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Periodontal disease is a complex inflammatory condition that results in the 
progressive destruction of periodontal tissues and challenges conventional surgical 
treatments aimed at tissue regeneration. Recent advances in nanotechnology 
offer novel strategies to modulate the periodontal microenvironment, enhancing 
therapeutic precision and efficacy. This review highlights the multifaceted 
roles of nanomaterials, including nanoparticles, nanofibers, nanoscaffolds, and 
multifunctional nanocomposites in periodontal therapy. These nanotechnologies 
facilitate targeted drug delivery, disrupt resilient bacterial biofilms, modulate 
immune and inflammatory responses, and promote tissue regeneration through 
biomimetic scaffolding. Additionally, smart nanomaterials with responsive 
properties enable controlled, site-specific therapeutic actions, minimizing 
side effects and improving patient outcomes. Despite the promising potential 
of nanotechnology-enhanced periodontal treatments, challenges such as 
nanoparticle toxicity, clinical translation, and manufacturing standardization 
remain. Continued research and rigorous evaluation are essential to establish 
the safety and efficacy of these innovative approaches. The integration of 
nanotechnology into periodontal surgical therapy represents a transformative 
frontier with the potential to significantly improve regenerative outcomes and 
patient quality of life.
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INTRODUCTION
The integration of nanotechnology into 

periodontal therapy represents a significant 
advancement in the management of periodontal 
disease, a chronic inflammatory condition 
characterized by the destruction of the dental 
attachment apparatus. Traditional surgical 

management of periodontal disease, which 
includes procedures like scaling, root planning, 
and flap surgery, aims to halt disease progression 
and promote tissue regeneration. However, these 
methods often face limitations in achieving 
complete regeneration of periodontal tissues. 
Nanotechnology offers a promising avenue to 
overcome these challenges by enhancing drug 

http://creativecommons.org/licenses/by/4.0/.
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delivery, diagnostics, and tissue engineering in 
periodontal therapy. This review paper explores 
the potential of nanotechnology to modulate the 
periodontal microenvironment, thereby improving 
surgical outcomes and advancing periodontal 
treatment strategies.

Periodontal disease is a multifactorial 
inflammatory condition that leads to the 
destruction of periodontal tissues, including the 
cementum, periodontal ligament, and alveolar 
bone [1, 2]. Traditional surgical management 
techniques, such as scaling, root planning, and 
periodontal flap surgery, aim to remove plaque and 
calculus, reduce inflammation, and promote tissue 
regeneration [2, 3]. Despite their effectiveness, 
these methods often fall short of achieving complete 
tissue regeneration, necessitating the exploration of 
advanced therapeutic approaches [2].

The periodontal microenvironment is complex, 
involving interactions between host tissues, biofilm 
pathogens, and inflammatory mediators [2]. 
Modulating this environment can enhance the 
effectiveness of periodontal therapies by targeting 
specific pathogens and inflammatory pathways[4]. 
Nanotechnology provides tools for precise 
modulation of the microenvironment, enabling 
targeted drug delivery and controlled release of 
therapeutic agents [2].

Nanotechnology enables the development of 
nanoparticles and nanorobots that can deliver 
drugs directly to periodontal pockets, improving 
therapeutic outcomes [1, 3]. Nanomaterials, such 
as nanofibers and nanoscaffolds, support tissue 
regeneration by providing structural support and 
enhancing cellular interactions [2, 5]. Diagnostic 
advancements, including nano-scale biosensors, 
allow for early detection and monitoring of 
periodontal disease, facilitating timely intervention 
[3, 6]. The use of nanotechnology in periodontal 
therapy is associated with reduced side effects and 
improved patient compliance due to its precision 
and efficiency [6].

While the integration of nanotechnology 
into periodontal therapy holds great promise, 
it is essential to consider the challenges and 
limitations associated with its application. These 
include the potential for toxicity, the complexity 
of manufacturing nanomaterials, and the need 
for extensive clinical trials to establish safety and 
efficacy. Additionally, the cost of nanotechnology-
based treatments may pose a barrier to widespread 
adoption. Despite these challenges, ongoing 

research and technological advancements continue 
to drive the evolution of nanotechnology in 
periodontal therapy, offering new opportunities 
for improving patient outcomes and advancing the 
field of periodontics.

