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Abstract: Many investigations have pointed out widespread use of medical nanosystems in various
domains of dentistry such as prevention, prognosis, care, tissue regeneration, and restoration.
The progress of oral medicine nanosystems for individual prophylaxis is significant for ensuring
bacterial symbiosis and high-quality oral health. Nanomaterials in oral cosmetics are used in
toothpaste and other mouthwash to improve oral healthcare performance. These processes cover
nanoparticles and nanoparticle-based materials, especially domains of application related to biofilm
management in cariology and periodontology. Likewise, nanoparticles have been integrated in
diverse cosmetic produces for the care of enamel remineralization and dental hypersensitivity. This
review summarizes the indications and applications of several widely employed nanoparticles in
oral cosmetics, and describes the potential clinical implementation of nanoparticles as anti-microbial,
anti-inflammatory, and remineralizing agents in the prevention of dental caries, hypersensitivity,
and periodontitis.

Keywords: nanoparticles; oral cosmetics; toothpaste; mouthwash; biofilm; caries; periodontology;
hypersensitivity

1. Introduction

A nanomaterial is defined as “an insoluble or biopersistant and intentionally manufactured
material with one or more external dimensions, or an internal structure, on the scale from 1 nm to
100 nm” [1]. To date, nanotechnologies and nanomaterials have been extensively employed and
the potential for growth in nanomedicine appears significant. Three principal fields of application
are particularly targeted: diagnosis, drug administration, and regenerative medicine [2]. The main
domains of nanoparticles in the field of dentistry globally may involve the teeth-whitening, polishing
pastes for the enamel surface, dental implant coatings, dental filling, antisensitivity agents, and the
prevention of caries [3,4].

One sector is particularly relevant to consumers: cosmetics, much of which is based on
nanoparticles (NP). Cosmetics is specified as whatever substance or preparation is planned to be in
contact with external parts of the human body or with mucous membranes and teeth of the buccal
cavity with a view, principally or exclusively, to changing their appearance, cleaning them, flavoring
them, balancing body odors, keeping them or preserving them in a healthy condition [5].
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Toothpaste is a cosmetic hygiene product requiring daily use. In the oral care market, toothpaste
is the biggest part. The toothpaste market was estimated in 2018 to be worth USD 26.1 billion, and it is
predicted to reach USD 37.0 billion by 2024 [6]. Various forms of toothpaste, such as pastes, powder,
and gels, give more choice to consumers, thus propelling demand [7]. High product usage across
all age groups and income is the prime element driving this segment. The use of cosmetic products
containing nano-objects, such as dentifrices containing titanium dioxide NPs, is commonly used in
periodontal health.

Mouthwash is expected to show profitable growth in the coming years because of the growing
professional recognition of biofilm disorganization, and their increasing use by consumers linked
to oral quality of life. The provision of flavored mouthwash associated with components labeled
as natural should increase demand. The persistence of oral disorders such as periodontal disease,
interdental bleeding, halitosis, and gingivitis, as well as the management of older people’s prostheses,
should also contribute to the demand for medicated and non-medicated mouthwash.

It is rational to question the progress made by these NPs compared to existing technologies as
well as the interest in the massive use of NPs in recent years in oral health cosmetic products. Some
properties of nanoscale objects can confer specific behaviors, amplifying, in some cases, their chemical
reactivity, their electronic or magnetic behavior, or their potential for penetration of living organisms.
The knowledge and practices of nanotechnology in the field of oral hygiene products are progressing
due to the emergence of new technologies that contribute to the improvement of the quality of care
and broadening of the field of application of dentifrices and mouthwash.

In 2018, a catalog of all nanomaterials included in cosmetic products available on the market was
produced by the European Commission. The catalog listed both nanomaterials used as preservatives,
UV-filters, and colorants specifying reasonably predictable exposure conditions and the categories
of cosmetics [8]. Of the 29 nanomaterials listed in this catalog, 3 were identified as colorants, 4 as
UV-filters, and 22 as “other” functions, including oral hygiene products. These diverse nanomaterials
have a major impact in individual prophylaxis, the prevention of caries, and periodontitis, as well as
the quality of life of consumers.

A systematic literature search was conducted on three databases, namely PubMed, Web of
Science, and Scopus. Articles in these databases were searched using the keywords (“nanoparticle” OR
“nanomaterial” OR “nanotechnology”) AND (“nanoparticle” OR “nanomaterial” OR “nanotechnology”)
AND (“toothpaste” OR “dentifrice” OR “oral care” OR “mouthwash” OR “mouthrinse”) AND (“metal”
OR “metal oxide” OR “silver” OR “gold” OR “zinc” OR “titaniumdioxide” OR “copper oxide” OR
“chlorhexidine” OR “ferumoxytol” OR “Scutellaria baicalensis” OR “chitosan” OR “hydroxyapatite” OR
“Casein phosphopeptide–amorphous calcium phosphate” OR “bioactive glass”) AND (“anti-bacterial”
OR “anti-microbial” AND “anti-inflammatory” OR “remineralization”). The research timeframe was
from 2000 to December 2019. The selection procedure was performed by two reviewers, who evaluated
the titles and abstracts of the articles identified in the electronic databases.

Our article provides a synthesis of the progress made by nanomaterials and their use in the oral
hygiene market as anti-microbial and remineralizing agents in oral care cosmetics. It presents the
main current knowledge of the biological and physico-chemical effects of nanomaterials. However,
the health consequences of exposure to nanomaterials of cosmetic origin are not addressed. This
inventory is not intended to be a complete catalog, but wants to point out that nanotechnologies in
dental hygiene products touch a wide spectrum of applications, ranging from traditional toothpaste
and mouthwash through remineralizing, bactericidal, or bacteriostatic agents.

2. Properties and Structural Features of Nanosystems (Nanomaterials and Nanoparticles)

Nanosized systems are of a great interest mainly due to their exceptional surface-to-volume
ratio and following distinctive optical, physical, and chemical properties, and to their increased
bioavailability towards cells and tissues [9,10]. The nanosystems classically used in oral care cosmetics
can be globally classified regarding their composition and structure. Nanosystem composition can
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be inorganic (metals, oxides, or calcium/phosphate (Ca/P) salts), organic (chitosan NPs) [11,12],
phosphatidylcholin/cholesterol liposomes [13], or inorganic–organic hybrids (silica NPs encapsulated
chlorhexidine (CHX); colloidal hexametaphosphate salt of CHX)). The nanostructured materials, often
called nanomaterials, are defined as solid systems with nanodomains embedded in a large, dense
matrix. Such structure must be distinguished from “free” NPs often synthesized as stable dispersed
colloids. Both are used in oral care cosmetics that include either dense materials such as toothpaste,
or liquid dispersed systems, such as mouthwash, for which ingredient stability during processing and
ageing is a key point. The vertebrate bone, which is well known for its exceptional biocompatibility
properties, is a perfect example of a natural nanostructured system with hydroxyapatite organized as
nanocrystals embedded in collagen fibrils [14]. Please note that all oral care applications have so far
been described, to our knowledge, by using only pure NPs, as they need an intermediate dense or liquid
system to keep them from aggregation that reduces the benefit of the nanosized effect. The relative
recent capacity to synthesize purified “free” NPs allows the design of new performing systems with
innovative physico-chemical and bifunctional properties, along with biocompatibility.

NP morphology and size distribution may also be key factors for innovative oral care applications,
as they are described as strategical parameters in other application fields dealing with nanometer-size
particles [15–18]. Indeed, the expected nanometer-size effect on NP properties is generally claimed to
be more efficient, since the size distribution is narrow, and the shape is homogeneous. Size distribution
and shapes are highly associated with synthetic routes and chemical compositions of the NPs. For a
unique NPs composition, various morphologies can be produced: nanospheres, nanorods, necklaces,
nanoprisms, nanostars, or nanowires for the most common ones. Transmission or scanning electron
microscopy, as well as scanning probe microscopy, are the tools of choice to analyze NPs following
synthesis. Also, dynamic light-scattering can be used to characterize the average particle diameter and
polydispersity index of aqueous NP dispersions.

The stability of NPs, from synthesis to sterilization, storage processes, and use in biological
environment, are also of interest regarding the availability to maintain nanosized distribution after
synthesis and purification steps [19–22]. For example, consecutively to their synthesis and stabilization
in a liquid environment, free drying or lyophilization, which is conventionally used to store NPs in
a dried state, is well known to enhance more or fewer aggregation-irreversible mechanisms [23–26].
Then, the in situ characterization of NPs in the final product may be of great interest, as well as
their characterization in the biological environment, where interaction takes place with the biological
substances (proteins, membrane phospholipids, solid minerals (tooth, done), ions, pH, enzymes, etc.).

Therefore, the relevant properties in the achieved products (toothpaste and mouthwash) are
dependent mainly on the nanosized dimension [3,4,12,27–34]. However, to our knowledge, no studies
have focused on NPs ageing or reorganization in relation to their stability in the oral care field. An
important aspect to keep in mind when surveying the clinical application of NPs is the ageing of
NPs between synthesis and their distribution in oral care products after incorporation within other
ingredients. The evolution of size distribution by ageing of NPs, and the consecutive variation of their
properties, is dependent on synthesis and purification protocols, as well as conditions of storage and
the process of incorporation in the liquids or pastes. A prospective exploration of this point may be
relevant for a complete understanding of the real impact of nanometer size of additive NPs on the final
oral care product.

3. Nanoparticles as Anti-Microbial and Anti-Inflammatory Agents in Oral Care Products

In 2017, oral disorders affected 3.47 billion people in the world and represented one of the three
most common causes of global diseases [35]. Among the oral diseases, the most prevalent were dental
caries and periodontitis. Together, they represent the most common infectious human disease in the
world [36].

Even if caries and periodontitis are multifactorial diseases, the main etiological factor is the
presence of pathogenic bacteria. These bacteria are organized within an extracellular matrix to form a
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bacterial biofilm [37]. In the biofilm, the bacteria are assembled to form a barrier that resists antibiotics
and promotes chronic systemic infections [29,38]. Also, bacteria are 1000 times more resistant to
anti-microbial treatment than planktonic organisms [39]. Moreover, in biofilms, bacteria can escape the
immune system by producing superantigens [40].

To combat these bacterial infections, metal, metal oxide, and other NPs appear to be promising
alternatives due to their distinct physio-chemical properties (Table 1). Even if some materials have
a naturally anti-bacterial activity, their anti-bacterial activity is increased when their dimensions are
reduced to the nanometer regime. This is attributed to the physical structure of NPs and to the
increased surface-to-volume ratio that permits them to interact and penetrate bacteria [41].

Table 1. Classification of nanoparticles contained in oral care products according to their action.

Nanoparticles

Anti-microbial Anti-inflammatory Remineralizing

Oxide
Silver
Gold

Oxide
Silver
Gold

Hydroxyapatite
Casein phosphopeptide–amorphous Calcium phosphate
Tin chitosan
Tin/Fluor chitosan
Bioactive glassMetal oxide

Zinc oxide
Titanium dioxide
Copper oxide

Metal oxide
Zinc oxide
Titanium dioxide

Chlorhexidine
Ferumoxytol
Scutellaria baicalensis
Chitosan
Bioactive glass

3.1. Nanoparticles of Metals or Metal Oxides

Several metal or metal oxide NPs, such as gold (Au) NPs, silver (Ag) NPs, zinc oxide (ZnO)
NPs, titanium dioxides (TiO2) NPs, copper oxide (CuO) NPs, and magnesium oxide (MgO) NPs, are
known to have anti-microbial activities against both Gram-positive and Gram-negative bacteria and/or
anti-inflammatory properties (Figure 1) [42].
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Figure 1. Action of nanoparticles (NPs) contained in oral care products.
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3.1.1. Anti-Microbial and Anti-Inflammatory Mechanism

To act as a anti-microbial agent, metal and metal oxide NPs must establish contact with
bacteria via Van der Waals forces [43], electrostatic interactions [44], hydrophobic interactions [45],
and receptor-ligands [46]. Then, the NPs pass through the bacterial membrane and organize
themselves along the metabolic pathway that modifies the structure and function of the cell membrane.
The interaction between NPs and bacterial components (enzymes, ribosomes, lysosomes, and DNA)
will then cause oxidative stress and heterogeneous alterations, modifying the permeability of the cell
membrane, disrupting the electrolyte balance, inhibiting certain enzymes, deactivating proteins and
modifying gene expression [38,47,48]. Metal and metal oxide NPs use three mechanisms of action:
metal ion release [49], oxidative stress [50], and non-oxidative mechanisms [51].

