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A B S T R A C T   

Bone regeneration plays a pivotal role in periodontal tissue repair. With advancements in 
biotechnology materials, the utilization of nanotechnology offers a reliable platform for bone 
restoration in periodontitis. In this study, we successfully established a long-term bacterial 
infection model using Porphyromonas gingivalis (P. gingivalis) with MOI = 50. CCK-8 and ROS 
immunofluorescence results demonstrated that the combined effect of Mg2+ and AS-IV signifi-
cantly enhanced cell proliferation and effectively suppressed the inflammatory response during 
bacterial infection. Alkaline phosphatase and alizarin red staining revealed that the synergistic 
action of Mg2+ and AS-IV notably promoted osteogenic differentiation of MC3T3-E1 cells under 
P. gingivalis-infected conditions. Considering the properties of these two biomaterials, we fabri-
cated polycaprolactone (PCL) artificial periosteum loaded with MgO and AS-IV using an elec-
trostatic spinning technique. The findings indicated that PCL/MgO/AS-IV artificial periosteum 
exhibited excellent biocompatibility and hydrophilicity, thereby substantially enhancing cellular 
adhesion to its surface as well as augmenting cellular value-added rate. Moreover, efficient drug 
release from the PCL/MgO/AS-IV artificial bone membrane conferred remarkable antimicrobial 
activity along with in vitro osteogenic potentiality. The in vivo experiments conducted on animals 
further substantiated the exceptional properties exhibited by PCL/MgO/AS-IV artificial perios-
teum in bone defect repair. Additionally, it was observed that PCL/MgO/AS-IV artificial perios-
teum could modulate EphB4-EphrinB2 signaling to enhance osteogenic differentiation under P. 
gingivalis-infected conditions.This exciting outcome suggests that PCL/MgO/AS-IV artificial 
periosteum holds great promise as a biomaterial for treating periodontal bone loss.   

1. Introduction 

The pathogenesis of periodontitis, an infectious periodontal disease caused by plaque biofilm infection, is significantly influenced 
by the involvement of P.gingivalis [1]. The clinical manifestation of periodontitis in patients is typically characterized by progressive 
degradation of periodontal soft and hard tissues, ultimately leading to tooth loss [2]. As one of the most prevalent human diseases, 
severe periodontitis affects up to 11 % of individuals worldwide [3,4]. The application of Guided Tissue Regeneration (GTR) and 
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Guided Bone Regeneration (GBR) has become commonplace in the treatment of periodontal disease, wherein a barrier membrane is 
utilized to facilitate the regeneration of periodontal tissues. Notably, Bio-Gide stands as an exemplary representative in this technique 
[5]. However, this collagen membrane is primarily sourced from mammalian collagen, which not only poses risks associated with 
infectious disease transmission but also exhibits limitations concerning immune response and religious considerations [6]. Further-
more, considering that bacterial infection is the primary causative agent of periodontitis and inadequate control of pathogenic bacteria 
is the main factor contributing to failure in GTR/GBR procedures, the utilization of a barrier membrane becomes indispensable. Hence, 
it is crucial to emphasize the antimicrobial properties of the barrier membrane. Although antibiotics are effective in combating 
bacterial infections, their excessive use not only leads to resistance but also results in various side effects [7]. Therefore, it is clinically 
significant to screen antimicrobial agents and develop composites with excellent biocompatibility, antimicrobial activity, and oste-
ogenic effects for treating periodontitis. In recent years, electrostatic spunlace membranes have gained significant traction in the 
biomedical field owing to their exceptional attributes such as a substantial specific surface area, remarkable porosity, and excellent 
chemical stability [8]. Polycaprolactone (PCL) is an FDA-approved biomaterial that possesses exceptional biocompatibility, biode-
gradability, anti-inflammatory properties, and osteogenic potential. It finds extensive applications in drug delivery systems, fracture 
fixation, and cellular engineering [9]. Moreover, PCL is extensively utilized in drug delivery systems, fracture immobilization, and cell 
engineering due to its remarkable shape memory temperature control characteristics. Consequently, it is considered a promising 
precursor for polymer composite material applications [10,11]. The antimicrobial and bone-enhancing properties of magnesium oxide 
(MgO) make it a promising dental antimicrobial agent with potential for clinical application [12]. Additionally, MgO can be efficiently 
metabolized and absorbed in the body, minimizing adverse effects. Upon degradation, it releases biologically active magnesium ions 
(Mg2+) that facilitate osteoblast adhesion, enhance alkaline phosphatase (ALP) activity, and promote the expression of osteogenic 
differentiation-related proteins crucial for bone remodeling [13]. Studies have demonstrated that MgO-doped PCL materials exhibit 
potent antimicrobial activity against Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus), while also stimulating the prolif-
eration of human periodontal ligament stem cells and augmenting osteogenic differentiation processes [14,15]. Furthermore, MgO 
stands out among other metal oxides for biomedical applications owing to its dual antimicrobial and osteogenic properties [16]. 

Astragaloside IV (AS-IV), the primary bioactive compound derived from the Chinese herb Astragalus, exhibits fibrinolytic prop-
erties and inhibits endotoxin development. Additionally, AS-IV enhances immune response, possesses anti-inflammatory and anti-
oxidant effects [17,18]. In LPS-induced periodontitis, AS-IV prevents apoptosis of human periodontal ligament cells and exerts a 
protective influence on periodontal tissues [19]. Bone remodeling is a dynamic process involving osteoblasts and osteoclasts, regulated 
by multiple signaling pathways [20]. The EphrinB2-EphB4 bidirectional signaling pathway plays a crucial role in bone remodeling, 
angiogenesis promotion, and neurological disorders. Its forward signaling inhibits osteoclast differentiation while reverse signaling 
promotes osteoblast differentiation, which has garnered significant attention from scholars [21,22]. AS-IV has been found to inhibit 
RANKL-mediated osteoclastogenesis and enhance the osteogenic differentiation of MC3T3-E1 cells through the PI3K-AKT signaling 
pathway [23,24]. Furthermore, an experiment on rat tibial defects confirmed that AS-IV enhances the osteogenic function of bone 
marrow mesenchymal stem cells through the miR-124-3p.1/STAT3 axis and promotes the repair of rat tibial defects [25]. MgO has 
been reported to synergize with various drugs in promoting osteoblast cell differentiation [26,27]. Therefore, we postulated that the 
combination of AS-IV and MgO could potentially exert a synergistic effect on promoting osteogenic differentiation while also 
exhibiting antimicrobial activity. However, there is limited research on MgO-loaded and AS-IV artificial periosteum currently avail-
able. More experimental evidence is needed to explore the role of PCL/MgO/AS-IV in bone defect repair. 

