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ARTICLE INFO ABSTRACT

Keywords: Periodontal infections continue to pose a significant clinical challenge, primarily due to the limited residence
Clove oil time of conventional formulations within periodontal pockets and the consequent need for repeated adminis-
g\é’;ﬁemn tration. The present study aimed to develop a biodegradable, mucoadhesive nano-dental-chip as a localized

antibacterial delivery platform for sustained periodontal therapy. Nanostructured lipid carriers (NLC) incorpo-
rating clove oil (CO) and apigenin (AP) were prepared and characterized for particle size, polydispersity index,
zeta potential, and entrapment efficiency. Optimized NLC exhibited nanoscale dimensions (160-188 nm), narrow
size distribution (PDI < 0.30), and high drug entrapment (>94%). Nanocarriers were incorporated into biode-
gradable polymeric films composed of gelatin (GEL) blended with either chitosan (CH) or carboxymethylcellu-
lose (CMC), which were subsequently fabricated into periodontal chips via the solvent casting method.
Comprehensive physicochemical, mechanical, and mucoadhesive evaluations demonstrated uniform thickness,
acceptable surface pH (5.5-7.0), low moisture content (<2%), high resilience, and adequate burst strength.
Molecular docking studies revealed thermodynamically favorable interactions between polymers and bioactive
compounds, supporting effective drug stabilization. Consistent with the sustained release profiles of eugenol and
AP, zone of inhibition and time-kill assays revealed potent antibacterial activity, culminating in the complete
eradication of Aggregatibacter actinomycetemcomitans and prolonged growth suppression of Streptococcus mutans.
Stability studies further indicated preservation of physicochemical properties under various storage conditions.
These findings highlight the nano-dental chip as a promising biodegradable, site-specific delivery system capable
of sustained retention, controlled drug release, and enhanced antibacterial efficacy for periodontal infection
treatment.

Biopolymer film
Dental chip
Periodontal cavity

1. Introduction

Human dental plaque consists of a diverse and fully metabolically
integrated community of microorganisms that forms a complex biofilm,
playing a critical role in both oral health and disease [1]. The primary
cause of periodontitis is a disruption in the balance between the host's
immune response and the microbial biofilm, which triggers inflamma-
tion and tissue destruction. This inflammatory process damages the
gums, bone, and connective tissues, ultimately resulting in broader
dental abnormalities and irreversible tooth loss. Most localized or pro-
gressive orodental infections develop when microorganisms from dental
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plaque infiltrate the surrounding oral tissues. Plaque accumulates in the
pits and fissures of teeth adjacent to the gingival margin, leading to
gingival inflammation [2]. In addition, supragingival plaque is a pri-
mary factor in the development of dental caries, whereas subgingival
plaque is predominantly responsible for periodontal disease [3]. Among
the microorganisms residing within the plaque, several bacterial species
have been identified as causative agents of periodontitis, including
Porphyromonas gingivalis, Treponema denticola, Tannerella forsythia,
Aggregatibacter actinomycetemcomitans, Fusobacterium nucleatum, Pre-
votella intermedia, and Campylobacter rectus [4]. Such microbial
involvement presents a significant challenge in biomedical applications,
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particularly in tissue-related conditions where bacterial colonization
can hinder therapeutic success. Moreover, the growing prevalence of
bacterial infections places a substantial burden on healthcare systems,
underscoring the urgent need for more effective treatment strategies
[5,6].

Conventional treatment approaches rely on antibacterial agents such
as antibiotics or antimicrobial compounds as adjunct therapies to con-
trol bacterial proliferation. However, prolonged or excessive use of an-
tibiotics may contribute to the development of resistance in oral
pathogens, resulting in recurrent bacterial colonization [7].

Furthermore, the effective management of localized periodontal in-
fections remains a clinical challenge due to the limited residence time of
conventional formulations within the periodontal pocket and the need
for frequent drug administration. Systemic delivery often results in
subtherapeutic concentrations at the target site while increasing the risk
of adverse effects [6].

Biomaterials are sustainable, bio-derived materials originating from
natural biological systems, extensively employed across pharmaceutical
and food science disciplines for a wide range of applications [8]. Their
growing prominence is primarily attributed to their superior biocom-
patibility with physiological environments and their inherent biode-
gradability, which enables safe and efficient integration as well as
natural degradation without inducing adverse effects [9].

Gelatin (GEL) is the partially hydrolyzed form of collagen, which
offers exceptional biocompatibility, biodegradability, non-toxicity, and
cost-effectiveness, making it a popular choice as a film-forming
biopolymer. Thin, flexible, and translucent GEL films are particularly
useful for carrying or immobilizing additives that enhance their func-
tional properties [10]. However, the use of GEL in various applications
can be limited by its strong moisture absorption (water vapor perme-
ability) and relatively low mechanical and thermal strength. A practical
approach to enhance the physical characteristics of GEL films is to blend
them with other biopolymers [11,12].

Polysaccharides are widely recognized as cost-effective and readily
available raw materials for producing biodegradable films. The abun-
dance of polar groups, particularly hydroxyl groups, along their polymer
chains enables polysaccharides to form extensive hydrogen bonding
networks, which are essential for their film-forming abilities [12].
Polysaccharide-based films typically exhibit excellent barrier properties
against gases like oxygen and carbon dioxide, although their hydrophilic
nature results in relatively poor resistance to water vapor [13].

Interactions between proteins and polysaccharides of different ori-
gins can be harnessed to create materials with customized functional
properties. The formation and behavior of these complexes are influ-
enced by multiple factors, including the composition, concentration, and
ratios of the components; the sequence in which they are mixed; the pH
and charge distribution; the molecular weight; and the conformation of
the polymers. Additionally, the ionic strength of the solution and the
type of ions present play a significant role in determining the nature and
stability of the complexes [14]. In the biopolymer-rich phase, proteins
and polysaccharides are primarily associated through electrostatic in-
teractions, forming structures such as coacervates, soluble or insoluble
complexes, and gels [15].

Cellulose is a linear polysaccharide made of glucose units linked by
f-1,4 glycosidic bonds. The presence of hydroxyl groups per glucose unit
enables cellulose to react with various reagents, yielding numerous de-
rivatives. As a Generally Recognized as Safe (GRAS) substance, cellu-
lose's properties, such as solubility, water affinity, crystallinity, and film-
forming ability, can be modified through different chemical processes.
For example, cellulose undergoes esterification with carboxymethyl
groups to produce carboxymethyl cellulose (CMC) esters [16]. CMC, an
anionic derivative of cellulose, contains multiple hydrophilic carboxyl
groups attached to its hydrophobic backbone, giving it distinct amphi-
philic properties [17]. It is a widely used cellulose ether derivative in
food applications due to its thickening, gelling, stabilizing, emulsifying,
and bulking properties. CMC is also popular for its viscosity,
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flocculation, transparency, non-toxicity, non-allergenicity, and afford-
ability [18].

It holds GRAS status from the FDA (FDA, 1973) and can also be used
to create biodegradable films due to its high molecular weight and
polymer structure [19,20]. The literature mentioned that films produced
from CMC exhibit enhanced mechanical properties. Its high water af-
finity allows CMC to form strong, flexible, and self-supporting films on
its own [21,22].

Chitosan (CH) has emerged as one of the most promising bio-
polymers in recent years due to its biocompatibility, biodegradability,
non-toxicity, broad-spectrum antimicrobial, antioxidant, and antitumor
properties [23,24]. Additionally, it is a cost-effective material, primarily
sourced from marine waste, such as seafood shells. Chitin, a naturally
occurring mucopolysaccharide found in the exoskeletons of insects and
crustaceans, serves as the precursor to CH, which is obtained through an
alkaline deacetylation process [25,26].

The chemical structure of CH comprises both deacetylated and
acetylated segments, namely, D-glucosamine and N-acetyl-D-glucos-
amine, linked together by 1,4-glycosidic bonds [27]. CH is a cationic
biopolymer that carries a positive charge and becomes soluble in acidic
conditions (below pH 6.5) due to the protonation of its amino groups.
This cationic nature enables CH to form electrostatic interactions with
various compounds, allowing it to be processed into different forms such
as edible films, gels, and nanoparticles, and making it widely applicable
in food packaging and other functional material developments [28,29].
CH has become increasingly valuable in the pharmaceutical industry
due to its biodegradability and minimal toxicity. It has shown significant
potential in wound healing applications owing to its ability to promote
tissue regeneration and inhibit bacterial infections [30]. These proper-
ties are particularly advantageous in environments where both tissue
repair and infection control are critical. Additionally, CH's physico-
chemical characteristics make it an ideal candidate for drug delivery
systems and tissue engineering applications, where it serves as an
effective matrix material for therapeutic delivery [31]. Its remarkable
film-forming capability further supports its application as a packaging
material by imparting favorable mechanical strength and barrier prop-
erties to films [32].

Generally, films made from CH/GEL blends exhibit superior me-
chanical strength and barrier properties compared with those composed
of CH or GEL individually [33,34]. Research has shown that GEL and CH
interact primarily through electrostatic and intermolecular hydrogen
bonding [35]. The electrostatic interactions primarily arise between the
positively charged amino groups of CH and the negatively charged
carboxyl groups of GEL, while hydrogen bonds form both within and
between the polymer chains through the involvement of hydroxyl,
carbonyl, and amino groups. These strong intermolecular forces
contribute to the formation of diverse complex structures between the
two biopolymers [11].

Existing periodontal chips and films reported in the literature, such
as chlorhexidine-loaded chips [36], ciprofloxacin dental film [37],
tetracycline fibers [38], and minocycline-based local delivery systems
[39] have been primarily designed to deliver a single antiseptic or
antibiotic agent for localized antimicrobial action. However, these sys-
tems typically lack the complementary anti-inflammatory and antioxi-
dant activities that are highly desirable for managing the complex
pathophysiology of periodontal disease.

On the other side, the growing prevalence of antibiotic resistance,
along with the adverse effects associated with long-term antibiotic
therapy, has stimulated increasing interest in plant-derived bioactives as
safer and sustainable alternatives for disease management [40]. Clove
oil (CO) contains numerous bioactive constituents, among which
eugenol (Eug) is the most abundant component. The phenolic group of
Eug exhibits strong antioxidant, antibacterial, antiviral, antifungal,
anticancer, antimutagenic, antiallergic, anti-inflammatory, and anal-
gesic activities [41]. The concentration of Eug in CO varies depending
on the genetic origin of the clove tree, geographical growing conditions,
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the plant part used, and the method of extraction [42]. Apigenin (AP)
(4,5,7-trihydroxyflavone) is a plant-derived flavonoid abundantly pre-
sent in fruits, vegetables, nuts, and herbs, and it exhibits diverse bio-
logical activities, including antimicrobial, antidiabetic, antioxidant,
anti-inflammatory, and anticancer properties [43,44].

