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ARTICLE INFO ABSTRACT
Keywords: Given the limitations of allogeneic and artificial bone grafts, bone organoids have attracted extensive attention
Bionic matrix for their physiological properties that closely resemble natural bone, offering great potential to bone recon-
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struction for critical-sized bone defects. Although early-stage bone organoids such as osteo-callus organoids and
woven bone organoids have been reported, functional bone organoids with vascularization and mineralization
are currently unavailable due to the lack of bone-mimicking matrix and dynamic culture systems suitable for the
long-term cultivation of mature bone organoids. Herein, a novel engineered bionic matrix hydrogels with
multifunctional components and double network structure are developed by incorporating calcium phosphate
oligomers (CPO) into a combination of bone-derived decellularized extracellular matrix (ECM) and salmon-
derived deoxyribonucleic acid (DNA) via photo-crosslinking and dynamic self-assembly strategies. This kind
of bionic matrix hydrogels facilitate recruitment, proliferation, osteogenesis and angiogenesis of bone marrow
mesenchymal stromal cells (BMSCs). More importantly, vascularized and mineralized bone organoids are
sequentially constructed using BMSCs-loaded engineered bionic matrix hydrogels via in vitro dynamic culture
and in vivo heterotopic ossification. Meanwhile, this kind of engineered bionic matrix are capable of achieving
efficient bone repair for cranial defect. These findings suggest that engineered bionic matrix hydrogels combined
with such dynamic culture system, providing a promising strategy for functional bone organoids construction.

1. Introduction vital internal organs [1-3]. However, various of bone defects caused by
tumor, trauma, infection and age-induced diseases will compromise the

Bone tissue, as a dynamic load-bearing structure of living organisms, integrity of skeleton, further restrict the normal activities of the body
regulates mineral homeostasis, blood-forming, and mechanically protect [4-6]. The repair of large bone defects remains a major challenge in

Peer review under the responsibility of KeAi Communications Co., Ltd.
* Corresponding authors.
** Corresponding author. Institute of Translational Medicine, Shanghai University, Shanghai, 200444, China.
**% Corresponding authors. Institute of Translational Medicine, Shanghai University, Shanghai, 200444, China.
**#% Corresponding author. Institute of Translational Medicine, Shanghai University, Shanghai, 200444, China.
E-mail addresses: wangorth@163.com (C. Wang), bailong@shu.edu.cn (L. Bai), blackrabbit@shu.edu.cn (X. Wang), drsujiacan@163.com (J. Su).
! These authors contributed equally to this work.

https://doi.org/10.1016/j.bioactmat.2025.02.033

Received 2 January 2025; Received in revised form 20 February 2025; Accepted 21 February 2025

2452-199X/© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://orcid.org/0000-0002-6840-9529
https://orcid.org/0000-0002-6840-9529
https://orcid.org/0000-0001-7080-263X
https://orcid.org/0000-0001-7080-263X
mailto:wangorth@163.com
mailto:bailong@shu.edu.cn
mailto:blackrabbit@shu.edu.cn
mailto:drsujiacan@163.com
www.sciencedirect.com/science/journal/2452199X
http://www.keaipublishing.com/en/journals/bioactive-materials
https://doi.org/10.1016/j.bioactmat.2025.02.033
https://doi.org/10.1016/j.bioactmat.2025.02.033
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioactmat.2025.02.033&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

T. Gai et al.

Bioactive Materials 49 (2025) 362-377

Salmon

DNA hydrogel

Calcium deposition 7 vivo heterotopic ossification

Scheme 1. Schematic diagram of the sequential construction of vascularized and mineralized bone organoids using engineered ECM-DNA-CPO bionic matrix
hydrogels that mimicked bone dynamic microenvironment with multifunctional components and double network structure.

clinical orthopedics, primarily because of the limited natural regenera-
tive potential of the body’s own cells [7,8]. Considering the drawbacks
of existing clinical methods, like autologous and allogeneic bone grafts,
which are hindered by a shortage of donors and the risk of immune
rejection [9,10], in vitro replication of the complex structures and
functions of specific bone tissues has become a long pursuit to achieve
the reconstruction of bone defects [11-13].

Bone organoids have attracted significant interest in bone tissue
repair because their physiological characteristics closely mimic those of
natural bone [14-17]. Different from soft tissue organoids via
self-assembling from 3D cellular clusters [18-20], bone organoids
require a mineralized structure replied on special inorganic/organic
hybrid extracellular matrix, which mimic the loading-bearing capacity
of natural bone [21-24]. More importantly, bone organoids must be able
to respond to biochemical signals in a dynamic environment, supporting
the vascularization and other functions [25-27]. These requirements
increase the complexity of constructing functional bone organoids.
Hofmann et al. firstly reported a kind of woven bone organoids via
functional 3D self-assembly of osteoblasts and osteocytes derived from
the in vitro differentiation of human bone marrow stromal cell (BMSCs),
in which mineralized matrix produced by the balance of osteocytes and
osteoblasts under biological control [28]. Besides, Ouyang et al. devel-
oped a novel type of osteo-callus organoids via endochondral ossifica-
tion by stepwise-induction in vitro using BMSCs-loaded GelMA hydrogel
microspheres. This kind of osteo-callus organoids closely resembled the
diverse cell compositions and dynamic processes seen in developmental
endochondral ossification, enabling rapid bone regeneration in large
bone defects [29]. While above-reported bone organoids including
osteo-callus organoids and woven bone organoids were still classified as
early-stage bone model, functional bone organoids with vascularization
and mineralization are currently unavailable due to the lack of
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bone-mimicking matrix and dynamic culture systems suitable for the
long-term cultivation of mature bone organoids.

To create a bionic bone environment for the construction of func-
tional bone organoids, bone-mimicking matrix hydrogels should repli-
cate the natural composition of bone tissue [30-33]. Bone derived
decellularized extracellular matrix (dECM) is considered as an ideal
material for fully mimicking organic components of the native bone
matrix [34-36]. Numerous past studies have demonstrated that bone
dECM can enhance the recruitment, proliferation, and differentiation of
BMSCs [37,38]. Furthermore, inorganic materials of bone-mimicking
matrix represent another crucial component in the bone-mimicking
hydrogel substrates. Although hydroxyapatite (HAp) could bind with
the extracellular matrix (ECM), its relatively high crystallinity and slow
degradation rate hinder the formation of bone organoid formation [39].
Calcium phosphate oligomers (CPO) exhibited proper degradation rate,
osteogenic and angiogenic abilities, which could accelerate the miner-
alization and vascularization of BMSCs within bone-mimicking matrix,
further facilitate formation of mineralized bone organoids [40-42]. In
addition, deoxyribonucleic acid (DNA) contains abundant phosphate
groups, which could enhance interactions with Ca®* ions released from
CPO, thereby accelerating mineralization in bone organoid construction
[43-45].

