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A B S T R A C T

Bone diseases profoundly affect patients, particularly the elderly, leading to severe health complications and 
disabilities. Osteoblasts play a crucial role in bone formation and are ideal candidates for treating bone diseases 
and engineering living materials. However, the stem and progenitor cells that give rise to osteoblasts, as well as 
osteoblasts themselves, exhibit dysfunction with aging. Although chemical reprogramming of fibroblasts into 
osteoblasts has been achieved, effective cell-based therapies or living materials have not been established in 
clinical practice. Here, we present a method to engineer fibroblasts through small molecule reprogramming and 
spheronization, achieving functional osteoblastic materials across all age groups. By primarily targeting the WNT 
signaling pathway and modularizing small molecules based on their effects on stage-specific genes, we optimized 
the temporal regulation of small molecules during reprogramming, acquiring a large number of healthy induced 
osteoblasts (iOBs). These iOBs with traits of functional native osteoblasts are ideal for forming transplantable 
tissue spheroids. As innovative living materials, the iOB spheroids (iOB-Sps) have demonstrated improved sur
vival, significant self-bone formation, reduced ROS levels in the defect microenvironment, and accelerated 
endogenous osteogenesis and angiogenesis in vivo, promoting effective healing of bone defects. These material- 
free iOB-Sps function as self-scaffolding building blocks for biofunctional constructs, offering a promising avenue 
for clinical autologous bone defect repair, especially for the elderly.

1. Introduction

Bone diseases, have a devastating impact on patients and their 
families, particularly the elderly, often leading to ill health, disability, a 
reduced quality of life, and potentially even death [1]. Employing cells 
as materials precursors offers a promising method for developing living 
materials with functionalities similar to tissues and the ability for 
cellular programmability. Osteoblasts are the primary cells responsible 
for bone formation, producing extracellular matrix proteins and 
secreting paracrine factors, including VEGF, which regulate endothelial 

cell (EC) function. These properties make osteoblasts highly significant 
for the treatment of bone diseases and the fabrication of living materials 
that harness the intrinsic biofunctionalities of bone tissue. However, 
osteoblasts exhibit dysfunction with aging [2], and skeletal stem cells 
(SSCs) and mesenchymal stem cells (MSCs) that give rise to osteoblasts 
decrease in quantity and effectiveness over time [3], restricting their 
available numbers [4]. Moreover, transplanted cells often lack oxygen 
and nutrients [5], leading to apoptosis and poor long-term survival due 
to insufficient angiogenesis. This undermines the efficacy of cell-based 
therapies and increases the risk of rejection and inflammation [6].
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Human fibroblasts are a promising source of cells for regenerative 
medicine due to their reprogrammable nature and high proliferative 
capacity [7]. Chemically reprogramming is considered a superior 
reprogramming method over the conventional virus-based reprogram
ming because of its safety and standardized production [8].The direct 
conversion of human fibroblasts into osteoblasts using small molecules 
has been achieved [8].However, the applications of these induced os
teoblasts in bone tissue engineering and clinical setting for bone defect 
repair has lagged behind. This is due to several factors. Firstly, the safety 
profile of the reprogramming process from fibroblasts to osteoblasts still 
needs to be optimized [9].Moreover, challenges remain in maintaining 
the functional activity of reprogrammed cells that do not rely on com
pounds [10,11]. Additionally, the reprogramming process for bone tis
sue engineering has yet to be systematically addressed, particularly with 
regard to low conversion efficiency, immature function of reprog
rammed cells, insufficient vascular supply, inadequate nutrient and 
oxygen delivery within engineered constructs, heterogeneous profiles in 
individual batches and the inapplicability to cells from elderly person 
[11–13].

Previously reported chemical reprogramming methods for directly 
converting fibroblasts into osteoblasts [8,11,14] often result in poor cell 
survival and limited effects on endogenous cells after engraftment. 
These reprogrammed cells may not fully replicate the properties of 
natural osteoblasts in vivo, including environmental interpretation, 
secretion of appropriate extracellular matrix proteins, and support for 
local angiogenesis, which leads to their dependence on material-based 
support. These limitations partly stem from identifying small mole
cules through static endpoint assays based on cell phenotypes and 
functions, rather than mimicking natural development by leveraging 
modular combinations of the dynamic behaviors of small molecules to 
regulate lineage-specific and differentiation-stage-specific gene expres
sion pattern [11]. In the modularized approach, small molecules are 
selected to maximize coverage of multiple osteogenic development 
pathways, with a focus on WNT signaling, which is essential for initi
ating osteogenic lineage commitment and driving the progression into 
fully differentiated osteoblasts [15]. This strategy may allow for precise 
combinations of osteogenic signals while minimizing cellular stress.

Here, we present a robust framework for optimizing small molecule 
combinations to induce complete osteoblastic specification from human 
fibroblasts while ensuring cell health and spheroid formation of the 
induced osteoblasts to create living bone repair materials. In the 
framework, the inclusion of small molecules is based on their ability to 
activate WNT, as well as their action on other osteogenic pathways. 
These molecules and their combinations are modularized based on their 
regulatory coverage of specific-stage genes, including RUNX Family 
Transcription Factor 2 (RUNX2), Distal-Less Homeobox 5 (DLX5), Sp7 
Transcription Factor (SP7), and c-Myc. Three sequential treatment 
stages are used for complete and precise reprogramming to generate 
osteoblasts. These iOBs can be stably produced at a large scale from 
donors of all ages, including the elderly, and exhibit functional traits of 
young native osteoblasts, which are ideal for forming transplantable 
tissue spheroids. As innovative living materials, the iOB spheroids have 
demonstrated improved survival, significant self-bone formation, and 
the ability to accelerate endogenous osteogenesis and local angiogenesis 
in vivo, enhancing the defect microenvironment for effective bone 
repair.

2. Results

2.1. Construction of compound modules to transform fibroblasts into 
osteoblasts

To reprogram human fibroblast into osteoblasts, a modular system 
was developed that combines small molecules targets with osteogenic 
development signaling and regulatory network (Fig. 1A; Fig. S1). First, 
we centered our selection of small molecules on the Wnt/β-catenin 

signaling pathway, which is essential for osteoblast differentiation 
(Fig. S2A). These compounds were sourced from those that interact with 
various osteogenic pathways or promote reprogramming while also 
targeting the WNT pathway (Fig. S2B). Our analysis prioritized com
pounds that downregulate GSK3β expression (Fig. S2C). GSK3 inhibitor 
CHIR99021 (C), adenylyl cyclase activator forskolin (F), TGF-β receptor 
inhibitor RepSox (R), HDAC inhibitor valproic acid (V) and Trichostatin 
A (T), PKC inhibitor Go6983 (G), JNK inhibitor SP600125 (S) and 
DOT1L inhibitor EPZ004777 (E) were identified. Second, we modular
ized these small molecules and their combinations based on their reg
ulatory coverage of gene expression changes within the osteogenic gene 
activation network, which includes RUNX2, SP7, DLX5, CTNNB1, and 
WNT5A, along with the reprogramming factor c-MYC (Figs. S3A–D). The 
optimized combinations - CFRVT, CFRVGSE, and CFRV - were selected 
for their effects: CFRVT elicited the highest c-MYC and RUNX2 expres
sion, CFRVGSE induced the highest RUNX2 and DLX5, and CFRV pro
moted the highest SP7 expression (Fig. 1B; Fig. S3F), all alongside WNT 
signaling activation (Fig. S3E). Third, exposure to each of these mixtures 
led to a certain degree of osteogenic conversion in fibroblasts, with each 
combination exhibiting reprogramming effect at different treatment 
time points (Fig. 1C; Fig. S4). This conversion was intensified with 
longer exposure, peaking at 18 days with significant calcium nodule 
secretion; however, prolonged exposure also increased cell death. Based 
on the dynamic regulatory capabilities of these combinations on these 
marker genes, it is recommended to apply them in a sequential order to 
align with the developmental timeline, ensuring cells acquire the 
necessary traits and functions. The three small molecule combinations 
were used in different sequences, where the progressive application of 
CFRVT, CFRVGSE, and CFRV achieved the highest reprogramming ef
ficiency (Fig. S5A), as it best aligned with the temporal expression of 
developmental genes. Finally, the stepwise induction program was 
implemented to convert fibroblasts into osteoblasts (Fig. 1A).

As expected, temporal gene expression analysis showed each treat
ment stage upregulated different lineage-specific and differentiation- 
stage-specific genes during the reprogramming (Fig. 1D; Fig. S5B), 
without affecting cell viability (Fig. S5C). The treated cells adopted 
mesenchymal morphology with reduced cell size (Fig. S5D) consistent 
with well-recognized phenomenon in cellular reprogramming [16]. 
Apparent calcium depositions were observed in iOBs following 14 days 
in osteogenic medium (Fig. 1E). Global transcriptional changes during 
the induction were investigated. In hierarchical clustering analysis, we 
focused on osteoblast-related differentiation and signaling genes, 
finding that the expression patterns in iOBs resembled those in bone 
marrow-derived mesenchymal stem cell (bMSC)-derived osteoblasts 
(bMSC-OB) (Fig. 1F). Two-dimensional principal components analysis 
(PCA) of cell types according to transcriptome also indicated that iOBs 
were similar to osteoblasts and distinct from the original fibroblasts 
(Fig. S7A). RUNX2 and SP7 signals in cell nucleus were observed at the 
end of the chemical induction (Fig. 1G). Bone sialoprotein II (IBSP) and 
osteocalcin (OCN) were produced in iOBs cultured in osteogenic me
dium for 14 days, showing similarities to bMSC-OB (Fig. S6). The nu
clear translocation of RUNX2 in treated cells was 96.7 % ± 1.9 %, while 
only 6.0 % ± 1.8 % of untreated fibroblasts exhibited this translocation. 
Additionally, the proportion of SP7-positive cells in iOBs was 93.7 % ±
2.9 %, which, together with RUNX2, indicated a commitment to a 
mature osteoblast phenotype. In contrast, this proportion in fibroblasts 
was only 4.4 % ± 1.1 % (Fig. 1G).

