IS

Acta Stomatologica

Cappadocia

Volume 5 / Issue 2 / September 2025

Review Article

Nanotechnology in Oral And Maxillofacial Surgery

Elif Ceyda Kayasoken!, Selime Ecem Sinanoglu!, Mehdi Babaei', Mesture Ayfer
Kaynar"

Istanbul Yeni Yuzyil University, Faculty of Dentistry, Oral and Maxillofacial Surgery, Istanbul, Turkey

*Corresponding author: ayferkaynar@gmail.com
p 24

Kayasoken, Elif Ceyda., Sinanoglu, Selime Ecem., Babaei, Mehdi., Kaynar, Mesture Ayfer.
“Nanotechnology in Oral And Maxillofacial Surgery”. Acta Stomatologica Cappadocia. 5;2 (Sep-
tember 2025): 57-85.

DOI: https://doi.org/10.54995/ASC.5.2.5
Received: 10.03.2025; Accepted: 10.09.2025

This work is licensed under a Creative Commons Attribution-NonCommercial 4.0 International License.

)&


mailto:ayferkaynar@gmail.com
https://doi.org/10.54995/ASC.5.2.5

Acta Stomatologica Cappadocia (ASC) 2025, vol. 5, no. 2

Nanotechnology in Oral And Maxillofacial Surgery

Elif Ceyda Kayasoken, Selime Ecem Sinanoglu, Mehdi Babaei,
Mesture Ayfer Kaynar

Abstract

Nanotechnology has rapidly advanced in the fields of science and medicine over the past
few decades. Thanks to developments in medicine, it has gained increasing popularity in oral, den-
tal, and maxillofacial surgery. This review article discusses recent advancements in nanotechno-
logy, particularly in bone regeneration, diagnosis and treatment of oral cancer, drug delivery sys-

tems, and dental implants.

Keywords: Dental implant, drug delivery system, nanoskeleton, nanoparticle, nanotechno-

logy, oral cancer, oral surgery.

Ozet

Nanoteknoloji gectigimiz birkag on senede bilim ve tip alaninda hizh bir gelisim goster-
mektedir. Ozellikle tip alanindaki gelismeler sayesinde agiz, dis ve cene cerrahisinde de popiiler-
ligini artirmistir. Bu derleme makalesinde, nanoteknolojinin 6zellikle kemik rejenerasyonu, oral
kanser tani ve tedavisinde, ilag tasima sisteminde ve dental implantlarda yapilan son gelismeler

konu alinmustir.

Anahtar kelimeler: Agiz kanseri, agiz cerrahisi, dis implanty, ilag verme sistemi, nanoiskelet,

nanopartikiil, nanoteknoloji.

58



Acta Stomatologica Cappadocia (ASC) 2025, vol. 5, no. 2

Introduction

The word "nano" originates from the Greek word meaning "dwarf." The concept of na-
notechnology was first introduced in detail by Nobel laureate physicist Richard Feynman in
his 1959 lecture titled "There’s Plenty of Room at the Bottom." At the end of his lecture, he
concluded the topic by stating, "This is a development that I think is inevitable." (1,2)

The accepted definition of nanotechnology is the research and development of techno-
logy at the atomic, molecular, or macromolecular level; at a scale of approximately 1 to 100
nanometers, to understand the phenomena and materials in nanostructures at a fundamental
level and to create and use structures, devices, and systems with new properties and functions
due to their small and/or intermediate sizes (3,4).

Nanotechnology has emerged as a research field emerging with various applications
in science and technology (5). Due to its unique properties, such as high surface-to-volume
ratios and high compressive and bending strengths, scientists have explored different appli-
cation methods and industries that could benefit from the use of these materials (6,7).

Today, it is observed that nanotechnology shows dynamic development in all fields of
medicine:

* Medical diagnosis

¢ Cancer treatment

* Gene therapy

* Treatment of infections

¢ Tissue or organ regeneration

* Medical imaging (6)

Literature Review

1. Types of Nanomaterials

The regeneration of oral tissues is very challenging, and accordingly, nanomaterials
have great potential for future applications in craniofacial and oral defect-based tissue engine-
ering and regenerative medicine (TE/RM). Nanomaterials are materials that have components

smaller than 100 nm in at least one dimension. These may include atomic clusters, grains, fi-
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bers, films, nanopores, and composites made of their combinations. One-dimensional nano-
materials are referred to as "sheets," two-dimensional ones as "nanowires" and "nanotubes,"”

and three-dimensional ones are called "quantum dots" (1,8).

1. Fullerenes are carbon allotropes that can adopt different shapes, one of which is car-
bon nanotubes. The cylindrical shape is derived from the hexagonal lattice structure of carbon
atoms, and this structure can fold into a sheet. This molecular arrangement provides signifi-
cant hardness and tensile strength (50 times that of steel). When an antithrombotic surface is
added, carbon nanotubes become suitable for vascular microcatheters, stents, and implants
(3,9).

