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Introduction: Silver nanoparticles (AgNPs) have emerged as a promising therapeutic modality in periodontal disease management
due to their potent antimicrobial activity and ability to promote tissue regeneration. This study aimed to evaluate the efficacy of AgNP-
infused patches in ligature-induced periodontitis rat model.

Methods: AgNPs were synthesized using a green synthesis method with neem (A4zadirachta indica) leaf extract followed by
incorporation into polyvinyl alcohol (PVA)-based patches. In vivo efficacy of experimental AgNP patch was tested in albino rats vs
marketed formulation and control groups, following ARRIVE guidelines.

Results: Characterization by Atomic Force Microscopy revealed spherical AgNPs with an average size of 85 nm, while Field
Emission Scanning Electron Microscopy confirmed uniform morphology and size distribution. Production of microporous AgNP
patches with uniform nanoparticle dispersion was also validated by Scanning electron microscopy and Energy Dispersive X-ray
Analysis. Observational and histopathological analysis revealed significant improvements in gingival and periodontal tissue restora-
tion, inflammation reduction in the AgNP-treated groups compared to untreated and standard-treated groups.

Discussion: Notably, the high-dose AgNP patch (1000 mg/kg) treated group exhibited near-complete tissue restoration. These
findings highlight the potential of AgNP patch as a localized treatment alternative for periodontal disease.

Keywords: silver nanoparticles, AgNPs, green synthesis, patch, periodontal disease, tissue regeneration, antimicrobial activity

Introduction
Periodontal disease, commonly referred to as gum disease, is a chronic inflammatory condition that affects the supporting
structures of teeth, including the gums, bones, and connective tissues. Initially manifesting as gingivitis (gum inflammation), it
can progress to periodontitis if untreated, leading to bone and tissue damage and, potentially, tooth loss in adults.' Globally,
periodontal disease is highly prevalent, affecting 45-50% of adults, with 10-15% experiencing severe forms. The disease’s
prevalence rises with age, particularly among individuals over 35.% Risk factors, including smoking, diabetes, genetic
predispositions, and inadequate oral hygiene, increase susceptibility.> Additionally, individuals in low-income groups often
experience higher prevalence due to limited dental care access.

Standard treatments for periodontitis combine professional interventions with patient-led oral care, including scaling and
root planning (deep cleaning), antibiotic therapy, and, in advanced cases, surgical or laser procedures to remove infected tissue

and stimulate healing.” Maintenance therapy with regular cleanings is also critical. However, treatment faces challenges, such
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as patient adherence to oral care, the recurrence of disease, antibiotic resistance, and the high costs of periodontal care, which
limit access, especially for underserved populations.’

Silver nanoparticles (AgNPs) are promising antimicrobial agents due to their broad-spectrum efficacy against bacteria,
including antibiotic-resistant strains, and their ability to disrupt biofilms; structured bacterial communities that are resistant to
standard treatments.® AgNPs act through multiple mechanisms, such as membrane disruption, reactive oxygen species (ROS)
generation, and interference with DNA and protein synthesis, making bacterial resistance less likely.” They effectively
penetrate biofilms, which is advantageous for treating chronic infections. The extracellular matrix (ECM), synthesized by
cells, constitutes a component of biomolecules inside a particular tissue. Further, owing to their facile synthesis methods and
stability, they can be integrated into medical device coatings or wound dressings. These properties make AgNPs particularly
valuable in managing multidrug-resistant infections and biofilm-associated conditions.”

The well-hydrated nanocomposite known as ECM comprises a number of proteins (including signaling proteins,
adhesion proteins, and proteoglycans) and fibers (such as collagen fibers, reticular fibers, and elastic fibers), the majority
of which enhance its stiffness. Moreover, a selectively replicated natural ECM scaffold has shown the ability to enhance
cytoskeletal organization, cellular signaling, motility, proliferation, adhesion, and differentiation.” The presence of
nanoscale components in the ECM thus renders the cell structure of nanoscale scaffolds more analogous to the natural
ECM compared to larger-scale scaffolds. Nanomaterials may be engineered that resembles certain extracellular matrices
to enhance cell migration, adhesion, and proliferation in injured tissues.'® Tissue engineering scaffolds that accurately
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replicate the porosity and surface area of natural extracellular matrix at the nanoscale provide an environment that
enhances cellular responses, such as adhesion, proliferation, and differentiation.'!