NPs act against bacteria mainly by producing reactive oxygen species (ROS) such as the hydroxyl
radical (OH), the superoxide radical (O−), the hydrogen peroxide (H2O2), and the singlet oxygen
(O2). In physiological conditions, the ROS are the product of oxygen metabolism and play a
major role in cell signaling and cellular homeostasis [52]. However, if an inequality between the
production and the elimination of ROS occurs, and if ROS are overproduced, then oxidative stress
is observed [53]. The oxidative stress can provoke peroxidation, alter proteins, inhibit enzymes,
and damage RNA/DNA [54,55]. The permeability of the bacterial membrane can be altered, which can
deteriorate cell membranes [47,56,57]. Silver NPs are able to form OH, whereas [55] Au, ZnO, and MgO
NPs generate H2O2, and TiO2 NPs form both OH and H2O2 [55].

Metal oxide NPs progressively release metal ions when they are in an aqueous medium. These
metal ions can absorb cell membranes and then interact with functional groups (mercapto (-SH),
carboxyl (-COOH), and amino (-NH) groups) of nucleic acids and proteins. These interactions have
several consequences, including abnormal enzyme activities or modification of the structural cell,
modification of the physiological processes, and inhibition of microorganisms [58]. Polivkova and
colleagues demonstrated that silver nanowires prepared on polyethylene naphthalate released silver
ions in solution and also have anti-bacterial effects [59]. However, other studies suggested that the
main anti-microbial mechanism is not due to the release of metal ions by NPs, because metal ion
solutions only provoke weak anti-bacterial activity [60,61]. In fact, silver NP cores have been found to
preferentially interact in aqueous environments with various ligands to give oxidation, aggregation,
or precipitation states to get a higher thermodynamic stability [62]. Hussein-Al-Ali and colleagues
demonstrated that the interaction between superparamagnetic iron oxide and bacteria is mediated by
penetration through the cell membrane, and through perturbation of the transfer of transmembrane
electrons. Moreover, metal ions can be vectors for transporting anti-microbial substances [30].

Non-oxidative mechanisms can also explain the anti-microbial activity of NPs. Leung and
colleagues proved the anti-microbial activity of three types of MgO NPs against Escherichia coli
(E. coli) [51]. This anti-microbial activity was unrelated to oxidative stress. First, MgO NPs can damage
cell membranes because pores are observed in cell membranes but neither MgO NPs nor magnesium
ions were observed in microorganisms. Secondly, the intracellular ROS are low in quantity. Thirdly,
MgO NP treatment does not induce lipid peroxidation, because the levels of lipopolysaccharide or
phosphatidylethanolamine in the cell walls do not change significantly. Finally, intracellular protein
levels associated with ROS are not affected, but several protein-associated metabolic pathways (amino
acid, nucleotide, and carbohydrate metabolisms) are reduced. [51].

Several metal (silver, gold) and metal oxide (zinc oxide, titanium dioxide) NPs have
anti-inflammatory properties [63]. To act as anti-inflammatory molecules, NPs must enter the
cell through ion channels or pores. Depending on the size of the NPs, different cellular effects are
observed [64]. When small NPs are at higher concentrations, most cell vesicles can endocytose them.
Phagocytosis and macro-pinocytosis are achieved by macrophages and neutrophils [65]. In addition, if
NPs are coated with plasma protein, then the corona protein interacts with the cell-surface receptors of
macrophages or neutrophils [66]. The corona protein acts as a ligand for the M2 macrophage receptors.
The anti-inflammatory macrophages of M2, essential in the assimilation of NP, are then activated.
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Finally, neutrophils organize extracellular traps (NETs) around NPs in response to exogenous stimuli
(foreign particles or pathogens) and endogenous stimuli (cholesterol or uric acid). The interaction with
pathogenic microorganisms and the response of inflammatory stimuli influences the formation of these
NETs. The formation of NETs is dependent on RIPK-3 (protein kinase 3) enzymes that interact with
receptors, as well as radicals of ROS [67].

3.1.2. Silver Nanoparticles

Several synthetic or natural routes have been developed to produce silver NPs [68–70]. To avoid
problems of toxicity during synthesis, biological methods are preferred. The use of bacteria, fungi,
and plants, which do not produce toxic substances in their synthesis are used [71–74]. Plants have
many advantages, as they need simple nutrients to grow and cover large surface areas, are economical,
and are simple to process for Ag NPs synthesis over a range of sizes [75]. In recent years, Ag NPs
have been synthesized from plants such as Terminalia mantaly extracts [70] or Musa acuminata colla
flower [76]. The green synthesis of Ag NPs have also been obtained from vegetables such as Ipomoea
batatas (sweet potato) [77] or from algae such as Botryococcus braunii [78].

Ag NPs are effective against Gram-positive and Gram-negative bacteria, and even against some
antibiotic-resistant strains, but also against viruses and fungi (Table 1) [79–82]. In vitro, Ag NPs have
an anti-microbial effect against Gram-negative bacteria such as Acinetobacter [83], Escherichia [84],
Pseudomonas [85], and Salmonella [86]. These NPs also act against Gram-positive bacteria such as
Bacillus [87], Enterococcus [88], Listeria [89], Staphylococcus [90], and Streptococcus [91]. The anti-bacterial
activity of Ag NPs is influenced by the size of the NP. The biocompatility and the stability increase with
decreasing size of Ag NP. The smaller Ag NPs have higher surface-area-to-volume ratio, which allows
them to penetrate biological surfaces more readily [92–94]. These smaller Ag NPs interact with cell
membranes and disorganize the lipid bilayer, causing the increase of the membrane permeability
and bacterial lysis [95]. Ag NPs smaller than 30 nm demonstrated a strong anti-microbial activity
against Staphylococcus aureus (S. aureus) and Klebseilla pneumonia (K. pseumonia), whereas Ag NPs with
sizes ranging from 5 to 20 nm have a strong anti-microbial activity against S. aureus [96]. Therefore,
small Ag NPs are more toxic than large particles, and even more when they are oxidized [97]. Indeed,
the anti-bacterial activity of small Ag NPs (<10 nm) is mainly due to Ag+, whereas for large particles
(>15 nm), the anti-microbial activity due to Ag+ is comparable to that of the particles, given that the
release of Ag+ ions is proportional to the exposed nano silver surface area [98].

The morphology of Ag NPs is very important for anti-microbial activity. The colloidal
morphology has higher anti-bacterial activity compared with polygonal, disk, prism, and hierarchical
morphologies [99,100]. The concentration of silver NPs can also impact anti-bacterial activity [101].
Silver NPs smaller than 15 nm and with a concentration of 0.004% w/w have shown maximum
effectiveness in preventing the growth of bacteria that cause unpleasant oral odors and tooth decay [87].

A synergic anti-bacterial effect against Staphylococcus aureus (S. aureus) and E. coli has been
observed, in vitro, by combining Ag NPs with antibiotics such as amoxicillin, penicillin G, clindamycin,
erythromycin, and vancomycin [40]. The conjugation of quinazolinone with Ag NPs demonstrated,
in vitro, a higher anti-bacterial activity against E. coli, Streptococcus pyogenes, Klebsiella pneumoniae
(K. pneumoniae), Bacillus cereus (B. cereus), and Pseudomonas aeruginosa (P. aeruginosa) as compared to
quinazolinone alone [102]. Ag NPs can also inhibit, in vitro, the replication of viruses [81] such as
HIV-1 [103], herpes simplex [104], and influenza [105].

Moreover, Ag NPs have anti-inflammatory properties [63]. For this, Ag NPs (i) decrease
levels of vascular endothelial growth factor; (ii) reduce expression of the hypoxia-inducible factor 1α,
which acts on bacterial destruction and regulates expression of pro-inflammatory genes; (iii) prevent the
hypersecretion of mucins (mucus glycoproteins); and (iv) suppress the production of pro-inflammatory
cytokines such as interleukin-12 and tumor necrosis factor α, and also provoke a decrease in the
expression of the cyclooxygenase-2 gene at higher concentrations [63].
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Due to their anti-microbial and anti-inflammatory effects, Ag NPs are used in healthcare products
such as toothpaste, toothbrushes, and mouthwash [106]. The aim of such oral dental care is to fight
against cariogenic and periodontal pathogens.

Ahmed and colleagues evaluated, in vitro, the action of toothpaste with and without Ag NPs
against Streptococcus mutans (S. mutans) [31]. S. mutans is one of the main pathogens known to be
involved in carious lesions [107]. Toothpaste containing Ag NPs had anti-microbial activity against S.
mutans in vitro [31]. Using the agar-well diffusion method, the mean diameter of the zone of inhibition
was measured as 20.14 ± 0.96 mm for this toothpaste, whereas no zone of inhibition was observed with
the toothpaste without Ag NPs. In another in vitro study, Junevičius and colleagues demonstrated that
Ag NP toothpaste had a lower effect against Gram-negative than against Gram-positive bacteria [108].
The minimal inhibitory concentration (MIC) affecting the growth of the fungus Candida albicans (C.
Albicans) was 0.18 g/mL, whereas that affecting the growth of S. aureus, a Gram-positive bacterium, was
0.004 g/mL. For the Gram-negative bacteria, an MIC of 0.15 g/mL was observed for K. pneumoniae and
P. aeruginosa, while no bactericidal effect was observed for E. coli or Proteus mirabilis. This toothpaste
entirely inhibited the growth of Enteroccosus faecalis (E. faecalis) and B. cereus even when the toothpaste
contained the lowest concentration of Ag NPs.

Mouthwash containing CHX is conventionally used for the treatment of plaque-induced
gingivitis [109]. CHX is considered to be the gold standard for avoiding biofilm formation in
addition to mechanical action due to toothbrushing [109]. However, the use of CHX can have various
side effects [109,110]. For this, long-term therapy is not recommended [110]. Therefore, mouthwash
containing Ag NPs could be an interesting alternative. The comparison of Ag NP mouthwash with CHX
mouthwash, in a 6-month controlled clinical study, revealed no significant difference between these two
products. However, a highly significant reduction in plaque index, gingival index, and papilla bleeding
index after 2 and 4 weeks was observed [110]. One previous study had shown that CHX-containing
mouthwash was statistically more effective than Ag NP mouthwash in vitro [111]. These differences
could be explained by the differences in the composition of Ag NPs (a few silver ions contained in
the hydrogen peroxide formulation), a different concentration of CHX (0.2%), and also differences
in methodology (in vivo and in vitro study). Another use of mouthwash containing Ag NPs is to
fight against colonization by certain bacteria resistant to drugs and also by fungi that cause infections
in immunocompromised patients such as oral candidiasis (Candida-associated stomatitis) [112,113].
The in vitro anti-bacterial efficacity of an alcohol-free mouthwash containing a low concentration
of colloidal Ag NPs (50–0.024 µg/mL) was demonstrated by Abadi and colleagues [114]. Using a
challenge test on bacteria and fungi such as S. aureus, S. mutans, P. aeruginosa, E. coli, and C. albicans, they
obtained measures of MIC ranging from 0.78 and 3.12 µg/mL, and measures of minimum bactericidal or
fungicidal concentration (MBC or MFC) ranging between 1.56 and 12.5 µg/mL. At lower concentration
of Ag NPs, the mouthwash killed all microorganisms tested. The addition of 30,000 µg/mL of ethanol
to the mouthwash did not affect anti-bacterial activity.

