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Abstract: Background: This study looks at the clinical applications of nanotechnology in dentistry,
with an emphasis on implantology, preventive care, orthodontics, restorative dentistry, and endodon-
tics. Methods: Following PRISMA criteria and registered in PROSPERO (ID: CRD 564245), a PubMed,
Scopus, and Web of Science search was conducted for studies from January 2014 to April 2024. The
criteria were English-language research on nanotechnology in dental coatings, with a focus on clinical
trials and observational studies. The electronic database search yielded 8881 publications. Following
the screening process, 17 records were selected for qualitative analysis. Results: Nanotechnology
has revolutionized dentistry. In orthodontics, nanoparticles improve antibacterial characteristics,
durability, and biocompatibility, lowering bacterial colonization and plaque. In preventative care,
Casein Phosphopeptide-Amorphous Calcium Phosphate (CPP-ACP) combined with stannous fluo-
ride (SnF,) and nano-sized sodium trimetaphosphate (TMPnano) substantially remineralizes enamel.
Nanostructured surfaces in dental implants, particularly those containing calcium, improve osseointe-
gration and stability. Nanoparticles in restorative dentistry improve composite and adhesive strength,
aesthetics, and longevity. Conclusions: Nanotechnology improves dental materials and equipment,
resulting in better treatment outcomes and increased patient comfort. Its integration provides more
effective treatments, which improves dental care and patient outcomes. More research is needed to
overcome present problems and expand nanotechnology’s medicinal applications.

Keywords: nanotechnology; dentistry; nanomaterials; orthodontics; dental implants; enamel rem-

ineralization; antimicrobial properties; osseointegration; dental composites; restorative dentistry

1. Introduction

Nanotechnology, the manipulation of matter on an atomic, molecular, and supra-
molecular scale, has revolutionized various scientific fields, including medicine and den-
tistry [1]. By enabling precise control over material properties and interactions at a
nanoscopic level, nanotechnology has opened new avenues for innovation and improve-
ment in these disciplines [2-5].

The integration of nanotechnology in dentistry, involving the use of nanomaterials
and nanoparticles, has paved the way for significant advancements in dental care and
treatment [6-10]. This burgeoning field, known as nanodentistry, holds the potential to
transform conventional dental practices, offering novel solutions for diagnostics, therapeu-
tics, and regenerative procedures [11-14].

J. Clin. Med. 2024, 13, 5268. https://doi.org/10.3390/jcm13175268

https:/ /www.mdpi.com/journal /jem


https://doi.org/10.3390/jcm13175268
https://doi.org/10.3390/jcm13175268
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jcm
https://www.mdpi.com
https://orcid.org/0000-0002-5947-8987
https://orcid.org/0000-0002-6366-1039
https://orcid.org/0000-0003-2792-7167
https://orcid.org/0000-0002-3925-6674
https://orcid.org/0000-0002-3652-7010
https://orcid.org/0000-0002-7103-4086
https://orcid.org/0000-0002-3288-490X
https://orcid.org/0000-0001-9745-7506
https://orcid.org/0000-0003-0104-6337
https://orcid.org/0000-0003-3797-5883
https://doi.org/10.3390/jcm13175268
https://www.mdpi.com/journal/jcm
https://www.mdpi.com/article/10.3390/jcm13175268?type=check_update&version=1

J. Clin. Med. 2024, 13, 5268

20f17

Nanomaterials are materials with one or more external dimensions in the size range
1 nm-100 nm. Their unique properties, such as increased surface area-to-volume ratio,
quantum effects, and enhanced mechanical, electrical, and optical characteristics, distin-
guish them from their bulk counterparts [15-18]. Nanoparticles, defined as having one
or more dimensions of 1-100 nm, are employed in various dental applications due to
their bioactive properties, antimicrobial activity, and ability to interact at the molecular
level [19,20]. These characteristics make them particularly suited for addressing com-
plex dental issues, from targeted drug delivery systems to improved dental implants and
restorative materials [21-27].

1.1. Application of Nanotechnology in Dentistry

The concept of nanotechnology was first introduced by physicist Richard Feynman in
1959, but it was not until the advent of sophisticated imaging and manipulation techniques,
such as atomic force microscopy (AFM) and scanning tunneling microscopy (STM), that
the field truly began to flourish [28,29].

These technological advancements allowed scientists to observe and manipulate
matter at the nanoscale with unprecedented precision. In dentistry, the application of
nanotechnology started gaining momentum in the early 2000s, leading to the development
of nanocomposites, nano-coatings, and nanoparticles for various dental treatments. For
instance, nanocomposites have shown improved mechanical properties and aesthetics,
while nano-coatings can enhance the surface properties of dental implants, making them
more resistant to bacterial colonization and improving osseointegration [2,12,30-32].

1.2. Challenges and Future Directions

Despite the promising advancements, the integration of nanotechnology in dentistry
faces several challenges. The long-term biocompatibility and safety of nanomaterials, po-
tential cytotoxicity, and environmental impact require thorough investigation. The small
size and high reactivity of nanoparticles can lead to unintended interactions with biological
systems, which may cause damage to oral tissues or cells, leading to inflammation or
allergic reactions [33,34]. These concerns are critical, as the interaction between nanoma-
terials and biological systems can have unforeseen effects, necessitating comprehensive
studies to ensure patient safety [35-37]. Additionally, the long-term effects of nanoparti-
cle accumulation in the body remain largely unknown, posing potential risks to overall
health [38].

Regulatory approvals and standardization of nanotechnology-based dental products
are essential to ensure their safe and effective use. This involves developing clear guidelines
and protocols for the production, testing, and clinical application of nanodental products.
Moreover, the high cost of nanomaterials and the need for specialized equipment and
training may limit their widespread adoption in clinical practice [39].

Future research should focus on developing multifunctional nanomaterials with en-
hanced properties, exploring new applications of nanotechnology in dental diagnostics
and therapeutics, and addressing the existing challenges to pave the way for the broader
implementation of nanodentistry. This includes exploring the potential of nanotechnol-
ogy in areas such as implantology, where nanomaterials can improve the integration and
longevity of dental implants, and preventive care, where nanoscale coatings can protect
teeth from decay and erosion [36,40,41].

Nanotechnology holds immense potential to revolutionize the field of dentistry, of-
fering innovative solutions for implantology, preventive care, orthodontics, restorative
dentistry, and endodontics. The unique properties of nanomaterials and nanoparticles en-
able the development of advanced dental products and techniques that enhance treatment
efficacy, patient comfort, and clinical outcomes.

As research in nanodentistry progresses, addressing the associated challenges and
ensuring the safe and effective integration of nanotechnology into clinical practice will
be paramount.
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The objective of this systematic review is to comprehensively explore and elucidate
the diverse applications and implications of nanotechnology in various dental specialties.
By conducting an in-depth analysis of the integration of nanomaterials and nanoparticles
in orthodontics, preventive and community dentistry, dental implants, restorative dentistry,
and endodontics, this review seeks to provide a detailed understanding of how nanotech-
nology can revolutionize dental care and treatment. It aims to explore and elaborate on
the clinical aspects and implications of nanotechnology across these specialties, such as
enhancing the integration and durability of dental implants in implantology, advancing
protective coatings and treatments to prevent decay and disease in preventive dentistry,
developing more effective and less invasive treatment options in orthodontics, improving
the properties and performance of restorative materials in restorative dentistry, and offering
innovative solutions for root canal treatments and tissue regeneration in endodontics. The
review highlights the unique properties of nanomaterials that contribute to improved
treatment outcomes, patient comfort, and long-term success of dental procedures, while
also addressing the challenges and potential of nanotechnology in overcoming conven-
tional limitations by enhancing biocompatibility, antimicrobial efficacy, and mechanical
properties of dental materials. Ultimately, this review aspires to offer valuable insights for
clinicians, researchers, and policymakers in the pursuit of advanced and effective dental
care solutions.

2. Materials and Methods
2.1. Protocol and Registration

This systematic review was conducted according to Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) and the protocol was registered at
PROSPERO under the ID: CRD42024581880 [42].

