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ABSTRACT

We previously identified “highly purified osteoprogenitors” (HipOPs) as a promising model for studying bone organ regeneration
in murine systems. However, achieving proper integration of the bone formed by HipOPs into the well-organized host bone
requires better morphological control. In this study, we developed a 3D culture model by culturing a HipOP-seeded gelatin sponge
on an osteoblast (OB) layer to regulate the morphology of regenerated bone. In vitro studies revealed significant upregulation of
genes associated with bone formation, response to stimuli, cell communication, and vascularization in the HipOP population after
48 h of coculture. Moreover, the HipOPs exhibited concentration-dependent responses, with stronger effects observed in regions
closer to the OB layer. By day 7, the sponge areas in contact with the OB layer contained more cells with enhanced osteogenic
differentiation capacity. When transplanted subcutaneously into immunodeficient mice for 8 weeks, the 3D culture samples
formed bone organs comprising bone and bone marrow tissue. Notably, cortical bone appeared only in regions where the sponge
had contacted the OB layer, with a gradual decrease in bone density observed outward from that area. Our 3D culture model
successfully generated hierarchically structured bone organs, offering significant potential for reconstructing well-integrated bone
in defective regions.

1 | Introduction Bone marrow mesenchymal stem cells (BMSCs) are multipotent,
capable of differentiating into various cell types, including bone-
forming cells or osteoblasts (OBs). The fate of BMSCs is influ-
enced by interactions with tissue-specific cells such as chondro-
cytes and myocytes [6, 7]. In the endosteal niche near the internal
bone surface, the synergy between bone-lining OBs and their
progenitors (BMSCs) remains poorly understood due to the
graded porosity or particle size [1-4]. However, these approaches  npative microenvironment’s complexity [8]. However, studies
faced significant limitations due to intricate fabrication processes indicated that OBs influence BMSCs’ osteogenic differentiation
and inconsistent results, as the scaffolds provided only physical through both direct contact [9, 10] and paracrine signaling
cues for the cells [3, 5]. [11, 12].

The bone is hierarchically structured, exhibiting a radial gradient
of porosity that transitions from the dense cortical bone on the
outside to the spongy bone on the inside. Mimicking this struc-
tural complexity remains a key challenge in bone engineering.
Previous attempts to guide bone regeneration used scaffolds with
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Signaling molecules secreted by OBs offer a promising chemical
mechanism for controlling BMSC differentiation and bone for-
mation. While coculturing OBs and BMSCs in 2D or 3D models
has been shown to enhance osteogenesis [10, 13, 14], the effects
of an OB layer on 3D-cultured BMSCs remain unclear. We
hypothesize that soluble molecules produced by OBs diffuse
along a concentration gradient, inducing graded osteogenic dif-
ferentiation in BMSCs within a 3D culture system and resulting
in varying bone density.

Human BMSCs exhibit significant donor variation [15-17], pos-
ing challenges for consistent experimental results. To overcome
this, BMSCs can be harvested from closed populations of inbred
animal models, such as mice, which are widely used in biomedi-
cal research due to their small size, genetic similarity to humans,
and ease of handling. However, the original method of collecting
BMSCs from bone marrow tissue based on their plastic adher-
ence was inefficient in mice [18, 19] compared to humans [20]
and other species [21-23]. Untreated bone marrow cells from
mice often contain high proportions of hematopoietic cells that
may interfere with BMSC functionality [24]. To reduce contami-
nation by hematopoietic cells, we previously cultured BMSCs for
14 days and then excluded the lineage-committed hematopoietic
cells using magnetic microbeads [19]. This simple strategy
resulted in significant enrichment of skeletal stem cells with
the capacity for OB, chondrocyte, and adipocyte differentiation
in vitro. Although comprising multiple precursor cell types, the
population is enriched more than 100-fold in osteoprogenitors by
limiting dilution assay, leading us to refer to the cells as “highly
purified osteoprogenitors” (HipOPs) [19]. In addition to retaining
the multipotent characteristics of BMSCs, HipOPs demonstrate
superior stem cell markers by flow cytometry and the ability to
reconstitute bone tissue and the bone marrow microenvironment
by transplantation experiments [19]. However, the morphology
of bone tissue formed by HipOPs was unnatural and would not
allow good integration with well-organized host bone.

This study introduces a new 3D culture model leveraging the
effects of the OB layer to regulate the osteogenic differentiation
of HipOPs, enabling controlled bone regeneration with tailored
morphological outcomes.

