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Nanotechnology has emerged as a transformative force in dental medicine,
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biocompatibility, regulatory frameworks, and cost-effectiveness remain and
require ongoing research for safe clinical translation. This review highlights
current trends, clinical benefits, and future perspectives, underscoring the pivotal
role of nanotechnology in advancing orthodontic and periodontal treatments.
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INTRODUCTION

The introduction of nanotechnology into
orthodontic implants and periodontal surgery
represents a significant advancement in dental
medicine, offering solutions to longstanding
challenges in mechanical properties and
biocompatibility [1]. Orthodontic implants and
periodontal surgery are critical components of
dental care, aimed at correcting dental alignment
and treating gum diseases, respectively. However,
these procedures face challenges such as
implant failure due to poor osseointegration and

* Corresponding Author Email: Mohammadbehnam2022@ gmail.com

biocompatibility issues. Nanotechnology, with its
ability to manipulate materials at the atomic and
molecular levels, provides innovative solutions
to these challenges by enhancing the mechanical
properties and biocompatibility of dental materials.

Orthodontic implants are used to provide
anchorage for tooth movement, while periodontal
surgery addresses gum diseases and supports
dental implants. The success of these procedures
heavily relies on the mechanical stability and
biocompatibility of the materials used, which are
often challenged by biological environments and
mechanical stresses [2, 3].
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Traditional materials used in orthodontic and
periodontal applications, such as titanium and
its alloys, face limitations in terms of mechanical
strength and biocompatibility, leading to issues
like implant-related infections and inadequate
osseointegration[4, 5].Mechanical properties such
as tensile strength and flexibility are crucial for
the longevity and functionality of implants, yet
conventional materials often fall short in these areas
[6, 7]. Biocompatibility issues arise from the body’s
immune response to foreign materials, which can
lead to inflammation and implant failure[4].

Nanotechnology enhances the mechanical
properties of dental materials by incorporating
nanomaterials like carbon nanotubes and
graphene, which offer superior tensile strength
and flexibility [6, 8]. Surface modifications at the
nanoscale, such as nanoparticle coatings, improve
osseointegration by mimicking the natural
bone formation process, thereby enhancing the
implant’s integration with the surrounding bone
tissue [5, 9].Nanotechnology has revolutionized
dental composites by enhancing their mechanical
properties, improving biocompatibility, and
enabling smarter, more durable materials that
significantly elevate the quality and longevity of
dental restorations[10, 11]. Nanotechnology also
improves biocompatibility by enabling controlled
drug release and antimicrobial properties, reducing
the risk of infections and promoting healing [4,
12, 13].Innovations in nanotechnology, such as
the development of nanocomposites, provide a
balanced combination of mechanical strength and
biocompatibility, making them ideal for dental
applications[6].

NANOTECHNOLOGY IN ORTHODONTIC
IMPLANTS

Nanotechnology has significantly advanced the
field of orthodontics by enhancing the mechanical
properties and biocompatibility of orthodontic
implants. This technology enables the manipulation
of materials at the nanoscale, leading to improved
performance and functionality of orthodontic
devices. The integration of nanotechnology in
orthodontic implants focuses on several key areas,
including the use of nanostructured materials,
nanocoatings, nanoparticle incorporation in
adhesives, and antimicrobial nanocoatings. These
innovations aim to improve the mechanical
strength, reduce friction and corrosion, enhance
bond strength, and prevent infections, thereby
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optimizing orthodontic treatment outcomes.

Nanostructured materials are engineered to
improve the mechanical strength of orthodontic
implants, making them more durable and resistant
to mechanical stress.These materials can mimic
the natural bone structure at the nanoscale,
enhancing osseointegration and providing better
support for orthodontic devices [4, 9].The use of
titanium and its alloys, modified at the nanoscale,
has shown improved mechanical properties and
biocompatibility, making them ideal for dental
implants[4].

Nanocoatings are applied to orthodontic
archwires and brackets to reduce friction, which
facilitates smoother tooth movement and reduces
treatment time [14, 15].These coatings also
enhance corrosion resistance, protecting the
metal components from degradation in the oral
environment, which is crucial for maintaining the
integrity of orthodontic devices[16].Bio-inspired
nanocomposite coatings, such as polydopamine-
graphene oxide, have been developed to provide
both corrosion resistance and antibacterial
properties, further enhancing the performance of
orthodontic archwires[16].

