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Decellularized extracellular matrix (dECM) leverages native architecture and bioactive components for tissue 
regeneration, yet its therapeutic efficacy is constrained by donor tissue maturity. While mature-tissue-derived 
dECM (Mat-dECM) lacks developmental signals, developmental-stage dECM (Dev-dECM) retains these cues 
but is limited by scarce sources and poor adaptability to adult environments. Here, we proposed postnatal 
maxillofacial odontogenic tissues as a novel Dev-dECM (pDev-dECM) source. Leveraging its unique trans-
stage development—spanning embryonic crown formation to postnatal periodontal maturation—pDev-dECM 
balances developmental potency with adult environment adaptability. Multiomics comparative analysis 
revealed that pDev-dECM is enriched in arginylglycylaspartic-acid-containing proteins, which activate 
macrophage integrin αvβ5-mediated efferocytosis. This mechanism drives macrophage polarization toward 
regenerative M2 phenotypes, ensures adaptability to the adult environment, and reprograms mesenchymal 
stem cells to orchestrate developmental recapitulation. Consequently, pDev-dECM not only enabled in situ 
hierarchical regeneration of the periodontal complex but also facilitated cross-organ hierarchical regeneration 
in skin and muscle defect models. These findings demonstrate that pDev-dECM exerts spatiotemporal 
control over developmental recapitulation, establishing a universal biomaterial paradigm for multiscale 
tissue reconfiguration.

Introduction

   Decellularized extracellular matrix (dECM) preserves native 
bioactive components (e.g., collagens and proteoglycans) and 
topological architecture, offering precise microenvironmental 
cues to stem cells and immune cells [  1 –  5 ]. However, current 
strategies predominantly rely on homologous mature-tissue-
derived dECM (Mat-dECM) of large mammals to target organ 
repair [  2 ,  3 ,  6 –  10 ]. While Mat-dECM benefits from high yield 
and host adaptability, its terminally differentiated nature lacks 
the dynamic developmental signals required for complex hier-
archical regeneration. Organ regeneration involves orchestrated 
processes—such as mesenchymal condensation and morpho-
genesis—governed by signaling networks such as Wnt, Hedgehog, 
and efferocytosis [  11 –  20 ]. Consequently, Mat-dECM, which 

supports only basic repair, is incapable of reinitiating these 
developmental cascades to reconstruct multilayered architec-
tures [ 11 –  13 ].

   To overcome these limitations, developmental-stage dECM 
(Dev-dECM) has emerged as a potent alternative. Comparative 
analyses indicate that embryonic Dev-dECM retains the molec-
ular foundation (e.g., hyaluronic acid and arginylglycylaspartic 
acid [RGD]-related proteins) necessary to remodel osteo-
genic microenvironments and stimulate angiogenesis [ 3 ,  12 , 13 ]. 
However, the clinical translation of embryonic Dev-dECM is 
severely hindered by donor scarcity and poor adaptability to 
the adult host immune environment [  21 ,  22 ].

   Here, we propose postnatal maxillofacial odontogenic tissues 
as a novel “developing” dECM (pDev-dECM) source to bridge 
this gap. Unlike most organs that complete morphogenesis 

Citation: Xia R, Xue J, Liu X, Gui M, 
Zhang L, Cai Y, Shan Z, Liu G, Liao X, 
Chen Z, et al. Postnatal Maxillofacial 
“Developing” Decellularized 
Extracellular Matrix Orchestrates 
Hierarchical Cross-Organ 
Regeneration via Macrophage Integrin 
αvβ5-Mediated Efferocytosis-Driven 
Developmental Recapitulation. 
Research 2026;9:Article 1234. https://
doi.org/10.34133/research.1234

Submitted 4 January 2026  
Revised 15 February 2026  
Accepted 16 March 2026  
Published 15 April 2026

Copyright © 2026 Ruidi Xia et al.  
Exclusive licensee Science and 
Technology Review Publishing House. 
No claim to original U.S. Government 
Works. Distributed under a Creative 
Commons Attribution License  
(CC BY 4.0).

mailto:chzhuof@mail.sysu.edu.cn
mailto:xujy273@mail.sysu.edu.cn
mailto:chenzet3@mail.sysu.edu.cn
https://doi.org/10.34133/research.1234
https://doi.org/10.34133/research.1234
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


Xia et al. 2026 | https://doi.org/10.34133/research.1234 2

embryonically, teeth and periodontal complexes exhibit a unique 
trans-stage development: crown formation is embryonic, while 
root and periodontal maturation occur postnatally [  23 ,  24 ]. This 
spatiotemporal paradigm, combined with the donor abundance 
from the mammalian diphyodont system [  25 –  27 ], endows pDev-
dECM with dual advantages: retention of developmental signal-
ing and adaptability to adult environments.

   To validate this concept, we utilized mandibular tissues from 
20-d postnatal rats (active developmental phase) to prepare pDev-
dECM, comparing it against Mat-dECM. Proteomic and single-
cell transcriptomic analyses revealed that pDev-dECM reactivates 
developmental processes via macrophage-mediated matrix-
instructive signaling. We further validated its efficacy not only in 
the complex hierarchical regeneration of periodontal defects but 
also in cross-organ skin (ectodermal) and muscle (mesodermal) 
models. This study identifies a unique “developing” matrix with 
intrinsic organogenic plasticity that drives architecturally ordered 
regeneration, establishing pDev-dECM as a universal biomaterial 
platform for multiscale tissue reconfiguration.   

Results

Fabrication and characterization of pDev-dECM  
and Mat-dECM
   To achieve a strategic equilibrium between bioinductive potential 
and biocompatibility [  28 ,  29 ], we optimized a 1% Triton X-100/1% 
sodium dodecyl sulfate decellularization protocol. Posttreatment, 
mandibles retained anatomical morphology while appearing 
translucent white. Hydrogels were subsequently prepared via 
mechanical grinding, acid extraction, and pepsin digestion. 
Upon pH neutralization and 37 °C incubation, the pregel solu-
tions formed stable hydrogels (Fig.  1 A). Yield quantification 
indicated higher matrix efficiency in pDev-dECM (Fig.  1 B), 
suggesting intrinsic developmental ECM consolidation that 
may mitigate embryonic donor limitations.        

   Histological analysis of native developing periodontium 
revealed immature features, widened ligament spaces, and loose 
collagen, distinct from the aligned, mature fiber bundles of the 
mature group (Fig.  1 C). Postdecellularization hematoxylin and 
eosin (H&E) and 4′,6-diamidino-2-phenylindole (DAPI) fluo-
rescence confirmed complete nuclear clearance and collagen 
preservation. Residual DNA fell below the accepted threshold 
of 50 ng/mg (Fig.  1 D) [  30 ], confirming successful decellulariza-
tion. Notably, native pDev-ECM contained higher DNA con-
tent, reflecting proliferative developmental populations.

   Scanning electron microscopy (SEM) revealed a rough, 
lamellar topology in both hydrogels (Fig.  1 E). Fourier trans-
form infrared (FTIR) spectroscopy (Fig.  1 F) confirmed the 
retention of characteristic collagen peaks, including amide 
A (N–H stretching), amide B (amide A/I coupling), amide I 
(C═O stretching/N–H bending), amide II (N–H bending/C–N 
stretching), and amide III (N–H bending/C–N interactions), 
as well as proteoglycan-specific peaks at 1,140 cm−1.   

pDev-dECM exhibits excellent dual effect in 
developmental recapitulation to achieve  
hierarchical tissue regeneration and adaptability  
to the adult environment
   Comprehensive proteomic profiling revealed distinct compo-
sitional differences between pDev-dECM and Mat-dECM, 
despite both preserving bioactive components [ 1 , 3 ,  4 ]. Principal 

components analysis (PCA) confirmed dataset reliability (Fig. 
 S1 A), while heatmaps showed elevated protein expression in 
pDev-dECM (Fig.  S1 B). Quantitatively, pDev-dECM contained 
1,517 proteins (1,088 unique) versus 431 in Mat-dECM (2 
unique) (Fig.  1 G), dominating across all ECM subclasses (Fig. 
 S1 C). Since ECM proteins regulate cell behavior via specific 
receptors [  31 –  33 ], we categorized the identified proteins based 
on their cognate receptors. As shown in Fig.  1 H, pDev-dECM 
possessed a substantially higher diversity of receptor-binding 
ligands, particularly RGD-containing proteins, than Mat-dECM. 
Core matrisome levels are detailed in Fig.  S1 D.

   Gene Ontology biological process (GO-BP) enrichment 
analysis indicated broader and more significant enrichment 
of tissue regeneration processes in pDev-dECM (Fig.  1 I). 
To synthesize the functional landscape, we categorized these 
biological processes into hierarchical tissue regeneration 
(encompassing mesenchymal condensation and multiple tis-
sue regeneration) and adult environment adaptability (encom-
passing immune regulation and response to stimulus) (Fig. 
 1 J and Fig.  S1 E). Notably, pDev-dECM exhibited substantially 
more events driving hierarchical tissue regeneration, includ-
ing mesenchymal condensation—a prerequisite for organo-
genesis [  14 ,  16 – 20 ]. Crucially, pDev-dECM maintained adult 
environment adaptability comparable to Mat-dECM but with 
a superior total number of enriched events, suggesting greater 
functional potency.

   Kyoto Encyclopedia of Genes and Genomes (KEGG) enrich-
ment analysis of the pDev-dECM-unique proteome highlighted 
enriched pathways including efferocytosis, cytoskeleton regu-
lation, endocytosis, and adhesion (Fig.  1 K). Protein mapping 
(Fig.  S1 F) revealed that pDev-dECM is enriched in components 
regulating all efferocytosis stages: recognition/sensing (smell), 
phagocytosis/cytoskeletal remodeling (eat), and digestion/meta-
bolic adaptation (digest) (Fig.  S1 G), suggesting a multitarget 
mechanism to enhance apoptotic cell clearance.