Taken together, we developed a novel engineered bionic matrix
hydrogels loaded with BMSCs for sequential construction of vascular-
ized and mineralized bone organoids via in vitro dynamic culture and in
vivo heterotopic ossification (Scheme 1). In which, engineered bionic
matrix hydrogels are composed of such ECM-DNA-CPO bone-mimicking
composition with double-network dynamic structure via the combined
strategies of photo-crosslinking and dynamic self-assembly. The result-
ing engineered bionic matrix hydrogels with good hydrophilicity, me-
chanical and viscoelastic properties demonstrated excellent
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recruitment, proliferation, osteogenic and angiogenic differentiation
abilities in vitro and proper degradation rate with up to 28 days in vivo,
which addresses the limitations of Matrigel, such as its rapid degrada-
tion and poor osteoinductivity, in the construction of bone organoids.
Subsequently, BMSCs-loaded bionic matrix hydrogels with its long-term
cell culture and self-mineralization were used to construct mineralized
bone organoids via in vitro dynamic culture system. Remarkably, upon
subcutaneous implantation in nude mice, the BMSCs-loaded bionic
matrix hydrogels were evolved to vascularized bone organoids via in
vivo heterotopic ossification for 4 weeks. Finally, this kind of engineered
bionic matrix successfully facilitated efficient bone repair at the cranial
defect sites in mice. These findings provide new insights for developing
innovative matrix materials for bone organoid construction and offer
promising strategies for both bone organoid development and the
treatment of clinical bone defects.

2. Materials and methods
2.1. Synthesis and characterization

2.1.1. Synthesis of methacrylated dECM (mECM) hydrogel

Firstly, 1 g of dECM (Zhenghai, China) was dissolved in 75 % acetic
acid (Aladdin, China) containing 10 mg of pepsin (Sigma, USA) at 50 °C
to prepare the dECM solution. Subsequently, 287.5 mg (1.5 mmol) of
EDC (Aladdin, China) and 172.5 mg (1.5 mmol) of NHS (Aladdin, China)
were added to the dECM solution and mixed thoroughly using a mag-
netic stirrer. In a dark environment, methacrylic anhydride (MA) was
introduced into the dECM solution, with the ratio of dECM (g) to MA
(mL) kept at 1:3, and the reaction was left to continue for 24 h. Subse-
quently, the mixture underwent dialysis for one week in pure water at
37 °C, utilizing a dialysis membrane with a molecular weight cutoff
(MWCO) of 500 Da. Finally, the dialyzed solution was lyophilized using
a freeze dryer to obtain the mECM hydrogel. To confirm the composition
of dECM, histological examination was conducted on tissue sections
stained with H&E, Masson’s trichrome, and Sirius red to verify the
components of the dECM.

2.1.2. The preparation of DNA hydrogel

A 0.5 wt% salmon DNA solution (Sigma, USA) was prepared in TE
buffer and incubated at 37 °C for 15 min to facilitate DNA hydrogel
formation. The resulting hydrogel was then stained with GelRed dye
(Life iLab, China), and its fluorescence was observed under ultraviolet
(UV) excitation.

2.1.3. The preparation of CPO

The preparation method of CPO was adopted from previously re-
ported studies [42]. First, 1.12 g of CaCly-2H20 (Aladdin, China) was
dissolved in 160 mL of ethanol. Under magnetic stirring, 22.2 mL of
triethylamine (Aladdin, China) was added to the solution. Next, 0.4 mL
of phosphoric acid (Aladdin, China) was mixed into 8 mL of ethanol and
the resulting solution was stirred at normal temperature. The two so-
lutions were subsequently combined and stirred magnetically for 12 h to
allow the reaction to occur. The resulting product was centrifuged at
6000 rpm and lyophilized to obtain CPO. The morphology of CPO was
analyzed using TEM and XRD was employed to examine the comparison.

2.1.4. Synthesis of mMECM-DNA-CPO hydrogels

mECM (10 wt%), salmon DNA (0.5 wt%), and CPO (1 wt%) were
dissolved in a PBS solution containing 0.25 wt% photoinitiator Lithium
Phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) at 60 °C. After com-
plete dissolution, the solution was exposed to 405 nm UV light for 5-10 s
to form the mECM-DNA-CPO. To confirm MA grafting, non-grafted
dECM and mECM hydrogel powders were dissolved in heavy water
and analyzed by nuclear magnetic resonance (NMR). The distribution of
DNA in the mECM-DNA-CPO hydrogel was observed by staining the
hydrogel in SYBR Green I. The interaction between CPO and mECM was
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characterized using Fourier transform infrared (FTIR) spectroscopy.

2.1.5. Characterization of mECM-DNA-CPO hydrogels

SEM was used to examine the hydrogel morphology. Samples were
prepared and freeze-dried according to the methods described in the
previous section. To enhance the conductivity of the material, the
sample surfaces were coated with Au. The images were captured using a
scanning electron microscope (JSM-7500F, Japan) at 5 kV magnifica-
tion, and elemental analysis was performed using the integrated energy
dispersive spectroscopy (EDS) system (AztecLive Ultim-Max 100,
China). The hydrogel was evenly dropped onto a glass slide, followed by
UV irradiation to induce gelation and obtain a stable hydrogel. Subse-
quently, the sample was placed on a contact angle goniometer, and 3 pL
of distilled water was applied to the surface of the hydrogel. The contact
angle between the water droplet and the hydrogel surface was imme-
diately captured using a camera after the droplet made contact with the
surface using a contact angle meter. After the hydrogel was completely
swollen in PBS, its hardness was analyzed using a nano indentation in-
strument (unht3-bio step300 anton paar). After gelation of the hydrogel,
small amplitude frequency sweep tests were performed at 37 °C to
evaluate the storage modulus (G, loss modulus (G"), and viscoelasticity
within the frequency range of 0.01-100 rad/s. The swelling ratio of the
hydrogel was measured by weight. The initial dry weight of the hydrogel
(Mp) and its weight after swelling in PBS at room temperature (M;) were
recorded, ensuring excess surface water was removed with absorbent
paper prior to weighing. The swelling ratio was determined using the
following equation: Swelling ratio = (M1/Mp) x 100 %. To evaluate the
degradation of the hydrogel, the initial mass of hydrogel degradation is
My, then the hydrogel was submerged in PBS at 37 °C on a shaker. At
different time intervals, the remaining hydrogel was freeze-dried and
weighed (M;). The residual mass of the hydrogel was calculated using
the following equation: Residual mass = [(My-M;)/Mp] x 100 %. In the
Ca®" release experiment, mECM-DNA-CPO hydrogel was first prepared
and placed in a centrifuge tube. An appropriate amount of PBS was
added to completely immerse the sample, which was then incubated at
37 °C on a shaker at 100 rpm. At specified time intervals, 500 pL of the
solution was sampled, and an equal volume of fresh PBS was added to
replace it. The calcium ion concentration was measured using a Ca?*
detection kit (Beyotime, China).

2.2. Invitro cell analysis

2.2.1. Cell culture

Mouse BMSCs and HUVECs used in this study are derived from the
same batch of commercial cell lines and obtained from OriCell
(Shanghai, China), and all cell experiments were conducted using cells
from passages 3 to 6. BMSCs and HUVECs were cultured in complete
medium (MEM, Corning, USA) supplemented with 10 % fetal bovine
serum (FBS, Sigma, USA) and 1 % penicillin-streptomycin (Gibco, USA),
and in endothelial cell medium (ECM, Sciencell, USA), respectively. The
cells were maintained at 37 °C in a 5 % CO, incubator, with the culture
medium being replaced every two days, and the cells were cultured to
the 3rd-6th passage for in vitro experiments.

