudomonas aeruginosa (P. au),
Escherichia coli (E. coli) and Staphylococcus
aureus (S. aureus)

Biofunctionalization of carbon nanotubes/
chitosan hybrids on Ti implants deposited ZnO
nanostructures

- Determine the antibiofilm activity of
nanoparticulate coated titanium (Ti) dental
implant as coating materials

- ZnO NPs material for dental implants to
inhibit bacterial adhesion and promote
osteoblast growth

- The potential of graphene/ZnO
nanocomposite (GZNC) film protects dental
implant surfaces against the cariogenic
propertties of Streptococcus mutans

- The anti-biofilm behavior of artificial acrylic
teeth surfaces coated with GZNC

- Evaluate the antibacterial activity against
Staphylococcus aureus, Escherichia coli,
Staphylococcus epidermidis and Pseudomonas
aeruginosa

© 2021 The Author(s). Published by the Royal Society of Chemistry

- ZnO functionalized samples have improved anti-
corrosive properties

- PEEK/ZnO composites were good candidates for
orthopedic materials and trauma implants

- Novel surface system provided a promising self-
antibacterial bioplatform for metallic implants
without using antibiotics

- CNTs can strengthen the antibacterial activity
against E. coli and S. aureus by 8% and 39%,
respectively

- CS can improve the cytocompatibility of CNTs and
ZnO

- Coating Ti dental implant surfaces with ZnO NPs
to provide an antimicrobial function

- 100% ZnO NPs and 75% ZnO NPs/25%
nanohydroxyapatite composite coated substrates
have significant antimicrobial activity

- ZnO NPs can, on its own, provide an optimal
coating for future bone implants that are both
antimicrobial and biocompatible

- Significant reduction in biofilm in the presence
GZNC

- The potential of GZNC as an effective coating
agent for dental implants by efficiently inhibiting S.
mutans biofilms

- ZnO was more bactericidal than WO;

RSC Adv, 2021, 1, 21189-21206 | 21197
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Recent studies have indicated that the use of ZnO NPs as
suitable candidates for coating of dental implants due to
their unique properties has attracted considerable atten-
tion.” Titanium based materials have been extensively
employed for dental implants owing to their ability.""’

Abdul Kareem et al. coated ZnO, hydroxyapatite, and
a combination of (ZnO + HA) NPs onto Ti discs, and contributed
to the antibiofilm activity of NPs. They found that the non-viable
microorganisms concentrations were higher on ZnO NPs and
composite (ZnO NPs + HA NPs) coated surfaces compared to HA
NPs coated and uncoated titanium.”® Trino et al. performed the
functionalization of chemical modifications on commercial
pure titanium with four different bifunctional organic mole-
cules by HA NPs to minimize effects of corrosion in dental
implant. The ZnO functionalized samples improved the anti-
corrosive properties.'”* Previous studies indicated that coating
of dental implant with ZnO NPs could improve the physical
properties consisting the bone incorporation of dental
implants, the osteogenic potential of implants, and the fixation
of implants.*'7:120124

Mixtures of ZnO NPs and nano hydroxyapatite have been
reported to modify the surface of glass substrates as innovative
coating materials to decrease the bacterial adhesion and
support the osteoblast growth onto the surface of glass
substrates for dental implants by the electrohydrodynamic
atomization method to deposit mixtures. The results revealed
that ZnO NPs and ZnO/nano-hydroxyapatite coated substrates
had considerable antimicrobial activity and implant-bone
bonding characteristics. In addition, the substrate exclu-
sively coated with ZnO NPs showed more efficiency than the
one with composite surface coatings.'*

