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ano-materials in diverse dentistry
regimes
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Research and development in the applied sciences at the atomic or molecular level is the order of the day

under the domain of nanotechnology or nano-science with enormous influence on nearly all areas of

human health and activities comprising diverse medical fields such as pharmacological studies, clinical

diagnoses, and supplementary immune system. The field of nano-dentistry has emerged due to the

assorted dental applications of nano-technology. This review provides a brief introduction to the general

nanotechnology field and a comprehensive overview of the synthesis features and dental uses of nano-

materials including current innovations and future expectations with general comments on the latest

advancements in the mechanisms and the most significant toxicological dimensions.
1. Introduction

Nowadays, nanotechnology has been integrated into different
areas of science as it provides various signicant ways to meet
scientic and medical problems. Nanotechnology, which is
a branch of technology, works in the dimensions of less than
100 nm. It includes objects such as viruses of about 100 nm size
down to glucose molecules of about 1 nm size. Therefore, it
includes the study of structures at the molecular and atomic
scales.1–4 Assorted nano-materials may be categorized on the
basis of their morphology and the presence of nano-pores,
which is exemplied by dendrimers, nano-tubes, quantum
dots, liposomes, nano-rods, nano-wires, fullerenes, nano-
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versity, Šlechtitelů 27, 783 71 Olomouc,

mprehensive Center, Kerman University of

5460
spheres, nano-belts, nano-rings, nano-shells, and nano-
capsules (Fig. 1).

Most of the works that have been reported during the last 20–
30 years have focused on nanoparticles; thus, it is clear that
there is a great interest in nanotechnology and the features of
the materials at these scales. For example, nanotechnology can
measure the surface area of 1 g of a powder at different spher-
ical sizes, and these data show that the surface area per gram
rises exponentially below �100 nm. This leads to a change in
the phase of these materials such as the increase in the surface
energy per gram of the material. This massive increase in the
surface area can be applied for different purposes.5–10

Teeth within the oral cavity have various parts such as dentin,
enamel, cementum, pulp, and periodontal ligament. Teeth cut and
crush food to make it easy to swallow and digest. Furthermore,
teeth empower self-condence and improve the quality of life.
Therefore, the loss of teeth due to a disease or decay can affect the
eating pattern, speaking, or laughing. Thus, dentistry provides a lot
of methods for protecting teeth.11–14 These efforts suffer from key
disadvantages, which require more efficient strategies and novel
technologies in contemporary dentistry.15–18

Nanoparticles, unlike other biomaterials, present distinct
biological properties and can be used in novel applications in
restorative dentistry, prosthetic dentistry, endodontics,
implantology, oral cancers, and periodontology. Nanoparticles
have immense potential because of their antimicrobial, anti-
viral, and antifungal properties. The incorporation of nano-
particles prevents biolm build up over the composite, which
avoids micro-leakage and secondary caries.19–21 These nano-
particles enhance the mechanical properties of a restorative
material and improve the overall bonding between dentin and
biomaterials, thus affecting the bond strength. Nanoparticle-
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Representative structures of some nano-materials: (a) nanorings,228 (b) nanopellets,229 (c) nanorods,230 (d) nanosprings,228 (e) nanonails,231

(f) nanoflower.232
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incorporated adhesive systems can be applied in orthodontic
treatments to prevent white spot lesions. In vitro research has
shown that these nanoparticles prevent crack propagation and
improve the fracture toughness with dental ceramics, which
negates the cracking of the porcelain restorations such as
crowns, bridges, and veneers.22–25 Although it is clear that
nanoparticles can be effective due to their incorporation with
dental biomaterials, to use them for clinical applications, in vivo
results with long-term data are necessary. Besides the benets
of nanoparticles, the research on long-term in vivo results,
methods of nanoparticle incorporation and characterization,
and data on their long-term antibacterial action is needed for
clinical applications.26–29

This paper provides an overview of the various kinds of nano-
materials, their synthetic techniques, and characteristics
including the science, implications, and up-to-date uses of
nano-technology in dentistry. Novel designed materials intro-
duced in the market as well as the summary of the contribution
of dentists to the understanding of clinical relevance and effi-
ciency of nano-materials is compared with those currently
deployed in clinical practices.
2. Classification of nano-materials

The general classication of nano-materials comprising
organic, inorganic, and carbon-based materials is presented
below (Scheme 1).
2.1. Organic nano-materials

Organic nano-materials or polymers usually encompass den-
drimers, micelles, liposomes, ferritin, etc., which are biode-
gradable and non-toxic. A number of such particles, including
This journal is © The Royal Society of Chemistry 2020
micelles and liposomes, have a hollow core, termed as nano-
capsules that have the sensitivity towards thermal and electro-
magnetic radiations, including heat and light.30 Such specic
features render them a perfect option for drug delivery. Due to
its stability, capacity, and delivery systems, the absorbed drug
system determines the respective type of uses and efficacy,
regardless of the physical properties, including dimensions,
compositions, and surface morphologies. Organic nano-
materials have widespread usage in biomedicine for targeted
drug delivery.31–35

2.1.1. Polymeric nano-materials. This category is usually
for organic-based nano-materials, which basically have nano-
sphere or nano-capsule shapes and can be easily functional-
ized. Nanospheres are matrix particles with overall solid mass
and other molecules are absorbed at the external surface of the
spherical surfaces. Nanocapsules are solid mass thoroughly
encapsulated into the particle.36,37

2.1.2. Lipid-based nano-materials. These nano-materials,
ranging in diameter in between 10 and 1000 nm, include lipid
moieties with effective applications in numerous biomedical
elds. Similar to polymeric nano-materials, they possess a solid
core, which is made of a lipid and also a matrix containing
lipophilic molecules while the emulsiers or the surfactants
stabilize the outer core. They nd varied applications in medi-
cine carriers, delivery, and RNA release for treating cancer.38
2.2. Inorganic nano-materials

Metal and metal oxide-based nano-materials are usually clas-
sied under this category.

2.2.1. Metal nano-materials. These are completely fabri-
cated from metal precursors. In view of their common localized
surface plasmon resonance (LSPR) properties, they enjoy
RSC Adv., 2020, 10, 15430–15460 | 15431



Scheme 1 General classification of nano-materials.
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specic opto-electrical characteristics. Nano-materials of noble
metals such as Ag, Au, and Cu and alkali possess a wide
adsorption peak in the observable region of the electro-
15432 | RSC Adv., 2020, 10, 15430–15460
magnetic solar spectrum; facets, sizes, and shape-monitored
metal nano-materials are highly valued as cutting-edge
advanced materials.39–41
This journal is © The Royal Society of Chemistry 2020
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2.2.2. Metal oxide nano-materials. Mostly, metal oxide
nano-materials are synthesized because of higher reactivity and
effectiveness. Some examples are cerium oxide (CeO2), zinc
oxide (ZnO), aluminium oxide (Al2O3), titanium oxide (TiO2),
magnetite (Fe3O4), iron oxide (Fe2O3), and silicon dioxide (SiO2),
which are frequently synthesized oxides. Such nano-materials
exhibit exceptional features in comparison to their metal
analogues.42,43

2.2.3. Ceramic nano-materials. These are inorganic non-
metallic solids, which are synthesized through heating and
consecutive cooling and exist in polycrystalline, dense, amor-
phous, porous, or hollow forms with applications in catalysis,
photo-degradation of dyes, photo-catalysis, and imaging
applications.44,45

2.2.4. Semiconductor nano-materials. Semi-conductor
materials have features between metals and non-metals, and
because of their broad bandgaps, their features are signicantly
altered as the bandgaps are tuned. Thus, they are highly prominent
materials in photo-catalysis, photo optics, and electronic devices.46
2.3. Carbon based nano-materials

Carbon-based nano-materials can be grouped into fullerenes,
graphene, carbon nanotubes, carbon nanobers, carbon black,
and occasionally, actuated carbon with nanometer size.47

2.3.1. Fullerenes. Fullerene (C60) is a spherical carbon
molecule made up of carbon atoms, which are bonded to each
other via sp2 hybridization with nearly 28 to 1500 carbon atoms,
comprising spherical structures with a diameter of 8.2 nm for
each layer and 4 to 36 nm for the multilayers.48

2.3.2. Graphene. Graphene is one of the allotropes of
carbon. It has a hexagonal network with a honeycomb lattice
consisting of carbon atoms in a 2D planar surface. In general,
the thickness of a graphene sheet is �1 nm.49,50

2.3.3. Carbon nanotubes. Carbon nanotubes are graphene
nano-foils with a honeycomb lattice of carbon atoms, which are
twisted in an empty cylinder, forming nano-tubes that are as
small as 0.7 nm for a one-layered carbon nanotube and 100 nm
for the multilayered carbon nanotubes, which varies from a few
micro-meters to many millimeters. The end of nanotubes may
be unlled or closed via a half fullerene molecule.51–53

2.3.4. Carbon nanober. Similar to graphene, nano-foils are
employed for producing carbon nano-ber as carbon nanotubes
but they are twisted into a cup- or cone-shape rather than
a conventional cylindrical tube.54

2.3.5. Carbon black. It is an unshaped carbon object that is
usually spherical in shape with a diameter in the range of 20 to
70 nm. The particles have a great interaction that leads to
binding of the aggregates so that approximately 500 nm-sized
agglomerates are established.55
3. Synthesis of nano-materials

Two main techniques are deployed for the synthesis of nano-
materials and are broadly classied into top-down and
bottom-up methods (Scheme 2).
This journal is © The Royal Society of Chemistry 2020
3.1. Top-down synthesis

Destructive or top down technique refers to the decrease in bulk
materials to the nano-meter scale particles with mechanical
milling, sputtering, nano-lithography, laser ablation, and
thermal decomposition as the synthetic techniques with wide-
spread applications.

3.1.1. Mechanical milling. Amongst different top down
techniques, mechanical milling is one of the widely used
methods for generating different nano-particles and is applied
to mill and post-anneal nanoparticles during syntheses, in
which various components are milled. Plastic deformation is
a parameter affecting the mechanical milling, which results in
the particle shape and fracturing, resulting in the decrease in
particle sizes, and cold-welding, leading to an increase in the
particle size.56–58

3.1.2. Nano-lithography. Studying the fabrication of nano-
meter scale structures with at least one dimension in the size
ranging between 1 and 100 nm is termed as nano-lithography
with different varieties of the nano-imprint, namely, optical,
multi-photon, scanning probe lithography, and electron
beam.59,60 In general, lithography refers to the procedure of
printing the intended form or structure on light sensitive
materials, which eliminates a part of the materials for creating
the intended shape and structure in a selective manner.61

3.1.3. Laser ablation. One of the popular methods for
producing nano-materials in different solvents is laser ablation
synthesis, which entails the irradiation of a metal immersed in
a liquid solution via a laser beam that condenses a plasma
plume, thus generating the nano-materials.62

3.1.4. Sputtering. NPs deposition on the surface via ejec-
tion of particles from it through collision with the ions is called
sputtering.20 It is generally the deposition of a thin layer of NPs
accompanied by annealing. The NPs' sizes and shapes are
specied by the layer thickness, annealing period, and
temperature and type of the substrate.63

3.1.5. Thermal decomposition. Thermal decomposition
process refers to the chemical decomposition through heating,
which is endothermic and breaks down the chemical bonds in
the compounds. Nano-materials are generated via decomposi-
tion of the metal at certain temperatures that undergo a chem-
ical reaction, thus generating secondary products.64,65
3.2. Bottom-up synthesis

Generating materials from atoms to clusters to nano-materials
is called bottom-up or constructive technique with widespread
applications for producing nano-materials via chemical vapor
deposition (CVD), sol–gel, spinning, pyrolysis, and bio-
synthesis.

3.2.1. Sol–gel. One of the widespread bottom-up methods
is the sol–gel method because of its straightforwardness. Sol–
gel is a wet-chemical procedure with a chemical solution, which
is a precursor for discrete particles. Metal oxide and chloride are
two precursors that are usually deployed in the sol–gel proce-
dure.66–69 Aerwards, the precursors are scattered in a host
liquid by stirring, shaking, or sonicating. The nal system
comprises a solid and a liquid phase. A separated phase is
RSC Adv., 2020, 10, 15430–15460 | 15433



Scheme 2 Conventional synthetic techniques for nano-materials.
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applied for recovering the nano-materials via different tech-
niques, including sedimentation, lteration, and centrifuga-
tion. Moisture is oen additionally eliminated via drying.70,71

3.2.2. Spinning. Spinning disc reactor (SDR) has been used
to synthesize nano-materials via spinning, which involves
a spinning disc within a reactor/chamber, in which physical
variables including temperature may be monitored. In general,
nitrogen or other inert gases are lled in the reactor to remove
oxygen and to avoid chemical reaction. The disc spins at various
velocities, in which the solution with water and precursor are
pumped in. The spinning process results in the fusion of
molecules or atoms, which is followed by precipitation, collec-
tion, and drying. The properties of the nano-materials synthe-
sized from SDR are determined by distinct operational variables
such as disc surfaces, disc rotation velocity, liquid ow rate,
liquid or precursor ratio, and feed location.72–76

3.2.3. Chemical vapor deposition (CVD). CVD refers to the
deposition of a thin layer of gaseous reactants over a substrate. The
sedimentation process is performed at the ambient temperature in
a reaction chamber via the combination of gas molecules wherein
chemical reaction takes place when a heated substrate
15434 | RSC Adv., 2020, 10, 15430–15460
communicates with the fused gas.8 The reaction results in the
formation of a thin layer of product on the substrate surface, which
is recyclable and reusable. The temperature of the substrate is one
of the factors affecting CVD. The benets of CVD include higher
purity, uniformity, and hardness, with the shortcoming that it
requires specic instruments and gaseous by-products that would
be strongly poisonous.77,78

3.2.4. Pyrolysis. Pyrolysis, the burning of a precursor with
a ame is a procedure with widespread application in industries
with large-scale production of NPs. The vapor or liquid form of
the precursor is fed into the furnace with a high pressure
through a little orice for combustion.79 Aerwards, the
combustion or by-product gases are categorized for recovering
the nano-materials. A number of furnaces employ laser and
plasma rather than ame for producing high temperatures for
simple evaporation.80,81 Pyrolysis enjoys benets such as
simplicity, efficiency, affordability, and continual procedure
with great yields.

3.2.5. Bio-synthesis. Bio-synthesis refers to a green and eco-
friendly strategy for synthesizing nano-materials, which is
relatively less toxic and with the possible use of biodegradable
This journal is © The Royal Society of Chemistry 2020
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materials.15 It deploys bacteria, plant extracts, fungi, and
enzymes accompanied by precursors for generating nano-
particles rather than traditional chemicals for bio-reduction
and capping purposes. The bio-synthesized nano-materials
have certain improved biocompatibility features that are
useful for bio-medical applications.82

4. Nano-materials features

In general, nano-material features are classied into physical
and chemical features.

