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driven by microbial dysbiosis, immune dysregulation, and impaired tissue
repair. Conventional treatments often fail to achieve predictable regenera-

tion in this high-risk scenario due to the unique hyperglycemic and pro-inflam-
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matory microenvironment. This review examines the paradigm shift in ther-
apies offered by fast developing nanotechnology, moving beyond simple path-
ogen control toward integrated strategies. In this review, we identify differ-
Copyright © 2026 by author(s) and ent functional nanomaterial classes, including potent antibiofilm agents,
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scavenge reactive oxygen species, and “smart” carriers enabling enzyme-re-
sponsive delivery. Furthermore, the role of nanocomposite scaffolds in facil-
itating alveolar bone regeneration is also highlighted. Beyond therapeutic
mechanisms, we rigorously evaluate translational barriers, including bio-
compatibility, manufacturing consistency, and regulatory requirements. A
critical emphasis is placed on the current scarcity of clinical data specifically
derived from DP cohorts. The review concludes by forecasting the develop-
ment of multifunctional, theranostic nanoplatforms that seamlessly inte-
grate into clinical workflows, addressing the specific metabolic and inflam-
matory demands of DP to ensure safety and unlock their full therapeutic
potential.
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1. Introduction

1.1. Disease Burden and Clinical Gaps

Periodontitis is a chronic inflammatory disease initiated by dysbiotic dental
plaque biofilms, leading to the progressive destruction of the tooth-supporting
apparatus, including the periodontal ligament and alveolar bone [1]. As a major
global public health concern, it not only represents a leading cause of tooth loss in
adults but also imposes a substantial medical and socioeconomic burden [2]. The
complexity of periodontitis escalates significantly when it coexists with systemic
conditions, most notably diabetes mellitus. The bidirectional relationship between
periodontitis and diabetes has been well-established, where each condition ad-
versely influences the other. On one hand, diabetes exacerbates periodontal de-
struction by fostering a hyperinflammatory state, impairing host immune re-
sponses, and altering bone metabolism [3]. On the other hand, the chronic in-
flammation stemming from periodontitis can worsen insulin resistance and com-
plicate glycemic control, creating a vicious cycle that makes treatment particularly
challenging [4].

Current clinical management for periodontitis, whether in diabetic or non-di-
abetic patients, is primarily centered on mechanical debridement, such as scaling
and root planing (SRP), often supplemented with adjunctive antimicrobial agents
[5]. While these conventional therapies are effective in reducing the microbial
load and temporarily alleviating inflammation, their efficacy is often limited and
transient, especially in the context of diabetic periodontitis [6]. Several critical
gaps persist. First, mechanical instruments are hard to completely eradicate path-
ogenic biofilms located in deep periodontal pockets, furcation areas, or dentinal
tubules, leading to frequent disease recurrence [7]. Second, the systemic or local
application of antibiotics faces challenges like inadequate concentration at the tar-
get site, the development of bacterial resistance, and potential systemic side effects
[8]. Most importantly, these conventional approaches primarily target the micro-
bial trigger but fail to adequately address the dysregulated host immune response
and cleanse the established pro-inflammatory microenvironment, which are par-
ticularly pronounced in diabetic patients [5] [8]. Consequently, they fall short in
promoting predictable and functional regeneration of the tissues destroyed by the
disease, a fundamental goal of definitive periodontal therapy. Therefore, there is
a pressing need for innovative therapeutic strategies that can simultaneously elim-
inate deep-seated pathogens, modulate the aberrant inflammatory cascade, and
facilitate robust tissue regeneration, thereby breaking the pathological loop in di-

abetic periodontitis.

1.2. Pathophysiology and Clinical Definition of Diabetic
Periodontitis

In this review, diabetic periodontitis (DP) is operationally defined as periodontitis
occurring in patients with a confirmed diagnosis of either Type 1 or Type 2 dia-
betes mellitus (T1D or T2D). The severity and progression of DP are heavily in-
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fluenced by the patient’s glycemic control status, often measured by HbA1c levels;
therefore, interpreting therapeutic outcomes requires considering this metabolic
baseline [9].

