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A B S T R A C T   

Human induced pluripotent stem cell (hiPSC)-derived mesenchymal stem cells (iMSCs) are ideal candidates for 
the production of standardised and scalable bioengineered bone grafts. However, stable induction and osteogenic 
differentiation of iMSCs pose challenges in the industry. We developed a precise differentiation method to 
produce homogeneous and fully differentiated iMSCs. In this study, we established a standardised system to 
prepare iMSCs with increased osteogenic potential and improved bioactivity by introducing a CHIR99021 (C91)- 
treated osteogenic microenvironment (COOME). COOME enhances the osteogenic differentiation and mineral
isation of iMSCs via canonical Wnt signalling. Global transcriptome analysis and co-culturing experiments 
indicated that COOME increased the pro-angiogenesis/neurogenesis activity of iMSCs. The superior osteogenic 
differentiation and mineralisation abilities of COOME-treated iMSCs were also confirmed in a Bio3D module 
generated using a polycaprolactone (PCL) and cell-integrated 3D printing (PCI3D) system, which is the closest 
model to in vivo research. This COOME-treated iMSCs differentiation system offers a new perspective for 
generating highly osteogenic, bioactive, and anatomically matched grafts for clinical applications. 
Statement of significance: Although human induced pluripotent stem cell-derived MSCs (iMSCs) are ideal seed cells 
for synthetic bone implants, the challenges of stable induction and osteogenic differentiation hinder their clinical 
application. This study established a standardised system for the scalable preparation of iMSCs with improved 
osteogenic potential by combining our precise iMSC differentiation method with the CHIR99021 (C91)-treated 
osteocyte osteogenic microenvironment (COOME) through the activation of canonical Wnt signalling. Moreover, 
COOME upregulated the pro-angiogenic and pro-neurogenic capacities of iMSCs, which are crucial for the 
integration of implanted bone grafts. The superior osteogenic ability of COOME-treated iMSCs was confirmed in 
Bio3D modules generated using PCL and cell-integrated 3D printing systems, highlighting their functional po
tential in vivo. This study contributes to tissue engineering by providing insights into the functional differenti
ation of iMSCs for bone regeneration.   

1. Introduction 

Bone defects are prevalent clinical injuries, with over 4 million pa
tients undergoing bone transplantation or alternative surgical treat
ments annually [1]. Synthetic implants play a vital role in treating bone 
defects because of their versatility, offering patients convenient and 
tailored therapeutic options while avoiding the complications associated 

with traditional autologous bone grafts. Despite their benefits, integra
tion challenges at the transplantation site may arise due to limited 
biocompatibility, often requiring revision within 5–20 years [2–4]. 
Therefore, optimising artificial bone grafts to achieve high bioactivity is 
crucial to meet clinical demands. Human bone marrow mesenchymal 
stem cells (hBMSCs), known for their accessibility, biological activity, 
and osteogenic capacity, are the primary choice of seed cells for 
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bioengineered bone development [5–7]. However, challenges arise 
owing to variations in the quality and potency of hBMSCs derived from 
different donors. Human induced pluripotent stem cell (hiPSC)-derived 
mesenchymal stem cells (iMSCs) have the potential to address these 
concerns. Given their unlimited self-renewal capacity and pluripotency, 
iPSCs are well suited for the standardised and scalable production of 
bone graft materials [8–12]. 

hiPSCs offer a unique advantage in regenerative medicine owing to 
their accessibility and ability to avoid ethical concerns [13]. Research 
involving the transplantation of hiPSC-derived cells to treat Parkinson’s 
disease [14], spinal cord injuries [15], macular degeneration [16] and 
more has reached clinical phase I and II trials. These advancements 
assure for translational applications of hiPSC-derived cells. However, 
there is a lack of research on clinical trials of bone diseases using iMSCs. 
The primary challenge lies in achieving a precise and controlled dif
ferentiation system for iMSCs for large, stable regenerative applications. 
To date, iMSCs have mostly been prepared through the embryoid body 
step or immediately induced by signalling molecules and growth factors 
(one-step method), likely resulting in an inconsistent and heterogeneous 
iMSC cell population [17–19]. To address this challenge, we previously 
developed an effective two-step iMSC induction method by mimicking 
the embryonic development process. This approach generates iMSCs 
through the neural crest cell (NCC) lineage using a chemically defined 
medium (CDM) containing minimal chemical signalling inhibitors and 
growth factors. This differentiation method generates induced NCCs 
(iNCCs) that can be consistently passaged while maintaining typical 
marker expression and differentiation capability [8,20–22]. This 
approach enables the creation of large-scale frozen stocks of homoge
neous, fully differentiated iMSCs suitable for standardised production 
and clinical applications. 

Current approaches for applying hBMSCs or iMSCs to bone defects 
often fail to achieve the desired osteogenic potential [23–26]. Main
stream methods to enhance the osteogenic capacity of MSC-containing 
bone implants involve utilising bone matrix composite materials, such 
as hydroxyapatite and tricalcium phosphate [27–29] or incorporating 
growth factors and regulatory proteins into bone implants [30,31]. 
However, these methods have limitations due to their potential side 
effects and insufficient bioactivity. Additionally, challenges in main
taining a stable microenvironment over an extended period after 
transplantation may affect sustained osteogenesis, highlighting the need 
to optimise the microenvironment of MSC-containing artificial bone 
grafts to promote successful bone regeneration. 

Osteocytes play a pivotal role in providing a fundamental microen
vironment that influences the activities of osteoblasts and osteoclasts via 
mechanosensation and signal transduction [32,33]. Our previous in
vestigations have elucidated that activation of the Wnt/β-catenin sig
nalling pathway in osteocytes is crucial for mediating the metabolic 
effects on bone synthesis [34,35]. In addition, in vitro activation of ca
nonical Wnt signalling in osteocytes forms an effective osteogenic 
microenvironment that enhances osteoblast differentiation of ST2 cells 
[36,37] In this study, using a specific and safe Wnt agonist, CHIR99021 
(C91), we investigated the contribution of the C91-treated osteogenic 
microenvironment (COOME) to the osteogenic differentiation of iMSCs. 
In addition, using our previously developed polycaprolactone (PCL) and 
cell-integrated 3D printing (PCI3D) system [38], which supports cell 
growth in shape-specific scaffolds by providing a suitable pore size for 
nutrient transport and excretion, we constructed COOME-containing 
PCI3D modules to imitate in vivo environments. This approach enabled 
the evaluation of the bone regeneration potential of COOME-iMSCs. 
Furthermore, we confirmed the superior effect of COOME-iMSC on 
angiogenesis and neurogenesis. 

