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A chitosan-based thermosensitive hydrogel
incorporating propranolol nanoparticles to

promote early osseointegration and peri-implant
soft-tissue healing
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Based on clinical evidence that propranolol enhances bone mineral density, improves early implant stability,

and promotes soft-tissue healing, this study investigated whether its local application around dental

implants could coordinately promote early osseointegration and gingival tissue repair. To enable

localized drug delivery while minimizing systemic adverse effects such as hypotension associated with
oral administration, a chitosan-based thermosensitive hydrogel incorporating propranolol-loaded
nanospheres was developed and systematically characterized. Cell models related to osseointegration

and gingival healing, including MC3T3-E1, Hacats, and HGFs, were used for in vitro evaluation, and an SD

rat jaw implant model was established in vivo. Multiple assays, including CCK-8, live/dead staining,

scratch assays, immunofluorescence, Alizarin Red staining, histological staining, immunohistochemistry,

and micro-CT, were performed to assess cell

proliferation, migration, adhesion, osteogenic

differentiation, soft-tissue-related protein expression, and early peri-implant healing. The results
demonstrated that the hydrogel exhibited favorable drug-loading capacity and sustained release

behavior. It significantly enhanced cellular proliferation, migration, and adhesion and upregulated
osteogenic markers (BGLAP, BMP2, RUNX2) and gingival healing-related proteins (LAMA3, ITGB4),
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thereby accelerating early peri-implant bone formation and gingival repair. This study is the first to apply

propranolol to the integrated regeneration of peri-implant hard and soft tissues, establishing a dual
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1 Introduction

The stability and long-term success of dental implants depend
on reliable osseointegration with the alveolar bone and firm
soft-tissue integration that establishes a durable biological
seal. With the increasing application of implant-supported
prostheses, the incidence of major biological complications,
including peri-implant mucositis (PM) and peri-implantitis (PI),
continues to rise* and frequently results in implant failure.
These complications primarily arise from insufficient osseoin-
tegration and inadequate soft-tissue sealing around implants.
Current clinical strategies aimed at optimizing peri-implant
bone and soft-tissue conditions rely mainly on surgical
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sustained-release thermosensitive hydrogel system for localized delivery. The findings provide a novel
and effective strategy for improving postoperative peri-implant healing.

interventions, such as guided bone regeneration (GBR) and
connective tissue grafting (CTG). Although these procedures
can improve the peri-implant environment, they involve
complex operative protocols, considerable surgical trauma,
increased risk, potential rejection reactions, and postoperative
infection. Moreover, these approaches require substantial
patient tolerance and compliance, which limits their applica-
bility in addressing the growing demand for simplified and
minimally invasive strategies that promote peri-implant hard-
and soft-tissue healing.>*

Recent studies” ™ indicate that B-adrenergic receptor (B-AR)
blockers increase bone mineral density and reduce fracture risk
in patients with osteoporosis, highlighting their potential in the
management of bone loss. In the context of soft-tissue repair, -
blockers have been recommended for promoting the healing of
chronic and burn-related skin wounds,"** thereby offering new
perspectives for improving peri-implant hard- and soft-tissue
healing. Propranolol (PROP) is a classic nonselective B-AR
blocker with potent antihypertensive activity and is widely used
as a first-line therapy for hypertension."*** Our previous work
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has shown that it promotes osteoblast proliferation and
differentiation and supports early osseointegration. Its appli-
cations in osteoporosis and fracture management continue to
expand, and PROP is increasingly regarded as a promising
agent for bone regeneration.'® Besides, clinical observations by
our research team showed that patients receiving B-blockers
exhibited higher bone mineral density and better primary
implant stability than untreated individuals. This finding is
consistent with a clinical study reporting that hypertensive
patients treated with B-blockers exhibit higher bone density
than those not receiving such medication. In contrast, indi-
viduals without B-blocker therapy demonstrate poorer initial
implant stability, whereas B-blocker use is associated with
a markedly reduced risk of implant failure." Epidemiological
and retrospective clinical studies have also demonstrated
a higher success rate of dental implants among patients taking
B-blockers compared to non-users."” Preliminary experimental
studies further demonstrated that low-dose PROP at 1/10 uM
L~' promotes osteogenic differentiation of osteoblasts and
bone marrow-derived mesenchymal stem cells (MSCs) by sup-
pressing the cAMP/PKA pathway and upregulating downstream
osteogenic markers, including BMP2, RUNX2 and BGLAP,
providing a solid basis for further investigation."®

In soft tissues, the mucosa, epidermis and subcutaneous
layers contain abundant sympathetic nerve fibers that maintain
microenvironmental homeostasis.'”®* However, sympathetic
activation has been shown to impair wound healing.'**
Following soft-tissue injury, stress stimulates the adrenal
medulla and presynaptic neurons to release large amounts of
catecholamines, including epinephrine and norepinephrine
(NE), which bind to B-AR on cell membranes and delay wound
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repair. Keratinocytes, fibroblasts and epithelial cells involved in
soft-tissue healing also express these receptors.*** B-blockers
competitively bind to and inhibit B-ARs, thereby exerting
beneficial effects on soft-tissue repair.>*** Preliminary work by
our research team demonstrated that PROP promotes early
spreading, migration, proliferation, and adhesion of human
immortalized keratinocytes (Hacats) and human gingival
fibroblasts (HGFs) and enhances the expression of
hemidesmosome-related proteins, such as LAMA3 and integrin
B4, suggesting its potential to improve peri-implant soft-tissue
sealing.”® Additional in vitro and in vivo studies have further
shown that PROP, as a nonselective B-blocker, improves healing
in acute and chronic refractory wounds, severe burns, ulcerative
infantile hemangioma (UIH), corneal injury, and other soft-
tissue conditions. Both topical and systemic administration of
nonselective B-blockers has been associated with enhanced
wound repair.>”*® Collectively, these findings indicate that f-AR
blockers represent a promising adjunctive strategy for soft-
tissue wound healing.

However, PROP is primarily administered orally, which
requires strict dose control and is associated with adverse
effects such as hypotension and bradycardia; prolonged use
may also lead to drug tolerance.***" To address these limita-
tions, this study investigated the local delivery of PROP to the
implant site to enhance peri-implant hard- and soft-tissue
healing while minimizing systemic complications. Drug-
loaded hydrogels provide a feasible approach to achieving this
objective. Thermosensitive hydrogels are injectable,* enable
efficient delivery to defect sites, maintain local drug concen-
trations, and reduce dosing frequency.** However, their appli-
cation in drug-release systems remains limited.**** A prolonged
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Scheme 1 Preparation of the thermosensitive CS-PROP nanosphere hydrogel and its role in accelerating gingival healing and early osseoin-
tegration. The hydrogel enhances the proliferation, migration, and adhesion fibroblasts and epithelial cells, increases the expression of key
healing-related proteins, and promotes osteoblast proliferation and osteogenic differentiation.
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response time is considered a major drawback, and instability
in rheological behavior represents an additional challenge.*®
Therefore, the effective application of stimulus-responsive
hydrogels in drug-delivery systems depends on achieving
controlled release while maintaining material stability. Chito-
san (CS) has been widely used in the preparation of sustained-
release microspheres and temperature-responsive drug-loaded
hydrogels®”** and is regarded as a highly promising carrier for
drug-delivery systems,* as it supports stable and gradual
release of bioactive factors.* In the present study, PROP-loaded
CS nanospheres were fabricated using an ionic crosslinking
method. Nanosphere-mediated controlled release
employed to protect PROP and regulate its sustained delivery,
and the nanospheres were subsequently incorporated into a CS-
B-glycerophosphate (GP) hydrogel to achieve a dual-stage
release profile, resulting in a thermosensitive CS/PROP nano-
sphere hydrogel (Scheme 1).