THE PERIODONTAL MICROENVIRONMENT 
IN HEALTH AND DISEASE

The periodontal microenvironment is a 
complex and dynamic system vital for maintaining 
oral health, significantly influenced by disease and 
surgical interventions, and is composed of various 
cellular components such as fibroblasts, osteoblasts, 
and periodontal ligament stem cells (PDLSCs) that 
sustain tissue homeostasis and regeneration[7, 
8], alongside molecular components including 
cytokines, growth factors, and extracellular 
matrix proteins that regulate inflammation and 
tissue repair through a balance of pro- and anti-
inflammatory signals[8, 9]. Nanomaterials can 
modulate these cellular and molecular components 
by enhancing drug delivery and promoting tissue 
regeneration. For instance, nanoparticles can 
deliver anti-inflammatory agents directly to the site 
of inflammation, improving therapeutic outcomes 
[1]. 

Surgical procedures like scaling and root 
planning can disrupt this environment temporarily, 
causing inflammation and tissue damage, yet they 
also aim to remove diseased tissue and foster healing, 
with nanotechnology enhancing regenerative 
potential by providing scaffolds for cell adhesion and 
proliferation as well as enabling targeted delivery 
of growth factors and anti-inflammatory agents 
through nanoparticles that improve therapeutic 
outcomes [7, 9, 10]. Incorporating nanomaterials 
into surgical treatments can improve outcomes 
by creating a more favorable environment for 
tissue regeneration. For example, nanocarriers can 
deliver growth factors to enhance osteogenesis and 
periodontal ligament regeneration [2, 11]. 

Periodontal disease pathogenesis involves 
chronic inflammation driven by a dysbiotic biofilm 
and an exaggerated immune response, causing tissue 
destruction[1, 2], while barriers to regeneration 
include ongoing inflammation, poor blood supply, 
and complex tissue architecture that impede full 
restoration[9]; nanotechnology addresses these 
challenges via engineered drug delivery systems 
responsive to environmental triggers to modulate 
inflammation and boost tissue regeneration[8]. 
Despite the promising role of nanomaterials in 
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modulating the periodontal microenvironment 
and advancing treatment strategies, concerns 
remain regarding their long-term safety and 
biocompatibility, highlighting the need for further 
research and a multifaceted therapeutic approach 
that integrates both traditional and novel methods 
for optimal periodontal disease management[7, 
12].

FUNDAMENTALS OF NANOTECHNOLOGY 
IN DENTISTRY

Nanotechnology in dentistry, particularly in 
periodontal therapy, represents a transformative 
approach that exploits the unique properties of 
materials at the nanoscale (1–100 nanometers) to 
enhance treatment outcomes by enabling precise, 
targeted, and efficient modalities; it is based on 
core principles such as molecular self-assembly, 
precise control of chemical characteristics, and 
the development of nanoparticles with specific 
functionalities to interact with biological systems 
at the molecular level[13]. 

Various types of nanomaterials are used in 
periodontal applications, including inorganic 
nanoparticles like silver, gold, and zinc oxide 
that provide potent antimicrobial effects against 
bacterial infections in periodontal pockets; organic 
nanoparticles such as polymeric nanoparticles 
and liposomes that serve as drug delivery systems 
for localized therapy; and nanocomposites like 
nanofibers, hydrogels, and membranes which act as 
scaffolds to promote tissue regeneration and repair 
of periodontal structures. These nanomaterials 
are attractive for periodontal therapy due to their 
antimicrobial, anti-inflammatory, and antioxidant 
properties crucial for controlling infection 
and inflammation, as well as their regenerative 
capabilities that support bone and soft tissue 
healing, targeted drug delivery potential that 
reduces systemic side effects and enhances efficacy, 
and their utility in diagnostic and monitoring tools 
such as nanoscale biosensors that detect pathogens 
and track treatment progress in real time[1, 13, 
14]. Despite these promising advancements, 
challenges remain regarding cytotoxicity, stability, 
and the translation of positive in vitro findings 
into safe and effective in vivo clinical applications, 
necessitating ongoing research; furthermore, 
emerging nanotechnologies like nanorobots, still 
experimental, hold future potential for revolutionary 
periodontal diagnostics and therapies. Overall, the 
integration of nanotechnology into periodontal 

treatment is poised to significantly improve 
patient outcomes by advancing precision medicine 
approaches in periodontics[3, 15].

