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Introduction

Mesenchymal stem cells (MSCs) are kinds of 
stem cells that widely exist in various tissues 
and organs of the adult body.1-3 They have the 
potential for multi-lineage differentiation, 
such as osteogenic, adipogenic, myogenetic, 
chondrogenic, and neurogenic differentiation.2, 4, 5  
This makes MSCs a popular choice for research 
on cancer, ageing-related topics,6, 7 and stem 
cell engineering.8, 9 Because the MSCs still 
display strong proliferation and differentiation 
performance in vitro,1, 10 coupled with cytokine 
secretion and immune function,11-14 they are often 
used in tissue engineering. This includes, but 
not limited to, research on coronavirus disease 
2019 (COVID-19),15 spinal cord injury,16 femoral 

head necrosis,17 systemic lupus erythematosus,18 
and colitis.19 Research models related to MSCs 
primarily use bone marrow,20 compact bone,1, 21  
peripheral blood,22 adipose tissue,23 urine24, 25 and 
joint synovium.3 MSCs from various sources 
exhibit different characteristics because they tend 
to be different subtypes of stem cells. For adult 
humans, compared with other methods, isolation 
from bone marrow is a more established method 
for autologous stem cell extraction.26, 27 Bone 
marrow-derived MSCs (BM-MSCs) possess 
superior three-lineage differentiation capability 
compared with other adult tissue-derived MSCs. 
However, their lower yield, lower purity, and 
longer expansion cycle than allogeneic MSCs 
limit the clinical applications.
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Bone marrow-derived mesenchymal stem cells (BM-MSCs) play a crucial 

role in stem cell therapy and are extensively used in regenerative medicine 

research. However, current methods for harvesting BM-MSCs present 

challenges, including a low yield of primary cells, long time of in vitro 

expansion, and diminished differentiation capability after passaging. 

Meanwhile mesenchymal stem cells (MSCs) recovered from cell banks also 

face issues like toxic effects of cryopreservation media. In this study, we 

provide a detailed protocol for the isolation and evaluation of MSCs derived 

from in vivo osteo-organoids, presenting an alternative to autologous MSCs. 

We used recombinant human bone morphogenetic protein 2-loaded gelatin 

sponge scaffolds to construct in vivo osteo-organoids, which were stable 

sources of MSCs with large quantity, high purity, and strong stemness. 

Compared with protocols using bone marrow, our protocol can obtain large 

numbers of high-purity MSCs in a shorter time (6 days vs. 12 days for 

obtaining passage 1 MSCs) while maintaining higher stemness. Notably, we 

found that the in vivo osteo-organoid-derived MSCs exhibited stronger anti-

replicative senescence capacity during passage and amplification, compared 

to BM-MSCs. The use of osteo-organoid-derived MSCs addresses the conflict 

between the limitations of autologous cells and the risks associated with 

allogeneic sources in stem cell transplantation. Consequently, our protocol 

emerges as a superior alternative for both stem cell research and tissue 

engineering.
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Recently, the concept of in vivo tissue engineering5, 14, 23 co-
constructed by cells and materials28, 29 has emerged as a feasible 
solution for obtaining autologous stem cells. In previous work, 
we found that the gelatin sponge loaded with recombinant 
human bone morphogenetic protein 2 (rhBMP-2) formed 
periosteum-like tissues30 rich in functional stem cells after 
being implanted in mice for several days. The periosteum-like 
tissue gradually developed into mature osteo-organoids with 
a bone marrow-like structure.31 In previous experiments, we 
isolated stem cells from these osteo-organoids,32 thus defining 
these cells as osteo-organoid-derived MSCs (odMSCs). 
Interestingly, based on the implantation site33 and the cell 
phenotype,34 it was speculated that these cells are related to 
myoideum, making osteo-organoids a stable source of this new 
subtype of BM-MSCs.

