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Abstract

Nanotechnology has gained increasing attention as a promising approach for themanagement of periodontitis and peri-implantitis, provid-
ing innovative strategies for targeted drug delivery, antimicrobial action, and tissue regeneration. Nanostructured materials and nanocom-
posites have been developed to transport therapeutic agents directly to diseased sites, improving local therapeutic efficacy while min-
imizing systemic side effects. Additionally, certain nanoparticles, such as silver, chitosan-, and titanium-based nanomaterials, exhibit
potent antimicrobial and anti-inflammatory properties, thereby helping to control microbial colonization, disrupt biofilm development,
and modulate host responses. Nanotechnology also enables the functionalization of dental and implant surfaces to prevent bacterial ad-
hesion and biofilm formation, two of the main factors associated with the onset and progression of these infections. Another important
application is photodynamic therapy, in which nanoparticle-based delivery systems enhance the stability and targeted release of photo-
sensitizers, allowing the selective destruction of pathogenic bacteria while causing minimal damage to surrounding tissues. Beyond its
antimicrobial potential, nanotechnology has also demonstrated considerable promise in promoting periodontal tissue regeneration and
improving implant surface bioactivity, highlighting its multifunctional role in contemporary periodontal therapy. Despite these promis-
ing advancements, several challenges remain. These include concerns regarding long-term safety, cytotoxicity, biocompatibility, and
clinical translation, highlighting the need for well-designed clinical studies and extended follow-up before widespread implementation.
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1. Introduction
Nanotechnology represents a field of science and tech-

nology dedicated to the study, design, production, and ap-
plication of materials and devices at the nanometer scale,
typically ranging from 1 to 100 nm [1]. The concept was
first introduced in 1959 by Richard Feynman, who envi-
sioned nanomachines or nanorobots capable of operating
with high precision at the microscopic level, assembling
structures atom by atom [2]. This vision laid the ground-
work for the development of a wide range of microscopic
instruments, marking a significant milestone in the history
of modern science [3]. Seminal publications published out-
side this time window were retained when considered nec-
essary to provide historical or conceptual context for ma-
nipulating materials at the atomic and molecular levels, en-
abling the creation of substances with unique and enhanced
properties at the nanoscale [4]. These include improve-
ments in physicochemical characteristics, magnetic behav-
ior, light reflectivity, electrical and thermal conductivity,
and increased sensitivity to specific stimuli, among others
[5].

In recent years, nanotechnology has attracted con-
siderable attention across biomedical fields, particularly

in dentistry, for its capacity to improve the development
of materials and systems with enhanced antimicrobial, re-
generative, and drug-delivery properties [5,6]. Examples
of the applications involving nanotechnology include the
production of stronger and lighter materials, the fabrica-
tion of smaller and more efficient electronic devices, and
the development of highly targeted therapeutic strategies
[7,8]. Advances in regenerative nanotechnology and tis-
sue engineering have enabled the creation of biological sub-
stitutes through innovations in cell transplantation, mate-
rials science, and bioengineering, thereby facilitating the
restoration and maintenance of damaged or diseased tis-
sues [8]. Targeted drug delivery systems have been refined
to administer therapeutic agents directly to specific sites,
thereby enhancing treatment efficacy while minimizing ad-
verse systemic effects [9]. Together, these developments
have expanded the therapeutic possibilities available in both
medicine and dentistry [9,10].

In dentistry, nanotechnology has transformed the field
by facilitating the development of more durable and ro-
bust materials while enabling increasingly precise diagnos-
tic and therapeutic approaches, including tissue engineer-
ing and dental nanorobotics [5,11]. This has led to a wide
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range of new applications, such as innovative diagnostic
strategies and enhanced disease prevention using function-
alized nanoparticles [9]. Additionally, the integration of
nanoscale devices with genetic engineering and biotechnol-
ogy has paved the way for novel approaches to pain relief
and the treatment of traumatic injuries [10]. Applications
have also been proposed in areas such as diagnostic imag-
ing, local anesthetics, restorative dentistry, and orthodon-
tics [10,12].

Periodontitis and peri-implantitis represent impor-
tant challenges in oral health. These chronic inflamma-
tory diseases are initiated by dysbiotic bacterial biofilms
and are characterized by the progressive destruction of
the periodontal and peri-implant supporting tissues, ulti-
mately compromising tooth and implant stability. Con-
ventional treatments often fail to completely eliminate ma-
ture biofilms or achieve predictable regeneration of dam-
aged tissues, underscoring the urgent need for more effec-
tive therapeutic strategies. In this context, nanotechnology
has emerged as a promising alternative by enabling the de-
velopment of targeted drug delivery systems, bioactive im-
plant coatings, antimicrobial nanomaterials, and regenera-
tive scaffolds designed to overcome many of the limitations
associated with conventional therapies [7].

Nanomaterial production technologies are generally
classified into two approaches: bottom-up and top-down
[13]. The top-down method involves reducing bulk ma-
terials to submicron-sized particles by applying mechani-
cal energy. Techniques such as high-pressure homogeniza-
tion, microfluidization, and liquid-phase nanomilling are
commonly employed to produce nanoscale structures from
larger materials. Conversely, the bottom-up approach as-
sembles structures through atom-by-atom or molecule-by-
molecule processes [14,15]. Meanwhile, widely used mate-
rials include nanocrystals (e.g., potassium nitrate, calcium
salts, calcium fluoride, and carbonate hydroxyapatite), as
well as nanoparticles and metallic nanoparticles derived
from pure metals such as gold, platinum, silver, titanium,
zinc, iron, cerium, and thallium [15,16].

Recently, nanotechnology has been applied to treat pe-
riodontitis and peri-implantitis, with particular emphasis on
targeting pathogenic biofilmswhile promoting tissue regen-
eration [6,17]. These diseases affect the tissues surround-
ing teeth and implants and are caused by bacterial accu-
mulation that forms persistent biofilms adhering to dental
surfaces [18,19]. One promising strategy involves silver
nanoparticles (AgNPs), which can be applied to teeth or
implants to eradicate pathogenic bacteria [17]. Similarly,
chitosan-based nanofibrous membranes have been investi-
gated as biomaterial scaffolds for guided bone regenera-
tion, highlighting their potential applications in periodon-
tal and regenerative therapies [20]. These nanoparticles not
only exhibit antimicrobial properties but also possess anti-
inflammatory capabilities, making them promising multi-
functional candidates for managing periodontal and peri-

implant diseases through the simultaneous control of mi-
crobial burden and host inflammatory responses.