NANOTECHNOLOGY-BASED 
MODULATION OF THE PERIODONTAL 
MICROENVIRONMENT

Nanotechnology offers promising strategies for 
modulating the periodontal microenvironment, 
particularly in the context of surgical treatment 
for periodontitis. The unique properties of 
nanomaterials, such as their small size and high 
surface area, enable them to interact effectively 
with periodontal tissues, providing antibacterial, 
anti-inflammatory, and antioxidant benefits that 
are crucial for disrupting biofilms, modulating 
immune responses, and controlling oxidative 
stress, all essential for successful periodontal 
therapy. Nanoparticles can penetrate and disrupt 
biofilms, overcoming limitations of conventional 
treatments due to biofilm resilience by interacting 
with bacterial membranes to induce cell lysis 
and death[16], while specific nanocomposites 
incorporating antimicrobial peptides enhance 
photodynamic therapy efficacy[14, 16]. 
Additionally, nanoparticles modulate immune 
responses by inhibiting inflammatory pathways like 
NF-κB and promoting tissue regeneration[17, 18]; 
dynamic covalent nanonetworks absorb pathogen-
associated molecular patterns and scavenge 
reactive oxygen species (ROS), thus regulating 
local immunity[19]. Nanomaterials also reduce 
oxidative stress by scavenging ROS, overproduced 
in periodontitis[18, 20], and controlled-release 
nanoparticles such as MitoQ@PssL regulate the 
ROS-PINK1-Parkin pathway to enhance mitophagy 
and reduce oxidative damage[20]. Targeted drug 
delivery and controlled release platforms enable 
the delivery of therapeutics directly to periodontal 
tissues, improving outcomes and minimizing side 
effects[1], with ROS-responsive polymers ensuring 
drug release in response to microenvironmental 
triggers[20]. Furthermore, nanomaterials serve  
as scaffolds supporting cellular adhesion, 
proliferation, and differentiation, promoting 
tissue regeneration. Despite these advantages, 
challenges such as potential nanoparticle toxicity, 
discrepancies between in vitro and in vivo 
results, and translation from animal models to 
human application must be addressed to ensure 
clinical safety and efficacy[14]. The development 
of multifunctional nanocomposites combining 
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antimicrobial, anti-inflammatory, and regenerative 
properties presents a comprehensive approach to 
managing periodontitis and enhancing treatment 
outcomes.

NANOMATERIALS IN SURGICAL PERI-
ODONTAL REGENERATION

Nanotechnology has significantly advanced 
the field of periodontal regeneration by offering 
innovative solutions through nanofibers, 
hydrogels, membranes, and scaffolds, which 
enhance tissue regeneration by providing a 
conducive microenvironment for cellular adhesion, 
proliferation, and differentiation. Nanofibers mimic 
the natural extracellular matrix and are particularly 
effective in intrapocket administration, improving 
mucoadhesion and retention time to accelerate 
wound healing and osteogenesis[21]. Hydrogels and 
membranes made from biocompatible polymers 
maintain a moist environment that supports 
cell migration and differentiation, essential for 
tissue regeneration[10], while nanomaterial-
based scaffolds such as those composed of 
nanohydroxyapatite and polycaprolactone enhance 
structural integrity and functionality, facilitating 
regeneration of bone and periodontal ligaments[22, 
23]. Specifically, nanohydroxyapatite composites 
promote osteogenesis by providing a biomimetic 
surface, encouraging bone cell activity[22]; 
nanomaterials support cementogenesis by 
enabling deposition of cementum-like tissues 
vital for periodontal ligament attachment[7]; 
and nanostructured scaffolds drive periodontal 
ligament regeneration by fostering progenitor 
cell differentiation into ligament-forming cells, 
restoring periodontium architecture[24].  The 
integration of nanotechnology with conventional 
surgical techniques synergistically improves 
periodontal treatment outcomes by enabling 
sustained release of therapeutics, precise targeting 
of periodontal defects, reducing invasiveness, and 
enhancing patient recovery[25]. This combined 
approach effectively addresses limitations of 
traditional methods, such as limited regeneration 
capacity and high disease recurrence rates. Table 
1 summarizes the main strategies, materials, 
mechanisms, and clinical advantages of 
nanotechnology for periodontal regeneration.

 However, despite these benefits, challenges 
remain, including the need for standardization 
of nanomaterials, ensuring their long-term 
safety, and understanding interactions within 

biological environments, all of which are critical 
for the safe and widespread clinical adoption of 
nanotechnology-based periodontal regeneration 
therapies.

