
www.jzus.zju.edu.cn; www.springer.com/journal/11585
E-mail: jzus_b@zju.edu.cn

Journal of Zhejiang University-SCIENCE B   2026 27(6):628-644

Regenerative potential of Schneiderian membrane-derived 
mesenchymal stem cells in sinus floor elevation model and 
calvarial defect model

Yuxin ZHAO*, Jia WANG*, Dongqi YOU, Yifan LU, Mengfei YU*, Misi SI*

Stomatology Hospital, School of Stomatology, Zhejiang University School of Medicine, Zhejiang Provincial Clinical Research Center for Oral 
Diseases, Key Laboratory of Oral Biomedical Research of Zhejiang Province, Cancer Center of Zhejiang University, Engineering Research 
Center of Oral Biomaterials and Devices of Zhejiang Province, Hangzhou 310000, China

Abstract: Objectives: Schneiderian membrane-derived mesenchymal stem cells (SMMSCs) have been reported to be osteogenic 
progenitor cells in vitro. However, there is controversy regarding the intrinsic osteogenic capacity of the Schneiderian membrane, 
and the bone formation potential of SMMSCs in vivo has never been reported. Therefore, in this study, we aimed to evaluate the 
contribution of the Schneiderian membrane to sinus floor elevation and to verify the function of SMMSCs in cranial bone 
defects. Materials and methods: Bilateral sinus floor elevation with chloromethyl-benzamidodialkylcarbocyanine (CM-Dil) labeling 
was performed in rabbits to assess Schneiderian membrane osteogenesis. Single-cell RNA sequencing was used to characterize 
human Schneiderian membrane cellular subsets. SMMSCs and bone marrow-derived mesenchymal stem cells (BMSCs) were 
transplanted into rabbit cranial defects with gelatin methacryloyl (GelMA) scaffolds and analyzed via micro-computed tomography 
(micro-CT) and histology. Results: Spontaneous bone formation adjacent to the Schneiderian membrane was observed. Single-cell 
analysis identified paired-related homeobox 1 (PRRX1) progenitor clusters driving endosinus osteogenesis. SMMSCs exhibited 
earlier and superior bone regeneration compared with BMSCs, with higher tissue volume and bone volume/total volume (BV/TV) 
ratios at four weeks after surgery. Conclusions: The Schneiderian membrane likely contributes to osteogenesis via PRRX1+ progenitor 
lineages. SMMSCs promote accelerated early bone regeneration in cranial defects. This study provides the first in vivo validation 
of the osteogenic capacity of SMMSCs and defines their molecular identity at single-cell resolution.

Key words: Schneiderian membrane-derived mesenchymal stem cells (SMMSCs); Single-cell RNA sequencing; Osteogenesis; 
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1 Introduction 

Owing to the insufficient bone height and poor 
bone quality in the maxillary posterior region, the place‐
ment of dental implants is often challenging, and the 
maxillary sinus floor elevation (MSFE) procedure has 
been widely performed by clinicians to solve this prob‐
lem (Tatum, 1986; Summers, 1994; Al-Dajani, 2016; 
Hameed et al., 2019). The Schneiderian membrane, 

which covers the inner part of the maxillary sinus 
cavity, is elevated to create space for guiding bone re‐
generation (Pjetursson and Lang, 2014). While sponta‐
neous bone formation following sinus elevation has 
attracted considerable research attention, the precise role 
of the Schneiderian membrane in endosinus bone aug‐
mentation remains controversial (Dragonas et al., 2020).

Conflicting evidence exists regarding the osteo‐
inductive potential of this membrane. Several studies 
concluded that endosinus new bone tissue was present 
near the elevated Schneiderian membrane, indicating 
that the Schneiderian membrane, with its osteoinduc‐
tive potential, may contribute to bone augmentation 
(Palma et al., 2006; Moon et al., 2014; Rong et al., 
2015). Conversely, Scala et al. (2010) reported that 
the Schneiderian membrane did not participate in 
new bone formation during healing events. The rabbit 
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model has been extensively used to study bone heal‐
ing processes after MSFE, owing to the species’ ana‐
tomically favorable maxillary sinus characteristics that 
permit adequate space for bone formation (Asai et al., 
2002; Yin et al., 2019; de Carvalho Silva Leocádio et al., 
2021; Lee et al., 2022). Therefore, we used a rabbit 
MSFE model to further explore the contribution of the 
Schneiderian membrane in bone augmentation.

The mechanisms underlying bone regeneration 
following sinus elevation remain incompletely under‐
stood. Emerging evidence has shown that Schneiderian 
membrane-derived mesenchymal stem cells (SMMSCs) 
possess the ability for osteogenic, adipogenic, and chon‐
drogenic differentiation (Wang et al., 2022). These 
cells exhibited characteristic mesenchymal markers 
(STRO-1, cluster of differentiation 146 (CD146), CD29, 
and CD44) and demonstrated functional similarities 
to other mesenchymal stem cell (MSC) populations 
(Srouji et al., 2009; Guo et al., 2015). Recent investi‐
gations have identified that CD171+/CD90+ MSCs 
derived from lamina propria had stronger proliferative 
capacity, while CD171−/CD90+ MSCs in the periosteal 
layer showed better osteogenic ability (Lv et al., 2024). 
Notably, Weng et al. (2022) identified the Krt14+Ctsk+ 
subset of cells in the Schneiderian membrane that ro‐
bustly contributed to maxillofacial bone regeneration 
in mice, which displayed both epithelial and mesen‐
chymal properties. The above studies demonstrated that 
the epithelial layer, lamina propria, and periosteal layer 
may have certain osteogenic potential. SMMSCs with 
specific molecular markers may be an important source 
of endogenous bone gain in the maxillary sinus. Thus, 
it is desirable to further characterize SMMSCs involved 
in new bone formation in the maxillary sinus.