The influence of PROP on peri-implant bone and gingival
healing within the oral environment remains incompletely
understood. Therefore, this study examined whether the B-AR
blocker PROP promotes coordinated soft- and hard-tissue
regeneration around dental implants. The effects of the
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hydrogel on cells involved in peri-implant healing, including
MC3T3-E1 cells, Hacats and HGFs, were evaluated. In addition,
a mandibular implant model in Sprague-Dawley (SD) rats was
established to further assess peri-implant bone formation and
gingival healing following local drug administration. The
feasibility of localized PROP delivery using a dual-release
hydrogel system was also investigated, providing new insights
into its potential clinical translation.

2 Results and discussion
2.1 Characterization of the CS/PROP/CS-GP hydrogel

CS is one of the most abundant natural polysaccharides and is
widely used in regenerative medicine and tissue engineering. Its
potential as a drug carrier has attracted considerable interest.*
In the present study, the CS-GP hydrogel appeared transparent,
whereas incorporation of CS/PROP nanospheres resulted in an
opaque, milky-white formulation (Fig. 1a). CS exhibits several
favorable pharmacological properties, including adhesion,
biodegradability, osteogenic activity, and transient modulation
of epithelial tight junctions.** These characteristics support its
application as a delivery system for oral,*> ocular, intestinal,
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Fig. 1 Photographs of the hydrogel before and after gelation and characterization of its physicochemical properties. (a) Preparation of the CS/
PROP/CS-GP hydrogel. (b) SEM images of CS-GP and CS/PROP/CS-GP hydrogels and a TEM image of CS/PROP nanospheres. (c—e) EDS spectra
of the CS-GP hydrogel, CS/PROP nanospheres, and CS/PROP/CS-GP hydrogel.
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pulmonary, and nasal administration. Owing to these advan-
tages, CS is commonly employed as a base material for nano-
spheres to achieve efficient drug delivery and sustained
release.”® SEM images revealed a relatively uniform porous
structure capable of providing structural support for the CS/
PROP nanospheres. TEM further confirmed that the nano-
spheres were spherical with smooth surfaces and a uniform size
distribution (Fig. 1b), with an average diameter of 305.51 +
5.5 nm. The encapsulation efficiency of CS/PROP was 63.84 +
1.60%, and the drug-loading capacity reached 61.37 & 2.71%.

EDS analysis showed that the CS/PROP/CS-GP hydrogel
contained characteristic elements derived from both CS-GP and
CS/PROP (Fig. 1c-e). The C/Cl ratio of CS/PROP was 20.247,
whereas that of the CS/PROP/CS-GP hydrogel increased to
40.427. Similarly, the C/O ratio of CS-GP was 1.469, which was
lower than that of the CS/PROP/CS-GP hydrogel (3.729). These
changes in elemental composition provide preliminary
evidence for successful hydrogel formation. XRD analysis
further confirmed structural modification after incorporation.
PROP exhibited characteristic diffraction peaks at 26 = 6.2°,
12.4°,15.2°,16.4°, 18.6°, 19.8°, 21.2°, and 23.2°, whereas CS-GP
displayed peaks at 20 = 6.5°, 10.5°, 13.0°, 16.0°, 19.5°, 21.5°,
23.5°, 26.5°, and 29.5°. In contrast, the CS/PROP/CS-GP hydro-
gel showed distinct diffraction peaks at 26 = 11.01°, 12.58°,
16.77°, 17.26°, 25.14°, and 29.86° (Fig. 2a). The shift in peak
positions indicates that the structural characteristics of CS/
PROP were altered after encapsulation within the CS-GP
matrix, leading to the formation of a new phase. FTIR spectra
of CS-GP, CS/PROP, and CS/PROP/CS-GP are presented in
Fig. 2b. For CS, O-H stretching appeared at 3389 cm ™' and -
NH, stretching was observed at 1578 em™". CS/PROP exhibited
O-H stretching at 3281 cm™ ', N-H stretching at 2968 ecm ™',
C-0O-C stretching at 1106 cm™ ', aromatic C=C stretching at
1587 cm ™', and a characteristic a-substituted naphthalene peak
at 797 em™".** The CS/PROP/CS-GP hydrogel retained all char-
acteristic absorption peaks of both CS-GP and CS/PROP, con-
firming the successful integration of the two components and
the formation of the composite hydrogel.

Hydrogels function as drug-delivery carriers capable of
maintaining local drug concentrations through storage,
controlled release, and release-driving mechanisms.** Appro-
priate rheological behavior is essential for ensuring their
stability within tissues. The storage modulus (G') and loss
modulus (G”) are key parameters describing hydrogel visco-
elasticity, with G’ reflecting the integrity and connectivity of the
polymer network. As shown in Fig. 2c, in all groups, G' was
initially lower than G”. As temperature increased, G’ increased
and intersected with G”, indicating the occurrence of a sol-gel
transition. Upon reaching 37 °C, G’ became significantly higher
than G”, demonstrating that all hydrogels maintained their
internal network structure and exhibited stable mechanical
properties. Previous studies have confirmed that the encapsu-
lation of sustained-release microspheres does not significantly
affect gelation time or rheological behavior.*® According to the
results shown in Fig. 2¢, the CS/PROP/CS-GP solution began
transitioning from sol to gel before reaching 37 °C, which is
consistent with the results presented in Fig. 2d. The

© 2026 The Author(s). Published by the Royal Society of Chemistry
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fundamental driving force behind this phenomenon lies in the
fact that an increase in temperature disrupts the electrostatic
interactions and hydrogen-bonding networks between chitosan
molecular chains and water molecules, as well as within the CS/
GP complexes. Concurrently, it enhances hydrophobic interac-
tions and hydrogen-bond crosslinking among polymer chains,
thereby leading to the formation of a continuous three-
dimensional network with elastic solid-like characteristics
throughout the system. At the macroscopic level, this process
manifests as a sharp rise in viscosity, resulting in the formation
of a non-flowable hydrogel at 37 °C.*** The viscosity-
temperature profiles of all hydrogel groups exhibited similar
trends without noticeable differences, indicating that the
addition of PROP or CS/PROP nanospheres did not adversely
affect the rheological performance of the hydrogels (Fig. 2d).