Nanostructured lipid carriers (NLC) have emerged as a promising
lipid-based nanocarrier system due to their high drug loading capacity,
controlled release behavior, and improved stability compared to con-
ventional drug delivery systems [45,46]. Consistent with these, our
already optimized NLC formulation incorporating CO (Eug) as the
therapeutic liquid lipid, together with AP as the active agent, exhibited
notable antibacterial, antioxidant, and anti-inflammatory activities,
highlighting its potential as a promising substitute for conventional
antibiotics [47]. However, the direct clinical translation of such nano-
carriers is limited by their rapid clearance from the periodontal site
when administered alone. To overcome this limitation, the present study
adopts a promising strategy by integrating the optimized NLC into a
biodegradable polymeric periodontal chip composed of GEL with CH or
CMC, thereby enhancing local retention and enabling controlled drug
delivery. Molecular docking studies were first employed to elucidate
drug—polymer interactions, providing mechanistic insights into matrix
stabilization and release behavior through the assessment of binding
affinities between phytoconstituents and biomaterials. The developed
system was subsequently evaluated through comprehensive physico-
chemical, mechanical, and antibacterial investigations against key
periodontal pathogens. This integrated approach, combining nanoscale
drug encapsulation with a biodegradable polymeric matrix, offers pro-
longed therapeutic activity, enhanced mucoadhesion, and matrix-
mediated controlled drug release while eliminating the need for surgi-
cal retrieval. Collectively, these attributes position the proposed nano-
dental chip as a promising site-specific delivery system for sustained
periodontal therapy.

2. Materials and method
2.1. Materials

Compritol® 888 ATO (glycerol dibehenate; S.L (as solid lipid)), clove
essential oil (CO, derived from Eugenia species, containing 76.8%
eugenol; Eug), and Kolliphor® RH40 (PEG-40 hydrogenated castor oil;
KRH40) were procured from Gattefossé (Saint-Priest Cedex, France),
Sigma-Aldrich (Steinheim, Germany), and BASF SE Chemtrade GmbH
(Ludwigshafen, Germany), respectively. Apigenin (AP; purity >94%
sourced from Biosynth s.r.o. (Bratislava, Slovakia). Gelatin (GEL: gel
strength 225 g Bloom, Type B: Bovine gelatin) and Chitosan (CH: low
molecular weight) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Carboxymethylcellulose (CMC: Blanose®) was supplied by Ash-
land Global Holdings Inc., Delaware, USA. Glycerol 87% and mucin (8%
v/v; porcine gastric, grade III) were obtained from Sigma-Aldrich Co.
Ltd. (Budapest, Hungary). Acetonitrile (AcN), glacial acetic acid (GAA),
methanol, and 96% ethanol were purchased from VWR International
(Debrecen, Hungary). Purified water from Millipore Milli-Q® 140
Gradient system (Merck Ltd., Budapest, Hungary) was used for all
aqueous preparations. All chemicals and materials used were of
analytical grade.

2.2. Preliminary study

Polymer film-forming solutions were prepared using CH (3% w/w),
CMC (3% w/w), and GEL (6% w/w) as mentioned in Section 2.8. These
solutions were blended in two different CMC/CH-to-GEL ratios: 50:50
and 25:75 (w/w). Glycerol was incorporated as a plasticizer at two
levels, 30% and 40% (w/w), equivalent to the total polymer content.
The resulting polymer dispersions were cast into glass petri dishes and
allowed to dry at ambient temperature. Upon complete drying, the films
were cut into uniform pieces and subjected to preliminary screening
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tests to assess their physical integrity for further nanoloading.
Comprehensive data for all film formulations, including composition
and initial screening outcomes, are provided in the Supplementary
material (Table S1).

Based on their superior % resilience, mucoadhesive and surface
characteristics, the 50:50 polymer ratio combined with 40% glycerol
concentration was selected as the optimal composition for further
nanoparticle loading and formulation development.

2.3. Preparation of NLC

NLC is prepared using a probe ultrasonication method, as previously
published [47]. The lipid phase, consisting of 4.57% S.L, AP (250 pg/
mL, 500 pg/mL), and 3.57% surfactant (KRH40), was first heated to
85 °C, approximately 10 °C above the melting point of the solid lipid, to
ensure complete melting. Later, the 1.5% liquid lipid (CO) was incor-
porated into the molten mixture (Table 1). In parallel, the aqueous phase
was heated to the same temperature and then gradually introduced into
the lipid phase under continuous stirring to produce a coarse pre-
emulsion. This mixture was subsequently subjected to ultrasonication
using a Hielscher UP200S ultrasonic homogenizer (Hielscher Ultra-
sonics GmbH, Germany) at 70% amplitude for 5 min to reduce particle
size and generate nanoscale lipid droplets (Scheme 1a). The resulting
dispersion was immediately cooled in an ice bath to solidify the lipid
matrix and stabilize the nanocarriers. The final NLC dispersion was
transferred into airtight containers and stored in a refrigerator until
further use.

2.4. Dynamic light scattering (DLS) measurement

The average particle size (Zave), polydispersity index (PDI), and zeta
potential (ZP) of NLC formulations were characterized using DLS at a
wavelength of 633 nm, employing a Zetasizer Nano ZS instrument
(Malvern Instruments, Worcestershire, UK). For each measurement,
samples were diluted tenfold with deionized water and loaded into DTS
1070 folded capillary cells. Measurements were conducted at 25 °C with
an integration time of 110 s to ensure accuracy and reproducibility.
Results are recorded in average with standard deviation (+SD).

2.5. Entrapment efficiency (EE) of nanoparticles

To separate unencapsulated Eug and AP from the nanocarrier dis-
persions, ultrafiltration was carried out using Vivaspin 15R centrifugal
concentrators with a 5 kDa molecular weight cut-off (Hydrosart mem-
brane; Sartorius, Stonehouse, UK). Samples were centrifuged at 14,000
rpm (approximately 9000 xg) for 40 min at 5 °C in a Hermle Z323K
high-speed refrigerated centrifuge (HERMLE Labortechnik GmbH,
Wehingen, Germany). The process yielded a transparent aqueous layer
with the free, unencapsulated Eug and AP, which was subsequently
quantified using High-Performance Liquid Chromatography (HPLC) as
described in Section 2.16. The EE% was then determined indirectly
using the following Eq. (1).

W - W
EE% — loaded drug free drug % 100 (1)
Wloaded drug

2.6. Morphological analysis (transmission electron microscopy (TEM))

The morphology and distribution of nanoformulations were exam-
ined using a JEM-1400 Flash transmission electron microscope (JEOL,
Tokyo, Japan). For sample preparation, 100 times diluted 10 pL of
nanodispersion was applied onto a formvar-coated 150-mesh copper
grid (Electron Microscopy Sciences, Hatfield, PA, USA). After 1 min of
setting time, any excess liquid was gently removed with filter paper. The
grids were then negatively stained twice with 10 pL of 2% uranyl acetate
(Electron Microscopy Sciences, Hatfield, PA, USA) prepared in Millipore
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Table 1

Composition of NLC and corresponding polymeric-loaded and blank films.
Formulations Solid lipid (%) Liquid lipid (%) Surfactant (%) Apigenin (ug/mL) CMC (%) CH (%) GEL (%)
NLC-A 4.57 1.50 3.57 250 - - -
NLC-B 4.57 1.50 3.57 500 - - -
GC40-A 4.57 1.50 3.57 250 3 - 6
GC40-B 4.57 1.50 3.57 500 3 - 6
GHA40-A 4.57 1.50 3.57 250 - 3 6
GHA40-B 4.57 1.50 3.57 500 - 3 6
GC40 - - - - 3 - 6
GH40 - - - - - 3 6

(a)
B Mixing of both
Solid lipid SSCL Phase &: phases
Apigenin hbated at 85°C (Primary emulsion) -
—_—
Surfactant e
heated at 85°C Addition of liquid
lipid NLC Stored
Cooling in ice bath in air tight
container
Primary emulsion subjected
to ultrasonication
(b)

Preparation of
polymeric solutions

Y

ar

—
=

e separately

Gelatin + Chitosan / CMC Mixing of polymeric solutions
and plasticizer with
continuous stirring

Mixing of NLC with
film matrix

Prepared NLC-loaded
and blank film matrix

Sonication to remove

5 @

o GC40 any entrapped air
w > GC4 and GH40 blank
A N films |
Cutting the films into ) i . : Resting
4mm*5 mm chips and ! : \(J'
stored in aluminum NLC- GC40 NLC- 3 . ] .
foil GC40 and GH40 NLC-loaded Pouring the film ":‘a‘""
Collecting the films films into petri dis!

Scheme 1. Method of preparation of NLC (a) and fabrication of blank and NLC-loaded films and obtaining of dental chips (b).

water for 2 min. Excess staining solution was removed, and the grids [49,50]. In this study, molecular docking was applied as a preliminary
were subsequently air-dried overnight under a Petri dish before imaging. screening tool to evaluate the relative affinity and interaction tendencies
The stained specimens were observed under various magnifications between film-forming polymers (GEL, CH, and CMC) and the incorpo-
ranging from 5000 % to 20,000x to assess nanoparticle distribution, and rated bioactive agents (AP and Eug). This computational analysis aimed
representative images were captured at 50,000x magnification (corre- to assess the strength and nature of polymer—drug interactions that may
sponding to 100 nm scale bar) using a 16 MP Matataki Flash camera influence encapsulation efficiency, matrix stability, and subsequent
(JEOL, Tokyo, Japan). The particle diameters of the final product were drug release in locally applied formulations.

quantitatively measured from the TEM micrographs using ImageJ The molecular structures of AP, Eug, and CH were obtained from the
software. PubChem database (National Center for Biotechnology Information,

USA) [51]. The structure of CH was protonated to simulate acidic con-
ditions, while GEL and CMC structures were modelled in Avogadro
(Version 1.2.0) [52] using peptide and carbohydrate building blocks. All
structures were geometry-optimized with the MMFF94 force field to
achieve energy-minimized, stable conformations. The optimized mole-
cules were saved in SDF format and converted to PDB files for further
use. Docking simulations were performed using PyRx (Version 0.8) [53],
which includes AutoDock Vina as the docking engine. GEL, CH, and

2.7. Molecular docking studies

Molecular docking, a dry-lab digital technique, has increasingly
become an essential tool in in silico drug development for predicting and
evaluating molecular interactions [48]. Additionally, it is widely used to
estimate drug activity, as well as to assess binding affinity and charac-
terize intermolecular interaction patterns between different materials
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CMC were defined as macromolecules, while AP and Eug served as li-
gands. The docking grid box (24 x 24 x 24 A) was centered on the
polymer surface or interface region to target relevant binding sites.
Multiple poses were generated for each complex, and the best confor-
mation was selected based on the most negative binding energy (AG:
kcal/mol). All docked complexes were visualized in BIOVIA Discovery
Studio 2025 Client/ Discovery Studio Visualizer (BIOVIA, 2025 Client,
Dassault Systemes) [54] to analyze hydrogen bonds, hydrophobic in-
teractions, and other non-covalent contacts. Interaction distances and
bonding geometries were evaluated for each ligand—polymer pair. The
resulting binding affinities (estimated binding free energy) are
expressed in keal.mol !, used for comparative assessment of interaction
tendencies and to support hypotheses regarding possible interactions
influencing formulation behavior. For each receptor-ligand pair, the
best-ranked pose was selected to further calculate the dissociation
constant (Kp), assuming ideal solution thermodynamics. The Kp or in-
hibition constant of the complex was calculated as in Eq. (2) [55].