Another significant approach involves drug-loaded
nanoparticles designed to provide localized and sustained
therapeutic delivery, thereby improving bioavailability and
potentially reducing systemic exposure [21,22,23]. Silver,
chitosan, gold, zinc oxide, and titanium dioxide nanopar-
ticles have all been explored for their ability to inhibit
bacterial growth and support tissue regeneration through
complementary antimicrobial and bioactive mechanisms
[24]. Additionally, nanostructured scaffolds and delivery
systems have been designed to release antibiotics, anti-
inflammatory agents, or antioxidants directly into periodon-
tal pockets, providing sustained local drug release, improv-
ing bioavailability, and reducing the need for repeated sys-
temic administration [15].

Photodynamic therapy (PDT) is another relevant ap-
plication of nanotechnology that uses photosensitizers de-
livered via nanoparticles. Upon activation by specific
wavelengths of light, these compounds produce reactive
oxygen species (ROS) that selectively destroy bacteria
within biofilms. Thus, PDT offers an effective means of
reducing microbial load without relying on systemic antibi-
otics, thus lowering the risk of antibiotic resistance. Be-
yond antimicrobial activity, nanoparticle-assisted PDT has
also shown potential to improve treatment selectivity and
enhance photosensitizer stability, making it an increasingly
attractive adjunctive therapy in periodontal care. Taken
together, these findings support the potential role of nan-
otechnology in the prevention and treatment of periodon-
titis and peri-implantitis. This review examines the most
recent and relevant applications of nanomaterials in the di-
agnosis, treatment, and regeneration of tissues affected by
these diseases, while critically discussing their mechanisms
of action, therapeutic advantages, current limitations, and
future prospects for clinical translation.

2. Materials and Methods
A structured narrative review was conducted using

PubMed® and ScienceDirect® as the primary literature
databases, while Mendeley® was used as an additional tool
for reference management and identification of relevant
publications. The literature search was performed in En-
glish using the keywords “nanotechnology”, “periodonti-
tis”, and “peri-implantitis”, combined primarily with the
Boolean operator “AND” to identify studies addressing the
intersection of these topics (Table 1).

The search strategy incorporated the following inclu-
sion criteria: (i) articles published during the 15 years pre-
ceding the literature search; (ii) availability of full-text pub-
lications; and (iii) studies providing quantitative or clin-
ically relevant data, including randomized clinical trials
(RCTs), multicenter studies, systematic reviews, retrospec-
tive clinical studies, and well-designed preclinical inves-
tigations when relevant to the topic. Exclusion criteria
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Table 1. Documents retrieved from the literature search conducted across the selected databases.
Search strategy Database Records

retrieved
Duplicates
removed

Records
retained after
title/abstract
screening

Final articles
included

“Nanotechnology” AND “Periodontitis”
PubMed® 236 26 68 34

ScienceDirect® 619 21 83 42
Mendeley® 65 9 15 12

“Nanotechnology” AND “Peri-implantitis”
PubMed® 24 3 13 6

ScienceDirect® 30 3 26 9
Mendeley® 3 1 1 1

Total 977 63 206 104
Note. The total number of final articles included (n = 104) corresponds to the sum of the studies retained from each database following the
screening and eligibility assessment. Duplicate records identified across databases were removed prior to study selection.

included intervention proposals, case reports, and studies
that, despite meeting the inclusion criteria, provided insuf-
ficient methodological detail, lacked reproducibility, or did
not present robust or conclusive findings. Seminal publi-
cations published outside this time window were retained
when considered necessary to provide historical or concep-
tual context.

Titles and abstracts were initially screened according
to the predefined eligibility criteria. Whenever the informa-
tion provided in the title or abstract was insufficient to de-
termine eligibility, the full text was retrieved and evaluated
to ensure that potentially relevant studies were not inadver-
tently excluded. The overall literature selection process is
summarized in Fig. 1.

As this work was designed as a structured narrative re-
view rather than a systematic review, no formal PRISMA
protocol or standardized risk-of-bias assessment tool was
applied. Instead, the included literature was critically eval-
uated based on its methodological quality, scientific rele-
vance, study design, and contribution to the understanding
of nanotechnology applications in periodontitis and peri-
implantitis. Particular emphasis was placed on evidence
derived from clinical studies, systematic reviews, and well-
conducted experimental investigations to provide a bal-
anced and up-to-date overview of the field.

3. Discussion
The discussion is organized into thematic sections to

provide a critical and integrated perspective on the cur-
rent applications of nanotechnology in periodontal and peri-
implant therapy. This literature review examines the grow-
ing role of nanotechnology in the management of oral dis-
eases, with particular emphasis on periodontal and peri-
implant diseases, while also considering advances that may
be applicable to other areas of dentistry. Based on the
available evidence, nanotechnology has evolved from an
emerging concept to a multidisciplinary platform capable
of addressing several of the biological and clinical chal-
lenges associated with conventional periodontal therapies.

Fig. 1. Flowchart of the literature search and study selec-
tion process. Source: Authors’ own elaboration. Figures were
created using Microsoft PowerPoint 365 (Microsoft Corporation,
Redmond, WA, USA) and exported as high-resolution images.

However, despite the encouraging experimental and early
clinical findings, the level of evidence remains heteroge-
neous, highlighting the need for further well-designed clin-
ical studies to confirm the long-term efficacy and safety of
many nanotechnology-based approaches.

The evidence can be considered across four main ther-
apeutic areas: antimicrobial strategies, tissue regeneration,
immune modulation, and targeted drug delivery. This ap-
proach allows the evidence to be interpreted within a clin-
ically meaningful framework, emphasizing not only the
therapeutic potential of individual nanomaterials but also
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Fig. 2. Main therapeutic applications of nanotechnology in the management of periodontitis and peri-implantitis.
Nanotechnology-based strategies are categorized according to four principal therapeutic objectives: antimicrobial strategies, tissue re-
generation, immune modulation, and targeted drug delivery. Source: Authors’ own elaboration. Figures were created using Microsoft
PowerPoint 365 and exported as high-resolution images.

the biological mechanisms through which they may im-
prove periodontal and peri-implant treatment outcomes.
Rather than providing a purely descriptive summary, this
review critically compares different nanomaterials accord-
ing to their mechanisms of action, antimicrobial and regen-
erative performance, biocompatibility, translational poten-
tial, and current limitations. Special attention is also given
to the challenges that continue to hinder clinical implemen-
tation, including potential cytotoxicity, variability in nano-
material synthesis, regulatory considerations, and the lim-
ited availability of long-term human studies. The various
applications of nanotechnology are categorized into distinct
therapeutic uses (Fig. 2), providing an overview of the
principal areas in which nanotechnology is currently con-
tributing to the prevention, diagnosis, and treatment of pe-
riodontal and peri-implant diseases, while identifying the
most promising directions for future clinical translation.

