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Abstract

Nanoparticles have emerged as a
promising strategy in dental implantology
to enhance implant integration and
therapeutic functionality. Nanostructured
surface modifications enable precise
control over implant topography and
chemistry, leading to increased surface
area, improved protein adsorption, and
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Introduction

The global contribution of oral health issues is high, and
approximately 3.5 billion people are affected by it, and
about 267 million people have lost their teeth. Trauma,
periodontal disease, and dental decay are the common
causes of tooth loss that not only cause aesthetic and social
implications but also result in impaired chewing and
speech, and predispose the patient to the development
of systemic disease. Edentulism, as the loss of teeth
entirely, is one of the most adverse conditions of oral
health, and, even though it is mostly preventable, it is very
widespread all around the world. To address this concern,
dental implants have been developed as the key form of

enhanced cellular adhesion, key factors for successful osseointegration. Various nanoparticle
systems, including titanium dioxide (TiO,), hydroxyapatite, and bioactive glass, have been
extensively explored for surface modification and functional enhancement of dental implants.
In addition to structural benefits, nanoparticles facilitate localized and controlled drug
delivery, reducing infection risk, minimizing systemic side effects, and accelerating tissue
healing. Despite these advancements, challenges such as long-term stability, biocompatibility,
optimization of drug release kinetics, and potential toxicity remain critical barriers to clinical
translation. Therefore, further research is required to ensure safe and effective application of
nanoparticle-based dental implants in clinical practice.

treatment modalities to partial or complete tooth loss,
whereby these devices are increasingly substituting the
removable dentures whose support relied on the existing
teeth or soft tissues and often led to structural changes over
time.! Bulk physical and surface properties of an implant
material are a decisive factor in the biocompatibility of the
material.>* Titanium (TiO,) and its alloys find extensive
application in bioengineering because of their desirable
bulk characteristics and strength-to-weight ratio that
is very similar to that of natural bone. Initial laboratory
tests showed that titanium has the potential to be used
as an implantable material because it is compatible with
bone tissue. The appropriateness of titanium in surgery
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Review Highlights

dental
osseointegration by improving surface roughness,

o Nanostructured implants enhance
protein adsorption, and cellular adhesion.

o This paper highlights nanostructured implants as dual-
functional platforms combining structural integration

with controlled therapeutic release.

was again proven in later animal studies. This led to the
continuation of contact between titanium and bone to
demonstrate this effect, and the continuation of contact
until it reached the stage of osseointegration, which is
a direct structural and functional connection between
living bone and the implant surface. This has since
made titanium and its alloys indispensable biomaterials
due to their high levels of corrosion resistance, high
levels of wear resistance, high levels of hardness, and
high levels of bioactivity, hence the material of choice
in dental implants. Commercially pure titanium (cp-
Ti) has small amounts of impurities, including oxygen,
carbon, nitrogen, and iron, and is given various grades
depending on the level of impurities. Grades 1 to 4 are
mostly utilized in biomedical applications, with Grade 4
cp-Ti having a higher oxygen level and better mechanical
strength, which is why Grade 4 is the best material to
use in dental implants. Titanium alloy grade 5 is also
commonly used in the field of dentistry. Although it has
desirable characteristics, both laboratory electrochemical
and clinical-retrieved implants have reported corrosion of
titanium. The metal ions and particles may be set free due
to surface degradation under corrosion, and this will be
one of the causes of implant failure (like aseptic loosening
or osteolysis).*

Oral diseases, including periodontal disorders and
tooth loss, represent a significant global health burden
affecting millions of individuals worldwide. Dental
implants have emerged as a reliable solution for tooth
replacement; however, their long-term success is often
compromised by factors such as poor osseointegration,
peri-implant  infections, and mechanical failure.
Conventional titanium-based implants, although widely
used, exhibit certain limitations including susceptibility to
bacterial colonization, biofilm formation, and inadequate
integration in compromised physiological conditions
such as diabetes.” Nanotechnology has emerged as a
transformative approach across multiple diseases, enabling
targeted, controlled, and highly efficient therapeutic
interventions with improved clinical outcomes.®'
In recent years, nanotechnology has revolutionized
the field of implant dentistry by enabling the design
of nanostructured surfaces and nanoparticle-based
modifications that enhance biological interactions at the
implant interface. Nanoparticles such as silver, zinc oxide,
gold, and polymeric nanocarriers have demonstrated
significant potential in improving antibacterial activity,
promoting osteogenic differentiation, and enabling

localized drug delivery. These nanoscale modifications
enhance surface area, improve protein adsorption,
and facilitate cellular adhesion, thereby contributing
to improved osseointegration and implant stability.!
Furthermore, nanostructured systems such as titanium
nanotubes and polymer-based nanoparticles offer
controlled drug release capabilities, allowing for targeted
therapeutic interventions directly at the implant site. This
is particularly beneficial in preventing infections and
enhancing healing in patients with systemic conditions
that impair bone regeneration.”” This review aims to
provide a comprehensive overview of nanoparticle-
based strategies in dental implants, including material
types, mechanisms of action, surface modification
techniques, and therapeutic applications. The review
further discusses current challenges, clinical translation,
and future perspectives in the development of advanced
nanostructured implant systems.*?