Ultraviolet-visible scanning of the PROP solution over the
range of 500-700 nm identified a characteristic absorption peak
at 290 nm (Fig. 2e), consistent with previous reports.* The
standard concentration curve yielded a linear regression equa-
tion of Y = 0.019615X — 0.01416 (R* = 0.99857) (Fig. 2f), where Y
represents the absorbance at 290 nm and X denotes the PROP
concentration. PROP concentrations in the release medium
were calculated based on this equation. To prevent premature
drug leakage, PROP was first encapsulated in CS nanospheres
prior to incorporation into the hydrogel, thereby forming
a dual-release system. Degradation assays conducted in SBF
(simulated body fluid) and AS (artificial saliva) showed that CS/
PROP/CS-GP hydrogels exhibited degradation rates of 57.34 £+
1.16% and 67.62 + 1.36% at 24 h, respectively (Fig. 2g). Drug-
release profiles further demonstrated that CS/PROP/CS-GP
hydrogels achieved a more sustained and stable release than
PROP/CS-GP hydrogels, whereas the final cumulative release
amounts were comparable. On day 10, cumulative release
reached 69 + 3.9% for PROP/CS-GP and 56 + 2.2% for CS/PROP/
CS-GP. By day 30, the cumulative release increased to 80 £ 4.1%
and 76 + 2.1%, respectively (Fig. 2h). These results indicate that
incorporation of CS/PROP nanospheres does not impair drug
release and supports stable, prolonged pharmacological
activity.

2.2 Effects of CS/PROP/CS-GP hydrogel on cells

2.2.1 Screening of PROP concentration. Cell compatibility
is a fundamental criterion for evaluating the safety and func-
tional reliability of biomaterials, particularly those intended for
long-term contact with internal tissues. High compatibility is
essential for maintaining material stability and sustained bio-
logical performance.*® To assess compatibility, three cell types
associated with peri-implant soft- and hard-tissue healing,
MC3T3-E1, Hacats and HGFs cells, were examined. As shown in
Fig. 3a, treatment with PROP at concentrations of 0.1 uM L™
and 1 uM L~ for 36 h significantly enhanced the proliferation
of all three cell types (P < 0.05). In contrast, exposure to 50 uM
L' PROP reduced cell viability, indicating cytotoxic effects.
Based on the CCK-8 results obtained from the three cell types,
propranolol at 1 uM L' exhibited a stronger pro-proliferative
trend than the 0.1 pM L' concentration. In addition, our
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Fig. 2 (a) XRD patterns of CS-GP, CS/PROP, and CS/PROP/CS-GP. (b) FTIR spectra of the three formulations. (c) The temperature-dependent
rheological profiles of PROP/CS-GP and CS/PROP/CS-GP hydrogels. (d) Temperature-dependent viscosity during heating (1 °C min™). (e)
Determination of PROP's characteristic absorption wavelength and (f) its standard curve. (g) In vitro degradation of CS/PROP/CS-GP hydrogels
under simulated physiological conditions (SBF: simulated body fluid; AS: artificial saliva). (h) In vitro release profiles of PROP from PROP/CS-GP
and CS/PROP/CS-GP hydrogels.
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Fig. 3 Screening of the optimal PROP concentration and its effects on MC3T3-E1 cell proliferation and osteogenic differentiation. (A) CCK-8
assay results for MC3T3-E1, Hacats, and HGFs exposed to different PROP concentrations (0.1 uM L™%, 1 yM L™, 5 uM L™, 10 yM L%, 50 pM LY,
100 uM L%, 500 pM L™Y). (B and D) ALP staining and Alizarin Red staining of MC3T3-E1 cells after 7 and 14 days of osteogenic induction. (C)

Fluorescence images of MC3T3-E1 cells stained with FDA/PI.

previous studies'® have confirmed that 1 uM L™ propranolol
exerts superior biological effects compared with 0.1 pM L™
Taking these findings together with considerations of potential
cytotoxicity, a concentration of 1 uM L™ " propranolol was ulti-
mately selected for all subsequent experiments.

2.2.2 MC3T3-E1 cells. B-AR blockers, including PROP, have
been shown to enhance osteoblast proliferation and differen-
tiation,*"** consistent with previous findings from our research
team demonstrating increased osteogenic differentiation of
osteoblasts and MSCs following B-blocker treatment. In the
present study, MC3T3-E1 cells cultured in extracts from PROP/
CS-GP and CS/PROP/CS-GP hydrogels exhibited high viability,
as evidenced by abundant FDA-positive (green) live cells and
very few PI-positive (red) dead cells compared with the control
group (Fig. 3c). Alizarin Red staining revealed increased
formation of mineralized nodules in both hydrogel groups, with
the most pronounced effect observed in the CS/PROP/CS-GP
group. ALP staining showed a similar trend. Collectively, these
results indicate that CS/PROP/CS-GP hydrogels more effectively
promote MC3T3-E1 cell proliferation and osteogenic differen-
tiation (Fig. 3b and d).

2.2.3 Hacats and HGFs cells. PROP is a nonselective ;- and
B,-adrenergic receptor blocker that was first introduced clini-
cally in 1964 for the treatment of coronary insufficiency® and is
now widely regarded as a first-line therapy for hypertension and
cardiovascular disease.’*™® Its competitive inhibition of
epinephrine and NE at ;- and B,-ARs is well established, and
numerous studies have demonstrated that PROP suppresses [3,-
AR expression.””*® During soft-tissue injury, large amounts of
epinephrine and NE are released and bind to B-AR on cell
membranes, thereby delaying wound repair. Peri-implant soft
tissue consists of an epithelial layer and underlying connective

© 2026 The Author(s). Published by the Royal Society of Chemistry

tissue, both of which contribute to the formation of a protective
biological seal. Epithelial cells, which serve as the primary
functional component of the peri-implant epithelial barrier,
express B,-AR.”>*>%® Implant placement disrupts the native
epithelial seal that separates the oral cavity from the submu-
cosa, thereby triggering epithelial proliferation, directional
migration, and adhesion to the implant or abutment surface to
re-establish the barrier. Fibroblasts, which also express B,-AR,
constitute the connective-tissue component of the peri-implant
seal and secrete collagen fibers that provide structural support
for the overlying epithelium.®"*> Together, the epithelial barrier
and connective-tissue seal prevent bacterial invasion, protect
the underlying bone, and maintain normal
architecture.”®

Accordingly, this study evaluated the effects of the CS/PROP/
CS-GP hydrogel on epithelial and fibroblast migration, prolif-
eration, and adhesion, and examined the expression of migra-
tion- and adhesion-related proteins to elucidate its influence on
cellular behaviors relevant to peri-implant soft-tissue sealing.
Hacats and HGFs exhibited high viability in the PROP/CS-GP
and CS/PROP/CS-GP extract groups, as indicated by extensive
FDA-positive (green) fluorescence and minimal PI-positive (red)
fluorescence (Fig. 4a). Early adhesion of epithelial cells and
fibroblasts cultured on titanium discs for 6 and 12 h is shown in
Fig. 4d. DAPI staining revealed round blue nuclei, and the
number of adherent cells increased over time in all groups. SEM
images (Fig. 4b) demonstrated initial cell spreading after 12
hours of culture in the different extracts. Cells treated with
PROP/CS-GP and CS/PROP/CS-GP exhibited pronounced
spreading, with epithelial cells forming dense radiating filopo-
dia or lamellipodia and fibroblasts displaying typical spindle- or
star-shaped morphologies with broader spreading areas. In
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Fig. 4 Effects of the hydrogels on the proliferation, migration, and adhesion of Hacats and HGFs. (a) Fluorescence images of Hacats and HGFs
stained with FDA/PI. (b) SEM images showing the morphology of adherent Hacats (top) and HGFs (bottom) on titanium surfaces under different
treatment conditions. (c) Immunofluorescence staining of Hacats (top) and HGFs (bottom) cultured on titanium surfaces following different
treatments. (d) DAPI staining illustrating early adhesion patterns of Hacats and HGFs on titanium surfaces in each group. (e) Wound-healing assay
images of Hacats and HGFs at O h and 24 h under each treatment condition.

contrast, cells in the control and CS-GP groups showed only
partial spreading with fewer filopodia. Immunofluorescence
combined with DAPI staining (Fig. 4c and d) further revealed
fewer cells with a more rounded morphology in the control
group, whereas cells in the PROP/CS-GP and CS/PROP/CS-GP
groups were more numerous and well spread. These findings
indicate that both hydrogels enhance Hacats and HGFs
spreading and early adhesion on titanium surfaces, with CS/
PROP/CS-GP exerting a more pronounced effect, likely attrib-
utable to sustained PROP release from the dual-release system.
Cell migration is also essential for soft-tissue repair following
implantation.®® Scratch assays performed at 0 and 24 hours
showed that CS/PROP/CS-GP markedly enhanced the migratory
capacity of Hacats and HGFs (Fig. 4e).