4.1. Physical features

Physical features involve optical characteristics, including
nano-material color, light penetration, adsorption and reec-
tion abilities, UV adsorption, and reection capability in
a solution or coated over a surface. Moreover, it involves
mechanical features, including elasticity, ductility, tensile
strength, and exibility, which contribute signicantly to their
application. Notably, several contemporary industries use other
features such as hydrophilicity, hydrophobicity, suspension,
diffusion, and settling properties. Electrical and magnetic
features, including conductivity, semiconductivity, and resis-
tivity, provide the grounds for using nano-materials in
contemporary electronics, thermal conductivity, and renewable
energy applications.83,84

4.2. Chemical characteristics

Chemical characteristics pertain to reactivity of the nano-
materials with the target, stability, and sensitivity to variables
such as atmosphere, humidity, light, and heat that determines
the applications of nano-materials. Anti-bacterial, antifungal,
disinfection, and toxicity are perfect nano-material features for
biomedical and environmental uses. Corrosive, anti-corrosive,
oxidation, decline, and ammability properties of nano-
materials determine their applications.85,86

5. Characterizing nano-materials

Various characterization methods have been developed to
analyze different physico-chemical features of nano-materials,
namely, scanning electron microscopy (SEM), X-ray diffraction
(XRD), infrared spectroscopy (IR), transmission electron
microscopy (TEM), X-ray photo-electron spectroscopy (XPS), and
Brunauer–Emmett–Teller (BET) and particle size analyses.

5.1. Morphological properties

The morphological properties of nano-materials have been
consistently and greatly considered because morphology
invariably affects a majority of the nano-material's features.
Various characterization methods have been proposed for
morphological examinations; however, microscopic methods,
including SEM, polarized optical microscopy (POM), and TEM
are the most prominent techniques. SEM is based on the elec-
tron scanning principle, which presents information about the
materials at the nano-scale levels.87
This journal is © The Royal Society of Chemistry 2020
5.2. Structural features

Structural features are crucial for studying the compositions
and nature of the binding materials. XRD, EDX, XPS, Raman,
IR, BET, and zeta potential and size analysis are the prevalent
methods employed for studying the structural features of nano-
materials.88

5.3. Particle size and surface area

It is possible to use various procedures for estimating the size of
the nano-materials such as TEM, XRD, and SEM, although the
zeta potential and size analysis by dynamic light scattering
(DLS) may be applied for nding the sizes of extremely small
nano-materials.89

5.4. Optical features

The optical features are crucial in photo-catalytic applications
and the knowledge of the mechanisms can be exploited for
photo-chemical procedures. Such features are according to the
popular Beer–Lambert's law and the fundamental principles of
light. Such methods provide knowledge of the luminescence,
adsorption, reectance, and phosphorescence features of the
nano-materials.90

6. Dental applications of nano-
materials

Injured dental tissues may result in dental caries, periodontal
diseases, tooth sensitivity, unpleasant breath, and oral pre-
cancerous and cancerous conditions. All of the above compli-
cations may be treated via therapeutic interventions and
application of bio-compatible synthetic materials. Nano-
medicines applied as dental materials possess certain
physico-chemical and biological features, which make them
superior for overcoming the side effects related to more
conventional dental therapies.91 Research has shown that
various kinds of nano-materials mimic the host tissue
features,92,93 though the knowledge of such features amongst
dental communities is not available. Hence, the present review
focuses on the characteristics of various metal and polymer-
based nano-materials employed in adhesive and restorative
dentistry, acrylic resins, periodontology, tissue engineering,
endodontics, and implant dentistry.94–96

6.1. Nano-materials for preventive dentistry

Teeth function in the dynamic environment of the oral cavity,
wherein it is a big challenge to prevent tooth decay. Because of
the accumulated knowledge-base on oral diseases, preventive
dentistry is imperative and plays a signicant role. Nano-
materials are employed in preventive dentistry, managing bio-
lms at the surface of teeth through nano-apatites, and
demineralizing the initial stage of submicron-sized enamel
lesions.97,98

Schwass et al. designed a silver NP (Ag NP) formulation as
a targeted application for disinfecting carious dentine. Sodium
borohydrate (NaBH4) decreased silver nitrate (AgNO3)
RSC Adv., 2020, 10, 15430–15460 | 15435
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chemically in the presence of sodium dodecyl sulfate (SDS) to
form micelle aggregate structures with mono-dispersed stabi-
lized Ag NPs with size in the range of 6.7 to 9.2 nm. On triplicate
testing of Ag NPs against Streptococcus gordonii DL1, C219,
G102, and ATCC10558 strains, Streptococcus mutans UA159,
Streptococcus mitis I18, and Enterococcus faecalis JH22 for
planktonic bacteria, the minimum suppressive concentrations
were determined to be as low as 7.6 mg mL�1 with the lowest
bactericidal silver concentration of 19.2 mg mL�1. Microplate
readings, which detect crystal violet light adsorption at 590 nm,
exhibited considerable difference among the Ag NP treated bio-
lms. The presence of sucrose had no effect on the sensitivity of
bacteria. During the prevention of in vitro bio-lm creation for
numerous Streptococcus spp. and Enterococcus faecalis, this Ag
NP formulation showed potential for clinical applications in
suppressing bio-lms.99

Favretto et al. conducted a study to evaluate the capability of
uoride toothpastes (1100 ppm F), which contain sodium tri-
metaphosphate (TMP) NPs, in enhancing the obliteration of
dentinal tubules with or without acid challenges. They intended
to conrm if the reduction in the size of sodium trimetaphos-
phate NPs could additionally increase these impacts or not.
Sodium trimetaphosphate NPs enriched uoride toothpastes
enjoy the same capability for occluding dentinal tubules as
a toothpaste with 1100 ppm F, in which an acidic situation
could not change the obliterating dentinal canals and the
particle sizes did not affect the outputs. When sodium trime-
taphosphate NPs have been added, uoride toothpastes can
Fig. 2 Schematic diagram of the rechargeable nanoparticles of the amorp
demineralization around the dental sealants: In (A), the recharge cycle dia
sealants. Three recharge/re-release cycles were performed and each r
increasing the NACP filler level. In (B), the TEM image of NACP from the

15436 | RSC Adv., 2020, 10, 15430–15460
occlude the dentinal canals with a capacity for reducing dentin
hypersensitivity.100

Manikandan et al. explored the formation of silver oxide NPs
(Ag2O NPs) via Ficus benghalensis prop root extract (FBPRE) as
a stabilizing and decreasing agent and assessed its anti-
bacterial activities versus dental bacterial strains; higher
extract concentrations and time frame have been observed with
a considerable enhancement in the formation of NPs. The
FBPRE and Ag2O NPs combination has been found to display
very good anti-bacterial activity against both dental bacteria
Lactobacilli sp and Streptococcus mutans. Their outcome indi-
cated that blending the synthesized FBPRE and Ag2O NPS would
be benecial as a germicidal factor in toothpastes aer several
studies on animal models.101

Mackevica et al. examined the release of Ag NP from
commercial toothbrushes for children and adults by analyzing
the total Ag released and quantifying the particulate Ag NP
release. Experimental ndings revealed the possible release of
Ag NPs from the toothbrushes in the market that might result in
potential consumer oral and environmental exposures. Testing
these 2 toothbrushes found in the market showed that adult
toothbrushes have relatively greater Ag release with regard to
the Ag and Ag NP releases. The overall procedure is as follows:
release of the particles considerably decreased aer six minutes
of testing for the rst time and the release of total Ag reached
a plateau aer testing for 16 hours. The median particle size
(43–47 nm) was identical for each toothbrush tested. Total Ag
release for the two toothbrush brands was at ng L�1 levels,
hous calcium phosphate (NACP) sealant approach to deal with enamel
gram illustrates the re-release from the exhausted and recharged NACP
e-release was measured for 14 days. The ion re-release increased on
spray-drying technique, having sizes of about 100–300 nm.103

This journal is © The Royal Society of Chemistry 2020
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which affirms that there is minor environmental and human
exposure from the toothbrushes; however, the safe levels of Ag
NP exposure is still unanswered.102

Salem Ibrahim et al. designed novel anti-bacterial resin-
based sealants including NPs of amorphous calcium phos-
phate (NACP) for PO4 and Ca ion release and re-charge char-
acteristics (Fig. 2). They aimed at incorporating various mass
fractions of NACP into the parental re-chargeable anti-bacterial
sealant, determining the impacts on the mechanical functions,
and evaluating the method of studying the effect of the changes
in the NACP concentrations on phosphate (PO4) and calcium
(Ca) ions' release and recharge ability over time. It appears that
the addition of an enhanced percentage of NACP had satisfac-
tory physical and mechanical functions, while generating
considerable initial ion release and a lengthy iterated recharge
ability.103

Wassel and Khattab proposed that applying the naturally-
occurring products experimentally may be an efficient strategy
to prevent caries; Varnish is a mix of natural products with
optimum concentrations of uoride in chitosan NPs (CS-NPs)
and potential for ion release, re-mineralization potential, and
clinical efficacy. The procured dental varnishes with miswak,
propolis, and CS-NPs with or without sodium uoride (NaF)
have been evaluated in terms of the anti-bacterial effects against
Streptococcus mutans employed in the disk diffusion test. The
protecting effects of a single pre-treatment of the main teeth
enamel species against in vitro bacteria-induced enamel de-
mineralization were evaluated for three days. Each natural
product with the varnish largely suppressed the growing
bacteria more than that by 5% NaF varnish; however, NaF
loaded CS-NPs (CSF-NPs) had maximum anti-bacterial impact,
even though there was no signicant difference between them
and other varnishes with the exception of miswak ethanolic
extract varnish. Increased suppressive impact was observed for
the varnish with freeze-dried aqueous extract of miswak in
comparison to the varnish with ethanolic extract of miswak,
which may be caused by the anti-microbial substance concen-
trations via freeze-drying. Adding natural ingredients to NaF in
a dental varnish presented additional effects, particularly in
comparison with uoride with varnish; 5% NaF varnish had the
most acceptable suppression of the de-mineralization impact.
Fluoride with miswak varnish and CSF-NPs varnish consider-
ably suppressed the de-mineralizationmore favorably than each
experimental varnish, although the CSF-NPs varnish exhibited
a small uoride concentration, which may be caused by the
more acceptable existence of uoride ions andmore small-sized
NPs. One of the most efficient approaches to prevent caries, in
particular, miswak and propolis in a case of limited nancial
resources, is the incorporation of natural products with uoride
into the dental varnishes.104

Nguyen et al. conducted a study to develop uoride loaded
NPs on the basis of bio-polymers chitosan, alginate, and pectin
for use in dental delivery; polymer-based nano-particulate
formulations were developed for providing and improving an
instrument for the effective topical delivery of uoride. In the
presence of NaF and a suitable cross-linker, simply chitosan
could create stable mono-dispersed NPs. Alginate failed to
This journal is © The Royal Society of Chemistry 2020
create NPs because the optimum ionic strength was greater at
the experimented salt concentrations, while pectin produced
large undened nanostructures. It was shown that uoride
loading and the entrapment efficacy of chitosan NPs is 33–113
and 3.6–6.2% ppm, respectively, under the testing conditions. It
is possible to optimize the aforementioned values for preparing
the variables during the process of incorporating uoride.
Apparently, the release of uoride increased in an acidic envi-
ronment while simulating a cariogenic attack. Such features
may be largely benecial for dental formulations, which target
patients with high risk of development.105

Fathima et al. dealt with the synthesis of ZrO2 NPs with
a crystalline nature and sizes between 15 and 21 nm, as veried
via SEM, XRD, and TEM analyses. The anti-microbial activities
of ZrO2 NPs versus Gram-positive and Gram-negative bacteria
demonstrated the possible suppressive actions of ZrO2NPs
against Gram-negative ones, in particular, Pseudomonas aeru-
ginosa at greater concentrations because of the respective cell
surfaces with negative charges. Therefore, researchers have
illustrated the feasibility of exploitation of ZrO2 NPs in avoiding
tooth decay by analyzing the tooth decay pathways. ZrO2 NPs
have been suggested for applications in dental care and related
bio-medical uses for future in vitro and in vivo research.106

Wang et al. exploited carboxymethyl chitosan (CMC) conju-
gated with alendronate (ALN) for stabilizing amorphous
calcium phosphate (ACP) in the formation of CMC/ACP NPs.
Sodium hypochlorite (NaClO) served as a protease decomposing
amelogenin in vivo for degrading the CMC-ALN matrix and
generating HAP@ACP core–shell NPs. HAP@ACP NPs were
altered by 10 mM glycine, as they were modied from an
amorphous phase into well-ordered rod-shape apatite crystals
for achieving oriented and ordered bio-mimetic re-
mineralization on acid-etched enamel surfaces. The oriented
bond of the NPs on the basis of the non-classical crystallization
theory contributes to the bio-mimetic re-mineralization proce-
dure. Researchers showed that one of the efficient approaches
to remineralize the enamel is to nd and develop analogues of
natural proteins, including amelogenin engaged in bio-
mineralization via natural macro-molecular polymers and
imitation of the biomineralization procedure. The above tech-
nique could be a potential procedure for managing the initial
caries in minimal invasive dentistry.107

Liu et al. demonstrated the ability of ferumoxytol to disrupt
the intractable oral bio-lms and prevention of tooth decay
(dental caries) through intrinsic peroxidase-like activities. Fer-
umoxytol binds to the bio-lm ultra-structure and produces free
radicals from hydrogen peroxide (H2O2), which causes in situ
bacterial mortality through cell membrane disruptions and
degradation of the extra-cellular polymeric substance matrix.
When combined with a small concentration of H2O2, fer-
umoxytol suppressed the bio-lm stacked on natural teeth in
a human extracted ex vivo biolm model and stopped acid
injury of the mineralized tissues. Developing dental caries in
vivo is suppressed by topical oral therapy with H2O2 and fer-
umoxytol, and prevents the initiation of serious tooth decay
(cavity) in a rodent model of the disease. Histological and
microbiome analysis did not present any consequences on the
RSC Adv., 2020, 10, 15430–15460 | 15437
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oral microbiota diversities and gingival and mucosal tissues.
Researchers have found a novel bio-medical application for
ferumoxytol as a topical therapy for the common and prevalent
bio-lm, which results in oral diseases.108