The purpose of this study is to evaluate the in vivo effectiveness of AgNP-infused patches in periodontal infections.
Specifically, it aims to assess the antimicrobial efficacy of AgNPs in ligature-induced periodontitis model in terms of their
impact on inflammation and tissue healing. By applying AgNP-infused patches directly to affected periodontal pockets, the
study seeks to determine their therapeutic potential for managing periodontal disease compared to conventional treatments.
Though antimicrobial effects AgNPs have already been reported. But the present work is not just a mere repetition of the
published reports. A green synthesis method was followed for production of experimental AgNPs using Azadirachta indica
(commonly known as Neem) leaf extract. In view of the established antimicrobial effects of the neem leaves and their long
history in periodontal applications, their use as green precursor in AgNPs would synergize the antimicrobial effect of the
formulation. Further, fabrication of AgNP infused patch system for periodontal infections are scarcely reported. In vivo
efficacy analysis of experimental AgNP patch in ligature-induced periodontitis rat model further sum up novelty to the study.

Materials and Methods

Materials Required

Fresh Neem (Azadirachta indica) leaves were collected from medicinal plant garden of Centurion University of
Technology & Management, Odisha, India. Silver nitrate (AgNOj3), Polyvinyl alcohol (PVA), Polyethylene glycol
(PEG) was procured HiMedia, Hyderabad, India. Ligatures or silk sutures were procured from local medical shop for
the induction of periodontal infection. Sodium carboxymethyl cellulose (Na-CMC), Guar gum was procured from Bharat
Biochem, Gujarat, India. Ketamine used to anaesthetize the rats was procured from Nephron Pharmaceutical
Corporation, Mumbai, India. All other chemicals/solvents used for the work were of analytical grade.

Plant Material Identification

Identification of the plant was done and authenticated by Dr. Santanu Bhattacharya, Botanist, Centurion University of
Technology & Management, Odisha, India, having Voucher specimen number as CUTM/BOT/2023/016'* (Herbarium
sheet has been provided as Figure S1).

Animals

The study employed three-month-old Wistar albino rats, weighing between 200 g and 300 g, obtained from the National
Institute of Science Education and Research (NISER), Bhubaneswar, Odisha. All the animal experiments were conducted
following approval of the protocol from the Institutional Animal Ethics Committee, Centurion University of Technology and
Management, Odisha, India. Both male and female rats were included in the study. Before the experiment, the animals were
acclimatized to the laboratory environment for 2 weeks under controlled conditions, including a temperature of 24 + 2°C,
humidity of 45-55%, and a 12-hour light/dark cycle.'® The rats have unrestricted access to standard laboratory chow and water
during this period.'* All animal experiments were conducted strictly in alliance with ARRIVE guidelines.

Methods

Synthesis of AgNPs

Silver nanoparticles (AgNPs) were synthesized by a green synthesis method utilizing neem leaves as both a reducing and
capping agent as per our previously published report.'> The preparation of an aqueous extract from Azadirachta indica
leaves included the collection of the leaves followed by their thorough drying in the shade. 5 g of Azadirachta indica
coarse powder were boiled with 50 mL of distilled water for 30 minutes in a beaker to prepare the extract. Upon cooling
to room temperature, the liquid extract was filtered and stored for future use. A solution of silver nitrate was prepared by
dissolving 10 mg of silver nitrate in 50 mL of double-distilled water. The solution was heated to a temperature range of
50°C to 60°C, and Azadirachta indica extract was gradually added dropwise until a colour change occurred. The
appearance of a pale-yellow colour in the solution indicated the formation of Ag nanoparticles due to its surface plasmon
resonance property, which was further validated by the visible absorbance peak at 438 nm. The synthesis method of
experimental AgNPs has been summarized in Figure 1.
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Figure | Green synthesis of experimental silver nanoparticles (AgNPs) using Azadirachta indicaas precursor.

FESEM

The morphology and shape of the silver nanoparticles were analysed using field emission electron microscopy SUPRASS5
(CARL ZEISS, Germany). EDAX analysis of silver nanoparticles was conducted utilizing a SUPRASS (CARL ZEISS,
Germany) equipped with a FESEM and an EDAX attachment.'®

AFM

The surface morphology of AgNPs was analysed using AFM (Agilent Technologies AFM- 5500). AFM, or scanning
probe microscopy, uses a sharp probe that engages with the surface of the sample to obtain three-dimensional data at the
nanoscale and can measure the height of the nanoparticle.'’