   Given macrophages’ pivotal role as the primary responders 
to implanted biomaterials [  34 –  36 ] and their function as ECM 
sentinels that translate microenvironmental cues into regenera-
tive commands [  37 ], we specifically subclustered this population 
to investigate dECM-mediated macrophage regulation. This 
analysis aimed to clarify how pDev-dECM mimics the devel-
opmental immune microenvironment to orchestrate develop-
mental recapitulation.   

The underlying mechanism of pDev-dECM’s 
developmental recapitulation lies in the regulation 
of macrophage-mediated efferocytosis
   To dissect dynamic ECM-immune cross-talk [ 31 – 33 ,  38 ], we 
profiled macrophage dynamics via single-cell RNA sequencing 
(scRNA-seq) across periodontal development (postnatal days 
7 and 14), maturity (5 weeks), and repair (2 and 4 weeks post-
defect). The resulting atlases (Fig.  2 A to C) revealed distinct 
stage-specific subsets. During development, macrophages seg-
regated into a precursor-like M2 subset (Macro_Pre_Dev) and 
a functional effector subset (Macro_Dev). While both shared 
high expression of Mrc1, Macro_Dev was specifically dis-
tinguished by the up-regulation of essential efferocytosis 
machinery (Mertk and Abca1), marking the acquisition of 
functional clearance capacity. Conversely, the repair period 
was dominated by a regenerative subset (Macro_Re) character-
ized by M1 and inflammatory markers (Cd74 and Il1b). Mature 
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populations remained low and balanced, reflecting a stabilized 
microenvironment.        

   We next investigated whether these phenotypic shifts were 
driven by differential ECM receptor expression. While 2 major 
receptor classes (integrin‑family genes and Cd44) were detected, 

specific profiling (Fig.  2 D) revealed a striking divergence: 
Macro_Dev up-regulated RGD-binding receptors (Itgav and 
﻿Itgb5), whereas Macro_Re favored leukocyte-specific integrins 
(Itga4, Itgam, Itgb2, and Itgb7) [  32 ]. This specific integrin αvβ5 
activation mirrors our proteomic findings (Fig.  1 H) of abundant 

Fig. 1. Fabrication and characterization of postnatal developmental-stage decellularized extracellular matrix (pDev-dECM) and mature-tissue-derived decellularized extracellular 
matrix (Mat-dECM). (A) Schematic workflow for pDev-dECM and Mat-dECM preparation, involving mandible decellularization, enzymatic digestion, lyophilization, pulverization, 
reconstitution, and gelation. (B) Quantification of dECM yield comparing pDev-dECM and Mat-dECM (n = 5 per group). (C) Histological validation of the natural and decellularized 
mandible using hematoxylin and eosin (H&E) (morphology) and 4′,6-diamidino-2-phenylindole (DAPI) (nuclear clearance) staining was followed by quantitative analysis of 
periodontal ligament space width in postnatal developing and mature groups (n = 5 per group). (D) Quantitative analysis of residual DNA content in native and decellularized 
mandibles (n = 3 per group). (E) Scanning electron microscopy (SEM) images characterizing the microstructure of pDev-dECM and Mat-dECM hydrogels. (F) Fourier transform 
infrared (FTIR) spectra of pDev-dECM and Mat-dECM. (G) Venn diagram comparing the proteomic composition of pDev-dECM and Mat-dECM (n = 3 per group). (H) Classification 
of identified ECM proteins acting as ligands for specific receptors in both groups (n = 3 per group). (I and J) Gene Ontology biological process (GO-BP) enrichment analysis 
of ECM proteins bubble diagram and network diagram of the classification of various enriched biological events of pDev-dECM and Mat-dECM. (K) Kyoto Encyclopedia of 
Genes and Genomes (KEGG) enrichment analysis highlighting pDev-dECM-specific proteins enriched in efferocytosis-related signaling pathways. PDL, periodontal ligament; 
B, alveolar bone; C, cementum; D, dentin. Data were presented as means ± SD. Significance was determined by unpaired 2-tailed Student’s t test or Mann–Whitney U test 
(2 groups) and one-way ANOVA with Tukey’s post hoc test (multiple groups). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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RGD-containing ligand proteins in pDev-dECM, suggesting 
that the microenvironment is intrinsically primed to activate 
Macro_Dev via the RGD–integrin axis.

   To elucidate downstream consequences [  39 ], KEGG and 
GO-BP analyses (Fig.  2 E and F) confirmed the synchronous 
enrichment of lysosome, metabolic pathways, and efferocytosis 
in Macro_Dev. This profile indicates active engulfment coupled 
with intracellular degradation and nutrient processing, con-
trasting with the inflammatory signaling observed in Macro_
Re. Crucially, molecular complex detection (MCODE) analyses 
(Fig.  2 G) identified a functional cluster involving Itgav/Itgb5 
and downstream effectors (Ptk2 and Crk/Crkl-Dock1). Dot plot 

validation (Fig.  S2 ) confirmed the specific, concomitant expres-
sion of these components within the Macro_Dev subset, indi-
cating direct activation of the adhesion–cytoskeletal remodeling 
cascade driving engulfment. Furthermore, protein–protein 
interaction analysis (PPI) (Fig.  2 H) corroborated interactions 
between RGD-containing ECM proteins in the pDev-dECM 
proteome and their cognate receptors, Itgav and Itgb5.

   Collectively, pDev-dECM utilizes enriched RGD motifs 
to engage the integrin αvβ5 axis, activating the cytoskeletal 
machinery for efferocytosis and polarizing macrophages 
toward a regenerative phenotype distinct from inflammatory 
response triggered by mature or repair-phase ECM.   

Fig. 2. Single-cell profiling of periodontal tissue development, maturation, and repair reveals extracellular matrix (ECM) regulatory roles. (A) Uniform Manifold Approximation 
and Projection (UMAP) atlas of macrophage subsets across all stages. (B) Macrophage subset distribution per stage. (C) Expression heatmap of pan-macrophage, M1/M2, 
and efferocytosis markers. (D) ECM receptor expression in Macro_Re versus Macro_Dev subsets. (E) KEGG enrichment analysis of differentially expressed genes (DEGs) 
between Macro_Re and Macro_Dev. (F) GO-BP analysis of efferocytosis-enriched genes in Macro_Dev. (G) Molecular complex detection (MCODE) clustering of up-regulated 
efferocytosis genes in Macro_Dev. The network identifies integrin signaling–cytoskeletal remodeling modules, highlighting the co-clustering of receptors (Itgav and Itgb5) 
with effectors (Ptk2, Crk, and Dock1) essential for actin reorganization. Table lists cluster-specific terms (colors match clusters). (H) Protein–protein interaction (PPI) network 
linking arginylglycylaspartic acid (RGD) receptors (Itgav and Itgb5) to pDev-dECM RGD ligands.
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RGD-enriched pDev-dECM targets integrin  
αvβ5 to reprogram macrophage-mediated  
efferocytosis in vitro
   To validate whether developmental signals, specifically the 
RGD-enriched proteins (e.g., Fn1 and Postn) and efferocytosis–
regulatory factors (e.g., Lrp1, Alox15, and Crkl), can be 
transmitted to adult macrophages in vitro, we cocultured RAW 
264.7 cells with dECM hydrogels. Cell Counting Kit-8 assays 
confirmed biocompatibility at 48 h (Fig.  S3 A). Transcriptomic 
sequencing at 24 h revealed distinct regulatory patterns. PCA 
and heatmap clustering (Fig.  S3 B and C) confirmed that pDev-
dECM induces specific transcriptomic reprogramming distinct 
from Mat-dECM.

   Focusing on the adhesion and recognition machinery, gene 
analysis (Fig.  3 A) showed that, while Itgav transcripts were abun-
dant in Mat-dECM, pDev-dECM uniquely coordinated Itgav with 
﻿Itgb5, as confirmed by robust protein-level assembly of the func-
tional integrin αvβ5 heterodimer (Fig.  3 B and C). Crucially, milk 
fat globule-epidermal growth factor-factor 8 (Mfge8), the bridging 
ligand connecting phosphatidylserine on apoptotic cells to αvβ5 
receptors [  40 ,  41 ], was exclusively up-regulated in pDev-dECM 
(Fig.  3 B). GO-BP enrichment linked these to apoptotic cell clear-
ance and cell migration (Fig.  3 D), supported by an integrated 
proteomic–transcriptomic–regulatory network (Fig.  S3 D).        

   Deeply dissecting the molecular drivers via the smell–eat–
digest efferocytosis lifecycle map (Fig.  3 E), we found that pDev-
dECM induces a hypersensitized smell state via scavengers 
(Cd36 and Mertk) and bridging molecules (Gas6). The eat 
machinery was structurally primed via adaptors (Tln1 and Pxn) 
and drivers (Elmo1 and Rhoa). Furthermore, a protective digest 
program was initiated. Gene Set Enrichment Analysis (GSEA) 
confirmed Fyn-orchestrated Nrf2 activation (Fig.  S3 E) induc-
ing antioxidant (Hmox1 and Gclc) and lipid regulators (Fabp4). 
Thus, pDev-dECM primes a sensing-ready, metabolically adapted 
state. Functional assays (Fig.  3 F) confirmed this outcome: 
pDev-dECM substantially enhanced apoptotic cell clearance 
via the phosphatidylserine–Mfge8–integrin αvβ5 axis, whereas 
Mat-dECM failed to promote phagocytosis.