2. Materials and methods 

2.1. Cell culture and treatment 

The MC3T3-E1 mouse precursor osteoblasts (Shanghai, China) were cultured in α-MEM supplemented with 10 % FBS (Gibco, 
Australia) and 1 % penicillin (Hyclone, China) at 37 ◦C. For the induction of osteogenic differentiation, cells were cultured for a 
duration of up to 21 days using an osteogenic induction medium composed of 10 mmol/L sodium β-glycerophosphate, 0.1 μmol/L 
dexamethasone, and 50 mg/L ascorbic acid. 

2.2. Bacteria and culture conditions 

The P.gingivalis stock (ATCC33277; Laboratory of Oral Biology, China Medical University) was thawed and inoculated onto a BHI 
solid anaerobic blood agar plate with a bacterial ring. It was then cultured anaerobically at 37 ◦C for 6–7 days. A single colony 
exhibiting robust growth was selected for liquid enrichment, followed by low-speed centrifugation (3000 rpm/min). The pellet ob-
tained after centrifugation was washed 2–3 times with PBS and re-suspended in 15 ml centrifuge tubes. The resulting colony forming 
units (CFU)/ml were determined at an optical density of 600 nm using an ultraviolet spectrophotometer (Beckman Coulter), and the 
bacterial numbers were calculated from the OD values using the formula: bacterial density = OD value × dilution × 109. Subsequently, 
the bacterial solution was resuspended within double-antibody-free α-MEM medium and the bacterial MOI was adjusted for subse-
quent experiments. 

2.3. Bacterial MOI selection 

The MC3T3-E1 cell suspension was inoculated at a density of 3x103 cells per well in 96-well plates, followed by the inoculation of P. 
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gingivalis with varying multiplicities of infection (MOIs) including 0, 50, 100, 200, and 500 into the stabilized attached cells in the same 
plates. For bacterial inoculation, cells were washed with PBS and then co-cultured with P.gingivalis in a constant temperature incubator 
at 37 ◦C for 1 h. Subsequently, the cells were treated with 100 μg/ml metronidazole and 300 μg/ml gentamicin (Procell, China) to 
eliminate extraneous bacteria before being incubated in fresh medium. The control group underwent the same culture medium change 
and conditions without the addition of P.gingivalis. Cell viability was determined using CCK-8 kit after 24 h. Absorbance at 450 nm was 
measured using a multifunctional enzyme marker (Thermo, USA) and the results were recorded. 

2.4. Bacterial inoculation 

MC3T3-E1 cells grown to logarithmic growth phase were taken and stabilized by 24 h of adherence to the wall. P.gingivalis with a 
multiplicity of infection (MOI) of 50 was then inoculated into well plates at two-day intervals, while employing the antibiotic pro-
tection method for cell washing during each inoculation. The cells were cultured for durations of 7, 14, and 21 days. 

2.5. CCK-8 detects cytotoxicity 

The cells were pre-cultured in 96-well plates with an inoculation of 3x103 cells per well, and after 24 h of cell attachment stabi-
lization, they were infected with P.gingivalis. The experiment consisted of two groups: the blank control group (MC3T3-E1) and the P. 
gingivalis infection group (MC3T3-E1+P.gingivalis). The P.gingivalis-infected cells were cultured for 7, 14, and 21 days respectively, and 
the original culture was discarded. Cytotoxicity was assessed by measuring absorbance at 450 nm using a multifunctional enzyme 
marker, and the results were recorded. 

2.6. Live and dead cell staining to detect cell activity 

The cells were inoculated in 6-well plates at a density of 1x105 cells per well, and the experimental groups were established 
following previously described protocols. After 24 h of cell attachment stabilization, the cells were infected with P.gingivalis. Subse-
quently, the infected cells were cultured for 7, 14, and 21 days respectively, while discarding the original culture medium. The staining 
effect of the cells was evaluated using the Calcein/PI Assay Kit (Beyotime, China) according to the manufacturer’s instructions, and 
observed under a fluorescence microscope. 

2.7. CCK-8 assay for proliferative activity of MC3T3-E1 cells 

The experiment was divided into five groups: ① blank group (MC3T3-E1), ② P.gingivalis infection group (MC3T3-E1+P.gingivalis), 
③ P.gingivalis + Mg2+ group (MC3T3-E1+P.gingivalis + Mg2+), ④ P.gingivalis + AS-IV group (MC3T3-E1+P.gingivalis + AS-IV), and ⑤ 
P.gingivalis + Mg2++AS-IV group (MC3T3-E1+P.gingivalis + Mg2++ AS-IV). Cells were pre-cultured in a 96-well plate by inoculating at 
a density of 3x103 cells per well, and after allowing the cells to adhere for 24 h, they were incubated with 2 mM Mg2+ and 40 μg/ml AS- 
IV for different time points of 24, 48 , and 72 h respectively; four sub-wells were set up in each experimental group. Cell viability was 
assessed using a CCK-8 kit according to the manufacturer’s instructions, and absorbance at 450 nm was measured using a multi-
functional enzyme marker. 

2.8. Morphological changes in cells 

The cells were inoculated at a density of 1x105 per well in 6-well plates, and the experimental groups were established following 
previously described protocols. After the cell apposition was stabilized, the cells in each group were infected with Porphyromonas 
gingivalis except the blank group, while based on the grouping, the cells in each group were cultured with culture medium containing 
Mg2+ and AS-IV respectively. Subsequently, the changes in cell morphology were observed after 72 h under a light microscope. 

2.9. Immunofluorescence detection of ROS expression in MC3T3-E1 cells 

The MC3T3-E1 cells were seeded in 6-well plates at a density of 1x105 cells per well. After infection with P.gingivalis for 7 days, the 
culture was discarded. Subsequently, each well was treated with 2 ml of DCFH-DA (Solaibio, China) and incubated in a controlled 
environment for 15 min. Following three washes with serum-free culture medium, the samples were examined under a fluorescence 
microscope to assess ROS expression. 

2.10. Alkaline phosphatase staining to observe ALP activity 

The MC3T3-E1 cells were seeded at a density of 1x105 cells per well in 6-well plates. After 14 days of culture, the original medium 
was discarded and the cells were fixed with 4 % paraformaldehyde for 20 min at room temperature. Subsequently, the cells were 
washed three times with PBS. ALP staining was performed using an alkaline phosphatase staining kit (Beyotime, China) according to 
the manufacturer’s instructions, followed by microscopic observation to assess ALP activity expression. 
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2.11. Alizarin red staining for mineral content 

The MC3T3-E1 cells were seeded at a density of 1x105 cells per well in 6-well plates. After 21 days of culture, the original medium 
was discarded and the cells were fixed with 4 % paraformaldehyde for 30 min at room temperature. Subsequently, the wells were 
washed three times with PBS and incubated with 2 ml of alizarin red stain (Beyotime, China) for 30 min at room temperature. 
Following this, the wells were washed three times with PBS and examined under a microscope to assess mineral deposition. 