To overcome the challenges, new nano-engineering
approaches are being formulated in order to improve the
surface characteristics of titanium-based dental implants.
The development of nanoparticles used to create implants
intheformofcoatingsand nanoscale surface patterning has
shown potential outcomes in enhancing the betterment of
implantation and physiological performance. Nanoscale
variations on surfaces have the ability to reproduce the
natural cellular microenvironment, thereby enhancing
rapid bone formation and biological reaction. In
addition, this type of modifications changes the chemical
reactivity of the implant surface, affecting how ions and
biomolecules react with it, thus increasing the strength
of the bone-implant interface further. Taking into
account the significance and the popularity of titanium
alloys in the field of implantology, the main emphasis
of this narrative review is put on the discussion of the
measures aimed at reducing titanium corrosion. The
central goal of this study is to offer a general review of the
existing methods that deal with nanocoating and surface
modification methodologies in improving performance,
durability and biological assimilation of titanium dental
implants.” This article provides a comprehensive and
integrative perspective on nanostructured dental implants
by combining both structural and therapeutic roles of
nanoparticles. It uniquely emphasizes a comparative
analysis of different nanoparticle systems, including
metallic and polymeric nanomaterials, highlighting their
advantages, limitations, and biological interactions. This
review focuses on translational aspects, including clinical
applicability, challenges in large-scale implementation,
and regulatory considerations. The inclusion of recent
advancements and clinical evidence further distinguishes
this work, offering a forward-looking perspective on
the development of smart and multifunctional implant
systems."

Nanotechnology in dentistry
The US Food and Drug Administration defines Dental
implants as surgery-based medical implants to improve
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the appearance or chewing capacities of a patient. One of
the diseases that a person can experience is a rapid loss of
bone mass, difficulty in speaking, or painful alterations in
the eating patterns following the loss of a tooth because of
an injury or a disease. By substituting a lost tooth with a
dental implant, a patient can significantly enhance his/her
health and the quality of life. Dental implants are made
using Ti-based materials due to its superior corrosion
resistance, superior mechanical strength and excellent
biocompatibility.'* Ideally, the surfaces of implants
must be designed in a way that prevents the adherence
of bacteria and at the same time support the attachment
of target tissue cells. Gold, Lead, Iridium, Tantalum,
stainless steel and cobalt alloy were commonly used in the
early 20th century metal Implants. Among such polymers
are ultrahigh molecular weight polyurethane, polyamide,
polymethylmethacrylate resin, polytetrafluoroethylene
and polyurethane which have been applied as dental
implant between these two periods.” Nanotechnology
is the development and usage of the size- and structure-
dependent properties of materials at the nanoscale.” It
is the definition of a nano material, as recommended by
the European Commission. The nanostructured implants
have become a highly versatile platform that, in the same
breath, improves structural integration and provides
access to therapeutic delivery of localized therapy.
Structurally, nanoparticles in implant surfaces can re-
create the extracellular matrix, enhance osseointegration,
direct cellular adhesion and differentiation, and increase
mechanical strength, which has been found to promote
stable and long-term tissue-implant interface. On the
other hand, in therapeutic delivery, nanostructures
incorporated into the implants or coated onto the implants
serve as reservoirs of regulated and targeted release
of bioactive agents like antibiotics, anti-inflammatory
agents, growth factors or chemotherapeutics. This site-
specific delivery has not only been shown to improve
the process of tissue healing and vascularization within
the body but it also reduces the overall side effects of the
systemic delivery, which is a twofold benefit of physical
reinforcement and location-specific therapy in a single
design of implant.”® A critical evaluation of different
nanoparticle systems reveals significant variations in their
biological performance and clinical applicability. Metallic
nanoparticles such as silver, copper, zinc oxide, and gold
exhibit strong antimicrobial activity primarily through
ion release and reactive oxygen species (ROS) generation.
Among these, silver nanoparticles demonstrate superior
antibacterial efficacy; however, their potential cytotoxicity
at higher concentrations raises concerns regarding host
cell compatibility. Copper nanoparticles are cost-effective
and may promote angiogenesis but can induce oxidative
stress if not carefully controlled. Zinc oxide nanoparticles
provide a balance between antimicrobial activity and
osteogenic potential, making them suitable for implant
surface modification. Gold nanoparticles exhibit
excellent biocompatibility and stability, although their
intrinsic antibacterial activity is relatively limited unless

functionalized. In contrast, polymeric nanoparticles
such as poly(lactic-co-glycolic acid) (PLGA) and
chitosan offer controlled drug release, biodegradability,
and improved safety profiles, but lack strong inherent
antimicrobial properties. Therefore, the selection of
nanoparticle systems should be carefully optimized based
on antibacterial efficacy, biocompatibility, and long-term
safety.?

Similarly, a comparative discussion of osseointegration
strategies is necessary, particularly between titanium
nanotubes (TNTs) and hydroxyapatite (HA) coatings.
While HA coatings enhance surface bioactivity and
promote bone bonding due to their chemical similarity
to native bone mineral, they may suffer from mechanical
instability and coating delamination over time. In contrast,
TNT-modified surfaces improve surface roughness,
wettability, and protein adsorption while also serving
as drug reservoirs capable of controlled release of anti-
inflammatory or osteogenic agents. This multifunctional
capacity positions TNTs as a more versatile platform,
particularly in compromised conditions such as diabetes
or chronic inflammation. However, concerns regarding
fabrication complexity and long-term durability should
also be acknowledged.