2 | Materials and Methods
2.1 | Ethics Statement

This study was approved by the Research Ethics Committee of
Graduate School of Dentistry, The University of Osaka. All
experiments were practiced according to the committee’s guide-
lines related to animal care (R-01-001-0) and were compliant
with the guidelines of ARRIVE guidelines (https://arriveguideli
nes.org).

2.2 | Overview of In Vitro and In Vivo Experiments

Mouse BMCSs were purified through negative cell sorting to
isolate HipOPs for subsequent experiments. Initially, HipOPs
were utilized to generate a confluent monolayer of OBs on a
collagen gel, with differentiation monitored to ensure the OB
layer reached the appropriate stage for starting OB-HipOP cocul-
ture. The responses of HipOPs in the coculture system were

analyzed to determine the impact of OBs. Finally, cells were
cocultured inside a chamber and transplanted subcutaneously
into immunodeficient mice to assess their in vivo bone-forming
capacity (Figure 1).

2.3 | Isolation of HipOPs

Male C57BL/6 mice (6-8 weeks old) were euthanized via CO,
inhalation. In a sterile environment, femurs and tibiae were har-
vested, with their ends trimmed, and soaked in a cold phosphate-
buffered saline (PBS). Bone marrow tissue was flushed from the
bone cavity using a syringe filled with culture medium (CM) and
then gently agitated to create a single-cell suspension. The CM was
prepared by supplementing minimum essential medium (Thermo
Fisher Scientific, Waltham, MA, USA) with 10% fetal bovine
serum and 1% penicillin—streptomycin solution (Sigma-Aldrich,
St. Louis, MO, USA). After straining to remove connective tissue,
bone marrow cells were seeded in 10-cm dishes at a density of 5x
10 cells/dish and cultured at 37°C in a humidified incubator with
5% CO,. Nonadherent cells were washed away on day 3 using PBS,
while adherent cells were maintained in periodically refreshed
CM. Once the cells reached ~80% confluence, they were harvested
via enzymatic digestion with 0.25% trypsin-EDTA solution (Sig-
ma-Aldrich). In the purification stage by negative selection, cells
were incubated with magnetic bead-conjugated antibodies target-
ing hematopoietic cells, as described previously [19]. The mixture
was passed through a magnetic field using a MACS separator
(Miltenyi Biotec, Bergisch Gladbach, Germany), which bound
and removed hematopoietic-lineage cells. The remaining unla-
beled cells were collected as HipOPs for further experiments.

2.4 | OB Differentiation of HipOPs on Collagen Gel

The collagen gel solution was prepared using Cellmatrix type I-A
(Fujifilm Wako Pure Chemical, Tokyo, Japan) according to the
manufacturer’s instructions. The solution (250 pL/well) was
evenly distributed at the bottom of a 24-well plate and incubated
at 37°C for 30 min to solidify. Subsequently, 1 mL of HipOP sus-
pension in CM (2.5 x 10° cells) was added to each well, allowing
cells to settle on the gel for 24 h. Osteoinduction was initiated by
replacing the medium with osteoinductive medium (OM) con-
taining ascorbic acid (50 pg/mL), f-glycerophosphate (107> M),
and dexamethasone (10"®M). For comparison, BMSCs were
included in parallel experiments. On days 1, 2, 3, 6, and 9, cells
were fixed with 4% paraformaldehyde (PFA) for 20 min and sub-
jected to alkaline phosphatase (ALP) and von Kossa staining to
assess extracellular matrix formation on the collagen. Addition-
ally, quantitative reverse transcription polymerase chain reaction
(RT-qPCR) was performed on duplicate samples to detect signal-
ing molecules secreted by OBs during differentiation. These
molecules included Wnt family proteins (Wntl, 3a, 5a, 5b, 7b,
and 10b), bone morphogenetic protein 2 (BMP2), and vascular
endothelial growth factor A (VEGFA).