A bio-nanocomposite of Carboxymethyl Starch (CMS)-
Chitosan (CS)-Montmorillonite (MMT) has been designed to
deliver Curcumin (Jahanizadeh et al.). They used ionic gelation
technique and examined its anti-biolm activities versus Strep-
tococcus mutans. Various formulations have been designed by
response surface technique for obtaining the optimum
composition with maximum medicine loading and minimum
particle sizes; entrapment efficacy and particles size were
inuenced by MMT amounts, surfactant concentrations, and
poly-saccharide concentrations. The results from the bacterial
culture on the dental model demonstrated the powerful biolm
reduction impact of the nano-composite with curcumin.109

Al Dulaijan et al. used Menschutkin reaction to synthesize
dimethyl-aminohexadecyl methacrylate (DMAHDM). A spray-
drying method was applied to synthesize NPs of amorphous
calcium phosphate (NACP). Resin included ethoxylated
bisphenol A dimethacrylate (EBPADMA) and pyromellitic glyc-
erol dimethacrylate (PMGDM) and re-chargeable NACP and re-
chargeable NACP-DMAHDM were the two constructed
composites; ion release, mechanical features, and recharge
were evaluated. The bio-lm model of dental plaque microcosm
was experimented by using saliva. There was a match between
the modulus and commercial control composite and exural
strength of rechargeable NACP and NACP-DMAHDM compos-
ites (p > 0.1). Bio-lm metabolic events and lactic acid were
suppressed by NACP-DMAHDM, which declined the colony-
forming units of the biolm (CFU) by 3–4 log. NACP and
NACP-DMAHDM exhibited identical P and Ca ions' re-charge
and re-release (p > 0.1). Hence, the addition of DMAHDM did
not lead to compromise in the ion re-chargeability; continuous
release was induced by 1 re-charge for 56 days and it was kept at
a similar level when the number of recharge cycles were
enhanced, thus indicating the lengthy ion releases and re-
mineralization ability. Researchers designed the 1st CaP re-
chargeable and anti-bacterial composite. The addition of
DMAHDM to the re-chargeable NACP composite had no adverse
effect on the release and recharge of Ca and P ions, and the
composite experienced highly lower bio-lm growth, lactic acid
generation, and CFU decline by 3–4 log.110

Yan et al. synthesized mesoporous silica NPs (pMSN) for
encapsulating chlorhexidine (CHX) as a classic anti-microbial
agent. They used CHX@pMSN for modifying traditional
dental glass ionomer cement (GIC) for the rst time. It was
revealed that CHX@pMSN modied GIC at 1% (w/w) could
attain the sustained release of CHX and effective inhibition of
the formation of Streptococcus mutans biolm with no impact on
the mechanical features of GIC. The ndings disclosed that
addition of 1% (w/w) CHX@pMSN into the GIC had signicant
potential as a novel approach versus secondary caries, which
prolonged the conventional GIC service life. In addition, the
enduring effects of incorporating CHX@pMSN into GIC have to
be assessed in more complicated scenarios via articial aging
methods, for example, pH cycling, sodium hypochlorite
15438 | RSC Adv., 2020, 10, 15430–15460
treatment, and lengthy storage. However, it is necessary that
further research should deal with more favorable incorporation
approaches for endowing GIC with inuential anti-microbial
capability and higher mechanical functions.111

Maghsoudi et al. examined the anti-biolm activity of nano-
sized curcumin-loaded particles synthesized by desolvation
technique. Nano-particle systems have been explored in terms
of the properties against Streptococcus mutans functions on
dental models when curcumin was applied as a biological anti-
bacterial factor to load into NPs. The ndings determined the
size of the generated NPs with chitosan, starch, and alginate to
be 61.1, 66.3, and 78.8 nm, respectively; the corresponding zeta
potential were �14.7, +21.7, and �23.4 mV, respectively. The
highest amount of curcumin loaded onto the NPs was for chi-
tosan (51.03); however, it was 24.59 and 29.69 for starch and
alginate, respectively. It was estimated that the lowest
suppressive concentration (MIC) was 0.114 mg mL�1 for chito-
san NPs while alginate and starch NPs had a MIC of 0.204 mg
mL�1. Analyzing the release showed burst release aer 96 hours
for chitosan and 48 hours for alginate; the release amounts were
92.8% and 51.4%, respectively, while the starch NPs exhibited
a release with higher stability. When the equilibrium point
reached the end of 122 hours, the release of 81.6% of curcumin
was observed. Moreover, the impacts of curcumin-loaded NPs
on Streptococcus mutans bio-lms were evaluated for the dental
models. These ndings indicate that curcumin-loaded chitosan
NPs could be applied in dental decay ghting products.112

Covarrubias et al. designed a study to develop hybrid NPs
(CuCh NP) containing copper NPs with a chitosan shell. Anti-
microbial features of CuCh NP have been evaluated against
Streptococcus mutans, which is a major bacterium causing tooth
decay and their activities could be compared to the oral anti-
microbial agents, including cetylpyridinium chloride and
chlorhexidine. In particular, CuCh NP exhibited greater capac-
ities for preventing the growth of Streptococcus mutans on the
human tooth surface, disrupting and killing the bacterial cells
in the formed dental biolm. It is possible that there is an
interaction between the chitosan and tooth hydroxyapatite and
the bacterial cell wall, which enhances copper adherence to the
tooth surface and increased their antibiolm actions. The anti-
microbial features of CuCh NP may be advantageous for the
development of more efficient therapies to control dental pla-
que biolms.113

Gitipour et al. dealt with developing a nano-silver disinfec-
tant (ASAP-AGX-32, an anti-microbial cleaner for dental units,
0.0032% Ag) and a bio-lm. The researchers assembled an in-
house dental unit water lines (DUWL) model for simulating
the disinfection scenario so that the grounds for accumulating
the biolm were provided. Gitipour et al. found that absorbing
Ag NPs on the bio-lm surfaces could be helpful in illustrating
the toxicity mechanism of Ag NPs on the biolm and bacteria.
Therefore, this study might be an initial step in gaining more
knowledge as to how Ag NP transformation is dependent on the
exposed conditions during their lifetime. So far, a majority of
the studies have considered the assessment of the effects of
pristine (lab synthesized) nano-materials on different
systems.114
This journal is © The Royal Society of Chemistry 2020
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Ionescu et al. assessed bio-lm formation and bacterial
adhesion on resin-based composites (RBC) such as dicalcium
phosphate dihydrate NPs (nDCPD) wherein they illustrated
anti-adherent or anti-biolm activity of nDCPD-lled RBC.
Functionalizing nDCPD declined the surface roughness of
RBCs, which contributed to the decrease in biolm formation
and adherence on the material surfaces. Therefore, an optimal
formulation of the bio-mimetic RBCs would be as crucial as the
bio-mimetic active principle alone in the regulation of micro-
biological behaviors, which probably prevents the development
of secondary caries.115
6.2. Nano-materials for edentulism

Edentulism has serious side effects, including reduced intake of
nutritious food and unsatisfactory appearance and has an
increased pervasiveness in numerous countries. In spite of the
estimates of tooth loss declines, the age group, in which
edentulism would still be greatly common, has been getting
broader. Therefore, it is strongly necessary for denture therapy
in public health, which would enhance with the population's
age.116–118

Totu et al. procured polymethylmethacrylate (PMMA)/
titanium dioxide NPs (TiO2) nano-composites and employed
nano-sized TiO2 ller synthesized using a modied sol–gel
technique; TiO2 nanoller experienced a homogeneous
dispersion into the PMMA solution, which was veried by
morphological and structural analyses. Experimental data
conrmed that the addition of TiO2 NPs changed the polymer
structure and its certain features; 0.4% TiO2 NPs content in the
nano-composite largely modied the FTIR spectrum. The
incorporation of TiO2 NPs in the PMMA polymer matrix
provided anti-bacterial impacts, particularly in the Candida
species, as conrmed by 0.4% nano-composite application via
stereolithographic method for complete fabrication of the
denture.119

Rodrigues Magalhães et al. described the application of TiO2

nano-tubes for enhancing the biological and mechanical
features of dental materials. Yttria-stabilized tetragonal zirconia
poly-crystals (Y-TZP) have a growing application in dentistry as
a substructure for xed partial prostheses and crowns.
Regardless of its optimum clinical outputs, Y-TZP has suscep-
tibility to failures such as micro-structure-associated defectives
presented in the fabrication procedure, which could decline its
clinical and structural reliability. Researchers assessed the role
of the production procedure of the blanks and their original
composition modications via the addition of TiO2 nano-tubes
(0%, 1%, 2%, and 5% in volume) while monitoring each fabri-
cation step. The addition of TiO2 nano-tubes in various
combinations affected the experimental Y-TZP features and
resulted in less exural strength. Moreover, the nano-tubes
resulted in larger grain dimensions, more pores, and a minor
enhancement in the mono-clinic phase, which inuenced the
micro-structure of Y-TZP. Furthermore, the addition of TiO2

nano-tubes was accompanied by greater Weibull modulus
values and higher structural reliability.120
This journal is © The Royal Society of Chemistry 2020
Gad et al. determined the effects of addition of zirconium
oxide (nano-ZrO2) NPs on the tensile and translucent strength
of polymethyl methacrylate (PMMA) denture base material; the
tensile strength mean of PMMA in the test groups of 2.5% NZ,
5% NZ, and 7.5% NZ was considerably greater compared to the
controls. The tensile strength experienced a signicant increase
aer the addition of nano-ZrO2 and the highest amount of
increase was seen in the 7.5% NZ group. The values of trans-
lucency in the experimental group were remarkably less than
the values in the controls. In the powered group, 2.5% NZ group
showed greater translucency values in comparison with 5% NZ
and 7.5% NZ groups. The enhancement in the tensile strength
of the denture base acrylic was directly proportional to the
nano-ZrO2 concentration while PMMA translucency declined
when nano-ZrO2 concentration was increased.121

Sarraf et al. built a hybrid biofunctionalized coating
encompassing nano-tubular rows of titanium dioxide (TiO2

NTs) with decorated silver oxide NPs (Ag2O NPs) on their edges
in order to improve the biological behaviors and anti-bacterial
activities of Ti6Al4V implants (Fig. 3). Aer making a nano-
tubular structure via anodization of the substrate, Ag2O NPs
were accumulated on the NTs through physical vapor deposi-
tion in 30 s. In vitro bioactivity analysis revealed the deposition
of apatite on Ag2O NPs that is decorated on TiO2 NTs aer
soaking in simulated body uid for a day. Aer 14 days, the
apatite quantity increased signicantly with the enhancement
in submersion time and led to the formation of a thick layer of
apatite with a Ca/P ratio of 1.58. This novel Ag2O NPs-decorated
TiO2 NTs had good bactericidal effects against Escherichia coli
and resulted in 100% eradication within two hours. In addition,
osteointegration examinations via human osteoblast cells were
accompanied by large nger-like protrusions and lopodial
activities of the cells, showing their efficient activation by the
NT architecture. Moreover, consecutive rapid growth
throughout the culture duration was shown by alamar blue
assay and confocal laser scanning microscopy observations of
the stained human osteoblast cells. Thus, this newly developed
TiO2 NT coating covered with Ag2O NPs can efficiently amelio-
rate the in vitro bioactivities of the implant alloys and establish
a suitable bactericidal impact with minor cytotoxic responses.122

Gunputh et al. addressed two strategies for coating TiO2 NTs
with Ag NPs, which also employed a less dangerous reducing
agent, d-gluconolactone. These techniques were suitable for
creating Ag NPs with a main particle size �100 nm; however, an
obvious difference was observed in the Ag NP clustering based
on the synthetic procedure. The mixing technique resulted in
micron clusters of Ag NPs; however, consecutive addition
technique resulted in much smaller nanoclusters, which
showed anti-bacterial effect on Staphylococcus aureus. In addi-
tion, the amount of silver released from the coated NPs in the
rst 24 h was useful for patient healing. The maximum risk of
infections was during the few hours immediately aer implant
operation.123

Yang et al. revealed feasible coating of dental implants under
an extra-corporeal magnetic eld with lower concentration of
PLGA (Ag–Fe3O4) for improving the biological compatibility
with no effects on the anti-bacterial efficacy (Fig. 4). A
RSC Adv., 2020, 10, 15430–15460 | 15439



Fig. 3 Schematic representation of the anodization setup and the development of TiO2 NTs as well as PVD decoration of Ag2O NPs on the
nanotubular layer.122
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permanent magnet was applied for building the magnetic eld
as close to the PLGA (Ag–Fe3O4) as possible, which was
employed in vivo to the implanted tooth containing a perma-
nent magnet, thus providing Ag adhesion to the tooth surfaces
with no removal via ushing water. Bacterial infections,
including the infection caused by Streptococcus mutans, trig-
gered the host immune responses for producing reactive oxygen
species (ROS), which led to the demolition of the tooth sup-
porting tissues (Fig. 4, le). In the implanted tooth coated with
PLGA (Ag–Fe3O4), bacterial adhesion was undermined. There-
fore, ROS was not produced by the immune system and the
micro-environment surrounding the implanted area triggered
osteoblast proliferation, which improved the transplant success
rates.124

Jang et al. proposed bio-compatible Pd–Ag-HAp NPs, which
were efficiently deposited onto the extended TiO2 obstacle layer
in a 1.3 M (NH4)H2PO4 + 0.5 M NH4F electrolyte solution. They
demonstrated that the protrusion patterns were slowly depos-
ited over the TiO2 obstacle oxide lm and were rough. Abnormal
patterns due to Pd–Ag-HAp NPs might obviously be differenti-
ated from the TiO2 nano-tube oxide layer formed by the anod-
izing procedure. The element mapping dots usually had
a homogeneous distribution throughout the surface of the lm.
In particular, Pd and Ag had a uniform distribution throughout
the surface areas of the protrusion patterns; however, P, Ca, Ti,
15440 | RSC Adv., 2020, 10, 15430–15460
and P were remarkably closer to the obstacle surface. The
representative protrusion patterns basically comprised Pd–Ag-
HAp NPs linked to the TiO2 obstacle oxide lm. Pd, Ag, Ca, P,
and Ti were found across the surface areas over the electro-
deposited surfaces. Based on the bio-compatibility analyses of
the surface, when it was soaked for 20, 23, and 26 days in the
SBF solution, the entire surface was coated with HAp precipitate
with a turtle-shape crack because of the diffusing ions into the
triggered body uid solution. The Ca/P rate was 1.66, which was
nearly identical to the bulk Hap rate. Hence, the protrusion
pattern surface contained Pd–Ag-HAp NPs on the TiO2 obstacle
layer, which affected the bio-compatibility.125

