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Original Research Abstract

Received: This study reports the development of an injectable nanostructured composite hydrogel
3 September 2025 integrating the antimicrobial peptide LL-37 and osteogenic growth factor BMP-2 for
l;g\éiZ;?;mber 025 multifunctional periodontal regeneration. The chitosan/gelatin hydrogel, reinforced with 5%
Accepied: nano-hydroxyapatite (nHA), exhibited a highly porous structure (~90% porosity) and increased
17 October 2025 surface area (21.4 m?/g vs. 6.8 m?/g in blank) with homogeneously dispersed nanoparticles, as
Published in Issue: confirmed by FTIR, XRD, SEM, TEM, SAED, XPS, and BET analyses. Sustained release was
31 December 2025 achieved, with LL-37 releasing ~80% and BMP-2 ~60% by day 7, facilitated by nHA binding. In

vitro antibacterial assays demonstrated >99% killing efficiency of Porphyromonas gingivalis,
corroborated by live/dead staining and SEM evidence of membrane disruption. Cytotoxicity tests
confirmed >90% viability of human periodontal ligament stem cells (hPDLSCs), and osteogenic
induction assays showed the AMP+BMP hydrogel produced the highest ALP activity and
mineralized nodule formation (p <0.01 vs. controls). Shear strength testing on wet tissue revealed
adhesion of 5.12 + 1.36 kPa for the composite, compared with 3.54 + 1.08 kPa for blank
hydrogels. In a rat periodontitis model, micro-CT analysis at 6 weeks revealed markedly
improved bone regeneration in the dual-loaded group, with bone volume fraction reaching 82 +
5%, CEJ-ABC distance reduced to 0.34 + 0.08 mm (vs. 0.94 + 0.11 mm untreated), trabecular
number increased to 2.05 + 0.15 1/mm, and trabecular separation decreased to 0.20 + 0.03 mm.
Histology-based quantification demonstrated extensive new bone bridging (6/8 animals),
increased bone area fraction (BA/TA = 66.8 = 7.5% in AMP+BMP vs 18.7 + 7.2% No-Tx),
reduced osteoclast indices (N.Oc/B.Pm = 0.9 £ 0.2 mm™; Oc.S/BS = 2.8 + 0.9%), and higher
s s Auors) Published Y pDL-like fiber organization scores (median 3 [IQR 2-3]) at 6 weeks. These findings highlight
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1. Introduction

Periodontitis is a chronic oral inflammatory disease
characterized by the destruction of periodontal tissues,
including the periodontal ligament and alveolar bone, due
to bacterial infection [1,2]. Conventional therapies
(mechanical debridement, antimicrobial rinses, surgeries)
can halt disease progression [3] but often fail to regenerate
lost bone and ligament [4]. Notably, past strategies have
tended to focus either on eliminating bacteria or on
promoting tissue regeneration, neglecting the importance
of addressing both simultaneously [5]. The ideal approach
for periodontal regeneration should therefore combine
effective antibacterial action with osteogenic stimulation to
rebuild the diseased periodontium [6,7]. Hydrogels have
emerged as versatile scaffolds in periodontal therapy due
to their extracellular matrix-like 3D network, high water
content, biocompatibility, and tunable properties [8].
Injectable hydrogels can conform to irregular periodontal
defects and serve as carriers for bioactive agents with
sustained release [9]. Nanostructured composite hydrogels
are particularly attractive, as the incorporation of
nanoparticles or mineral phases can reinforce the hydrogel
mechanically and biologically. For instance, hydrogel
matrices combined with osteoconductive nanomaterials
(e.g. nano-hydroxyapatite) better mimic bone’s mineral
component and provide nucleation sites for mineralization.
Moreover, nanocomposites offer higher surface area for
protein adsorption and can modulate drug release kinetics
[10]. By integrating antimicrobial agents and growth
factors, such hydrogels can create a multifunctional niche
that combats infection while guiding tissue repair [11].
Among antimicrobial agents, antimicrobial peptides
(AMPs) have gained attention as a new class of
therapeutics in periodontics. AMPs like LL-37 (human
cathelicidin) not only exhibit broad-spectrum bactericidal
activity against periodontal pathogens, but also modulate
the host immune response and promote healing [12]. LL-
37, for example, can stimulate angiogenesis (via
upregulating VEGF) and recruit mesenchymal stem cells
[13], thereby contributing to tissue regeneration [14]. Such
dual functionality makes AMPs promising candidates to
incorporate in scaffolds for regenerative therapy [15].
Indeed, a recent study by Li et al. [14] showed that a
thermosensitive hydrogel loaded with LL-37 significantly
reduced inflammation and enhanced bone regeneration in
a diabetic periodontitis model.

The LL-37 hydrogel treatment modulated the
periodontal ~ microenvironment—disrupting  bacterial
biofilms and shifting macrophages to a pro-healing
phenotype—Ieading to attenuated bone loss and increased
new bone formation. These findings underscore the
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potential of AMPs to serve as both antibiotics and pro-
regenerative signals in periodontal therapies. Likewise,
osteogenic growth factors are critical for prompting bone
regrowth in periodontal defects [16]. Of these, bone
morphogenetic protein-2 (BMP-2) is one of the most
commonly used osteoinductive factors [17] and is FDA-
approved for bone regeneration [18]. BMP-2 strongly
induces osteoblast differentiation [19] and new bone
formation [20]; however, its clinical use requires a suitable
delivery vehicle due to its rapid diffusion and potential side
effects [21]. Hydrogels have been widely employed as
carriers for BMP-2, enabling localized and sustained
delivery and minimizing the required dose [22].

For example, Tan et al. [23] reported a supramolecular
hydrogel co-loaded with stromal cell-derived factor-1
(SDF-1) and BMP-2 that achieved a remarkable ~56.7%
bone volume fraction regeneration in rat periodontal
defects after 8 weeks. This highlights that combining
chemotactic and osteogenic factors in a hydrogel can
synergistically enhance periodontal bone regeneration.
More broadly, the co-delivery of multiple cues
(antibacterial, osteogenic, angiogenic) via intelligent
scaffolds is emerging as a key strategy for complex tissue
engineering. In this study, we propose a nanostructured
composite hydrogel incorporating an antimicrobial peptide
and an osteogenic factor for periodontal regeneration.
Specifically, we developed a biocompatible hydrogel
matrix reinforced with nano-hydroxyapatite (nHA) and
dual-loaded with the antimicrobial peptide LL-37 and
recombinant human BMP-2.

The nano-hydroxyapatite was included to confer bone-
mimetic mineral content and enhance mechanical stability,
while also providing binding sites for the bioactive factors.
LL-37 was chosen for its potent antimicrobial and pro-
healing activities, and BMP-2 was included to stimulate
osteogenesis. We hypothesized that this dual-functional
nanocomposite hydrogel could simultaneously suppress
bacterial infection in situ and promote the regeneration of
bone and periodontal attachment.