2.2.2. Cell seeding in the hydrogels

In the subsequent cell experiments, BMSCs were seeded into the
hydrogel at a concentration of 5 x 10° cells/mL. The BMSCs were
resuspended in the hydrogel precursor solution, and the cell density was
adjusted to the desired concentration. The cell-laden hydrogel precursor
solution was poured into cylindrical molds and exposed to 405 nm ul-
traviolet light for 5-10 s to form the gel. The hydrogel was divided into
three groups: (1) mECM, (2) mECM-DNA, and (3) mECM-DNA-CPO, for
further studies. We first prepared the hydrogel extract. Specifically, the
UV-cured hydrogel was repeatedly rinsed with PBS to remove unreacted
residues. The hydrogel was then immersed in DMEM medium at a ratio
of 1:10 (g/mL) and incubated at 37 °C for one week to ensure that all
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soluble components of the hydrogel were fully dissolved. The resulting
solution was subsequently filtered using a 0.22 pm membrane to obtain
the hydrogel extract.

2.2.3. Cytotoxicity and proliferation assay

In all in vitro cell experiments, including those unrelated to osteo-
genic induction, such as CCK-8 assays and angiogenesis experiments, the
CON group was cultured in basic medium without the addition of
hydrogel extract. The distribution and viability of cells within the bionic
matrix hydrogel were evaluated using live/dead cell staining. After
seeding BMSCs in the hydrogels, cells were cultured for 1, 3, and 7 days.
The cells were then treated with a Calcein AM/PI kit and incubated for
30 min, and cell viability was analyzed using a laser confocal scanning
microscope (Olympus FV3000, Japan). Additionally, cell proliferation
was evaluated using the CCK-8. After culturing cells in 96-well plates for
1, 3, and 7 days, the medium was then replaced with fresh medium
containing 10 % CCK-8 reagent. The cells were incubated in a cell
incubator, after which the absorbance of the supernatant at 450 nm was
measured using a multifunctional microplate reader to assess cell pro-
liferation. The MEM medium without BMSCs was used as the negative
control, and the corresponding values were subtracted during data
analysis.

2.2.4. Cytoskeleton and migration assay

To examine the scaffold morphology of BMSCs within the hydrogel,
cells were stained with rhodamine-labeled phalloidin and DAPI on day
14 after seeding. Three-dimensional images were captured using a laser
confocal scanning microscope to visualize cell morphology within the
hydrogel. Additionally, a 24-well transwell co-culture system was used
to assess the migration capability of BMSCs. BMSCs (2 x 10* cells) were
seeded into the upper chamber, while 200 pL of hydrogel was placed in
the lower chamber containing serum-free medium. After 12 h of incu-
bation, the transwell chambers were stained with crystal violet.
Migrated cells in the lower chamber were observed using an inverted
microscope (Olympus, Japan) to evaluate BMSCs migration.

2.2.5. Alkaline phosphatase and alizarin red staining

In the in vitro osteogenic induction cell experiment, the CON group
refers to cells cultured in osteogenic induction medium. BMSCs were
plated in 24-well plates at a density of 2 x 10* cells per well. When the
cells reached approximately 60 % confluence, the culture medium was
substituted with osteogenic induction medium prepared using hydrogel
extract, containing 10 mM p-glycerophosphate (B-GP, Sigma, USA), 50
pg/mL ascorbate-2-phosphate (Sigma, USA), and 10 nM dexamethasone
(Sigma, USA). After staining, the wells were washed with PBS to remove
excess dye, and images were captured using a microplate reader.

2.2.6. Angiogenesis assay

The hydrogel extract was prepared using the above method, and
DMEM medium prepared with the extract was used to culture HUVECs
for 24 h. Subsequently, tube formation and scratch assays were per-
formed. Matrigel (50 pL, Corning, USA) was coated onto the bottom of a
96-well plate and incubated at 37 °C for 30 min to allow gelation.
HUVECs were plated at a concentration of 2 x 10* cells per well onto the
matrigel layer and incubated at 37 °C. At 4 h and 8 h after incubation,
the cells were stained with Calcein AM, and images were captured using
a fluorescence microscope. Tube formation was quantified using ImageJ
software. The migration ability of HUVECs was detected by scratch test.
HUVECs were seeded at a concentration of 1 x 10° cells per well. Once
the cells reached 90 % confluence, the medium was replaced with
serum-free medium, and the cells were starved for 12 h. Linear scratches
were introduced into the monolayer using a sterile pipette tip. After 12
and 24 h of incubation with serum-free extracts from different hydro-
gels, the cells were stained with Calcein AM and then examined under a
fluorescence microscope.
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2.2.7. Quantitative real time polymerase chain reaction analysis

BMSCs and HUVECs were separately seeded into plates at a density
of 2 x 10° cells and cultured for 7 days in osteogenic induction medium
and ECM medium supplemented with hydrogel extract, respectively.
Total RNA was extracted using the RNAiso Plus kit and then reverse-
transcribed into ¢cDNA using the reverse transcription kit (Takara,
Japan). The expression levels of genes associated with osteogenesis and
angiogenesis were quantified using qRT-PCR. The sequences of the
primers used are listed in Tables S1 and S2. At the time of data pro-
cessing, the CON group was normalized.

2.2.8. Western blot analysis

After 7 days of osteogenic induction of BMSCs within the hydrogel,
proteins were extracted using RIPA lysis buffer. RIPA lysis buffer was
supplemented with PMSF, protease inhibitors, and phosphatase in-
hibitors to prevent protein degradation. To prevent nonspecific protein
binding, the samples were initially incubated with bovine serum albu-
min to block the surfaces. The samples were then incubated overnight at
4 °C with rabbit anti-COL I, anti-RUNX2, and anti-OCN antibodies
(1:1000 dilution, Proteintech). Following this, the samples were incu-
bated at room temperature for 2 h with goat anti-rabbit IgG H&L sec-
ondary antibody (1:10000, Servicebio). The samples were then detected
using an enhanced chemiluminescence system. Finally, the expression
levels of the target proteins were quantitatively analyzed using ImageJ
software.

2.2.9. Transcriptomic analysis (mMRNA-seq)

After 14 days of BMSC induction within the hydrogel, the hydrogel
was cryo-fractured in liquid nitrogen, and total RNA was isolated from
the cells using Trizol. The corresponding RNA library was prepared and
subjected to high-throughput sequencing (GENE DENOVO, China). In
this study, genes with a q-value below 0.05 and a fold change greater
than 2 or less than 0.5 were regarded as exhibiting significant differ-
ential expression. Moreover, gene and pathway enrichment analysis
were carried out using multiple analytical methods.