3.1 Antimicrobial Nanostrategies and Biofilm Control

The most extensively investigated application of nan-
otechnology in dentistry is its antimicrobial potential. Den-
tal biofilms, particularly those formed in periodontal pock-
ets and peri-implant sulci, are highly organized microbial
communities that exhibit remarkable resistance to systemic
antibiotics and conventional mechanical debridement due
to their complex three-dimensional architecture, protective
extracellular matrix, and altered metabolic activity. These
characteristics allow pathogenic microorganisms to persist
within the oral environment, contributing to chronic in-
flammation and disease progression. Nanoparticles offer
a promising strategy to overcome these limitations by en-
hancing local drug concentration, facilitating penetration
into biofilm layers, and exerting bactericidal effects through
multiple complementary mechanisms.
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Beyond their direct antimicrobial activity, several
nanomaterials have demonstrated the ability to regulate ox-
idative stress, a key contributor to periodontal tissue de-
struction. Excessive production of reactive oxygen species
(ROS) amplifies the inflammatory response and promotes
extracellular matrix degradation, making oxidative stress
an attractive therapeutic target. Sui et al. [24] demon-
strated that nanotechnology-based antioxidant systems ef-
fectively reduced ROS levels while attenuating periodontal
inflammation, suggesting their potential as adjunctive ther-
apies for periodontitis. Nevertheless, the biological effects
of nanomaterials are strongly influenced by their physic-
ochemical properties, composition, and concentration. In
this regard, Bressan et al. [25] reported that titanium
nanoparticles may also stimulate ROS production, leading
to neutrophil activation and increased matrix metallopro-
teinase expression. These apparently contrasting findings
illustrate that the biological behavior of nanoparticles is
highly context-dependent and emphasize the importance of
carefully optimizing their composition and dosage to maxi-
mize therapeutic benefits while minimizing undesirable ef-
fects. Additional antioxidant approaches have also shown
encouraging results. Swarnakar et al. [26] developed coen-
zyme Q10-loaded polymeric nanoparticles and reported en-
hanced ROS-scavenging activity compared with free coen-
zyme Q10, whereas Alvarez et al. [27] incorporated Lar-
rea divaricata extracts into biodegradable nanocomposites,
demonstrating that natural antioxidant compounds can be
successfully integrated into nanodelivery systems. Like-
wise, Saita et al. [28] and Bao et al. [29] designed in-
jectable and biodegradable nanoplatforms capable of scav-
enging ROSwhile simultaneously preserving alveolar bone
integrity. Together, these findings suggest that nanotech-
nology may have applications beyond direct microbial con-
trol, including modulation of the host response.

Silver nanoparticles (AgNPs) remain one of the most
extensively studied nanomaterials for periodontal and peri-
implant applications because of their broad-spectrum an-
timicrobial activity and their ability to target microor-
ganisms through multiple complementary mechanisms,
thereby reducing the likelihood of resistance development
compared with conventional antibiotics. These particles
disrupt microbial membrane integrity, release Ag+ ions that
interfere with DNA replication and essential enzymatic pro-
cesses, and induce intracellular ROS generation, ultimately
leading to bacterial cell death [30] (Fig. 3). The combina-
tion of these mechanisms may contribute to the antimicro-
bial activity of AgNPs against mature oral biofilms, which
are generally less susceptible to traditional antimicrobial
therapies.

They have been integrated into various clinical mate-
rials, including acrylic resins for prostheses [30,31], com-
posite resins and porcelains used in restorative dentistry
[32,33,34,35], and as components of root canal irrigants
or gutta-percha in endodontic treatments [36,37,38,39,40].

Importantly, the available evidence suggests that incorpo-
rating AgNPs into these materials does not compromise
their biological safetywhile providing additional antimicro-
bial benefits. For example, Suzuki et al. [37] demonstrated
that AgNP-containing endodontic materials exhibited en-
hanced antimicrobial activity without increasing cytotoxi-
city compared with conventional formulations. Likewise,
Mozayeni et al. [39] reported similar findings, indicating
that AgNP formulations maintained acceptable biocompat-
ibility while improving microbial eradication.

In orthodontics, AgNP coatings on brackets and
wires have demonstrated antimicrobial activity without ad-
versely affecting shear bond strength or enamel integrity
[41,42,43,44]. This sustained antimicrobial effect is partic-
ularly relevant for orthodontic patients, in whom prolonged
appliance wear favors plaque accumulation and increases
the risk of enamel demineralization and gingival inflamma-
tion.

In periodontitis and peri-implantitis, AgNPs have
been investigated both as stand-alone antimicrobial agents
and in combination with conventional antibiotics. Their
ability to disrupt mature subgingival biofilms through mul-
tiple mechanisms while exhibiting a low propensity for
inducing bacterial resistance makes them particularly at-
tractive for periodontal applications. Furthermore, when
incorporated into implant surface modifications, AgNPs
have been associated with reduced bacterial adhesion,
lower biofilm formation, and improved osseointegration
[45,46,47,48,49,50,51].

Lampé et al. [52] demonstrated that AgNP-coated
titanium implants significantly reduced colonization by
Staphylococcus aureus andPseudomonas aeruginosawhile
simultaneously promoting osteoblastic proliferation and
mineralization. Similarly, Pérez-Tanoira et al. [53] evalu-
ated titanium surfaces functionalized with silver nanopar-
ticles produced by laser ablation and demonstrated sig-
nificant antimicrobial activity against clinically relevant
peri-implant pathogens, including Staphylococcus aureus,
Streptococcus oralis, Actinomyces naeslundii, Porphy-
romonas gingivalis, and Veillonella dispar. Moreover, re-
peated laser irradiation during nanoparticle production en-
hanced their antimicrobial performance, suggesting that
laser-ablated AgNP coatings may represent a promising
preventive strategy for reducing peri-implant biofilm for-
mation. Comparable findings were reported by Drago et al.
[54], who observed significantly lower biofilm formation
on modified titanium implant surfaces than on untreated
surfaces [55,56].