Goel et al. studied the microstructural, wetting, biolog-
ical, and topological properties of co-sputtered titania-ZnO
nanocomposite thin films to enhance the bonding of
metallic fixture with bone and reported that both S. aureus
and E. coli growth were markedly inhibited.*** The results are
similar to the findings of Kulshrestha et al. who demon-
strated the potential of graphene/ZnO nanocomposite as
a coating for dental implants against the cariogenic proper-
ties of S. mutans."*® Modified titanium implant materials, by
building a hybrid system composed of N-halamine and ZnO
NPs on titanium, showed a superior antibacterial action
against P. aeruginosa, E. coli and S. aureus without using
antibiotics."* Poly(lactic-co-glycolic acid)/Ag/ZnO nanorods
coating on the surface of Ti metallic implants using
a hydrothermal method and subsequent spin-coating of
mixtures of poly(lactic-co-glycolic acid) and Ag NPs have been
shown to exhibit excellent self-antibacterial potential against
both S. aureus and E. coli, good cytocompatibility and good
biocompatibility.**® Therefore, researchers have attempted
to modify dental implants with ZnO NPs as multifunctional
inorganic NPs to improve osteogenesis inducing ability to
inhibit bacterial colonization.'**'*” Table 4 summarizes
studies in the field of application of ZnO NPs in oral
implantology.
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5.4. Periodontal

Periodontal disease has increased in the last two decades as
a prevalent bacterial-mediated inflammatory disease.™’ It is one
of the major public health problems caused by local accumu-
lation of bacteria and their metabolic products in the region
between the teeth and the gums and consequently leads to
destructions at tooth-supporting tissues, including gums, alve-
olar bone, periodontal ligament and cementum.™***

Nanodentistry can provide useful solutions to treat peri-
odontal disease.** Therefore, many nanoscale systems have
been expanded to treat periodontal disease efficiently."** Metal
oxide NPs as antimicrobial agents have excellent potential for
periodontal therapy to improve its therapeutic efficacy. ZnO NPs
properties exhibit good features among other NPs, including
strong antimicrobial activity."* Since 2010, much research has
been conducted on the application of the ZnO NPs treatment in
periodontal disease (Table 5).

Tissue regeneration is highly influenced by the lack of
infection, and therefore, incorporation of antimicrobial agents
such as ZnO NPs into guided tissue/bone generation
membranes (GTR/GBR) can be utilized as a good barrier to
prevent Porphyromonas gingivalis colonization, which is
commonly involved in periodontitis.*****¢

Miinchow et al. successfully incorporated ZnO NPs and
gelatin into PCL-based electrospun membranes.'*® They inves-
tigated the materials characterization, antibacterial activity and
cytocompatibility of these membranes in periodontal tissue
regeneration. They reported that all ZnO-containing
membranes demonstrated satisfactory cytocompatibility and
antibacterial activity, but the mechanical properties of ZnO-
containing membranes were decreased, except for membranes
containing ZnO at the 30 wt% concentration.”*® In addition,
they revealed that the presence of 30 wt% ZnO led to decreased
viability. However, another study suggested that the cytotoxicity
of ZnO NPs on fibroblasts influenced by concentration and
duration of exposure and ZnO NPs had good toxic effects on
both of the primary fibroblastic cells at concentrations of 50-
100 lg mL~1.%%7

Dias et al. studied the addition of two antibacterial agents,
oxytetracycline hydrochloride (OTC) and ZnO to poly-
caprolactone (PCL) nanofibers to treat periodontal diseases.'**
They found that polycaprolactone (PCL) nanofibers loaded with
OTC and PCL loaded with OTC-ZNO displayed good antibac-
terial activity against a mixed bacterial culture, and PCL-OTCz
nanofibers showed considerable potential as a drug delivery
system to treat periodontal diseases.'*

A serum albumin microsphere containing minocycline and
ZnO NPs has been prepared and incorporated into a Carbopol
940VR hydrogel to investigate the ability of gingival tissue self-
repairing. They reported that the hydrogel exhibited excellent
physicochemical properties and better antibacterial activity
when concentration of ZnO NPs was over 0.2 mg mL™*.**® Bot-
tino developed bioactive poly(e-caprolactone) (PCL) and PCL/
gelatin (PCL/GEL) scaffolds loaded with distinct concentra-
tions of ZnO NPs for periodontal regeneration. Finally, the
potential of all ZnO-containing membranes as antibacterial

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Summary of studies that evaluated application of ZnO NPs in periodontal

