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ARTICLE INFO ABSTRACT

Keywords: Large bone defects that cannot form a callus tissue are often faced with long-time recovery. Developmental

31? C‘{H f“lt“‘e system engineering-based strategies with mesenchymal stem cell (MSC) aggregates have shown enhanced potential for

gwprm%ng bone regeneration. However, MSC aggregates are different from the physiological callus tissues, which limited
rganoids

the further endogenous osteogenesis. This study aims to achieve engineering of osteo-callus organoids for rapid
bone regeneration in cooperation with bone marrow-derived stem cell (BMSC)-loaded hydrogel microspheres
(MSs) by digital light-processing (DLP) printing technology and stepwise-induction. The printed MSC-loaded MSs
aggregated into osteo-callus organoids after chondrogenic induction and showed much higher chondrogenic
efficiency than that of traditional MSC pellets. Moreover, the osteo-callus organoids exhibited stage-specific gene
expression pattern that recapitulated endochondral ossification process, as well as a synchronized state of cell
proliferation and differentiation, which highly resembled the diverse cell compositions and behaviors of
developmentally endochondral ossification. Lastly, the osteo-callus organoids efficiently led to rapid bone
regeneration within only 4 weeks in a large bone defect in rabbits which need 2-3 months in previous tissue
engineering studies. The findings suggested that in vitro engineering of osteo-callus organoids with develop-
mentally osteogenic properties is a promising strategy for rapid bone defect regeneration and recovery.

Endochondral ossification
Bone regeneration

1. Introduction

Bone injury is one of the most common traumas in skeletal tissues,
causing serious socio-economic burdens. Unlike regular injuries, large
bone defects at critical size that cannot form a callus tissue are often
faced with limited self-healing capability and long-time recovery, which
may eventually lead to uncomplete regeneration or injury non-union.
Generally, large bone defects especially critical-sized defects can

hardly achieve complete regeneration within 3 months [1-4]. Current
clinical strategies for large bone defect repair mainly include the im-
plantation of metallic devices, autografts, allografts and artificial grafts.
However, these treatments have their drawbacks, such as the secondary
damage due to the removal of the metallic devices, damage and
restricted volume of donor site when applying autografts. In addition,
there are also high risks of disease transmission of allografts and poor
osteointegration between artificial grafts and the host tissues. Besides,
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none of these strategies could significantly reduce the healing time of
large bone defects. Therefore, these limitations have urged more effi-
cient strategies for enhanced bone regeneration.

To mimic native healing processes and guarantee predictive in vivo
bone regeneration performance, the concept of “developmental engi-
neering” was proposed to mimic key developmental events during
endochondral ossification [5], which is the mechanism responsible for
the development and regeneration of major bone tissues, including all
long bones and appendicular skeleton [6,7], and guide the design of
biomimetic constructs. For bone regeneration, cell aggregation and
condensation are the initial processes in endochondral ossification. Stem
cell aggregates-based strategies have emerged as potential options of
developmental engineering for their mimicking a more physiological
microenvironment and their unique self-organization potential [8-10].
Recent studies recapitulating stem cell condensation by pure cell ag-
gregates such as stem cell spheroids [11] and stem cell sheets [12], have
been demonstrated to promote ectopic or in situ bone formation at a
certain degree. However, such strategies simply achieved stem cell ag-
gregation and few of them recapitulated the further differentiation and
maturation processes during endochondral ossification, which is not
consistent with the formation of ossification center or the progression of
native callus tissue.

The formation of native callus tissue is highly independent on a series
of successive processes. During the activated endochondral ossification
of bone injury repair, resident mesenchymal stem cells actively
condensate and differentiate to form a cartilage template called “callus”
in the defect sites, followed by hypertrophy, calcification and apoptosis,
as well as the subsequent recruitment and osteogenic differentiation of
local stem cells [13]. These processes indicate the multiple-phases and
multicellular scenario are required when bioengineering a
callus-mimicking construct for efficient bone regeneration. Therefore,
the multicellular composition and transcriptomic similarity between the
engineered constructs and native bone callus tissue are considered as
more biomimetic strategies, which are also in an urgent need for the
fabrication of callus-like transplants.

Organoid-based strategies have been proposed to highly recapitulate
the functional characteristics of native organs [14-16], which provide
potential strategies for callus-organoid construction and efficient bone
regeneration. Researches have established organoids in nervous system
[15], urinary system [16] and digestive system [17] to understand their
development and disease by 3D cell assemblies. However, the pure cell
aggregates-based organoids are accompanied by limitations on the
requirement of a large number of cells when applied in large-sized defect
regeneration. Nutrient shortage and possible cell necrosis in the central
regions of macro-sized cell aggregates remain a problem to be solved
[18], which would lead to inhomogeneous tissue regeneration and even
repair failure especially for bone defect repair. Besides, mass production
of constructed organoid units for large defects still remains a challenge.
3D bioprinting has been widely used in regenerative medicine to control
the spatial deposition of printed cells and produce constructs with native
cellular composition and tissue structures. Recently, more researches
focused on the construction of hydrogel-based organoids by 3D printing
technology with controllable size and structure, as well as mass pro-
duction of constructed organoids with high cell viability [19-21]. The
combination of organoids conception and 3D bioprinting provides a
considerable potential option for fabrication of callus-like organoids.

Microsphere (MS)-based cell culture system has been reported as a
platform for stem cell condensation and expansion [22,23], chondro-
genic and osteogenic differentiation [24-27] and bottom-up tissue en-
gineering strategies [4,28], which exactly fulfils the cellular
requirements for the construction of callus-like organoids in vitro. More
importantly, MS-based culture system avoids possible nutrient shortage
and cell necrosis in the central regions of pure cell aggregates. Our
previous study has shown that DLP (digital light processing) technique,
a layer-by-layer 3D printing technology, has provided an optimized
solution for scale-up fabrication of uniform hydrogel MSs with high cell

Biomaterials 288 (2022) 121741

viability and desired size [29]. Gelatin methacrylate (GelMA) contains
abundant sequences of arginine-glycine-aspartic acid (RGD) and the
target sequences of matrix metalloproteinase (MMP), which resembles
to native extracellular matrix (ECM) of collagen-rich tissue and can be
applied for organoids printing [30]. Provided with extensive cell
attachment surface and relative soft matrix, the MS-based system is
advantageous for in vitro stem cell culture with stable cell viability and
stem cell phenotype [29], which implies the potential and availability of
MS-based callus organoids for critical-sized bone repair.