TYPES OF NANOMATERIALS IN PERIODON-
TAL THERAPY

Nanotechnology has emerged as a transformative 
approach in periodontal therapy, offering 
innovative solutions to modulate the periodontal 
microenvironment, particularly in surgical 
treatments. The application of nanomaterials in 
this field is categorized into three main types: 
inorganic nanoparticles, organic nanoparticles, and 
composite and smart biomaterials. Each category 
presents unique properties and advantages that 
contribute to the enhancement of periodontal 
treatment outcomes. The following sections delve 
into these categories, highlighting their specific 
roles and benefits in periodontal therapy.

Inorganic nanoparticles, including silver, gold, 
and metal oxide variants, have gained significant 
attention in periodontal therapy due to their dual 
functions in combating infections and facilitating 
tissue repair. Silver nanoparticles are particularly 
effective because of their strong antibacterial 
capabilities, which enable them to damage bacterial 
cell membranes and decrease the presence of harmful 
periodontal microbes[14, 26]. Gold nanoparticles 
are prized for their excellent biocompatibility 
and their capacity to support bone regeneration 
by promoting osteogenic differentiation, a key 
process in periodontal healing[27]. Additionally, 
metal oxide nanoparticles such as zinc oxide and 
titanium dioxide contribute valuable antimicrobial 
and anti-inflammatory effects, helping to alleviate 
periodontal inflammation and enhance tissue 
recovery[27, 28].

Organic nanoparticles, such as those derived 
from chitosan and biodegradable polymers like PLA 
and PLGA, have become prominent in periodontal 
therapy due to their favorable biocompatibility 
and biodegradability. Chitosan nanoparticles are 
particularly valued for their antimicrobial activity 
combined with mucoadhesive properties, which 
help prolong drug retention within periodontal 
pockets and consequently enhance treatment 
efficacy [27]. Meanwhile, biodegradable polymers 
such as polylactic acid (PLA) and polylactic-co-
glycolic acid (PLGA) serve as versatile carriers for 
controlled drug delivery, enabling sustained release 
of therapeutics over extended periods and reducing 
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the frequency of administration necessary for 
effective periodontal management [26].

Composite and smart biomaterials represent a 
cutting-edge approach in periodontal regeneration 
by combining diverse functionalities to enhance 
therapeutic outcomes. Nanocomposites integrate 
nanoparticles within polymeric or other 
matrices, thereby improving mechanical strength 
and facilitating targeted drug delivery, which 
collectively support more effective periodontal 
tissue repair. Smart biomaterials are designed to 
respond to specific environmental triggers such as 
pH or temperature fluctuations, enabling controlled 
and site-specific release of drugs, thus optimizing 
treatment precision and efficacy. Despite the 
promising potential of these nanotechnologies, 
challenges remain concerning their safety profile, 
including nanoparticle toxicity and environmental 
concerns[14]. Moreover, translating promising 
laboratory findings into clinical practice requires 
addressing these issues alongside the establishment 
of standardized manufacturing protocols and 
regulatory frameworks to guide their safe and 
efficacious application in periodontal therapy[27].

CLINICAL EVIDENCE AND TRANSLATION-
AL CHALLENGES

Nanotechnology has been widely explored in 
both preclinical and clinical contexts for its ability 
to improve periodontal treatment outcomes. 

Preclinical investigations have consistently 
demonstrated that nanoparticles can effectively 
deliver therapeutic agents to periodontal tissues, 
thereby increasing drug bioavailability and 
facilitating tissue regeneration. These nanoparticles 
exhibit multiple beneficial properties, including 
antibacterial, anti-inflammatory, and bone-
promoting effects, all of which are essential for 
successful periodontal repair [1, 14]. Although 
clinical research in this field remains limited, early-
stage trials have reported encouraging results, 
showing that nanoparticle-based interventions 
can enhance healing following periodontal 
surgeries and alleviate inflammation. Collectively, 
these findings underscore the promising role of 
nanotechnology in advancing periodontal therapy, 
while also indicating the need for further clinical 
validation [25, 29].

The clinical use of nanoparticles necessitates 
a thorough evaluation of their safety and 
biocompatibility to minimize potential risks to 
patients. A key concern is the possibility of toxic 
accumulation within cells, which could lead to 
detrimental cellular effects; thus, the careful design 
and rigorous preclinical testing of nanoparticles 
are paramount to ensure their safety profile[14, 
29]. Additionally, ensuring that nanoparticles 
exhibit high biocompatibility with human tissues is 
critical for their successful long-term use. Research 
efforts have been directed toward developing 

Table 1. Applications and Mechanisms of Nanomaterials in Periodontal Regeneration 
 