Incorporating nanoparticles into orthodontic
adhesives can significantly improve their bond
strength and durability, ensuring that brackets
remain securely attached to teeth throughout
treatment[17].Nanoparticles such as silver and
other metal oxides are used to enhance the
Antimicrobial nanocoatings are designed to
prevent biofilm formation on orthodontic devices,
reducing the risk of infections and promoting
oral health [14, 15].Silver nanoparticles, known
for their potent antimicrobial properties, are
commonly used in these coatings to inhibit the
growth of bacteria and other microorganisms[17].
These coatings not only protect the devices but also
contribute to the overall hygiene of the oral cavity,
minimizing complications during orthodontic
treatment[16].

NANOTECHNOLOGY APPLICATIONS 1IN

PERIODONTAL SURGERY
Nanotechnology has significantly advanced
periodontal ~surgery by enhancing tissue

integration, wound healing, and regeneration
processes. The application of nanomaterials in
periodontal treatment has shown promising
results in improving mechanical properties and
biocompatibility, which are crucial for successful
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surgical outcomes. This section explores the various
applications of nanotechnology in periodontal
surgery, focusing on the use of nanomaterials,
nanofibers, nanocomposites, and controlled drug
delivery systems.

Nanomaterials, due to their high surface area
and unique physicochemical properties, facilitate
better tissue integration and promote wound healing
in periodontal surgery.They enhance cellular
adhesion and proliferation, which are critical for the
regeneration of periodontal tissues [18, 19].Studies
have shown that nanomaterials can modulate the
inflammatory response, thereby accelerating the
healing process[20]. In a related advancement
in dental care, artificial intelligence models have
demonstrated superior accuracy compared to oral
and maxillofacial surgery specialists in determining
the positional relationship between the mandibular
third molar and the inferior alveolar nerve. This
technology offers a valuable tool to enhance clinical
decision-making and reduce surgical risks, thereby
complementing biomaterial innovations to improve
overall treatment safety and effectiveness[21].

Nanofibers, particularly those fabricated
through electrospinning, are used as scaffolds
in guided tissue regeneration (GTR) to prevent
epithelial downgrowth and support new tissue
formation [22, 23].These nanofibers can be loaded
with bioactive molecules or drugs to enhance their
regenerative capabilities and provide antimicrobial
properties[23].Nanocomposites, which combine
nanoparticles with polymers, offer improved
mechanical strength and biocompatibility, making
them ideal for use in periodontal membranes[24].

Scaffolds enhanced with nanoparticles, such
as magnetic nanoparticles, have been shown
to support the growth and differentiation of
periodontal cells, facilitating effective tissue
regeneration[25].These scaffolds can be engineered
to mimic the natural extracellular matrix, providing
a conducive environment for cell attachment
and proliferation[24].The incorporation of
nanoparticles into scaffolds also allows for the
controlled release of therapeutic agents, further
enhancing their regenerative potential[22].

Nanocarriers, including polymeric
nanoparticles, liposomes, and nanogels, are
employed for the targeted delivery of drugs to
periodontal pockets, ensuring sustained release and
improved therapeutic outcomes[26].These systems
can deliver antimicrobial and anti-inflammatory
agents directly to the site of infection, reducing
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systemic side effects and enhancing local drug
concentration [20, 26].The use of nanocarriers in
periodontal treatment has been shown to improve
the management of periodontitis by promoting
tissue regeneration and inhibiting bacterial
growth[26].

MECHANICAL PROPERTY ENHANCEMENTS
THROUGH NANOTECHNOLOGY

Nanotechnology has significantly advanced
the mechanical properties of materials used in
orthodontic implants and periodontal surgery.
By integrating nanoscale enhancements, these
materials exhibit improved toughness, flexibility,
and fatigue resistance, which are crucial for
the longevity and effectiveness of implants.
Additionally, surface modification techniques
such as plasma treatment, chemical deposition,
and nanoscale patterning further enhance the
biocompatibility and mechanical stability of these
materials. These advancements are particularly
beneficial in improving implant stability and load-
bearing capacity, which are essential for successful
osseointegration and long-term functionality.