Isolated from various tissues and organs, MSCs 
are excellent candidates for cell therapy in tissue re‐
generation (Granchi et al., 2010; Lemos et al., 2015; 
Fujii et al., 2023). Bone marrow-derived mesenchymal 
stem cells (BMSCs) have been reported as practical 
seed cells for bone regeneration (Granchi et al., 2010; 
Xie et al., 2022; Lee et al., 2023). However, alloge‐
neic SMMSC transplantation has not been reported. 
Whether SMMSC could be suitable candidate for stem 
cell-based tissue engineering has not been examined. 
Therefore, we employed a well-established rabbit cal‐
varial defect model to evaluate the bone regenerative 
capacity of scaffold-seeded SMMSCs (Saha et al., 2019; 
Liu et al., 2020).

In this study, we aimed to provide further evi‐
dence for the osteogenic capacity of the Schneiderian 
membrane and to characterize specific MSC subpopu‐
lations involved in sinus osteogenesis. We also aimed 
to assess the in vivo bone regenerative potential of al‐
logeneic SMMSCs through calvarial defect repair and 
to provide new biological information on allogeneic 
SMMSC transplantation. To our knowledge, this rep‐
resents the first comparative investigation of SMMSCs 
versus BMSCs in bone regeneration models. We hy‐
pothesize that the Schneiderian membrane contains 
clinically relevant MSC populations with regenerative 
potential equivalent to established MSC sources, po‐
tentially offering new avenues for tissue engineering 
applications.

2 Materials and methods 

2.1 Single-cell RNA sequencing library preparation 
and data analysis

Fresh human Schneiderian membrane samples 
were preserved at 4 ℃ in tissue preservation solution. 
Sequencing was provided by OE Biotech Co., Ltd. 
(Shanghai, China). Briefly, cellular suspensions were 
loaded on the 10× Genomics Controller Single Cell 
Sequencer according to the manufacturer’s protocol. 
Single-cell sequencing libraries were generated using 
the 10× Genomics Chromium Next GEM Single Cell 
3' Reagent Kits (version 3.1). FASTQ files were pro‐
cessed and aligned to the GRCh38 human reference 
genome using Cell Ranger software (version 5.0.0). The 
unique molecular identifier (UMI) count matrix was 
analyzed using the Seurat R package (version 4.0.0). 
Cells were filtered based on gene numbers, UMI, and 
mitochondrial/hemoglobin RNA percentages. Dou‐
blets were identified using the DoubletFinder package 
(version 2.0.3). Principal-component analysis and graph-
based clustering were performed. Cells were visual‐
ized using Uniform Manifold Approximation and Pro‐
jection (UMAP). Marker genes and differentially ex‐
pressed genes were identified using FindAllMarkers 
and FindMarkers functions (test.use=presto). P<0.05 
and |log2(fold change)|>0.58 were set as the threshold 
for significant differential expression. Detailed filter‐
ing criteria and analysis parameters are provided in 
Method S1.
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2.2 Management of animals

Eighteen male New Zealand white rabbits (mean 
body weight 3.0 kg) were allocated to five experimen‐
tal cohorts: baseline histological analysis (n=1); BMSC 
and SMMSC isolation for phenotypic characterization 
(n=3); in vivo cell tracking (n=3); bilateral MSFE 
with immunohistochemistry (n=2); and calvarial defect 
model (n=9). During the experimental period, the 
rabbits were kept individually in cages under standard 
laboratory conditions, with a standard diet and free 
access to water.

2.3 MSC isolation, culture, and tri-lineage induction

SMMSCs were isolated from the Schneiderian 
membrane by enzymatic digestion with collagenase I 
(3 mg/mL; Gibco, Thermo Fisher Scientific) for 1 h at 
37 ℃ . After neutralization, cells were collected by 
centrifugation, resuspended, and plated in α-minimal 
essential medium (α-MEM) with 10% (volume fraction) 
fetal bovine serum (FBS) and 1% (volume fraction) 
penicillin-streptomycin. BMSCs were harvested from 
the same rabbit as previously described (Saha et al., 
2019). All cultures were maintained at 37 ℃ in 5% 
CO2. The third passage of cells was used in subse‐
quent experiments.

SMMSCs and BMSCs were isolated from three 
rabbits by density gradient centrifugation. Standardized 
fibroblast colony-forming unit (CFU-F) assays were 
conducted on passage 1 (P1) cells plated at 100 cells/cm2 
in α-MEM with 10% FBS. After 4 d, colonies were 
stained with crystal violet.

For trilineage differentiation, passage 2 (P2) 
SMMSCs were seeded in six-well plates at 1×104 
cells/well. Osteogenic differentiation was induced with 
β-glycerophosphate, L-ascorbic acid, and dexametha‐
sone for 21 d, and assessed by Alizarin Red S staining. 
Adipogenic differentiation was induced with insulin, 
dexamethasone, IBMX, and indomethacin for 21 d, and 
assessed by Oil Red O staining. Chondrogenic differen‐
tiation was induced with transforming growth factor-β1 
(TGF-β1), vitamin C, dexamethasone, and pyruvate for 
21 d, and assessed by Alcian Blue staining. Detailed 
medium compositions are provided in Method S2.

2.4 Immunofluorescence assay

After 21 d of differentiation, cells were fixed with 
4% (40 g/L) paraformaldehyde (PFA), permeabilized 
with 0.5% (volume fraction) Triton X-100, blocked 

with 2% (20 g/L) bovine serum albumin (BSA), and 
incubated with primary antibodies against osteopontin 
(OPN), adiponectin (AND), and collagen type 2A 
(COL-II) overnight at 4 ℃, followed by fluorescence-
conjugated secondary antibodies. Nuclear staining was 
performed with 4',6-diamidino-2-phenylindole (DAPI). 
Images were acquired using confocal fluorescence 
microscope (LSM980, Zeiss).

For paired-related homeobox 1 (PRRX1) immu‐
nohistochemistry, 4-μm paraffin sections of human 
and rabbit tissues were subjected to antigen retrieval, 
blocked with goat serum, and incubated with anti-
PRRX1 overnight at 4 ℃, followed by donkey anti-
goat Alexa Fluor 488. Sections were mounted with 
DAPI and imaged as above. Antibody dilutions are pro‐
vided in Method S3.