Beyond silver nanoparticles, photoresponsive nano-
materials such as fullerenes, graphene derivatives, and car-
bon nanotubes have further expanded antimicrobial strate-
gies by combining photoactivation with targeted therapeu-
tic delivery [57,58]. Upon light irradiation, these mate-
rials generate reactive oxygen species capable of selec-
tively damaging bacterial membranes, proteins, and nucleic
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Fig. 3. Principalmechanisms bywhich nanoparticles exert antimicrobial activity against periodontal and peri-implant pathogens.
These mechanisms include disruption of the bacterial cell membrane, intracellular reactive oxygen species (ROS) generation, release of
antimicrobial metal ions (e.g., Ag+), biofilm penetration and disruption, and light-triggered photodynamic activity. Collectively, these
complementary mechanisms enhance bacterial eradication while potentially reducing the likelihood of antimicrobial resistance. Source:
Authors’ own elaboration. Figures were created using Microsoft PowerPoint 365 and exported as high-resolution images. AgNPs, silver
nanoparticles; TiO2, titanium dioxide; ZnO, zinc oxide.

acids while minimizing injury to surrounding host tissues
[59,60,61,62,63,64,65]. This approach is particularly at-
tractive because it combines localized antimicrobial activity
with a reduced dependence on systemic antibiotics. Like-
wise, photocatalytic nanomaterials such as TiO2, ZnO, and
Fe3O4 exhibit potent antimicrobial properties, particularly
when used as implant surface coatings. Experimental stud-
ies have shown that these nanomaterials effectively reduce
bacterial adhesion and biofilm maturation while maintain-
ing favorable biocompatibility, with demonstrated activity
against pathogens such as Aggregatibacter actinomycetem-
comitans and Fusobacterium nucleatum in both in vitro and
animal models [66,67,68,69,70].

Another area of investigation is the development of
pathogen-targeted nanoplatforms capable of reaching deep
periodontal pockets and disrupting mature biofilms, where
conventional antimicrobial therapies often show limited
efficacy. NaYF4 and Fe3O4 nanoparticles, for example,
have been incorporated into photodynamic therapy sys-
tems designed to enhance antimicrobial activity against
periodontitis-related pathogens and biofilms [71,72,73].

Similarly, implant surfaces functionalized with Zn-
CuO or peptide-based nanocoatings have demonstrated
substantial reductions in early bacterial adhesion, biofilm
formation, and peri-implant inflammation, highlighting
their potential as preventive strategies against peri-implant
infections [74,75]. Dabbah et al. [74] reported that dental
implants coatedwith ZnCuOnanoparticles exhibited signif-
icantly lower bacterial activity after 14 days compared with
conventional titanium-coated implants. These findings sug-
gest that ZnCuO nanocoatings may represent a promising
surface modification to reduce early microbial colonization
and improve peri-implant health. Besinis et al. [76] re-
ported that titanium alloy implants modified with silver, ti-
tanium dioxide, and hydroxyapatite nanocoatings showed
markedly reduced bacterial growth and biofilm formation
compared with unmodified surfaces.

Fang et al. [75] evaluated peptide-functionalized im-
plant coatings and demonstrated that their ability to inhibit
the adhesion of Porphyromonas gingivalis significantly re-
duced early biofilm formation on implant surfaces. Chen et
al. [77] investigated GL13K peptide coatings on titanium
surfaces and found that the coatings reduced bacterial via-
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Table 2. Representative nanoparticles used as drug delivery systems in periodontal therapy and their reported therapeutic
applications.

Nanoparticle type Carrier/Encapsulated agent Target pathogen or condition Key therapeutic benefits

Liposomes Chlorin e6 (Ce6) and
cetyltrimethylammonium

bromide (CTAB)

Candida albicans biofilms Enhanced photodynamic
antimicrobial activity and
membrane disruption

Gold nanoparticles None (intrinsic surface activity) Staphylococcus aureus Sustained antimicrobial activity
and inhibition of biofilm

formation
Chitosan-based nanoparticles Methylene blue Mixed periodontal biofilms Improved photodynamic

antimicrobial efficacy and
biodegradable drug delivery

Silk fibroin nanoparticles Resveratrol Periodontitis Controlled drug release with
anti-inflammatory and
regenerative effects

Plant-derived exosome-like
nanoparticles (ginger, coconut)

Plant-derived bioactive
compounds

Periodontitis Natural nanocarriers with
immunomodulatory,
anti-inflammatory, and
regenerative properties

Note. Abbreviations: Ce6, chlorin e6; CTAB, cetyltrimethylammonium bromide.

bility and inhibited the formation and growth of biofilms.
These findings support the use of peptide-functionalized ti-
tanium surfaces as a potential strategy for limiting bacte-
rial colonization and biofilm formation around dental im-
plants. Likewise, Rodríguez-Hernández et al. [78] in-
vestigated the antimicrobial properties of MgO nanopar-
ticles and demonstrated activity against a broad spectrum
of oral microorganisms, including Capnocytophaga gingi-
valis, Eikenella corrodens, Streptococcus sanguinis, Acti-
nomyces israelii, Fusobacterium nucleatum subsp. nuclea-
tum, Porphyromonas gingivalis, Prevotella spp., Staphy-
lococcus aureus, Streptococcus mutans, and Streptococcus
sobrinus. Many of these microorganisms are recognized as
important contributors to periodontal biofilm formation and
disease progression, supporting the potential use of MgO
nanoparticles as broad-spectrum antimicrobial agents in pe-
riodontal therapy.

Taken together, the available evidence indicates that
nanostructured implant coatings not only provide direct an-
timicrobial activity but also create surface environments
that are less favorable for bacterial adhesion while main-
taining compatibility with host tissues. Although most ev-
idence currently derives from experimental and preclinical
investigations, these approaches represent promising alter-
natives or adjuncts to conventional antimicrobial therapies
and may eventually reduce the need for prolonged systemic
antibiotic administration in the management of refractory
periodontitis and peri-implantitis.

3.2 Targeted Drug Delivery and Controlled Therapeutics

Conventional pharmacological approaches may be
limited by restricted drug penetration into periodontal tis-
sues, rapid clearance from the periodontal pocket, and sys-

temic exposure, all of which may compromise therapeutic
outcomes. Nanotechnology addresses these limitations by
enabling the development of engineered drug delivery sys-
tems capable of providing localized, sustained, and con-
trolled release of therapeutic agents directly at the site of
infection. This targeted approach not only increases local
drug bioavailability but also reduces off-target exposure,
thereby improving therapeutic efficacy while minimizing
systemic toxicity, particularly in anatomically complex en-
vironments such as periodontal pockets and peri-implant
crevices.

Nanocarriers, including liposomes, polymeric
nanospheres, micelles, and dendrimers, can accommo-
date a broad range of therapeutic compounds, including
antibiotics, anti-inflammatory drugs, photosensitizers,
and bioactive plant-derived molecules [79,80,81,82,83].
Their nanoscale dimensions and tunable physicochemical
properties allow these systems to improve drug stability,
protect labile compounds from premature degradation, and
achieve controlled release profiles that prolong therapeutic
activity within periodontal tissues.