Preparation of AgNPs Loaded Patch

Subsequently, the obtained AgNPs were incorporated into a PVA-based patch using the solvent casting technique to ensure
efficient delivery of the nanoparticles. Briefly, PVA (0.5 g) was dissolved in 10 mL of double distilled water and heating to
80-90°C while stirring until a clear solution was formed. 0.01 g Guar gum (thickeners) and 0.05 g Na-CMC (stabilizers, film-
former) were added to the prepared PVA solution. To this, synthesized AgNPs (0.5mL) was added while stirring con-
tinuously. Glycerol (0.05mL) and polyethylene glycol (0.5mL) were included as plasticizers to the dispersion by vigorous
agitation. The prepared mixture was poured into Petri dishes to form patches of the uniform thickness and shape followed by
drying in a hot air oven at 40-60°C for 5 h. Dried patches were carefully removed and cut into uniform dimensions.'®
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SEM

The study used SEM micrographs to examine the morphology, surface texture, and distribution of AgNPs within a patch.'’
Elemental composition analysis was performed using an Energy-Dispersive X-ray (EDAX) Spectroscopy attachment to confirm
the presence of silver (Ag) in the patch. The images assessed surface morphology, dispersion, and uniformity of AgNPs within the
polymer matrix. EDAX spectra confirmed Ag peaks and distribution. Multiple regions of the patch were examined to ensure
reproducibility and compared with control samples to highlight structural and compositional differences induced by AgNP

. . 2
Incorporation. 0

Antimicrobial Study

The materials used in the microbiological experiments included Mueller Hinton agar (Thermo Scientific, Leicestershire, UK),
94 mm-diameter Petri dishes, and 96% ethyl alcohol (AB Stumbras, Kaunas, Lithuania). The bacterial strains utilized were
a referential strain of S. aureus and P. gingivalis.”'

Microbiological Methods

The current microbiological experiments aimed to evaluate the antimicrobial activity of AgNP-infused patch: Ag thin-
film-coated samples and silver-ion-saturated water against the referential S. aureus and P. gingivalis. The spread plate
method was employed to distribute bacteria on the agar surface using a swab or a microbiological loop bent at a 90°
angle. This was conducted following serial dilutions of the bacterial suspension. Experimental data were analyzed using
Excel software, with further data fitting conducted using exponential and logarithmic functions in Origin Lab software.
To ensure statistical reliability, the experiments were repeated four times.**

In-vivo Study

Experimental Design

The study involved a total of 30 Wistar albino rats. The rats were randomly assigned into five groups (n = 6 per group): Group
I (Control) received no treatment, Group II (Periodontitis) underwent periodontitis induction without treatment, Group III
received 1% chlorhexidine gel, Group IV was treated with 500 mg/kg silver nanoparticle (AgNP) patches, and Group V received
1000 mg/kg AgNP patches. Periodontitis was induced in Groups II-V using a sterile 4-0 silk ligature around the mandibular first
molar for 14 days. Treatments were then administered daily for 21 days. Chlorhexidine gel was topically applied in Group III,
while AgNP patches were applied in Groups IV and V.** Treatments were administered daily for a specific duration following
ligature placement to evaluate therapeutic outcomes.

Throughout the study, behavioural alterations were systematically monitored to assess the effects of the treatments.
Parameters such as respiration were observed for irregularities like shallow or rapid breathing, and piloerection, indicative of
stress or discomfort, was recorded. Gait was monitored for abnormalities such as limping or unsteady walking. Catalepsy was
assessed by evaluating the animals’ ability to maintain abnormal postures, and the righting reflex was tested by observing their
ability to return to an upright position when placed on their backs. The pinna reflex was evaluated for responsiveness to light
touch or sound stimuli near the ear. Levels of arousal and alertness, along with signs of sedation such as reduced activity or
lethargy, were documented. Spontaneous activity, including general movements and exploratory behaviour, was carefully
observed for changes in natural activity levels. Additional observations included redness or irritation, localized swelling,
particularly in the oral or gingival regions, and abnormal secretions such as excessive salivation, lacrimation, or nasal discharge.
These assessments were conducted daily (From 12h to 14 days post-treatment) to comprehensively understand the treatments’
effects on the animals’ overall health and well-being.