In this work, we presented a cell-saving strategy with scalable pro-
duction of bone marrow-derived stem cells (BMSCs)-encapsulated osteo-
callus organoids by DLP-based bioprinting technique. Herein, in vitro
mesenchymal condensation by natural aggregation of these BMSC-
loaded MS units was subsequently induced in chondrogenic medium
for 3 weeks into developmental osteo-callus organoids. The phenotypic
gene expression pattern of the osteo-callus organoids during the gradual
maturation in vitro was investigated compared with that in native
endochondral ossification. Furthermore, the osteo-callus organoids were
implanted in vivo to investigate ectopic bone formation and in-situ bone
regeneration ability, respectively. The osteo-callus organoids acting as
microniches led to efficient ectopic bone formation and contributed to
rapid in situ bone regeneration within 4 weeks in large bone defect. In
both cases, new bone formation under the implantation of osteo-callus
organoids exhibited a temporal-forward healing phase which stepped
over the chondrogenesis. Our study introduces the biomimetic osteo-
callus organoids can act as microniches that mimic callus formation
for rapid bone regeneration.

2. Materials and methods
2.1. Preparation of gelatin methacrylate (GelMA)

GelMA was synthesized based on our previous study [29,31]. Briefly,
20 g gelatin (Sigma-Aldr ich) was dissolved in 200 mL deionized water at
50 °C and then reacted with methacrylic anhydride (MA) (Sigma-Al-
drich) for 4 h with continuous stirring at 50 °C. Then, the GelMA solu-
tion was dialyzed against deionized water for 7 days at 40 °C. After 7
days, the GelMA solution was frozen overnight at —80 °C and then
lyophilized. After lyophilization, the GeIMA foam was stored at —20 °C
for further use. Finally, 1H nuclear magnetic resonance (NMR, AVANCE
IIT) was performed to characterize the double bond formation, verifying
the successful synthesis of GelMA.

2.2. The synthesis of the photo initiator (LAP)

Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) was syn-
thesized according to a published research [32]. Briefly, dimethyl phe-
nylphosphonite (Ourchem) was reacted with 2,4,6-trimethylbenzoyl
chloride (Sigma-Aldrich) via a Michaelis-Arbuzov reaction. Then, 2,4,
6-trimethylbenzoyl chloride was added to dimethyl phenyl-
phosphonite in a continuously stirred state at room temperature, pro-
tected by argon gas. The mixed solution was stirred for 18 h whereupon
lithium bromide (Aladdin) in 2-butanone (Sinopharm Chemical Re-
agent) was added to the mixture and then the reaction mixture was
heated to 50 °C for the formation of the solid precipitate. The solid
precipitate was collected and washed by 2-butanone.

2.3. hBMSC and rabbit-derived BMSCs isolation and culture

Human bone marrow-derived stem cells (hBMSCs) were obtained
from femur of patients undergoing fracture operation with approval of
Research Ethics Committee of the First Affiliated Hospital, College of
Medicine, Zhejiang University (ZJU2018392). hBMSCs were isolated by
filtrating bone marrow through a 40 pm cell strainer (Corning Inc,
Corning, NY, USA). After filtering, the cells were centrifuged, resus-
pended and cultured in 95-mm dishes in L-DMEM complete growth
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medium. The cells were then cultured in incubator with 5% CO5 at 37 °C
for 3-4 days. Then, the adherent cells were passaged into new flasks. For
rabbit-derived BMSCs isolation, male rabbits (3 weeks old) were sacri-
ficed by cervical dislocation and rinsed in 75% ethanol. Then, the femurs
were removed intactly and stored on ice in L-DMEM supplemented with
1% P/S while waiting for further dissection. After removing the muscle
and connective tissue, sterile surgical instruments were used to cut the
ends of the femurs. A needle attached to a syringe containing basal L-
DMEM medium was inserted into the spongy bone to flush the bone
marrow out of the cut end of the femur. The bone marrow was collected
in a 10-mL tube. The following steps were the same as the protocol for
hBMSCs isolation.

2.4. Fabrication of hBMSC/rBMSC-containing GelMA MSs

MSs were fabricated with a custom-made DLP 3D printer. The size of
MSs was digitally defined by Computer Aided Design (CAD) software.
More than 7000 MSs can be printed once within minutes. The light
wavelength of the DLP machine is 385 nm and the energy density ranges
from 0 to 150 mV/cm?. The model of MS specimens was generated by
CAD software and exported as STL file. Then, the STL file was sliced for
3D printing. The parameters including exposure time, 2000 ms, light
intensity, 75 mV/cm?, and the thickness of each slice layer, 20 pm, were
used for further printing. 10% (w/v) GelMA solution was chosen to
fabricate cell-containing MSs based on our previous work [29]. The final
bioink formula consists of 10% GelMA, 0.1% LAP and 0.04% phenol red
(Sigma-Aldrich Co, Ltd, USA), which acts as the UV absorber. The bioink
was filtered with 0.22 pm filter to get sterile bioink solution. The
printing process was divided into the following two steps (Fig. 1A): 1)
preparation of bioinks with high density of hBMSCs; 2) printing of
cell-loaded MSs by 3D printer. Firstly, for the fabrication of 3D printed
GelMA MSs containing hBMSCs (for in vitro experiments) and
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rabbit-derived BMSCs (rBMSCs) (for in vivo experiments), cells were
mixed homogenously in the bioink with the concentration of 2 x 108
cells/mL to achieve cell aggregation and condensation within the MSs.
Then, the cell-laden bioink was added in the ink reservoir after DLP
machine was sterilized by ultraviolet irradiation. GelMA MSs containing
hBMSCs/rBMSCs were printed automatically. After printing was done,
the printed MSs were removed from the printing platform to the petri
dish with growth medium for further in vitro culture. More than 7000
MSs can be fabricated by printing once. MSs were cultured in growth
medium or induction medium for further experiments.

2.5. Cell viability and morphology within MSs

Live/Dead staining was utilized for cell viability measurement. After
7,14, 21, 28 and 35 days of culture, the cell-loaded MSs were washed by
PBS, and fresh medium containing 0.2% (v/v) Calcein-AM (DOJINDO
Chemical Technology Co, Ltd, Japan) and 0.02% (v/v) Propidium Iodide
(DOJINDO Chemical Technology Co, Ltd, Japan) was added for Live/
Dead staining. After 30 min of incubation at 37 °C, the samples were
washed by fresh medium and visualized with the confocal laser scanning
microscope (BX-FV1000, Olympus, Tokyo, Japan). Two images of each
frame were required: green for live cells and red for dead cells. Cell
number and cell viability were analyzed by Imaris software and calcu-
lated by Microsoft Excel. For each sample, six biological replicates were
prepared and three technical replicates were repeated.