Formulations NPs Applications Findings Ref.
PCL loaded with OTC-ZnO - Develop the PCL-OTC-ZnO nanofibers for - PCL-OTC-ZnO nanofibers were non-cytotoxic 133
NPs use in the treatment of periodontal diseases - The PCL-OTCz nanofibers developed have
great potential as a drug delivery system for the
PD treatment
- PCL-OTCz exhibited excellent activity against
a mixed bacterial culture
PCL-ZnO NPs - Evaluation of the osteoconductivity and - The engineered membrane exerts both 140
antibacterial properties osteoconductive and antibacterial properties
- Demonstrating its great potential for
periodontal tissue engineering
Sealer incorporated with - Evaluation of the antimicrobial efficacy of - After three weeks from obturation, silver NPs 141
Ag-ZnO NPs ZnO based sealer incorporated with silver had a superior antibacterial effect, but after one
and zinc oxide NPs compared with simple week of obturation there was no significant
zinc oxide sealer against Enterococcus faecalis difference between the groups
ZnO NPs - Estimate the effect of ZnO NPs on salivary - Increasing salivary activity in presence of ZnO 135
AST activity in chronic periodontitis patients NPs
ALP, AST-ZnO NPs - Determine of kinetic study of ALP, AST and - The activity of salivary AST was increased in 142
peroxidase in presence and absence of ZnO presence of ZnO NPs
NPs in saliva of chronic periodontitis - The inhibited effect of ZnO NPs on both
patients salivary ALP and peroxidase activities was
confirmed
PCL/gelatin-ZnO NPs - The synthesis of bioactive scaffolds for - PCL/GEL-based membranes containing a low 139
periodontal regeneration and \development content of ZnO NPs can potentially function as
of a cell-friendly disinfection strategy a biologically safe antimicrobial membrane for
through the fabrication of drug delivery guided tissue/bone regeneration with
systems satisfactory cytocompatibility
ZnO NPs-gelatin-PLC - Evaluate the antimicrobial capacity and - The mechanical properties of the membranes 130

membrane

cytocompatibility of ZnO-loaded membranes

were reduced upon ZnO incorporation, except

for periodontal regeneration

agents was reported. They showed that the antibacterial activity
was increased with increasing the ZnO content.”® Nasajpour
et al. developed poly(caprolactone) (PCL) composite membrane
containing ZnO NPs to increase the osteoconductive ability,
antibacterial activity, and flexibility for periodontal tissue
regeneration.”® In the last decade, increased research was
conducted on the application of NPs in periodontal
applications.

5.5. Prosthodontics

In prosthodontics, both dental prosthesis and denture appear
to have a significant impact on improving the quality of oral
health care.”® In the past few years, the trends have shifted
toward denture base materials in the field of prosthodontics. In
general, three main types of denture materials, including metal
alloys, ceramics, and plastics have been regarded to produce
complete dentures.**

Polymethyl methacrylate (PMMA), also called “acrylic glass”,
is one of the most widely used materials in dentistry for the
fabrication of complete and partial removable dentures owing

© 2021 The Author(s). Published by the Royal Society of Chemistry

for PCL-based membranes containing ZnO at
the 30 wt% concentration

- All ZnO-containing membranes displayed
antibacterial activity

- All membranes synthesized demonstrated
satisfactory cytocompatibility, although the
presence of 30 wt% ZnO led to decreased
viability

to its biocompatibility, ease of processing, and passable
mechanical properties.*****® It has been used as an essential
part of prosthodontics practice since 1937.*** The thermal and
mechanical properties of the PMMA composites were improved
with the filler of ZnO NPs.'*®

The major drawback of this material is easy accumulation of
denture plaque on its surface due to properties such as surface
roughness and apparent porosity.**>**® Denture stomatitis is
one of the most common clinical problems for complete
denture wearers that are derived mainly from Candida albi-
cans.**> Many researches have been developed on NPs to
modify the chemical composition of PMMA.*** Moreover, NPs
can increase the PMMA surface tension when they are implan-
ted in a matrix of PMMA."°