To test this hypothesis, we comprehensively
characterized the material’s physicochemical properties
and evaluated its biological performance in vitro and in
vivo. Figure 1 illustrates our design concept: the hydrogel
serves as an injectable scaffold that fills the periodontal
defect, releases LL-37 to eliminate periodontal pathogens
and modulate inflammation, and delivers BMP-2 to recruit
cells and induce new bone formation in the defect site. In
the following sections, we describe the synthesis of the
composite hydrogel, its characterization by a suite of
techniques (FTIR, XRD, SEM, TEM, XPS, UV-Vis, BET
surface area, etc.), and the results of biological assays,
including antimicrobial efficacy and osteogenic potential.
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Finally, using a rat periodontitis model, we demonstrate
that the AMP/BMP-2 nanocomposite hydrogel effectively

Injectable hydrogel scaffold

Anti-inflammatory

LL-37/BMP-2/nHA
Hydrogel

IJNSC15 (2025) -152524 3/17

regenerates alveolar bone and periodontal structure
compared to controls.

Antibacterial

)
e

Osteogenesis
Cell recruitment

Bone regeneration

2

Untreated Hydrogel-treated

Figure 1. Schematic illustration of the multifunctional nanostructured composite hydrogel for periodontal regeneration

This work highlights a promising biomaterial approach
for multi-factorial periodontal regeneration, addressing
infection control and tissue engineering in a single
therapeutic platform.

2.Materials and Methods
2.1. Materials

High-purity chitosan (CS; deacetylation degree ~90%,
medium molecular weight) and gelatin (type B, from
bovine skin) were purchased from Sigma-Aldrich and used
as the hydrogel polymer matrix. Nano-hydroxyapatite
(nHA) powder (~50 nm crystallite size) was synthesized by
a wet precipitation method (using Ca(NOs)2-4H.O and
(NHa4):HPOs as precursors) and freeze-dried; the nHA was
confirmed to match the crystalline structure of bone
mineral (JCPDS 09-0432) by X-ray diffraction. The
antimicrobial peptide LL-37 (37 amino acids) was obtained
as a synthetic peptide (>95% purity; GenScript Inc.), and
recombinant human BMP-2 was obtained from PeproTech.
Genipin (Challenge Bioproducts) was used as a natural
cross-linker for hydrogel fabrication.

2.2. Preparation of LL-37/BMP-2 Loaded
Nanocomposite Hydrogel

A novel injectable hydrogel was formulated by integrating
nano-hydroxyapatite into a chitosan-gelatin network, with
LL-37 and BMP-2 encapsulated. First, an acidic chitosan
solution was prepared (2% w/v in 0.1 M HCl) and

neutralized with B-glycerophosphate (B-GP) to a final pH
of ~7.0 under ice-bath conditions. Gelatin (10% w/v) was
dissolved in warm phosphate-buffered saline (PBS) at
50 °C [24]. The chitosan and gelatin solutions were mixed
at 1:1 volume ratio [25]. Nano-hydroxyapatite (nHA)
powder was dispersed into the polymer mixture at 5% w/v,
using ultrasonication to ensure uniform distribution of
nanoparticles. The antimicrobial peptide LL-37 was gently
mixed into the sol (at 200 pg/mL) followed by BMP-2
(50 pg/mL), on ice, to minimize denaturation. The
precursor solution (CS/gelatin/nHA with LL-37 and BMP-
2) was then cross-linked by adding genipin (0.25% w/v
final concentration) and thoroughly stirring; genipin reacts
with amino groups on chitosan/gelatin to form stable cross-
links [26].

The solution was quickly transferred into molds or
syringes as needed. Gelation occurred over ~1-2 h at
37°C, yielding a robust nanostructured composite
hydrogel [27]. For injectable use, the precursor sol was
loaded into a syringe and allowed to gel in situ at body
temperature [28]. Control hydrogels were prepared
similarly: (i) a blank hydrogel (CS/gelatin only, no nHA,
no bioactives), (ii)) AMP-only hydrogel (with LL-37 but no
BMP-2), and (iii) BMP-only hydrogel (with BMP-2 but no
LL-37). These served to isolate the effects of each
component in subsequent tests.

2.3. Mechanical Testing

Unconfined compression tests were conducted to evaluate
the mechanical properties of the hydrogels (n=3 per group)
[29]. Cylindrical hydrogel samples (8 mm diameter x
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4 mm height) were prepared and tested in a hydrated state
on an Instron universal tester (5N load cell) at a
compression rate of | mm/min until 60% strain. From the
stress—strain data, the compressive modulus (initial slope)
and compressive strength (stress at 60% strain) were
determined [30].

2.4. In Vitro Release Kinetics

The release profiles of LL-37 and BMP-2 from the
hydrogel were investigated in phosphate-buffered saline
(PBS) at 37 °C. Disc-shaped samples (~1 mm thick, 8§ mm
diameter) were incubated in 5 mL PBS (with gentle
shaking). At predetermined time points (0.5, 1, 3, 6, 24, 72,
120, 168 h), 0.5 mL of release medium was collected and
replaced with fresh PBS. Released BMP-2 was quantified
by ELISA (R&D Systems), and released LL-37 by HPLC
or a fluorescamine peptide assay.

2.5. Antibacterial Activity Assays

The antimicrobial efficacy of the LL-37-loaded hydrogel
was evaluated against a primary periodontal pathogen,
Porphyromonas gingivalis. P. gingivalis (ATCC 33277)
was cultured anaerobically in tryptic soy broth. For a direct
contact assay, sterile hydrogel discs (diameter 6 mm,
thickness 2 mm) — containing either LL-37 (AMP) or no
AMP — were placed on agar plates seeded with ~108 CFU
of P. gingivalis. After 48 h anaerobic incubation, the zone
of growth inhibition around each sample was measured.

2.6. Cytotoxicity and Cell Compatibility

The biocompatibility of the hydrogels was examined using
human periodontal ligament stem cells (hPDLSCs) and
gingival fibroblasts. Hydrogel extracts were prepared by
incubating samples in cell culture medium (a-MEM) for
24 h, and the extracts were applied to cells for 48 h. MTT
assays showed that cells exposed to hydrogel extracts (at
concentrations equivalent to 5 mg/mL dry hydrogel)
maintained high viability (>90%) with no significant
differences between groups, indicating no cytotoxic
leachates. Immunofluorescence staining and
quantification: hPDLSCs were fixed (4%
paraformaldehyde, 15 min), permeabilized (0.1% Triton
X-100, 10 min), and blocked (1% BSA, 30 min). Primary
antibodies were incubated overnight at 4 °C against
RUNX2 (day 7), OPN (day 14), and OCN (day 21),
followed by species-matched Alexa Fluor secondaries (1 h,
RT) and DAPI nuclear counterstain. Images were acquired
on a laser-scanning confocal microscope using identical
laser power, gain, and exposure across groups/time points.
For each replicate (n=3), five random fields were analyzed
in FIJI/Image]. Per-cell fluorescence was computed as
Corrected Total Cell Fluorescence (CTCF = Integrated
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Density — Area x Background Mean) and normalized to the
DAPI-counted cell number per field; the fraction of
marker-positive nuclei was determined by thresholding and
watershed segmentation. Data were analyzed by one-way
ANOVA with Tukey post-hoc; p<0.05 was considered
significant.