Rosenbaum examined the effects of copper extracted TiO2

surfaces (nCu-nT-TiO2) on the mortality of Escherichia coli and
nosocomial Staphylococcus aureus. Anodic oxidation of pure
titanium sheets in uorhydric solutions were used to make TiO2

nano-tube (nT-TiO2) arrays, which resulted in surface nano-
structuration and the generation of certain reactive locations.
Copper nano-cubes with a mean size of 20 nm were synthesized
and precipitated on the nT-TiO2 surfaces through pulsed
electro-deposition from a copper sulphate solution. Bacterial
examination implied higher biocide potential of the nCu-nT-
TiO2 surfaces, leading to the total mortality of Staphylococcus
aureus and Escherichia coli.126
This journal is © The Royal Society of Chemistry 2020



Fig. 4 Schematic diagram of PLGA (Ag–Fe3O4)-coated on dental implants.124
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Azzawi et al. found that the modied laser method is a good
procedure for improving the dental implant surface features
and the respective osteo-integration. They used titania and
nanotechnology where the surface of titanium was exposed to
ablation, coating deposition, and heat treatment, concurrently.
Nanotitania is considered as a proper substance to coat,
roughen, and optimize the bio-compatibility of titanium
implant xtures. In addition, it is possible that this oxide
increases the responses of peri-implant bone and accelerates
the treatment procedure surrounding the implant xture. Dip-
coating and the modied laser deposition methods affected
the production of bio-compatible titania coating with various
features such as lm thickness, chemical compositions, surface
morphologies, crystallinity, pore congurations, and surface
roughness, which may have an effect on the bone tissue
responses. The modied laser-coated specimens demonstrated
more important improvements in the bond strength at the
bone-implant interface compared to the dip-coated
specimens.127

Kim et al. presented an easy and effective strategy to build
a stable Ag nano-structure on the Ti surface (Fig. 5) using a two-
step procedure containing TIPS and Ag sputtering. A nano-
structured TIPS-Ti surface offers a nano-template that is
mechanically stable, over which an Ag coating was scattered.
The nano-structured TIPS-Ti surface ensured that adequate
space was created for accepting the Ag stabilization spots. Ag
scattering over TIPS-Ti resulted in the formation of Ag nano-
clusters merely on the TIPS-Ti nano-structure ridges without
signicant defects. The adjustment of Ag-sputtering duration
stabilized the Ag concentration on the TIPS-Ti surface, which
increased from 10 to 120 s linearly. Specically, the 10Ag-TIPS-
This journal is © The Royal Society of Chemistry 2020
Ti sample provided better anti-bacterial activities against
Staphylococcus aureus and Escherichia coli and did not show any
obvious cyto-toxicity towards the broblast cells. There is
a similarity between the cell morphology bound to the 10Ag-
TIPS-Ti specimen and their viability and the polished Ti
surface. Therefore, the specimen had acceptably balanced anti-
bacterial activities and cellular survival. Kim et al. concluded
that using stabilized Ag on the TIPS-Ti surface has the capability
of improving the general treatment aer placing the dental
implants and promoting long-term stability of these
implants.128

Boutinguiza et al. developed a technique for producing and
depositing silver NPs on a substrate in a single-step procedure.
The ablation of Ag foils was conducted in open air via laser and
an inert gas jet for directing the NPs to the substrate. The NPs
contained spherical crystalline silver and silver oxide, which
were completely anchored on the Ti substrates and had
acceptable anti-bacterial activities against Lactobacillus
salivarius.129

Divakar et al. examined the efficiency of Ag conjugated chi-
tosan NPs as a future coating material for titanium dental
implants. Bio-active molecule chitosan was derived from A.
avus Af09 and conjugated with Ag NPs. The ensuing Ag chi-
tosan NPs had acceptable suppressive impact on the growth of
two main dental pathogens, namely, Porphyromonas gingivalis
and Streptococcus mutans. It suppressed the adhesion of the two
experimented bacteria, could suppress the formation of biolm,
and suppressed the production of QS in the bacteria. Naturally
derived chitosan is popular for its anti-bacterial activities
towards a distinct group of bacteria. Any cell cyto-toxicity of the
NPs did not indicate their bio-compatibility and the coating of
RSC Adv., 2020, 10, 15430–15460 | 15441



Fig. 5 Antibacterial and bioactive properties of stabilized silver on titanium with a nanostructured surface for dental implants.128
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titanium dental implants with Ag-chitosan adds the advantage
of being corrosion resistant to the dental implants, which
enhances the passivating impacts of the implants.130 Poly(lactic-
Fig. 6 Schematic illustration of the fabrication process of poly(lactic-co

15442 | RSC Adv., 2020, 10, 15430–15460
co-glycolic acid)/Ag/ZnO nano-rods coatings were introduced by
Xiang et al. over Ti metallic implant surface via a hydro-thermal
technique and successive spin-coating of the mixture of
-glycolic acid)/Ag/ZnO nanorods composite coating.131

This journal is © The Royal Society of Chemistry 2020
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poly(lactic-co-glycolic acid) and silver NPs (Fig. 6). Poly(lactic-co-
glycolic acid)/Ag/ZnO nano-rods coating had very good anti-
bacterial efficiency of >96% against Escherichia coli and Staph-
ylococcus aureus while the initial content of Ag NPs was >3 wt%.
in addition, the release of silver and zinc was prolonged for >100
days because of the absorption of poly(lactic-co-glycolic acid).
The rapid growth of mouse calvarial cells showed minimum
cyto-toxicity of the poly(lactic-co-glycolic acid)/Ag/ZnO coating
with an initial Ag NPs content of 1 wt% and 3 wt%, whereas it
suppressed the rapid growth of the cells when this value was
enhanced to 6 wt%. Finally, this poly(lactic-co-glycolic acid)/Ag/
ZnO composite might present a lengthy anti-bacterial strategy
and acceptable cyto-compatibility, which exhibited remarkable
potential for biomedical applications in orthopedic and dental
implants with very good self-antibacterial activities and satis-
factory bio-compatibility.131

Jadhav et al. evaluated the osteo-inductive potential of gold
NPs (Au NPs) synthesized via phyto-chemicals from Salacia
chinensis (Fig. 7). They conrmed that functionally bio-
compatible and stable Au NPs can be successfully synthesized
via an easy, affordable, and environment-friendly green chem-
istry technique with applications in bone regeneration. The in
vitro examinations showed the considerable stability of the gold
colloidal dispersion in different blood elements. The
researchers indicated that Au NPs are not toxic, as assessed by
their cyto-compatibility and blood compatibility with peri-
odontal broblasts and erythrocytes. The GNPs showed higher
percentage of cell viability (138� 27.4) of the MG-63 cell lines in
comparison with the controls (96 � 3.7), indicating their osteo-
inductive potential. They found that the bio-compatible and
Fig. 7 Phytosynthesis of gold nanoparticles and evaluation of its osteoin

This journal is © The Royal Society of Chemistry 2020
eco-friendly Au NPs may be applied as efficient bone-inductive
adjuvants during implant treatment to form an osteous inter-
face and maintain the emerging peri-implant bone.132
6.3. Nano-materials for endodontics

The pervasiveness and seriousness of tooth root caries increase
with aging from 7% among the young to 56% in seniors with
$75 years of age. This is an increasing public health problem
because of the fast enhancement in the elderly population as
tooth retention enhances in seniors.14,15 The vulnerability to the
root caries may be increased by gingival recession because of
aging, periodontal diseases, or traumatic tooth-brushing
habits.133,134 Moreover, small salivary ows in seniors and
patients suffering from dry mouth have an additional role in
biolm and plaque formation, and occurrence of root caries.
Class V restorations may treat tooth caries. Nonetheless,
cleaning and restoration with sub-gingival margins is difficult
so that it would augment the developing periodontitis and loss
of the tooth's attachment.135–137 Hence, it is necessary to develop
a bio-active Class V composite for eliminating secondary caries
and root caries.

Xiao et al. performed a study to develop a bio-active multi-
functional composite (BMC) through the NPs of amorphous
calcium phosphate (NACP), dimethyl-aminohexadecyl methac-
rylate (DMAHDM), 2-methacryloyloxyethyl phosphorylcholine
(MPC), and silver NPs (NAg), and determined the impacts of
blended BMC + poly(amido amine) (PAMAM) on remineralizing
the demineralized root dentin in a cyclic articial saliva/lactic
acid environment. The mechanical features of BMC were the
ductive potential for application in the implant dentistry.132
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same as that of commercial control composites (p ¼ 0.913).
BMC possessed very good release of P and Ca ions and acid-
neutralization ability. BMC or PAMAM individually obtained
minor mineral re-generation in the demineralized root dentin.
The blended BMC + PAMAM caused maximum root dentin re-
mineralization and enhanced the hardness of the pre-
demineralized root dentin that matched that of the healthy
root dentin (p ¼ 0.521).138

Rodrigues et al. assessed the anti-microbial actions of an
irritant with silver NPs in an aqueous vehicle, such as sodium
hypochlorite, Ag NPs, and chlorhexidine against Enterococcus
faecalis bio-lm and infected dentinal tubules. The Ag NP
solution removed little bacteria; however, it could dissolve the
biolm better in comparison to chlorhexidine (P < 0.05). NaOCl
had maximum anti-microbial activities and biolm dissolution
capacities while the Ag NP solution had lower anti-microbial
actions in the infected dentinal canals in comparison to
NaOCl (P < 0.05). The Ag NP solution highly affected the elim-
ination of planktonic bacteria in dentinal tubules compared to
the bio-lm aer 5 minutes; however, fewer viable bacteria were
found in the bio-lm in comparison to the intratubular dentine
(P < 0.05) at 30 minutes. The Ag NP irritant was not as efficient
against Enterococcus faecalis in comparison with the solutions
widely employed in treating root canal. NaOCl is suitable as an
irritant as it caused the disruption of the bio-lm and elimi-
nation of bacteria in bio-lms and dentinal canals.139

Bukhari et al. presented a therapeutic strategy for
endodontic disinfections via nano-catalysis concept for
increasing bacterial destruction across the dentinal tubule. Iron
oxide is a sustainable and bio-compatible material, which could
be synthesized largely via simple and affordable chemical
synthetic techniques in view of the current usage in food and
drug administration with the veried formulations for chronic
treatment. The exibility in iron oxide chemistry provides the
grounds for producing the desired NP shape and size, which
can additionally enhance the catalytic activities (probably with
less H2O2 concentrations) with higher dentinal tubule pene-
trations. It is necessary to validate the IO NPs/H2O2 system
efficiency by animal models and clinical research, which would
result in endodontic therapy with greater effectiveness and
efficiency.140
6.4. Nano-materials for restoration

Composite resins play vital roles in dental restoration and have
several benets, including acceptable maneuverability, very
good esthetics, and satisfactory bio-compatibility.141–143 The
organic elements of the composite resins have been nearly
constant over time. The components are mostly methacrylate-
type resins such urethane dimethacrylate (UDMA), bisphenol
A-glycidylmethacrylate (Bis-GMA), and triethylene glycol dime-
thacrylate (TEGDMA).144 However, several explorations have
been conducted on inorganic llers to develop high-
performance composite resins.145,146 To attain the acceptable
lengthy clinical restoration, composite resins should show
adequate mechanical features, small polymerization shrinkage,
higher wear resistance, and anti-bacterial activities. Therefore,
15444 | RSC Adv., 2020, 10, 15430–15460
such necessities can be generally satised by using different
functionalized llers.147,148

Lee et al. strived to develop a hybrid dental resin with Ag NPs
for eliminating periodontal diseases resulting from bacteria,
including Streptococcus sobrinus and Streptococcus mutans
(Fig. 8). Ag NPs provide the resin with the feature of preventing
oral pathogen growth during orthodontic treatment. It has been
demonstrated that Ag NPs have experienced a complete
synthesis and clear embedding in the dental resin. Regarding
the bacterial tests, dental resins with Ag NPs had potential anti-
microbial activities against two types of bacteria. Finally, their
technique could provide the grounds for generating diverse
dental resin and composite products, which could suppress the
periodontitis-causing bacteria.149

Cao et al. described an anti-bacterial nano-composite of
silver-loaded polycation functionalized nano-diamonds (Ag/
QND) and assimilated them into the dental resin at various
proportions for evaluating their effects on the mechanical
features, anti-bacterial function, and cyto-toxicity. The
outcomes for the mechanical features indicated that the Ag/
QND-reinforced composites had greater values of exural
strength, Vickers hardness, and modulus in comparison with
pure resins. The resins containing Ag/QND had effective anti-
bacterial activities against Streptococcus mutans. It was
concluded that combined killing impacts of the cationic poly-
mers and Ag+ could contribute to this scenario. The specimens
loaded with#1.0 wt% Ag/QND did not exhibit any considerable
cyto-toxicity towards the macrophage cells. Thus, it would be
useful to incorporate the newly developed Ag/QND nano-
composites to establish a signicant improvement in the
service-life of resin-based restorative materials.150

Cao et al.'s study dealt with the development and evaluation
of a dental material based on a resin with photo-curable AgBr/
BHPVP NPs and they found that the dental resins with AgBr/
BHPVP exhibited mechanical properties equivalent to that of
the controls. The joint bactericidal impacts of the cationic
polymers and Ag+ ions could contribute to the anti-bacterial
activities of the AgBr/BHPVP-incorporated resins. Surprisingly,
a concentration of AgBr/BHPVP as low as 1.0 wt% in the dental
resins showed adequate and lengthy anti-microbial activities.
The specimens with 0.5 and 1.0 wt% AgBr/BHPVP did not show
any considerable cyto-toxicity towards the macrophages in
comparison with the pure resin disks. Loading the newly
developed AgBr/BHPVP nano-composites into the dental resins
would be useful for restorations with bacterial and caries
suppression for lasting anti-bacterial activities. Moreover, AgBr/
BHPVP can have possible advantages on incorporation into
other cements, dental adhesives, and sealants for attaining
powerful anti-bacterial performance.151

Using the sol–gel technique, Zhang et al. conducted a study
to synthesize Ca-doped mesoporous silica (MCS) NPs and
synthesized multifunctional dental resin composites through
Ca-doped MCS. The incorporation of Ca-doped MCS into the
dental resin led to improvements in the mechanical features of
the resin and enabled the dental resin in inducing apatite-
mineralization and inhibiting bacterial development. MCS
NPs with resin composites could carefully establish responses
This journal is © The Royal Society of Chemistry 2020
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to wear and enhance mineralization-induced activities in the
case of wearing resin composites; MCS NPs or the resin
composites could be applied as multifunctional restorative
materials for potential dental applications.152

