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Periodontitis is a chronic inflammatory disease affecting the supporting tissues of the teeth and has emerged as a global public health issue. Current therapies primarily address pathogenic factors and alleviate symptoms, with limited options available for complete restoration and reconstruction of already absorbed periodontal bone tissue. In this study, we developed a nanotherapeutic strategy utilizing fusion nanovesicles (FVs) to modulate the inflammatory microenvironment and create a regenerative niche for periodontal ligament stem cells (PDLSCs), which play a crucial role in periodontal tissue repair. The FVs are composed of Scutellaria baicalensis nanovesicles (SBNVs) with anti-Porphyromonas gingivalis (P. gingivalis) and anti-inflammatory properties, combined with PDLSC membrane-derived nanovesicles genetically engineered to express TNFR1. These FVs preserved the biological activity of SBNVs and the immunomodulatory function of PDLSCs. Additionally, FVs effectively captured and cleared TNF-α from the microenvironment through TNFR1. Moreover, FVs alleviated the inflammatory response of PDLSCs induced by P. gingivalis-LPS (Pg-LPS) and TNF-α, restoring their proliferation, migration, and osteogenic differentiation capabilities. Hence, this nanotherapeutic strategy holds great potential for treating periodontitis.
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1 INTRODUCTION
Periodontitis is a chronic inflammatory disease characterized by the destruction of tooth-supporting tissues, leading to significant impairment of oral health and recognized as one of the most prevalent chronic inflammatory diseases globally. According to the 2019 epidemiological survey, the global number of individuals suffering from severe periodontitis has reached 1.1 billion (Chen et al., 2021). Clinically, periodontitis is characterized by gingival inflammation and bleeding, the formation of periodontal pockets, and the loss of alveolar bone, which can ultimately lead to tooth loss (Deng et al., 2021). Recent studies have established an association between periodontal disease and various systemic diseases, including diabetes (D’Aiuto et al., 2018), cardiovascular diseases (Ye et al., 2022), Alzheimer’s disease (Schwahn et al., 2022), and osteoporosis (Potempa et al., 2017), imposing a significant burden on both society and the economy. Current clinical treatments for periodontitis include basic therapy (such as supragingival cleaning, subgingival debridement, etc., aimed at controlling plaque and removing local pathogenic factors), drug therapy, and surgical interventions (Eberhard et al., 2015). While the use of antibiotics as adjunctive therapy in periodontal disease treatment has shown effectiveness, there is a concern regarding antibiotic resistance (Herrera et al., 2008; Song et al., 2024). Although basic periodontal treatment has achieved certain effectiveness in addressing pathogenic factors and alleviating symptoms, challenges remain in achieving complete restoration and reconstruction of already absorbed periodontal bone tissue (Graziani et al., 2017). Currently, for patients with periodontitis accompanied by bone resorption, guided tissue regeneration (GTR) or bone grafting surgery are commonly employed. However, predicting the outcome of these surgeries can be challenging (Jepsen et al., 2023). Therefore, the treatment of bone loss caused by periodontitis continues to be a complex issue.
Periodontal ligament stem cells (PDLSCs) are multipotent stem cells in the periodontal ligament tissue, which can differentiate into various types of tissue cells, directly participate in the regeneration and repair of periodontal tissues (Iwayama et al., 2022). However, in patients with periodontitis, the regenerative capacity of PDLSCs is severely impaired by the bacterial plaque microenvironment and the host’s immune-inflammatory microenvironment, contributing to the disruption of bone remodeling balance (Algate et al., 2016). Dental plaque biofilm is the initiating factor of periodontal disease(Darveau, 2010). As the key pathogenic bacteria forming plaque biofilm, Porphyromonas gingivalis (P. gingivalis) contributes to the destruction of periodontal tissues by secreting various toxic factors (How et al., 2016). Porphyromonas gingivalis-lipopolysaccharides (Pg-LPS), as bacterial endotoxins, activate signaling pathways such as Toll-like receptors (TLR), ultimately leading to enhancement of host immune inflammatory responses and bone resorption (Shaddox et al., 2013; Guo et al., 2018; Zhang et al., 2018). Therefore, developing safe and effective non-antibiotic treatment strategies to inhibit pathogenic bacteria and reduce inflammation is crucial in the management of periodontitis (Song et al., 2022; Song et al., 2023). Furthermore, as a major pro-inflammatory factors, tumor necrosis factor-alpha (TNF-α) significantly increases in the gingival crevicular fluid of periodontitis patients. It not only promotes bone resorption but also inhibits bone formation, with its expression level closely related to the severity of periodontitis (Tervahartiala et al., 2001; Passoja et al., 2010; Pan et al., 2019). TNF receptor 1 and 2 (TNFR1 and TNFR2) are characteristic members of the TNF receptor superfamily, which are essential for stimulating downstream signaling through their interactions with the ligand TNF-α. Notably, TNFR1 contains a death domain in its cytoplasmic region, which allows it to initiate cell death and inflammation pathways (Lo, 2025). Although anti-TNF-α therapy has been proven beneficial for the treatment of periodontitis, TNF-α monoclonal antibody therapy may lead to autoimmune and skin adverse reactions (Lima et al., 2004; Di Paola et al., 2007; Mayer et al., 2009; Majdi Abunemer et al., 2023). Therefore, further exploration and understanding of the specific mechanisms of targeting TNF-α for inflammation and regeneration of periodontal tissues are necessary.
In recent years, mesenchymal stem cell (MSC) transplantation therapy has emerged as a promising approach for promoting periodontal tissue regeneration, among which the paracrine mechanism involving the secretion of extracellular vesicles (EVs) and proteins is widely recognized as the main mechanism (Hynes et al., 2012; Phan et al., 2018; Nuñez et al., 2019). Therefore, to address the limitations of MSC transplantation therapy, such as the potential for tumorigenesis, limited survival of transplanted cells, and variability in treatment outcomes, there has been growing interest in cell-free therapies using cell membrane-derived vesicles (CMVs) from MSC sources. CMVs are membrane particles secreted or prepared from almost all living cells, characterized by a phospholipid bilayer membrane structure. Based on their origin, CMVs could be classified into naturally occurring extracellular vesicles, which include three subtypes: exosomes (with a size range of 30–150 nm), ectosomes (with a size range of 150–1,000 nm), and apoptotic EVs (with a size range of 100 nm to 5 μm), as well as artificial extracellular vesicles (aEVs) derived from cell membranes, which have a size similar to that of exosomes (Li et al., 2024). Compared to EVs, aEVs, also named as nanovesicles (NVs), offer unique advantages such as higher yield and the ability to confer unique biological characteristics through genetic modification, such as serving as substitutes for neutralizing antibodies (Xu et al., 2020). In addition, plant-derived nanovesicles (PDNVs) are becoming the next-generation of nano-therapeutic drugs, with the advantages of biocompatibility, cost-effectiveness, eco-friendliness, and ease of large-scale production (Chen et al., 2023; Feng et al., 2023; Fang et al., 2024; Chai et al., 2025). Reports have shown that several PDNVs promoted bone formation in osteoporosis through natural lipids, microRNA, or other substances they contain (Zhao et al., 2024a). Therefore, PDNVs have great potential to harness the natural biological activity of their parent plants to treat periodontitis. However, compared to CMVs, PDNVs lack targeting ability (Fang et al., 2024). To address these limitations, we propose a strategy based on multifunctional animal and plant fusion nanovesicles, aiming to reshape the periodontal pathological microenvironment and promote the restoration of the normal function of PDLSCs through the synergistic effects of multiple functions.
To address the key issues in treating bone loss associated with chronic periodontitis, it is necessary to modify the periodontal pathological microenvironment and promote the regenerative properties of endogenous pluripotent stem cells. In this study, we developed multifunctional fusion nanovesicles (FVs) by fusing SBNVs with TNFR1-NVs from genetically engineered PDLSCs (Figure 1). We demonstrated that FVs not only maintained the bioactivity of SBNVs and TNFR1-NVs but also exhibited effective immune-regulatory functions. These FVs were capable of reshaping the inflammatory microenvironment induced by Pg-LPS and TNF-α. In vitro experiments using PDLSCs inflammation models showed that FVs effectively regulated the inflammation response and osteogenic differentiation of PDLSCs. The findings suggest that our strategy may provide a universal nanocarrier platform targeting the inflammatory microenvironment for regenerative therapy in periodontitis-associated bone loss.
[image: Figure 1]FIGURE 1 | Schematic illustration showing the preparation process of FVs and their therapeutic effects on the osteogenesis of periodontal ligament stem cells.
2 METHODS
2.1 Cell culture
HEK293T (human embryonic kidney cell line), RAW267.4 cells (mouse mononuclear macrophage cell line) were cultured in DMEM (Gibco, Cat #C11995500BT) supplemented with 10% FBS (ExCell) and 1% penicillin-streptomycin (EallBio, Cat #03.12001A). Periodontal ligament stem cells (PDLSCs) were cultured in α-MEM (Gibco, Cat #8123188) containing 10% FBS and 1% penicillin-streptomycin. All cells were grown in a 37°C and 5% CO2 incubator.
2.2 Isolation of human periodontal ligament stem cells (PDLSCs)