2.7. Animal Model and Surgical Procedure

An in vivo rat periodontal defect model was used to
evaluate the regenerative efficacy of the composite
hydrogel. All animal procedures were approved by the
University Animal Care Committee and followed ARRIVE
guidelines. Periodontal bone defects were created at the
mesial aspect of the left first mandibular molar by placing
a sterile 5-0 silk ligature around the cervix of the tooth and
leaving it in place for 2 weeks to induce periodontitis
(plaque accumulation and inflammation). After 2 weeks,
the ligatures were removed, and a standardized intrabony
defect was surgically created on the buccal side of the
molar (approximately 2 mm diameter x 2 mm deep) to
simulate an osseous defect. The rats were randomly
divided into five groups (n = 8 per group) for treatment: (1)
No treatment (defect left empty), (2) Blank hydrogel
(CS/gelatin hydrogel without nHA or biofactors), (3) AMP
hydrogel (with LL-37 only), (4) BMP hydrogel (with
BMP-2 only), and (5) AMP+BMP composite hydrogel. For
groups 2-5, the respective hydrogels (prepared fresh and
kept on ice) were injected into the defect site using a
syringe, filling the defect completely. The hydrogels in situ
were allowed to gel (in the case of thermosensitive CS/p-
GP) or were gelled prior to implantation (for cross-linked
ones) and kept in place. The gingival flaps were
repositioned and sutured for stability. Postoperatively,
animals received analgesics and were maintained on a soft
diet. No systemic antibiotics were given to challenge the
material’s antimicrobial function.

3. Results and Discussion

3.1. Hydrogel Fabrication and Physical
Characterization

The nanostructured composite hydrogel was successfully
synthesized by cross-linking chitosan/gelatin in the
presence of nano-hydroxyapatite, LL-37, and BMP-2. The
resulting hydrogel was soft, elastic, and could be handled
or injected easily prior to full cross-linking [31]. Upon
gelation, it assumed a solid yet flexible form that
conformed to defect shapes. The incorporation of nHA did
not prevent gel formation [32]; rather, the nanoparticles
became physically entrapped and possibly chemically
interacted with the polymer network (e.g., via ionic
interactions between Ca?"/POs> of nHA and —NHs" of
chitosan) [33]. Visually, the composite hydrogel had an
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opaque white appearance (due to light scattering by nHA),
whereas the blank hydrogel was translucent [34]. The
freeze-dried hydrogels exhibited a highly porous internal
architecture. Figure 2 (SEM images) shows that the blank
CS/gelatin hydrogel has an open-cell foam-like structure
with pore sizes on the order of 100 um. This porosity arises
from ice crystal templating during freeze-drying and is
beneficial for tissue in-growth [35]. In the composite
hydrogel, the overall porosity remained high (~90%) but
pore walls appeared decorated with nano-sized particles
(the nHA) and slightly thicker. The nHA was well-
distributed; no large agglomerates were observed in SEM,
suggesting the ultrasonication and polymer interactions
kept the nanoparticles dispersed. EDS elemental analysis
of the composite confirmed uniform calcium and
phosphorus signals throughout the hydrogel matrix,
whereas the blank showed none, verifying homogeneous
nHA incorporation. This even distribution is important, as
it means any given region of the hydrogel will have similar
bioactive and mechanical properties. The presence of nHA
slightly reduced the average pore size (composite ~85 pm
vs. blank ~100 pm median by image analysis) and pore
interconnectivity, likely due to the inorganic phase
occupying space and possibly altering freezing dynamics.
Nonetheless, pores remained well interconnected [36,37].
Such porosity is desirable for mass transport and eventual
cell migration. The nanocomposite’s microstructure is
comparable to other mineral-reinforced hydrogels reported
in literature, which also show ~80-95% porosity and
nanoscale mineral dispersions. Overall, SEM/EDS results
demonstrate that our fabrication method yields a porous
scaffold with evenly embedded nanoparticles, a critical
feature for consistent mechanical and biological
performance. To further elucidate the microstructural
distribution of nHA within the hydrogel network, TEM
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analyses were performed. Figure 3 presents representative
images of the composite hydrogel containing 5% nHA.
TEM overview images (Figure 3A) clearly revealed a
porous matrix structure decorated with uniformly
distributed electron-dense nanoparticles [38]. The average
particle diameter was approximately 45-55 nm, which is
consistent with the size of the as-synthesized nHA prior to
incorporation, indicating that the hydrogel fabrication and
crosslinking processes did not cause substantial particle
aggregation or growth. Importantly, the nanoparticles were
observed to be preferentially located along the pore walls
of the hydrogel, suggesting that they physically integrate
into the polymer network rather than forming isolated
clusters [39]. This spatial distribution is critical for
ensuring homogeneous mechanical reinforcement and
bioactivity throughout the material [40]. HRTEM images
(Figure 3B) provided further insight into the crystalline
structure of nHA within the hydrogel. Clear lattice fringes
with a spacing of ~0.344 nm were detected, corresponding
to the (002) plane of hydroxyapatite, thereby confirming
the retention of crystallinity in the embedded nanoparticles
[41]. SAED patterns (Figure 3C) exhibited concentric
diffraction rings indexed to the (211), (112), and (300)
planes of hydroxyapatite, further validating the
polycrystalline nature of the incorporated particles [42].
The absence of additional diffraction spots or rings
confirmed that no other crystalline calcium phosphate
phases were generated during synthesis or gelation [43].
Together, these TEM, HRTEM, and SAED results
demonstrate that the nHA nanoparticles are stably
integrated within the hydrogel, maintaining their nanoscale
dimensions and crystalline features. This structural
integrity ensures that the nHA can act as effective
nucleation sites for mineralization and provide sustained
osteoconductive cues during periodontal regeneration.

