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ARTICLE INFO ABSTRACT

Keywords: Periodontitis treatment remains challenging due to the limitations of clinical medication therapies, including

Perio.dontiFis drug cytotoxicity, poor drug retention, immune imbalances, and epithelial barrier damage. Here, inspired by

II;/I,UItg}‘:"‘fnonal hydrogels bioisosterism, we develop a dual-network hydrogel-based drug delivery system (M@PP) with materials struc-
1oadnesive

turally similar to minocycline (a commonly used medication). The M@PP hydrogel exhibits optimal mechanical
strength and bioadhesion, ensuring sufficient drug retention inside periodontal pockets. The sustained release of
minocycline, combined with the hydrogel’s acidic microenvironment and the antioxidant functional groups,
provides M@PP with excellent biocompatibility, potent antibacterial activity (98.1 % against P. gingivalis), and
enhanced anti-inflammatory properties. In vivo studies demonstrate that M@PP regulates macrophage polari-
zation, upregulates anti-inflammatory factors, and promotes the expression of epithelial junction-related cyto-
kines. Additionally, M@PP activates pro-osteogenic mediators, with micro-CT analysis revealing increased
trabecular bone density, thickness, and bone reconstruction. RNA sequencing further uncovers its therapeutic
mechanisms, highlighting bacterial defense, immune modulation and pro-regenerative signaling. These com-
bined benefits create a favorable immune microenvironment, facilitating epithelial barrier restoration and
alveolar bone regeneration, achieving superior therapeutic outcomes compared to commercial products. This
study presents a promising localized therapeutic strategy for periodontitis and biofilm-associated disorders.

Drug delivery
Periodontal regeneration
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1. Introduction

Periodontitis, the third most prevalent non-communicable disease
after cancer and cardiovascular disease, affects nearly 60 % of the global
population [1,2]. This chronic condition is primarily caused by the
imbalance of the oral microbiome-host immune homeostasis, contrib-
uting to progressive periodontal tissue destruction, even tooth loss [3].
Conventional treatments aim to eliminate bacterial biofilms through
mechanical debridement coupled with local medications. However,
these approaches often fail to achieve optimal therapeutic outcomes due
to insufficient antibacterial efficacy, microbial recolonization, immu-
nological imbalances, potential tissue damage[4-7]. Additionally, oral
activities such as saliva flow can wash away the medication, further
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compromising the drug efficiency [8]. Combined with long-term fol-
low-ups and heavy reliance on patient compliance, these limitations
highlight the necessity for an advanced, sustained-release drug delivery
system for periodontitis management.

Localized drug delivery systems (LDDSs) have emerged as promising
strategies for improving periodontitis therapy by targeted drug release
in the periodontal pocket, thereby enhancing drug bioavailability and
minimizing the risks of antibiotic resistance and systemic side effects
[9]. Among these, hydrogels with their high water content, biocom-
patibility, and porous scaffold structures have been extensively explored
for delivering biological agents [10]. This biological agents include
small-molecule drugs [11], growth factors [12], inorganic metals [13],
nanoparticles [14], and protein-based drugs [15], aiming to achieve
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effective antibacterial properties and inflammation modulation. How-
ever, clinical translation is hindered by insufficient drug retention, po-
tential intracellular toxicity, and the size- and dose-dependent
limitations of nanoparticles [16]. In situ-forming hydrogels, while
promising for periodontal applications, face challenges such as leakage
and inflammatory responses caused by residual uncrosslinked compo-
nents [17,18]. Furthermore, the high cost and lengthy development
process of new biological agents further restrict their clinical application
[9]. These challenges imply the urgent need for an optimized hydrogel
system that ensures stable and sustained release of proven safe drugs,
leading to superior therapeutic effects for periodontitis treatment.

Minocycline, widely used in periodontitis treatment for its antibac-
terial, anti-inflammatory, and tissue-regenerative properties, has limited
localized application due to its high hydrophilicity, instability, and
limited tissue penetration [19,20]. To address these limitations, bio-
inspired strategies offer a promising approach to enhance drug retention
and therapeutic efficacy. Inspired by bioisosterism, a pharmacological
strategy to enhance drug bioavailability and reduce side effects [21-23],
we have developed a dual-network bioadhesvie hydrogel composed of
poly(acrylic acid) (PAA) and poly(dopamine) (PDA), two biocompatible
polymers that share structural similarities with minocycline [24,25].
These materials provide a stable drug-loading system via multiple mo-
lecular interactions, considerably enhancing drug loading capacity and
release efficiency.

This study systematically evaluates the bioadhesion strength, me-
chanical stability, sustained drug release, antibacterial performance,
and tissue-regenerative potential of the hydrogel in vitro, followed by in
vivo validation in a periodontitis rat model to assess therapeutic efficacy
and underlying healing mechanisms. By integrating bioinspired material
design with targeted a well-accepted, FDA-approved drug delivery, this
work has established a clinically translatable, cost-effective solution for
superior periodontitis management.

2. Materials and methods
2.1. Materials

Acrylic acid (AA, >99 %), dopamine hydrochloride (DA-HCI, 98 %),
N,N'-methylenebis(acrylamide) (MBAA, 99 %), ammonium persulphate
(APS, 98 %), and sodium hydroxide (NaOH) were acquired from Aladdin
(Shanghai, China). N,N,N’,N"-Tetramethylethylenediamine (TEMED, 99
%) was obtained from J&K Scientific (Beijing, China), and hydrochloric
acid (HCL, 36-38 %) was purchased from Xilong Scientific (Shenzhen,
China). Standard minocycline hydrochloride (minocycline, >98 %) was
fetched from Solarbio (Beijing, China). All reagents applied in the ex-
periments were analytical grade without further purification.

2.2. Fabrication of bioadhesive M@PP hydrogel system

The M@PP hydrogel system was composed of optimal adhesive and
compressive poly(acrylic acid)-poly(dopamine) (PAA-PDA) hydrogel
loaded with various minocycline hydrochlorides (0.05/0.1/0.2/0.4 mg
mL™Y) by equilibrating in the minocycline solution.

2.2.1. Preparation of 1 wt% poly(dopamine) solutions

Dopamine hydrochloride (DA-HCI, 0.05 g) was dissolved in deion-
ized water to prepare a 1 wt% dopamine solution, then 300 pL sodium
hydroxide (NaOH, 12 mol L™!) was instilled to adjust the pH value to
alkaline. The 1 wt% dopamine solution was stirred constantly at room
temperature and polymerized for 5-6 min until the color trans-
formation, and the pH was transferred back with the same amount of
HCI (12 mol L™1) to terminate the polymerization process of dopamine.

2.2.2. Preparation of PAA-PDA hydrogels
Varying acrylic acid (AA) solution was prepared by blending
different amounts of AA (6-14 g) with deionized water (9.65 mL), then
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mixed with previously mentioned 1 wt% dopamine solution (5 g), N,N'-
methylenebis(acrylamide) (MBAA, 0.12 g), ammonium persulfate (APS,
0.2 g), and N,N,N',N'-Tetramethylethylenediamine (TEMED, 40 pL)
under vortex-mixing to obtain a homogeneous AA-PDA precursor solu-
tion (Solid content: 93.7/95.2/96.1/96.8/97.2 wt. PAA-PDA). Such a
precursor solution was chemically crosslinked at 50 °C for 4 h to acquire
aPAA-PDA (PP) hydrogel. Finally, we screened the optimal 96.1 wt% PP
hydrogel according to its adhesive and compressive performances.