AG
KD = e<ﬁ> (2)

where ‘R’ is the gas constant and ‘T” is the absolute temperature in kelvin
(8310.15 K). Values were reported in millimolar units (mM).

2.8. Preparation of nanoformulation-loaded chips (dental chips)

To enhance the potential delivery of optimized NLC, which exhibited
favorable characteristics such as nanoscale particle size and high EE%,
NLC were further incorporated into polymeric chips. These chips were
formulated using biopolymers GEL type B, CH, and CMC, selected for
their biocompatibility and film-forming capabilities (Scheme 1). The
chips were fabricated using a conventional solvent casting method
[56-58]. Initially, GEL, CH, and CMC solutions were prepared as
detailed in Table 1. CH (3% w/w) was dissolved in 1% (v/v) acetic acid,
while CMC (3% w/w) and GEL (6% w/w) were separately dissolved in
distilled water; all polymer solutions were prepared under continuous
mechanical stirring for 90 min at elevated temperatures (50 °C for CH
and 70 °C for CMC and GEL) (Scheme 1b). The resulting polymer solu-
tions were then blended at a 1:1 ratio under continuous stirring at 40 °C.
Later, glycerol was incorporated into the polymer blends at 40 wt%
relative to the total polymer content. To achieve a satisfactory blend, all
mixtures were heated and stirred at 40 °C for 2 h. To fabricate
nanoformulation-loaded composite films, 60% (w/w) of NLC were
incorporated into GEL-CH and GEL-CMC film-forming solutions, which
were then stirred vigorously at room temperature for an additional 3 h to
ensure uniform dispersion. The final polymer mixtures were degassed
for 20 min to remove entrapped air and bubbles, followed by a 20 min
rest period to ensure complete deaeration. Thereafter, 15 mL of the
mixture was carefully cast onto a 60 mm glass Petri dish lined with
silicone sheets. They were kept at ambient temperature until completely
dried. In parallel, control films (without NLC) were prepared. Later, the
films were cut into uniform chips measuring 4 mm x 5 mm. The CMC-
based chips (GC40-A and GC40-B) and CH-based chips (GH40-A and
GH40-B) were then wrapped in aluminum foil and stored in a desiccator
until further analysis.

2.9. Technological assays

2.9.1. Chip thickness and weight uniformity measurement

Each polymeric film was cut into uniform rectangular pieces of 5 mm
x 4 mm using a sharp stainless-steel cutter to ensure clean edges. The
weight of each chip was determined using a digital analytical balance
(LabX™ XS225 Dual range by Mettler Toledo) with a sensitivity of
£0.01 mg.

The thickness of the chip was measured using a digital micrometer
(Model no. 293-821-30, Mitutoyo, Japan) to assess the uniformity and
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reproducibility [59] among prepared chips. For each sample, five
measurements were taken at random sites, and the average thickness
and SD were calculated.

2.9.2. pH determination

The surface pH of all film formulations was measured to assess their
potential to irritate when applied to the oral mucosa. Each film sample
was placed in a vial containing 5 mL of distilled water and allowed to
swell for 5 min under ambient laboratory conditions. Following the
swelling period, the pH of the solution and surface was measured by
using a digital pH meter (Testo SE & Co. KGaA, Titisee-Neustadt, Ger-
many). The electrode tip was gently placed in direct contact with the
surface of the hydrated film and held in position until the reading sta-
bilized. Measurements were performed in triplicate after 5 min, 30 min,
24 h, and 48 h, and the mean values were recorded for each film [60,61].

2.9.3. Contact angle measurement

The water contact angle was measured as part of the preformulation
studies and subsequently for the optimized nanofilms. This was done to
evaluate the wettability and spreading behavior of water on the surface
of the film [62].

Surface wettability was assessed by measuring the contact angle of
water droplets on film surfaces using a DataPhysics OCA 20 optical
contact angle instrument (DataPhysics GmbH, Filderstadt, Germany).
Contact angles were monitored in real-time over 40 s to assess the dy-
namic wetting behavior of the formulations. A 500 pL Hamilton pipette
was used to dispense droplets, which were tested immediately before
deposition. Measurements were recorded at 1-s intervals, using auto-
mated circle-fitting analysis via the SCA 20 software (DataPhysics
GmbH, Filderstadt, Germany). This approach enabled precise tracking of
changes in the droplet profile over time, providing detailed insights into
the hydrophilic or hydrophobic nature of the prepared film surfaces
[63].

2.9.4. Determination of film flexibility (% resilience)

The flexibility of the prepared films was assessed, given its impact on
mechanical integrity and adaptability to the application site. The films
were mounted onto a film-supporting rig (HDP/FSR), and the mea-
surements were performed in compression test mode with Texture
Analyzer (TA.XT plus, Stable Micro Systems Ltd., Surrey, UK). The
experimental parameters were set to a pre-test speed of 1 mm/s, test and
post-test speed of 0.5 mm/s, the trigger force of 0.5 g, and a target
distance of 2 mm. After reaching the trigger force, during the test, the
instrument recorded the force (mN) at the target distance and the
resilience (%) of the film [64]. The obtained force-distance curve
exhibited a peak when the target distance was reached.

2.9.5. Determination of burst strength/breaking force

Burst strength testing was performed to determine the films' resis-
tance to mechanical rupture, where burst strength represents the force
required to rupture the film, while the distance to burst indicates the
extent of deformation before the film breaks.

Circular specimens were precisely excised from the films and
mounted in a film support apparatus. Mechanical testing was performed
in compression mode with the pre-test speed set at 2 mm/s, the test
speed at 1 mm/s, and the post-test speed at 10 mm/s with Texture
Analyzer (TA.XT plus, Stable Micro Systems Ltd., Surrey, UK). A trigger
force of 1 g and a maximum target displacement of 5 mm were applied.
Burst strength (mN) and distance at burst (mm) were determined from
the resulting force-distance curve generated by the instrument [65].

These measurements provided insight into the mechanical robust-
ness and elasticity of the formulated films, which are critical factors for
their handling, application, and performance.
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2.10. Mucoadhesive study

The mucoadhesive strength of the nanoladed and blank films was
determined using a Texture Analyzer (TA.XT plus, Stable Micro Systems
Ltd., Surrey, UK) fitted with a 0.5 kg load cell. The test was performed on
a modified mucoadhesion rig. A circular piece of Whatman® qualitative
filter paper (Sigma-Aldrich, Budapest, Hungary) was moistened with 50
pL of mucin dispersion (8% w/w) to simulate the mucosal surface and
affixed to the lower platform of the apparatus.

Each film sample was carefully attached to a 10 mm diameter cy-
lindrical probe using a small piece of double-sided adhesive tape to
ensure flat contact during measurement. The probe was then moved
downward at a speed of 0.3 mm/s until the film came into full contact
with the mucin-coated surface. A preload of 2500 mN was maintained
for 3 min to allow intimate contact and interpenetration between the
film and the mucin layer.

After the contact period, the probe was withdrawn at a speed of 2.5
mm min~ . The maximum detachment force (mN) and work of adhesion
(mN.mm) were recorded automatically by the Exponent Connect soft-
ware (version 8.1.5.0) by Stable Micro Systems Ltd. These parameters
reflect the mucoadhesive strength of the films. Each formulation was
tested in quintuplicate (n = 5) to ensure reproducibility.

2.11. Swelling studies

The swelling properties of the dental chips loaded with NLC were
measured gravimetrically. Dried chips (5 mm x 4 mm) were accurately
weighed to obtain their initial dry mass, then individually immersed in
10 mL of phosphate-buffered saline (PBS, pH 7.4) maintained at 37 +
0.5 °C with gentle shaking. At specific time intervals (5, 10, 20, 30, 60,
120, 1440, till 7200 min), each sample was withdrawn, gently blotted
with filter paper to remove surface fluid, and weighed immediately to
record the swelling ratio (Sr). The measurements were continued until a
drop in value occurred to ensure that the chips reached their maximum
level of water absorption [66]. All measurements were carried out in
triplicate, and results were reported as the mean + SD.

The swelling ratio (%) was determined using Eq. (3).

Wi — WF
Sr (%) = Wi X 100 3
where (Wi) is the initial dry weight of the chip before swelling, and (Wf)
is the weight of the swollen chip.

2.12. Determination of moisture content (MC)

The solvent content in the drying films is directly proportional to
their moisture content. Immediately after preparation, the films were
cut to the required chip size, and moisture content measurements were
carried out. To determine the moisture loss, the patches were first
weighed (Mi) and placed in closed Petri dishes containing anhydrous
calcium chloride within a desiccator for 5 days. The patches were
removed and weighed again (Mf). The percentage of residual moisture
content (MC %) was then calculated using Eq. (4) [67,68].

Mi — Mf

—~ %100 4)

MC (%) = ———

2.13. Polymer erosion (ME) study

The erosion characteristics of polymeric chips were assessed by
measuring the % ME. Weighed chips were fully hydrated for a set period
in saliva fluid (6.85 mM NaCl, 4.62 mM NaH:PO.-2H.0, 5.4 mM
CaCl2-2H-0, and 5.37 mM KCl, adjusted to pH 6.8 with a 20% sodium
hydroxide solution).

The swollen chips were dried for 24 h to remove any remaining
moisture. Once dried, the patches were weighed again [69]. The extent
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of erosion was then determined by calculating the percentage of weight
loss using Eq. (5).

w1l - w2
—X

1
Wi 00 5)

ME (%) =
where (W1) represents the initial weight of the patch before wetting,
and (W2) is the weight of the patch after drying, reflecting the amount of
material lost due to erosion. This calculation provides a measure of the
patch's erosion rate, indicating the extent of degradation or material loss
during the hydration and drying process.

2.14. Raman spectroscopy and chemical mapping analysis

Raman spectroscopic analysis was performed using a DXR Dispersive
Raman Spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) to
examine potential molecular interactions among the constituents, GEL,
CH, CMC, AP, CO, and S.L in polymeric films. The spectrometer was
equipped with a charge-coupled device (CCD) detector and operated
with a 780 nm diode laser across the spectral region of 200-3000 cm ™ _.
Measurements were acquired using a 24 mW laser intensity and a 25 pm
slit width, generating a focal area of approximately 2-3 pm. The in-
strument offered a spectral resolution ranging from 2.4 to 4.4 cm™.,
Each spectrum was obtained with an exposure duration of 6 s and
averaged over 24 successive scans to improve the signal-to-noise ratio.
Data acquisition and spectral processing were carried out using
OMNIC™ 8.2 for Dispersive Raman software 8.3.104 package by
Thermo Fisher Scientific Inc. (Waltham, MA, USA). To ensure reliable
comparison among samples, spectra were normalized to minimize in-
tensity variations.