The bidirectional synergy between diabetes and periodontitis is driven by a dis-
tinct pathophysiological map. Chronic hyperglycemia accelerates the accumula-
tion of advanced glycation end-products (AGEs), which bind to their receptors
(RAGE) on periodontal tissues. The AGE-RAGE axis triggers profound oxidative
stress and sustains a hyperinflammatory state [10]. Furthermore, diabetes com-
promises local microcirculation via impaired angiogenesis and alters bone turno-
ver by uncoupling osteoblast and osteoclast activities, leading to accelerated alve-
olar boneloss [11]. Conventional therapies often fail to address these specific met-
abolic drivers. Thus, ideal nanomaterials for DP must be explicitly designed to
target these drivers—such as utilizing nanozymes to scavenge hyperglycemia-in-
duced ROS, pro-angiogenic nanoparticles to restore microcirculation, and oste-

oinductive scaffolds to rebalance bone remodeling under diabetic conditions [12].

1.3. The Promise of Nanomaterials

In recent years, the rapid advancement of nanotechnology has introduced a new
paradigm for addressing the limitations of conventional periodontal therapies
[13]. Nanomaterials, typically defined as materials with at least one dimension in
the nanoscale (1 - 100 nm), possess unique physicochemical properties that are
not present in their bulk counterparts. These properties, including a high surface-
area-to-volume ratio, quantum effects, and tunable surface chemistry, make them
exceptionally promising for biomedical applications, particularly in the complex
milieu of the oral cavity [14]. Therapeutic nanoparticles (NPs) are being engi-
neered to tackle the multifaceted pathology of periodontitis through several key
advantages.

Firstly, many nanoparticles, especially inorganic ones like silver (AgNPs), zinc
oxide (ZnO), and iron oxide (Fe,O, NPs), exhibit potent, broad-spectrum antimi-
crobial activity [15]-[17]. Their therapeutic mechanisms often involve physical
disruption of bacterial membranes and generation of extracellular reactive oxygen
species (ROS), which are less likely to induce the resistance commonly seen with
conventional antibiotics. Secondly, nanomaterials can be designed to actively mod-
ulate the host immune response. For instance, cerium oxide (CeO;) and polydo-
pamine (PDA) nanoparticles can act as powerful antioxidants to scavenge exces-
sive intracellular ROS, thereby mitigating oxidative stress-driven inflammation
amplified by the AGE-RAGE axis in diabetic environments [18]. Specifically-de-
signed nanoparticles can influence macrophage polarization, shifting them from
a pro-inflammatory M1 phenotype to a pro-reparative M2 phenotype, which is
crucial for resolving inflammation and initiating tissue repair [19]. Thirdly, nano-
particles can serve as exceptional platforms for targeted drug delivery [20]. By
functionalizing their surfaces or encapsulating therapeutic agents, they can deliver

drugs specifically to the periodontal pocket, enhancing local bioavailability while
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minimizing systemic exposure and side effects [21]. Finally, a significant ad-
vantage of nanomaterials is their potential to promote tissue regeneration. They can
act as scaffolds that provide a structural template for cell attachment and growth, or
as bioactive agents that stimulate osteogenic differentiation of periodontal ligament
stem cells (PDLSCs) and facilitate alveolar bone regeneration [22]. Crucially for
DP, these smart scaffolds can be tailored to release pro-angiogenic factors to re-
verse diabetes-induced microvascular impairment and rebalance the dysregulated
osteoblast/osteoclast coupling to rescue altered bone turnover. For example, gold
nanoparticles (AuNPs) and magnesium oxide (MgO) nanoparticles have demon-
strated direct osteoinductive capabilities [23] [24]. The integration of these mul-
tifunctional properties into a single platform offers a holistic approach to treating
periodontitis, addressing its microbial, inflammatory, and tissue-destructive com-

ponents simultaneously.