2.3. Characterization

SEM images of the hydrogel system were observed by a scanning
electron microscope (SU8600, Hitachi). The mechanical characteriza-
tions of dumbbell-shaped and cylindrical hydrogels were severally
evaluated by tensile and compressive tests [26] on a universal me-
chanical testing machine (WDW-01 with 0.1 kN load cell, Changchun
Kexin). Fourier transform infrared spectroscopy (FT-IR) (Thermo Sci-
entific, USA) was used to analyze the composition and chemical stability
of hydrogels over time. Freeze-dried samples were collected in 15 d after
fabrication and scanned four times within the 350-4500 cm ! range to
obtain the spectral data.

2.4. Adhesion performance

The adhesion performance of the PP hydrogel system was demon-
strated by a standard lap-shear strength test with a universal mechanical
testing machine (WDW-01 with a 0.1 kN load cell, Changchun Kexin) at
a constant tensile speed of 15 mm min~! (ASTM F2255) [27]. The in-
fluence of adhesive objects (tissue: porcine gingiva, heart, liver, skin,
and muscle) (tissue engineering materials: glass, polyimide (PI), poly-
ethylene terephthalate (PET), rubber, and titanium (Ti)) and water
content (27 %-82.78 %) on adhesion performance was investigated in
this work. The lap-shear strength (c) of hydrogels was calculated by
Equation (1):

G:Fmax/s (1)

where F,2x and S denote to the maximum force and the adhesive area,
respectively.

2.5. Drug delivery performance

Drug-loaded efficiency of the hydrogel system was carried out by
immersing the prepared PP hydrogel (~7.5 g, n = 3) in 20 mL of stan-
dard minocycline hydrochloride (0.05/0.1/0.2/0.4 mg mL™?) for 24 h to
ensure a balanced load. The M@PP hydrogel system was carefully
removed and suspended over the drug solution for 2 min, allowing the
loose surface solution to drip back into the solution. Then the remaining
drug solution was configurated back to 20 mL with deionized water, and
its absorbance was recorded at 350 nm by a UV-Vis-NIR spectropho-
tometer (TP-720, Specord 250 Plus). After the absorbance was converted
to concentration by the concentration-absorbance standard curve, the
drug-loaded efficiency (DLE) is determined by Equation (2):

DLE = (Co-Cl) / Co (2)

Where ¢ is the concentration of drug solution before hydrogel immer-
sion; c; is the concentration of drug solution after hydrogel immersion.

Cumulative minocycline release was investigated by recording the
minocycline content of dissolution medium (phosphate buffer saline,
PBS) at 0.5, 1, 2, 3, 6, 12, 24, 36, 48, and 60 h. Fixing the M@PP
hydrogel system between two disks of intelligent dissolving tester (ZRS-
8GD, Tianda Tianfa) after the temperature of 500 mL dissolution me-
dium (PBS, pH = 7.4) was maintained at 37 + 0.5 °C with a constant
speed of 100 r min~ 1. Aliquots of 5 mL dissolution medium were
collected from each dissolving cup at specific times for the subsequent
absorbance test at 350 nm. Meanwhile, 5 mL PBS was added into the
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system to keep a constant volume of dissolution medium.

2.6. Antimicrobial activity in vitro

2.6.1. Bacterial cultivation establishment of biofilms

Porphyromonas gingivalis and Fusobacterium nucleatum (gram-
negative bacterium, P. gingivalis, ATCC 33277, USA, and F. nucleatum,
ATCC 25586, USA) were considered keystone pathogen and bridging
bacterium in dental plaque [28], respectively, cultured with brain heart
infusion (BHIL, Sigma-Aldrich, USA) agar plate supplemented with hemin
(0.5mg L’l, Solarbio, China), vitamin K1 (0.1 mg L’l, Solarbio, China),
and 5 % defibrinated sheep blood (Solarbio, China) at 37 °C anaerobi-
cally. Streptococcus gordonii (gram-positive bacterium, S. gordonii,
Challis CH1), generously provided by Guangdong Provincial Key Labo-
ratory of Stomatology, Sun Yat-sen University, commonly colonizes
newly cleaned teeth, aiding biofilm formation by facilitating attachment
of other oral pathogens [29], was cultured aerobically in freshly pre-
pared BHI broth. The inoculum concentration of S. gordonii was adjusted
to 1 x 10° colony forming units (CFU) mL™!, and the cultures of
P. gingivalis and F. nucleatum were diluted to 1 x 107 CFU mL ™" for future
testing and biofilm formation.

2.6.2. Antibacterial tests against plantonic bacteria

The antimicrobial capability of PP and M@PP hydrogels was tested
using BHI liquid cultures and agar plates assays. BHI medium and
minocycline hydrochloride ointment (MHO, Periocline®) were selected
as negative controls and positive controls, respectively. The hydrogel
was sterilized by UV light irradiation before bacterial cultures [30] and
all the tests were conducted under BHI medium with the tested PP
hydrogel and M@PP hydrogel containing minocycline concentrations of
50, 100, 200, and 400 pg mL™! (M-0.5@PP, M-1@PP, M-2@PP, and
M-4@PP). The mixture of 5 mL bacteria suspension in BHI medium and
2 mg PP or M@PP was incubated in a 37 °C shaker at 160 RPM for 24 h,
48 h, and 72 h, according to the American Society of Testing Materials
(ASTM) standards E2149. The optical density (OD) at 600 nm of BHI
medium was measured at different time intervals on a micro-plate
reader (a SpectraMax M2 Multimode Microplate Reader). The antibac-
terial killing ratio of bacteria was calculated using the following equa-
tion (3):

Antibacterial ratio (%) = [(OD,-OD5) / OD,] x 100 % 3

where OD, and ODy, represent the OD value of the control group and the
experimental group, respectively.

100 pL P. gingivalis, F. nucleatum, or S. gordonii suspension was
dispersed on the surface of PP and M@PP hydrogels (disc-shaped;
thickness 1 mm, diameter 5 mm) and cultivated at 37 °C for 24 h under
anaerobic conditions. Then, 100 pL of treated bacterial suspensions
(10~ times diluted) were equally distributed on sterilized BHI blood
agar plates. After 7 d of incubation at 37 °C, the forms of bacterial
colonies were photographed for record.

2.6.3. Antibiofilm activities of M@PP hydrogel

500 pL of the representative major periodontal pathogen P. gingivalis
was selected to construct monospecies biofilms, or 500 pL of S. gordonii,
P. gingivalis, and F. nucleatum were implanted at 1-h intervals to build
multispecies biofilms in confocal dishes. After co-culturing the samples
(disc-shaped; diameter 6 mm, thickness 1 mm) with dental plaque bio-
films for 1 d, the samples were stained with a microbe viability staining
kit (Invitrogen, Themo Fisher Scientific, USA), with 2.5 pM SYTO 9
(green for active bacteria) mixed with an equal amount of PI dye (red for
dead bacteria) according to the recommended procedures. Biofilm in-
hibition was visualized using confocal laser scanning microscopy
(Olympus 141 FV3000).

The quantification of biofilm disruption was assessed using the
crystal violet assay. Multi-species dental plaque biofilms were estab-
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lished on hydroxyapatite (HA) slices (disc-shaped; 2 mm thick, 10 mm in
diameter) pre-coated with artificial saliva for 24 h. Afterward, the
samples were placed on the HA slices and co-cultured under stationary
conditions for an additional 24 h under anaerobic conditions. Then HA
slices were rinsed three times in sterile PBS to remove extra planktonic
cells. The resulting biofilms were fixed with 95 % methanol and stained
with 1 mL 1 % (w/v) crystal violet solution (Solarbio, Beijing, China),
then crystal violet was released by adding 33 % acetic acid and subjected
to microplate reader at an absorption of 590 nm. Every treatment was
performed at least four times. The percentage of inhibition was calcu-
lated by equation (4):

Inhibition ratio (%) = (1-OD, / ODy) x 100 % 4)

Where OD, and ODy, represent the OD values of the experiment and the
blank group, respectively.