2.5 Cytoskeleton staining

SMMSCs and BMSCs (2×106 cells) were seeded 
on gelatin methacryloyl (GelMA) scaffolds and incu‐
bated for 24 h. Cell scaffolds were fixed with 4% PFA, 
permeabilized with 0.5% Triton X-100, stained with 
rhodamine phalloidin and DAPI, and imaged by con‐
focal microscope.

2.6 Surgical procedure

2.6.1　Rabbit sinus floor elevation model

Under general and local anesthesia, bilateral sinus 
floor elevation was performed. Two bone windows 
were created with a 4-mm diamond burr, and the Sch‐
neiderian membrane was elevated. Using a split-mouth 
design, the left sinus was filled with Bio-Oss® colla‐
genated bone mineral and the right sinus with 5% 
(0.05 g/mL) GelMA hydrogel. A biodegradable colla‐
gen membrane (BioGide) was placed over the sur‐
gical field. Rabbits received postoperative penicillin 
and were sacrificed at 6 or 12 months.

2.6.2　Rabbit cranial bone defect model

Nine rabbits received four bilateral calvarial de‐
fects (8 mm diameter, 2 mm depth). Defects were ran‐
domly allocated to: (1) acellular GelMA scaffold; 
(2) SMMSC-loaded GelMA (2×106 cells); (3) BMSC-
loaded GelMA (2×106 cells); or (4) untreated control. 
All defects were covered with a BioGide membrane. 
Animals were euthanized at 1, 2, and 3 months (n=3 per 
time point). Detailed surgical protocols are provided 
in Method S4.
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2.7 CM-Dil tissue-labeling

Chloromethyl-benzamidodialkylcarbocyanine 
(CM-Dil) (1 g/L in ethanol) was diluted to 0.5 g/L 
with α-MEM containing 10% FBS and injected into 
the elevated Schneiderian membrane. Rabbits were 
sacrificed at 0, 4, and 8 weeks after surgery. Tissues 
were fixed, decalcified, embedded in O.C.T., sectioned 
(8 μm), and imaged by confocal microscope.

2.8 Micro-CT scanning

Fixed bone specimens were scanned with a micro-
computed tomography (micro-CT) system (Milabs, 
Utrecht, Netherlands, U-CT-XUHR) at 55 kV, 455 μA, 
and 14.8 μm resolution. Three-dimensional (3D) images 
were reconstructed, and bone volume/total volume 
(BV/TV), trabecular thickness (Tb.Th), and trabecular 
spacing (Tb.Sp) were analyzed using Imalytics Preclin‐
ical version 2.1 (Gremse-IT GmbH, Aachen, Germany).

2.9 Histological observation

After micro-CT, specimens were decalcified in 
10% (100 g/L) ethylenediaminetetraacetic acid (EDTA), 
embedded in paraffin, sectioned at 5 μm, and stained 
with hematoxylin and eosin (H&E). New bone area 
was analyzed using ImageJ (National Institutes of 
Health, Bethesda, Maryland, USA).

2.10 Statistical analysis

Data are presented as mean±standard deviation 
(SD). Comparisons between two groups were per‐
formed using two-tailed Student’s t-test, and compari‐
sons among multiple groups by one-way analysis of 
variance (ANOVA) (SPSS v19.0). P<0.05 was con‐
sidered statistically significant.

3 Results 

All rabbits recovered from anesthesia and the 
surgical procedure, and the sutures healed well. The 
rabbits did not show any signs of inflammation or infec‐
tion by the time of sacrifice.

3.1 Schneiderian membrane’s osteogenic potential 
in sinus augmentation models

Representative images of the rabbit sinus floor 
elevation model are shown in Fig. 1a. CM-Dil was 
further used to trace cells from the rabbit Schneiderian 

membrane and their progeny to identify the contribution 
of the membrane to bone regeneration (Fig. 1b). After 
four weeks, labeled cells underwent proliferation and 
increased significantly. After eight weeks, Dil-labeled 
cells gradually became widely distributed in the ele‐
vated region. Cells from the maxillary sinus membrane 
migrated, proliferated, and may have finally differenti‐
ated into osteogenic lineages in the elevated area. In 
the H&E-stained decalcified sample sections (Fig. 1c), 
new bone was repositioned near the elevated sinus 
membrane after a long period in two groups. We found 
that in the 6th month, the Bio-Oss group showed early 
calcified bone formation in the upper transplantation 
area near the Schneiderian membrane and around the 
bone graft material. In the GelMA hydrogel group, 
calcified tissue was scattered near the Schneiderian 
membrane and at the edge of the transplantation area. 
After 12 months of transplantation, a large amount of 
new bone tissue was formed near the Schneiderian 
membrane in both the Bio-Oss and GelMA hydrogel 
groups, with a further calcified portion. Active osteo‐
blast aggregation was observed under the Schneiderian 
membrane, which indicated that the membrane may 
have long-term bone-inducing potential. Taking these 
findings together, our data suggested that the maxil‐
lary sinus membrane may directly participate in de 
novo bone regeneration in the rabbit maxillary sinus 
augmentation model.

The morphological observations revealed that the 
rabbit Schneiderian membrane was composed of three 
layers: the epithelium, lamina propria, and periosteum 
(Figs. S1a and S1b). The upper cortex was composed 
of a false multilayered epithelium with a neatly arranged 
ciliated structure. The lamina propria layer was rich in 
maxillary sinus glands and collagen fibers, and the 
periosteum layer was closely connected with the bone 
wall. A recent study suggested that the lamina propria 
layer and the periosteum layer of the human Schneide‐
rian membrane contained two types of MSCs (Lv et al., 
2024), which may explain the osteogenic potential of 
the Schneiderian membrane.