2.2. Search Processing

A search on PubMed, Scopus, and Web of Science was performed to find papers
dating from 1 January 2014 to 1 April 2024. The search strategy used the Boolean keywords:
(“nanotechnology” OR “nanoparticles” OR “nanostructures” OR “nanomaterials”) AND
(“dental” OR “dentistry” OR “dental materials” OR “dental surfaces”) AND (“coating” OR
“surface”) (Table 1).

Table 1. Database search indicators.

Results (Number of

Database Search Field Papers Found)

(“nanotechnology” OR “nanoparticles” OR
“nanostructures” OR “nanomaterials”) AND

PubMed (“dental” OR “dentistry” OR “dental materials” 2977
OR “dental surfaces”) AND (“coating” OR
“surface”).

(“nanotechnology” OR “nanoparticles” OR
“nanostructures” OR “nanomaterials”) AND

Scopus (“dental” OR “dentistry” OR “dental materials” 3203
OR “dental surfaces”) AND (“coating” OR
“surface”).

(“nanotechnology” OR “nanoparticles” OR
“nanostructures” OR “nanomaterials”) AND

Web of Science (“dental” OR “dentistry” OR “dental materials” 2701
OR “dental surfaces”) AND (“coating” OR
“surface”).
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2.3. Inclusion Criteria

The following inclusion criteria were considered: (1) studies that investigated the use
of nanotechnology and nanomaterials as coatings in different fields of dentistry; (2) ran-
domized clinical trials, retrospective studies, case-control studies and prospective studies;
(3) in vitro studies; (4) English language, and (5) full-text.

Papers that did not match the above criteria were excluded.

The review was conducted using the PICO criteria:

Participants: adults, both male and female;

Interventions: use of nanotechnology and nanomaterials as coatings in various fields
of dentistry. Nanomaterials are emerging as a promising solution in the field of dental
regeneration due to their unique properties, such as small size, high specific surface
area, and ability to interact with biological cells and tissues;

Comparisons: different dentistry field;

Outcomes: nanotechnology enhances dental materials” properties, improving treat-
ments and patient outcomes.

The PICO’s question of this systematic review is to comprehensively explore and eluci-
date the diverse applications and implications of nanotechnology in various dental specialties.

2.4. Exclusion Criteria

The exclusion criteria were as follow: (1) animal studies; (2) off-topic; (3) reviews, case
reports, case series, letters, or comments; (4) no English language.

2.5. Data Processing

Three reviewers (M.G., L.P. and R.M.) independently consulted the databases to collect
the studies and rated their quality, based on selection criteria. The selected articles were
downloaded into Zotero (version 6.0.15). Any divergence between the three authors was
settled by discussion with a senior reviewer (EL).

2.6. Quality Assessment

The quality of the included papers was assessed by two reviewers, A.P. and A.M.
using the ROBINS tool. Seven points were evaluated and each was assigned a degree of
bias. A third reviewer (F1.) was consulted in the event of a disagreement until an agreement
was reached. The question in the domains evaluated in the ROBINS is the following:

- Bias due to confounding

- Bias arising from measurement of exposure

- Bias in the selection of participants into the study
- Bias due to post-exposure intervention

- Bias due to missing data

- Bias arising from measurement of the outcome

- Bias in the selection of the reported results

3. Results
3.1. Study Selection and Characteristics

A total of 8881 publications were found using the electronic database search (Scopus
N = 3203, PubMed N = 2977, Web of Science N = 2701); no articles were found using the
manual search. Following the removal of duplicates (N = 1457), the titles and abstracts
of 7424 studies were assessed for screening. A total of 298 records were chosen out of
7126 papers that did not match the inclusion requirements (6881 off-topic, 214 reviews,
and 31 animal research). Following the exclusion of six records that could not be obtained,
277 reports were eliminated for failing to meet the inclusion requirements (263 off-topic,
14 reviews). In total, 15 records were chosen for qualitative investigation after being
deemed eligible.
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The findings from the included studies highlight the effectiveness of nanotechnologies
across various dental applications. In orthodontic patients, the incorporation of nanoparti-
cles, such as silver and titanium dioxide, significantly reduced bacterial colonies, thereby
enhancing oral hygiene. In the context of enamel remineralization, the use of agents
like TMPnano and HMPnano resulted in increased enamel surface hardness and fluoride
uptake. For dental implants, nanostructured surfaces promoted better osseointegration
and long-term stability. Additionally, in restorative dentistry, nanocomposites improved
mechanical strength and reduced the risk of secondary caries, contributing to more durable
and high-quality dental restorations (Figure 1).

*NanoCare Gold

Nanofilled resin composite and Nanohybrid composite

«Fluoride-containing nano-hybrid resin-based composite and non-fluoride-containing
resin composite

Nanofiller in Filtek Supreme XTETM

Preventive [

*TMPnano

d e n t i st ry «Nano-sized sodium hexametaphosphate

«Calcium phosphate
20 ystalli i gel and hydrated silica nanoparticles
*SLAffinity-treated implants

Dental
. sNanostructured calcium-incorporated titanium surface
im pla nts i

sLaser-Lok implants and NanoTite implants

O rt h O d 0 nti CS wSilver nanoparticles

«Titanium dioxide nanoparticles

Figure 1. Applications of Nanotechnologies and Biomaterials in Dentistry.

Orthodontics: Farhadian et al. (2016) demonstrated that silver nanoparticles in or-
thodontic retainers significantly reduced Streptococcus mutans colonies after 7 weeks [43].
Similarly, Elabd et al. (2024) reported a significant reduction in bacterial load using titanium
dioxide nanoparticles in orthodontic functional appliances [44].

Enamel Remineralization: Fernando et al. (2019) and Danelon et al. (2015, 2018)
showed that the use of nanoparticles like CPP-ACP, SnF;, TMPnano, and HMPnano in-
creased enamel hardness and remineralization capacity compared to conventional fluoride
toothpaste [45-47].

Dental Implants: Mangano et al. (2017) reported improved early bone healing with
calcium phosphate nanostructured implants [48]. Al-Hashedi et al. (2019) demonstrated
the effectiveness of hydrated silica nanoparticles in decontaminating dental implants, while
Keng-Liang Ou et al. (2016) observed enhanced osseointegration with SLAffinity-treated
implants [49,50]. Felice et al. (2015) and Bechara et al. (2017) highlighted good long-term
clinical outcomes with nanostructured implant surfaces [51,52].

Restorative Dentistry: Gomes Torres et al. (2014) and Nemt-Allah et al. (2021) demon-
strated the effectiveness of silicon dioxide nanoparticles and NanoCare Gold in direct
restorations [53,54]. Burke et al. (2017) reported 100% retention and no fractures with Filtek
Supreme XTETM [55].

Endodontics: Elbahary et al. (2020) observed increased surface roughness in teeth
treated with nanoparticles compared to controls [56].

Figure 2 and Table 2 present the selection procedure and the summary of the selected
records, respectively.
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Figure 2. Literature search Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) flow diagram and database search indicators.
Table 2. Descriptive summary of item selection.
Author Study Number of Average Age Observation Application Nanoparticle Outcomes
(Year) Design Patients and Gender Time Field Involved
Silver nanoparticles
showed a significant
Silver reduction in
nanoparticles Streptococcus
Farhadi Randomized . . i- t
arhadian andomize 66 orthodontic . Orthodontic (approxi mutans .
etal., controlled atients Not provided 7 weeks rotainers mately 40nm  colony-forming units
2016 [43] trial p in size and 500 after 7 weeks,
ppmin demonstrating strong
concentration) antimicrobial effects
under clinical
conditions.
The test group
. showed a significant
Titanium decrease in bacterial
Orthodontic dioxide
Randomized functional nanoparticles colony count
Elabd et al., 26 orthodontic . . P o compared to the
) controlled . Not provided 6 months appliances 1% .
2024 [44] R patients X . control group, with a
trial (twin block concentration . L
. . . higher reduction in
appliances) in acrylic .
the six-month group
baseplates)
compared to the
baseline group.
The average The effectiveness of
& CPP-ACP and SnF,
age of the . .
- The in enhancing enamel
. participants Enamel rem- . . . O
Fernando Randomized . . L nanoparticles remineralization, as
Eight healthy was 43 years, ineralization as . .
etal., controlled adults patients  with an equal 10 days a preventive investigated well as the
2019 [45] trial p vith an eq p were CPP-ACP synergistic effects
distribution of measure
and SnF;. observed when
four M and ..
combining these
four F.

agents.
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Table 2. Cont.