2.7. Biological assay in vitro

Mouse calvaria-derived preosteoblastic cell lines (MC3t3-Els; ATCC,
USA) were grown in Dulbecco’s modified Eagle’s medium (DMEM,
Gibco, MD) containing 1 % (v/v) penicillin (Hyclone, USA), 1 % (v/v)
streptomycin (Hyclone, USA), and 10 % fetal calf serum (Gibco, MD).
Human immortalized oral epithelial cell lines (HIOECs; ATCC, USA)
were grown in Keratinocyte Serum Free Medium (KSFM, Thermo Fisher
Scientific, USA) with antibiotics (1 % (v/v) penicillin and 1 % (v/v)
streptomycin; Hyclone, USA).

2.7.1. Cytocompatibility assay

Cell Counting Kit-8 (CCK-8, Dojindo, Japan) test was employed to
assess cell proliferation, utilizing hydrogel extracts at different concen-
trations. To generate the conditioned medium, 100 mg of MHO, PP, and
M@PP hydrogel were incubated in 5 mL of DMEM or KSFM at 37 °C for
24 h [31]. Subsequently, sample extracts (20 mg mL™) were diluted
with the medium to produce leaching solutions at concentrations of 5
mg mL™! and 1.25 mg mL~}, enabling a comprehensive evaluation of
cytocompatibility. For MC3T3-E1 and HIOEC viability assays, cells were
seeded in 96-well plates at densities of 2 x 102 cells per well and 6 x 10°
cells per well, respectively, and incubated for 24 h before exposure to the
hydrogel extracts. To compare the cytocompatibility of different
hydrogel formulations, a CCK-8 assay was conducted using a standard-
ized hydrogel extract concentration of 5 pg mL™! testing MHO, PP,
M-0.5@PP, M-1@PP, M-2@PP, and M-4@PP groups. To investigate the
dose-dependent effects of hydrogel extracts, another CCK-8 assay was
performed with sample extract concentrations of 1.25, 5, and 20 pg
mL~}, comparing MHO, PP, and M-4@PP groups. After 24 and 48 h, 10
pL of CCK-8 solution was added to each well, incubated for 2 h, and the
absorbance at 450 nm was measured using a microplate reader (Spec-
traMax i3x, Molecular Devices, USA). Additionally, to further evaluate
the potential cytotoxicity of pure minocycline solution, HIOECs were
co-cultured with different concentrations of minocycline solution for 24,
48, and 72 h. The relative cell viability was estimated using the
following equation (5):

Cell viability (%) = [(OD,-OD,) / (OD,-OD,)] x 100 % (5)

where OD, and ODy, represent the OD values of the experimental group
and the control group, respectively, and OD, is the OD value of the blank
group (supplemented with standard medium and CCK-8 solution).

2.7.2. Flow cytometry

HIOECs were seeded into 6-well plates and incubated overnight.
After 24 h of co-culturing with varied doses of minocycline solution, the
treated cells were harvested and prepared as single-cell suspensions
using an appropriate trypsin cell digestion solution. After centrifugation,
add 5 pL of Annexin V-FITC and 10 pL of propidium iodide staining
solution, gently mix, and incubate in the dark for 10-20 min before flow
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cytometry analysis (MoFlo XDP, Beckman, USA). And the analysis was
conducted using FlowJo software (FlowJo LLC, USA).

2.7.3. Live/dead assay

After 24 and 48 h of co-incubated with leaching solutions at con-
centrations of 5 mg mL ™}, HIOECs and MC3T3-E1s were stained using
the Calcein-AM and PI live-dead cell staining kit (Beyotime, China). To
label live cells in green and dead cells in red, add the staining solution to
the cells and incubate for 30 min, as per the instructions. Subsequently,
the images were examined with an inverted fluorescence microscope
(Nikon TE 2000-U, Japan).

2.7.4. Scratch wound assay

After MC3t3-E1s were planted in a 6-well plate (1 x 10° cells per
well) and incubated in FBE-free medium. A sterile 200 pL pipette tip was
used to make a scratch across the monolayer. The floating debris was
washed three times with PBS. For the control group, DMEM (without
serum) medium was added, hydrogel extract solution (5 mg mL’l) was
utilized as the experimental group. After 24 and 48 h, the scratch
changes were examined with a light microscope (BX 63, Olympus Cor-
poration, Japan) and the regrowth of the wounded areas was measured.
Three scratch wounds were assessed per well, and migration healing rate
was calculated using the following formula (6):

Cell migration (%) = [(Sa-Sp) / Sa] X 100 % (6)

where Sa and Sb represent the scratch area at 0 h and the designated
time, respectively.

2.7.5. Quantitative real-time reverse transcription PCR (qRT-PCR)

Total RNA was isolated from cells cultured either with MHO or
hydrogel groups for 14 d, employing the RNA-Quick Purification Kit
(Yishan Biotechnology, China). Subsequently, reverse transcription to
cDNA was accomplished using the HiScriptIIl All-in-one RT SuperMix
for quantitative PCR (Vazyme Biotech, China). Taq Pro Universal SYBR
qPCR Master Mix (Vazyme Biotech, China) was used for qRT-PCR
analysis, with ¢cDNA as the template, following manufacturer in-
structions. The primer sequences used in this work are presented in
Supplemental Table S2.

2.8. Animal experiments

The in vivo rat periodontitis model and experimental design followed
procedures and regulations authorized by Southern Medical University’s
Animal Use and Care Committee and Medical Ethics Committee (Permit
number: IACUC-LAC-20231019-002). In this study, a total of 6-week-
old, 80 male, Sprague-Dawley specific pathogen-free (SPF) rats were
utilized to verify the therapeutic efficacy of M-4@PP hydrogel implan-
tation. Under general anesthesia, a 4-0 silk suture was gently placed
around the upper right first molar without causing any mechanical
damage to the surrounding periodontal tissue, following 7 d of culture
adaptation. To induce periodontitis, rats were fed with 10 % sugar
water, and a 400 pL suspension of F. nucleatum and P. gingivalis was
introduced one day after the initial colonization of S. gordonii for each
rat at one-day intervals. The ligatures were checked daily to ensure they
remained in place for 2 w. Rats were then divided into three groups (20
rats per group): Saline, MHO, and M-4@PP hydrogel. After removing the
dental biofilms around the first maxillary molars and performing con-
stant saline irrigation, the disinfected M-4@PP hydrogel was inserted
into the lingual defect sites [32], while the MHO group was inserted
weekly into the periodontal pockets according to the manufacturer’s
instructions. All operations were performed by the same operator and at
each time point (days 2, 7, 14, and 28 post-operation), 5 rats from each
group were randomly sacrificed to evaluate the periodontal pathogens’
defense, anti-inflammatory, and osteogenic properties. To test the
antibacterial activities against microorganisms, periodontal pathogens
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from each group were obtained two-day post-treatment for bacterial
culture.