2.12. Electrostatic spinning to make artificial periosteum 

The AS-IV (90 mg) was completely dissolved in 1 mL of DMSO and set aside. Subsequently, the MgO (18 mg) was dispersed in 9 mL 
of hexafluoroisopropanol solution (HFIP), followed by sonication for 2 h to achieve uniform dispersion. Then, dropwise addition of the 
aforementioned mixture of DMSO and AS-IV was performed into the prepared mixture of HFIP and MgO with thorough stirring. 
Finally, 1.8 g of PCL was added and stirred overnight at room temperature to obtain a homogeneous electrostatic spinning solution. 
Pure PCL, PCL-MgO, and PCL-AS-IV electrospinning solutions were prepared using the same ratio as above and set aside. The prepared 
electrospinning solution was loaded into a 5 mL syringe attached to a propulsion pump, while applying a voltage of 10 kV to the needle 
with a propulsion speed set at 1 m/h, collection speed at 10 rpm, and collection distance at 20 cm. The resulting composites were 
vacuum-dried for two days to ensure complete removal of organic solvent. 

2.13. Characterization of artificial periosteum 

The morphology of the material after gold spraying on the surface of the fabricated ICMs was observed through scanning electron 
microscopy (SEM) tests. X-ray diffraction (XRD, D/max 2550V, Rigaku, Japan) was employed to characterize the crystal structure of 
the ICMs. FTIR analysis was conducted to identify the functional groups present in the ICMs. Furthermore, hydrophilicity investigation 
of the ICMs involved utilizing static droplet technique and calculating their water contact angle (WCA). Photographic documentation 
corresponding to these experiments was captured using a light microscope (CX40PSUNNY). 

2.14. Soaking experiment 

In order to investigate the degradation of the artificial periosteum and the release of active ingredients in vitro, each set of samples 
(2.5 × 5 cm) was weighed and recorded as initial weight (W0). Subsequently, all samples were fully immersed in a container con-
taining 10 mL of phosphate-buffered saline (PBS) and sealed on a constant temperature shaker at 37 ◦C. The medium was completely 
replaced every week, and at predetermined time points, the samples were removed, washed with deionized water, dried, and their 
weights were measured and recorded as Wt. The degradation rate (%) was calculated using the equation: Degradation rate (%) = (W0 - 
Wt)/W0 × 100. 

2.15. Drug and ion release 

To assess the release of active ingredients from the artificial periosteum, uniform-sized pieces weighing 10 mg were prepared and 
fully immersed in a 10 mL container filled with PBS. The container was then placed on a constant temperature shaker at 37 ◦C. At 
predetermined time intervals, 1 mL of the medium was withdrawn and replaced with an equal volume of fresh PBS. The concentration 
of AS-IV in the liquid was determined using a UV spectrophotometer at 450 nm to calculate cumulative release. Additionally, analysis 
by inductively coupled plasma atomic emission spectrometry (ICPAES) was employed to determine the release of Mg2+ from the 
artificial periosteum in PBS medium at different time points. 

2.16. Effect of PCL/MgO/AS-IV on cell proliferation viability 

The artificial periosteum was initially shaped into a 14 mm diameter circle prior to the commencement of the experiment. Sub-
sequently, it underwent sterilization by immersion in a 75 % ethanol solution for 1 h and UV irradiation for 30 min. Cells were co- 
cultured with sterilized artificial periosteum in 24-well plates at a density of 1 × 104 cells per well, and the original culture me-
dium was discarded after 48 h. The absorbance at 450 nm was measured using the CCK-8 kit following the manufacturer’s instructions, 
and the results were recorded. 

2.17. Cell morphology and adhesion 

The experiment was divided into five groups: ① blank control group (PCL), ② P.gingivalis group (P.gingivalis + PCL), ③ PCL/MgO 
group (P.gingivalis + PCL/MgO), ④ PCL/AS-IV group (P.gingivalis + PCL/AS-IV), and ⑤ PCL/MgO/AS-IV group (P.gingivalis + PCL/ 
MgO/AS-IV). Cells were inoculated at a density of 5x104/well in sterilized artificial periosteum-coated 24-well plates, and the original 
culture medium was replaced after incubation for 24 h. Subsequently, the cells were fixed with 4 % formaldehyde for half an hour, 
permeabilized with 0.1 % TritonX-100 for 15 min, stained with fluorescein using ghost pen cyclic peptide (Solaibio, China) for 20 min, 
counterstained with DAPI (Solaibio, China) for 10 min to visualize nuclei under a fluorescence microscope and record images 
accordingly; additionally, scanning electron microscopy was employed to observe cell morphology following dehydration by alcohol 
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gradient. 

2.18. Antibacterial activity 

The experimental groups were as follows: ① P.gingivalis group, (P.gingivalis + PCL) ② PCL/MgO group (P.gingivalis + PCL/MgO), ③ 
PCL/AS-IV group (P.gingivalis + PCL/AS-IV), and ④ PCL/MgO/AS-IV group (P.gingivalis + PCL/MgO/AS-IV). Each artificial perios-
teum was individually immersed in a bacterial solution of P. gingivalis for 48 h. Subsequently, the bacterial suspensions from each 
group were separately spread on BHI agar plates and incubated at 37 ◦C under anaerobic conditions for 7 days to evaluate antibacterial 
activity based on colony counts. 

2.19. Alkaline phosphatase staining to detect osteogenic activity 

The experiment was divided into the following five groups: ① control group (PCL), ② P.gingivalis group (P.gingivalis + PCL), ③ 
PCL/MgO group (P.gingivalis + PCL/MgO), ④ PCL/AS-IV group (P.gingivalis + PCL/AS-IV), and ⑤ PCL/MgO/AS-IV group (P.gingivalis 
+ PCL/MgO/AS-IV). After a culture period of 14 days, the original culture medium was discarded, and cells were fixed with 4 % 
paraformaldehyde for 20 min at room temperature followed by three washes with PBS. Subsequently, an alkaline phosphatase staining 
kit was used to stain the cells for a duration of 15 min according to the manufacturer’s instructions. Finally, the stained samples were 
observed under a microscope and photographed. 

2.20. Alizarin red staining for detection of osteogenic mineralization 

The experimental grouping was conducted according to previously established protocols, and the cells were cultured for a duration 
of 21 days. Subsequently, the original culture medium was discarded and fixed using a 4 % paraformaldehyde solution for a period of 
30 min. Following this fixation step, the wells were thoroughly washed three times with phosphate-buffered saline (PBS). Each well 
was then incubated with 2 ml of alizarin red staining solution at room temperature for 30 min. After another round of washing with 
PBS, microscopic observations were made by capturing photographs. 