The extracted teeth were immediately placed in cold PBS containing 5% penicillin-streptomycin. On a sterile bench, the tooth crowns were disinfected with 75% ethanol and rinsed repeatedly with PBS. 1/3 Periodontal ligament tissue from the tooth root was scraped off and digested with 3 mg/mL type I collagenase (Sigma-Aldrich, Cat #C0130) in 37°C for 60 min. After digestion, the solution was neutralized with α-MEM containing 10% FBS and then centrifuged. Finally, the PDLSCs were cultured in an incubator at 37°C with 5% CO2.
2.3 In vitro osteogenic induction in PDLSCs
According to the instructions, the osteogenic induction differentiation kit (Cyagen, Cat #HUXXC-90021) was used to induce PDLSCs for osteogenic differentiation. PDLSCs were seeded at a density of 2 × 104 cells/cm2. When the cell confluence reached 70%, the medium was changed to osteogenic induction differentiation medium. The cells were treated for 21 days, with the medium changed every 3 days. Alizarin red staining was used to observe the morphological changes and growth of cells. The kit includes: OriCell® Basal Medium (177 mL; Cat #BLDM-03011), OriCell® Premium Fetal Bovine Serum (20 mL; Cat #FBSSR-01021), and OriCell® Supplement for Osteogenic Differentiation (3 mL; Cat #HUXXC-04021). In addition, 10 μg/mL Pg-LPS (InvivoGen, Cat #tlrl-pglps) or 20 ng/mL TNF-α (NovoProtein, Cat #C008-10 μg) was added to the osteogenic induction medium to simulate the inflammatory microenvironment.
2.4 Isolation and purification of PLNVs, CRNVs and SBNVs
Fresh Pueraria lobata (for PLNVs), and Coptidis rhizome (for CRNVs) and Scutellaria baicalensis (for SBNVs) were washed, sliced and then placed into a plant cell wall breaker with pre-chilled PBS solution at a ratio of 1:4 (g/mL) for thorough pulverization. The mixture was then filtered through a 200-mesh sieve to remove remaining unbroken fibrous tissue. The three types of nanovesicles were extracted using the same procedure with the following centrifugation conditions: 1,000 × g for 10 min, 4,000 × g for 20 min, 10,000 × g for 40 min, 40,000 × g for 1 h and 150,000 × g for 2 h. The above centrifugation was performed at 4°C. Finally, the final nanovesicles pellet were resuspended in pre-cooled PBS and further purified using sucrose gradient (8%, 30%, 45%, 60% sucrose in 20 mM Tri-CI, pH 7.2) centrifugation at 150,000 × g for 2 h (Wang et al., 2013; Huang et al., 2023). The nanovesicles from the bands at the 8%/30% and 30%/45% interfaces, where the majority of the nanovesicles were enriched, were collected, suspended in ice-cold PBS, and ultracentrifuged at 150,000 × g for 2 h. The protein concentrations of PLNVs, CRNVs and SBNVs were determined using the BCA assay (Beyotime, Cat #p0009), which served as the basis for dosing.
2.5 Preparation of TNFR1-NVs and NVs
To obtain PDLSCs stably expressing TNF receptor 1 (TNFR1), the target plasmid (pCDH-CMV-Homo-TNFRSF1A-EGFP-EF1-puro, IGEbio) was co-transfected with lentiviral packaging and envelope plasmids into HEK-293T cells using Lipofectamine 3000 (ThermoFisher, Cat #L3000001). The supernatant containing lentivirus was harvested at 48 h and 72 h post-transfection. After initial purification at 4,000 × g for 10 min, the lentiviral particles were further sedimented at 20,000 × g for 90 min. PDLSCs were infected with the lentiviral particles and selected with puromycin (1 μg/mL; ThermoFisher, Cat #A1113802) to obtain target cells stably overexpressing TNFR1 (Xi et al., 2023).
TNFR1-PDLSCs and PDLSCs were lysed with homogenization medium buffer containing 0.25 M sucrose, 1 mM EDTA, 20 mM Hepes-NaOH and protease inhibitor cocktail (Epizyme, Cat #GRF101) at 4°C overnight. The lysate was homogenized 200 times on ice using a glass homogenizer, followed by centrifugation at 5,000 × g, 4°C for 10 min. The supernatant was centrifuged again at 12,000 × g, 4°C for 20 min. The sediment was resuspended in pre-chilled PBS and then extruded sequentially through 0.45 μm and 0.22 μm lipid extruders to obtain the desired cell membranes and ensure sterilizations (Huang et al., 2023). The protein concentration of TNFR1-NVs and NVs were determined using the BCA assay (Beyotime, Cat #p0009), which served as the basis for dosing.
2.6 Preparation of fusion nanovesicles
Fusion nanovesicles was prepared as previously described (Huang et al., 2023). To prepare fusion nanovesicles (FVs), SBNVs and TNFR1-NVs were mixed in a 1:1 ratio (particle/mL) and blended using a handheld ultrasonic probe on ice. Subsequently, the mixture was extruded through a 0.22 μm lipid extruder. Following centrifugation, the FVs sediment were resuspended in pre-chilled PBS.
2.7 Characterization experiments
Purified nanovesicles were pipetted onto the surface of copper grids and incubated for 5 min Subsequently, 8 μL of 2% uranyl acetate solution was added and incubated for 10 min under dark conditions. Next, nanovesicles on the copper were washed with distilled water and air-dried in the dark. The morphology of the nanovesicles was examined by transmission electron microscopy (JEM-1400, 120 kV). The size distribution and Zeta potential of the nanovesicles were determined by the NanoBrook90Plus PALS instrument (Brookhaven).
2.8 Alkaline phosphatase staining
Alkaline phosphatase (ALP) staining was performed on day 7 of PDLSCs osteogenic induction (Li et al., 2023). Cells in each well were washed with PBS and fixed in 4% paraformaldehyde at room temperature for 30 min. Then, ALP staining was carried out utilizing the ALP staining kit (Beyotime, Cat #C3206) following the manufacturer’s instructions.
2.9 Alizarin Red staining
Alizarin Red staining was performed on day 21 of PDLSCs osteogenic induction (Li et al., 2023). Cells in each well were washed with PBS and fixed in 4% paraformaldehyde at room temperature for 30 min. Then, staining was carried out utilizing 1% Alizarin Red S (Cyagen, Cat #HUXXC-90021). After staining, excess dye was washed away with PBS, and the staining levels were observed using a microscope.
2.10 RNA isolation and quantitative real-time PCR
Total RNA was extracted from cells using Trizol reagent (Takara Biotech Cat #9108). MiRNA from nanovesicles was extracted using the MiPure Cell/Tissue miRNA Kit (Vazyme, Cat #RC201). Subsequently, RNA concentration was measured by Nanodrop One (Thermo Fisher Scientific, United States). Then, 1 μg total RNA was reverse transcribed into cDNA using All-in-One First Strand cDNA Synthesis Kit (TransGen Biotech, Cat #AT321-01), followed by quantitative real-time PCR (qPCR) using 2×SYBR Green qPCR SuperMix (TransGen Biotech, Cat #AQ601-01-V2) with LightCycler® 96 (Roche). Specific reverse transcription of miRNA was carried out using the miRNA 1st Strand cDNA Synthesis Kit (Vazyme, Cat #MR201-01). All processes were carried out with the manufacturer’s instruction. Fold change of relative gene expression was calculated using the 2−ΔΔCt method normalized to the controls U6 (for miRNA) or β-actin (for mRNA). Primer sequences used in this study are listed in Supplementary Table S1.
2.11 Western blot
Total protein was extracted from cells on ice using RIPA lysis buffer (Beyotime, Cat #P0013B) containing protease inhibitor (Epizyme, Cat #GRF101) and protein phosphatase inhibitor (Solarbio, Cat #P1260), and protein concentration was determined by BCA Protein Assay Kit (Beyotime, Cat #P0009). Subsequently, proteins were separated by 10% SDS-PAGE and transferred to PVDF membranes (Millipore). After blocking with TBST containing 5% fat-free dry milk at room temperature for 2 h, the membranes were then separately incubated with the primary antibodies against β-actin (1:5000, Abkine, Cat #ABL1010), GAPDH (1:5000, ZENBIO, Cat #200306-7E4), ALP (1:5000, Abmart, Cat #T55421S), RUNX2 (1:1000, ABclonal, Cat #A2851), IL-1β (1:1000, Servicebio, Cat #GB11113-100), TNF-α (1:500, Servicebio, Cat #GB11188-100), STAT3 (1:1000, CST, Cat #12640S), p-STAT3 (1:2000, CST, Cat #9145S), GFP (1:5000, ABclonal, Cat #AE012) at 4°C overnight. Next, following washing with TBST, the membranes were incubated with HRP-conjugated secondary antibodies (Anti-rabbit IgG, 1:5000, CST, Cat#7074; Anti-mouse IgG, 1:5000, CST, Cat#7076) for 1.5 h. Finally, membranes were washed again with TBST and the protein levels were detected using an enhanced chemiluminescence (ECL) kit (Protein Tech, Cat #PK10003).
2.12 Enzyme-linked immunosorbent assay (ELISA)
MSC-NVs and TNFR1-NVs were separately co-incubated with 1 ng/mL TNF-α cytokine in a cell culture incubator for 24 h. Subsequently, centrifugation was carried out at 12,000 × g for 20 min to remove precipitated NVs and TNF-α cytokines bound to NVs. Finally, ELISA assay kits (DAKEWE, Cat #1117202) were employed to detect unbound TNF-α cytokines in the retained supernatant.
2.13 Cell viability assay
The viability of PDLSCs was assessed using the Cell Counting Kit 8 (CCK-8) (APExBIO, Cat #K1018). PDLSCs were seeded in 96-well plates at a density of 3 × 103 cells/well and incubated with 10 μg/mL Pg-LPS or 20 ng/mL TNF-α, along with various drug treatment groups, for 24 h, 48 h, 72 h and 96 h. Next, the medium was replaced with serum-free medium supplemented with 10% CCK-8 and further incubated for 2 h. Subsequently, the absorbance at 450 nm was measured by a microplate reader to determine cell proliferation.
2.14 In vitro anti-inflammatory effects of different drugs in PDLSCs
PDLSCs were seeded in 6-well plates at a density of 2 × 104 cells/cm2 and incubated overnight. To analyze the anti-inflammatory effects of different drugs in PDLSCs stimulated by Pg-LPS or TNF-α, PDLSCs in each well were treated with 10 μg/mL Pg-LPS or 20 ng/mL TNF-α for 6 h. Different drug groups were then added, and after 24 h of incubation, the total RNA and protein of PDLSCs were extracted to analyze the expression levels of inflammatory factors.
2.15 ROS level detection
The intracellular levels of reactive oxygen species (ROS) were analyzed using 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA, Sigma, Cat #4091-99-0) probe (Zhang et al., 2022). Cells were co-incubated with DCFH-DA (5 μM) at 37°C for 15 min, followed by washing with PBS three times to remove excess DCFH-DA. Cells were then collected and analyzed using flow cytometry, with ROS levels detected in the FITC channel.
2.16 Scratch assay