Gold nanoparticles have also been investigated for
their antimicrobial activity against biofilm-forming mi-
croorganisms such as Staphylococcus aureus. Available
evidence suggests sustained antimicrobial effects together
with favorable biocompatibility, although the duration and
clinical relevance of these effects require further investiga-
tion [84]. Similarly, silica nanoparticles and cationic lipo-
somes have been shown to enhance cellular uptake, facil-
itate intracellular drug delivery, and prolong antimicrobial
activity [85,86].

Guo et al. [79] reviewed the use of liposomal and other
nanoarchitectured systems for oral drug delivery, achiev-
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ing effective inhibition of Candida biofilms in experimen-
tal models through enhanced photodynamic activity. Poly-
meric nanocarriers have proven particularly valuable in an-
timicrobial photodynamic therapy because they improve
photosensitizer stability, increase local retention, and en-
hance bacterial uptake. Studies employing methylene blue-
loaded nanoparticles have demonstrated substantial antimi-
crobial effects [82], whereas chitosan-based nanocarriers
have also shown significant antibacterial activity against
periodontal pathogens [81,83]. These findings suggest that
nanocarrier-based delivery systems may improve some as-
pects of nonsurgical periodontal therapy by increasing lo-
cal drug concentrations while potentially reducing the need
for repeated administration or prolonged systemic antibiotic
use.

Collectively, the available evidence indicates that tar-
geted nanodelivery systems represent one of the most
promising applications of nanotechnology in periodontol-
ogy (Table 2). Their ability to combine sustained drug re-
lease, selective tissue targeting, and multifunctional thera-
peutic effects may help overcome several of the limitations
associated with conventional pharmacological approaches.
Nevertheless, additional clinical studies are still required to
determine the optimal formulations, long-term safety, and
cost-effectiveness of these delivery platforms before their
routine implementation in clinical practice.

Additionally, nanocarrier systems incorporating natu-
ral bioactive compounds have attracted increasing attention
because they combine the intrinsic therapeutic properties of
phytochemicals with the pharmacokinetic advantages pro-
vided by nanotechnology. Compounds such as resveratrol,
melatonin, coenzyme Q10, and curcumin, whose clinical
application has traditionally been limited by poor aqueous
solubility, low stability, and restricted tissue penetration,
can now be delivered directly to periodontal tissues through
stable nanoformulations [87,88,89,90]. These delivery sys-
tems improve local drug retention, enhance bioavailability,
and reduce systemic exposure.

Silver nanoparticle-based formulations have also
demonstrated activity against multidrug-resistant oral
pathogens. El-Telbany and El-Sharaki [91] investigated
the antimicrobial activity of AgNPs against Pseudomonas
aeruginosa, a microorganism frequently associated with
biofilm-associated infections and recognized for its intrin-
sic resistance to multiple antimicrobial agents. Their re-
sults demonstrated that AgNPs effectively inhibited bacte-
rial growth and biofilm development, supporting their po-
tential use as antimicrobial coatings or adjunctive agents
for preventing peri-implant infections. Similarly, Ansari
et al. [92] developed gum arabic-coated silver nanoparti-
cles, demonstrating enhanced antimicrobial activity against
P. aeruginosa. The biopolymer coating improved nanopar-
ticle stability while preserving their antibacterial efficacy,
highlighting the potential of surface-functionalized nano-
materials for combating antibiotic-resistant microorgan-

isms. Along the same line, Ali et al. [93] combined AgNPs
with Crataeva nurvala extract, a medicinal plant known for
its antioxidant, anti-inflammatory, and antimicrobial prop-
erties.

Plant-derived extracellular nanovesicles, often de-
scribed as plant exosome-like nanoparticles, have been in-
vestigated as potential delivery and therapeutic platforms
in periodontal research. Their reported biological effects
include modulation of inflammatory responses and promo-
tion of tissue repair [94,95,96,97,98,99,100].

Sundaram et al. [101] reported that plant-derived ex-
osomal nanoparticles can inhibit the pathogenicity of Por-
phyromonas gingivalis, highlighting their potential as mul-
tifunctional platforms for periodontal therapy [101]. Nu-
merous plant-derived extracts have also demonstrated bi-
ological activities relevant to periodontal therapy. Ex-
tracts from grapefruit, ginger, cabbage, carrot, blue-
berry, strawberry, ginseng, garlic, orange, and lemon ex-
hibit anti-inflammatory and immunoregulatory effects that
may contribute to the control of periodontal inflamma-
tion [100,102,103,104,105,106,107]. For example, plant-
derived exosomal nanoparticles have been shown to inhibit
Porphyromonas gingivalis [101], whereas lemon-derived
nanoparticles have demonstrated the ability to induce tRNA
degradation in Clostridioides difficile, thereby improving
probiotic survival, and tea-derived catechins have been re-
ported to inhibit the growth and virulence of oral pathogenic
bacteria [108]. Furthermore, Morinda officinalis-derived
extracellular vesicle-like particles have been shown to pro-
mote endothelial cell proliferation, migration, and tube for-
mation, while enhancing angiogenesis and wound healing
in vivo [109].

Arundina et al. [110] investigated nanoparticles de-
rived from rice husk liquid smoke and demonstrated their
capacity to stimulate osteoblast activity, suggesting a po-
tential role in promoting alveolar bone regeneration dur-
ing periodontal repair. Finally, Zhang et al. [111] de-
veloped microneedle patches capable of delivering tetracy-
cline together with heparin-coated mesoporous silica mi-
croparticles directly into periodontal tissues. This approach
combined local drug delivery with antibacterial activity
and enhanced tissue regeneration, illustrating how next-
generation nanodelivery systems may combine controlled
drug release with regenerative therapies in a minimally in-
vasive and patient-friendly approach.

3.3 Tissue Regeneration and Bone Remodeling

A central challenge in the treatment of periodonti-
tis and peri-implantitis is the restoration of lost alveolar
bone and periodontal attachment. Although conventional
regenerative procedures have improved clinical outcomes,
complete and predictable regeneration remains difficult to
achieve, particularly in advanced defects where the inflam-
matory microenvironment compromises tissue healing. In
this context, nanomaterials have provided additional ap-
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Table 3. Bone regenerative nanomaterials and their reported applications and outcomes in periodontal and peri-implant tissue
regeneration.