2.21. In vivo osteogenesis experiment 

In order to investigate the osseointegration ability of artificial periosteum, in vivo osteogenesis experiments were conducted. 
Firstly, round-shaped PCL and PCL/MgO/AS-IV artificial periosteum with a diameter of 5 mm were fabricated, followed by ultraviolet 
light irradiation for 40 min and sterilization through soaking in 75 % ethanol for 2 h. Three 8-week-old healthy SD rats were selected 
and anesthetized with pentobarbital. The rats were positioned prone on the operating table, and the hair on the cranial vertex was 
removed. A 2 cm incision was made along the midline, followed by separation of the subcutaneous fascia. Subsequently, a round full- 
layered bone defect measuring 5 mm in diameter was created bilaterally and implanted into artificial periosteum. After an 8-week 
period, euthanasia was performed, and Micro-CT imaging was conducted. To evaluate biosafety, major organs from experimental 
animals were collected for histopathological examination using H&E staining to detect any potential pathological changes. 

2.22. Detection of EphB4-EphrinB2 expression and osteogenic differentiation-related proteins via immunoprotein blotting 

The experimental groups were classified as previously described, and the cells were cultured for 7 days. Subsequently, the medium 
was discarded and total protein was extracted using a RIPA lysing buffer (without inhibitors) and quantified with a BCA Kit (Beyotime, 
China), following the manufacturer’s instructions. Aliquots of 28 μg protein were separated by PAGE (Beyotime, China), transferred to 
PVDF membranes (Millipore, USA), blocked with 5 % skimmed milk powder for 2 h, and incubated overnight at 4 ◦C with primary 
antibody. After washing four times with TBST, the membranes were incubated at room temperature for 2 h with HRP-conjugated goat 
anti-rabbit IgG (1:10,000). Finally, they were developed using an ECL substrate luminescence Kit (Beyotime, China). Primary anti-
bodies were anti-β-Actin (CellSignaling Technology, USA), anti-EphB4 polyclonal antibody (CellSignaling Technology, USA), anti- 
EphrinB2 polyclonal (Abcam,USA), anti-ALP polyclonal (Abcam, USA), anti-OPN polyclonal (Proteintech, USA) and anti-Runx2 
polyclonal (Proteintech, USA). 

2.23. Statistical analysis 

We used SPSS 25.0 software (IBM, Armonk, NY) for all analyses. Data are expressed as mean ± standard deviation. Two-way 
ANOVA and single-factor ANOVA were used to test group differences. Between-group comparisons were conducted by using the 
Neuman-Keuls (SNK) test and Student’s t-test. We considered p < 0.05 to indicate statistical significance. 

3. Results 

3.1. Cell proliferation viability remains unaffected by P. gingivalis infection 

As shown in Fig. 1A, the CCK-8 assay showed that P.gingivalis with MOI = 50 had no significant effect on cell growth compared with 
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the control group, but cell proliferation was significantly inhibited with the increase in MOI of P.gingivalis. Therefore, we chose P. 
gingivalis with MOI = 50 for subsequent experiments. As shown in Fig. 1B, CCK-8 assay results demonstrated that P.gingivalis infection 
after 7, 14, and 21 days induced some apoptosis but had no significant impact on cell proliferation when compared to the control 
group. In Fig. 1C and D, MC3T3-E1 cells were infected with P.gingivalis at an MOI of 50 for 7, 14, and 21 days. Live dead cell staining 
revealed a slight increase in the number of dead cells in the P.gingivalis-infected group compared to the control group on days 7, 14, and 
21; however, these differences did not reach statistical significance. 

3.2. AS-IV and Mg2+ promoted the proliferation of MC3T3-E1 cells under P.gingivalis infection 

As depicted in Fig. 2A, the CCK-8 assay revealed a non-significant increase in cell count within the P.gingivalis-infected group after 
24 h compared to the control group, while a decrease was observed at 48 and 72 h. However, when compared to the P.gingivalis- 
infected group, the combination of Mg2+ and AS-IV significantly enhanced time-dependent cell proliferation. Furthermore, as illus-
trated in Fig. 2B, cellular morphology analysis demonstrated crumpling and slight reduction in cell density within the P.gingivalis 
infected group relative to the control group; nevertheless, this effect was effectively reversed by co-treatment with Mg2+ and AS-IV 
resulting in restored cellular morphology characterized by pike and swirl arrangement along with a substantial increase in cell density. 

3.3. AS-IV and Mg2+ reduce the inflammatory response of cells in the infected state of P.gingivalis 

As depicted in Fig. 3A and B, the immunofluorescence assay revealed a significant upregulation of intracellular ROS expression in 
the P.gingivalis-infected group compared to the control group. However, treatment with Mg2+ and AS-IV resulted in a substantial 
reduction in intracellular ROS levels when compared to the P.gingivalis-infected group, indicating that the combined intervention 

Fig. 1. Impact of P. gingivalis infection on the proliferation of MC3T3-E1 cells. (A) P.gingivalis with MOI = 50 had no significant effect on cellular 
value added. MC3T3-E1 cells were infected with P. gingivalis for 7, 14, and 21 days, respectively. (B) The CCK-8 assay demonstrated a non-significant 
decrease in cell numbers in the P. gingivalis-infected group compared to the control group. (C–D) Quantification of live-dead cell staining revealed no 
significant increase in apoptosis between the P. gingivalis-infected group and the control group. (*p < 0.05;**p<0.01;ns p>0.05). 
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Fig. 2. Effects of AS-IV and Mg2+ on MC3T3-E1 cell proliferation in the presence of P.gingivalis infection. (A) CCK-8 assay demonstrated a significant 
synergistic effect of Mg2+ and AS-IV, promoting MC3T3-E1 cell proliferation during P.gingivalis infection. (B) Morphological analysis revealed that 
both Mg2+ and AS-IV effectively improved the growth status of MC3T3-E1 cells under P.gingivalis infection, leading to enhanced cell proliferation. 
(*p < 0.05;**p<0.01;ns p>0.05). 

Fig. 3. Effects of AS-IV and Mg2+ on intracellular ROS expression in MC3T3-E1 cells under P.gingivalis infection status. (A) Immunofluorescence 
analysis and (B) quantitative results revealed a significant increase in intracellular ROS expression in the P.gingivalis-infected group, whereas the 
combined treatment with Mg2+ and AS-IV effectively suppressed intracellular ROS levels. (*p < 0.05;**p<0.01;ns p>0.05). 