Ag NPs are also used in impregnated toothbrush to reduce the number of the putative periodontal
pathogens [115,116]. In a randomized controlled trial (RCT), do Nascimento and colleagues compared
the use of toothbrushes with CHX-coated bristles, Ag-coated bristles, or conventional bristles over
30 days [115]. The toothbrush bristles with Ag NPs decreased the individual and total genome
count in the supra- and subgingival biofilm. After 30 days of toothbrushing, the Ag-coated and
CHX-coated bristles were able to reduce or maintain lower levels of bacterial counts of the putative
periodontal pathogens such as Porphyromonas gingivalis (P. gingivalis), Treponema denticola (T. denticola),
Tanerella forsythia (T. forsythia), Prevotella intermedia (P. intermedia), Prevotella nigrescens (P. nigrescens),
Fusobacterium nucleatum (F. nucleatum), and Parvimonas micra. The total genome counts in supragingival
or in subgingival biofilm was not decreased by CHX. However, in supragingival biofilm, CHX reduced
the individual genome counts for most of the target pathogens [115].

Although Ag NPs appear to be very beneficial, one should also consider the adverse effects.
Gaillet and Rouanet indicated that Ag NPs in toothpaste and other products could be responsible
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for inflammation of the gastrointestinal tract [117]. The main toxic effects observed were weight loss,
disruption of blood biochemistry, and dysfunction of liver enzymes [117]. However, since toothpaste is
not indicated for systemic use but for topical use, it is unlikely that adverse effects would be observed
in such small quantities.

3.1.3. Gold Nanoparticles

In recent years, research on NP synthesis has mainly focused on green synthesis using bacteria [73,
118] and plants [119–122]. For example, the marine extremophilic bacteria Pseudoalteromonas was
used to obtain Au NPs with non-cytotoxic, non-genotoxic and non-oxidative stress generated over
a range of concentrations but provoking alterations in DNA methylation and in the expression of
DNA methyltransferase genes [118]. Plants such as Curcuma wenyujin extract [119], Chenopodium
formosanum shell extract [120], Dillenia indica leaf aqueous extract, or Annona muricate leaf extracts were
also used [123]. Au NPs were also obtained using Coffea arabica [124].

Au has a weak anti-microbial effect against many microorganisms such as bacteria and fungi
(Table 1) [123,125–128]. Conjugation with tetracycline [129] or with ampicillin [130] can enhance
anti-bacterial activity. Moreover, Au NPs have anti-inflammatory action by (i) reducing ROS production;
(ii) decreasing lipopolysaccharide-induced cytokine production such as interleukin (IL)-1β, IL-17,
tumor necrosis factor (TNF)-α; and (iii) modulating mitogen-activated protein kinase and phosphatidyl
inositol 3-kinase pathways [63].

The use of Au NPs in oral pathology remains uncommon [125], although they are easily prepared
by the co-precipitation technique and are less toxic than metallic nanomaterials such as Ag NPs [131].
Essentially, as Au is inert, it represents the NP of choice to conjugate with various biomolecules and
ligands to target microorganisms [132]. The effect is similar to the one observed with antibiotics such
as mupirocin [133,134]. Hernández-Sierra and colleagues used NPs of Ag and Au of 25 nm, 80 nm,
and 125 nm average sizes. The results indicate that in vitro, a higher concentration of Au NPs than that
of Ag NPs is required to observe bacteriostatic and bactericidal effects on S. mutans [135]. Similar results
to this study were observed by Junevičius and colleagues [108]. They compared, in vitro, toothpaste
containing Ag NPs and Au NPs and observed that they were less active against Gram-negative than
against Gram-positive bacteria. Moreover, Ag NP-containing toothpaste had a stronger effect on
Gram-negative bacteria and a broader anti-microbial effect compared to toothpaste containing Au NPs.
This lower anti-microbial effect for Au NPs compared with Ag NPs could explain the low use of Au
NPs in oral care products. Au NPs are also used in drug delivery applications [136].

However, Au NPs are also incorporated between toothbrush bristles [125]. In addition to increasing
mechanical elimination of plaque, gold has significantly reduced periodontal disease, because of
its anti-bacterial action [137]. However, to our knowledge, no study concerning the action of the
toothbrush containing the Au NPs bristles was conducted.

Regarding adverse effects of Au NPs, toxicology remains unclear. However, in one review, Jia
and colleagues concluded that according to the range of concentrations, Au NPs are toxic when they
are used in biological systems [138]. In vitro research demonstrated that Au NPs, having penetrated
bacteria, will cause synthesis of ROS. This oxidative stress induces a new cytotoxicity that will damage
DNA, cause cell death by apoptosis and necrosis, and cause cell-cycle arrest. As ROS production is
known as a common mechanism of cytotoxic effects, therefore Au NPs can induce cytotoxic effects [138].
However, recently, Gunduz and colleagues studied the exposition of cultured vascular endothelial
cells to non-lethal Au NPs [139]. They demonstrated that once the maximum number of intracellular
NPs was reached, there was constant depletion but no cell death. This depletion reduced endoplasmic
reticulum stress. This report suggests that in vitro, NPs uptake is actively regulated by cells and the
impact of NPs exposure in the long-term [139]. In vivo, the inhalation of Au NPs by Sprague–Dawley
rats during 6 h/day or 5 days/week for 90 days revealed that dose-related changes were observed only
in the lungs [140]. Therefore, as it is well acknowledged that in vitro and in vivo results can diverge,
other in vivo studies are necessary for more reliable conclusions.
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3.1.4. Zinc Oxide Nanoparticles

ZnO NPs biosynthesis was carried out using plant extracts such as Ocimum tenuiflorum, Trifolium
pretense, or Agathosma betulina [122], Menthaa pulegium leaf extract [141], Crocus Sativus petal extract [142],
or Laurus nobilis plant extract [143]. Another ZnO NP synthesis is the thermal decomposition of
Zn-metal organic frameworks. Hajiashrafi and colleagues prepared ZnO NPs by thermal decomposition
of prepared MOF-5 with and without tri-ethylamine using solution and solvothermal methods [144].

ZnO NPs fight against bacteria [142,145,146], viruses [147], and fungi [148]. The anti-microbial
activity of ZnO NPs (Table 1) depends on synthesis techniques, physico-chemical characteristics,
evaluation tools, and techniques used to generate three-dimensional structures [149,150]. In vitro,
ZnO has anti-bacterial properties that increase when ZnO is in NP form due to the increasing
of surface-area-to-volume ratio [151,152]. It was shown that ZnO NPs were able to damage
E. coli bacteria by cellular internalization with a Gram-negative triple-membrane disorganization
causing increase in membrane permeability [153]. Anti-bacterial effects on Gram-negative and
Gram-positive bacteria have been demonstrated in vitro [142,145,146]. More recently, it was shown
that polyethylenglycol-encapsulated ZnO interacts strongly with the citric acid and lactic acid, leading
to a bacterial inhibition effect against S. aureus and E. coli [142,154], and S. mutans and Lactobacillus in
dental plaque [155]. The anti-microbial effects of ZnO are similar to Ag NPs because the smaller the
NPs are, the larger the surface area becomes. Therefore, the anti-microbial effect becomes stronger
due to its capacity to react with more molecules per unit of surface. However, in vitro, compared
with Ag NPs (0.1 mg/mL), a higher concentration of ZnO NPs (size 15–20 nm; surface area 47 m2/g)
is necessary to observe growth inhibition (0.5–2.5 mg/mL) and killing effects (>2.5 mg/mL) against
several pathogens [156]. ZnO NPs demonstrated, in vitro, an anti-bacterial activity against bacteria
known to be implicated in gingivitis and periodontitis such as Aggregibacter actinomycetemcomitans
(A. actinomycetemcomitans), P. gingivalis, P. intermedia, and F. nucleatum [157]. ZnO NPs are commonly
used as anti-bacterial agents in oral care products such as toothpaste and mouthwash [158].

Moreover, another interesting property, to fight against gingivitis or caries, is the anti-inflammatory
activity of ZnO NPs in response to pathogens [63]. ZnO NPs reduce inflammation by (i) blocking the
production of pro-inflammatory cytokines such as IL-1β and IL-18 by inhibiting the necrosis factor
kB and caspase 1 in activated mast cells and macrophages; (ii) inhibiting mast cell proliferation by
increasing p53 and decreasing thymic stromal lymphopoietin production related to IL-13, a TH2
cytokine, along with IL-1 and tumor necrosis factor-α; and (iii) suppressing lipopolysaccharide-induced
cyclooxygenase-2 and inducible nitric oxide synthase expression [63,159].

The incorporation of ZnO NPs in toothpaste and mouthwash enables the fighting of gingivitis
due to bactericidal effects [32,160]. Toothpaste containing ZnO has also been demonstrated to have,
on an extracted tooth, a positive effect on the dentin by reducing demineralization [161]. Moreover,
due to its anti-bacterial and anti-gingivitis action, Zn has been incorporated into bioactive glass
toothpaste. Increasing the quantity of Zn in toothpaste could result in a better anti-bacterial and
anti-gingivitis effect [162]. By liquid dilution method, Hernandez-Sierra and colleagues revealed that
the anti-microbial effect of ZnO NPs against S. mutans was lower than of Ag NPs [135]. Although it
has been demonstrated that even if Ag and ZnO NPs have an anti-microbial effect against S. mutans,
their mechanism is still not well known.

Mouthwash containing zinc salts (zinc gluconate, zinc chloride) or ZnO NPs presents high
anti-bacterial activity against S. mutans, in vitro [163,164]. ZnO NPs also act against Streptococcus
sanguis known to be implied in caries and periodontal diseases [165]. The combination of Ag
Nps with ZnO NPs demonstrated a synergistic anti-bacterial effect [166]. Therefore, to control the
formation of dental plaque, very low concentrations of Ag/ZnO NPs are necessary [135]. Mouthwash
containing a low concentration of ZnO NPs have high anti-bacterial activity against Streptococcus
in the mouth [167]. Similar results were obtained by Kachoei and colleagues [167]. They proved,
in vitro, that mouthwash containing Ag/ZnO NPs was an effective anti-microbial agent. Compared to
those containing ZnO NPs, chlorhexidine 0.2% and sodium fluoride 0.05%, mouthwash containing
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Ag/ZnO NPs demonstrated a higher anti-microbial activity against S. mutans. Therefore, to avoid
plaque accumulation, mouthwash containing ZnO NPs could replace chlorhexidine 0.2% and sodium
fluoride 0.05%. However, chlorhexidine 0.2% showed higher anti-microbial activity against S. mutans
compared to different concentrations of ZnO NPs [167]. One problem associated with the use of
ZnO NP mouthwash is enamel discoloration. Eslami and colleagues concluded that extracted teeth
immersed in ZnO NPs had the most severe color change, followed by CuO NPs, Ag NPs, TiO2 NPs,
and chlorhexidine, successively [168].

ZnO NPs represent a biologically safe material that does not exhibit toxicity to human cells [152].
Compared with their micron equivalents, ZnO NPs are more toxic for bacteria [169].

3.1.5. Titanium Dioxide Nanoparticles

Recent research focused on the green synthesis of TiO2 NPs using plants such as Azadirachta indica
leaf extract [170], Glycyrrhiza glabra [171], Carica papaya leaves [172], and Cassia fistula [173].