Author
(Year)

Study
Design

Number of
Patients

Observation
Time

Application
Field

Nanoparticle
Involved

Outcomes

Danelon
etal.,
2015 [46]

Double-
blinded
crossover
study.

12 patients

4 phases of 3
day each

Enamel rem-
ineralization as
a preventive
measure

TMPnano

Increased enamel
surface hardness,
higher
remineralizing
capacity, and
increased enamel
fluoride uptake with
TMPnano-enhanced
toothpaste compared
to conventional
fluoride toothpaste.

Danelon
etal.,
2018 [47]

Double-
blinded
crossover
study.

12 patients

4 phases of 3
day each

Enamel rem-
ineralization as
a preventive
measure

HMPnano

Significant increases
in enamel surface
hardness, subsurface
hardness, and
mineral recovery
were observed with
1100 F/HMPnano
compared to 1100 F
alone. Enamel
fluoride uptake was
similar across groups,
except placebo.

Mangano er
al., 2017 [48]

Randomized
controlled
trial

15 patients

Mean age 57.9

8 weeks

Dental
implants

Calcium
phosphate

Significantly higher
BIC in NCI implants
compared to other
implants, suggesting
enhanced early bone
healing with
nanostructured
surfaces under
immediate loading
conditions.

Keng-Liang
Ouetal,,
2016 [50]

Clinical trial

11 patients

years; Gender

3 months

Dental
implants

SLAffinity-
treated
implants

Enhanced bone
healing and
osseointegration,
100% success rate of
implants,
significantly higher
bone densities with
SB cell therapy
compared to without
therapy

Felice et al.,
2015 [51]

Randomized
controlled
trial

60 patients

12 weeks

Dental
implants

Nanostructured
calcium-
incorporated
titanium
surface (Xpeed;
MegaGen)

Both implant
surfaces provided
good clinical results
with no significant
difference in implant
failure, prosthesis
failure,
complications, or
peri-implant
marginal bone loss
over a three-year
period.
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Table 2. Cont.

Author

Study

Number of

Average Age

Observation

Application

Nanoparticle

(Year) Design Patients and Gender Time Field Involved Outcomes
High short-term
success with implant
survival rates of
95.9% patient-based
Bechara Average age of and 99.1%
Retrospective . 61.4 years, Dental . implant-based,
etal., 56 patients . 3 years . Calcium . -
2017 [52] study predominantly implants minimal peri-implant
M (57.1%) marginal bone loss
(0.49 + 0.52 mm
mesial and
0.53 + 0.52 mm
distal)
Laser-Lok
The patients H?E;:;ts Peri-implant
ranged in age outcomes, including
from 47 to 78 collar-treated MPI, MBI, PD
Hegazy etal,  Prospective . . Dental implants) and . ! O
gy . 36 patients years, with 24 2 weeks . - implant mobility,
2016 [57] clinical trial implants NanoTite
men and 12 . MBL, and
women implants peri-implant tissue
(Nanosurface— -
selected stability.
treated
implants).
G Nanoparticles Both materials
omes .. . . . Restorative of Silicon showed acceptable
Torresetal.,  Clinical trial 47 patients Not provided 2 years . - . .
(2014) [53] Dentistry dioxide (SiO,) clinical performance
- (2040 nm) over 24 months.
NanoCare Gold
Nemt-Allah ~ Randomized . showed promising
. Restorative NanoCare .
etal., controlled 57 patients 17-50y 2 years Dentistr Gold results for direct
(2021) [54] trial y tooth-colored
restorations
Nanofilled
resin
. composite No statistically
Demirci Observational . 271y Restorative (Filtek significant
etal, 34 patients IM 5 years . i
(2018) [58] study And 25 F Dentistry Supreme XT), differences between
Nanohybrid the composites
composite
(Ceram X duo)
F-CR and F-CR reduced enamel
non-fluoride- demineralization
Prospective Mean age 26.4 . .. There was no
Melo et al., . . Restorative containing L .
split-mouth 20 patients years, 14 F and 2 years . c significant difference
(2014) [59] Dentistry nano-hybrid .
study 6M : in surface roughness
resin
composite between the
materials.
100% retention and
Burke et al., Randomized . 53.9 y mean Restorative Nanoﬁller in lack of fracture;
2017 [55] clinical trial 35 patients age. 3 years Dentistr Filtek Supreme excellent surface
27Fand 8 M y XTETM quality and minimal

surface roughness

BIC: bone-to-implant contact; CPP-ACP: Casein Phosphopeptide-Amorphous Calcium Phosphate; HMPnano:
nano-sized sodium hexametaphosphate; MBI: modified bleeding index; MBL: marginal bone loss; MPL: modified
plaque index; NCI: nanostructured calcium-incorporated; PD: peri-implant probing depth; TMPnano: Nano-sized
sodium trimetaphosphate; SiO,: Silicon dioxide; SnF,: Stannous Fluoride.
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3.2. Quality Assessment and Risk of Bias of Included Articles

The risk of bias in the included studies is reported in Figure 3. Regarding the bias due
to confounding, most studies exhibit some concerns. The bias arising from measurement
of the exposure generally has a low risk of bias. Many studies also display a low risk of
bias in the selection of participants. The bias due to missing data presents mostly some
concerns. The bias arising from the measurement of the outcome is primarily low. The
bias in the selection of the reported results mainly raises some concerns. The final results
indicate that out of 17 analyzed articles, 4 studies have a low risk of bias, 8 studies have
some concerns, and 5 studies have a high risk of bias.

Risk of bias domains

ol I 1] IOl I JOof lOoiof
‘1 10l 1 JOlof J I [ I I [ 1O
OO0V OCOOCOO®
Lol [ J [ [ JOo Jof [ JO

Y oI Jo! I I Jol Jololololo
0000000000000
ololo] I I Jolo! Jolol Jof o
ool I LI Y lololololoo

Domains: Judgement

D1: Bias due to confounding. ;

D2: Bias arising from measgrement of the exposure. @ very high

D3: Bias in selection of participants into the study @ High

(or into the analysis).

D4: Bias due to post-exposure interventions. @ Some concemns
D5: Bias due to missing data. ® Low

D6: Bias arising from measurement of the outcome.

D7: Bias in selection of the reported result. @ No information

Figure 3. Bias assessment [46-60].

4. Discussion
4.1. Use of Biomaterials and Nanotechnologies in Orthodontics

Nanotechnology has brought significant advancements to orthodontics, particularly by
enhancing the properties of orthodontic devices [60]. The incorporation of nanomaterials,
such as nanosilver particles, into adhesives, brackets, and retainers has not only improved
their antimicrobial properties but also increased their durability and biocompatibility. These
enhancements are crucial in addressing common orthodontic challenges, such as bacterial
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colonization and plaque accumulation, which can adversely affect treatment outcomes and
patient comfort [60-62].

Beyond their antimicrobial properties, nanosilver particles also play a role in enhancing
the structural integrity of orthodontic materials. The increased durability reduces the
frequency of appliance failure and maintenance, which is a critical aspect for patient
adherence and overall satisfaction. This multifaceted benefit underscores the importance of
continued research into the optimization of nanoparticle size, shape, and concentration to
maximize clinical efficacy while ensuring patient safety [61,62].

