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            Abstract
          
        

        
          The present study aimed to evaluate the osteogenic potential and immunological safety of bilayer porcine-derived collagen membrane (BPCM), a collagen-based barrier membrane widely used in guided bone regeneration (GBR). In vivo experiments were conducted using a rabbit calvarial defect model, and In vivo assays were performed using MC3T3-E1 osteoblastic cells and THP-1 macrophages. Histological analyses revealed robust new bone formation along the BPCM, characterized by active osteoblast proliferation and bone matrix deposition, while maintaining bone marrow integrity. In vivo studies confirmed the enhanced osteogenic differentiation of MC3T3-E1 cells, as evidenced by increased alkaline phosphatase (ALP) activity, mineral deposition, and upregulation of osteogenic markers (ALP, bone sialoprotein [BSP], and osteocalcin). Notably, both In vivo and In vivo immune assessments revealed minimal inflammatory response. Tissues surrounding BPCM showed negligible immune cell infiltration, and THP-1 cells exposed to BPCM showed no significant elevation in pro-inflammatory cytokines compared with that of controls. Collectively, these results indicate that BPCM promotes bone regeneration, while maintaining excellent biocompatibility, thus highlighting its clinical utility in regenerative dentistry and maxillofacial surgery.

        

        
          
            초록
          
        

        
          본 연구는 골유도재생술(Guided Bone Regeneration, GBR)에서 널리 사용되는 콜라겐 기반 차폐막인 돼지 유래 콜라겐 이중층 막의 골형성 잠재력과 면역학적 안전성을 평가하는 것을 목적으로 하였다. In vivo 실험은 토끼 두개골 결손 모델을 이용하여 수행하였으며, in vitro 실험은 MC3T3-E1 조골세포와 THP-1 대식세포를 사용하여 진행하였다. 조직학적 분석 결과, 돼지 유래 콜라겐 이중층 막을 따라 활발한 조골세포 증식과 골기질 침착이 관찰되어 강력한 신생골 형성이 확인되었으며, 골수의 구조적 완전성은 유지되었다. 또한, in vitro 분석에서는 MC3T3-E1 세포의 골분화가 현저히 증가하였으며, 이는 알칼리성 인산분해효소(ALP) 활성, 무기질 침착, 및 골분화 관련 유전자(ALP, bone sialoprotein [BSP], osteocalcin의 발현 증가로 입증되었다. 특히, in vivo 및 in vitro 면역반응 평가에서 모두 염증 반응이 최소 수준으로 나타났다. 돼지 유래 콜라겐 이중층 막 주변 조직에서는 면역세포의 침윤이 거의 관찰되지 않았으며, THP-1 세포를 돼지 유래 콜라겐 이중층 막에 노출시킨 경우에도 대조군과 비교하여 염증성 사이토카인 발현의 유의한 증가가 없었다. 이상의 결과는 돼지 유래 콜라겐 이중층 막이 우수한 생체적합성을 유지하면서 효과적인 골재생을 촉진함을 보여주며, 재생치의학 및 악안면외과 영역에서의 임상적 유용성을 강조한다.
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      Introduction
      Guided bone regeneration (GBR) has emerged as a cornerstone technique in oral and maxillofacial surgery for restoring bone defects and providing adequate bone volume for implant placement (1, 2). GBR relies on barrier membranes that prevent soft tissue ingrowth, while facilitating the migration and proliferation of osteoprogenitor cells into the defect site (3, 4). An ideal GBR membrane should exhibit biocompatibility, appropriate biodegradation kinetics, sufficient mechanical properties, and the ability to promote osteogenesis without eliciting adverse inflammatory responses (5).

      Among commercially available membranes, bilayer porcine-derived collagen membrane (BPCM), a bilayer porcine-derived collagen membrane, has gained widespread clinical acceptance due to its favorable biological properties and ease of handling (6). The membrane features an asymmetric structure with a compact layer facing the soft tissue to prevent cellular invasion and a porous layer facing the bone defect to facilitate cell attachment and vascularization (7). Clinical studies have presented successful outcomes with BPCM in various applications, including ridge preservation, sinus augmentation, and peri-implant bone regeneration (8). This BPCM was selected due to its structural stability and previous preclinical validation in bone regeneration studies.