This study proposes a novel approach wherein the osteogenic 
microenvironment directs the iMSC fate towards osteoblastic differen
tiation, offering a potential strategy for the scalable production of bio
logically active bone graft materials. 

2. Materials and methods 

2.1. Cells and reagents 

The hiPSC line (DYR0100, derived from the foreskin fibroblast cell 
line SCRC-1041) was purchased from ATCC (Manassas, VA, USA). Mu
rine MLO-Y4 osteocyte-like cells were kindly provided by Professor 
Lynda Bonewald of the Indian University School of Medicine. Human 
umbilical vein endothelial cells (HUVECs) and human neuroblastoma 
cells (SH-SY5Y) were purchased from ATCC. 

C91, SB431542, and iCRT-14 were purchased from MedChem Ex
press (Monmouth Junction, NJ, USA). Lyophilised gelatin methacryloyl 
(GelMA) and the photocrosslinking agent (LAP) were sourced from Sunp 
Biotech (Beijing, China). PCL was purchased from Aladdin (Shanghai, 
China). 

Assay Kits: BCIP/NBT alkaline phosphatase (AP) colour rendering 
and AP activity assay kits, modified Oil Red O Staining Kit, alizarin red S 
staining kit, live/dead viability assay kit, and nuclear and cytoplasmic 
protein extraction kit were obtained from Beyotime Biotechnology 
(Shanghai, China). Alcian blue 8GX Solution was from OriCell 
(Guangzhou, China), and the Cell Counting Kit-8 (CCK-8) assay kit was 
from Biosharp (Hefei, China). 

2.2. Derivation of iMSCs from iPSCs 

hiPSCs were first differentiated into iNCCs using a slightly modified 
version of a well-established method to generate iMSCs [39]. Briefly, 
hiPSCs were seeded onto PSCeasy-coated plates at a density of 5 × 103 

cells/cm2 in Pluripotency Growth Master 1 (PGM1) medium (Cellapy, 
Beijing, China). iNCCs were induced in a chemically defined medium 
(CDM) [39] supplemented with 10 μM SB431542 and 1 μM C91 for 
10–12 days. CD271+ iNCC were then sorted using 
fluorescence-activated cell sorting (FACS) and expanded onto fibro
nectin (Millipore, Bedford, USA)-coated plates at a density of 6.5 × 104 

cell/cm2 in CDM supplemented with 10 μM SB431542, 10 ng/mL re
combinant human EGF (R&D Systems, Minneapolis, USA) and 10 ng/mL 
recombinant human bFGF (Absin, Shanghai, China). A flow cytometry 
caliber instrument (BD Biosciences, LSR II, USA) and BD Diva software 
version 6.1.3 were used for FAC sorting and data analysis. 

After 4–5 passages, the medium of iNCCs was replaced with αMEM 
supplemented with 10 % FBS (Biological Industries, Kibbutz Beit Hae
mek, Israel) and 10 ng/mL bFGF. Cells started showing morphological 
changes after 6 h. At this stage, the cells were identified as iMSCs 
(passage 0). Weekly passages were then performed using 0.25 % trypsin- 
EDTA at a density of 1 × 104 cells/cm2. Subsequent experiments typi
cally used iMSCs from passages 3–5. 

2.3. Three lineage differentiation of iMSCs 

Osteogenic differentiation: A total of 1 × 105 iMSCs per well were 
seeded on a 12-well plate and cultured in osteogenic medium containing 
DMEM, 100 nM dexamethasone, 10 mM β-glycerophosphate disodium 
salt solution, and 50 μg/mL L-ascorbic acid 2-(dihydrogen phosphate) 
magnesium salt (AA2P) for 21 days [35]. Matrix mineralisation was 
analysed using alizarin red S staining. 

Adipogenic differentiation: 4 × 105 iMSCs were seeded on a 12-well 
plate and cultured in adipogenic medium containing α-MEM, 0.5 μM 
hydrocortisone, 0.5 mM IBMX, and 60 μM indomethacin. Lipid droplets 
were observed microscopically after 7 days of culture. The cells were 
fixed with 4 % formalin for 5 min at room temperature, then washed 
three times with double distilled water, stained with a modified Oil Red 
O staining kit following instructions, and photographed under a 
microscope. 

Chondrogenic differentiation: iMSCs were induced to differentiate 
using an OriCell Mesenchymal Stem Cell Chondrogenic Differentiation 
Kit (Cyagen Biosciences) following the manufacturer’s instructions. 
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Briefly, 3 × 105 cells were centrifuged to form a cell pellet and cultured 
in a chondrogenic differentiation medium for 2 weeks. The pellets were 
formalin-fixed for Alcian blue staining. 

2.4. MLO-Y4 culture and treatment 

MLO-Y4 cells were cultured as previously reported36. The culture 
medium consisted of α-MEM, 10 % FBS (DearyTech, Uruguay, South 
America), 50 U/mL penicillin and 50 μg/mL streptomycin. MLO-Y4 cells 
at a density of 0.5 × 104 cells/well were plated in 24-well plates, treated 
with DMSO or C91 for 24 h, and then co-cultured with iMSCs at a density 
of 4 × 10 4 cells/well. For inhibition analysis, MLO-Y4 cells were treated 
with 10 μM C91 for 24 h, followed by treatment with iCRT-14 [40] at 1, 
3, or 5 μM for another 24 h to measure the specificity of the role of Wnt 
signalling in MLO-Y4 on iMSCs differentiation. 

2.5. Immunofluorescence analysis 

Cells were cultured in the 24-well plates, fixed with 4 % para
formaldehyde for 15 min, and permeabilised in PBS containing 0.25 % 
Triton X-100 (PBS-T) for 30 min, both at room temperature. Then, the 
cells were blocked with 1 % BSA in PBS for 30 min. The primary and 
secondary antibodies used in this study are summarised in Table S1, and 
cells were incubated with each antibody for 1 h at room temperature. 
Nuclei were counterstained with DAPI (1:1000; Thermo Fisher Scienti
fic; Norristown, PA, USA) for 5 min. Samples were observed and 
assessed using an inverted fluorescence microscope (Leica). 