Nanomaterial Type Mechanism/Action 
Role in Periodontal 

Regeneration 
Clinical Advantages 

Nanofibers 
Mimic the extracellular matrix; 
promote adhesion and 
proliferation 

Enhance wound healing, 
mucoadhesion, and osteogenesis 

Accelerated healing, improved 
retention 

Hydrogels/Membranes 
Maintain moist environment; 
support 
migration/differentiation 

Facilitate tissue regeneration 
Scaffold function, sustained 
delivery 

Nanohydroxyapatite Scaffolds 
Provide biomimetic surface for 
bone cell activity 

Promote osteogenesis and 
periodontal ligament 
regeneration 

Enhanced bone and ligament 
healing 

Polycaprolactone Scaffolds 
Structural support; facilitate 
regeneration 

Bone and periodontal ligament 
regeneration 

Improved structure and 
function 

Targeted Nanoparticles 
Controlled/targeted drug release, 
responsive to local triggers 

Enhance local drug delivery, 
modulate inflammation, support 
regeneration 

Reduced side effects, optimized 
efficacy 

Dynamic Nanonetworks 
Absorb inflammatory molecules, 
scavenge ROS 

Regulate local immunity, reduce 
oxidative stress, support healing 

Improved immune modulation, 
tissue preservation 

Multifunctional Nanocomposites 
Combine antimicrobial, anti-
inflammatory, regenerative 
properties 

Comprehensive management: 
disrupt biofilm, modulate 
inflammation, support tissue 
repair 

Synergistic therapeutic effects 

 

Table 1. Applications and Mechanisms of Nanomaterials in Periodontal Regeneration
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nanoparticles that not only deliver therapeutic 
benefits effectively but also avoid triggering adverse 
immune reactions, promoting their acceptance and 
integration in clinical settings[29, 30].

Practice faces notable challenges that hinder its 
widespread adoption in periodontics. Frequently, 
findings from in vitro experiments and animal 
studies do not accurately predict outcomes in 
humans, highlighting a gap in the extrapolation of 
efficacy and safety data. This discrepancy poses a 
critical obstacle for the validation and approval of 
nanoparticle-based treatments. Furthermore, the 
regulatory environment governing nanomedicine 
is intricate and evolving, requiring rigorous 
demonstration that these novel materials satisfy 
stringent safety and therapeutic efficacy criteria 
set by health authorities [14, 29]. Navigating these 
regulatory hurdles including compliance with 
guidelines specific to nanomaterial characterization, 
toxicity, and clinical trial validation is essential to 
ensure patient safety and successful market entry 
[29, 30]. While the promise of nanotechnology 
in enhancing periodontal therapy is substantial, 
overcoming the challenges of translational fidelity 
and regulatory approval remains imperative for its 
integration into everyday clinical use.

CONCLUSION
Nanotechnology offers transformative potential 

in modulating the periodontal microenvironment, 
particularly in enhancing surgical treatments 
through targeted drug delivery, improved 
antibacterial and anti-inflammatory actions, and 
promotion of tissue regeneration. The nanoscale 
size and high surface area of nanoparticles enable 
precise therapeutic targeting to infected or 
inflamed sites, thereby maximizing efficacy while 
minimizing systemic side effects. Additionally, 
nanotechnology supports the advancement of 
innovative diagnostic tools and regenerative 
biomaterials, significantly contributing to 
improved clinical outcomes in periodontal 
therapy. Nonetheless, several challenges impede 
the full clinical translation of these technologies. 
Issues such as nanoparticle toxicity, inconsistent 
correlations between in vitro and in vivo findings, 
and difficulties in extrapolating animal model 
results to human patients remain critical barriers. 
Further complexities arise from regulatory 
constraints and concerns regarding the long-term 
stability and safety of nanomaterials. To harness 
the full benefits of nanotechnology in periodontics, 

future research must prioritize the development of 
biocompatible and safe nanomaterials, establish 
more predictive animal models, and promote clear 
regulatory frameworks. Additionally, fostering 
interdisciplinary collaboration and integrating 
nanotechnology with personalized treatment 
strategies stand to accelerate clinical adoption and 
optimize patient outcomes. Finally, addressing 
ethical, economic, and social considerations is 
essential to ensure equitable access and public 
trust as nanotechnology continues to evolve within 
periodontal care. A balanced approach combining 
innovation with rigorous safety and ethical 
oversight will be key to unlocking the promise of 
nanotechnology in revolutionizing periodontal 
therapy.