Hemidesmosomes are essential adhesive structures that
anchor the junctional epithelium to natural tooth surfaces and
the peri-implant epithelium to titanium implants. They are
primarily composed of laminin-332, integrin a6p4, and plectin.
Laminin-332 is secreted by epithelial cells in response to injury-
related signals and binds to integrin a.6p4, thereby strength-
ening epithelial attachment to the titanium surface.* Laminin

12688 | RSC Adv, 2026, 16, 12682-12701

a3 (LAMA3) constitutes the core component of this complex and
interacts with integrin receptors to regulate multiple cellular
behaviors.®® Although integrin a6B4 is required for hemi-
desmosome assembly, the 4 subunit plays a dominant role in
coordinating cell-cell and cell-extracellular matrix (ECM)
interactions.®®®” Gingival fibroblasts are the principal cell type
within gingival connective tissue and are responsible for
collagen synthesis. Adhesion-related proteins, such as vinculin
and cyclin E, are critical determinants of fibroblast adhesive
capacity and are closely associated with the quality of gingival
healing.®® Accordingly, this study evaluated the expression of
LAMA3 and ITGB4 in Hacats and the expression of vinculin and
cyclin E in HGFs using immunofluorescence analysis. As shown
in Fig. 5a and b, treatment with PROP/CS-GP and CS/PROP/CS-
GP hydrogels markedly upregulated the expression of LAMA3,
ITGB4, vinculin, and cyclin E compared with the control group,
with the CS/PROP/CS-GP hydrogel producing the most
pronounced effect. Cells in this group exhibited stronger green
and red fluorescence signals within the cytoplasm, whereas the
control group displayed the weakest signals and minimal
membrane-associated fluorescence. These results indicate that

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Effects of the hydrogels on the expression of soft-tissue healing-related protein and hemidesmosome formation in Hacats and HGFs. (a)
Immunofluorescence staining of LAMA3 and integrin B4 in Hacats under different treatment conditions. (b) Immunofluorescence staining of
cyclin E and vinculin in HGFs following different treatments. (c) Transmission electron microscopy images illustrating hemidesmosome

formation in Hacats across treatment groups.

the CS/PROP/CS-GP hydrogel more effectively enhances the
expression of LAMA3, ITGB4, vinculin, and cyclin E.
Hemidesmosomes also serve as the principal attachment
structures linking epithelial cells to the basement membrane,
and analogous structures form at the gingival epithelium-
implant interface. Mature hemidesmosomes are well-established
indicators of epithelial wound healing in both in vivo and in vitro
studies,” and their reformation along the implant surface is
essential for establishing a stable epithelial-titanium biological
seal during peri-implant epithelial regeneration. After 3 days of
Hacats culture, transmission electron microscopy was employed
to examine hemidesmosome formation at the cell-titanium
interface (Fig. 5¢). Hemidesmosomes appeared as electron-dense
plaques with high contrast along the cell membrane. In the CS/
PROP/CS-GP hydrogel group, cells developed numerous well-
defined hemidesmosomes exhibiting the characteristic inverted
triangular morphology (red arrows), with the apex oriented
toward the intracellular region. Both the number and maturity of
these structures were markedly greater than those observed in
the other groups. In the PROP/CS-GP group, the electron-dense
structures appeared primarily as linear dark plaques rather
than classic triangular profiles, suggesting that they may repre-
sent hemidesmosome precursors. In contrast, no distinct

© 2026 The Author(s). Published by the Royal Society of Chemistry

hemidesmosomal structures were detected in the control group.
Collectively, these findings indicate that the CS/PROP/CS-GP
hydrogel effectively promotes hemidesmosome formation at
the epithelial-implant or abutment interface and thereby accel-
erates gingival tissue healing. The above results indicate that the
CS/PROP/CS-GP hydrogel not only significantly promoted the
proliferation and osteogenic differentiation of MC3T3-E1 cells
but also markedly enhanced the proliferation, migration, adhe-
sion, and expression of key proteins, including LAMA3, ITGB4,
vinculin, and cyclin E, in Hacats and HGFs. These observations
are consistent with the mechanism proposed in Scheme 1, in
which PROP enhances the biological functions of MC3T3-E1
cells, epithelial cells, and fibroblasts, thereby facilitating early
peri-implant osseointegration and soft-tissue healing. Notably,
the CS/PROP/CS-GP group exhibited more pronounced osteo-
genic differentiation (Fig. 2b and d), higher levels of protein
expression, and enhanced hemidesmosome formation (Fig. 5),
which can be closely attributed to its sustained and stable release
of PROP. These in vitro findings provide a cellular and molecular
basis for the improved early peri-implant osseointegration and
accelerated gingival healing observed in subsequent in vivo
studies and further validate the potential of this dual sustained-
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release system in promoting coordinated peri-implant hard- and adverse biological reactions. In clinical settings, hemolysis,
soft-tissue regeneration. thrombosis, and immune responses can lead to severe

2.2.4 Hemocompatibility. Hemocompatibility refers to the complications.”” Hemolysis results in red blood cell disruption
ability of a biomaterial to contact blood without eliciting and may cause anemia and inflammation, thrombosis can
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obstruct blood vessels, and immune activation may trigger
rejection or sepsis. Therefore, materials intended for blood
contact are required to exhibit minimal hemolytic and throm-
bogenic activity while avoiding immune stimulation. To eval-
uate the hemocompatibility of the CS/PROP/CS-GP hydrogel,
a rat blood hemolysis assay was performed, which represents
a standard method for assessing erythrocyte rupture following
material exposure. Hemolysis is a critical safety indicator, as
excessive red blood cell lysis can induce anemia, inflammation,
and systemic adverse effects. In this study, the materials were
incubated with rat blood under controlled conditions, and
hemolysis was quantified by measuring hemoglobin release
into the supernatant. Compared with the positive control (100%
hemolysis, bright red supernatant) and the negative control (0%
hemolysis), all hydrogel groups displayed clear supernatants
and significantly lower hemolysis rates below 4% (Fig. 6a and
b). These results demonstrate that the CS/PROP/CS-GP hydrogel
exhibits excellent anti-hemolytic performance and is suitable
for applications involving blood contact. To further assess
potential in vivo toxicity, major organs of SD rats, including the
heart, liver, spleen, lung, and kidney, were examined by HE
staining (Fig. 6¢). Following treatment with PROP/CS-GP and
CS/PROP/CS-GP hydrogels, no pathological abnormalities or
adverse tissue responses were observed.