2.5 | Coculture HipOPs and OBs in 3D Culture
Model

To evaluate cell interactions in the 3D culture system, a confluent
monolayer of OBs (10° cells/well) was established on a collagen
gel (50 uL/well) using a 96-well plate. The even distribution of the
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Schematic overview of experimental design

HipOPs isolation OB monolayer on
from BMSCs collagen gel preparation

HipOP-seeded sponge loading
and 3D culture model assembly

Subcutaneous transplantation
and sample analysis

Gelatin sponge

Poly-lactidecoglycolide
(PLGA) culture chamber

Collagen gel

FIGURE 1 | Design of the 3D culture model. The scaffolds included a collagen layer (2mm thick) supporting a monolayer of osteoblasts (OBs), a
cylindrical gelatin sponge (5 mm in diameter and 3 mm thick) for seeding highly purified osteoprogenitors (HipOPs), and a tubular poly-lactidecogly-
colide (PLGA) culture chamber (5mm in diameter and 5 mm thick) with perforated holes for structural support. The cell interactions involve the OB
monolayer and 3D-cultured HipOPs. The models were cultured for 48 h before subcutaneous transplantation into immunodeficient mice.

OB layer was confirmed by a light microscope. Concurrently,
hemostatic gelatin sponges (Spongel; LTL Pharma Co., Ltd.,
Tokyo, Japan) were prepared as cylinders (5 mm diameter and
3mm height) using a biopsy punch. These sponges were steril-
ized with UV light before cell seeding. HipOP suspensions (10°
cells/50 uL) were seeded onto the sponges and incubated at 37°C
for 2h. Afterward, the sponges were transferred onto the OB
layers in a 96-well plate to establish the coculture model. Sponges
cultured without the OB layer served as internal controls. After
48h in CM, the sponges were bisected transversely under sterile
conditions to investigate HipOP responses to signal concentra-
tion gradients. RNA was separately collected from the upper and
lower halves of the sponges in both the HipOP/none group (no
OB layer) and the HipOP/OB group (coculture with OBs) for
gene expression profiling via RNA sequencing. Additionally,
total RNA was extracted from intact sponges in each group to
analyze osteogenic gene expression using RT-qPCR, targeting
markers such as ALP, collagen type 1 (Col-I), bone sialoprotein
(BSP), and osteocalcin (OCN). On day 7, cell-seeded sponges were
collected to assess proliferation via MTT assay and visualize oste-
ogenic differentiation through ALP staining. For staining, the
sponges were fixed in 4% PFA for 1h, dehydrated overnight at
4°C in PBS containing 20% sucrose, embedded in an optimal
cutting temperature compound (Sakura Finetek, Tokyo, Japan),
and frozen at —80°C. Transverse sections (30 um thickness) were
prepared for analysis.

2.6 | ALP and Von Kossa Staining

To detect ALP activity, the ALP substrate solution was freshly
prepared by combining Fast Red Violet LB salt (Sigma—Aldrich)

with a mixture of N, N-dimethylformamide (NACALAI TESQUE,
INC., Kyoto, Japan), naphthol AS-MX phosphate (Sigma-Aldrich),
and 0.2M tris-HCI buffer (pH 8.3). The solution was filtered and
applied to samples for 40 min at room temperature. For phosphate
deposition visualization via von Kossa staining, samples were
removed from the ALP solution and treated with a 2.5% silver
nitrate aqueous solution for 30 min. After each staining step, sam-
ples were washed three times with distilled water to remove excess
dye. The stained sections were analyzed and imaged using a light
microscope (BZ-X810; KEYENCE, Osaka, Japan).

2.7 | RNA Isolation, Complementary DNA (cDNA)
Synthesis, and RT-qPCR Analysis

Total RNA was extracted from cells using the FastGene RNA Basic
Kit (Nippon Genetics, Tokyo, Japan) following the manufacturer’s
instructions. RNA concentration and purity were assessed using a
NanoDrop Spectrophotometer (Thermo Fisher Scientific). The
extracted RNA was reverse-transcribed into cDNA using the
ReverTra Ace qPCR RT Master Kit (TOYOBO, Osaka, Japan).
The cDNA samples were diluted in RNase/DNase-free water as
needed and used to prepare the PCR reaction mixture. This mix-
ture contained THUNDERBIRD SYBR qPCR Mix (TOYOBO) and
sequence-specific primers (Thermo Fisher Scientific) as shown in
Table 1. A 96-well PCR plate was loaded with 20 pL of the reaction
mixture per well and processed in an ABI 7500 Fast System
(Thermo Fisher Scientific). Gene amplification and quantification
were performed using the SYBR Green detection method. Data
were analyzed using the 272" method to calculate the relative
change in target gene expression, normalized to glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) as the reference gene. Results
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Reverse sequence (5'-3')

TABLE 1 | Primer sequences of genes analyzed by RT-qPCR.