3.2 Identification of SMMSCs by single-cell RNA 
sequencing

To identify the cell subsets, distinct populations 
were identified, including 1 cluster for mesenchymal 
cells, 5 clusters for globose basal cells, 3 clusters for 
airway basal cells, 1 cluster for endothelial cells, 2 clus‐
ters for secretory goblet cells, 6 clusters for ciliated 
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cells, 1 cluster for monocytes, and 1 cluster for lym‐
phocytes (Figs. 2a and 2b). Briefly, globose basal cells 
expressed KH RNA-binding domain-containing, signal 
transduction-associated 2 (KHDRBS2), tumor protein 
P63 (TP63), and transmembrane and tetratricopeptide 
repeat-containing 1 (TMTC1), while endothelial cells 
showed specific expression of endomucin (EMCN), von 
Willebrand factor (vMF), and LIM domain-binding 2 
(LDB2). Significantly elevated levels of AL139815.1, 
cilia and flagella-associated protein 157 (CFAP157), and 
AC137810.1 were used to distinguish the ciliated cells, 
and the expression levels of regulating synaptic mem‐
brane exocytosis 1 (RIMS1), limbic system-associated 
membrane protein (LSAMP), and AC092691.1 were 
used to distinguish secretory goblet cells. Monocytes 
and lymphocytes expressed high levels of engulf‐
ment and cell motility 1 (ELMO1), Rho GTPase acti‐
vating protein 15 (ARHGAP15), protein tyrosine phos‐
phatase receptor type C (PTPRC), and AC079793.1. 

Mesenchymal cells showed high levels of PRRX1, 
zinc finger E-box-binding homeobox 1 (ZEB1), and 
neuron navigator 3 (NAV3). We further observed that 
cluster 9 was highly enriched in the previously reported 
mesenchymal marker PRRX1 (Fig. 2c). Specifically, 
PRRX1 was also identified as a classical MSC marker 
in the maxillofacial region. We found that PRRX1+ 
MSCs could be divided into five subclusters (Figs. S2a 
and S2b). Besides, the pseudotime differentiation tra‐
jectory (Fig. S2c) indicated that different PRRX1+ MSC 
subclusters may have different osteogenic differentia‐
tion capacities.

Through immunofluorescence (IF) staining, we 
further revealed the localization of PRRX1+ cells in 
human and rabbit Schneiderian membranes. As shown 
in Figs. 2d and 2e, PRRX1+ cells were scattered in the 
lamina propria layer in both human and rabbit Sch‐
neiderian membranes, close to the periosteum layer. 
After sinus floor elevation for four weeks, PRRX1+ 

Fig. 1  Schneiderian membrane participated in endosinus bone formation in the rabbit sinus floor elevation model. (a) Procedure 
of rabbit sinus floor elevation. The bony windows were obtained by surgery, frontal view. Elevated spaces of the two 
sinuses were filled with Bio-Oss and 5% (volume fraction) gelatin methacryloyl (GelMA)-based hydrogels, respectively. 
(b) Chloromethyl-benzamidodialkylcarbocyanine (CM-Dil) was used to evaluate the contribution of the Schneiderian 
membrane to endosinus bone formation. With the extension of tracing time, cells derived from the Schneiderian membrane 
gradually proliferated. Dotted lines mark the elevated Schneiderian membrane, below which is the maxillary sinus cavity. 
(c) Representative histological images of hematoxylin and eosin (H&E) staining at 6 months (6M) and 12 months (12M) 
of two groups. New bone (NB) was located near the elevated Schneiderian membrane. The right image of each pair shows 
a magnified rectangular region of the left image. Blue dotted lines mark NB, red dotted lines and # mark unabsorbed 
grafting materials. SFE: sinus floor elevation; BASFE: bone-added sinus floor elevation.
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Fig. 2  Features of paired-related homeobox 1 (PRRX1+) cells in the Schneiderian membrane. (a) A transcriptomic map of cells 
in the human maxillary sinus membrane produced by single-cell RNA sequencing, with cell type annotations of distinct clusters. 
(b) The average expression levels of key markers for different types of cells, as well as the percentage of cells expressing each 
marker. (c) A Uniform Manifold Approximation and Projection (UMAP) plot of mesenchymal cells based on their marker gene 
PRRX1. (d) PRRX1+ cells were detected by immunofluorescent staining in the human Schneiderian membrane. The dotted 
lines mark the Schneiderian membrane and the maxillary bone. The arrowheads mark the PRRX1+ cells in the human 
Schneiderian membrane. (e) PRRX1+ cells were detected by immunofluorescent staining in the rabbit Schneiderian 
membrane. The dotted lines mark the Schneiderian membrane, above which is the maxillary bone. The arrowheads mark 
PRRX1+ cells in the rabbit Schneiderian membrane. (f, g) PRRX1+ cells were identified by immunofluorescent staining 
at 4 weeks (4W) and 8 weeks (8W) after sinus floor elevation (SFE) surgery, with arrowheads marking PRRX1+ cells in 
the new bone. SM: Schneiderian membrane; DAPI: 4',6-diamidino-2-phenylindole; SFE: sinus floor elevation.
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cells proliferated and participated in the early stage of 
new bone formation (Fig. 2f). After eight weeks, more 
PRRX1+ cells appeared in the elevated zone, suggesting 
that PRRX1+ cells may further promote bone regenera‐
tion (Fig. 2g). Building upon integrative analysis of 
single-cell RNA sequencing and spatially resolved IF 
staining data, our findings suggested that PRRX1+ cell 
populations localized within both the lamina propria 
and periosteal compartments could represent progenitor 
lineages potentially associated with endosinus osteo‐
genic processes.

3.3 Characterization and differentiation potential 
of rabbit SMMSCs

Primary cultured SMMSCs showed spindle-
shaped fibroblast-like morphology, similar to the cul‐
tures of MSCs derived from other tissues (Fig. 3a). A 
CFU-F assay was conducted on P1 rabbit SMMSCs 
and BMSCs to identify their self-renewal ability. Fig. 3b 
shows representative colonies after cultivating rabbit 
SMMSCs and BMSCs for 2 d. SMMSCs showed 
significantly higher self-renewal ability than BMSCs 
(P<0.05).