Nanomaterial type Scaffold/Coating use Model/Context Regenerative outcome

Alginate nanoparticles Injectable guided tissue
regeneration (GTR) matrix

General bone loss Promoted mineralization and
induced calcification

Graphene oxide + PDA + HAp Diabetic bone scaffold Diabetic rat periodontitis model Reduced inflammation and
enhanced bone regeneration

Silk fibroin nanoparticles Implant surface coating Dogs and human clinical studies Antibacterial activity and
improved osseointegration

Cerium oxide–gelatin nanoparticles Resveratrol delivery carrier Diabetic rat model Reduced pro-inflammatory
cytokine expression and
improved tissue repair

Hydroxyapatite nanoparticles Bone regenerative scaffold In vitro and rat bone defect
models

Promoted osteoblast
proliferation, differentiation, and

bone formation
Note. Abbreviations: GTR, guided tissue regeneration; PDA, polydopamine; HAp, hydroxyapatite.

proaches for guided tissue regeneration (GTR) and bone
tissue engineering by modulating osteogenic, angiogenic,
and immunological pathways. Their small size and high
surface-area-to-volume ratio favor cell adhesion and signal-
ing, enhance the delivery of bioactive molecules, and facil-
itate the integration of scaffolds with host tissues.

Alginate nanoparticles, given their generally favor-
able biocompatibility and ability to support mineralization
without the need for additional chemical inducers, have
been investigated as injectable and moldable matrices for
GTR procedures [112]. Their physicochemical charac-
teristics also allow them to adapt to irregular periodontal
defects while serving as temporary extracellular matrices
that support early tissue organization. Similarly, nanopar-
ticles based on silk fibroin, titanium, and collagen have
demonstrated promising results in enhancing osteoblast ad-
hesion, proliferation, and extracellular matrix deposition
[113,114,115,116,117]. Besides providing mechanical sup-
port, these biomaterials function as carriers for osteoinduc-
tive molecules and growth factors, allowing a more sus-
tained and localized release during the different stages of
tissue repair.

Preclinical studies and a limited number of early clin-
ical investigations suggest that implant coatings incorpo-
rating silver, silica, and soda-lime glass nanoparticles not
only reduce peri-implant bacterial colonization but also im-
prove bone healing around implants, as reflected by in-
creases in bone-to-implant contact and peri-implant bone
density [118,119,120]. Pranno et al. [121], in an in vitro
pilot study, reported that titanium surfaces coated with
graphene nanoplatelets exhibited significant antibacterial
activity, particularly against Staphylococcus aureus, with-
out compromising osteoblast viability or the osteogenic
properties of the implant surface. This combination of an-
timicrobial performance and preservation of the biologi-
cal response is particularly relevant for implant dentistry,
where successful osseointegration depends on maintaining

a delicate balance between infection control and bone re-
generation. Table 3 summarizes the principal nanomateri-
als investigated for bone regeneration, together with their
scaffold applications, experimental models, and regenera-
tive outcomes.

In a related approach, Maleki et al. [122] investigated
the antibacterial potential of curcumin nanocrystals against
Porphyromonas gingivalis in patients with peri-implantitis
despite adequate oral hygiene. Their study was based on
the observation that peri-implant disease may develop even
in patients with satisfactory plaque control, largely due
to persistent bacterial colonization and progressive peri-
implant bone loss. The incorporation of curcumin into
nanocrystalline formulations enhanced its local antimicro-
bial activity and contributed to reducing bacterial infection
around dental implants. In a subsequent study, Maleki et
al. [123] combined curcumin nanoparticles with gelatin-
based nanocomposites to improve peri-implant healing and
reduce the risk of postoperative infection. Although the re-
sults suggested biological compatibility and some regenera-
tive potential, the therapeutic benefits were less pronounced
than anticipated, leading the authors to recommend further
experimental and clinical investigations before routine clin-
ical application.

An area of particular interest is the use of nanotechnol-
ogy in periodontal therapy for patients with diabetes, who
frequently exhibit delayed wound healing, impaired bone
regeneration, persistent oxidative stress, and a prolonged
inflammatory response. These systemic alterations make
periodontal and peri-implant regeneration especially chal-
lenging, encouraging the development of multifunctional
biomaterials capable of addressing several biological path-
ways simultaneously. Li et al. [124] developed a con-
ductive nanoscaffold composed of graphene oxide, poly-
dopamine, and hydroxyapatite that promoted bone regener-
ation while simultaneously regulating the inflammatory mi-
croenvironment throughmacrophage polarization andmod-
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ulation of cellular glycolysis. Rather than acting solely
as a structural scaffold, this nanocomposite actively influ-
enced the biological environment in which tissue regener-
ation occurred. Similarly, Giménez-Siurana et al. [125]
demonstrated that resveratrol-loaded silk fibroin nanopar-
ticles reduced inflammatory markers and improved peri-
odontal healing in diabetic rats, whereas Ren et al. [126] re-
ported that cerium oxide nanoparticles enhancedmesenchy-
mal stem cell function while promoting angiogenesis and
bone regeneration through their antioxidant activity.

The successful clinical translation of regenerative
nanomaterials also depends on careful material design. Be-
sides promoting tissue regeneration, nanomaterials must
exhibit predictable degradation profiles, adequate biocom-
patibility, and controlled biological activity to avoid un-
desirable long-term effects. Vannozzi et al. [127] em-
phasized that regenerative nanoparticles should ideally be
bioresorbable, thereby eliminating the need for surgical re-
moval and reducing the risk of chronic foreign-body re-
actions. Likewise, Uskoković [128] argued that the os-
teogenic potential of nanomaterials should be precisely reg-
ulated rather than simply maximized, as excessive or un-
controlledmineralizationmay result in hypermineralization
or ectopic bone formation. This consideration is partic-
ularly relevant in periodontal regeneration, where newly
formed mineralized tissue must be spatially coordinated
with the regeneration of periodontal ligament and surround-
ing soft tissues to restore the physiological architecture of
the periodontium [129].

3.4 Immunomodulation and Microenvironmental
Reprogramming

Nanomaterials may also influence the host immune re-
sponse, which plays a pivotal role in determining whether
periodontal and peri-implant tissues undergo destruction
or successful repair. The progression of both diseases is
driven not only by bacterial biofilms but also by a persis-
tent and dysregulated inflammatory response characterized
by excessive cytokine production, oxidative stress, and sus-
tained activation of immune cells. For this reason, current
therapeutic strategies increasingly aim to regulate the host
response alongside controlling microbial infection. Nan-
otechnology offers new opportunities tomodify the local in-
flammatory microenvironment, promoting conditions that
favor tissue healing rather than chronic destruction.