Genes Forward sequence (5'-3")
Wntl CGAGAGTGCAAATGGCAATTCCG
Whnt3a AACTGCACCACCGTCAGCAACA
Wnt5a GGAACGAATCCACGCTAAGGGT
wnt5b GCTACCGCTTTGCCAAGGAGTT
Wnt7b TTCTCGTCGCTTTGTGGATGCC
Wnt10b ACCACGACATGGACTTCGGAGA
BMP2 AACACCGTGCGCAGCTTCCATC
VEGFA CTGCTGTAACGATGAAGCCCTG
ALP GGCCATCTAGGACCGGAGA
Col-1 GCTCCTCTTAGGGGCCACT
BSP AAAATGGAGACGGCGATAGTT
OCN GAGGACCATCTTTCTGCTCACT
GAPDH AATGGATTTGGACGCATTGGT

GATGAACGCTGTTTCTCGGCAG
AGCGTGTCACTGCGAAAGCTAC
AGCACGTCTTGAGGCTACAGGA
CATTTGCAGGCGACATCAGCCA
CACCGTGACACTTACATTCCAGC
CCGCTTCAGGTTTTCCGTTACC
CGGAAGATCTGGAGTTCTGCAG
GCTGTAGGAAGCTCATCTCTCC
TGTCCACGTTGTATGTCTTGG
ATTGGGGACCCTTAGGCCAT
GAGTGTGGAAAGTGTGGAGTTCT
CGGAGTCTGTTCACTACCTTATTG
TTTGCACTGGTACGTGTTGAT

were expressed as percentages relative to the highest value
observed in the compared groups.

2.8 | In Vivo Transplantation Experiment

For transplantation, besides using collagen gel to support the OB
layer and gelatin foam to seed HipOPs, we employed a perforated
poly-lactidecoglycolide (PLGA) tubular cell culture chamber (5
mm diameter x 5mm height; GC Co., Tokyo, Japan) that was
utilized as the outer framework due to its sufficient mechanical
properties. These chambers featured circular holes of different
sizes for specific purposes: small holes (0.5 mm diameter) at the
base supported collagen attachment, while larger holes (2 mm
diameter) above facilitated nutrient transport (Figure 1). Before
use, the PLGA chambers were sterilized with 80% ethanol and
placed in a 6-well plate. Collagen solution (50 uL) was loaded into
the chamber’s bottom and allowed to solidify before inducing
osteogenic differentiation of HipOPs. Once a confluent OB
monolayer on the collagen gel was confirmed, HipOP-embedded
sponges were added to complete the 3D model for the HipOP/OB
group (Figure 1). For the HipOP/none group, the OB layer on
collagen gel was omitted. These cell-scaffold constructs were
maintained in CM for 48 h before subcutaneous transplantation
into immunodeficient mice (Crlj:CD1-Foxnlnu mice). Samples
were retrieved 8 weeks posttransplantation for further analysis.

2.9 | Micro-Computed Tomography (Micro-CT)
Analysis

After the sample retrieval, the mineralization in the transplants
was first examined using the R-mCT2 system (Rigaku, Tokyo,
Japan) with a tube current of 160 pA, a tube voltage of 90kV,
and a slice width of 5um. TRI/3D-BON-FCS software (Ratoc
System Engineering, Tokyo, Japan) was used to reconstruct 3D
microstructures and calculate total mineralized tissue volume. A
uniform threshold was applied to all specimens to distinguish
mineralized tissue from the background.

2.10 | Histological and Immunohistochemical
Analysis

Retrieved transplants were fixed in 4% PFA at 4°C for 48 h and then
decalcified in Kalkitox (Fujifilm Wako Pure Chemical) for 7 days
with gentle agitation. Samples were dehydrated in a graded ethanol
series, embedded in paraffin, and sectioned vertically into 7-pm-
thick slices. For later analysis, the sections were gently dewaxed in
xylene, rehydrated, and rinsed in distilled water. Hematoxylin—
eosin (HE) staining was performed to observe general histological
features, while Masson’s trichrome staining (Modified Masson’s;
ScyTek Laboratories, West Logan, UT, USA) visualized bone matrix
formation. For immunohistochemical staining of CD31, aimed at
evaluating new blood vessel formation, antigen retrieval was per-
formed by treating sections with citrate buffer (pH 6.0) at 80°C for
20 min. Nonspecific staining was blocked by incubating sections in
a 10% normal goat serum solution in PBS for 1h at room tempera-
ture. Sections were then incubated with anti-CD31 antibody
(ab182981; Abcam, Cambridge, UK) diluted 1:500 in blocking
buffer and stored overnight in a humidified chamber at 4°C. Fol-
lowing PBS washing, sections were treated with a biotinylated sec-
ondary antibody for 30 min. Endogenous peroxidase activity was
quenched using 0.3% hydrogen peroxide in methanol for 20 min,
and color development was achieved with Elite ABC reagent (VEC-
TASTAIN Elite ABC kit; Vector Laboratories, Newark, CA, USA)
and diaminobenzidine substrate (ImmPACT DAB; Vector Labora-
tories). Finally, sections were counterstained with hematoxylin for
nuclear visualization, dehydrated, and sealed with Mount-Quick
(Daido Sangyo Co., Tokyo, Japan). Stained sections were examined
using a BZ-810 microscope (KEYENCE).