The manuscript should further incorporate a critical
comparison of metallic versus polymeric nanocarriers for
localized drug delivery. Metallic systems offer structural
stability and sustained ion-mediated effects but may
pose risks of long-term accumulation and potential
cytotoxicity. Polymeric nanocarriers, on the other hand,
provide tunable, biodegradable, and sustained drug release
profiles, reducing the risk of chronic toxicity; however,
they may exhibit lower mechanical robustness and
more complex manufacturing requirements. Including
a discussion of dose-dependent effects is essential, as
several studies report enhanced osteoblast proliferation
at low nanoparticle concentrations but reduced viability
and increased oxidative stress at higher doses.® A
critical comparison of different nanoparticle systems
highlights that no single system is universally superior.
Metallic nanoparticles such as silver exhibit strong
antimicrobial activity but may pose cytotoxicity risks at
higher concentrations. Zinc oxide nanoparticles provide
a balance between antibacterial activity and osteogenic
potential, while gold nanoparticles demonstrate
excellent biocompatibility but relatively weaker intrinsic
antimicrobial effects. Polymeric nanoparticles, including
PLGA and chitosan, offer controlled drug release and
improved safety profiles, although they lack inherent
antimicrobial properties. Therefore, the selection of
nanoparticle systems should be based on a balance
between efficacy, safety, and clinical applicability.

Types of components employed in implant fabrication
and manufacturing

In the last ten years, the dental implants have gained a lot of
progress, but one of the biggest problems in attaining the
maximum level of success is the incompatibility between
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the mechanical and the biological characteristics of the
implant metals and the human bone. Nanostructured
dental implants are commercially available in large
numbers, and a considerable degree of them is in
development. The nanoparticulate dental implants are
made with the help of the following nanomaterials.?**

Metal-based dental implants

The US Food and Drug Administration defines Dental
implants as surgically installed medical appliances that
help a patient to look better or even chew food. An
individual can experience such problems as rushing
bone loss, speech difficulties, or unpleasant eating habits
alterations following the loss of a tooth because of an
accident or disease. By restoring a lost tooth, a dental
implant may significantly enhance the health and the
quality of life of a patient. Ti-based (titanium-based)
materials are applied to the manufacture of dental
implants due to its high corrosion resistance, outstanding
mechanical strength and exceptional biocompatibility.
Ideally, theimplant surfaces mustbe such that they prevent
adherence of bacteria as well as allowing an adhesion
of target tissue cells. During the early 20th century, the
Implants made of metal (gold, lead, iridium, tantalum,
stainless steel and cobalt alloy, etc) were very popular.
Amidst these two eras many polymers such as ultrahigh
molecular weight polyurethane, polyamide, cobalt
chromium systems can be found in the market because of
their superior mechanical strength, corrosion resistance
and long-lasting clinical stability. Cobalt chromium
alloys are especially appreciated because of their ability
to resist weight to strength and their compatibility with
new technologies of the modern manufacturing i.e. the
computer-aided design/computer-aided manufacturing

(CAD/CAM) and precision milling which enable the
manufacture of the implant-supported superstructures.
Fig. 1 shows the immune response that is related to peri-
implantitis, which shows the way sensor and effector
immune cells, as well as their mediators, interact with
the implant surfaces- emphasizing the paramount
relationship between the characteristics of the implant
materials and the biology of the peri-implant tissues.”
Commercially pure titanium (cp-Ti) and titanium
alloys have continued to be the gold standard in modern
dental implants as they have good biocompatibility,
corrosion resistance and predictable osseointegration.
Even though there is a body of research investigating
other metals (like tantalum) in clinical implant fixtures
does exist, it remains not a commonly used material due
to its porous nature and osteoconductive properties.
Simultaneously, metallic nanoparticles have been of
interest as surface-modifying agent to titanium implants.
These nanoparticles offer high-levels of antimicrobial
effects that reduce the chances of postoperative infection,
and also increase the surface bioactivity, which aids in
enhanced osseointegration and stability of the implants
in the long run.*

Ceramic based dental implants

Ceramic dental implants provide a better option of
dental implants since they are biocompatible and contain
no metals, they produce the best aesthetics as they are
naturally coloured like teeth. However, contrary to
conventional titanium implants, ceramic implants mainly
made of yttria-stabilized zirconia (Y-TZP)-based are also
beneficial to the patients with metal hypersensitivity or
metal ion release concerns. Additional ceramic materials,
including alumina (ALO,), zirconia-toughened alumina

Sensor/
effector

N m
P Y

\ | Epithelia

| @

Macrophage

Neutrophil

APC

"
oS

\mmune Sensor/ Immune
yesponse effector response
IL-1, -6, -8
Chemokines Thl/Thl7
CDAT cell
Tel / Tel7
CD8 T cell
O; radicals 1L-6, -8
1L-1, -6, -8 s TGF-B1L
IL-10, -12 Chemokines
Fibroblast
IFN-y
IL-12 ' Bont"t
1L-18 _ resorption
Osteoclast

Fig. 1. The diagram illustrates the immune response associated with peri-implantitis, highlighting the role of different sensor/effector cells and their

corresponding immune mediators.
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(ZTA),HA, 3-tricalcium phosphate (3-TCP) and bioactive
glass, have been identified as either a coating, a surface
modification, or researchable but not as an implantation
fixture on its own. Nanoparticles made of such materials
are also used as ceramic nanoparticles on implant surfaces
to boost the osseointegration, mechanical performance,
and enhancement of long-term stability of restorations.
Fig. 2 shows the experimental model employed to study
the peri-implantitis formation and monitoring, which
provides a biologically important model of evaluating the
response of nano-engineered ceramic surfaces formed in
inflamed peri-implant tissues.>*