      Despite extensive clinical documentation, the precise cellular and molecular mechanisms underlying the osteogenic effects of BPCM remain unclear. The interaction between biomaterials and the host immune system plays a critical role in determining the regenerative success (9, 10). Prolonged or excessive inflammatory reactions can lead to fibrous encapsulation and treatment failure, whereas appropriate immune responses facilitate tissue integration and healing (11). Macrophages, as key orchestrators of inflammation, can adopt either pro-inflammatory (M1) or tissue repair-promoting (M2) phenotypes, and the balance between these states is crucial for successful bone regeneration (12).

      The direct effects of BPCM on osteoprogenitor cells require further investigation. Osteogenic differentiation involves the sequential expression of specific marker genes, including alkaline phosphatase (ALP), bone sialoprotein (BSP), and osteocalcin (13). Understanding how BPCM influences these molecular pathways and preserves bone marrow architecture could provide insights for optimizing GBR protocols. Therefore, this study evaluated the biological effects of BPCM using in vitro and in vivo models, including a rabbit calvarial defect and assays with MC3T3-E1 osteoblasts and THP-1 macrophages.

    

    

  
    
      Materials and Methods
      
        1. Animals and Surgical Procedure
        Male New Zealand white rabbits (n = 6, 2.5-3.0 kg, 12 weeks old) were used. All animal protocols were approved by the Institutional Animal Care and Use Committee (KHMC-IACUC-2012-026). Animals were anesthetized using an intramuscular injection of ketamine (35 mg/kg) and xylazine (5 mg/kg). A midline sagittal incision was made on the calvaria, and full-thickness flaps were created. Standardized circular bone defects (8 mm diameter) were created using a trephine bur under sterile saline irrigation. In the experimental group, defects were covered with BPCM (Geistlich Pharma, Switzerland), whereas control defects were left untreated. After surgery, the animals received analgesics and antibiotics and were sacrificed 4 and 8 weeks postoperatively.

      

      
        2. Histological Processing and Evaluation
        Harvested calvarial specimens were fixed in 10% neutral-buffered formalin, decalcified in 10% EDTA, embedded in paraffin, and sectioned at 5 µm thickness. Sections were stained with hematoxylin and eosin (H&E) and examined using a light microscope. The assessed parameters included new bone formation (NB), bone marrow (BM) preservation, and inflammatory cell infiltration.

      

      
        3. MC3T3-E1 Cell Culture and Osteogenic Differentiation Assays
        MC3T3-E1 osteoblastic cells (ATCC, Manassas, VA, USA) were maintained in α-minimum essential medium (α-MEM; Gibco, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FBS; Gibco) and 1% penicillin/streptomycin (Gibco) at 37℃ in a humidified atmosphere with 5% CO2. Cells were sub-cultured every 2–3 days when reaching 80–90% confluence using 0.25% trypsin-EDTA (Gibco). For osteogenic differentiation experiments, MC3T3-E1 cells were seeded at a density of 2×104 cells/cm2 in 24-well plates or 96-well plates depending on the assay. After 24 hours of attachment, BPCMs were cut into sterile fragments (approximately 5×5 mm) and directly placed into the culture wells in contact with the cell layer. The culture medium was then replaced with osteogenic induction medium consisting of α-MEM supplemented with 10% FBS, 50 µg/mL L-ascorbic acid (Sigma-Aldrich, St. Louis, MO, USA), 10 mM β-glycerophosphate (Sigma-Aldrich), and 100 nM dexamethasone (Sigma-Aldrich). The medium was changed every 2–3 days throughout the experimental period.

      

      
        4. ALP Activity
        To assess early osteogenic differentiation, MC3T3-E1 osteoblastic cells were cultured in osteogenic induction medium consisting of α-MEM supplemented with 10% FBS, 50 µg/mL ascorbic acid, 10 mM β-glycerophosphate, and 100 nM dexamethasone. Cells were cultured in the presence of BPCM fragments placed directly on the cell layer and incubated for 7 days, with medium changes every 2–3 days. After induction, the cells were fixed with 4% paraformaldehyde and stained using a commercial ALP staining kit (Sigma-Aldrich, USA). ALP-positive areas were visualized using a light microscope.

      

      
        5. Mineralization Assay
        For late-stage osteogenic differentiation, mineralized nodule formation was examined by Alizarin Red S (ARS) staining. MC3T3-E1 cells were cultured in osteogenic induction medium with or without direct contact of BPCM fragments for 14 days. At the endpoint, the cells were fixed with 70% ethanol and stained with 40 mM ARS solution (pH 4.2) for 30 minutes. Excess dye was removed and mineralized deposits were observed microscopically.