Incorporation of NPs, such as zinc oxide, titanium dioxide,
and barium sulfate, into resin is an efficient procedure to
reduce Candida adhesion to repaired PMMA denture bases and
removable prosthesis.'*>'*** Anaraki et al. investigated the anti-
fungal ability of ZnO NPs in PMMA against C. albicans and Ag
NPs in PMMA.*” Ag and Zno NPs could significantly decrease

RSC Adv, 2021, 11, 21189-21206 | 21199
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Table 6 Summary of studies that evaluated application of ZnO NPs in prosthodontics
Formulations NPs Applications Findings Ref.
Nanocomposites PMMA- - Antifungal properties for denture - Antifungal properties increase with increasing 148
ZnO NPs stomatitis treatment and prevention concentration of ZnO-NPs
MDX4-4210 silicone - Evaluation of color change of MDX4-4210 - Incorporation of 1.5% of nano zinc oxide can 153
prostheses-ZnO NPs facial silicone elastomer improve the color stability of silicone prosthesis
CuO and ZnO NPs - The effect of ZnO- and CuO-NPs on oral - The strong bactericidal action of CuO and 69
cavity bacteria on acrylic dentures ZnO-NPs
- Significant reduction in the oral bacterial
PMMA-ZnO - Evaluation of cytotoxicity and release of - Significant antifungal effect on 81
nanocomposites PMMA-ZnO nanocomposites designed for microorganisms without exerting a cytotoxic
denture bases effect
PMMA-Ag/ZnO NPs - Evaluation of antifungal effects of Ag/ZnO - Ag/ZnO NPs could significantly decrease 147
NPs in acrylic resin population of C. albicans
PMMA-ZnO NPs - Evaluation of the flexural strength of - The addition of ZnO NPs in all concentrations 154
PMMA-ZnO NPs increased the flexural strength of PMMA-ZnO
NPs
ZnO NPs-denture base - Evaluation of thermal diffusivity of ZnO - ZnO NPs improve the thermal diffusivity of 155
material NPs on flexible denture base material flexible denture base material
PMMA-ZrO,/ZnO NPs - The influence of ZrO,/ZnO NPs on - The addition of ZrO,/ZnO NPs increase 156
properties of PMMA denture base thermal conductivity, completion strength and
a decrease roughness
PMMA-ZnO NPs - Investigate the antifungal activity of ZnO - The first successful attempt to produce PMMA 46
NPs against C. albicans for the production of resin for bases of dentures modified with ZnO
denture bases NPs
Tissue conditioner-ZnO- - Evaluate the antibacterial and antifungal - Inhibition of bacterial proliferation 157
Ag NPs properties of a tissue conditioner used in
complete dentures
PMMA-metal oxides - Prevention of Candida colonies on PMMA - Significant influence of nanocomposites 158
nanomaterials denture base by altering the surface and PMMA-ZnO-NPs on C. albicans solution
incorporations of NPs - The effectiveness of sputtering of ZnO NPs on
the PMMA
PMMA/ZnO NPs - Reinforcement of PMMA denture base - The addition of ZnO NPs improve the 159

resin with ZnO NPs

the population of C. Albicans, but Ag NPs showed higher anti-
fungal activity than ZnO NPs.'” Cierech et al. examined the
antifungal ability of both nanocomposites PMMA-ZnO-NPs and
PMMA-coated ZnO NPs. They found that such a modification
considerably improved the activity of the nanocomposite, and
antifungal properties were increased with increasing the
concentration of ZnO NPs.*® According to Cierech et al. zinc
oxide released from the denture to the oral environment would
induce antifungal effects on microorganisms without exerting
cytotoxic effects on the host cells.** Cierech et al. demonstrated
that the increased hydrophilicity and hardness with absorb-
ability within the normal range can explain the reduced
microorganisms' growth on the denture base.'**

Tabrez Khan et al. demonstrated the effect of ZnO and CuO
NPs on oral cavity bacteria and assessed the inhibition of bio-
film formation on different matrices such as glass, polystyrene
plates, acrylic dentures. The CuO and ZnO NPs showed
considerable inhibitory activity on oral bacteria and biofilm
formation.”” Biocompatibility and antibacterial activity of
a hybrid biomaterials based on self-polymerizing resin used in
prosthodontics were improved by modifying the resin with zinc
oxide/chitosan and Ag/zinc oxide/chitosan composite NPs."**