Raman chemical imaging was used to determine the spatial distri-
bution of NLC-A, NLC-B, AP, and CO within the film matrix. Samples
were placed on aluminum foil-covered glass slides to minimize back-
ground interference and serve as supports during imaging. Raman
mapping was performed using a DXR Raman Microscope (Thermo Fisher
Scientific, Waltham, MA, USA) with a CCD detector for image capture.
Mapping was conducted over an area of 100 x 1000 pm, with 50 pm
spacing between data points, resulting in 66 spectra, each collected with
a step size of 10 pm. A 780 nm diode laser operating at 12 mW and a 50
pm slit width were used throughout the mapping experiment. Individual
scans were acquired after an initial 2-s laser exposure, each averaged
over 32 accumulations, within the spectral range of 200-3300 em L.
Before analysis, spectra were preprocessed to correct for cosmic ray
artifacts and background fluorescence. The characteristic Raman peaks
of GEL, CH, CMC, NLC-A, NLC-B, AP, and CO served as spectral markers
to identify and visualize their presence and distribution within the
samples. Image construction and interpretation were performed using
OMNIC software (Thermo Fisher Scientific, Waltham, MA, USA). For
quantitative analysis of NLC distribution within the matrix, the Raman
maps were processed using ImageJ [70]. Pixel intensity histograms were
exported, and the coefficient of variation (CV), skewness, and kurtosis
were calculated for each map to assess homogeneity, following estab-
lished protocols for hyperspectral image analysis.

2.15. Drug content uniformity

Drug content uniformity was assessed by dissolving individual chips
in 10 mL of a 1:1 (v/v) AcN: aqueous solvent system. Distilled water was
used for CMC-based chips, whereas 1% acidified water was employed
for CH-based chips to ensure complete matrix dissolution prior to
analysis. The chips containing vials were vortexed using a shaker (Grant
Bio™ PSU-10i Orbital Platform Shaker) until completely dissolved.
Subsequently, aliquots were withdrawn and filtered through syringe
filters (PVDF 0.45 pm, OlimPeak Syringe Filters by Teknokroma). The
active drug concentration per chip was then quantified using a liquid
chromatography technique. The total content of Eug and AP was
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calculated (Section 2.16) and reported as a percentage of the loaded
drugs. The % Eug and AP retention in the films was computed using Eq.
(6) [71].

Total content quantified per chip 100

Total content loaded per chip ©®

AP or Eug retention (%) =

2.16. Quantification analysis

2.16.1. Eug quantification

Quantification of Eug was carried out using a SHIMADZU Nexera X2
ultra-high-performance liquid chromatography (HPLC) system (Shi-
madzu Corporation, Kyoto, Japan). Chromatographic separation was
performed on a Phenomenex Kinetex EVO C18 reverse-phase column
(250 x 4.6 mm, 5 pm particle size) with the column temperature
maintained at 30 °C. The mobile phase consisted of analytical HPLC-
grade water (solvent A) and methanol (solvent B), employing a
gradient elution method [72]. The gradient program started with 45%
solvent B, increased linearly to 75% at 7 min, and returned to 45%
within the following min. The total run time was 9 min, with an injection
volume of 20 pL and at a constant flow rate of 1.4 mL/min. Detection of
Eug was carried out using a diode array UV-Vis detector set at 280 nm,
with a retention time of approximately 6.01 min. Calibration plots
exhibited linear behavior (Rz: 0.9995) generated from a 1400 pg/mL
standard stock solution across the diluted tested concentrations. This
method exhibited high sensitivity, with a limit of detection (LOD) of
0.63 ng/mL and a limit of quantification (LOQ) of 1.9 ng/mL.

2.16.2. AP quantification

For the quantification of AP, chromatographic analysis was con-
ducted using a SHIMADZU Nexera X2 ultra-high-performance liquid
chromatography (HPLC) system (Shimadzu Corporation, Kyoto, Japan).
Separation was achieved on a Phenomenex Kinetex C18 reverse-phase
column (150 x 4.6 mm, 2.5 pm) maintained at 40 °C. The mobile
phase consisted of two solvents: (A) water adjusted to pH 4.5 with 85%
phosphoric acid and (B) AcN. A gradient program was applied, begin-
ning with 20% solvent B, increasing to 70% over 9 min, and then
returning to the initial conditions. The flow rate was set to 0.5 mL/min,
with a total analysis time of 12 min. Detection was performed using a
diode array UV-VIS detector at 337 nm. The AP peak appeared at a
retention time of approximately 8.4 min. The method's LOD and LOQ
were determined to be 1.4 pg/mL and 4.4 pg/mL, respectively, based on
a stock solution of 200 pg/mL [47].

2.17. In vitro release study

An in vitro release study was performed to assess the release behavior
of the formulated dental chips. The NLC-loaded GC40 and GH40 chips
were immersed in a release medium consisting of ethanol and PBS (1:1)
and maintained under sink conditions to ensure continuous diffusion of
the released compounds. The in vitro release study was performed using
the Phoenix RDS automatic diffusion system at 37 °C with a continuous
agitation speed of 200 rpm. At predetermined time intervals (0.5, 1, 2, 4,
6,12, 18, 24, 36, 42, and 48 h, followed by every 24 h thereafter up to 7
days), 0.3 mL of the acceptor phase was automatically withdrawn and
replaced with an equal volume of fresh release medium to maintain a
constant release environment and sink conditions throughout the study.

For comparative analysis, both free CO (Eug) and AP-loaded chips
were subjected to the same release conditions as their nano-loaded
counterparts. Collected samples were analyzed (Section 2.16) to deter-
mine the cumulative release in pg from dental chips over time.

2.18. Morphological analysis of dental chip by scanning electron
microscope (SEM)

The surface morphology of periodontal chips was examined by SEM
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before and after drug release to assess morphological changes with
nanoparticle release. Both surface and fractured cross-sectional views
were analyzed to evaluate erosion and structural alterations during
release. Observations were performed using SEM (Hitachi S4700, Hita-
chi Scientific Ltd., Tokyo, Japan). The samples were coated with a
gold-palladium layer using a sputter coater (Bio-Rad SC 502, VG
Microtech, Uckfield, UK). The experiments were conducted with an
accelerating voltage set at 10 kV and 10 mA current. The chamber
pressure was kept between 1.3 and 13.0 mPa during imaging.
Quantitative morphometric analysis of SEM images was performed
using ImageJ software [73,74]. Images were converted to 8-bit gray-
scale and thresholded to distinguish pores from the matrix. The per-
centage porosity was calculated as the ratio of void area to total area.

2.19. Invitro antibacterial study

2.19.1. Agar well diffusion method

The antibacterial activity was evaluated using Aggregatibacter acti-
nomycetemcomitans DSM 11,122 (A. actinomycetemcomitans) and Strep-
tococcus mutans ATCC 25175 (S. mutans) used as reference strains.
Bacterial strains were cultured on Columbia agar supplemented with 5%
sheep blood (Biomerieux, Marcy-1'Etoile, France) and incubated at 35 °C
in a humidified atmosphere containing 5% CO: for 24 h. Bacterial sus-
pensions were prepared by directly transferring colonies into sterile
0.85% NaCl solution, and the turbidity was adjusted to 0.5 McFarland
standard (approximately 1 x 10% CFU/mL).

The standardized bacterial suspensions were evenly spread onto
Columbia agar plates. Nano-loaded and blank dental chips were placed
in triplicate onto the agar surface. The plates were incubated at 35 °C
under 5% CO: conditions, and the diameters of inhibition zones (mm)
were measured. Chlorhexidine digluconate-loaded chips were used as
positive control, while blank films (GC40, GH40) were tested as negative
controls.

2.19.2. Time kill assay

A time-kill assay was performed to evaluate the antibacterial activity
of compounds released from the dental chips against
A. actinomycetemcomitans and S. mutans, with modifications [75,76].
Briefly, an individual dental chip was aseptically placed into a sterile
microcentrifuge tube containing 1 mL of bacterial suspension prepared
in Mueller-Hinton II broth (Becton, Dickinson and Company, Sparks,
MD, USA) at an initial inoculum of approximately 1 x 10° CFU/mL
(colony-forming units per milliliter). The tubes were incubated at 35 °C
under a humidified atmosphere supplemented with 5% CO.. To assess
the bactericidal or bacteriostatic effects of the released compounds over
time, viable bacterial counts were determined at 0, 1, 3, 6, 12, and 24 h
following incubation. At each time point, aliquots were collected and,
when necessary, serially diluted with sterile deionized water before
plating onto Columbia agar supplemented with 5% sheep blood (bio-
Mérieux, Marcy-l‘Etoile, France).

Bacterial suspensions incubated under identical conditions in the
absence of a dental chip served as growth controls. All experiments were
conducted in triplicate, and the data are presented as log CFU/mL.

2.20. Stability studies

Dental chips wrapped in aluminum foil were packed in an amber
bottle and initially stored at temperatures of 5 + 2 °C, 25 + 2 °C, and 40
+ 2 °C for 6 months. After this period, samples were evaluated for
physical appearance, pH, and changes in weight and thickness [77].
Based on the initial 6 months' physical parameters assessment across
different thermal conditions, storage at 25 + 2 °C was identified as
optimal. Consequently, chips maintained at this temperature were
assessed after an additional 3 months to quantify the % content uni-
formity of AP and Eug.
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2.21. Statistical analysis

Data visualization and statistical evaluations were performed using
GraphPad Prism version 8.0.2 (GraphPad Software, Inc., La Jolla, CA,
USA). The obtained data were statistically evaluated using two-way
analysis of variance (ANOVA) and subjected to Tukey's multiple com-
parisons test. The data are reported as the mean =+ SD.

3. Results and discussions
3.1. Preliminary study

Eight mucoadhesive films (GC40-I-GH30-I) were developed by
varying polymer concentration and ratios (75:25 or 50:50), with glyc-
erol concentrations of 40% (GC40-I-GH40-I) and 30% (GC30-I-GH30-I)
to the total polymer concentration, serving as a plasticizer. The con-
centration of glycerol in film formulations must be carefully optimized,
as it significantly influences the mechanical properties and functional
performance of the films. An appropriate level of plasticizer is essential
to achieve a balance between tensile strength and flexibility [78].

As previously reported, increasing the concentration of glycerol
raises the moisture content of hydrocolloid films due to its strong affinity
for water. This is attributed to the presence of hydroxyl groups in
glycerol, which interact strongly with water molecules, thus allowing
the film matrix to retain water [79]. Considering the significant influ-
ence of plasticizer concentration on film properties, optimizing the
plasticizer content was crucial. Based on literature guidance, glycerol
was initially selected at 3 levels, 20%, 30%, and 40% (to the total weight
of polymers). However, during preliminary screening, films containing
20% glycerol were brittle and mechanically weak; therefore, only the
30% and 40% concentrations were selected for physicochemical
characterization.

All the films were evaluated for % resilience, surface wettability, and
mucoadhesive work and force to identify the optimal film composition
for oral drug delivery (Table S1).

The % resilience results confirmed the mechanical suitability of the
prepared films for intra-periodontal application, ranging from 38.25%
to 76.62%, indicating that both the polymer composition and the plas-
ticizer concentration significantly affected the elastic recovery of the
films. Films containing 40% glycerol exhibited noticeably higher %
resilience compared to those with 30%, suggesting that the higher
plasticizer level improved chain mobility and flexibility without
compromising structural integrity.