      

      
        6. Real-Time quantitative reverse transcription–polymerase chain reaction (qRT–PCR) for Osteogenic Markers
        To examine the effect of BPCM on osteogenic differentiation, gene expression analysis was performed using real-time qPCR. MC3T3-E1 cells were cultured under osteogenic induction conditions in the presence or absence of direct contact with BPCM fragments. Total RNA was extracted using the TRIzol reagent (Invitrogen, USA), and cDNA was synthesized using a reverse transcription kit (Takara, Japan). qPCR was conducted with SYBR Green Master Mix (Applied Biosystems, USA) on a StepOnePlus Real-Time PCR System. Primer sets targeted the key osteogenic markers, namely ALP, BSP, and (OC, with GAPDH serving as an internal control. Relative expression levels were calculated using the 2-ΔΔCt method. The primer sequences are listed in Table 1.

        
          Table 1. 
				
          

          
            Primer sequences used for qPCR analysis
          
          

        

        
          
            
              	Gene
              	GenBank No.
              	Sequences
            

          
          
            	ALP
            	NM007431
            	5’-CCAACTCTTTTGTGCCAGAGA-3’
          

          
            	 
            	 
            	5’-GGCTACATTGGTGTTGAGCTTTT-3’
          

          
            	BSP
            	NM_004967
            	5’-AAAGTGAGAACGGGGAACCT-3’
          

          
            	 
            	 
            	5’-GATGCAAAGCCAGAATGGAT-3’
          

          
            	Osteocalcin
            	NM_199173
            	5’-CATGAGAGCCCTCACA-3’
          

          
            	 
            	 
            	5’-AGAGCGACACCCTAGAC-3’’
          

          
            	IL-1β
            	NM_000576
            	5’-GCAACTGTTCCTGAACTCAACT-3'
          

          
            	 
            	 
            	5’-ATCTTTTGGGGTCCGTCAACT-3'
          

          
            	NLRP3
            	NM_183395
            	5’-ATTACCCGCCCGAGAAAGG-3’
          

          
            	 
            	 
            	5’-TCGCAGCAAAGATCCACACAG-3’
          

          
            	IL-10
            	NM_000572
            	5’-GACTTTAAGGGTTACCTGGGTTG-3’
          

          
            	 
            	 
            	5’-TCACATGCGCCTTGATGTCTG-3’
          

          
            	GAPDH
            	NM_002046
            	5’-ACCACAGTCCATGCCATCA-3’
          

          
            	 
            	 
            	5’-TCCACCACCCTGTTGCTGT-3’
          

        

        
          
            Abbreviations: ALP, alkaline phosphatase; BSP, bone sialoprotein; IL-1β, Interleukin-1 beta; NLRP3, NOD-like receptor protein 3; IL-10, Interleukin-10; GAPDH, Glyceraldehyde 3-phosphate dehydrogenase.
          

        

        

      

      
        7. THP-1 Macrophage Immune Response Assay
        THP-1 human monocytes were differentiated into macrophages using phorbol 12-myristate 13-acetate (PMA, 100 ng/mL) for 24 hours and were cultured in RPMI 1640 medium with 10% FBS. Differentiated THP-1 macrophages were cultured in direct contact with BPCM fragments (same sterile preparation as above) for 24 hours. As a positive control, cells were stimulated with 100 ng/mL lipopolysaccharide (LPS).

      

      
        8. Statistical Analysis
        All experiments were performed in triplicates. Quantitative data are expressed as mean ± standard deviation (SD). Statistical analysis was performed using a one-way analysis of variance (ANOVA) followed by Tukey’s post-hoc test. Statistical significance was set at p<0.05.

      

    

    

  
    
      Results
      
        1. BPCM enhances osteogenic differentiation of MC3T3–E1 cells in vitro
        Osteogenic differentiation was validated using histochemical staining and gene expression analyses. Alkaline phosphatase (ALP) staining showed markedly stronger purple-blue coloration in MC3T3-E1 cells cultured with BPCM fragments compared to the control group, indicating enhanced early osteogenic differentiation (Figure 1A). ARS staining revealed abundant mineralized nodules in the BPCM group, confirming advanced mineral deposition and late-stage osteogenic activity (Figure 1B). Furthermore, real-time RT-PCR analysis revealed significant upregulation of osteogenic markers, including ALP, BSP, and (OC in BPCM–treated cultures compared with controls (Figure 1C). Collectively, these results provide strong evidence that BPCMs exert a robust osteo-inductive effect in vitro.