TiO2 is known to possess this anti-microbial activity in vitro (Table 1) [174,175]. It can fight against
bacteria and viruses [176]. TiO2 NPs are of great interest due to their low cost, high stability, high
photocatalytic activity, and reusability [48,177,178]. The bioactivity of TiO2 NPs is linked to the surface
of contact and/or volume that is increased by decreasing the particle size, particularly in this case
the thickness (<100 nm), which authorizes intensified interaction with molecules and proteins of the
cellular membranes and a lesser total of substance [38,179–181]. Compared to Ag and Cu NPs, few
studies on TiO2 anti-bacterial activity have been conducted.

The anti-microbial activity of TiO2 is due to its crystal structure, shape, and size [182]. To ensure the
best anti-microbial activity, the anatase form of TiO2 NPs and the excitation by UV light are necessary.
The photocatalysis of TiO2 NPs provokes: (i) the peroxidation of polyunsaturated phospholipid
component of bacterial lipid membrane; (ii) loss of respiratory activity; and (iii) cell death [183]. Tsuang
and colleagues demonstrated, in vitro, that TiO2-mediated photocatalytic had microbial activity against
obligate anaerobes (Bacteroides fragilis), facultative anaerobes (E. coli, S. aureus), and obligate aerobes
(P. aeruginosas) [184]. In the absence of UV light, TiO2 NPs of about 18 nm and a surface area of 87 m2/g
demonstrated a bacteriostatic activity for concentration ranging from 1.0 to 2.5 mg/mL against E. coli
and multi-resistant S. aureus and a bactericidal activity for concentration greater than 2.5 mg/mL.
Against oral pathogens such as A. actinomycetemcomitans, P. gingivalis, P. intermedia, and F. nucleatum,
a bacteriostatic activity is observed, in vitro, for concentrations ranging from 0.25 to 2.5 mg/mL,
and bactericidal activity is demonstrated for concentration greater than 2.5 mg/mL [157].

De Dicastillo and colleagues developed TiO2 NPs from the combination of electrospinning and
atomic layer deposition processes [174]. They obtained spherical, hollow, anti-microbial nanostructures
with a shell of 17 nm thickness. These hollow, calcined TiO2 NPs presented better anti-microbial
activity than commercial TiO2 NPs, against multidrug-resistant bacteria such as Escherichia coli and S.
aureus [174]. The coupling of TiO2 NPs with a second metal strongly modified the photocatalytic and
biocidal activity of the obtained TiO2-based photocatalysts [185]. The combination of TiO2 and Ag
obtains results in visible light [186,187]. Ag-TiO2 NPs can act against S. mutans [186].

TiO2 can also have an anti-inflammatory action by (i) reducing platelet numbers; and (ii) increasing
thrombin–antithrombin levels [63].

Moreover, TiO2 is an effective whitener used as a pigment in many medical and industrial
products. Komatsu and colleagues proposed the use of TiO2 nanotubes in tooth whitening [188]. They
demonstrated that the use of TiO2 nanotubes in addition to H2O2 at low concentrations enhanced
whitening. The combination of TiO2 nanotubes with H2O2 increased the response to visible light [188].

Recent studies indicate that the use of TiO2 NPs can have toxic effects [189–191]. Moreover, Geraets
and colleagues demonstrated that in rats, when oral exposure was repeated, TiO2 NPs can accumulate
in tissue [192]. Rompelberg and colleagues, using analytic methods, concluded that toothpaste (in
young children only) is the product that contributes most to TiO2 intake, but they did not draw a
conclusion concerning the risk of general health [193]. In a review, Baranowska-Wójcik and colleagues
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explained that TiO2 NPs in small but regular doses can act on the intestinal mucosa, the heart, the brain,
and other internal organs, which can increase the risk of developing systemic diseases or tumors [194].

3.1.6. Copper Oxide Nanoparticles

Contrary to the metal oxides previously described, few studies exist concerning copper or copper
oxide. A range of Cu and CuO NPs have been obtained from plant extracts such as magnolia,
Syzygium aromaticum, Euphorbia nivulia [122], Triticum aestivum [195], Fusarium solani [196], and Aloe
vera extract [197].

CuO NPs demonstrated anti-bacterial [197] and antifungal [196] activities (Table 1). An inverse
relationship between the size of CuO NPs and the anti-bacterial activity has been established
in vitro [197]. The greatest bactericidal activity was obtained for copper NPs ranging from 1 to
10 nm. CuO is cheaper than Ag, relatively stable in terms of both physical and chemical properties,
and easily mixed with polymers. The physical and chemical characterization of CuO NPs revealed
that CuO NPs synthetized by thermal plasma technology have sizes ranging from 20 to 95 nm and
a mean surface area of 15.7 m2/g. In suspension, CuO NPs demonstrated their capacity to fight
against a range of bacterial species. However, compared with silver, CuO NPs have lower bactericidal
activity [198]. Cu2O NPs and CuO NPs have similar anti-bacterial activity [199]. CuO demonstrated
a different anti-bacterial activity against multiple Gram-negative and Gram-positive species such as
P. aeruginosa, methicillin-resistant S. aureus (MRSA), Staphylococcus epidermidis, and E. coli [199]. Amiri
and colleagues demonstrated that CuO NPs had a high anti-microbial effect against the examined
dental caries bacterial agents (S. mutans, Lactobacillus acidophilus, and Lactobacillus casei), and lower
effect on three species of candida (C. albicans, Candida krusei, and Candida glabrata) [200].

3.1.7. Other Nanoparticles Used in Oral Care Products and Their Anti-bacterial Activity

• Chlorhexidine NPs

In oral care products, one of the most common anti-microbial agents is CHX (Table 1) [201].
Recently, a novel approach, named nano-encapsulation, has emerged that delivers biologically potent
compounds more effectively to specific targets [202]. Nano-encapsulated drugs can increase overall
biological efficacy through rapid penetration and bioavailability while decreasing potential cytotoxicity,
drug dosage, and the production costs, compared to controls [203].

Seneviratne and colleagues described a novel synthesis of mesoporous silica NPs encapsulated
with pure (non-salt-form) CHX, namely CHX NPs [204]. They coated CHX on mesoporous silica NPs
with inner pore channels of approximately 2.5 nm. The results obtained demonstrated that these
CHX NPs had anti-bacterial effects against both planktonic and biofilm bacteria. Nano-CHX can act
against several oral pathogens such as A. actinomycetemcomitans, E. faecalis, F. nucleatum, S. mutans,
and Streptococcus sobrinus (S. sobrinus) in planktonic modes and in mono-species biofilms, respectively.
Moreover, CHX NPs can inhibit the growth of multi-species oral biofilm composed of S. sobrinus,
P. gingivalis, and F. nucleatum [204].

Barbour and colleagues developed novel anti-microbial NPs based on a hexametaphosphate
salt of CHX [202]. These CHX NPs of size between 20 and 160 nm have colloidal structure and are
highly negatively charged NPs (−50 mV). They are active against MRSA and Pseudomonas aeruginosa
in both planktonic and biofilm conditions. Poly-lactic-co-glycolic acid NPs were also investigated as
CHX biodegradable nanocarriers with gradual CHX release [3]. These new NPs could be added to
toothpaste or mouthwash [202].

• Ferumoxytol

Ferumoxytol NPs can disrupt oral biofilms and avoid caries lesions via intrinsic peroxidase-like
activity. Ferumoxytol NPs penetrate biofilm, bind to bacteria, and produce free radicals from hydrogen
peroxide, provoking in situ death of bacteria because the cell membrane is disrupted, and the
extracellular polymeric substance matrix is degraded. Combinate with low H2O2 concentrations,
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ferumoxytol inhibits biofilm accumulation on natural teeth and avoids acid damage to mineralized
tissue in ex vivo biofilm models [205]. In vivo, in a rodent model with carious disease, topical oral
treatment comprising ferumoxytol and H2O2 restrained the development of dental caries, avoiding the
occurrence of severe tooth caries. Toothpaste and mouthwash containing ferumoxytol NPs could be an
effective topical treatment of biofilm-induced oral disease [205].

• Scutellaria baicalensis

In traditional Chinese medicine, Scutellaria baicalensis is usually prescribed to treat infectious and
inflammatory diseases [206]. It is used to manage periodontal disease [207]. Its anti-inflammatory,
antioxidative, and immunomodulating action is due to the presence of baicalin, a flavonoid
compound [208,209]. Scutellaria baicalensis has been loaded to magnetic NPs [91,210,211] and chitosan
NPs [212]. These studies demonstrated that the loading of Scutellaria baicalensis on NPs increased the
percentage of drug delivery.

Leung and colleagues analyzed the anti-bacterial activity of the mix of Scutellaria baicalensis NPs
and CHX NPs (ratio 9:1 (w/w)) in both planktonic and biofilm bacteria. The mix was effective on
mono-species biofilms of A. actinomycetemcomitans, F. nucleatum, S. sobrinus, and S. mutans at 24 h. It was
also active against biofilms composed of multi-species such as A. actinomycetemcomitans, P. gingivalis, F.
nucleatum, and S. mutans at 24 h. The author clearly showed a synergistic anti-bacterial action of mixed
NPs on usual oral bacterial biofilms, which may be initiated as a novel anti-microbial factor for clinical
oral care [213].

• Chitosan nanoparticles

Chitosan is an abundant polysaccharide produced by alkaline hydrolysis of chitin, the primary
structural component of the crustaceans, arthropods shells, and fungal cell walls [214]. A large focus
has fallen on this glucosamine unit-based linear biopolymer thanks to its unique cationic global
charge, which no other polysaccharide has [215]. Chitosan showed both a high biocompatibility
and anti-microbial activity against oral biofilms due in part to its positive charge, which facilitates
its adhesion to bacteria cell walls, damaging the cell structure [216]. According to Costa and
colleagues, chitosan proved its ability to destabilize the S. mutans and other oral microorganism
(P. intermedia, C. albicans) biofilm formation and adherence more precisely when incorporated into a
mouthwash [12,217].

Furthermore, chitosan NPs were tested as a low-cost ingredient of dental varnishes for their
anti-microbial activity against S. mutans [11], and as a hybrid chitosan hydrogel for encapsulating Ag
NPs to constitute an alternative for oral anti-microbial control (Table 1) [218]. Chitosan hydrogel was
shown to have bactericide properties similar to chlorhexidine, and can release Ag NPs for two weeks.
Moreover, this human RCT study proved that chitosan-containing polyherbal toothpaste significantly
reduces plaque index and bacterial count [219]. Other studies demonstrated that chitosan toothpaste
can act as an anti-erosive agent [220,221]. For example, Schueter and colleagues, in a human RCT
study, demonstrated that the efficacy of tin or tin and fluoride chitosan toothpaste was of great interest
in the case of erosion or hypersensitivity [221]. In another human RCT, Uysal and colleagues obtained
the same type of results, and proved that toothpaste containing chitosan may reduce demineralization
of enamel in patients presenting poor oral hygiene [222].

4. Nanoparticles as Remineralization Agents

To control the risk of caries and dental sensitivity of demineralized enamel, the action the
remineralizing agents is required to restore structure and ensure enamel mechanical feature preservation.
Indeed, the carious process corresponds to the demineralization of hard tissues in the tooth (enamel
and dentine) due to attack from acids produced by bacteria from biofilms of dental plaque [223,224].
In the presence of fermentable carbohydrates, cariogenic bacteria grow and produce acid responsible
for enamel demineralization [225,226]. To avoid caries, it is possible, as previously described, to fight
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against bacteria. However, another possibility is to favor the remineralization of tissues (Figure 1) [227].
Another major dental problem is dental erosion which corresponds to a progressive and irreversible loss
of hard dental tissues due to a chemical process i.e., dissolution from acids not involving bacteria [228].
This can induce undesirable effects such as dental tissue loss, aesthetic defects, decreased vertical
dimensions, and functional problems that may impact quality of life [228]. Moreover, the exposure of
dentin, the internal tissue of the tooth, can lead to dental hypersensitivity. Hyperesthesia is related
to the movement of fluids in dentinal tubules. It is characterized by an exaggerated reaction to a
benign stimulus, unrelated to bacteria, and corresponds to a chronic pathology with acute episodes,
specifically acute and brief pain [229].