In this study, to better emphasise the advantages of odMSCs, we 
constructed osteo-organoids in the mouse hindlimb muscles, 
using the femur and tibia as controls. After isolation and 
culture, the MSCs were further evaluated, including the colony 
forming unit-fibroblast (CFU-F) experiment conducted before 
the primary cells were washed. The purified MSCs at passage 
2 (P2) were used for flow cytometry, tri-lineage differentiation 
and proliferation assays. The odMSCs could be obtained in 
sufficient quantities in half the time compared with BM-MSCs. 
Besides, odMSCs showed better stemness and activity, even 
after multiple passages. Given the aforementioned advantages, 
we can conclude that this protocol for obtaining MSCs holds 
significant research value and broad application prospects.

Methods

Animals

We selected the C57BL/6J mouse strain (8 weeks, male, with 
an average weight of approximately 25 g) for our protocol. All 
mice were purchased from and housed in Shanghai Shengchang 
Biotechnology Co., Ltd. (Shanghai, China; license No. SCXK 
(Hu) 2021-0002) and housed at 22–23°C on a 12-hour light/
dark cycle with free access to water and food, as indicated. All 
experimental procedures were approved by the Animal Care 
and Use Committee of the East China University of Science 
and Technology (approval No. ECUST-2022-053) on March 
9, 2022. All efforts were made to minimise animal suffering.

Preparation and implantation of rhBMP-2 loaded 

gelatin scaffolds

For implant preparation, 10 μL of rhBMP-2 (1 mg/mL 
in phosphate-buffered saline; Rebone Biomaterials Co., 
Shanghai, China) was absorbed by a gelatin scaffold (5 mm × 
5 mm × 5 mm; Xiang’en Medical Technology Development 
Co., Nanchang, Jiangxi, China). The procedure was conducted 
under sterile conditions, then the scaffold was frozen at −20°C 

for 4 hours and lyophilised for 8 hours. The rhBMP-2-loaded 
gelatin scaffolds were stored at −20°C.

To mitigate the potential interference of location differences in 

vivo, the source of MSCs was selected in hindlimbs. For osteo-
organoid generation, mice were anaesthetised (ZS-MV-IV; 
Hetian Scientific Instruments Co., Shanghai, China; isoflurane, 
0.5% of the maximal flow, inhalation). Subsequently, two 
scaffolds were implanted in the muscle of both hindlimbs, 
respectively. Once revived on a warming station, the mice 
were allowed to eat and drink ad libitum as usual.

Isolation of MSCs from osteo-organoids

A buffer for cell suspension was prepared using 2% fetal bovine 
serum (Gibco, Grand Island, NY, USA) in Hank’s balanced salt 
solution (with Ca2+/Mg2+; Gibco). After 5 days of feeding, the 
mice were anesthetised with isoflurane inhalation, and then 
terminated by cervical dislocation. They were placed in a beaker 
where the whole body was immersed in 75% (v/v) ethanol 
for 3 minutes, and then the body was transferred to biosafety 
cabinet. To prevent contamination of the countertop, sterile 
gauze was placed in advance (Figure 1A). Skin and muscle 
between hindlimbs and trunk were removed by ophthalmic 
scissors with little or no bleeding. Subsequently, the feet and 
the entire skin on the hindlimbs were removed. After that, 
the trochanter major was cut off (Figure 1B) allowing for the 
entire leg. Typically, the osteo-organoids could be found in 
the hamstrings (Figure 1C). Once isolated from the muscle, 
the osteo-organoids were immersed in a 60-mm cell culture 
dish (Corning Incorporated, Corning, NY, USA) containing 3 
mL of the cell suspension buffer (Figure 1D). Osteo-organoids 
were first cut and then shredded in different shear directions 
by curved blade ophthalmic scissors (Figure 1E and F). Finally, 
all osteo-organoid fragments, including the buffer, were 
transferred to a sterile 15-mL Falcon tube. In addition, native 
bone marrows from femora and tibia were flushed out by 
syringe as a traditional method.20