Overall, these findings demonstrate that the drug-loaded
hydrogel exhibits excellent cytocompatibility and

© 2026 The Author(s). Published by the Royal Society of Chemistry

hemocompatibility and does not induce detectable toxicity in
major organs, underscoring its strong potential for biomedical
applications.

2.3 Evaluation of the effects of CS/PROP/CS-GP hydrogels on
implant placement in rats

The influence of PROP on bone metabolism has been widely
documented.”” Minkowitz et al.” reported enhanced mineral
deposition and bone formation in a rat fracture model after nine
weeks of PROP treatment, while Bonnet et al.** demonstrated that
low-dose PROP improved bone formation and inhibited osteoclast
proliferation in ovariectomized rats. Epidemiological evidence
further suggests that B,-AR blockers may serve as potential thera-
peutic agents for osteoporosis and fracture management.” To
avoid systemic adverse effects such as hypotension, CS/PROP
nanospheres were prepared in this study using an ionic cross-
linking method and subsequently incorporated into a thermo-
sensitive CS hydrogel to generate CS/PROP/CS-GP hydrogels. An
SD rat maxillary model was then established to evaluate the in vivo
efficacy of this formulation (Fig. 7a). HE and Masson staining of
peri-implant tissues (Fig. 7b and c) revealed more pronounced
regeneration of both bone and gingival tissues in the PROP/CS-GP
and CS/PROP/CS-GP groups than in the control group, with the CS/
PROP/CS-GP hydrogel producing the most substantial improve-
ment. These findings indicate that the hydrogels enhance peri-
implant soft- and hard -tissue healing. Micro-CT analysis based

RSC Adv, 2026, 16, 12682-12701 | 12691
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Fig. 8 Effects of CS-GP, PROP/CS-GP, and CS/PROP/CS-GP hydrogels on early peri-implant osseointegration, with micro-CT-based quan-
titative analysis of newly formed bone. (a) Two-dimensional and three-dimensional micro-CT images of peri-implant maxillary bone and 3D
reconstructions of newly formed bone. (b) Immunohistochemical staining of BGLAP, BMP2, and RUNX2 in peri-implant bone. (c) Bone volume
(BV)/tissue volume (TV). (d) Bone surface (BS)/bone volume (BV). (e) Trabecular number (Th.N). (f) Trabecular separation (Tb.Sp). (g) Trabecular
thickness (Tb.Th). (h) Bone mineral content (BMC). (**P < 0.01, ***P < 0.001, ****P < 0.0001).

on 2D sections and 3D reconstruction (Fig. 8a) showed that, at 4
weeks after implantation, PROP/CS-GP and CS/PROP/CS-GP
hydrogels significantly increased bone volume (BV)/tissue
volume (TV) (Fig. 8c), bone surface (BS)/BV (Fig. 8d), trabecular
number (Tb.N) (Fig. 8e), trabecular thickness (Tb.Th) (Fig. 8g), and
bone mineral content (BMC) (Fig. 8h), while reducing trabecular
separation (Tb.Sp) (Fig. 8f). Among the treatment groups, the CS/
PROP/CS-GP hydrogel exhibited the most pronounced improve-
ments (P < 0.0001), demonstrating a strong capacity to promote
new bone formation around implants. To further confirm its
regenerative effects, immunohistochemical analysis was per-
formed to assess the expression of BGLAP, BMP2, and RUNX2 in
peri-implant bone, while immunofluorescence staining was used
to evaluate integrin B4 and LAMA3 expression in gingival tissues.
Osteogenic differentiation is typically accompanied by increased
expression of BGLAP, BMP2, and RUNX2.”*”* In this study, PROP/
CS-GP and CS/PROP/CS-GP hydrogels markedly upregulated these
osteogenic markers compared with the control group (Fig. 8b),
indicating that the hydrogels effectively promote early osteogene-
sis around the implant.

12692 | RSC Adv, 2026, 16, 12682-12701

In soft tissues, immunofluorescence analysis performed at
postoperative week 4 showed that LAMA3 was predominantly
distributed along the implant-abutment interface and the basal
lamina. The PROP/CS-GP and CS/PROP/CS-GP groups exhibited
stronger and more extensive LAMA3 fluorescence, suggesting
that LAMA3 may guide epithelial healing in the peri-implant
region (Fig. 9a). This observation is consistent with previous
reports demonstrating that LAMA3 directs epithelial migration
during peri-implant epithelial formation.®® Integrin B4 expres-
sion was also higher in the PROP/CS-GP and CS/PROP/CS-GP
groups, indicating the presence of hemidesmosomal struc-
tures in this region (Fig. 9b). Glirses et al.” reported that normal
junctional epithelium consistently expresses integrin B4, with
the internal basal lamina and hemidesmosomes exhibiting
characteristic LAMA3 expression. In contrast, the control group
displayed weaker and more restricted fluorescence signals for
both integrin f4 and LAMA3. Collectively, these findings
demonstrate that CS/PROP/CS-GP hydrogels enhance gingival
tissue healing and epithelial attachment around implants.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Transmission electron microscopy is a reliable technique for
evaluating epithelial attachment at the peri-implant interface. In
this study, TEM revealed multiple, relatively continuous hemi-
desmosomes with well-defined inner plaques at the junction
between the junctional epithelium and the implant/abutment
surface in the PROP/CS-GP and CS/PROP/CS-GP groups. In
contrast, the control group exhibited fewer hemidesmosomes
with a more sparse and discontinuous distribution (Fig. 9c).
These findings indicate that CS/PROP/CS-GP hydrogels enhance
hemidesmosome formation in peri-implant gingival tissues,
thereby accelerating soft-tissue sealing and repair. This obser-
vation is consistent with previous reports.”®

In our previous in vitro experiments, this study demonstrated
that the CS/PROP/CS-GP hydrogel significantly enhances the bio-
logical functions of osteogenic and soft-tissue-related cells. To
further validate its in vivo efficacy, an SD rat implant model was
established. Consistent with the in vitro findings, the CS/PROP/CS-
GP hydrogel markedly promoted peri-implant bone formation
(Fig. 8) and gingival tissue healing (Fig. 9). Notably, immunoflu-
orescence analysis revealed significant upregulation of LAMA3 and
ITGB4 expression in gingival tissues (Fig. 9a and b), which was in
agreement with the enhanced protein expression observed in
Hacats cells in vitro. In addition, TEM images showed more

© 2026 The Author(s). Published by the Royal Society of Chemistry

mature hemidesmosomal structures in the hydrogel-treated group
(Fig. 9c), further supporting its role in strengthening the biological
seal at the epithelium-implant interface. These in vivo results not
only corroborate the outcomes of the in vitro experiments but also
provide further mechanistic insight into how this dual-release
system promotes overall peri-implant healing by coordinating
hard- and soft-tissue regeneration, as illustrated in Scheme 1.