1.4. Scope of This Review

Given the burgeoning research in this field, this review aims to provide a compre-
hensive overview of the application of nanomaterials in the treatment of perio-
dontitis, with a particular focus on the unique challenges presented by diabetes.
Instead of classifying nanomaterials by their chemical composition, this review is
structured around their primary therapeutic functions and applications to better
highlight their potential roles in a comprehensive clinical strategy. The subsequent
sections will systematically explore the use of nanomaterials for: 1) Antibacterial
and anti-biofilm strategies, detailing how nanoparticles are employed to eradicate
pathogenic biofilms more effectively than conventional methods; 2) Immuno-
modulation and anti-inflammatory control, focusing on nanomaterials designed
to rebalance the dysregulated host response and resolve chronic inflammation
fueled by diabetic oxidative stress; 3) Targeted and controlled-release delivery sys-
tems, discussing the engineering of smart nanocarriers for precise drug delivery
to the periodontal niche; and 4) Tissue regeneration and functional restoration,
examining the role of nanomaterials as scaffolds and bioactive cues to promote
the regeneration of lost bone and soft tissues by overcoming diabetes-associated
healing impairments. Finally, we will address the critical aspects of biocompati-
bility, safety, and translational pathways, discussing the current challenges and
future perspectives for translating these promising nanotechnologies from the la-
boratory bench to clinical practice. By organizing the discussion around these
functional pillars, we aim to provide a clear and application-oriented perspective
on how nanotechnology is poised to revolutionize the management of diabetic

periodontitis.

2. Classification of Periodontal Nanomaterials

The therapeutic potential of nanomaterials in periodontitis is not merely a conse-
quence of their nanoscale dimensions but is deeply rooted in a sophisticated and

highly tunable design space. This space encompasses the fundamental choice of
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material, the precise engineering of its physical and chemical properties, and the
formulation of its delivery format to navigate the complex periodontal pocket mi-
croenvironment. Effectively harnessing these elements allows for the creation of
tailored interventions that can address the multifaceted challenges of diabetic per-
iodontitis, moving beyond the limitations of conventional therapies. This section
will explore the taxonomy of nanomaterials, the key design levers that govern their
function, and the diverse delivery formats that translate these engineered particles

into clinically relevant applications.

2.1. Taxonomy: Inorganic, Organic, and Nanocomposites

The vast sorts of nanomaterials employed in periodontal research can be broadly
classified into three major families: inorganic, organic, and nanocomposites, each
offering a unique set of properties suited to different therapeutic strategies (Figure
1) [25].

Inorganic nanomaterials, including metals, metal oxides, and structured com-
pounds like mesoporous silica nanoparticles (MSNs), form a cornerstone of this
field. They exhibit exceptional and inherent physicochemical properties that make
them powerful agents for both direct therapy and drug delivery [26]. Metallic na-
noparticles such as those based on silver (AgNPs) and gold (AuNPs) are renowned
for their potent, broad-spectrum antimicrobial activity, which arises from mech-
anisms like ion release and reactive oxygen species (ROS) generation, offering an
alternative to traditional antibiotics [15] [23]. Metal oxides, such as zinc oxide (ZnO)
and cerium oxide (CeQ,), can also function as enzyme mimics, or “nanozymes,” that
modulate the oxidative and inflammatory environment of the periodontal pocket
[16] [18]. A distinct advantage of many inorganic materials is their high surface
area-to-volume ratio, which provides a high density of active sites for catalytic reac-
tions and cellular interactions [27]. MSNs, with their tunable pore sizes and high
porosity, are exemplary drug delivery platforms, capable of hosting and providing
sustained release of antibiotics, anti-inflammatory agents, or growth factors within
the periodontal pocket [28] [29].

Organic nanomaterials, which include natural and synthetic polymers as well
as nucleic acid constructs, are primarily lauded for their excellent biocompatibility
and their capacity to interact favorably with biological systems [30]. Polymers like
chitosan, poly (lactic-co-glycolic acid) (PLGA), and hyaluronic acid (HA) are fre-
quently used to create nanoparticles, hydrogels, and scaffolds. Their biodegrada-
bility can be tuned, and their surfaces are readily modified to enhance cell adhe-
sion, guide cell migration, and promote tissue regeneration [31] [32]. Chitosan,
for instance, possesses intrinsic antibacterial properties and mucoadhesive char-
acteristics, making it an excellent candidate for local drug delivery systems [33].
A more recent and sophisticated class of organic constructs involves nucleic acid
nanotechnology, such as tetrahedral framework nucleic acids (tFNAs). These
three-dimensional DNA nanostructures exhibit remarkable structural stability,

biocompatibility, and the ability to traverse cell membranes. They can act as plat-
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forms for delivering therapeutic peptides or gene-silencing agents, and have even
been shown to directly stimulate osteogenic differentiation pathways, such as the
Wnt/S-catenin and Notch pathways, offering a novel approach to tissue regener-
ation [34].