For example, conventional Hawley removable appliances, although popular for their
esthetics and ease of use, are prone to issues like plaque accumulation and enamel dem-
ineralization due to their rough surfaces [43]. The study by Farhadian et al. demonstrated
that adding nanosilver particles to orthodontic retainers effectively reduces Streptococcus
mutans counts, thereby improving oral hygiene during retention periods. This finding
underscores the potential of nanosilver particles in mitigating the adverse effects associated
with traditional orthodontic appliances.

It is important to note, however, that the success of such interventions depends on
careful consideration of the balance between antimicrobial efficacy and biocompatibility.
As Farhadian et al. suggested, the effectiveness of nanosilver is contingent upon its size
and concentration, which must be optimized to avoid potential cytotoxicity. Future studies
should aim to establish standardized guidelines for the safe and effective use of these
materials in clinical settings [43].

Similarly, Elabd et al.’s research on the use of titanium dioxide nanoparticles in twin
block appliances further supports the role of nanotechnology in orthodontics. Their findings
revealed a significant reduction in bacterial colonies when 1% titanium dioxide nanopar-
ticles were incorporated into the appliances, suggesting an improvement in oral hygiene
over time. These studies collectively highlight the promising impact of nanotechnology in
enhancing the effectiveness and efficiency of orthodontic treatments [44].

While the antibacterial properties of titanium dioxide nanoparticles are promising,
Elabd et al.’s study also points to the need for long-term clinical trials to assess the sustain-
ability of these benefits. The potential for bacterial resistance to develop over extended
use of nanoparticle-enhanced materials is a concern that warrants further investigation.
Additionally, understanding the patient’s response to these materials over time will be
crucial in determining their long-term viability in orthodontic practice [44].

As nanotechnology continues to evolve, its application in orthodontics is likely to
expand, offering new solutions to existing challenges. Future research should focus on
optimizing the use of nanomaterials in orthodontics, ensuring their safety, and exploring
their potential in improving long-term treatment outcomes.

4.2. Use of Biomaterials and Nanotechnologies in Preventive and Community Dentistry

The escalating prevalence of dental caries, erosion, and hypersensitivity has catalyzed
the pursuit of advanced preventive and treatment modalities in dentistry. This compre-
hensive review delves into the realm of nanotechnology for enamel remineralization,
highlighting the potential of innovative approaches in addressing these pervasive oral
health challenges [63,64].

Fernando et al. conducted a study that explored the integration of nanotechnology in
dentistry, with a particular focus on the combined application of Casein Phosphopeptide-
Amorphous Calcium Phosphate (CPP-ACP) and Stannous Fluoride (SnF;) for enamel
remineralization [45]. Dental caries, erosion, and hypersensitivity are significant global
concerns, driven by bacterial acid production and dietary factors, which make effective
remineralization strategies imperative. While traditional agents like fluoride have been
instrumental in aiding remineralization, they present limitations in the delivery of bioavail-
able ions. Novel approaches such as CPP-ACP have shown promise in stabilizing these
ions and enhancing remineralization [45].
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In another significant study, Danelon et al. in 2015 investigated the remineralizing
potential of fluoride toothpaste supplemented with nano-sized sodium trimetaphosphate
(TMPnano). This study suggest that the inclusion of nano-sized TMP in fluoride toothpaste
significantly enhances its remineralization potential [46].

Building on this, Danelon et al. in 2019 assessed the remineralizing efficacy of a
conventional toothpaste (1100 ppm F) fortified with nano-sized sodium hexametaphos-
phate (HMP-nano) on artificial caries lesions in situ [47]. This double-blinded crossover
study, found that brushing with 1100 F/HMPnano significantly increased enamel surface
hardness, subsurface hardness, and mineral recovery compared to 1100 F alone [47].

The enhanced remineralization observed with HMPnano suggests that such nano-
enhanced formulations could be particularly beneficial in patients at high risk of dental
caries. Nevertheless, the study highlights the need for further research to explore the
long-term benefits and any potential side effects of prolonged use of these nano-enhanced
toothpaste formulations. Additionally, understanding patient perceptions and acceptance
of these new products will be crucial for their successful integration into routine dental care.

4.3. Use of Biomaterials and Nanotechnologies in Dental Implants

Research on the use of biomaterials and nanotechnologies in dental implants is contin-
uously evolving, with numerous studies exploring how nanostructured surfaces and other
advanced techniques can enhance osseointegration and the long-term success of implants.
Below, six significant studies in this field are compared, analyzing the results and clinical
implications of the different methodologies employed [65].

Mangano et al. analyzed the early bone response to immediately loaded temporary
transmucosal implants in the posterior maxilla. Implants with a nanostructured calcium-
incorporated (NCI) surface showed significantly higher bone-to-implant contact (BIC)
compared to machined (MA) surface implants. This finding suggests that nanostructured
surfaces can improve early bone healing under immediate loading conditions, a result
supported by other studies highlighting the importance of nanotechnologies in promoting
osseointegration [48]. The enhanced BIC observed with NCI surfaces may be attributed to
the increased surface area and the bioactive properties of calcium, which promote osteoblast
activity and faster bone regeneration [48].

Similarly, Bechara et al. reported a 99.1% survival rate for implants with nanostruc-
tured surfaces incorporating calcium ions in fully edentulous patients. These implants
demonstrated enhanced osseointegration with minimal peri-implant bone resorption, sug-
gesting that nanostructured surfaces not only promote early bone healing but also con-
tribute to the long-term stability of implants [52].

The importance of nanotechnologies extends beyond promoting osseointegration.
Keng et al. conducted a comprehensive evaluation of the effects of StemBios (SB) cell
therapy and SLAffinity-treated implants on osseointegration. SLAffinity-treated implants,
characterized by a nanostructured surface, showed improved stress distribution and bone
cell adhesion. The combination of SB cell therapy and SLAffinity surface treatment further
enhanced bone healing and implant stability, suggesting an integrated approach that
leverages both nanotechnologies and advanced cell therapies [50].

Felice et al. compared titanium implants with nanostructured calcium-incorporated
surfaces to implants with resorbable blast media (RBM) surfaces. The three-year clinical
results showed no significant differences between the two types of implants, suggesting
that both surface treatments are effective in the long term. However, the preference for one
surface over the other might depend on specific clinical factors and patient needs [51].

Similarly, Hegazy (2016) compared peri-implant outcomes of laser-collar-treated im-
plants and nanostructured surface implants. No significant differences were observed
between the two implant types, indicating that both surface treatments provide comparable
clinical performance in early loading protocols [57].

The analyzed studies highlight the crucial role of nanotechnologies in enhancing os-
seointegration and maintaining implant surface health. Nanostructured surfaces, especially
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those incorporating calcium, demonstrate superior capacity to promote early bone healing
and long-term implant stability. Additionally, integrating advanced cell therapies and
specific surface treatments can further improve clinical outcomes.

While some studies show no significant differences between different surface treat-
ments, the continued exploration of nanotechnologies remains crucial for advancing the
field of dental implants. As the body of evidence grows, it is likely that specific nanostruc-
tured surfaces or combinations of treatments will emerge as the gold standard for certain
clinical situations. Ongoing research should focus on refining these technologies, reducing
costs, and improving accessibility to ensure that the benefits of nanotechnology in dental
implants can be realized by a broader patient population.

4.4. Use of Biomaterials and Nanotechnologies in Restorative Dentistry

The advent of nanotechnology has significantly advanced the field of restorative den-
tistry. Nanoparticles, due to their exceptional physical, chemical, and biological properties,
have been incorporated into various dental materials to enhance their performance. In
restorative dentistry, nanoparticles are used to improve the mechanical strength, aesthetic
quality, and durability of dental composites and adhesives [66]. They also contribute to
better wear resistance and polish retention, crucial for the longevity of dental restorations.
Additionally, the antibacterial properties of certain nanoparticles help in reducing the risk
of secondary caries, further promoting oral health [67].