2.8.1. Transcriptome sequencing and data analysis

Gingiva tissues were extracted from rats with periodontitis that had
been treated with saline or M-4@PP hydrogel for 7 d. RNA samples were
extracted and analyzed with a NanoDrop and an Agilent 2100 bio-
analyzer (Thermo Fisher Scientific, MA, USA). Transcriptome
sequencing libraries were created, and data analysis was performed
using the Dr. Tom System (https://biosys.bgi.com/).

2.8.2. Engyme-linked immunosorbent assay (ELISA)

Whole blood was collected using EDTA as an anticoagulant in rats,
then centrifuged for 15 min on postoperative days 2 and 7. After that, an
ELISA assay of rat tumor necrosis factor o (TNF-a) was conducted using
an ELISA kit (JINGMEI Biotechnology, Jiangsu, China) following the
manufacturer’s protocol.

2.8.3. Analysis of gingival tissue samples by Western Blotting

After 14 d of sample treatment, periodontal soft tissues around the
first molar were harvested, and total proteins were extracted using
Radioimmunoprecipitation assay (RIPA) lysis buffer (Beyotime, Jiangsu,
China) to determine whether or not the gingival tissue barrier func-
tioned. Incubated membranes with ZO-1, E-cadherin antibody (Pro-
teintech, Chicago, USA) for target protein or f-actin antibody
(Proteintech, Chicago, USA) for reference after protein determination by
a BCA Protein Assay Kit (Beyotime, Shanghai, China), loaded on SDS-
PAGE gel and been electrophoretically transferred, protein bands were
visualized with an Odyssey Fc System (LI-COR, Lincoln, USA) and
analyzed using Image J software.

2.8.4. Imaging examination and histological analysis

Gingival inflammation and periodontal tissue remodeling were
tracked over time using photographic recording. The hard tissue,
including maxillary molar teeth and alveolar bone beneath, was fixed
with 10 % paraformaldehyde and analyzed using a high-resolution X-ray
microtomography system (Skyscan 1172, Bruker, Belgium). In order to
assess the vertical bone defect, the distances between the Alveolar Bone
Crest (ABC) and the Cemento-Enamel Junction (CEJ) were measured
three times at each of the six first-molar sites (disto-buccal, mid-buccal,
mesio-buccal, disto-palatal, mid-palatal, and mesio-platal). Micro-CT
analysis was performed with scanning parameters set at 65 kV, 385 A,
15.38 pm resolution, and 35 min exposure. Reconstructed images were
processed using NRecon and CT-Analyzer software (Bruker, Kontich,
Belgium), with region of interest (ROI) selection standardized based on
anatomical landmarks. The first maxillary molar region was chosen for
analysis. A constant rectangular ROI was applied across all samples,
spanning 150 slices, with the length was determined from the dis-
topalatal root surface of the first maxillary molar to the mesiopalatal
root surface of the second maxillary molar on mesio-distal sagittal slices,
while the width extended from the palatal side to the buccal-palatal root
furcation on coronal segmentation planes. All root volumes were
excluded to ensure accurate calculation of bone parameters (BV/TV, Tb.
N, Tb.Sp) at the fourth week post-treatment, and ROI placement was
independently verified to ensure consistency.

The periodontal site and adjacent normal tissue were obtained and
sectioned for Hematoxylin and Eosin (H&E) and Immunohistochemistry
to further confirm the process of the pathological changes of the peri-
odontal tissues and subsequent periodontal bone regeneration. Quanti-
tative analysis was carried out using the Image J software mentioned
above. Furthermore, H&E staining was performed on the major organs,
including the heart, liver, lung, kidney, and spleen, and blood samples
from rats were taken for toxic testing at 28 days post-implantation to
assess the biocompatibility of the M-4@PP hydrogels.

Statistical analysis was performed utilizing GraphPad Prism 9.5.1
(GraphPad Software Inc., San Diego, CA, USA), with all data reported as
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means + S.E.M. The Shaprio-Wilk test was applied to confirm the
normal distribution of the data. The t-test and one-way analysis of
variance (ANOVA) were used to determine significant differences (*p <
0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001).

3. Results and discussion
3.1. Design and fabrication of M@PP hydrogel

Periodontitis-related pathogens play a critical role in the formation
of dental plaque and the disruption of oral microbiome-host immune
balance, leading to inflammation and periodontal tissue destruction
(Fig. la). Aiming for highly efficient and cost-effective periodontitis
therapy, we are inspired by the principles of bioimmune rejection [22],
selecting materials structurally similar to minocycline as a drug delivery
platform (Fig. 1b). This strategy not only enhances the loading and
utilization of minocycline (Fig. 1c), but also promotes a favorable im-
mune environment to achieve periodontal regeneration (Fig. 1d).

The drug delivery platform consists of an interpenetrating double-
network hydrogel made from polydopamine (PDA) and poly(acrylic
acid) (PAA). The hydrogel, rich in hydroxyl and carboxyl groups, en-
sures effective adhesion in the moist periodontal environment [24,25]

M@PP hydrogel

— Hydrogen Bond — Electrostatic

@ Minocycline ~—=> Fibrocytes

=2 Neutrophils <= P.gingivalis

Sustained minocycline release

VanDerWaals
&= Gingival epithelial cells _2s“ Osteoblast

Wee S. gordonii
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while providing a physical barrier against external pressures and path-
ogens (Fig. le). Additionally, the dense hydroxyl and carboxyl groups
serve as natural antioxidants, helping reduce the risk of infection at the
wound spot [33,34]. Importantly, PAA is an FDA-approved biocom-
patible material [35], which guarantees the excellent biocompatibility
of the delivery platform. To balance the relationship between the me-
chanical strength of the hydrogel and its surface adhesion [36,37], we
optimize the ratio of PAA to PDA to achieve an ideal formulation for
sustained drug release (Fig. 1f-S1-2). This controlled release of mino-
cycline minimizes the risk of cytotoxicity, which is crucial for main-
taining the host-microbiome balance, ultimately promoting the healing
of periodontal soft and hard tissues (Fig. 1g).

As a drug-controlled release platform, the on-demand release of
minocycline is crucial. This hydrogel-based delivery system composed of
materials structurally similar to minocycline enhances high drug loading
efficiency. The interpenetrating double-network hydrogel interacts with
minocycline through hydrogen bonding, electrostatic forces, and phys-
ical absorption, creating spatial constraints (Fig. 1h) that ensure the
slow and sustained release of the drug. Sustained minocycline release
from this three-dimensional network (Fig. S3) is diffusion-dependent,
determined by the interaction between the drug’s hydrodynamic
diameter and the network mesh size [38] (Fig. 1h). The PAA-PDA (PP)
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Fig. 1. Schematic illustration of the bioadhesive drug-loaded hydrogel for periodontitis treatment.

(a—d) The application of minocycline-loaded poly(dopamine)-poly(acrylic acid) (M@PP) hydrogel for periodontitis (a). After being fabricated, this dual-network
bioadhesive M@PP hydrogel is inserted into the periodontal pockets (b). It maintains a supportive immunological environment and sustained minocycline
administration (c), achieving periodontal regeneration (d). (e-g) M@PP hydrogel could firmly adhere to tooth surfaces and periodontal tissues (e), allowing stable,
localized medication release (f), thus encouraging periodontal soft and hard tissue healing (g). (h) This double-network hydrogel interacts with minocycline through
hydrogen bonding and electrostatic forces, resulting in sustained drug release that can eradicate pathogenic microorganisms, reduce pro-inflammatory factors, and
accelerate the expression of osteogenesis genes and epithelial barrier recovery, thereby promoting effective periodontal regeneration.