Contact angle measurements ranged from 34.7° to 77.8°, indicating
moderately hydrophilic surfaces that support mucoadhesion. The
mucoadhesive force and work of adhesion were highest in GH30-I (863
mN) and GC30 (321 mN.mm), showing strong mucosal binding; how-
ever, these films exhibited moderate resilience and might be mechani-
cally less stable during handling. Among all formulations, GC40 and
GH40 showed the best overall balance of mechanical strength, wetta-
bility, and mucoadhesion. GC40 had the highest resilience (76.62%), an
optimal contact angle (52.36°), and a strong adhesive force (664 mN),
reflecting excellent elasticity and surface interaction. GH40 had a high
mucoadhesive force (758 mN) and moderate resilience (60.63%), sug-
gesting superior mucus-polymer interaction driven by CH's cationic
nature and hydrogen bonding with GEL.

These properties are particularly desirable for nanoparticle-loaded
periodontal films, where the formulation must remain attached under
crevicular flow and mechanical stress for several days. The enhanced
resilience of the 40% glycerol films allows them to resist fracture or
rapid disintegration, ensuring that drug release occurs in a controlled
and sustained manner over days. Previous studies have reported that
films containing 40% (w/w) plasticizer exhibit greater homogeneity
compared with those formulated with 30% (w/w) plasticizer [80].
Overall, based on the superior elasticity, adhesion strength, and surface
characteristics, GC40 and GH40 with a 50:50 polymer ratio (40%
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glycerol concentration) were selected as the most promising and
balanced formulations for prolonged residence and effective localized
drug delivery in the treatment of periodontitis.

3.2. Characterization of nanoparticles

The physicochemical characteristics of the developed NLC formula-
tions are summarized in Table 2. Both NLC-A and NLC-B exhibited
nanoscale particle sizes with mean diameters of 188 nm and 160 nm,
respectively, along with low dispersity indices (<0.30), indicating a
narrow and homogeneous size distribution [81]. The ZP values were
moderately negative (—17.2 to —17.8 mV), suggesting satisfactory
colloidal stability of the formulations [82]. High EE was observed for
both active pharmaceutical ingredient AP and Eug, confirming effective
incorporation of the actives within the NLC matrix.

TEM is a powerful nanoscale imaging tool used to examine the
morphology and surface structure at the nanoscale [83]. TEM images
(Fig. 1) revealed predominantly semi-spherical to quasi-spherical
nanoparticles with smooth surfaces. The particles were uniformly
dispersed with minimal or no aggregation.

TEM analysis further revealed that the nanoparticles exhibited an
average particle size of approximately 125 nm. The comparatively
smaller particle size obtained from TEM analysis, relative to the DLS
measurements, can be attributed to the fundamental differences in the
measurement principles of the two techniques. Specifically, TEM de-
termines the physical size of the nanoparticles in the dry state, whereas
DLS measures the hydrodynamic diameter, which includes the solvation
layer [84]. Consequently, the hydrodynamic size obtained from DLS is
typically larger than the particle size measured by TEM.

3.3. Molecular docking

Molecular docking, also known as computational modeling, was
performed to evaluate the intermolecular interactions between constit-
uents of dental chips. At the atomic level, it is an important strategy for
molecular binding prediction between small and macromolecules [85].
Numerous approaches based on molecular docking have been reported
in the literature. For example, this method has been applied to elucidate
the interaction of Eug with the critical accessory gene regulator (Agr)
quorum-sensing system of Staphylococcus aureus and DNA, thereby
enabling the identification of potential binding sites and underlying
mechanisms of action [86]. In the present investigation, an analogous
modeling approach was employed to systematically evaluate the inter-
molecular interactions between the protein (GEL), selected polymers
(CH, CMCQ), and the bioactive compounds (AP, Eug), to provide
molecular-level insight into possible interaction modes and relative
compatibility among formulation components. This analysis was inten-
ded as a qualitative and comparative tool; therefore, the calculated
binding energies and dissociation constants should be interpreted as
relative indicators obtained under idealized conditions rather than ab-
solute physicochemical parameters applicable to the complex polymeric
system.

The docking results suggested the potential for intermolecular in-
teractions between polymers, predominantly mediated by hydrogen
bonding and hydrophobic interactions within the model. Hydrogen-
bond networks were observed between GEL and CH/CMC, confirming

Table 2
NLC characterization parameters (Zaye, PDI, ZP, EE of AP, and Eug).
Formulation Zave (nm PDI ZP (mV + EE of AP EE of Eug
+ SD) (+£SD) SD) (% + SD) (% + SD)
NLG-A 188 + 0.25 + -17.2 + 96.2 + 94.7 £+ 2.90
2.5 0.01 1.50 1.50
NLG-B 160 + 0.23 + -17.8 + 945 + 94.0 £ 3.10
6.2 0.03 2.00 1.90
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Fig. 1. Representative TEM micrographs NLC-A (a) and NLC-B (b) at magnification of 50,000x with corresponding scale bar of 100 nm.

good polymer-polymer compatibility essential for film formation. AP
showed multiple hydrogen bonds and n-c interactions with GEL, indi-
cating favorable molecular affinity, while Eug interacted mainly via
hydrophobic and van der Waals forces (Fig. S1). These interactions
suggest effective molecular compatibility and stabilization of bioactive
compounds within the GEL-based matrix, supporting their suitability for
mucoadhesive drug delivery applications. Similarly, previous molecular
docking studies have identified hydrogen bonds, n-alkyl, n-n, and van
der Waals interactions as the primary forces mediating phytochemical
(curcumin)-GEL complexation [87].

To provide a comparative, semi-quantitative ranking of interaction
strengths, binding affinities, and corresponding dissociation constants
were calculated (Fig. 2). All complexes exhibited negative AG values,
indicating energetically favorable interactions within the docking
model, while lower calculated Kp values suggest stronger relative
binding within the docking framework. Among the biopolymeric com-
binations, GEL-CH showed comparatively higher AG and lower Kp
values, suggesting potential compatibility that can facilitate the devel-
opment of robust, well-integrated films. The GEL-AP and CH-AP com-
plexes displayed the increased binding affinity, evidenced by a more
negative AG and the lowest Kp, suggesting a favorable interaction with
GEL at the molecular level, through hydrogen bonding and n-r in-
teractions. In contrast, GEL-Eug exhibited moderately higher Kp, values,
reflecting weaker yet favorable binding dominated by hydrophobic in-
teractions. This in silico prediction correlates strongly with our experi-
mental observations, as CH-based chips exhibited sustained drug release
and superior matrix stability, whereas CMC-based chips displayed
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Fig. 2. Relative thermodynamic (AG) and dissociation index (Kp) from in silico
docking, shown as model-dependent qualitative ranking to correlate with
experimental observations.

comparatively accelerated release behavior and rapid matrix erosion.
Molecular docking analysis was previously performed by Bhatia et al. to
evaluate the interaction and complexation behavior between the drug
and hydrocolloid polymers. Their study demonstrated that polymers
such as GEL, CMC, and sodium alginate can form intermolecular com-
plexes capable of accommodating the drug within the polymeric
network, as indicated by highly negative docking scores [88].

Altogether, the qualitative interaction profiles and relative binding
rankings from docking analysis provide a useful, hypothesis-generating
tool to rationalize the experimental observations of polymer compati-
bility, drug release, and matrix performance.

3.4. Characterization of nanoparticles loaded dental chips

The fabricated periodontal chips exhibited good uniformity in both
weight and thickness throughout the matrix system. The mean weight
ranged from 14.38 + 0.28 mg to 14.61 + 0.24 mg, indicating minimal
batch-to-batch variation. Similarly, the thickness of the chips was
consistently maintained between 0.34 + 0.02 mm and 0.36 & 0.01 mm.
No statistically relevant differences were observed among the formula-
tions, suggesting that the composition did not adversely affect the
dimensional consistency of the chips. The uniform thickness and weight
are desirable attributes for periodontal application, ensuring reproduc-
ible drug loading and ease of insertion into periodontal pockets.

The solution and surface pH of the periodontal chips were evaluated
to assess their potential to irritate the oral mucosa and gingival tissues.
Surface and solution pH values were measured after 5 min (Table 3) and
were subsequently monitored at 24 and 48 h. Over time, only minimal
variations were observed between the surface and solution pH values.
After 48 h, the pH remained relatively stable, indicating good pH
compatibility.

The oral cavity normally maintains a near-neutral pH of 6.7-7.3.
Microbial carbohydrate metabolism produces acids, causing a lowering
of the pH, while urea and sialin breakdown generate ammonia and raise
the pH. Limited salivary diffusion in plaque allows acid accumulation,
and post-sugar intake (plaque pH) can drop below 5.0, promoting
aciduric bacteria and dental caries [89]. Moreover, inflammation cre-
ates a mildly acidic microenvironment (pH 5.0-7.0), which promotes
the growth of pathogens such as Prevotella intermedia and Fusobacterium
nucleatum [90]. Hence, the pH of the formulated periodontal chips is
compatible with the oral environment, minimizing irritation while
enabling targeted drug delivery, and falls within the acceptable range
for mucosal tolerance (pH 5.6-7.4), as reported by another research
group [91].

The mechanical resilience of the films was also evaluated post-
encapsulation to assess the influence of NLC loading on the elastic re-
covery of the polymeric network. Both types of formulations maintained
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Table 3
Physical properties of dental chips loaded with nanocarriers.
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Formulations Weight uniformity (mg + SD) Thickness (mm =+ SD) Surface pH (£SD) Solution pH (£SD) Resilience (% + SD) Burst force (mN + SD)
GC40-A 14.38 + 0.28 0.35 + 0.02 6.93 + 0.02 7.01 £ 0.01 68.37 + 0.21 2696.6 + 29.10
GC40-B 14.47 + 0.20 0.36 + 0.03 6.83 + 0.03 7.00 + 0.02 67.71 + 0.15 3736.3 + 16.17
GH40-A 14.58 + 0.27 0.34 + 0.02 5.65 + 0.02 6.60 + 0.11 60.25 + 0.23 2450.5 + 23.02
GH40-B 14.61 + 0.24 0.36 + 0.01 5.70 + 0.01 6.75 + 0.13 62.30 +£ 0.18 3291.0 + 38.90

acceptable resilience values, confirming that the integration of the lipid
phase slightly changes the structural flexibility of the films.

Lipid incorporation is known to influence the structural continuity
and mechanical behavior of protein-based films. Generally, pure protein
films exhibit higher tensile strength and flexibility than composite films
containing lipids, as the presence of lipids may disrupt the continuous
polymer network [92].

Several studies have reported a reduction in tensile strength with
increasing lipid concentration in films prepared from materials such as
GEL, gellan, sodium caseinate, wheat gluten, and whey protein isolate.
This effect is commonly attributed to the partial replacement of polymer
chains by lipid molecules within the matrix. Moreover, the extent of this
effect depends on the characteristics of the lipid and its ability to interact
with the protein network [93-95].

In the present study, the incorporation of nano lipidcarriers into the
biopolymer films resulted in a slight reduction in resilience, which may
be associated with the partial disruption of the polymer network due to
lipid incorporation. The CMC-based blank films demonstrated a resil-
ience of 76.62% that slightly decreased to 68.37% after lipid nano-
carriers loading, whereas the CH-based blank film (60.63%) showed a
slight difference in value as the loaded films (62.30%) (Table 3). This
difference between the two types of formulations can also be attributed
to the molecular mobility imparted by the matrix, which promotes
elastic behavior and facilitates structural recovery following deforma-
tion. The marginally lower resilience in CH is consistent with the more
rigid and cationic nature of CH, whose intermolecular hydrogen
bonding provides structural strength at the expense of flexibility. Mo-
lecular modeling suggested the same behavioral pattern, where the
binding affinity is higher between GEL-CH as compared to GEL-CMC.