PDLSCs were seeded in 6-well plates at a density of 2 × 104 cells/cm2. When cell reached approximately 90%, a straight line was scratched at the bottom of the plate to simulate wound formation. Subsequently, cells were thoroughly washed with PBS to remove cell debris and treated with Pg-LPS, TNF-α, and FVs. The cells were then cultured in serum-free α-MEM. After 12 h, cells that migrated towards the wound line were photographed under a microscope and quantitatively analyzed. Cell migration rate = (Initial scratch area at 0h - Scratch area at 12 h)/Initial scratch area at 0 h × 100.%
2.17 Cellular uptake of SBNVs and FVs
For RAW264.7 cell uptake of SBNVs, the SBNVs were stained with 1 μg/mL WGA488 (Biotium, Cat #29022-1) for 15 min. Subsequently, the remaining dye was removed with ultrafiltration 150,000 × g for 30 min. Next, unstained and WGA488-labeled SBNVs (protein concentration: 20 μg/mL) were separately added to RAW264.7 cells seeded on confocal plates. After incubation for 4 h, cells were washed with PBS and fixed with 4% paraformaldehyde. Subsequently, stain with 1 μg/mL DAPI (Beyotime, Cat #C1002) for 15 min at room temperature. Finally, cellular uptake results were observed using a confocal microscope (Zeiss, LSM880) with the following settings: Laser: 488 nm (5.0%); Detector Gain: 540.0; 63× oil immersion objective.
For PDLSCs uptake of FVs, SBNVs were stained with 1 μg/mL WGA594 (Biotium, Cat #29023-1) for 15 min and then fused with GFP-tagged TNFR1-NVs to obtain two fluorescently labeled FVs. Subsequently, the remaining dye was removed with ultrafiltration 150,000 × g for 30 min. Next, FVs (protein concentration: 20 μg/mL) were added to PDLSCs seeded on confocal plates. After incubation for 4 h, the cells were washed with PBS and fixed with 4% paraformaldehyde. Subsequently, stain with 1 μg/mL DAPI (Beyotime, Cat #C1002) for 15 min at room temperature. Finally, the cellular uptake results were observed using a confocal microscope (Zeiss, LSM880) with the following settings: Lasers, 488 nm (5.0%); Lasers, 561 nm (6.5%); Detector Gain: 540.0; 63× oil immersion objective.
2.18 In vitro experiments of miR-21-5p mimics
Using miR-21-5p mimics to investigate its effects on Pg-LPS and TNF-α-induced PDLSCs, with a sense strand sequence of 5′-UAG​CUU​AUC​AGA​CUG​AUG​UUG​A-3′. Both the miR-21-5p mimics and scrambled controls were synthesized by Suzhou Genepharma. Transfection was conducted using siRNA-Mate™ transfection reagent (GenePharma, Cat #G04008) following the operation manual. After transfection, osteogenic induction culture was conducted on PDLSCs.
2.19 miRNA sequencing
Total RNA was extracted using Trizol kit (Invitrogen, Carlsbad, CA, USA). After constructing the cDNA library, sequencing was performed using Illumina Illumina HiSeq Xten by Gene Denovo Biotechnology Co. (Guangzhou, China). All of the clean tags were aligned with small RNAs in GeneBank database(Release 209.0) and Rfam database(Release11.0) to remove rRNA, scRNA, snoRNA, snRNA and tRNA. Subsequently, the clean tags were searched against miRBase database (Release 22) to identify known (Species studied) miRNAs. The miRNA expression level was calculated and normalized to transcripts per million (TPM).
2.20 Detection of plant lipids
Plant lipids contents were detected by MetWare (https://www.metware.cn/) based on the AB Sciex QTRAP 6500 LC-MS/MS platform. The sample stored at −80°C refrigerator was thawed on ice. A 200 μL normal saline was added into the sample and vortexed for 3 min. Mix the sample and 1 mL of the extraction solvent (MTBE: MeOH = 3:1, v/v) containing internal standard mixture. After whirling the mixture for 15 min, 200 μL of ultrapure water was added. Vortex for 1 min and centrifuge at 12,000 × g for 10 m500 μL of the upper organic layer was collected and evaporated using a vacuum concentrator. The dry extract was reconstituted using 200 μL mobile phase B prior to LC-MS/MS analysis. The sample extracts were analyzed using an LC-ESI-MS/MS system (UPLC, ExionLC AD, https://sciex.com.cn/; MS, QTRAP® 6500+ System, https://sciex.com/). The analytical conditions were as follows, UPLC: column, Thermo Accucore™C30 (2.6 μm, 2.1 mm × 100 mm i.d.); solvent system, A: acetonitrile/water (60/40,V/V, 0.1% formic acid, 10 mmol/L ammonium formate), B: acetonitrile/isopropanol (10/90 V/V, 0.1% formic acid, 10 mmol/L ammonium formate); gradient program, A/B (80:20, V/V at 0 min, 70:30 V/V at 2.0 min, 40:60 V/V at 4 min, 15:85 V/V at 9 min, 10:90 V/V at 14 min, 5:95 V/V at 15.5 min, 5:95 V/V at 17.3 min, 80:20 V/V at 17.3 min, 80:20 V/V at 20 min; flow rate, 0.35 mL/min; temperature, 45°C; injection volume: 2 μL. The effluent was alternatively connected to an ESI-triple quadrupole-linear ion trap (QTRAP)-MS.
2.21 Statistical analysis
All data were analyzed using GraphPad Prism Ver 9.5.1, and presented as mean ± standard deviation (SD). Statistical significance between two groups was analyzed using unpaired two-tailed Student’s t-test (*p < 0.05, **p < 0.01, and ***p < 0.001). For comparisons among multiple groups, one-way analysis of variance (ANOVA) followed by post hoc tests was conducted.
3 RESULTS
3.1 Scutellaria baicalensis nanovesicles have anti-Porphyromonas gingivalis and anti-inflammatory effects
In order to identify potential PDNVs for the treatment of chronic periodontitis, we first screened medicinal plants mentioned in the literature known for their anti-gingipain activity and anti-inflammatory effects. Five promising medicinal plants were identified for further investigation (Supplementary Figure S1A). In vitro antibacterial tests revealed that Pueraria lobata nanovesicles (PLNVs), Coptidis rhizome nanovesicles (CRNVs), and Scutellaria baicalensis nanovesicles (SBNVs) could all inhibit the growth of Porphyromonas gingivalis (P. gingivalis) in a dose-dependent manner, with SBNVs demonstrating the most significant inhibitory effect (Figure 2A). Moreover, SBNVs exhibited time-dependent inhibition of P. gingivalis growth (Figure 2B). The cytotoxicity of these nanovesicles on periodontal ligament stem cells (PDLSCs) was evaluated using a CCK-8 assay. CRNVs inhibited PDLSC proliferation at effective antibacterial concentrations. Conversely, both PLNVs and SBNVs could promote the proliferation of PDLSCs with lower cytotoxicity (Figures 2C–E). Therefore, SBNVs were selected for further investigation. Next, we explored the regulatory ability of SBNVs on the inflammatory response of macrophages, which helps regulate the excessive activation of host immune responses. Confocal images showed that SBNVs could be effectively taken up and internalized in Raw264.7 cells (Figure 2F). Treatment with 40 μg/mL SBNVs significantly reduced the mRNA expression levels of the pro-inflammatory factors IL-1β, IL-6, and TNF-α (Figures 2G–I), and decreased ROS levels in Raw264.7 cells (Supplementary Figures S1B, C). In addition, SBNVs inhibited the expression levels of the M1 macrophage marker protein CD86 in a dose-dependent manner (Supplementary Figures S1D, E). We then characterized the SBNVs using transmission electron microscopy (TEM), zeta potential measurement, and dynamic light scattering (PALS). SBNVs exhibited a typical membrane structure similar to mammalian-derived small extracellular vesicles (sEVs) (Figure 2J), with a zeta potential of approximately −20 mV and an average diameter of approximately 146.3 nm (Figures 2K, L). Subsequent lipidomics analysis of SBNVs revealed a rich content of fatty acids (FA), with sphinganine being one of the top five lipid components (Figure 2M). Sphinganine is a precursor of ceramide synthesis and has broad physiological effects. Metabolite composition analysis of SBNVs using mass spectrometry (MS) revealed four major active small molecules from Scutellaria baicalensis, including Baicalin, Baicalein, Wogonoside, and Wogonin (Supplementary Figure S1F). Next, we verified the efficacy of baicalin against P. gingivalis. The results show that the minimum inhibitory concentration (MIC) of baicalin is 32 μg/mL (Supplementary Figure S1G). Based on these results, SBNVs demonstrated anti-P. gingivalis activity and anti-inflammatory properties, making them as a promising candidate for treating periodontitis.
[image: Figure 2]FIGURE 2 | SBNVs have anti-P. gingivalis and anti-inflammatory effects. (A) P. gingivalis were incubated with PLNVs, CRNVs and SBNVs for 48 h. The growth of P. gingivalis was quantified by measuring optical density at 600 nm (n = 3). (B) P. gingivalis were treated with SBNVs for the indicated times. The growth of P. gingivalis was quantified by measuring optical density at 600 nm (n = 3). (C–E) Cell viability curve of PDLSCs treated with different concentrations of PLNVs, CRNVs and SBNVs respectively for 1–4 days (n = 3). (F) Confocal images showing the uptake of SBNVs in RAW264.7 cells. WGA488 was used to label SBNVs (green), and DAPI was used to label cell nuclei. Scale bar: 10 μm. (G–I) Relative mRNA expression of IL-1β, IL-6 and TNF-α in Pg-LPS-induced RAW264.7 cells after different treatments (n = 3). Cells in the NC group were treated with medium alone. (J–L) Representative TEM image, zeta potential, size distribution of SBNVs. Scale bar: 100 nm. (M) The relative content of lipids composition in SBNVs, and the top five secondary lipids with the highest content were displayed on the periphery. ns, no significant difference; *p < 0.05; **p < 0.01; ***p < 0.001.
3.2 SBNVs alleviated the inflammatory response and restored the osteogenic differentiation capacity of PDLSCs induced by Pg-LPS