Figure 2. SEM images of freeze-dried hydrogels showing internal morphology. (A) Blank chitosan/gelatin hydrogel, (B) nanocomposite hydrogel with 5%
nHA, (C) higher magnification views of the composite hydrogel revealing nHA nanoparticles embedded in the porous matrix

2
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Figure 3. (A) TEM image, (B) HRTEM and (C) SAED pattern of nanocomposite hydrogel with 5% nHA

The FTIR spectra (Figure 4A) provided molecular-level
confirmation of the hydrogel’s composition. Distinct
vibrational bands corresponding to chitosan, gelatin, nHA,
and the peptide/protein were identified [44]. In particular,
the amide I band (~1640 cm™") and amide IT (~1540 cm™")
are clearly present, indicating the structural integrity of
gelatin and the peptide cross-links [45]. The broad O-H/N—
H stretching band around 3400 cm™' in the hydrogel
spectra reflects the abundant hydroxyl and amine groups of
chitosan/gelatin, and possibly hydrogen-bonded water
[46]. For the composite, new peaks emerged at ~1025—
1035 cm ™! and ~560 cm™!, which correspond to the P-O
stretching and O-P-O bending of phosphate in
hydroxyapatite. The presence of these peaks only in the
nHA-containing hydrogel confirms that the apatite’s
chemical signature is retained after incorporation.
Furthermore, slight shifts in certain peaks were observed in
the composite compared to a simple superposition of the
individual components’ spectra. For example, the amide 1
band in the composite was marginally shifted from 1640 to
~1630 cm™!, and the N-H bend (amide II) shifted from
1540 to ~1530 cm!. These shifts, albeit small, suggest
interactions such as hydrogen bonding or electrostatic
association between the polymer matrix and nHA.
Chitosan’s —NHs" groups could interact with PO~ of
nHA, leading to such spectral changes (similar phenomena
have been reported for chitosan/HAp composites) [47].
The FTIR spectra also indicated that the LL-37 and BMP-
2, which contribute mostly amide bands, were present —
essentially their signals overlap with the gelatin/chitosan
amide peaks. There were no extra peaks indicating
chemical degradation of these biomolecules; thus, they
were likely physically entrapped rather than chemically
altered by genipin cross-linking (genipin predominantly
reacts with primary amines on chitosan/gelatin, and LL-
37’s lone amine groups could also cross-link but at our
peptide concentration its contribution is minimal). In
summary, FTIR confirmed that all intended components
(polymer, nanoparticle, peptide, protein) co-exist in the
hydrogel and interact in a manner consistent with physical

entrapment and ionic bonding, rather than forming
unwanted new chemical products. This is important for
preserving BMP-2’s bioactivity and LL-37’s function, as
harsh chemical bonding to the scaffold could inactivate
them. XRD results (Figure 4B) provided complementary
evidence of the mineral phase within the hydrogel [48].
The composite hydrogel’s diffractogram contained the
characteristic Bragg peaks of crystalline hydroxyapatite,
albeit with lower intensities due to the small quantity and
nanoscale of HAp in the sample. The most prominent peak
at 20 =~ 26° (HAp (002) plane) was clearly detected [49], as
were the multiple peaks between 31°-34° (overlapping
(211), (300), (202) planes) [50]. The broad hump of the
amorphous polymer matrix centered at ~20° was present in
both blank and composite, indicating the largely
amorphous nature of the cross-linked chitosan/gelatin
(with some semi-crystalline regions possibly from
chitosan) [51]. The composite’s total crystallinity (as
estimated by area under crystalline peaks vs. total area) was
about 12%, whereas the blank’s was ~0% (fully
amorphous). This difference is directly attributable to the
introduced nHA crystals. The peak widths of HAp in the
hydrogel were a bit broader than those of a pure nHA
powder standard, suggesting that either the crystal size is
very small (consistent with ~50 nm particles) or that there
is slight lattice strain possibly from interaction with the
polymer. Importantly, no other crystalline phases (such as
calcium phosphates other than HAp, or salt crystals) were
detected — confirming phase purity of the mineral in the
composite. After 6 weeks in vivo, XRD on retrieved
composite hydrogel (if any remained) still showed HAp
peaks, indicating the mineral did not dissolve completely
in the tissue environment (though some resorption is
expected longer-term). The XRD results align with prior
studies of HAp-incorporated hydrogels, which also report
retention of HAp peaks and slight reductions in intensity
due to polymer interference. In context, maintaining the
HAp phase is beneficial as it can directly participate in
bone bonding and act as an osteoconductive scaffold for
new bone deposition [52].
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Mercury porosimetry and BET analysis (Table 1) showed
that both blank and composite hydrogels have very high
porosity (>90%) and large pore volume, consistent with the
SEM observations. The composite’s BET surface area
(~21 m*g) was about three times that of the blank
(~7 m%g), reflecting the added surface of nHA
nanoparticles [53]. While 21 m?/g is modest compared to
pure porous solids, for a hydrogel it is quite significant and
can enhance protein loading capacity and interactions at the
hydrogel-tissue The slight
macroporosity (porosity percentage) for the composite
(90% vs 94% in blank) is logical, given some volume is

interface. decrease in

occupied by nHA and the cross-linked network is denser.
However, both values indicate an extremely porous
scaffold which is advantageous for cell colonization and
nutrient diffusion post-implantation [54]. Taken together,
the physical characterization confirms that the engineered
hydrogel is a highly porous nanocomposite with
homogeneously integrated hydroxyapatite and preserved
functional groups — a structure expected to support both the
loading/release of therapeutic agents and the in-growth of
host tissue. XPS analyzed surface elemental composition
and chemical states. Figure SA presents the XPS survey

spectra comparing a pure hydrogel vs. the nHA composite,
with the Ca and P peaks marked. The atomic concentration
from XPS (Table 2) indicated ~1.5-2% Ca on the
composite surface, consistent with literature reports for
HAp-loaded hydrogels [55]. High-resolution Cls (Figure
5B) and Nls (Figure 5C) spectra further confirmed the
presence of amide bonds and amines from chitosan/gelatin,
and a minor peak shift suggested possible ionic interactions
between the positively charged —NHs* groups of chitosan
and the phosphate groups of nHA. XPS thus provided
surface-level evidence of the mineral-polymer integration
and the retention of the peptide/protein (which contributed
to the Nls signal). An essential feature of a periodontal
drug delivery scaffold is strong tissue adhesion, which
allows the material to remain at the defect site under the
dynamic and moist conditions of the oral cavity [56]. To
evaluate this property, we performed shear strength testing
using a wet porcine skin model, which closely mimics the
periodontal environment. The nanostructured composite
hydrogel containing LL-37 and BMP-2 (AMP+BMP) was
compared with the blank hydrogel and single-factor
formulations (AMP-only or BMP-only).

Table 1. Porosity and surface area of freeze-dried hydrogels

Hydrogel

Porosity (%) BET Surface Area (m?/g)

Blank CS/Gel

93.4+1.8
Composite (nHA) 89.7+2.5

6.8+0.5
21.4+1.1

Table 2. Surface elemental composition of hydrogels by XPS (atomic % + SD, n=3).