2.2. Fibroblasts can be successfully reprogrammed into iOBs via 
modulation of the WNT signaling pathway with chemicals

To investigate the mechanism of reprogramming to iOBs, we per
formed KEGG pathway enrichment analysis and Weighted Gene Coex
pression Network Analyses (WGCNA) on the transcriptomes of both 
parental fibroblasts and iOBs (12644 genes). When differentially 
expressed genes in iOB (Table S5) were functionally annotated using 
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KEGG pathway analysis (Table S6), the top 15 upregulated and down
regulated pathways were shown, which included osteogenic differenti
ation pathways and a reduction in fibroblastic growth behavior 
(Fig. S7B). Several key pathways associated with osteoblast develop
ment were also significantly enriched in iOB group, including para
thyroid hormone synthesis, secretion and action (PTH), MAPK, WNT 
and TGF-β signaling pathway (Fig. S7C). These pathways were consis
tent with the small molecules used during reprogramming.

In the WGCNA analysis, the turquoise, brown, and yellow gene 
modules showed the strongest correlations in the module-trait re
lationships (Table S7). The key regulatory genes - WNT5A, c-MYC, and 
RUNX2 - were identified in these modules respectively, and a network 
connectivity map was subsequently constructed around them to clarify 
the direct interactions among the osteogenic pathways and significantly 
altered genes during reprogramming (Fig. 1H; Table S8). The genes 
closely associated with RUNX2, MYC and WNT5A were related to 
skeletal system development, osteoblast differentiation, bone density, 
bone mineralization, bone remodeling, ossification, skeletal system 
morphogenesis, angiogenesis, cell cycle and cellular response to stim
ulus (Fig. S7D). This cluster was enriched for multiple osteogenesis- 
related signaling pathways, including the involvement of WNT 
signaling pathway in iOB generation (Fig. 1H).

Given the relevance of the small molecules and RNA-seq findings, we 
further assessed whether WNT signaling was essential for fibroblast 
reprogramming into osteoblasts. We used ICG-001 and XAV939, in
hibitors of the WNT signaling pathway, in reprogramming cocktails. The 
addition of these inhibitors resulted in reduced expression of key genes, 
including CTNNB1, WNT5A, RUNX2, DLX5, MYC, and SP7 (Fig. 1I), 
along with a significant decrease in osteogenic differentiation capacity 
(Fig. 1J; Fig. S8). These results indicate that WNT signaling plays a 
critical role in generating iOBs.

2.3. Chemical reprogramming can efficiently establish functional iOBs 
from donors of different ages

We applied this protocol to fibroblasts from individuals aged 8, 38, 
39, 67, 70, 74, 75, and 79 years to generate induced osteoblasts (iOBs). 
The protocol proved highly reproducible, resulting in the upregulation 
of key osteogenic markers - CTNNB1, WNT5A, RUNX2, c-MYC, DLX5, 
and SP7 - in iOBs derived from fibroblasts of all eight independent do
nors tested (Fig. S9). All iOBs exhibited significant calcium deposition, 
as confirmed by Alizarin Red staining (Fig. 2A; Fig. S10A). Importantly, 
iOBs from individuals aged 67, 70, 74, 75, and 79 demonstrated full 
osteogenic differentiation potential comparable to that of iOBs and 
bMSCs from younger individuals. This observation was further sup
ported by the expression of lineage-specific markers, including alkaline 
phosphatase (ALP), osteocalcin (OCN), Special AT-Rich Sequence- 

Binding Protein 2 (SATB2), and Bone Sialoprotein II (IBSP) in iOBs, 
which were comparable to those in bMSC-OBs from young person 
(Fig. 2B).

We generated at least 2 × 106 iOBs from an initial population of 
approximately 1 × 106 fibroblasts in 18 days (Fig. 2C). Starting with a 1 
cm2 skin tissue specimen, we established fibroblast cultures. From pas
sage 1, we obtained 106 cells; after expanding to passage 7, we achieved 
approximately 109 cells. Following further expansion, at passage 13 of 
the fibroblast phase, the cell count reached approximately 1011 

(Fig. S11A). When fibroblasts at passage 13 were reprogrammed into 
iOBs, it was possible to generate above 2 × 1011 iOBs from the initial 
skin sample, regardless of donor age (Fig. 2D). We have established a 
detailed timeline that correlates the initial fibroblast cell quantity, the 
corresponding culture duration, and the achievable defect volume that 
can be repaired by the reprogrammed iOB cells (Fig. S11B).

We also evaluated the ability of iOBs to produce Collagen Type I 
(COL1) and Vascular Endothelial Growth Factor (VEGF), both critical for 
bone formation and remodeling. iOBs produced COL1 and VEGF at 
levels comparable to those observed in bMSC-OBs from young donors 
(Fig. 2E). Notably, iOBs from older donors, unlike their parental fibro
blasts, exhibited a significant increase in COL1 and VEGF production.

Additionally, iOBs from elderly donors did not show signs of senes
cence. The activity of senescence-associated beta-galactosidase (SA- 
β-gal) was low in iOBs from both older and younger donors, as well as in 
bMSC-OBs from younger individuals, whereas it was pronounced in 
bMSC-OBs from older individuals (Fig. 2F; Fig. S10B). Furthermore, 
iOBs from elderly donors displayed reduced secretion of IL-6 and lower 
expression of age-related stress response genes, CDKN1A and CDKN2A, 
compared to bMSC-OBs from older individuals (Fig. 2G and H).

These findings suggest that this robust three-stage chemical protocol 
efficiently and reproducibly generates functional iOBs from young and 
elderly individuals.

2.4. The iOBs gained advanced functions via spheronization

Cell 3D spheroids have shown improved “therapeutic signaling”, as 
well as enhanced homing and survival capabilities following in vivo 
transplantation [17]. High-quality cells were required to ensure robust 
spheroid formation and functionality. We characterized their properties 
to investigate the potential of iOB spheroids (iOB-Sp) for bone regen
eration and tissue engineering. iOBs were aggregated via centrifugation, 
using cell numbers ranging from 7 × 104 to 2 × 106 (Fig. 3A). The size of 
the resulting spheroids varied from 1 mm to 3 mm in diameter, 
depending on the cell counts (Fig. 3B). After spheroid formation, the 
cells maintained good viability (Fig. S12). iOBs cultured in a monolayer 
could form spheroids effectively. Upon dissociation and replating, the 
cells displayed stable viability and numbers (Fig. 3C).

Fig. 1. Construction of compounds regulatory modules and conversion of fibroblasts into iOBs. (A) The strategy for chemical induction of human fibroblasts to 
osteoblasts. Fib, fibroblast; iOB, induced osteoblast. (B) Gene expression analysis for c-MYC, RUNX2, DLX5 and SP7 after exposure to different individual combi
nations. Human fibroblasts were treated with CFRVT for 5 days, or with CFRVGSE and CFRV for 7 days respectively. The significance levels were set at *p < 0.05 and 
significance was determined when samples were compared to untreated cells, one-way ANOVA with Bonferroni correction. (C) Temporal cell viability and osteogenic 
differentiation ability in the fibroblasts exposed to the small molecule combinations for the indicated days. D, day. (D) Temporal gene expression analysis on different 
treatment stages by RT-qPCR. Gene expression was shown as log2 (fold change). Significance was determined when samples were compared to group D0. (E) Alizarin 
Red staining and Absorbance measurement in fibroblasts, iOBs and bMSC-OB. The fibroblasts, iOBs and bMSCs were cultured in osteogenic medium for 14 days 
before testing. Significance was determined when samples were compared to Fib group. Scale bar = 100 μm. (F) Heat map and hierarchical clustering analysis of the 
RNA-seq data showing the genes involved in osteoblast differentiation. (G) Immunofluorescence of RUNX2 and SP7 and the quantification of their expressing cells in 
fibroblasts or iOBs. The data were presented as means ± s.d. and n = 6 independent experiments in which fibroblasts were derived from six different individuals. 
Student t-test. *p < 0.05, **p < 0.01. Scale bar = 50 μm. (H) A network of genes identified by network clustering differently expressed genes in iOBs centered around 
RUNX2, MYC and WNT5A. The dark edges represented positive correlation of gene expression changes when connected and the light-colored represented negative 
correlation. The related signaling pathways in osteoblastic commitment were presented in different colors. Gene names were shown in Table S4. (I) Dot plot showed 
the expression pattern of osteogenic reprogramming related genes in different treated cells. iOB rep represented the cells in the iOB reprogramming process, and the 
other two groups were cells with ICG-001 or XAV939 added during the reprogramming process. Significance was determined when samples were compared to group 
iOB-rep D18. The statistical analyses were performed using one-way ANOVA with Bonferroni correction and n = 3 independent experiments. The significance levels 
were set at *p < 0.05. (J) Absorbance measurement of Alizarin Red staining of the cells under different treatments presented in I. Significance was determined when 
samples were compared to group D0 or pairwise comparisons between the groups connected by lines. (D) (E) (J) data were presented as means ± s.d. and n = 3 
independent experiments. One-way ANOVA with Bonferroni correction. *p < 0.05, **p < 0.01.