The capacity of rabbit SMMSCs to differentiate 
into osteogenic, adipogenic, and chondrogenic cells was 
investigated under in vitro conditions. For osteogenic 
differentiation, Alizarin Red S staining revealed rabbit 
SMMSCs differentiated into osteoblasts after 21 d of 
induction (Fig. 3c). These observations were supported 
by positive OPN staining detected in osteogenic rabbit 
SMMSCs (Fig. 3d). Adipogenic SMMSCs were stained 
with Oil Red O to assess lipid droplets (Fig. 3e). The ad‐
ipogenic marker ADN evaluated by IF was significantly 
upregulated in adipogenic SMMSCs (Fig. 3f). For chon‐
drogenic differentiation, the pellet cultures stained 
by Alcian Blue revealed that chondrogenic rabbit 
SMMSCs increased after 21 d of chondrogenic induc‐
tion (Fig. 3g). The IF experiment also showed that 
COL-II significantly increased in chondrogenic rabbit 
SMMSCs (Fig. 3h). Taken together, these results 
showed that rabbit SMMSCs had a better self-renewal 
capability than BMSCs, and had the potential to form 
osteogenic, adipogenic, and chondrogenic lineage cells.

3.4 Osteogenic potential of rabbit SMMSCs in 
cranial defect repair

Cytoskeleton staining indicated that the GelMA-
based scaffold supported the expansion of SMMSCs 

and BMSCs (Fig. 4a). Representative images of the 
rabbit cranial bone defect model are shown in Fig. 4b. 
Fig. 4c depicts micro-CT 3D images of cranial bone 
defects taken at 1, 2, and 3 months following: no 
treatment; implantation with GelMA-based scaffolds 
only; rabbit SMMSCs/GelMA-based scaffolds; rabbit 
BMSCs/GelMA-based scaffolds. At one month post‐
operatively, new bone formation was clearly observed 
at the edge and center of the cranial defects in the 
SMMSCs and BMSCs groups, while only a small 
amount of new bone formation was observed at the 
edge of the cranial defect in the blank control group 
and the GelMA group. The BV/TV was significantly 
higher in the SMMSCs/GelMA-based scaffold group 
than in the BMSCs/GelMA-based scaffold group (P<
0.01), the GelMA-based scaffold group (P<0.001), or 
the blank group (P<0.001) (Fig. 4d). In addition, the 
Tb.Th of new bone in the SMMSCs/GelMA-based 
scaffold group was significantly higher than that in the 
GelMA-based scaffold group (P<0.01) or the blank 
group (P<0.001). These results indicated that SMMSCs 
had better bone defect repair capacity at an early stage 
than BMSCs.

As time progressed, the percentage of new bone 
formation increased in all groups. After two months, 
the SMMSCs/GelMA- and BMSCs/GelMA-based scaf‐
fold groups had mostly repaired the bone defect. At 
this time, a large defect was still visible in the center 
of the cranial bone in the GelMA-based scaffold and 
blank groups. After two months, the BV/TV in the 
SMMSCs/GelMA-based scaffold group was signifi‐
cantly higher than that in the GelMA-based scaffold 
group (P<0.05), and the BV/TV in the BMSCs/GelMA-
based scaffold group was also significantly higher than 
that in the GelMA group (P<0.01) (Fig. 4d). The con‐
siderable new bone formation in the SMMSCs/GelMA- 
and BMSCs/GelMA-based scaffold groups had mostly 
repaired the defect, while, in contrast, the GelMA-
based scaffold and blank control groups showed only 
a slight increase in newly formed bone. The bone 
defect had mostly healed in all groups after three 
months. After three months, the BV/TV in the BMSCs/
GelMA-based scaffold group was significantly higher 
than those in the GelMA-based scaffold group (P<0.01) 
and the blank group (P<0.01), and Tb.Th in the BMSCs/
GelMA-based scaffold group was significantly higher 
than that in blank group (P<0.05) (Fig. 4d). These 
results indicate that both SMMSCs and BMSCs have 
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good bone repair ability, and SMMSCs may have 
better in vivo osteogenic ability than BMSCs at an early 
postoperative stage.

H&E staining of the cranial bone defects is shown 
in Fig. 5. After one month, in the GelMA-based scaffold 
and blank control groups, the center of defect sites 
was filled mostly with connective tissue rather than 

newly formed bone. Only minimal bone formation 
and a few bony islands were noted on the edge of the 
defects. On the other hand, the MSC-treated group 
showed considerable new bone formation: circular 
new bony islands with early woven bone were ob‐
served, originating from the periphery of defects. The 
SMMSCs/GelMA-based scaffold group formed more 

Fig. 3  Characterization of rabbit Schneiderian membrane-derived mesenchymal stem cells (SMMSCs). (a) Representative 
images of fibroblast colony-forming unit (CFU-F) after cultivating rabbit SMMSCs and bone marrow-derived mesenchymal 
stem cells (BMSCs) for 2 d under inverted microscopy. (b) SMMSCs showed better self-renewal ability than BMSCs. 
Differences between groups are expressed as mean±standard deviation (SD). n=3. * P<0.05, two-tailed Student’s unpaired t-test. 
(c) Representative images of Alizarin Red S staining for rabbit SMMSC osteogenic differentiation. (d) Osteopontin (OPN) 
was determined by immunofluorescent staining. (e) Adipogenic rabbit SMMSCs stained by Oil Red O. (f) Adiponectin (ADN) 
was revealed by immunofluorescent staining. (g) Chondrogenic rabbit SMMSCs stained by Alcian Blue. (h) Collagen 
type 2A (COL-II) was identified by immunofluorescent staining. DAPI: 4',6-diamidino-2-phenylindole.
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continuous fibrous osteoid structures and bone marrow 
cavities, with a large number of osteoblasts and new 
bony islands.