2.6. Western blot analysis 

MLO-Y4 were treated with DMSO or 10 μM C91 for 24 h for β-catenin 
detection. The nuclear protein fraction of MLO-Y4 cells was obtained 
using a commercial nuclear protein extraction kit (Beyotime Biotech
nology). In brief, cells were first suspended in cell lysis buffer containing 
PMSF, vortexed, and then centrifuged at 12,000×g and 4 ◦C for 5 min. 
The supernatant was carefully removed and a cell nuclear extraction 
buffer containing PMSF was added to the pellets. The pellets were vor
texed and kept intermittently on ice for 30 min. Following this, the 
mixture was centrifugated at 12,000×g and 4 ◦C for 10 min, and the 
resulting supernatant was collected as the nuclear protein extract. 
Whole-cell lysates of DMSO control and COOME-treated iMSCs were 
lysed and sonicated in RIPA (Beyotime Biotechnology) lysis solution 
containing a phosphatase and protease inhibitor cocktail (Beyotime 
Biotechnology) for analysis of phosphorylation of SMAD1/5/8 and 
SMAD2/3. SDS-PAGE and blotting were performed using standard 
procedures. The PVDF membranes were blocked with 5 % BSA for 2 h at 
room temperature, followed by incubation overnight at 4 ◦C with spe
cific primary antibodies, and 2 h at room temperature with secondary 
antibodies. Protein bands were detected using ECL Prime Western 
Blotting Detection Reagent (GE Healthcare, Little Chalfont, UK) and 
visualised using a Bio-Rad XRS chemiluminescence detection system 
(Bio-Rad, Hercules, CA, United states). The antibodies used in this study 
are listed in Supplementary Table S1. 

2.7. RNA sequencing 

Total RNA was extracted following the Trizol reagent protocol, with 
3 μg of RNA used for each group’s RNA sample preparation. Sequencing 
libraries were generated by purifying mRNA using poly T oligo-attached 
magnetic beads, followed by cDNA synthesis using random oligonucle
otides and SuperScript II. Second-strand cDNA synthesis was performed 
using DNA Polymerase I and RNase H, with subsequent ligation of 
Illumina PE adapter oligonucleotides. The desired fragments (400–500 
bp) were purified using the AMPure XP system and enriched via 15 PCR 
cycles using the Illumina PCR Primer Cocktail. After purification and 
quantification, sequencing was performed on a NovaSeq 6000 platform 

by Shanghai Personal Biotechnology Cp. Ltd. The fastp (version 0.22.0) 
was used to filter low-quality reads from the sequencing data or bioin
formatics analysis. Differential gene expression analysis was performed 
using DESeq (version 1.38.3) with the criteria set at |log2FoldChange| 
> 1 and a significant p-value <0.05. The Kyoto Encyclopedia of Genes 
and Genomes (KEGG) database was used to identify the relevant bio
logical pathways associated with the clustered DEGs. 

2.8. HUVECs tube formation assay 

For the tube formation assay, HUVECs at a density of 1 × 105 cells/ 
well, cell mixture of DMSO-MLO-Y4 (control) or COOME-treated iMSCs 
co-cultured with HUVECs at a 1:4 ratio was seeded onto 24-well plates 
pre-coated with 200 μL of Matrigel. The cells were then incubated for 6 h 
in a CO2 incubator at 37 ◦C following established procedures [41]. 
Subsequently, the capillary-like structures were observed and photo
graphed under a microscope. The network of vascular tubes formed by 
HUVECs was quantified using the ImageJ software (64-bit, v1.46). 

2.9. Neurogenesis and migration assay 

MLO-Y4 cells treated with either DMSO or C91 for 24 h were plated 
at a density of 0.5 × 104 cells/well in a 24-well plate and co-cultured 
with iMSCs at a density of 4 × 104 cells/well. Simultaneously, 1 × 105 

SH-SY5Y cells/well were added to the 6.5 mm Transwell with 8.0 μm 
Pore Polycarbonate Membrane Insert (pore size: 8.0 μm, Costar; Corn
ing, NY, USA) placed onto each well of the 24-well plate. Cells were 
cultured for 48 h to allow for migration through the membrane. 
Migrated cells in the lower chambers of the transwells were stained with 
crystal violet staining solution, imaged, and quantified using ImageJ 
software. RNA from cells in 24-well plates and in the lower chambers of 
transwell plates was collected separately for subsequent analysis. 

2.10. PCL and cell integrated 3D printing 

3D printing was performed according to a previously reported pre
viously [38]. Briefly, GelMA was fully dissolved in α-MEM to achieve a 
20 % (w/v) concentration. 0.5 % (w/v) LAP was added to the GelMA 
solution, mixed thoroughly, and stored at 4 ◦C for future use. A mixture 
of 2 × 105 MLO-Y4 cells and 8 × 105 iMSCs was suspended in 0.5 mL of 
α-MEM. This cell suspension was subsequently combined with the 
GelMA solution and loaded in a syringe, which was cooled at 4 ◦C, 
preparing the contents for 3D printing. 

Next, the polycaprolactone (PCL) particles were loaded onto a pre
heated hard-material nozzle. The molten PCL was extruded at 95 ◦C and 
a printing speed of 2 mm/s, with a strand diameter of 400 μm and an 
interval between strands of 1100 μm. Following this, the cell-loaded 
GelMA solution was printed between the PCL bands at a printing 
speed of 5 mm/s at a lowered temperature of 25 ◦C, with a beam 
diameter of 300 μm and an interval of 500 μm between beams. After 
printing one layer, 405 nm blue light was used to cross-link the hydrogel 
for 10 s. The process was then repeated vertically to print subsequent 
layers. Upon completion of the four layers, the PCL and cell-integrated 
3D printing modules (PCI3D) were formed. The printed PCI3D mod
ules were then placed in a cell growth medium in a 6-well plate and 
cultured at 37 ◦C with 5 % CO2 for subsequent experiments. 