Y. Li et al.                                                                                                                                                                                                                                        Bioactive Materials 50 (2025) 414–431 

417 



Fig. 2. Characteristics of iOBs derived from donors with different ages. (A) Alizarin Red staining of osteoblasts derived from bMSCs (31 years), iOBs from 8-, 79- 
year-old donors and their parent fibroblasts after cultured in osteogenic medium for 14 days. n ≥ 3 independent experiments. Y, young referred to individuals under 
65 years of age; O, old referred to individuals aged 65 years and older. Scale bar = 100 μm. (B) mRNA levels for ALP, OCN, SATB2 and IBSP after 14 days culture in 
osteogenic medium. The Y-bMSC were isolated from donors of 26-,31-,33-year-old.The Y-Fib or Y-iOBs were derived from donors of 8-,38-,39-year-old. The O-Fib or 
O-iOBs were derived from donors of 67-,70-,74-,75-,79-year-old. Gene expression was shown as log2 (fold change). n ≥ 3 independent experiments. (C) Cell number 
of starting fibroblasts and resultant iOBs after 18 days’ treating. n = 8 individuals’ iOBs. (D) Schema for extent of cell expansion during iOBs conversion from skin 
fibroblasts. (E) The secretion of COL1 and VEGF in Y-bMSC-OB, iOBs and their parent fibroblasts. Y-bMSC-OBs in immunofluorescence images were derived from 31- 
year-old donors, and O-iOBs and its parent O-Fib were from 79-year-old donor. n ≥ 3 independent experiments. Scale bar = 50 μm. (F) SA-β-gal activity in Y-bMSC- 
OB, O-bMSC-OB, Y-iOB from a 39-year-old individual, O-iOB from a 79-year-old donor. n ≥ 3 independent experiments. Scale bar = 100 μm. (G) The secretion of IL-6 
in Y-bMSC-OB, O-bMSC-OB, Y-iOBs and O-iOBs. n ≥ 3 independent experiments. (H) mRNA levels for CDKN1A and CDKN2A in osteoblasts derived from bMSCs and 
iOBs from young or old individuals. Gene expression was shown as log2 (fold change). n ≥ 3 independent experiments. (A) (B) (E) (F) (G) (H) data were presented as 
means ± s.d. Significance was determined when samples were compared to Y-bMSC-OB or pairwise comparisons between the groups connected by lines. One-way 
ANOVA with Bonferroni correction. *p < 0.05, **p < 0.01.
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Fig. 3. Generation and characteristics of iOB spheroids (A) Gravitational forced aggregation method to generate iOB-Sps (B) iOB-Sps at different sizes with 
various numbers of cells. About 1 × 105 iOBs could be used to prepare a spheroid with the volume of 0.7–0.8 mm3. (C) Analysis of cell viability following the 
formation of cell spheroids. n = 7 independent experiments. Student t-test. *p < 0.05, **p < 0.01. Scale bar = 200 μm. (D) Analysis of cell activity when iOBs were 
exposed to H2O2 in monolayer cultures or in spheroids. The viability of cells was detected by AO/PI assay. The ROS levels were detected by DCFH-DA. n = 3 in
dependent experiments. Scale bar = 20 μm. (E)–(F) Immunofluorescent staining of Ki67 or Tunel in monolayer cultures and in spheroids. The data were presented as 
means ± s.d., Significance was determined when samples were compared to monolayer-cultured cells. Student t-test. Scale bar = 100 μm in the whole spheroid 
images. Scale bar = 20 μm in the magnified images. (G) Immunofluorescent staining of SP7 in spheroids. Scale bar = 20 μm. (H) Alizarin red staining and IBSP 
immunofluorescent staining of iOB-Sps cultured in osteogenic medium for 14 days. Scale bar = 100 μm (Left); Scale bar = 20 μm (Right). (I) Immunofluorescent 
staining of COL1 and VEGF in spheroids. Scale bar = 20 μm. (J) Quantification of COL1 and VEGF secretions from 2 × 105 monolayered iOBs, one spheroid with 2 ×
105 cells, and three spheroids with 2 × 105 cells per spheroid. All of them were cultured in the same volume. (K) The adhesion of iOBs with decellularized porcine 
cancellous bone. The embedded iOBs were in single cell suspension or in 3D spheroid. Optical microscopic pictures, STEM121 (green), COL1 (red), VEGF (red), IBSP 
(yellow-gold), and DAPI (blue) nuclear staining were shown. Mineralized bone matrix was shown by green fluorescence. Scale bar = 200 μm in optical microscopic 
pictures. Scale bar = 20 μm in fluorescence images. (D) (J) data were presented as means ± s.d., Significance was determined when samples were compared to 
monolayer-cultured cells or pairwise comparisons between the groups connected by lines. One-way ANOVA with Bonferroni correction. *p < 0.05, **p < 0.01.
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Compared to iOB, iOB-Sp demonstrated improved differentiation 
into mature osteoblasts, elevated anti-ROS factors, such as NRF2 and 
catalase expression (Fig. S13) and increased secretion levels of VEGF 
(Fig. S13).Given that hypoxia in bone defects can induce excessive 
reactive oxygen species (ROS) production, which is detrimental to cell 
viability, we evaluated the impact of spheroidal formation on the cells 
resistance to ROS. Compared to monolayer cultures, iOB spheroids 

exposed to H2O2 demonstrated improved resilience, showing no signif
icant increase in ROS production and no decline in cell viability 
(Fig. 3D). This suggests that the spheroid structure enhances the cells’ 
ability to manage oxidative stress and protect against cell death. After 
being stressed and replated, the iOBs retained healthy morphology 
similar to those of 2D-cultured iOBs under normal conditions 
(Fig. S14A).

Fig. 4. Contribution of iOB-Sps to endogenous bMSCs and endothelial cells in vitro (A) Analysis for the osteogenic differentiation capability of bMSCs from 26-, 
62-, 71-, 82-year-old individuals when co-cultured with O-iOB-Sps. Osteoblasts derived from bMSCs of a 82-year-old individual were shown in the alizarin red 
staining image. Scale bar = 100 μm. (B) A cord formation assay and quantification of tube formation for the endothelial cells under normal cultures or conditional 
medium (CM) of iOB-Sps pretreatment. Nb.nodes, number of nodes; Nb.meshes, number of meshes; Tol.length, total length. Scale bar = 200 μm. (C) MTT assay 
showing the proliferation of endothelial cells in iOB-Sps pretreated group and in untreated control group. n = 3 independent experiments in control group, n = 7 in 
iOB-Sp-CM group. (D) The endothelial cell migration from EC spheroid (EC-Sp) in contact-based model with iOBs. n = 3 independent experiments. n = 47 cells 
migrating outside the dashed boundary of the spheroid in EC-Sp group, n = 349 cells in EC-Sp + iOBs group. The sections of EC spheroid were stained with H&E 
(Upper) or CD31 antibody (Lower). Scale bar = 100 μm. (E) The endothelial cell migration in non-contact-based model with iOB-Sps over time. As a control, EC 
spheroid was placed within Matrigel without iOB-Sp (the upper image). Triangle indicated iOB-Sp; Asterisk, EC spheroid. Scale bar = 200 μm. (F) Analysis of the EC 
migration from its spheroid using H&E (Upper) staining and CD31 (Lower) immunofluorescence staining. Scale bar = 100 μm. (A)–(D) data were presented as means 
± s.d. Student t-test. *p < 0.05, **p < 0.01.
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iOBs in 3D cultures exhibited reduced Ki67 positivity, indicating 
lower proliferation activity compared to cells in monolayer culture 
(Fig. 3E). However, apoptosis did not increase in the spheroids (Fig. 3F). 
Notably, more than 90 % of the cells in spheroids remained SP7-positive, 
indicating that the iOBs in 3D culture were committed to mature oste
oblast differentiation (Fig. 3G). When iOB spheroids were cultured in 
osteogenic medium for 14 days, they exhibited significant calcium 
deposition and production of IBSP (Fig. 3H).

Furthermore, iOB spheroids continued to express COL1 and VEGF 
(Fig. 3I). Under the same culture conditions and with an equivalent cell 
number, iOB spheroids and monolayer cultures secreted similar 
amounts of COL1. However, iOB spheroids secreted significantly more 
VEGF (Fig. 3J). Additionally, 3D spheroids supported a higher number 
of iOBs compared to monolayer cultures within the same culture vol
ume, leading to increased production of COL1 and VEGF. This enhanced 
secretion in spheroids created a more favorable microenvironment for 
bone formation by concentrating these signals in a confined space.

In a separate experiment, we cultured both iOB single cells and iOB 
spheroids with decellularized porcine cancellous bone (Fig. S14B) for 5 
days. The iOB single cells did not adhere to the bone tissue and failed to 
remain viable (Fig. 3K; Fig. S14C). In contrast, iOB spheroids success
fully integrated with the decellularized bone, secreting COL1 and VEGF 
while differentiating into mature osteoblasts (Fig. 3K; Figs. S14D–G). 
These results suggest that iOB spheroids possess significant biological 
activity, providing nutrients and a supportive matrix for cell survival, 
migration, and lineage-specific differentiation. This reduces the need for 
additional active substances from other biomaterials.

2.5. Enhancing endogenous cells functions when co-cultured with iOB-Sps 
in vitro

bMSCs and endothelial cells (ECs) play crucial roles in bone repair, as 
bMSCs differentiate into osteoblasts, while ECs contribute to vasculari
zation. However, aged bMSCs have a diminished capacity for osteogenic 
differentiation. We established a transwell system to co-culture iOB 
spheroids (iOB-Sp) and bMSCs, in which iOB-Sp in the upper inserts 
cannot migrate through the Transwell membrane to the lower chamber 
(Fig. S15). When aged bMSCs were co-cultured with iOB-Sp derived 
from old donors in a transwell insert, aged bMSCs displayed significantly 
enhanced osteogenic differentiation (Fig. 4A; Fig. S16).

Human umbilical vein endothelial cells (ECs) were cultured in a 
conditioned medium from iOB-Sps for 24 h and replated on growth 
factor-reduced Matrigel. Cord networks formed in both iOB-Sp treated 
and untreated groups by day 1, but the treated group exhibited thicker 
cords, more branching, and more significant cell clustering at branch 
points (Fig. 4B). Quantitative analysis confirmed that iOB-Sps promoted 
cord network formation, as evidenced by an increase in branch nodes, 
meshes, and total cord length (Fig. 4B). Additionally, ECs proliferation 
was enhanced when treated with conditioned medium from iOB-Sps for 
24 h (Fig. 4C).

To further investigate the effect of iOB-Sps on EC migration, we 
created EC spheroids using the hanging drop method and developed two 
co-culture models within 3D spheroid microenvironments based on 
growth factor-reduced Matrigel: a contact-based model and a non- 
contact-based model. In the contact-based model, an EC spheroid was 
embedded within Matrigel containing uniformly distributed iOB single 
cells. As a control, an EC spheroid was cultured in Matrigel alone. By day 
3 of co-culture, ECs in the iOBs co-culture exhibited significant migra
tion away from the spheroid, whereas almost no migration was observed 
in the control group (Fig. 4D).