   Postinternalization, macrophages undergo metabolic repro-
gramming that dictates their inflammatory state [ 34 ,  42 ,  43 ]. With 
apoptotic periodontal ligament cells (PDLCs), reverse transcrip-
tion quantitative polymerase chain reaction (RT-qPCR) (Fig. 
 3 G) showed that pDev-dECM significantly down-regulated 
proinflammatory Il1β while up-regulating anti-inflammatory 
genes (Il10, Tgfβ1, and Arg1). Immunofluorescence (Fig.  3 H) 
corroborated this shift, displaying reduced CD86 (M1) and 
increased CD206 (M2) expression. These results indicated effec-
tive reprogramming into an anti-inflammatory M2 phenotype 
resembling the in vivo Macro_Dev subset.

   Exploring contributions to hierarchical regeneration, enrich-
ment analysis (Fig.  3 I) revealed functional divergence: Mat-
dECM favored hard tissue development, whereas pDev-dECM 
activated broader pathways related to nervous system develop-
ment, limb morphogenesis, and cell maturation. This highlights 
pDev-dECM’s capacity for cross-organ morphogenesis versus 
Mat-dECM’s osteogenic specificity. Key genes driving these path-
ways included developmental signaling regulators (Ctnnb1, 
﻿Smad1, Smad5, and Ihh) [  44 –  48 ] and organogenesis-related 
transcription factors (Runx2, Gata3, and Tfap2a) [  49 –  51 ]. 
Collectively, pDev-dECM remodels the microenvironment by 
inducing macrophages to secrete pleiotropic signals, orchestrat-
ing hierarchical cross-organ regeneration.   

pDev-dECM composite drives hierarchical 
periodontal regeneration via macrophage integrin 
αvβ5-mediated efferocytosis
   To address dECM limitations in degradation resistance and 
spatial retention, we integrated pDev-dECM with biological 
hydroxyapatite (BHA) scaffolds [  52 ]. SEM showed a dECM-
smoothed microporous surface (Fig.  S4 A), while FTIR verified 
stable integration, retaining BHA’s phosphate/carbonate peaks 
alongside dECM’s characteristic amide bands (Fig.  S4 B).

   Dissecting in vivo immune regulation via scRNA-seq at day 
7 (Fig.  S5 A), quantitative analysis revealed dramatic remodeling 
(Fig.  4 A and B). The BHA group was dominated by proinflam-
matory Macro_Re, with the remaining fraction distributed 
between Macro_Pre_Dev and Macro_Dev. Crucially, while 
Macro_Pre_Dev in the BHA group showed acute surface acti-
vation (Cd163 and Il10), they lacked functional competence. 
Conversely, pDev-dECM-BHA drove a decisive shift toward 
Macro_Dev, uniquely distinguished by the specific enrichment 
of the efferocytosis execution machinery (Mertk and Abca1) 
required for regeneration (Fig.  4 C). While dot plot analysis (Fig. 
 S5 B) confirmed Itgb5 expression in Macro_Dev across groups, 
spatial analysis (Fig.  4 D) demonstrated that pDev-dECM sub-
stantially expanded the absolute abundance of this functional 
population compared to the sparse BHA control, ensuring robust 
tissue-level efferocytosis machinery. KEGG enrichment (Fig. 
 4 E) confirmed that these macrophages were enriched in effero-
cytosis and cell cycle pathways. Functional enrichment analysis 
further elucidated the specific biological roles of macrophage 
subpopulations (Fig.  4 F). The pDev-dECM-BHA group exhib-
ited broad enrichment in biological processes critical for hier-
archical organ regeneration (e.g., tissue morphogenesis and 
regulation of cell differentiation), whereas the BHA group 
remained locked in proinflammatory events (e.g., inflammatory 
response). This confirms pDev-dECM-BHA’s ability to suppress 
inflammation and adapt to the adult environment while specifi-
cally promoting regenerative functions.        

   We next investigated how this immune microenvironment 
influences mesenchymal cell behavior. GO-BP enrichment (Fig. 
 S5 C) revealed distinct modes: BHA mesenchymal cells favored 
terminal cell-mediated tissue repair (e.g., bone remodeling), 
whereas pDev-dECM-BHA induced stem-cell-mediated mes-
enchymal condensation, characterized by ECM deposition, 
morphogenetic induction, and mechanical compaction [ 14 ]. 
KEGG analysis (Fig.  S5 D) further distinguished the groups, 
showing cytoskeletal regulation and ECM–receptor enrichment 
in pDev-dECM-BHA versus mitogen-activated protein kinase/
inflammatory signaling in BHA. Thus, pDev-dECM reprograms 
the niche from inflammatory repair to developmental recon-
struction via macrophage–mesenchymal cross-talk.

   Histopathological analysis at day 7 (Fig.  4 G) and immuno-
fluorescence (Fig.  4 H and Fig.  S5 E) confirmed the spe-
cific recruitment of ITGAV+/ITGB5+ macrophages in the 
pDev-dECM-BHA group. Multiplex immunofluorescence 
(Fig.  S5 F) provided high-resolution phenotypic mapping. 
Consistent with scRNA-seq, pDev-dECM-BHA was domi-
nated by CD68+CD206+ M2-like macrophages, while BHA 
retained high CD68+CD86+ M1-like macrophages (Fig.  S5 G). 
Quantitative cell counting confirmed a significant in situ shift 
toward M2 populations. Furthermore, enhanced CD10+ stem 
cells recruitment and fibronectin 1 (FN1) reaggregation (Fig. 
 S5 H) in pDev-dECM-BHA linked this immune modulation to 
mesenchymal activation.
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   Hierarchical regeneration was assessed at 4 weeks. Micro
computed tomography (Fig.  4 I and Fig.  S5 I) revealed superior 
bone volume in the pDev-dECM-BHA group. Histologically 
(Fig.  4 J and K), the control group showed limited bone for-
mation and fibrous encapsulation, whereas pDev-dECM-
BHA achieved extensive alveolar bone regeneration and 

physiological contour restoration. Notably, only the pDev-
dECM-BHA group exhibited functionally oriented peri-
odontal fibers perpendicular to the tooth surface (Fig.  4 L), 
confirmed by dense yellow–red birefringence and the highest 
type I/III collagen ratio (Fig.  S5 J) [  53 ,  54 ]. In conclusion, pDev-
dECM-BHA recapitulates the developmental macrophage–M2 

Fig. 3. Transcriptomic and functional analysis reveals pDev-dECM-mediated macrophage reprogramming and immune microenvironment remodeling. (A) Fold change and 
fragments per kilobase per million (FPKM) values of adhesion- and recognition-related genes in pDev-dECM and Mat-dECM groups. (B) Reverse transcription quantitative 
polymerase chain reaction (RT-qPCR) validation of adhesion- and recognition-related gene expression (n = 3 per group). (C) Representative immunofluorescence images and 
quantification of ITGAV&ITGB5 expression in adult macrophages (n = 9 per group). (D) GO-BP analysis of highly expressed genes associated with adhesion and recognition 
in the pDev-dECM group. (E) Heatmap of genes mapped to the sequential stages of efferocytosis. (F) Representative fluorescent images of macrophages (stained with 
phalloidin–fluorescein isothiocyanate, green) cocultured with apoptotic periodontal ligament cells (PDLCs) (labeled with PKH26, red). Efferocytosis efficiency was calculated 
as the percentage of macrophages engulfing apoptotic PDLCs relative to total macrophages (n = 6 per group). (G) RT-qPCR analysis of pro- and anti-inflammatory gene 
expression in macrophages following efferocytosis (n = 3 per group). (H) Representative immunofluorescence images and quantification of CD86 and CD206 expression in 
macrophages following efferocytosis (n = 9 per group). (I) GO-BP network diagram illustrating tissue and organ development-related events in pDev-dECM and Mat-dECM groups. 
Data were presented as means ± SD. Significance was determined by one-way ANOVA with Tukey’s post hoc test. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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polarization–mesenchymal condensation cascade, driving orderly, 
hierarchical regeneration.   

pDev-dECM promotes hierarchical  
cross-organ regeneration
   Proteomic (Fig.  5 A) revealed pDev-dECM enrichment in pro-
teins associated with the development of multiple systems, 
including epidermal, musculoskeletal, circulatory, respiratory, 

and nervous systems. Hypothesizing that pDev-dECM could 
transcend its odontogenic origin to facilitate cross-organ regen-
eration (based on findings in Fig.  3 I), we selected skeletal muscle 
(representing mesodermal tissue) and skin (representing ecto-
dermal tissue) as distinct, clinically relevant models to rigorously 
validate the universal bioactivity of the pDev-dECM platform. 
To address volumetric muscle loss (VML) volume challenges, 
we delivered dECM via an inert gelatin sponge, whereas direct 

Fig. 4. Single-cell and histological validation of pDev-dECM-mediated in situ developmental microenvironment recapitulation and periodontal hierarchical regeneration. (A) UMAP 
atlas of macrophage subsets in biological hydroxyapatite (BHA) and pDev-dECM-BHA groups. (B) Quantification of macrophage subset distribution. (C) Heatmap displaying 
the expression profiles of pan-macrophage, M1/M2 polarization, and efferocytosis-related markers across subsets. (D) Expression of Itgav and Itgb5 genes in macrophage 
subsets in BHA and pDev-dECM-BHA groups. (E) KEGG enrichment analysis of DEGs between BHA and pDev-dECM-BHA groups. (F) Network diagram classifying enriched 
biological events related to adult environment adaptability and hierarchical organ regeneration. (G) H&E staining images of rat periodontal defect at day 7. (H) Representative 
immunofluorescence images of CD68 and ITGAV&ITGB5 of rat periodontal defects at day 7. (I and J) Microcomputed tomography reconstruction and H&E staining showing 
periodontal regeneration outcomes at 4 weeks postsurgery. (K) Masson’s trichrome staining assessing bone mineralization at 4 weeks. (L) Picrosirius red staining viewed 
under polarized light visualizing collagen regeneration and alignment in the defect area at 4 weeks. PDL, periodontal ligament; NPDL, newly formed periodontal ligament; B, 
alveolar bone; NB, newly formed alveolar bone; C, cementum; D, dentin; M, materials.
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hydrogel was used for skin defects. Efficacy was compared against 
Mat-dECM and respective negative controls (phosphate-buffered 
saline [PBS]-loaded sponge for muscle; untreated for skin).        