Nanotechnology has significantly advanced the
development of alloys and composites, resulting in
materials with enhanced mechanical properties.
The incorporation of carbon nanotubes (CNTs)
into alloys, for example, improves their tensile
and compressive strengths as well as hardness,
making these materials particularly well-suited
for orthopedic applications [27]. Additionally, the
integration of nanoscale reinforcements such as
nanoparticles and nanofibers within composite
materials has markedly increased their fatigue
resistance. This improvement is essential for the
longevity and reliability of implants that endure
repeated mechanical stress during cyclic loading
[28].

Beyond material composition,  surface
modification techniques play a crucial role
in optimizing implant performance. Plasma
treatment, for instance, modifies the surface
properties of implants to enhance biocompatibility
and mechanical stability by fostering an improved
environment for cell adhesion and growth, which is
vital for successful osseointegration [29]. Chemical
deposition methods, such as electrochemical
anodization, enable the formation of nanostructured
oxide films on titanium alloys, thereby increasing
surface roughness and effective surface area to
support tissue integration [30]. Furthermore,
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nanoscale patterning techniques replicate the
natural architecture of bone on implant surfaces,
promoting superior integration and reducing the
likelihood of implant-related infections[4, 31].
Collectively, these advancements in both material
enhancement and surface engineering contribute
significantly to the durability and biocompatibility
of orthopedic implants.

These  nanoscale  modifications and
enhancements have a profound impact on implant
stability and load-bearing capacity. Nanostructured
surfaces strengthen the mechanical interface
between bone and implant, improving both
initial stability and long-term osseointegration
[30, 32]. Nanostructured surfaces can enhance
osseointegration, bone formation, and antibacterial
activities, as studies have demonstrated that
nanostructures influence cell behavior and bone
formation in terms of improved adhesion and
proliferation, ultimately increasing the prognosis
of the implant and reducing patient treatment
time[33]. Moreover, the superior mechanical
properties of nano-engineered materials enhance
their ability to bear higher loads without failure,
which is critical for the success and durability of
dental and orthopedic implants [34].

While nanotechnology offers significant
improvements in the mechanical properties
and biocompatibility of implant materials, there
are challenges that need to be addressed. The
scalability of production processes, potential
environmental and health safety concerns, and
the cost-effectiveness of nanomodified composites
are some of the barriers to widespread industrial
application. Additionally, long-term in vivo studies
are necessary to ensure the clinical translation of
these advancements[4]. Despite these challenges,
the potential of nanotechnology to revolutionize
implant materials remains promising, paving

the way for future research and application in
high-performance engineering domains. Table 1
summarizes key nanotechnology approaches that
enhance the mechanical properties of materials
used in orthodontic implants and periodontal
surgery. It outlines material types, specific
mechanical improvements, related clinical benefits,
and corresponding references. These advancements
are crucial for improving implant longevity, load
resistance, and treatment success.

BIOCOMPATIBILITY AND SAFETY ASPECTS

Nanotechnology-enhanced =~ materials  in
orthodontic implants and periodontal surgery offer
significant improvements in mechanical properties
and biocompatibility. These advancements are
crucial for ensuring that implants integrate
seamlessly with biological tissues, minimizing
adverse reactions and promoting long-term
success. The following sections explore key aspects
of biocompatibility and safety in the context of
nanotechnology applications in medical implants.

Nanocoatings on implant surfaces can
significantly enhance biocompatibility by reducing
protein unfolding and preventing inflammatory
and fibrotic cell accumulation. This is achieved
through the application of nanoparticles, which can
be physically or chemically bound to the implant
surface, thereby reducing adverse biological
reactions[35]. Surface functionalization using
nanotechnology can improve osseointegration
and reduce bacterial colonization, which is
critical for the success of dental and orthopedic
implants[36]. The incorporation of nanoparticles
into titanium implants has been shown to enhance
biocompatibility by promoting tissue integration
and reducing bacterial attachment, thus addressing
the bioinert nature of titanium[37].