Gold nanoparticles have demonstrated anti-
inflammatory properties by modulating the secretion
of cytokines such as IL-10 and TGF-β while promoting
macrophage polarization toward the M2 phenotype, which
is associated with inflammation resolution and tissue repair
[130]. Similarly, nanoparticles loaded with indocyanine
green and combined with polycationic polymers have
shown dual antimicrobial and immunomodulatory activ-
ity, simultaneously suppressing bacterial growth while
regulating local immune responses [131]. These findings

illustrate the possibility of combining antimicrobial and im-
munomodulatory functions within a single nanoplatform.
Cellulose nanofiber systems loaded with surfactin and
κ-carrageenan oligosaccharides have also demonstrated the
ability to reduce oxidative stress by suppressing reactive
oxygen species production and decreasing the release
of pro-inflammatory cytokines. Johnson et al. [132]
reported that these nanomaterials effectively inhibited
Fusobacterium nucleatum and Pseudomonas aeruginosa,
two microorganisms frequently associated with periodontal
dysbiosis and persistent biofilm formation, while contribut-
ing to a more balanced interaction between the biofilm and
the host tissues.

Another approach involves the removal of extracel-
lular DNA (eDNA), a structural component of the biofilm
matrix that also acts as a danger-associated molecular pat-
tern capable of amplifying the inflammatory response.
Huang et al. [133] developed selenium-doped hydroxya-
patite nanoparticles functionalized with polyamidoamine
dendrimers that selectively captured and neutralized eDNA,
thereby reducing inflammatory cell infiltration and limiting
periodontal tissue damage in experimental models. Rather
than acting exclusively through direct antimicrobial mech-
anisms, these nanoparticles interfere with one of the molec-
ular signals responsible for maintaining chronic inflamma-
tion. Li et al. [134] further expanded this concept by devel-
oping bacteria-based systems capable of delivering thera-
peutic agents, allowing controlled modulation of the host
immune response. These approaches reflect a shift in the
role of nanotechnology, from serving solely as a drug de-
livery platform to actively participating in the regulation
of the periodontal immune microenvironment through pre-
cisely targeted biological interactions.

3.5 Limitations, Safety Considerations, and Translational
Challenges

Despite the considerable advances achieved in re-
cent years, the incorporation of nanotechnology into rou-
tine periodontal and peri-implant therapy continues to face
important scientific, clinical, and regulatory challenges.
Although numerous experimental and preclinical studies
have demonstrated encouraging results, the heterogeneity
of nanomaterial formulations, study designs, and outcome
measures makes it difficult to establish direct comparisons
or define standardized therapeutic protocols. As a result,
the translation of many nanotechnology-based approaches
from laboratory research to everyday clinical practice re-
mains limited.

Biocompatibility and cytotoxicity are among the main
issues to be addressed. Whilemany investigations report fa-
vorable safety profiles when nanomaterials are used at ap-
propriate concentrations, their biological behavior is highly
dependent on characteristics such as particle size, morphol-
ogy, surface chemistry, concentration, and exposure time.
This variability partly explains the apparently contradic-
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Table 4. Functional classification of nanotechnology-based strategies for the management of periodontal and peri-implant
diseases.

Therapeutic category Representative
nanomaterials/agents

Main applications Principal therapeutic benefits

Antioxidant nanotherapies Coenzyme Q10 (CoQ10), Larrea
divaricata nanocomposites,

injectable antioxidant
nanoplatforms

Periodontitis, oxidative stress
control

ROS scavenging, reduced
inflammation, preservation of

alveolar bone

Antimicrobial nanomaterials Silver nanoparticles (AgNPs) Prosthetic materials, restorative
dentistry, endodontics,

periodontitis, peri-implantitis

Broad-spectrum antimicrobial
activity, inhibition of biofilm
formation, reduced bacterial

colonization
Photodynamic nanomaterials Graphene derivatives, fullerenes,

TiO2, ZnO
Biofilm disruption, implant
surface decontamination

Light-activated ROS generation
and targeted bacterial killing

Targeted drug delivery systems Liposomes, gold nanoparticles,
polymeric nanocarriers

Local drug delivery,
antimicrobial photodynamic

therapy

Controlled drug release,
enhanced bioavailability,

improved therapeutic efficacy,
reduced systemic toxicity

Bone regenerative nanomaterials Collagen-, silica-, graphene-, and
curcumin-based nanomaterials

Guided tissue regeneration,
implant osseointegration

Enhanced osteogenesis,
improved bone healing,

simultaneous infection control
Biofilm-targeted nanostrategies NaYF4, Fe3O4, ZnCuO

nanoparticles, antimicrobial
peptides

Deep periodontal pockets,
peri-implant biofilms

Improved penetration into mature
biofilms and selective targeting

of periodontal pathogens
Laser-generated nanoparticles Laser-ablated AgNPs Implant surface functionalization

and biofilm prevention
Enhanced antimicrobial activity
without chemical synthesis and
reduced implant-associated

biofilm formation
Plant-derived nanotherapeutics Plant-derived exosome-like

nanoparticles (ginger, coconut,
blueberry), resveratrol,

melatonin

Immunomodulation,
anti-inflammatory therapy,
periodontal regeneration

High biocompatibility,
immunomodulatory activity,
improved tissue repair, natural

therapeutic delivery
Note. Abbreviations: AgNPs, silver nanoparticles; ROS, reactive oxygen species; TiO2, titanium dioxide; ZnO, zinc oxide; NaYF4, sodium
yttrium fluoride; Fe3O4, magnetite nanoparticles.

tory findings reported for metal-based nanoparticles, par-
ticularly AgNPs and TiO2. For example, although AgNPs
consistently exhibit potent antimicrobial activity, high con-
centrations have also been associated with increased ox-
idative stress, fibroblast toxicity, and undesirable cellular
responses [29,30]. These observations illustrate the com-
plexity of designing nanoparticles capable of maintaining
antimicrobial efficacy without disrupting the physiologi-
cal balance required for periodontal tissue repair. A simi-
lar consideration applies to reactive oxygen species (ROS),
whose antimicrobial properties are therapeutically advan-
tageous but, when produced excessively, may contribute to
oxidative damage and delayed healing.

Another important limitation concerns the scarcity of
long-term clinical evidence. Most available studies eval-
uate short-term biological or microbiological outcomes,
whereas information regarding long-term biodistribution,
metabolic clearance, biodegradation, and possible tissue ac-
cumulation of nanoparticles remains limited [120]. Ques-

tions also remain regarding their potential interactions with
distant organs and the consequences of repeated or pro-
longed exposure, particularly for non-biodegradable nano-
materials. This has increased interest in biodegradable and
metabolically compatible nanomaterials that can exert their
therapeutic effects without persisting indefinitely within the
body.