W. Wang et al.                                                                                                                                                                                                         



Heliyon 10 (2024) e32036

8

effectively mitigated P.gingivalis-induced mitochondrial damage and restored mitochondrial function within infected cells. 

3.4. AS-IV and Mg2+ enhanced osteogenic differentiation of MC3T3-E1 cells 

As shown in Fig. 4A and C, a cell culture period of up to 14 days was employed to assess the osteogenic differentiation activity of 
cells through alkaline phosphatase staining. The results revealed a significant reduction in osteogenic differentiation activity among P. 
gingivalis-infected cells compared to the control group; however, the presence of Mg2+ and AS-IV enhanced osteogenic differentiation 
under P.gingivalis infection conditions. Notably, the combined treatment with Mg2+ and AS-IV exhibited the most pronounced effect on 
promoting osteogenic differentiation and effectively counteracted the inhibitory impact of P.gingivalis infection on MC3T3-E1 cell’s 
osteogenic potential. 

3.5. AS-IV and Mg2+ enhanced the deposition of mineral content in osteoblasts 

As depicted in Fig. 4B and D, cells were cultured for 21 days followed by alizarin red staining to assess intracellular mineral content. 
The findings revealed a significant reduction in bone deposition within the P.gingivalis-infected group compared to the control group. 
However, the presence of Mg2+ and AS-IV notably enhanced intracellular mineral deposition, with the combined effects of Mg2+ and 
AS-IV resulting in the most pronounced mineral deposition. 

Fig. 4. Effects of Mg2+ and AS-IV on cellular ALP activity and osteogenic calcification during P.gingivalis infection. P. gingivalis infection of MC3T3- 
E1 cells for 14 days, (A) alkaline phosphatase staining and its quantification (C) results showing that the combined effect of Mg2+ and AS-IV can 
effectively increase the ALP activity of osteoblasts in the infected state of P. gingivalis. P. gingivalis infected MC3T3-E1 cells for 21 days, (B) alizarin 
red staining and its quantitative results (D) show that the combined effect of Mg2+ and AS-IV significantly promotes the deposition of mineral 
content in osteoblasts under P. gingivalis infection. (*p < 0.05;**p<0.01;ns p>0.05). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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3.6. Characterization of electrospun supports and water contact angle 

The surface of the electrostatically spun artificial periosteum fibers was observed to be smooth and uniform, with no bead joints or 
adhesion between the fibers. Additionally, the overall distribution remained uniform and the fiber surface appeared smooth and flat 
(Fig. 5A). X-ray diffraction analysis of the artificial periosteum revealed a sharp diffraction peak at 2θ = 42.821◦ for magnesium oxide 
particles, indicating their highly crystalline nature. Furthermore, two major diffraction peaks at 2θ = 21.401◦ and 23.791◦ were 
observed for PCL in all groups of artificial periosteum samples (Fig. 5B). Notably, characteristic peaks corresponding to MgO were 
detected in both PCL/MgO group and PCL/MgO/AS-IV group, confirming successful addition of MgO particles. However, no changes 
in characteristic peaks were observed in the PCL/AS-IV group compared to the PCL group due to small content and uniform dispersion 
of AS-IV within the electrospinning solution. FTIR spectra analysis (Fig. 5C) confirmed presence of pcl in each artificial periosteum 
sample through observation of a characteristic peak located at 1720 cm-1 corresponding to C––O stretching vibration. Moreover, an 
absorption peak at 896 cm-1 representing C–H out-of-plane bending vibration of aromatic hydrocarbons was evident only in both PCL/ 
MgO/AS-IV group and PCL/AS-IV group, indicating successful addition of AS-IV into these two groups. The water contact angle results 
are presented in Fig. 5D, illustrating the water contact angles of the PCL group, PCL/MgO group, PCL/AS-IV group, and PCL/MgO/AS- 

Fig. 5. Characterization of artificial periosteum using scanning electron microscopy and water contact angle analysis. (A) Scanning electron mi-
croscopy revealed that the morphology of materials in each group remained smooth, with no significant changes observed after the addition of MgO 
and AS-IV compared to the PCL group. (B) XRD analysis confirmed characteristic peaks corresponding to MgO in both the PCL/MgO group and PCL/ 
MgO/AS-IV group. (C) FTIR assay demonstrated successful incorporation of AS-IV into the artificial periosteum. (D) Water contact angle mea-
surements indicated a decrease in water contact angle upon addition of MgO and AS-IV to the artificial periosteum. 
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IV group as 141◦, 131◦, 128◦, and 123◦ respectively. It is evident that the incorporation of both MgO and AS-IV leads to a reduction in 
the hydrophobicity of PCL, thereby promoting favorable cell adhesion and growth. 

3.7. Degradation of artificial periosteum and release of magnesium ions and AS-IV 

The weight change of artificial periosteum degradation in vitro is illustrated in Fig. 6A, demonstrating that the incorporation of 
MgO or AS-IV into PCL accelerates the degradation rate of artificial periosteum. In vitro drug release profiles for the PCL/AS-IV and 
PCL/MgO/AS-IV groups are presented in Fig. 6B, revealing an initial burst release of AS-IV within the first 3 days, with over 50% 
released into the medium for both groups. Over time, AS-IV release reached 81.3 % and 89.7 % at 21 days in the PCL/AS-IV and PCL/ 
MgO/AS-IV groups respectively. Fig. 6C depicts the release of Mg2+ during in vitro degradation of artificial periosteum. The release of 
Mg2+ during the in vitro degradation of artificial periosteum is illustrated in Fig. 6C. The entire process can be roughly categorized into 
three stages: an abrupt release in the initial stage, a rapid release in the intermediate stage, and a gradual release in the late stage. In the 
first 3 days, when the release rate was higher, Mg2+ release reached 49.3 % and 62.7 % for PCL/MgO and PCL/MgO/AS-IV groups 
respectively. By day 7, Mg2+ release reached 69 % and 76 % for these two groups respectively. Subsequently, there was a decline in the 
rate of Mg2+ release which eventually stabilized by day 14 until the end of the experiment on day 21. 

3.8. PCL/MgO/AS-IV has good biocompatibility for MC3T3-E1 cells 

As depicted in Fig. 7A, the CCK-8 assay revealed that cell proliferation was suppressed in the P.gingivalis-infected group compared 
to the PCL group. However, in the presence of bacterial infection, the PCL/MgO/AS-IV group significantly enhanced cell proliferation, 
demonstrating a statistically significant difference. Furthermore, as illustrated in immunofluorescence Fig. 7B and scanning electron 
microscopy results Fig. 7C, all groups exhibited well-adhered cells with excellent spreading on the membrane surface. The cells dis-
played expanded morphology with numerous pseudopods protruding from the material’s surface. 

