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Abstract 
Periodontal disease is a prevalent chronic inflammatory condition that significantly impacts oral health worldwide, often 
leading to tissue destruction and tooth loss if inadequately managed. Conventional treatment approaches, including 
mechanical debridement and antimicrobial therapy, are limited by poor targeting, insufficient biofilm penetration, and 
potential systemic side effects. In recent years, nanoparticle-based drug delivery systems (NDDS) have emerged as a 
promising strategy to overcome these limitations by enabling targeted, controlled, and sustained drug release. This review 
provides a comprehensive overview of the fundamentals, types, and therapeutic applications of nanoparticles in 
periodontal therapy, including polymeric, lipid-based, metallic, and hybrid systems. It further highlights their roles in 
antimicrobial delivery, inflammation modulation, tissue regeneration, and gene-based therapies. The review also discusses 
controlled and targeted drug release mechanisms, along with preclinical and clinical evidence supporting their efficacy. 
Despite their advantages, challenges related to biological barriers, safety, scalability, and regulatory approval remain 
critical considerations. Future perspectives emphasize the development of smart, stimuli-responsive, and personalized 
nanoparticle systems integrated with regenerative approaches. Overall, NDDS hold significant potential to advance 
periodontal treatment by improving precision, efficacy, and patient outcomes. 
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1. Introduction 
Periodontal disease is a chronic inflammatory disease 
which is highly prevalent and contributes to a high 
burden of health in the world. It varies to gingivitis and 
severe periodontitis and finally causes the destruction of 
supporting tooth structures and tooth loss when not 
treated [1]. Recent estimates around the world reveal that 
severe periodontitis has a high percentage of the 
population and is by all means on the rise as the 
demographic is aging, and the factors contributing to the 
condition remain unmitigated [2]. The projections in the 
future also indicate the increased burden of periodontitis 
and edentulism occurring by 2050 hence the necessity of 
better therapeutic measures [3]. The pathogenic biofilms 
and host immune-inflammatory response have an 
intricate relationship that leads to the disease in which 

massive inflammation causes tissue destruction and 
bone-resorption [4,5]. 
In traditional periodontal treatment, the therapy mainly 
comprises of mechanical debridement with or without 
systemic or local antimicrobials. Nonetheless, such 
methods have significant drawbacks, such as the failure 
to remove biofilm in deep periodontal pockets and poor 
retention of drugs at the site of action [6]. Also, 
antimicrobial agents can be characterized by low 
penetration, quick clearance, and chances of 
antimicrobial resistance and systemic adverse effects 
[7]. Such challenges necessitate development of superior 
and more specific drug delivery management strategies. 
As an alternative to these constraints, drug delivery 
systems grounded on nanoparticles have been suggested. 
The ability to regulate their sizes, which is nanoscale, the 
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high surface area, and controllable properties of 
nanoparticles can be used in obtaining high drug 
loading, regulated release, and improved penetration of 
periodontal tissues [8]. A number of nanoparticle 
systems have shown promise in transporting anti-
microbial, anti-inflammatory and regenerative agents 

and they include the polymeric nanoparticles, the lipid 
based nanoparticles and the metallic nanoparticles [9]. 
Therefore, this review is a critical analysis of the new 
advances in the use of nanoparticles as a drug delivery 
system and how it can be applied to periodontal therapy 
(Figure 1). 

 

 
 
Conceptual Framework of Nanoparticle-Based Drug 
Delivery in Periodontal Therapy 
This figure illustrates the progression from the global 
burden of periodontal disease and its biofilm-driven 
pathophysiology to the limitations of conventional 
treatments, highlighting the emergence of nanoparticle-
based systems and their enhanced therapeutic potential 
in periodontal management. 
 
Objectives  
1. To review current nanoparticle-based drug delivery 
systems in periodontal therapy.  
2. To evaluate their advantages over conventional 
treatment approaches.  
3. To examine their clinical potential and future 
research challenges.  
 