        
          
          

          Figure 1.  
				
          

          
            Osteogenic differentiation of MC3T3-E1 cells cultured with bilayer porcine-derived collagen membrane (BPCM) fragments. (A) ALP staining showed intense purple-blue coloration in the BPCM group compared with the control, indicating enhanced early osteogenic differentiation. (B) ARS staining showed abundant mineralized nodules in the BPCM group, confirming increased mineral deposition and late-stage osteogenic activity. (C) Real-time RT-PCR analysis revealed significant upregulation of osteogenic markers, including ALP, BSP, and OC, in the BPCM group compared with the control. Data are presented as mean ± SD; p<0.05, **p<0.01 vs control. Scale bar = 100 μm.
          
          

          

        

      

      
        2. BPCM promotes in vivo bone formation in a rabbit model
        Histological evaluation of calvarial defects treated with BPCM revealed successful GBR at 8 weeks post-surgery (Figure 2). The membrane effectively maintained the space for bone formation, with new bone (NB) evident throughout the defect area. The newly formed bone displayed an organized trabecular architecture with osteoblastic activity along the bone surface. Importantly, the BPCM (indicated by red arrow in the magnified view) remained intact and well-integrated with surrounding tissues, showing no signs of adverse inflammatory reaction. The interface between the membrane and the newly formed bone showed intimate contact without fibrous tissue interposition (white arrow). Bone marrow (BM) spaces were appropriately formed within the regenerated bone tissue, indicating mature bone development. The membrane exhibited excellent biocompatibility, as evidenced by the absence of inflammatory cell infiltration around the membrane material (the green arrow indicates the membrane-tissue interface). These findings confirm that BPCM functions effectively as a barrier membrane for GBR, promoting organized bone formation, while maintaining structural integrity throughout the healing period.

        
          
          

          Figure 2.  
				
          

          
            Representative histological sections (H&E staining) of rabbit calvarial bone defects treated with bilayer porcine-derived collagen membrane (BPCM) at 8 weeks post-surgery. Left panel shows low magnification overview of the defect area; right panel shows high magnification view of the membrane-bone interface (outlined area in left panel). NB, new bone formation; BM, bone marrow space. Red arrow indicates BPCM; white arrow shows membrane-bone interface; green arrow indicates membrane-tissue interface. Scale bar = 100 μm. Original magnification: left panel ×40, right panel ×200 (magnifications to be adjusted based on actual images).
          
          

          

        

        
          
          

          Figure 3.  
				
          

          
            Differentiated THP-1 macrophages were cultured for 24 hours in the presence or absence of bilayer porcine-derived collagen membrane (BPCM) fragments and/or LPS (100 ng/mL). The relative mRNA expression levels of IL-1β, NLRP3, and IL-10 were quantified by qRT-PCR and normalized to housekeeping genes. Data are expressed as mean ± SEM after re-evaluation of the dataset to ensure consistency of variance and labeling (n = 3–4 per group). Statistical significance was analyzed using one-way ANOVA followed by appropriate post-hoc testing. *p<0.05 vs. untreated control; #p<0.05 vs. LPS alone. LPS: lipopolysaccharide.
          
          

          

        

      

      
        3. BPCM reveals minimal pro-inflammatory activation and anti-inflammatory properties in THP-1 cells
        To assess immunological safety, differentiated THP-1 macrophages were directly cultured in contact with BPCM fragments. Compared with untreated controls, BPCM treatment alone showed minimal changes in inflammatory marker expression. IL-1β expression remained at baseline levels similar to untreated controls, whereas LPS-treated positive controls showed significant upregulation (approximately 5-fold increase, *p<0.05). NLRP3 inflammasome expression was moderately elevated in BPCM treated cells but remained significantly lower than LPS-induced levels. Notably, IL-10 expression was significantly reduced in BPCM treated cells compared to controls (*p<0.05), indicating a distinct immunomodulatory profile.