Polymer based dental implants

Polymers-based materials have notable advantages to the
development of dental root and implants in comparison
with other types of biomaterials such as customizable
porosity, thermal and electrical neutrality, a high degree
of biocompatibility, clinical ease of handling, and cost-
effective manufacture. Being more elongated in their
fractures, and having lower strength and lower elastic
modulus, they are more likely to behave like soft tissues,
alleviating stress shielding and enhancing patient comfort.
Fig. 3 demonstrates the materials that are typically used
in dental implants such as cobalt-chromium alloys,
titanium and Ti6Al4V, and stainless steel and integration
of PDMS-based microfluidic chips are used to study
the interactions of implants and tissues.”” The dental
implants manufactured using polymers are Polymethyl
methacrylate (PMMA), Polytetrafluoroethylene (PTFE),
polyamide and silicone. One of the latest materials is
polyethers ether ketone (PEEK) that can boast of having
elastic modulus (3.6 Gpa),?® comparable to bone and this
is a major advantage over other conventional materials
like titanium and zirconium.”

Position of extracted teeth

3" premolar
: ?4"’ premolar

. — 1" molar

60 days

Implant

Extraction

1* ligature
(prophylactic)

Nanoparticles

The nanoparticles have the ability to be used in a wide
range of surface treatments of the dental implants
including immunomodulation, osseointegration and
soft-tissue integration, and antibiofouling. Different
categories of nanoparticles which have been pursued to
date in dental applications. These are metallic, ceramic
and polymeric nanoparticles that have been used to
improve the surface characteristic of implants, to give
them antimicrobial properties or to allow them to deliver
drugs locally. Their main features, modes of action, and
the published results can be found in Table 1.%

Silver (Ag)

Ag nanoparticles have also been explored widely in regard
to dental applications.” They have antimicrobial activity
through two principal mechanisms direct and indirect.
Silver ions attack and react in the direct mechanism
with the bacterial cell wall and cytoplasmic membrane,
resulting in oxidative stress and membrane destabilization,
affecting organelle activity and cell growth and ultimately
cell lysis.** The indirect mechanism is associated with

PDMS Chip

e Co-Cr alloys
o Tiand TiAl,

o Stainless steel

Fig. 3. The materials commonly used for dental implants, including Co-Cr
alloys, Ti and TisAls, and stainless steel with PDMS chip.

60 days

2" ligature
(therapeutic)

Peri-
implantitis
assessment

Fig. 2. Experimental model of peri-implantitis development and assessment.
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interference with DNA replication and generation of ROS
that additionally lead to bacterial cell death.*

Gold

It is proved that there exist two different types of Au that
have antibacterial properties. One of them is nanoporous
gold (NPG), which has nanoscale open pores that have
the potential of eliminating S. epidermidis and E. coli.
The second type of nanoparticles is the gold nanoparticles
(AuNPs). It is widely known that the antibacterial
activity of AuNPs could be enhanced by their surface
functionalization or conjugate preparation.

Zinc (Zn)

Zn is a vital trace element, which is present at all biological
tissues and has antibacterial properties. Hu et al. used
plasma electrolytic oxidation to impregnate TiO, coating
on titanium implants, which increased osteogenic activity
and bactericidal effects.

Copper (Cu)

Copper nanoparticles provide an attractive choice of
biomaterial use because they are rather cheap. According
to Xia et al, titanium implants modified with copper
nanoparticles had higher mechanical strength and better
resistance to corrosion.*”

Titanium (TiO,) nanotubes

TiO, nanotubes have emerged as an effective platform for
localized drug delivery due to their high surface area and
drug-loading capacity. These nanostructures facilitate
controlled and sustained release of therapeutic agents
such as antibiotics and anti-inflammatory drugs.** In
patients with diabetes mellitus, implant success is often
compromised due to hyperglycemia-induced oxidative
stress, impaired osteoblast function, and delayed wound

Table 1. Nanoparticle’s elements incorporated in dental implants

healing. TNT-modified implant surfaces can mitigate
these challenges by enhancing protein adsorption,
promoting osteoblast adhesion, and enabling localized
drug delivery. Furthermore, multilayer coatings such
as chitosan can be applied to regulate drug release
kinetics, ensuring prolonged therapeutic effects and
improved implant stability.* Fig. 4 depicts the variety
of nanoparticles applied in dental implant coating and
surface modification, which gives a general idea of
the existing methods of enhance the functionality and
biological activity of implants.

Silica (Si/SiO,) nanoparticles

Si nanoparticles have been applied in dental practice in
the polishing of teeth, dental fillers and in hypersensitivity
treatment. Silica nanoparticles are the inorganic
nanomaterials that consist of silicon dioxide and they are
either nonporous or mesoporous. Their biocompatibility
is high, size and pore volume can be customized. Since the
Si-OH groups may react with the biological fluids, it has
been proved that the units are bioactive. Mesoporous silica
nanoparticles are mainly used as drug loading vehicles.