After two months of healing, substantial bony in‐
growth was observed and bone maturation was more 
extensive in the MSC-treated groups. Mature contin‐
uous lamellar bone as well as bone marrow cavities 

were noted in the SMMSCs/GelMA- and BMSCs/
GelMA-based scaffold groups, while new bone forma‐
tion was still limited in the blank and GelMA control 
groups, with a limited number of independent bone 
islands or discontinuous thin fibroid bone. After three 
months, robust bone regeneration and defect heal‐
ing were clearly observed in the defects implanted 

Fig. 4  Earlier bone formation by Schneiderian membrane-derived mesenchymal stem cells (SMMSCs) relative to bone 
marrow-derived mesenchymal stem cells (BMSCs) in calvarial defects. (a) Cytoskeleton staining was used to observe the growth 
of rabbit SMMSCs and BMSCs on gelatin methacryloyl (GelMA)-based scaffolds. (b) Rabbit cranial bone defect model, frontal 
view. (c) Representative 3-dimensional micro-computed tomography (micro-CT) images of a top view of the reconstructed 
rabbit calvaria at 1 month (1M), 2 months (2M), and 3 months (3M). Remarkable new bone formation was observed in the 
SMMSCs/GelMA- and BMSCs/GelMA-based scaffold groups at one month after surgery. (d) Morphometric analysis of 
bone volume/total volume (BV/TV), trabecular thickness (Tb.Th), and trabecular spacing (Tb.Sp) within calvarial defects at 
1M, 2M, and 3M for different groups. Analysis of variance (ANOVA), followed by Tukey’s post hoc test. Differences between 
groups are expressed as mean±standard deviation (SD). n=3. * P<0.05, ** P<0.01, *** P<0.001; ns: not significant.
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Fig. 5  Accelerated osteogenesis of Schneiderian membrane-derived mesenchymal stem cells (SMMSCs) versus bone 
marrow-derived mesenchymal stem cells (BMSCs) during early-stage calvarial healing. (a) Histomorphological detection 
was demonstrated by hematoxylin and eosin (H&E) staining at 1 month (1M), 2 months (2M), and 3 months (3M). Continuous 
new bone formation was detected in the SMMSCs/gelatin methacryloyl (GelMA)- and BMSCs/GelMA-based scaffold groups 
at different periods after surgery. The lower image in each set shows a magnified rectangular region of the upper image. 
Blue dotted lines mark the new bone (NB) and fibrous tissue (FT), the red dotted lines mark unabsorbed GelMA materials, 
and the black dotted lines mark the host bone (HB). (b) ImageJ was used to measure the bone formation area of each treatment 
group on the H&E-stained slides. Analysis of variance (ANOVA), followed by Tukey’s post hoc test. Differences between 
groups are expressed as mean±standard deviation (SD). n=3. * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001.
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with SMMSCs and BMSCs. The rabbit’s cranium 
defect area was covered with thick mature lamellar 
bone junctions with large and orderly trabeculae in the 
SMMSCs/GelMA- and BMSCs/GelMA-based scaf‐
fold groups. In contrast, the blank and GelMA control 
groups formed isolated bone islands surrounded by 
fibrous tissue, with thin bone and small trabeculae.

A semiquantitative analysis of the bone formation 
in the cranial bone defects suggested that SMMSCs 
exhibited the highest healing speeds during the entire 
bone healing process. After one month, the proportion 
of new bone in the SMMSCs/GelMA-based scaffold 
group was significantly higher than that of the BMSCs/
GelMA-based scaffold group (P<0.05), GelMA-based 
scaffold group (P<0.0001), and blank group (P<0.01) 
(Fig. 5b). The proportion of new bone in the BMSCs/
GelMA-based scaffold group was significantly higher 
than that in the GelMA-based scaffold group (P<0.001) 
and the blank group (P<0.05). After two and three 
months, both SMMSCs and BMSCs significantly 
enhanced bone regeneration in the cranial bone de‐
fect model when compared with GelMA alone or 
the blank control (all P<0.05). These results suggest 
that both SMMSCs and BMSCs had the ability for 
bone regeneration in vivo, and that although both 
cell types achieved robust healing by three months, 
SMMSCs demonstrated a superior and faster osteo‐
genic capacity during the early stage (one month) of 
bone defect repair.

4 Discussion 

Vertical bone regeneration in the maxillary poste‐
rior alveolar ridge remains a significant clinical chal‐
lenge for successful dental implant placement. Maxil‐
lary sinus elevation is usually performed in these cases. 
There is controversy regarding the underlying mech‑
anism of osteogenesis in the maxillary sinus cavity. 
Previous studies suggested that bone regeneration after 
MSFE relied mainly on the activation of osteoprogen‐
itor cells located in the maxillary bone wall and bone 
marrow (Scala et al., 2012; Jungner et al., 2015; Qian 
et al., 2018). In recent years, the Schneiderian mem‐
brane, which covers the maxillary sinus cavity, has 
attracted attention from scholars for inducing regen‐
erative tissues. Guo et al. (2015) proposed that the 
Schneiderian membrane was one of the sources of 

osteoblasts involved in the endosinus bone remodeling 
process. Srouji et al. (2010) showed that when the sinus 
membrane was folded and transplanted in an ectopic 
subcutaneous location in nude mice, strong positive 
staining of alkaline phosphatase (ALP) appeared at the 
periosteum-like structure. Weng et al. (2022) showed 
that Krt14+Ctsk+ cells in the Schneiderian membrane 
contributed to maxillofacial bone osteogenesis and 
regeneration through dual recombinase-mediated lin‐
eage tracing. However, Scala et al. (2012) found no 
evidence that the Schneiderian membrane participated 
in new bone formation after MSFE in histological sec‐
tions of primates. Lim et al. (2022) documented the 
early degradation of pseudo-periosteal structures during 
wound healing, postulating a limited osteogenic con‐
tribution from the sinus mucosa. This observation 
aligns with retrospective clinical evidence demon‐
strating enlargement of the maxillary sinus ostium post-
augmentation (Guo et al., 2015; Makary et al., 2016; 
Sakuma et al., 2020), suggesting that chronic inflam‐
matory processes and sustained edema may adversely 
affect neo-osteogenesis. Therefore, the mechanistic role 
of the sinus mucosa in endosinus osteogenesis war‐
rants further experimental validation through inte‐
grated in situ cell lineage tagging and histomorpho‐
metric analysis.