2. Fundamentals of Nanoparticle-Based Drug 
Delivery Systems 
The nanoparticle-based drug delivery system (NDDS) is 
novel carriers of 1-1000 nm, engineered to increase the 
drug targeting, bioavailability, and controlled release 
and reduce the systemic side effects [10,11]. 
Nanoparticles can be classified as polymeric, lipid 
based, metallic and hybrid based on composition. 
Polymeric nanoparticles (e.g. PLGA, chitosan) benefit 
in stability and sustained release whereas lipid-based 
carriers (e.g. liposomes, solid lipid nanoparticles (SLNs) 
and nanostructured lipid carriers (NLCs)) enhance the 
solubility of drugs and their cellular uptake. Metallic 
nanoparticles (such as gold and silver) have 
antimicrobial and anti-inflammatory actions, and hybrid 
systems are used to display several functions, as well as 

to increase their effectiveness [12]. The drug delivery 
process in nanoparticles takes place as passive and active 
delivery as well as stimuli-responsive delivery. Passive 
targeting is based on the diffusion and retention at the 
pathology site, and active targeting involves the 
specificity through ligand-receptor interactions [13]. 
Stimuli-responsive systems can release drugs to the 
environment in controlled conditions depending on the 
environmental conditions, such as the pH, enzymes or 
reactive oxygen species [14]. The performance of NDDS 
that affect the cellular uptake and stability are particle 
size, surface charge, and surface chemistry. In addition 
to this, the loading capacity of the drug, release kinetics, 
biocompatibility and biodegradability are other critical 
variables in predicting the therapeutic efficacy and 
safety [10]. 
 
3. Types of Nanoparticles in Periodontal Therapy 
3.1 Polymeric Nanoparticles 
Polymeric nanoparticles, particularly on the foundation 
of poly(lactic-co-glycolic acid) (PLGA) and chitosan are 
common in periodontal therapy because they are 
biodegradable, biocompatible and can be utilized to 
release controlled amounts of drugs [15]. The systems 
enhance the stability of the drug and allow the effect to 
remain at the target site. However, their effectiveness 
may be affected by the problem of polymer degradation, 
poor efficiency of loading drugs, and potential alteration 
of their release pattern [16]. 
 
3.2 Lipid-Based Nanocarriers 
Liposomes and solid lipid nanoparticles (SLNs) are 
lipid-based carriers that are effective in enhancing drug 
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solubility and permeability. They are very useful in the 
field of periodontal due to their biocompatibility and 
capability of encapsulating hydrophilic and hydrophobic 
drugs. Also, they increase the retention of drugs in 
periodontal pockets, but concerns about the stability and 
drug liberation may reduce its potential long-term 
efficacy [17]. 
 
3.3 Metallic and Inorganic Nanoparticles 
Silver, gold and zinc oxide are metallic nanoparticles 
that have strong antimicrobial and anti-inflammatory 
methods. Zinc oxide nanoparticles especially have 
shown a high degree of antibacterial effect on 
periodontal pathogens in addition to decreased 
inflammation. Such properties render them potential 
members of the treatment of periodontal infections, but 
the issue of cytotoxicity and ultimate safety still exists 
[18]. 
 
3.4 Nanohydrogels and Nanofibers 

Nanohydrogels and nanofibers offer sustained and 
localized delivery of drugs and are very useful in 
periodontal therapy. These systems have the ability to 
sustain the therapeutic drug levels in patients over a long 
duration and aid the process of tissue regeneration. They 
are also appropriate in tissue engineering application, 
especially in directed tissue and bone repair due to their 
structural attributes [19]. 
 
3.5 Hybrid and Multifunctional Nanoparticles 
Hybrid and multifunctional nanoparticle systems 
combine the benefits of other nanoparticle systems with 
an improved treatment response (Table 1). The systems 
have the capability to provide antimicrobial agents and 
regenerative factors concurrently and offer a dual-
purpose treatment of periodontal. This 
multifunctionality enhances the efficiency of the 
treatment and contributes to the infection control and 
tissue repair [20]. 

 
Table 1: Types of Nanoparticles in Periodontal Therapy 

Type Examples Main Advantages Key Limitation Reference 
Polymeric 
nanoparticles 

PLGA, chitosan Biodegradable, biocompatible, 
controlled drug release 

Variable release and 
limited drug loading 

[15,16] 

Lipid-based 
nanocarriers 

Liposomes, SLNs Improve solubility, 
permeability, and drug 
retention 

Stability issues and 
drug leakage 

[17] 

Metallic 
nanoparticles 

Silver, gold, zinc 
oxide 

Strong antimicrobial and anti-
inflammatory effects 

Cytotoxicity and safety 
concerns 

[18] 

Nanohydrogels and 
nanofibers 

Hydrogel systems, 
nanofibers 

Localized sustained delivery 
and regenerative support 

Complex fabrication [19] 

Hybrid 
nanoparticles 

Composite 
nanosystems 

Combined antimicrobial and 
regenerative actions 

High design complexity [20] 

 
4. Therapeutic Applications in Periodontal Disease 
4.1 Antimicrobial Drug Delivery 
The nanoparticle-based systems have demonstrated a lot 
of promise in augmenting antimicrobial treatment of 
periodontal disease as they are believed to have the 
ability of targeting the disease-causing microorganisms 
and also enhance the drug infiltration of the complicated 
biofilm formations. The presence of periodontal 
biofilms prevents the activity of traditional antimicrobial 
agents by providing protective barriers; nanoparticles 
are able to pass through these biofilms because they are 
small in size and their surface is also modified, thus, 
permitting localized continuous release of the drug. This 
focused strategy increases the effectiveness of 
antibacterials and lessens the system exposure and 
resistance [21]. 
 