2.11 | Statistical Analysis

All experiments were conducted independently three times, and
the results were presented as the means + standard deviations.
Comparisons between two groups were analyzed using the Stu-
dent’s t-test. For comparisons among more than two groups, the
one-way ANOVA was performed, followed by the post hoc Tukey’s
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HSD test to determine which specific groups differ from each
other. All the statistical analysis was conducted using IBM SPSS
Statistics 22 software (International Business Machines Co.,
Armonk, NY, USA). Differences were considered statistically sig-
nificant when the p-value was less than 0.05.

31
3.1 | OB Differentiation of HipOPs on Collagen Gel

Results

Over the 9-day osteoinduction period on collagen gel, the BMSC
group displayed weak ALP activity beginning only at day 6

(Figure 2A). In contrast, HipOPs exhibited robust osteogenic dif-
ferentiation, with ALP activity detectable from day 1 and calcium
deposition starting from day 3 (Figure 2A). Both ALP staining
and mineralized areas in the HipOP group expanded progres-
sively over time, reaching their peaks at days 6 and 9, respectively
(Figure 2A).

To monitor OB differentiation during the osteogenic induction
process, gene expression profiles of the HipOP group were ana-
lyzed by RT-qPCR on days 1, 2, 3, 6, and 9. Among the six key
Wnt family genes studied, Wntl and Wnt3a were not expressed
in the OB layer during the initial 9 days of differentiation.
However, other Wnt family members, including Wnt5a, Wnt5b,
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Osteoblast differentiation of HipOPs on collagen gel. (A) Unfractionated BMSCs and HipOPs were cultured on a collagen gel, and

Wnt7b Wnt10b

sk ok

VEGFA

practiced alkaline phosphatase (ALP) and von Kossa staining. ALP-positive staining (red) marks early-stage osteoblast differentiation, while calcium
deposits in the bone matrix (black) indicate later-stage differentiation. Scale bar: 200’ um. (B, C) Relative gene expression levels of HipOPs during 9 days
of osteogenic differentiation were normalized to the Ct value of the housekeeping gene GAPDH and presented as percentages relative to the highest
value among the groups. One-way ANOVA and Tukey’s HSD test, n = 3. Statistical significance is indicated as *p<0.05, **p<0.01, ***p<0.001.
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Wnt7b, and Wnt10b, showed significant changes in gene expres-
sion as HipOPs differentiated into OBs. Specifically, data revealed
significant upregulation of Wnt5a (p = 0.00001) and Wnt7b (p =
0.034) from day 2 to a peak on day 3, followed by a gradual
downregulation (Figure 2B). With Wnt5b and Wnt10b, downre-
gulated gene expression was only observed from day 6 of osteo-
genic differentiation. Similarly, growth factors BMP2 and
VEGFA exhibited a comparable expression pattern, with signifi-
cant upregulation from day 2 to day 3, peaking at day 3, and then
gradually decreasing (Figure 2C). These findings suggested that
mature OBs, which demonstrated positive von Kossa staining
after 3 days of osteoinduction (Figure 2A). Given that the major-
ity of the selected genes, including Wnt5a, Wnt7b, BMP2, and
VEGFA, showed their most significant upregulation between
days 2 and 3 before being downregulated (Figure 2B,C), the OB
layer at day 2 in the HipOP group was used for subsequent
experiments in the 3D culture model.