Cevik et al. evaluated the inuence of hydrophobic nano-
particle silica and pre-polymer on the exural strength, surface
roughness, surface hardness, and resilience of a denture base
acrylic resin. Statistical analyses found signicant difference
between these groups. Each group possessed weak exural
strength in comparison to the controls (p < 0.05). In terms of the
resilience, silica 5% had the maximum value, while silica 1%
possessed the minimum value. For Shore D hardness, silica 1%
exhibited the minimum hardness, while addition of the poly-
mer had no signicant effects on the acrylic resin's hardness (p
< 0.05). Silica 1% showed maximum roughness in comparison
to the other groups (p < 0.05). The incorporation of silica and
pre-polymer into the acrylic resin had contrary impacts on the
acrylic resin's exural strength in comparison with the controls.
For each concentration, pre-polymer incorporation led to
higher exural strength of the acrylic resins in comparison with
silica addition. Higher concentrations of the llers led to higher
mechanical features of the acrylic resin.153

Ghahremani et al. illustrated that the addition of TiO2 NPs to
the acrylic resin improved its mechanical features with a reverse
impact on its color; the mean tensile strength of the reinforced
group was considerably greater (difference of 11 MPa)
compared to the controls (P ¼ 0.001). The mean effective
This journal is © The Royal Society of Chemistry 2020
strength of the potent group was about 7 MPa greater compared
to the controls and the differences were not statistically signif-
icant (P ¼ 0.001). The color of the modied acrylic resin
strengthened with 1 wt% TiO2, which was accompanied by
increase in the tensile and impact strength in comparison with
the traditional acrylic resin. Hence, TiO2 NPs could be added
into the acrylic resin powder for a modied color to enhance its
tensile and impact strength, if they do not possess any reverse
effects on other features.154

Sodagar et al.'s study evaluated the mechanical and anti-
microbial features of composite resins modied by the addi-
tion of TiO2 NPs. Each concentration of TiO2 NPs showed
a remarkable impact on the creation and extension of the
suppression region including the decline in the colony counts
for S. mutans and S. sanguinis. The composite with 10% TiO2

NPs had a considerable impact on the decrease in the colony
count for S. sanguinis and S. mutans (3 days). The controls
accounted for the maximum mean shear bond strength,
whereas the maximum amount was observed for the 10% NPs
composite. The incorporation of TiO2 NPs into the composite
resins gave anti-bacterial features to the adhesives, whereas the
mean shear bond of the composite with 1% and 5% NPs proved
to be a reasonable range.155

Rodrigues et al. characterized the synthesized brushite NP
(CaHPO4$2H2O) and demonstrated that functionalization can
be regulated based on the concentrations of triethylene glycol
dimethacrylate (TEGDMA) employed in the synthesis. Although
RSC Adv., 2020, 10, 15430–15460 | 15445
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the concentration of TEGDMA did not inuence the size of the
NPs, no reduction in agglomeration was observed. Experi-
mental composites with 10 vol% of the brushite agglomerates
and 50 vol% of the silanated glass particles had mechanical
features identical to that of a commercial micro-hybrid restor-
ative composite applied in regions exposed to serious occlusal
loadings. Therefore, the composite comprising brushite NPs
functionalized with higher TEGDMA contents exhibited better
performance in the mechanical test in water aer 28 days,
which had the same fracture strength as that of the commercial
controls. The NPs functionalization with TEGDMA had no
adverse impact on the ion releases.156

Meena et al. added various weight percents of nano-alumina
(5–20 wt%) and marble dust powder (5–20 wt%) to the base
monomer system with bisphenol-A glycidyl methacrylate, cam-
phorquinone, tri-ethylene glycol dimethacrylate, and dimethyl
aminoethyl methacrylate in order to fabricate a dental
composite. The experimental results showed that the addition
of 5 wt% nano-alumina enhanced the hardness and compres-
sive strength by about 88.46% and 23.25%, respectively, while
the addition of 5 wt% marble powder augmented the hardness
and compressive strength by about 51.27% and 21.2%, respec-
tively. Dynamic mechanical analyses demonstrated that the
addition of nano-alumina up to 20 wt% enhanced the storage
modulus by about 112.2%, while the addition of marble powder
up to 20 wt% augmented the storage modulus by about 191.2%.
The conclusion is that regardless of the economic aspects, the
marble dust powder-lled dental composite had more accept-
able thermo-mechanical and thermal features compared to
those of the nano-alumina-lled dental composite.157

Al-Ajely et al. described calcium uoride NPs (CaF2 NPs)
applied in dental composites as the dental lling composition
of glass type. A coprecipitation technique through binary liquid
was employed to prepare the CaF2 NPs. X-ray diffraction was
used to predict the crystal structure characteristics and
elemental compositions of the CaF2 NPs, showing crystalline
peaks of the material. EDX analysis was applied for obtaining
the elemental composition. Moreover, the SEM images showed
the particle size to be �58 � 21 nm.158

Campos et al. studied the experimental dental restorative
composites and their development by the addition of mont-
morillonite (MMT) NPs in a polymer matrix-based BisGMA/
TEGDMA for assessing the feasibility of a distinct dimen-
sional behavior during photo-polymerization. The researchers
demonstrated that the experimental composites lled with
MMT NP have statistically identical polymerization shrinkage
values (by thermal mechanical analyses) at the concentration of
30% and less polymerization shrinkage values at the concen-
tration of 50% than the composites that became full with
barium glass (BG-control groups).159

Al-Mosawi and Al-Badr assessed the efficiency of ZnO NPs,
which were incorporated into the composite resin as anti-
microbial agents against bacteria that cause dental caries in
the oral cavity. The anti-bacterial impacts of inorganic anti-
bacterial agents was evaluated through agar disc diffusion test
with three different concentrations of the synthesized ZnO NPs
(in vitro) on the caries-causing bacteria in this research. Finally,
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85% decline in the growth of various types of bacteria was
revealed. The anti-bacterial agent (ZnO/NPs) had powerful anti-
bacterial activities against a broad-spectrum of pathogenic
caries-causing bacteria in the oral cavity.160

Size-controlled mono-dispersed silica NPs (MSNPs) in the
size range from 20 to 330 nm were effectively synthesized
through internal circulation rotating packed bed (ICRPB) and
blended with freeze-drying in a high-gravity environment (Yang
et al.). In comparison with the conventional stirred tank reactor,
ICRPB decreased the reaction duration by 1

3 times and MSNPs
with a clearly lower dimensions from 75 nm to 35 nm were
obtained. Increasing the MSNPs contents from 40 wt% to
70 wt% enhanced the composite's mechanical features
considerably, so that it initially augmented and aerwards
declined due to enhancement of the particle size, and reached
the highest value at 80 nm. Because of the very good dispersion,
the highest MSNPs contents were 30% greater than the
commercial silica NPs with a similar size, which provided more
acceptable features for the composites.161

Bezerra Dias et al. made a composite resin that is commer-
cial and contains TiO2 and Ag covered with TiO2 NPs for
providing anti-bacterial capacities without eliminating the
physical and mechanical features. The null hypothesis experi-
mented in this research is that the addition of small amounts of
TiO2 and Ag decorated TiO2 NPs to a composite resin (a
commercial one) had no effect on the compressive and dia-
metric tensile strength, anti-bacterial activities, conversion
degree, and surface roughness.162

Ai et al. suggested a functional nano-brous ller and
experimented with it to prepare an anti-bacterial composite
resin. The aim was to produce hydroxyapatite (HA) nano-wires
through the hydrothermal method, dopamine (DA) modica-
tion, and loading the silver NPs (Ag NPs). Such Ag NPs laden HA
nano-wires were blended into the Bis-GMA/TEGDMA resin for
preparing the cured composites. It was assumed that the
dispersion of the HA nano-wires and the Ag NPs in the
composite resins was homogeneous in terms of the properties
of polydopamine (PDA) surface modication. Then, the
mechanical features, release of silver ion, cyto-toxicity, and anti-
bacterial activities were assessed. The researchers targeted the
clinical applications and favorably postulated that the 1D Ag
NPs-laden HA nano-wires can be used as effective reinforce-
ments for the composite resin with increased anti-bacterial
activities.163

Wang et al. dealt with the reinforcement and anti-bacterial
impacts of cellulose nanocrystal/zinc oxide (CNC/ZnO) nano-
hybrids on dental resin composites (DRCs), which was
procured via precipitation of Zn2+ on the CNC surface (Fig. 9). In
comparison to the DRCs with no CNC/ZnO nano-hybrids, DRCs
with 2 wt% CNC/ZnO nano-hybrids had greater compressive
strength and exural modulus, and no signicant difference (P
> 0.05) was observed in the exural strength and Vickers micro-
hardness. The excessive application of the CNC/ZnO nano-
hybrids degraded the mechanical features of the DRCs with
the exception of the exural modulus. The DRCs with CNC/ZnO
nano-hybrids had very good anti-bacterial features and 78%
decrease in the bacterial numbers were achieved with the
This journal is © The Royal Society of Chemistry 2020
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addition of 2% CNC/ZnO nano-hybrids. The synthesized DRCs
would be useful for addressing bulk fracture and secondary
caries.164

Wang et al. synthesized wrinkle-structured mesoporous
silica NPs for inclusion in dental composites wherein the
BisGMA/TEGDMA based-resin composites were synthesized via
silanized silica NPs as the unimodal ller with various loading
performances (25, 30, and 35 wt%). In comparison to regular
silica particles (Si507), the silica NPs possess center radial
wrinkles that are suitable for forming micro-mechanical bonds,
which enhanced the ller matrix interfacial interaction and
mechanical features. Bimodal silica NPs llers with either silica
NPs-Si90 or silica NPs-Si190 were proposed for producing the
resin composites, each of them providing 60 wt% ller loading
and eliminating the loading limitations of uni-modal silica NPs
(35 wt%). It was found that bimodal silica NPs llers could
signicantly augment the mechanical characteristics of the
resulting composites. The silica NPs-Si190 lled composite
having an optimal mass ratio of 10 : 90 (wt/wt) had the most
acceptable mechanical function, which indicated acceptable
reinforcing efficacy of the silica NPs and the benets of the use
of bimodal llers. Silica NPs are potential inorganic llers to
design and fabricate dental resin composites with reasonable
mechanical features.165

Paiva et al. described the use of silver NPs absorbed into
a single phase, which was synthesized in a poly-electrolyte
Fig. 9 The preparation route of cellulose nanocrystal/zinc oxide (CNC/
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solution, which is the major compound of glass ionomer
cement. They carried this out via UV irradiation with no
changes in the viability of the net setting reaction. It was found
that the molar ratio of Ag+/COO� and UV exposure duration are
signicant variables in the procedure. Group D-High Ag speci-
mens generated AgNO3 0.5% and TA 10% bymass, for 90 min of
UV exposure, which showed considerable difference in inhib-
iting bacterial development and Streptococcus mutans bio-lm
viability in comparison with the negative controls (group A-
with no Ag). Nano Ag-glass ionomer cement conrmed the
anti-bacterial impacts of diffusion due to oxidative dissolution
of silver ions from the cement matrix, which inuenced caries
arrest and the prevention of developing oral bio-lms on their
surfaces.166

Sundeep et al. conducted a study to synthesize clean, eco-
friendly, and affordable silver NPs in bulk. The synthesized
silver NPs were reinforced with glass ionomer cement for
meeting the above two limitations concurrently. Reinforcing Ag
NPs in the glass ionomer cement augmented the hardness of
traditional glass ionomer cement and accordingly eliminated
the limitations of secondary caries caused by bacterial colony
surrounding the glass ionomer cement xed restoration post-
medication. A comparison was made between the increase in
the hardness of the Ag NP-reinforced glass ionomer cements
and traditional glass ionomer cement. Then, the micro-silver
reinforced glass ionomer cement and the anti-microbial
ZnO) nanohybrids.164
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activities of Ag NPs were implemented on Staphylococus aureus
and Escherichia coli bacteria.167

Garcia et al. assessed the anti-bacterial activities of zinc oxide
NPs absorbed into the self-cured glass ionomer cement and
light-cured resin-reinforced GIC on the Streptococcus mutans
bio-lm. GICs, Fuji II (GC America), and Fuji II LC (GC America)
were absorbed with NPs at the concentrations of 0%, 1%, and
2% by weight, and the biolm maturation duration was studied
for 1 and 7 days; circular samples of all the GIC types were
prepared. The anti-bacterial activities were assessed via deter-
mination of the number of colony forming units of Streptococcus
mutans strain in each milliliter. The analyses of glass ionomer
cement altered by light-polymerized resin indicated that just
the maturing duration had a signicant effect on the number of
the adhered cells on the bio-lm (p50.034, F54.778). If the
biolm is more mature, the number of cells will be greater. SEM
analyses did not reveal any changes in the cell morphology
associated with the kind of glass ionomer cement, maturation
duration, and NP concentrations. The study found that
including zinc oxide NPs at the concentrations of 1% and 2% by
weight into the glass ionomer cement did not enhance their
anti-microbial activities against Streptococcus mutans.168

Stewart et al. presented a newly fabricated broad spectrum
anti-microbial drug, mesoporous silica NPs (MSNs), co-
assembled for extended releases. Fig. 10 depicts a great
payload absorbed into the dental adhesives. The oral degrada-
tive environment regulated the release of the templating drugs
and octenidine di-hydrochloride, which was mathematically
modelled for predicting the efficient service-life. The steady
state release killed the cariogenic bacteria without toxicity via
the prevention of biolm formation on the adhesive surfaces.
The above substance might expand the dental restoration
service-life and can be deployed to other durable medical device
tissue interfaces for releasing responsive drugs in the case of
bacterial infections.169
Fig. 10 Bottom-up controlled self-assembly of drug-silica mesoporous
at the site of recurrent caries: the restoration of the tooth interface. U
particles are inherently maximally loadedwith the drug and exhibit extend
adhesive, thesemesoporous silica nanoparticles release drug within the re
extending the service life of the restoration through recurrent caries pre
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Han et al. designed a technique for synthesizing Janus NPs
through a selective etching or modication procedure at the
Pickering emulsion interface wherein the Janus structure of
SiO2 NPs was conrmed. The amino groups changed one side,
whereas the acrylate groups altered the other side. The addition
of the Janus NPs as compatibilizers into the adhesives with no
cyto-toxicity enhanced the dentin bond strength. The amino
groups of the Janus NPs can be attributed to such a situation,
whichmight combine with the carboxyl groups of the imprinted
dentin to augment the adhesive penetrability to the dentin
(validated by the enhanced resin tags). In addition, the adhesive
phase separation might decline. Thus, the Janus NPs can be
potential substitute materials for 2-hydroxyethyl methacrylate
in dental adhesives.170