21200 | RSC Adv, 2021, 1, 21189-21206

mechanical and thermal properties of denture
base materials
- Improve in flexural strength

The applications of ZnO NPs in the modification of dentures
or of implant surfaces, and consequently the continuous
contact of the organism with these NPs might have a potential
impact on human health. Pokrowiecki et al. investigated the
stability and behaviour of ZnO and Ag nanoparticle (NP)
compounds in saliva based when used against of oral Gram-
positive and Gram-negative bacteria. They found that all NPs
suspensions displayed significant destabilisation and high
destabilisation over the 24 h of the analyses. The agglomeration
processes of NPs in human saliva can be reversible.*>*

Impregnation of metallic NPs such as ZnO NPs into PMMA
can improve the physical, mechanical, microbicidal and anti-
fungal properties of the resin.**” The previous research exhibi-
ted that incorporation of ZnO NPs at 2.0 to 2.5% by weight into
silicone could improve the mechanical properties, including
hardness, tensile and strength.***

Popovi¢ synthesized a new composite material containing
PMMA and ZnO NPs to identify its properties and behavior of
modified PMMA. The ZnO NPs in the matrix of PMMA led to an
increase of density owing to the reduced presence of residual
monomers.” Charoenkijkajorn and Sanohkan indicated that
addition of 0.5 to 2.0% of ZnO NPs remarkable decreased the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 7 Summary of studies that evaluated application of ZnO NPs in orthodontics

Formulations NPs Applications Findings Ref.
Light cure glass ionomer - The effect of addition of zinc oxide on the - The shear bond strength decreases as the 175
cement containing ZnO shear bond strength of the bonding material concentration of ZnO increases
- The antimicrobial effect of zinc oxide when - The antimicrobial effect of zinc oxide lasts at
incorporated into an orthodontic bonding least for 1 month
material against S. mutans - Zinc oxide powder when added to GIC
produces antimicrobial effect, which increases
as the concentration of zinc oxide is increased
Transbond ™ XT adhesive - The antibacterial properties of orthodontic - The incorporation of these NPs (Ag, ZnO, and 165
containing ZnO NPs adhesive primer against S. mutans after TiO,) into Transbond ™ XT adhesive primer
adding the three different types of NPs (Ag, helps to enhance the antibacterial properties of
ZnO, or TiO,) primer against the S. mutans
Orthodontic adhesive - Evaluate the antimicrobial properties of an - Adhesive with 7.5% wt. cCur/ZnONPs showed 166
incorporating cCur/ZnONPs orthodontic adhesive incorporating cationic the highest concentration of cCur/ZnONPs and
curcumin doped zinc oxide NPs (cCur/ shear bond strength value
ZnONPs) against cariogenic bacteria - The photo-activated 7.5% wt cCur/ZnONPs can
including S. mutans, S. sobrinus, and L. serve as an orthodontic adhesive additive to
acidophilus control the cariogenic multispecies biofilm
Stainless steel orthodontic - Evaluate frictional forces by coating - The frictional force coated wire and bracket 170
wire and bracket coated with orthodontic wires and porcelain brackets (3.07 £ 0.4 N) was the highest
ZnO NPs with zinc oxide NPs - Coating of porcelain bracket surfaces with ZnO
NPs can decrease friction in the sliding
technique
Adhesives incorporated with - Investigate the influence of silver (Ag), zinc - Incorporation of various NPs into adhesive 162
Ag, ZnO, and TiO, NPs oxide (ZnO), and titanium dioxide (TiO,) NPs materials in minimal amounts may decrease
on shear bond strength SBS and may lead to the failure of bracket or
adhesive
NiTi orthodontic wires coated - Friction-reducing and antibacterial coating - Stable and well-adhered ZnO coating on the 171
with ZnO NPs with zinc oxide (ZnO) NPs on nickel-titanium NiTi wires was obtained
(NiTi) wire - The coated wires presented up to 21%
reduction in the frictional forces and
antibacterial activity against Streptococcus
mutans
- ZnO nanocoating significantly improved the
surface quality of NiTi wires
Brackets coated with ZnO, CuO - Comparison of antibacterial effects of ZnO - The growth of S. mutans was significantly 168
NPs and CuO NPs coated brackets against reduced by ZnO NPs in comparison with the
Streptococcus mutans control group
- CuO and ZnO-CuO NPs coated brackets have
better antimicrobial effect on S. mutans than
ZnO coated brackets
RMGICs-ZnO NPs - Evaluate the shear bond strength of resin- - Adding 2% NZnO and 5% NHA particles to 174
modified glassionomer cements (RMGICs) RMGICs had no negative effect on their SBS in
modified by nano-zinc oxide (NZnO) and comparison with composite resin
nano hydroxyapatite (NHA) in comparison - RMGICs can be as effective as composite
with composite resins resins for bonding of metal brackets to enamel
surfaces
Dental composite - Antibacterial effectiveness of adding ZnO - A mixture of ZnO-NPs and CS-NPs has induced 164
incorporated with ZnO- and chitosan NPs used in dental composite an antibacterial activity in resin composite;
chitosan NPs for orthodontic against Streptococcus mutans, especially in 10% weight concentrations
Streptococcus sanguis and Lactobacillus
acidophilus grown
Polymer adhesives containing - Examine photoluminescent and - Safer and complete removal of orthodontic 172
the ZnO:Eu*" NPs mechanical properties of polymerized adhesives after orthodontic treatments
adhesive containing the ZnO:Eu®" NPs - Feasible incorporation of Eu**-doped ZnO NPs
into orthodontic adhesives
Nano-ZnO incorporated titania - Evaluate the anticorrosive and - The incorporation of nano-ZnO in the titania 167