Collectively, both systems exhibited mechanical robustness suitable
for mucosal application, with the CMC compositions showing margin-
ally superior elastic recovery, an advantageous property for maintaining
film integrity during application and prolonged adhesion at the target
site.

Mechanical strength was further assessed through burst force mea-
surements, performed only on the NLC-loaded films, as the blank for-
mulations exceeded the upper limit (5 kg load cell) of the testing
instrument. This limitation itself reflected the high tensile robustness of
the unmodified films. Post-encapsulation, the burst strength values
remained within the desirable range for flexible yet durable mucoad-
hesive matrices. The CMC-based films exhibited higher burst force
values, compared to their CH-based counterparts, showing 2696 mN and
3736 mN (Table 3). This consistent enhancement suggested the
improved matrix densification and possible intermolecular interactions
between the lipid components and the polymeric network, which rein-
force structural cohesion.

Taken together, both CMC- and CH-based films maintained adequate
mechanical integrity, which is a critical factor for ensuring physical
durability during handling, application, and retention in the mucosal
environment.

3.5. Contact angle

Contact angle assessment provides useful data on the wettability
characteristics of the film surface [96]. After NLC loading, a slight in-
crease in contact angle was observed in CH-based films, indicating
minor surface modification and possible migration of lipid components
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to the air-film interface. CMC-based films, the contact angle remained
almost the same (unloaded: 52.36°; loaded: 53.70° and 52.88°), while
the CH-based formulations showed an upward trend, rising from 54.19°
to 61.79° and 59.65°. This modest increase suggests that NLC encap-
sulation slightly reduced hydrophilicity. The presence of lipids in the
NLC, owing to their non-polar nature, contributed to increased film
hydrophobicity and enhanced surface lipophilicity. This phenomenon is
well-documented in the literature, where a similar trend of increase in
hydrophobicity is observed after lipid incorporation in CH films [97]
and basil seed gum films [98].

Nevertheless, the films retained sufficient wettability to maintain
mucoadhesive potential, confirming that NLC incorporation did not
compromise surface compatibility with biological tissues. These findings
validate the structural stability of the optimized film matrices following
NLC loading, providing a promising platform for controlled release of
actives within mucosal environments.

3.6. Mucoadhesive study

Mucoadhesion involves polymer hydration, chain interpenetration
with mucin, and stabilization through intermolecular forces, including
hydrogen bonding, electrostatic, hydrophobic, and van der Waals in-
teractions [99]. CH, a well-known mucoadhesive polymer, exhibits
strong mucoadhesion primarily due to electrostatic interactions between
its positively charged groups and the negatively charged mucin [100].
Additionally, increasing the concentration of the polymer can influence
these interactions, enhancing mucoadhesion by promoting greater
physical entanglement between the polymer and the mucosal surface. A
fundamental mechanism of mucoadhesion consists of two key steps: (i)
the establishment of close contact between the bioadhesive and the
membrane, which may involve wetting or swelling, and (ii) the infil-
tration of the bioadhesive into the tissue or the surface of the mucus
membrane through interpenetration [101].

The incorporation of NLC into the optimized film matrices resulted in
notable changes in mucoadhesive characteristics. Both formulations
retained strong adhesion to mucosal substrates, indicating that NLC
integration did not impair the films' surface interactions with mucin.

In the CMC-based chip series, the mucoadhesive force increased
markedly from 664 mN (blank chip) to 1206 mN for the NLC-loaded chip
(Fig. 3a), while the work of adhesion exhibited a relatively modest rise,
from 128 mN-mm to 167 mN-mm upon NLC incorporation (Fig. 3b).
This pattern suggests a denser film—mucus interaction, possibly due to
improved interfacial contact facilitated by lipid-mediated flexibility.
Improved resilience and swelling behavior of CMC chips also affirm the
improved mucoadhesive results. Similarly, the CH-based films exhibited
a rise in adhesive force from 758 mN up to 965 mN and an increase in
work of adhesion from 102 to 125 mN-mm with nanoparticle loading,
implying enhanced electrostatic and hydrogen-bonding interactions
between protonated amino groups of CH and mucin glycoproteins.

Overall, NLC incorporation improved mucoadhesive performance,
particularly in the CMC-based system, indicating that the lipid—polymer
hybrid network effectively maintained bioadhesive properties while
promoting prolonged residence at the site of application.

3.7. Moisture content and polymer erosion

The moisture content of orally administered dental chips plays a
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Fig. 3. Comparison of mucoadhesive force (a) and work of adhesion (b) of nanoloaded and blank chips, presented as means + SD. Statistical significance between
both types of loaded and blank formulations was determined using two-way ANOVA followed by Tukey's multiple comparison test. Symbols denote levels of sig-
nificance as follows: y indicates p < 0.05; f indicates p < 0.01; a indicates p < 0.0001; and “ns” denotes non-significant differences (p > 0.05).

critical role in determining their brittleness and friability. An appro-
priate balance among formulation components regulates the residual
moisture content, which directly influences both the mechanical integ-
rity and functional performance of the chips. Consequently, the evalu-
ation of hydrophilic and hydrophobic polymeric chips typically includes
measurements of water absorption capacity and polymer erosion to
comprehensively assess their performance. According to the literature,
an ideal buccal film formulation should exhibit a moisture content
below 5% [102], as higher values may compromise film stability and
handling properties. The moisture content of the formulated chips was
low and consistent across all samples, with mean values ranging from
1.81% to 1.90%. The associated SDs (0.24-0.50%) indicate acceptable
uniformity among formulations. All samples exhibited moisture levels
well below the documented threshold of 5% for buccal films, suggesting
adequate stability and reduced risk of brittleness or friability (Fig. 4).
Among the evaluated chip formulations, the GC40 matrices exhibi-
ted higher mean matrix erosion compared to the CH-based counterparts.
Specifically, the GC40-A batch demonstrated the erosion extent at 45.2

50 rS

45

ME%
%N

40

-—

35-

-1
GC40-A GC40-B GH40-A GH40-B

Fig. 4. Comparative analysis of matrix erosion and moisture uptake for
GEL-CMC (GC40) and GEL-CH (GH40) chip formulations. The bar graph rep-
resents mean matrix erosion (ME%) for GC40-A, GC40-B, GH40-A, and GH40-B.
Superimposed circle markers denote corresponding mean moisture content (MC
%) values for each formulation.
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+ 2.04%, while GC40-B showed a slightly lower but comparably
elevated erosion of 44.82 + 3.38%.

In contrast, the GEL-CH matrices displayed reduced erosion, with
GH40-A and GH40-B presenting mean values of 40.45 + 0.01% and
39.80 + 1.37%, respectively. The near-identical erosion values for the
GHA40 series indicate a consistent erosion profile. Overall, the data
indicate that incorporating CH into the GEL network confers a modest
reduction in matrix erosion compared with GEL-CMC chips. These dif-
ferences in erosion behavior reflect formulation-dependent differences
in matrix stability, which are critical for tailoring material performance
in applications requiring controlled degradation kinetics.

When polymeric materials come into contact with mucosa, several
sequential processes occur, including penetration of water molecules
into the polymer network, hydration, swelling, polymer chain relaxa-
tion, and eventual erosion. Water diffusion into the matrix forms a thin
gel-like layer on the film surface. As the matrix becomes hydrated, the
incorporated drug begins to diffuse outward. Greater penetration of the
aqueous medium into the polymer matrix results in increased drug
release [102], this is in agreement with our release profile, where CMC-
based chips exhibited superior drug release compared to CH-based
formulations.

3.8. Swelling index

Swelling ability is a key property of oral chips for two main reasons.
First, water absorption enhances the bioadhesive interaction between
the dental chip and the mucosal surface, which largely depends on the
characteristics of the polymer matrix. Second, hydration of the chip
facilitates drug release, mainly through diffusion, polymer relaxation,
swelling, and erosion mechanisms. A direct correlation between the
extent of water absorption and drug dissolution has already been re-
ported in the literature [103].

The swelling ratio of the NLC-loaded chips was evaluated over a
prolonged period (0-7200 min) to assess the hydration capacity and
structural stability of the polymeric matrices. All chips exhibited a
characteristic biphasic swelling profile, characterized by an initial rapid
uptake of fluid during the first hour, followed by a slower equilibrium
phase that extended throughout the observation period.
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The CMC-based chips (GC40-A and GC40-B) demonstrated greater
water uptake compared with the CH-based systems. Within the first 45
min, the swelling ratio increased sharply from zero to approximately
95%, reaching a near-equilibrium state by 165 min (=105-111%). The
highest level of swelling (117%) achieved in 720 min that decresed to
110% in the next 720 min (Fig. 5). The high hydrophilicity of CMC and
its ability to form an open gel network promoted efficient fluid pene-
tration and chain relaxation. These findings were further supported by
SEM micrographs, which revealed morphological features consistent
with enhanced swelling behavior.

By contrast, the CH-based chips (GH40-A and GH40-B) exhibited
slower and more controlled hydration. The swelling ratio increased
steadily from 20 to 27% at 5 min to around 65% after 48 h, reaching a
maximum of approximately 72% at 96 h (5760 min). Beyond this point,
a slight reduction to below 70% was observed over the next 24 h. This
moderated swelling behavior reflects the denser polymeric network and
stronger intermolecular hydrogen bonding of CH, which restricts water
diffusion.

The swelling characteristics of the chips are strongly influenced by
their structural properties and formulation composition. As expected,
chips incorporating hydrophobic polymers exhibited lower hydration
levels compared with those composed of hydrophilic materials, a trend
that is clearly reflected in our results.

Overall, both types maintained structural integrity throughout the
swelling test, with CMC-based systems showing faster hydration and
higher equilibrium swelling, while CH-based systems demonstrated
slower, more sustained water uptake. These contrasting profiles are
advantageous for tailoring chip performance as CMC matrices may
facilitate quicker mucoadhesive hydration and drug diffusion, whereas
CH chips provide greater dimensional stability for prolonged mucosal
residence and drug release.

3.9. Raman interaction and mapping

The Raman spectra of the pure components and composite films
(Fig. 6) show characteristic vibrational modes, confirming the incor-
poration of AP and CO into the polymer matrices.

Consistent with other flavone derivatives, AP displays its most
intense Raman band near 1600 c¢m ™, primarily associated with the
C=O stretching vibration coupled with C> = Cs or quinoid-type ring
stretching. Additional features between 1400 and 1500 cm ™" arise from
in-plane bending of hydroxyl groups. A distinct and sharp band around
1245 cm™! corresponds to the combined contribution of 7-OH bending
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Fig. 6. Raman spectra of individual components, including S.L (Compritol),
AP, CO, GEL, CMC, and CH, are presented along with formulated samples
(GC40-A, GC40-B, GH40-A, and GH40-B). S.L exhibits characteristic lipid bands
mainly associated with C—C stretching and CH deformation vibrations in the
region of ~1060-1130 cm ' and ~1290-1450 cm . AP and CO show distinct
sharp peaks corresponding to their crystalline structures, while GEL, CMC, and
CH display broader bands typical of polymeric and amorphous materials. The
Raman spectra of GC40 and GH40 formulations (both A and B) show the
presence of characteristic peaks of the constituent components without the
appearance of new bands or significant peak shifts, indicating the absence of
chemical interactions and confirming good compatibility between the active
component and excipients within the formulations.

and C—H bending modes. The ring B trigonal stretching vibration,
which is typically more prominent in other flavones and commonly
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Fig. 5. Time-dependent swelling ratio profiles of CMC-based and CH-based NLC-loaded dental chips.
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appears near 1000 cm 7, is shifted to approximately 983 cm ™! in AP and
exhibits only weak intensity. These characteristic vibrational features
collectively define the spectral fingerprint of AP, facilitating its identi-
fication within the composite film matrix [104,105].