Azad et al. determined the impacts of structural adhesive
elements and also dealt with the impacts of incorporating
BTDMA, a dimethacrylate monomer-based on BTDA (3,30,4,40-
benzophenone tetracarboxylic dianhydride) with carboxylic acid
functions as a functional monomer, and three photoinitiators,
butanedione, phenyl-propanedione, and camphorquinone
amine on the shrinkage behavior of an experimental dentin
bonding system. Additionally, the researchers investigated the
impacts of the incorporating silica NPs and BTDMA on
mechanical features and adhesion strength of dentin adhesive.
Incorporating the silanized silica NPs into adhesive exhibited
greater binding strength and mechanical features at very small
ller content of 0.2–0.5 wt%.171

Liu et al. found new orthodontic adhesive, which combined
the anti-bacterial activities of 2-methacryloxylethyl dodecyl
methyl ammonium bromide (MAE-DB) and demineralization
preventive feature of amorphous calcium phosphate (NACP)
NPs for combating the bio-lms and white spot lesions during
orthodontic therapy. In comparison with a commercial ortho-
dontic adhesive, the experimentally lled PND adhesive with
5% MAE-DB and 40% NACP showed a higher decline in biolm
development, stopped demineralization, and had no adverse
nanoparticles enables the long-term release of the antimicrobial agent
tilizing a surfactant-like antimicrobial agent, mesoporous silica nano-
ed controlled release. When incorporated into a dental restorative resin
storation-toothmarginal interface, killing caries-causing bacteria, thus
vention.169
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effect on the shear bond strength. If the anti-bacterial impacts
of MAE-DB combined with the remineralization approach of
NACP, it can be followed by opportunities of applications in
nano-technology materials for reducing the burden of dental
caries throughout the world.172

Yue et al. designed a self-healing adhesive containing anti-
microbial and remineralizing abilities, and explored the
unprecedented impacts of incorporation of micro-capsules,
dimethyl-aminohexadecyl methacrylate (DMAHDM), and NPs
of amorphous calcium phosphate (NACP). Poly(urea-
formaldehyde) (PUF) shells with triethylene glycol dimethacry-
late (TEGDMA) as a therapeutic liquid were used to synthesize
self-healing micro-capsules; the new adhesive included 10%
DMAHDM, 7.5% micro-capsules, and 20% NACP. A single edge
V-notched beam technique was employed for measuring the
fracture toughness KIC and the autonomous crack-healing effi-
cacy with experiments on an oral plaque microcosm bio-lm
model. This newly constructed self-healing, anti-microbial,
and remineralizing dental adhesive corresponded to the
dentin bond strength of a commercial control (p > 0.1); it
attained substantial crack healing with very good KIC recovery of
67%. It possessed powerful anti-microbial activities, decreased
the bio-lm colony forming units by about 4 orders of magni-
tude, and decreased the bio-lm acid generation to 1/100th of
that of the bio-lms on the commercial control resin.173

Al-Qarni et al. conducted a study for developing a calcium
(Ca) and phosphate (P) ion-rechargeable and protein repellent
adhesive with NPs of amorphous calcium phosphate (NACP)
and 2-methacryloyloxyethyl phosphorylcholine (MPC); the
impacts of MPC on the ion re-charge and re-release was exam-
ined. It was found that the addition of NACP + MPC did not
demonstrate any negative effects on the dentin binding
strength (p > 0.1). As the number of re-charge/re-release cycles
increased, the Ca/P ion re-release achieved accordingly greater
levels (p > 0.1), which indicated enduring re-mineralization
abilities; one re-charge made it possible for the adhesives to
continue re-releases for 21 days. The incorporation of 3% MPC
was followed by a 10-fold decline in the protein absorption and
1–2 log decline in the bio-lm CFU. The re-chargeable adhesive
containing MPC + 30% NACP signicantly decreased protein
absorption, bio-lm development, and lactic acid. The incor-
poration of MPC did not endanger the very good Ca/P ion
release, re-chargeability, and dentin bond strength. This adhe-
sive has the potential for various tooth restoration applications
for inhibiting caries and increasing the restoration durability.174

Xie et al. designed an adhesive with the three advantages of
recharging calcium phosphate ion, protein repellent, and anti-
bacterial function. MPC and dimethyl-aminohexadecyl meth-
acrylate (DMAHDM) were assimilated into a NACP re-
chargeable adhesive for achieving protein repellent and anti-
bacterial abilities for combating bio-lms and caries. The new
bio-active adhesive exhibited powerful protein repellent ability
and considerably decreased the bacterial binding and viabilities
by declining the bio-lm colony shaping units by nearly 4 log in
comparison with the commercial control. The bio-active adhe-
sive containing dental plaque microcosm bio-lm culture
retained a pH > 6, whereas the commercial control adhesive
This journal is © The Royal Society of Chemistry 2020
possessed a cariogenic pH ¼ 4. The adhesive with these three
advantages has the potential for protecting tooth structures and
inhibiting biolms and caries formation. The combination
procedure for NACP, MPC, and DMAHDM with three benets
will hopefully nd application in a variety of dental restorative
and preventive substances for reducing plaque formation and
inhibiting caries.175

Liang et al. examined poly(amido amine) (PAMAM), NPs of
amorphous calcium phosphate (NACP) adhesive, and PAMAM +
NACP adhesive to remineralize dentin in lactic acid with no
initial P and Ca ions. Maximum dentin remineralization in this
highly challenging environment was used to obtain new
PAMAM + NACP. It made the composite-dentin bond longer and
suppressed caries in patients with dry mouths, in which local
pH is frequently acidic and there is a lack of saliva with P and Ca
ions. PAMAM could not generate remineralization in lactic acid.
Using NACP adhesive, P and Ca ions' release was observed,
which increased the pH to 6.5, and attained minor reminerali-
zation in such a challenging environment. PAMAM + NACP was
synergized and NACP presented necessary Ca and P ions,
enhanced pH, and enabled PAMAM for fullling its nucleation
template functions. It was followed by maximum reminerali-
zation and restoration of the hardness of the demineralized
dentin to the hardness of the healthy dentin. PAMAM + NACP
has potential for patients with lower saliva and radiation caries
and for a variety of dental restorations for prolonging the
bonded interface, inhibiting secondary caries, remineraliza-
tion, and protecting the tooth structures.176

Dutra-Correa et al. assessed the impacts of small Ag NPs
absorption concentration (50 ppm increment from 50 to 250
ppm) into the primer of a 3-step, which is found in the market
as an etch-and-rinse adhesive system. NPs functionalized with
appropriate organic stabilizers controlling the particle size and
reducing agglomeration were substantially prepared and
poured into the primer, which generated hydrophilic and
functional materials even at small Ag NP concentrations.

The lowest suppressive concentrations were observed
between 25 and 50 ppm Ag NPs, the lowest being at 50 ppm of
Ag NPs. The suppression of bacterial activities was greater with
respect to the controls in each Ag NP group in comparison with
the controls in the agar diffusion assay; biolm suppression was
greater in 250 ppm Ag NPs as compared to the controls. Each Ag
NP group and Scotch bond Multi-Purpose adhesive system
showed the same cyto-toxicity in all periods. The adhesives
bearing 200 and 250 ppm Ag NPs and Scotch bond Multi-
Purpose adhesive system (controls) had maximum Micro-
tensile Bond Test values, which are identical to the ones in
Scotch bond Multi-Purpose adhesive system control in both the
cases (24 h and 6months) (p > 0.05). Ag NPs/primer relationship
may defend the tooth adhesive interface, which increases the
dental restoration durability.177

Polymethyl methacrylate (PMMA) thin lms absorbed with
bio-fabricated silver NPs have been not employed for evaluating
the in vitro anti-microbial and anti-biolm activities against
cariogenic bacterium Streptococcus mutans (Thomas et al.).
Bacillus amylo-liquefaciens SJ14 culture (Mag NPs) and extract
from Curcuma aromatica rhizome (Cag NPs) were used to
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generate silver NPs. Moreover, the lowest suppressive concen-
trations, lowest bactericidal concentrations, and anti-biolm
activities of Ag NPs against Streptococcus mutans were evalu-
ated wherein Mag NPs displayed better anti-microbial activities
in comparison to Cag NPs. Furthermore, the Mag NPs and Cag
NPs exhibited 99% and 94% suppression of biolm formation
of Streptococcus mutans at concentrations of 3 mg mL�1 and 50
mg mL�1, respectively. The Ag NPs were additionally absorbed
into the PMMA thin lms through solvent casting technique.
PMMA/Mag NPs and PMMA/Cag NPs nano-composite thin lms
were exposed to anti-microbial and anti-biolm analyses. In
addition, microbicidal activities were greater for the PMMA/
Mag NPs thin lm, showing the potential of microbially
synthesized Ag NPs as agents for inhibiting cariogenic bacteria
from colonizing the dental restorative materials.178

A polymeric composition comprises modied-TiO2 nano-
particles, with or without a solvent, and polymer precursors,
wherein the modied-TiO2 nanoparticles comprise titanium
dioxide nanoparticles, which are modied with a short-chain
unsaturated compound that comprises 2 to 10 carbon atoms.
The polymeric composition can be used in dental compositions
such as dental adhesives, dental composites, and dental
sealants.179

Balasankar et al. provided a treatment approach for deliv-
ering chlorhexidine (CHX) loaded poly(lactic-co-glycolic acid)
(PLGA) NPs via dentinal tubules of demineralized dentin
substrates for probable applications in adhesive and restorative
dentistry. The formulated CHX loaded PLGA NPs had inter-
esting physico-chemical features, negligible cyto-toxicity,
potential anti-bacterial efficiency, and slow degradation
patterns related to the capability of releasing CHX for up to 28
days. CHX loaded PLGA NPs in aqueous solution can penetrate
and inltrate via dentinal tubules up to 10 mm depth, which
have a close association with the resin tags aer binding resin
inltration.180

Gutiérrez et al. assessed the impact of adding copper NPs
(Cu NPs) at various concentrations into a two-step etch-and-
rinse (2 ER) adhesive on the anti-microbial activities (AMA),
copper release (CR), degree of conversion (DC), water sorp-
tion (WS), solubility (SO), immediate (IM), ultimate tensile
strength (UTS), 1 year resin dentin bond strength (mTBS),
and nano-leakage (NL). The addition of Cu NPs presented
AMA towards the adhesives at each concentration. Greater
CR was seen in adhesives with greater concentrations of Cu
NPs. DC, UTS, SO, and WS was not affected. An increase was
seen for mTBS in the 0.1 and 0.5% copper groups. A consid-
erable decline was found for NL in each group as compared
to the controls. Aer 1 year, any remarkable reductions in
mTBS and any considerable increase in NL were not found for
copper with adhesives in comparison with the controls. The
addition of Cu NPs at concentrations up to 1 wt% in the 2 ER
adhesive can be an option for providing AMA and preserving
the bond to dentin with no reduction in the adhesive's
mechanical features.181

The same group examined 2 year (2Y) resin dentin mTBS and
NL. The addition of copper NPs up to 0.5 wt% exhibited anti-
microbial features towards ER adhesives and stopped the
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degradation of the adhesive interface with no reduction in the
mechanical features of the formulations.182

Georgy et al. examined the dental adhesive composition
containing NPs of metals for gaining lengthy bactericidal
features by addition of Ag, V, Cu, Fe, Al, and Ta NPs in the
dental adhesive, which resulted in its prolonged bacterio-
static and bactericidal impacts versus dental plaque micro-
ora. For tantalum NPs, the modications in the
concentrations resulting from the deviation in the working
mode of the electric discharge dispersion condensing
instrument had no effects on the anti-septic features of the
resulting product of the dental adhesive. It was observed that
tantalum NPs enhance the average value of shear strength in
the system lling the material adhesive dentin up to over
40%. With regards to the bactericidal and high adhesion
features, tantalum NPs as an additive for dental adhesive
have advantages that need to be exploited.183

Rizk et al. demonstrated identical bioactive potentials of
poly-hedraloligomeric silsesquioxanes (POSS) particles as
that of nanosized bio-active glass (BG-Bi) particles when they
were blended with the adhesive while maintaining suitable
mechanical features of the system. The impacts of the multi-
functional POSS NPs on the degrees of conversion, sol frac-
tion, and water sorption indicated higher crosslink density
of the lled adhesive while maintaining low viscosities.
Hence, multi-functional POSS is an attractive option for
testing in bond strength tests as it could enhance the binding
strength due to the higher cross-linking capability and stop
binding strength degradation over time because of its
mineralization capacities. Though mono-functional POSS
particles resulted in a highly declined conversion and bio-
active glass particles strongly enhanced the viscosity,
apparently, their application in dental adhesives is limited to
specic uses and substances.184

Tooth whitening agents were necessarily nano-modied to
increase the whitening efficiency and decrease their harmful
side effects. For example, calcium peroxide nanoparticles could
penetrate deeper into the tooth structure through micro and
nano cracks, make longer surface contact, and increase the
effectiveness of the whitening agent.185
6.5. Nano-materials for periodontics

Periodontitis is a dental inammatory dysfunction, which
inuences the surrounding structures of the teeth (perio-
dontium). This disease is described by inammation and decay
of the surrounding teeth and supporting tissues, namely, peri-
odontal ligament, alveolar bone, cementum, and gum, which
are commonly encountered due to anaerobic Gram-negative
bacterial invasion of the teeth.186,187 New advancements in
nano-materials and nano-technology has offered hopeful
chances and opportunities for the efficient management of
periodontitis. A number of the most acceptable ndings and
benets can be attained from such newer strategies that include
the application of bio-adhesive polymers for achieving lengthy
drug release, increase in intrapocket drug penetration, increase
of mechanical features via chemical cross-linkers, and possible
This journal is © The Royal Society of Chemistry 2020
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loading of multiple drugs in a unit delivery system. The above
rewards could provide the ground for further research oppor-
tunity in developing drug delivery systems, which will advance
dental therapeutics.188–191

Khan et al. performed a study to synthesize bio-active electro-
spun bers for bio-medical and dental application with higher bio-
compatibility. The in situ precipitation of nanohydroxyapatite
(nHA) was administered at different concentrations (0.5%, 1%,
2%, 3%, and 5% wt/wt) of the functionalized multiwalled carbon
nano-tubes (MWCNTs) through microwave (MW) irradiation
method. HA/CNT and CNT were silanized with g-
methacryloxypropyl-trimethoxysilane (MPTS), blended with poly-
vinyl alcohol (10% wt/vol), and electrospun for fabricating the
bers. The bio-compatibility of the two bers was accessed due to
their impacts on angiogenesis in chick chorioallantoic membrane
(CAM) assay. The mechanical features indicated greater compres-
sive strength of the 3% loaded HA/CNT (100.5 � 5.9 MPa) in
comparison with the other features and failure behavior repre-
sented the dispersion of CNT in the HA matrix. The HA/CNT
electrospun bers demonstrated higher blood vessel formation
in comparison with the CNT bers. Such HA/CNT electrospun
bers revealed advantageous objectives in terms of the bio-
compatibility. Of course, due to the greater mechanical features
of CNT reinforced composites, they may be employed for the
regeneration of pulp-dentin and periodontal (Fig. 7).192