The morphology of cells within MSs was observed by staining of
Rhodamine Phalloidin (Cytoskeleton, Hangzhou giongsheng Technol-
ogy Co, Ltd, China) and DAPI (Beyotime Co, Ltd, China). Briefly, after 7,
14, 21, 28 and 35 days of culture, MSs were washed by PBS first and then
fixed by using 4% (w/v) paraformaldehyde (30 min at room tempera-
ture). After fixation, the samples were washed by PBS for 3 times, 5 min
for each time. Then, the samples were treated by PBS containing 1% (v/
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Fig. 1. Fabrication and long-term culture of BMSCs-loaded MSs. A) Illustration of BMSC-loaded MSs fabrication by 3D printing; B) Timeline of in vitro culture
(complete growth medium for 7 days and chondrogenic differentiation medium for 28 days); C) Representative bright field images; D) Confocal z-projection images
of phalloidin/DAPI staining and E) live/dead staining of BMSCs cultured in MSs without induction (day 0), at day 7, day 14, day 21 and day 28; F) Cell viability (%)

of MSs over time; G) Cell number per MS over time. (scale bar = 100 pm in C-E).
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v) phalloidin for 30 min and then washed by PBS. The MSs were then
immersed in PBS containing 0.1% DAPI for 10 min and then washed by
PBS. After staining, the samples were visualized with the confocal laser
scanning microscope and analyzed by Imaris software. All the Live/Dead
images and phalloidin images were acquired by Z-stack function to get
single images.

2.6. Chondrogenic differentiation of MSs

For chondrogenic induction, 500 pL of MSs were cultured in low
adhesion 6-well plate each well with 4 mL of chondrogenic medium. The
chondrogenic medium was composed of H-DMEM supplemented with
1% P/S, 1% sodium pyruvate (Thermo Fisher Scientific-Gibco Co, Ltd,
USA), 1% insulin transferrin selenium (Thermo Fisher Scientific-Gibco
Co, Ltd, USA), 1 x 1077 dexamethasone (Sigma-Aldrich Co, Ltd, USA),
50 pg/mL ascorbic acid (Sigma-Aldrich Co, Ltd, USA) and 10 ng/mL
TGF-B3 (Novoprotein Co, Ltd, China). The chondrogenic medium was
replaced half every 2 days.

2.7. Fabrication and chondrogenic differentiation of hBMSC pellets

3 x 10° hBMSCs were added to each 15 mL centrifuge tube, and were
immersed in 1 mL chondrogenic medium for the fabrication of pellets.
Other procedures of chondrogenic differentiation of pellets were the
same as MSs.

2.8. Quantitative real-time PCR analysis

TRIzol (Takara) was utilized to extract the total RNA and then the
RNA was reverse-transcribed cDNA through the use of HiScript II
Reverse Transcriptase (Vazyme). qRT-PCR was further performed on a
Light Cycler apparatus (Roche 480II) using SYBR Green qPCR Master
Mix (Takara). The primers of Sox 9, Col2al, Coll0a, IHH, Runx 2,
Osterix and VEGF are listed in Table S1 and GAPDH was used for the
normalization of data. The relative differences in expression of target
genes were calculated using the 2 AAC method.

2.9. Immunofluorescence, alcian blue and alizarin red staining of in vitro
MSs and pellets

MSs were washed and fixed by following the steps in cell morphology
analysis mentioned before. After fixation, the samples were washed by
PBS three times and blocked in 5% bovine serum albumin for 1 h at room
temperature. Then the samples were incubated with primary antibodies
at 4 °C overnight. After washed by PBS, the samples were incubated with
fluorescein-conjugated secondary antibodies for 1.5 h and cell nuclei
were stained by DAPI (Beyotime) for 10 min. Stained samples were
observed under a confocal microscope system (BX-FV1000, Olympus,
Tokyo) and analyzed by Imaris software. All the immunofluorescent
images were acquired by Z-stack function to get single images. The
primary antibodies were listed as follows: SOX9 (Abcam, ab185966),
COL2 (Abcam, ab34712), RUNX2 (Abcam, ab76956), OSX (Abcam,
ab22552). For Alcian Blue and Alizarin Red staining, after washing and
fixation, the MSs were stained by Alcian Blue overnight and Alizarin Red
for 30 min. The MSs were washed by PBS until the PBS was no longer
distorted. The MSs were observed under microscope (Olympus, Tokyo).

2.10. Bulk RNA sequencing and data analysis

The gene expression of several groups including untreated BMSCs
(control), MSs without induction (MS 0 d), MSs after chondrogenic in-
duction for 7 days (MS 7 d), 21 days (MS 21 d), and pellets after
chondrogenic induction for 7 days (pellet 7 d) and 21 days (pellet 21 d)
as control groups was investigated by RNA sequencing (Fig. 3A). RNA-
seq reads data were mapped to (human, hg38. p5) reference genome
using Spliced Transcripts Alignment to a Reference (STAR) software
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[33]. Expression was calculated with counts per million (CPM). Bio-
conductor’s edgeR R package (v 3.30.3, Robinson and Oshlack, 2010)
was used to calculate differentially expressed genes. Gene Ontology and
KEGG enrichment were generated with Bioconductor’s cluster Profiler R
package (v 3.16.1) and their distribution was plotted using ggplot 2 R
package (v 3.3.2). All heatmaps were created using the heatmap R
package (v 1.0.12) from a list of manually selected genes.

2.11. Single-cell RNA sequencing and data analysis

Cells from the clinical phalange tissues in early childhood (4 samples
from 9 months to 8 years old) were isolated. The procedure was
approved by Children’s Hospital of Zhejiang University School of
Medicine ethics committee (No. 2020-IRB-077). The bone and cartilage
tissues were isolated and digested in 2% collagenases for 4 h. The single
cell suspension was collected, and mRNA libraries were prepared by 10
x Genomics and sequenced on an Illumina HiSeq X™ (Illumina, Cat#
FC-502-2021). For quality control, the counts data were normalized
with CPM (counts per million), and all the cells with feature number
lower than 1000 or higher than 7000 were removed. Cells with tran-
scripts from mitochondrial genome occupying more than 50% in their
library were removed. After filtering, the Seurat object was generated
from digital gene expression matrices. Fourteen principal components
were used in cell cluster with the resolution parameter set at 0.4. Cell
cluster was performed and UMAP marker genes were outputted to define
each cell cluster.