Regulatory considerations also represent a substan-
tial barrier to clinical implementation. Despite the grow-
ing number of experimental nanoplatforms described in the
literature, relatively few nanotechnology-based approaches
have progressed from experimental research to established
clinical applications in dentistry. In addition to demon-
strating efficacy, future nanomaterials will need to satisfy
increasingly stringent requirements related to manufactur-
ing consistency, quality control, long-term safety, and reg-
ulatory compliance before widespread clinical adoption be-
comes feasible. This limited transition from experimental
research to clinical application also reflects the need for fur-
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Fig. 4. Functional classification of nanoparticle-based therapeutic strategies in the management of periodontitis and peri-
implantitis. Source: Authors’ own elaboration. Figures were created using Microsoft PowerPoint 365 and exported as high-resolution
images.

ther evidence regarding the long-term safety, reproducibil-
ity, and clinical effectiveness of these materials. This re-
view also has methodological limitations. It was designed
as a structured narrative review rather than a systematic re-
view; therefore, no formal risk-of-bias assessment was per-
formed. As a structured narrative rather than a systematic
review, no formal risk-of-bias assessment was performed.
Although a rigorous literature search and critical appraisal
of the available evidence were conducted, these method-
ological limitations may affect the reproducibility of the lit-
erature selection and should be considered when interpret-
ing the findings.

Economic and environmental aspects are likewise be-
coming increasingly relevant. The synthesis of advanced
nanomaterials frequently requires specialized equipment,
sophisticated manufacturing processes, and high-purity raw
materials, all of which may increase production costs and
limit large-scale implementation. These factors may pose
additional challenges for healthcare systems with limited
resources, where cost-effectiveness remains an essential

component of therapeutic decision-making. At the same
time, relatively little attention has been devoted to the en-
vironmental impact associated with the production, clinical
use, and disposal of nanomaterials. Metal-based nanoparti-
cles, in particular, may enter aquatic ecosystems after dis-
posal, interact with environmental microorganisms, and po-
tentially accumulate within food webs if appropriate waste
management strategies are not implemented. Addressing
these issues will require interdisciplinary collaboration be-
tween materials scientists, clinicians, toxicologists, envi-
ronmental researchers, and regulatory authorities to ensure
that future nanotechnology-based therapies are not only ef-
fective but also safe, accessible, and environmentally sus-
tainable.

3.6 Functional Criteria and Key Properties of
Nanomaterials for Periodontal Therapy

The therapeutic success of nanotechnology in peri-
odontics depends not only on the intrinsic biological activ-
ity of nanomaterials but also on their ability to meet a series
of functional and physicochemical requirements that allow
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them to perform effectively within the complex periodontal
microenvironment. Compared with conventional biomate-
rials, the nanoscale dimensions and high surface-area-to-
volume ratio of nanoparticles can facilitate deeper penetra-
tion into periodontal tissues, enhance interactions with cel-
lular and extracellular components, and improve the local-
ized delivery of therapeutic agents. These properties enable
nanomaterials to reach anatomical sites that are often inac-
cessible to conventional treatments while maintaining high
biological activity using relatively low concentrations.

An ideal nanoparticle intended for the treatment of
periodontitis and peri-implantitis should exhibit adequate
mucoadhesion to ensure prolonged retention within peri-
odontal pockets and peri-implant sulci, allowing sustained
therapeutic activity despite the continuous flow of gingi-
val crevicular fluid. At the same time, it should combine
antimicrobial activity with regenerative capacity, eliminat-
ing pathogenic microorganisms while creating a biological
environment that favors new bone formation and periodon-
tal attachment. Rather than functioning through a single
mechanism, next-generation nanomaterials are increasingly
being designed as multifunctional platforms capable of si-
multaneously controlling infection, modulating inflamma-
tion, and promoting tissue regeneration.

Besides these biological functions, the physicochem-
ical characteristics of nanomaterials play a decisive role
in determining their clinical performance. Controlled
biodegradability, high biocompatibility, structural stability,
selective molecular interactions, and efficient uptake by tar-
get cells all contribute to therapeutic precision while min-
imizing undesirable effects on surrounding tissues. The
balance between persistence and degradation is particu-
larly important, as nanoparticles should remain active long
enough to exert their therapeutic function without accumu-
lating within tissues or eliciting chronic foreign-body re-
sponses.

The diversity of these functional characteristics is
summarized in Table 4, which classifies the principal
nanotechnology-based approaches according to their ther-
apeutic role, including antimicrobial agents, photodynamic
therapies, targeted drug delivery systems, regenerative
scaffolds, immunomodulatory nanomaterials, and plant-
derived formulations. Rather than representing isolated
therapeutic strategies, these categories frequently overlap,
reflecting the multifunctional nature of many contemporary
nanoplatforms. For example, a single nanomaterial may
simultaneously provide antimicrobial activity, regulate the
inflammatory response, and serve as a controlled drug de-
livery vehicle. Fig. 4 complements this overview by illus-
trating the main classes of nanoparticle-based therapeutics,
their mechanisms of action, and their principal biological
targets within periodontal and peri-implant tissues, illustrat-
ing how current nanotechnology approaches increasingly
combine several therapeutic functions within the same plat-
form.

4. Conclusions
Nanotechnology is emerging as an increasingly inves-

tigated strategy for improving the prevention and treatment
of periodontitis and peri-implantitis, offering therapeutic
approaches that extend beyond the capabilities of conven-
tional periodontal therapies. The evidence reviewed in this
study shows that nanomaterials can perform multiple com-
plementary functions, including targeted drug delivery, an-
timicrobial activity, modulation of the host inflammatory
response, and promotion of periodontal and peri-implant
tissue regeneration. Rather than acting through a single
mechanism, many of the currently investigated nanoplat-
forms combine several biological activities within the same
system, making them of particular interest for the manage-
ment of these multifactorial diseases.

The literature also demonstrates that nanotechnology
has enabled the development of implant surface coatings,
injectable biomaterials, regenerative scaffolds, photody-
namic systems, and multifunctional nanoparticles capable
of reducing bacterial colonization while simultaneously en-
hancing bone healing and tissue repair. These approaches
may be particularly relevant in clinical situations where
conventional therapies have limitations, such as deep pe-
riodontal pockets, mature biofilms, peri-implant infections,
or patients with systemic conditions that compromise heal-
ing.

Despite these encouraging developments, most avail-
able evidence still originates from experimental models or
early-stage clinical studies, and important challenges re-
main before these technologies can be routinely incorpo-
rated into clinical practice. Long-term safety, standard-
ized manufacturing protocols, regulatory approval, cost-
effectiveness, and environmental sustainability remain im-
portant areas for future research to ensure that future
nanotechnology-based therapies are not only effective but
also safe and accessible.

Overall, the current evidence suggests that nanotech-
nology should be viewed not as a replacement for conven-
tional periodontal therapy, but as a complementary plat-
form capable of enhancing existing therapeutic approaches.
Further collaboration among clinicians, biomaterials sci-
entists, microbiologists, and biomedical engineers will be
important for translating these approaches into predictable,
evidence-based treatments.
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