Khajuria et al. designed a chitosan-based risedronate or zinc-
hydroxyapatite intra-pocket dental lm (CRZHDF) for use in
treating alveolar bone loss in the rat model of periodontitis.
Periodontitis was generated through Porphyromonas gingivalis-
lipopolysaccharide injection surrounding the mandibular rst
molar and the rats were classied into ve groups (12 rats per
group): periodontitis plus chitosan lm, periodontitis plus
CRZHDF-B, healthy, untreated periodontitis, and periodontitis
plus CRZHDF-A. Aer 4 weeks, blood samples and mandibles
were taken for bio-chemical, radiographic, and histological
analyses. Bone specic alkaline phosphatise activities and
tartrate resistant acid phosphatase 5b were less in CRZHDF-A
and CRZHDF-B groups in comparison with the untreated peri-
odontitis group (p < 0.0001); osteocalcin expression was greater
in the CRZHDF-A and CRZHDF-B groups in comparison with
the un-treated periodontitis group (p < 0.0001). Alveolar bone
was intact in the healthy group. A local injection of CRZHDF led
to remarkable improvement in the mesial and distal peri-
odontal bone support (MPBS & DPBS) proportions (%), bone
mineral density, and inverse alveolar bone resorption as
compared with the un-treated periodontitis group (p < 0.001).
This study revealed that new CRZHDF therapy efficiently
declined alveolar bone demolition and contributed to peri-
odontal treatment in the rat model of experimental
periodontitis.193

Mahapatra et al. synthesized cerium oxide nano-materials
(Ce NMs) with various directional forms (aspect ratios) by
a pH managed hydrothermal procedure and treated them with
stem cells extracted from human dental pulp at different
dosages. Small Ce NMs (NPs & nano-rods) were internalized
quickly by the cells, whereas long Ce NMs (nano-wires) were
gradually internalized, which resulted in various distributions
This journal is © The Royal Society of Chemistry 2020
of Ce NMs and inhibited the ROS levels intra-cellularly or extra-
cellularly under H2O2-exposed condition. When the stem cells
were given a dose with Ce MNs, they were found to possess very
good cell survivability and damage from intra-cellular elements
such as DNA fragmentation, lipid rupture, and protein degra-
dation was considerably dropped. Therefore, ROS scavenging
episodes of Ce NMs require specic attention for aspect ratio
dependent cellular internalization. Moreover, these ndings
indicated the potential application of Ce NMs for protecting
stem cells from ROS environments that may eventually enhance
stem cell potentials for tissue engineering and regenerative
medicine applications.194

Xia et al. developed iron oxide NPs, which incorporated
calcium phosphate cement scaffolds (IONP-CPC) and ach-
ieved considerable improvements in osteogenic differentia-
tion of human dental pulp stem cells (hDPSCs) into IONP-
CPC scaffolds. CPC features such as more satisfactory
wetting, higher protein absorption, and higher cell binding
and spreading were ameliorated by addition of IONPs.
Osteogenic differentiations of hDPSCs were considerably
increased by incorporating IONP into CPC. A considerable
improvement was attained in ALP activities and expression
of the osteogenic gene. The bone matrix mineral, which was
synthesized by the cells, was enhanced two-to three-folds in
comparison with the mineral with no IONPs. Higher cell
function was ascribed to the IONP-CPC scaffold nano-
topography and IONPs releases and intakes within the
hDPSCs. Remarkable improvements were noted in osteo-
genesis, indicating that the newly developed IONP-CPC
scaffolds would be potentially useful for bone tissue engi-
neering and re-generative medicine applications.195

Ji et al. specied a technique, which could efficiently deliver
treatment agents to the pulp and was based on using NPs that
could actively be directed by magnetic forces to the pulp and
travel across natural channels in dentin (middle layer of the
teeth). The technique could reduce inammation of the
damaged pulp and enhance the penetration of dental adhesives
into the dentin. The above delivery approach is affordable with
lower pain and lower traumatic events compared to the current
treatment choices for the treatment of the damaged dental
pulp. It is straightforward and its translation to clinical appli-
cations can be accomplished easily (Fig. 11).196

Xia et al. made a calcium phosphate cement with gold NPs
(GNP-CPC) and examined its osteogenic induction capability on
hDPSCs. The incorporation of GNPs enhanced the hDPSCs
behavior on CPC such as more acceptable cell adhesion (about
two-fold enhancement in cell spreading) and rapid growth, and
enhanced osteogenic differentiation (�2–3-fold increase in 14
days). GNPs provided CPC with a nanostructure, which
improved the surface features for cell adhesion and the
following behaviors. GNPs released from GNP-CPC were inter-
nalized via hDPSCs, which was conrmed by transmission
electron microscopy (TEM) and enhanced cell performance.
Culture media with GNPs increased the cellular activity of
hDPSCs. This has\d consistency with GNP-CPC outputs and
conrmed osteogenic induction. Finally, GNP-CPC remarkably
augmented the osteogenic performance of hDPSCs, thus
RSC Adv., 2020, 10, 15430–15460 | 15451



Fig. 11 Fabrication and in vivo evaluation of the hydroxyapatite/carbon nanotube electrospun fibers for biomedical/dental applications.192
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rendering GNPs as a good candidate for modifying CPC with
nano-topography, which serve as bio-active additives for
increasing bone regeneration.197
Fig. 12 Technology for steering and delivering the drug-laden nanopart
occurring dentinal tubules that extend from the dentin to the pulp and
tooth structure. This technology was tested on rat molar teeth and in f
nanoparticles to the pulp or to enhance the bond strength of commerc

15452 | RSC Adv., 2020, 10, 15430–15460
Anton et al. examined the impact of nano-crystalline cerium
oxide doped with gadolinium (Ce1�xGdxOy) on the morpho-
functional features and proliferative activities of mesenchymal
icles to the tooth pulp is described. This technology exploits naturally
magnetic forces to actively steer the iron nanoparticles deep into the
reshly extracted human teeth, and can be used to deliver drug-laden
ially available resin adhesives to the tooth dentin.196

This journal is © The Royal Society of Chemistry 2020



Review RSC Advances
stem cells (MSCs) extracted from the dental pulp. They showed
that the introduction of Ce1�xGdxOy NPs into the culture of
dental MSCs activated the rapid growth of cells in a dosage-
dependent manner. The increased concentration of Ce1�xGdx-
OyNPs suppressed the cells' rapid growth but this condition did
not result in additional expansion of apoptosis and cell
mortality. Anton et al. found that nano-crystalline cerium oxide
may be viewed as a foundation for developing largely effective
and affordable complements to culture MSCs.198

Huang et al. conducted a study on fabricated mesoporous
calcium silicate (MesoCS) NPs with osteogenic, drug delivery,
and anti-bacterial features for endodontic materials, which has
a very good capability for developing apatite mineralization.
They found that 200 nm sized MesoCS NPs synthesized via
a simple template technique had a higher specic surface area
and pore volume with internal mesopores (average pore size ¼
3.05 nm). MesoCS NPs might be employed as drug carriers for
maintaining long-term release of gentamicin and broblast
growth factor-2 (FGF-2). MesoCS-loaded FGF-2 could trigger
more odontogenic proteins compared to CS due to FGF-2
release. MesoCS NPs are potentially benecial endodontic
materials as bio-compatible and osteogenic dental pulp tissue
regenerative materials (Fig. 12).199

Table 1 lists the applications of nano-materials in dentistry.
It shows the developments and individual procedures, which
have been formerly discussed.

7. Toxicity of nano-materials

Although it is expected that nano-materials can have a great
impact on a large range of industrial and economic sectors, the
sustainability of green nano-solutions is not clear yet and it
should be carefully treated. In fact, the incorporation of nano-
materials can be environmentally friendly, healthy, and safe
as well as strongly compete with traditional technologies.200–208

Nano-materials covertly get introduced into the environment
via soil, water, and air during different human activities
including environmental treatments that intentionally deposit
engineered nano-materials into the soil or aquatic
systems.209–216 Magnetic nano-materials enjoy additional bene-
ts, besides smaller sizes and higher reactivity and capacities;
thus, they are potential lethal agents as they can induce toxic
and harmful cellular impacts, which are not common in the
bulkier micron-sized counterparts. Moreover, research has
showed that nano-materials can enter organisms via ingestion
or inhalation and can translocate into different organs and
tissues, thus exhibiting hazardous impacts. Even though
a number of investigations have dealt with the toxic impacts of
nano-materials on plant cells and animal cells, toxicological
examinations of magnetic nano-materials on plants have been
not performed adequately. The use of Ag nano-materials in
several consumer products has resulted in their release in the
aquatic environment such that they have become the origin of
dissolved Ag with adverse impacts on aquatic organisms such as
algae, bacteria, daphnia, and sh.217–219 Respiratory systems are
the main target for the possible toxicity of nano-materials,
which is caused by the addition of the inhaled particles to the
This journal is © The Royal Society of Chemistry 2020
portal entries. In addition, it accepts the whole cardiac outputs.
Nano-materials have widespread application in biosystems;
however, in spite of the fast development and initial acceptance
of nano-biotechnology, their potential impacts on the health
due to the long-term exposure to different concentrations in
human have still not been conrmed. Nonetheless, the study of
the environmental impacts of nano-materials will be under
extreme scrutiny in the future. Nano-material toxicity is its
capability of organizing around the protein molecules, which
are dependent on the sizes of the particle, curvature, shapes,
surface characteristics, functionalized groups, charge, and free
energy. As a result of such binding, a number of nanoparticles
have destructive biological outcomes such as protein unfolding,
thiol cross-linking, brillation, and loss of enzymatic activities.
One of the other paradigms is the release of poisonous ions
when the thermo-dynamic features of the materials support the
dissolving particles in a biological environment or a suspension
medium.220–225 Nano-materials usually accumulate in seawater
and hard water and they are highly affected by organic materials
or other natural particles (colloids) in fresh water. The disper-
sion mode can also modify the eco-toxicity; however, several
abiotic agents inuencing this are salinity, pH, and the exis-
tence of organic matters, which should be carefully analyzed
using eco-toxicological examinations.226–228
8. Conclusion and future
perspectives

Nano-medicine should resolve challenges in its use, increase
understanding of pathophysiological basis of diseases, provide
greater diagnostic chances and opportunities, and offer more
efficient treatments and preventive features. The purpose of
nanotechnology is to exploit the attractive physico-chemical
properties of nano-materials in a number of innovative appli-
cations that are energy saving as well as economically and
environmentally useful, which are expected to impact several
economic sectors. These solutions may offer a chance to
decrease the pressure of trading renewable energy, to improve
the reliability and safety of power delivery systems, as well as to
use unconventional water sources or nano-enabled construc-
tion products for providing better ecosystem and livelihood
conditions. However, the opportunities offered by nano-
materials in economic solutions should be balanced by
a number of practical challenges, critical environmental and
social issues, as well as with human health and safety concerns.
In particular, nano-materials may have signicant hazardous
properties that are still unknown, which are related to their
unique physico-chemical properties that can cause risks for
a wide range of employees exposed through the overall lifecycle
of the nano-materials. Therefore, scientic research, techno-
logical, governmental, and workforce efforts should dene the
hazardous effect of nano-materials to assess the risks
adequately. This would provide helpful information in
preparing protective measures for comprehensive risk
management for both the general and occupationally exposed
populations.
RSC Adv., 2020, 10, 15430–15460 | 15453



Table 1 Selected applications of nano-materials in dentistry

Nano-materials Shape Application in dentistry Ref.

Ag Nanoparticles Tooth disinfectant 99
TMP Nanoparticles Toothpastes 100
Ag2O Nanoparticles Toothpastes 101
Ag Nanoparticles Toothbrushes 102
NACP Nanoparticles Dental sealants 103
Cs Nanoparticles Dental varnishes 104
Cs Nanoparticles Dental care 105
ZrO2 Nanoparticles Dental care 106
CMC/ACP Nanoparticles Dental care 107
Ferumoxytol Nanoparticles Biolms for preventing tooth decay 108
CS-CMS-MMT Nanoparticles Biolms for preventing tooth decay 109
NACP Nanoparticles Biolms for preventing tooth decay 110
pMSN Nanoparticles Biolms for preventing tooth decay 111
Cr Nanoparticles Biolms for preventing tooth decay 112
CuCh NP Nanoparticles Biolms for preventing tooth decay 113
Ag Nanoparticles Biolms for preventing tooth decay 114
nDCPD Nanoparticles Biolms for preventing tooth decay 115
TiO2 Nanoparticles Dental prosthesis 119
TiO2 Nanotubes Dental prosthesis 120
ZrO2 Nanoparticles Dental prosthesis 121
Ag2O–TiO2 Nanotubes Implant materials 122
TiO2–Ag Nanotubes Dental implant 123
Ag–Fe3O4 Nanoparticles Dental implant 124
Pd–Ag-HAp Nanoparticles Dental implant 125
Cu–TiO2 Nanotubes Dental implant 126
TiO2 Nanoparticles Dental implant 127
Ag Nanorods Dental implant 128
Ag Nanoparticles Dental implant 129
Ag Nanoparticles Dental implant 130
ZnO Nanorods Dental implant 131
Au Nanoparticles Dental implant 132
NACP Nanoparticles Root dentin 138
Ag Nanoparticles Root dentin 139
IO Nanoparticles Endodontic disinfection 140
Ag Nanoparticles Dental resin 149
Ag/QND Nanohybrids Dental resin 150
AgBr/BHPVP Nanoparticles Dental resin 151
MCS Nanoparticles Dental resin 152
SiO2 Nanoparticles Dental resin 153
TiO2 Nanoparticles Dental resin 154
TiO2 Nanoparticles Dental composites 155
CaHPO4$2H2O Nanoparticles Dental composites 156
Nanoalumina Nanoparticles Dental composites 157
CaF2 Nanoparticles Dental composites 158
MMT Nanoparticles Dental composites 159
ZnO Nanoparticles Dental composites 160
MS Nanoparticles Dental composite resin 161
TiO2/Ag Nanoparticles Dental composite resin 162
HA-PDA-Ag Nanowires Dental composite resin 163
CNC/ZnO Nanohybrids Dental composite resin 164
SiO2 Nanoparticles Dental composite resin 165
Ag Nanoparticles Glass ionomer cement 166
Ag Nanoparticles Glass ionomer cement 167
ZnO Nanoparticles Glass ionomer cement 168
MSNs Nanoparticles Dental adhesive 169
SiO2 Nanoparticles Dental adhesive 170
SiO2 Nanoparticles Dental adhesive 171
NACP Nanoparticles Dental adhesive 172
NACP Nanoparticles Dental adhesive 173
NACP Nanoparticles Dental adhesive 174
NACP Nanoparticles Dental adhesive 175
NACP Nanoparticles Dental adhesive 176
Ag Nanoparticles Dental adhesive 177
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Table 1 (Contd. )

Nano-materials Shape Application in dentistry Ref.