In the present animal experiments, we performed 
maxillary sinus augmentation with Bio-Oss or GelMA 
hydrogel in rabbits for long-term observation. Bio-Oss 
is a standard commercial bone graft substitute for max‐
illary sinus floor augmentation (Pereira et al., 2024), 
and GelMA hydrogel has good biocompatibility and 
provides structural support (Chen and Tsai, 2025; Liu 
et al., 2025). After six months, both Bio-Oss materials 
and GelMA hydrogel were retained in the rabbit sinus 
as they could be seen clearly in H&E-stained slides. 
At 12 months post-surgery, GelMA hydrogel in the 
rabbit sinus had been resorbed to some extent and 
replaced by vital bone. Ingrowth of newly formed 
bone could be found around the implantation materials 
in both groups. Our results showed that the elevated 
Schneiderian membrane was in intimate contact with 
the new bone after a long period of time. To further 
explain the unique function of the sinus mucosa in the 
endosinus bone gain, CM-Dil tracing was used to track 
the Schneiderian membrane-derived cells after sinus 
elevation. The labeled cells proliferated and scattered 
in the maxillary sinus cavity in postoperative Weeks 4 

638



Journal of Zhejiang University-SCIENCE B   2026 27(6):628-644    |

and 8. We hypothesize that the de novo bone generated 
from the Schneiderian membrane may exhibit distinct 
histomorphometric characteristics, particularly in its 
preferential deposition along the arcuate superior region 
of the sinus compartment. This osteogenic pattern poten‐
tially diverges from the intramembranous ossification 
processes originating from the maxillary bony walls. 
The results indicated that the Schneiderian membrane-
derived cells directly participated in bone gain after 
sinus lifting.

H&E and Masson trichrome-stained sections 
showed that the Schneiderian membrane was composed 
of the epithelial lining, lamina propria, and a periosteum-
like structure. After the sinus membrane is elevated, 
the osteoprogenitor cells may be stimulated to start the 
osteogenesis process. Meanwhile, as a barrier mem‐
brane, the Schneiderian membrane could also protect 
the blood clot in the raised space, thereby contributing 
to the osteogenic response (Falah et al., 2016).

The cellular composition of the Schneiderian mem‐
brane is not well understood. Therefore, we conducted 
single-cell RNA sequencing to explain the contribution 
of the Schneiderian membrane and identify the MSCs 
residing within it. A similar single-cell sequencing-
guided approach was recently employed by Hu et al. 
(2025) to identify disease-specific osteoblast subpopu‐
lations in osteoporotic niches, highlighting the power 
of this technology in revealing cell populations criti‐
cal for bone regeneration. We determined the cellular 
hierarchy of the maxillary sinus membrane and ident‑
ified specifically labeled MSCs. The human maxillary 
sinus membrane contains mesenchymal cells, globose 
basal cells, airway basal cells, endothelial cells, secre‐
tory goblet cells, ciliated cells, monocytes, and lympho‐
cytes. In recent years, three distinct cell markers have 
been used to identify MSCs and skeletal stem cells 
in the craniofacial region, including PRRX1 (Tooze 
et al., 2023), GLI family zinc finger 1 (GLI1) (Yu et al., 
2021), and axis inhibition protein 2 (AXIN2) (di Pietro 
et al., 2020). PRRX1, which acts as a transcriptional 
co-activator, has been shown to be expressed within 
periosteal bone (Deng et al., 2019; Yang et al., 2022). 
GLI1+ cells seem to be involved in cranial suture re‐
generation and bone homeostasis (Zhao et al., 2015; Yu 
et al., 2021). Finally, AXIN2+ cells have been proposed 
to have long-term self-renewal and differentiation abil‑
ities during calvarial development (Maruyama et al., 
2017). PRRX1, a lineage-specific subset of craniofacial 

mesenchyme progenitors, appears to contain osteopro‐
genitors in both human and rabbit Schneiderian mem‐
branes. After sinus floor elevation, PRRX1+ MSCs 
scattered in both the lamina propria and periosteum 
layers were considered to play an important role in 
guiding bone regeneration. Once the sinus membrane 
was lifted, PRRX1+ cells were enriched and located in 
the newly-formed bone, suggesting that they contrib‐
uted to the development of newly formed bone tissue. 
Interestingly, PRRX1+ MSCs could be further divided 
into five subpopulations, with pseudotime analyses 
showing their differentiation trajectories. The heteroge‐
neity and hierarchy of PRRX1+ MSC subpopulations 
that participate in endosinus bone regeneration and 
their specific function will be verified in further studies. 
While preliminary findings suggest PRRX1+ SMMSCs’ 
involvement in sinus bone formation, the current study 
had limitations in conclusively demonstrating cellular 
dynamics and commitment pathways. Definitive vali‐
dation requires implementation of Cre-loxP-based 
lineage tracing in transgenic models coupled with single-
cell transcriptomic profiling, which may permit high-
resolution tracking of PRRX1+ progenitor differentiation 
trajectories during osteogenic processes.

Numerous MSCs from different tissues have been 
extensively applied in cell therapies (Granchi et al., 
2010; Lemos et al., 2015; Fujii et al., 2023). Cells iso‐
lated from various sources exhibit different biological 
characteristics (Sui et al., 2019). In particular, the bone 
marrow stromal cells and periosteum-derived cells have 
been the main sources used in bone repair and tissue 
engineering (Zhu et al., 2023). In the present study, 
SMMSCs fostered a fibroblast-like appearance. The 
colony-forming potential is one of the most essential 
characteristics of MSCs (Friedenstein et al., 1970). Our 
results showed that the self-renewal ability of SMMSCs 
was distinctly higher than that of BMSCs. In addition, 
MSCs are known for their capacity to differentiate 
into multi-lineages toward osteoblasts, adipocytes, and 
chondroblasts (Suchanecka et al., 2025). The multilin‐
eage differentiation potential of SMMSCs was proven 
by the positive staining of Alizarin Red S, Oil Red O, 
and Alcian Blue, as well as the elevated lineage-specific 
expression level, including OPN, ADN, and COL-II. 
Other researchers also derived MSCs from the human 
Schneiderian membrane that were committed to the 
osteogenic lineage (Guo et al., 2015). Some research 
groups have provided evidence that SMMSCs express 
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the stem cell marker STRO-1 and the microvascular 
mesenchymal progenitor marker CD146, reconfirm‐
ing the presence of a progenitor cell population in the 
Schneiderian membrane (Derjac-Aramă et al., 2015; 
Guo et al., 2015).