2.12. Similarity score analysis

N = 4 for CPM of Bulk sample and reference single-cell dataset were
normalized and log-transformed following Single R pipeline. Similarity
score was calculated with wilcox DE method and default parameters by
Single R function in R package.

2.13. In vivo degradation of GelMA MSs

300 pL volume of pure GelMA MS deposits (about 9000 MSs) after
centrifugation (1200 rpm for 5 min, immersed in basal DMEM) were
subcutaneously injected in rats (male, 25-week-old) by 1 mL syringe
with 23-gauge needle. After 1, 2 and 4 weeks of implantation, the
samples were taken out for weighing (n = 3) and frozen section (n = 3).
For weighing, the MSs were taken out from subcutaneous tissues and
weighed in Ep tube. For frozen section, the samples were fixed in 4% (w/
v) paraformaldehyde and the sample slides at 10 pm were obtained by a
frozen section process. H&E staining was performed to investigate the
degradation of MSs.

2.14. In vivo implantation of MS constructs

For subcutaneous injection, MSs were immersed in basal DMEM and
centrifugated (1200 rpm for 5 min) to get the MS deposits. 100 pL vol-
ume of MS deposits (about 3000 MSs) of each group was injected sub-
cutaneously by 1 mL syringe with 23-gauge needle. Pure MSs, BMSCs-
loaded MSs (with the same treatment with osteo-callus group but
without induction) and osteo-callus organoids were injected subcuta-
neously in immunodeficient mice (BALB/c Nude, male, 8-week-old), 3
mice for each group. Subcutaneous implants were taken out after 4
weeks. The samples were fixed in 4% (w/v) paraformaldehyde overnight
for subsequent histological and immunofluorescent analysis.

For in-situ repair of bone defects in rabbits, twenty-four male New
Zealand rabbits (3-month-old, 2.5-3 kg) were chosen. The rabbits were
randomized into four groups: Blank defects, pure MSs, BMSC-loaded
MSs and osteo-callus organoids (n = 6 rabbits per group). A 5 mm in
diameter and 4 mm in depth defect was created by using electric drill in
distal femur. Briefly, the rabbits were anaesthetized with Pentobarbital
(3% (w/v), 1 mL/kg, Merck) and a 20 mm longitudinal incision was
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made along the distal femur. After the skin and muscle were separated,
defects with size mentioned above were made and 100 pL volume of MS
deposits (about 3000 MSs) were implanted with MSs (blank defect
without implantation). The incision was closed and the rabbits were
given intramuscular injection of penicillin 10 000 units per day for three
consecutive days. All protocols were approved by the Zhejiang Univer-
sity Ethics Committee (ZJU20210239). The rabbits were sacrificed with
an overdose of Pentobarbital for subsequent Micro-CT, histological and
immunohistochemical analysis.

2.15. Quantification of micro-CT

After 4 weeks of animal surgery, the femur samples were fixed in 4%
paraformaldehyde for 3 days. Micro-CT equipment (U-CT-XUHR,
Milabs) was applied for 3D scanning of the samples. A cylindrical region
(5 mm in diameter, 4 mm in depth) was defined to analyze the bone
regeneration within the defect site. After 3D reconstruction, images of
whole distal femur and defect site were obtained. The bone tissue vol-
ume/total tissue volume (BV/TV), bone mineral density (BMD),
trabecular thickness (Tb. Th) and trabecular separation (Tb. Sp) were
automatically determined.

2.16. Histology, immunofluorescence and immunochemistry of
subcutaneous and in-situ samples

For histological, immunofluorescent and immunochemical analysis,
both subcutaneous and in-situ implantation, the samples were fixed with
4% paraformaldehyde (overnight for subcutaneous samples and 3 days
for in-situ samples) after 4 weeks of surgery. Additionally, femur sam-
ples were decalcified in Ethylenediaminetetraacetic acid (EDTA) for 6
weeks. Then, the samples were washed by constant flow of water
overnight. Then, the samples were dehydrated by a graded ethanol
(50%-100%) and cleared in xylene and embedded in paraffin. Ectopic
samples were sectioned at 7 pm (subcutaneous samples) and 10 pm (in-
situ samples) with a slicer (Leica). Histology including H&E, Masson’s
Trichrome and Safranin O staining was performed according to previ-
ously reported research. For immunofluorescent staining, all sections
were blocked in 5% bovine serum albumin for 1 h after dewaxing and
permeabilization before incubated with primary antibodies at 4 °C
overnight. The primary antibodies used in subcutaneous samples were
as follows: COL2 (Abcam, ab34712), OCN (R&D, MAB1419), CD31
(Abcam, ab182981). The primary antibodies used in rabbit samples
were as follows: CD31 (Novus, NB600-562), OCN (Novus, NB100-6280),
COL1 (Novus, NB600-408), COL2 (Novus, 600-844). Following washing
with PBS, the samples were incubated with fluorescein-conjugated
secondary antibodies for 1.5 h and cell nuclei were visualized by DAPI
(Beyotime). Stained histology sections were observed under a confocal
microscope system (BX-FV1000, Olympus, Tokyo, Japan). For immu-
nohistochemistry analysis, after incubated with primary antibodies at
4 °C overnight and washed by PBS, sections were incubated with
horseradish peroxidase (HRP)-linked secondary antibodies (Jackson,
111-035-003) for 1.5 h and then visualized with 3, 3-diaminobenzidine
solution (DAB, ZSGB-BIO).

2.17. Transmission electron microscope (TEM) analysis of femur samples

For TEM analysis, harvested femur samples were fixed by glutaral-
dehyde and observed by TEM (100 kV technical 10, center of cryo-
electron microscopy, Zhejiang University).