3.2 | Effects of the OB Layer on HipOPs in the 3D
Culture Model

RNA-sequencing analysis was conducted to examine gene
expression in HipOPs from the upper and lower halves of
sponges. The data were represented as a k-means clustering heat-
mabp, a principal component analysis (PCA) plot, and scatter plots
to visualize expression levels and similarities across groups. After
48 h of coculture with the OB layer, the HipOP population exhib-
ited distinct gene expression profiles (Figure 3A-C). In cluster 1
of the k-means clustering analysis (Figure 3A), Gene Ontology
(GO) terms related to bone formation (Comp, Gpc3, Mepe,
Smpd3, Actn3, and Cyp26bl), response to stimuli (Smad7, Ace,
Collal, Igfbp2, Postn, and Ppl), cell communication (Adralb,
Gja3, Gjb3, Wnt4, and Wnt6), and regulation of vascular devel-
opment (Flt1, K1f5, Hey2, Wt1, Myo18b, and Serpinel) were sig-
nificantly enriched in the lower half of the sponge contacting the
OB layer (Figure 3D). In contrast, the upper half of the HipOP/
OB group displayed intermediate expression levels for these bio-
logical processes, while both halves of the HipOP/none group
showed low expression levels (Figure 3A,D). Furthermore, gene
expression profiles were consistent between the upper and lower
halves in the HipOP/none group, indicating a lack of spatial
differentiation (Figure 3A—C). RT-qPCR analysis further demon-
strated significant upregulation of osteogenic differentiation mar-
kers (ALP, Col-1, BSP, and OCN) in HipOPs after 48 h of coculture
with the OB layer (Figure 4).

By day 7, ALP staining confirmed robust osteogenic differentia-
tion in HipOP-seeded sponges, with stronger staining intensity
observed in the lower part of the sponge closer to the OB layer
(Figure 5A, Supporting Information 1: Figure S1). Moreover, the
lower half of the sponge in the HipOP/OB group showed a sig-
nificantly higher number of cells compared to the upper half on
day 7 (Figure 5B). These findings suggest that the OB layer pro-
vided signals that promoted osteogenic differentiation and
proliferation.

3.3 | In Vivo Bone Formation Capacity of the 3D
Culture Model

After the sample retrieval, the mineralization in the whole trans-
plants was examined with Micro-CT analysis. Micro-CT analysis

demonstrated the 3D reconstruction of mineralized tissue in both
grayscale and pseudocolor, representing different bone density
values. Data from the HipOP/OB group showed the formation
of continuous bone-like tissue. At the bottom, where the HipOP-
seeded sponge contacted the OB layer, a cortical bone-like layer
appeared with the highest density value (Figure 6A). The miner-
alization density gradually decreased from the bottom to the top.
In contrast, the HipOP/none group exhibited two distinct ossifi-
cation clusters in the lower and upper areas with irregular shapes
and no density variation (Figure 6A). Additionally, the average
bone volume in the HipOP/none group was significantly smaller
than that in the HipOP/OB group (Figure 6B).

The bone density gradient in the HipOP/OB group was further
assessed using Masson’s trichrome staining, which selectively
stains collagen fibers in the bone matrix in different colors based
on mineralization states. Newly formed bone, indicated in blue,
was prominently present in the lower regions, while red appeared
as a thin layer at the bottom end, suggesting mature bone tissue in
this area (Figure 7A). However, samples in the HipOP/none group
displayed positive staining only for the immature bone matrix.
Bone matrix formation was observed beneath the bottom and
top surfaces, becoming undetectable in the middle region
(Figure 7A, Supporting Information 2: Figure S2). HE staining
results confirmed the histology of the bone tissue in the HipOP/
OB samples, showing the indications of OB and osteocyte pheno-
types (Figure 7C). Ongoing Haversian canal formation was also
noted within the cortical bone layer (Figure 7C). Furthermore,
bone marrow tissue, including adipocytes, hematopoietic cells,
blood vessels, and sinusoids, was identified in the bone cavity
(Figure 7C). Immunohistochemical staining for CD31 revealed
that the HipOP/OB group exhibited a highly developed vascular
network throughout the lower half of the sample. Conversely, the
HipOP/none group displayed minimal blood vessel formation
(Figure 7B).