2. Nanoparticles, such as quantum dots (QD), can serve as drug carriers or labels for
tracking cells. QDs are particularly suitable for imaging because they emit fluorescence at dif-

ferent wavelengths depending on the particle size (3,9).

3. Nanocomposites are multiphase solid materials in which one of the phases has di-
mensions smaller than 100 nanometers. In tissue engineering, scaffolds are enhanced with na-
noparticle fillers. These fillers are either placed between layers or evenly distributed to incre-
ase the surface area (3,9).

The most commonly studied nanomaterials for oral tissues include nanofibers, nano-
particles, nanosheets, nanotubes, and nanospheres. These nanomaterials can be composed of

inorganic and organic materials (Figure 1) (10).
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Figure 1: Inorganic and organic nanoparticles (10)
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Generally, nanomaterials have excellent physicochemical properties and biomimetic
characteristics to enhance cell growth and tissue regeneration. Due to their similarity to extra-
cellular matrices and high porosity, nanomaterials create an ideal environment for cell migra-
tion. Additionally, nanotubes and nanoparticles can enhance the chemical and mechanical
properties of the scaffold, increase cell migration and proliferation, and promote tissue rege-
neration. Nano-scaffolds stabilize bioactive agents through encapsulation or surface attach-
ment, encourage molecular internalization, target their distribution within cells, and allow
control of biological factor release at the intended site. They can also be used to label cells for
continuous tracking and monitoring. Furthermore, nanoparticles can provide improved osse-

ointegration, osteoconduction, and osteoinduc-

Targeting Molecules

Stimuti responsive Materials

tion (10). N o A

In oral and maxillofacial surgical appli-
cations, nanotechnology has enabled the deve-
lopment of tissue engineering, imaging, drug
delivery systems, and contributed to the impro-
vement of implants (Figure 2) (3). These innova-

tions have allowed for better outcomes in surgi-

cal treatments and significant progress in the use
Figure 2: Contribution of Nanotechnology

of biomaterials. in Summary (3).

2. Nano-Scaffolds for Tissue Engineering

Applications of nanotechnology in oral surgery have primarily focused on enhance-
ment procedures for bone tissue regeneration and improving the osseointegration of oral imp-
lants. Nanomaterials aim to overcome the fundamental issues encountered with current scaf-
folds used for bone regeneration, such as insufficient mechanical strength, instability of relea-

sed growth factors, and impaired cellular differentiation (10).

Nanostructures for tissue engineering (nano-scaffolds) are biocompatible nanomateri-
als that mimic the architecture of natural bone. These structures resemble the bone composi-
tion made up of collagen fibrils, hydroxyapatite, and proteoglycans, and they promote tissue

regeneration by supporting cell adhesion, proliferation, and differentiation. Polylactic acid
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(PLA) from polydihydroxy acid derivatives, poly-L-lactic acid (PLLA), polyglycolide (PGA),
polycaprolactone (PCL), and nanophase hydroxyapatite (HA) have been widely studied (3,11).

PLLA has been approved by the FDA for use in bone reconstruction surgery. To imp-
rove its biological properties, PLLA nanofibers are often combined with hydroxyapatite, acti-
vated with arginylglycylaspartic acid (RGD) peptide, or supported with proteins such as bone
morphogenetic protein 2 (BMP-2). Studies have shown that PLLA nanofibers facilitate coloni-
zation in bone defects and increase bone formation when used with BMP-2.3,12,13 Additio-
nally, it has been shown that the osteointegrative properties of nanophase hydroxyapatite
(HA) are enhanced. When bone marrow is added to three-dimensional porous nano-HA scaf-
folds, their adhesion, proliferation, and differentiation abilities have been observed. Nano-HA,
which more closely mimics the nanostructure of natural bones, can be used to produce better
implants. These features promise better osseointegration, more natural mechanical properties,

reduced immune responses, and better control of cellular responses (3,14).

It has been demonstrated that nanotube structures have great potential for bone rege-
neration. Rosette nanotubes (RNT) are biomimetic and self-assembling new nanomaterials.
Materials coated with RNTs have significantly increased cell regeneration because these struc-
tures create a suitable environment for cells (3,15). Carbon nanotubes (CNT) are other suitable
scaffold materials that support the proliferation of osteoblasts. CNTs have excellent mechani-
cal properties, which allow them to be used as reinforcement materials when combined with

other biomaterials, supporting bone growth (3,16).