N\e““\“c \Nanopar,,-c Lo o\ MANOPAtic,
> o '

Dental Implant

Silica(Si/SiO2)nanoparticles Silver Nanoparticle

Fig. 4. Various nanoparticles used in dental implant coatings and
modifications.
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Electrochemical
Ti nanotubes o Anti-inflammatory medications. 31
anodization
. . Anodic spark Silver nanoparticles having antimicrobial properties, prevent bacterial 5
Silver nanoparticles . L X . .
deposition contamination and provide biocompatible scaffolds
Electro deposition
Gold nanoparticles P Peri-implantitis disease. 3
Sol-gel method
) ; Plasma electrolytic ~ _. . ) ) ) 3
Zinc nanoparticles oxidation Zinc nanoparticles have enhanced osteoblast proliferation and bone formation.
. They can be used with a range of polymers and are stable and reasonably priced.
. Plasma electrolytic . . . . 35
Copper nanoparticles Oxidation They have been demonstrated to increase the bioactivity of the specified system
and exhibit osteogenic, angiogenic, and persistent antimicrobial qualities.
Hvdrothermal Silica nanoparticles applied to tooth polishing, dental fillers, and hypersensitivity
Silica nanoparticles m\:ethod therapies. coating of silica applied to Ti-based implants to allow osseointegration 36
and mainly serve as vessels for drug loading
Electrophoretic Osteoconductivity, and good mechanical properties, improved stability at
Hydroxyapatite p ) y4 g ! prop p y o
Deposition, implants coated with Hydroxyapatite
Chitosan Microarc oxidized reducing the risk of infections 38

Meniscus-dragging

Carbon composites e
deposition

Most promising materials due to their exceptional thermal, electrical, and
mechanical characteristics.

39

6 | Biolmpacts. 2026;16:33489



Singh et al

They may be applied together with the medicaments
and other nanomaterials to stimulate the osteoblast
differentiation and proliferation.*

Polymeric nanoparticles

Polymeric nanoparticles have gained significant
attention in dental implant applications due to their
excellent biocompatibility, biodegradability, and ability
to provide controlled drug release. Commonly used
polymeric systems include poly(lactic-co-glycolic acid)
(PLGA), chitosan, and polyethylene glycol (PEG)-based
nanoparticles. These nanocarriers can encapsulate
therapeutic agents such as antibiotics, anti-inflammatory
drugs, and growth factors, enablinglocalized and sustained
delivery at the implant site.”” PLGA-based nanoparticles
are particularly advantageous due to their FDA-approved
status and tunable degradation properties, allowing
precise control over drug release kinetics. Chitosan
nanoparticles exhibit inherent antimicrobial activity
and mucoadhesive properties, which enhance their
interaction with biological tissues. Similarly, PEGylated
nanoparticles improve systemic stability and reduce
immune recognition, thereby enhancing therapeutic
efficiency.®® Compared to metallic nanoparticles,
polymeric nanoparticles offer reduced cytotoxicity and
improved safety profiles, although they may exhibit lower
intrinsic antibacterial activity. Therefore, hybrid systems
combining polymeric and metallic nanoparticles are
increasingly being explored to achieve synergistic effects
in improving osseointegration and preventing implant-
associated infections.*

Hydroxyapatite

HA is a coating made of calcium phosphate, which is
used on the surfaces of the implants, usually through
the plasma spraying technique. It has a close chemical
composition and structure to natural bone and this allows
good interfacial bonding between the implant and the
surrounding bone. The main advantages of HA coatings
are high biocompatibility, osteoconductivity, and positive
mechanical strength. Both clinical and experimental
evidence have shown that primary stability of HA-coated
implants has been improved and leads to a decrease in
the time of healing and decrease in the overall treatment
time. Regardless of all these benefits, traditional plasma-
sprayed HA-based surfaces tended to produce a relatively
thick (around 4050 um) layer that had porous and non-
uniform surface properties. These characteristics were
correlated with such complications as marginal bone
loss and, in certain instances, implant failure. In studies
that utilized long-term outcomes to evaluate the success
of these implants, they performed relatively lower.”
Moreover, first plasma-sprayed HA coatings had low
adhesion performance in bone interfaces with implant,
possible excretion of titanium particles into tissues, and
poor interaction with antibiotics and other therapeutics.
To address these shortcomings, a sophisticated fabrication
approach was formulated and hence nano-hydroxyapatite

(nano-HA) emerged. Nanocrystalline HA is similar
to natural bone apatite crystals in size and form, which
means it, is more bioactive on the surface and creates
more implant reactivity. There are a number of methods
by which Nano-HA can be produced with the most
notable being electrodeposition and the wet chemical.
These methods help to create very thin, uniform, and
homogeneous surfaces, which act as bioactive scaffolds.
These layers will enable the integration of other biological
materials, such as antibiotics, growth factors and
nanomaterials, such as graphene oxide and chitosan, to
form multifunctional hybrid coating with better interfacial
behaviour and enhanced biological incorporation.*

Carbon nanoparticles

Nanomaterials that are carbon based like graphene and
graphene oxide have been explored to modify the surfaces
of dental implants. Prepared by the physicochemical
exfoliation of graphite. It has demonstrated that the
implants, which are coated with graphene oxide,
demonstrate enhanced osteogenic activity. Graphene
oxide disclosed increased osteogenic differentiation,
enhanced osteoblast activity and increased extracellular
matrix deposition with no cytotoxic effect at all.”>*

Nanotechnologies in surface modification of titanium
dental implants

The significance of nano-scale surface modification is
because it has a great impact on the morphology of human
tissues that do possess several nanostructured elements.
These nanotubes and other micro and nanostructures are
very instrumental in the control of cellular behaviour and
initial bone formation surrounding the implant materials.
Consequently, there has been an increased focus on
fabricating integrated nano-topographies with superior
and innovative technologies. These nanostructures
promote osteogenic reaction and protein adsorption, which
stimulate the osseointegration and improve the working of
the implant (Fig. 5). Currently, some methods are used to
produce nano-scale surfaces on TiO, implants.* Besides
new nanotechnological approaches, the traditional macro-
and micro-scale techniques may also be adapted to obtain
nano-level characteristics through a careful optimization
of the process parameters. Grit blasting, acid etching and
selective laser melting (SLA) techniques are often adopted
and classified as nano-surface modification techniques
when modified accordingly. Acid etching especially
sandblasted large grit acid-etched (SLA) treatment was
initially created to remove manufacturing contaminants
and create roughness on an implant surface at micro- or
nano-scales. Since the exact regulation of the topography of
implants is needed, a commonly used clinical practice is the
combination of sandblasting and acid etching. It has been
shown that the SLA-treated implants lead to accelerated
healing of the implantation process (osseointegration
in one or two months) because of the micro- and nano-
roughened surfaces. This physical-chemical approach
to surface modification has been shown to be of great
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Protein Adsorption