The CO spectrum showed peaks at approximately 1273 cm™
attributed to Ar—O stretching, and another at 1036 cm ™! corresponding
to C—O stretching of Eug. The molecular structure of Eug features a
carbon-carbon double bond, corresponding to a characteristic absorp-
tion band observed between 1680 and 1600 cm ™!, attributed to C=C
stretching vibrations. Moreover, a band observed around 900 cm™? is
characteristic of the wagging motion of the monoalkyl ethylene group
(R-CH=CH:), and a band at 801 cm " is assigned to C—O stretching of
benzyl alcohol [106,107].

In nanoparticles loaded GEL-CMC and GEL-CH chips, the charac-
teristic peaks of AP and CO remained detectable, albeit with reduced
intensity and slight shifts toward lower wavenumbers. This attenuation
and slight band displacement indicate strong intermolecular in-
teractions, likely hydrogen bonding between the polymeric matrix and
the functional groups of AP and Eug, as well as possible confinement
effects of the lipid carriers. The retention of the major characteristic
peaks confirms that both bioactives remain chemically stable within the
nano-dental chips, while the spectral shifts substantiate their successful
molecular entrapment and compatibility with the GEL-based systems.

The Raman mapping profiles of the hybrid GEL-CMC and GEL-CH
matrices revealed distinct spatial distribution patterns of the incorpo-
rated NLC components. In both systems, the characteristic peaks of AP
and CO were clearly detected, confirming their successful entrapment
within the polymeric chips. The GEL-CH matrix exhibited sharper and
more homogeneous signal distribution, suggesting stronger intermo-
lecular interactions and better compatibility between CH and the lip-
id-polyphenolic constituents (Figs. 9, 10). While the GC40-A chip
(Fig. 7) presented a well-distributed arrangement of nanoparticles, the
GC40-B chip (Fig. 8) yielded a slightly less homogeneous dispersion of
NLCs. Overall, the mapping data demonstrate that both polymeric sys-
tems effectively embed AP and CO, with the CH-based formulation
showing a more compact molecular organization and superior compo-
nent retention.

Quantitative analysis of chemical mapping, based on mean in-
tensities, CV, and morphometric histogram parameters (skewness and
kurtosis), provides critical insight into the physical dispersion state of
NLC within the respective biopolymeric networks (Fig. S2 and Table S2).
Skewness measures the degree of asymmetry relative to the mean [108],
indicating how a distribution deviates from the symmetry of a normal
distribution [109]. Kurtosis describes the peakedness or flatness relative
to the normal distribution [110]. In the CH-based series, positive
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kurtosis values (0.207 and 1.590) indicate a highly peaked, leptokurtic
distribution. In contrast, the CMC-based series exhibited negative kur-
tosis (—0.177 and —0.194), reflecting a platykurtic (flatter) distribution
within the system [111]. According to the literature, skewness and
kurtosis values within the range of —2 to +2 are considered acceptable
for assuming a normal univariate distribution [112,113]. Although all
the formulations exhibited values within this acceptable range, the CH-
based chips demonstrated superior performance due to their lower
variance and positive kurtosis, reflecting a well-dispersed NLC within
the system.

3.10. Content uniformity

The content uniformity of the prepared dental chips was evaluated
for both Eug and AP. All formulations demonstrated consistent drug
loading, with percent content values ranging from 95.5% to 97.6%
(Table 4). This indicates that the drugs were uniformly distributed
within the chips, confirming the reliability and reproducibility of the
chip preparation method.

3.11. Release study

The release of drugs from NLC and matrix systems is governed by
multiple factors, including the drug's lipophilicity, the composition and
concentration of the NLC components, and the structural characteristics
of the polymeric materials [114].

The in-vitro release study revealed distinct release behaviors for
CMC- and CH-based chips loaded with either free Eug or Eug-
encapsulated nanoparticles under simulated physiological conditions
(37 °C with continuous agitation). All formulations exhibited an initial
burst release during the early time points, attributable to the rapid
diffusion of surface-associated Eug; however, the magnitude of this burst
was markedly higher for CMC chips, particularly those containing free
Eug. Nanoparticle-loaded CMC formulations showed a relatively
moderated release compared to free Eug CMC-based chips (GC-free-
Eug), indicating that nanoencapsulation prolongs the drug release, as
previously reported in the literature [115]. Nevertheless, the cumulative
release from CMC systems increased rapidly within the first 24-48 h,
reaching values exceeding ~1200 pg, after which the study was dis-
continued due to a partial loss of chip integrity. The comparatively rapid
disintegration of CMC chips is most plausibly attributed to the highly
hydrophilic nature of CMC, which undergoes excessive swelling and
erosion under constant stirring and elevated temperature, leading to
matrix scattering.

In contrast, CH-based chips demonstrated superior structural

Position (micrometers)

Fig. 7. Raman Mapping GC40-A of dental chip: GEL (a), CMC (b), NLC-A (c), CO (d), AP (e).
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Fig. 10. Raman Mapping of GH40-B dental chip: GEL (a), CH (b), NLC-B (c), CO (d), AP (e).

stability and more sustained release profile. Although an initial burst
was observed, the release rate gradually stabilized, reflecting controlled
diffusion of Eug from the polymeric matrix. Nanoparticle-loaded CH
chips consistently exhibited more regulated release compared to CH
chips containing free Eug, highlighting the role of nanoparticles as

14

secondary drug reservoirs that delay diffusion and enhance retention
within the matrix (Fig. 11a). The comparatively slower hydration,
stronger polymer—drug interactions, and semi-crystalline nature of CH
contributed to reduced erosion and prolonged release kinetics. This
analysis indicates that CMC chips promote relatively rapid drug release,
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Fig. 11. In vitro release profile of Eug (a) and AP (b) from CMC- and CH-based dental chips.

Fig. 12. SEM morphological analysis of optimized CMC-based nano-dental chips before release: surface of chip (a), cross-section at 50 pm, and at 20 pm (b,c): CH-
based nano-dental chip before release: surface of chip (d), cross-section at 50 pm, and at 20 pm (e,f): CMC based nano-dental chip after release: surface of chip (g),
cross-section at 50 pm, and at 20 pm (h,i): CH-based nano-dental chip after release: surface of chip (j), cross-section at 50 pm, and at 20 pm (k,1).

whereas CH-based nanoparticle-loaded chips enable more sustained Eug
delivery. All formulations exhibited an initial burst release during the

early hours, which is commonly associated with the rapid diffusion of

surface-associated Eug.
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Fig. 13. Antibacterial activity against A. actinomycetemcomitans expressed as
zones of inhibition for GC40-A (a), GC40-B (b), GH40-A (c), and GH40-B (d).

The in-vitro release profile of AP from CMC- and CH-based chips
demonstrated a formulation and polymer-dependent release behavior
under physiological conditions (Fig. 11b). All formulations showed an
initial burst release within the first 0.5-2 h, which can be attributed to
the rapid diffusion of free or nanoloaded AP loosely associated with the
chip surface. Among the CMC-based nanoparticle-loaded chips, AP
release increased rapidly during the early time points, reaching
approximately 27-47 pg within 6-12 h, with GC40-B consistently
exhibiting higher cumulative release than GC40-A due to the increased
drug loading. Chips containing free AP in CMC (GC-free-AP) showed an
even more pronounced initial release, confirming the absence of diffu-
sional barriers typically provided by nanoparticle encapsulation. How-
ever, similar to the Eug study, CMC-based chips lost their structural
integrity beyond 48 h as a result of excessive swelling and erosion
caused by constant stirring and incubation at 37 °C, leading to chip
scattering and necessitating the termination of the release study.

CH-based chips showed superior matrix stability and sustained AP
release, with the initial burst gradually stabilizing. Nanoparticles further
prolonged and regulated AP release, acting as secondary reservoirs.
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Conclusively, the release profile can be explained by two mechanisms:
an initial rapid release of active moieties localized on or adsorbed to the
film surface, and a subsequent sustained release governed by diffusion
and/or erosional processes within the film matrix [116]. When consid-
ered together, in vitro release studies showed that nanoparticle-loaded
formulations outperformed free-drug-loaded chips, demonstrating that
nanoparticle entrapment and stronger polymer-drug interactions
collectively prolonged drug diffusion.

3.12. Morphological analysis of dental chips

The surface morphology of the prepared dental chips containing
nanoparticles was examined by SEM, micrographs are presented in
Fig. 12. The nanoparticle-loaded chips displayed a slightly rough and
heterogeneous surface texture, indicating that the incorporation of
nanoparticles may have altered the surface topography of the matrix
[117]. This trend aligns with earlier reports on NLC-loaded buccal films
fabricated with hydroxypropyl methylcellulose, possessing rough sur-
face morphology and a loosely organized internal structure [116].
Furthermore, the evaporation-driven casting process likely facilitated
matrix consolidation, leading to the development of nodular domains
within the structure, a feature commonly associated with solvent-cast
biopolymer films [118]. However, no visible aggregation or large clus-
ters of nanoparticles were observed in the composite chips. The absence
of noticeable agglomeration indicates good compatibility between the
nanoparticles and the polymer network, which may contribute to the
structural integrity and controlled drug release behavior from the chips.

Post-release SEM analysis revealed distinct morphological differ-
ences between GEL-CMC and GEL-CH chips, closely correlating with
their respective drug release behaviors. The CMC-based chips (Fig. 12(g,
h,i)) exhibited pronounced swelling, delamination, and matrix frag-
mentation. The surface and cross-sectional images showed the formation
of irregular-shaped gaps and pores, attributed to the leaching of the
water-soluble polymer during dissolution [119]. Additionally, the
presence of fissures and collapsed lamellar structures indicates that drug
release occurred primarily through swelling-induced diffusion

Table 4
Content uniformity of active constituents in dental chips, expressed as percent
drug content (%).

Dental chips Eug content (% =+ SD) AP content (% + SD)

GC40-A 95.5 £ 2.1 95.8 £ 1.5
GC40-B 96.8 + 1.5 96.6 + 1.4
GH40-A 96.1 + 2.3 97.0 £ 0.9
GH40-B 975+ 1.8 97.6 £ 1.0
(b)
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Fig. 14. Time-kill assay of mucoadhesive dental chips against A. actinomycetemcomitans (a) and S. mutans (b) over 24 h.
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accompanied by bulk erosion. This explains the initial burst release and
the early loss of matrix integrity observed in the in vitro studies. In
contrast, CH-based chips (Fig. 12(j,k,])) retained a compact and
continuous architecture after release, displaying only localized surface
roughening and controlled exfoliation. This preserved morphology
suggested that drug release was governed predominantly by diffusion
through a stable polymeric matrix, resulting in sustained release pro-
files. The observed interactions indicate that these structural disruptions
result from polymer swelling, network relaxation [120], and diffusion of
nanoparticles from the matrices [121].