composite

antibacterial applications

© 2021 The Author(s). Published by the Royal Society of Chemistry

coating can improve the corrosion resistance
and antibacterial activity of the coating due to
the synergistic actions of both titania and ZnO,
with special reference to orthodontic
applications
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color change of the silicone elastomer, and addition of 1.5% of
ZnO NPs could improve the color stability of silicone
prosthesis.**

Moreover, Cierech et al. investigated the final ZnO NPs
concentration on cytotoxicity and ZnO NPs released from
PMMA-ZnO nanocomposites and the ZnO NPs layer produced
on pure PMMA before being used as an alternative material for
denture bases.** Summary of studies examining use of ZnO NPs
in prosthodontics applications are shown in Table 6.

Therefore, many attempts have been made to modify the
chemical composition of denture resins by NPs in order to treat
and prevent denture stomatitis in patients vulnerable to this
disease.

5.6. Orthodontics

Nanoparticles can be incorporated into various aspects of
orthodontics to enhance the quality of treatment.**® Excellent
properties of NPs make them applicable as nano-coated arch-
wires.'* orthodontic adhesives,'*> orthodontic brackets.'**
Nanoparticles can be well coated on to the surfaces of ortho-
dontic appliances in order to reduce microbial adhesion and
enamel demineralization.'*"**> Both orthodontic attachments
and bonding materials such as the resin orthodontic brackets
for bonding may provide a platform for microbial plaque to
accumulate, and consequently incidence of white spot lesions,
enamel demineralization and tooth decay that are an unac-
ceptable in results of orthodontic treatment.***

Addition of antimicrobial agents to orthodontic material can
minimize enamel demineralization.'® Antimicrobial NPs like
ZnO NPs are used mostly in orthodontic applications, including
nano-adhesives, composites and GICs.'** Table 7 summarizes
studies examining the use of ZnO NPs in orthodontic
applications.