2.11. Cell viability assay 

The cell viability in the PCI3D modules was quantified using a live/ 
dead viability assay kit. The cells were cultured for 1, 4, or 7 days, after 
which they were washed once with PBS and incubated in a staining 
mixture. This mixture was prepared by adding 1 μL of calcein AM (1000 
× ) and 1 μL PI (1000 × ) to 1 mL of assay buffer. Calcein-AM stains live 
cells, while PI stains dead cells. The plates were then incubated in a 5 % 
CO2 incubator at 37 ◦C for 30 min and immediately imaged with an 
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inverted fluorescence microscope (Leica, Wetzlar, Germany). Cell 
viability was quantified using ImageJ software (64-bit, v1.46). 

2.13. Cell proliferative activity 

The CCK-8 was used to evaluate the proliferative activity of cells in 
the PCI3D modules according to the manufacturer’s instructions. As
sessments were conducted on days 1, 4, and 7 after the start of culture. 
The PCI3D module was divided into six pieces, washed with PBS, and 
then placed in a 96-well plate, incubated in a 5 % CO2 incubator at 37 ◦C 
for 2 h. Subsequently, the supernatant was transferred to a new 96-well 
plate, and the absorbance at 450 nm was measured using a Varioskan 
LUX multimode microplate reader (Thermo Fisher Scientific). 

2.14. RNA extraction and qPCR analysis 

Total RNA was extracted, and quantitative PCR (qPCR) was per
formed according to previously established protocols. Briefly, total RNA 
was extracted from cells using AG RNAex Pro Reagent (Accurate 
Biology, Changsha, China), and cDNA synthesis was performed using a 
reverse transcription reaction kit (Accurate Biology) in accordance with 
the manufacturer’s instructions. Subsequently, qPCR was performed to 
quantify gene expression levels using the SYBR Green Premix Pro Taq HS 
qPCR Kit (Accurate Biology) with specific primer sets (listed in Tables S2 
and S3) and analysed using the CFX96 Touch Real-Time PCR Detection 
System (Bio-Rad). Relative mRNA expression levels were normalised 
using the housekeeping genes glyceraldehyde-3-phosphate dehydroge
nase of human origin (GAPDH) and the β-actin of mouse origin, applying 
the 2-ΔΔCt method. 

2.15. Alkaline phosphatase staining 

AP staining was performed using a BCIP/NBT alkaline phosphatase 
colour-rendering kit. The cells were washed with PBS and fixed in 4 % 
formaldehyde for 5 min at room temperature. Subsequently, AP staining 
solution was applied to the cells and incubated for 30 min at room 
temperature. Importantly, the staining of the cells within the PCI3D 
module was conducted after 7 and 14 days, with the staining duration 
extended to 6 h. Staining results were recorded using a digital camera. 

2.16. AP biochemical activity assay 

The biochemical activity assay of AP was performed following 
established protocols [42]. After adding 50 mM Tris/HCl (pH 7.4) to the 
cells or PCI3D modules, cells were removed by scraping, followed by 
ultrasonic disruption for 30 s. The procedure was performed on ice. After 
centrifugation at 12,000×g for 3 min, the resulting supernatant was used 
in the alkaline phosphatase activity assay, following the manufacturer’s 
instructions. 

2.17. Mineralisation assay 

The cells or PCI3D modules were initially cultured in growth medium 
for 3 days, after which bone nodule formation was induced in osteogenic 
medium containing 0.1 mM dexamethasone, 10 mM β-glycerophosphate 
disodium salt solution, and 50 μg/mL L-ascorbic acid for 14 or 28 days. 
The mineralised modules were stained using the alizarin red S Staining 
Kit (Beyotime Biotechnology) following the manufacturer’s instructions 
and subsequently photographed under a microscope. Following this, the 
stained mineralised modules were thoroughly washed with PBS and 
then subjected to destaining in 10 % cetylpyridinium chloride for 1 h. 
The absorbance of the destained solution was measured at 562 nm to 
quantify mineralisation status. 

2.18. Statistical analysis 

Statistical analyses were performed using GraphPad Prism 9.5.1 
software. Each experiment was independently repeated three times. 
Data are presented as mean ± SD. The normal distribution of the data 
was confirmed using normality tests. One-way ANOVA was used to 
analyse the differences among multiple groups. An independent or 
paired t-test was performed between two comparable groups, depending 
on the data structure. A p-value of less significance was set at p < 0.05. 

3. Results 

3.1. Stable directed differentiation of iMSCs from hiPSCs 

We used a highly effective method previously established [39] with 
minor modifications to induce MSCs from hiPSCs. We used a 
ready-to-use coating solution, PSCeasy, and a chemically defined, 
animal-origin-free PGM1 medium for iPSC expansion and iNCC induc
tion. This streamlined procedure simplifies the operations and reduces 
costs (Fig. 1A). The induction of NCCs was initiated by replacing the 
PGM1 with an NCC induction medium, which constituted CDM sup
plemented with TGF-β and GSK-3β signalling inhibitors. Cells were 
harvested 10–12 days after differentiation, subjected to flow cytometric 
analysis (FACS), and sorted using the NCC marker CD271. At this stage, 
the induction rate of CD271+ iNCCs was approximately 83 % (Fig. 1B). 
The iNCCs were cultured in maintenance medium (CDM supplemented 
with SB431542, EGF and bFGF) for 5–7 passages, after which MSC in
duction was performed by replacing the medium with αMEM containing 
10 % FBS and bFGF. 

The iNCCs exhibited a spindle-like morphology, whereas the iMSCs 
displayed an elongated, fibroblastic, and MSC-like morphology 
(Fig. 1C). Additionally, they demonstrated a decreased expression of 
pluripotency genes (ZFP42 and SOX2) (Fig. 1D) and increased expres
sion profiles consistent with NCCs (NGFR and TFAP2A) (Fig. 1E) and 
MSCs (CD13, CD44, CD73, CD90 and CD105) (Fig. 1F). The expression of 
MSC marker genes in iMSCs gradually increased from passages 1 and 2 
and then stabilised from passages 3 to 5, indicating that differentiation 
reached a plateau after the third passage. As CD90 is also robustly 
expressed in iPSCs [43–45], iMSCs exhibited lower CD90 expression at 
passage 1 and passage 2, and no significant difference from passages 3 to 
5 compared to iPSCs. 