3.9. PCL/MgO/AS-IV inhibited the activity of P.gingivalis 

As depicted in Fig. 8A, the results of the in vitro antimicrobial assay demonstrated robust bacterial growth characterized by 
multiple black clusters in the P.gingivalis group. Furthermore, all experimental groups exhibited commendable antimicrobial efficacy 
compared to the P.gingivalis group; notably, the PCL/MgO/AS-IV group displayed superior performance by significantly inhibiting 
bacterial proliferation. 

3.10. PCL/MgO/AS-IV promotes osteogenic differentiation under P.gingivalis infection 

Fig. 9A, 9C and 9B, 9D demonstrate a significant reduction in ALP activity and mineral deposition in P.gingivalis-infected cells 
compared to the control group, as indicated by alkaline phosphatase and alizarin red staining. Furthermore, both the PCL/MgO group 
and the PCL/AS-IV group exhibited enhanced ALP activity and mineral content deposition compared to the P.gingivalis-infected group; 
however, it was observed that the PCL/MgO/AS-IV group exerted the most pronounced effect on osteogenic differentiation by 
effectively promoting ALP activity expression and bone matrix deposition under conditions of P.gingivalis infection. 

3.11. Reconstruction of bone defects enhanced by PCL/MgO/AS-IV artificial periosteum 

To further investigate the in vivo osteogenic capacity of PCL/MgO/AS-IV artificial periosteum, a cranial bone defect model was 
established, and PCL and PCL/MgO/AS-IV were implanted to fill the bone defects, respectively. As shown in Fig. 10A, The Micro-CT 
results at 8 weeks postoperatively revealed a significantly higher level of new bone production in the PCL/MgO/AS-IV periosteum 
compared to the PCL group, exhibiting superior coverage of the bone defect repair area. The Micro-CT analysis results in Fig. 10B 
demonstrate a significantly higher BV/TV ratio in the PCL/MgO/AS-IV periosteum group compared to the PCL group (P < 0.05), 
indicating enhanced osteogenesis. Consistent trends were also observed for bone trabeculae and BS/TV measurements, supporting the 

Fig. 6. Illustrates the degradation of the artificial periosteum and the release of magnesium ions and AS-IV from it. (A) Degradation experiments 
revealed that the inclusion of MgO and AS-IV accelerated the degradation rate of the artificial periosteum. (B) The drug release results demonstrated 
an initial burst release behavior for AS-IV, followed by a gradual decrease in release rate during later stages. (C) The Mg2+ release results exhibited 
an abrupt initial release behavior, which reached a relatively steady state after 14 days. 
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Fig. 7. Effect of PCL/MgO/AS-IV on cell proliferative activity and biocompatibility during P.gingivalis infection. (A) The CCK-8 assay demonstrated 
a significant enhancement in cell proliferation within the PCL/MgO/AS-IV group compared to the P.gingivalis-infected group. (B) Immunofluo-
rescence and scanning electron microscopy (C) results revealed robust cellular growth and fully expanded cell morphology on the electrospun 
scaffolds across all experimental groups. (*p < 0.05;**p<0.01;ns p>0.05). 

Fig. 8. The addition of PCL/MgO/AS-IV effectively inhibited the activity of P.gingivalis, as evidenced by a significant reduction in bacterial clusters 
observed in the PCL/MgO/AS-IV group compared to the control group. 
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findings of increased BV/TV. In addition, the results of Fig. 10C showed that none of the sections of important organs in vivo showed 
obvious pathological changes. The above results indicate that PCL/MgO/AS-IV artificial periosteum has higher bone-contributing 
capacity and good biocompatibility in vivo. 

3.12. PCL/MgO/AS-IV promotes the expression of osteogenic differentiation proteins through the EphB4/EphrinB2 signaling pathway 

The immunoprotein blotting results depicted in Fig. 11A, B, 11C, 11D, 11E, 11F demonstrated a significant reduction in the protein 
expression of EphB4, ALP, OPN, and RunX2 in the P.gingivalis-infected group compared to the control group. Conversely, EphrinB2 
protein expression appeared to be significantly up-regulated. Notably, both the PCL/MgO and PCL/AS-IV groups exhibited enhanced 
expression of osteogenic differentiation proteins ALP, OPN, and RunX2; however, the most pronounced increase was observed in the 
PCL/MgO/AS-IV group. Furthermore, when compared to the P.gingivalis-infected group, protein expression of EphrinB2 was signifi-
cantly suppressed while that of EphB4, ALP, OPN,and RunX2 was significantly elevated in the PCL/MgO/AS-IV group. These findings 
suggest that regulation of osteogenic differentiation through the EphB4/EphrinB2 signaling pathway may be facilitated by PCL/MgO/ 
AS-IV. 

Fig. 9. Effect of PCL/MgO/AS-IV on osteogenic differentiation of MC3T3-E1 cells during P.gingivalis infection. After 14 days of P.gingivalis infection 
in MC3T3-E1 cells, (A) alkaline phosphatase staining revealed a significant reduction in ALP activity compared to the PCL group; however, the PCL/ 
MgO/AS-IV group effectively enhanced cellular ALP activity expression under P.gingivalis-infected conditions. On day 21 after P.gingivalis infection 
in MC3T3-E1 cells, (B) Alizarin red staining demonstrated significantly lower mineral deposition in the infected group compared to the PCL group; 
nevertheless, the presence of PCL/MgO/AS-IV significantly promoted mineral content deposition during P.gingivalis infection. (*p < 0.05;**p<0.01; 
ns p>0.05). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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4. Discussion 

Periodontitis leads to alveolar bone loss and eventual tooth loss, presenting a significant clinical management challenge [28]. In 
this study, we highlight the active roles of Mg2+ and AS-IV in osteogenesis, two bioactive materials with promising prospects for 
diverse biological applications [29,30]. Furthermore, despite the widespread use of guided tissue regeneration (GTR) technology as a 
biological barrier to facilitate periodontal tissue regeneration in periodontal surgery, it still faces challenges such as high fabrication 
costs, antimicrobial resistance, and limited osteogenic capacity [31,32]. Therefore, our current work focuses on fabricating a 
nano-artificial periosteum incorporating MgO and AS-IV within a PCL substrate to establish a reliable platform for treating periodontal 
bone loss while investigating its regulatory signals during bone repair. 