3. Effects of Nanotechnology on Imaging

Quantum dots (QD) are nanoma-

terials with narrow and size-tunable
Neck LNs
emission spectra that extend from ultra-

Lat.Thoracic
LNs

violet to near-infrared light. They have Axiftary
) White + 5 colors

Schema

long-lasting photostability, good photo-
luminescence, and a high signal-to-no-
ise ratio. Due to these properties, they

are particularly suitable for labelling and

tracking specific cells and tissues, espe- Figure 3: Quantum dots can be used as new ima-
ging agents for lymph node imaging in head and

cially in non-invasive imaging, and can
neck cancer (3).
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be used for the in vivo diagnosis of diseases and long-term monitoring (Figure 3)*. They provide
better contrast and sensitivity in imaging. Quantum dots, when combined with paramagnetic
ions, can enhance the quality of MRI images. This combination offers high sensitivity and high

resolution, helping to identify tumor cells (3,17).

4. Oral Cancer Treatment and Nanotechnology in Drug Delivery Systems

Due to the very small size of nanoparticles,

Theranostic Nanoparticle
Antibody

they are capable of overcoming certain barriers that

larger microparticles normally cannot pass, thus re- __Polymer
PEG, PEI, PLG...)

ducing systemic toxicity (3,18). Among nanostructu-

red drug delivery systems, liposomes and drug-con-

jugated nanoparticles (figure 4) (3) are of particular - o e pou

. . . (siRNA, aptamer...) ‘
interest, especially in cancer therapy.

Figure 4: Therapeutic nanoparticle
example (3)

4.1. Oral Cancer Diagnosis and Treatment

Oral cancer (oral cavity and oropharynx) is a common and aggressive form of cancer
that can invade local tissues, metastasize, and has a high mortality rate. The 5-year mortality
rate for oral cancer worldwide is approximately 50% (19,20). This indicates a poor prognosis,
particularly for developing countries (21). Recurrence rates for Oral Squamous Cell Carcinoma
(OSCC), which constitutes the majority of oral cancers, range from 18% to 76% in patients un-
dergoing standard treatment. The primary factor limiting significant survival improvements
is the delay in initiating treatment (22). To confirm the diagnosis of oral cancers, biopsy and
histopathological examination are essential before treatment, and if possible, prior cytological
findings can also be used as supporting evidence. These lengthy and costly diagnostic tests
only delay the initiation of treatment. Delays in the diagnosis of oral cancer lead to extended
treatment initiation times and, consequently, a decrease in patient survival rates (21,23,24,25).
Although traditional treatment methods, such as surgery and chemoradiotherapy, have ad-
vanced in recent decades, they have not yet reached the ideal level. Cancer research, particu-
larly in oral cavity and oropharyngeal cancers, is currently focused on improving diagnostic
and therapeutic methods. Nanotechnology plays a crucial role in overcoming all these limita-

tions. It involves the design, production, characterization, and application of nanoscale drug
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delivery systems, playing an important role in this field (26). Nanotechnology-based drug de-
livery systems, including polymeric nanoparticles (PNPs), solid lipid nanoparticles (SLNs),
nanostructured lipid carriers (NLCs), gold nanoparticles, hydrogels, cyclodextrin complexes,
and liquid crystals (LCs), are emerging as promising options to enhance oral cancer treatment

and minimize therapy side effects.
4.2. Nanotechnology-Based Drug Delivery Systems

Nanoparticles can be defined as ultra-dispersed solid supermolecular structures with
submicrometer sizes ranging from 10 to 1,000 pm. Drugs can be solubilized, entrapped, en-
capsulated, or bound to the nanoparticulate matrix, which serves as a critical reservoir in drug

delivery systems, especially in oncology (27-30).

Nanomaterials used in drug delivery systems can be classified based on their geo-

metry, morphology, chemical composition, uniformity, and aggregation properties: (31)

A) According to geometric classification, nanomaterials are categorized into four gro-
ups: zero-dimensional, one-dimensional, two-dimensional, and three-dimensional (Figure 5)
(31).

a. 0D: SiO7 nanoparticles;

b.1D: CoO nanowires;

¢. 2D: ZnO-NiO nanosheets;

UMY TR
7

‘v
\ j;} d. 3D: PA6 nonwoven structure

Figure 5: Examples of nanomaterials types (31)

B) Nanomaterials classified according to chemical composition: (31)

1. Metal-Based Nanomaterials. Examples include: Silver nanoparticles, copper nano-

particles, gold nanoparticles.

2. Metal Oxide Nanomaterials. These materials are composed of a combination of oxy-

gen and metal atoms. Examples include: Silica, titanium dioxide (titania).
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3. Carbon-Based Nanomaterials. Examples include: Carbon nanotubes, fullerenes.
4. Dendrimers are highly branched, tree-like macromolecules.
5. Nanocomposites.