2.3. Invitro construction of bone organoids

BMSCs were embedded in mECM-DNA-CPO hydrogels and cultured
under two different conditions: a static culture group in a 24-well plate
and a dynamic culture group in an organ-on-a-chip system. These groups
were designated as Static and Dynamic, respectively. In the two chan-
nels connected to the dynamic culture system, mECM-DNA-CPO
hydrogel loaded with cultured BMSCs and osteogenic medium were
placed, respectively. Gas was supplied at a flow rate of 12 BPM to pro-
vide sufficient force for the medium to circulate within the culture
system, simulating the natural bone microenvironment. After culturing
for 1, 2, 3, and 4 weeks, the samples were collected and scanned using a
Micro-CT (Skyscan 1176, Bruker) to assess the mineralization ability of
the organoids in vitro. Three-dimensional images were obtained using
the micro-CT system at 65 kV and 80 pA. The three-dimensional images
were reconstructed using NRecon software. Using CTAn software, a
circular region with a diameter of 500 pixels was selected, and a section
range of 100 + 10 layers was chosen for mineralization parameter
analysis. Additionally, tissue section staining was performed to verify
the new bone formation capability.

2.4. In vivo construction of bone organoids

BMSCs were incorporated into different groups of hydrogels and
subcutaneously injected into 4-6-week-old female BALB/C nude mice.
After culturing for 2 and 4 weeks, the samples were collected and
scanned using a micro-CT system to assess the in vivo mineralization
capability of the bone organoids. Additionally, tissue section staining
was conducted to assess new bone formation. To further assess the in vivo
degradation ability of the hydrogels, we first soaked the hydrogels in a
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Fig. 1. Component analysis of bionic matrix hydrogel. (A-C) H&E, Masson, and Sirius Red Staining of dECM. (D) Schematic diagram of CPO preparation. (E) TEM
images of CPO. (F) XRD analysis of CPO. (G) Schematic diagram of DNA self-assembly into hydrogel. (H) Gelred-stained DNA hydrogel.

Cy5.5 NHS solution (DuoFluor, China) for 1 h to label the hydrogels,
followed by rinsing with PBS to remove excess dye. The labeled
hydrogels were then implanted into the dorsal region of C57BL/6 mice.
The in vivo retention of the hydrogels was monitored using an in vivo
imaging system (AniView100, China), with excitation and emission
wavelengths set to 675 nm and 740 nm, respectively.

2.5. In vivo osteogenesis evaluation

2.5.1. Mice cranial defect model and Micro-CT analysis

Animal experiments were conducted in accordance with the guide-
lines approved by the ethics committee of Shanghai University. Critical-
sized bone defects were created in 6-8-week-old male C57BL/6 mice for
in vivo osteogenesis studies. Under general anesthesia with pentobar-
bital sodium, a 3 mm diameter cranial defect was created on the right
side of the mouse cranial using a circular saw. The hydrogel containing
BMSCs was then implanted into the defect site, and the wound was su-
tured. The experiment was categorized into four groups: (1) CON group;
(2) mECM hydrogel group; (3) mECM-DNA hydrogel group and (4)
mECM-DNA-CPO hydrogel group. In animal experiments, the CON
group, only the cranial defect procedure was performed, without any
additional interventions. Mice were euthanized at six- and twelve-weeks
post-surgery, and their cranials were collected and fixed in 4 % para-
formaldehyde. Subsequently, three-dimensional images were obtained
using a micro-computed tomography system at 50 kV and 60 pA. The
images were reconstructed using NRecon software, and parameters
related to new bone formation were analyzed using CTAn software.

2.5.2. Histological and immunohistochemical staining
The mice cranials samples were decalcified in a 10 % EDTA solution
(Servicebio, China) for 4 weeks. Subsequently, the underwent
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dehydration through a stepwise ethanol series, followed by paraffin
embedding before sectioning. H&E staining and Masson’s trichrome
staining were performed to analyze the cells and tissue’s structure.
Immunohistochemistry was used to detect the expression of COL I, while
immunofluorescence was employed to assess the expression of OCN and
CD31, assessing new bone formation and angiogenesis. After 12 weeks
post-surgery, the heart, liver, kidney, spleen, and lungs of the mice were
collected and subjected to pathological staining to evaluate the
biocompatibility of the bone organ constructs.

2.6. Statistical analysis

Experimental data were analyzed using GraphPad Prism software.
All experimental results were obtained from a minimum of three inde-
pendent experiments and are expressed as the mean + standard devia-
tion (SD). Comparisons between multiple groups were conducted using
one-way analysis of variance (ANOVA). Statistical significance was
considered for p values < 0.05.

3. Results and discussion

3.1. Preparation and characterization of bionic matrix hydrogel
components

First, the individual components of the bionic matrix hydrogel were
prepared and characterized. dECM consists of a variety of proteins that
confer tissue-specific physiological functions. Numerous studies have
elucidated the intricate protein composition of bone-derived dECM. In
this study, dECM was obtained from the femur of pigs. We employed
histological staining to validate the components of dECM. H&E staining
confirmed the successful removal of cells, cell debris, and nuclei from
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Fig. 2. Preparation process and performance characterization of bionic matrix hydrogel. (A) Schematic diagram of mECM-DNA-CPO preparation. (B) 'H NMR
spectrogram of mECM and dECM. (C) Staining of DNA network with SYBR Green 1. (D) FTIR spectra of bionic matrix hydrogel. (E) The image before and after
gelation. (F) SEM images of bionic matrix hydrogel. (G) EDS images of bionic matrix hydrogel. (H) Hydrophilic contact angle of bionic matrix hydrogel. (I) Hardness
of bionic matrix hydrogel. (J-K) Rheological analysis and viscoelastic properties of bionic matrix hydrogel. (L) The swelling ratio of bionic matrix hydrogel in PBS.
(M) Residual mass of the biomimetic matrix hydrogel in PBS at 37 °C in vitro. All data were obtained from a minimum of n = 3 independent experiments and are

expressed as mean + SD. **P < 0.01, ***P < 0.001 compared to Blank group.

dECM (Fig. 1A). Additionally, Masson’s trichrome staining and sirius red
staining demonstrated the presence of abundant collagen in the dECM
(Fig. 1B-C). Collagen, particularly type I collagen (COL I), is a key
component of the skeleton [46]. Its regular triple-helix structure pro-
vides nucleation sites for the deposition and growth of inorganic min-
erals. In the previous study, we established the preparation method for
CPO (Fig. 1D). Transmission electron microscopy (TEM) imaging
showed that CPO was a nanoparticle with uniform size (Fig. 1E). X-ray
diffraction (XRD) analysis indicates that CPO was the mixture of
CaHPOy, Ca3(PO4), and CaHyP207 phases, providing a foundation for
in-situ biomimetic mineralization of hydroxyapatite (HAp) resembling
bone in mineralized bone construction (Fig. 1F). Furthermore, the Cat
not only provide nucleation sites for the biomineralization of bone
organoids but also promote angiogenesis. The maximum cell viability
was observed when the CPO content was 1 wt %. Therefore, a CPO
concentration of 1 wt % was selected for the construction of the hydrogel
(Fig. S1). Salmon DNA, as a natural long-chain DNA, can self-assemble
into DNA hydrogels through base complementary pairing (Fig. 1G).
The DNA hydrogel was stained with GelRed, and red fluorescence
emitted by the DNA within the hydrogel was observed (Fig. 1H). The
negative charges, particularly the phosphate groups, in the DNA
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hydrogel, can form coordination complexes with CPO, thereby pro-
moting mineral nucleation. These results indicate that the preparation of
all components has been successfully completed, laying the foundation
for the fabrication of the bionic matrix hydrogel.