P.gingivalis is recognized as one of the most prominent dominant bacteria in the pathogenesis of periodontitis, capable of generating 
a diverse array of inflammatory factors that disrupt bone tissue repair and regeneration [33,34]. Current research on periodontal 
therapy for bone restoration primarily focuses on the isolated effects of materials on cells, which has certain limitations [35]. However, 
bone tissue loss is a consequence of prolonged inflammation, and persistent bacterial infections can better simulate the onset of 
periodontitis. The inflammatory response induced by living P.gingivalis is more intricate compared to its metabolites or ultrasound 
extracts and provides a closer mimicry to the pathogenesis of periodontitis as well [36]. Previous studies have demonstrated that P. 
gingivalis can persistently infect primary mouse osteoblasts for 28 days without affecting cell proliferation, using an MOI of 150 [37]. 
Geng et al. [36] found that continuous infection of human immortalized oral epithelial cells with P. gingivalis with MOI = 1 for up to 23 
weeks promotes cell proliferation, migration, and invasive capacity. Ha et al. [37] demonstrated that continuous infection of cellular 
oral squamous cell carcinoma (OSCC) with P. gingivalis with MOI = 100 for 5 weeks enhanced cell migration and invasion, and we 
hypothesized that the difference in MOI selection might be related to different organelles selected. In this experiment, MC3T3-E1 cells 
were initially infected with P.gingivalis at an MOI of 50; live-dead cell staining and CCK-8 assay results revealed a slight decrease in cell 
density compared to the control group under long-term infection conditions but did not reach statistical significance. These findings 
suggest that persistent infection of P. gingivalis does not exert an impact on the proliferation of MC3T3-E1 cells and effectively re-
capitulates the pathogenesis of periodontitis. 

Magnesium actively participates in inducing osteogenic differentiation both in vivo and in vitro, while AS-IV demonstrates an 

Fig. 10. Reparative effects of PCL/MgO/AS-IV artificial periosteum on bone defect regeneration. (A) Micro-CT 3D reconstructed image at week 8 of 
implantation. (B) Quantitative analysis of osteogenic capacity showed that the PCL/MgO/AS-IV periosteal group significantly enhanced bone defect 
repair compared with the PCL group. (C) The results of in vivo organ sections demonstrated that the application of PCL/MgO/AS-IV artificial 
periosteum did not induce significant pathological alterations in the organs. (*p < 0.05;**p<0.01;ns p>0.05). 
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equally effective enhancement of osteogenic differentiation. Consequently, AS-IV and Mg2+ have been investigated as biologically 
active substitutes for bone reconstruction [38,39]. Therefore, we examined the proliferative viability of MC3T3-E1 cells under P. 
gingivalis infection using Mg2+ and AS-IV. Interestingly, the P.gingivalis-infected group exhibited a slight increase in cell density at 24 h 
compared to the control group—a potential defensive proliferation response to P.gingivalis stimulation by the cells. Moreover, the 
combined effect of Mg2+ and AS-IV significantly promoted time-dependent cell proliferation compared to the P.gingivalis-infected 
group. Meanwhile, the cell morphology results revealed that in the P.gingivalis infected group, certain cells exhibited a wrinkled 
morphology with limited stretching; however, when treated with a combination of Mg2+ and AS-IV, the cells displayed complete 
morphological characteristics, thereby significantly enhancing their growth status under P.gingivalis infection. These findings suggest 
excellent biocompatibility between the two bioactives and MC3T3-E1 cells. 

ROS serves as a crucial biomarker that responds to intracellular inflammation levels. In the presence of inflammatory stimuli and 
cellular passaging, senescent cells exhibit a rapid increase in intracellular ROS levels and subsequent oxidative damage [40]. Our 
findings demonstrate that persistent P.gingivalis infection significantly upregulates intracellular ROS expression; however, both Mg2+

and AS-IV effectively inhibit this expression. Moreover, the combined effect of Mg2+ and AS-IV leads to an even more pronounced 
suppression of intracellular ROS expression. This suggests that their combination can mitigate irreversible cell damage caused by DNA 
breaks and protein degradation [41]. Consequently, our results provide reliable evidence supporting the ability of Mg2+ and AS-IV to 
effectively impede inflammation progression while minimizing peripheral cell destruction induced by inflammation, thereby high-
lighting their excellent biocompatibility. 

Enhancing osteogenic activity is a crucial factor in the bone repair process [42]. In our study, alkaline phosphatase staining and 
alizarin red staining revealed that the combined effect of Mg2+ and AS-IV significantly augmented the expression of osteogenic activity 
during P.gingivalis infection, indicating a robust synergistic interaction between these two factors. Moreover, previous studies have 
demonstrated that Mg2+ and AS-IV exhibit a synergistic effect in promoting cell proliferation, attenuating intracellular ROS expression 
under P.gingivalis infection, and facilitating osteogenic differentiation. However, it should be noted that magnesium powder can induce 
side effects when dissolved in the culture medium by elevating solution pH and creating an alkaline environment that inhibits cell 
growth [43]. Additionally, the drug’s direct action on cells induces both synaptic and toxic effects [44]. As a promising carrier for 
nanomaterials in the future, PCL exhibits excellent biocompatibility and enables encapsulation of bioactive agents within the nuclear 
layer to facilitate sustained drug transport [45]. Therefore, we developed a multifunctional nanoplatform using PCL as a basis to 
fabricate PCL/MgO/AS-IV artificial periosteum for evaluating its antimicrobial and osteogenic properties. Scanning electron micro-
scopy analysis revealed negligible changes in diameter upon addition of MgO and AS-IV. Conversely, XRD results confirmed char-
acteristic peaks corresponding to MgO presence in both the PCL/MgO group and the PCL/MgO/AS-IV group. However, no alterations 
were observed in characteristic peaks between the PCL/AS-IV group and the control PCL group, possibly due to minimal AS-IV addition 
and its dispersion within the electrospinning solution not significantly affecting overall crystallization degree of PCL. The presence of 
AS-IV characteristic peaks in the PCL/AS-IV group and PCL/MgO/AS-IV group was confirmed by FTIR spectroscopy, indicating suc-
cessful incorporation of AS-IV. Interestingly, a C––C stretching vibrational peak at 1580 cm-1 emerged in the PCL/MgO/AS-IV group, 
suggesting the formation of a C––C bond between PCL and AS-IV facilitated by MgO addition. These findings demonstrate successful 
integration of bioactive component MgO with AS-IV into the artificial periosteum. WCA experiments revealed that compared to the 
PCL group, the water contact angle decreased in the PCL/MgO/AS-IV group, implying enhanced hydrophilicity resulting from com-
bined application of MgO and AS-IV. Furthermore, the PCL/MgO/AS-IV artificial periosteum exhibited significant enhancement in 
MC3T3-E1 cell proliferation under bacterial infection, as confirmed by both CCK-8 proliferation assay and cytomorphologic results. 
Scanning electron microscopy and fluorescence analysis demonstrated excellent cellular adhesion and stretching capabilities of the 
cells on the periosteal surface, thus providing compelling evidence for the favorable biocompatibility of the PCL/MgO/AS-IV artificial 
periosteum. Moreover, unlike pure PCL which takes approximately 2–3 years to degrade completely in vivo [46], degradation of this 
artificial periosteum can facilitate complex bone repair processes. Additionally, release of antibacterial and osteogenic active in-
gredients from the descending interpretation of the artificial periosteum can expedite osteogenesis and promote periodontitis healing. 
In our study, the PCL/AS-IV group and the PCL/MgO/AS-IV group exhibited rapid release of AS-IV during the initial stage, leading to 
an increased local drug concentration in the inflammatory environment and optimal utilization of its anti-inflammatory effects. 
Consequently, effective alleviation of local inflammation facilitated more favorable conditions for subsequent osteogenesis. 
Furthermore, as the artificial periosteum gradually degraded, a sustained release of AS-IV occurred alongside Mg2+, acting syner-
gistically as dual active substances to promote osseointegration. 