We performed immunostaining for E-cadherin and Vimentin, which 
are specific markers for iPSCs [46,47] and mesenchymal cells [48], 
respectively. iMSCs were negative for E-cadherin expression and posi
tive for Vimentin expression, indicating successful differentiation from 
iPSCs (Fig. 1G). Immunostaining revealed that the expression of plu
ripotency markers OCT4, NANOG, and SOX2 were negative in iMSCs, 
indicating the absence of undifferentiated cells (Fig. 1H). The iMSCs 
demonstrated typical trilineage differentiation into cartilage, bone, and 
adipose lineages under the respective induction conditions (Fig. 1I). The 
proliferation status of each generation of iMSCs from day 3 (passages 1) 
to day 15 (passage 5) remained stable (Fig. 1J). These results suggest 
that the MSCs induction method used in this study effectively directed 
their fate towards the mesenchymal lineage, resulting in a stable and 
expandable iMSCs population. 

3.2. Effects of C91-Induced osteocytes on osteoblast differentiation and 
mineralisation of iMSCs 

Our previous studies have confirmed that C91-treated osteocytes can 
significantly activate osteogenic differentiation in ST2 cells [37]. 
Graded concentrations (0, 1, 5, 10, and 15 μM) of C91 were evaluated to 
determine the optimal osteogenic microenvironment for iMSC differ
entiation formed by C91-treated murine osteocyte-like cell line 
(MLO-Y4). MLO-Y4 cells were treated with C91 for 24 h, after which the 
drug was withdrawn and the cells were co-cultured with iMSCs for 3 or 
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Fig. 1. Induction and characterisation of iMSCs from iPSCs. (A) Schematic representation of mesenchymal stem cells induction protocol. (B) Flow cytometry 
sorting of CD271-positive neural crest. (C) Cell morphology at different induction stages. The induction of chondrogenic, osteogenic, and adipogenic lineages was 
evaluated using Alcian blue, Oil Red O and alizarin red S staining, respectively. (D) The expression of iPSC marker genes in iPSC (passage 56), iNCC (passage 6) and 
iMSC (from passage 1 to passage 5) was detected using qPCR. (E) qPCR analysis of the expression of NCC marker genes. (F) qPCR assay for the expression of MSC 
marker genes. The expression levels of all genes were normalised to the internal reference in the same group. All data are presented as mean ± SD, n = 3. *p < 0.05; 
**p < 0.01 using one-way ANOVA (D and F) and t-test (E) versus iPSC group. (G) Immunostaining results for E-cadherin and Vimentin. (H) Immunofluorescence 
analysis shows negative OCT4, NANOG and SOX2 protein expression in iMSCs. (I) Tri-lineage differentiation properties of iMSCs. (J) Proliferation status of iMSCs 
during expansion culture. The graph illustrating the relative cell proliferation ratio of iMSCs from day 3 (passages 1) to day 15 (passage 5). All data are presented as 
mean ± SD, n = 3. n.s., no significant difference using one-way ANOVA versus day 3 group. (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 
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21 days for further analysis (Fig. 2A). Alkaline phosphatase (AP) stain
ing (Fig. 2B) and a biochemical activity assay (Fig. 2C) showed that the 
5, 10 and 15 μM C91-treated group exhibited significantly elevated 
osteogenic differentiation compared to that of the DMSO-treated control 
group. The expression of human osteoblast marker genes ALPL, RUNX2, 
BGLAP and COL1α, as detected using qPCR, exhibited a stable increase 
with 10 μM of C91 (Fig. 2D). Consequently, we used 10 μM C91-treated 

MLO-Y4 in the study to establish the osteogenic microenvironment 
(COOME), unless otherwise specified. Mineralisation induction experi
ments revealed that the C91-treated group formed larger and denser 
mineral nodules than the DMSO control group, as indicated using aliz
arin red S staining (Fig. 2E and F). These results indicated that COOME 
facilitates the differentiation of iMSCs into osteoblasts. 

Fig. 2. Effects of C91-treated osteocytes on osteogenic differentiation in iMSCs. (A) Co-culture flowchart. MLO-Y4 cells were treated with 1, 5, 10, or 15 μM of 
C91 for 24 h. Subsequently, these cells were co-cultured with iMSCs for the following experiments. (B) Osteogenic differentiation was assessed using AP staining. 
iMSCs co-culturing with DMSO-treated MLO-Y4 cells were used as the control group. The lower images are enlargements of the upper images; scale bars: 500 μm. (C) 
Quantification analysis of AP biochemical activity. (D) qPCR analysis of the expression of osteoblast marker genes. All data are presented as mean ± SD, n = 3. *p <
0.05; **p < 0.01 using one-way ANOVA versus DMSO control. (E and F) iMSCs were co-cultured with COOME in growth medium for 3 days and in osteogenic 
medium for another 21 days for mineralisation assay. The mineralised bone nodules were photographed after alizarin red S staining (E), followed by quantification 
assay (F). Scale bars: 500 μm. All data are presented as mean ± SD, n = 3. **p < 0.01 versus DMSO control using the t-test. (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of this article.) 
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3.3. C91 activates the Wnt/β-catenin signalling pathway in MLO-Y4 and 
affects iMSCs 

A critical event in the canonical Wnt/β-catenin signalling pathway is 
the translocation of β-catenin from the cytoplasm to the nucleus. We 
conducted immunofluorescence assays to examine intracellular β-cat
enin distribution in MLO-Y4 cells to assess whether C91 activates Wnt 
signalling via this pathway. Following C91 treatment, a pronounced co- 
localisation of GFP-labelled β-catenin with DAPI-stained nuclei was 
observed, significantly more intense than that in the DMSO control 
(Fig. 3A). Western blot analysis also revealed that C91 treatment 
resulted in an increase in nuclear β-catenin levels, indicating C91 fa
cilitates β-catenin’s translocation into the nucleus (Fig. 3B). Addition
ally, qPCR assays confirmed the upregulation of Wnt target genes, such 
as Lef1, Axin2, Cxcl43, and Ccnd4 (Fig. 3C), indicating that C91 activates 
the canonical Wnt/β-catenin signalling pathway in MLO-Y4 cells. 