S. Liu et al.

hydrogel creates a slightly acidic microenvironment that enhances
minocycline stability and optimizes therapeutic efficacy, while the
antioxidant effect of its functional groups ensures the drug-carrying
platform excellent anti-inflammatory effect [39,40].

This multifunctional hydrogel is designed to effectively target and
eliminate periodontitis-related pathogens at non-toxic minocycline
concentrations, demonstrating efficient anti-biofilm activity. Further-
more, by modulating macrophage polarization and enhancing the
expression of genes and proteins related to osteogenesis and epithelial
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junctions, this multifunctional composite demonstrates significant anti-
inflammatory effects, promotes epithelial barrier modulation, and sup-
ports osteogenetic promoting (Fig. 1h). This cost-effective hydrogel
supports periodontal regeneration by repairing the defensive barrier and
balancing the periodontal microbiome-host interaction, resulting in a
synergistic effect known as "1 + 1>3,", which outperforms commercially
available medicines.
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Fig. 2. Mechanical properties, adhesion performance, and drug release of poly(acrylic acid)-poly(dopamine) (PP) and minocycline-loaded PP (M@PP) hydrogel.

(a) Tensile and compressive stress-strain curves of PP hydrogels (96.1 wt% poly(acrylic acid)). (b) Cyclic stress—strain curves of PP hydrogels under the strain of 10 %.
(c) Stress variation of PP hydrogels at 1st, 2nd, 5th, 7th and 10th cycles. (d—e) Photos showing adhesive effects of PP hydrogels adhering to various substrates
(porcine gingiva, heart, liver, skin, muscle, glass, PI, PET, rubber and Ti). (f) Representative stress-displacement curves of lap shear strength tests between PP
hydrogels and various substrates. (g) Shear strength of PP hydrogels adhering to various substrates by lap-shear test (n = 3). (h) UV-Vis absorption spectrum of PP
hydrogel and M@PP hydrogel. (i) Drug loading efficiency of M@PP hydrogel at different minocycline concentrations (n = 3). (j) The cumulative amounts of

minocycline released from M@PP hydrogel at 0-60 h (n = 3).
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3.2. Mechanical properties, adhesion performance, and drug release of
M@PP hydrogel

3.2.1. Mechanical properties and adhesion performance

An ideal biological drug-carrying material for treating periodontitis
should possess sufficient elasticity and adhesion to adapt to the dynamic
environment in the oral cavity. We employ poly(dopamine) (PDA) as an
adhesive system, and optimize the integrated mechanical-adhesion
properties of PAA-PDA hydrogels (96.1 wt% PAA) by modulating the
mass ratio of poly(acrylic acid) and poly(dopamine) (Figs. S1-2). Upon
compression and stretching, PAA-PDA (PP) hydrogel displays a satis-
factory compressive and tensile strength of 177.2 kPa and 39.08 kPa
(Fig. 2a), respectively, perfectly accommodating to the strength range of
the oral cavity. The tensile Young’s modulus of hydrogel has been
calculated to be 212.1 kPa, to guarantee its exceptional mechanical
compatibility with teeth and periodontal tissues. Moreover, hydrogel’s
continuous strain-stress cycling at a strain of 10 % indicates the mate-
rial’s exceptional mechanical stability by preserving 73.2 % of its
maximum stress after 10 cycles (Fig. 2b-c). The characteristic peaks of
the polymer at 3453, 1596, and 1355 cm™! remain unchanged after 15
d, exhibiting sufficient stability for practical use over an extended period
(Figs. S4-5).

Meanwhile, achieving a stable bioadhesive interface between the
tooth and tissue is crucial for a stable connection of the drug-carrying
platform to the periodontal pockets. We have systematically explored
the adhesion properties of PP hydrogels with tissues (porcine gingiva,
heart, liver, skin, and muscle) and engineering materials (glass, poly-
imide (PI), polyethylene terephthalate (PET), rubber, and titanium (Ti))
(Fig. 2d—e). The lap-shear strength of PP hydrogels with varied water
content (27 %-82.8 %) on the porcine gingiva decrease from 2.07 kPa to
0.50 kPa, proving the prominent bioadhesive stability of hydrogel in
moist oral environment (Fig. S6). The excellent bioadhesive strength of
PP hydrogel on gingiva, skin, and muscle was 4.61 kPa, 11.13 kPa, and
11.80 kPa, respectively, while the adhesion strength of glass and Ti was
17.40 kPa and 10.57 kPa (Fig. 2f and g). Notably, PP hydrogel demon-
strates a relatively high bioadhesive-mechanical strength in comparison
with other previously reported oral hydrogels (mechanical: 54-300 kPa,
adhesive: 5.3-38.72 kPa) and gels/injectable hydrogels (mechanical:
5.3-168 kPa, adhesive: 3.6-16.46 kPa) (Table S1). These excellent
adhesion findings are due to the hydrogel’s abundance of functional
groups, particularly catechol and amino groups [41]. In addition,
various non-covalent interactions can be formed between the PP
hydrogel and the substrate, including ion-dipole, hydrogen bonding, and
metal-ligand bonding (Fig. 1e). Overall, PP hydrogel exhibits appre-
ciable mechanical and adhesive performances for the subsequent stable
minocycline delivery systems against dynamic oral environment,
potentially restoring the disrupted oral epithelial barrier to promote the
recovery of periodontal tissues.

3.2.2. Drug release profile of M@PP

To address challenges such as burst drug release, epithelial cell
sensitivity to minocycline, and potential homeostasis disruption, we
select a porous PAA-PDA (PP) hydrogel that is structurally similar to
minocycline, as a local drug delivery strategy. A characteristic absorp-
tion peak at 352 nm confirms successful minocycline loading (Fig. 2h).
While higher concentrations improve encapsulation efficiency, statisti-
cal analysis shows no significant differences among M-1@PP (100 pg
mL~}, 70.1 %), M-2@PP (200 pg mL~}, 76.2 %), and M-4@PP (400 ug
mL’l, 77.3 %), whereas M-0.5@PP (50 pug mL’l, 47.4 %) is significantly
lower (**p < 0.01, ***p < 0.001) (Fig. 2i). Thus, increasing minocycline
beyond 100 pg mL~! does not further enhance hydrogel performance.
The drug release mechanism is primarily governed by concentration
gradient diffusion and further modulated by drug-polymer interactions
[38], allowing for sustained minocycline release at the target location.
M-4@PP exhibits the highest minocycline release, with an initial phase
within the first 10 h, followed by a controlled and sustained release,
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maintaining a therapeutic concentration (~10 pg mL™!) for up to 60 h
(Fig. 2)).

This extended release profile ensures prolonged antibacterial effi-
cacy while minimizing potential toxicity. Our research (Fig. S7) in-
dicates that minocycline concentrations above 200 pg mL™! induce
necrosis and apoptosis in approximately 50 % of oral epithelial cells,
whereas lower concentrations (25 pg mL~!) maintain high cell viability
(110.64 % after 72 h). Importantly, the maximum concentration
released from M-4@PP never exceeds 15 pg mL™' (Fig. 2j). While
commercial minocycline formulations such as Periocline® exhibit an
initial burst release exceeding 1300 pg mL ™', which may cause severe
cytotoxic effects and disruption of periodontal tissues [42]. The M@PP
hydrogel effectively optimizes minocycline delivery, achieving a pro-
longed, non-toxic, and bactericidal concentration, thereby enhancing
antimicrobial efficacy while minimizing adverse effects.