The Mg2+ release in the PCL/MgO/AS-IV group was comparable to that of the PCL/MgO group, but with a faster rate due to AS-IV’s 
ability to enhance hydrophilicity and accelerate degradation of the artificial periosteum, leading to quicker Mg2+ release. It is evident 
that slow Mg2+ release aids in stabilizing pH levels within the environment, creating favorable conditions for cell adhesion and growth. 
Furthermore, prolonged existence of Mg2+, along with AS-IV, within the degrading artificial periosteum provides optimal conditions 
for long-term and complex bone repair processes ultimately resulting in ideal therapeutic outcomes. 

Fig. 11. Effect of PCL/MgO/AS-IV on osteogenic differentiation proteins during P.gingivalis infection. To gain further insights into the mechanism 
underlying the contribution of PCL/MgO/AS-IV to osteogenic differentiation under P.gingivalis infection, (A) Immunoprotein blotting and (B–F) 
quantification revealed a significant increase in EphrinB2 expression in the P.gingivalis-infected group compared to the control group, accompanied 
by a significant reduction in EphB4 and osteogenic differentiation-associated protein expression levels. In contrast, compared to the P.gingivalis- 
infected group, the PCL/MgO/AS-IV group exhibited a significant decrease in EphrinB2 protein expression but a substantial enhancement in EphB4 
and osteogenic differentiation-related protein expressions. (*p < 0.05;**p<0.01;ns p>0.05). 
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The excellent antimicrobial properties play a crucial role in evaluating the efficacy of artificial bone membrane preparation. In the 
antimicrobial experiments, we observed that both PCL/MgO and PCL/AS-IV exhibited inhibitory effects on the growth of P.gingivalis, 
but the combination of MgO and AS-IV in PCL/MgO/AS-IV demonstrated superior antimicrobial performance. This suggests that their 
synergistic action can further enhance their respective biological properties, effectively resisting periodontal tissue destruction caused 
by P.gingivalis. Moreover, nanomaterials have been shown to influence cell renewal and osteogenic differentiation [47,48]. Encour-
agingly, under infected conditions with P.gingivalis, the artificial periosteum composed of PCL/MgO/AS-IV significantly enhanced ALP 
activity expression and promoted late-stage osteogenic mineralized nodule formation. Meanwhile, in vivo experiments provided 
additional validation for the favorable impact of PCL/MgO/AS-IV artificial periosteum on osteoblast behavior, demonstrating sig-
nificant enhancement of bone regeneration. This can be attributed to the ability of the electrostatically spun artificial periosteum 
structure to closely mimic the extracellular matrix. The Micro-CT quantification results revealed that the osteogenesis observed in the 
PCL/MgO/AS-IV artificial periosteum group was approximately twofold higher compared to the PCL group, thereby further con-
firming the osteogenic potential of MgO and AS-IV. Combining the results of in vitro degradation experiments and cellular experi-
ments, it can be concluded that Mg2+ and AS-IV released by degradation of PCL/MgO/AS-IV artificial periosteum have a synergistic 
bone-enhancing effect. Furthermore, histological analysis of various organs in the PCL/MgO/AS-IV artificial periosteum group 
demonstrated excellent biocompatibility. Therefore, PCL/MgO/AS-IV artificial periosteum holds significant promise as a suitable 
material for guided bone regeneration (GBR) or guided tissue regeneration (GTR) in periodontitis treatment. 

The study confirms the essential involvement of the EphB4/EphrinB2 bidirectional signaling pathway in the process of bone 
reconstruction [49]. Activation of the EphB4 receptor induces positive signaling to enhance osteoblast differentiation, while activation 
of the EphrinB2 ligand triggers negative signaling to inhibit osteoclast differentiation and promote apoptosis [50,51]. Therefore, in this 
study, we further investigated the role of PCL/MgO/AS-IV in modulating these relevant signaling pathways during osteogenic dif-
ferentiation. Immunoprotein blotting results revealed a significant downregulation of ALP, OPN, RunX2, and EphB4 expression in the 
P.gingivalis-infected group compared to the control group, accompanied by a substantial upregulation of EphrinB2 expression. In 
contrast, compared to the P.gingivalis-infected group, treatment with PCL/MgO/AS-IV exhibited remarkable upregulation of protein 
expression levels for EphB4 and key osteogenic markers including ALP, OPN, and RunX2; concurrently downregulating EphrinB2 
expression. These findings suggest that PCL/MgO/AS-IV artificial periosteum promotes osteogenic repair through activation of 
bidirectional EphB4/EphrinB2 signaling pathway. However, further investigations are warranted to elucidate specific roles played by 
MgO and AS-IV in regulating this bidirectional signaling. 

5. Conclusion 

In this study, we utilized P. gingivalis to establish a persistent infection in MC3T3-E1 cells and demonstrated that the combined 
administration of Mg2+ and AS-IV effectively suppressed the inflammatory response while promoting cell proliferation and osteogenic 
differentiation during P. gingivalis infection. At the same time, we prepared a PCL artificial periosteum incorporating MgO and AS-IV. In 
vitro experimental results demonstrated excellent biocompatibility between PCL/MgO/AS-IV artificial periosteum and MC3T3-E1 
cells, exhibiting remarkable antimicrobial effects while effectively promoting osteogenic differentiation of MC3T3-E1 cells under P. 
gingivalis infection. The in vivo experiments confirmed the exceptional bone-enhancing capacity of the PCL/MgO/AS-IV artificial 
periosteum, effectively facilitating bone defect repair. Moreover, our findings revealed that the PCL/MgO/AS-IV artificial periosteum 
facilitated bone defect repair by activating EphB4/EphrinB2 bidirectional signaling pathway. Collectively, these results highlight the 
multifunctional properties of the PCL/MgO/AS-IV artificial periosteum and its promising potential for future applications in bone 
defect repair for periodontitis treatment. 
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