3.2. Fabrication and characterization of bionic matrix hydrogel

The construction of bone organoids requires a culture matrix that
provides a biomimetic microenvironment. Through the modification
and interaction of its components, a mECM-DNA-CPO hydrogel was
developed to replicate the bone microenvironment (Fig. 2A). First,
dECM was modified by adding MA, resulting in the formation of mECM
hydrogel. Under the irradiation of 405 nm ultraviolet light, the mECM
hydrogel precursor solution reacted with the photoinitiator LAP to
achieve the transition from liquid to gel state. As shown in Fig. 2B, 'H
NMR analysis revealed that new characteristic peaks between about 5.3
and 6.2 ppm appeared in mECM group, which refers to the protons of
methacrylate vinyl group of MA (Fig. 2B). Next, we added salmon DNA
to the ungelled mECM precursor solution to form the mECM-DNA
hydrogel. To verify the distribution of DNA within the hydrogel, we
stained the DNA using SYBR Green I. The results showed that the DNA



T. Gai et al.

mECM-DNA

@)
a
Q
<
z
5
=
O
i
S

Bioactive Materials 49 (2025) 362-377

-
L 3

MECM-DNA-CPO
14D

Fig. 3. Cellular behavior of bionic matrix hydrogel. (A) Recruitment of BMSCs by bionic matrix hydrogel. (B) Distribution and live/dead analysis of BMSCs in bionic
matrix hydrogel. (C) Cytoskeletal network of BMSCs in bionic matrix hydrogel. All data were obtained from a minimum of n = 3 independent experiments and are

expressed as mean + SD. **P < 0.01, ***P < 0.001 compared to Blank group.

was evenly distributed throughout the mECM-DNA hydrogel, confirm-
ing that the dECM and DNA form a uniform and interwoven dual
network within the mECM-DNA hydrogel (Fig. 2C). Next, we added CPO
to the mECM-DNA, where the Ca?* in CPO interact strongly with the
carboxyl groups in mECM, facilitating their connection. To verify the
successful incorporation of CPO, FTIR analysis was conducted. Both the
mECM and mECM-CPO groups exhibited a typical peak at around 1395
em ™, corresponding to the C-O stretching vibration of the carboxyl
group. Notably, mECM-CPO group also displayed a peak at 1444 cm ™%,
which is attributed to the interaction between Ca?" and the carboxyl
groups in mECM (Fig. 2D). To verify the formation of the mECM-DNA-
CPO hydrogel, an inversion test was performed. After exposure to 405
nm UV light for 5-10 s, the mECM-DNA-CPO successfully transitioned
from a liquid to a gel state. (Fig. 2E).

After the successful preparation of the mECM-DNA-CPO hydrogel, its
characteristics were analyzed using various methods. The SEM images
show that the freeze-dried mECM, mECM-DNA, and mECM-DNA-CPO
hydrogels all exhibit a uniform porous structure with similar pore
sizes (Fig. 2F). This porous structure facilitates cell migration and
adhesion. Additionally, cross-linked CPO was observed within the
mECM-DNA-CPO hydrogel. Compared to CPO alone, the morphology of
CPO in mECM-DNA-CPO appeared altered, with a more heterogeneous
size distribution, likely due to the aggregation of CPO during its inter-
action with mECM. Through porosity analysis, it was found that the
addition of salmon DNA increased the porosity of the hydrogel. This may
be attributed to the double network formed by the self-assembly of
salmon DNA, which enlarged the pore size of the hydrogel (Fig. S2). EDS
analysis revealed a uniform distribution of elements throughout the
hydrogel. Moreover, compared to the mECM group, the mECM-DNA-
CPO group exhibited an increased and evenly distributed presence of
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Ca elements, confirming the uniform crosslinking of CPO within the
hydrogel (Fig. 2G and S3). The hydrophilicity of the hydrogel was
verified through contact angle measurements (Fig. 2H). Following the
addition of DNA and CPO, the hydrophilicity of the hydrogel slightly
decreased, although the difference was not statistically meaningful. This
is likely attributed to the lower hydrophilicity of DNA hydrogels and
CPO compared to mECM. Additionally, the incorporation of DNA and
CPO resulted in a gradual increase in the stiffness of the hydrogel
(Fig. 2I). Since bone organoids require mechanical support, the
enhanced stiffness of mMECM-DNA-CPO provides a significant advantage
for their formation. Rheological analysis revealed that, across a fre-
quency range of 0.01-100 rad/s, the elastic shear storage modulus (G')
consistently exceeded the viscous shear loss modulus (G"), indicating
that the hydrogel preserved a relatively stable structure. Moreover, the
addition of DNA and CPO resulted in an increase in G, which enhanced
the elasticity of both mECM-DNA and mECM-DNA-CPO hydrogels
(Fig. 2J). This observation was further validated by analyzing the
viscoelastic profiles obtained from the rheological experiments
(Fig. 2K). The high viscoelasticity of the hydrogel more closely mimics
the mechanical microenvironment of the ECM, facilitating the rear-
rangement and self-healing of hydrogel molecules. The swelling ratio
and degradation rate of the samples were evaluated by weighing. In the
swelling experiment, all samples displayed similar behavior, reaching
swelling equilibrium at approximately 24 h with a swelling ratio of
around 900 %. However, the mECM-DNA-CPO group showed slower
swelling during the first 8 h compared to the other hydrogels, which is
likely attributed to the presence of CPO in the mECM-DNA-CPO
(Fig. 2L). In addition, degradation performance is a crucial role in the
practical application of biomaterials for organoid construction. All
samples exhibited similar degradation behaviors, with no statistically



T. Gai et al.

mECM
mECM- mECM-

mECM-DNA

E

Bioactive Materials 49 (2025) 362-377

CON mECM_DNA _DNACPO
[E=T P o ]

mECM

o
54 FEE £e FEE
< Z —
.‘6 L3
2 3- 5 .1.
&
S § 4
2 - ?
2 2- & g
o e
X o Q
o H 5 2+ tat.
s m :
s 2 —
& -]
K .
X 0——7—T—7 g 0T T
~N
Zs ET33 56 FF T
E o —
-
- o
] c
5 2 8 44
7 o 2 = 3
2 ~ ‘?:'
21 - v 24
@ @ S
© 3 —
? 0—T—1 ¢ 0——T—T1
mECM-DNA-CPO oy z
EXT3 o R
8 08 ———
-
5 3] 2
5 § o ~
14 g 2 ﬁ g
4 * ‘9_4—
x
13 o | ~ 5
2 1- - 2 2- -t
] 5 |-
@ (]
12 é 0 LI x 0 | I
CON mECM
11
mMECM-DNA == mECM-DNA-CPO