Bone Formation

Osteoblast Adhesion

New Bone Formation

Nanoparticle mediated Osseointegration

Fig. 5. Schematic illustration of nanoparticle-mediated osseointegration, highlighting enhanced protein adsorption and cell adhesion, osteoblast adhesion,
cellular proliferation, and improved bone—implant interface formation, ultimately leading to increased implant stability and long-term success.

success in enhancing the surface of dental implants and
its long-term outcomes have been a success both in the
experimental and clinical fields. It should be noted,
though, that surface properties of SLA could differ across
the manufacturers of various types of implants, which
makes them variable and comparatively challenging. Ti
dental implants are surface engineered on a regular basis
to reduce corrosion, increase implantation of the surface
bone, and alter biocompatibility. In this respect, protective
surface layer is formed to restrict oxidation and inhibit the
release of metal ions in underlying layers. The strategies
of surface modification can also strengthen the stability
and passivation of the TiO, layer, eventually leading to
increased durability, corrosion resistance, and long-term
success of implants.”® In patients with diabetes mellitus,
implant success is often compromised due to impaired
wound healing, chronic inflammation, and reduced
osteoblastic activity caused by persistent hyperglycemia.>®
These factors lead to delayed osseointegration and
increased risk of implant failure. TNTs have emerged as a
promising surface modification strategy to overcome these
limitations by enhancing biological interactions at the
implant interface. The unique nanostructured architecture
of TNTs increases surface area, facilitating improved
protein adsorption and promoting osteoblast adhesion
and proliferation. TNTs serve as effective reservoirs for
the localized delivery of therapeutic agents such as anti-
inflammatory drugs, antibiotics, and growth factors.
This controlled drug release capability is particularly
beneficial in diabetic conditions, where infection risk and
inflammatory responses are elevated. Furthermore, TNT-
modified surfaces have been shown to modulate cellular
signalling pathways, reduce oxidative stress, and enhance
bone regeneration, thereby improving implant stability
and success rates in compromised metabolic conditions.
These properties make TNTs a valuable approach for
improving clinical outcomes in diabetic patients.”

Techniques of inserting nanoparticles in dental
implants

Nanoscale surface modification dental implants

are common in the contemporary implant therapy.
Nanotechnology has immensely contributed to the
development of novel implant tissue interfaces that
have improved the performance of the implants in its
different surface engineering methods. These nano-
modified surfaces enhance the adhesion of osteoblast,
increase the rate of osseointegration and can offer the
added antimicrobial or bioactivity which finally leads to
the stability of the implants in the long term and clinical
success.”

Nanoscale modification methods and coating of the
implant surfaces

Nano-engineering of dental implants is made with
high-level techniques. Those techniques are plasma
treatment, which adjusts the energy of the surface to
enhance cell adhesion; micro-machining and polishing/
grinding, which generates fine surface texture; particle
blasting and chemical etching, which introduces both
micro- and nanotopographies; and electrochemical
anodization, which forms controlled oxide layers with
nanotopographies. Taken together, these methods are
intended to improve on the conventional techniques
of micro-roughness to enhance better results of
osseointegration and implant life.”°

Mechanical modification

Machining, blasting, polishing and attrition- are used to
form nanoscale layers, which can increase the mechanical
properties, such as hardness and wettability. Particles of
Abrasive Blasting on the implant surface may enhance
surface reactivity.®!

Chemical modification

Surface chemistry modification on dental implants
does not only modify their topography but enables
incorporation of a certain chemical group, which makes
them more bioactive and integrative of other tissues.®
Osteogenic potential of implants is improved as surface
oxide layers ranging between several nanometers and
micrometres are applied, whereas processes such as sol-
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gel processing and chemical vapour deposition are further
used to increase their bioactivity.®

Physical modification

The coating of certain molecules or ions to the surface of
the implants. Incident on Ti implants, thermal or plasma
spraying including in the coating of hydroxyapatite,
calcium silicate, alumina, zirconia and titania, to enhance
their wear and corrosion resistance and bioactivity.®

Electrochemical modification
The formation of TiO2 layers of 10-40 nm is enhanced by
the anodic oxidation.*

Biomolecule modification

The biological addition of dental implants with bioactive
molecules, including collagen or peptides, has been
revealed to increase bone-implant interactions.*