Ag Nanoparticles Dental adhesive 178
TiO2 Nanoparticles Dental adhesive 179
PLGA Nanoparticles Dental adhesive 180
Cu Nanoparticles Dental adhesive 181
Cu Nanoparticles Dental adhesive 182
Ag, Ta, Cu, Fe, Al and V Nanoparticles Dental adhesive 183
BG-Bi Nanoparticles Dental adhesive 184
CaO2 Nanoparticles Tooth whitening 185
HA/CNT Nanober Pulp-dentin and periodontal 192
HA/Zn Nanoparticles Periodontitis 193
Ce Nanowires, nanoparticles, and

nanorods
Pulp-dentin 194

IO Nanoparticles Pulp-dentin 195
IO Nanoparticles Pulp-dentin 196
GNP-CPC Nanoparticles Pulp-dentin 197
Ce1�xGdxOy Nanoparticles Pulp-dentin 198
MesoCS Nanoparticles Pulp-dentin 199

Review RSC Advances
Generally, nanotechnology should not only provide solutions
but should also “become green” with respect to safety and
health. In this context, a discussion between experts should be
pursued to carefully balance the benets of green nanotech-
nology and the potential costs for the society, especially in terms
of environmental, public, and occupational health. This
consideration will maximize the environmental and societal
benets, health gains, and cost savings.

Recent developments in nano-materials and nanotechnology
can provide helpful insights into the commercial applications
of nano-materials for the ‘true’ regeneration of periodontal
apparatus as a whole, including dentine, cementum, peri-
odontal ligaments, and bone. Scaffolds impregnated with
nanoparticles along with tissue engineering triads can mimic
an extracellular matrix that can initiate the formation of the
host tissues. Thus, given their low toxicity, antimicrobial
properties, and enhanced protein–surface interactions, these
nanoparticles can be used for various dental applications. Their
potential role in the formation of improved biomaterials in
different forms is a signicant innovation in dentistry. The
combination of continual renements in conventional treat-
ment modalities and advances in the clinical applications of
nanotechnology are promising for improving dental care.
Abbreviations
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ALN
 Alendronate
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BG-Bi
 Bioactive glass

Ca
 Calcium

Cag
 Curcuma aromatica rhizome

CNC/ZnO
 Cellulose nanocrystal/zinc oxide
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 Carboxymethyl starch

CHX
 Chlorhexidine

CS
 Chitosan

CMC
 Carboxymethyl chitosan

CR
 Copper release

CVD
 Chemical vapour deposition

DMAHDM
 Dimethylaminohexadecyl methacrylate

DRCs
 Dental resin composites

DLS
 Dynamic light scattering

EBPADMA
 Ethoxylated bisphenol A dimethacrylate

EDX
 Energy dispersive X-ray

IR
 Infrared

POM
 Polarized optical microscopy

LSPR
 Localized surface plasmon resonance

ICRPB
 Internal circulation rotating packed bed

SDR
 Spinning disc reactor

TEGDMA
 Triethylene glycol dimethacrylate

UDMA
 Urethane dimethacrylate

HA
 Hydroxyapatite

DA
 Dopamine

PDA
 Poly dopamine

PMMA
 Poly methylmethacrylate

TMP
 Trimetaphosphate

Y-TZP
 Yttria-stabilized tetragonal zirconia polycrystals

PO4
 Phosphate

DMAHDM
 Dimethylaminohexadecyl methacrylate

DMAHDM
 Dimethylaminohexadecyl methacrylate

MMT
 Montmorillonite

PUF
 Poly (urea-formaldehyde)

TEGDMA
 Triethylene glycol dimethacrylate

H2O2
 Hydrogen peroxide

MAE-DB
 2-Methacryloxylethyl dodecyl methyl ammonium

bromide
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2-Methacryloyloxyethyl phosphorylcholine

MMT
 Montmorillonite

NaBH4
 Sodium borohydrate

NaF
 Sodium uoride

PMMA
 Polymethyl methacrylate

ROS
 Reactive oxygen species

PLGA
 Poly-(lactic-co-glycolic acid)

PMGDM
 Pyromellitic glycerol dimethacrylate

CHX
 Chlorhexidine

GIC
 Glass ionomer cement

hDPSCs
 Human dental pulp stem cells

UTS
 Ultimate tensile strength

DC
 Degree of conversion

WS
 Water sorption

SO
 Solubility

IM
 Immediate

mTBS
 1 year resin dentin bond strength

FBPRE
 Ficus benghalensis prop root extract

NaClO
 Sodium hypochlorite

NL
 Nanoleakage

POSS
 Polyhedraloligomeric silsesquioxanes

RBC
 Resin-based composites

TiO2
 NPs Titanium dioxide nanoparticles

NACP
 Nanoparticles of amorphous calcium phosphate

CS-NPs
 Chitosan nanoparticles

IO-NPs
 Iron oxide nanoparticles

pMSN
 Pore mesoporous silica nanoparticles

MSNPs
 Monodisperse silica nanoparticles

CaF2 NPs
 Calcium uoride nanoparticle

Cu NPs
 Copper nanoparticles

nano-ZrO2
 Zirconium oxide nanoparticles

nDCPD
 Dicalcium phosphate dihydrate nanoparticle

SEM
 Scanning electron microscope

TEM
 Transmission electron microscopy

XRD
 X-ray diffraction

XPS
 X-ray photoelectron spectroscopy
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L. N. Dovigo, D. M. P. Spolidório, A. N. de Souza Rastelli
and A. C. Botta, Microsc. Res. Tech., 2017, 80, 456.

169 C. A. Stewart, J. H. Hong, B. D. Hatton and Y. Finer, Acta
Biomater., 2018, 76, 283.

170 B. Han, W. Xia, K. Liu, F. Tian, Y. Chen, X. Wang and
Z. Yang, ACS Appl. Mater. Interfaces, 2018, 10, 8519.

171 E. Azad, M. Atai, M. Zandi, P. Shokrollahi and L. Solhi, Dent.
Mater., 2018, 34, 1263.

172 Y. Liu, L. Zhang, L. N. Niu, T. Yu, H. H. Xu, M. D. Weir and
J. H. Chen, J. Dent., 2018, 72, 53.

173 S. Yue, J. Wu, Q. Zhang, K. Zhang, M. D. Weir, S. Imazato
and H. H. Xu, J. Dent., 2018, 75, 48.

174 F. D. Al-Qarni, F. Tay, M. D. Weir, M. A. Melo, J. Sun,
T. W. Oates and H. H. Xu, J. Dent., 2018, 78, 91.

175 X. Xie, L. Wang, D. Xing, K. Zhang, M. D. Weir, H. Liu and
H. H. Xu, Dent. Mater., 2017, 33, 553.

176 K. Liang, S. Xiao, M. D. Weir, C. Bao, H. Liu, L. Cheng and
H. H. Xu, J. Biomed. Mater. Res., 2018, 106, 2414.

177 M. Dutra-Correa, A. A. Leite, S. P. de Cara, I. M. Diniz,
M. M. Marques, I. B. Suffredini and I. S. Medeiros, J.
Dent., 2018, 77, 66.

178 R. Thomas, S. Snigdha, K. B. Bhavitha, S. Babu, A. Ajith and
E. K. Radhakrishnan, Biotech, 2018, 8, 404.

179 J. Sun and W. L. Wu, inventor, Google Patents, assignee.
Toothpaste patent US20120172485A1, 2012.

180 B. M. Priyadarshini, K. Mitali, T. B. Lu, H. K. Handral,
N. Dubey and A. S. Fawzy, Dent. Mater., 2017, 33, 830.

181 M. F. Gutiérrez, P. Malaquias, T. P. Matos, A. Szesz, S. Souza
and J. Bermudez, Dent. Mater., 2018, 33, 309.

182 M. F. Gutiérrez, P. Malaquias, V. Hass, T. P. Matos,
L. Lourenço and A. Reis, J. Dent., 2019, 61, 12–20.
RSC Adv., 2020, 10, 15430–15460 | 15459



RSC Advances Review
183 G. A. Frolov, Y. N. Karasenkov, A. A. Gusev, O. V. Zakharova,
A. Y. Godymchuk, D. V. Kuznetsov and V. K. Leont'ev, Nano
Hybrids and Composites, 2017, 13, 39–46.

184 M. Rizk, L. Hohlfeld, L. T. Thanh, R. Biehl, N. Lühmann,
D. Mohn and A. Wiegand, Dent. Mater., 2017, 33, 1056–
1065.

185 V. Velkoborsky, inventor, Google Patents, assignee.
Toothpaste patent US20100239618 A1, 2010.

186 S. Prakasam, P. Gajendrareddy, C. Louie, C. Lee and
L. E. Bertassoni, Biomater. Immune Response, 2018, 211.

187 E. T. Knight and W. Murray Thomson, Periodontol, 2018,
78, 195.

188 J. G. Deeb, C. K. Carrico, D. M. Laskin and T. E. Koertge, J.
Dent. Educ., 2019, 83, 457.

189 G. Zucchelli, P. Sharma and I. Mounssif, Periodontol, 2018,
77, 7–18.

190 Z. Danish, M. N. Shah, S. Rehmat, F. A. Hakam and
H. A. Raza, Dent. J., 2019, 39, 60.

191 S. N. Papageorgiou, G. N. Antonoglou, C. Martin and
T. Eliades, J. Orthod., 2019, 46, 101.

192 A. S. Khan, A. N. Hussain, L. Sidra, Z. Sarfraz, H. Khalid,
M. Khan and I. U. Rehman, Mater. Sci. Eng., 2017, 80, 387.

193 D. K. Khajuria, S. F. Zahra and R. Razdan, J. Biomater. Sci.,
2018, 29, 74.

194 C. Mahapatra, R. K. Singh, J. H. Lee, J. Jung, J. K. Hyun and
H. W. Kim, Acta Biomater., 2017, 50, 142.

195 Y. Xia, H. Chen, F. Zhang, L. Wang, B. Chen, M. A. Reynolds
and H. H. Xu, Artif. Cells, Nanomed., Biotechnol., 2018, 46,
423.

196 Y. Ji, S. K. Choi, A. S. Sultan, K. Chuncai, X. Lin,
E. Dashtimoghadam and Z. Nie, Nanomed, 2018, 14, 919.

197 Y. Xia, H. Chen, F. Zhang, C. Bao, M. D. Weir,
M. A. Reynolds and H. H. Xu, Nanomed, 2018, 14, 35.

198 A. L. Popov, O. G. Tatarnikova, N. R. Popova, I. I. Selezneva,
A. Y. Akkizov, A. M. Ermakov and V. K. Ivanov, Nano Hybrids
and Composites, 2017, 13, 26.

199 C. Y. Huang, T. H. Huang, C. T. Kao, Y. H. Wu, W. C. Chen
and M. Y. Shie, J. Endod., 2017, 43, 69.

200 M. Ates, Z. Arslan, V. Demir, J. Daniels and I. O. Farah,
Environ. Toxicol., 2015, 30, 119.

201 M. Coccia and L. Wang, Proc. Natl. Acad. Sci. U. S. A., 2016,
113, 2057.

202 M. Giovanni, C. Y. Tay, M. I. Setyawati, J. Xie, C. N. Ong,
R. Fan and D. T. Leong, Environ. Toxicol., 2015, 30, 1459.

203 M. Coccia, Scientometrics, 2018, 117, 1265.
204 L. Li, T. Liu, C. Fu, L. Tan, X. Meng and H. Liu, Nanomed,

2015, 11, 1915.
205 M. Coccia, Tech. Soc., 2020, 60, 1.
206 I. Y. Kim, E. Joachim, H. Choi and K. Kim, Nanomed, 2015,

11, 407.
207 N. Klinthoopthamrong, D. Chaikiawkeaw,

W. Phoolcharoen, K. Rattanapisit, P. Kaewpungsup,
15460 | RSC Adv., 2020, 10, 15430–15460
P. Pavasant and V. P. Hoven, Int. J. Biol. Macromol., 2020,
149, 51.

208 M. Coccia, Int. J. Healthc. Tech. Manag., 2012, 13, 184.
209 X. Jing, J. H. Park, T. M. Peters and P. S. Thorne, Toxicol,

2015, 29, 502.
210 M. Coccia, U. Finardi and D. Margon, J. Technol. Trans.,

2012, 37, 777.
211 N. Adam, A. Vakurov, D. Knapen and R. Blust, J. Hazard.

Mater., 2015, 283, 416.
212 G. Libralato, G. Lofrano, A. Siciliano, E. Gambino,

G. Boccia, C. Federica, A. Francesco, E. Galdiero,
R. Gesuele and M. Guida, Visible Light Active Structured
Photocatalysts for the Removal of Emerging Contaminants,
Elsevier, 2020, p. 195.

213 M. Coccia and J. Watts, J. Eng. Tech. Manag., 2020, 55,
101552.

214 M. Kumari, S. P. Singh, S. Chinde, M. F. Rahman,
M. Mahboob and P. Grover, Int. J. Toxicol., 2014, 33, 86.

215 M. Coccia, Technol. Forecast. Soc. Change, 2019, 141, 289.
216 S. Aalapati, S. Ganapathy, S. Manapuram, G. Anumolu and

B. M. Prakya, Nanotoxicol, 2014, 8, 786.
217 M. Coccia, Technol. Anal. Strateg. Manage., 2017, 29, 1048.
218 B. Collin, E. Oostveen, O. V. Tsyusko and J. M. Unrine,

Environ. Sci. Technol., 2014, 48, 1280.
219 E. O. Ogunsona, R. Muthuraj, E. Ojogbo, O. Valerio and

T. H. Mekonnen, Appl. Mater. Today, 2020, 18, 100473.
220 M. Coccia, Technol. Anal. Strateg. Manage., 2014, 26, 733.
221 N. S. Taylor, R. Merrield, T. D. Williams, J. K. Chipman,

J. R. Lead and M. R. Viant, Nanotoxicol, 2016, 10, 32.
222 R. Abbasalipourkabir, H. Moradi, S. Zarei, S. Asadi,

A. Salehzadeh, A. Ghafourikhosroshahi and N. Ziamajidi,
Food Chem. Toxicol., 2015, 84, 154.

223 N. R. Jacobsen, T. Stoeger, S. Van Den Brûle, A. T. Saber,
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