In the non-contact-based model, toroid-shaped EC spheroid and iOB- 
Sp were co-cultured within the same Matrigel sphere with a 400 μm gap 
between them. Over 30 days, the EC spheroid progressively migrated 
toward the iOB-Sp (Fig. 4E). Analysis of frozen sections of the EC 
spheroid revealed that ECs had dispersed from their original spheroid 
structure (Fig. 4F).

2.6. The iOB-Sps showed high survival and function for transplantation 
on a murine femoral defect model

To evaluate the therapeutic potential of iOB spheroids (iOB-Sps), we 
utilized a femoral defect model in NOD/SCID mice with a defect volume 
of approximately 4 mm3 (Fig. 5A). The iOB-Sps were tailored to match 
the size of the injury site, with approximately 1.3 × 105 iOBs forming a 
spheroid of 0.9–1 mm3 in volume (Fig. 5B). Four iOB-Sps, derived from a 
79-year-old donor, were transplanted into the injury site to fill the defect 
(Fig. 5C). As controls, bMSCs from a 31-year-old donor and fibroblasts 
from the same donor as the iOB-Sps were transplanted into similar de
fects, with bMSCs and fibroblasts delivered as single-cell suspensions 
mixed with Matrigel, or fibroblasts transplanted in the form of spheroids 
(Fib-Sps). After 28 days, microCT imaging revealed that the injury sites 
treated with iOB-Sps were covered with bridging calluses, comparable to 
those seen in bMSC-transplanted femurs. In contrast, fibroblast or Fib- 
sp-treated sites showed no evident bone repair (Fig. 5D; Fig. S17). The 
results in the Fib-sp transplantation group showed that bone defects 
were not restored merely by the presence of a cell scaffold formed by 
fibroblasts, and the model did not facilitate bone defect repair solely 
through spatial filling or bridging by the scaffold material. The repair 
outcomes were further quantified using bone volume (BV)/total volume 
(TV), bone surface (BS)/total volume (TV), trabecular number (Tb. N), 
and bone mineral density (BMD) measurements (Fig. 5E). These data 
demonstrated that iOB-Sps from elderly donors exhibited bone repair 
capabilities similar to those of younger bMSCs.

To assess bone matrix production by the grafted cells, Hoechst 
33342-labeled cells were transplanted into the defect site. A large 
number of blue fluorescently labeled nuclei from iOBs and bMSCs were 
observed in the callus under UV light. Consistently, H&E staining 
showed parallel collagen bundles forming lamellar structures in the new 
bone tissue. Under polarized and ultraviolet light, the stained tissues 
revealed a highly mineralized new bone matrix (Fig. S18). No abnormal 
tissue growth was observed around the regenerated area, indicating no 
tumor formation from the transplanted iOB-Sps. Correspondingly, 
Safranin/Fast Green staining confirmed the complete maturation of iOB- 
Sp transplants into calcified bone, while Alizarin Red staining verified 
ossification at the callus of the iOB-transplanted femurs (Fig. S19). These 
results indicate that the local transplantation of iOB-Sps accelerated 
bone healing at defect sites.

To further assess the survival and differentiation of the transplanted 
iOB spheroids, we used iOB-Sps transduced with LV-EGFP and implan
ted them into the defects. At day 28 post-transplantation, the number of 
TUNEL+/GFP + cells in the grafts was very low, similar to those in vitro 
cultured iOB-Sps before transplantation (Fig. 5F), indicating high cell 
viability. In addition, no expression of the cell proliferation marker Ki67 
was detected in the transplanted iOBs (Fig. 5G), which may contribute to 
the safety of the grafted cells. GFP + cell counts showed no significant 
change in the number of iOBs 28 days after transplantation (Fig. 5H), 
indicating the cells were surviving well. Elevated ROS levels in the bone 
defect area can harm the survival of transplanted cells. However, the 
transplanted iOB-Sps not only maintained cell viability in the stressed 
microenvironment but also improved the local microenvironment of the 
bone defect by reducing ROS levels (Fig. S20). Approximately 80 % of 
GFP + cells expressed IBSP (Fig. 5I; Figs. S21A and B), suggesting that 
the grafted iOBs successfully differentiated into mature osteoblasts. 
Immunohistochemical staining for OCN, a late-stage bone matrix pro
tein, revealed intense signals in the newly formed matrix, indicating 
greater secretion of mature bone matrix protein by the iOB-Sps 
(Fig. S21C).

Furthermore, iOBs did not form tumors. In a 180-day study, no tumor 
formation was observed in NOD/SCID mice transplanted with iOBs 
(Fig. S22) which show the high safety of iOBs for administration in vivo.
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2.7. Transplantation of iOB-Sps can enhance endogenous osteogenesis 
and angiogenesis in vivo on a murine femoral defect model

We conducted a series of examinations to evaluate the contribution 
of iOB-Sps transplants to the bone healing process. Immunohistochem
ical analysis using a COL1 antibody revealed significantly higher COL1 
production in the iOB-Sps engrafted group compared to the untreated 
control group (Fig. 6A and D). Post-transplantation, elevated COL1 
secretion was detected both in and around the transplanted iOBs 
(Fig. S23), indicating that iOBs not only produced COL1 themselves but 
also stimulated endogenous cells to increase COL1 secretion. In addi
tion, a substantial amount of bone matrix protein, IBSP, was observed at 
the defect site (Fig. 6B, C and 6E), further demonstrating that the 
transplanted cells promoted the healing process and bone regrowth. 
IBSP signals were detected within and surrounding the engrafted cells 
(Figs. S21A and B), suggesting that iOB-Sps enhanced endogenous 
osteogenic activity.

In parallel, we observed increased VEGF secretion in the iOB-Sps 
treated group (Fig. 7A). The number of VEGF-positive cells in the 
callus of the iOB-Sps group was higher (Fig. 7D), with VEGF signals 
detected both within and around the transplanted iOBs (Fig. S24). This 
indicates that the exogenous iOBs not only secreted VEGF but also 
stimulated endogenous cells to produce the protein. Correspondingly, 
effective angiogenesis, marked by CD31 expression, was observed in the 
iOB-Sps group (Fig. 7B, C and 7E), indicating that iOBs induced 
endogenous revascularization. To demonstrate the abundant secretion 
of VEGF by iOB-sp cells in vivo, we performed IHC staining on the iOB- 
Sp transplant group, co-staining with a human-specific anti-VEGF anti
body and a mouse-specific anti-CD31 antibody. The result showed the 
defect repair area still exhibited obvious VEGF secretion by iOB cells 
(GFP+), with a marked accumulation of endogenous vascular endo
thelial cells (CD31+) surrounding them at 28 days post-transplantation 
(Fig. S25).

To explore the mechanism of iOB-Sps in treating bone defect, we 
further analyzed the in vivo expression of the angiogenesis-related fac
tor VEGF, osteoblast maturation marker osteocalcin (OCN), and 
antioxidant-related protein NRF2 at the single-cell level in tissue sec
tions of the transplanted iOB-sp compared to the control group (bMSC- 
sp/Fib-sp) post 7 days transplantation. The results showed that iOBs 
highly secreted VEGF and activated endogenous ECs, which could 
enhance angiogenesis at the defect site (Fig. S26). iOBs also exhibited 
mature osteoblastic functionality by releasing high levels of osteocalcin, 
which contributed to the upregulation of antioxidant proteins. Addi
tionally, iOB-Sp expressed high levels of the antioxidant protein NRF2. 
Correspondingly, iOB-Sp significantly reduced ROS levels in the bone 
defect microenvironment (Fig. S27). The ability of iOB-Sp to promote 
angiogenesis and reduce ROS production was stronger than that of 
fibroblast and bMSC.

These results revealed that iOB-Sps could improve the niche in bone 
repair by increasing the necessary signals such as COL1, IBSP or VEGF to 
induce eventual bone matrix formation and vascularization to develop 
new bone.

3. Discussion

Here, we present a chemical reprogramming method to generate 
highly functional osteoblasts and their spheroids from human fibroblasts 
of all ages. These cells have been shown to be effective in repairing bone 
defects and exhibit excellent safety profiles. The approach can generate 
enough iOBs to customize cell spheroids tailored for various sizes of 
bone defects (Fig. 8). Such cell conversion efficiency enables the 
customized modular bottom-up assembly of multiscale constructs using 
living cells and lays a foundation for the clinical treatment of bone 
diseases.

RUNX2 expression defines cells at a preosteoblast stage and subse
quent SP7 expression defines the cells’ differentiation to osteoblasts 
[18]. The expression of RUNX2 and SP7 marks the commitment to a 
mature osteoblast. DLX5, in conjunction with RUNX2, osteocalcin, and 
alkaline phosphatase, aids preosteoblast to osteoblast transition [19]. 
MYC and RUNX2 together initiate reprogramming toward the osteoblast 
lineage [20].

In the first stage, the CFRVT combination elevates RUNX2 and MYC 
to initiate osteogenic reprogramming. In the second stage, Trichostatin 
A was removed to avoid its long-term cell cytotoxicity and replaced with 
GES, boosting RUNX2, DLX5, and SP7 to promote osteoblastic differ
entiation. In the third stage, only CFRV is used to further increase 
RUNX2 and SP7, maximizing osteoblast conversion while reducing 
cellular stress (Fig. 1D; Figs. S4 and S5). This time-sequenced treatment 
of chemical combinations established a network driving complete 
osteoblastic specification centered on RUNX2, MYC, and WNT5A, 
featuring significantly altered genes associated with osteogenic differ
entiation and maturation (Fig. 1H). Despite these promising findings, a 
more comprehensive understanding of the molecular targets and their 
underlying mechanisms, as well as epigenetic modulation is required 
through further systematic research.

This tiered modular approach can obtain iOBs from people with all 
ages, especially for elderly and maintain cell viability in the stress- 
ridden bone defect environment, including high ROS levels from hyp
oxia, nutrient deficiency, apoptosis signaling, and bone matrix disrup
tion. Unlike previously reported induced osteoblasts, these cells exhibit 
mature functionality and efficient self-bone formation in vivo and pro
duce type I collagen, osteocalcin, IBSP, and VEGF to facilitate bone 
healing without the need for additional osteoinductive molecules 
(Figs. 5–7), while ensuring safety without tumorigenicity (Fig. S22) and 
bypassing an intermediate pluripotent stage.