Nanocoatings can prevent the accumulation of

Table 1. Summary of nanotechnology-enhanced mechanical properties in orthodontic implants and periodontal surgery, associated
clinical benefits

Nanotechnology Approach Material/Component

Mechanical Properties L.
Clinical Benefits
Improved

Nanostructured Materials Titanium alloys, composites

Nanocoatings Orthodontic archwires, brackets

Composites with

N ticle Reinf t
anoparticle reinrorcemen CNTs/nanoﬁbers

Surface Nanomodifications Titanium implant surfaces

Nanocomposites and scaffolds Periodontal membranes

Increased tensile strength,
flexibility

Reduced friction, corrosion
resistance

Improved fatigue resistance,
hardness

Enhanced implant durability,
better load bearing

Smoother tooth movement,
longer device lifespan
Increased mechanical reliability
under stress

Enhanced osseointegration,
increased roughness
Strengthened mechanical

Faster bone integration, reduced
infection risk
Supports tissue regeneration,

properties durability
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inflammatory and fibrotic cells, thereby reducing
the potential for chronic inflammation and allergic
reactions. This is particularly important for
ensuring the long-term success of implants[35].
Advanced material science techniques are being
employed to mitigate adverse tissue responses,
fostering seamless integration within the biological
system and reducing inflammation[38].

The safety of nanomaterials is a critical concern,
as traditional preclinical safety tests may not
adequately predict the toxicity of nanoparticles.
New toxicity evaluation protocols are needed to
address these challenges and ensure the safe use of
nanomaterials in clinical settings[39]. The potential
release of nanoparticles from implants and their
subsequent interaction with biological systems
must be carefully evaluated to prevent cytotoxic
reactions and ensure patient safety[40].

Current legal frameworks do not effectively
regulate the safety of antimicrobial nanocoatings,
highlighting the need for updated guidelines and
risk assessment procedures to address potential
hazards and occupational exposure limits[41].

Future safety testing needs to incorporate
emerging technologies and robust risk assessment
procedures to ensure the reproducibility
and reliability of safety evaluations for
nanomaterials[35]. The “One Health” agenda
emphasizes the importance of considering
human, animal, and environmental health in the
development of safe nanomaterials, necessitating
appropriate legislation and comprehensive risk
analysis[41]

While nanotechnology offers promising
advancements in the field of medical implants, it
is essential to address the potential risks associated
with nanoparticle use. The development of
new safety evaluation protocols and regulatory
frameworks is crucial to ensure the safe and
effective application of nanotechnology in clinical
settings. Balancing the benefits of enhanced
biocompatibility and mechanical properties with
the need for rigorous safety assessments will be key
to the successful integration of nanotechnology in
medical implants.

CLINICAL OUTCOMES
PERSPECTIVES
Nanotechnology-enhanced ~ materials  in
orthodontic implants and periodontal surgery
have shown significant promise in improving
mechanical properties and biocompatibility. Direct

AND FUTURE
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digital panoramic radiography offers superior
image quality with enhanced contrast resolution
and reduced noise compared to computed
radiography, enabling more accurate diagnostics
and improved visualization of anatomical structures
critical for successful orthodontic and periodontal
interventions[42]. These advancements are
primarily driven by the ability of nanotechnology
to modify surfaces at the nanoscale, enhancing
osseointegration, antibacterial properties, and
overall treatment outcomes. However, the
translation of these innovations from preclinical
studies to clinical applications faces several
challenges. This review will explore the clinical
outcomes of nanotechnology-enhanced materials,
the limitations in their clinical translation,
emerging trends, and future research directions.

Nanotechnology has been increasingly applied
across various dental specialties to enhance
therapeutic outcomes. In orthodontics, the
development of nanocoatings and nanocomposites
for brackets and wires has led to reduced friction
and increased material strength, resulting in more
efficient treatments and greater patient comfort[15,
43]. In the field of periodontics, bioactive
nanomaterials have shown promising capabilities in
promoting the regeneration of critical periodontal
tissues such as alveolar bone and gingiva,
supported by evidence from both preclinical and
clinical studies[44, 45]. Additionally, implantology
has benefited from nanoscale modifications of
titanium dental implant surfaces, which improve
osseointegration and provide antibacterial effects
that are vital for the long-term stability and
success of implants.The synergistic combination
of silver and zinc oxide nanoparticles enhances
antibacterial efficacy against oral pathogens such
as Streptococcus mutans, while maintaining
biocompatibility, making these nanocomposites
promising candidates for preventing dental caries
and improving oral health[46]. These advancements
collectively demonstrate the significant potential
of nanotechnology to improve dental care across
multiple disciplines[4, 47].