Bridging these two categories are nanocomposites, which synergistically com-
bine the strengths of different materials to achieve functionalities that a single
component cannot. By embedding inorganic nanoparticles within an organic pol-
ymer matrix, for example, researchers can create scaffolds or membranes that pos-
sess both the mechanical resilience and biocompatibility of the polymer and the
potent antibacterial or osteogenic activity of the inorganic phase. A common ex-
ample is the incorporation of nano-hydroxyapatite (nHA) into a collagen or PLGA
scaffold, creating a biomimetic composite that provides structural support while
actively promoting new bone formation [31]. Similarly, loading MSNs into a chi-
tosan hydrogel results in a system that offers injectability for filling irregular de-
fects, sustained drug release from the silica pores, and the inherent beneficial prop-
erties of the hydrogel matrix [28]. These composite systems represent a powerful
strategy for developing multifunctional platforms that can simultaneously combat

infection, control inflammation, and orchestrate tissue repair.

Inorganic Organic Nanocomposite
Nanomaterials Nanomaterials
Au NPs Ag NPs o :
CeOx \
MSNs ) PLGA
\
. MSNs
Chitosan
Synergy Mechanical
7 Multi-functional
Repair
Bacterial ¥
Inhibition Tissue regeneration

Figure 1. Overview of material-based nanotherapeutic categories. The diagram illustrates the functional dichot-
omy between Inorganic Nanomaterials (focused on bacterial inhibition; e.g., Ag NPs, MSNs) and Organic Na-
nomaterials (focused on tissue regeneration; e.g., PLGA, Chitosan). It further highlights the development of
Nanocomposites that integrate organic matrices with inorganic fillers to achieve enhanced mechanical proper-
ties and multi-functional repair via synergistic mechanisms. This schematic diagram was created using BioRen-

der (https://www.biorender.com/).
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2.2. Rational Design and Environmental Responsiveness

The therapeutic efficacy of a nanomaterial is contingent upon the precise modu-
lation of its key design parameters, principally its physical morphology, surface
chemistry, and environmental responsiveness [35]. Fundamentally, size and shape
are primary determinants of biological activity. These attributes dictate the nano-
particle’s surface-to-volume ratio and the number of available active sites. Smaller
particles, for instance, often exhibit enhanced antimicrobial activity [36], while
specific morphologies like nanorods may present superior catalytic or osteogenic
potential [37] [38]. Surface engineering is central to functional customization.
Modifying the surface with polymers such as chitosan can improve adhesion and
retention within the gingival sulcus [39], whereas functionalized coatings can fa-
cilitate penetration through biofilm barriers. A more sophisticated strategy im-
parts “on-demand” capabilities, enabling nanomaterials to release their payload
only when triggered by pathological cues like the acidic pH or high matrix metal-
loproteinase (MMP) levels found in periodontal pockets [40]. This spatiotempo-
rally precise approach minimizes off-target effects and represents a significant ad-

vancement toward precision medicine for periodontitis.

2.3. Nanomaterial Delivery Systems and Theranostic Platforms

The clinical translation of engineered nanomaterials is critically dependent on
their formulation into effective delivery systems, which are essential for ensuring
stability and sustained release within the periodontal pocket. Injectable hydrogels,
often composed of polymers like chitosan or hyaluronic acid, represent a highly
adaptable format. These systems can be loaded with therapeutic nanoparticles and
administered as a liquid, undergoing in situ gelation to conform precisely to ir-
regular defect topographies, thereby serving as both a drug depot and a temporary
regenerative scaffold [41] [42]. Alternatively, for guided tissue or bone regenera-
tion (GTR/GBR), nanomaterials are integrated into solid-state formats such as
membranes, films, or electrospun fibers [43]. These structures act as bioactive bar-
riers, preventing epithelial downgrowth while delivering osteoinductive agents
like nano-hydroxyapatite (nHA) or magnesium oxide (MgO) to actively promote
bone formation [44]. At the forefront of innovation are multimodal theranostic
platforms, which merge therapy with diagnostics. For instance, superparamag-
netic iron oxide nanoparticles (SPIONs) can enable magnetic resonance imaging
(MRI) for lesion visualization while also functioning as photothermal agents for
bacterial eradication [45]. Such integrated systems, which may include quantum
dots for real-time tracking, promise to personalize periodontal treatment by ena-