The use of cell-rich living materials with native intrinsic bio
functionalities to restore damaged tissue is one of the major goals of 
tissue engineering. Cells possess unique living attributes that are beyond 
the reach of current synthetic and semi-synthetic biomaterials [21]. 
However, previously reported osteoblasts generated in vitro [8,22], still 
rely on additional scaffolds like Matrigel, COL1 sponges or nanofiber for 
cell survival and to direct osteogenic differentiation in vivo, which are 
limited by the scaffold type and do not fully replicate life-like properties, 
such as environmental sensing and response. In this study, iOB spheroids 
serve as building blocks, enabling high cell mass and bone formation in 
defects. Unlike traditional methods that rely on materials like Matrigel 
or hydrogel, these spheroids boost cell survival without external 

Fig. 5. Therapeutic effects of iOB-Sps on bone regeneration (A) 5 mm in the length and 1.5 mm in width femoral bone defect was created by dental drill on the 
right femur. Each scale of the ruler indicates 0.5 mm. (B) The preparation of iOB-Sps to fit the damaged size. (C) The transplantation of iOB-Sps into bone defect. (D) 
μCT imaging of the femur transplanted by Fibs, Fib-Sps, bMSCs and iOB-Sps in NOD/SCID mice with femur defect. iOB-Sps were derived from old donors, O = Old. 
(E) BMD, BS/TV, BV/TV, Tb. N values in bone defect healing. n = 5 independent experiments. Significance was determined when samples were compared to group 
Neg or pairwise comparisons between the groups connected by lines. (F) Analysis of Tunel staining for iOBs apoptosis in spheroid before and after 28-days trans
plantation. n = 7 independent experiments in iOB-Sps culture in vitro and n = 5 independent experiments in iOB-Sps transplanted in vivo. (G) Analysis of Ki67 
fluorescent staining for iOBs proliferation in spheroid before and after 28-days transplantation. n = 7 independent experiments in iOB-Sps culture in vitro and n = 5 
independent experiments in iOB-Sps transplanted in vivo. (H) Counting of iOBs when cultured in vitro spheroid and in vivo post transplantation. (I) Representative 
images and quantification analysis of GFP and IBSP positive cells in bone defects. n = 7 independent experiments in iOB-Sps culture in vitro and n = 5 independent 
experiments in iOB-Sps transplanted in vivo. (E)–(I) data were presented as means ± s.d. *p < 0.05, **p < 0.01, ***p < 0.001. One-way ANOVA with Bonferroni 
correction in (E); Student t-test in (F)–(I). Scale bar = 10 μm in (F) (G) (I).
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support. They thrive in harsh conditions and function collectively to 
influence endogenous cells.

Our results suggest that iOB-Sp is more resistant to ROS production 
and maintains better viability than monolayer iOBs, and they also 
effectively reduce ROS levels in the bone defect environment. We 
believe this is due to a combination of internal and external factors. 
Internally, when iOBs form spheroids using methods like v-bottom 
plates or hanging drop, they behave similarly to mesenchymal stem cells 
(MSCs) in 3D cultures exhibiting reduced metabolic activity and 

proliferation [23], which leads to a kind of protective, quiescent state 
[24]. In this state, the cells consume less ATP in their mitochondria [25], 
making them less vulnerable to ROS-induced damage. Externally, the 
formation of spheroids promotes tighter cell-cell interactions through 
gap junctions [26], creating a barrier that limits chemical exchange. 
This barrier helps establish a microenvironment that is conducive to 
reducing the exposure of cells in the spheroid to harmful chemicals, 
thereby limiting ROS penetration and protecting the cells. Furthermore, 
the spheroid formation process upregulates antioxidant proteins such as 

Fig. 6. Enhancement of endogenous osteogenesis induced by iOB-Sps 
Biopsies were obtained 4 weeks after iOB-Sps transplantation into mouse femur defects. DAPI nuclear counterstain as indicated in blue, iOB-labeled GFP counterstain 
as indicated in green. 
(A) Regeneration of damaged sites shown in a panoramic view of the complete femur and in high-resolution image stained for COL1 (red). Scale bar = 500 μm in 
complete femur images; Scale bar = 10 μm in high-resolution images. 
(B) Regeneration of damaged sites shown stained for IBSP (yellow gold). Scale bar = 500 μm in complete femur images; Scale bar = 100 μm in high-resolution 
images. 
(C) Magnification of IBSP staining of the boxed area shown in (B). Scale bar = 50 μm. 
(D) The proportion of COL1 positive area in the total defective area. n = 4 independent experiments in untreated negative group and n = 5 independent experiments 
in iOB-Sps treatment group. 
(E) The proportion of IBSP positive area in the total defective area. n = 5 independent experiments. 
(D) (E) data were presented as means ± s.d. Student t-test. *p < 0.05, **p < 0.01.
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NRF2 and catalase, as well as Osteocalcin, which can upregulate anti
oxidant proteins [27], effectively reducing ROS levels in vitro and in 
vivo. Together, these factors likely contribute to the enhanced resilience 
of iOB-Sp compared to the 2D monolayer cells.

In this study, we also demonstrated that the three-dimensional (3D) 
spheroid formation of iOB (iOB-sp) markedly enhances its paracrine and 
nutritional effects compared to conventional two-dimensional (2D) 
monolayer cultures [26]. Consistent with previous reports on mesen
chymal stem cells (MSCs) cultured in 3D conditions, iOB-sp secreted 
significantly higher levels of VEGF (Fig. 3J) and matrix proteins, 
attributable to the formation of a pure-cell 3D scaffold that supports a 
more significant number of functional iOB cells. This scaffold facilitates 
cell survival and function (Fig. 3K; Fig. 5F), ensuring an adequate supply 
of active osteoblasts in the bone defect microenvironment to protect 
endogenous cells and provide a supportive matrix for cell migration and 
survival through paracrine signaling. Additionally, the elevated VEGF 
levels promote endothelial cell proliferation and migration (Fig. 4B–F; 

Fig. 7; Fig. S25; Fig. S26), thereby enhancing capillary formation and 
supplying necessary nutrients for tissue repair. And the reduction in ROS 
is conducive to endothelial cell migration, angiogenesis, and the dif
ferentiation of osteoblasts into mature bone cells, collectively contrib
uting to improved repair of bone defects.

As dynamic living materials, iOB spheroids are capable of inter
preting their microenvironment, exhibiting mature osteoblastic func
tionality, operating as bio-units to produce extracellular matrix 
components and bioactive signaling cues. The self-generated matrix 
creates a more natural and supportive 3D microenvironment on adjacent 
bone tissue, reducing reliance on external bioactive materials (Fig. 8). 
Although an analysis of the influence of the immunity on the efficiency 
of our iOB-sp engineering approach remains to be performed, we envi
sion that iOBs or their spheroids could offer design flexibility in creating 
three-dimensional living materials through their interactions and com
binations, making them suitable for autologous applications. Patient- 
derived iOB cells can be combined with xenogeneic bone scaffolds 

Fig. 7. Revascularization in defective lesion mediated by iOB-Sps 
DAPI nuclear counterstain as indicated in blue, iOB-labeled GFP counterstain as indicated in green. 
(A) Immunohistochemical staining of VEGF (red) in damaged sites shown at whole mouse femur and at high resolution. The boxed area in the upper image was 
shown in high magnification on the lower. Scale bar = 500 μm in complete femur images; Scale bar = 200 μm in high-resolution images (Upper), Scale bar = 20 μm in 
high-resolution images (Lower). (B) Immunohistochemical staining of CD31 (red) in damaged sites. Scale bar = 500 μm in complete femur images; Scale bar = 200 
μm in high-resolution images. (C) Magnification of CD31 staining of the boxed area shown in (B). Scale bar = 50 μm. (D) The percentage of VEGF positive cells in 
defective area. n = 5 independent experiments. (E) The percentage of CD31 positive cells in the defective area. (D) (E) data were presented as means ± s.d. Student t- 
test. *p < 0.05, **p < 0.01.
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without additional extracellular matrix proteins to produce biomaterials 
with autologous bone characteristics for repairing severe bone defects. 
These approaches avoid the use of commonly used allogeneic bone 
materials in clinical practice, reducing the risk of adverse ethical events 
and accelerating the pace of clinical translation and living material 
development.

4. Conclusion

In conclusion, the patients’ own skin fibroblasts have been engi
neered through chemical reprogramming and spheronization techniques 
for the purpose of bone defect repair. The iOB-Sps, as a novel type of 
living biomaterial that does not rely on other material components, have 
been validated for their feasibility in treating bone defects in vivo and 
providing osteogenic seed cells for effective in vitro composite scaf
folding with decellularized porcine bone tissue. This research provides 
innovative clinical treatment options for refractory bone defects, 
particularly in elderly patients, suggesting a novel therapeutic direction 
for addressing age-related bone issues with autologous cell therapy.

5. Materials and methods

5.1. Cell cultures

All cells were isolated from healthy individuals; Informed consents 
were obtained from all subjects. The collection procedures of skin and 
bone samples were approved by the Medical Ethics Committee of the 
Department of Medicine at Kunming University (2016-L-33).

Primary fibroblasts were harvested from leg or abdominal skin of 
healthy donors with various ages at 38, 39, 67, 70, 74，75, and 79 years 

old. Another fibroblast line from healthy individual of an 8-year-old was 
harvested from foreskin which was purchased from Millipore (SCC058). 
No mycoplasma, fungal and bacterial contamination were detected in 
any of the cells. The primary fibroblasts were started from about 1 cm2 

skin biopsies. Hair, blood capillary and subcutaneous fat were cleaned 
from the dermis using scalpel and ophthalmic forceps. Following the 
previous method for fibroblast isolation [7], the skin specimens were cut 
into 1 mm2 pieces and plated onto 10 cm cell culture treated dishes for 
cultivation, which allowed fibroblasts to migrate from the explants. Fi
broblasts were cultured and expanded in fibroblast medium consisting 
of high glucose Dulbecco’s Modified Eagle Medium (DMEM; Gibco), 10 
% fetal bovine serum (FBS; ExCell), 100 U/ml penicillin and 100 μg/ml 
streptomycin antibiotics (sigma).