Moreover, these findings are consistent with recent trends in
improving peri-implant healing through localized delivery
strategies. For example, functionalized coating materials* and
growth factor-loaded hydrogels” have been shown to effectively
enhance osseointegration. Meanwhile, the local application of
small-molecule drugs such as B-adrenergic receptor blockers®
has attracted increasing attention because of their cost-
effectiveness and multi-target effects. However, unlike these
approaches, which primarily focus on bone repair alone, the
present study is the first to demonstrate in a single model that
localized delivery of the single agent PROP can synchronously
and synergistically enhance both bone and soft-tissue healing.
This “two-birds-with-one-stone” strategy offers clear advantages
in terms of clinical translational simplicity and cost efficiency
compared with more complex systems requiring multiple
growth factors.”

RSC Adv, 2026, 16, 12682-12701 | 12693
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3 Conclusion

Overall, CS/PROP/CS-GP hydrogels demonstrate strong poten-
tial for promoting early osseointegration and gingival soft-
tissue healing around dental implants. This dual-release plat-
form integrates CS/PROP nanospheres within a thermosensitive
CS-GP hydrogel, and comprehensive physicochemical charac-
terization confirms the successful synthesis of the composite
system. Biocompatibility and hemocompatibility evaluations
further support its safety. In vitro, the hydrogel enhances
MC3T3-E1 cell proliferation and osteogenic differentiation and
promotes migration, proliferation, adhesion, and related
protein expression in Hacats and HGFs. In vivo, localized
delivery of PROP via the drug-loaded hydrogel upregulates
osteogenic markers (BGLAP, BMP2, and RUNX2) and gingival
healing-related proteins (integrin B4 and LAMA3), thereby
accelerating early osseointegration and gingival repair without
inducing detectable toxicity in major organs. This study intro-
duces a novel strategy for locally applying the antihypertensive
agent PROP to the oral implant microenvironment using a dual-
release hydrogel system. Collectively, the in vitro and in vivo
findings demonstrate the substantial potential of this approach
to enhance peri-implant soft- and hard-tissue healing and
provide a safe and effective platform for postoperative tissue
regeneration.

4 Materials and methods

4.1 Preparation of the CS/PROP nanosphere thermosensitive
hydrogel

4.1.1 Preparation of CS/PROP nanospheres. CS nano-
spheres were prepared using an ionic crosslinking method
based on the electrostatic interaction between positively
charged CS and negatively charged sodium tripolyphosphate
(TPP).” Briefly, CS powder (0.1 g) was dissolved in 0.1 mol L™"
acetic acid, adjusted to a final volume of 100 mL, and magnet-
ically stirred for 1 h to obtain a CS solution with a concentration
of 1 mg mL~". An appropriate volume of the CS solution was
then mixed with 5% (w/v) TPP solution added dropwise under
continuous stirring until turbidity appeared. Stirring was
continued for 30 min, followed by a standing period of 15 min.
The supernatant was subsequently collected and ultrasonicated
for 5 min to obtain a well-dispersed CS nanosphere suspension.
For drug loading, PROP was added to the 1 mg mL ™" CS solu-
tion to achieve a final concentration of 1 uM L. A 5% (w/v) TPP
solution was then added dropwise under continuous stirring
until turbidity was observed. The mixture was stirred for 30 min
and allowed to stand for an additional 15 min. The supernatant
was collected and ultrasonicated for 5 min to obtain a uniformly
dispersed CS/PROP nanosphere suspension.

4.1.2 Synthesis of CS/B-glycerophosphate (CS-GP) thermo-
sensitive hydrogel. The CS-GP thermosensitive hydrogel was
prepared according to a standard protocol.** Briefly, CS (0.4 g)
was dissolved in 18 mL of 0.1 mol L™" acetic acid, while B-GP
(1.12 g) was dissolved in 2 mL of double-distilled water. Both
solutions were cooled in an ice bath for 15 min. The B- GP
solution was then added dropwise to the CS solution using a 7-
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gauge syringe under continuous stirring for 15 min. The final
concentrations of CS and B-GP were 2% (w/v) and 5.6% (w/v),
respectively, and the pH of the mixture was adjusted to 7.15 +
0.06. The resulting hydrogel precursor solution was stored at 4 °©
C until use. For drug incorporation, either the CS/PROP nano-
sphere suspension or a free PROP solution was added to the CS-
GP mixture at 4 °C. Each formulation was prepared to a final
volume of 20 mL.

4.2 Scanning electron microscopy (SEM)

Freeze-dried CS/PROP/CS-GP hydrogels and CS/PROP powders
were sputter-coated with gold, and their surface morphology
was examined using SEM and TEM. The particle size distribu-
tion of CS/PROP nanospheres was determined using a particle
size analyzer.

4.3 FTIR, EDS and XRD analyses

Elemental composition was analyzed using an EDS system. For
FTIR analysis, CS-GP, CS/PROP, and CS/PROP/CS-GP samples
were each mixed with potassium bromide (KBr) and pressed
into pellets, and the characteristic functional groups were
recorded over the spectral range of 4000-500 cm ™ '. XRD anal-
ysis of the same samples was performed at room temperature
using Cu Ka radiation (A = 0.154187 nm). The measurements
were conducted at a scanning voltage of 40 kV and a tube
current of 40 mA, with a scanning speed of 2° min ™, a step size
of 0.02°, and a scan range of 5-90°.

4.4 Rheological measurements

During the measurement using a rotational rheometer (Kinexus
Lab+, Malvern Panalytical, UK), the temperature was raised
from 20 °C to 40 °C at a constant rate of 1 °C min ™. The vari-
ations of storage modulus (G') and loss modulus (G”) with
temperature were recorded to evaluate the sol-gel transition
process of the hydrogels. Viscosity measurements were per-
formed using a rotational viscometer. Samples were prepared in
accordance with the operating requirements of the HAAKE
rotational viscometer and measured at a rotational speed of
50 rpm. During the test, the temperature was increased from
room temperature to 38 °C at a constant rate of 1 °C min~" to
determine the temperature-dependent viscosity of each hydro-
gel formulation.

4.5 Preparation of the PROP standard curve

Coomassie Brilliant Blue G-250 (CBB G-250) (50.0 mg) was di-
ssolved in 25 mL of 95% ethanol in a 500 mL volumetric flask,
followed by the addition of 50 mL of 85% phosphoric acid. The
solution was then brought to volume with 0.9% Nacl, filtered,
and stored for subsequent use.*”” PROP (1.0 mg) was dissolved in
deionized water in a 10 mL volumetric flask to prepare a stock
solution with a concentration of 100 ug mL ™. Aliquots of 0.1,
0.2, 0.4, 0.8, 1.6, 3.2, and 6.4 mL of the stock solution were
transferred into separate 10 mL test tubes and diluted to volume
with deionized water, with deionized water used as the blank
control. Subsequently, 5 mL of CBB G-250 solution was added to

© 2026 The Author(s). Published by the Royal Society of Chemistry
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each tube and mixed thoroughly. The absorbance was measured
at the characteristic wavelength of PROP, and a standard cali-
bration curve was constructed by plotting PROP concentration
against absorbance.

4.6 Encapsulation efficiency and drug-loading capacity of
CS/PROP

A 0.2 mL aliquot of the supernatant was diluted to a final
volume of 1.0 mL with deionized water, followed by the addition
of 5 mL of CBB G-250. After thorough mixing, the absorbance
was measured at the characteristic wavelength of PROP, and the
PROP content in the supernatant was calculated using the
standard calibration curve. Encapsulation efficiency and drug-
loading capacity were calculated according to the following
equations:

Encapsulation efficiency (%) = (W; — W))W x 100 (1)

where W, represents the total amount of PROP added, while W2
represents the amount of PROP detected in the supernatant.