The quantitative SEM analysis not only substantiates the visual ob-
servations but also provides mechanistic evidence that the observed
morphological changes are driven by dynamic pore restructuring. In the
CMC-based chips, the initial porosity decreased from 15.53% to 8.17%,
following the drug release, while the average pore size increased
markedly from 0.068 pm? to 0.186 pm?2 Similarly, CH-based chips
exhibited a reduction in porosity from 13.07% to 6.16%, accompanied
by an increase in pore size from 0.033 pm? to 0.103 pm? This inverse
relationship between porosity and pore size indicates that the release
process is associated with pore coalescence, where smaller voids merge
into larger channels due to hydration-induced polymer relaxation and
matrix erosion. These structural transformations are strongly supported
by the swelling and erosion profiles of the chips, confirming that matrix
fragmentation is governed by combined swelling—erosion. The GC40-A
and GC40-B formulations exhibited significantly higher swelling
(~110%) and matrix erosion (~45%), reflecting extensive water uptake
and rapid polymer chain relaxation. This high hydration capacity fa-
cilitates the formation of a loosely organized gel network, promoting
pore expansion and interconnection, which ultimately leads to the for-
mation of larger diffusion pathways. In contrast, GH40-A and GH40-B
chips demonstrated comparatively lower swelling and reduced
erosion, indicating a more compact and structurally stable matrix. The
denser network in CH-based chips is likely attributed to stronger inter-
molecular interactions, particularly electrostatic and hydrogen bonding
within the GEL-CH complex [122], which restricts excessive water
penetration and limits pore growth.

3.13. Antibacterial study

The antibacterial activity of the prepared samples was evaluated
against A. actinomycetemcomitans and S. mutans using the agar diffusion
method (Table 5). No inhibition zone was observed for the blank GC40
and GHA40 chips against either test strain under the present experimental
setup. In contrast, the nanoformulation-loaded dental chips (GC40-A,
GC40-B, GH40-A, and GH40-B) exhibited clear zones of inhibition sur-
rounding the chips, indicating potent and uniform antibacterial activity
(Fig. 13).

In the present study, the antibacterial effect is mainly attributed to
CO (Eug), which served as a potent antimicrobial agent [123]. While the
inclusion of AP along with CO contributed to improved antibacterial
outcomes, confirming a synergistic relationship that has already been
established in the literature [47]. This observation is also consistent with
a previous study reporting that AP exhibits the synergistic effect in
combination with antibiotics to reverse bacterial resistance [124].

The size of the inhibition zones varied among the formulations,

Table 5
Zone of inhibition of nanoformulation-loaded dental chips against tested bac-
terial strains determined by the agar diffusion method.

Dental chips S. mutans A. actinomycetemcomitans

Zone of inhibition (mm + SD)

GC40-A 8.17 £ 0.4 19.58 + 0.4
GC40-B 8.25 + 0.6 19.83+1.4
GH40-A 6.63 £ 0.3 18.92 £ 0.9
GH40-B 6.82+ 0.4 1992+ 1.0
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suggesting that incorporating bioactive components improved antibac-
terial efficacy. The pronounced zone of inhibition after 24 h indicated
improved suppression of A. actinomycetemcomitans growth. In the case of
S. mutans, all formulations exhibited moderate inhibitory effects. The
sustained release profile of Eug and AP further supports the observed
biological effects and contributes to the enhanced antimicrobial
performance.

It is noteworthy that the minimum inhibitory concentrations (MICs)
of Eug and AP against A. actinomycetemcomitans and S. mutans strains
had been previously determined. For Eug, the MIC was 180 pg/mL,
while for AP, the MICs were 3.9 pg/mL (NLC-A) and 7.8 pg/mL (NLC-B)
[47]. These MIC values have been plotted in the in vitro release profile
graphs to correlate the released drug concentrations with the antibac-
terial threshold. As shown in the in vitro release data (Fig. 11a, b), the
formulations were capable of sustaining drug release at concentrations
exceeding the MIC values over the entire study period, thereby ensuring
adequate drug availability and maintenance of inhibitory concentra-
tions required for effective antibacterial activity. Additionally, against
A. actinomycetemcomitans, AP exhibited minimum bactericidal concen-
tration (MBC) values of 15.60 pg/mL (NLC-A) and 31.25 pg/mL (NLC-B)
while the MBC of Eug was 720 pg/mL. While in case of S. mutans, both
formulations exhibited a bacteriostatic effect.

While the agar diffusion assay confirmed the antibacterial potential
of the developed formulations, the time-kill assay was performed to
further investigate the kinetics and the duration of their antimicrobial
activity. Fig. 14 shows the time-kill kinetics of the developed dental
chips, revealing a time-dependent inhibition of bacterial growth. Given
an initial inoculum of approximately 10° CFU/mL, a progressive
decrease in CFU was observed after exposure to dental chips. Generally,
bactericidal activity is defined as 90% killing at 6 h, equivalent to 99.9%
killing at 24 h [125].

After 6 h, a marked reduction in bacterial counts was observed,
corresponding to approximately 3 logs reduction, thereby meeting the
bactericidal threshold [126]. For up to 24 h, all formulations achieved
undetectable bacterial levels, representing a > 6-log reduction. These
findings demonstrate that all tested mucoadhesive chips possess potent
bactericidal activity against A. actinomycetemcomitans. However, as
shown in Fig. 14b, formulation GC40-B exhibited minimal antibacterial
activity against S. mutans, with bacterial counts remaining near the
initial inoculum throughout the 24 h period. In contrast, GH40-A and
GH40-B demonstrated moderate reduction, with counts decreasing to
3.5 and 3.3 log CFU/mL, respectively, by 24 h.

Notably, none of the formulations achieved a > 3 logio CFU/mL
reduction (>99.9% killing) relative to the control, indicating a lack of
bactericidal activity under the tested conditions [127]. This observation
is in agreement with the literature, where time-kill kinetics analysis has
demonstrated that leaf extracts exert a bacteriostatic effect against all
tested Gram-negative bacteria [128]. Likewise, carboxymethyl chitosan-
based systems inhibit S. mutans adherence without exerting direct killing
[129], whereas CH-containing chewing gum has been shown to reduce
salivary S. mutans colony counts [130]. Consistent with these findings,
both types of chips demonstrated a bacteriostatic effect against
S. mutans. However, CH-based chips suppress S. mutans growth more
effectively than CMC-based chips. This enhanced efficacy may be
attributable to the intrinsic antibacterial properties of CH, underscoring
its functional advantage over CMC in the developed formulations.
Collectively, these outcomes elucidate the antimicrobial efficacy and
sustained-release profiles of the developed formulations, demonstrating
that the nano-dental chips exert bactericidal activity against
A. actinomycetemcomitans while exhibiting bacteriostatic activity against
S. mutans. Such divergent antimicrobial behavior likely arises from
species-specific susceptibility or intrinsic variations in cell wall archi-
tecture between the two pathogens.
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3.14. Stability study

The stability of dental chip formulations was evaluated over six
months at 5 °C, 25 °C, and 40 °C. Across all formulations, variations in
weight, thickness, surface pH, and solution pH remained generally low.

Table 6 summarizes the stability parameters, showing that at 25 °C,
all formulations exhibited minimal changes (variations in weight and
thickness < 1.5%), with surface and solution pH remaining essentially
stable. Elevated temperature (40 °C) produced slightly higher variations
in weight and thickness, while pH changes remained minor. Low-
temperature storage at 5 °C caused modest changes in weight and
slight fluctuations in thickness and pH, most notably in GC40-A and
GC40-B.

Based on earlier temperature stability studies that identified 25 °C as
the most suitable storage condition, the study was continued for an
additional three months to further assess the physical and chemical
stability of the formulations. The results demonstrated that drug content
uniformity remained within acceptable limits, with Eug content exhib-
iting values of 94.2 + 2.2%, and AP content was up to 94.9 + 0.8%. The
detailed parameters evaluated after the 9 months stability study are
presented in Table S3. Overall, these findings confirm the stability and
robustness of the mucoadhesive dental chip formulations, as all samples
preserved their chemical integrity throughout the study period without
any detectable degradation products.

4. Conclusion

The present study successfully developed and characterized a
biodegradable, nanoloaded dental chip for localized and sustained drug
delivery within periodontal pockets. By embedding optimized NLC into
GEL matrices blended with CH or CMC, we established a hybrid system
combining nanoscale encapsulation with prolonged local residence
time. These polymer blends demonstrated excellent film-forming ability,
mechanical robustness, and oral pH compatibility. Notably, molecular
docking analysis confirmed thermodynamically favorable interactions
between the bioactive compounds and the GEL matrices, which directly
contributed to structural stability and controlled drug release. Among
the formulations, the GEL-CH matrix exhibited the superior profile,
balancing the mucoadhesive strength with the controlled release. Dental
chips maintained the dimensional uniformity, low residual moisture,
and the mechanical resilience required to withstand physiological
stresses in the periodontal pocket. Furthermore, robust in vitro anti-
bacterial efficacy underscored the system's potential to prevent and
manage oral infections. By overcoming the rapid clearance and sub-
therapeutic dosing limitations of conventional therapies, this platform
offers a highly effective, targeted approach to periodontal care. Moving
forward, comprehensive in vivo evaluations and clinical validation will
be critical to translating these promising material properties into prac-
tical therapeutic success.
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Table 6
The findings of stability studies of dental chips after 6 months.
Dental Temperature Weight Thickness Surface Solution
chips [§O)] variation variation pH pH
(% + SD) (% + SD) variation variation
(% + SD) (% + SD)
GC40- 40 2.67 + 0.97 + 1.45 + 0.30 +
A 0.74 0.67 0.10 1.90
25 1.35 £ 1.25 + 0.46 = 0.21 +
0.89 0.41 0.52 0.71
5 4.86 + 1.62 + 2.38 + 0.28 +
2.45 2.63 3.62 2.64
GC40- 40 3.48 + 2.56 + 1.04 + 2.04 +
B 3.00 3.31 2.47 0.40
25 115+ 1.45 + 1.06 + 1.00 £
0.41 0.35 1.76 1.02
5 297 + 1.87 + 1.44 + 1.71 +
1.84 1.23 2.93 3.56
GH40- 40 2.03 + 0.81 + 1.72 + 0.30 +
A 1.60 1.08 2.51 0.43
25 112+ 0.32 + 0.41 + 0.32 +
0.21 1.91 0.15 1.32
5 211 + 233+ 1.18 + 1.09 £
0.66 2.17 1.41 2.08
GH40- 40 2.48 + 3.00 £ 1.78 + 2.09 +
B 0.73 1.53 0.21 0.30
25 1.05 £ 0.78 &+ 0.18 = 0.45 &+
0.30 0.42 2.12 0.83
5 1.76 £ 1.55 + 2.04 + 3.06 +
1.20 4.11 2.47 1.05
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