The tubes containing bone marrow or osteo-organoid 
fragments were centrifuged at 300 × g for 10 minutes to 
remove the supernatant. Meanwhile the digestive enzyme 
mixture was prepared. Each 1 mL of this mixture contained: 
stock of collagenase type I (Worthington, Lakewood, NJ, 
USA) 100 μL, neutral protease (Roche, Basel, Switzerland) 
100 μL and DNAse (Mkbio, Shanghai, China) 20 μL in 800 
μL Hanks’ balanced salt solution (containing Ca2+/Mg2+).35 
This mixture was then added to the tubes containing the 
tissue pellets from bone marrow or osteo-organoid fragments. 
Then the tissue pellets were kept static for digestion at 37°C 
for 15 minutes. The tissue pellets were then left undisturbed 
for digestion at 37°C for 15 minutes. The tissue pellets were 
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resuspended using a vortex mixer and subsequently deposited 
on ice for 1 minute. The cell suspension extracted by digestion 
was then added to 10 mL of digestive enzyme neutraliser (0.4% 
ethylenediaminetetraacetic acid (0.5 M; Gibco) and 2% fetal 
bovine serum in Hanks’ balanced salt solution (containing Ca2+/
Mg2+)), followed by centrifugation at 300 × g for 10 minutes 
to remove the supernatant. To yield more cells, the digested 
tissue pellets could undergo another round of digestion and the 
subsequent operations were repeated.

Culture and purification of MSCs from osteo-organoids

The collected cells were resuspended in 1 mL of the cell 

suspension buffer using trimmed pipette tips to minimise 
cell damage. The cell suspension was then filtered through a 
70-mm filter mesh to remove any fragments or cell clumps. 
When the complete medium (minimal essential medium α 
(nucleosides; Gibco) supplemented with 20% fetal bovine 
serum, 1% penicillin-streptomycin (10,000 U/mL; Gibco), 1% 
sodium pyruvate (100 mM; Gibco) and 0.1% Rho-associated 
kinase inhibitor (Y-27632 dihydrochloride; 1 mL in dimethyl 
sulfoxide (10 mM); MedChemExpress, Monmouth Junction, 
NJ, USA)) had been warmed up in cell incubator, the cell 
suspension was seeded in 6-well plates or 100-mm cell culture 
dish (Table 1) containing the medium.

Figure 1. Illustrations of osteo-organoid cell separation procedures. (A) The mouse body soaked in 75% (v/v) ethanol 
was placed in biosafety cabinet. (B) After removing skin and muscle, a hindlimb was completely cut off, so that the femur 
and tibia could be used for extraction of bone marrow-derived mesenchymal stem cells (BM-MSCs). (C) The osteo-
organoid was hidden in the swollen part of the muscle (red circle) between femur and calf. (D) Osteo-organoids covered 
with periosteum-like tissue were separated in a 60-mm cell culture dish. (E) The surface of the blade was convex (red 
curve) to cut the osteo-organoids. (F) The surface of the blade was concave (red curve) to shred the osteo-organoids.

Table 1.  Details of cell culture in different experiments

Experiment Culture vessel Volume of medium Seeding density Other suggestions

Colony forming 
unit-fibroblast

6-well plate 2 mL per well 5 × 105 cells per well Replace α-MEM with DMEM to prepare 
the complete medium

Purification 100-mm dish 15 mL per dish 1 × 107 cells per dish Culture under the condition of 5% O2 
atmosphere

Differentiation 6-well plate 2 mL per well 2 × 105 cells per well Use α-MEM containing 10% fetal bovine 
serum and 1% penicillin-streptomycin as 
the medium before differentiation assays

Proliferation 60-mm dish 5 mL per dish 2 × 105 cells per well Incubate the MSC for 2 hours in a 
medium containing 50 μM EdU

Note: DMEM: Dulbecco’s modified Eagle medium; EdU: 5-ethynyl-2′-deoxyuridine; MSC: mesenchymal stem cell; α-MEM: minimal 
essential medium α.