Drug-loading capacity (%) = (W, — W)/ W3 x 100 (2)

where W1 represents the total amount of PROP added, W2
represents the amount of PROP detected in the supernatant,
and W3 represents the mass of CS/PROP nanospheres.

4.7 Hydrogel degradation assay

To simulate physiological conditions, CS/PROP/CS-GP hydro-
gels were incubated at 37 °C in artificial saliva (AS, Solarbio,
China) and simulated body fluid (SBF, G-clone, China). The
residual weight of the hydrogels was recorded at 1, 2, 3, 4, 6, 12,
and 24 h, with three replicates performed for each group.

For the in vitro drug-release study, PROP/CS-GP and CS/
PROP/CS-GP hydrogel precursor solutions were incubated at
37 °C to allow gelation, after which the formed gels were
transferred into dialysis bags. Each dialysis bag was immersed
in a tube containing 50 mL of deionized water and maintained
in a shaking water bath at 37 °C (60 rpm, amplitude 24 mm). At
predetermined time points, 1 mL of the release medium was
collected, and the absorbance was measured using a UV spec-
trophotometer to determine the PROP concentration. An equal
volume of fresh deionized water was added after each sampling
to maintain a constant volume. The cumulative release of PROP
was calculated using the standard calibration curve according
to the following equation: cumulative release (%) = (amount of
drug released from the hydrogel/total drug encapsulated in the
hydrogel) x 100%.

4.8 Cell and blood compatibility evaluation

4.8.1 PROP concentration screening. Cell proliferation of
MC3T3-E1 cells (Procell, Wuhan), Hacats (Shanghai Institute of
Biological Sciences, Chinese Academy of Sciences), and HGFs
(iCELL Bioscience, China) was evaluated using the Cell Count-
ing Kit-8 (CCK-8) (Meilunbio, Dalian) assay to determine the
optimal PROP concentration. After thawing, cells were cultured
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until adequate spreading was observed and then digested to
obtain single-cell suspensions. The cell suspensions were
adjusted to a density of 1 x 10 cells mL™", and 100 pL was
seeded into each well of a 96-well plate. Eight experimental
groups were prepared and incubated overnight to allow cell
attachment. After attachment was confirmed, PROP solutions
were added at final concentrations of 0.1, 1.0, 5.0, 10.0, 50, 100,
and 500 pM L' and incubated for 48 h. The cells were then
washed with PBS (Pricella, Wuhan), followed by the addition of
100 pL of serum-free DMEM (Pricella, Wuhan) and 10 pL of
CCK-8 solution to each well. After incubation for 2 h, absor-
bance was measured at 450 nm using a microplate reader. The
mean optical density (OD) values obtained from replicate wells
were used for subsequent statistical analysis.

4.8.2 Cytotoxicity assessment. The cytotoxicity of the
hydrogels was evaluated by co-culturing MC3T3-E1 cells,
Hacats, and HGFs with hydrogel extracts. Hydrogel samples
(100 pL) were immersed in 1 mL of complete DMEM to prepare
the extraction solutions. Cells were seeded into 96-well plates at
a density of 4000 cells per well and incubated at 37 °C for 24 h.
After removal of the original culture medium, the hydrogel
extracts were added, and the culture medium was replaced
daily. For live/dead staining, cells in each extract group were co-
cultured until approximately 80% confluence and then incu-
bated with FDA and PI working solutions (Beyotime, Shanghali,
China) in the dark. Cellular morphology and viability in each
extract group were subsequently observed using a live-cell
imaging system.

4.8.3 Alkaline phosphatase staining. ALP chromogenic
staining (Beyotime, Shanghai, China) was used to evaluate early
osteogenic activity. MC3T3-E1 cells in good condition were di-
gested with 0.25% trypsin (Pricella, Wuhan), counted, and
seeded into 24-well plates at a density of 2 x 10* cells per well.
After 24 h of culture, the medium was replaced with osteogenic
induction medium, and extraction solutions from the three
hydrogel formulations were added to the experimental groups.
The culture medium was refreshed every two days. ALP staining
was performed on day 7, and the stained cells were observed
under an optical microscope at 200x magnification.

4.8.4 Alizarin Red staining. Cell seeding density and
culture conditions were identical to those used for ALP staining,
with osteogenic induction maintained for 14 days at 37 °C. After
induction, mineralized nodule formation was evaluated by
Alizarin Red (Oricell, Shanghai, China) staining. Briefly, the
culture medium was removed, and the cells were washed three
times with PBS, fixed with 4% paraformaldehyde at room
temperature for 20 min, and rinsed again with PBS. The cells
were then stained with 0.1% Alizarin Red at 37 °C for 30 min,
followed by thorough washing with double-distilled water.
Stained samples were examined under a light microscope.

4.8.5 Cell spreading and adhesion. Hacats cells (3 x 10" per
well) and HGFs cells (2 x 10* per well) were seeded into 24-well
plates. The control group was cultured in drug-free medium,
whereas the experimental groups were cultured in DMEM con-
taining extracts from the three hydrogel formulations. After 24 h
of incubation, non-adherent cells were removed by washing three
times with PBS. For SEM analysis, the samples were fixed with
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2.5% glutaraldehyde overnight at 4 °C, followed by dehydration,
vacuum drying, and sputter coating with gold. Cell morphology
on titanium surfaces was then examined by SEM. For immuno-
fluorescence staining, the samples were fixed with 4% para-
formaldehyde (Servicebio, China) for 15 min and washed three
times with PBS. Cells were permeabilized with Triton X-100
(Solarbio, China) and washed again with PBS. Subsequently,
200 pL of FITC-labeled phalloidin (Solarbio, China) containing
1% bovine serum albumin (Pricella, Wuhan) was added to each
well and incubated for 30 min in the dark to label the cytoskel-
eton. After three additional PBS washes, a ready-to-use DAPI
solution (Meilunbio, China) was added and incubated for 3 min
to stain the nuclei. Following gentle PBS rinsing on a shaker, the
morphology of Hacats and HGFs on titanium surfaces was
observed using a fluorescence microscope.

4.8.6 Cell migration. Hacats cells (1 x 10" per well) and
HGFs cells (6 x 10" per well) were seeded into six-well plates and
cultured to full confluence. Mitomycin C (Pricella, Wuhan) (10 pg
mL ") was added and incubated for 1 h to inhibit cell prolifera-
tion. A sterile 10 pL pipette tip was then used to create a straight
scratch in each well. Detached cells were removed by gentle
rinsing with serum-free DMEM. The control group was cultured in
DMEM alone, whereas the experimental groups were supple-
mented with extracts from the corresponding hydrogel formula-
tions. The plates were incubated for 24 and 48 h. At 0, 24, and
48 h, the samples were washed three times with PBS, fixed, per-
meabilized, and stained. Cell migration across the scratch area on
titanium surfaces was subsequently observed under a microscope.