Histopathological Examination

The study was conducted on the selected Wister rats in different treatment groups as discussed above. Following the
experimental treatment period, rats were euthanized with an overdose of ketamine/xylazine. Ethical guidelines were
strictly followed to minimize animal suffering, ensuring proper postoperative care and pain management.>* Gingival and
periodontal tissues were collected and were fixed in 10% neutral-buffered formalin for 48 h, dehydrated, and embedded
in paraffin. Serial 5-um sections of tissue were stained with Hematoxylin and Eosin (H&E) for histological observations.
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Figure 2 Depicts the tissue processing and staining methodologies.

Details of the tissue processing have been illustrated in Figure 2. Two blinded pathologists examined sections under
a light microscope (Olympus BX53). Histopathological scoring assessed epithelial integrity, inflammatory cell infiltra-
tion, periodontal ligament organization etc.

Statistical Study

To ensure precision and consistency, each experiment was conducted thrice. The data were represented using the standard
deviation (SD) and mean. One-way ANOVA was conducted using the software Origin Pro 8 to analyze the statistical data
and then followed by the Tukey post hoc test. Differences with a p-value of 0.05 at the 95% confidence level were
considered statistically significant. The results indicated a significant difference between the experimental groups.

Results
FESEM

FESEM typically revealed uniform shape and spherical characteristics of synthesized AgNPs (Figure 3). The observed
particle size ranged below 100 nm. Coupled with FESEM, EDAX confirmed the elemental composition of the
experimental AgNPs. The characteristic silver peaks in the EDAX spectrum validated the presence of Ag, along with
any minor peaks that might indicate residual stabilizers or impurities from the synthesis process (Figure 4). AgNPs
exhibited pronounced signal peaks at 0.3 and 2.6 keV, attributable to surface plasmon resonance. It displayed the
presence of components including Ag, C, O, and Ca.

AFM

AFM offers a detailed 3D topographical view of AgNPs deposited on a substrate. The acquired morphology indicated
that the synthesized AgNPs were spherical, as corroborated by the absorbance spectrum (Figure 5SA and B). The
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Figure 3 FESEM of experimental silver nanoparticles (AgNPs).
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Figure 4 EDX analysis of experimental silver nanoparticles (AgNPs).
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Figure 5 AFM result of experimental silver nanoparticles (AgNPs) (A and B) Shows 2D view of silver nanoparticles, (C) Shows 3D view of silver nanoparticles, (D) Shows
topography image of silver nanoparticles.

dimensions of the AgNPs, as measured by AFM, ranged from 50 to 100 nm, with a mean size of 85 nm (Figure 5D). The
particles exhibited polydispersity and agglomeration as a result of the binding of certain stabilising and capping
compounds found in the neem extract. (Figure 5C) shows two- and three-dimensional representations of the sample
surface at scan sizes of 2 pm x 2 pm and 5 pm X 5 pm, illustrating the agglomerated, polydispersed distribution of
AgNPs. The clustered, polydispersed distribution of AgNPs can clearly be seen in the images. This information might be
crucial for understanding the behavior and properties of the AgNPs in various applications.

SEM results for AgNPs-Infused Patch
SEM images of the AgNPs loaded patch revealed a uniform distribution of nanoparticles and a high density of nanoparticles
uniformly scattered across the polymeric matrix. The AgNPs appeared as spherical or quasi-spherical structures embedded in the
patch, with minimal aggregation due to the stabilizing effect of the polymer. The particle size of AgNPs ranged between 10—100 nm,
consistent with the expected synthesis specifications. The surface morphology of the patch exhibited a porous or smooth texture
(Figure 6). Additionally, the interaction between the nanoparticles and the polymer matrix could ensure stable incorporation.
EDAX confirmed the elemental presence of silver in the patch, with characteristic silver peaks prominently observed in the
spectrum. Minor peaks corresponding to elements from the polymer or additives were also visible, indicating successful
integration of AgNPs into the patch formulation. The EDAX data illustrated the elemental distribution of Ag, C, N, Na, and
O in the patch with varying percentages as shown in Figure 7. Overall, the SEM images revealed a well-structured and evenly
distributed AgNP patch with a complex network of polymers. This detailed analysis overall highlighted the effectiveness of the
patch system in incorporating and distributing AgNPs for potential antimicrobial applications.
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In vitro Antibacterial Activity

The in vitro antibacterial activity of the experimental AgNP-infused patches was evaluated against a Gram-negative
strain (P. gingivalis) and a Gram-positive strain (S. aureus). The microdilution method was employed for the determina-
tion of antibacterial activity, with the results expressed as Minimum Inhibitory Concentration (MIC).