A study conducted by Gomes Torres evaluated the effectiveness of two restorative
materials: GrandioSO (a conventional composite) and GrandioSO Heavy Flow (a flow-
able composite) with different viscosity. Both materials demonstrated acceptable clinical
performance over the 24-month period, showing no significant differences in color match,
marginal discoloration, wear, marginal adaptation, proximal contact, postoperative sen-
sitivity, and retention. Gomes Torres’ study suggest that both conventional and flowable
composites can achieve satisfactory clinical outcomes over time, providing flexibility in
material choice based on specific clinical situations [53].

In another clinical trial, three parallel groups were studied, with patients randomly al-
located to receive NanoCare Gold, chlorhexidine, or no surface pretreatment [54]. NanoCare
Gold exhibited promising results for the durability of direct tooth-colored restorations.
The study on NanoCare Gold highlights the potential of nanoparticle-based pretreatment
solutions to enhance the longevity and quality of restorations. The reduced marginal
staining and improved marginal adaptation observed with NanoCare Gold suggest that
incorporating nanoparticles into pretreatment protocols could offer a valuable strategy
for improving the durability of restorations, particularly in esthetically demanding areas.
However, larger-scale studies and long-term follow-up are necessary to confirm these
findings and determine the best application practices [54].

Additionally, a study assessed the use of nanotechnology in class IV restorations,
using Filtek Supreme XT (nanofilled) and Ceram X duo (nanohybrid) composites over five
years [58]. The study showed no significant differences in clinical performance, with restora-
tion fracture being the primary cause of failure. This suggests that modern nanocomposites
offer promising long-term outcomes in dental restorations [58].

The five-year follow-up study on class IV restorations underscores the durability of
modern nanocomposites in high-stress areas. The comparable performance of nanofilled
and nanohybrid composites suggests that both types of materials can be effectively used
in restorations subject to significant mechanical loads. The primary cause of failure being
restoration fracture indicates that future research could focus on improving the fracture
resistance of these materials, potentially through further refinement of their nanoparticle
content or the development of novel composite formulations [58].

Furthermore, a single-center prospective study evaluated the anti-caries efficacy and
surface roughness of fluoride-releasing (F-CR) and non-fluoride (CR) nano-hybrid resin-
based composites. F-CR significantly increased fluoride concentrations and reduced dem-
ineralization compared to CR, without affecting surface roughness [59]. This study is
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particularly significant for preventive dentistry, as it demonstrates the dual benefit of these
materials in enhancing both restorative and preventive outcomes. The ability of F-CR to
increase fluoride concentrations while maintaining surface smoothness suggests that these
materials could play a key role in reducing secondary caries risk, especially in high-caries-
risk patients. Further studies could explore the long-term caries prevention benefits of
these materials in different patient populations and clinical settings [59].

Finally, a study by the PREP Panel assessed the clinical performance of restorations
using Filtek Supreme XT and Adper Easy Bond. Over three years, 75 restorations were
evaluated by experienced clinicians, showing optimal outcomes with no secondary caries
and optimal surface quality. Selective enamel etching was found to reduce marginal dis-
coloration while maintaining marginal integrity, supporting the durability and aesthetic
performance of the materials in clinical settings [55]. The use of selective enamel etch-
ing with Filtek Supreme XT highlights a technique that can enhance marginal integrity,
reducing the risk of discoloration over time. These results suggest that combining ad-
vanced nanocomposite materials with optimized bonding protocols could further improve
restorative outcomes, particularly in cases where aesthetics are paramount [55,68].

4.5. Limitations

The included studies varied widely in their designs, ranging from randomized con-
trolled trials to observational and crossover studies. This heterogeneity complicates the com-
parison and synthesis of outcomes. Furthermore, the studies assessed diverse endpoints,
such as bacterial colony counts, enamel remineralization, and implant osseointegration,
which are not directly comparable.

Many studies featured small sample sizes, such as the eight participants in Fernando
et al. (2019) [45] and the twelve participants in the studies by Danelon et al. (2015,
2018) [46,47]. Additionally, several studies did not provide detailed demographic informa-
tion, which limits the generalizability of the findings across different populations.

Some studies did not provide explicit details about the methodologies used, such as
the average age and gender of participants (e.g., Farhadian et al., 2016 [43]; Elabd et al,,
2024 [44]). This lack of information hinders the ability to fully evaluate the study’s context
and potential biases.

The properties of nanoparticles, including size, concentration, and type, varied sig-
nificantly among the studies. For instance, the studies investigated nanoparticles such
as silver, titanium dioxide, calcium phosphate, and nanocomposites, each with distinct
characteristics and mechanisms of action. This variability may influence the outcomes and
limits the ability to draw consistent conclusions about the efficacy of nanotechnology in
dental applications.

Many studies had relatively short follow-up periods, ranging from a few weeks to
several months. Long-term outcomes are essential for evaluating the sustained effectiveness
and safety of nanomaterials in dentistry. The limited follow-up data may not adequately
capture potential long-term benefits or adverse effects.

5. Conclusions

Nanotechnology has profoundly impacted dentistry by improving the properties of
various dental materials and devices, offering significant advancements across multiple
areas such as orthodontics, preventive care, dental implantology, and restorative dentistry.
These innovations promise more effective and efficient treatments, paving the way for
improved patient outcomes. However, it is crucial to acknowledge the potential for adverse
reactions associated with the use of nanomaterials.
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Abbreviations

BIC bone-to-implant contact

CPP-ACP  Casein Phosphopeptide-Amorphous Calcium Phosphate
CR non-fluoride composite

F female

F-CR fluoride-releasing composite

HMP sodium hexametaphosphate

HMPnano nano-sized sodium hexametaphosphate
M male

MA machined surface

NCI nanostructured calcium-incorporated
NMP nanocrystalline magnesium phosphate
RBM resorbable blast media

SB StemBios

SnF, Stannous Fluoride

TMP Trimetaphosphate

TMPnano  Nano-sized sodium trimetaphosphate
USPHS US Public Health Service

References

1. Binns, C. Introduction to Nanoscience and Nanotechnology: Binns/Introduction to Nanoscience; John Wiley & Sons: Hoboken, NJ, USA,
2010; ISBN 978-0-471-77647-5.

2. Moothedath, M.; Moothedath, M.; Jairaj, A.; Harshitha, B.; Baba, S.M.; Khateeb, S.U. Role of Nanotechnology in Dentistry:
Systematic Review. |. Int. Soc. Prev. Community Dent. 2019, 9, 535-541. [CrossRef] [PubMed]

3. Ferrari, M. Introduction to Nanotechnology; Charles, P.P, Jr., Frank, J.O., Eds.; Hardcover; John Wiley & Sons: Hoboken, NJ, USA,
2003; p. 400. ISBN 0-471-07935-9.

4. Jain, KK. Nanodiagnostics: Application of Nanotechnology in Molecular Diagnostics. Expert. Rev. Mol. Diagn. 2003, 3, 153-161.
[CrossRef]

5. Chandki, R; Kala, M.; Kumar, K.N.; Brigit, B.; Banthia, P.; Banthia, R. ‘Nanodentistry”: Exploring the Beauty of Miniature. J. Clin.
Exp. Dent. 2012, 4, e119—-e124. [CrossRef] [PubMed]

6.  Elmarsafy, S.M. A Comprehensive Narrative Review of Nanomaterial Applications in Restorative Dentistry: Demineralization
Inhibition and Remineralization Applications (Part I). Cureus 2024, 16, e58544. [CrossRef] [PubMed]

7. Ferrando-Magraner, E.; Bellot-Arcis, C.; Paredes-Gallardo, V.; Almerich-Silla, ].M.; Garcia-Sanz, V.; Fernandez-Alonso, M.;
Montiel-Company, ]. M. Antibacterial Properties of Nanoparticles in Dental Restorative Materials. A Systematic Review and
Meta-Analysis. Medicina 2020, 56, 55. [CrossRef] [PubMed]

8. AlKahtani, R.N. The Implications and Applications of Nanotechnology in Dentistry: A Review. Saudi Dent. ]. 2018, 30, 107-116.
[CrossRef] [PubMed]