4.8.7 Immunofluorescence. Immunofluorescence staining
was performed to evaluate the expression of hemidesmosome-
related proteins, including integrin B4 (ITGB4) (BOSTER,
China) and laminin 332 (LAMA3) (BOSTER, China), in Hacats
cells, as well as adhesion-related proteins, including vinculin
(BOSTER, China) and a-SMA (BOSTER, China), in HGFs cells.
Hacats cells (3 x 10* per well) and HGFs cells (2 x 10* per well)
were seeded into six-well plates containing 29.7 mm glass
coverslips. The control group was cultured in standard medium,
whereas the experimental groups were cultured in medium
containing extracts from the three hydrogel formulations. After 3
days of culture, the cells were fixed with 4% paraformaldehyde
for 15 min and washed three times with PBS on a shaker. The
cells were then permeabilized with Triton X-100 for 5 min, fol-
lowed by three PBS washes and a blocking step for 60 min.
Primary antibodies at appropriate dilutions (200 uL per well) were
added and incubated overnight at 4 °C. On the following day, the
samples were equilibrated to room temperature for 30 min,
washed three times with PBS, and incubated in the dark with
secondary antibodies diluted 1 : 500 for 1 h. After three additional
PBS washes, DAPI was applied for 3 min to stain the nuclei, fol-
lowed by three final PBS washes. Fluorescence images were
acquired using an immunofluorescence microscope.

4.8.8 Transmission electron microscopy for hemi-
desmosome evaluation. Hacats cells (3 x 10* cells per well) were
seeded into 24-well plates and cultured for 3 days in either
standard medium or medium containing extracts from the
three hydrogel formulations. After removal of the culture
medium, the cells were gently rinsed three times with PBS. Cell
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sheets were detached from the titanium surface using a cell
scraper and transferred into 1.5 mL centrifuge tubes with
a Pasteur pipette. The samples were centrifuged at 1000 rpm for
3 min to collect cell pellets, washed twice with PBS, and fixed
overnight at 4 °C in 2.5% glutaraldehyde (Macklin, China). The
cells were subsequently post-fixed in 1% osmium tetroxide for
2 h and washed three times with PBS (15 min each). Dehydra-
tion was performed through a graded ethanol series (50%, 70%,
90%, 100%, and 100%; 10 min at each concentration), followed
by three dehydration steps in 100% propylene oxide for 30 min
each. The samples were then embedded, sectioned, and stained
with lead citrate for 10 min, rinsed three times with CO,-free
double-distilled water, and counterstained with uranyl acetate
for 30 min, followed by three additional washes. After air drying,
ultrathin sections were examined by transmission electron
microscopy to evaluate hemidesmosome formation.

4.8.9 Hemolysis assay. Fresh apical blood was collected
from healthy rats supplied by Jinan Pengyue Laboratory Animal
Breeding Co., Ltd (Jinan, China). Immediately after collection,
500 uL of whole blood was mixed with 5 mL of PBS and
centrifuged at 3500 rpm for 5 min. The supernatant was di-
scarded, and the washing procedure was repeated three times.
The resulting erythrocyte pellet was resuspended in PBS to
obtain a uniform erythrocyte suspension. Aliquots of hydrogel
extracts were added to 1 mL of the erythrocyte suspension and
incubated at 37 °C for 1 h. After centrifugation, the samples
were photographed, and 100 pL of the supernatant was
collected to measure the OD at 545 nm using a microplate
reader. Ultrapure water and PBS were used as the positive (+)
and negative (—) controls, respectively. Hemolysis was calcu-
lated according to the following equation:

. Abs — Abs( —
Hemolysis (%) = Abs(1) = AE)s( )7)

x 100% [3]

where Abs represents the absorbance of the hydrogel-treated
group, Abs(+) represents the absorbance of the positive control,
and Abs(—) represents the absorbance of the negative control.

4.9 Establishment of the rat oral implant model

An oral implant model was established in adult male rats (8
weeks old). After extraction of the left maxillary first molar, a 2
x 2 x 3 mm implant was immediately placed into the extraction
socket. The surgical sites were subsequently treated with saline,
CS-GP, PROP/CS-GP, or CS/PROP/CS-GP hydrogels. Treatments
were administered every 2-3 days for a total duration of four
weeks. At the end of the experimental period, the rats were
euthanized, and maxillary bone, gingival tissue, and major
organs, including the heart, liver, spleen, lung, and kidney, were
harvested for further analysis. All surgical and treatment
procedures were performed under general anesthesia by the
same operator to ensure procedural consistency and minimize
inter-operator variability. Excised maxillae were scanned using
micro-CT, and Image] software was used to quantify peri-
implant new bone formation and trabecular micro-
architecture. Subsequently, the maxillary specimens were fixed
in 4% paraformaldehyde (Servicebio, China) for 48 h and
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decalcified in 10% ethylenediaminetetraacetic acid (EDTA)
(Solarbio, China) for four weeks. Following decalcification, the
tissues were dehydrated, paraffin-embedded, and sectioned
parallel to the long axis of the M2 tooth at a thickness of 4 um.
Hematoxylin-eosin (H&E) Masson trichrome staining were
performed for histological evaluation. Immunohistochemistry
and immunofluorescence staining were used to assess the
expression of BGLAP (MCE, China), BMP2 (MCE, China), and
RUNX2 (MCE, China) in peri-implant bone tissue, as well as
integrin f4 and LAMA3 in peri-implant gingival tissue.

Samples designated for hemidesmosome observation were
immediately immersed in pre-cooled glutaraldehyde fixative
after harvesting. Following decalcification, the gingival tissue
surrounding the implant was carefully dissected. The speci-
mens were trimmed and rinsed three times with PBS for 15 min
each, then post-fixed in 1% osmium tetroxide for 2 h and
washed three additional times with PBS. Dehydration was per-
formed through a graded ethanol series (50%, 70%, 90%, 100%,
and 100%, 10 min at each concentration). The samples were
subsequently embedded and sectioned. Ultrathin sections were
stained with lead citrate for 10 min and rinsed three times with
carbon dioxide-free double-distilled water, followed by staining
with uranyl acetate for 30 min and three final rinses with
double-distilled water. After air-drying, the sections were
examined using a transmission electron microscope. These
analyses were used to assess the in vivo effects and biosafety of
the CS/PROP/CS-GP hydrogel.

4.10 Statistical analysis

All data are presented as the mean =+ standard deviation (SD)
and were analyzed using GraphPad Prism version 9.5.1. Differ-
ences among groups were evaluated by one-way analysis of
variance (ANOVA) followed by Tukey's post hoc test. All experi-
ments were performed in triplicate, and error bars represent SD
(n = 3). Statistical significance was defined as p < 0.05, with *p <
0.01, **p < 0.001, and ***p < 0.0001 indicating increasing levels
of significance.
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Abbreviations

PROP Propranolol

CS Chitosan

PM Peri-implant mucositis

PI Peri-implantitis

GBR Guided bone regeneration
CTG Connective tissue grafting
B-AR B-adrenergic receptor
MSCs Mesenchymal stem cells
NE Norepinephrine

Hacats Human immortalized keratinocytes
HGFs Human gingival fibroblasts
GP Glycerophosphate

SD Sprague-Dawley

ECM Extracellular matrix

BV Bone volume

v Tissue volume

BS Bone surface

Tb.N Trabecular number
Tb.Sp Trabecular separation
Tb.Th Trabecular thickness
BMC Bone mineral content
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