ACKNOWLEDGMENTS
The authors utilized artificial intelligence 

tools, namely Perplexity.ai, to enhance the clarity 
and language quality of this manuscript during 
its preparation. All AI-generated suggestions and 
content were thoroughly reviewed and revised by 
the authors, who maintain full responsibility for the 
accuracy and integrity of the completed work.

CONFLICT OF INTEREST 
The authors declare that they have no conflicts 

of interest related to this work.

REFERENCES
1.	 Dharma S, Nagarathna D. Nanotechnology-Advancements 

in Periodontal Disease Treatment: A Review. IAR J Med Sci. 
2021;2.

2.	 Zupancic S, Kocbek P, Baumgartner S, Kristl J. Contribution 
of nanotechnology to improved treatment of periodontal 
disease. Curr Pharm Des. 2015;21(22):3257-71. https://doi.
org/10.2174/1381612821666150531171829

3.	 Kelotte D, Melath A, Kaykool S, Chandran N. 
Nanotechnology and periodontics. J Periodontal Implant 
Sci. 2023;53:245. https://doi.org/10.5051/jpis.235304edi01

4.	 Aminu N, Chan SY, Toh SM. Roles of nanotechnological 
approaches in periodontal disease therapy. J Appl Pharm 
Sci. 2017;7(10):234-42.

5.	 RG SM, Rana A. Nanotechnology in periodontal 
management. J Adv Oral Res. 2015;6(1):1-8. https://doi.
org/10.1177/2229411220150101

6.	 Dakhale R, Paul P, Achanta A, Ahuja KP, Meshram M, 
Meshram Sr M. Nanotechnology innovations transforming 
oral health care and dentistry: a review. Cureus. 2023;15(10). 
https://doi.org/10.7759/cureus.46423

7.	 Zong C, Bronckaers A, Willems G, He H, Cadenas de 
Llano-Pérula M. Nanomaterials for Periodontal Tissue 
Regeneration: Progress, Challenges and Future Perspectives. 
J Funct Biomater. 2023;14(5):290. https://doi.org/10.3390/
jfb14060290

https://doi.org/10.2174/1381612821666150531171829
https://doi.org/10.2174/1381612821666150531171829
https://doi.org/10.5051/jpis.235304edi01
https://doi.org/10.1177/2229411220150101
https://doi.org/10.1177/2229411220150101
https://doi.org/10.7759/cureus.46423
https://doi.org/10.3390/jfb14060290
https://doi.org/10.3390/jfb14060290


138Nanomed Res J 10(2): 132-138, Spring 2025

F. Fazel et al. / Nanotechnology for Modulating the Periodontal Microenvironment 

8.	 Li L, Wu RX, Wang J, Jin R, Zhang XY, Xu M, et al. A multirisk-
rescued biomimetic nanozyme against periodontitis 
via inflammation targeting and microenvironment 
reprogramming. Chem Eng J. 2025;506:160119. https://doi.
org/10.1016/j.cej.2025.160119

9.	 Li J, Wang Y, Tang M, Zhang C, Fei Y, Li M, et al. New 
insights into nanotherapeutics for periodontitis: a triple 
concerto of antimicrobial activity, immunomodulation 
and periodontium regeneration. J Nanobiotechnology. 
2024;22(1):19. https://doi.org/10.1186/s12951-023-02261-y

10.	 Chen S, Huang X. Nanomaterials in scaffolds for 
periodontal tissue engineering: frontiers and prospects. 
Bioengineering. 2022;9(8):431. https://doi.org/10.3390/
bioengineering9090431

11.	 Zhong W, Wang X, Yang L, Wang Y, Xiao Q, Yu S, et al. 
Nanocarrier-assisted delivery of metformin boosts 
remodeling of diabetic periodontal tissue via cellular 
exocytosis-mediated regulation of endoplasmic reticulum 
homeostasis. ACS Nano. 2022;16(11):19096-19113. https://
doi.org/10.1021/acsnano.2c08146

12.	 Vargas-Ruíz DE, Serrano-Díaz PN, Hernández-Gómez 
G, Acosta-Torres LS. Tendencias en regeneración 
periodontal con el uso de nanopartículas: revisión 
sistemática de la literatura. Mundo nano Rev interdiscip 
nanocienc nanotecnol. 2023;16. https://doi.org/10.22201/
ceiich.24485691e.2023.30.69696

13.	 Kamble PS, Gandhi AA, Vhanmane P, Vijapure S. 
Nanotechnology in periodontics revisited: A review. 
J Pharm Res Int. 2021;33(60B):134-43. https://doi.
org/10.9734/jpri/2021/v33i54B33774