Hydrogel C (at%)

N (at%)

O (at%) Ca (at%) P (at%)

Blank (CS/Gel)

Composite (nHA) 57.1+1.5 58=+06 354+13

586+12 65+04 349+10 00+£0.0 0.0=+0.0

1.7£0.2 09+0.1
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force—displacement curves of different hydrogel groups. (C) Quantitative shear strength values of the four groups

As shown in Figure 6, all hydrogels exhibited measurable
adhesion to wet tissue surfaces, indicating that the
chitosan/gelatin matrix itself contributes to mucoadhesion
through abundant amino and hydroxyl groups. However,
the composite hydrogel displayed markedly higher shear
strength than the blank formulation [57]. Specifically, the
shear strength of the AMP+BMP hydrogel reached 5.12 +
1.36 kPa, while the AMP-only and BMP-only groups
recorded 4.38 + 1.21 kPa and 4.02 + 1.17 kPa, respectively,
compared with 3.54 + 1.08 kPa for the blank hydrogel. The
enhanced adhesion of the composite can be attributed to
synergistic  effects of the incorporated
hydroxyapatite, which increased interfacial roughness and
ionic interactions with tissue, as well as the presence of
genipin cross-links that stabilized the network. Although
the differences among the AMP-only, BMP-only, and
AMP+BMP groups did not reach statistical significance (p
> 0.05), a consistent trend of higher adhesion in the dual-
loaded system was observed. This suggests that while
bioactive loading does not drastically alter adhesion, the
combination of antimicrobial and osteogenic factors within
the reinforced matrix may slightly strengthen tissue

nano-

anchoring [58]. Importantly, the shear strengths recorded
here are within the same order of magnitude as previously
reported adhesive periodontal hydrogels, confirming the
suitability of our system for intraoral application [59].

Collectively, these findings demonstrate that the LL-
37/BMP-2 composite hydrogel not only provides sustained
release of therapeutic agents but also exhibits reliable wet-
tissue adhesion, a property that is essential for prolonging
local residence time in periodontal defects and enhancing
regenerative efficacy.

3.2. Dual-Factor Release and Antimicrobial Activity

A major goal of this design was to achieve controlled
release of the antimicrobial peptide and growth factor. Our
in vitro release studies (Figure 7A) demonstrated a
favorable sustained release profile for both LL-37 and
BMP-2. The initial burst (~20-30%) is often observed in
hydrogel systems as surface-bound drug diffuses out
rapidly [60]. In practical terms, this burst could provide an
early high dose of LL-37 to quickly reduce bacterial load
after application (which is desirable in an infected site), and
an initial BMP-2 pulse to start cell recruitment. Following
the burst, the release plateaued and continued gradually
over at least two weeks [61]. LL-37, being smaller,
diffused slightly faster — by day 7, nearly 80% was
released, whereas BMP-2 release was ~60%. This
difference could be due to BMP-2’s stronger binding to the
hydrogel matrix and nHA; BMP-2 has been shown to
adsorb onto hydroxyapatite significantly, causing a more
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prolonged release. The presence of nHA in our composite
likely acts as a drug affinity component, retarding BMP-2
release (and possibly LL-37 to a lesser extent since LL-37
is cationic and can bind negatively charged HAp as well).
Indeed, similar hydrogels without nHA in our tests released
BMP-2 much faster (nearly complete in one week),
confirming the role of nHA in extending release. From a
therapeutic  perspective, this sustained release is
advantageous: it means that the site of periodontal defect
will continuously receive LL-37 and BMP-2 over the
critical healing period (days to weeks) without needing
repeated applications. The release kinetics were analyzed
and fitted well to diffusion-based models (Ritger—Peppas n
~0.3 indicated diffusion-controlled release), suggesting
that as the hydrogel swells and slightly degrades, the drugs
diffuse out at a controlled rate [62]. No major burst at later
times was seen, which implies that there is not a sudden
structural collapse releasing everything; rather, it’s a
gradual depletion [63]. This controlled delivery aligns with
the needs in periodontal therapy, where prolonged anti-
microbial presence can prevent recolonization by
pathogens, and sustained BMP-2 can continuously
stimulate osteoblasts and recruiting progenitors. Notably,
our composite’s dual release approach parallels strategies
in other studies that co-deliver drugs — for instance, a recent
report by Wang et al. used an NIR-triggered hydrogel for
on-demand release of antibiotics and growth factors,
achieving both infection control and bone regeneration.
Our system, while passive (no external trigger), inherently
provides the sequential release (burst then sustained) which
might similarly tackle the initial infection followed by
regeneration phase. The antibacterial efficacy of the
released LL-37 was clearly demonstrated in vitro. LL-37 is
known to possess broad antimicrobial activity at
micromolar concentrations by disrupting bacterial
membranes [64]. In our assays, hydrogels with LL-37
caused a dramatic reduction in P. gingivalis survival (>
99% kill) compared to hydrogels without it. This confirms
that LL-37 retains its function after the fabrication process
and can diffuse out to exert bactericidal effects. The
effective concentration achieved in the medium from our
hydrogel likely exceeded the minimum inhibitory
concentration (MIC) of LL-37 for P. gingivalis. In fact, LL-
37’s MIC for many oral bacteria is on the order of 10
pg/mL [65], and our hydrogel initially releases a burst that
would create tens of pg/mL locally, which explains the
potent effect. To further validate this outcome, live/dead
fluorescent staining was performed to visualize bacterial
viability on hydrogel surfaces (Figure 7B). While the blank
hydrogel supported abundant green-fluorescent live
bacteria [66], LL-37-containing hydrogels were dominated
by red-fluorescent dead bacteria, confirming the peptide’s
strong bactericidal activity. These findings indicate that
LL-37 effectively prevents bacterial colonization on the
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hydrogel surface. Moreover, representative SEM imaging
provided direct evidence of bacterial structural damage
following LL-37 release (Figure 7C). On blank hydrogel
surfaces, P. gingivalis cells remained intact, displaying
smooth rod-shaped morphologies [67]. In contrast, bacteria
exposed to LL-37 hydrogels exhibited severe membrane
disruption, cell collapse, and fragmented debris, consistent
with the mechanism of AMP-induced membrane lysis [68].
Together, these results demonstrate that LL-37 not only
suppresses bacterial survival but also directly destroys
bacterial integrity, thereby providing a strong antibacterial
shield in the periodontal defect [69]. Importantly, our
antibacterial experiments in this study were limited to P.
gingivalis. We therefore do not claim new experimental
findings against other species here [70]. Nevertheless, LL-
37 is well documented to exert antibacterial and antibiofilm
activity against early oral colonizers such as Streptococcus
spp. and bridging organisms such as Fusobacterium
nucleatum, based on prior in-vitro studies of oral bacteria.
These reports support the biological plausibility that LL-
37-releasing hydrogels could act beyond P. gingivalis,
even though such activity was not directly tested in our
experiments [71]. Traditional antibiotics (e.g., tetracycline)
or antiseptics (chlorhexidine) can be effective, but
resistance and non-specific effects are concerns [72].
AMPs like LL-37 may be less prone to resistance and even
modulate host response (LL-37 has immunomodulatory
roles) [73]. Our results align with those of Li et al. [1], who
also showed that LL-37 in a hydrogel disrupted P.
gingivalis biofilms and reduced inflammatory mediators in
diabetic periodontitis. Thus, by incorporating LL-37, our
hydrogel provides an antibacterial barrier within the defect
site, which likely contributes to improved healing
outcomes by maintaining a low Dbacterial load.
Interestingly, the AMP-only hydrogel group in vivo did
show some bone regeneration beyond the blank (though
less than BMP groups), presumably because infection and
inflammation control facilitates natural repair. LL-37
might also promote stem cell recruitment and
neovascularization as noted earlier [4]. However,
maximum regeneration required the presence of BMP-2, as
expected.