C) Another Category are Dendrimers: These are highly branched, monodisperse mac-
romolecules composed of three distinct regions: the central core, branching units, and a den-
sely packed surface. The branched structures located on the dendrimer’s surface are referred
to as dendrons. Dendrons can be chemically modified by attaching or substituting functional
groups. These modifications alter the chemical and physical properties of the entire dendri-
mer.32 Dendrimers are formed through the iterative addition of polymeric layers around a
central core. Drug molecules can be transported via covalent bonds or electrostatic interactions

with the dendrimer surface, or by encapsulation within the dendrimer's core region (32).

D) Quantum Dots are of significant importance in the medical field and are particularly
utilized in cancer imaging and cellular tracking applications. These are semiconductor na-
nocrystals exhibiting autofluorescent properties. Examples include binary metal complexes

such as CdSe, CdS, and CdZn (32-33).

In addition to those mentioned, lipid-based nanomaterials, including solid-lipid nano-
particles, liposomes, and micelles, also hold significant relevance in medicine. Solid-lipid na-
noparticles are submicron-sized lipid emulsions in which liquid lipids are replaced by solid
lipids. Liposomes, typically 50-200 nm in size, are biocompatible structures that are used as
novel drug carriers, particularly for the delivery of biological molecules like genes, peptides,
and proteins. Liposomes also provide high drug encapsulation efficiency. Liposomes and bi-
layer structures are amphiphilic materials with both hydrophilic and hydrophobic properties.
These properties coexist within the same structure. Liposomes can encapsulate hydrophilic
drugs and maintain an aqueous core, making them capable of binding to cell membranes du-
ring endocytosis and continuously releasing drugs. Research has shown that liposomal for-

mulations improve the pharmacokinetics and pharmacodynamics of related products (34-35).

Similarly, micelles are nanomaterials exhibiting amphiphilic properties; in aqueous en-
vironments, the hydrophilic parts of the molecules are located on the outer surface, while the
hydrophobic components reside in the inner core. These structures can encapsulate hydrop-
hobic drugs within their inner core and protect them from the external environment, while

simultaneously being able to absorb polar drugs with their outer surface (Figure 6) (32).
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Figure 6: Types of Nanomaterials Used in Drug Delivery Systems (35)

4.3. Durability of Nanomaterials in the Body

The durability of the nanomaterial-drug complex is influenced by renal clearance or

the activity level of the reticuloendothelial system (RES), which affects blood circulation thro-

ugh the kidneys. Relatively small nanomaterials are easily cleared by the kidneys, whereas

larger nanostructures are removed by the RES. The capture of nanomaterials by RES cells re-

duces their systemic bioavailability. However, surface functionalization of nanomaterials with

water-soluble polyethylene glycol (PEG) chains imparts "stealth-like" properties to these na-

nostructures, thereby reducing immune responses against them. This modification prevents

their detection and phagocytosis by the mononuc- Prolonged half-life by PEGylation

lear phagocytic system, allowing them to persist PEG

in the bloodstream (36-37). Additionally, PEGyla-

entities, enabling them to adsorb proteins, which

tion makes the nanomaterials appear as "empty" \J'rr

prevents accumulation in biological systems. This Carbohydrates

property helps to avoid nanoparticle aggregation Antibody with
. X . Molecule linked cleavable hinker
in solution and the formation of clusters as they to PEG or a

cleavable linker

enter the vascular system (38-39).

nanoparticles, is schematically illustrated in Figure

More specificity with tergeted ligands
PEGylation, which extends the half-life of

Figure 7: Illustration of nanoparticles
with half-life extended through
PEGylation (35)
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4.4. Advantages and Disadvantages of Nanotechnology in Cancer Diagnosis and

Treatment
Advantages:

The unique characteristics of nanoparticles, such as their diminutive size, large surface
area-to-mass ratio, and functionalized structures, confer several significant advantages, which

include:
* Prolonged circulation time
e Targeted drug delivery to the site of interest
* Enhanced bioavailability
* Reduced systemic toxicity

While advancements in drug delivery using nanotechnological devices have been re-

markable, there remain several unresolved challenges that need to be addressed.

Disadvantages:

1. A more comprehensive understanding of the intracellular uptake mechanisms and
the biodistribution and clearance of nanodevices in biological tissues is essential.

2. The potential for adverse or off-target effects resulting from the interactions between
nanodevices and biological systems, such as free radical generation and damage to adjacent

tissues.

3. Scaling up from preclinical trials to large-scale production, the cost of raw materials,

and ensuring rigorous quality control for nanodevice fabrication.

4. Difficulties in securing financial support for startup companies that aim to commer-

cialize nanopharmaceuticals.

The challenges faced by targeted drug delivery systems utilizing nanoparticles can be
mitigated through an in-depth investigation of the limitations of nanoparticle-based strategies,
as well as optimizing the current potential of nanoparticle formulations and devices (40).