bling non-invasive monitoring of drug delivery and therapeutic response.

3. Antibacterial and Antibiofilm Applications

Controlling the pathogenic microbial communities within the periodontal pocket
is a cornerstone of periodontitis therapy. Nanomaterials offer a paradigm shift

from conventional antibiotics, providing multi-pronged attacks against bacteria
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and their resilient biofilm structures. This section details the direct antibacterial
actions of various nanomaterials, explores advanced antibiofilm strategies often
augmented by external stimuli, and discusses the critical safety considerations in-

herent to their design.

3.1. Direct Antibacterial Nanomaterials

Certain nanomaterials possess intrinsic bactericidal or bacteriostatic properties,
offering a direct therapeutic approach without relying on traditional antibiotics
[46]. Among these, silver nanoparticles (AgNPs) are particularly potent, primarily
through the sustained release of Ag* ions, which disrupt bacterial membranes and
vital enzymatic functions [47]. Their effectiveness is profoundly influenced by key
physical parameters; smaller sizes and positive surface charges enhance interac-
tion with and penetration of negatively charged bacterial walls, boosting antimi-
crobial activity. Moreover, particle morphology is crucial, as non-spherical shapes
with more reactive facets can exhibit superior bactericidal effects [48]. While gen-
erally less potent in direct killing, gold nanoparticles (AuNPs) disrupt bacterial
metabolic pathways and are highly versatile [23]. Their exceptional photothermal
conversion efficiency makes them ideal for near-infrared (NIR) light-mediated
ablation of bacteria, and they serve as stable platforms for conjugating other ther-

apeutic agents, thereby synergistically enhancing treatment efficacy [49].

3.2. Antibiofilm Strategies and PDT/PTT-Assisted Therapies

Eradicating the mature, deeply-seated biofilm in the subgingival pocket presents
a formidable challenge that mechanical debridement alone often fails to meet.
Nanotechnology-enabled strategies, particularly those assisted by external energy
sources, offer innovative solutions to dismantle these complex structures. Photo-
dynamic therapy (PDT) and photothermal therapy (PTT) are at the forefront of
these advancements. In PDT, a photosensitizer-loaded nanoparticle is delivered
to the biofilm and activated by light of a specific wavelength, producing cytotoxic
ROS that kill embedded bacteria [50]. PTT, as mentioned with AuNPs, uses light-
absorbing nanoparticles to generate lethal heat upon irradiation [51]. The ad-
vantages of these therapies are significant: they are minimally invasive, highly lo-
calized, and their physical mechanisms of action are less likely to induce microbial
resistance compared to chemical agents. AgNPs, for instance, can enhance PDT
by leveraging their plasmonic properties to amplify the light-harvesting capability
of nearby photosensitizers, leading to greater ROS production and improved ther-
apeutic outcomes [52].

To rigorously evaluate the antibiofilm efficacy of these nanotherapeutics, sev-
eral concise criteria must be met. Effective nanomaterials should demonstrate deep
biofilm penetration, robust disruption of the extracellular polymeric substance
(EPS) matrix, and a significant reduction in viable bacterial counts within mature,
multi-species biofilms [53]. Furthermore, traditional static in vitro models often

fail to capture the dynamic fluid flow and complex host-microbe interactions of
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the oral cavity. Therefore, moving forward, efficacy must be validated in advanced
model systems that best approximate the periodontal pocket environment, such
as dynamic flow-cell biofilm models, microfluidic platforms, or in vivo diabetic

animal models.