It has been reported that factors produced by plaque biofilms and the immune-inflammatory status of the periodontal pathological microenvironment have a negative impact on the biological functions of PDLSCs (Chen et al., 2013). Therefore, evaluating SBNVs under pathological conditions could help elucidate their therapeutic potential for PDLSCs. Given the pathogenic role of P. gingivalis in periodontal diseases, Pg-LPS were used to simulate the inflammatory state during P. gingivalis infection. First, we investigated the effects of SBNVs on the proliferative capability of PDLSCs in the presence of Pg-LPS. Pg-LPS stimulation significantly reduced the viability of PDLSCs. However, compared to the Pg-LPS group, treatment with various doses of SBNVs effectively promoted the viability of PDLSCs under the influence of Pg-LPS (Figure 3A). Therefore, considering the previous effective dose of SBNVs in the anti-inflammatory effect of macrophages, we decided to select a concentration of 40 μg/mL for SBNVs for subsequent experimental studies. We then investigated the anti-inflammatory and anti-oxidative effects of SBNVs in PDLSCs in an inflammatory environment induced by Pg-LPS. Compared to cells cultured in medium alone, Pg-LPS stimulation significantly increased the mRNA levels of pro-inflammatory mediators IL-1β, IL-6, and TNF-α in PDLSCs (Figure 3B). In contrast, treatment with SBNVs significantly reduced the mRNA expression of these pro-inflammatory mediators and decreased levels of reactive oxygen species (ROS) in PDLSCs (Figure 3C). Furthermore, we investigated the impact of SBNVs on the osteogenic differentiation of PDLSCs in the Pg-LPS inflammatory environment. Compared to the normal control group, Pg-LPS-stimulated PDLSCs showed a significant decrease in the mRNA level of RUNX2, a transcription factor essential for bone formation and osteoblast differentiation, while SBNVs treatment significantly increased the mRNA level of RUNX2 in PDLSCs (Figure 3F). Consistently, Western blot analysis revealed that treatment with SBNVs increased the protein levels of RUNX2 in PDLSCs at day 7 (Figures 3D, E). These results confirmed that SBNVs can enhance the osteogenic differentiation ability of PDLSCs in an inflammatory environment induced by Pg-LPS.
[image: Figure 3]FIGURE 3 | Effects of SBNVs on LPS or TNF-α-induced inflammatory response and osteogenic differentiation. (A) The effects of SBNVs on proliferation of Pg-LPS-induced PDLSCs (n = 3). (B) Relative mRNA expression of IL-1β, IL-6 and TNF-α in Pg-LPS-induced PDLSCs after SBNVs treatments (n = 3). (C) Flow cytometric analysis of intracellular ROS levels in PDLSCs. NC, cells without Pg-LPS treatment. (D, E) Typical Western blot bands and quantitative analysis of relative RUNX2 protein levels in Pg-LPS-stimulated PDLSCs at day 7 after SBNVs treatments. (F) Relative mRNA expression of RUNX2 in Pg-LPS-stimulated PDLSCs at day 7 after SBNVs treatments (n = 3). (G) Relative mRNA expression of RUNX2 in TNF-α-stimulated PDLSCs at day 7 after SBNVs treatments (n = 3). (H, I) Typical Western blot bands and quantitative analysis of relative protein levels of ALP and RUNX2 in TNF-α-stimulated PDLSCs at day 7 after SBNVs treatments. (J, K) Alizarin Red (J) and ALP (K) staining shows mineralized nodules of TNF-α-stimulated PDLSCs at days 7 and 21 after SBNVs treatments, respectively. Scale bars, 200 µm. For Panels (A–C), cells in the NC group were treated with medium alone. For Panels (D–K), cells in the NC group were treated with osteogenic differentiation medium alone. *p < 0.05; ***p < 0.001.
3.3 SBNVs had limited effect on alleviating TNF-α-induced inhibition of osteogenic differentiation of PDLSCs
While Pg-LPS has been widely used to simulate the periodontitis microenvironment, a single Pg-LPS model may not fully replicate its complexity. In order to further investigate the biological effects of immune inflammation on PDLSCs, we utilized TNF-α, a major endogenous pro-inflammatory factor, to simulate the host immune inflammatory microenvironment in vitro, and then studied the role of SBNVs in regulating the osteogenic differentiation process of PDLSCs. Compared to the normal control group, the mRNA and protein levels of ALP and RUNX2 in PDLSCs were significantly reduced after TNF-α stimulation (Figures 3G–I). Although treatment with SBNVs led to a slight increase in the mRNA and protein expression of ALP and RUNX2, the overall increase was not significant. Further ARS and ALP staining results showed that SBNVs had limited effects in treating TNF-α-induced inhibition of osteogenic differentiation of PDLSCs (Figures 3J, K). These results suggested that additional strategies were needed to enhance the function of SBNVs in response to the destructive effects of TNF-α, which is abundant in periodontitis.
3.4 TNFR1-NVs could neutralize TNF-α and promote PDLSCs osteogenic differentiation
Enhancing the functionality of PDNVs through bioengineering remains a considerable challenge compared to EVs derived from mammalian cells. Studies have shown that nanovesicles (NVs) derived from MSCs have immunomodulatory effects and could be endowed with unique biological properties through physical, chemical, and genetic engineering methods (Xu et al., 2024). Therefore, we proposed the overexpression of TNFR1 on the MSCs through genetic engineering to prepare TNFR1-NVs as decoy receptors for TNF-α, inhibiting its activity. Furthermore, we hypothesized that fusing SBNVs with NVs derived from genetically engineered MSCs would be an efficient strategy to exploit the versatility of SBNVs and the immunosuppressive functions and TNF-α neutralization of NVs, enhancing regulation in response to TNF-α inflammatory environment. To construct TNFR1-NVs, we first compared the immunomodulatory abilities of NVs from three types of MSCs. Compared to umbilical cord mesenchymal stem cells-NVs (UCMSCs-NVs) and adipose-derived mesenchymal stem cells-NVs (ADMSCs-NVs), PDLSC-NVs showed higher mRNA expression levels of immunosuppressive factors IL-10 and IDO (Figure 4A). In addition, PDLSC-NVs significantly reduced the ROS levels in TNF-α-induced PDLSCs (Figure 4B), indicating that PDLSCs were suitable seed cells for functionally targeted modified NVs. The extracted PDLSCs showed a spindle shape and expressed MSC markers CD73 and CD90, while not expressing hematopoietic stem cell markers CD19 and CD45 (Supplementary Figure S2A). In vitro experiments of osteogenic and adipogenic differentiation confirmed the multipotency of the extracted PDLSCs (Supplementary Figures S2B, C). PDLSCs overexpressing TNFR1 were established by lentivirus infection (Figure 4C), with TNFR1 expression localized on the cell membrane, as indicated by the co-localization of TNFR1-GFP (green) and DID-labeled cell membrane (red) (Figure 4D). Next, we prepared TNFR1-NVs, and transmission electron microscopy (TEM) and dynamic light scattering (DLS) analysis showed that TNFR1-NVs exhibited a vesicular morphology (Figure 4E), with an average zeta potential of −21 mV (Figure 4F) and an average diameter of 121.9 nm (Figure 4G). In addition, Western blot analysis showed that TNFR1-NVs inherited relevant markers such as TSG101 and CD81, as well as TNFR1-GFP, confirming the successful preparation of NVs derived from PDLSCs overexpressing TNFR1 (Figure 4H).
[image: Figure 4]FIGURE 4 | TNFR1-NVs neutralized TNF-α and promoted PDLSCs osteogenic differentiation. (A) Relative mRNA expression of IL-10 and IDO1 in NVs from different mesenchymal stem cells (n = 3). (B) Flow cytometric analysis of intracellular ROS levels in PDLSCs. The blue portion represents the NC group, which was treated with medium alone. The experimental groups, indicated in red, were treated with TNF-α, either with or without the therapeutic agent. (C) Schematic diagram of the preparation of TNFR1-NVs. (D) Confocal image showing colocalization of TNFR1-GFP and DID-labeled cell membranes; DAPI was used to label cell nuclei. Scale bar: 10 μm. (E–G) Representative TEM image, zeta potential, size distribution of TNFR1-NVs. Scale bar: 100 nm. (H) Western blot analysis of the expression of TNFR1-GFP and MSC markers on TNFR1-NVs. WCL, whole cell lysate. (I) ELISA assay to detect the ability of NVs to neutralize TNF-α (n = 3). (J) Relative mRNA levels of IL-1β, IL-6 and TNF-α in TNF-α-stimulated PDLSCs after different NVs treatment (n = 3). (K) Relative mRNA expression of ALP and RUNX2 in TNF-α-stimulated PDLSCs at day 7 after different NVs treatments (n = 3). (L–M) Typical Western blot bands and quantitative analysis of relative protein levels of ALP and RUNX2 in TNF-α-stimulated PDLSCs at day 7 after different NVs treatments. For Panelss (J–M), cells in the NC group were treated with osteogenic differentiation medium alone. *p < 0.05; **p < 0.01; ***p < 0.001.
Next, to validate the potential of TNFR1-NVs neutralizing TNF-α, we co-incubated 1 ng/mL of free TNF-α with different doses of nanovesicles for 24 h, followed by centrifugation to remove the nanovesicles. The remaining unbound TNF-α in the supernatant was detected by ELISA assay. The results showed that while MSC-NVs exhibited a certain degree of non-specific binding ability to TNF-α, TNFR1-NVs showed specific antagonistic function (Figure 4I). We further investigated the anti-inflammatory and osteogenic differentiation effects of TNFR1-NVs on PDLSCs in the TNF-α inflammatory environment. Compared to the control group, treatment with TNF-α significantly increased the mRNA expression of pro-inflammatory mediators IL-1β, IL-6, and TNF-α in PDLSCs. However, after nanovesicle treatment, the mRNA expression of these pro-inflammatory mediators was significantly reduced, with TNFR1-NVs exhibiting stronger anti-inflammatory activity (Figure 4J). Additionally, compared to the control group, the mRNA levels of ALP and RUNX2 (Figure 4K) and protein levels (Figures 4L, M) were significantly increased after TNFR1-NVs treatment. Interestingly, unmodified nanovesicles also showed osteogenic differentiation effects, indicating the immunomodulatory properties of nanovesicles derived from mesenchymal stem cells. The results above indicated that TNFR1-NVs could directly reshape the inflammatory microenvironment induced by TNF-α. Combined with their immunomodulatory property, TNFR1-NVs effectively alleviate the inflammatory response and inhibit TNF-α-induced osteogenic differentiation in PDLSCs.
3.5 FVs possessing TNF-α neutralizing and anti-P. gingivalis effects promoted the proliferation and migration of PDLSCs in the inflammatory microenvironment induced by Pg-LPS and TNF-α