4.5. New Approaches

The ultimate goal of cancer therapy is to eradicate as many cancer cells as possible wit-
hout damaging healthy cells. However, the ability of a drug to target specific regions within

the body to achieve desired therapeutic effects remains an area requiring further development.
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In this context, nanotechnology-based drug delivery systems are emerging as a potential al-
ternative to overcome some of the barriers previously encountered. These systems exhibit pro-
mising features, including superior anti-tumor effects against oral cancers, which conventional
chemotherapy cannot achieve. As a result, the U.S. Food and Drug Administration (FDA) re-
cently approved a clinical trial for a nanoparticle-based system for the treatment of solid tu-

mors in humans (26).

Additionally, the submucosal injection of Cuburbitacin BE poly-lactic acid nanopartic-
les (CuBE-PLA-NPs) for the targeted delivery to cervical lymph nodes and the evaluation of
clinical therapeutic efficacy has been assessed. The results showed significantly higher drug
concentrations in the cervical lymph nodes following CuBE-PLA-NP injection compared to
the control group. Moreover, the drug concentrations in the bloodstream of the CuBE-PLA-

NP group were found to be significantly lower than those in the control group (41-42).

Thus, in the near future, oncologists and patients will be able to benefit from suitable
nanotechnology-based drug delivery systems, improving therapeutic outcomes while redu-
cing costs. Although clinical studies on oral cancer using nanotechnology are limited, nano-
technology is expected to transform healthcare in dentistry, redefine cancer with novel met-
hodologies, and personalize patient treatment profiles (43). However, further research is nee-
ded to translate the concepts of nanotechnology into practical applications and to achieve the
correct drug doses and ideal release profiles from these systems. Moreover, studies should
continue to better understand the efficacy of these systems for various cancers treated by dif-

ferent molecular and cellular mechanisms (26).
5. Nanotechnology in Implantology

Implants are widely used in dentistry. In fact, titanium is the clinically most suitable
material in dentistry. Titanium implants have many advantages, including good biocompati-
bility, mechanical properties, and generally adequate corrosion resistance. Additionally, tita-

nium is a material with a very low likelihood of causing immunological reactions (6,44).

Although the acidic and saline conditions in the oral cavity can lead to electrochemical
reactions between the implant and tissues, the corrosion resistance of titanium implants is not
absolute. Under such conditions, implants are still prone to releasing wear particles and ions,
which can lead to local immune responses, material degradation, and ultimately implant fai-

lure. Another factor influencing corrosion is the effect of microorganisms. The impact of their
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enzyme-dependent activities can cause the loss of the surface passivation, thereby increasing

the rate of corrosion (6,45).

Implants designed with the addition of nanoarchitecture aim to be resistant to infec-
tion, reduce the body’s immune response, have higher integration, and release degradable

drugs over time.46

Surface properties of nanocomposite implants can be modified to alter the immune
response developed against the implant or the ability of bacteria to colonize it; there is a theory
that the reduction in immune response is more dependent on the surface properties rather

than the chemistry of the nanometric materials (3,47).

Uncoated implants generally exhibit lower osseointegration, which leads to impaired
long-term healing. The surface roughness increases protein and tissue adsorption and prolife-
ration on the implant. One of the advantages of coating implants is the increase in stress trans-
fer; a thicker coating can provide better stress reduction, and the nanoporous structure can

lead to a more homogeneous stress distribution (6).

Among the surface treatments of clinically used implants are mechanical processing,
sandblasting, acid etching, sandblasting and acid etching, anodization, and plasma treatment
(46,48).

Mechanical processing is considered a pioneering modification strategy applied to den-
tal implants, supported by the significant work of P.I. Branemark and his group (46,49). This
process involves shaping the base material using harder metals at high rotational speeds, and
this process reveals properties ranging from macro to micro scale; these properties have evol-

ved from manual processing to digitally controlled processing methods.46

The combination of sandblasting and acid etching (SLA or sandblasted large-grit acid-
etched) is a popular option in clinical practice. Studies have reported that accelerated osseoin-
tegration occurs within 1-2 months on micro/nano SLA implant surfaces. This bidirectional
physical and chemical process is considered the most effective dental implant surface modifi-

cation strategy, showing long-term success in pre-clinical and clinical research (46,50,51).