Fibroblasts were seeded at 1~1.5 × 104 cells per cm2 of growth area 
and incubated at 37.0

◦C in humidified 5 % carbon dioxide until 80 % confluent. After 
reaching confluence, the cells were sub-cultured and counted using 
trypan blue dye method. These cells were sub-cultured every 3–6 days, 
continuing the process until they reached the 14th passage.

Bone marrow mesenchymal stem cells (bMSC) were obtained from 
the bone marrow of healthy individuals following surgery and isolated 
using the protocol described previously [28], with various ages at 26, 
31, 33, 62, 71 and 82 years old.

bMSCs were cultured in MSC medium including low glucose DMEM 
(Gibco), 8 % fetal bovine serum (FBS) (ExCell), 100 U/ml penicillin and 
100 μg/ml streptomycin antibiotics (sigma).

Human umbilical vein endothelial cells (HUVEC) were purchased 
from ScienCell (#8000). The ECs were cultured in Endothelial Cell 
Medium (ECM) (ScienCell, #1001). HUVECs at passage P4-P5 were used 
in vitro testing.

Fig. 8. Schematic showing the role and potential mechanism of iOB-Sps in bone defects repair. Our innovative methodology enables the reprogramming of 
fibroblasts to generate large quantities of induced osteoblasts and iOB spheroids, which retain the functional characteristics of youthful native osteoblasts, devoid of 
tumorigenicity, regardless of donor age. This process can yield approximately 2 × 1011 iOBs from a mere 1 cm2 skin biopsy-enough to repair around 1500 cm3 of 
bone tissue defects. These induced osteoblast spheroids, as living, self-scaffolding materials, exhibit improved survival and demonstrate resistance to damage-related 
stress without functional deterioration, both in vitro and in vivo. They not only mature and achieve self-bone formation in vivo but also accelerate endogenous 
osteogenesis and local angiogenesis while adapting to their environment, replicating tissue composition, maintaining high cell density to facilitate matrix remodeling, 
and reducing ROS levels.
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5.2. Induced osteoblasts conversion and cultures

Fibroblasts at passage 13 were used for in vitro induction. For the 
small molecules screening and their combinations optimization, human 
fibroblasts were seeded at a density of 1.3 × 104 to 1.8 × 104/cm2 in 10 
cm cell culture treated dishes and cultured in fibroblast medium. Small 
molecules for different signaling pathways were added at the concen
trations detailed in Table S1. The cells were incubated with the com
pounds for 7 days, with media changes every 2–3 days. Different 
compounds combinations were further used to treat fibroblasts, with the 
treatment details provided in Table S2.

For the osteoblasts induction, cells were seeded onto 10 cm cell 
culture treated dishes (700,000–1,000,000 cells/dish) and cultured in 
fibroblast medium until the cells reached 80 % confluence. Then the 
cells were transferred to iOB induction medium with chemical cocktails. 
Specifically, the cells were treated with the CFRVT mixture for 5 days in 
the first stage, followed by CFRVGSE for 7 days in the second stage, and 
finally CFRV for 6 days in the third stage.

To confirm the role of WNT signaling pathway in reprogramming, its 
inhibitors, ICG-001(5 μm; MCE) and XAV939 (1 μm; MCE), were added 
respectively to the chemical cocktails at all three stages. The treated cells 
were sampled for further analysis at D0, D5, D12 and D18.

5.3. Osteogenic medium preparation

The osteogenic medium was prepared as described [22], which 
contained 10 % FBS, supplemented with 10 mM sodium β-glycer
ophosphate (Sigma-Aldrich), 100 nM dexamethasone (Sigma-Aldrich), 
and 0.2 mM L-Ascorbic acid (MCE).

5.4. Alizarin red staining method

Staining of calcium nodules was performed according to the in
structions provided with the Alizarin Red Staining Kit (OriCell® Alizarin 
Red Staining Solution, Cyagen, ALIR-10001). Mineralized nodules 
stained were faded with 10 % cetylpyridinium chloride (Sigma-Aldrich) 
for 20 min at room temperature. Absorbance at 562 nm of the super
natant was measured using a microplate reader in triplicate. Experi
ments were repeated three times using the same source of cells.

5.5. iOB spheroids formation

For spheroidal formation of iOBs, which was based on previously 
reported methods [,29], when iOBs reached 80 % confluence, they were 
dissociated with 0.05 % trypsin. The cells were suspended in osteogenic 
medium and were aliquoted according to different cell counts, ranging 
from 7 × 104 to 2 × 106, corresponding to spheroids of varying sizes. 
Then they were centrifuged at 300 g for 5 min in V-shaped 15 mL 
centrifuge tubes. The resultant cell pellets were not to be disturbed and 
were incubated at 37 ◦C in humidified 5 % carbon dioxide overnight. 
Following this incubation, iOB spheroids were formed, which were 
cultured for 1–5 days for downstream assays, pooling 8 to 10 spheroids 
per assay.

5.6. H2O2 treatment ROS and DCFH-DA detection

In the monolayer culture conditions, iOBs were seeded onto a 6-well 
plate at a density of 2.5 × 105 in a well. In the spheroid culture, iOBs 
were spheroidized, with each spheroid containing 2.5 × 105 cells. The 
following day, both iOBs in monolayer and iOBs spheroids were treated 
with 800 μm hydrogen peroxide solution (H2O2; Macklin, H792077) for 
4 h at 37 ◦C in humidified 5 % carbon dioxide. As controls, iOBs in 
monolayer and iOBs spheroids were treated were not treated with H2O2. 
After exposure to H2O2, cells were dissociated with 0.05 % trypsin and 
all cells were collected for counting. Cell viability was determined using 
the MTS and Acridine orange/propidium iodide (AO/PI) assay (Beijing 

BioLab Technology, HR0462). The intracellular ROS levels were eval
uated by detecting the oxidative conversion of cell-permeable (2′,7′- 
dichlorodihydrofluorescein diacetate dye (DCFH-DA; Beyotime, 
S0033S) to fluorescent dichlorofluorescein (DCF). The DCF fluorescence 
intensity of the cells was measured using a microplate reader (Infinite 
M200 pro, TECAN) at an excitation wavelength of 488 nm and an 
emission wavelength of 525 nm. Statistics were obtained from three 
repeat experiment.

5.7. Cell proliferation assay using MTT staining

HUVECs were either treated with iOB conditioned medium or left 
untreated in DMEM for 24 h. Then1 x 103 cells were seeded onto 96-well 
plates and cultured in ECM for D1, D2, D3, and D4. Cell proliferation was 
measured with MTT Kit (Beyotime, C0009S) as the manufacturer’s 
protocol. 10 μL of MTT solution (5 mg/ml) was added to each well for 4 
h at 37 ◦C. Then the culture medium was removed and 100 μL of 
dimethyl sulphoxide (DMSO; Sigma, USA) was added to each well to 
dissolve the formazan crystals for 30 min. The absorbance at 490 nm was 
measured using a microplate reader (TECAN, infinite M200 pro). Sta
tistics were obtained from three repeat experiments.

5.8. Collection of cell culture conditioned medium and measurements of 
paracrine factors

Prepare conditioned media (CM) and iOB secreted protein samples 
for monolayer cultured iOBs and iOB spheroids in multiple biological 
replicates (at least three). Cells were plated in 6-well plates (2 × 105 

cells/well) or prepared as spheroids (2 × 105 cells/spheroid), both of 
them were cultured in high glucose DMEM with 10 % FBS. The next day, 
the culture medium were aspirated and discarded. The cells were 
washed three times with 2 mL warm PBS and incubated in serum-free, 
phenol red-free medium containing no protein supplements for 3.5 h 
(2 × 105 cells/1 mL). After the incubation, the supernatants were 
centrifuged at 1000 g for 15 min to discard cell debris. The conditioned 
medium was collected for use in subsequent assays.

The secreted levels of vascular endothelial growth factor (VEGF), 
Interleukin 6 (IL6) and collagen Type I (COL1) in each sample were 
measured using the ELISA kits as follows: Human VEGF ELISA Kit 
(enzyme research, EK-H11892); Human IL6 Kit (Elabscience, E-EL- 
H6156); Human COL1 ELISA Kit (enzyme research, EK-H10023).

5.9. Indirect co-culture between human bMSCs and iOB-Sp

To establish an indirect co-culture between bMSCs and iOB-Sp, 
bMSCs sourced from individuals of different ages were seeded into a 
24-well plate (2.4 × 104 cells/well), and the iOB-Sp, including 1.3 × 105 

cells, was cultured in the transwell insert (NEST, 725111), which was 
placed in the aforementioned 24-well plate. Both of them were cultured 
in osteogenic medium for 14 days. After co-cultured, bMSCs were 
detected using alizarin red staining. As a blank control, bMSCs were 
plated separately in a 24-well plate without any inserts and cultured in 
osteogenic medium for 14 days.

5.10. In vitro endothelial cell tube formation assay

HUVECs were either treated with iOB-Sp conditioned medium or 
maintained in DMEM for 24 h before the cord formation assay. EC tube 
formation assay was conducted as described [30]. 8 × 104 HUVECs were 
seeded in a well of 24-well plate on pre-solidified Matrigel (Corning, 
354230) and cultured in ECM. The cells were incubated for 24 h at 37 ◦C 
and 5 % CO2 in a humidified atmosphere. The vascular network was 
photographed through phase contrast microscopy (Olympus). Quanti
fication of tube networks was performed using ImageJ with the Angio
genesis Analyzer plugin.
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5.11. Migration assay for HUVECs

To establish a contact-based model for HUVECs and iOBs coculture, 
1.5 × 105 HUVECs were formed into spheroid using the hanging drop 
method as described [29] and then embedded into 35 μL Matrigel 
(Corning, 354230) containing uniformly distributed 2 × 105 iOB single 
cells which were labeled with GFP lentivirus. As a control, an EC 
spheroid was embedded into 35 μL Matrigel without iOBs. These cells 
were cultured in ECM for 3 days and then fixed in 4 % PFA for further 
frozen section. Sections were stained with hematoxylin-eosin (H&E), or 
primary antibodies anti-CD31, anti-GFP and DAPI. The linear distances 
migrated by individual EC cells from their starting spheroid were 
calculated using ImageJ. ECs located within a direct distance of about 
550 μm from the edge of the spheroid to beyond its surface were 
analyzed. Statistics were obtained from three repeat experiment.