3. Results

3.1. DLP-based 3D bioprinting successfully fabricate the BMSCs-loaded
MSs

Mesenchymal condensation is the initial process of osteo-callus
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formation in endochondral ossification [6]. In this study, stem cell
condensation in vitro was realized by the fabrication of BMSCs-loaded
GelMA MSs by a custom-made digital DLP-based 3D printer [34]. The
number of cells per MS was adjusted by the initial cell density of inks (2
x 108 cells/ml). According to the diameters set by CAD software, GelMA
MSs loaded with BMSCs with diameters of 200 pm (MS-200), 400 pm
(MS-400), and 600 pm (MS-600) were successfully fabricated (Fig. S1A).
Then, MSs with different diameters were cultured in vitro for 5 weeks in
complete growth medium. The cell number and cell viability of MSs with
different sizes were analyzed. Live/Dead assay and its quantitative
analysis showed that MSs with a larger diameter (MS-600) were capable
of loading more cells but negative for cell viability, which was probably
due to limited oxygen and nutrition transportation (Figs. S1B-E). Cell
viability of MS-200 was similar to that of MS-400 (Figs. S1B-E). Inter-
estingly, the number of cells per volume in MSs with different diameters
indicated MS-400 had the optimum ability to carry cells (Fig. S1F).
Considering the balance between the cell loading ability and the cell
viability, we therefore chose MS-400 in this study for further analysis.

To mimic the initial differentiation process of endochondral ossifi-
cation, the BMSCs-loaded MSs were induced in chondrogenic medium
for 4 weeks closely after 1 week of expansion in complete growth me-
dium (Fig. 1B). As shown in Fig. 1C and D, bright-field images and
Filamentous-actin (F-actin) staining demonstrated the typical polarized
spindle morphology of BMSCs cultured in the printed MSs. Live/Dead
staining revealed that the majority of cells in the MSs were viable till 4
weeks after chondrogenic induction; however, there was also a mild
increase in dead cells after the total 5 weeks of long-term culture in vitro
(Fig. 1E and F). Moreover, the cell number in each MS increased during 4
weeks and became stable after 5 weeks (Fig. 1G), indicating a decrease
in proliferation rate. Such decrease in cell proliferation was also
observed in endochondral ossification process, which indicated cellular
maturation in MSs [35].

The above results indicated fabrication of cell-loaded MSs was suc-
cessfully realized through DLP-based 3D bioprinting. Moreover, during
chondrogenic differentiation, the BMSCs-loaded MSs showed high cell
viability and survived up to 5 weeks in vitro, showing the feasibility of
mimicking osteo-callus formation.

3.2. Chondrogenic MSs undergo endochondral ossification processes in
vitro

During endochondral ossification or bone healing process, the
mesenchymal condensations will differentiate into soft callus which
would ultimately become hypertrophic and calcified. Considering the
balance between the cell viability and in vivo implantation, MSs cultured
for 4 weeks (7 days in complete growth medium and 21 days in chon-
drogenic differentiation medium) were analyzed in further research. To
analyze the differentiation stages of the MSs, immunostaining and qPCR
of relevant biomarkers during the stage of callus formation in endo-
chondral ossification [13] were performed. Pellets, as a conventional
culture model for cell aggregation and chondrogenic differentiation,
were also analyzed after induction as a comparison. The early chon-
drogenic transcription factor sex-determining region Y box 9 (SOX9)
was strongly expressed in both MSs (Fig. 2A, 2B) and pellets (Figs. S2A
and 2B) during 21 days’ chondrogenic induction. Notably, the expres-
sion of SOX9 in MSs was slightly decreased in the late stage of differ-
entiation (day 14 and 21) (Fig. 2A, B, 2D), while it continuously
increased during the whole chondrogenic induction in pellets group
(Figs. S2A and S2B), indicating the transformation of early chondrogenic
state into mature chondrogenic situation in MSs. To further define the
chondrogenic efficiency of MSs, the expression of chondrocyte pheno-
type marker, type 2 collagen (COL2), was analyzed. Together with the
qPCR and immunostaining results (Fig. 2D), the expression of COL2 was
gradually increased after 7 days’ (positive cells, ~35.65%) chondro-
genic differentiation within MSs and strongly expressed at day 14
(positive cells, ~78.38%) and day 21 (positive cells, ~90.01%) (Fig. 2A
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multiple comparison test; E) Representative confocal z-projection images of RUNX2 and OSX immunofluorescent staining of BMSCs in MSs without chondrogenic
induction (day 0), at day 7, day 14 and day 21 of chondrogenic differentiation and F-G) quantitative analysis of positive cells (%) (F, RUNX2; G, OSX). (scale bar =

100 pm in A, E).

and C). Alcian Blue staining of MSs was also presented as a proof of
chondrogenic state after induction (Fig. S2G). On the contrary, the
expression of COL2 in pellets was not observed until 14 days (~42.95%)
of chondrogenic induction, and apparently increased at day 21
(~73.92%) (Fig. S2A, 2C), demonstrating a delayed collagen synthesis
in pellets compared with MSs.

As shown in Fig. 2D, gene expressions of hypertrophic markers
collagen type X alpha 1 chain (COL10A1) and In-dia hedgehog signaling
molecule (IHH) were significantly upregulated at day 14 and 21 in the
MSs. The expression of Runt-related transcription factor 2 (RUNX2),
which was expressed in pre-hypertrophic chondrocytes and osteoblasts,
was slightly upregulated after 7 days of chondrogenic differentiation
and continued to increase after 14 days and 21 days (Fig. 2E and F) in the
MSs. As a marker for osteogenesis, osterix (0SX), directly regulated by

RUNX2, was also remarkably expressed in the latter stage of chondro-
genic differentiation in the MSs (Fig. 2E and G). The qPCR analysis of
RUNX2, OSX and Alizarin Red staining double confirmed the corre-
sponding hypertrophic and osteogenic state presented in the MSs
(Fig. 2D, Fig. S2H). On the other hand, pellets showed similar tendency
toward the expression of RUNX2 and OSX over time but with a relatively
lower level and delayed expression (Figs. S2D-F). In addition, the
transformation from cartilage to bone in endochondral ossification is
proceeded by the invasion of blood vessels in hypertrophic cartilage
core. The expression of Vascular Endothelial Growth Factor (VEGF) was
significantly upregulated after 14 and 21 days in the MSs (Fig. 2D),
showing the similarity between the MSs and native callus development.
In another word, the chondrogenic MSs simulated osteo-callus forma-
tion in endochondral ossification which prompt BMSCs to undergo
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proliferation, chondrogenic differentiation, subsequent hypertrophic as
well as osteogenic maturation and blood vessel invasion.