In order to improve targeting and synergistic effects, we fused SBNVs and TNFR1-NVs through membrane extrusion (Figure 5A). Subsequently, we labeled SBNVs with WGA594 and fused them with TNFR1-NVs carrying GFP tags to form FVs to explore their uptake by PDLSCs. Confocal images showed the co-localization of WGA594-labeled SBNVs (red) with TNFR1-NVs (green) around the nuclei of PDLSCs, confirming the successfully preparation of FVs capable of being taken up by PDLSCs (Figure 5B; Supplementary Figure S3A). We further validated whether membrane fusion affected the physical properties of FVs. TEM imaging and DLS analysis showed that FVs exhibited a vesicular morphology (Figure 5C), with an average zeta potential of −20 mV (Supplementary Figure S4A), an average diameter of 142.6 nm (Supplementary Figure S4B). Western blot analysis showed that FVs expressed markers TSG101, CD63, and CD81, as well as TNFR1-GFP (Supplementary Figure S4C). These results indicated that we have prepared engineered plant-animal FVs containing fused SBNVs and TNFR1-NVs. In addition, we investigated the antibacterial and TNF-α neutralizing effects of FVs. While MSC-NVs and TNFR1-NVs had no effect on the growth of P. gingivalis, FVs significantly inhibited the growth of P. gingivalis with no bactericidal effect (Figure 5D). ELISA assay showed that compared to the control group, FVs could neutralize free TNF-α in a dose-related pattern (Figure 5E). Next, we added 10 μg/mL Pg-LPS and 20 ng/mL TNF-α to the culture medium to create an inflammatory microenvironment. The CCK8 results showed that treatment with different concentrations of FVs effectively promoted the viability of PDLSCs in the inflammatory microenvironment (Figure 5F). Based on the comprehensive analysis of cell viability, we selected 40 μg/mL FVs for subsequent experiments. The scratch assay results showed that treatment with different concentrations of FVs significantly enhanced the migration ability of PDLSCs in the inflammatory microenvironment (Figures 5G, H). In conclusion, the membrane fusion strategy enabled FVs to possess both antibacterial activity against P. gingivalis and the ability to neutralize TNF-α.
[image: Figure 5]FIGURE 5 | FVs with TNF-α neutralizing and anti-P. gingivalis effects promoted PDLSCs proliferation and migration in the inflammatory microenvironment of Pg-LPS and TNF-α. (A) Schematic diagram of the preparation of FVs. (B) Confocal images showing the uptake of FVs in PDLSCs. WGA594 was used to label SBNVs (green), and DAPI was used to label cell nuclei.Scale bar: 10 μm. (C) Representative TEM image of FVs. Scale bar: 100 nm. (D) P. gingivalis were incubated with different NVs for 48 h. The growth of P. gingivalis was quantified by measuring optical density at 600 nm (n = 3). (E) ELISA assay to detect the ability of FVs to neutralize TNF-α (n = 3). (F) Cell viability curve of the effects of FVs on proliferation of PDLSCs stimulated by Pg-LPS and TNF-α together (n = 3). (G, H) Scratch test to determine the effects of FVs on the migration of PDLSCs stimulated by Pg-LPS and TNF-α together (n = 3). In all cases, cells in the NC group were treated with medium alone. ns, no significant difference. ***p < 0.001.
3.6 FVs alleviate the inflammatory response and restore osteogenic differentiation of PDLSCs in the inflammatory microenvironment
We further investigated the anti-inflammatory and osteogenic effects of FVs on PDLSCs in the inflammatory environment induced by Pg-LPS and TNF-α. Initially, we pre-stimulated PDLSCs with 10 μg/mL Pg-LPS and 20 ng/mL TNF-α for 6 h, followed by adding different treatments for 24 h. Compared to cells treated with medium alone, exposure of PDLSCs to Pg-LPS and TNF-α significantly increased the mRNA levels of the pro-inflammatory mediators IL-1β and TNF-α (Figure 6A). In contrast, treatment with SBNVs, TNFR1-NVs, and FVs significantly decreased the mRNA expression of these mediators, with FVs showing the most pronounced anti-inflammatory effect. Consistent conclusions were drawn from Western blot analysis, showing that FVs reduced the protein levels of IL-1β and TNF-α induced by Pg-LPS and TNF-α in PDLSCs (Figures 6B, C). Compared with the normal control group, exposure of PDLSCs to Pg-LPS and TNF-α showed significantly decreased mRNA levels of ALP and RUNX2 (Figure 6D). However, treatment with SBNVs, TNFR1-NVs, and FVs significantly increased the mRNA levels of ALP and RUNX2 in PDLSCs. Particularly, compared to individual components, FVs exhibited a more significant effect on promoting osteogenic differentiation. Western blot analysis showed similar results, with increased levels of ALP and RUNX2 proteins in PDLSCs after treatments with different interventions (Figures 6E, F). Similarly, ALP staining confirmed FVs effectively reversed the inhibitory effects of Pg-LPS and TNF-α on osteogenic differentiation of PDLSCs (Figure 6G). Furthermore, Alizarin Red staining showed more mineralized nodules for PDLSCs treated with FVs (Figure 6H). These results substantiated that FVs alleviate the inflammatory response and restore the osteogenic differentiation of PDLSCs in the inflammatory microenvironment.
[image: Figure 6]FIGURE 6 | FVs alleviated the inflammatory response and osteogenic differentiation inhibition of PDLSCs in the inflammatory microenvironment. (A) Relative mRNA levels of pro-inflammatory cytokines IL-1β and TNF-α in PDLSCs after different treatments (n = 3). (B, C) Typical Western blot bands and quantitative analysis of relative protein levels of IL-1β and TNF-α in PDLSCs after different treatments (n = 3). (D) Relative mRNA levels of ALP and RUNX2 in PDLSCs at day 7 after different treatments (n = 3). (E, F) Typical Western blot bands and quantitative analysis of relative protein levels of ALP and RUNX2 in PDLSCs at day 7 after different treatments (n = 3). (G, H) ALP (G) and Alizarin Red (H) staining shows mineralized nodules of PDLSCs in the inflammatory microenvironment at days 7 and 21 after different treatments, respectively. Scale bars, 200 µm. In all cases, 10 μg/mL Pg-LPS together with 20 ng/mL TNF-α were utilized to simulate the inflammatory microenvironment in vitro. For Panels (A–C), cells in the NC group were treated with medium alone. For Panels (D–H), cells in the NC group were treated with osteogenic differentiation medium alone. *p < 0.05; **p < 0.01; ***p < 0.001.
3.7 miR-21-5p of fused nanovesicles promoted osteogenic differentiation of PDLSCs by inhibiting STAT3 in the inflammatory microenvironment
MiRNA-mediated regulation plays an important role in physiological and pathological processes, providing a new mechanism for intercellular communication.(Xia et al., 2023). We further analyzed the composition of miRNAs in FVs through miRNA-seq. The Venn diagram intersection showed that after membrane fusion, FVs retained the miRNAs from SBNVs and obtained 74 miRNAs from TNFR1-NVs (Figure 7A). Next, based on the total reads of miRNAs in FVs, the top 10 abundant miRNA were sorted (Figure 7B). Among these, the top 5 abundant miRNA in FVs were miR-21-5p, miR-100-5p, miR-125b-5p, miR-199a-5p, and miR-146a-5p, accounting for approximately 42.7% of the total miRNA reads (Figures 7B, C). We further validated the abundant expression of miR-21-5p in TNFR1-NVs and FVs through RT-qPCR (Figure 7D). The content of miR-21-5p in TNFR1-NVs was 2.04 times that in FVs. The difference in the content of miR-21-5p may reflect functional differences between SBNVs and FVs. Next, we determined whether the inflammatory environment affects the expression of miR-21-5p during the differentiation process of PDLSCs into osteoblasts. The results showed that under the stimulation of Pg-LPS and TNF-α, the expression of miR-21-5p increased at day 1, while it was significantly inhibited at day 7 (Figure 7E). Subsequently, we transfected miR-21-5p and control miRNA into PDLSCs, and cultured them in osteogenic medium supplemented with Pg-LPS and TNF-α for 7 days. Western blot analysis showed that compared to the inflammatory model group, the protein levels of ALP and RUNX2 were increased in PDLSCs overexpressing miR-21-5p (Figures 7F–H). In order to explore the potential miR-21-5p target genes related to the STAT pathway, we conducted analysis using human public databases (including miRDB, TargetScan, and starBase) and merged them with 88 JAK-STAT genes. The results indicated that STAT3 may be a potential target gene of miR-21-5p (Figure 7I). Western blot analysis confirmed that miR-21-5p significantly inhibited the activation of the STAT3 pathway induced by Pg-LPS and TNF-α in PDLSCs (Figure 7J). These results confirmed that miR-21-5p promotes the osteogenic differentiation of PDLSCs in the inflammatory microenvironment induced by Pg-LPS and TNF-α partly by inhibiting the STAT3 signaling pathway.
[image: Figure 7]FIGURE 7 | miR-21-5p of fused nanovesicles promoted osteogenic differentiation of PDLSCs by inhibiting STAT3 in the inflammatory microenvironment. (A) Venn diagram of miRNAs included in FVs and SBNVs obtained by miRNA-seq. (B) Heatmap of the top ten most abundant miRNAs obtained from FVs through miRNA-seq. (C) Relative percentage of each miRNA in the total miRNA read counts obtained from FVs through miRNA-seq. (D) Relative expression levels of miR-21-5p in FVs and TNFR1-NVs (n = 3). (E) The expression level of miR-21-5p was suppressed in the osteogenic differentiation process of PDLSCs in the inflammatory microenvironment (n = 3). (F–H) Western blot analysis of the protein levels of ALP and RUNX2 in PDLSCs treated with miR-21-5p mimics or mimics control in the inflammatory microenvironment at day 7 (n = 3). (I) Venn diagram showing the overlap between miR-21-5p target genes in three public databases and JAK-STAT pathway genes. (J) Western blot analysis of the activation level of STAT3 in PDLSCs overexpressing miR-21-5p at day 7 (n = 3). The values represent the relative ratio of p-STAT3 to total STAT3 for each sample. In all cases, 10 μg/mL Pg-LPS together with 20 ng/mL TNF-α were utilized to simulate the inflammatory microenvironment in vitro. *p < 0.05; **p < 0.01.
4 DISCUSSION AND CONCLUSION
The microenvironment of periodontitis is primarily composed by dental plaque biofilm and excessive inflammatory cytokines, which disrupt the normal functioning of resident stem cells and impair the natural repair potential of alveolar bone. In our study, we found that the inflammatory microenvironment represented by Pg-LPS and TNF-α significantly inhibited the normal function of PDLSCs. To address this, we developed fusion nanovesicles that combined plant-derived SBNVs and MSC-derived TNFR1-NVs to reshape the anti-inflammatory and regenerative niche through various ways including anti-P. gingivalis, inhibition of M1 macrophage polarization, and competitive antagonism of TNF-α. Moreover, these FVs alleviated the inflammatory response of PDLSCs induced by Pg-LPS and TNF-α, restoring their proliferation, migration, and osteogenic differentiation capabilities. Mechanistically, miR-21-5p in FVs promoted osteogenic differentiation by inhibiting the STAT3 signaling pathway. This approach provides a new strategy for regenerating damaged bone tissues under inflammatory conditions.