The MIC values for the antibacterial activity of the formulations against P. gingivalis and S. aureusare presented in
Table 1. The results indicate that AgNP-patches were significantly more effective against P. gingivalis and S. aureus.
Specifically, the MIC values for AgNP-patch were 3.13 pg/mL against P. gingivalis and 25 pg/mL against S. aureus. The
findings overall suggest that the prepared patches exhibited higher activity against Gram-negative bacteria (P. gingivalis)
as compared to Gram-positive bacteria (S. aureus).

Behavioural Reflex

The behavioural parameters observed across the study groups included respiration, piloerection, gait, catalepsy, righting
reflex, pinna reflex, arousal, sedation, spontaneous activity, redness, swelling, and abnormal secretions as shown in
(Table 2). Respiration, piloerection, gait, catalepsy, arousal, sedation, spontaneous activity, redness, swelling, and
abnormal secretion were not observed in any of the experimental groups (Group [-V) at any of the time intervals
assessed, including 12 h, 24 h, 2 days, 8 days, and 14 days post-treatment as shown in Figure 8. The absence of these

Table | Antibacterial Activity of Silver Nanoparticle Loaded Patch (AgNP
Patch) Against P. Gingivalis and S. Aureus (Mean * Standard Deviation)

Formulation Bacterial Mean MIC Standard
Strain (ng/mlL) Deviation (SD)

AgNP Patch p. gingivalis 4.35 £0.1

AgNP Patch E. coli 7.5 0.2

Ampicillin E. coli 10.6 +0.3

Ampicillin p. gingivalis 6.25 0.1

Table 2 Behavioural Parameters Observed Across Different Animal Groups During Treatment Period

Behavioural Alterations Group | Group 11 Group Il Group IV Group V
(12h-14d) (12h-14d) (12h-14d) (12h-14d) (12h-14d)

Respiration NA NA NA NA NA
Piloerection NA NA NA NA NA

Gait NA NA NA NA NA
Catalepsy NA NA NA NA NA
Righting Reflex P P P P P

Pinna Reflex P P P P P

Arousal NA NA NA NA NA
Sedation NA NA NA NA NA
Spontaneous Activity NA NA NA NA NA
Redness NA NA NA NA NA
Swelling NA NA NA NA NA
Abnormal Secretion NA NA NA NA NA

Abbreviations: C, control groups (blank patch treated); T, (AgNP-loaded Patch); NA, Not altered; P, present.
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Figure 8 (A—C) The yellow colour indicating Steps of induction of periodontitis in experimental Wister rat by ligature. (D) The green colour indicating Detection of
inflamed tissue post ligature induction. (E) The blue colour indicatingApplication of AgNP-patch over the infected periodontal area. (F) The Red colour indicatingRecovery
of inflamed tissue towards normal post 14 days treatment period.

parameters (NA) suggests that there were no apparent adverse effects or severe stress responses induced by either the
ligature placement or the treatment interventions in the animals. The righting reflex was consistently present (P) in all
groups (Group I-V) across all time intervals. This indicates that the animals retained their ability to regain an upright
position when placed on their backs, reflecting an absence of neurological impairments or significant physical weakness
during the experimental period. Similarly, the pinna reflex was observed to be consistently present (P) in all groups at all
time intervals. This indicates retention of normal sensory and reflexive responses throughout the study, suggesting that
the treatments and procedures did not adversely affect the animals’ responsiveness to light touch or auditory stimuli near
the ears. In summary, the behavioural assessment indicated no adverse effects or abnormalities in the animals across all
groups and time intervals. The consistent presence of the righting and pinna reflexes, along with the absence of other
behavioural alterations, highlights the safety and non-toxic nature of the interventions employed.