To establish a non-contact-based model for HUVECs and iOBs 
coculture, about 2 × 105 HUVECs were formed into a toroid-shaped 
spheroid, and 2 × 105 iOBs were assembled into a spheroid. Then the 
toroid-shaped EC spheroid and iOB spheroid were embedded into one 
35 μL Matrigel sphere with a gap about 400 μm between them. The cells 
were cultured in ECM for 35 days and were periodically imaged on a 
Leica bright-field microscope. After co-cultured, the EC spheroid was 
collected and then fixed in 4 % PFA for further frozen section. Sections 
were stained with H&E, or primary antibody anti-CD31 and DAPI. Data 
analysis was conducted based on three repeated experimental trials.

5.12. RT-qPCR detection

Quantitative real-time PCR was employed for osteoblast-associated 
genes. Total RNA was extracted using RNAiso plus (TAKARA) and 1 
μg of RNA was reverse transcribed into cDNA using PrimeScript RT re
agent Kit with gDNA Eraser (TAKARA), Real-time RT-PCR was carried 
out using Real-time PCR Master Mix (TAKARA) on the ABI QuantStudio 
5 Real-Time PCR System. All values (mean ± SD) were normalized with 
respect to the β-actin mRNA level in each sample, and relative expres
sion for each target gene was evaluated the ΔCT and 2-ΔΔCt method. 
Genes and primer sequences are listed in the Supplementary Table S3.

Dot plots showing gene expression were produced using the ggplot2 
package in R. The colour of each circle reflects the log2 Foldchange 
(-ΔΔCt value) which is relative to untreated cells or D18 treated cells.

5.13. Western blotting

Cells were ground with liquid nitrogen and lysed with cell lysis buffer 
RIPA (Beyotime, Cat. No. P0013B). After cell lysis, the supernatant was 
collected by centrifugation at 4 ◦C, 12000 rpm for 15 min. Equal 
amounts of protein were separated by 10 % SDS-PAGE gel (Beyotime, 
Cat. No. P0012AC) electrophoresis and transferred to PVDF membrane 
(Sigma, Cat. No. 3010040001). The membrane was blocked with 5 % 
BSA in Tween20 (TBS-T) at room temperature for 1 h. The membrane 
was incubated with the following antibodies respectively: β-actin (santa 
Cruz, sc-69879), CTNNB1 (Medchem EXPrress, HY-P80488), WNT5A 
(GeneTex, GTX111187), c-MYC (Proteintech, 67447-1-Ig), SP7(abcam, 
ab94744), DLX5 (Proteintech, 67111-1-Ig), RUNX2 (santa Cruz, sc- 
39035) primary antibody on a shaker at 4 ◦C overnight. After washing 
the membrane with TBS-T, it was incubated with Goat Anti-Mouse IgG 
(H + L), HRP Conjugate secondary antibody (Transgen, HS201-01), or 
Goat Anti-Rabbit IgG (H + L), HRP Conjugate secondary antibody 
(Transgen, HS101-01) at room temperature for 1 h, and then imaged 
according to the manufacturer’s instructions using a chemiluminescence 
kit (Sunviewbio, PL101-100).

5.14. Senescence-associated β-galactosidase (SA-β-Gal) assay

Cells were washed twice with PBS then fixed with 4 % Para
formaldehyde (PFA) in PBS for 6 min. Cells were rinsed three times with 

PBS before staining and then incubated in SA-β-gal staining solution 
with Cell Senescence SA-β-Gal Staining Kit (Beyotime, C0602) according 
to the manufacturer’s protocol. Stained cells were monitored under a 
Leica bright-field microscope. Statistics were obtained from three repeat 
experiments. Nuclei were labeled with DAPI 1 μg/ml (Life Technologies) 
and SA-β-gal positive cells were counted manually.

5.15. Decellularized porcine bone preparation and coculture with iOBs or 
iOB-Sp

Decellularized porcine cancellous bone were generated as described 
[31–33]. In brief, cancellous bone from the femoral shaft of 1-year-old 
healthy pigs was used. Soft tissue, bone marrow, and cartilage were 
removed. The bones were cut into cuboid-shaped sticks measuring 8 x 5 
× 5 mm. Blood and bone marrow tissues were further eliminated by 
rinsing with water at 70 ◦C three times. Cells and proteins were subse
quently removed by immersing the samples in 0.5 % Triton X-100 and 
10 % sodium chloride, followed by treatment with a 1:1 (v/v) mixture of 
chloroform and methanol for 12 h, and then with a 30 % hydrogen 
peroxide solution for another 12 h. For the interval between each of the 
aforementioned steps, the samples were washed with running water for 
30–60 min. The bone granules were then immersed in 0.5 mol/L hy
drochloric acid (HCl) for 5 min. The processed pig cancellous bone 
granules were washed with running warm deionized water for 1 h. 
Finally, the decellularized porcine bone was freeze-dried, sterilized 
using irradiation, and stored at − 80 ◦C in sterile tubes until further use.

The decellularized porcine bone was used solely for in vitro coculture 
with iOBs. 5 × 105 iOB single cells or two iOB spheroids, each containing 
2.5 × 105 cells, were resuspended in 100 μL of osteogenic medium and 
subsequently placed in decellularized bone. The spheroids were 
embedded in the pores of the decellularized bone, while the single cells 
were fully encapsulated on the dense surface of the trabecular bone. The 
samples were incubated at 37 ◦C in humidified 5 % carbon dioxide for 
30 min to ensure attachment of the cells with bone tissue, while main
taining moisture in the bone throughout this period. After this incuba
tion, the single cells were not washed away, and fresh osteogenic 
medium was added to the co-culture dish. The co-culture of iOBs and 
decellularized bone was maintained for 5 days. Then the bone grafts 
were washed with PBS and fixed in 4 % PFA for downstream assays.

5.16. Transcriptome analysis

RNA-seq libraries were prepared from samples that passed QC ac
cording to the manufacturer’s protocol (Illumina). Sequencing to pro
duce pair-end 150-bp reads was then performed on an Illumina novaseq 
instrument. Hisat2 v2.2.1 was used for building the genome index, and 
Clean Data was mapped to the reference genome using Hisat2 v2.2.1. 
Stringtie

v 2.1.7 was used for transcriptome expression estimation. Reads 
Count for each gene in each sample was counted by python scripts. Each 
analysis was conducted with at least five biological replicates in each 
group.

Transcripts Per Million (TPM) of each gene is calculated based on the 
length of the gene and the number of reads mapped to that gene, while 
normalizing across all genes in the sample, allowing for direct com
parison of gene expression levels both within and across samples.

The 43 genes associated with osteogenesis [8,22,34] were selected 
and plotted in a heat-map using ComplexHeatmap package in R. The 
correlation coefficient was calculated output with R-platform.

Principle Component Analysis(PCA)was performed on whole tran
scriptome without gene selections via FactoMine R package.

DESeq2 was used to detect differentially expressed genes between 
two comparison groups for samples with biological duplicates. Genes 
with P-values <0.05 were found to be assigned as differentially 
expressed by DESeq2.

KEGG pathway enrichment statistics of differentially expressed 
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genes were achieved by clusterProfiler software, and KEGG pathways 
with P < 0.05 were set as significant enrichment results.

Chord plot was produced using SolarGenomic to visually represent 
the enrichment of specific differentially expressed genes. In the 
GO_Circos plot, the left half displays a heatmap of the differentially 
expressed genes, where blue indicates downregulation (darker shades 
represent stronger downregulation) and red indicates upregulation 
(darker shades represent stronger upregulation). The right half of the 
plot shows the GO terms, with ribbons connecting the genes to their 
corresponding GO terms.

After removing genes with counts <15 in more than 75 % of the 
samples in the transcriptome data, 12644 genes were passed to weighted 
gene co-expression network analysis (WGCNA) via WGCNA R package. 
Power of 20 is interpreted as a soft-threshold of the correlation matrix.

The transcriptome raw data are available at NCBI Gene Expression 
Omnibus (GEO) (www.ncbi.nlm.nih.gov/geo/), accession ID: 
GSE278288 and GSE278615.

5.17. Molecular interaction network

Transcriptome data in the three modules (turquoise, brown and 
yellow) with the highest correlation in WGCNA analysis were used to 
produce correlation network. Spearman correlation coefficients were 
calculated between various genes in these modules to obtain the cor
relation coefficient matrix (R matrix) and the P-value matrix (P matrix) 
using Hmisc package in R. Then the genes used for the molecular 
interaction network were filtered based on the following criteria: 1), the 
genes were differentially expressed with a log2 Foldchange ≥2 and P <
0.05; 2), There is a notable correlation (R > 0.75, P < 0.05) with either 
RUNX2 in the yellow module, WNT5A in the turquoise module, or MYC 
in the brown module; 3), There is a direct connection with either 
RUNX2, WNT5A, or MYC in STRING database. In the filtered gene list, 
the top ten genes most strongly associated with RUNX2, WNT5A, and 
MYC, respectively, were used to construct a network connectivity map. 
If fewer than ten genes were found for any, all were included. The final 
network was generated using Cytoscape with a threshold of R > 0.75, 
and edges that were not confirmed in the STRING database were 
removed.