Differentiation of preclinical and clinical evidence
Current evidence supporting nanoparticle-enhanced
dental implant systems is predominantly derived from
preclinical investigations, and careful differentiation
between in vitro, in vivo, and clinical findings is essential
to avoid over interpretation. In vitro studies consistently
demonstrate that nanoparticle-modified surfaces
improve antibacterial activity, reduce biofilm formation,
enhance osteoblast adhesion, and modulate inflammatory
markers under controlled laboratory conditions. These
experiments provide valuable mechanistic insights
into ion release, ROS generation, protein adsorption
dynamics, and cell-surface interactions.® In vivo animal
studies further suggest improved bone implant contact,
enhanced new bone formation, reduced peri-implant
inflammation, and improved mechanical stability in
experimental models. However, while these findings are
promising, they do not necessarily predict equivalent
outcomes in humans due to biological variability,
systemicinfluences, and long-term biomechanical factors.
Clinical evidence remains comparatively limited. Only a
restricted number of human studies have evaluated nano-
engineered implant surfaces, and most report short-
term outcomes with heterogeneous methodologies and
follow-up periods.” Long-term randomized controlled
trials assessing survival rates, peri-implant bone loss,
inflammatory parameters, and safety profiles are still
scarce. From a regulatory standpoint, certain nano-
roughened titanium surfaces have received approval
as modifications of conventional implants; however,
multifunctional nanoparticle systems particularly those
involving drug-eluting platforms—face more complex
regulatory pathways due to combined device-drug
classification. Therefore, although preclinical data
strongly support the biological potential of nanoparticle-
based implant modifications, definitive conclusions
regarding long-term clinical efficacy and safety require
further robust human investigations and standardized
evaluation protocols.®®

Challenges and limitation

Although the development of implant has enabled
the successful results of the clinical outcome to be
enhanced, there are systemic and local ailments that may
negatively affect the success of implants. The existence
of systemic conditions as if uncontrolled diabetes,
immunosuppression, recent myocardial infarction or
stroke, and the use of glucocorticoids over a prolonged
period may inhibit healing and osseointegration and
may contraindicate the implant placement. Osteogenesis
imperfect and osteoporosis are bone diseases that can
impair the regeneration of alveolar bone and medications
like corticosteroids or antiresorptive medications
can contribute to a decreased quality of bone. The
patient-related risk factors, including the presence of
periodontitis in the history, have been found to lower the
survival rates of implants and predispose people to the
peri-implant disease. To overcome such issues, there is
on-going research on titanium implant surfaces that are
covered or altered with bactericidal nanoparticles, such as
silver, copper and zinc, to prevent or control peri-implant
disease. Although good results were seen in preclinical
studies, clinical translation of nanoengineered titanium
dental implants has been hard, since there are concerns
of coating stability, long-term safety and regulatory
approval. One of the greatest challenges in the use of
nanoparticles in therapeutic applications is to maximize
drug release profiles in order to: (i) assess cellular uptake
and toxicity of released agents; (ii) attain long term,
sustained, and controlled in vivo release; and (iii) measure
potential toxicity of burst release or nanoparticle-derived
metal ions. Important aspects affecting bioactivity, such
as pore size and nanotopography have been established.
Future studies will be directed towards the research
of mechanotransduction of nanotubes on cellular
systems, and the initial cell adhesion on surface of nano-
engineered materials, to improve the osseointegration
and implantation efficiencies.®’> When a drug-releasing
implant is placed, a number of cells rush to invade the
position and often the nanotopography is immediately
covered in cells and proteins, which may block the open
pores. This could have an impact, considering the fact
that medication release is based on a diffusion gradient,
which is impeded in an insufficient perfusion within
the bone microenvironment. The in-vitro and in silico
simulation of these conditions may be difficult especially
considering the fact that even in healthy individuals,
surgical placement could result in damage. Consequently,
the efficacy of the drug releasing implants has to be
tested in the real injured tissue in vivo depending on the
ex vivo identified therapeutic need.”” Two overriding
concerns of using nano and biomaterials are safety
and biocompatibility. Although the biocompatibility
of these materials is well researched, there is not much
information about their long-term effects and possible
adverse response in the complex environment of the
oral cavity. The sphere of nanotechnology and the use
of biomaterials in the delivery of drugs into dental
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implants lacks standardized procedures and regulatory
frameworks.” The absence of generally accepted criteria
may inhibit the smooth relation between research and
clinical practice and the reproducibility of studies. Long-
term clinical trials with large samples are not numerous,
and their findings may not be able to fully explain the
diversity of patients and their varying oral health issues.
The stability of nanoparticle-engineered dental implants
is a major factor that determines their clinical success
since the stability of surface coating has a direct effect on
the rate of osseointegration, mechanical performance, and
resistance to peri-implant disease. Continuous loading of
functionality, variation in pH and enzymatic degradation
inthe mouth cavity should not ruin nanoparticle’s coatings.
Nanoparticles that are based on ceramics and oxides, e.g.,
TiO, or ZrO,, generally show very high stability over time
and have low solubility, whereas metallic nanoparticles,
including silver or copper, need to be controlled in terms
of their dose and release-profile because they can be
dissolved over time. Biodegradable polymeric coatings
have regulated routes of degradation but have to be
designed to avoid the early loss of mechanical support.”
To translate the nanoparticle-engineered dental implants
produced at the experimental research levels to the routine
clinical practice, regulatory and clinical compliance is
necessary. Any nano-modified implant systems should
follow developed international standards, such as,
ISO 10993 standards of biocompatibility, cytotoxicity,
genotoxicity, and immunological evaluation, and ISO
14801 of mechanical stability under cyclic loading. Before
clearance to the market (or CE marking) is given to a
drug, regulatory bodies like the U.S. FDA or European
Medicines Agency (EMA) demand detailed information
on material safety, coating stability, ion-release profiles
and possible adverse long-term effects of any drug.
Nano-surface technologies have been clinically available
(nano-sand-blasted, acid-etch (SLA)) and commercially
(NanoTite-2) available that have shown regulatory
approval under pre-clinical assessment, human clinical
trials and post-market surveillance. It is thus important to
establish strong regulatory channels and open reporting
regulations in clinical domains so that advanced
nanoparticle modified dental implants are deployed in a
responsible manner.”