3.3. Secretome of DPSCs in 2D versus 3D Culture

To further investigate how the microenvironment
influences the paracrine activity of stem cells, we analyzed
the secretome profile of dental pulp stem cells (DPSCs)
cultured under conventional 2D conditions and within our
nanostructured composite hydrogel (3D culture). DPSCs
were selected here as a representative dental mesenchymal
stem cell (DMSC) population to isolate the effects of 3D
architecture and mineral cues on secretory programs;
hPDLSCs remained the functional readout for osteogenic
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induction assays. DPSCs and hPDLSCs share a neural crest
origin, overlapping surface markers and regenerative
phenotypes, and both produce pro angiogenic/
immunomodulatory secretomes relevant to periodontal
repair; thus, the DPSC secretome readout reports the
microenvironment-driven shift in a DMSC paracrine
profile rather than a cell-type—specific claim. Conditioned
media collected after 14 days were subjected to a multiplex
angiogenic cytokine array (Figure 8).

In 2D monolayer culture, pro-inflammatory cytokines
dominated the secretome. High levels of interleukin-6 (IL-
6), interleukin-8 (IL-8), growth-regulated alpha protein
(GRO-a), and monocyte chemoattractant protein-1 (MCP-
1) were consistently detected, reflecting the stress-prone
environment of flat plastic culture surfaces [74]. In
contrast, when DPSCs were encapsulated in the 3D
hydrogel, these inflammatory mediators were markedly
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reduced, with IL-6 and IL-8 becoming barely detectable.
Instead, the 3D hydrogel environment favored the secretion
of pro-regenerative and angiogenic growth factors.
Angiogenin (ANG), epidermal growth factor (EGF),
epithelial neutrophil-activating peptide-78 (ENA-78),
platelet-derived growth factor-BB (PDGF-BB), and
vascular endothelial growth factor-D (VEGF-D) were
significantly upregulated.

Notably, VEGF-D expression was more prominent in
hydrogels enriched with nano-hydroxyapatite, suggesting
that the mineral phase and the spatial cues of the 3D
scaffold synergistically promoted an angiogenic
phenotype. This shift from pro-inflammatory to pro-
regenerative secretome is highly consistent with the
intended function of the hydrogel, which aims to suppress
inflammation (via LL-37) while stimulating osteogenesis
(via BMP-2 and stem cell activity).

LL-37 hydrogel

Blank hydrogel LL-37 hydrogel

Figure 7. (A) In vitro release profile of bioactive factors from the hydrogel. (B) Quantitative survival of P. gingivalis after treatment with different hydrogels,
showing >99% killing efficiency in LL-37-containing groups. (C) Representative live/dead fluorescence images of P. gingivalis on hydrogel surfaces (green:
live cells; red: dead cells), confirming bactericidal activity of LL-37. (D) Representative SEM images of P. gingivalis morphology on hydrogel surfaces
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Figure 8. Secretome profile of DPSCs in 2D versus 3D culture. Heatmap intensity corresponds to relative abundance of detected factors (n = 3 independent

experiments)

Interestingly, subtle differences in growth factor patterns
were observed depending on the presence of bioactive cues
in the hydrogel [75]. For example, PDGF-BB levels were
higher in blank hydrogels compared to AMP+BMP-loaded
hydrogels, whereas VEGF-D secretion was enhanced in the
dual-loaded composite, potentially due to LL-37’s known
pro-angiogenic signaling and BMP-2’s ability to recruit
vascular-associated progenitors [76]. This result highlights
that both the 3D microenvironment and the incorporated
bioactive molecules collectively reprogram the stem cell
secretome toward a regenerative profile, thereby providing
paracrine support for periodontal regeneration [77].

3.4. Osteogenic Induction

To further evaluate the osteogenic potential of the
composite hydrogels, hPDLSCs were co-cultured with four
groups: Blank (hydrogel only), AMP (LL-37-loaded),
BMP (BMP-2-loaded), and AMP+BMP (dual-factor). As
outlined above, secretome profiling was conducted in
DPSCs to interrogate microenvironment-driven paracrine
reprogramming in a representative DMSC, while
osteogenic differentiation assays were performed in
hPDLSCs as the periodontal-lineage endpoint [78]. Cells
were cultured in osteogenic induction medium, and assays
were conducted at defined time points to assess alkaline
phosphatase (ALP) activity and mineralized nodule
formation. As shown in Figure 9A, ALP staining at days 7
and 14 revealed the strongest positive staining in the
AMP+BMP group, with BMP showing moderate intensity
and AMP showing a slight enhancement compared to the
Blank. Quantitative assessment of ALP activity (Figure 9B
and 9C) confirmed this trend, with the AMP+BMP
hydrogel exhibiting the highest enzymatic activity at both
7 and 14 days, followed by BMP, AMP, and Blank (p <
0.05). Calcium deposition was assessed by Alizarin Red S
(ARS) staining at 14 and 21 days. As depicted in Figure
9D, the AMP+BMP group displayed the most abundant
mineralized nodules, with BMP again performing better
than AMP and Blank [79]. Quantitative analysis (Figure 9E
and 9F) further supported these observations, showing
significantly higher mineral deposition in the AMP+BMP
group at both time points (p < 0.01). To substantiate the
immunofluorescence observations, we quantified marker
expression using background-corrected mean fluorescence
intensity (MFI; CTCF per nucleus) and the fraction of
marker-positive nuclei. At day 7, RUNX2 (early marker)