The research on PDNVs is still in its early stage compared to mammalian cell-derived EVs, with several key issues to be solved, including 1) how to gain and preserve high-quality PDNVs; 2) how to obtain PDNVs with specific biological activities, and so on. Firstly, methods for the isolation, purification, and characterization of PDNVs have not been standardized (Huang et al., 2023). Even slight variations in isolation parameters may result in PDNVs with differing purities and biological activity compositions. Currently, the methods employed for PDNVs isolation primarily are mainly based on ultracentrifugation and density gradient centrifugation, which are time-consuming. Furthermore, due to the unique characteristics of each plant, the selection of plant parts for obtaining PDNVs varies (Ou et al., 2023; Ye et al., 2024; Li et al., 2025), which may lead to the specificity of extraction parameters, further posing a challenge to the standardization of isolation methods. Therefore, there is a necessity for a more systematical discussion on the preparation and characterization techniques of PDNVs within the industry to improve quality control. The second issue involves using a high-throughput drug screening platform to verify the biological activities of PDNVs from different sources. However, the current time-consuming extraction techniques are limiting this process (Huang et al., 2023; Lu et al., 2024). A potential solution is to establish precursor materials that are easier to prepare and can represent the biological activities of PDNVs, using them instead of PDNVs for high-throughput drug screening, which would be a breakthrough in the application of PDNVs. In this study, we validated the potential of SBNVs as antibacterial and anti-inflammatory agents for treating periodontitis. Notably, SBNVs showed functional differences in Pg-LPS inflammation model and TNF-α inflammation model. While Pg-LPS and TNF-α share partial overlap in stimulating inflammatory responses, they activate distinct signaling pathways, which may lead to the functional specificity of SBNVs. Therefore, further studies are needed to elucidate the specific mechanisms of these two inflammation-inducing factors.
Treatment strategies targeting TNF-α may offer new directions for the treatment of periodontitis (Zhang et al., 2024; Ouyang et al., 2025). However, cytokine-targeted therapy for periodontitis is currently limited. In our study, TNFR1-NVs effectively acted as decoy receptors to capture and clear TNF-α in vitro. This concept continues the previous research achievements of our research group, but with a significant difference, as this study selects MSCs with immunomodulatory properties as the vector for genetic engineering, which is consistent with the results that TNFR1-NVs eliminate the negative effects of TNF-α through the immune regulatory properties and the engineered design (Xi et al., 2023).In addition to periodontitis, TNFR1-NVs derived from MSCs also hold great potential in the treatment of bone loss characterized by TNF-α, such as osteoarthritis. Furthermore, MSC-derived cell membrane vesicles provide a novel therapeutic approach for targeting cytokine of host immune responses due to their good tissue penetrability, engineerable targeting capability, and low immunogenicity.
Compared to mammalian cell-derived EVs, PDNVs may lack certain specific proteins or glycans on their surface due to their different origin, potentially limiting their tissue-specific targeting (Zhao et al., 2024a). Additionally, there are currently few reports on surface modification methods to improve the tissue targeting ability of PDNVs. Besides, PDNVs are more difficult to undergo genetic engineering for functional modifications limited by existing technology (Bai et al., 2024). To address these problems, early studies by our group have shown that plant-animal fusion nanovesicles have the advantage of improving synergistic therapeutic effects and enhancing targeting (Huang et al., 2023). Therefore, we proposed to fuse SBNVs with engineered PDLSCs-derived NVs. Our results showed that FVs achieved synergistic therapeutic effects, with outcomes superior to each individual component. This synergistic effect may stem from the complementary and comprehensive effect of active ingredients from both sources. In addition, FVs could further enhance the therapeutic effects as drug carriers.
In conclusion, this study creatively developed multifunctional fusion nanovesicle integrating SBNVs and TNFR1 nanovesicles derived from genetically PDLSCs to reshape the anti-inflammatory and regenerative niche. This study represents a nanotherapeutic strategy of utilizing fusion nanovesicles derived from both plant and animal sources as regulators of the inflammatory microenvironment, holds great potential for treating periodontitis.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.
ETHICS STATEMENT
All data used in this research were obtained from publicly available sources, computational models, or in vitro experiments conducted under standard laboratory conditions. No ethical concerns are associated with this work, as it complies with all relevant institutional, national, and international guidelines for non-human, non-animal research.
AUTHOR CONTRIBUTIONS
JL: Conceptualization, Data curation, Investigation, Methodology, Validation, Writing–original draft, Writing–review and editing. ML: Conceptualization, Data curation, Methodology, Project administration, Writing–original draft. LW: Conceptualization, Project administration, Supervision, Writing–review and editing. XL: Conceptualization, Project administration, Supervision, Writing–review and editing. QX: Funding acquisition, Project administration, Writing–review and editing. HC: Funding acquisition, Project administration, Supervision, Writing–review and editing, Resources. DD: Data curation, Funding acquisition, Project administration, Supervision, Writing–review and editing, Resources.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This research was financially supported by the Shenzhen Medical Research Fund (Grant no. C2401020); the Shenzhen Science and Technology Program (KJZD20240903101300002, Grant no. JCYJ20210324120007020, JCYJ2022081802605012, and JCYJ20220818102801004); the Guangdong High-level Hospital Construction Fund of Shenzhen Children’s Hospital for Basic and Clinical Research (Grant no. JCYJ20211004 and LCYJ2022059); the National Key R&D Program of China (Grant no. 2022YFA1104900); the Natural Science Foundation of Guangdong Province (Grant no. 2023A1515010978); and the Open Project of the State Key Laboratory of Respiratory Diseases (Grant no. SKLRD-OP-202303).
GENERATIVE AI STATEMENT
The author(s) declare that no Generative AI was used in the creation of this manuscript.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2025.1512238/full#supplementary-material
REFERENCES
 Algate, K., Haynes, D. R., Bartold, P. M., Crotti, T. N., and Cantley, M. D. (2016). The effects of tumour necrosis factor-α on bone cells involved in periodontal alveolar bone loss; osteoclasts, osteoblasts and osteocytes. J. Periodontal Res. 51, 549–566. doi:10.1111/jre.12339
 Bai, C., Liu, J., Zhang, X., Li, Y., Qin, Q., Song, H., et al. (2024). Research status and challenges of plant-derived exosome-like nanoparticles. Biomed. Pharmacother. 174, 116543. doi:10.1016/j.biopha.2024.116543
 Chai, M., Gao, B., Wang, S., Zhang, L., Pei, X., Yue, B., et al. (2025). Leveraging plant-derived nanovesicles for advanced nucleic acid-based gene therapy. Theranostics 15, 324–339. doi:10.7150/thno.104507
 Chen, X., Hu, C., Wang, G., Li, L., Kong, X., Ding, Y., et al. (2013). Nuclear factor-κB modulates osteogenesis of periodontal ligament stem cells through competition with β-catenin signaling in inflammatory microenvironments. Cell Death Dis. 4, e510. doi:10.1038/cddis.2013.14
 Chen, M. X., Zhong, Y. J., Dong, Q. Q., Wong, H. M., and Wen, Y. F. (2021). Global, regional, and national burden of severe periodontitis, 1990–2019: an analysis of the Global Burden of Disease Study 2019. J. Clin. Periodontology 48, 1165–1188. doi:10.1111/jcpe.13506
 Chen, X., Xing, X., Lin, S., Huang, L., He, L., Zou, Y., et al. (2023). Plant-derived nanovesicles: harnessing nature’s power for tissue protection and repair. J. Nanobiotechnology 21, 445. doi:10.1186/s12951-023-02193-7
 D’Aiuto, F., Gkranias, N., Bhowruth, D., Khan, T., Orlandi, M., Suvan, J., et al. (2018). Systemic effects of periodontitis treatment in patients with type 2 diabetes: a 12 month, single-centre, investigator-masked, randomised trial. Lancet Diabetes Endocrinol. 6, 954–965. doi:10.1016/S2213-8587(18)30038-X
 Darveau, R. P. (2010). Periodontitis: a polymicrobial disruption of host homeostasis. Nat. Rev. Microbiol. 8, 481–490. doi:10.1038/nrmicro2337
 Deng, K., Pelekos, G., Jin, L., and Tonetti, M. S. (2021). Gingival bleeding on brushing as a sentinel sign of gingival inflammation: a diagnostic accuracy trial for the discrimination of periodontal health and disease. J. Clin. Periodontol. 48, 1537–1548. doi:10.1111/jcpe.13545
 Di Paola, R., Mazzon, E., Muià, C., Crisafulli, C., Terrana, D., Greco, S., et al. (2007). Effects of etanercept, a tumour necrosis factor-alpha antagonist, in an experimental model of periodontitis in rats. Br. J. Pharmacol. 150, 286–297. doi:10.1038/sj.bjp.0706979
 Eberhard, J., Jepsen, S., Jervøe-Storm, P., Needleman, I., and Worthington, H. V. (2015). Full-mouth treatment modalities (within 24 hours) for chronic periodontitis in adults. Cochrane Database Syst. Rev. 2015, CD004622. doi:10.1002/14651858.CD004622.pub3
 Fang, X., Feng, J., Zhu, X., Feng, D., and Zheng, L. (2024). Plant-derived vesicle-like nanoparticles: a new tool for inflammatory bowel disease and colitis-associated cancer treatment. Mol. Ther. 32, 890–909. doi:10.1016/j.ymthe.2024.02.021