Controlled titanium (TiO2) nanostructures, such as nanotubes and nanopores, can be
produced on titanium-based implants using electrochemical anodization (EA). This process
allows the formation of regular nanotube and nanopore structures on Ti implants. This process

results in titanium oxidation (TiO2) driven by the electric field, and fluoride-induced TiO2
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dissolution in a fluoride-containing organic electrolyte, leading to the self-organization of ti-
tanium nanotubes/nanopores upon reaching electrochemical equilibrium. By adjusting EA pa-
rameters like electrolyte composition (water/fluoride content), voltage, current, and duration,
various nanostructures, including nanotubes, nanopores, nanograss, and nanotemplates, can
be produced. Optimum EA ensures controlled nanostructures are produced on these surfaces
(Figure 8) (46). Anodization parameters, electrolyte age, composition (water/fluoride content),
anodization voltage, current, or duration can be adjusted to produce complex nanostructures
on the implant surfaces. Titanium nanotubes (TNTs) are hollow, test tube-like structures with
open tops and closed bottoms, and their modification has been widely researched to enhance
cell biological activity. Most of the research suggests that TNTs are recommended as an imp-

lant modification to enhance osseointegration (bone integration) (46,52).

n Electrochemical Anodization

Nano-Engineered
Titanium Implants Implant TiO, Nanotubes
Y

)
’ ;
H,0

. .
Anode Cathode (T)

B Nanotubes Aligned Nanopores

13

Random Nanopores Nanotemplate

Figure 8: Various titanium nanotubes obtained as a result of electrochemical anodization*®

Plasma treatment, on the other hand, involves coating the implant with the desired
material through melting and sintering in a vacuum or low-pressure environment. As a result,
the implant surface is coated with micro/nano-scale layers; however, these adhesive layers
may peel off or separate; therefore, careful surgical handling may be required during implant

placement (46).

The anodization and production of titanium nanotubes (TNT) on Ti implants is consi-

dered an ideal nano-engineering strategy based on key reasons such as easy and cost-effective
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production, anodizing complex shapes and geometries, ease of arranging nanostructures, en-
hanced biological activity, preservation of micro-roughness, and broad in vitro and in vivo

support.

Nanomaterials are typically used as surface coatings, playing a special role by allowing
changes in topology (increased surface area of the coating with bone) and biological activity
(enhancement of healing and cell adhesion). The use of nanomaterials offers the possibility of
optimizing the topography of the implanted region by adding hierarchical micro/nanostruc-
tures to the surface; this not only significantly increases the surface area but also strengthens

osseointegration (3).

For example, a commonly used implant alloy, Ti-6Al-4V, has been coated with hierarc-
hical topography by plasma spraying HT or Sr-HT micron-sized powders onto commercially
available Ti alloy plates. As a result of this process, a micron-rough ceramic was coated with
surface nanoparticles of strontium-substituted hardystonite (Sr-HT). Another implant was co-
ated with classical hydroxyapatite (HAp), while the Sr-HT-coated implant showed improved
cell adhesion, remineralization, and new bone tissue formation, with a synergistic effect

between the hierarchical topography and dissolution products (6,53).

Calcium silicate (CS)-based nanocoatings are also used to enhance osseointegration.
The combination of atmospheric plasma spraying (APS) and hydrothermal technology (HT)
imparts desirable characteristics, including high crystallinity to the coating, and enhances its
degradation rate, crucial for the storage and transport of potential implants (6,54).

Compared to traditional CS coatings, nanostructured CS coatings offer improved hyd-
roxyapatite mineralization, enhanced cell adhesion, increased cell proliferation, better osteo-
genic differentiation, and higher angiogenic factor levels (6,54).

The advantages brought by these titanium nanotubes created on the implant surface

are summarized in figure 9.
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Figure 9: The advantages brought by these titanium nanotubes created on the implant surface’

The success of the implant is largely dependent on the quality of surface modifications,
which are related to osteointegration, immune system response, and infection control. The id-
eal scenario is to maximize the therapeutic release and safely direct it to the implant's micro-
environment, especially to the trauma site. These therapeutic agents can be bound to the sur-
face of titanium (Ti) implants by modifying them with polymers, hydrogels, or nanoparticles.
This way, the healing process can be accelerated, biocompatibility improved, and the long-

term success of the implant can be ensured (46,55,56,57).
Some compounds added to TNTs to enhance osteointegration are as follows:

*Bone Morphogenetic Protein-2 (BMP-2): This is the most commonly used orthopedic
biological substance for modifying titanium (Ti) implants with TNTs to enhance implant oste-

ogenesis (46).
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* Strontium ranelate: This anti-osteoporotic drug is used to guide research on the in-

tegration of strontium (Sr) into titanium (Ti) implants (46,58).

* Pamidronic acid (PDA): It enhances osseointegration and reduces bone resorption. It
also demonstrates biocompatibility with osteoblasts and hematopoietic stem cells, while indu-

cing apoptosis in osteoclasts derived from hematopoietic stem cells (46,59).

e Studies conducted with parathyroid hormone (PTH) and fetal bovine serum (FBS)

have also shown an increase in osteogenic activity (46,60,61).