4 | Discussion

One of the most important factors in regenerative medicine is a
scaffold that mimics the extracellular matrix of the target tissue. In
bone tissue engineering, collagen type 1, the primary component of
the organic bone matrix, accounting for ~90%, has been a preferred
scaffold material. Culturing BMSCs on a collagen gel promotes cell
attachment, proliferation, and notably enhances osteogenic differ-
entiation capacity [25-27]. In this study, when HipOPs were seeded
on collagen gel and cultured in OM, the maturation of the OB layer
occurred more rapidly compared to BMSCs in OM alone, as shown
in a previous study [28]. Moreover, the collagen gel easily detached
from the culture dish while remaining intact along the confluent
OB layer. It also possessed sufficient tensile strength to support the
HipOP-sponge construct during delivery to the transplantation site.
Similarly, gelatin, a denatured form of collagen with comparable
biological properties and easier processing, could serve as a cost-
effective alternative for large-scale bone regeneration applications.
Researchers have utilized commercially available hemostatic gela-
tin sponges, known for their excellent pore interconnectivity, to
facilitate nutrient exchange and 3D cell growth [29-31]. Finally,
PLGA, a polymer with a long history of safe use in bone tissue
engineering, is valued for its biocompatibility, biodegradability, and
osteoconductivity. In this study, a new PLGA cell culture chamber
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RNA-sequencing analysis of gene expression profiling. RNA was collected from HipOPs in the upper (U) and lower (L) halves of cell-
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was introduced, offering both physical support to prevent collagen
gel contraction and mechanical strength to stabilize the entire
model. By integrating these three materials, our model effectively
leveraged OB-derived signaling gradients to control the morphol-
ogy of bone formation.

In addition, cells are another critical factor influencing the outcome
of tissue engineering. Compared with untreated BMSCs, HipOPs
demonstrated a higher osteogenic capacity [19]. The expression of
ALP activity on day 1 indicated the presence of pre-OBs in the
HipOP population immediately after purification (Figure 2A),
reflecting ongoing bone formation in the animal body prior to sac-
rifice [32]. As a heterogeneous cell population, HipOPs not only
include multipotent stem cells but are also enriched with lineage-
committed cells, such as osteoprogenitors and pre-OBs [19], which
may accelerate the osteogenic differentiation process. In our experi-
mental setup, osteogenic induction of HipOPs into mature OBs on
collagen gel required only 3 days, as determined by OB matura-
tional stages based on ALP activity and calcium deposits [33]. This
rapid differentiation rate also stemmed from the removal of
hematopoietic cells, which enhanced cell-cell communication,

a critical factor for cellular differentiation [34]. Moreover, HipOPs
were particularly advantageous in bone tissue regeneration, as they
retained the capacity to support the bone marrow microenviron-
ment and ensure functional blood cell formation [19].

Regarding growth factors in bone regeneration, previous studies
demonstrated the osteogenic effects of OBs on BMSCs through
paracrine signaling [9, 10, 35-37]. This study focused on well-
known members, including Wntl1, 3a, 5a, 5b, 7b, 10b, and BMP2.
Among these, neither Wntl nor Wnt3a was detected during the
9 days of osteogenic induction (Figure 2B), consistent with previ-
ous observations [36]. Wnt1 may only be expressed at later differ-
entiation stages by late OBs and osteocytes [38]. Of the other Wnt
ligands, Wnt10b is known to activate only the canonical pathway
[39], while Wnt5a, Wnt5b, and Wnt7b are associated with both
canonical and noncanonical pathways [40]. Which pathway is
initiated depends on the concentration of Wnt ligands [41, 42],
the differentiation state, and the activation threshold of the recipi-
ent cell [43]. Ultimately, both pathways serve essential roles in
osteogenesis [40]. BMP signaling, another well-established path-
way, contributes to bone development independently or in
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Student’s t-test, n = 3. Statistical significance is indicated as **p<0.01.

conjunction with the Wnt pathway during osteogenic differentia-
tion [44-46]. In this study, the influence of Wnt and BMP2 signal-
ing on the HipOP population was suggested by the significant
upregulation of osteogenic markers after 48 h of in vitro coculture
(Figure 4) and the increased bone formation volume in the
HipOP/OB group 2 months posttransplantation (Figure 6B).

Besides Wnts and BMP2, VEGF plays a critical role in bone regen-
eration. VEGFA is the most well-known growth factor promoting
endothelial cell proliferation, migration, and survival, essential for
vascular development and angiogenesis [47-51]. In our 3D model,
we observed that the OB layer served as a valuable source of
VEGFA for endothelial cell migration and proliferation
(Figure 2C). Although BMSCs and osteoprogenitors also produce
VEGF [52], VEGF expression increases as cells differentiate toward
OBs, as demonstrated in this study. Beyond its angiogenic role,
VEGFA directly stimulates OB differentiation [51, 53] by upregu-
lating the transcription factor RUNX2 [54]. The presence of OB-
derived VEGFA significantly influenced the angiogenesis observed
between the HipOP/none and HipOP/OB groups following in vivo
transplantation (Figure 7B). Adequate vascularization not only
supports effective bone formation but also ensures the survival
and functionality of regenerated bone in the defect area.