Due to the fact that fluoride has demonstrated good properties of remineralization [230], few
studies on NPs that have a remineralization effect have been undertaken. The main NPs known and
used to remineralize are hydroxyapatite (HA) NPs (Table 1).

4.1. Hydroxyapatite

The major advantages of hydroxyapatite (HA) NPs are its resemblance to the mineral structure of
teeth, bioactivity, and biocompatibility [231,232]. Indeed, particles are “similar in morphology and
crystal structure to dental apatite” [233]. NPs with a size of 20 nm that correspond to characteristics
of the natural building blocks of enamel had a strong affinity with demineralized surfaces [234,235].
Scanning electron microscopy analysis confirmed that these HA NPs are able to bind to pores created
by demineralization [235]. In vitro, after adhering, HA NPs multiply and organize into microclusters
to form an uniform apatite layer that completely overlaps interprismatic and prismatic enamel [235].
Similar results were observed by Roveri and colleagues with carbonated HA NPs with a size of 100 nm.
HA NPs covered the demineralized enamel surfaces that fluoridated toothpaste more effectively [236].
Treatment with HA NPs exhibited a surface-to-Ca/P ratio similar to that of biological enamel and
synthetic nanohydroxyapatite used, indicating an apatite coating deposition on the demineralized
enamel surface [235]. Chen and colleagues described the mechanism of enamel prism formation with
HA NPs [237]. The proteins of the enamel (mainly amelogenin and amelogenin fragments) change
enamel crystals. Negatively charged carboxy-terminal hydrophilic parts of amelogenin protein bind
to the charged surface of the enamel crystal. The surface of the crystal becomes hydrophobic either
because the hydrophobic part of amelogenin is exposed or because the charged part of the nanospheres
is digested. Thus, the hydrophobic HA NPs can gather together to form a thermodynamically stable
prism structure such as the one observed in the enamel [237].

HA NPs have been integrated into products for oral care such as dentifrices and mouthwash to
reduce or delete dental sensitivity by obstructing open dentinal tubules on the surface of the dentin
and connected to the pulp, or for the purpose of promoting the remineralization of enamel by replacing
calcium and phosphate ions in the areas from which minerals dissolved, restoring its integrity and
shine [238–241]. In 2006, in Europe, HA NP dentifrice was instituted to facilitate remineralization and
restoration of enamel [179]. In accordance with the producer, the maximal incorporation of this 15.5%
HA NP aqueous suspension oral care ingredient is 20% in a dentifrice and 10% in a mouthwash [241].

Kani and colleagues were the first to prove, in one human RCT study, the advantage of using HA
NPs toothpaste to remineralize [242]. They compared the use of 5% HA NP toothpaste with the use of
the same toothpaste without HA NPs for 3 years. The caries incidence decreased by 56% in children
brushing with a HA NP toothpaste compared to the group brushing with a control toothpaste [242].
Several in vitro studies reported the efficacity of HA NPs in the remineralizing process [240,243–245].
HA NP toothpaste as remineralizing paste showed better results when compared to toothpaste
containing calcium and potassium ions and sodium nitrate [246]. In vitro, HA NPs appeared to
be greater desensitizing agents than novamin and proargin, which are known to be desensitizing
agents [247]. Moreover, several RCTs demonstrated the efficiency of HA NP toothpaste in reducing
dentine hypersensitivity and stimulating a remineralizing mechanism [33,238,239,248–251]. Therefore,
the decreasing of dentine hypersensitivity can be explained by the fact that the deposition of HA NPs
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produces a remineralizing effect on the enamel surface [236,252]. Bossù and colleagues confirmed,
in vitro and in vivo, these results by demonstrating that HA NPs contained in toothpaste promote
enamel regeneration with a biomimetic film similar in terms of morphology and structure to the biologic
hydroxyapatite of the enamel [252]. A coating of a new layer of apatite is deposited, which contains
fewer particles than the natural enamel. Moreover, due to the chemical bonds between the synthetic
and natural crystals of the enamel, this new layer of apatite shows resistance to toothbrushing [252].
In one human RCT study, Browning and colleagues demonstrated that HA NPs can help to treat
dental hypersensitivity after teeth-whitening. Indeed, for 14 days, subjects used a hydrogen peroxide
gel and brushed their teeth with a dentifrice containing HA NPs. Fewer subjects using HA NP
toothpaste suffered hypersensitivity than subjects who did not use the HA NP toothpaste and, and the
hypersensitivity persisted for fewer days [253]. Another property of HA NP toothpaste is its positive
effect on teeth-whitening and brightness [254,255].

Due to these properties of remineralization and desensitization, HA NPs could be an interesting
alternative to fluoride toothpaste, which is recommended to prevent caries [256]. Its use led to
a decrease in caries in industrialized countries [257], but the daily use of fluoride toothpaste is a
potential source of fluorosis [258]. Moreover, Tschoope and colleagues compared fluoride toothpaste
and HAP NP toothpaste, and demonstrated, in vitro, that the HAP NP toothpaste displayed higher
remineralizing effects on both hard tissues than fluoride toothpaste [259]. The same observations
were obtained by Manchery and colleagues [260]. The use of fluoride toothpaste does not impact the
surface-area-to-Ca/P ratio following demineralization, contrary to the Ca/P ratio observed with the use
of HA NP toothpaste, which is close to biological enamel [235]. Only modification of the structure of
apatite is observed. A partial hydroxyl group is replaced by fluoride ions, whereas the calcium and
phosphate content is not changed [235]. Hill and colleagues proved that use of toothpaste containing
both HA NPs and fluoride had significant benefit in preventing demineralization and promoting the
formation of fluoridated apatite, which is more resistant to acid attack [244]. Moreover, toothpaste
containing HA and Zn NPs demonstrated a greater efficacy than fluoride toothpaste to prevent the
demineralization of enamel induced by acidic products [261]. Due to the presence of Zn, this toothpaste
also decreased the risk of gingivitis and periodontitis [262].

Mouthwash containing HA and Zn NPs have the same effect on enamel and prevent the
multiplication of bacteria in the oral cavity [263,264]. The low number of studies concerning HA NP
mouthwash have focused on its capacity to act on bacterial colonization. Kensche and colleagues
demonstrated that HA NP mouthwash can help control bacterial biofilm formation. They observed,
in situ, an accumulation of HA aggregates and salivary bacteria at the tooth surface. The number
of bacteria that attach to the surface of the pellicle decreased compared with a control mouthwash
and was similar compared with chlorhexidine 0.2% mouthwash [265]. The action of HA NPs is
due more to anti-adhesive capacity than anti-bacterial effect. For one, the attachment of HA NPs to
biofilm bacteria prevents the adhesion of new bacteria. Bacteria that adhere to HA NPs can also be
eliminated by desorption of the complexes composed of HA NPs and the biofilm bacteria surface.
For another, adhesins from the cell wall of saliva bacteria can be blocked by the accumulation of
HA NPs, and bacteria could even be agglutinated by the interaction with the HA microclusters.
Therefore, bacteria would not be able to adhere to the biofilm surface [265]. In vitro, Hannig and
colleagues concluded that mouthwash containing HA and Zn NPs had anti-adherence properties and
anti-bacterial effects against cariogenic bacteria such as S. mutans [263,266].

Despite the good performance of HA NPs, it is essential to ensure that it is not toxic for consumers.
The Scientific Committee on Consumer Safety analyzed the safety of HA NPs as an oral care ingredient,
but the results were not informative enough. Ramis and colleagues proved from in vitro experiments
that no deleterious effects were noticed for human gingival epithelium tissues incubated with HA
NPs at all evaluated time-points and parameters [241]. Moreover, after 7.5 min at 37 ◦C, the complete
dissolution of 3.1% HA NPs in simulated gastric fluid was observed. These results confirmed the safety
of HA NPs for oral care products [241].
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4.2. Casein Phosphopeptide–Amorphous Calcium Phosphate

Calcium phosphate particles dissolved in casein milk protein is a new remineralization method
that creates, in the acidic environment of dental plaque, an amorphous calcium phosphate particle
super-saturation around the tooth that increases the remineralization process [267]. Indeed, the casein
phosphopeptides can stabilize calcium phosphate in solution. The calcium phosphates bind with
phosphoserine residues to form casein phosphopeptide–amorphous calcium phosphate (CPP–ACP)
clusters [268]. These CPP–ACP nanocomplexes are able to localize at the surface of the tooth,
bringing about buffering of the phosphate and calcium free ion activities, and then help maintain
a state of super-saturation with respect to tooth enamel, negating demineralization and enhancing
remineralization [269,270]. Indeed, these CPP–ACP nanocomplexes create a calcium and phosphate
reservoir that can bind to plaque and dental surfaces [268].

Rao and colleagues undertook a clinical trial to assess the efficacy of toothpaste containing CPP
in preventing carious lesions [271]. For 24 months, 150 schoolchildren brushed their teeth with a
given toothpaste. Fifty used toothpaste containing CPP (2% w/w), 50 used toothpaste containing
fluoride (1190 mg/kg) as sodium monofluorophosphate (0.76%), and 50 used a placebo toothpaste
without CPP or fluoride. The conclusions of the study were that CPP can be incorporated into calcium
carbonate-based toothpaste, and that toothpaste containing CPP can help prevent carious lesions. More
recently, several in vitro and in situ studies have demonstrated that toothpaste containing CPP–ACP
nanocomplexes could avoid enamel demineralization produced by soft drinks [272–274]. Moreover,
in case of bleaching protocols, this type of toothpaste can prevent negative changes of roughness
and hardness to enamel [275]. Therefore recently CPP–ACP and fluoride has been recommended as
treatment to remineralize initial caries and white spot lesions [276–279]. However, CPP–ACP compared
to fluoride has a slightly lower potential in the remineralization of early enamel caries [276–279]. An
in vitro study concluded that toothpaste containing CPP–ACP NPs with L. rhamnosus (probiotic strain)
had a potential remineralizing property with a more promising anti-microbial efficiency [280].

4.3. Bioactive Glass

Several bioactive glasses (BAG) exist, such as phosphate-based glass and silicate-based glass. BAG
is known to heal bone defects and stimulate bone regeneration [281]. Similar action is observed on the
tooth. Indeed, BAG NPs can decrease tooth sensitivity by mineralizing dentine tubules. First, the BAG
makes contact with an aqueous solution, and the NPs will change to a mesoporous shape. This layer of
NPs allows formation of apatite on the dentine surface. Then, a pH rise provokes the precipitation
of HA. The mineralizing process can be activated by phosphate and calcium ions contained in the
bioactive glass and mineralizing agents from the saliva [282]. Due to larger surface areas and higher
Ca/P ratios, better remineralization and slower progression of carious lesions are observed for BAG
NPs compared to conventional BAGs [283–285].