3.3. MSs follow endochondral ossification gene expression patterns and
transform into osteo-callus organoids during chondrogenic differentiation

To deeply gain insight into the cell differentiation in MSs system,
bulk-RNA sequencing and data analysis were performed. The upregu-
lated genes (MS 0 d, 6790 genes; MS 7 d, 6975 genes; MS 21 d, 6950
genes) and down regulated genes (MS 0 d, 6745 genes; MS 7 d, 6630
genes; MS 21 d, 6675 genes) over time among all detected genes with
significantly regulated expression (p < 0.05 and logy-fold > 1) in
chondrogenic MSs group compared with control (the newly fabricated
MSs) were shown in Fig. 3B. To further understand the signaling actions
during the chondrogenic differentiation in MSs culture system, the
biological processes enriched by these differentially expressed genes
(DEGs) were investigated by Gene Ontology (GO) analysis (Fig. 3C).
Results showed that the upregulated DEGs in MSs culture were enriched
for chondrogenic differentiation, osteogenic differentiation and extra-
cellular organization, and were continuously upregulated during the
whole chondrogenic induction. Interestingly, it was found that in the
early stage of the chondrogenic induction (MS 0 d and MS 7 d), cell
division-related GO terms, such as “DNA replication” and “mitotic nu-
clear division”, were significantly upregulated, suggesting that stem
cells within the MSs culture system showed a simultaneous cell prolif-
eration and differentiation state. More specifically, as shown in Fig. 3D,
featured biomarkers related to stem cell proliferation (such as GLI1,
FOXA2, GLI3, IGF1) were mainly upregulated during the first phases
(MS 0 d and MS 7 d). From day 7 onward, the biomarkers that related to
chondrogenic differentiation (such as COMP, PRG4, SOX6, SOX5,
COL2A1, COL9A1) and osteogenic differentiation (SPP1, IBSP, ALPL,
RUNX2, THH, RUNX3, BMP2) were basically upregulated when
compared with control. The stage-dependent gene expression indicated
that this was mirrored in the gene expression pattern that was involved
in endochondral ossification process. In addition, the KEGG pathway
analysis further revealed that significantly regulated genes were
enriched in cell proliferation-related signaling pathways (Cell cycle,
Hippo signaling pathway and DNA replication) and stem cell
differentiation-related signal pathways (Wnt signal pathway, PI3K-Akt
signaling pathway, ECM-receptor interaction, TGF beta signaling
pathway and MAPK signaling pathway), which conformed with gene
expression pattern in bone development (Fig. 3E). The above results
showed the potential of MSs culture system in maintaining both stem
cell self-renewal and differentiation at transcriptional level, as well as
the advantages in biomimicking the complicated cell fate and enlarge-
ment of cartilage core in vivo.

To further explore the advantages of MSs culture system over the
traditional pellet model, well-known genes for cell proliferation and
differentiation were analyzed. The expression of genes related to stem
cell proliferation and osteogenic differentiation were upregulated to a
much higher level in MSs when compared with pellet (Fig. S3A). The co-
existence of cell proliferation and differentiation supported by MSs
culture system is more similar to the stem cell maintenance and rapid
morphogenesis that underly the skeletal bone tissue development, while
subsequent GO enrichment analysis also conformed this scenario
(Fig. S3B). Notably, the expression of CXCLs (including CXC1L, CXCL2,
CXCL3, CXCL5, CXCL6, CXCL8) was widely upregulated at all time
points of chondrogenic induction in MSs groups. GO enrichment anal-
ysis of these differentially expressed genes showed the upregulation of
cytokine production (regulation of response to cytokine stimulus, posi-
tive regulation of cytokine production and cytokine secretion) in the
MSs group (Fig. S3B). It has been proven that CXCLs especially CXCL6,
mediated by AKT signaling, were expressed in healthy cartilage and
played a crucial role in maintaining homeostasis for articular cartilage
[36]. KEGG pathway analysis in our data also revealed the activation of
PI3K-AKT signaling pathway in the MSs culture system, which provides
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a possible mechanism for its advanced stem cell proliferation and dif-
ferentiation potential (Fig. 3D). Therefore, the alterations in CXCL
secretion could partly help explain the upregulated stem cell viability
partly through PI3K-AKT signaling pathway, however, the further
mechanism is still to be explored.

Interestingly, through the comparison of the bulk-RNA data of
cultured BMSCs in MSs at varied time points with the single-cell RNA
Seq data of the clinical phalange tissue samples in early childhood, we
found that the in vitro cultured BMSCs within MSs share high similarities
both in diverse cell compositions (2 mesenchymal progenitors, chon-
drocytes and osteoblasts) and cell states (under self-renewal and dif-
ferentiation) with the 4 cell subpopulations (Fig. 3F and G), as revealed
by the similarity score (Fig. 3H). Actually, during native long bone
development, undifferentiated mesenchymal cells that proliferate to
restore the growth potential [37] co-exist with osteochondral lineage
cells that were activated by several key signals to form mature tissues
[38]. Altogether, these results indicated that MSs culture system held a
superior capability of maintaining a synchronized state of cell prolifer-
ation and osteo-chondral lineage differentiation at transcriptional level
(Fig. 3F and G), which highly recapitulates the diverse cell compositions
and behaviors involved in the callus formation during endochondral
ossification. By this way, the MSs finally transformed into osteo-callus
organoids after 21 days of chondrogenic induction.

3.4. Osteo-callus organoids mature and form bone-like tissue in vivo

According to the results of immunofluorescent staining and gene
expression, MSs after 21 days of chondrogenic induction were defined as
“osteo-callus organoids” in this study. To investigate their capability as
building blocks to form large and mature bone-like tissues in vivo, 100 pL
volume of osteo-callus organoids (Osteo-callus organoids group, about
3000 organoid units), immersed in basal DMEM and obtained by
centrifugation (1200 rpm for 5 min) to get the dense organoid deposits,
were injected subcutaneously in immunodeficient mice (Fig. 4A). Pure
MSs produced by 3D printing but no cell-loaded and BMSC-loaded MSs,
with the same treatment with osteo-callus organoids group but without
induction, were selected as controls. The equal volume of pure MSs (MSs
group) and BMSC-loaded MSs (BMSC-loaded MSs group) immersed in
the same buffer after centrifugation were injected for comparison. After
4 weeks of implantation, the constructs containing MSs were analyzed.
H&E staining revealed significant blood vessel formation in osteo-callus
organoids group compared with other groups (Fig. 4B). Masson’s Tri-
chrome staining demonstrated bone-like area around the MSs in osteo-
callus organoids group (Fig. 4C), which was not detected in other two
groups. Immunofluorescent staining of COL2 and osteocalcin (OCN), a
marker of mature bone tissue and a symbol in late stages of minerali-
zation, revealed that chondrocyte activity was prominent in BMSC-
loaded MS group, a state of early stage in endochondral ossification,
while osteoblast activity was more prominent in osteo-callus organoids
group (Fig. 4D), indicating maturation of implanted organoids. The
blood vessel formation of the constructs was verified with CD31
immunochemistry staining, and a large amount of CD31 positive cells
were detected in BMSC-loaded MSs and osteo-callus organoids group
(Fig. 4E, Fig. S5). While no obvious CD31 positive cells can be observed
in MSs group (Fig. 4E).