9. Dakhale, R.; Paul, P; Achanta, A.; Ahuja, K.P.; Meshram, M. Nanotechnology Innovations Transforming Oral Health Care and
Dentistry: A Review. Cureus 2023, 15, e46423. [CrossRef]

10.  Sreenivasalu, PK.P; Dora, C.P.,; Swami, R.; Jasthi, V.C.; Shiroorkar, PN.; Nagaraja, S.; Asdaq, S.M.B.; Anwer, M.d. K. Nanomaterials
in Dentistry: Current Applications and Future Scope. Nanomaterials 2022, 12, 1676. [CrossRef]

11.  Kaehler, T. Nanotechnology: Basic Concepts and Definitions. Clin. Chem. 1994, 40, 1797-1799. [CrossRef]


https://doi.org/10.4103/jispcd.JISPCD_223_19
https://www.ncbi.nlm.nih.gov/pubmed/32039072
https://doi.org/10.1586/14737159.3.2.153
https://doi.org/10.4317/jced.50720
https://www.ncbi.nlm.nih.gov/pubmed/24558536
https://doi.org/10.7759/cureus.58544
https://www.ncbi.nlm.nih.gov/pubmed/38644945
https://doi.org/10.3390/medicina56020055
https://www.ncbi.nlm.nih.gov/pubmed/32013103
https://doi.org/10.1016/j.sdentj.2018.01.002
https://www.ncbi.nlm.nih.gov/pubmed/29628734
https://doi.org/10.7759/cureus.46423
https://doi.org/10.3390/nano12101676
https://doi.org/10.1093/clinchem/40.9.1797

J. Clin. Med. 2024, 13, 5268 15 of 17

12.

13.

14.
15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

Mary, S.M.; Ramakrishnan, M.; Sudalaimani Paulpandian, S.D.; Rajeshkumar, S.; Pringle, J. Application of Nanoparticles in
Dentistry. Bioinformation 2023, 19, 14-18. [CrossRef] [PubMed]

Abou Neel, E.A.; Bozec, L.; Perez, R.A.; Kim, H.-W.; Knowles, ].C. Nanotechnology in Dentistry: Prevention, Diagnosis, and
Therapy. Int. ]. Nanomed. 2015, 10, 6371-6394. [CrossRef] [PubMed]

Malik, S.; Waheed, Y. Emerging Applications of Nanotechnology in Dentistry. Dent. J. 2023, 11, 266. [CrossRef]

Kvitek, L.; Soukupova, ]. Comment on “Preparation and Antibacterial Activity of Fe;O4@Ag Nanoparticles”. Nanotechnology
2009, 20, 028001. [CrossRef] [PubMed]

Ahmad, S.; Munir, S.; Zeb, N.; Ullah, A.; Khan, B.; Ali, J.; Bilal, M.; Omer, M.; Alamzeb, M.; Salman, S.M.; et al. Green
Nanotechnology: A Review on Green Synthesis of Silver Nanoparticles—An Ecofriendly Approach. Int. ]. Nanomed. 2019, 14,
5087-5107. [CrossRef]

Verma, S.K.; Prabhat, K.C.; Goyal, L.; Rani, M.; Jain, A. A Critical Review of the Implication of Nanotechnology in Modern Dental
Practice. Natl. |. Maxillofac. Surg. 2010, 1, 41-44. [CrossRef]

Mantri, S.S.; Mantri, S.P. The Nano Era in Dentistry. J. Nat. Sci. Biol. Med. 2013, 4, 39—-44. [CrossRef] [PubMed]

Malcangi, G.; Patano, A.; Guglielmo, M.; Sardano, R.; Palmieri, G.; Di Pede, C.; de Ruvo, E.; Inchingolo, A.D.; Mancini, A.;
Inchingolo, F.; et al. Precision Medicine in Oral Health and Diseases: A Systematic Review. J. Pers. Med. 2023, 13, 725. [CrossRef]
Jandt, K.D.; Watts, D.C. Nanotechnology in Dentistry: Present and Future Perspectives on Dental Nanomaterials. Dent. Mater.
2020, 36, 1365-1378. [CrossRef]

Kovvuruy, S.; Mahita, V.; Manjunatha, B.S.; Buma, S. Nanotechnology: The Emerging Science in Dentistry. . Orofac. Res. 2012,
2, 33-36.

Kubik, T.; Bogunia-Kubik, K.; Sugisaka, M. Nanotechnology on Duty in Medical Applications. Curr. Pharm. Biotechnol. 2005,
6, 17-33. [CrossRef] [PubMed]

West, ].L.; Halas, N.J. Applications of Nanotechnology to Biotechnology Commentary. Curr. Opin. Biotechnol. 2000, 11, 215-217.
[CrossRef] [PubMed]

Ganguly, S.;, MUKHOPADHAYAY, S. Nano Science and Nanotechnology: Journey from Past to Present and Prospect in Veterinary
Science and Medicine. Int. J. Nanosci. Nanotechnol. 2011, 2, 79-83.

Yudovin-Farber, I.; Beyth, N.; Nyska, A.; Weiss, E.I; Golenser, J.; Domb, A.J. Surface Characterization and Biocompatibility of
Restorative Resin Containing Nanoparticles. Biormacromolecules 2008, 9, 3044-3050. [CrossRef] [PubMed]

Mok, Z.H.; Proctor, G.; Thanou, M. Emerging Nanomaterials for Dental Treatments. Emerg. Top. Life Sci. 2020, 4, 613-625.
[CrossRef]

Patil, M.; Mehta, D.S.; Guvva, S. Future Impact of Nanotechnology on Medicine and Dentistry. J. Indian Soc. Periodontol. 2008,
12, 34-40. [CrossRef]

Meenakshi, S.; Neelakantan, P. Nanotechnology in Dentistry—What Does The Future Hold in Store? Dentistry 2014, 4, 2.
[CrossRef]

Freitas, R.A. Nanodentistry. J. Am. Dent. Assoc. 2000, 131, 1559-1565. [CrossRef] [PubMed]

Galui, S; Pal, S.; Mahata, S.; Saha, S.; Sarkar, S. Nanotechnology in Dentistry: A Review of Literature. Int. . Curr. Res. 2019, 10,
70620-70623. [CrossRef]

Beyth, N.; Houri-Haddad, Y.; Baraness-Hadar, L.; Yudovin-Farber, I.; Domb, A J.; Weiss, E.I. Surface Antimicrobial Activity and
Biocompatibility of Incorporated Polyethylenimine Nanoparticles. Biomaterials 2008, 29, 4157-4163. [CrossRef]

Mehdawi, .M.; Pratten, J.; Spratt, D.A.; Knowles, J.C.; Young, A.M. High Strength Re-Mineralizing, Antibacterial Dental
Composites with Reactive Calcium Phosphates. Dent. Mater. 2013, 29, 473-484. [CrossRef] [PubMed]

Oberdorster, G.; Oberdorster, E.; Oberdorster, J. Nanotoxicology: An Emerging Discipline Evolving from Studies of Ultrafine
Particles. Environ. Health Perspect. 2005, 113, 823-839. [CrossRef] [PubMed]

Wu, Y.-H.; Ho, S.-Y,; Wang, B.-].; Wang, Y.-]. The Recent Progress in Nanotoxicology and Nanosafety from the Point of View of
Both Toxicology and Ecotoxicology. Int. . Mol. Sci. 2020, 21, 4209. [CrossRef]

Kanaparthy, R.; Kanaparthy, A. The Changing Face of Dentistry: Nanotechnology. Int. |. Nanomed. 2011, 6, 2799-2804. [CrossRef]
[PubMed]

Aeran, H.; Kumar, V.; Uniyal, S.; Tanwer, P. Nanodentistry: Is Just a Fiction or Future. J. Oral. Biol. Craniofac. Res. 2015, 5, 207-211.
[CrossRef] [PubMed]

Koroglu, A.; Kiirk¢tioglu, I; Ozkr, E.; Ates, M. The Nanotechnology Concept in Dentistry. Siileyman Demirel Universitesi Saglik
Bilim. Derg. 2014, 5, 77-80. [CrossRef]

De Matteis, V.; Rinaldi, R. Toxicity Assessment in the Nanoparticle Era. In Cellular and Molecular Toxicology of Nanoparticles; Saquib,
Q., Faisal, M., Al-Khedhairy, A.A., Alatar, A.A., Eds.; Advances in Experimental Medicine and Biology; Springer International
Publishing: Cham, Switzerland, 2018; Volume 1048, pp. 1-19. ISBN 978-3-319-72040-1.