Once evenly dispersed, the cells were cultured in a cell 
incubator at 37°C under normal oxygen conditions. The culture 
medium was refreshed the following morning and every 3 
days thereafter. Adherent cells were washed with Dulbecco’s 
phosphate-buffered saline before adding fresh medium, thus 
purifying the MSCs. The primary cells were referred to passage 
0 (P0) cells.

When MSCs reached 70–90% confluence, they could be 
passaged. That is, cells were washed twice with Dulbecco’s 

phosphate-buffered saline and then digested using 600 μL (per 
100-mm dish) of 0.25% trypsin (with phenol red; Gibco) at 
37°C, for no longer than 2 minutes. This medium was used to 
wash the cells until the MSCs were completely detached from 
the bottom of the dish. The medium was used to wash cells 
until the MSCs were completely detached from the bottom of 
the dish. For passaging at a split ratio of 1:3, 2 mL of the cell 
suspension per dish was transferred to a new dish with the 
complete medium. The above procedures were based on the 
characteristics of MSCs (Table 2).
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In vitro multilineage differentiation and cell 

proliferation assays

MSCs were cultured in 6-well plates (or in a 15-mL Falcon 
tube for chondrogenic differentiation) in preparation for 
differentiation and proliferation experiments (Table 1). The 
operations of osteogenic, adipogenic, and chondrogenic 
differentiation were respectively performed according to the 
manual of OriCellTM Mesenchymal Stem Cell Osteogenic/
Adipogenic/Chondrogenic Differentiation Medium (Cyagen 
Biosciences, Santa Clara, CA, USA). Cell proliferation was 
measured by 5-ethynyl-2′-deoxyuridine (EdU) assay, and 
the operations were performed according to the manual of 
BeyoClickTM EdU Cell Proliferation Kit (Beyotime, Shanghai, 
China).

CFU-F assay and flow cytometry

For CFU-F assay, MSCs extracted from osteo-organoids were 
directly cultured in 6-well plates for 5 days (Table 1). After 
washed using Dulbecco’s phosphate-buffered saline, the 
MSCs were fixed using 4% (w/v) paraformaldehyde for 30 
minutes and then stained using toluidine blue (0.1%; Yuanye 
Biotechnology Co., Shanghai, China). After being washed 
using ddH2O, the colony formation could be observed under an 
optical microscope (DMi8; Leica, Hessian, Wetzlar, Germany).

For flow cytometry, purified MSCs were cultured until they 
reached 80–90% confluence. After washed using Dulbecco’s 
phosphate-buffered saline and digested, MSCs they were stained 
using fluorescent antibodies in flow tubes and then analysed by 
flow cytometry. The cell aliquots were incubated: fluorescein 
isothiocyanate-conjugated CD45 or phycoerythrin-conjugated 
CD44, CD29 and CD31 or Alexa Fluor 700-conjugated stem 
cell antigen-1 and CD11b or Allophycocyanin-conjugated 
CD105 and CD140a (BD Biosciences, San Jose, CA, USA). 
The incubation was carried out at 4°C for 30 minutes in the 
dark. The cells were resuspended in 300 μL cell staining buffer 
(BD Biosciences) after washing. The flow cytometric analysis, 
including the test of EdU assay cell proliferation, was operated 
on CytoFLEX LX flow cytometer (Beckman Coulter, Bria, CA, 
USA). The data were analysed using FlowJo X (Three Star, San 
Carlos, CA, USA).