Therefore, BMSCs in MSs without pre-differentiation in vitro could be
still in the early stage of endochondral ossification after implantation,
while the osteo-callus organoids already got mature and attracted blood
vessel invasion, further indicating cells in the osteo-callus organoids
were in the late stage of endochondral ossification and showed potential
to promote bone regeneration in vivo.

3.5. Engineered osteo-callus organoids promote rapid healing of bone
defects

Based on the results of ectopic implantation, osteo-callus organoids
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were regarded as blocks successfully forming larger bone-like constructs
in vivo. To explore their capacity to induce in-situ bone regeneration, we
implanted osteo-callus organoids into 5 mm x 4 mm cylindrical defects
in the distant femur of rabbits (Fig. 5A; Fig. S5A). An empty hole un-
treated on the femur was regarded as the blank control. Pure MSs and
BMSC-loaded MSs were also implanted for comparison to exclude the
impact of materials and stem cells (Fig. S5B). After implantation for 4
weeks, rabbits were sacrificed and micro-computed tomograms (micro-
CT) analysis was performed to access the new bone formation in
different treatment groups. As shown in the reconstructed 3D images,
after 4 weeks of implantation, only limited bone tissue was presented
around the periphery of defect in blank group and more new bone for-
mation was occurred in MSs and BMSC-loaded MSs group (Fig. 5B). By
contrast, much more new bone formation can be observed in osteo-
callus organoids group (Fig. 5B). The newly formed bone tissue almost
filled the defect sites in osteo-callus organoids group, indicating the
almost complete repair of bone defects after 4 weeks of implantation.
Quantitative micro-CT analysis further confirmed the significant new
bone formation in osteo-callus organoids group (Fig. 5D-F).

Next, histological analysis was applied to provide a more detailed

analysis to evaluate the new bone formation efficiency of osteo-callus
organoids. H&E and Masson’s Trichrome staining confirmed the bone
regeneration illustrated by micro-CT. Besides, dense fibrous tissue filled
the defect sites and no obvious new bone tissue was formed in blank
group. In MSs group, loose fibrous tissue was observed, and collapse of
the defect sites indicated the degradation of hydrogel. New bone for-
mation was found at both the periphery and center defects in BMSC-
loaded MSs group while abundant new bone tissue was formed at the
whole defect sites in osteo-callus organoids group. (Fig. 5G and H).
Immunofluorescent staining of CD31 revealed few blood vessel in-
vasions in blank group, indicating dense fibrous tissue formation and no
more place for blood vessel ingrowth (Fig. S5A). More CD31 positive
cells were observed in MS-containing groups due to the interspace
among MSs after implanted in defect sites, which was beneficial for
invasion of angiogenic cells (Fig. S5A).

To further confirm the osteochondral fate of osteo-callus organoids
after in vivo implantation, multiple markers were assessed. As shown in
Fig. 6A, significant OCN positive cells were presented in osteo-callus
organoids group compared with other three groups, indicating the
abundant and mature bone formation. Type I collagen (COL1) is the
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major organic component of the ECM in bone tissue and COL2 is the
predominant collagenous component of cartilage. Interestingly, osteo-
callus organoids group showed abundant COL1 positive staining with
the absence of COL2 staining while BMSC-loaded group was the opposite
(Fig. 6B, Fig. S7B). Therefore, the results of immunostaining confirmed
that osteo-callus organoids displayed a more mature state than non-
induced MSs and pure MSs. Callus tissues and woven bone are domi-
nant tissues in the early stage of fracture healing, and are followed by
deposition of lamellar bone in the latter stages of healing. To further
identify the structure of newly formed tissue among different groups,
transmission electron microscope (TEM) analysis was performed. As
shown in Fig. 6C, the new bone tissue in BMSC-loaded MSs group
exhibited a disorganized fibril arrangement, while in osteo-callus
organoids group, the tissue was characterized by the organized
arrangement of collagen fibers into layers or lamellae, which was similar
to that in normal mature bone tissue.

Taken together, in-situ implantation of the engineered osteo-callus
organoids promoted rapid and mature bone formation within 4 weeks
compared to traditional stem cell implantation.

4. Discussion

Developmental engineering-based strategies were proposed for more
efficient bone repair. Although developmental strategies have been
proven feasible to improve bone formation, the systematically bio-
mimetic processes have not been reproduced. Organoids-based strate-
gies have provided a novel option to solve this problem. However,
limitations such as cell source, long-term cell survival and mass pro-
duction of designed pure cell aggregates-based organoids do exist when
applied in vivo especially in large defects. In this study, we fabricated
hydrogel-based cell aggregates by 3D printing technology to overcome
these hurdles. Thousands of cell-loaded MSs can be produced within
minutes with a small amount of cell-containing bioink, and cells within
the MSs exhibited sustained cell viability during 28 days of in vitro
culture (Fig. 1; Fig. S1). Moreover, definite control of size and structure
of pure cell organoids in current studies is still challenging [40,41]. In
this work, the size of printed MSs can be precisely designed by CAD
software (Fig. 1; Fig. S1). After in vitro chondrogenic differentiation for
21 days, mass production of osteo-callus organoids was realized and
provided a new and promising strategy for large bone defect repair.