increased to 1.32 £ 0.12-fold (AMP), 1.89 + 0.18-fold
(BMP), and 2.58 + 0.22-fold (AMP+BMP) relative to
Blank (set to 1.0), with the percentage of RUNX2-positive
nuclei rising from 22.3 £+ 4.1% (Blank) to 31.8 + 5.0%
(AMP), 48.6 + 5.8% (BMP), and 62.7 + 6.2%
(AMP+BMP) (one-way ANOVA/Tukey; *p < 0.05 vs
Blank; #p <0.05 AMP+BMP vs BMP). Consistent with the
expected temporal sequence, OPN (intermediate) at day 14
reached 1.35 + 0.15-fold (AMP), 1.74 + 0.16-fold (BMP),
and 2.31 £0.21-fold (AMP+BMP) vs Blank, whereas OCN
(late) at day 21 increased to 1.28 + 0.14-fold (AMP), 1.92
+0.19-fold (BMP), and 2.67 + 0.25-fold (AMP+BMP) (all
p < 0.05 vs Blank). These IF results align with the
ALP/ARS readouts, indicating a synergistic enhancement
of early commitment (RUNX2) and late matrix maturation
(OPN/OCN) by dual LL-37/BMP-2 delivery within the
nHA-reinforced hydrogel [80]. These findings demonstrate
that the synergistic incorporation of LL-37 and BMP-2
within the nanostructured hydrogel not only mitigates
microbial challenge and inflammation but also
significantly promotes osteogenic differentiation of
hPDLSCs.

The presence of nano-hydroxyapatite (nHA) further
contributes to osteoconduction and mineralized matrix
formation,  thereby  establishing a  favorable
microenvironment for alveolar bone regeneration. Taken
together, the osteogenic induction results corroborate the in
vivo findings, highlighting the superior regenerative
potential of the AMP+BMP composite hydrogel.

3.5. Establishment of the Periodontitis Model and
Treatment Protocols

To comprehensively assess the regenerative efficacy of the
AMP/BMP-2/nHA composite hydrogel in vivo, a rat
periodontitis and alveolar bone defect model was
established. The in vivo model (ligature-induced
periodontitis with subsequent local Pg inoculation) was
established as detailed in the Materials and Methods,
followed by creation of standardized intrabony defects and
randomized treatment. Following disease induction,
standardized intrabony defects (~2 mm diameter x 2 mm
depth) were created adjacent to the affected molars.
Animals were then randomly assigned into six groups (n =
8 per group): (i) Normal (no modeling), (ii) No-Tx (disease
but no treatment), (iii) Blank hydrogel (chitosan/gelatin
only), (iv) AMP (LL-37 loaded), (v) BMP (BMP-2
loaded), and (vi) AMP+BMP (dual-loaded).
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Figure 9. In vitro osteogenic induction of hPDLSCs. (A) Representative ALP staining images after 7 and 14 days of culture with different hydrogel groups
(Blank, AMP, BMP, AMP+BMP). (B, C) Quantitative ALP activity at 7 and 14 days, respectively. (D) Alizarin Red S staining images after 14 and 21 days
of culture. (E, F) Quantification of ARS staining at 14 and 21 days, respectively. Data arpresented as mean + SD (n = 3). *p <0.05, **p <0.01 versus Blank;
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Figure 10. Quantitative micro-CT analysis of alveolar bone regeneration at 6 weeks. (A) CEJ-ABC distance, (B) BV/TV, (C) Tb.N, and (D) Tb.Sp (mean
+ SD, n =8). AMP+BMP significantly reduced CEJ-ABC distance and improved BV/TV, Tb.N, and Tb.Sp compared to all other groups. One-way ANOVA
with Tukey’s post hoc test; *p < 0.05, **p <0.01, ***p < 0.001 vs. No-Tx or Blank; #p < 0.05 AMP+BMP vs. BMP

Treatments were administered via direct injection into the
periodontal defect, followed by flap repositioning.
Quantitative assessments included the cemento-enamel
junction to alveolar bone crest distance (CEJ-ABC), bone
volume fraction (BV/TV), trabecular number (Tb.N), and
trabecular separation (Tb.Sp). As shown in Figure 10, the
AMP+BMP group exhibited the most significant
improvements in all four parameters compared to other
groups. Consistent with the micro-CT findings,
histomorphometry demonstrated significantly greater new
bone formation in the AMP+BMP group. Bone area
fraction (BA/TA) within the standardized intrabony defect
reached 66.8 + 7.5% in AMP+BMP, compared with 51.2 +
8.4% (BMP), 36.3 = 7.9% (AMP), 26.1 = 6.5% (Blank),
18.7 £ 7.2% (No-Tx), and 72.4 £+ 6.2% (Normal) (one-way
ANOVA with Tukey’s post-hoc; AMP+BMP > all other
treated groups, p < 0.01; BMP > AMP/Blank/No-Tx, p <

0.05). Continuous bone bridging across the defect was
observed in 6/8 animals in AMP+BMP (vs 3/8 in BMP, 1/8
in AMP, 0/8 in Blank, 0/8 in No-Tx, and 7/8 in Normal;
Cochran—Armitage trend p < 0.01). TRAP histochemistry
showed a pronounced reduction in osteoclastic indices in
AMP+BMP, with N.O¢/BPm = 0.9 £ 0.2 mm™ and
0Oc.S/BS = 2.8 + 0.9%, compared with 1.6 = 0.3 mm™" and
43+1.1% (BMP), 2.1 +0.5mm™" and 6.1 + 1.4% (AMP),
2.6+0.4mm™"and 7.5+ 1.6% (Blank), and 3.1 £ 0.5 mm™
and 9.2 + 1.8% (No-Tx) (all AMP+BMP vs No-Tx, p <
0.001; vs Blank/AMP, p < 0.01). In Masson’s trichrome,
PDL-like fiber organization scored median 3 (IQR 2-3) in
AMP+BMP, 2 (2-2) in BMP, 1 (1-2) in AMP, 1 (0-1) in
Blank, 0 (0-1) in No-Tx, and 3 (3-3) in Normal (Kruskal—
Wallis  with  Dunn’s post-hoc; AMP+BMP >
AMP/Blank/No-Tx, p < 0.01). The CEJ-ABC distance in
the No-Tx group increased to 0.94 + 0.11 mm, confirming
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severe bone resorption [81], whereas the AMP+BMP
group restored this distance to 0.34 + 0.08 mm, closely
approximating the Normal group (0.42 = 0.07 mm).
Similarly, the BV/TV in the AMP+BMP group reached 82
+ 5%, markedly higher than the No-Tx group (46 = 7%)
and superior to either AMP (61 + 6%) or BMP (71 + 6%)
alone. Tb.N increased significantly in the AMP+BMP
group (2.05 + 0.15 1/mm) compared to the No-Tx group
(1.21 £ 0.19 1/mm), while Tb.Sp decreased from 0.42 +
0.06 mm (No-Tx) to 0.20 + 0.03 mm (AMP+BMP). These
findings demonstrate that the dual-factor hydrogel most
effectively ~ preserved  bone  morphology  and
microarchitecture, aligning with its multifunctional
mechanism of antibacterial and osteoinductive action.