1,073 1164 1225
1154

mECM-DNA mECM-DNA-CPO

Fig. 4. Verification of osteogenic mineralization functionality of bionic matrix hydrogel in vitro. (A) ALP staining of BMSCs cultured in bionic matrix hydrogel for 7
days. (B) ARS staining of BMSCs cultured in bionic matrix hydrogel for 14 days. (C) Changes in ALP, BMP2, RUNX2, OCN, COL I, and OPN after co-culture of BMSCs
with bionic matrix hydrogel. (D-E) Changes and quantitative analysis of COL I, RUNX2, and OCN proteins. All data were obtained from a minimum of n = 3 in-
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significant differences. However, the mECM-DNA group exhibited
slightly more degradation, with approximately 7.83 % of the sample
remaining after 28 days. In comparison to the mECM group, the DNA in
the mECM-DNA group exhibited a greater tendency to degrade. How-
ever, the degradation rate of the mECM-DNA-CPO group was between
that of the mECM and mECM-DNA groups, which may be attributed to
the addition of CPO, which interacts with mECM and slows down the
hydrogel’s degradation (Fig. 2M). While in vitro degradation experi-
ments provide insights into the hydrogel’s degradation time, the
degradation time observed in vitro does not directly correlate with in vivo
degradation due to factors such as biomineralization and tissue growth.
In addition, the results of the calcium ion release experiment show that
the release of calcium ions in PBS remained uniform during the first 14
days. However, after 14 days, the release rate of calcium ions slightly
slowed down, but it remained rapid (Fig. S4). The diverse properties of
this biomimetic matrix hydrogel make it highly suitable for subsequent
cell culture and differentiation, playing a pivotal role in facilitating
cellular processes.

3.3. Cellular behavior of the bionic matrix hydrogel

Cell viability, adhesion, and proliferation within the hydrogel are
crucial for organoids formation. First, the recruitment ability of the
hydrogel for BMSCs was assessed using the transwell experiment
(Fig. 3A and S5A). Compared to the CON group, the hydrogel signifi-
cantly enhanced the migration ability of BMSCs, demonstrating its
effectiveness in recruiting BMSCs. Notably, in the transwell experiment,
since the BMSCs did not directly contact the hydrogel, cell recruitment
was primarily attributed to ions released by the hydrogel. Subsequently,
the proliferation capacity of BMSCs was assessed using the CCK-8 assay
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P < 0.001 compared to Blank group.

after 1, 3, and 7 days of exposure to the hydrogel extract (Fig. S5B). As
the culture time increased, the OD values gradually rose, indicating that
the number of BMSCs increased with proliferation. Moreover, no sta-
tistically significant differences were observed between the groups at
any time point, indicating outstanding cell compatibility. Furthermore,
live/dead staining of BMSCs cultured in the bionic matrix hydrogel in a
three-dimensional environment revealed that the BMSCs were evenly
distributed within the hydrogel with very few dead cells. An interesting
phenomenon was also observed: initially, the cells were uniformly
distributed within the hydrogel and exhibited an oval shape. However,
over time, the pseudopodia of the BMSCs extended outward, eventually
forming a complex three-dimensional network (Fig. 3B). After 14 days of
culture, cytoskeleton staining of the BMSCs revealed the formation of
this three-dimensional network. In the mECM hydrogel, the BMSCs
cytoskeleton was not fully spread, while in the mECM-DNA and mECM-
DNA-CPO groups, a well-defined three-dimensional network was
observed (Fig. 3C). The formation of a cellular network facilitates the
establishment of connections within the three-dimensional space, which
not only supports cell aggregation but also promotes signal transmission
between cells and between cells and the matrix. This is highly important
for the development and functional implementation of bone organoids.
These results demonstrate that this novel bionic matrix hydrogel can
support the long-term culture of BMSCs, establishing a foundation for its
role promoting BMSCs osteogenic differentiation and HUVEC angio-
genesis, thereby facilitating the construction of bone organoids.

3.4. Effect of bionic matrix hydrogel on osteogenic differentiation of
BMSCs

After characterizing the cell compatibility and scaffold morphology
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Fig. 5. Functional verification of angiogenesis promotion by bionic matrix hydrogel in vitro. (A-B) Migration assay and quantitative analysis of HUVECs. (C-F) Tube
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of the bionic matrix hydrogel with BMSCs, we further examined its
impact on enhancing osteogenic differentiation. The osteogenic differ-
entiation is marked by the expression of alkaline phosphatase (ALP) in
the early stage and alizarin red staining (ARS) in the late stage. After 7
days of BMSCs differentiation, ALP staining showed gradually increasing
intensity in the mECM, mECM-DNA, and mECM-DNA-CPO groups
(Fig. 4A and S6A). ARS binds to calcium deposits by chelating with Ca®",
serving as an indicator of late-stage osteogenic mineralization. After 14
days of BMSCs differentiation, ARS staining showed a marked increase
in mineral deposition in the mECM group compared to the CON group.
Notably, the mECM-DNA-CPO group exhibited the highest level of cal-
cium deposition, aligning with the ALP staining results. These findings
confirm the osteogenic potential of the bionic matrix hydrogel (Fig. 4B
and S6B). Furthermore, the expression levels of osteogenic markers,
including ALP, BMP2, COL I, RUNX2, OCN, and OPN, were measured
using qRT-PCR after 7 days of culture (Fig. 4C). The results demon-
strated a significant increase in the expression of osteogenic
differentiation-related genes on day 7, corresponding to changes in the
culture matrix. This finding indicates that the novel matrix hydrogel
effectively enhances osteogenic differentiation at the genetic level. To
further confirm the expression of related proteins, Western blotting was
performed. The results indicated that the expression levels of osteogenic
proteins, including COL I, RUNX2, and OCN, were significantly elevated
in the mECM-DNA-CPO group compared to the other groups (Fig. 4D-E).
This further confirms that mECM-DNA-CPO not only promotes osteo-
genesis at the genetic level but also enhances the expression of osteo-
genic proteins at the protein level. In conclusion, we demonstrate that
this bionic matrix hydrogel can construct a bone microenvironment
similar to natural bone, accelerating the osteogenic mineralization
process of BMSCs. This highlights its potential as an excellent substrate
for bone organoid construction.

3.5. Effect of bionic matrix hydrogel on angiogenesis of HUVECs
Vascular regeneration is a crucial process in bone tissue regenera-