4. Immune and Inflammation Modulation

Beyond their direct antimicrobial and antioxidant activities, nanomaterials offer
sophisticated strategies for modulating the host immune response, which is a crit-
ical determinant of tissue destruction and healing in periodontitis. The dysregu-
lated inflammatory cascade, characterized by a persistent pro-inflammatory state,
presents a key therapeutic target. Advanced nano-therapeutics are increasingly
designed not just to eliminate pathogens but to actively reprogram the inflamma-
tory microenvironment, fostering a shift from destructive inflammation toward a

state conducive to resolution and repair.

4.1. Nanomodulation of Macrophage Phenotypes

Modulating macrophage polarization is a key strategy in nano-immunotherapy
for periodontitis, where a pro-inflammatory M1 phenotype drives tissue destruc-
tion through cytokines like TNF-a and IL-1/. Nanosystems aim to shift this bal-
ance toward an anti-inflammatory M2 phenotype, which promotes resolution and
repair via mediators such as IL-10 [54] [55]. This transition can be achieved through
the intrinsic properties of nanomaterials or delivered biological cargoes. For in-
stance, specific nanoparticles have been shown to facilitate M2 polarization and
suppress M1 markers, reducing inflammatory responses and osteoclast activity
[56]. Similarly, nano-based delivery systems can transport immunomodulatory
agents, such as stem cell-derived exosomes, to guide macrophage differentiation
toward a regenerative M2 state [57]. By engineering nanomaterials that precisely
interact with immune signaling pathways, it is possible to control the local cytokine

environment, creating conditions conducive to periodontal tissue healing [58].

4.2. Multifunctional Nanozymes

Nanozymes, as nanomaterials possessing intrinsic enzyme-like activities, repre-
sent a particularly versatile class of immunomodulators, offering a broad spec-
trum of antibacterial, anti-inflammatory, and pro-regenerative effects. These ar-
tificial enzymes mimic natural counterparts such as superoxide dismutase (SOD),
catalase (CAT), and peroxidase (POD), enabling the sustained and efficient neu-
tralization of excessive reactive oxygen species (ROS) that exacerbate inflamma-
tion and tissue damage. For instance, metal-phenolic networks, specifically cop-
per tannic acid (CuTA) nanosheets, integrated into a hydrogel platform, have
demonstrated microenvironment-responsive release triggered by elevated matrix
metalloproteinase (MMP) levels in inflamed periodontal tissues [56]. The liber-
ated CuTA nanozyme not only exhibits direct antibacterial and antiplaque prop-

erties against various pathogens, including P. gingivalis and S. aureus, but also
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engages in cascaded SOD- and CAT-like activities to effectively scavenge multiple
ROS types. Crucially, this system modulates macrophage polarization from the
pro-inflammatory M1 to the anti-inflammatory M2 phenotype via the Nrf2/NF-
kB pathway, thereby diminishing pro-inflammatory cytokines and fostering oste-
ogenesis. Similarly, copper nanodots can be engineered for triple enzymatic activ-
ities, capable of neutralizing free radicals, eliminating bacteria, and penetrating
deeply into gingival tissues when formulated in an ionic liquid gel [59]. These ex-
amples underscore nanozymes’ capacity to serve as integrated therapeutic sys-
tems, addressing multiple facets of periodontitis pathophysiology in a coordinated

and sophisticated manner.

4.3. Modulation of Neutrophil and T-Cell Responses

While macrophage polarization is a primary focus, the host-response in DP in-
volves a broader spectrum of immune cells that nanomaterials can target. In the
diabetic microenvironment, neutrophil dysfunction is prominent, characterized
by impaired chemotaxis and exaggerated release of destructive reactive oxygen
species and matrix metalloproteinases [60]. Nanoparticles engineered with anti-
oxidant properties can mitigate this neutrophil-mediated collateral tissue damage.
Additionally, DP is marked by an imbalance in adaptive immunity, specifically an
elevated Th17 to Treg cell ratio [61]. Emerging research suggests that specifically
functionalized nanomaterials, such as those co-delivering immunomodulatory
cytokines or utilizing tolerogenic dendritic cell-targeting ligands, can help restore
the Th17/Treg balance. By addressing these broader cellular dysfunctions, nano-
therapeutics offer a more comprehensive resolution of DP-associated inflamma-
tion [62].