   In the tibialis anterior (TA) VML model, regeneration was 
assessed at 4 weeks. While large defects typically result in fibro-
sis [  55 ,  56 ], pDev-dECM yielded substantially greater muscle 

Fig. 5. pDev-dECM promotes hierarchical cross-organ regeneration in skin and muscle models. (A) Sankey plot mapping ECM-associated proteins in the pDev-dECM proteome 
to developmental processes across multiple systems. (B) Quantification of tibialis anterior (TA) muscle weight recovery and percentage of unhealed muscle area in the 
volumetric muscle loss (VML) model at 4 weeks (n = 5 per group). (C) H&E and Masson’s trichrome staining of regenerated muscle at the VML site at 4 weeks. (D and 
E) Representative photographs and quantification of skin wound closure at days 3, 7, 10, and 14 (n = 5 per group). (F) H&E and Masson’s trichrome staining of skin defects at 
days 7 and 14. (G) Quantification of reepithelialization rate and blood vessel number at day 7 (n = 5 per group). (H) Quantification of skin appendage regeneration and muscle 
layer healing at day 14 (n = 5 per group). Data were presented as means ± SD. Significance was determined by one-way ANOVA with Tukey’s post hoc test. *P < 0.05, **P < 
0.01, ***P < 0.001, and ****P < 0.0001.
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weight recovery than PBS-loaded sponge controls (Fig.  5 B). 
Histological analysis (Fig.  5 C) revealed a qualitative divergence: 
Controls were filled with the sponge framework and extensive 
fibrosis, whereas pDev-dECM-treated defects achieved near-
complete healing with organized fiber bundles resembling native 
tissue. Notably, while pDev-dECM and Mat-dECM showed 
comparable muscle weight gain, histopathology confirmed supe-
rior structural restoration in the pDev-dECM group, contrasting 
with the incomplete myogenesis and residual fibrosis in the Mat-
dECM group. Thus, pDev-dECM drives functional regeneration 
rather than scaffold-mediated fibrotic filling.

   In a 15-mm full-thickness skin defect model, pDev-dECM 
accelerated healing at all time points (Fig.  5 D and E). Histologi
cally (Fig.  5 F), pDev-dECM enhanced reepithelialization and 
neovascularization as early as day 7 (Fig.  5 G). By day 14, 
although all groups achieved >90% closure, tissue quality 
differed substantially (Fig.  5 F and H), pDev-dECM restored 
hierarchical layers, including functional appendages and the 
panniculus carnosus [  57 ,  58 ]. Conversely, controls retained 
unhealed granulation tissue, with Mat-dECM showing inter-
mediate outcomes.

   Collectively, these findings confirm that pDev-dECM pos-
sesses intrinsic cross-tissue regenerative bioactivity, effectively 
promoting hierarchical repair in both muscle (mesoderm) and 
skin (ectoderm) tissues beyond its odontogenic origin.    

Discussion
   Our study established that pDev-dECM leveraged trans-stage 
developmental cues to mediate adult developmental recapitula-
tion (Fig.  6 ), proposing it as a universal platform unlike tra-
ditional tissue-specific dECM. By preserving RGD-enriched 
bioactive components, pDev-dECM activated the Mfge8–inte-
grin αvβ5 axis. This mechanism polarizes macrophages toward 
an M2 phenotype while orchestrating hierarchical regeneration 
across anatomical boundaries. Although we classified Macro_
Dev as M2-like based on canonical markers, we acknowledge 
that macrophage polarization in vivo exists on a continuous 
spectrum. Therefore, Macro_Dev likely represents a specialized 
phenotype functionally adapted to the developmental niche, 
exhibiting a distinct transcriptomic signature that extends 
beyond the classic M2 definition.        

   Mechanistically, regenerative potency relies on a priming–
execution paradigm. While in vitro data confirmed pDev-dECM 
primes macrophages by up-regulating recognition receptors 
(Itgav, Itgb5, and Mfge8), in vivo profiling (Fig.  2 G) revealed that 
efferocytosis execution is triggered within the defect microenvi-
ronment. Specifically, the Macro_Dev subset activated the Ptk2–
﻿Crk–Dock1 signaling cascade and cytoskeletal remodeling genes, 
driving physical engulfment. This mirrors conserved regenerative 
paradigms seen in cardiac and hepatic repair [ 34 ,  59 ].

   Following immunomodulation, pDev-dECM reprograms 
the niche by up-regulating developmental regulators (β-catenin 
and Smad1/5, Ihh) and lineage factors (Runx2 and Gata3). This 
establishes a pseudo-developmental niche via reinitiated embry-
onic matrix deposition and morphogen gradients. Such repro-
gramming overrides adult fibrotic constraints, enabling the 
observed hierarchical regeneration.

   Critically, this study challenges dECM tissue specificity limits. 
We utilized the periodontal complex, requiring synchronized 
hard/soft tissue regeneration, as a rigorous stress test. Successful 
hierarchical regeneration in this complex environment validates 

pDev-dECM’s robustness, explaining its efficacy in structurally 
simpler ectodermal (skin) and mesodermal (muscle) tissues. 
Thus, pDev-dECM transcends its maxillofacial origin as a broad-
spectrum therapeutic.

   Translationally, pDev-dECM represents a paradigm shift 
from traditional structural replacement to developmental repro-
gramming. Our optimized protocol achieved superior yields 
compared to mature tissues (Fig.  1 B), likely due to the intrinsic 
lower cross-linking density of developing ECM, which facilitates 
efficient decellularization and solubilization. Ethically, unlike 
embryonic tissues that face stringent regulatory hurdles, pDev-
dECM can be sustainably sourced from medical waste in dental 
clinics, such as extracted primary teeth, impacted wisdom teeth, 
or orthodontic extractions in diphyodont mammals [ 25 – 27 ]. 
This readily available source supports scalable manufacturing. 
To ensure clinical safety and efficacy, strict quality control mea-
sures must be implemented to manage batch-to-batch consis-
tency. These include rigorous quantification of residual DNA 
(<50 ng/mg) to prevent immunogenicity, standardization of 
total collagen/GAG content, and rheological testing to ensure 
consistent injectability [ 30 ]. Future strategies could further 
exploit natural developmental windows, harvesting phase-
specific biomaterials from reservoirs such as alveolar septation 
(lung) [  60 ], synaptic pruning (neural) [  61 ,  62 ], or steroidogenic 
maturation (gonadal) [  63 ,  64 ] phases.

   Cross-organ regeneration remains challenging for complex 
structures such as the esophagus and trachea [  65 ,  66 ], where 
current heterogeneous scaffolds lack developmental bioinduc-
tivity [  67 ,  68 ]. Our findings suggest that phase-specific harvest-
ing can reactivate developmental plasticity universally. Future 
translational efforts should focus on establishing good-manu-
facturing-practice-compliant production lines, validating pat-
terning accuracy in endodermal organ systems, and integrating 
hybrid scaffolds (e.g., 3-dimensional printing) with matrix 
bioinductivity to meet patient-specific anatomical needs.

   While our findings highlight the transformative potential 
of pDev-dECM, several limitations warrant mention. First, our 
mechanistic conclusions regarding the Mfge8–integrin αvβ5 
axis rely primarily on transcriptomic signatures, proteomic 
correlation, and comparative phenotypic assays. Although the 
specific up-regulation of this pathway in the pDev-dECM 
group strongly correlates with functional efferocytosis, defini-
tive causality and direct visualization of the dynamic cascade 
were not established via genetic ablation or live imaging. Future 
studies utilizing Mfge8 −/− or Itgav-floxed models will be neces-
sary to strictly isolate the contribution of this molecular axis. 
Second, although we demonstrated cross-organ efficacy in skin 
and muscle models, the specific cellular interactomes in these 
nondental tissues remain to be fully characterized at single-cell 
resolution.   

Conclusion
   By leveraging the trans-stage ontogeny of maxillofacial odon-
togenic tissues, we developed pDev-dECM, a developmentally 
dynamic matrix that reinitiates adult developmental potential 
through embryonic niche reactivation. This material syner-
gizes intrinsic root-periodontal morphogenetic cues with adult 
microenvironment adaptability, driving hierarchical regen-
eration of periodontal, cutaneous, and muscular tissues by 
inducing integrin αvβ5-mediated efferocytosis. We propose 
a developmental phase-locked strategy, where timed ECM 
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extraction captures critical morphogenetic signals. Ultimately, 
our work redefines regenerative biomaterials, demonstrating 
that phase-specific dECM transcends tissue-specific limitations 

to execute developmental blueprints, offering a universal plat-
form for hierarchical cross-organ regeneration through evolu-
tionarily conserved ontogenetic pathways.   