tion, as an adequate blood supply ensures the delivery of essential nu-
trients and oxygen to support bone tissue repair and growth. Therefore,
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the development of vascularized bone organoids represents a promising
and innovative approach for constructing functional bone organoids.
Studies have shown that the natural proteins in mECM, as well as the
Ca?" released from CPO, can stimulate endothelial cells to secrete
angiogenesis-related growth factors, thereby accelerating endothelial
cell proliferation and angiogenesis [47]. To explore the effect of
mECM-DNA-CPO on angiogenesis, we conducted relevant experiments
using HUVEGs. First, we evaluated the proliferation ability of HUVECs
using the CCK-8 assay (Fig. S7). As the culture time increased, the OD
values gradually increased, indicating that the hydrogel exhibited no
toxicity toward HUVECs. The migration ability of HUVECs was further
evaluated using a scratch assay (Fig. 5A-B). Both mECM, mECM-DNA,
and mECM-DNA-CPO accelerated the migration of HUVECs toward
the wound area. Notably, the mECM-DNA-CPO group exhibited a
significantly faster wound healing rate compared to the other groups.
The accelerated recruitment of endothelial cells facilitates the formation
of new blood vessels in vascularized bone organoids and expedites the
process of vascularized bone repair in bone tissue. Tube formation as-
says showed that both mECM-DNA and mECM-DNA-CPO groups formed
distinct circular lumen structures within 4 h. By 8 h, a well-defined
vascular network was observed in the mECM-DNA-CPO group
(Fig. 5C). Quantitative analysis demonstrated a gradual increase in the
number of branching points, tube formation, and tube length from the
CON group to the mECM-DNA-CPO group (Fig. 5D-F). To evaluate the
regulatory effect of the hydrogel on angiogenesis at the genetic level, the
expression of angiogenesis-related genes was examined. Both eNOS and
CD31 expressions were increased (Fig. 5G-H). ELISA measurements of
VEGF concentration in the supernatant from different experimental
groups exhibited a similar trend (Fig. 5I). The excellent pro-angiogenic
ability of this bionic matrix hydrogel holds substantial significance for
the construction of vascularized bone organoids.

3.6. Transcriptome analysis of BMSCs in bionic matrix hydrogels
To further investigate the effects of this novel bone-mimetic matrix

hydrogel on BMSCs, mRNA sequencing (mRNA-seq) was performed to
analyze gene expression. Principal component analysis (PCA) revealed
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high reproducibility among the samples, with significant differences
between the groups, indicating the reliability of the transcriptome data
(Fig. 6A). Analysis revealed that the mECM-DNA-CPO group exhibited
1990 differentially expressed genes (DEGs) compared to the CON group,
including 312 upregulated and 1678 downregulated genes (Fig. 6B). A
volcano plot was used to display the distribution of significantly
changed DEGs (Fig. 6C). Additionally, we performed gene ontology
(GO) analysis on the upregulated genes, classifying DEGs into biological
processes, cellular components, and molecular functions. Compared to
the CON group, the mECM-DNA-CPO group exhibited significant upre-
gulation of genes associated with biological processes such as ECM
production, cell migration, cell proliferation, osteogenic differentiation,
and angiogenesis. Similarly, genes related to molecular functions,
including biomolecular activity and collagen binding, were also signif-
icantly upregulated (q-value <0.05 and 0.6 < |log2FC| < 1) (Fig. 6D).

Next, Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analysis was performed revealing significant upregulation of
osteogenesis-related signaling pathways, such as Wnt signaling, cell
proliferation, and extracellular matrix development pathways (Fig. 6E).
We further conducted GSEA analysis, which revealed that mECM-DNA-
CPO significantly upregulated cell cycle progression while down-
regulating the acetylation of histones bound to the promoters of Sirt6,
Notchl, and Notch4 genes [48] (Fig. 6F-G). Analysis of these two
pathways revealed that moderate enhancement of the cell cycle pro-
motes BMSCs proliferation and accelerates the mineralization of bone
organoids [49]. Additionally, Sirt6, as an acetylated protein binding to
the promoters of Notchl and Notch4 genes [50,51], when down-
regulated, increases the expression of Notchl and Notch4, thereby
upregulating the Notch signaling pathway, which in turn accelerates
osteogenic differentiation and angiogenesis [52]. In conclusion,
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Fig. 7. Construction of mineralized bone organoids via in vitro dynamic culture. (A) Schematic diagram of dynamic in vitro construction of bone organoids. (B)
Macroscopic images of bone organoids constructed via dynamic in vitro culture. (C-E) 3D reconstruction and quantitative analysis of bone organoids cultured
dynamically in vitro. (F) ARS staining images of bone organoids constructed via dynamic in vitro culture. All data were obtained from a minimum of n = 3 inde-
pendent experiments and are expressed as mean + SD. **P < 0.01, ***P < 0.001 compared to Blank group.

mECM-DNA-CPO enhances osteogenic differentiation and angiogenesis
of BMSCs by accelerating cell proliferation and migration, significantly
increasing ECM synthesis, and improving cell adhesion to the ECM.
These results indicate that mECM-DNA-CPO exhibits excellent osteo-
genic and pro-angiogenic capabilities, providing a favorable biomimetic
matrix environment for the subsequent construction of bone organoids.

3.7. Bionic matrix hydrogels to construct bone organoids in vitro

To verify the ability of the bionic matrix hydrogel to construct self-
mineralizing bone organoids in vitro, we cultured mECM-DNA-CPO
hydrogel containing BMSCs under both static culture and dynamic
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organoid culture system conditions (Fig. 7A). The dynamic culture
system consists of two connected culture wells and channels. One well is
designated for the organoids, while the other contains the culture me-
dium. Bone organoids were cultured using a set gas flow rate of 12 BPM
(Fig. S8). In the organoid culture system, dynamic fluid flow provides a
uniform distribution of nutrients and oxygen, while also eliminating
metabolic waste. This creates a microenvironment that more closely
mimics in vivo conditions, facilitating the construction of bone organo-
ids. This system better simulates the interactions between cells, the
extracellular matrix, and the surrounding environment, which enhances
the mineralization rate of the bone organoids. With increasing culture
time, the former bone organoids gradually became transparent, and
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Blank group.

visible white calcium deposits were clearly observed by the naked eye
(Fig. 7B). Micro-CT analysis revealed a significant increase in mineral
deposition within the bone organoids as culture time progressed.
Additionally, mineral deposition was slightly greater in the dynamic
culture system compared to the static culture (Fig. 7C). Analysis of bone
mineral density (BMD) and bone volume-to-tissue volume ratio (BV/TV)
further confirmed that bone organoid formation was slightly enhanced
under dynamic culture conditions compared to static culture, high-
lighting the suitability of dynamic culture for bone organoid construc-
tion (Fig. 7D-E). H&E staining of bone organoids cultured for four weeks
revealed that BMSCs were uniformly distributed within the organoids
(Fig. S9). With the increase in culture time, the calcification deposition
within the organoids gradually increased. During the first 2 weeks of
culture, no notable difference in calcification deposition was observed
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between the Dynamic and Static groups. Nevertheless, after 3 weeks of
culture, the calcification deposition in the Dynamic group was slightly
higher than in the Static group, with the difference becoming more
pronounced at 4 weeks (Fig. 7F). We hypothesize that with extended
culture time, the dynamic culture system exhibits a more pronounced
effect in promoting bone organoid formation. These results highlight the
pivotal role of mECM-DNA-CPO hydrogel in bone organoid construction
and introduce a novel culture system for in vitro bone organoid forma-
tion. Improvements in the culture system offer new insights and stra-
tegies for advancing bone organoid construction.
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3.8. Bionic matrix hydrogels to construct vascularized bone organoids in
vivo