 Feng, J., Xiu, Q., Huang, Y., Troyer, Z., Li, B., and Zheng, L. (2023). Plant-derived vesicle-like nanoparticles as promising Biotherapeutic tools: present and future. Adv. Mater 35, e2207826. doi:10.1002/adma.202207826
 Graziani, F., Karapetsa, D., Alonso, B., and Herrera, D. (2017). Nonsurgical and surgical treatment of periodontitis: how many options for one disease?Periodontol. 2000 75, 152–188. doi:10.1111/prd.12201
 Guo, W., Wang, P., Liu, Z.-H., and Ye, P. (2018). Analysis of differential expression of tight junction proteins in cultured oral epithelial cells altered by Porphyromonas gingivalis, Porphyromonas gingivalis lipopolysaccharide, and extracellular adenosine triphosphate. Int. J. Oral Sci. 10, e8. doi:10.1038/ijos.2017.51
 Herrera, D., Alonso, B., León, R., Roldán, S., and Sanz, M. (2008). Antimicrobial therapy in periodontitis: the use of systemic antimicrobials against the subgingival biofilm. J. Clin. Periodontology 35, 45–66. doi:10.1111/j.1600-051X.2008.01260.x
 How, K. Y., Song, K. P., and Chan, K. G. (2016). Porphyromonas gingivalis: an overview of periodontopathic pathogen below the gum line. Front. Microbiol. 7, 53. doi:10.3389/fmicb.2016.00053
 Huang, R., Jia, B., Su, D., Li, M., Xu, Z., He, C., et al. (2023). Plant exosomes fused with engineered mesenchymal stem cell-derived nanovesicles for synergistic therapy of autoimmune skin disorders. J. Extracell. Vesicles 12, e12361. doi:10.1002/jev2.12361
 Hynes, K., Menicanin, D., Gronthos, S., and Bartold, P. M. (2012). Clinical utility of stem cells for periodontal regeneration. Periodontol. 2000 59, 203–227. doi:10.1111/j.1600-0757.2012.00443.x
 Iwayama, T., Sakashita, H., Takedachi, M., and Murakami, S. (2022). Periodontal tissue stem cells and mesenchymal stem cells in the periodontal ligament. Jpn. Dent. Sci. Rev. 58, 172–178. doi:10.1016/j.jdsr.2022.04.001
 Jepsen, K., Sculean, A., and Jepsen, S. (2023). Complications and treatment errors related to regenerative periodontal surgery. Periodontol. 2000 92, 120–134. doi:10.1111/prd.12504
 Li, G., Li, Z., Li, L., Liu, S., Wu, P., Zhou, M., et al. (2023). Stem cell-niche engineering via multifunctional Hydrogel potentiates stem cell therapies for inflammatory bone loss. Adv. Funct. Mater. 33, 2209466. doi:10.1002/adfm.202209466
 Li, X., Wei, Y., Zhang, Z., and Zhang, X. (2024). Harnessing genetically engineered cell membrane-derived vesicles as biotherapeutics. evcna 5, 44–63. doi:10.20517/evcna.2023.58
 Li, Y., Shao, S., Zhou, Y., Wang, Y., Zheng, W., Wang, H., et al. (2025). Oral administration of Folium Artemisiae Argyi-derived exosome-like nanovesicles can improve ulcerative colitis by regulating intestinal microorganisms. Phytomedicine 137, 156376. doi:10.1016/j.phymed.2025.156376
 Lima, V., Vidal, F. D. P., Rocha, F. A. C., Brito, G. A. C., and Ribeiro, R. A. (2004). Effects of tumor necrosis factor-alpha inhibitors pentoxifylline and thalidomide on alveolar bone loss in short-term experimental periodontal disease in rats. J. Periodontol. 75, 162–168. doi:10.1902/jop.2004.75.1.162
 Lo, C. H. (2025). TNF receptors: structure-function relationships and therapeutic targeting strategies. Biochimica Biophysica Acta (BBA) - Biomembr. 1867, 184394. doi:10.1016/j.bbamem.2024.184394
 Lu, X., Xu, Z., Shu, F., Wang, Y., Han, Y., Yang, X., et al. (2024). Reactive oxygen species responsive multifunctional fusion extracellular nanovesicles: prospective treatments for acute heart transplant rejection. Adv. Mater 36, e2406758. doi:10.1002/adma.202406758
 Majdi Abunemer, R., Saifuddin Shaheen, R., and Abudullah Alghamdi, R. (2023). Correlation of anti-TNF-a biological therapy with periodontal conditions and osteonecrosis in autoimmune patients: a systematic review. Saudi Dent. J. 35, 785–796. doi:10.1016/j.sdentj.2023.07.006
 Mayer, Y., Balbir-Gurman, A., and Machtei, E. E. (2009). Anti-tumor necrosis factor-alpha therapy and periodontal parameters in patients with rheumatoid arthritis. J. Periodontol. 80, 1414–1420. doi:10.1902/jop.2009.090015
 Nuñez, J., Vignoletti, F., Caffesse, R. G., and Sanz, M. (2019). Cellular therapy in periodontal regeneration. Periodontol. 2000 79, 107–116. doi:10.1111/prd.12250
 Ou, X., Wang, H., Tie, H., Liao, J., Luo, Y., Huang, W., et al. (2023). Novel plant-derived exosome-like nanovesicles from Catharanthus roseus: preparation, characterization, and immunostimulatory effect via TNF-α/NF-κB/PU.1 axis. J. Nanobiotechnology 21, 160. doi:10.1186/s12951-023-01919-x
 Ouyang, Z., Chen, X., Wang, Z., Xu, Y., Deng, Z., Xing, L., et al. (2025). Azithromycin-loaded PLGA microspheres coated with silk fibroin ameliorate inflammation and promote periodontal tissue regeneration. Regen. Biomater. 12, rbae146. doi:10.1093/rb/rbae146
 Pan, W., Wang, Q., and Chen, Q. (2019). The cytokine network involved in the host immune response to periodontitis. Int. J. Oral Sci. 11, 30. doi:10.1038/s41368-019-0064-z
 Passoja, A., Puijola, I., Knuuttila, M., Niemelä, O., Karttunen, R., Raunio, T., et al. (2010). Serum levels of interleukin-10 and tumour necrosis factor-α in chronic periodontitis. J. Clin. periodontology 37, 881–887. doi:10.1111/j.1600-051X.2010.01602.x
 Phan, J., Kumar, P., Hao, D., Gao, K., Farmer, D., and Wang, A. (2018). Engineering mesenchymal stem cells to improve their exosome efficacy and yield for cell-free therapy. J. Extracell. Vesicles 7, 1522236. doi:10.1080/20013078.2018.1522236
 Potempa, J., Mydel, P., and Koziel, J. (2017). The case for periodontitis in the pathogenesis of rheumatoid arthritis. Nat. Rev. Rheumatol. 13, 606–620. doi:10.1038/nrrheum.2017.132
 Schwahn, C., Frenzel, S., Holtfreter, B., Van der Auwera, S., Pink, C., Bülow, R., et al. (2022). Effect of periodontal treatment on preclinical Alzheimer’s disease—results of a trial emulation approach. Alzheimer’s & Dementia 18, 127–141. doi:10.1002/alz.12378
 Shaddox, L. M., Gonçalves, P. F., Vovk, A., Allin, N., Huang, H., Hou, W., et al. (2013). LPS-induced inflammatory response after therapy of aggressive periodontitis. J. Dent. Res. 92, 702–708. doi:10.1177/0022034513495242
 Song, C., Huang, D., Zhao, C., and Zhao, Y. (2022). Abalone-inspired adhesive and photo-responsive microparticle delivery systems for periodontal drug therapy. Adv. Sci. (Weinh) 9, 2202829. doi:10.1002/advs.202202829
 Song, C., Zhang, X., Lu, M., and Zhao, Y. (2023). Bee sting-inspired inflammation-responsive microneedles for periodontal disease treatment. Res. Wash D.C. 6, 0119. doi:10.34133/research.0119
 Song, C., Wu, X., Wang, Y., Wang, J., and Zhao, Y. (2024). Cuttlefish-inspired photo-responsive antibacterial microparticles with natural melanin nanoparticles spray. Small 20, 2310444. doi:10.1002/smll.202310444
 Tervahartiala, T., Koski, H., Xu, J. W., Häyrinen-Immonen, R., Hietanen, J., Sorsa, T., et al. (2001). Tumor necrosis factor-alpha and its receptors, p55 and p75, in gingiva of adult periodontitis. J. Dent. Res. 80, 1535–1539. doi:10.1177/00220345010800061101
 Wang, Q., Zhuang, X., Mu, J., Deng, Z.-B., Jiang, H., Zhang, L., et al. (2013). Delivery of therapeutic agents by nanoparticles made of grapefruit-derived lipids. Nat. Commun. 4, 1867. doi:10.1038/ncomms2886
 Xi, L., Wang, L., Zhang, M., He, C., Yang, X., Pang, Y., et al. (2023). TNF-R1 cellular nanovesicles loaded on the thermosensitive F-127 Hydrogel enhance the repair of scalded skin. ACS Biomater. Sci. Eng. 9, 5843–5854. doi:10.1021/acsbiomaterials.2c01257
 Xia, H.-F., Yu, Z.-L., Zhang, L.-J., Liu, S.-L., Zhao, Y., Huang, J., et al. (2023). Real-time dissection of the transportation and miRNA-release dynamics of small extracellular vesicles. Adv. Sci. (Weinh) 10, e2205566. doi:10.1002/advs.202205566
 Xu, Z., Tsai, H.-I., Xiao, Y., Wu, Y., Su, D., Yang, M., et al. (2020). Engineering programmed death ligand-1/cytotoxic T-lymphocyte-associated antigen-4 dual-targeting nanovesicles for immunosuppressive therapy in transplantation. ACS Nano 14, 7959–7969. doi:10.1021/acsnano.9b09065
 Xu, Z., Mao, X., Lu, X., Shi, P., Ye, J., Yang, X., et al. (2024). Dual-targeting nanovesicles carrying CSF1/CD47 identified from single-cell transcriptomics of innate immune cells in heart transplant for alleviating acute rejection. Adv. Healthc. Mater. 13, 2302443. doi:10.1002/adhm.202302443
 Ye, Z., Cao, Y., Miao, C., Liu, W., Dong, L., Lv, Z., et al. (2022). Periodontal therapy for primary or secondary prevention of cardiovascular disease in people with periodontitis. Cochrane Database Syst. Rev. 10, CD009197. doi:10.1002/14651858.CD009197.pub4
 Ye, L., Gao, Y., Mok, S. W. F., Liao, W., Wang, Y., Chen, C., et al. (2024). Modulation of alveolar macrophage and mitochondrial fitness by medicinal plant-derived nanovesicles to mitigate acute lung injury and viral pneumonia. J. Nanobiotechnology 22, 190. doi:10.1186/s12951-024-02473-w
 Zhang, J., Yu, C., Zhang, X., Chen, H., Dong, J., Lu, W., et al. (2018). Porphyromonas gingivalis lipopolysaccharide induces cognitive dysfunction, mediated by neuronal inflammation via activation of the TLR4 signaling pathway in C57BL/6 mice. J. Neuroinflammation 15, 37. doi:10.1186/s12974-017-1052-x
 Zhang, Y., Zhang, M., Yao, A., Xie, Y., Lin, J., Sharifullah, F., et al. (2022). Circ_0011129 encapsulated by the small extracellular vesicles derived from human stem cells ameliorate skin photoaging. Int. J. Mol. Sci. 23, 15390. doi:10.3390/ijms232315390
 Zhang, Y., Shi, J., Zhu, J., Ding, X., Wei, J., Jiang, X., et al. (2024). Immunometabolic rewiring in macrophages for periodontitis treatment via nanoquercetin-mediated leverage of glycolysis and OXPHOS. Acta Pharm. Sin. B 14, 5026–5036. doi:10.1016/j.apsb.2024.07.008
 Zhao, B., Lin, H., Jiang, X., Li, W., Gao, Y., Li, M., et al. (2024a). Exosome-like nanoparticles derived from fruits, vegetables, and herbs: innovative strategies of therapeutic and drug delivery. Theranostics 14, 4598–4621. doi:10.7150/thno.97096
 Zhao, Q., Feng, J., Liu, F., Liang, Q., Xie, M., Dong, J., et al. (2024b). Rhizoma Drynariae-derived nanovesicles reverse osteoporosis by potentiating osteogenic differentiation of human bone marrow mesenchymal stem cells via targeting ERα signaling. Acta Pharm. Sin. B 14, 2210–2227. doi:10.1016/j.apsb.2024.02.005
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.
Copyright © 2025 Lin, Li, Wang, Lu, Xu, Chen and Dai. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fcell-13-1512238-g005.gif