β-Galactosidase assay

MSCs were cultured in 6-well plates before cells reached 
100% confluence, with other culture conditions referring to 
the operations for purification (Table 1). The procedure was 

carried out in accordance with the manual of the senescence 
β-galactosidase staining kit (Beyotime). This kit allows for 
the assessment of the degree of cell ageing, as it measures 
the up-regulated activity level of senescence-associated 
β-galactosidase, a known marker of cellular senescence.35

Statistical analysis

At least three sets of independent experiments were per-
formed for each assay. All quantitative data were analysed 
by using GraphPad Prism (version 8.0.2 for Windows, 
GraphPad Software, Boston, MA, USA, www.graphpad.com). 
Significance of difference between groups was calculated by 
Student’s t-test or two-way analysis of variance followed by 
Bonferroni’s multiple comparison test.

Results

Morphology of osteo-organoid-derived mesenchymal 

stem cells

Cells isolated from osteo-organoids were cultured under 
hypoxic conditions (5% O2 and 5% CO2), and were purified 
either by medium refreshment or cell passage (Figure 2A). 
Specifically, spindle-shaped cells were observed among non-
adherent cells before the first medium refresh. Adherent 
spindle-shaped cells were retained, while most non-adherent 
cells were washed away. These adherent, spindle-shaped cells 
were identified as MSCs.4, 20 When cell confluence reached 
70–90%, the cells were observed to be predominantly spindle-
shaped, because MSCs proliferate more rapidly than other 
cells.

Proliferation of osteo-organoid-derived mesenchymal 

stem cells

The CFU-F assay was utilised to investigate the proportion of 
MSCs in cells isolated from osteo-organoids, and compared 
with that from native bone marrow.20 After a 5-day culture 
period under normal conditions (21% O2 and 5% CO2), cells 
stained with toluidine blue were observed under an optical 
microscope. The control groups, i.e., cells isolated from native 
bone (Figure 2B), showed a few colonies with a spindle 
shape, small size and low cell density. In contrast, cells isolated 
from osteo-organoids formed a significantly larger number 
of colonies (Figure 2B), which exhibited a slander spindle 
shape, large scale and high cell density. This phenomenon also 
suggested that odMSCs had rapid proliferation rates or high 
abundance at P0.

Table 2.  Purification operations are based on the characteristics of MSCs

Characteristics Operations

Adhesion of MSCs are earlier than other cells from 
marrow

Wash cells using Dulbecco’s phosphate-buffered saline after seeding 
overnight

MSCs are easy to be digested and suspended Time of digestion during the cell passage is not recommended to exceed 
2 minutes

Low oxygen pressure increases the proliferation and 
reduces spontaneous differentiation of MSCs

Expand cells under the hypoxic condition (5% O2)

Note: MSCs: mesenchymal stem cells.
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Cell surface phenotype and multilineage differentiation 

of osteo-organoid-derived mesenchymal stem cells  

When 80% confluence at P2, the MSCs cultured in plates were 
digested and then analysed by flow cytometry. Results showed 
that the cells from both BM-MSC and odMSC were largely 
negative for haematopoietic marker CD45, endothelial cell 
marker CD31, and myeloid cell marker CD11b (Figure 3A). In 
contrast, the MSC markers (stem cell antigen-1, CD29, CD105, 
CD44 and CD140a) were strongly positive, and especially the 
positive rates of stem cell antigen-1 and CD140a of odMSCs 
were more obvious than those from native BM (Figure 3A). 
The above result displayed that the cells isolated from osteo-
organoids were determinately identified as MSCs, suggesting 
the successful acquisition of a new stem cell subtype.