Due to this remineralizing property, BAG NPs are incorporated into toothpaste to treat dentine
hypersensitivity [286–289]. In vitro studies have demonstrated that BAG NPs could promote mineral
formation on dentin surfaces and they were shown to make dentin more acid-resistant [290,291].
Calcium sodium-phosphosilicate toothpaste was more effective in increasing acid resistance compared
with CCP–ACP NP toothpaste [291]. Rajendran and colleagues showed, in vitro, that toothpaste
containing BAG NPs (calcium sodium-phosphosilicate) was less effective than toothpaste containing
CPP–ACP NPs to remineralize the enamel of carious lesions [292]. Even if the new HA layer formed in
response to the presence of BAG NPs is similar to those of enamel or dentine, it presents better resistance
to abrasion [293]. In vitro, Farooq and colleagues proved that fluoride-containing bioactive glass had
better capacities of remineralization compared to BAG toothpaste and sodium monofluorophosphate
toothpaste [294]. In a randomized clinical trial, Patel and colleagues demonstrated that the 5%
fluorocalcium phosphosilicate-containing bioactive glass toothpaste further reduced hypersensitivity
compared with an 8% arginine and calcium carbonate toothpaste and a placebo toothpaste [295].
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Moreover, BAG NPs toothpaste has demonstrated anti-bacterial properties [281]. In their
systematic review, Dai and colleagues explained that very few and only in vitro studies investigated
the anti-microbial effect of BAG NPs because researchers focused on the remineralizing capacities [281].
However, a concentration of BAG NPs twice that of CMB can inhibit S. mutans biofilm [296]. To fight
bacteria, BAG NPs release alkaline ions that cause the pH to rise and thus create an environment in
which bacteria cannot grow.

A higher resistance to acid dissolution is obtained by adding fluoride to BAG, allowing formation
of fluorapatite on the tooth surface [297]. This deposit of fluoroapatite on the dentine surface occludes
dentine tubules and decreases permeability [298]. Strontium can also be added to BAG to increase
bonding capacities [299]. The dissolution of hydroxyapatite by the acid produced by cariogenic bacteria
can be inhibited by the incorporation of strontium and fluoride into BAG. Strontium can replace
calcium for precipitate formation, and it has synergistic caries inhibition effect with fluoride. Therefore,
due to its capacities to remineralize dental hard tissues, strontium can prevent caries lesions [300].

5. Complementary Content

Cosmetic products are placed in contact with external parts of the human body, with mucous
membranes of the oral cavity, and with teeth. The development of nanotechnology has opened up
new perspectives for innovation in oral cosmetics; simultaneously, the use of very small particles
in user products has increased preoccupation about their safety to human health [301,302]. Due to
the potential for modifications related to biokinetic behavior, toxicological effects, and the size of the
physico-chemical properties of materials at the nanometric scale, exposure to NPs through the use
of cosmetic products can constitute a risk of harmful consequences from persistent and insoluble
nanoparticles that can arrive at involuntary sites in the organism and interact with biological entities
close to molecular proportions [303].

In the case of NPs, the chemical composition is not alone in influencing potential toxicity. Other
properties, including size, play a role in this, allowing NPs to escape the body’s defense mechanisms
and to interact with biological constituents [38]. Consequently, the safety-in-use of these produces has
been established by measuring the substances, their toxicity profiles, chemical structures, and exposure
types [303,304]. Specific attention is required for long-term safety considerations, as cosmetic products
can be widely used over a large part of the human lifespan and sensitive groups of the population,
such as children, may be affected [303].

In practice, cosmetic products have seldom been related to severe health hazards, which, however,
does not imply that cosmetics are secure in use per se (SCCS 8th revision). However, among all
cosmetic products, taking an interest in the risks linked to oral exposure to oral cosmetics such as
toothpaste and mouthwash is relevant because they can be inadvertently ingested. If, to assess oral
exposure, the procedure followed is similar to that used for NPs for other cosmetic ingredients [305],
it is considered that the size and agglomeration state of NPs may differ from having low pH in
the stomach and high ionic strength throughout the gastrointestinal tract. NPs can even lose their
nano-specific properties, due to a deterioration or dissolution. For such NPs, properties and effects are
more probably similar to those of the corresponding ions [306,307].

Estimated daily exposure levels for toothpaste in adult and mouthwash cosmetic product types
according to Cosmetics Europe data were described in detail by Hall and colleagues [308]. A literature
overview (2016–2018) of specific cosmetic consumers described exposure data and assessments by
product category, of which three concerned toothpaste [303]. Gomez-Berrada and colleagues evaluated
in French families the consumption and exposure to dentifrice, leaving consumers free to use their own
product at home in accordance with their practices [309]. In 2018, Bernard and colleagues produced a
probabilistic evaluation of the exposure of oral cosmetics using recent data from French consumption
across different age groups [310]. Finally, Strittholt and colleagues, in an RCT study, looked for
whether there was a difference in the amount of toothpaste ingested by children using pea-size dosing
instructions [311].
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6. Conclusions

Nanotechnology has brought enormous changes to the field of preventive dentistry. Currently,
these developments are found on a large scale in various activities related to oral prophylaxis.
Currently, oral care products such as toothpastes and mouthwash contain NPs with anti-microbial,
anti-inflammatory, and remineralizing properties. Because of promising results and varied and often
unpublished properties, nanomaterials contain very diverse potentialities, and their uses prompt
multiple perspectives that make it possible for them to be effective. However, the advantages of
NPs are the same reasons that make them dangerous—small size, surface properties, quantum state,
migration, aggregation, mutation, and the creation of free radicals. Therefore, research into NPs is
currently one of the most studied branches of science, due to the almost unlimited fields of application,
and therefore regulatory and safety concerns must be discussed and questioned, especially concerning
the use of hydroxyapatite NPs in oral care products.
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silver and gold in toothpastes: A comparative analysis. Stomatologija 2015, 17, 9–12.

109. Balagopal, S.; Arjunkumar, R. Chlorhexidine: The Gold Standard Antiplaque Agent. J. Pharm. Sci. 2013, 5,
270.

110. Charles, C.H.; Mostler, K.M.; Bartels, L.L.; Mankodi, S.M. Comparative antiplaque and antigingivitis
effectiveness of a chlorhexidine and an essential oil mouthrinse: 6-month clinical trial. J. Clin. Periodontol.
2004, 31, 878–884. [CrossRef] [PubMed]

111. Esfahanian, V.; Mohamadi, F.; Amini, S. An In Vitro Comparison of Antimicrobial Effect of Nanosil and
ChlorhexidineMouthrinses. J. Islam. Dent. Assoc. Iran 2012, 24, 187–191.

112. Abu-Elteen, K.H.; Abu-Alteen, R.M. The prevalence of Candida albicans populations in the mouths of
complete denture wearers. New Microbiol. 1998, 21, 41–48.

113. Belazi, M.; Velegraki, A.; Koussidou-Eremondi, T.; Andreadis, D.; Hini, S.; Arsenis, G.; Eliopoulou, C.;
Destouni, E.; Antoniades, D. Oral Candida isolates in patients undergoing radiotherapy for head and neck
cancer: Prevalence, azole susceptibility profiles and response to antifungal treatment. Oral Microbiol. Immunol.
2004, 19, 347–351. [CrossRef]

114. Abadi, M.F.D.; Mehrabian, S.; Asghari, B.; Namvar, A.E.; Ezzatifar, F.; Lari, A.R. Silver nanoparticles as active
ingredient used for alcohol-free mouthwash. GMS Hyg. Infect. Control 2013, 8, Doc05.

115. do Nascimento, C.; Paulo, D.F.; Pita, M.S.; Pedrazzi, V.; de Albuquerque Junior, R.F. Microbial diversity of
the supra- and subgingival biofilm of healthy individuals after brushing with chlorhexidine- or silver-coated
toothbrush bristles. Can. J. Microbiol. 2015, 61, 112–123. [CrossRef]

116. Mackevica, A.; Olsson, M.E.; Hansen, S.F. The release of silver nanoparticles from commercial toothbrushes.
J. Hazard. Mater. 2017, 322, 270–275. [CrossRef] [PubMed]

http://dx.doi.org/10.1155/2019/4649506
http://www.ncbi.nlm.nih.gov/pubmed/31354799
http://dx.doi.org/10.1007/s00775-007-0208-z
http://www.ncbi.nlm.nih.gov/pubmed/17353996
http://dx.doi.org/10.1021/es101072s
http://www.ncbi.nlm.nih.gov/pubmed/20583805
http://dx.doi.org/10.1080/00405000.2013.855377
http://dx.doi.org/10.1590/S1517-838220130446
http://dx.doi.org/10.1007/s12030-009-9029-1
http://dx.doi.org/10.3390/antibiotics8040179
http://dx.doi.org/10.1186/1477-3155-3-6
http://dx.doi.org/10.1186/1556-276X-8-93
http://dx.doi.org/10.1186/2228-5326-2-32
http://dx.doi.org/10.1016/j.tim.2014.10.010
http://www.ncbi.nlm.nih.gov/pubmed/25435135
http://dx.doi.org/10.1111/j.1600-051X.2004.00578.x
http://www.ncbi.nlm.nih.gov/pubmed/15367192
http://dx.doi.org/10.1111/j.1399-302x.2004.00165.x
http://dx.doi.org/10.1139/cjm-2014-0565
http://dx.doi.org/10.1016/j.jhazmat.2016.03.067
http://www.ncbi.nlm.nih.gov/pubmed/27045456


Nanomaterials 2020, 10, 140 23 of 32

117. Gaillet, S.; Rouanet, J.-M. Silver nanoparticles: Their potential toxic effects after oral exposure and underlying
mechanisms—A review. Food Chem. Toxicol. 2015, 77, 58–63. [CrossRef] [PubMed]

118. Patil, Y.M.; Rajpathak, S.N.; Deobagkar, D.D. Characterization and DNA methylation modulatory activity of
gold nanoparticles synthesized by Pseudoalteromonas strain. J. Biosci. 2019, 44, 15. [CrossRef] [PubMed]

119. Liu, R.; Pei, Q.; Shou, T.; Zhang, W.; Hu, J.; Li, W. Apoptotic effect of green synthesized gold nanoparticles
from Curcuma wenyujin extract against human renal cell carcinoma A498 cells. Int. J. Nanomed. 2019, 14,
4091–4103. [CrossRef] [PubMed]

120. Chen, M.-N.; Chan, C.-F.; Huang, S.-L.; Lin, Y.-S. Green biosynthesis of gold nanoparticles using Chenopodium
formosanum shell extract and analysis of the particles’ antibacterial properties. J. Sci. Food Agric. 2019, 99,
3693–3702. [CrossRef] [PubMed]

121. Huang, Q.; Luo, A.; Jiang, L.; Zhou, Y.; Yang, Y.; Liu, Q.; Zhang, C. Disinfection efficacy of green synthesized
gold nanoparticles for medical disinfection applications. Afr. Health Sci. 2019, 19, 1441–1448. [CrossRef]

122. Verma, A.; Gautam, S.P.; Bansal, K.K.; Prabhakar, N.; Rosenholm, J.M. Green Nanotechnology: Advancement
in Phytoformulation Research. Medicines 2019, 6, 39. [CrossRef]

123. Folorunso, A.; Akintelu, S.; Oyebamiji, A.K.; Ajayi, S.; Abiola, B.; Abdusalam, I.; Morakinyo, A. Biosynthesis,
characterization and antimicrobial activity of gold nanoparticles from leaf extracts of Annona muricata.
J. Nanostruct. Chem. 2019, 9, 111–117. [CrossRef]

124. Keijok, W.J.; Pereira, R.H.A.; Alvarez, L.A.C.; Prado, A.R.; da Silva, A.R.; Ribeiro, J.; de Oliveira, J.P.;
Guimarães, M.C.C. Controlled biosynthesis of gold nanoparticles with Coffea arabica using factorial design.
Sci. Rep. 2019, 9, 1–10. [CrossRef]

125. Raval, C.; Vyas, K.; Gandhi, U.; Patel, B.; Patel, P. Nanotechnology in dentistry: A review. J. Adv. Med. Dent.
Sci. Res. 2016, 4, 3.