The interaction between Wnt signalling and fibroblast growth factor 
2 (FGF2) is critical in regulating osteoblastic differentiation [49,50]. 
FGF2 interacts with BMP and TGF-β signalling by repressing phos
phorylation of SMAD1/5/8 (pSMAD1/5/8) or promoting pSMAD2/3, 
allowing for the maintenance of cells in the undifferentiated state [51], 
thereby inhibiting MSCs’ osteogenic differentiation [52,53]. Further
more, Wnt/β-catenin signalling in osteocytes regulate the production of 
BMP and TGF-β ligands [54,55]. The qPCR results showed a decreased 
expression of Fgf2 after C91 treatment (Fig. 3C). Meanwhile, western 
blotting assays revealed enhanced pSMAD1/5/8 (Fig. 3D), cytoplasmic 
transducers of BMP signalling, and reduced pSMAD2/3 (Fig. 3E), cyto
plasmic transducers of TGF-β signalling, in COOME-treated iMSCs. 
These findings suggest the involvement of canonical Wnt signalling in 
COOME-mediated osteogenic differentiation of iMSCs. 

3.4. Specificity of Wnt/β-catenin signalling in COOME on iMSCs 
osteogenic differentiation 

We used the inhibitor of β-catenin-responsive transcription 14 
(iCRT14) to determine the essential role of canonical Wnt signalling in 
C91-activated osteocytes for iMSC osteogenic differentiation. This in
hibitor disrupts the interaction between β-catenin and T cell factor/ 
lymphoid enhancer factor (TCF/LEF) transcription complexes [40]. 
qPCR results revealed that 5 μM iCRT14 effectively downregulated the 
expression of Wnt target genes Lef1 and Axin2, which had been upre
gulated by C91 (Fig. 4A). AP staining and activity assay results 
demonstrated that iCRT14 counteracted the osteogenic effects previ
ously enhanced by COOME by inhibiting osteogenic activity in iMSCs 
(Fig. 4B and C). Additionally, iCRT14 suppressed the elevated expres
sion of human osteoblast marker genes RUNX2, ALPL and OSX induced 
by COOME (Fig. 4D). These findings collectively emphasise the critical 
role of the Wnt/β-catenin signalling pathway within COOME in pro
moting osteogenic differentiation in iMSCs. 

3.5. Gene expression profiles of COOME-treated iMSCs 

We conducted a global transcriptome analysis to gain deeper insights 
into the marker gene expression of iMSCs treated with COOME 
compared to that of the DMSO control group. Correlation analysis of 
gene expression levels across different samples confirmed biological 
reproducibility (Fig. 5A). We identified 259 genes in the COOME-treated 
group that exhibited differential expression compared to the control 
group, with 139 upregulated and 120 downregulated (Fig. 5B). 

KEGG pathway analysis revealed the top 20 upregulated pathways in 
COOME-treated iMSCs (Fig. 5C). The upregulated genes were enriched 
in pathways associated with growth hormone production, axon guid
ance, chemokine signalling, cellular senescence, and cytoskeleton 
regulation. These results indicate that COOME treatment enhances the 
biological activity of iMSCs to influence the surrounding environment 
by regulating biological processes such as vasculature and neural 

generation. This supported the potential of COOME-iMSCs to integrate 
into the tissue environment and regulate post-transplantation bone tis
sue regeneration. 

Heatmaps indicated that representative genes related to bone for
mation were upregulated in COOME-treated iMSCs (Fig. 5D), supporting 
the hypothesis that COOME promotes the osteogenic differentiation and 
mineralisation of iMSCs. Furthermore, genes related to proangiogenesis 
(Fig. 5E) and proneurogenesis (Fig. 5F) were upregulated in iMSCs 
following COOME treatment. Collectively, these findings suggested that 
COOME may create a microenvironment that enhances the differentia
tion of iMSCs into osteoblasts while promoting their biological activities. 

3.6. Effects of COOME-treated iMSCs on angiogenesis and neurogenesis 

We assessed angiogenic responses following co-culturing with 
human umbilical vein endothelial cells (HUVECs) to examine the po
tential of the COOME co-culture system with iMSCs to induce angio
genesis. We observed a significant increase in the expression of the 
angiotrophic factor genes VEGF and PDGF in COOME-treated iMSCs 
(Fig. 6A) and the vascular marker genes VEGFR2 and PDGFRB in the 
HUVEC-COOME-iMSC co-culture group (Fig. 6B) compared to that of 
the DMSO control group. Additionally, enhanced vascular tubule for
mation (Fig. 6C) and an increased number of tubular nodes, total length, 
and number of branches (Fig. 6D) were observed in the HUVEC-COOME- 
iMSC co-culture group. 

We investigated the neurogenic effects of COOME-treated iMSCs on 
SH-SY5Y cells, a well-established human neuroblastoma cell line that is 
used to study neuronal differentiation. The expression of neurotrophic 
factor genes FGF2 and GDNF was increased in COOME-treated iMSCs 
(Fig. 6E), along with the upregulation of neuro-marker genes NTN1 and 
PAX6 in the SH-SY5Y-COOME-iMSC co-culture group (Fig. 6F). COOME- 
treated iMSCs showed significantly enhanced migration of SH-SY5Y 
cells (Fig. 6G and H). These results suggested that COOME-treated 
iMSCs exhibit enhanced angiogenic and neurogenic potential, which 
are crucial for osteogenesis in vivo and contribute to an improved 
microenvironment for bone formation and regeneration. 

3.7. Construction of iMSC-Containing PCI3D modules with enhanced 
osteogenic capability 

We established a PCL and cell-integrated 3D printing (PCI3D) system 
[38]. This system utilises the alternating printing of PCL bundles from a 
heating cartridge and GelMA hydrogel bundles loaded with cells. This 
resulted in a stable support structure with appropriately sized connect
ing channels, which facilitated the efficient transport of nutrients and 
metabolites (Fig. 7A). This approach enables the creation of bio
fabricated functional 3D modules that faithfully replicate the in vivo 
osteogenic processes and provide valuable bone graft materials for tissue 
engineering. We used this system to construct a 3D module containing 
COOME and iMSCs with enhanced osteogenic functionality in the pre
sent study. PCI3D modules containing cells were cultured for 1, 4, or 7 
days to assess cell viability. Live/dead cell assays were performed using 
Calcein AM and PI staining (Fig. 7B and C). The results indicated a high 
cell viability rate (99.5 %) in both the experimental and control groups, 
confirming that PCI3D functional modules created a conducive envi
ronment for cell survival. Additionally, a proliferative activity assay 
using CCK-8 revealed comparable linear increases in cell numbers be
tween the groups (Fig. 7D). These findings suggested that the PCI3D 
module provides a favourable environment for the growth and prolif
eration of iMSCs. 