Despite the promising applications of
nanotechnology in dentistry, several limitations and
challenges hinder its full clinical translation. One
major concern is the long-term biocompatibility
and safety of nanomaterials, as their potential
toxicity requires thorough in vivo investigations
to confirm both efficacy and safety[47, 48].
Additionally, the absence of standardized protocols

356



M.k. Ramezaniet al. / Nanotechnology-Enhanced Materials in Orthodontic Implant and Periodontal Surgery

and clear regulatory frameworks for the clinical use
of these materials restricts their broader integration
into dental practice[48, 49]. Furthermore, the high
cost associated with nanotechnology-enhanced
dental materials limits their accessibility, especially
in settings with limited resources, posing an
economic barrier to widespread adoption[50].

Emerging trends in dental nanotechnology are
focused on the development of smart materials,
nanorobotics, and personalized implants, which
promise to transform patient care. Stimuli-
responsive and multifunctional smart materials
that adapt to physiological conditions are being
designed to enable more personalized and effective
treatments. Meanwhile, the field of nanorobotics
is advancing rapidly, offering precise diagnostic
tools and targeted therapies that could significantly
improve early detection and management of
dental diseases. Additionally, the integration of
nanotechnology with 3D printing techniques is
facilitating the production of personalized implants
tailored to the specific anatomical and functional
needs of patients, thereby enhancing treatment
success and outcomes[4, 50].

Futureresearchindental nanotechnologyshould
prioritize long-term clinical trials to thoroughly
evaluate the safety, efficacy, and durability of
nanotechnology-enhanced = materials[4,  45].
Promoting interdisciplinary collaboration among
researchers, clinicians, and regulatory agencies is
essential to establish standardized protocols and
regulatory frameworks that support safe clinical
implementation[48]. Additionally, developing cost-
effective nanomaterials will be key to improving
accessibility and encouraging widespread adoption
across diverse healthcare environments[50].
While nanotechnology holds great promise for
advancing orthodontic and periodontal treatments,
addressing challenges related to biocompatibility,
standardization, and cost is critical. Further
exploration of smart materials, nanorobotics,
and personalized implants will drive innovation,
but concerted research and cooperative efforts
are necessary to ensure their safe and effective
translation into clinical practice.

CONCLUSION

Nanotechnology has played a transformative
role in advancing orthodontic and periodontal
treatments by significantly enhancing both
the mechanical and biological performance of
dental materials. Mechanically, nanotechnology
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has improved orthodontic devices through the
application of nanocoatings that reduce friction and
corrosion, facilitating smoother tooth movement
and shorter treatment times. Innovations such as
nanotechnology-enhanced shape-memory alloys
provide consistent force application, thereby
reducing patient discomfort and improving
treatment efficiency. Biologically, the incorporation
of nanoparticles has markedly increased the
biocompatibility of dental materials by imparting
antibacterial properties that reduce infection
risks and inflammation. In periodontal therapy,
nanomaterials contribute to tissue regeneration
and repair, leading to improved clinical outcomes.

These improvements in material performance
have had a profound impact on patient outcomes
and treatment effectiveness. Nanotechnology-
enhanced dental materials contribute to greater
patient comfort and faster recovery by minimizing
infections through their antibacterial actions
and enabling precise drug delivery systems that
enhance therapeutic efficacy while reducing side
effects. Moreover, the integration of nanosensors
and smart materials into treatment modalities
allows for real-time monitoring and dynamic
adjustments, ensuring more predictable and
successful results. In periodontal surgery, nanoscale
technologies promote better osseointegration and
tissue regeneration, which are essential for implant
success and overall surgical outcomes.

Despite these substantial benefits, challenges
such as potential nanoparticle toxicity, regulatory
barriers, and the need for comprehensive long-
term studies on safety and environmental impact
remain critical. Addressing these issues is essential
for the responsible and safe implementation
of nanotechnology in dental care. Ultimately,
continued research and careful regulation will
be pivotal in harnessing the full potential of
nanotechnology to improve orthodontic and
periodontal therapies while ensuring patient safety
and environmental sustainability.
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