3.3. Antimicrobial capabilities of M@PP in vitro

3.3.1. Antibacterial efficiency of PP and M@PP against planktonic bacteria

To assess the antibacterial efficacy against periodontal planktonic
pathogens, M@PP hydrogel has been compared with minocycline hy-
drochloride ointment (MHO), a clinically utilized antimicrobial agent.
The drug-loaded hydrogels exhibit dose-dependent antimicrobial ac-
tivity due to the steady release of minocycline, while MHO groups
partially inhibit bacterial growth (Fig. 3a, S8). Specifically, the 72 h
bacterial-killing ratios achieved with M-0.5@PP (hydrogel loaded with
50 pg mL~! of minocycline) to M-4@PP (hydrogel loaded with 400 pg
mL™! of minocycline) hydrogels are 95.1 %-98.1 % for P. gingivalis
(Figs. 3b), 92.6 %-95.5 % for F. nucleatum (Figs. 3c), and 92.8 %-95.3 %
for S. gordonii (Fig. 3d), all notably higher than those achieved with
MHO (88.1 %, 80.8%, and 61.3%, respectively). Additionally, the PP
hydrogel maintain strong antibacterial effects over 72 h, with bacterial-
killing rates of 93.8 % for P. gingivalis, 90.5 % for S. gordonii, and 89.4 %
for F. nucleatum (Fig. 3b—d). This enhanced performance has generally
been attributed to the catechol structure of PDA, which disrupts bacte-
rial metabolism, and protonated amine groups that interact with bac-
terial cell walls, causing their breakdown [43,44]. The
three-dimensional network structure provides a larger surface area,
capturing and immobilizing periodontal microorganisms, effectively
restricting bacterial migration and proliferation [45,46]. Additionally,
BHI agar plate results (Fig. 3e) visually corroborate the PP hydrogel’s
enhanced antibacterial efficacy, with the M-4@PP hydrogel displaying
the fewest colonies, highlighting the advantage of combining inherent
antimicrobial properties with controlled minocycline release from the
porous network.

3.3.2. Enhanced anti-biofilm performances of M@PP

Disrupting dental plaque biofilms and preventing their reformation
are crucial for controlling the progression of periodontal disease. While
MHO shows some inhibitory effects on P. gingivalis single-species bio-
films, its antimicrobial efficacy declines as the biofilm transitions from
single to multi-species (Fig. 3f). Additionally, 3D confocal imaging
(Fig. 3f) reveals that untreated multi-species biofilms are significantly
thicker than single-species biofilms, exceeding 40 pm, suggesting that
complex bacterial interactions promote biofilm growth. These in-
teractions enable bacteria to utilize diverse metabolic pathways and
secrete protective extracellular substances, increasing biofilm resistance
to environmental challenges, like local antibiotics, which may reduce
drug efficacy [28,47]. In contrast, the M-4@PP group exhibits the
highest proportion of dead bacterial cells and significantly thinner bio-
films, outperforming both the MHO and PP hydrogel groups in biofilm
inhibition.

To better mimic actual oral scenarios and further validate the
M@PP’s ability to disrupt multi-species biofilms, S. gordonii, F. nuclea-
tum, and P. gingivalis have been inoculated on hydroxyapatite discs
treated with artificial saliva, simulating the progressive colonization of
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Fig. 3. Antimicrobial capabilities of M@PP in vitro and in vivo

(a) The optical density of P. gingivalis in the presence of MHO (a clinically utilized minocycline ointment, positive control), PP hydrogel, and M@PP hydrogel
containing minocycline concentrations of 50, 100, 200, and 400 ug mL~! (M-0.5@PP, M-1@PP, M-2@PP, and M-4@PP) at 600 nm (ODgq) (n = 5). (b-d) Killing
ratios of P. gingivalis, F. nucleatum, and S. gordonii according to the ODgqo (incubated with the hydrogels extracts for 72 h). (e) Digital photographs of corresponding
colony-forming units (CFU) of different co-cultured bacterial cultures (7 d incubation on BHI agar plates, against P. gingivalis, F. nucleatum, and S. gordonii (n = 5)). (f)
Representative live/dead images of monospecies and multispecies biofilms for bacterial viability detection, with live bacteria stained green and dead bacteria stained
red (n = 3). Scale bar: 25 pm in 2D images and 50 pm in 3D images. (g) Biofilm destruction is assessed by incubating the MHO, PP and M-4@PP hydrogels with pre-
formed multispecies bacteria in BHI for 24 h, discarding the BHI media and staining the adhered biomass with crystal violet. (h) The percentage of biofilm disruption
in the treated groups is quantified relative to the untreated group, which is set as 0 % (n = 4, *p < 0.0001). (i) Corresponding optical density of oral bacterial in
biofilms on rats’ teeth treated with various treatments at 600 nm (ODggo) (n = 5, **p < 0.01, and ***p < 0.001). (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

periodontal bacteria on the tooth surface. The PP hydrogel significantly
disrupts pre-formed multispecies biofilms by 77.26 % compared to the
untreated group (0 %) (Fig. 3g-h). Moreover, the M-4@PP hydrogel
demonstrates the highest biofilm disruption efficiency (89.62 %) on

3.4. Effects of the M@PP hydrogel on cytocompatibility and bioactivity in
vitro

Given that the material will be inserted into the periodontal pocket

multispecies biofilms, significantly surpassing the MHO group (66.63 %)
(****p < 0.0001) (Fig. 3g-h). These results suggest that the hydrogel’s
strong tissue adhesion enables sustained minocycline release at target
sites, effectively disrupting established biofilms and preventing bacterial
recolonization.

and come into direct contact with the gingival epithelium and alveolar
bone, we select HIOECs and MC3t3-E1s to assess the biosafety of M@PP
hydrogel. Live/dead assay imaging (Fig. 4a and c) reveals that the ma-
jority of the spindle-shaped MC3t3-Els and cobblestone-like cuboidal-
shaped HIOECs stained green (live cells), with almost no red-stained
dead cells, exhibiting satisfactory time-dependent growth. Both PP
and M@PP hydrogels demonstrate excellent biocompatibility. The cell
viability of MC3t3-E1ls and HIOECs exposed to leaching solutions of PP,
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(a) Live/dead tests of HIOECs co-cultured with MHO, PP and M-4@PP groups (5 mg mL ™', n = 3) are performed at 24 h and 48 h using Calcein/PI double fluorescent
dye staining. Scale bar: 100 pm. (b) Cell viabilities of HIOECs co-cultured with MHO, PP, M-0.5@PP, M-1@PP, M-2@PP, and M-4@PP groups (5 mg mLY, n=23)
have been assessed by CCK-8 staining after 24 h and 48 h. (c) Live/dead assays of MC3t3-E1s co-cultured with MHO, PP and M-4@PP groups (5 mg mL~}, n = 3) are
performed at 24 h and 48 h using Calcein/PI double fluorescent dye staining. Scale bar: 100 pm. (d) Cell viabilities of MC3t3-Els co-cultured with MHO, PP,
M-0.5@PP, M-1@PP, M-2@PP, and M-4@PP groups (5 mg mL~}, n = 3) have been assessed by CCK-8 staining after 24 h and 48 h. (e) MC3t3-Els migration after 24 h
and 48 h of incubation with leaching solution of MHO, PP, and M-4@PP hydrogels (5 mg mL~}, n = 3). Scale bars measure 200 pm. (f-g) The percentage of scratch
regions of MC3t3-E1s following incubation with leaching solution of MHO, PP, and M-4@PP hydrogels (5 mg mL !, n=3, *p < 0.05, and **p < 0.01) for 24 h and

48 h.