Similarly, the responses of the HipOP population to Wnts, BMP2,
and VEGFA were reflected in enriched pathways associated with
bone formation and vascular development, as revealed by RNA-
sequencing analysis (Figure 3D). However, these effects varied
among cells within the sponge due to the diffusion of signaling
molecules from the OB layer. Thus, HipOPs closer to the signal
source might exhibit stronger changes. In this study, dividing the
cell-laden sponge in half to collect RNA for gene expression anal-
ysis could not fully verify the gradual transition of cellular
responses from the bottom to the top. Nevertheless, a polarization
in gene expression between the two halves of the sponge was
observed in the HipOP/OB group (Figure 3A-C), supporting the
fundamental mechanism of bone tissue formation with varying

density values. Previous studies have reported that VEGF and
BMP2 act as chemoattractants, facilitating the chemotactic migra-
tion of BMSCs [48, 55]. Similarly, our data demonstrated that OB-
derived signaling gradients involving Wnts, BMP2, and VEGFA
first activated the HipOP response to these stimuli (Figure 3D) and
subsequently promoted directional cell migration. This resulted in
varying cell distributions within the sponge after 7 days of cocul-
ture (Figure 5). In the lower part, where the signaling was stron-
ger, higher cell density likely enhanced cell communication and
differentiation. In contrast, both halves of the sponge in the
HipOP/none group exhibited equal increases in cell numbers
but no differentiation activity, as indicated by negative ALP stain-
ing (Figure 5).

Therefore, in addition to the concentration-dependent responses,
cell migration is a secondary effect of the OB layer on HipOPs. It
is essential to seed OBs in a 2D culture and HipOPs in a 3D
culture to allow the soluble signals from the OB layer to form a
gradient that directs bone formation by HipOPs. Cortical bone
formation occurred only where the HipOP-laden sponge was in
contact with the OB layer. Although this pattern was absent in
samples lacking the OB signaling gradient, bone still formed at
the top and bottom. This outcome was attributed to passive con-
densation caused by the compression force of surrounding tissues
and improved nutrient exchange in these areas of the HipOP/
none samples. If our models are applied to bone defect recon-
struction, the regenerated bone would seamlessly integrate with
the host bone, restoring normal anatomy and original function.
Consequently, bone remodeling—a slow process that can take
years [56, 57]—would become unnecessary, significantly short-
ening the healing period.

5 | Conclusions

Our proposed 3D culture model effectively utilized OB-derived
signaling molecules to direct cell migration and osteogenic
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FIGURE7 | Histological and immunohistochemical analysis of the transplants. (A) Masson’s trichrome staining on vertical sections visualizing bone

matrix formation. Blue staining indicates collagen fibers and newly formed bone, while red staining marks mature bone. (B) Immunohistochemical

staining of CD31, a marker for vascular endothelial cells, highlighting vascularization. (C) Hematoxylin and eosin (HE) staining of the HipOP/OB group
showing spongy bone (sp), cortical bone (co), and ongoing Haversian canal (Hc) formation. Osteoblasts (red arrowheads) and osteocytes (black
arrowheads) are visible in the bone matrix. Bone marrow tissue includes adipose tissue (red asterisks) and hematopoietic cells (he), which are nucleated
and more basophilic than mature blood cells found in the sinusoid (sin). Scale bar for subparts (A) and (B): 200 pm.

differentiation of HipOPs, achieving bone regeneration with con-
trolled morphology, including cortical bone, spongy bone, and
bone marrow tissue.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section.

Supporting Information 1. Figure S1: The comparison of ALP-positive
cell number between the upper and lower halves in each group was
performed using the Student’s t-test (n=3). Statistical significance is
indicated as ***p<0.001.

Supporting Information 2. Figure S2: HE staining of the full-length sagit-
tal section (vertically through the whole 3D coculture system) in vivo
transplantation experiment of HipOP/none group. Scale bar for panels:
300 pm.

Supporting Information 3. Figure S3: Immunohistochemical staining of
control (A) and CD31 antibody (B). Scale bar for panels: 100 um.
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