Subsequently, the PCI3D modules containing COOME-iMSCs were 
subjected to osteoblast differentiation assays. AP staining and 
biochemical activity assays revealed a significant enhancement in 
osteogenic differentiation within the PCI3D modules with COOME 
compared to the DMSO control modules (Fig. 8A and B). This was 
further confirmed through qPCR analysis, with the COOME group 
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Fig. 3. Effects of C91 on the canonical Wnt signalling pathway in MLO-Y4 cells. (A) Immunofluorescence detected β-catenin in MLO-Y4 cells treated with DMSO 
or 10 μM C91. DAPI was used to stain the nucleus. (B) Western blot detection of protein β-catenin expression in the nucleus of MLO-Y4 cells. Lamin B1 (nucleus) was 
used as the internal control. Representative image (left) and quantification result (right) are shown. (C) Increased expression of Wnt target genes detected using qPCR 
in MLO-Y4 cells treated with DMSO or C91 for 24 h. (D and E) Western blotting assay of pSMAD1/5/8 (D) and pSMAD2/3 (E) in iMSCs treated with DMSO control or 
COOME. Quantification of relative SMAD1/5/8 or SMAD2/3 phosphorylation levels normalised to total SMAD1/5/8 or SMAD2/3. All data are presented as mean ±
SD, n = 3. *p < 0.05; **p < 0.01 using the t-test versus DMSO (B and C), or control (D and E) group. 
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exhibiting a significant increase in the expression of osteoblast markers 
genes, including ALPL, COL1α1, and BSP, in comparison to that of the 
DMSO control group (Fig. 8C). PCI3D modules were initially cultured in 
full growth medium for 3 days, followed by 21 days in osteogenic me
dium to assess the impact of COOME on bone mineralised nodule for
mation. Alizarin red S staining and quantitative analysis revealed that 
the COOME module exhibited an increased number of calcium nodules 
(Fig. 8D), confirming COOME’s promotion of iMSC mineralisation by 
COOME. Therefore, COOME-treated iMSCs in 3D bioprinted modules 
demonstrated their capability as functional biomaterials for the forma
tion of authentic bone. 

4. Discussion 

Recent advances in transplant materials and 3D-printing have 
significantly improved the tissue compatibility and shape adaptability of 
artificial bone grafts, primarily focusing on addressing the insufficient 
biological activity in synthetic implants [56,57]. The incorporation of 
seed cells imparts synthetic implants for active tissue generation [58]. In 
this study, we generated homogeneous iMSCs as ideal seed cells using a 
stable directed differentiation system. In addition, COOME, a microen
vironment derived from osteocytes, effectively enhanced osteogenic 
differentiation (ALP staining, activity, and osteogenic marker gene 
expression) and mineralisation of iMSCs by activating the canonical Wnt 
signalling pathway and upregulated the pro-angiogenesis and 
pro-neurogenesis capacity of iMSCs. The superior osteogenic differen
tiation and mineralisation abilities of COOME-iMSCs were confirmed in 
a Bio3D module mimicking an in vivo environment. These results un
derscore the potential of COOME-iMSCs to address the biological chal
lenges associated with artificial bone transplantation. 

Currently, a major industrial challenge in the clinical application of 

iMSCs is the lack of a well-defined culture system for homogeneous 
iPSC-iMSC production [8,59]. Among the mainstream methods for iMSC 
generation, embryoid body generation is a complex and time-consuming 
process. Diverse differentiation pathways within the embryoid body 
result in the distinct phenotypes and functions of target cells [60–64]. In 
contrast, the one-step induction method is straightforward and directly 
applies specific factors to iPSCs to drive their differentiation towards 
iMSCs [17–19,65,66]. However, inconsistencies in cellular responses 
persist during induction. Additionally, the cellular properties may un
dergo unstable changes during induction and subsequent passages, 
contributing to iMSCs heterogeneity. Moreover, current iMSC induction 
methods often lack specific steps for sorting the target cells, resulting in 
a final product containing diverse cellular subpopulations. Our two-step 
method induced iMSCs through the NCC lineage, mimicking embryonic 
development, to address these challenges. This protocol exclusively 
utilises a chemically defined, animal-origin-free medium containing 
minimal chemical signalling inhibitors and growth factors and uses 
FACS sorting to purify iNCCs. Thus, we successfully generated a robust, 
homogeneous, and functionally stable iMSC population. This approach 
improves the feasibility and reliability of iMSCs and paves the way for 
their scalable production and utilisation in clinical applications. 

Another significant challenge for the clinical application of iMSCs in 
bone regeneration and repair is their insufficient osteogenic capacity 
[23–26]. Current efforts to enhance the osteogenic capability of 
MSC-containing materials or incorporate growth factors face limitations 
owing to sustained osteogenesis and potential side effects [27–31]. The 
osteogenic microenvironment has been reported to guide the directed 
differentiation of seed cells, creating a conducive niche for cell growth 
and enhancing osteogenesis post-transplantation [67]. Osteocytes, as 
primary regulators of the bone microenvironment through both endo
crine and paracrine signalling, influence cells that are relevant to bone 

Fig. 4. Effects of inhibition of Wnt/β-catenin signalling in the COOME on osteogenic differentiation of iMSCs. (A) The expression of Wnt target genes in MLO- 
Y4 cells was detected using qPCR. (B) The COOME was treated with or without Wnt inhibitor ICRT 14 (1, 3 or 5 μM) for 24 h. Then the treated COOME was co-culture 
with iMSCs for 3 days. Osteogenic differentiation was evaluated using AP staining. (C) Quantification analysis of AP biochemical activity. (D) qPCR analysis of the 
expression of osteoblast marker genes in a co-culture system. All data are presented as mean ± SD, n = 3. *p < 0.05; **p < 0.01 versus DMSO group using one-way 
ANOVA; #p < 0.05; ##p < 0.01 versus COOME group using one-way ANOVA. 
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Fig. 5. RNA-sequencing assessment of the effects of COOME on iMSCs. (A) Sample correlation in gene expression patterns. (B) Volcano plot illustrating 
differentially expressed genes in iMSCs treated with either DMSO control or COOME. (C) KEGG analysis identifying the top 20 regulated pathways in the COOME 
group, compared to the DMSO control group. (D-F) Heatmaps displaying the expression of representative genes related to bone formation (D), pro-adipogenesis (E) 
and pro-neurogenesis (F) in iMSCs from DMSO control and COOME groups. 
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regeneration [54,68,69]. Our study innovatively created a 
cell-microenvironment composite with superior osteogenic capacity by 
combining iMSCs with a safe and effective microenvironment provided 
by C91-activated osteocytes. COOME establishes a microenvironment 

that promotes appropriate osteogenic differentiation of iMSCs, laying 
the foundation for the large-scale production of precisely regulated bone 
grafts. 