To assess the multipotency of the MSCs at P2 (Figure 3B), cells 
that had reached the appropriate confluence were cultured in 
various types of differentiation induction media. Alizarin 
red staining (Figure 3B) and oil red O staining (Figure 

3B) demonstrated the primary cells from osteo-organoids 
(constructed with recombinant human bone morphogenetic 
protein 2-loaded gelatin sponge scaffolds) showed distinctly 
more calcified nodules and mature adipocytes than cells 
from bone marrow did, suggesting that odMSCs had greater 
osteogenic and adipogenic differentiation capabilities than 
BM-MSCs did. Concurrently, alcian blue staining of the 
cartilage revealed that MSCs from both sources had similar 
chondrogenic differentiation capabilities.
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Figure 2. Morphology of MSCs and CFU-F assay. (A) Primary cells before (P0-before) and after (P0-after) the first 
refreshing of the medium, and MSCs at 80% confluence at P0 and P1. Red and blue circles indicate spindle-shaped and 
round cells. (B) Left: Primary cells from osteo-organoids (constructed with recombinant human bone morphogenetic 
protein 2-loaded gelatin sponge scaffolds) formed larger colonies than that from bone marrow (native BM). Scale bars: 
200 μm. Right: The number of colonies in each well of a standard 6-well plate. Data are expressed as mean ± SD (n = 
3). ***P < 0.001 (Student’s t-test). CFU-F: colony forming unit-fibroblast; MSCs: mesenchymal stem cells; P: passage.

Figure 3. Cell surface phenotype and multilineage differentiation of MSCs at P2. (A) Flow cytometry of odMSCs 
(constructed with recombinant human bone morphogenetic protein 2-loaded gelatin sponge scaffolds; BMP) and 
bone marrow (native). (B) Alizarin red, oil red O or Alcian blue staining after differentiation under the osteogenic, 
adipogenic or chondrogenic induction. The osteogenic and adipogenic differentiation of odMSCs were more obvious 
than that of BM-MSCs. Black triangles indicate calcified nodules and mature adipocytes. Scale bars: 200 μm. BM-MSCs: 
bone marrow-derived mesenchymal stem cells; MSCs: mesenchymal stem cells; odMSCs: osteo-organoid-derived 
mesenchymal stem cells; P2: passage 2; Sca-1: stem cell antigen-1.
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Ageing process of osteo-organoid-derived mesenchymal 

stem cells

In order to assess the ageing process of odMSCs during in vitro 

passage, a senescence-associated β-galactosidase assay was used 
to evaluate the senescence level of cells from P0 to P2 (Figure 

4). From the staining images, it was obvious that native 
BM-MSCs (native group) had few senescence-associated 
β-galactosidase positive cells at P0. However, as the passage 
times increased, the cells gradually aged, and thus showed 

noticeable senescence-associated β-galactosidase expression. 
In contrast, for the odMSCs, light-colored products of 
β-galactosidase were observed at the P0. Despite this, the ratio 
of cells expressing β-galactosidase and the depth of blue in 
odMSCs did not change significantly throughout the passages. 
From these observations, it can be concluded that unlike BM-
MSCs, odMSCs did not exhibit significant ageing during the 
passage from P0 to P2.
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Figure 4. Upper: Ageing process for MSCs from P0 to P2. Black triangles indicate SA-β-Gal positive cells. Scale bars: 200 
μm. Lower: The proportions of SA-β-Gal positive cells. The proportion of cell senescence in the native BM-MSCs group 
(native) increased with passage, while it remained basically unchanged in the odMSCs (constructed with recombinant 
human bone morphogenetic protein 2-loaded gelatin sponge scaffolds; BMP). Data are expressed as mean ± SD (n = 3). 
***P < 0.001, ****P < 0.0001 (two-way analysis of variance followed by Bonferroni’s multiple comparison test). BM-
MSCs: bone marrow-derived mesenchymal stem cells; odMSCs: osteo-organoid-derived mesenchymal stem cells; P: 
passage; SA-β-Gal: senescence-associated β-galactosidase. 