M-0.5@PP, M-1@PP, M-2@PP, and M-4@PP at concentrations ranging
from 1.25 to 20 mg mL ! is found to be between 123.65 % and 157.95 %
for MC3t3-E1s, and between 100.13 % and 127.26 % for HIOECs (Fig. 4b
and d, S10). Notably, HIOECs viability decreases slightly at higher
minocycline concentrations, with about 80 % of cells surviving after 24
h in a 20 mg mL~! MHO solution (Fig. $10). This reduction in viability is
likely due to excessive minocycline release, implying an overdose from
clinical pharmaceutical carriers could lead to undesirable side effects.
We assess the capacity of hydrogels to enhance MC3t3-E1 cell

migration, finding that the M-4@PP group’s gap area is almost closed
within 48 h (Fig. 4e-g). The residual scratch area treated with M-4@PP
hydrogel show a 1.96-fold increase in growth compared to the control
group (31.39 %) (Fig. 4g). The enhanced cell migration of M-4@PP is
due to the functional groups (catechol and quinone), which improve cell
adhesion and proliferation by interacting with tissue surfaces and
mimicking the extracellular matrix [46].

We further investigate the expression of genes related to epithelial
junction integrity, focusing on ZO-1 (Zonula Occludens-1) and E-
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cadherin (Epithelial Cadherin), which are essential for maintaining the
gingival junctional epithelium. Both PP and M-4@PP groups display
high expression levels of these genes (Fig. S11). RUNX-2 (Runt-related
transcription factor 2) regulates a number of genes involved in bone
matrix development, including COL-1 (Type I collagen) and OCN
(Osteocalcin), both of which are essential for bone matrix formation and
bone remodeling [48]. With relative increases of 2.3, 2.0, and 3.8 times,
respectively, the RNA expression of RUNX-2, OCN, and COL-1 has
considerably greater in the M-4@PP hydrogel compared to the control
group. These findings demonstrate that M-4@PP supports cell migra-
tion, restores epithelial junctions, and enhances osteogenesis, making it
a promising bioadhesive scaffold for periodontal tissue repair.

3.5. In vivo therapeutic efficacy of M-4@PP for periodontitis

To evaluate therapeutic potential of M-4@PP hydrogel, a rat peri-
odontitis model has been established by ligating threads and locally
inoculating several human periodontal pathogens (Fig. 5a), which
accurately representing the microbial dysbiosis occurring in human
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periodontitis [49]. Fig. 5b indicates the comparative treatment protocols
for M-4@PP hydrogel and current clinical therapy (commercial medi-
cations, MHO). As noted above, the M-4@PP hydrogel demonstrates the
ability to maintain effective medication levels for an extended period,
achieving bacterial-killing ratios of P. gingivalis up to 98.1 %, surpassing
the 88.1 % observed with MHO (Fig. 3b). Additionally, the bioadhesive
and mechanical properties of hydrogel provide more reliable pocket
retention, resulting in space and time window sufficient for periodontal
bone regeneration. Herein, unlike the weekly MHO injection [8], we
have implanted the M-4@PP hydrogel just on the first day of therapy,
making it a more realistic option for future clinical applications.

H&E staining has been employed to assess the inflammation severity
and the state of periodontal tissue. The saline group (Fig. 5c) exhibits
disrupted interdental papillae, considerable inflammatory cell infiltra-
tion, as well as a substantial reduction in alveolar bone height. By day
28, the gingival margin remains red and swollen (Fig. 5c, gray arrow). In
the MHO group, early-stage signs (2-7 d) of gingival recession and slight
dark redness have been noted (Fig. 5c, yellow arrow). In contrast, the
experimental group exhibits attachment of the junctional epithelium to
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Fig. 5. In vivo therapeutic efficacy and potential mechanisms of M-4@PP for periodontitis

(a) The experimental periodontitis is established by placing silk sutures subgingival to the right maxillary first molar and infecting by P. gingivalis (P.g), F. nucleatum
(F.n), and S. gordonii (S.g) on the SD rat models for 14 d. (b) The comparative treatment protocols for M-4@PP hydrogel and current clinical therapy (commercial
medications, MHO). (c) Left: digital photographs of periodontal tissue changes in SD rats after different treatments, blue arrows indicate swelling gingival with BOP
(+) (bleeding on probing positive), yellow arrows indicate gingival recession, and pink arrows show reattachment of epithelium. Right: the H&E images of peri-
odontal soft and hard tissues around the maxillary molars after various therapies. CEJ, Cemento-Enamel Junction; R, roots of upper first molars; AB, Alveolar Bone.
Scale bars: 250 and 500 pm. (d) Volcano plots of differentially expressed genes (DEGs) between Saline group and M-4@PP group (n = 3), showed the upregulated and
downregulated genes. (e) Clustering heatmaps of the DEGs. Red indicates upregulated genes. (f-g) GO enrichment analysis (f) and KEGG pathway enrichment
analysis (g) of the DEGs after treatment with saline and M-4@PP group. (For interpretation of the references to color in this figure legend, the reader is referred to the

Web version of this article.)
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the tooth surface, with no visible plaque deposits (Fig. 5c, pink arrow).
Throughout the 4-week therapy, the M-4@PP demonstrates a consid-
erable decrease in probing pocket depth and bleeding index. The
attached epithelium strongly adhere to the cemento-enamel junction,
accompanied by remarkable bone healing, indicating that the sustained
release of minocycline from M-4@PP hydrogel facilitates a superior
therapeutic efficacy compared to MHO groups.

3.5.1. Transcriptomic analysis of gingival tissues treated by M@PP

To explore the therapeutic mechanisms of M@PP in periodontitis,
RNA sequencing has been performed on gingival tissues from rats
treated with saline and M@PP hydrogel (Fig. 5d-e). A total of 2427
genes have been differentially expressed (Q value < 0.05, |
log2FoldChange|>0), with 881 upregulated and 1546 downregulated.
Gene Ontology (GO) analysis (Fig. 5f) reveals involvement in key pro-
cesses such as defense response to bacterium, inflammatory response,
extracellular matrix organization, angiogenesis, wound healing. The
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis
(Fig. 5g) highlights pathways such as ECM-receptor interaction, focal
adhesion, PI3K-Akt signaling, and bacterial infection. Promoting
macrophage polarization from the pro-inflammatory M1 to the tissue-
regenerative M2 phenotype is critical for fostering a regenerative
microenvironment in periodontal tissues [50,51]. In the M@PP group,
significant activation of the ECM-receptor pathway, essential for im-
mune regulation [52], and the PI3K-Akt pathway, which drives M2
macrophage polarization and epithelial induction [53], highlights its
potential for anti-inflammatory effects and macrophage reprogram-
ming. Furthermore, upregulation of inflammation-modulating genes
(S100a7a, Pla2g4d, Wfdc12, and Wfdc5) suggests enhanced bacterial
defense and immune modulation, while genes associated with epithelial
barrier repair and tissue regeneration (Cldn17, Gjb6, Col8al, Col8a2, and
Tgm7) imply M@PP’s promise in preventing disease recurrence.