14.	 Wang D, Li Q, Xiao C, Wang H, Dong S. Nanoparticles in 
periodontitis therapy: a review of the current situation. Int J 
Nanomedicine. 2024;6857-93. https://doi.org/10.2147/IJN.
S465089

15.	 Bourgi R, Doumandji Z, Cuevas-Suárez CE, Ben Ammar 
T, Laporte C, Kharouf N, et al. Exploring the Role of 
Nanoparticles in Dental Materials: A Comprehensive 
Review. Coatings. 2025;15(1):33. https://doi.org/10.3390/
coatings15010033

16.	 Li B, Mao J, Wu J, Mao K, Jia Y, Chen F, et al. Nano-bio 
interactions: biofilm‐targeted antibacterial nanomaterials. 
Small. 2024;20(5):2306135. https://doi.org/10.1002/
smll.202306135

17.	 Li W, You F, Bao H, Yang J, Gu D, Li Y, et al. UBI29-41-
targeted, NIR-triggered nanoparticles for enhanced 
PDT against periodontal plaque biofilm formation 
and immunomodulation. 2024. Preprint. https://doi.
org/10.21203/rs.3.rs-4020511/v1

18.	 Xu Y, Luo Y, Weng Z, Xu H, Zhang W, Li Q, et al. 
Microenvironment-responsive metal-phenolic 
nanozyme release platform with antibacterial, ROS 
scavenging, and osteogenesis for periodontitis. ACS 
Nano. 2023;17(19):18732-46. https://doi.org/10.1021/
acsnano.3c01940

19.	 Wu H, Liu Y, Wang Y, Piao Y, Meng Z, Hu X, et al. 
Dynamic covalent prodrug nanonetworks via reaction-
induced self-assembly for periodontitis treatment. ACS 
Nano. 2024;18(26):34884-901. https://doi.org/10.1021/
acsnano.4c12580

20.	 Li X, Zhao Y, Peng H, Gu D, Liu C, Ren S, et al. Robust 
intervention for oxidative stress-induced injury in 
periodontitis via controllably released nanoparticles that 
regulate the ROS-PINK1-Parkin pathway. Front Bioeng 
Biotechnol. 2022;10:1081977. https://doi.org/10.3389/
fbioe.2022.1081977

21.	 Garg U, Dua T, Kaul S, Jain N, Pandey M, Nagaich U. 
Enhancing periodontal defences with nanofiber treatment: 
recent advances and future prospects. J Drug Target. 
2024;32(5):470-84. https://doi.org/10.1080/106118
6X.2024.2321372

22.	 Tao O, Wu DT, Pham HM, Pandey N, Tran SD. 
Nanomaterials in craniofacial tissue regeneration: A 
review. Appl Sci. 2019;9(16):317. https://doi.org/10.3390/
app9020317

23.	 Yazdanian M, Rahmani A, Tahmasebi E, Tebyanian H, 
Yazdanian A, Mosaddad SA. Current and advanced 
nanomaterials in dentistry as regeneration agents: an 
update. Mini Rev Med Chem. 2021;21(7):899-918. https://
doi.org/10.2174/1389557520666201124143449

24.	 Ding Q, Cui J, Shen H, He C, Wang X, Shen SG, et al. Advances 
of nanomaterial applications in oral and maxillofacial tissue 
regeneration and disease treatment. Wiley Interdiscip Rev 
Nanomed Nanobiotechnol. 2021;13(2):e1669. https://doi.
org/10.1002/wnan.1669

25.	 Boitsaniuk S, Levkiv M, Kochan O. Application of 
nanotechnology in periodontal therapy: Narrative review. 
Charact Appl Nanomater. 2024;7:4306. https://doi.
org/10.24294/can.v7i1.4306

26.	 Mercado N, Bhatt P, Sutariya V, Florez FLE, Pathak YV. 
Application of nanoparticles in treating periodontitis: 
Preclinical and clinical overview. In: Pathak YV, editor. 
Surface Modification of Nanoparticles for Targeted 
Drug Delivery. Springer; 2019. p. 467-80. https://doi.
org/10.1007/978-3-030-06115-9_24

27.	 Zhang Y, Gulati K, Li Z, Di P, Liu Y. Dental implant nano-
engineering: advances, limitations and future directions. 
Nanomaterials. 2021;11(10):2489. https://doi.org/10.3390/
nano11102489