5. Nanocarrier Systems for Periodontal Therapy

The intricate and dynamic environment of the periodontal pocket presents a sig-
nificant hurdle for effective therapeutic intervention. To overcome challenges
such as rapid clearance by the gingival crevicular fluid and nonspecific drug dis-
tribution, advanced nanomaterials are being engineered with sophisticated target-
ing and on-demand release capabilities. These systems aim to enhance drug re-
tention at the site of inflammation, increase local bioavailability, and orchestrate
payload release in direct response to pathological cues, thereby maximizing ther-

apeutic efficacy while minimizing off-target effects.

5.1. Localized Retention and Enzyme-Responsive Release

Achieving prolonged therapeutic agent residence within the periodontal pocket is
paramount for effective local drug delivery. This is frequently accomplished
through mucoadhesive biomaterials, which enhance contact and retention time
within the pocket [21]. Furthermore, negatively charged nanomaterials can be re-
tained at inflamed sites via electrostatic adsorption, ensuring concentrated thera-

peutic delivery where needed [63]. Critically, “smart” delivery systems leverage
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the unique enzymatic environment of periodontitis; for instance, hydrogels re-
sponsive to elevated matrix metalloproteinase (MMP) levels can degrade to re-
lease encapsulated therapeutic agents precisely at the site of active tissue destruc-
tion [64]. This strategy ensures controlled, on-demand drug liberation, thereby

minimizing premature leakage and off-target effects.

5.2. Receptor-Mediated Precision Targeting

To further refine therapeutic delivery, nanomaterials can be functionalized with
specific motifs that target receptors overexpressed on inflamed tissues or immune
cells. This approach directs drug carriers to specific cell populations, ensuring po-
tentimmunomodulatory or antimicrobial agents are delivered with enhanced pre-
cision. The integration of such targeting ligands with stimuli-responsive platforms,
where targeted nanoparticles are released from a scaffold in response to local cues,
creates a hierarchical delivery system. This cascade amplifies the effective dose at
the action site while substantially reducing systemic exposure and potential side
effects.

6. Biocompatibility and Clinical Translation

The journey of nanotherapeutic agents from laboratory concepts to clinical reali-
ties in periodontology is paved with critical considerations regarding their safety,
manufacturing consistency, and translational viability. While the preclinical po-
tential is immense, advancing these innovative therapies requires a rigorous eval-
uation of their long-term biological impact, the feasibility of scalable production,
and a clear pathway through regulatory and clinical validation. Ethical and prac-
tical economic factors further shape their ultimate integration into standard den-

tal care (Figure 2).
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Figure 2. Key validation checkpoints in the translational pathway of novel therapeutic agents.
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Successful translation requires navigating four distinct stages: 1) Rational de-
sign based on physicochemical parameters (size/shape/charge); 2) Preclinical val-
idation of pharmacokinetics (ADME) and biocompatibility; 3) Standardization of
manufacturing processes to maintain stability and batch consistency via CQAs;
and 4) Clinical evaluation culminating in regulatory approval. Each step repre-

sents a critical filter for safety and efficacy.

6.1. Biocompatibility and Long-Term Safety Assessment

The successful clinical translation of nanotherapeutics fundamentally relies on
their biocompatibility and long-term safety, which are intricately linked to their
physicochemical properties like size, shape, and surface charge [65]. While smaller
metal nanoparticles can enhance therapeutic effects, they may also increase tox-
icity risks, necessitating strategies such as PEGylation to reduce immunogenicity
and prolong circulation [66]. A critical safety concern for metal-based nanoparti-
cles involves the dissolution and release of metal ions, which contribute to both
therapeutic action and potential host toxicity [67]. Thus, comprehensive toxico-
kinetic studies (ADME) are indispensable, evaluating the biodistribution, metab-
olism, and clearance of these materials, alongside the biocompatibility of their
degradation products to ensure their kinetics align with tissue regeneration time-

lines without adverse reactions.