126. Katas, H.; Lim, C.S.; Nor Azlan, A.Y.H.; Buang, F.; Mh Busra, M.F. Antibacterial activity of biosynthesized
gold nanoparticles using biomolecules from Lignosus rhinocerotis and chitosan. Saudi Pharm. J. 2019, 27,
283–292. [CrossRef] [PubMed]

127. Yougbare, S.; Chang, T.-K.; Tan, S.-H.; Kuo, J.-C.; Hsu, P.-H.; Su, C.-Y.; Kuo, T.-R. Antimicrobial Gold
Nanoclusters: Recent Developments and Future Perspectives. Int. J. Mol. Sci. 2019, 20, 2924. [CrossRef]

128. Makowski, M.; Silva, Í.C.; Pais do Amaral, C.; Gonçalves, S.; Santos, N.C. Advances in Lipid and Metal
Nanoparticles for Antimicrobial Peptide Delivery. Pharmaceutics 2019, 11, 588. [CrossRef]

129. Naimi-Shamel, N.; Pourali, P.; Dolatabadi, S. Green synthesis of gold nanoparticles using Fusarium oxysporum
and antibacterial activity of its tetracycline conjugant. J. Mycol. Med 2019, 29, 7–13. [CrossRef] [PubMed]

130. Fan, Y.; Pauer, A.C.; Gonzales, A.A.; Fenniri, H. Enhanced antibiotic activity of ampicillin conjugated to gold
nanoparticles on PEGylated rosette nanotubes. Int. J. Nanomed. 2019, 14, 7281–7289. [CrossRef] [PubMed]

131. Shamaila, S.; Zafar, N.; Riaz, S.; Sharif, R.; Nazir, J.; Naseem, S. Gold Nanoparticles: An Efficient Antimicrobial
Agent against Enteric Bacterial Human Pathogen. Nanomaterials 2016, 6, 71. [CrossRef] [PubMed]

132. Connor, E.E.; Mwamuka, J.; Gole, A.; Murphy, C.J.; Wyatt, M.D. Gold nanoparticles are taken up by human
cells but do not cause acute cytotoxicity. Small Weinh. Bergstr. Ger. 2005, 1, 325–327. [CrossRef]

133. Elsome, A.M.; Hamilton-Miller, J.M.; Brumfitt, W.; Noble, W.C. Antimicrobial activities in vitro and in vivo
of transition element complexes containing gold(I) and osmium (VI). J. Antimicrob. Chemother. 1996, 37,
911–918. [CrossRef]

134. Novelli, F.; Recine, M.; Sparatore, F.; Juliano, C. Gold(I) complexes as antimicrobial agents. Farm. Soc. Chim.
Ital. 1999, 54, 232–236. [CrossRef]

135. Hernández-Sierra, J.F.; Ruiz, F.; Pena, D.C.C.; Martínez-Gutiérrez, F.; Martínez, A.E.; de Jesús Pozos
Guillén, A.; Tapia-Pérez, H.; Castañón, G.M. The antimicrobial sensitivity of Streptococcus mutans to
nanoparticles of silver, zinc oxide, and gold. Nanomed. Nanotechnol. Biol. Med. 2008, 4, 237–240.

136. Burdus, el, A.-C.; Gherasim, O.; Grumezescu, A.M.; Mogoantă, L.; Ficai, A.; Andronescu, E. Biomedical
Applications of Silver Nanoparticles: An Up-to-Date Overview. Nanomaterials 2018, 8, 681. [CrossRef]
[PubMed]

137. AlKahtani, R.N. The implications and applications of nanotechnology in dentistry: A review. Saudi Dent. J.
2018, 30, 107–116. [CrossRef] [PubMed]

138. Jia, G.; Zhi, A.; Lai, P.F.H.; Wang, G.; Xia, Y.; Xiong, Z.; Zhang, H.; Che, N.; Ai, L. The oral microbiota—A
mechanistic role for systemic diseases. Br. Dent. J. 2018, 224, 447–455. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.fct.2014.12.019
http://www.ncbi.nlm.nih.gov/pubmed/25556118
http://dx.doi.org/10.1007/s12038-018-9842-6
http://www.ncbi.nlm.nih.gov/pubmed/30837366
http://dx.doi.org/10.2147/IJN.S203222
http://www.ncbi.nlm.nih.gov/pubmed/31239669
http://dx.doi.org/10.1002/jsfa.9600
http://www.ncbi.nlm.nih.gov/pubmed/30663065
http://dx.doi.org/10.4314/ahs.v19i1.17
http://dx.doi.org/10.3390/medicines6010039
http://dx.doi.org/10.1007/s40097-019-0301-1
http://dx.doi.org/10.1038/s41598-019-52496-9
http://dx.doi.org/10.1016/j.jsps.2018.11.010
http://www.ncbi.nlm.nih.gov/pubmed/30766441
http://dx.doi.org/10.3390/ijms20122924
http://dx.doi.org/10.3390/pharmaceutics11110588
http://dx.doi.org/10.1016/j.mycmed.2019.01.005
http://www.ncbi.nlm.nih.gov/pubmed/30709721
http://dx.doi.org/10.2147/IJN.S209756
http://www.ncbi.nlm.nih.gov/pubmed/31686808
http://dx.doi.org/10.3390/nano6040071
http://www.ncbi.nlm.nih.gov/pubmed/28335198
http://dx.doi.org/10.1002/smll.200400093
http://dx.doi.org/10.1093/jac/37.5.911
http://dx.doi.org/10.1016/S0014-827X(99)00019-1
http://dx.doi.org/10.3390/nano8090681
http://www.ncbi.nlm.nih.gov/pubmed/30200373
http://dx.doi.org/10.1016/j.sdentj.2018.01.002
http://www.ncbi.nlm.nih.gov/pubmed/29628734
http://dx.doi.org/10.1038/sj.bdj.2018.217
http://www.ncbi.nlm.nih.gov/pubmed/29569607


Nanomaterials 2020, 10, 140 24 of 32

139. Gunduz, N.; Ceylan, H.; Guler, M.O.; Tekinay, A.B. Intracellular Accumulation of Gold Nanoparticles Leads
to Inhibition of Macropinocytosis to Reduce the Endoplasmic Reticulum Stress. Sci. Rep. 2017, 7, 1–10.
[CrossRef] [PubMed]

140. Sung, J.H.; Ji, J.H.; Park, J.D.; Song, M.Y.; Song, K.S.; Ryu, H.R.; Yoon, J.U.; Jeon, K.S.; Jeong, J.; Han, B.S.; et al.
Subchronic inhalation toxicity of gold nanoparticles. Part. Fibre Toxicol. 2011, 8, 16. [CrossRef] [PubMed]

141. Rad, S.S.; Sani, A.M.; Mohseni, S. Biosynthesis, characterization and antimicrobial activities of zinc oxide
nanoparticles from leaf extract of Mentha pulegium (L.). Microb. Pathog. 2019, 131, 239–245. [CrossRef]

142. Ahmadi Shadmehri, A.; Namvar, F.; Miri, H.; Yaghmaei, P.; Nakhaei Moghaddam, M. Assessment of
antioxidant and antibacterial activities of Zinc Oxide nanoparticles, Graphene and Graphene decorated by
Zinc Oxide nanoparticles. Int. J. Nano Dimens. 2019, 10, 350–358.

143. Chemingui, H.; Missaoui, T.; Mzali, J.C.; Yildiz, T.; Konyar, M.; Smiri, M.; Saidi, N.; Hafiane, A.; Yatmaz, H.C.
Facile green synthesis of zinc oxide nanoparticles (ZnO NPs): Antibacterial and photocatalytic activities.
Mater. Res. Express 2019, 6, 1050b4. [CrossRef]

144. Hajiashrafi, S.; Motakef Kazemi, N. Preparation and evaluation of ZnO nanoparticles by thermal
decomposition of MOF-5. Heliyon 2019, 5, e02152. [CrossRef]

145. Jones, N.; Ray, B.; Ranjit, K.T.; Manna, A.C. Antibacterial activity of ZnO nanoparticle suspensions on a
broad spectrum of microorganisms. FEMS Microbiol. Lett. 2008, 279, 71–76. [CrossRef]

146. Fang, M.; Chen, J.-H.; Xu, X.-L.; Yang, P.-H.; Hildebrand, H.F. Antibacterial activities of inorganic agents on
six bacteria associated with oral infections by two susceptibility tests. Int. J. Antimicrob. Agents 2006, 27,
513–517. [CrossRef] [PubMed]

147. Ghaffari, H.; Tavakoli, A.; Moradi, A.; Tabarraei, A.; Bokharaei-Salim, F.; Zahmatkeshan, M.; Farahmand, M.;
Javanmard, D.; Kiani, S.J.; Esghaei, M.; et al. Inhibition of H1N1 influenza virus infection by zinc oxide
nanoparticles: Another emerging application of nanomedicine. J. Biomed. Sci. 2019, 26, 70. [CrossRef]
[PubMed]

148. Aldosari, M.A.; Darwish, S.S.; Adam, M.A.; Elmarzugi, N.A.; Ahmed, S.M. Using ZnO nanoparticles in
fungal inhibition and self-protection of exposed marble columns in historic sites. Archaeol. Anthropol. Sci.
2019, 11, 3407–3422. [CrossRef]

149. Jin, S.-E.; Jin, H.-E. Synthesis, Characterization, and Three-Dimensional Structure Generation of Zinc
Oxide-Based Nanomedicine for Biomedical Applications. Pharmaceutics 2019, 11, 575. [CrossRef]

150. Mazitova, G.T.; Kienskaya, K.I.; Ivanova, D.A.; Belova, I.A.; Butorova, I.A.; Sardushkin, M.V. Synthesis and
Properties of Zinc Oxide Nanoparticles: Advances and Prospects. Rev. J. Chem. 2019, 9, 127–152. [CrossRef]

151. Kasraei, S.; Sami, L.; Hendi, S.; AliKhani, M.-Y.; Rezaei-Soufi, L.; Khamverdi, Z. Antibacterial properties of
composite resins incorporating silver and zinc oxide nanoparticles on Streptococcus mutans and Lactobacillus.
Restor. Dent. Endod. 2014, 39, 109–114. [CrossRef]

152. Sirelkhatim, A.; Mahmud, S.; Seeni, A.; Kaus, N.H.M.; Ann, L.C.; Bakhori, S.K.M.; Hasan, H.; Mohamad, D.
Review on Zinc Oxide Nanoparticles: Antibacterial Activity and Toxicity Mechanism. Nano-Micro Lett. 2015,
7, 219–242. [CrossRef]

153. Brayner, R.; Ferrari-Iliou, R.; Brivois, N.; Djediat, S.; Benedetti, M.F.; Fiévet, F. Toxicological impact studies
based on Escherichia coli bacteria in ultrafine ZnO nanoparticles colloidal medium. Nano Lett. 2006, 6,
866–870. [CrossRef]

154. Pranjali, P.; Meher, M.K.; Raj, R.; Prasad, N.; Poluri, K.M.; Kumar, D.; Guleria, A. Physicochemical and
Antibacterial Properties of PEGylated Zinc Oxide Nanoparticles Dispersed in Peritoneal Dialysis Fluid.
ACS Omega 2019, 4, 19255–19264. [CrossRef]

155. Hirota, K.; Sugimoto, M.; Kato, M.; Tsukagoshi, K.; Tanigawa, T.; Sugimoto, H. Preparation of zinc oxide
ceramics with a sustainable antibacterial activity under dark conditions. Ceram. Int. 2010, 36, 497–506.
[CrossRef]

156. Memarzadeh, K.; Vargas, M.; Huang, J.; Fan, J.; Allaker, R. Nano Metallic-Oxides as Antimicrobials for
Implant Coatings. Key Eng. Mater. 2011, 493, 489–494. [CrossRef]

157. Vargas-Reus, M.A.; Memarzadeh, K.; Huang, J.; Ren, G.G.; Allaker, R.P. Antimicrobial activity of
nanoparticulate metal oxides against peri-implantitis pathogens. Int. J. Antimicrob. Agents 2012, 40,
135–139. [CrossRef] [PubMed]