Histopathological Examination

The histopathological examination of gingival and periodontal tissues across the control and experimental groups revealed
significant differences in tissue integrity, inflammation, and regeneration. In the control group (Group I), the gingival and
periodontal tissues exhibited normal histological architecture, with intact epithelium and underlying connective tissue, free of
any inflammation or damage. The periodontal ligament fibers were well-organized showing no signs of bone resorption or
inflammatory cell infiltration. In contrast, the tissues from the periodontitis group (Group II) displayed extensive histopatho-
logical alterations indicative of severe periodontal infection. The gingival epithelium was disrupted, with significant detach-
ment from the underlying connective tissue. A dense infiltration of inflammatory cells, including neutrophils and lymphocytes,
was observed in the gingiva and periodontal ligament. The periodontal ligament fibres were disorganized and fragmented.
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Figure 9 Histopathological evaluation of gingival and periodontal tissues across study groups. (A) Control group (Group I): Normal histological architecture with intact
gingival epithelium, underlying connective tissue, well-organized periodontal ligament fiber. (B) The arrow indicating Periodontitis group (Group Il): Disrupted gingival
epithelium with significant detachment from the connective tissue, dense inflammatory cell infiltration, disorganized periodontal ligament fiber. (C) The arrow indicating
Periodontitis + 1% chlorhexidine digluconate gel treated group (Group lll): Partial restoration of gingival epithelium with reduced inflammatory cell infiltration and early signs
of healing in the periodontal ligament . (D) The arrow indicating 500 mg/kg AgNP patch-treated group (Group IV): Moderate improvement with partial restoration of gingival
epithelium, decreased inflammatory infiltration, reorganization of periodontal ligament fiber. (E) The arrow indicating 1000 mg/kg AgNP patch-treated group (Group V):
Near-complete restoration of gingival epithelium, minimal inflammatory cell infiltration, well-organized periodontal ligament fibers, indicating superior therapeutic efficacy.

Treatment with 1% chlorhexidine digluconate gel (Group III) led to notable improvements, with partial restoration of the
gingival epithelium and a reduction in inflammatory cell infiltration compared to the untreated periodontitis group. However, the
tissue regeneration was less advanced than in the AgNP-treated groups. In the group treated with 500 mg/kg AgNP patches
(Group 1V), moderate improvements were observed. The gingival epithelium showed partial restoration with reduced detach-
ment, and inflammatory cell infiltration was significantly decreased, with fewer neutrophils and lymphocytes. The periodontal
ligament fibres showed partial reorganization. Mild inflammation persisted in localized regions, but overall, the healing process
was progressing. However, the group treated with 1000 mg/kg AgNP patches (Group V) demonstrated the most significant
histopathological improvement (p < 0.05). The gingival epithelium was almost completely restored, with minimal detachment
and a re-established normal architecture. Inflammatory cell infiltration was markedly reduced, with only occasional lymphocytes
observed. The periodontal ligament fibres were well-organized. The tissue response in Group V indicated enhanced healing and
regeneration compared to the lower-dose treatment group, highlighting the superior efficacy of the higher AgNP dose in
promoting tissue regeneration (Figure 9).

Discussion

This research investigated the potential of AgNP-infused patches as a novel treatment for periodontal infection. The use
of neem extract for the green synthesis of AgNPs offers a promising eco-friendly and biocompatible alternative to
traditional methods, promoting sustainable biomedical practices.”*** The synthesis process is in line with the increasing
demand for environmentally friendly and non-toxic treatments in modern medicine, ensuring that the AgNPs are safe for
biological use.”> The advanced characterization of AgNPs through AFM, FESEM, SEM, and EDAX confirmed their
spherical morphology, nanoscale dimensions, and uniform incorporation into PVA based patch matrix.** These physical
properties are critical for ensuring the stability, uniform distribution, and controlled release of the AgNPs, all of which
contribute to the therapeutic efficacy of the patches.”” However, while these characterization methods establish the basic
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material properties, additional in vivo testing could provide further insights into how the nanoparticles interact with the
tissue over time and their long-term stability.

Histopathological analysis demonstrated that AgNP-infused patches significantly improved periodontal tissue integrity,
reduced inflammation in the ligature-induced rat model. The process of tissue repair was evaluated based on key histopathological
criteria, including degree of epithelial restoration, the extent of inflammatory cell infiltration, and the reorganization of periodontal
ligament fibres. In the control group, gingival and periodontal tissues exhibited normal architecture, with intact epithelium, well-
structured connective tissue, and organized periodontal ligament fibers. In contrast, the untreated periodontitis group displayed
extensive histopathological alterations, including epithelial disruption, significant detachment from connective tissue, dense
infiltration of neutrophils and lymphocytes, disorganized periodontal ligament fibers. Treatment with 1% chlorhexidine digluco-
nate gel led to partial restoration of epithelial integrity and a reduction in inflammatory cell infiltration; however, bone
regeneration remained limited, with only minor improvements in periodontal ligament organization and moderate reductions in
alveolar bone resorption.