Fig. 6. Schematic illustration of the pDev-dECM-mediated developmental reinitiation mechanism. pDev-dECM retains developmentally critical RGD-enriched bioactive motifs 
(validated proteomically in Fig. 1H), which prime macrophage reprogramming via the milk fat globule-epidermal growth factor-factor 8 (Mfge8)–integrin αvβ5 axis. Engagement 
of this axis triggers downstream cytoskeletal remodeling signals (molecular mechanism detailed in Fig. 2G), driving actin-dependent efferocytosis (functionally verified in 
Fig. 3E), and polarization toward regenerative phenotypes (quantified in Fig. 4B). Subsequent transcriptomic reprogramming activates anti-inflammatory and developmental 
gene programs (functional enrichment in Fig. 4F), which coordinate with mesenchymal stem cells to recapitulate embryonic processes (mesenchymal redevelopment in 
Fig. S5C). Collectively, this mechanism enables the hierarchical cross-organ regeneration of periodontal, skin, and muscle tissues (histologically confirmed in Figs. 4 and 5).
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Materials and Methods

Preparation of pDev-dECM and Mat-dECM
   The animal experimental protocols were approved by the 
Institutional Animal Care and Use Committee of Sun Yat-sen 
University (SYSU-IACUC-2023-001038). Male Sprague–Dawley 
rats aged 20 d (pDev-dECM group) and 3 months (Mat-dECM 
group) were selected. Mandibles were harvested and decalci-
fied in 10% ethylenediaminetetraacetic acid (EDTA; Biosharp, 
China) solution for 4 weeks. The decalcified tissues were decel-
lularized in 1% Triton X-100 (Solarbio, China) and 1% sodium 
dodecyl sulfate (Biosharp, China) solution for 24 h, respectively, 
followed by mechanical mincing. The resulting fragments were 
digested with pepsin (1 mg/ml; Sigma-Aldrich, Germany) solu-
tion containing 0.01 M hydrochloric acid (Aladdin, China) for 
48 h. Following digestion, sodium hydroxide (Aladdin, China) 
was added to adjust the pH to 7.4 for pepsin inactivation. The 
supernatant was lyophilized for 24 h to obtain dECM powder. 
To quantify the extraction efficiency, the dECM yield was cal-
culated as the ratio of the final lyophilized dECM dry weight to 
the initial wet weight of the mandibular tissue prior to decalci-
fication. Finally, the powder was reconstituted in sterile PBS at 
a concentration of 100 mg/ml, and the solution was incubated 
at 37 °C for 1 h to induce hydrogel formation.   

Characterization of pDev-dECM and Mat-dECM
   To evaluate decellularization efficacy, native and decellularized 
mandibles were fixed with 4% paraformaldehyde for 24 h. H&E 
(Servicebio, China) and DAPI (Beyotime, China) staining were 
performed. Images were captured using an Aperio AT2 system 
(Leica, Germany) and a fluorescence microscope (Zeiss, Germany), 
respectively. For DNA quantification, genomic DNA was extracted 
from native and decellularized tissues using the Universal 
Genomic DNA Kit (CWBIO, China) and quantified using a 
NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, 
USA). The surface micromorphology of hydrogels was charac-
terized by SEM (JEOL, Japan). FTIR spectra were acquired using 
an FTIR microscope (Thermo Fisher Scientific, USA) in the 
wavelength range of 400 to 4,000 cm−1.   

Comparative proteomic analysis of pDev-dECM  
and Mat-dECM
   Triplicate samples of lyophilized pDev-dECM and Mat-dECM 
were prepared for proteomic analysis. After protein extraction, 
enzymatic digestion, and high pH reversed-phase separation, 
data-dependent acquisition and data-independent acquisition 
analyses were performed via nano-liquid chromatography–
tandem mass spectrometry. The data-independent acquisition 
data were analyzed using indexed retention time peptides for 
retention time calibration. To ensure quantitative reliability, a 
target–decoy model applicable to sequential window acquisi-
tion of all theoretical mass spectra was applied with a false 
discovery rate set at 1%. Matrisome annotations were classified 
according to MatrisomeDB ( https://matrisomedb.org/ ) [  69 ,  70 ]. 
GO and KEGG enrichment analyses were performed. All data 
visualization was conducted using GraphPad Prism (v 8.0.1), 
Cytoscape (v 3.9.1), Sangerbox ( https://vip.sangerbox.com ), 
and OmicStudio tools ( https://www.omicstudio.cn/tool ).   

Cell isolation, culture, and apoptosis induction
   Human PDLCs were isolated from healthy teeth of subjects aged 
<25 years who required third molar extraction or orthodontic 

treatment. Subsequent experiments were conducted using PDLCs 
at passages 3 to 5. PDLCs were cultured in minimum essential 
medium (Gibco, USA), supplemented 10% fetal bovine serum 
(ExCell, China) and 1% penicillin/streptomycin (Gibco, USA). 
Cells were maintained in a humidified incubator at 37 °C with 
5% CO2. For apoptosis induction, PDLCs were treated with mini-
mum essential medium containing steroid sulfatase (500 nM; 
Enzo Life Sciences, USA) at 37 °C for 6 h. Apoptotic PDLCs 
were collected by centrifugation at 800g for 10 min.

   The RAW 264.7 cell line was cultured in Dulbecco’s modified 
Eagle’s medium (Gibco, USA), supplemented with 10% fetal 
bovine serum (ExCell, China) and 1% penicillin/streptomycin 
(Gibco, USA). For dECM coating, pDev-dECM and Mat-
dECM hydrogels were applied to culture flasks and allowed to 
air-dry. Subsequently, RAW 264.7 cells were seeded into the 
dECM-coated flasks. For the cytotoxicity assay, cell viability 
was assessed using a Cell Counting Kit-8 (Dojindo, Japan) after 
24 and 48 h of culture.   

Transcriptome analysis and RT-qPCR
   After culture with pDev-dECM or Mat-dECM for 24 h, total 
RNA was extracted from RAW 264.7 cells using TRIzol 
reagent (Beyotime, China). RNA-seq was performed using 
the BGISEQ-500 platform at BGI (Shenzhen, China). Raw data 
in FASTQ format were processed to calculate read counts and 
FPKM for further analysis. PCA, GO, and KEGG analyses were 
conducted using the Dr. Tom system ( https://biosys.bgi.com ). 
All data visualization was performed using GraphPad Prism 
(v 8.0.1), Sangerbox ( https://vip.sangerbox.com ), OmicStudio 
tools ( https://www.omicstudio.cn/tool ), and Metascape ( https://
metascape.org/gp/index.html ).

   For RT-qPCR, the concentration and purity of extracted 
total RNA were quantified using a NanoDrop spectrophotom-
eter (Thermo Fisher Scientific, USA). RNA was then reverse-
transcribed into complementary DNA (cDNA) using the Hifair 
II 1st Strand cDNA Synthesis SuperMix (Yeasen, China). 
Equivalent cDNA samples were analyzed by RT-qPCR analysis 
using the Hieff qPCR SYBR Green Master Mix (Yeasen, China) 
on an ABI 2-step system (Applied Biosystems, USA). Primer 
sequences are listed in the Supplementary Materials (Table  S1 ).   

Immunofluorescence and detection of efferocytosis
   Following 24 h of culture on pDev-dECM or Mat-dECM coat-
ings, RAW 264.7 cells were fixed with 4% paraformaldehyde for 
1 h. Cells were blocked with 1% bovine serum albumin (BSA; 
Macklin, China) solution for 1 h and incubated with antibody 
against ITGAV&ITGB5 (1:200; Santa Cruz Biotechnology, USA) 
overnight at 4 °C. Subsequently, cells were incubated with a goat 
anti-mouse secondary antibody (1:200; Beyotime, China) for 
1 h. Nuclei were counterstained with DAPI as described above. 
Fluorescent images were acquired using a laser scanning confo-
cal microscope (LSM980, Zeiss, Germany). The relative fluo-
rescence intensities of ITGAV&ITGB5 were quantified using 
ImageJ software.

   For the detection of efferocytosis, apoptotic PDLCs were 
labeled with PKH26 (Sigma-Aldrich, Germany) and then 
added to RAW 264.7 cells that had been cultured on dECM 
coatings for 24 h. The ratio of RAW 264.7 cells to apoptotic 
PDLCs was 1:5. Following cocultured for 3 h, cells were fixed 
with 4% paraformaldehyde for 1 h and stained with Actin-
Tracker Green (Beyotime, China) and DAPI (Beyotime, China). 
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Images were acquired using a laser scanning confocal micro-
scope (LSM980, Zeiss, Germany).

   To assess macrophage polarization after efferocytosis, RAW 
264.7 cells were cocultured with apoptotic PDLCs for 3 h, 
fixed with 4% paraformaldehyde, and blocked with 1% BSA. 
Cells were incubated with anti-CD86 (1:1,000; Thermo Fisher 
Scientific, USA) and anti-CD206 (1:1,000, Abcam, UK) anti-
bodies overnight at 4 °C, followed by incubation with a goat 
anti-rabbit secondary antibody (1:200; Beyotime, China) for 
1 h. Nuclei were stained with DAPI. Images were acquired 
using a laser scanning confocal microscope, and relative fluo-
rescence intensities were quantified using ImageJ software.   

Preparation and characterization of pDev-dECM-BHA 
and Mat-dECM-BHA
   BHA was prepared according to previous studies [  71 –  73 ]. 
Briefly, cancellous bone was harvested from the porcine femoral 
epiphyses and immersed in 30% H2O2 and anhydrous ethanol 
for 24 h to remove soft tissues. The bone was dissected into 
blocks and calcined in a muffle furnace (SGM6812BK, Sigma 
Furnace Industry, China) at 800 °C for 2 h. The calcined bone 
blocks were ground into particles and sieved to obtain BHA 
particles with a diameter of 0.2 to 0.5 mm. To prepare the com-
posite, lyophilized pDev-dECM or Mat-dECM powder was 
reconstituted in sterile PBS, mixed with BHA particles, and 
incubated at 37 °C for 1 h. Finally, the composites were air-dried 
to obtain pDev-dECM-BHA and Mat-dECM-BHA. SEM (JEOL, 
Japan) and FTIR (Thermo Fisher Scientific, USA) analyses were 
performed as described above.   

Animal surgery and sampling
   The animal experimental protocols were approved by the 
Institutional Animal Care and Use Committee of Sun Yat-sen 
University (SYSU-IACUC-2023-001018, SYSU-IACUC-2023-
001 038, and SYSU-IACUC-2025-001110).  

In vivo regenerative efficacy evaluation
   Male Sprague–Dawley rats aged 6 to 8 weeks were used to 
evaluate the regenerative efficacy of the materials.