Mirhashemiet et al. examined the inhibition of L. acid-
ophilus, S. sanguis and S. mutans biofilms using ZnO NPs and CS
NPs blended with orthodontic composite, which showed
increased antibacterial activity in the resin composite, especially
in 10% weight concentrations.***

The antimicrobial activity of an orthodontic adhesive
incorporating cationic curcumin (Cur) doped ZnO NPs was
evaluated by Pourhajibagher et al. They reported that Cur/ZnO
NPs could be used as an orthodontic adhesive to control the
cariogenic multispecies biofilm, and to reduce their metabolic
activity.'*® Shibli et al. reported high corrosion resistance and
antibacterial activity were reported for ZnO NPs incorporated
nanotitania coating.'” In addition, the ability of ZnO NPs to
reduce demineralization and enhance remineralization has
been proven.'**

Ramazanzadeh et al. investigated the antibacterial effects of
coated brackets with ZnO and CuO NPs on S. mutans to decrease
the risk of caries around the orthodontic brackets during the
treatment.’® The ZnO-CuO NPs coated brackets exhibited
better antimicrobial effect on S. mutans than ZnO coated
brackets,*®® and after two hours the number of bacteria were
reduced to zero in ZnO-CuO NPs coated brackets. Nowadays,
there is an increased trend to use ceramic brackets instead of
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steel brackets, but these brackets generate more friction resis-
tance than steel brackets."”

Numerous studies have been conducted to coat stainless
steel wires with ZnO NPs to determine the friction between
wires and orthodontic brackets.'®>'7%*7*

Behroozian et al. reported that the coating of porcelain
bracket surfaces with ZnO NPs could reduce friction in the
sliding technique, and they did not recommend wire coating
combined with bracket coating due to its effect on friction."”®
Kachoei et al. investigated the antibacterial characteristics of
orthodontic wires and brackets when coated with ZnO NPs.
They found that the frictional forces of coated wires were
decreased, and their antibacterial activity against S. mutans was
increased.'*

Nano-adhesives are used for bonding orthodontic applica-
tions with several advantages such as longer shelf life, higher
dentin and enamel bond strength, higher stress absorption and
durable marginal seal.’®* Khatria et al. evaluated Eu®* doped
ZnO NPs as an orthodontic adhesive to make them visible for
complete removal after orthodontic treatment.'”” Recently, it
has been shown that bacterial adhesion to chitosan (CS) and
ZnO NPs is less than that of conventional composites. Studies in
the literature established that addition of titanium dioxide, zinc
oxide, and silver NPs to adhesive materials in minimal amounts
might decrease shear bond strength and lead to the failure of
bracket or adhesive.'®

The use of GICs as orthodontic bonding agents has attracted
researchers’ attention.™® Jatania et al. concluded that improved
antibacterial properties were seen in ZnO NPs added to an
orthodontic bonding material. They showed that the shear
bond strength was decreased when the concentration of ZnO
was increased.'”® However, other studies have reported that ZnO
NPs improve the physical properties and flexural strength of
GICs, since these particles bind to the polyacrylic liquid of
GICs."* ZnO NPs can be widely used in orthodontic applica-
tions for better treatment, including improved strength of
utilized materials, and reduced microorganisms.

6. Conclusion

Nanotechnology and its role in caries therapy are an integral
part of ongoing from efficacy research. Nanomaterials used in
dental materials are more efficient than conventional materials.
As shown above, ZnO NPs are biocompatible, biosafe, and
nontoxic metal oxide NPs and act as a strong antibacterial agent
against a broad range of bacteria (Gram-positive and Gram-
negative) and fungi. Several studies have demonstrated that
ZnO NPs possess an inhibitory effect against A. hydrophila, B.
subtillis, E. faecalis, E. coli, S. typhimurium, S. Aureus, S. enter-
itidis, S. pyogenes, L. monocytogenes, K. pneumonia, and P. aeru-
ginosa. Generally, size, shape, dissolution, surface charges,
aggregation, and concentration are the key factors playing
a crucial role in the synthesis of ZnO NPs. The antibacterial
properties increase with increasing the surface area. Still many
problems related to targeted delivery and toxicity need to be
solved. Moreover, further studies are needed to investigate the
ZnO NPs release and long-term properties of new ZnO NPs

© 2021 The Author(s). Published by the Royal Society of Chemistry
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containing dental materials. According to studies, the disper-
sion of ZnO NPs in resin and composites can increase their
flexural strength, decrease the shear bond strength, and
decrease the compressive strength. Thus, it is important to find
a balance between antimicrobial capability and mechanical
properties, and more in vivo experiments are required in this
regard.
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