Cell growth of osteo-organoid-derived mesenchymal 

stem cells

The odMSCs reached 80% confluence in a shorter time than 
the BM-MSCs when cultured under hypoxic conditions 
(Table 3). However, the difference at P0 was greater than 
at P1. In order to define whether the cell proliferation of 
odMSCs was still faster than that of BM-MSC after passage, 
MSCs from both sources at P2 were seeded in 60-mm dish in 
equal numbers. The MSCs were used for an EdU assay when 
cell confluence reached 80%, but no more than 100%. The flow 

cytometric scatter plots for both groups exhibited a similar 
horseshoe shape (Figure 5A). Statistical analysis indicated 
the no significant difference between the proportions of EdU+ 
cells in both groups (Figure 5B). The proportion of EdU+ cells 
for the BMP group was higher than that of the native group. 
This was further confirmed by fluorescence images (Figure 

5C and D).That is, the total number of cells in odMSCs was 
higher than that in BM-MSCs, but the proportion of EdU+ 
cells in the former was not significantly higher than that in 
the latter.

Table 3.  Time of mesenchymal stem cell passage from the osteo-organoid vs. native bone marrow

Source P0 P1 Total

Osteo-organoid 3 days 3 days 6 days

Native bone marrow 8 days 4 days 12 days

Note: P0: mesenchymal stem cells isolated from an osteo-organoid, or a tibia and a femur; P1: mesenchymal stem cells passaged at a 
split ratio of 1:3 from P0.
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The above results illustrated that the primary cells played a 
more important role in proliferation than the cells passaged 
for generations did. In other words, as the native BM group 
becomes purified, the macroscopic proliferation duration 
of these MSCs tends to align with that of odMSCs. Last but 
not least, based on the above results, we could infer that the 
growth rate of BM-MSCs at P0 was not lower than that of 
odMSCs, because the former aged faster36 (Figure 4), while 
both cell types proliferated at the same rate at P2 (Figure 5). 
Furthermore, it could be considered that the abundance of 
odMSCs at P0 was significantly higher than that of BM-MSCs 
(Figure 2B).

Discussion

The above results indicate that the MSCs obtained using 
this method exhibit superior differentiation (Figure 3B) and 
sufficient proliferation (Figure 5) levels compared with those 
obtained using traditional methods. Moreover, the osteo-
organoid assay yields a higher quantity of MSCs compared with 
BM-MSCs, since the proportion of primary MSCs to total cells 
greatly surpasses that of native bone marrow isolated in the 
same manner (Figure 2B). The number of cells isolated from 
a tibia and a femur is generally three to four times higher than 
the cells from osteo-organoids, whereas the latter achieves 
the same number of MSCs in only half the total time of the 
former (Table 3). At P2, the proliferation of MSCs from both 
sources is essentially the same. It was likely because the purity 
of MSCs with high proliferative activity increases following 
passage, leading to consistent cell growth rates. BM-MSCs 
often experience replicative senescence during expansion,37 
which results in a decline in stemness (mainly including 
capabilities of differentiation, regeneration, proliferation and 
migration).38 In contrast, the method described in this paper 
can reduce the time of in vitro expansion to delay the ageing 
process (Figure 4).The low level of senescence is one reason 
for the strong differentiation capability of odMSCs at P2. Based 
on our previous researches, we found that osteo-organoids, 
after about 1 week of development, exhibit a youthful state and 
tissue repair activity.30-32 BM-MSCs are located in the more 
developed native bone marrow, hence the younger odMSCs 

have a high abundance and the ability of anti-replicative 
senescence.