   For periodontal defect model, rats were randomly divided 
into 3 groups: BHA, pDev-dECM-BHA, and Mat-dECM-BHA. 
The experiment was performed according to our previous stud-
ies [  74 ]. Briefly, a mandible defect (5 × 2 × 1 mm) was prepared 
on the buccal alveolar bone of the posterior tooth root area. 
Materials were implanted, and samples were collected at 7 and 
28 d postsurgery for histological and radiographic analyses.

   For the full-thickness skin defect model, defects with a 
diameter of 15 mm were created on the dorsal skin. Wounds 
were coated directly with dECM hydrogels (pDev-dECM and 
Mat-dECM) or left untreated. Wounds were photographed at 
0, 3, 7, 10, and 14 d, and wound areas were accurately calculated 
using ImageJ (v 1.52a) software. Samples were collected at 7 
and 14 d.

   For the TA muscle VML model, rats were randomly divided 
into 4 groups: uninjured, PBS-loaded sponge control (control), 
pDev-dECM, and Mat-dECM. The VML injury model were 
established according the previous research [  75 ], a muscle 
defect (7 × 10 × 3 mm) was excised. Considering the volumetric 
nature of VML defects, absorbable gelatin sponges (Yongning, 
China; 7 × 10 × 3 mm) were utilized as inert carriers for all 
implantation groups. Specifically, sponges were fully absorbed 

with pDev-dECM hydrogel, Mat-dECM hydrogel, or an equiva-
lent volume of sterile PBS (control group) prior to implantation. 
This rigorous design ensured that the observed regenerative 
differences were attributable solely to the bioactive dECM com-
ponents rather than the delivery vehicle. Samples were har-
vested at 28 d for muscle weight and histological analysis. The 
calculation method of muscle growth is referred to the relevant 
previous studies [ 56 ].   

scRNA-seq sampling
   Tissue samples were collected for scRNA-seq to construct 
developmental atlases and evaluate material responses. To map 
the transcriptomic landscape of natural periodontal ontogeny 
and physiological repair (Fig.  2 ), periodontal tissues were dis-
sected from C57BL/6 mice at postnatal days 7 and 14 and 5 weeks 
(maturation), as well as from a murine physiological repair 
model (2 × 1 × 0.5 mm defect) at 2 and 4 weeks postsurgery 
[  76 ,  77 ]. To evaluate the specific immune microenvironment 
modulated by the composite materials (Fig.  4 ), tissues were 
harvested from the rat periodontal defect model (pDev-dECM-
BHA and BHA groups) described above at 7 d postimplanta-
tion. All harvested tissues were preserved in MACS Tissue 
Storage Solution (Miltenyi Biotec) until processing.    

Histological analysis
   Tissue samples (mandible, skin, and muscle) were fixed with 
4% paraformaldehyde for 24 h. Mandible samples were subse-
quently decalcified in 10% EDTA solution for 4 weeks. H&E 
staining was performed to observe general morphology. For 
immunofluorescence staining, samples were blocked with 5% 
BSA (Macklin, China) solution for 1 h and incubated with 
ITGAV&ITGB5 (1:200; Santa Cruz Biotechnology, USA) and 
CD68 (1:100; Invitrogen, USA) overnight at 4 °C. Sections were 
then incubated with goat anti-rabbit and goat anti-rat second-
ary antibodies (1:200; Beyotime, China), followed by nuclear 
counterstaining with DAPI.

   For multiplex immunofluorescence staining, antigen retrieval 
was performed, followed by blocking with 5% BSA for 1 h. 
Samples were incubated with primary antibodies against CD68 
(1:100; Invitrogen, USA), CD206 (1:500; Abcam, UK), and 
CD86 (1:100; Thermo Fisher Scientific, USA) overnight at 4 °C. 
Sections were then incubated with goat anti-rabbit and goat anti-
rat secondary antibodies (1:200; Beyotime, China), followed by 
nuclear counterstaining with DAPI.

   For immunohistochemical staining, antigen retrieval was 
performed, followed by blocking with 5% BSA for 1 h. Samples 
were incubated with primary antibodies against FN1 (1:2,000; 
Abcam, UK) and CD10 (1:500; Abcam, UK) overnight at 4 °C. 
Subsequently, sections were incubated with the corresponding 
secondary antibody, developed with diaminobenzidine solu-
tion (Genetech, China), and counterstained with hematoxy-
lin. Collagen deposition was assessed using Picrosirius Red 
(Servicebio, China) and Masson’s Trichrome staining (Solarbio, 
China). Images were acquired using an Aperio AT2 system and 
a laser scanning confocal microscope. Picrosirius-Red-stained 
samples were imaged using a polarized microscope (MF43, 
Mshot, China). Semiquantification was conducted using ImageJ 
software and ImageScope software.   

Single-cell RNA sequencing
   scRNA-seq experiments were conducted by NovelBio Co. Ltd. 
Libraries were generated using the 10x Genomics Chromium 
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Controller Instrument and Chromium Single Cell 3′ V3 
Reagent Kits (10x Genomics, Pleasanton, CA). Raw sequencing 
data were aligned to the appropriate reference genomes and 
processed with Cell Ranger (v 7.1.0) software to generate single-
cell gene expression matrices. Matrices were imported into the 
Seurat package (v 4.3.0) for downstream analysis. Quality con-
trol parameters were tailored to dataset characteristics. For the 
developmental atlas (encompassing development, maturation, 
and repair phases; Fig.  2 ), cells were filtered for mitochondrial 
genes of ≤10%, 300 to 10,000 detected genes, and 500 to 100,000 
unique molecular identifiers. The regenerative periodontal 
defect model samples (Fig.  4 ) utilized adjusted thresholds 
(mitochondrial ≤ 20%; 200 to 8,000 genes) to preserve stress-
responsive populations. Potential doublets were excluded via 
upper-limit cutoffs. The Seurat function FindVariableGenes 
was used to select variable features, followed by PCA and 
Uniform Manifold Approximation and Projection for dimen-
sionality reduction and visualization. Cluster-enriched marker 
genes were identified using the FindAllMarkers function. The 
lists of the top 20 differentially expressed genes (ranked by 
avg_log2FC) and selected functional markers for macrophage 
subpopulations, included regardless of statistical thresholds to 
capture canonical identity, were provided in Tables  S2  and  S3 . 
Visualization was performed using ggplot2 (v 4.3.0) for histo-
grams, pheatmap (v 4.3.0) for heatmaps, and FeaturePlot for 
feature mapping. KEGG enrichment analysis was conducted 
using the clusterProfiler package (v 4.3.0) .   

Statistical methods
   Each experiment was repeated at least 3 times independently, 
and the sample size (n) was presented in each figure legend. 
Data were presented as means ± standard deviations. Normality 
and homogeneity of variance were assessed using the Shapiro–
Wilk test and Levene’s test, respectively. For comparisons 
between 2 groups, a 2-sided unpaired Student’s t test was used 
for data following a normal distribution; otherwise, the non-
parametric Mann–Whitney U test was applied. Multigroup 
comparisons were analyzed by one-way analysis of variance 
(ANOVA), followed by Tukey’s post hoc test. All statistical 
analyses were performed using GraphPad Prism (v 8.0.1). 
﻿P value < 0.05 was considered statistically significant (*P < 
0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001).    

Acknowledgments

   Funding: This work was financially supported by the National 
Key R&D Program of China (2022YFA1104400), Guangzhou 
Basic and Applied Basic Research Foundation (2024A04J6323), 
Guangdong Basic and Applied Basic Research Foundation 
(2025A1515012636), and China Postdoctoral Science Foun
dation (2025M771770).
   Author contributions: R.X.: Conceptualization, methodology, 
and writing—original draft. Jieyun Xue: Conceptualization, for-
mal analysis, and writing—original draft. Xinyu Liu: Investigation, 
formal analysis, and writing—original draft. M.G.: Investigation 
and formal analysis. L.Z.: Investigation. Y.C.: Investigation. Z.S.: 
Visualization. G.L.: Funding acquisition. Xuran Liao: Visualization. 
Zhuofan Chen: Project administration. Jieyun Xu: Super vision 
and writing—review and editing. Zetao Chen: Conceptualization, 
writing—review and editing, and funding acquisition.
   Competing interests:﻿ The authors declare that they have no 
competing interests.   

Data Availability
   Data will be made available on request.   

Supplementary Materials
         Figs. S1 to S5
   Tables S1 to S3    

References

	 1.	 Golebiowska AA, Intravaia JT, Sathe VM, Kumbar SG, 
Nukavarapu SP. Decellularized extracellular matrix 
biomaterials for regenerative therapies: Advances, challenges 
and clinical prospects. Bioact Mater. 2024;32:98–123.

	 2.	 Liang Z, Li J, Lin H, Zhang S, Liu F, Rao Z, Chen J, Feng Y, 
Zhang K, Quan D, et al. Understanding the multi-functionality 
and tissue-specificity of decellularized dental pulp matrix 
hydrogels for endodontic regeneration. Acta Biomater. 
2024;181:202–221.

	 3.	 Kim S, Min S, Choi YS, Jo SH, Jung JH, Han K, Kim J, An S, 
Ji YW, Kim YG, et al. Tissue extracellular matrix hydrogels 
as alternatives to Matrigel for culturing gastrointestinal 
organoids. Nat Commun. 2022;13(1):1692.

	 4.	 Kim BS, Das S, Jang J, Cho D-W. Decellularized extracellular 
matrix-based bioinks for engineering tissue- and organ-
specific microenvironments. Chem Rev. 2020;120(19): 
10608–10661.

	 5.	 Pang Q, Chen Z, Li X, Zhan J, Huang W, Lei Y, Bao W. 
Cytokine-activated mesenchymal-stem-cell-derived 
extracellular matrix facilitates cartilage repair by enhancing 
chondrocyte homeostasis and chondrogenesis of recruited 
stem cells. Research. 2025;21(8):0700.