3.5.2. Modulation of the inflammation microenvironment and gingival
epithelium integrity

Various histological evaluations were conducted to confirm the
expression levels of key proteins involved in regulating the inflamma-
tory response and epithelial barrier recovery, such as TNF-a, iNOS,
CD206, E-cadherin, and ZO-1, providing additional evidence for the
therapeutic effects of M@PP hydrogels. The periodontitis group exhibits
substantially higher M1 marker (iNOS and TNF-a) levels and lower M2
marker (CD206) expression compared to the MHO and M-4@PP groups
(Fig. 6a-S12, S13). The M-4@PP group shows the strongest protein in-
hibition of iNOS (11.33 + 3.79 %) and TNF-a (176.96 + 3.7 pg mL’l),
as well as the highest protein stimulation of CD206 (30.61 + 3.79 %)
(Fig. 6¢ and d). This demonstrates M@PP can create a local anti-
inflammatory microenvironment by modulating the M2/M1 phenotype.

The gingival junctional barrier maintains epithelial function and
microenvironment homeostasis by serving as the first line of defense
against periodontal pathogens. Immunoblotting displays that the
hydrogel-treated group has considerably higher protein expression
levels of ZO-1 (2.29-fold increase) and E-cadherin (1.47-fold increase)
compared to the control groups (Fig. 6b). In contrast, the MHO group
displays the lowest expression levels for E-cadherin and ZO-1 (0.95-fold
and 0.79-fold relative to the saline group, respectively) (Fig. 6e-f),
suggesting that minocycline loading may slightly inhibit protein
expression in epithelial cells. These results emphasize the value of
employing the hydrogel structurally resembling minocycline to mini-
mize the risk of cytotoxicity.

Agar-plate results (Fig. S9) demonstrate a higher proportion of
complex bacterial colonies in the control group, while the M-4@PP have
significantly reduced bacterial colonies, consistent with quantitative
studies from liquid cultures (Fig. 3i). Eliminating the growth and ag-
gregation of periodontal pathogens can inhibit macrophage differenti-
ation into the M1 phenotype, which may alleviate periodontal
inflammation and potentially facilitate tissue restoration [50,54].
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Collectively, the sustained minocycline release from the inherent
bactericidal hydrogel effectively inhibit the formation of periodontal
pathogenic biofilms, modulate macrophage subtypes and downregulate
the production of pro-inflammatory mediators. Also, the bio-adhesive
hydrogel partially restores the epithelial barrier function by promoting
the expression of tight and adhesion junction proteins, hence avoiding
recurrent periodontitis. However, the precise molecular mechanisms of
epithelial junction regeneration remain unknown and require further
investigation.

3.5.3. The drug-delivery system M-4@PP hydrogel promotes the repair of
damaged hard tissues

In 3D micro-CT reconstructions (Fig. 6g), the M-4@PP hydrogel
group displays minimal root surface exposure in the first molar, while
the saline group has the most severe bone defects. The distance between
the Cemento-Enamel Junction (CEJ, blue line) and the Alveolar Bone
Crest (ABC, yellow line) increases in the saline group (Fig. 6h), and the
difference become more noticeable over time. Bone volume/total vol-
ume (BV/TV), one of the major markers of new bone quality [55], in-
creases significantly by 143.37 % in the M-4@PP hydrogel therapy,
reflecting substantial bone reconstruction (Fig. 6i). Research indicates
that minocycline can enhance bone formation and promote mineral
deposition, resulting in increased trabecular bone density and thickness
[56,57]. Compared to the saline group, the M-4@PP group displays
higher trabecular number (Tb.N) (up 79.79 %, Fig. 6j), and lower
trabecular separation (Tb.Sp) (down 35.33 %, Fig. 6k), whereas the
MHO group displays a lower Tb.N and a higher Tb.Sp (increased by 6.11
% and decreased by 1.20 %, respectively). These results suggest that the
sustained release of minocycline in the M-4@PP hydrogel enhances
osteogenesis more effectively than the burst release observed in the
MHO group.

Furthermore, the drug-loaded hydrogels exhibits considerably
elevated levels of osteogenic protein markers, with a higher proportion
of RUNX2-positive and OCN-positive cells compared to the saline and
MHO groups (Fig. 61). Among these, the M-4@PP hydrogel demonstrates
the highest level of RUNX2 expression (25.99 + 3.79 %) by day 14
(Fig. 6m), OCN expression increases substantially to 30.39 + 6.94 % by
day 28 (Fig. 6n). These findings indicate that, beyond providing anti-
inflammatory effects, the drug-loaded hydrogels may also support
osteogenesis and bone regeneration.

3.5.4. In vivo biosafety evaluation

We investigate the potential toxicity in the heart, liver, spleen, kid-
neys, and lungs of rats one-month post-treatment. No significant in-
flammatory infiltration or pathological changes have been observed in
any of these organs (Fig. S14). Analysis of rat serum samples reveals no
significant differences in biochemical indicators between the groups
(Fig. S15).

4. Conclusion

In summary, this study introduces a cost-effective and easily fabri-
cated dual-network hydrogel drug delivery platform, composed of poly
(acrylic acid) and poly(dopamine), which are structurally analogous to
minocycline. This dual-network hydrogel achieves high drug loading
efficiency and sustained release via hydrogen bonding and electrostatic
interactions, and its acidic microenvironment optimizes therapeutic ef-
ficacy, while the antioxidant effect of its functional groups ensures the
drug-carrying platform excellent anti-inflammatory effect. The M@PP
hydrogel demonstrates excellent biocompatibility (100.13-157.95 %
cell viability in 48 h), optimal bioadhesion (4.61-11.13 kPa), and
exceptional mechanical strength (177.2 kPa), ensuring long-term drug
retention in periodontal pockets. By delivering a non-toxic yet effective
dosage of minocycline (below 15 pg mL™1), the hydrogel effectively
eliminates bacterial biofilm and reinforces the epithelial barrier. Sub-
sequently, the synergistic effect of the hydrogel matrix and sustained
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Fig. 6. The M-4@PP hydrogel modulates the inflammation microenvironment, promotes the gingival epithelium integrity recovery and periodontal bone regen-
eration

(a) Immunohistochemical images of iNOS and CD206 after 7 d of various group treatments, scale bars: 50 and 200 pm. (b) Western blot detection of epithelial
integrity-related proteins ZO-1 and E-cadherin, with B-actin as the control. (c-d) The corresponding quantitative analysis of iNOS and CD206 in various groups for 7
d (n=5, **p < 0.01, ***p < 0.001, and ****p < 0.0001). (e-f) Semi-quantitative analysis of the protein expression level of ZO-1 and E-cadherin through Image J. (n
=5, **p < 0.01, ***p < 0.001). (g) Micro-CT pictures of maxillary alveolar bone surrounding the right maxillary molars following treatment. Up images show 3D
reconstructions, while down images show Mesio-distal Sagittal Slices. The blue lines indicate the Cemento-Enamel Junction (CEJ); the yellow lines indicate Alveolar
Ridge Crests (ABC). (h—k) Quantitative analysis of microstructural parameters: CEJ-ABC, BV/TV (Bone volume/total volume), TB.N (trabecular number), and Tb.Sp
(trabecular separation). (n =5, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001). (i) Inmunohistochemical images of RUNX2 and OCN in various groups for
2 and 4 w. scale bars: 50 and 200 pm. (m-n) Quantitative study of RUNX2 and OCN in various groups for 2 and 4 w. (n = 5, *p < 0.05, **p < 0.01, ***p < 0.001, and
**%¥ < 0.0001). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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minocycline release maintains a favorable microbial immune environ-
ment, thus promoting periodontal bone regeneration. Based on our
research, this multifunctional hydrogel not only exemplifies the power
of leveraging material interactions to enhance therapeutic approach for
periodontitis, outperforming traditional medications, but also has the
potential to be extended to design a collection of multifunctional bio-
materials for treating various biofilm-related disorders.
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