158. Osorio, R.; Yamauti, M.; Osorio, E.; Ruiz-Requena, M.; Pashley, D.; Tay, F.; Toledano, M. Zinc reduces collagen
degradation in demineralized human dentin explants. J. Dent. 2011, 39, 148–153. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/srep40493
http://www.ncbi.nlm.nih.gov/pubmed/28145529
http://dx.doi.org/10.1186/1743-8977-8-16
http://www.ncbi.nlm.nih.gov/pubmed/21569586
http://dx.doi.org/10.1016/j.micpath.2019.04.022
http://dx.doi.org/10.1088/2053-1591/ab3cd6
http://dx.doi.org/10.1016/j.heliyon.2019.e02152
http://dx.doi.org/10.1111/j.1574-6968.2007.01012.x
http://dx.doi.org/10.1016/j.ijantimicag.2006.01.008
http://www.ncbi.nlm.nih.gov/pubmed/16713190
http://dx.doi.org/10.1186/s12929-019-0563-4
http://www.ncbi.nlm.nih.gov/pubmed/31500628
http://dx.doi.org/10.1007/s12520-018-0762-z
http://dx.doi.org/10.3390/pharmaceutics11110575
http://dx.doi.org/10.1134/S207997801902002X
http://dx.doi.org/10.5395/rde.2014.39.2.109
http://dx.doi.org/10.1007/s40820-015-0040-x
http://dx.doi.org/10.1021/nl052326h
http://dx.doi.org/10.1021/acsomega.9b02615
http://dx.doi.org/10.1016/j.ceramint.2009.09.026
http://dx.doi.org/10.4028/www.scientific.net/KEM.493-494.489
http://dx.doi.org/10.1016/j.ijantimicag.2012.04.012
http://www.ncbi.nlm.nih.gov/pubmed/22727529
http://dx.doi.org/10.1016/j.jdent.2010.11.005
http://www.ncbi.nlm.nih.gov/pubmed/21108986


Nanomaterials 2020, 10, 140 25 of 32

159. Nagajyothi, P.C.; Cha, S.J.; Yang, I.J.; Sreekanth, T.V.M.; Kim, K.J.; Shin, H.M. Antioxidant and
anti-inflammatory activities of zinc oxide nanoparticles synthesized using Polygala tenuifolia root extract.
J. Photochem. Photobiol. B 2015, 146, 10–17. [CrossRef] [PubMed]

160. Mahmood, A.; Mneimne, M.; Zou, L.F.; Hill, R.G.; Gillam, D.G. Abrasive wear of enamel by bioactive
glass-based toothpastes. Am. J. Dent. 2014, 27, 263–267. [PubMed]

161. Takatsuka, T.; Tanaka, K.; Iijima, Y. Inhibition of dentine demineralization by zinc oxide: In vitro and in situ
studies. Dent. Mater. 2005, 21, 1170–1177. [CrossRef]

162. Lynch, E.; Brauer, D.S.; Karpukhina, N.; Gillam, D.G.; Hill, R.G. Multi-component bioactive glasses of varying
fluoride content for treating dentin hypersensitivity. Dent. Mater. 2012, 28, 168–178. [CrossRef]

163. Burguera-Pascu, M.; Rodríguez-Archilla, A.; Baca, P. Substantivity of zinc salts used as rinsing solutions
and their effect on the inhibition of Streptococcus mutans. J. Trace Elem. Med. Biol. Organ Soc. Miner. Trace
Elem. GMS 2007, 21, 92–101. [CrossRef]

164. Almoudi, M.M.; Hussein, A.S.; Abu Hassan, M.I.; Mohamad Zain, N. A systematic review on antibacterial
activity of zinc against Streptococcus mutans. Saudi Dent. J. 2018, 30, 283–291. [CrossRef]

165. Ahrari, F.; Eslami, N.; Rajabi, O.; Ghazvini, K.; Barati, S. The antimicrobial sensitivity of Streptococcus mutans
and Streptococcus sangius to colloidal solutions of different nanoparticles applied as mouthwashes. Dent. Res.
J. 2015, 12, 44–49.

166. Ghosh, S.; Goudar, V.S.; Padmalekha, K.G.; Bhat, S.V.; Indi, S.S.; Vasan, H.N. ZnO/Ag nanohybrid: Synthesis,
characterization, synergistic antibacterial activity and its mechanism. RSC Adv. 2012, 2, 930–940. [CrossRef]

167. Kachoei, M.Y.; Divband, B.; Tabriz, F.D.; Helali, Z.N.; Esmailzadeh, M. A comparative study of antibacterial
effects of mouthwashes containing Ag/ZnO or ZnO nanoparticles with chlorhexidine and investigation of
their cytotoxicity. Nanomed. J. 2018, 5, 102–110.

168. Eslami, N.; Ahrari, F.; Rajabi, O.; Zamani, R. The staining effect of different mouthwashes containing
nanoparticles on dental enamel. J. Clin. Exp. Dent. 2015, 7, e457–e461. [CrossRef] [PubMed]

169. Liu, W.; Su, P.; Chen, S.; Wang, N.; Ma, Y.; Liu, Y.; Wang, J.; Zhang, Z.; Li, H.; Webster, T.J. Synthesis of TiO2

nanotubes with ZnO nanoparticles to achieve antibacterial properties and stem cell compatibility. Nanoscale
2014, 6, 9050–9062. [CrossRef]

170. Kulkarni, V.; Palled, V.; Hiregoudar, S.; Prakash, K.; Maski, D.; Lendra, S. Bio-Synthesis and Characterization
of Titanium Dioxide Nanoparticles (TiO2) Using Azadirachta indica Leaf (Neem Leaf) Extract. Int. J. Curr.
Microbiol. Appl. Sci. 2019, 8, 2309–2317. [CrossRef]

171. Madadi, Z.; Soltanieh, M.; Bagheri Lotfabad, T.; Nazari, S.N. Green synthesis of titanium dioxide nanoparticles
with Glycyrrhiza glabra and their photocatalytic activity. Asian J. Green Chem. 2019. [CrossRef]

172. Kaur, H.; Kaur, S.; Singh, J.; Rawat, M.; Kumar, S. Expanding horizon: Green synthesis of TiO2 nanoparticles
using Carica papaya leaves for photocatalysis application. Mater. Res. Express 2019, 6, 095034. [CrossRef]

173. Swathi, N.; Sandhiya, D.; Rajeshkumar, S.; Lakshmi, T. Green synthesis of titanium dioxide nanoparticles
using Cassia fistula and its antibacterial activity. Int. J. Res. Pharm. Sci. 2019, 10, 856–860. [CrossRef]

174. de Dicastillo, C.L.; Patiño, C.; Galotto, M.J.; Vásquez-Martínez, Y.; Torrent, C.; Alburquenque, D.; Pereira, A.;
Escrig, J. Novel hollow titanium dioxide nanospheres with antimicrobial activity against resistant bacteria.
Beilstein J. Nanotechnol. 2019, 10, 1716–1725. [CrossRef]

175. Azizi-Lalabadi, M.; Ehsani, A.; Divband, B.; Alizadeh-Sani, M. Antimicrobial activity of Titanium dioxide and
Zinc oxide nanoparticles supported in 4A zeolite and evaluation the morphological characteristic. Sci. Rep.
2019, 9, 1–10. [CrossRef]

176. Akhtar, S.; Shahzad, K.; Mushtaq, S.; Ali, I.; Rafe, M.H.; Fazal-ul-Karim, S.M. Antibacterial and
antiviral potential of colloidal Titanium dioxide (TiO2) nanoparticles suitable for biological applications.
Mater. Res. Express 2019, 6, 105409. [CrossRef]

177. Zhao, Z.; Zhang, X.; Zhang, G.; Liu, Z.; Qu, D.; Miao, X.; Feng, P.; Sun, Z. Effect of defects on photocatalytic
activity of rutile TiO2 nanorods. Nano Res. 2015, 8, 4061–4071. [CrossRef]

178. Feng, X.; Pan, F.; Zhao, H.; Deng, W.; Zhang, P.; Zhou, H.-C.; Li, Y. Atomic layer deposition enabled MgO
surface coating on porous TiO2 for improved CO2 photoreduction. Appl. Catal. B Environ. 2018, 238, 274–283.
[CrossRef]

179. Esfandiari, N.; Simchi, A.; Bagheri, R. Size tuning of Ag-decorated TiO2 nanotube arrays for improved
bactericidal capacity of orthopedic implants. J. Biomed. Mater. Res. A 2014, 102, 2625–2635. [CrossRef]
[PubMed]

http://dx.doi.org/10.1016/j.jphotobiol.2015.02.008
http://www.ncbi.nlm.nih.gov/pubmed/25777265
http://www.ncbi.nlm.nih.gov/pubmed/25842459
http://dx.doi.org/10.1016/j.dental.2005.02.006
http://dx.doi.org/10.1016/j.dental.2011.11.021
http://dx.doi.org/10.1016/j.jtemb.2006.12.003
http://dx.doi.org/10.1016/j.sdentj.2018.06.003
http://dx.doi.org/10.1039/C1RA00815C
http://dx.doi.org/10.4317/jced.52199
http://www.ncbi.nlm.nih.gov/pubmed/26535089
http://dx.doi.org/10.1039/C4NR01531B
http://dx.doi.org/10.20546/ijcmas.2019.810.268
http://dx.doi.org/10.33945/SAMI/ajgc.2019.183160.1153
http://dx.doi.org/10.1088/2053-1591/ab2ec5
http://dx.doi.org/10.26452/ijrps.v10i2.261
http://dx.doi.org/10.3762/bjnano.10.167
http://dx.doi.org/10.1038/s41598-019-54025-0
http://dx.doi.org/10.1088/2053-1591/ab3b27
http://dx.doi.org/10.1007/s12274-015-0917-5
http://dx.doi.org/10.1016/j.apcatb.2018.07.027
http://dx.doi.org/10.1002/jbm.a.34934
http://www.ncbi.nlm.nih.gov/pubmed/23982977


Nanomaterials 2020, 10, 140 26 of 32

180. Cushing, B.L.; Kolesnichenko, V.L.; O’Connor, C.J. Recent Advances in the Liquid-Phase Syntheses of
Inorganic Nanoparticles. Chem. Rev. 2004, 104, 3893–3946. [CrossRef]

181. Hassan, H.; Omoniyi, K.I.; Okibe, F.G.; Nuhu, A.A.; Echioba, E.G. Evaluation of Antibacterial Potential of
Biosynthesized Plant Leave Extract Mediated Titanium Oxide Nanoparticles using Hypheae Thiebeace and
Anannos Seneglensis. J. Appl. Sci. Environ. Manag. 2019, 23, 1795–1804.

182. Mohammadi, S.; Mohammadi, P.; Hosseinkhani, S.; Shipour, R. Antifungal Activity of TiO2 nanoparticles
and EDTA on Candida albicans Biofilms. Infect. Epidemiol. Med. 2013, 1, 33–38.

183. Maness, P.-C.; Smolinski, S.; Blake, D.M.; Huang, Z.; Wolfrum, E.J.; Jacoby, W.A. Bactericidal Activity of
Photocatalytic TiO2 Reaction: Toward an Understanding of Its Killing Mechanism. Appl. Environ. Microbiol.
1999, 65, 4094–4098. [CrossRef]

184. Tsuang, Y.-H.; Sun, J.-S.; Huang, Y.-C.; Lu, C.-H.; Chang, W.H.-S.; Wang, C.-C. Studies of photokilling of
bacteria using titanium dioxide nanoparticles. Artif. Organs 2008, 32, 167–174. [CrossRef]

185. Wysocka, I.; Kowalska, E.; Ryl, J.; Nowaczyk, G.; Zielińska-Jurek, A. Morphology, Photocatalytic and
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