Future directions
Future development of nano-engineered dental implants
is likely to involve the development of intelligent, bio-

Table 2. Overview of clinical evidence on nanomaterial-modified dental implants

interactive system beyond passive drug release and
structure where the dental implants are engineered
to be biologically interactive. This mechanistic
interaction of environmental signals with regulated
therapeutic response is one of the greatest steps towards
specificity in prevention of peri-implant disease. The
recent advancements in biomaterials have been in the
improvement of personalized drug delivery strategy,
which has led to an improved clinical outcome with
reduced side effects in the system. This is due to novel
bioactive implant surfaces that exhibit osteopromotive
behavior even compromised conditions (osteoporosis) or
aging bone loss. Silica nanoparticles, titanium nanotubes
and other nanocarriers have been used in the delivery
of localized therapy, biological or gene therapy, where
release is controlled by biopolymers to provide sustained
treatment effect. In addition, the natural anti-bacterial
effect of most metal nanoparticles offers a secondary
protection against peri-implantitis, breaking down initial
biofilm formation and reducing the bacteria load. It is
also important to ensure corrosion resistance to avoid
the ion leakage and inflammatory response in the peri-
implant tissues. Although there is promise, existing drug-
impregnated implant systems are prone to short term
burst release that lasts a mere one to two months and
hence the need to employ the long run, mechanistically
regulated drug delivery models. The designs of the future
need to be combined with stable nanotopographies and
with smart release systems that will sustain therapeutic
efficacy in the end. This is due to the fact that additive
manufacturing provides novel options of custom, patient
specific implants, and that growth factor, stem cells and
regenerative agents delivery can be targeted to improve
tissue regeneration and implant stability in the long term
(Table 2).77-%

A comparative evaluation of different nanoparticle
systems highlights significant variations in their
biological performance and clinical applicability. Metallic
nanoparticles such as silver, zinc oxide, and gold exhibit
strong antibacterial properties primarily due to their
ability to generate ROS, disrupt bacterial membranes,
and inhibit biofilm formation. Among these, silver
nanoparticles demonstrate superior antimicrobial
efficacy; however, concerns regarding cytotoxicity at
higher concentrations remain a challenge. Zinc oxide
nanoparticles offer a balance between antibacterial
activity and biocompatibility, making them suitable for
implant surface modification. Gold nanoparticles, on the

Nanomaterial Used Study Type Key Findings

Limitations

Silver nanoparticles Clinical trial

inflammation
Titanium nanotubes Human study
Zinc oxide nanoparticles
Gold nanoparticles Pilot study

Polymeric nanoparticles (PLGA) Clinical study

Significant reduction in peri-implant bacterial load and

Promoted osteogenic activity and faster healing

Controlled drug release and improved tissue response

Short follow-up duration®

Enhanced osseointegration and improved implant stability Small sample size®?

Clinical evaluation Improved antibacterial activity and reduced infection rates Limited long-term data®

High cost and scalability issues®

Complex fabrication process®
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other hand, are known for their excellent biocompatibility
and ability to promote osteogenic differentiation,
although their antibacterial effects are relatively moderate
and their high-cost limits large-scale application. In
contrast, polymeric nanoparticles such as PLGA and
chitosan provide controlled drug delivery with minimal
toxicity, but lack inherent antimicrobial properties.
Therefore, the selection of nanoparticle systems should be
carefully optimized based on the desired balance between
antibacterial efficacy, biocompatibility, and long-term
safety. Importantly, nanoparticle-induced toxicity is
dose-dependent, where lower concentrations promote
beneficial cellular responses, while higher concentrations
may induce oxidative stress, inflammation, and cytotoxic
effects. This highlights the need for precise dose
optimization and long-term safety evaluation to ensure
successful clinical translation.

Conclusion

Nanostructured dental implants representa transformative
advancement in modern implantology by integrating
structural and therapeutic functionalities at the nanoscale.
The incorporation of nanoparticles, including metallic and
polymeric systems, has demonstrated significant potential
in enhancing osseointegration, improving antibacterial
properties, and enabling localized drug delivery. These
nanoscale modifications not only increase surface area
and protein adsorption but also promote osteogenic
activity and reduce the risk of peri-implant infections.
Comparative analysis indicates that while metallic
nanoparticles such as silver and zinc oxide provide strong
antimicrobial effects, concerns related to cytotoxicity and
long-term safety must be carefully addressed. In contrast,
polymeric nanoparticles offer superior biocompatibility
and controlled drug release, although their intrinsic
antibacterial activity is limited. The development of hybrid
nanoparticle systems may provide an optimal balance
between efficacy and safety. Despite promising preclinical
and early clinical outcomes, several challenges hinder the
widespread clinical translation of nanoparticle-modified
implants. These include issues related to dose optimization,
long-term toxicity, large-scale manufacturing, cost-
effectiveness, and regulatory approval. Addressing these
challenges requires interdisciplinary research efforts and
standardized evaluation protocols. Future perspectives
in this field include the development of smart and
multifunctional implant systems capable of responding
to the local microenvironment, personalized treatment
approaches, and advanced surface engineering techniques.
With continued advancements, nanotechnology-based
dental implants hold great promise for improving patient
outcomes and revolutionizing the field of regenerative
dentistry.
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