On the other hand, the 500 mg/kg AgNP-treated group exhibited a more substantial healing response, with partial epithelial
restoration, reduced inflammatory cell infiltration, and improved periodontal ligament organization. The epithelial architecture
was nearly intact, inflammatory cell presence was minimal, and periodontal ligament fibers were well-organized. These results
are consistent with existing literature demonstrating the regenerative and antimicrobial properties of AgNPs.*2%*" The
observed reduction in bacterial load and inflammatory responses aligns with the multifaceted mechanisms through which
AgNPs exert their action, including bacterial membrane disruption, the generation of reactive oxygen species (ROS), and
interference with bacterial DNA replication and protein synthesis. The mechanistic approach and further insights on the
mechanism of AgNPs against bacterial infections and tissue regeneration have been depicted in Figure 10. These combined
mechanisms reduce the likelihood of bacterial resistance compared to traditional antibiotics.
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Figure 10 Displays the mechanistic approach of silver nanoparticles (AgNPs) against bacterial infections and tissue regeneration.

International Journal of Nanomedicine 2025:20 https: 5349



Barik et al

In addition to antimicrobial activity, AgNPs have shown promise in promoting tissue repair and regeneration. AgNPs
stimulate fibroblast proliferation, collagen synthesis, and angiogenesis, essential processes for effective tissue healing.
These regenerative properties were evident in the improvements in periodontal ligament fibre organization in the treated
groups.”®?* However, the precise molecular pathways involved in these regenerative effects need further exploration to
understand the role of AgNPs in tissue healing fully and to optimize their therapeutic potential.

Compared to standard treatment with 1% chlorhexidine gel, AgNP-infused patches showed superior therapeutic
efficacy. While chlorhexidine is a well-established antimicrobial agent, its use is limited by cytotoxicity at higher
concentrations and its lack of regenerative properties.>*' In contrast, AgNP patches offer both antimicrobial and
regenerative benefits, addressing the dual challenge of combating infection while promoting tissue repair.** This dual
mechanism of action is a significant advantage over conventional treatments, making AgNP patches a more compre-
hensive therapeutic option for periodontal disease. Additionally, the localized delivery of AgNPs ensures targeted action
at the site of infection, minimizing systemic side effects and potentially improving patient compliance. However, it is
important to note that the clinical translation of AgNP-based patches requires further evaluation of factors such as long-
term biocompatibility, possible toxicity at higher doses, and the potential for accumulation in systemic circulation. The
ideal dosage and formulation must also be tailored to ensure optimal therapeutic outcomes without adverse effects.
Furthermore, future studies should consider the potential interactions between AgNPs and other components in the oral
microbiome and assess the sustainability of AgNP treatments over time.

Conclusion

The study conclusively demonstrated the therapeutic potential of AgNP-infused patches in managing periodontal disease.
AgNPs, synthesized via a green method using neem extract, exhibited superior antimicrobial properties as compared to
standard drug therapy. Characterization techniques such as AFM, FESEM, SEM, and EDAX validated the uniform
morphology, size, and effective integration of AgNPs into PVA-based patches, creating a microporous and stable delivery
system. In vivo efficacy evaluation in ligature-induced periodontitis model highlighted significant improvements in tissue
integrity and inflammation in AgNP-treated groups. The high-dose AgNP patch group (1000 mg/kg) demonstrated the
most pronounced therapeutic effects, with near-complete restoration of gingival epithelium, minimal inflammatory
infiltration. Compared to standard treatment with 1% chlorhexidine gel, AgNP patches offered superior efficacy,
emphasizing their dual role in antimicrobial action and tissue repair. This localized therapy approach would minimize
systemic side effects and reduce reliance on antibiotics, addressing challenges like antibiotic resistance and recurrence.
While the findings underscore the potential of AgNP-infused patches as a transformative solution for periodontal disease
management, further studies are warranted to explore their long-term safety, biocompatibility, and clinical efficacy in
human trials. These results would lay the foundation towards clinical application of AgNPs as innovative, affordable, and
localized treatment modality, offering hope for improved periodontal care, particularly in underserved populations.
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