Interestingly, scaffold-free stem cell aggregates in previous studies
based on developmental engineering and scaffold-based organoids in
this work both successfully stimulated the gene expression pattern
occurred in native endochondral ossification processes, and provided
general proof of feasibility in mimicking developmental program in vitro
at cell level [11,12,42,43]. However, there are some mentionable dif-
ferences between previous pure cell aggregates and the organoids in this
work. When applied subcutaneously, the pure cell aggregates them-
selves can be easily fused together after implantation due to strong
cell-cell interaction and ECM secretion, eventually leading to a thin layer
of dense bone formation in the outer surface of the whole implant. In this
regard, the scaffold-free approach by cell aggregates may be largely
limited for cortical bone defect repair. Consistent with this, a bone
marrow cavity was detected in the scaffold-free cell aggregates as early
as 4 weeks after subcutaneous implantation [11], indicating a miner-
alized bone-like organ was formed. While it was indeed beneficial for the
repair of cortical bone tissue containing a bone marrow cavity, the
newly formed tissue was shown largely from the donor cells themselves.
Differently, the implanted osteo-callus organoids in our study exhibited
obvious bone formation across the interstitial space of those closely
adjacent hydrogel MSs due to the incomplete degradation of materials
(Fig. 4B and C; Fig. S4), which provided necessary adhering surfaces and
space for the further migration of endothelial cells and endogenous stem
cells that are responsible for new bone regeneration. Results from our
study also revealed that the implanted osteo-callus organoids were still
in a relatively immature hypertrophic state by co-staining of COL2 and
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OCN (Fig. 4D), indicating an active callus-like phenotype which sup-
ports further vascularization and subsequent endogenous ossification.
Therefore, when utilized as micro-niches for further bone formation in
vivo, the hydrogel MSs-based callus-like organoids could be more suit-
able for the regeneration of large-sized bone defects, especially cancel-
lous bone.

Osteo-callus is a highly heterogeneous tissue and contains different
types of cells, in which the cell proliferation, chondrogenic and osteo-
genic transformation are intensely regulated during endochondral
ossification. Together with positive green in Safranin-O staining, the
osteogenic marker genes of cell aggregates in previous study were
strongly expressed in advance as early as day 7 after chondrogenic in-
duction [11]. In our study, RNA seq analysis of cells within osteo-callus
organoids demonstrated an early expression of chondrogenic marker
genes and a gradually increased expression of osteogenic markers
(Fig. 2D). Obviously, the pure stem cell aggregates were more differ-
entiated and hypertrophic than cells in the hydrogel MSs-assisted cell
condensation. In addition, further GO enrichment analysis revealed a
unique coexistence of proliferation, chondrogenic and osteogenic dif-
ferentiation in the MS-based cell culture system. In addition, the
bulk-RNA seq data of cells from osteo-callus organoids showed high
similarity in cell states (self-renewal and differentiation) and cell com-
positions (chondro-progenitor cells, osteo-progenitor cells, chon-
drocytes and osteoblasts) compared with that in the single-cell RNA seq
data of clinical phalange tissue in early childhood, which undergoes an
active phase of endochondral ossification. To the best of our knowledge,
such high similarity at transcriptomic profile between engineered
osteo-callus organoids and developmental bone tissues in cell states and
compositions has not been reported elsewhere so far. Compared with
conventional cell aggregates, the MSs culture system provides a more
efficient and biomimetic platform to construct callus-like organoids in
vitro. Taken together, the above analysis suggested the advantages of
hydrogel MSs culture system in maintaining stem cell self-renewal and
differentiation at transcriptional level.

Although the micro-scale cell aggregates can fill up the irregular
shape of the defect site, the endogenous bone regeneration may be
hindered by the lack of enough vascularization and their terminal cell
apoptosis, as well as the low-scaling production regarding large-sized
bone defects [18]. The assembly of callus-like organoids by 3D print-
ing into more complex structures and the subsequent chondrogenic
differentiation at a certain stage were thus preferred for full bone
regeneration. For instance, the channels among MSs can promote blood
vessel and nerve ingrowth, important steps at the late stages of endo-
chondral ossification when applied in vivo [44,45]. In the present work,
rapid vascularization and ectopic bone formation can be observed after
implantation, possibly owing to the space among the micro-organoids
and more arranged blood vessel formation can be achieved by orderly
assembly of organoids [46]. More importantly, the implantation of
osteo-callus organoids formed by chondrogenic induction led to efficient
in situ bone regeneration within 4 weeks in a large bone defect. In both
cases, new bone formation after the implantation of pre-differentiated
osteo-callus organoids exhibited a temporal-forward phase which step-
ped over the beginning phase of chondrogenesis that initiated in natural
bone healing.

However, as native callus formation is far more complicated and
many bioactive molecules, such as VEGF [47] and bone morphogenetic
proteins (BMPs) [48,49], are involved in this process [9,21,47,50,511],
more sophisticated design of osteo-callus organoids is still needed. The
osteo-callus organoids in this study could also be utilized as bioinks for
second bioprinting to construct anatomy-mimic grafts. Owing to the
flexibility of bioinks in 3D printing, the pre-differentiation strategy in
this study could be improved in combination with bioactive molecules to
further promote precise and efficient bone regeneration. Besides, more
accurate delivery system is needed to support the sequential release of
these growth factors [52]. One solution is the utilization of composite
materials with different degradation rate. Differentially biodegradable
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materials can be used as the basic ink to encapsulate different growth
factors and progenitor cells to recapitulate the various stages of callus
formation. Moreover, there are still improvements needed for clinical
use. Mass production of cell-loaded MSs by 3D printing is the essential
requirement for a therapy. Millions of MSs will be needed for a thera-
peutic use when meeting large defects. Hence, improvements in 3D
printing technique would help to solve the production problem. Volu-
metric bioprinting has provided an option to realize cell-loaded con-
structs in seconds with exceptionally high cell viability and has been
proved to fabricate bone-like tissues [53]. Besides, dynamic MS culture
systems support cell growth and differentiation. Perfusion bioreactors
have been proved as an optimal platform to enhance the transport of
culture medium throughout the cell-loaded constructs with dynamic
forces [54] and provided possibilities to support mass MSs culture for
clinical use.

5. Conclusion

In summary, this study proposes a MSs-based 3D culture system with
outstanding capacity for in vitro chondrogenic differentiation of MSCs
before the implantation, and provides a more authentic cell induction
carrier platform when adopting the pre-differentiation strategy that
mimics endochondral ossification for more efficient bone regeneration.
Remarkably, a simultaneous state of stem cell proliferation and differ-
entiation at transcriptional level, which highly recapitulates the diverse
mesenchymal stem cell compositions and behaviors involved in endo-
chondral ossification, has been achieved by the stem cell-incorporated
3D printing culture system. The callus-like organoids that formed by
further chondrogenic differentiation showed high in vivo biocompati-
bility and vascularization. After in-situ implantation, rapid bone repair
in rabbits was achieved within 4 weeks by advancing the regenerative
process of endochondral ossification, which is much shorter than con-
ventional healing time of bone defects.
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