4.2 Anti-inflammatory and Immunomodulatory 
Delivery 
Nanoparticle-based delivery systems are also important 
in controlling host inflammatory responses besides 
antimicrobial effects. Dysregulated immune responses 
are also a major cause of periodontal disease 
progression, and therefore cytokine regulation is a 
preferred treatment option. Anti-inflammatory agents 
can be delivered by nanocarriers to prevent the pro-
inflammatory cytokines and induce the creation of an 

immune balance. Some of these compounds like 
flavonoids have shown a high level of anti-inflammatory 
and immunomodulatory effects, and therefore, the host 
modulation therapy using nanoparticles have the 
potential to be used in the management of periodontal 
disease [22]. 
 
4.3 Regenerative Therapy 
Another role of nanoparticles in regenerative periodontal 
therapy is that they help deliver growth factors and stem 
cells. Stimulating factors (bone morphogenetic proteins 
(BMPs) and platelet-derived growth factors (PDGF) are 
necessary to enhance tissue restoring and bone 
development. Nanocarriers facilitate controlled and 
local delivery of these bioactive molecules to increase 
the therapeutic efficacy of these proteins. Also, scaffolds 
made of nanoparticles facilitate the delivery and 
differentiation of stem cells, which can be used as a 
promising approach to periodontal tissue engineering 
and regeneration [23]. 
 
4.4 Gene and RNA-Based Delivery 
The new directions in periodontal therapy are the use of 
gene and RNA-based delivery systems based on 
nanoparticles. MicroRNA (miRNA) and small 
interfering RNA (siRNA) have the capacity to control 
gene expression relative to inflammation and tissue 



Nanoparticle-Based Drug Delivery Systems in Periodontal Therapy: Current Advances and Clinical Potential 
 

IJDDT, Volume 16 Issue 42s, 2026 Page 920 

 

rupture. Nanoparticles prevent degradation of these 
nucleic acids and promote their targeted delivery to cells 
which enhance therapeutic effects (Table 2). These new 

strategies are a new and promising trend of precision 
periodontal therapy [24]. 

 
Table 2: Therapeutic Applications of Nanoparticles in Periodontal Disease 

Application Function Key Benefit Reference 
Antimicrobial delivery Targets periodontal pathogens, 

enhances biofilm penetration 
Improved antibacterial efficacy and 
localized action 

[21] 

Anti-inflammatory & 
immunomodulatory 

Regulates cytokines and host 
immune response 

Reduces inflammation and 
promotes immune balance 

[22] 

Regenerative therapy Delivers growth factors (BMPs, 
PDGF) and stem cells 

Enhances tissue regeneration and 
bone formation 

[23] 

RNA-based delivery Delivers siRNA and miRNA for 
gene regulation 

Controls inflammation and tissue 
destruction at molecular level 

[24] 

 
1. Controlled and Targeted Drug Release 
Mechanisms 
Targeted and controlled drug release systems are 
important in promoting the effectiveness of periodontal 
treatment by ensuring that the drug concentrations are 
maintained in the action location. Sustained release 
systems are engineered so as to deliver the predictable 
and long release of a drug through diffusion, degradation 
as well as swelling of the matrix, consequently lowering 
the dosing rate as well as enhancing patient adherence 
[28]. More sophisticated methods involve stimuli-
responsive systems, with release of drugs at the local 
environment, i.e. acidic pH or enzyme activity that is 
usually found in periodontal pockets which would allow 
the site-specific and specific therapy [25]. Also, 
targeting approaches are particularly useful site-specific 
ligand-functionalized nanoparticles, which enhance 
selective adherence to target cells and biofilm-targeting 
systems that enhance penetration and disruption of 
microbial biofilms. These joint actions have a substantial 
therapeutic effect, maximizing the effect of the drug, and 
reducing the side effects caused by systems [26]. 
 