Bhardwaj, A.; Bhardwaj, A.; Misuriya, A.; Maroli, S.; Manjula, S.; Singh, A.K. Nanotechnology in Dentistry: Present and Future.
J. Int. Oral Health JIOH 2014, 6, 121-126. [PubMed]

Upadhyay, Y. Current State and Future Perspectives of Nanotechnology in Dentistry. IOSR . Pharm. 2013, 3, 68-71. [CrossRef]
Baheti, M. Nanotechnology: A Boon to Dentistry. J. Dent. Sci. Oral. Rehabil. 2014, 5, 78-88.


https://doi.org/10.6026/97320630019014
https://www.ncbi.nlm.nih.gov/pubmed/37720271
https://doi.org/10.2147/IJN.S86033
https://www.ncbi.nlm.nih.gov/pubmed/26504385
https://doi.org/10.3390/dj11110266
https://doi.org/10.1088/0957-4484/20/2/028001
https://www.ncbi.nlm.nih.gov/pubmed/19417286
https://doi.org/10.2147/IJN.S200254
https://doi.org/10.4103/0975-5950.69166
https://doi.org/10.4103/0976-9668.107258
https://www.ncbi.nlm.nih.gov/pubmed/23633833
https://doi.org/10.3390/jpm13050725
https://doi.org/10.1016/j.dental.2020.08.006
https://doi.org/10.2174/1389201053167248
https://www.ncbi.nlm.nih.gov/pubmed/15727553
https://doi.org/10.1016/S0958-1669(00)00082-3
https://www.ncbi.nlm.nih.gov/pubmed/10753774
https://doi.org/10.1021/bm8004897
https://www.ncbi.nlm.nih.gov/pubmed/18821794
https://doi.org/10.1042/ETLS20200195
https://doi.org/10.4103/0972-124X.44088
https://doi.org/10.4172/2161-1122.1000198
https://doi.org/10.14219/jada.archive.2000.0084
https://www.ncbi.nlm.nih.gov/pubmed/11103574
https://doi.org/10.24941/ijcr.31016.06.2018
https://doi.org/10.1016/j.biomaterials.2008.07.003
https://doi.org/10.1016/j.dental.2013.01.010
https://www.ncbi.nlm.nih.gov/pubmed/23434447
https://doi.org/10.1289/ehp.7339
https://www.ncbi.nlm.nih.gov/pubmed/16002369
https://doi.org/10.3390/ijms21124209
https://doi.org/10.2147/IJN.S24353
https://www.ncbi.nlm.nih.gov/pubmed/22131826
https://doi.org/10.1016/j.jobcr.2015.06.012
https://www.ncbi.nlm.nih.gov/pubmed/26587383
https://doi.org/10.1016/j.ijd.2012.12.010
https://www.ncbi.nlm.nih.gov/pubmed/24653616
https://doi.org/10.9790/3013-0309-68-71

J. Clin. Med. 2024, 13, 5268 16 of 17

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.
63.

Page, M.].; Moher, D.; Bossuyt, PM.; Boutron, I.; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, ] M.; Akl, E.A.; Brennan,
S.E.; et al. PRISMA 2020 Explanation and Elaboration: Updated Guidance and Exemplars for Reporting Systematic Reviews. BM]
2021, 372, n160. [CrossRef]

Farhadian, N.; Usefi Mashoof, R.; Khanizadeh, S.; Ghaderi, E.; Farhadian, M.; Miresmaeili, A. Streptococcus mutans Counts in
Patients Wearing Removable Retainers with Silver Nanoparticles vs. Those Wearing Conventional Retainers: A Randomized
Clinical Trial. Am. J. Orthod. Dentofac. Orthop. 2016, 149, 155-160. [CrossRef] [PubMed]

Elabd, G.M.; Eldars, W.; Shamaa, M.S.; Tawfik, M.A. Evaluation of the Antibacterial Effect of Titanium Dioxide Nanoparticles
Combined with Acrylic Laminates for Functional Orthodontic Appliances: A Randomized Controlled Clinical Trial. BMC Oral
Health 2024, 24, 20. [CrossRef] [PubMed]

Fernando, J.R.; Shen, P; Sim, C.P.C.; Chen, Y.-Y.; Walker, G.D.; Yuan, Y.; Reynolds, C.; Stanton, D.P.; MacRae, C.M.; Reynolds, E.C.
Self-Assembly of Dental Surface Nanofilaments and Remineralisation by SnF2 and CPP-ACP Nanocomplexes. Sci. Rep. 2019,
9, 1285. [CrossRef]

Danelon, M.; Pessan, ].P.; Neto, EN.S.; de Camargo, E.R.; Delbem, A.C.B. Effect of Toothpaste with Nano-Sized Trimetaphosphate
on Dental Caries: In Situ Study. J. Dent. 2015, 43, 806-813. [CrossRef] [PubMed]

Danelon, M.; Garcia, L.G.; Pessan, ].P,; Passarinho, A.; Camargo, E.R.; Delbem, A.C.B. Effect of Fluoride Toothpaste Containing
Nano-Sized Sodium Hexametaphosphate on Enamel Remineralization: An in Situ Study. Caries Res. 2019, 53, 260-267. [CrossRef]
[PubMed]

Mangano, EG.; Iezzi, G.; Shibli, J.A.; Pires, ].T.; Luongo, G.; Piattelli, A.; Mangano, C. Early Bone Formation around Immediately
Loaded Implants with Nanostructured Calcium-Incorporated and Machined Surface: A Randomized, Controlled Histologic and
Histomorphometric Study in the Human Posterior Maxilla. Clin. Oral. Investig. 2017, 21, 2603-2611. [CrossRef]

Al-Hashedi, A.A.; Laurenti, M.; Amine Mezour, M.; Basiri, T.; Touazine, H.; Jahazi, M.; Tamimi, F. Advanced Inorganic
Nanocomposite for Decontaminating Titanium Dental Implants. . Biomed. Mater. Res. 2019, 107, 761-772. [CrossRef] [PubMed]
Ou, K.-L.; Weng, C.-C.; Wu, C.-C,; Lin, Y.-H.; Chiang, H.-J.; Yang, T.-S.; Wang, J.; Yen, Y.; Cheng, H.-Y.; Sugiatno, E. Research
of StemBios Cell Therapy on Dental Implants Containing Nanostructured Surfaces: Biomechanical Behaviors, Microstructural
Characteristics, and Clinical Trial. Implant Dent. 2016, 25, 63-73. [CrossRef]

Felice, P.; Grusovin, M.G.; Barausse, C.; Grandi, G.; Esposito, M. Safety and Effectiveness of Early Loaded Maxillary Titanium Im-
plants with a Novel Nanostructured Calcium-Incorporated Surface (Xpeed): 3-Year Results from a Pilot Multicenter Randomised
Controlled Trial. Eur. J. Oral Implant 2015, 8, 245-254.