Ideal titanium nanostructures with antibacterial modifications should prevent adhe-
sion, inhibit colonization, prevent biofilm formation, and stop proliferation. In the past decade,
research for the design of next-generation bacteriostatic and bactericidal implants has focused
on micro and nanoscale topographic modifications to prevent biofilm formation (46,62). With
the rise of implant-associated infections, research has shifted toward providing local treatment
through implant coatings and the loading and release of potent antibiotic agents (63,64). The
high surface area of nanotopography and reduced shear forces enhance the adhesion of bacte-
ria and osteoblasts. Ti implants anodized with TNTs have been found to have great potential

for providing controlled local therapy to combat infections (46,53).

Biomimetic nanotexturing applied to implant surfaces (such as the creation of nano-
pillars, nanodroplets, or nanohairs, which mimic dragonfly wings or lizard skin) has exhibited
antibacterial activity through a 'spiked bed' mechanism. Although static nanoscale implant
topography can initially prevent adhesion, it may also protect attached and dead bacteria, as
well as other microbes, from the underlying surface. Therefore, the development of 'dynamic’
modifications, which trigger bactericidal activity in response to electrical or magnetic fields,

has become increasingly important (63,64).

The goal is to address the drawbacks of systemic treatments by enhancing surface con-
ditions, enabling local drug release, maximizing therapeutic efficacy, and ensuring safe deli-
very to the trauma site within the implant’s microenvironment. These therapeutic substances
can be attached to the surface of titanium (Ti) implants through modification with polymers,

hydrogels, or nanoparticles (55,56,57).
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Studies have shown positive developments in infection control through the loading of
gentamicin and vancomycin onto nanotubes that release antibiotics (46,65-67). These loadings

are possible due to the coating of the implant surface with biopolymers.

The placement of drug-releasing implants can result in high drug concentrations that
may cause local cytotoxicity and potentially trigger bacterial adhesion again. Therapeutic re-
lease can be controlled by adjusting TNT size or coating drug-loaded TNTs with degradable
biopolymers like polydopamine (PDA), PLGA [poly(lactic-co-glycolic acid)], and chitosan to

achieve sustained long-term release (46,68).

Another method involves integrating strong metallic/semimetallic ions or nanopartic-
les onto or into TNT-based titanium (Ti) implants to provide potent bactericidal functions.
Examples of added ions and nanoparticles include silver (Ag), gold (Au), copper (Cu), boron
(B), phosphorus (P), calcium (Ca), gallium (Ga), selenium (Se), magnesium (Mg), fluorine (F),
and zinc (Zn) (46).

Additionally, studies have been conducted with ibuprofen to reduce the anti-inflam-
matory response.6  Modification of titanium nanotubes illustrated in figure 10 (46), advanta-

ges and disadvantages of modifications added to TNTs illustrated in figure 11 (69,70).

a Antibacterial surface modification of titanium implants

Topography Drug coating Chemistry Charge Wettability Nanotopography Nanotubes
OH OH + -
w =

Plasma/ Etching/ Blasting/ Lithography  Anodization

b Nano-engineered antibacterial implants ook sakicias fasm

implant surface
Nano-engineered

. .
Implant Anodization implant TiO, nanotubes Load antibiotics . T8I

Figure 10: Antibacterial modification of Ti implant surfaces: a. different physical and chemi-
cal surface modification techniques; and b. electrochemically anodized Ti implants featuring

TiO, nanotubes for localized antibiotic release (46).
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Figure 11: [llustration of the advantages and disadvantages of modifications added to TNTs

(69,70)

6. Nanoanesthesia

Anesthetic nanorobots are still at the conceptual level. This idea involves the use of a

suspension containing nanobots that can reach the dentin and move toward the dental pulp.

The navigation factor could be, for example, a temperature gradient, chemical agents, or a

computer used externally by the dentist. Once reaching the site of action, the nanobots would

alter neurotransmission and maintain this state until the medical procedure is completed. Des-

pite the growing opportunities for developing such technological structures since the disco-

very of scanning tunneling microscopy and atomic force microscopy, there has been no signi-

ficant further development (1,6).
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7.Potential Side Effects and Limitations

In order to fully utilize nanotechnology and minimize potential toxic effects, the long-
term health impacts of nanoparticles must be thoroughly researched. The reduced size of na-
nomaterials can cause some potential issues. As they move through the body, nanoparticles
may accumulate in target organs (liver, lungs, kidneys, heart, and spleen), penetrate cell
membranes and mitochondria, and trigger a series of negative events. For example, manga-
nese oxide, titanium dioxide, aluminum oxide, zinc oxide, and silver can accumulate and cause
harmful reactions, or a nanoparticle may be small enough to cross the blood-brain barrier
(3,71). High surface area ratios make nanoparticles biologically active, which can lead to out-
comes such as infection and oxidative stress. For successful tissue engineering, scaffolds must
be developed in a way that provides necessary oxygen and nutrients to dense cellular clusters
in all organs (10,46,72).