28.	 Elmarsafy SM. A comprehensive narrative review of 
nanomaterial applications in restorative dentistry: 
demineralization inhibition and remineralization 
applications (part I). Cureus. 2024;16. https://doi.
org/10.7759/cureus.58544

29.	 Mishra M, Maurya R, Yadav M. Advancements in Nano-Drug 
Delivery Systems for Effective Management of Periodontitis: 
A Comprehensive Review. Biol Sci. 2024;4(4):810-9. https://
doi.org/10.55006/biolsciences.2024.4407

30.	 D’Amico E, Aceto GM, Petrini M, Cinquini C, D’Ercole 
S, Iezzi G, et al. How Will Nanomedicine Revolutionize 
Future Dentistry and Periodontal Therapy? Int J Mol Sci. 
2025;26(2):592. https://doi.org/10.3390/ijms26020592

31.	 Xu T, Xie K, Wang C, Ivanovski S, Zhou Y. Immunomodulatory 
nanotherapeutic approaches for periodontal tissue 
regeneration. Nanoscale. 2023;15(13):5992-6008. https://
doi.org/10.1039/D2NR06149J

32.	 Ogle O, Byles N. Nanotechnology in dentistry today. West 
Indian Med J. 2015;63(4):344. https://doi.org/10.7727/
wimj.2013.178

https://doi.org/10.1016/j.cej.2025.160119
https://doi.org/10.1016/j.cej.2025.160119
https://doi.org/10.1186/s12951-023-02261-y
https://doi.org/10.3390/bioengineering9090431
https://doi.org/10.3390/bioengineering9090431
https://doi.org/10.1021/acsnano.2c08146
https://doi.org/10.1021/acsnano.2c08146
https://doi.org/10.22201/ceiich.24485691e.2023.30.69696
https://doi.org/10.22201/ceiich.24485691e.2023.30.69696
https://doi.org/10.9734/jpri/2021/v33i54B33774
https://doi.org/10.9734/jpri/2021/v33i54B33774
https://doi.org/10.2147/IJN.S465089
https://doi.org/10.2147/IJN.S465089
https://doi.org/10.3390/coatings15010033
https://doi.org/10.3390/coatings15010033
https://doi.org/10.1002/smll.202306135
https://doi.org/10.1002/smll.202306135
https://doi.org/10.21203/rs.3.rs-4020511/v1
https://doi.org/10.21203/rs.3.rs-4020511/v1
https://doi.org/10.1021/acsnano.3c01940
https://doi.org/10.1021/acsnano.3c01940
https://doi.org/10.1021/acsnano.4c12580
https://doi.org/10.1021/acsnano.4c12580
https://doi.org/10.3389/fbioe.2022.1081977
https://doi.org/10.3389/fbioe.2022.1081977
https://doi.org/10.1080/1061186X.2024.2321372
https://doi.org/10.1080/1061186X.2024.2321372
https://doi.org/10.3390/app9020317
https://doi.org/10.3390/app9020317
https://doi.org/10.2174/1389557520666201124143449
https://doi.org/10.2174/1389557520666201124143449
https://doi.org/10.1002/wnan.1669
https://doi.org/10.1002/wnan.1669
https://doi.org/10.24294/can.v7i1.4306
https://doi.org/10.24294/can.v7i1.4306
https://doi.org/10.1007/978-3-030-06115-9_24
https://doi.org/10.1007/978-3-030-06115-9_24
https://doi.org/10.3390/nano11102489
https://doi.org/10.3390/nano11102489
https://doi.org/10.7759/cureus.58544
https://doi.org/10.7759/cureus.58544
https://doi.org/10.55006/biolsciences.2024.4407
https://doi.org/10.55006/biolsciences.2024.4407
https://doi.org/10.3390/ijms26020592
https://doi.org/10.1039/D2NR06149J
https://doi.org/10.1039/D2NR06149J
https://doi.org/10.7727/wimj.2013.178
https://doi.org/10.7727/wimj.2013.178

	Nanotechnology for Modulating the Periodontal Microenvironment in Surgical Treatment 
	Abstract
	Keywords
	Introduction
	The Periodontal Microenvironment in Health and Disease 
	Fundamentals of Nanotechnology in Dentistry 
	Nanotechnology-Based Modulation of the Periodontal Microenvironment 
	Nanomaterials in Surgical Periodontal Regeneration 
	Types of Nanomaterials in Periodontal Therapy 
	Clinical Evidence and Translational Challenges 
	Conclusion
	Acknowledgments