2. Preclinical and Clinical Evidence 
Preclinical and clinical trials offer important data on the 
success of nanoparticle delivery systems of drugs in 
periodontal treatment. The in vitro research has shown a 
great antimicrobial activity against periodontal pathogen 
and reasonable cytocompatibility implying that the 
research could be safe to use clinically. Improved 
biofilm penetration and prolonged release of drugs are 
also featured in these studies. These findings are further 
confirmed in vivo animal models where there is a 
positive periodontal regeneration, lower inflammation, 
and lower alveolar bone loss after nanoparticle-based 
treatments. These results imply better treatment results 
than traditional methods. Moreover, there is evidence of 
encouraging outcomes in new clinical trials and human 
experiments, where there was a decrease in the pocket 
depth and an increase in the level of attachment. In 
general, existing data indicate that systems based on 
nanoparticles have higher effectiveness and specificity, 
which is why such systems can replace conventional 
periodontal treatments. 
 

3. Challenges and Limitations 
Although nanoparticle-based drug delivery systems 
have high potential, there are a number of challenges that 
inhibit its clinical translation. The biological barriers 
might reduce the effectiveness of therapy as a result of 
nature and complexity of the periodontal biofilms, and 
low tissue penetration. Furthermore, the toxicity and 
safety concerns are also not alleviated because the long-
term effects and the fact of the nanoparticle tissues 
accumulation is not fully understood. Large scale 
manufacturing and scalability is also one of the biggest 
barriers that entail the issue of reproducibility, stability, 
and the high cost of manufacturing that does not favor 
large-scale commercialization. Besides, the issue of 
regulatory and ethical factors is another complication 
because the approval process of nanomedicines is 
usually complicated and does not have unified criteria of 
evaluations. There are also no standard protocols on how 
to evaluate safety and quality, which makes the adoption 
in clinics difficult. To make sure that nanoparticle-based 
therapies, which are currently being applied in treating 
periodontal problems, are safe, effective, and widely 
used, it is necessary to address these limitations. 
 
4. Future Perspectives and Emerging Trends 
The future of nanoparticles-based drug delivery system 
in periodontal therapy is becoming more and more tilted 
towards precision, intelligence and clinical integration. 
The addition of stimuli-responsiveness and AI-assisted 
design features makes smart nanoparticles likely to be 
utilized in real-time monitoring and controlled drug 
release, creating the possibility of theranostic 
applications, a combination of diagnosis and therapy. 
Another trend, which has been emerging, is the 
application of periodontal therapy, where nanoparticle 
therapy systems can be designed depending on the 
profile of a patient, severity of the disease and the 
composition of the microbial, among others, which also 
improves the efficacy of the treatment. Moreover, 
nanotechnology and regenerative medicine have a great 
potential in the future especially in enabling the specific 
delivery of growth factors and stem cells to repair and 
regenerate tissues. Despite these advances, there is a 
need to possess a well-arrived clinical translation 
roadmap, which focuses on the large scale validation, 
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safety testing and regulatory acceptance to eliminate the 
gap between laboratory research and the normal clinical 
practice. 
 
5. Conclusion 
Drug delivery system through nanoparticles is a 
developing and emerging method of enhancing 
periodontal therapy by dismantling the limits of the 
traditional treatment methods. Their unique 
physicochemical properties make them have the 
capacity to be delivered specifically, enhance the biofilm 
permeability and the release of drugs in order to obtain 
a greater degree of therapeutic impact and reduced 
systemic adverse events. Various nanoparticle systems 
have been demonstrated to hold tremendous potential in 
delivery of antimicrobial, anti-inflammatory and 
regenerative factors directly to periodontal locations and 
they comprise the polymeric, the lipid-based system, the 
metallic system, and the hybrid systems. They also have 
benefits in reducing microbial load, controlling host 
response and regenerating tissue as emerging and 
preclinical data prove. However, still, its large-scale use 
in clinical practice is limited by such problems as 
biological problems, long-term safety, production 
scaling, and regulatory limitations. These issues have to 
be resolved in standard requirements, full safety analysis 
and inexpensive production process to ensure that 
translation became a success. The recent development of 
transforming nanoparticles into smarter, stimuli-
responsive, and personalized, as well as implementing it 
to the regenerative medicine, along with the additional 
advancements of the technology in the future, are 
expected to make the treatment results even more 
optimistic. Overall, there is a colossal potential of 
nanoparticle-based drug delivery systems to transform 
the sphere of periodontal care into the realm of more 
precise, effective and patient-oriented treatment. 
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