Our results indicate that COOME treatment enhances the biological 

Fig. 6. Modulation of angiogenesis and neurogenesis by COOME-treated iMSCs. A-D. Potential of the COOME-treated iMSCs to induce angiogenesis. A. qPCR 
analysis of the expression of angiotrophic factor genes in control and COOME-treated iMSCs. B. qPCR for vascular-marker genes in HUVECs co-cultured with control 
and COOME-treated iMSCs. C. Images of vascular tubules formation assay. D. Quantification of nodes number, tube length and branching length of formed nodes. E- 
H. Potential of the COOME-treated iMSCs to induce neurogenesis. E. qPCR analysis of the expression of neurotrophic factor genes in control and COOME-treated 
iMSCs. F. qPCR for neuro-marker genes in SH-SY5Y co-cultured with control and COOME-treated iMSCs. G. Images of SH-SY5Y migration assay. H. Quantifica
tion of migrated cell number. All data are presented as mean ± SD, n = 3. *p < 0.05; **p < 0.01 versus the control group using the t-test (A, B, E, F and H), or versus 
(− ) (HUVECs only) group using one-way ANOVA (D). 

Fig. 7. Effects of the COOME in PCI3D modules on cell survival and growth. (A) Schematic representation of the PCL and cell-integrated 3D printer (left), the 
printed module with PCL beams and cell-laden hydrogel beams (center), and overview of the subsequent experimental design (right).(B and C) Live/dead cell assay 
was performed to assess cell survival and proliferation at specific time points (1, 4, and 7 days of in vitro culture). Live cells were stained with calcein-AM (green), 
while dead cells were identified as EthD-1 negative (red). Scale bars: 250 μm. Representative image (B) and quantification results (C) are presented. (D) Proliferation 
activity was evaluated using imaging and a CCK-8 assay kit. All data are presented as mean ± SD, n = 3. n.s., no significant difference using the t-test versus the 
DMSO group. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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activity of iMSCs. The successful integration of bone grafts and the 
regeneration of bone tissue rely crucially on their vascularisation and 
neuralisation activities, which provide nutrients and oxygen, remove 
waste, and perceive environmental changes, thereby facilitating bone 
healing [70–72]. Current strategies to achieve vascular/neuro-bone 
tissue engineering involve scaffold materials incorporating endothelial 
cells/Schwann cells or acellular active factors [73–76], which face 
challenges in effectiveness and side effects. In vivo and in vitro evidence 
suggests that MSCs can support both angiogenesis and neurogenesis [20, 
77]. Our study provides valuable insights into COOME-iMSCs in envi
ronments conducive to vascular and neural bone tissue engineering. 

In this study, we used 3D bioprinted models to simulate the in vivo 
microenvironment to the greatest extent. The 3D bioprinted tumor 
organoid models can be used for personalised drug screening and precise 
treatment of patients, thereby predicting the sensitivity, specificity, and 
accuracy of chemotherapy regimens [78,79]. Cells within 3D models 
offer advantages in establishing proper cell functions and associated 
signalling pathways, enhancing the accuracy of evaluating therapeutic 
effects in a physiologically relevant context [80]. This indicates that the 

3D module can be used to predict the bone regeneration effect of 
COOME-iMSCs in vivo. Further development of 
microenvironment-modulated 3D-printed bone grafts will provide more 
extensive possibilities for clinical applications such as bioactive im
plants. In addition, we combined human-derived iMSCs with the oste
ogenic microenvironment generated by the murine cell line MLO-Y4 to 
create a cell-microenvironment composite with superior osteogenic 
capability. By analysing the expression of human target genes, we 
clarified the positive impact of COOME on iMSCs in terms of osteo
genesis, angiogenesis, and neurogenesis. Additionally, by evaluating the 
activation and targeted inhibition of the classical Wnt signalling 
pathway in MLO-Y4 cells, we validated the mechanism by which 
COOME exerts its effects. This comprehensive research design provides 
profound insights into the regulation of iMSC functionality by COOME, 
demonstrating its efficacy across species. However, whether this effect is 
a result of direct cell-cell interactions or indirect pathways involving 
protein secretion remains unclear and requires further exploration. 
Furthermore, gradual improvements in the sources of COOME (such as 
porcine or bovine origin) and preparation methods (such as decellu
larised matrices, bioinks, and exosomes) are essential for its optimal 
application in clinical practice. 

5. Conclusion 

In summary, we successfully generated iMSCs with highly osteo
genic, pro-angiogenic, and neurogenic capabilities using COOME, which 
is based on activating canonical Wnt signalling in osteocytes. Combining 
COOME-iMSCs with a 3D bioprinting system for tissue engineering is a 
promising avenue for creating shape-matched and functional bioactive 
bone implants. It offers a promising strategy for addressing the clinical 
application of bone defects and advancing regenerative medicine. 
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Fig. 8. Effects of COOME on osteoblast differentiation and mineralisation of 
iMSCs in PCI3D modules. (A) AP staining and (B) AP activity assay of iMSCs in 
PCI3D modules (7 and 14 days of in vitro culture). (C) qPCR analysis of the 
expression of human osteoblast marker genes in PCI3D modules. (D and E) 
Cell-integrated PCI3D modules cultured in growth medium for 3 days and in 
osteogenic medium for another 21 days for mineralisation assay. The miner
alised bone nodules were photographed after alizarin red S staining (D), fol
lowed by quantification assay (E). All data are presented as mean ± SD, n = 3. 
*p < 0.05; **p < 0.01 versus the control group using the t-test. (For interpre
tation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.) 
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