5.18. Surgical procedure and cell transplantation

All animal studies were approved by the Experimental Animal Wel
fare Ethics Committee of Kunming University (KMU2021022) and 
conducted in accordance with animal ethics guidelines. Male NOD/SCID 
mice (aged 8–12 weeks) were obtained from Beijing Huafukang Com
pany. All efforts were made to minimize animal suffering as well as the 
number of rodents utilized. 5 animals per group were used. A femoral 
defect model was used as previously reported [22]. Briefly, under iso
flurane anesthesia (induction: 5 %, maintenance 1.5 %), incision of skin 
and subcutaneous tissues was performed to expose the muscle white 
line, which provided sufficient exposure of femur mid-diaphysis by 
blunt separation in rectus femoris and semitendinous. Centered prox
imal intersection of the right side of the femur was performed. A 5 mm in 
the length and 1.5 mm in width femoral bone defect was created by 
dental drill on the right femur. Human fibroblasts (Fibs), bMSCs from 
young individual, and iOB-Sps from old donor were stained with 
Hoechst 33342 (Thermo, NucBlue live cell) or labeled with EGFP 
lentivirus. Single suspended Fibs or bMSCs were mixed with Matrigel 
(Corning, 354230) and transplanted into the lesion site at a dose of 5 ×
105 cells/mouse. Four spheroids, each containing 1.3 × 105 iOB cells or 
fibroblasts, were transplanted into the lesion site/mouse. 28 days after 
transplantation, mice were euthanized. Thighs were dissected, fixed 
with 4 % PFA for the following analysis.

For securing the spheroids to the bone defect site: cell spheroids are 
carefully positioned and fixed within the concave region of the bone 
defect to prevent any movement in any direction (anterior, posterior, 

superior, or inferior) during the surgical procedure. The adjacent muscle 
is meticulously closed to ensure that the muscle layer completely en
velops the defect, thereby preventing the graft from dislodging from the 
concavity during suturing. Finally, the skin is tightly sutured to ensure 
that the mouse does not disturb the surgical suture line.

5.19. Tissue collection

Mice were euthanized using Carbon Dioxide (CO2). Mice that need to 
be sacrificed were put into the euthanasia chamber and the CO2 flow 
rate displaced 30 % of the chamber volume per minute. Gas flow was 
maintained for at least 1 min after apparent clinical death. Then the 
bone tissue was collected and placed in 4 % PFA for further processing.

5.20. Detection of ROS levels in bone defect areas

ROS levels in bone defect post 28 days transplantation were detected 
using mouse ROS ELISA kit according to the manufacturer’s protocol 
(mlbio, YJ141325). Briefly, fresh bone tissue from the defect area was 
collected, and the surrounding muscle was carefully removed. The bone 
tissue was weighted and an appropriate amount of physiological saline 
was added. The tissue was then homogenized thoroughly. Following 
this, the mixture was centrifuged at 3000 g for 10 min, and the super
natant was collected. The assay was performed according to the in
structions provided in the reagent kit, and the Optical Density (O.D.) 
was measured at 450 nm using a microtiter plate reader (Infinite M200 
pro, TECAN).

ROS Brite™ 700 was used to assess the mice femur defect model 7 
days after surgery [35]. Bioluminescence imaging was performed to 
evaluate ROS production in the defect area. Mice were anesthetized with 
isoflurane, and ROS Brite™ 700 (in vivo imaging solutions, 100 μM in 
Hanks’ solution with 20 mM HHBS) was injected into the defect region. 
Bioluminescence images were then acquired using an in vivo imaging 
system (PerkinElmer, Boston, USA).

5.21. Detection of bone mineral density

The complete right femur of the mice was collected and fixed in a 4 % 
PFA. Muscle and connective tissue were peeled off before analysis. For 
the examination, the specimens were placed in Micro-CT sample cups 
and scanned using a Micro-CT scanner (Bruker, SkyScan1272) under the 
same conditions followed by three-dimensional reconstruction. Mea
surements were taken for bone mineral density (BMD), trabecular 
number (Tb. N), trabecular separation (Tb. Sp), bone surface (BS), bone 
volume (BV), and tissue volume (TV), and the relative bone volume 
fraction (BV/TV) was calculated.

5.22. Histochemical staining

Bone tissue samples were decalcified in 0.5 M EDTA (Servicebio, 
G1105) for 12–14 days. Frozen sections of tissue were prepared. Sec
tions were staining with Alizarin Red Staining Kit (Cyagen, ALIR- 
10001), Modified Saffron-O and Fast Green Stain Kit for bone (solar
bio, G1371), and H&E staining kit (Phygene, PH0516) by corresponding 
staining kit instructions.

5.23. Immunohistochemistry staining and quantification analysis

The staining reagents, including antibodies, were provided in detail 
as follows: anti-GFP (1:600; Abcam, ab13970), anti-IBSP(1:300; reac
tivity with Human, Mouse; Bioss, bs-2668R), anti-OCN (1:100; reactivity 
with Human, Mouse; Bioss, bs-4917R), anti-Ki67 (1:200; reactivity with 
Human, Mouse; Invitrogen, 2747806), anti-SP7 (1:150; reactivity with 
Human; Abcam, ab94744), anti-RUNX2 (1:200; reactivity with Human, 
Mouse; santacruz, sc-390351), anti-COL1 (1:400; reactivity with 
Human, Mouse; Bioss, bs-0578R), anti-VEGF (1:50; reactivity with 
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Human, Mouse; santacruz, sc-7269), human-specific anti-VEGF (pre
diluted; reactivity with Human; Abcam, ab27620), anti-STEM121 
(1:250; reactivity with Human specific; TAKARA, Y40410) and anti- 
CD31 (1:400; reactivity with Human, Mouse; Immunoway, YP0530; or 
1: 400; reactivity with Mouse; Servicebio, GB12063), Nrf2 (1:500; 
reactivity with Human、mouse、rat; Proteintech, 80593-1-RR, 
Lot:23013625); secondary antibodies (Invitrogen, A21235, A21244; 
Univ, 703-545-155, 711-165-152; Abcam, AB150159; Servicebio, 
GB21301). Tunel (Beyotime; C1090), DAPI (Life Technologies, 62248). 
All of them were utilized in accordance with the manufacturer’s in
structions. For negative controls, immunostaining with no primary an
tibodies was performed.

For immunofluorescent staining in vitro, cells plated on cell climbing 
sheets (solarbio, YA0350) in 24-well plates were fixed by 4 % PFA so
lution for 10 min and then changed to PBS at room temperature. Cells 
were then treated with 0.1 % Triton X-100 for 10 min, followed by in
cubation in a blocking buffer (3 % bovine serum albumin in PBS) for 30 
min. Afterward, samples were incubated with primary antibodies at 4 ◦C 
overnight and then with an appropriate fluorescent probe conjugated 
with secondary antibodies for 2 h at RT. Nuclei were counter-stained 
with 4’, 6-diamidino-2-phenylindole (DAPI). Images were captured 
with a fluorescence microscope SLIDEVIEW (VS200, OLYMPUS). The 
analyses were conducted in accordance with previously described 
methods [36]. For quantification of positive cell percentages, at least 5 
regions in each tissue section image were randomly picked, and each 
image was assessed for the number of DAPI positive nuclei, followed by 
the enumeration of cells expressing the positive biomarkers of interest. 
Statistics were obtained from three independent experiments.

For the immunohistochemistry analysis for bone defect area, the 
fixed femurs were decalcified in 0.5 M EDTA (Servicebio, G1105) for 
12–14 days. Then they were transferred to a sucrose solution of gradu
ally increasing concentration for 48–72 h. The bone samples were 
embedded in O.C.T. (Sakura-Finetek). Each sample was sequentially 
sliced into 10 μm thick sections using an HM525 NX Cryostat (Thermo 
Fisher Scientific) to acquire serial bone tissue sections. Sections were 
incubated overnight with primary antibodies at 4 ◦C overnight. The 
sections were rinsed with phosphate buffered saline (PBS) twice, fol
lowed by incubation with the corresponding secondary antibodies at 
room temperature for 2 h and then rinsed with PBS. Finally, the slices 
were covered with DAPI and images were captured using a microscope 
SLIDEVIEW (VS200, OLYMPUS).

To quantify cells with markers of interest in vivo, a set of sections was 
selected for staining based on the sampling method: one slice was taken 
after every four intervening slices from all slices exhibiting transplanted 
cell signals. Corresponding slices were also selected for staining analysis 
in the control group. The sections per bone tissue from 3 to 6 animals 
were analyzed using ImageJ (1.46 version). To ensure consistent and 
reliable quantification of immunofluorescence microscopy images in 
vivo, image recording was performed under the same scanning condi
tions for all the samples in the same experiment, which included 
objective lens, illumination intensity, emission window, digital zoom, 
scanning speed, and offset and gain settings. All quantifications were 
performed blinded, referencing the method as described [37]. For 
counting iOBs after transplantation, all GFP positive cells in the femoral 
shaft, both in and around the cell transplantation area, were quantified. 
For the analysis and quantification of cell death or cell proliferation by 
Tunel assay or Ki67 immunohistochemistry staining, all GFP positive 
cells, Tunel and GFP double-positive cells or Ki67 and GFP 
double-positive cells in the femoral shaft, were quantified; The final 
results presented the proportion of double-positive cells among the 
GFP-positive cells. The IBSP-positive cells within the total GFP + cell 
population were determined by quantifying the total number of 
GFP-expressing cells and subsequently counting the cells that were 
double-labeled with GFP and IBSP across at least eight random fields in 
each section image. For the COL1 or IBSP positive signals analysis, the 
area percentage of COL1 or IBSP in the bone defect healing area were 

calculated. For quantifications of percenta19ge of VEGF or CD31 posi
tive cells, the number of DAPI positive nuclei was scored, followed by 
counting the number of cells expressing VEGF or CD31 in at least eight 
random fields in each section image.

5.24. Teratoma formation assay in NOD/SCID mice

Male immunodeficient NOD/SCID mice aged 8–10 weeks were used. 
HEK293T cells or iOBs were harvested at 1 × 107, mixed with Matrigel 
(Corning, 354230) in a 1:1 ratio, and injected at a volume of 200 μL 
subcutaneously. Mice were euthanized at sampling time point, and 
excised tumors or implants were fixed in 4 % PFA (Sigma-Aldrich) and 
sectioned. Sections were stained with hematoxylin-eosin, and analyzed 
histologically.

5.25. Statistical analysis

The experiments were conducted at least three times independently 
(n = 3), and statistical analysis was performed using SPSS version 24. To 
assess statistical significance, two-group comparisons were analyzed 
using Student t-test, while multiple-group comparisons were analyzed 
using one-way analysis of variance (ANOVA) with Bonferroni correc
tion. A p-value below 0.05 was considered statistically significant.
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