        When BPCM was combined with LPS treatment, IL-1β expression was significantly attenuated compared to LPS alone treatment (#p<0.05), whereas NLRP3 expression showed a similar trend toward reduction. IL-10 levels were also decreased in the combination treatment group (p<0.05). These results indicate that BPCM maintains low baseline inflammatory activation and possesses anti-inflammatory properties that can modulate LPS-induced inflammatory responses in vitro.

      

      
        4. BPCM reveals excellent biocompatibility with minimal inflammatory response in vivo
        Histological evaluation of tissues surrounding the implanted BPCM revealed excellent biocompatibility with minimal inflammatory cell infiltration (Figure 4). The membrane-tissue interface showed well-organized host tissue integration with mature fibrous connective tissue formation. The magnified view shows an organized collagen fiber arrangement (yellow arrow) running parallel to the membrane surface, indicating healthy tissue remodeling without excessive fibrosis. Scattered fibroblasts are present throughout the connective tissue (white arrow), showing normal cellular activity and tissue maintenance. Notably, the tissue surrounding the BPCM showed normal vascular architecture with well-formed blood vessels (green arrow), indicating adequate tissue perfusion and healthy healing response.

        
          
          

          Figure 4.  
				
          

          
            Representative histological sections (H&E staining) showing the tissue response around implanted bilayer porcine-derived collagen membrane (BPCM) at 8 weeks post-implantation. Left panel shows overview of the membrane-tissue interface area; right panel shows high magnification view of the outlined area in left panel, revealing tissue organization around the membrane. Yellow arrow indicates organized collagen fibers; white arrow shows fibroblasts within connective tissue; green arrow indicates blood vessel formation. Scale bar = 100 µm. Original magnification: left panel ×100, right panel ×400 (magnifications to be adjusted based on actual images).
          
          

          

        

        The absence of dense inflammatory cell aggregates, such as neutrophils, macrophages, or lymphocytes, confirmed the minimal immune activation induced by the BPCM. The tissue morphology appeared normal, with preserved cellular architecture and no signs of necrosis or tissue damage. Consistently, semi-quantitative histological scoring demonstrated comparably low inflammatory responses in both the control and BPCM groups, with no statistically significant difference between them, as summarized in Table 2. The interface zone showed a smooth transition from the membrane material to the surrounding host tissue without the formation of a thick fibrous capsule, which is typically observed in foreign-body reactions. These histological findings provide strong evidence for the excellent biocompatibility of BPCM and its ability to integrate harmoniously with host tissues without eliciting significant inflammatory responses.

        
          Table 2. 
				
          

          
            Semi-quantitative inflammatory scoring in control and bilayer porcine-derived collagen membrane groups
          
          

        

        
          
            
              	Group
              	Inflammatory score
(0–3) Mean ± SD
              	p-value (vs control)
            

          
          
            	Control
            	0.33 ± 0.47
            	—
          

          
            	BPCM
            	0.67 ± 0.52
            	0.21
          

        

        
          
            The inflammatory response was evaluated using a 0–3 scoring system (0 = no inflammation, 1 = mild, 2 = moderate, 3 = severe) based on H&E-stained sections. Data are presented as mean ± standard deviation. No significant differences were observed between groups. BPCM: bilayer porcine-derived collagen membrane.
          

        

        

      

    

    

  
    
      Discussion
      This comprehensive study provides compelling evidence that BPCM effectively supports bone regeneration, while maintaining exceptional biocompatibility through dual mechanisms of osteogenic enhancement and immunomodulation. These findings contribute significantly to our understanding of the biological basis underlying the clinical success of collagen-based membranes in GBR procedures. The robust new bone formation observed in the rabbit calvarial defect model reveals the strong osteoconductive potential of BPCM. The presence of active osteoblast proliferation and organized bone matrix deposition along the membrane interface indicates that BPCM provides an optimal microenvironment for bone regeneration. The preservation of the bone marrow architecture beneath the newly formed bone is particularly noteworthy, as it indicates that the membrane supports physiologically relevant bone healing that maintains the essential stem cell niche required for long-term bone homeostasis and remodeling.

      In vitro osteogenic differentiation studies using MC3T3-E1 osteoblastic cells revealed the molecular mechanisms underlying these beneficial effects. The significant upregulation of key osteogenic markers, namely ALP (early differentiation marker), BSP (matrix organization), and OC (late differentiation and mineralization marker), indicates that BPCM influences the entire osteogenic cascade. Enhanced ALP activity indicates accelerated early osteoblast commitment, whereas increased mineralization revealed using ARS staining confirms advanced osteogenic maturation. These findings align with those of previous studies showing that collagen-based biomaterials can provide biochemical cues that promote osteoblast differentiation, possibly through integrin-mediated cell adhesion and the subse-quent activation of osteogenic signaling pathways (14, 15).