Hence, SMMSCs are a population of MSCs with 
high self-renewal capability and multi-lineage differen‐
tiation potential, which may exhibit significant effects 
in tissue-engineered bone formation after maxillary 
sinus floor augmentation. These results emphasize the 
high bone regeneration potential of MSCs derived from 
the Schneiderian membrane and raise the possibility of 
their use in an MSC-based therapeutic therapy against 
bone defects in vivo.

The cranial bone defect model has been widely 
used to investigate the effects of different MSC-based 
treatment modalities (Saha et al., 2019; Liu et al., 
2020). By placing collagen membranes as barriers, we 
prevented the ingrowth of fibrous connective tissues 
during the healing process. The transplant cell-based 
scaffolds were the main source of bone regeneration 
(Maurer et al., 2018). With high osteogenic potential, 
BMSCs have been widely used in many tissue engi‐
neering studies (Granchi et al., 2010; Xie et al., 2022; 
Lee et al., 2023). Thus, we used BMSCs as a control to 
evaluate the bone regeneration potential of SMMSCs. 
We observed active new bone formation as well as 
osteoid/ossifying mesenchyme in SMMSCs/GelMA-
based scaffolds in the first four weeks of healing. On 
the other hand, only small amounts of new bony islands 
were observed in BMSCs/GelMA-based scaffolds. 
Note that we found significantly higher BV/TV values 
in the SMMSCs/GelMA-based scaffold group than in 
the BMSCs/GelMA-based scaffold group. The other 
two groups promoted only minimal new bone in the 
margin area, as the center of the defect regions was 
filled with connective tissues but not trabecular bone. 
At eight weeks after surgery, both the BMSCs/GelMA-
based and SMMSCs/GelMA-based scaffold groups 
showed well-organized mature bone with marrow space 
filled with fat cells. Continuous cortical bone was 
observed in all four groups after 12 weeks. Compared 
with the control groups, MSC-treated groups showed a 
better degree of mineralization and thicker cortical 
bone. In conclusion, the results of the present study sug‐
gest that more pronounced bone formation occurred 
in the SMMSCs/GelMA-based scaffold group in the 
early healing stage beyond four weeks. SMMSCs may 

have superior osteogenic differentiation and mineral‐
ization abilities than BMSCs during the initial period 
of bone healing in vivo. To reduce individual differ‐
ences, we did not use a critical calvarial defect model 
in rabbits, and thus caution is necessary when consid‐
ering the statistical results. To our knowledge, this is 
the first study to evaluate the in vivo osteogenesis effi‐
cacy of SMMSCs in a rabbit calvarial defect model. 
When compared with autografts, allografts, and xeno‐
grafts for bone regeneration, allogeneic SMMSCs may 
have several advantages. This strategy could reduce 
the risk of immune rejection (Reinders et al., 2013; 
Ankrum et al., 2014; Chen et al., 2021), and SMMSCs 
could be isolated minimally invasively in a sinus floor 
elevation model. The GelMA scaffold used in this 
study could potentially be further optimized using strat‐
egies such as those reported by Ma et al. (2025), who 
incorporated silk fibroin and polyethylene oxide to 
enhance mechanical strength while maintaining bio‐
compatibility. The comparative analysis revealed a para‐
doxical temporal divergence in osteogenic efficacy 
between SMMSCs and BMSCs, with SMMSCs show‐
ing superior early-stage osteoinductive capacity in the 
cranial defect model. This differential performance 
profile likely stems from intrinsic cellular adaptations 
to their respective tissue niches. The observed spatial 
patterning of de novo bone formation, particularly the 
peripheral-to-central mineralization gradient in aug‐
mented sinuses, may align with the demonstrated pro‐
pensity of SMMSCs for early bone regeneration. We 
hypothesize that, as mucosal-derived cells subjected 
to cyclic respiratory deformation, SMMSCs may have 
enhanced capacity to transduce compressive stresses 
into pro-osteogenic biochemical signals after sinus floor 
elevation.

This study’s conclusions must be interpreted with 
regard to its methodological constraints. Although 
CM-Dil tracing indicated maxillary sinus membrane 
involvement in osteogenesis within the rabbit model, 
direct clinical extrapolation remains problematic due 
to significant anatomical and physiological disparities 
in Schneiderian membrane morphology and sinus aug‐
mentation dynamics between the species. Moreover, 
the distinct biological microenvironment of calvarial 
defects compared to sinus elevation sites underscores 
the need for caution when translating these findings 
to maxillofacial regeneration scenarios. Further inves‐
tigations using human-derived models and clinical 

640



Journal of Zhejiang University-SCIENCE B   2026 27(6):628-644    |

correlation studies are imperative to elucidate the role 
of SMMSCs in human sinus floor elevation.

In this perspective, endosinus’ new bone forma‐
tion may promote the participation of the Schneiderian 
membrane in bone formation. Our study provides 
initial experimental evidence that the addition of the 
SMMSC transplant resembles a biologically active os‐
teoinductive augmentation method, which may enhance 
new bone formation, especially in early bone healing. 
The demonstrated self-renewal capacity and multipo‐
tent differentiation potential of SMMSCs, particularly 
their osteogenic competency in both in vitro and in vivo 
models, position these cells as promising candidates 
for MSC-based regenerative approaches. To advance 
clinical translation, ongoing investigations focused on 
three critical aspects are currently underway: (1) onto‐
genetic characterization of SMMSC subpopulations; 
(2) mechanistic studies of their paracrine signaling in 
3D sinus augmentation environments; and (3) develop‐
ment of human-relevant experimental models to vali‐
date their osteoinductive capacity in maxillofacial 
regeneration scenarios.

5 Conclusions 

Histological and immunohistochemical evidence 
suggested that the Schneiderian membrane may act as 
a cellular reservoir supporting osseointegration post-
sinus augmentation, though definitive validation via 
lineage-tracing and spatial transcriptomics is needed. 
SMMSC transplantation enhanced earlier calvarial 
bone regeneration compared to BMSCs. Given their 
robust self-renewal and osteogenic potential in vitro 
and in vivo, SMMSCs may represent promising MSC-
based therapeutic candidates for bone repair. Further 
investigations into their cellular origins and heteroge‐
neity are underway.
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