3.6. Mechanical and Handling Properties

Although not the primary focus, it’s worth noting that the
crosslinked composite hydrogel had acceptable mechanical
strength for the periodontal application. The compressive
modulus in the tens of kPa range means it’s soft — similar
to gingival tissue consistency — which is ideal to avoid
damaging the delicate healing tissue or causing pressure
necrosis. Its slight reinforcement by nHA (~60% increase
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in modulus vs blank) can help maintain space in the defect.
The hydrogel’s injectability allows for minimally invasive
delivery, as we demonstrated by injecting it into the
periodontal pockets in rats without needing open flap
surgery [82]. It in situ gels, adhering to the site (chitosan is
mucoadhesive, plus genipin crosslinking ensures it doesn’t
dissolve immediately), thus acting like a barrier and filler
that stays in place during healing. In fact, in some rats we
observed remnants of the hydrogel at 2 weeks that
gradually degraded by 6 weeks as host tissue integrated —
a degradation rate that appears well-matched to tissue
regeneration speed [83]. Genipin-crosslinked chitosan
degrades over a few months, so we expect no long-term
residues.

3.7. Potential Mechanisms

The combined antimicrobial and osteogenic actions likely
created positive feedback in the healing process (Figure
11). Initially, LL-37 release would reduce bacterial count
and modulate macrophages from a pro-inflammatory M1
state towards a healing M2 state [84]. This would decrease
local TNF-a, IL-1pB, etc., which are known to inhibit
osteoblasts and enhance osteoclasts in periodontitis [85].

New bone and
periodontal tissue
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Figure 11. Schematic illustration of periodontal regeneration mediated by the multifunctional hydrogel scaffold

With inflammation dampened, the BMP-2 can effectively
recruit bone marrow-derived cells or PDLSCs from
remaining ligament and induce them to differentiate into
osteoblasts and cementoblasts. Additionally, LL-37 might
directly chemoattract MSCs (it has been reported to have
chemoattractant properties for some stem cells), potentially
aiding cell homing to the defect. Meanwhile, the nHA in

the scaffold provides mineral for new bone apposition and
may buffer local pH (acidic pH in inflammation could
dissolve some nHA releasing Ca?/POs*~ that help
remineralize bone). The nHA itself is osteoconductive — in
our histology, new bone often appeared to form along the
remnants of hydrogel, likely where nHA was present as
nucleation sites. Thus, the scaffold is not passive; it
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participates by providing a template and perhaps gradually
dissolving to contribute minerals [86]. By 6 weeks, much
of initial nHA might have integrated into the newly
mineralized tissue [87]. While the results are promising,
there are some limitations to note. First, the rat model,
though well-established, has a faster healing and different
scale than humans [88]. The absolute amount of
regeneration is higher in percentage terms for small defects
[89]; in humans, periodontal defects are more complex and
might require larger volumes and longer time. However,
the fundamental principle of dual-factor therapy should
translate. Second, LL-37 though a human peptide, in rats
it’s xenogenic (rats have their own cathelicidin, TCRAMP).
It still worked presumably due to similar broad
antimicrobial spectra, but immune reactions were not
significant (we did not see any overt immune rejection, and
LL-37 is known to be relatively non-immunogenic) [90].
For clinical use, using human LL-37 in humans would be
ideal, or synthetic analogs [91]. BMP-2 is already in
clinical use for other indications; delivering it locally in
periodontal sites has been tested (e.g., GEM-21S uses
PDGF, another growth factor). Our data provide evidence
that BMP-2 could be very effective in periodontitis when
combined with infection control. Safety-wise, BMP-2 in
high doses can cause aberrant bone or inflammation; our
sustained low-dose approach may mitigate that risk by not
overwhelming the system (the total BMP-2 per defect in
rats was ~0.5 pg, scaled to a human defect maybe 50 pg,
which is lower than some clinical BMP-2 uses).Another
consideration is the stability of LL-37 in the body — it can
be degraded by proteases [92]. By releasing it over time
from a protected environment, we likely extend its half-
life, but in the inflamed periodontal pocket, proteases are
abundant [93]. It would be interesting to explore more
protease-resistant AMP analogues or co-delivery of
protease inhibitors if needed [94]. However, our evidence
of lasting effect (since at 6 weeks we still see benefit)
suggests LL-37 or its downstream effects persisted enough.
Finally, while we focused on bone outcomes, true
functional regeneration also requires cementum and
ligament regeneration. In vivo, the dual-loaded hydrogel
achieved superior regeneration as evidenced by micro-CT
and corroborated by histology-based metrics: greater bone
area fraction, frequent bone bridging across the defect,
lower TRAP-defined osteoclast burden, and higher PDL-
like fiber organization scores at 6 weeks. Future studies
could assess insertion of new Sharpey’s fibers and tensile
strength of new attachment. LL-37 might indirectly help
ligament formation too, since it can stimulate growth
factors release from cells that could aid ligament. BMP-2
at high concentrations can cause ankylosis, but at the
moderate dose we used, and given the presence of ligament
tissue in histology, it appears ankylosis was avoided. The
immunofluorescence showed BMP-2 and OCN, but we

(1]
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could also check for periostin or collagen type III for PDL
specifically in future.

4. Conclusion

We have developed a nanostructured composite hydrogel
that incorporates antimicrobial peptides and osteogenic
factors, demonstrating a powerful dual-action approach for
periodontal regeneration. This injectable chitosan/gelatin
hydrogel, reinforced with nano-hydroxyapatite and loaded
with LL-37 and BMP-2, was extensively characterized and
shown to possess the necessary physicochemical properties
for an effective scaffold: a porous, interconnected structure
with homogeneously distributed nanoparticles and
bioactives, as confirmed by FTIR, XRD, SEM/EDS, TEM,
XPS, UV—Vis, and BET analyses. The material provided a
sustained release of both the antimicrobial peptide and the
growth factor, ensuring prolonged antibacterial activity
and osteogenic stimulation in the target site. In vitro, the
LL-37-loaded hydrogel exhibited potent bactericidal
effects against periodontal pathogens, while the released
BMP-2 maintained its bioactivity, inducing alkaline
phosphatase and mineral deposition
ligament The hydrogel
biocompatible, with no cytotoxicity to host cells and a
network structure that supports cell infiltration and nutrient
diffusion.

in periodontal
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