6.2. Manufacturing Consistency and Quality Control

Transitioning nanotherapeutics from laboratory research to large-scale, GMP-
compliant production presents a significant hurdle, demanding rigorous batch-
to-batch consistency for a reliable clinical product. Critical Quality Attributes
(CQAs), encompassing particle size distribution, surface chemistry, zeta potential,
drug loading efficiency, and release profiles, must be meticulously defined and con-
trolled, as even minor deviations can profoundly alter a nanoparticle’s bioavailabil-
ity, efficacy, and safety [68]. Furthermore, maintaining the stability of nanofor-
mulations during storage and transport is crucial, as aggregation or degradation
can lead to loss of function and new safety risks. The development of robust ana-
lytical methods for monitoring these CQAs throughout the product lifecycle is
non-negotiable for regulatory approval, despite the inherent complexity and cost

associated with such characterization and scale-up processes.

6.3. Evidence Level: Preclinical Mechanisms vs. Clinical Endpoints

A critical gap in current periodontal nanomedicine is the disparity between mech-
anistic in vitro claims and demonstrated in vivo or clinical efficacy, particularly
for the DP cohort. Most current evidence is confined to preclinical stages [69]. In
vitro studies primarily report mechanistic outcomes, such as bacterial membrane
disruption, ROS scavenging efficiency, and osteogenic gene expression. While an-
imal studies provide higher-level evidence of reduced inflammatory infiltrate and

preliminary radiographic bone changes, they often lack standardized metabolic
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monitoring.

To bridge the translational gap, future early-phase clinical trials must clearly
define and report standardized clinical endpoints. Efficacy should be evaluated
using standard periodontal parameters, including probing depth (PD) reduction,
clinical attachment level (CAL) gain, and bleeding on probing (BOP). Crucially,
for DP patients, these local outcomes must be correlated with systemic glycemic
to fully validate the bidirectional therapeutic benefit of these multifunctional na-

noplatforms.

6.4. Regulatory Pathways and Clinical Validation

The clinical evidence supporting nanotherapeutics in periodontitis largely re-
mains in the preclinical phase, predominantly relying on in vitro and animal mod-
els. Direct extrapolation to the complex human oral environment often proves
challenging, highlighting an urgent need for well-designed early-phase clinical tri-
als to bridge this translational gap. A significant obstacle is the current lack of
harmonized and standardized methods for nanoparticle characterization and risk
assessment, which complicates regulatory evaluation [70]. To facilitate progress,
establishing standardized clinical endpoints is crucial; these should prioritize
safety and tolerability, while also incorporating established markers of periodontal
inflammation and radiographic assessment of alveolar bone regeneration as key
indicators of regenerative efficacy. Such standardization is essential for meaning-
ful data comparison and to satisfy the robust data requirements of regulatory bod-

ies for novel therapies.

7. 0utlook and Conclusions

The exploration of nanotechnology in periodontal therapy reveals a promising
frontier poised to transcend conventional treatments. The journey from bench to
bedside, however, hinges on addressing multifaceted challenges, from fundamen-
tal biocompatibility to clinical integration. A paramount objective is multifunc-
tional integration, envisioning intelligent nanoplatforms that concurrently exe-
cute antibacterial, immunomodulatory, regenerative, and diagnostic functions.
This holistic approach, targeting the interconnected pathological processes, is
steering towards personalized, monitorable pathways that move beyond one-size-
fits-all solutions. The development of nanobiosensors for rapid diagnostics and
trackable nanoparticles for non-invasive monitoring could enable adaptive regi-
mens tailored to individual patient needs. For widespread adoption, these advanced
strategies must seamlessly fuse with established clinical workflows, such as being
delivered via injectable hydrogels or smart mouthwashes post-scaling and root
planing (SRP). Crucially, the validation of these nanotherapeutics must be prior-
itized within the diabetic periodontitis (DP) population. The unique hyperglyce-
mic and pro-inflammatory microenvironment in DP presents a formidable chal-
lenge, and data from standard models cannot be directly extrapolated. There is a

significant data gap and an urgent need for dedicated research in relevant DP
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models to address this high-risk group. Successfully navigating the complexities
of DP will not only meet a critical clinical need but also robustly validate the trans-
formative potential of nanotechnology to redefine the future of periodontal care

and functional tissue restoration.
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