OPS/images/fcell-13-1512238-g006.gif





OPS/images/fcell-13-1512238-g003.gif
oty )

ib






OPS/images/fcell-13-1512238-g004.gif





OPS/images/fcell-13-1512238-g007.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Plant and animal-derived fusion nanovesicles rescue inflammation-compromised osteogenic potential of periodontal ligament stem cells		1 Introduction

		2 Methods		2.1 Cell culture

		2.2 Isolation of human periodontal ligament stem cells (PDLSCs)

		2.3 In vitro osteogenic induction in PDLSCs

		2.4 Isolation and purification of PLNVs, CRNVs and SBNVs

		2.5 Preparation of TNFR1-NVs and NVs

		2.6 Preparation of fusion nanovesicles

		2.7 Characterization experiments

		2.8 Alkaline phosphatase staining

		2.9 Alizarin Red staining

		2.10 RNA isolation and quantitative real-time PCR

		2.11 Western blot

		2.12 Enzyme-linked immunosorbent assay (ELISA)

		2.13 Cell viability assay

		2.14 In vitro anti-inflammatory effects of different drugs in PDLSCs

		2.15 ROS level detection

		2.16 Scratch assay

		2.17 Cellular uptake of SBNVs and FVs

		2.18 In vitro experiments of miR-21-5p mimics

		2.19 miRNA sequencing

		2.20 Detection of plant lipids

		2.21 Statistical analysis





		3 Results		3.1 Scutellaria baicalensis nanovesicles have anti-Porphyromonas gingivalis and anti-inflammatory effects

		3.2 SBNVs alleviated the inflammatory response and restored the osteogenic differentiation capacity of PDLSCs induced by Pg-LPS

		3.3 SBNVs had limited effect on alleviating TNF-α-induced inhibition of osteogenic differentiation of PDLSCs

		3.4 TNFR1-NVs could neutralize TNF-α and promote PDLSCs osteogenic differentiation

		3.5 FVs possessing TNF-α neutralizing and anti-P. gingivalis effects promoted the proliferation and migration of PDLSCs in the inflammatory microenvironment induced by Pg-LPS and TNF-α

		3.6 FVs alleviate the inflammatory response and restore osteogenic differentiation of PDLSCs in the inflammatory microenvironment

		3.7 miR-21-5p of fused nanovesicles promoted osteogenic differentiation of PDLSCs by inhibiting STAT3 in the inflammatory microenvironment





		4 Discussion and conclusion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Generative AI statement

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
, frontiers | Frontiers in Chemistry

Mechanism of salidroside
promoting testosterone
secretion induced by H,O; in
TM3 Leydig cells based on
metabolomics and network
pharmacology





OPS/images/fcell-13-1512238-g001.gif





OPS/images/fcell-13-1512238-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers ‘ Frontiers in Cell and Developmental Biology