      The collagen structure of BPCM likely contributes to its osteogenic properties through multiple mechanisms. First, native collagen provides a familiar extracellular matrix environment that supports cell attachment and migration. Second, the bilayer architecture with its asymmetric porosity creates distinct microenvironments; the compact layer prevents soft tissue invasion, whereas the porous layer facilitates osteoprogenitor cell infiltration and vascularization. Third, controlled degradation of porcine collagen may release bioactive fragments that further stimulate osteogenic activity.

      The minimal immune response observed both in vivo and in vitro represents a critical advantage of BPCM over synthetic alternatives. Histological analysis of the rabbit tissue surrounding the implanted membrane revealed well-organized fibrous tissue with parallel collagen fibers and minimal inflammatory cell infiltration. This organized tissue response indicates proper biological integration rather than a foreign-body reaction, which is essential for long-term clinical success.

      The THP-1 macrophage studies provide mechanistic insights into the immunocompatibility of BPCM. The absence of significant IL-1β and NLRP3 upregulation indicates that the membrane does not trigger the inflammasome pathway, which is associated with chronic inflammation and tissue damage (16). The NLRP3 inflammasome is particularly relevant in the context of biomaterial-induced inflammation because its activation can lead to sustained inflammatory responses that compromise tissue regeneration (17). While IL-10 expression showed a modest decrease, this result should be interpreted cautiously, as IL-10 regulation can be influenced by various contextual factors and may not directly reflect impaired anti-inflammatory activity (18). Overall, these findings suggest that BPCM does not elicit strong pro-inflammatory signaling in macrophages.

      This immunomodulatory profile indicates that BPCM may actively contribute to the creation of a proregenerative immune environment. Rather than being immunologically inert, the membrane appears to promote the transition from the inflammatory to the reparative phase of healing. This is consistent with the emerging concepts in regenerative medicine that emphasize the importance of immunomodulation in successful tissue engineering approaches (19).

      The dual functionality of BPCM, which combines osteogenic stimulation with immunological compatibility, provides a significant clinical advantage. Although many synthetic membranes provide excellent barrier functions, they lack the biological activity necessary to actively promote bone formation (20, 21). Conversely, some biological materials with strong osteoinductive properties may elicit excessive inflammatory responses that compromise the clinical outcomes. BPCM seems to provide an optimal balance between these requirements.

      The preservation of bone marrow integrity observed in this study has important clinical implications for long-term implant success. Healthy bone marrow provides an ongoing supply of stem cells for bone maintenance and remodeling, which are crucial for sustaining osseointegration over time (22, 23). This finding supports the use of BPCM in implant site preparation and augmentation procedures where long-term bone stability is paramount.

      Although this study provides valuable insights, certain limitations should be acknowledged. Although the rabbit calvarial model is widely accepted in bone regeneration studies, it may not fully replicate the complex healing environments of human oral tissues. The 8-week observation period, which is sufficient to reveal bone formation, may not capture the long-term remodeling processes. In addition, in vitro studies, which are mechanistically informative, cannot fully reproduce the complex cellular interactions present in vivo.

      Future research should focus on investigating the specific molecular pathways through which BPCM promotes osteogenesis, particularly the role of integrin signaling and growth factor interactions. Long-term studies examining bone quality and remodeling patterns would provide valuable information regarding the durability of regenerated bone. Comparative studies with other membrane types could help define the optimal indications for BPCM use.

    

    

  
    
      Conclusion
      This study reveals that BPCM possesses an optimal combination of osteogenic activity and immunological compatibility that underlies its clinical success in GBR. The membrane functions as a physical barrier preventing soft tissue invasion as well as actively contributes to creating a pro-regenerative microenvironment through enhanced osteoblast differentiation and immunomodulation. The preservation of bone marrow architecture and the organized tissue integration observed indicate that BPCM supports physiologically relevant healing processes. These findings provide scientific validation for the continued clinical application of BPCM in regenerative dentistry and maxillofacial surgery, while highlighting the importance of considering both osteogenic and immunological factors in the development of next-generation regenerative biomaterials.
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