Bechara, S.; Lukosiunas, A.; Dolcini, G.A.; Kubilius, R. Fixed Full Arches Supported by Tapered Implants with Knife-Edge Thread
Design and Nanostructured, Calcium-Incorporated Surface: A Short-Term Prospective Clinical Study. BioMed Res. Int. 2017, 2017,
4170537. [CrossRef]

Rocha Gomes Torres, C.; Régo, HM.C,; Perote, L.C.C.C.; Santos, L.ET.F; Kamozaki, M.B.B.; Gutierrez, N.C.; Di Nicold, R.; Borges,
A.B. A Split-Mouth Randomized Clinical Trial of Conventional and Heavy Flowable Composites in Class II Restorations. J. Dent.
2014, 42, 793-799. [CrossRef] [PubMed]

Nemt-Allah, A.A.; Ibrahim, S.H.; El-Zoghby, A.F. Marginal Integrity of Composite Restoration with and without Surface
Pretreatment by Gold and Silver Nanoparticles vs Chlorhexidine: A Randomized Controlled Trial. J. Contemp. Dent. Pr. 2021, 22,
1087-1097. [CrossRef]

Burke, EJ.T.; Crisp, R.J.; Palin, W.M.; Sands, P.; Thompson, O.; Jones, J.; James, A.; Osborne-Smith, K. A Randomised Controlled
Trial of a Nanofilled Composite at Three Years: Did Selective Enamel Etching Have an Effect? Eur. ]. Prosthodont. Restor. Dent.
2017, 25, 35-41. [CrossRef] [PubMed]

Elbahary, S.; Haj-Yahya, S.; Khawalid, M.; Tsesis, I.; Rosen, E.; Habashi, W.; Pokhojaev, A.; Sarig, R. Effects of Different Irrigation
Protocols on Dentin Surfaces as Revealed through Quantitative 3D Surface Texture Analysis. Sci. Rep. 2020, 10, 22073. [CrossRef]
Hegazy, S.; Elmekawy, N.; Emera, R. Peri-Implant Outcomes with Laser vs. Nanosurface Treatment of Early Loaded Implant-
Retaining Mandibular Overdentures. Int. ]. Oral Maxillofac. Implant. 2016, 63, 424—430. [CrossRef] [PubMed]

Demirci, M.; Tuncer, S.; Sancakli, H.S.; Tekge, N.; Baydemir, C. Five-Year Clinical Evaluation of a Nanofilled and a Nanohybrid
Composite in Class IV Cavities. Oper. Dent. 2018, 43, 261-271. [CrossRef] [PubMed]

Melo, M.A.S.; Codes, B.M.; Passos, V.E,; Lima, ].PM.; Rodrigues, L.K.A. In Situ Response of Nanostructured Hybrid Fluoridated
Restorative Composites on Enamel Demineralization, Surface Roughness and Ion Release. Eur. . Prosthodont. Restor. Dent. 2014,
22,185-190.

Subramani, K.; Ahmed, W.; Hartsfield, ].K. Nanobiomaterials in Clinical Dentistry; Micro & Nano Technology Series; William
Andrew Elsevier Health Sciences: Norwich, NY, USA; London, UK, 2013; ISBN 978-1-4557-3127-5.

Ahmed, N.; Rajalakshmi, S.J.; Niharika, E.; Abrar Younus, A.; Deeksha, Y.N.; Kesari, R. Nanotechnology in Orthodontics: A
Detailed Review. IJODR 2024, 9, 232-239. [CrossRef]

Padmanabhan, S. Nanotechnology in Orthodontics. Semin. Orthod. 2023, 29, 79-84. [CrossRef]

Malcangi, G.; Patano, A.; Morolla, R.; De Santis, M.; Piras, F.; Settanni, V.; Mancini, A.; Di Venere, D.; Inchingolo, E; Inchingolo,
A.D.; et al. Analysis of Dental Enamel Remineralization: A Systematic Review of Technique Comparisons. Bioengineering 2023,
10, 472. [CrossRef]


https://doi.org/10.1136/bmj.n160
https://doi.org/10.1016/j.ajodo.2015.07.031
https://www.ncbi.nlm.nih.gov/pubmed/26827971
https://doi.org/10.1186/s12903-023-03805-2
https://www.ncbi.nlm.nih.gov/pubmed/38178135
https://doi.org/10.1038/s41598-018-37580-w
https://doi.org/10.1016/j.jdent.2015.04.010
https://www.ncbi.nlm.nih.gov/pubmed/25936338
https://doi.org/10.1159/000491555
https://www.ncbi.nlm.nih.gov/pubmed/30278457
https://doi.org/10.1007/s00784-017-2061-y
https://doi.org/10.1002/jbm.b.34170
https://www.ncbi.nlm.nih.gov/pubmed/30194897
https://doi.org/10.1097/ID.0000000000000337
https://doi.org/10.1155/2017/4170537
https://doi.org/10.1016/j.jdent.2014.04.009
https://www.ncbi.nlm.nih.gov/pubmed/24769385
https://doi.org/10.5005/jp-journals-10024-3200
https://doi.org/10.1922/EJPRD_1527Burke07
https://www.ncbi.nlm.nih.gov/pubmed/28569449
https://doi.org/10.1038/s41598-020-79003-9
https://doi.org/10.11607/jomi.3805
https://www.ncbi.nlm.nih.gov/pubmed/27004289
https://doi.org/10.2341/16-358-C
https://www.ncbi.nlm.nih.gov/pubmed/29533716
https://doi.org/10.18231/j.ijodr.2023.042
https://doi.org/10.1053/j.sodo.2023.01.005
https://doi.org/10.3390/bioengineering10040472

J. Clin. Med. 2024, 13, 5268 17 of 17

64.

65.

66.

67.

68.

Patano, A.; Malcangi, G.; Sardano, R.; Mastrodonato, A.; Garofoli, G.; Mancini, A.; Inchingolo, A.D.; Di Venere, D.; Inchingolo, F;
Dipalma, G.; et al. White Spots: Prevention in Orthodontics—Systematic Review of the Literature. Int. J. Environ. Res. Public
Health 2023, 20, 5608. [CrossRef] [PubMed]

Inchingolo, A.M.; Malcangi, G.; Ferrante, L.; Del Vecchio, G.; Viapiano, F; Inchingolo, A.D.; Mancini, A.; Annicchiarico, C.;
Inchingolo, F,; Dipalma, G.; et al. Surface Coatings of Dental Implants: A Review. |. Funct. Biomater. 2023, 14, 287. [CrossRef]
[PubMed]

Khurshid, Z.; Zafar, M.; Qasim, S.; Shahab, S.; Naseem, M.; AbuReqaiba, A. Advances in Nanotechnology for Restorative
Dentistry. Materials 2015, 8, 717. [CrossRef] [PubMed]

Patano, A.; Malcangi, G.; De Santis, M.; Morolla, R.; Settanni, V.; Piras, F,; Inchingolo, A.D.; Mancini, A.; Inchingolo, F,;
Dipalma, G.; et al. Conservative Treatment of Dental Non-Carious Cervical Lesions: A Scoping Review. Biomedicines 2023,
11, 1530. [CrossRef]

Schrand, A.M.; Rahman, M.E,; Hussain, S.M.; Schlager, ].].; Smith, D.A.; Syed, A.F. Metal-based Nanoparticles and Their Toxicity
Assessment. WIREs Nanomed. Nanobiotechnol. 2010, 2, 544-568. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/ijerph20085608
https://www.ncbi.nlm.nih.gov/pubmed/37107890
https://doi.org/10.3390/jfb14050287
https://www.ncbi.nlm.nih.gov/pubmed/37233397
https://doi.org/10.3390/ma8020717
https://www.ncbi.nlm.nih.gov/pubmed/28787967
https://doi.org/10.3390/biomedicines11061530
https://doi.org/10.1002/wnan.103

	Introduction 
	Application of Nanotechnology in Dentistry 
	Challenges and Future Directions 

	Materials and Methods 
	Protocol and Registration 
	Search Processing 
	Inclusion Criteria 
	Exclusion Criteria 
	Data Processing 
	Quality Assessment 

	Results 
	Study Selection and Characteristics 
	Quality Assessment and Risk of Bias of Included Articles 

	Discussion 
	Use of Biomaterials and Nanotechnologies in Orthodontics 
	Use of Biomaterials and Nanotechnologies in Preventive and Community Dentistry 
	Use of Biomaterials and Nanotechnologies in Dental Implants 
	Use of Biomaterials and Nanotechnologies in Restorative Dentistry 
	Limitations 

	Conclusions 
	References