	 6.	 Han W, Singh NK, Kim JJ, Kim H, Kim BS, Park JY, Jang J, 
Cho DW. Directed differential behaviors of multipotent adult 
stem cells from decellularized tissue/organ extracellular matrix 
bioinks. Biomaterials. 2019;224:119496.

	 7.	 Kim H, Park MN, Kim J, Jang J, Kim HK, Cho DW. 
Characterization of cornea-specific bioink: High 
transparency, improved in vivo safety. J Tissue Eng. 
2019;10:2041731418823382.

	 8.	 Ahearne M, Coyle A. Application of UVA-riboflavin 
crosslinking to enhance the mechanical properties of 
extracellular matrix derived hydrogels. J Mech Behav Biomed 
Mater. 2016;54:259–267.

	 9.	 Kim J, Shim IK, Hwang DG, Lee YN, Kim M, Kim H, Kim S-W,  
Lee S, Kim SC, Cho D-W, et al. 3D cell printing of islet-
laden pancreatic tissue-derived extracellular matrix bioink 
constructs for enhancing pancreatic functions. J Mater Chem 
B. 2019;7(10):1773–1781.

	10.	 Yi HG, Jeong YH, Kim Y, Choi Y-J, Moon HE, Park SH, 
Kang KS, Bae M, Jang J, Youn H, et al. A bioprinted human-
glioblastoma-on-a-chip for the identification of patient-
specific responses to chemoradiotherapy. Nat Biomed Eng. 
2019;3(7):509–519.

	11.	 Liu G, Zhang L, Zhou X, Xue J, Xia R, Gan X, Lv C, Zhang Y, 
Mao X, Kou X, et al. Inducing the “re-development state” of 
periodontal ligament cells via tuning macrophage mediated 
immune microenvironment. J Adv Res. 2024;60:233–248.

	12.	 Negishi J, Tanaka D, Hashimoto Y. Induction of osteogenic 
differentiation by the extracellular matrix of fetal bone tissues 
and adult cartilage. Tissue Cell. 2024;90:102475.

https://doi.org/10.34133/research.1234


Xia et al. 2026 | https://doi.org/10.34133/research.1234 14

	13.	 Han Z, Lin Y, Guo X, Xu J, Gao X, Yang R, Zhao Y, Gui M, 
Zhang L, Guo Y, et al. “Osteo-organogenesis niche” hyaluronic 
acid engineered materials directing re-osteo-organogenesis via 
manipulating macrophage CD44-MAPK/ERK-ETV1/5-MRC1 
axis. Adv Healthc Mater. 2024;13(32):Article e2403122.

	14.	 Sui B-D, Zheng C-X, Zhao W-M, Xuan K, Li B, Jin Y.  
Mesenchymal condensation in tooth development 
and regeneration: A focus on translational aspects of 
organogenesis. Physiol Rev. 2023;103(3):1899–1964.

	15.	 Lenas P, Moos M, Luyten FP. Developmental engineering: A 
new paradigm for the design and manufacturing of cell-based 
products. Part I: From three-dimensional cell growth to 
biomimetics of in vivo development. Tissue Eng Part B Rev. 
2009;15(4):381–394.

	16.	 Hall BK, Miyake T. All for one and one for all: Condensations 
and the initiation of skeletal development. BioEssays. 
2000;22(2):138–147.

	17.	 Hatini V, Huh SO, Herzlinger D, Soares VC, Lai E. Essential 
role of stromal mesenchyme in kidney morphogenesis revealed 
by targeted disruption of winged helix transcription factor BF-
2. Genes Dev. 1996;10(12):1467–1478.

	18.	 Shyer AE, Rodrigues AR, Schroeder GG, Kassianidou E, 
Kumar S, Harland RM. Emergent cellular self-organization and 
mechanosensation initiate follicle pattern in the avian skin. 
Science. 2017;357(6353):811–815.

	19.	 Tsai S-Y, Sennett R, Rezza A, Clavel C, Grisanti L, Zemla R,  
Najam S, Rendl M. Wnt/β-catenin signaling in dermal 
condensates is required for hair follicle formation. Dev Biol. 
2014;385(2):179–188.

	20.	 Walton KD, Kolterud A, Czerwinski MJ, Bell MJ, Prakash A, 
Kushwaha J, Grosse AS, Schnell S, Gumucio DL. Hedgehog-
responsive mesenchymal clusters direct patterning and 
emergence of intestinal villi. Proc Natl Acad Sci USA. 
2012;109(39):15817–15822.

	21.	 Tsai SL. The molecular interplay between progenitors and 
immune cells in tissue regeneration and homeostasis. J 
Immunol Regen Med. 2020;7, 1000024.

	22.	 Notari M, Ventura-Rubio A, Bedford-Guaus SJ, Jorba I,  
Mulero L, Navajas D, Martí M, Raya A. The local 
microenvironment limits the regenerative potential of the 
mouse neonatal heart. Sci Adv. 2018;4(5):eaao5553.

	23.	 Li J, Parada C, Chai Y. Cellular and molecular mechanisms  
of tooth root development. Development. 2017;144(3): 
374–384.

	24.	 Kojima Y, Tam OH, Tam PP. Timing of developmental  
events in the early mouse embryo. Semin Cell Dev Biol. 
2014;34:65–75.

	25.	 Liu XY, Zhang LT, Han D. research progress in studies on tooth 
development based on diphyodont mammals. Zhonghua Kou 
Qiang Yi Xue Za Zhi. 2021;56(5):497–501.

	26.	 Wu XS, Wang F, Li A, Wang SL. The pattern and regulatory 
mechanism of mammalian diphyodont tooth replacement. 
Zhonghua Kou Qiang Yi Xue Za Zhi. 2020;55(6):367–372.

	27.	 Wang F, Xiao J, Cong W, Li A, Song T, Wei F, Xu J, Zhang C,  
Fan Z, Wang S. Morphology and chronology of diphyodont 
dentition in miniature pigs, Sus scrofa. Oral Dis. 2014;20(4): 
367–379.

	28.	 Aamodt JM, Grainger DW. Extracellular matrix-based 
biomaterial scaffolds and the host response. Biomaterials. 
2016;86:68–82.

	29.	 Badylak SF, Gilbert TW. Immune response to biologic scaffold 
materials. Semin Immunol. 2008;20(2):109–116.

	30.	 Crapo PM, Gilbert TW, Badylak SF. An overview of tissue 
and whole organ decellularization processes. Biomaterials. 
2011;32(12):3233–3243.

	31.	 Takada Y, Ye X, Simon S. The integrins. Genome Biol. 
2007;8(5):215.

	32.	 Hynes RO, Naba A. Overview of the matrisome—An inventory 
of extracellular matrix constituents and functions. Cold Spring 
Harb Perspect Biol. 2012;4(1):Article a004903.

	33.	 Bonnans C, Chou J, Werb Z. Remodelling the extracellular 
matrix in development and disease. Nat Rev Mol Cell Biol. 
2014;15(12):786–801.

	34.	 Lantz C, Becker A, Deberge M, Filipp M, Glinton K, 
Ananthakrishnan A, Urbanczyk J, Cetlin M, Alzamroon A, 
Abdel-Latif A, et al. Early-age efferocytosis directs macrophage 
arachidonic acid metabolism for tissue regeneration. 
Immunity. 2025;58(2):344–361.e7.

	35.	 Doran AC, Yurdagul A Jr, Tabas I. Efferocytosis in health and 
disease. Nat Rev Immunol. 2020;20(4):254–267.

	36.	 Schilperoort M, Ngai D, Sukka SR, Avrampou K, Shi H, Tabas I.  
The role of efferocytosis-fueled macrophage metabolism in the 
resolution of inflammation. Immunol Rev. 2023;319(1):65–80.

	37.	 Sutherland TE, Dyer DP, Allen JE. The extracellular matrix 
and the immune system: A mutually dependent relationship. 
Science. 2023;379(6633):eabp8964.

	38.	 Pang X, He X, Qiu Z, Zhang H, Xie R, Liu Z, Gu Y, Zhao N, 
Xiang Q, Cui Y. Targeting integrin pathways: Mechanisms and 
advances in therapy. Signal Transduct Target Ther. 2023;8(1):1.

	39.	 Arnaout MA, Mahalingam B, Xiong J-P. Integrin structure, 
allostery, and bidirectional signaling. Annu Rev Cell Dev Biol. 
2005;21:381–410.

	40.	 Hanayama R, Tanaka M, Miwa K, Shinohara A, Iwamatsu A, 
Nagata S. Identification of a factor that links apoptotic cells to 
phagocytes. Nature. 2002;417(6885):182–187.

	41.	 Ma Z, Sun Y, Yu Y, Xiao W, Xiao Z, Zhong T, Xiang X, Li Z. 
Extracellular vesicles containing MFGE8 from colorectal 
cancer facilitate macrophage efferocytosis. Cell Commun 
Signal. 2024;22(1):295.

	42.	 Trzeciak A, Wang YT, Perry JSA. First we eat, then we 
do everything else: The dynamic metabolic regulation of 
efferocytosis. Cell Metab. 2021;33(11):2126–2141.

	43.	 Saas P, Vetter M, Maraux M, Bonnefoy F, Perruche S. 
Resolution therapy: Harnessing efferocytic macrophages 
to trigger the resolution of inflammation. Front Immunol. 
2022;13:Article 1021413.

	44.	 Massagué J. TGFβ signalling in context. Nat Rev Mol Cell Biol. 
2012;13(10):616–630.

	45.	 Miyazono K. TGF-β signaling by Smad proteins. Cytokine 
Growth Factor Rev. 2000;11(1–2):15–22.

	46.	 Sigafoos AN, Paradise BD, Fernandez-zapico ME. Hedgehog/
GLI signaling pathway: Transduction, regulation, and 
implications for disease. Cancer. 2021;13(14):3410.