Compared with the traditional medium, the complete medium 
used in this protocol was added with Rho-associated kinase 
inhibitor, as a differentiation inhibitor, and sodium pyruvate 
and a higher proportion (20%) of fetal bovine serum were 
used to promote cell growth. The aim is to prevent the loss 
of stemness due to premature differentiation when MSCs are 
cultured in vitro. Besides, The method eventually purifies stem 
cells isolated from osteo-organoids, which exhibit a phenotype 
akin to BM-MSCs (Figure 3A), leading us to classify them as 
MSCs. However, MSCs from these two sources exhibit some 
differences in morphology, and the expression levels of cell 
markers21, 39 are not entirely consistent. Notably, CD140a, also 
known as platelet-derived growth factor alpha, is an important 
marker of myofibroblasts10, 21, 39, 40 and is highly expressed in 
odMSCs. The thinner and longer cell morphology of these cells 
is similar to the classic shape of C2C12 myoblasts cells cultured 
in vitro, which can also respond to bone morphogenetic 
protein-2 in osteogenesis-related biochemical processes.34, 40  
Therefore, we infer that odMSCs are essentially myogenic 
MSCs, and they differ from BM-MSCs in terms of cytokine 
secretion, immunological performance10, 40 and tissue repair 
activity.39, 41 Moreover, the form, structure, composition, and 
properties of the selected materials are highly customizable, 
and the implantation time32 can be selected. In theory, stem 
cells from different sources or ageing systems can be obtained. 
For example, we used a gelatin sponge added with chondroitin 
sulfate and then loaded with rhBMP-2 as a material, and 
implanted it on the back to create a periosteum-like tissue,30 
enhanced the regenerative capacity of the MSCs. Another 
example is that we used sulfonated gelatin hydrogel42 instead 
of the gelatin sponge to build growth factor-enriched niche, 
which accelerated bone regeneration. Hence osteo-organoids 
can be considered an efficient and highly flexible model for 
studying stem cells such as MSCs.

In the current clinical autologous transplantation methods,26, 27 
the quantity of extracted bone marrow is limited, but patients 
who need to use MSCs for treatment often have stem cells 
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with insufficient activity. Due to these limitations, MSCs 
from autologous bone marrow are usually not recommended 
for stem cell therapy. Even so, compared with allogeneic 
tissue, autologous tissue is more acceptable to patients due 
to factors such as higher safety, a simpler application process, 
better autonomy, and less psychological burden. Although 
transplantation matching is not required for MSCs usage, 
non-cryopreserved allogeneic stem cells used for treatments 
carry some risk from donors.43 Fresh cells have a limited usage 
window, thus the transportation efficiency directly impacts 
the success rate of the operation; the viability and activity of 
MSCs decrease under cryopreservation conditions,44 and cell 
cryopreservation reagents can cause some adverse reactions in 

vivo.45 Additionally, umbilical cord or adipose-tissue derived 
MSCs, which are commonly used in stem cell banks, do not 
exhibit high anti-inflammatory properties as well as BM-
MSCs, especially in hypoxic environments.46 Contrarily, the 
stem cells obtained through this novel protocol consider the 
benefits of autologous sources and provide high stem cell 
quantity and quality, which can be a competitive method for 
stem cell therapy.

There were still limitations in our study. The odMSCs may 
come from mixed sources. It is not completely clear the 
subtype composition and specific of odMSCs. In theory, BM-
MSCs should be the main type of odMSCs given that osteo-
organoids ultimately form complete bone structures.47 But 
in fact, our research has found that odMSCs are likely to be 
myogenic MSCs. Despite this, the proportion of various MSCs 
has not been well distinguished. For application, it takes 5 days 
for osteo-organoids to develop, and not everyone is willing to 
undergo two surgeries in such a short period of time. Therefore, 
relevant minimally invasive surgical techniques urgently need 
to be developed in order to broaden the acceptance of clinical 
applications.

In conclusion, we constructed osteo-organoids that can 
generate MSCs in large quantities, high purity, and high quality 
by means of in vivo tissue engineering. The odMSCs can be used 
in the in vitro study of stem cells through simple purification, 
and odMSCs maintain youthful states during short-term in vitro 

expansion, which will contribute to research and applications 
on reversing senescence. On this basis, more researches, 
such as the myoideum source characterisation, bone marrow 
ablation models, and scaffold materials modification, are 
underway. Furthermore, for clinical application, this method 
is a fast way to harvest high density of stem cells. Therefore, 
this study provides an alternative protocol for obtaining large 
quantities of and high quality MSCs and is expected to be a 
novel solution for stem cell therapy.
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