The release of Ti particles and ions (including nanoparticles) results from (tribo-)corro-
sion. The presence of unintended or released nanoparticles (NPs) due to surface corrosion of
the implant can also lead to specific toxicity. NPs loaded onto the implant surface (e.g., metals
and drugs) can be unexpectedly released. These released NPs may interact chemically or phy-

sically with biological fluids, regardless of their composition.

Uncontrolled and high drug/protein concentrations, along with the contact between Ti
(particles or ions) and tissues at the implant site, can lead to toxic effects on the surrounding
tissues or newly regenerating bone. Ti particles cause an increase in osteoclast differentiation
and resorption activity, continuously triggering the release of RANK-L and pro-inflammatory
cytokines (such as IL-1 and TNF-B) (46,73). This can create a vicious cycle that enhances oste-
oclastogenesis, contributing to the corrosion of Ti dental implants and causing the accumula-
tion of metal ions/particles in the cytoplasm of precursor cells. All of these events trigger a pro-
inflammatory response from immune cells, negatively impacting tissue integration and wo-

und healing (46).

Due to their small size, metal types (NPs or ions) and ROS can diffuse through nuclear
pores and enter the nucleus. AgNPs, Au, and metal oxides such as TiO, or ZnO can act as DNA

intercalators, causing severe oxidative DNA damage (46,74).
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As previously mentioned, Ti implants designed with nano-engineering have extraor-

dinary potential in terms of biological activity and therapeutic applications. However, impor-

tant questions arise regarding the transition Fabicatn  Trepy,  Bozawly  Imeaneton
from the laboratory to clinical applications. PaSSEs
==
The clinical translation of nano-engineered Ti
dental implants faces the following challenges \,\b\\
(Figure 12): (23) \ ........................ §
¢ Optimization of production
Bone implant Dental implant
¢ Achieving local sustained drug release Sterilization/
Packaging
. . L Mechanical Corrosion =
¢ Enhancement of biological activity stability \\2 f

¢ Adaptation of in vivo models

* Achieving corrosion resistance and electroc- Figure 12: Clinical transition challenges (46)

hemical stability
* Selection of sterilization process (23)

It is anticipated that advanced engineering and design approaches will increase the
effectiveness and safety of these implants, thereby expanding their applications in the field of

dentistry (46).
Conclusion

The integration of regenerative nanotechnology into oral and maxillofacial surgery is
advancing at an accelerated pace, with recent breakthroughs highlighting its transformative
potential. Nanomaterials exhibit exceptional physical, chemical, and biomimetic properties
that facilitate cellular proliferation and tissue regeneration, positioning them as promising can-
didates for future therapeutic interventions. Although the use of biomaterials for bone rege-
neration is well-established, the application of nanoscience and nanotechnology in oral and
maxillofacial surgery remains an emerging and rapidly evolving field, offering novel avenues

for clinical advancement.

Although some nanostructures have not yet proven effective for clinical use, certain
innovative nanostructures offer promising new therapeutic benefits for cancer treatment in

the near future. Both in cultured cells and in vivo experimental animals, long-term and short-
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term toxicity evaluations must be conducted for these nanomaterials until they receive FDA
approval for clinical application. However, nanotechnology has successfully developed inno-
vative methods for cancer diagnosis, management, and monitoring throughout the 21st cen-
tury, and continues to support our commitment to early intervention by identifying the mole-

cular pathways of cancer.

The integration of nanotechnology into the development of titanium dental implants
presents both exciting opportunities and significant challenges. While the potential of nano-
engineered implants for improving biological activity, therapeutic outcomes, and long-term
stability is evident, several obstacles remain in terms of production optimization, achieving
sustained drug release, enhancing biological interactions, and ensuring corrosion resistance.
Additionally, the safe clinical application of these implants requires careful consideration of
potential toxicity, as nanoparticle accumulation in vital organs, the release of metal ions, and
oxidative stress could lead to adverse effects. The clinical translation of nano-engineered tita-
nium dental implants requires further research, especially in optimizing the balance between
efficacy and safety. Addressing these challenges through advanced engineering methods and
in vivo model adaptation is crucial for enhancing implant performance and expanding their
application in the field of dentistry. The "set and forget" concept-based implants are expected
to be the future of dental applications, ensuring early stability and long-term success. This will
minimize the need for treatment or corrections, reducing clinical visits and patient complaints.
It will make it possible to achieve a high success rate in both healthy and at-risk patient con-
ditions. Achieving this will pave the way for a broader implant market, including orthopedic

implants, joint replacements, and craniofacial implants.

Regenerative nanotechnology in oral and maxillofacial surgery offers significant po-
tential for improving tissue regeneration and therapeutic outcomes, particularly in dental imp-
lants and cancer treatments. However, challenges remain in optimizing production, achieving
sustained drug release, ensuring corrosion resistance, and assessing the potential toxicity of

nanoparticles, necessitating further research for safe clinical application.
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