	47.	 van den Brink GR. Hedgehog signaling in development 
and homeostasis of the gastrointestinal tract. Physiol Rev. 
2007;87(4):1343–1375.

	48.	 Liu J, Xiao Q, Xiao J, Niu C, Li Y, Zhang X, Zhou Z, Shu G,  
Yin G. Wnt/β-catenin signalling: Function, biological 
mechanisms, and therapeutic opportunities. Signal Transduct 
Target Ther. 2022;7(1):3.

	49.	 Hojo H. Emerging RUNX2-mediated gene regulatory 
mechanisms consisting of multi-layered regulatory  
networks in skeletal development. Int J Mol Sci. 
2023;24(3):Article 2979.

https://doi.org/10.34133/research.1234


Xia et al. 2026 | https://doi.org/10.34133/research.1234 15

	50.	 Bacha R, Pedersen S, Ismail R, Alwisi N, Al-Mansoori L. 
GATA3: Orchestrating cellular fate through differentiation 
and proliferation. Biochim Biophys Acta, Mol Cell Res. 
2025;1872(2):Article 119893.

	51.	 Rada-Iglesias A, Prescott SL, Wysocka J. Human genetic 
variation within neural crest enhancers: Molecular and 
phenotypic implications. Philos Trans R Soc Lond Ser B Biol 
Sci. 2013;368(1620):20120360.

	52.	 Camelo M, Nevins ML, Lynch SE, Schenk RK, Simion M, 
Nevins M. Periodontal regeneration with an autogenous 
bone-bio-Oss composite graft and a bio-Gide membrane. Int J 
Periodontics Restorative Dent. 2001;21(2):109–119.

	53.	 Beertsen W, Mcculloch CA, Sodek J. The periodontal ligament: 
A unique, multifunctional connective tissue. Periodontol. 
2000;1997(13):20–40.

	54.	 Junqueira LC, Bignolas G, Brentani RR. Picrosirius staining 
plus polarization microscopy, a specific method for collagen 
detection in tissue sections. Histochem J. 1979;11(4): 
447–455.

	55.	 Pizza FX, Buckley KH. Regenerating Myofibers after an acute 
muscle injury: What do we really know about them? Int J Mol 
Sci. 2023;24(16):Article 12545.

	56.	 Liang W, Han M, Li G, Dang W, Wu H, Meng X, Zhen Y, 
Lin W, Ao R, Hu X, et al. Perfusable adipose decellularized 
extracellular matrix biological scaffold co-recellularized 
with adipose-derived stem cells and L6 promotes functional 
skeletal muscle regeneration following volumetric muscle loss. 
Biomaterials. 2024;307:Article 122529.

	57.	 Dutra Alves NS, Reigado GR, Santos M, Caldeira IDS,  
Dos Santos Hernandes H, Freitas-Marchi BL, Zhivov E, 
Chambergo FS, Nunes VA. Advances in regenerative medicine-
based approaches for skin regeneration and rejuvenation. Front 
Bioeng Biotechnol. 2025;13:Article 1527854.

	58.	 Boyce ST, Lalley AL. Tissue engineering of skin and 
regenerative medicine for wound care. Burns Trauma. 
2018;6:4.

	59.	 Boulter L, Govaere O, Bird TG, Boulter L, Govaere O, Bird TG, 
Radulescu S, Ramachandran P, Pellicoro A, Ridgway RA, et al. 
Macrophage-derived Wnt opposes notch signaling to specify 
hepatic progenitor cell fate in chronic liver disease. Nat Med. 
2012;18(4):572–579.

	60.	 Burri PH. Structural aspects of postnatal lung development—
Alveolar formation and growth. Biol Neonate. 2006;89(4): 
313–322.

	61.	 Juraska JM, Willing J. Pubertal onset as a critical transition for 
neural development and cognition. Brain Res. 2017;1654(Pt B): 
87–94.

	62.	 Huttenlocher PR. Synaptic density in human frontal cortex -  
Developmental changes and effects of aging. Brain Res. 
1979;163(2):195–205.

	63.	 Rey RA. Steroid receptors in the testis: Implications in 
the physiology of prenatal and postnatal development 
and translation to clinical application. Histol Histopathol. 
2023;38(4):373–389.

	64.	 Mäkelä JA, Koskenniemi JJ, Virtanen HE, Toppari J. Testis 
development. Endocr Rev. 2019;40(4):857–905.

	65.	 Gawad KA, Hosch SB, Bumann D, Lübeck M, Moneke LC, 
Bloechle C, Knoefel WT, Busch C, Küchler T, Izbicki JR.  
How important is the route of reconstruction after 
esophagectomy: A prospective randomized study. Am J 
Gastroenterol. 1999;94(6):1490–1496.

	66.	 Ren J, Xu Y, ZhiYi G, Ren T, Ren J, Wang K, Luo Y, Zhu M, 
Tan Q. Reconstruction of the trachea and carina: Surgical 
reconstruction, autologous tissue transplantation, allograft 
transplantation, and bioengineering. Thorac Cancer. 
2022;13(3):284–295.

	67.	 Isch JA, Engum SA, Ruble CA, Davis MM, Grosfeld JL. Patch 
esophagoplasty using AlloDerm as a tissue scaffold. J Pediatr 
Surg. 2001;36(2):266–268.

	68.	 Badylak SF, Vorp DA, Spievack AR, Simmons-Byrd A,  
Hanke J, Freytes DO, Thapa A, Gilbert TW, Nieponice A. 
Esophageal reconstruction with ECM and muscle tissue in a 
dog model. J Surg Res. 2005;128(1):87–97.

	69.	 Shao X, Taha IN, Clauser KR, Gao YT, Naba A. MatrisomeDB: 
The ECM-protein knowledge database. Nucleic Acids Res. 
2020;48(D1):D1136–D1144.

	70.	 Shao X, Gomez CD, Kapoor N, Considine JM, Grams C,  
Gao YT, Naba A. MatrisomeDB 2.0: 2023 updates to the 
ECM-protein knowledge database. Nucleic Acids Res. 
2023;51(D1):D1519–D1530.

	71.	 Zou Y, Shan Z, Han Z, Yang J, Lin Y, Gong Z, Xie L, Xu J, 
Xie R, Chen Z, et al. Regulating blood clot fibrin films to 
manipulate biomaterial-mediated foreign body responses. 
Research. 2023;6:Article 0225.

	72.	 Zhou X, Xue J, Zhang Y, Xia R, Shan Z, Zhang L, Gui M, Liu G, 
Chen Z. Evolution of biological hydroxyapatite modification 
strategy: Anti-inflammation approach rescues the calcium-
NOD-like receptor-inflammation Axis-mediated periodontal 
redevelopment failure. Biomater Res. 2025;29:Article 0131.

	73.	 Lin Y, Zou Y, Yang J, Han Z, Guo X, Gao X, Xu J, Gong Z,  
Li R, Li Z, et al. Systemic T-cell and local macrophage 
interactions mediate granule size-dependent biological 
hydroxyapatite foreign body reaction. BMEMat. 2025;3: 
Article e12133.

	74.	 Liu G, Zhou X, Zhang L, Zou Y, Xue J, Xia R, Abuduxiku N, 
Liu R, Chen Z, Cao Y, et al. Cell-free immunomodulatory 
biomaterials mediated in situ periodontal multi-tissue 
regeneration and their immunopathophysiological processes. 
Mater Today Bio. 2022;16:100432.

	75.	 Wu X, Corona BT, Chen X, Walters TJ. A standardized rat 
model of volumetric muscle loss injury for the development 
of tissue engineering therapies. Biores Open Access. 
2012;1(6):280–290.

	76.	 Rodrigues TL, Nagatomo KJ, Foster BL, Nociti FH,  
Somerman MJ. Modulation of phosphate/pyrophosphate 
metabolism to regenerate the periodontium: A novel in vivo 
approach. J Periodontol. 2011;82(12):1757–1766.

	77.	 Yan XZ, Yang F, Jansen JA, de Vries RBM, van den Beucken JJJP.  
Cell-based approaches in periodontal regeneration: A 
systematic review and meta-analysis of periodontal defect 
models in animal experimental work. Tissue Eng Part B Rev. 
2015;21(5):411–426.

https://doi.org/10.34133/research.1234

	Postnatal Maxillofacial “Developing” Decellularized Extracellular Matrix Orchestrates Hierarchical Cross-Organ Regeneration via Macrophage Integrin αvβ5-Mediated Efferocytosis-Driven Developmental Recapitulation
	Introduction
	Results
	Fabrication and characterization of pDev-dECM and Mat-dECM
	pDev-dECM exhibits excellent dual effect in developmental recapitulation to achieve hierarchical tissue regeneration and adaptability to the adult environment
	The underlying mechanism of pDev-dECM’s developmental recapitulation lies in the regulation of macrophage-mediated efferocytosis
	RGD-enriched pDev-dECM targets integrin αvβ5 to reprogram macrophage-mediated efferocytosis in vitro
	pDev-dECM composite drives hierarchical periodontal regeneration via macrophage integrin αvβ5-mediated efferocytosis
	pDev-dECM promotes hierarchical cross-organ regeneration

	Discussion
	Conclusion
	Materials and Methods
	Preparation of pDev-dECM and Mat-dECM
	Characterization of pDev-dECM and Mat-dECM
	Comparative proteomic analysis of pDev-dECM and Mat-dECM
	Cell isolation, culture, and apoptosis induction
	Transcriptome analysis and RT-qPCR
	Immunofluorescence and detection of efferocytosis
	Preparation and characterization of pDev-dECM-BHA and Mat-dECM-BHA
	Animal surgery and sampling
	In vivo regenerative efficacy evaluation
	scRNA-seq sampling

	Histological analysis
	Single-cell RNA sequencing
	Statistical methods

	Acknowledgments
	Data Availability
	Supplementary Materials
	References