We utilize the complex in vivo physiological microenvironment to
construct vascularized bone organoids. This microenvironment provides
essential biological signals for the development of vascularized bone
organoids. Moreover, the rich and well-established vascular system in
vivo supplies the necessary nutrients and oxygen for bone organoid
construction, thereby accelerating the formation of vascularized bone
organoids. Additionally, bone organoids constructed in vivo are more
readily integrated with surrounding tissues, thereby speeding up the
process of bone tissue repair. In the in vivo construction, we first assessed
the degradation ability of the bionic matrix hydrogel (Fig. S10). We
observed that after 5 weeks of implantation, the mECM-DNA group had
completely degraded, while both the mECM and mECM-DNA-CPO
groups still had some residual material. After 6 weeks of implantation,
the mECM group still showed residual material, while the other two
groups had completely degraded. This degradation trend is consistent
with the results observed in the in vivo degradation study. Since bone
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tissue self-repair can be activated within one month, this bioinspired
matrix hydrogel can activate the mineralization of bone organoids and
promote bone tissue repair in vivo. Hydrogels loaded with BMSCs were
subcutaneously implanted in nude mice and harvested after 2 and 4
weeks of culture to verify their ability to form bone organoids in vivo
(Fig. 8A). Gross observation of the harvested in vivo bone organoids
revealed that the organoids had become mostly transparent with
noticeable white calcium deposition, with the mECM-DNA-CPO group
showing the most prominent mineralization after 4 weeks. Furthermore,
in the 2-week bone organoids, the mECM-DNA-CPO group exhibited a
more distinct vascular network. While vascular networks were observed
in all groups by 4 weeks, the mECM-DNA-CPO group showed a more
prominent vascular network (Fig. 8B). Micro-CT analysis demonstrated
that mineral deposition in the bone organoids significantly increased
with extended in vivo culture time. Furthermore, at the same time point,
the mECM-DNA-CPO group exhibited more prominent mineral deposi-
tion (Fig. 8C). The analysis of BMD and BV/TV also exhibited a similar
trend, with these parameters significantly increased, consistent with the
results from in vivo culture (Fig. 8D-E). Next, we conducted histological
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Fig. 10. Histological evaluation of in situ vascularized cranial bone repair. (A) HE and Masson staining. (B) Immunohistochemical staining of COL I. (C-D) OCN and
CD31 immunofluorescence staining. (E-F) OCN and CD31 immunofluorescence quantitative analysis. All data were obtained from a minimum of n = 5 independent
experiments and are expressed as mean + SD. **P < 0.01, ***P < 0.001 compared to Blank group.

analysis of the in vivo organoids. Unlike in vitro culture, the majority of
cells in the in vivo organoids were localized at the periphery of the
vascularized bone organoids, with most of the central cells undergoing
cell death. This phenomenon is likely due to the inability of the vascu-
lature to supply nutrients to the central cells during the early stages of
implantation, resulting in cell death. Immunofluorescence staining for
CD31 revealed its expression in the bone organoids after 2 weeks of
culture, though no tubular structures were observed at this stage.
Immunohistochemical staining for COL I revealed distinct positive sig-
nals in the mECM-DNA-CPO group at 4 weeks post-implantation,
demonstrating its superior osteogenic performance (Fig. 8F and S11A).
By 4 weeks of culture, CD31 expression significantly increased, with
well-defined tubular structures forming in both the mECM-DNA and
mECM-DNA-CPO groups. Notably, the mECM-DNA-CPO group exhibi-
ted a prominent vascular network (Fig. 8G and S11B). These results
demonstrate the superior performance of mECM-DNA-CPO in forming
vascularized bone organoids in vivo, providing an excellent substrate for
the construction of vascularized bone organoids and in situ vascularized
bone repair.

3.9. Bionic matrix hydrogels promote in situ vascularized bone repair

Since mECM-DNA-CPO can form vascularized bone organoids
through ectopic ossification, its implantation into cranial defect sites can
achieve in situ vascularized bone repair by constructing vascularized
bone organoids. To verify the effect of mECM-DNA-CPO on in situ vas-
cularized repair of cranial bone defects, we created a 3 mm diameter
cranial bone defect in mice and implanted mECM-DNA-CPO mixed with
BMSCs into the defect site. Subsequently, animals were sacrificed at 6-
and 12-weeks post-implantation, and three-dimensional reconstruction
of the mouse calvarium was carried out using Micro-CT (Fig. 9A-B).
Additionally, at 12 weeks post-surgery, H&E staining was conducted on
the major organs of the mice, including the heart, liver, spleen, lungs,
and kidneys. The results revealed no significant structural changes in
these organs, confirming the excellent long-term biocompatibility of the
bionic matrix hydrogel (Fig. S12). The Micro-CT reconstruction results
demonstrated minimal new bone formation in the CON group at both 6-
and 12-weeks post-surgery. In contrast, as the culture matrix was
altered, the defect area gradually reduced, and the mECM-DNA-CPO
group exhibited the smallest defect area at both time points (Fig. 9C).
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Subsequently, the bone repair capacity at the cranial defect site was
assessed by measuring and analyzing BV/TV, trabecular thickness (Tb.
Th), and trabecular number (Tb.N). As the culture matrix changed, all
three values increased, indicating enhanced bone regenerative ability
(Fig. 9D-F).

Additionally, H&E and Masson staining were carried out on cranial
sections to evaluate new bone formation (Fig. 10A). Through staining,
we observed that the CON group exhibited minimal new bone forma-
tion, with sparse tissue connections. In contrast, the treatment groups
exhibited a progressive increase in new bone formation, with denser
fibrous tissue and higher collagen content. Notably, the mECM-DNA-
CPO group demonstrated the most pronounced osteogenic effect
among all treatment groups. In addition, immunohistochemistry and
immunofluorescence were utilized to evaluate osteogenesis-related
markers (COL I and OCN). We found that, compared to the CON
group, the treatment groups exhibited more pronounced positive results,
with the mECM-DNA-CPO group showing the strongest positivity. This
confirms that the bone organ constructed using mECM-DNA-CPO has a
stronger osteogenic potential (Fig. 10B, C, E and S13). Furthermore,
immunofluorescence analysis revealed a similar trend in the positive
expression of the angiogenesis marker CD31. This further confirms that
the bone organs constructed using mECM-DNA-CPO exhibit stronger
angiogenic potential, promoting the synergistic regeneration of blood
vessels and new bone (Fig. 10D-F).

4. Conclusion

In this study, we demonstrated that mineralized and vascularized
bone organoids could be sequentially constructed using newly devel-
oped engineered bionic matrix hydrogels. These engineered ECM-DNA-
CPO bionic matrix hydrogels exhibited excellent hydrophilicity, me-
chanical strength and viscoelastic properties, which well-mimicked
bone conductive microenvironments with special inorganic/organic
compositions and double-network dynamic structures. Interestingly, the
engineered bionic matrix hydrogels effectively facilitated recruitment,
proliferation, osteogenesis and angiogenesis of BMSCs, ultimately
inducing the formation of mineralized and vascularized bone organoids
via in vitro dynamic culture and in vivo heterotopic ossification.
Furthermore, BMSCs-loaded engineered bionic matrix hydrogels
showed remarkable efficacy in achieving in-situ bone regeneration in
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cranial defect model. This study provide innovative strategies of engi-
neered bone-mimicking matrix materials combined with such newly-
developed dynamic culture system for addressing the unique re-
quirements of functional bone organoids, advancing development and
application of organoids in bone tissue regeneration.
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