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A B S T R A C T

Bone organoids are emerging as powerful tools for studying bone development and related diseases. However, 
the simplified design of current methods somewhat limits their application potential, as these methods produce 
single-tissue organoids that fail to replicate the bone microarchitecture or achieve effective mineralization. To 
address this issue, we propose a three-dimensional (3D) construction strategy for generating mineralized bone 
structures using bone marrow-derived mesenchymal stem cells (BMSCs). By mixing BMSCs with hydrogel to 
create a bone matrix-mimicking bioink and employing projection-based light-curing 3D printing technology, we 
constructed 3D-printed structures, which were then implanted subcutaneously into nude mice, away from the 
native bone microenvironment. Even without external stimulation, these implants spontaneously formed 
mineralized bone domains. With long-term culture, these structures gradually matured into fully differentiated 
bone tissue, completing both mineralization and vascularization. This in vivo bone organoid model offers a novel 
platform for studying bone development, exploring congenital diseases, testing drugs, and developing thera-
peutic applications.

1. Introduction

Bone diseases, including osteoporosis, osteoarthritis, and various 
bone tumors, represent a significant public health challenge worldwide, 
particularly with an aging population [1,2]. Current treatment strategies 
often fall short of expectations, mainly due to the complexity of bone 
tissue [3]. Bone tissue consists not only of bone cells but also involves 
intricate interactions among various cell types, such as osteoblasts, 

osteoclasts, and bone marrow stromal cells, regulated by multiple 
signaling pathways that govern bone formation, resorption, and repair 
[4,5]. Additionally, factors such as blood supply, neural regulation, and 
mechanical loading contribute to forming a dynamic and multifactorial 
microenvironment [6–8]. This complexity poses significant challenges 
for bone regeneration therapies, as current methods struggle to replicate 
this intricate physiological environment, limiting their efficacy [9]. 
Traditional therapeutic approaches, such as pharmacological 
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interventions and surgical procedures, often fail to address the under-
lying pathophysiological processes effectively [10]. These conventional 
methods may not account for individual variations in disease mecha-
nisms, making it challenging to achieve personalized and effective care 
for patients with diverse clinical presentations [11–13]. In this context, 
bone organoids, three-dimensional (3D) self-organized constructs 
derived from stem cells, offer a breakthrough by replicating bone tis-
sue’s architecture and function in vitro [14,15]. Unlike traditional 
models, bone organoids mimic the cellular diversity and spatial orga-
nization of human bone, providing a valuable tool for studying disease 
mechanisms, developing therapies, and enabling personalized medicine 
approaches [16–20].

The challenge lies in the overly simplified structure of existing bone 
organoid models, which typically generate single-tissue constructs 
lacking the necessary cues and interactions required for proper miner-
alization [21,22]. These models often omit essential biochemical and 
mechanical signals and the complex interactions between osteoblasts, 
osteoclasts, and stromal cells—critical components for bone formation 
and remodeling [23,24]. Moreover, they do not adequately replicate the 
vascularization, neural innervation, and the dynamic mechanical forces 

that are inherent to the in vivo bone environment [25–27]. Without these 
critical components, the models struggle to mimic the true regenerative 
capabilities of bone tissue, limiting their utility in both research and 
therapeutic applications [28]. To advance the field, more sophisticated 
organoid systems are needed, incorporating multiple cell types and 
simulating the biochemical and mechanical environments of bone tissue 
to better model bone development, disease, and regeneration [29]. This 
limitation not only hinders the study of bone-related diseases but also 
restricts the application of these organoids in drug testing and tissue 
engineering [15]. Thus, developing more complex bone organoid sys-
tems that can faithfully replicate the mineralization process observed in 
vivo is urgently needed [30].

To address this challenge, we have developed a novel method for 
constructing mineralization-capable bone organoids using bone 
marrow-derived mesenchymal stem cells (BMSCs) [31]. By utilizing 
advanced 3D printing technology and bone matrix-inspired bioink for-
mulations, we have created a platform capable of generating bone 
organoids with enhanced mineralization potential (Fig. 1). This 
approach involves precisely combining BMSCs with hydrogels to form 
bioinks, which are then used in projection-based light-curing 3D 

Fig. 1. Schematic overview of this protocol. (A) Preparation of bioink: hybrid hydroxyapatite hydrogels were synthesized, and rat BMSCs were isolated, extracted, 
and expanded in vitro. (B) 3D bioprinting of bone organoids. (C) In vivo cultivation and assessment of bone organoids.
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printing to fabricate bone organoids [32]. After implanting these orga-
noids into an in vivo model, we observed spontaneous mineralization 
and maturation of the bone structures, resulting in fully differentiated 
and vascularized bone tissue. This introduction lays the groundwork for 
exploring this innovative method, highlighting its potential to overcome 
the limitations of current bone organoid models and offering new op-
portunities for research and therapeutic applications in bone biology.

2. Development of bone organoid cultures

In earlier research by our group and others, protocols were devel-
oped to support the long-term growth of organoids derived from stem 
cells from a variety of tissues [31]. The initial advancements focused on 
the creation of intestinal organoids [33], which later expanded to 
include the development of organoid cultures specific to organs such as 
the lung, liver, and kidney [34–36]. Unique culture conditions were 
fine-tuned for each organoid type, with all requiring embedding and 
cultivation within extracellular matrix-based hydrogels [37]. Notably, 
specific culture protocols were designed to enable the sustained 
expansion of mesenchymal stem cells (MSCs) into bone organoids [14]. 
Under these culture conditions, MSCs are effectively induced to differ-
entiate into osteoblasts and osteocytes by modulating key signaling 
pathways involved in bone development and remodeling, such as the 
wingless/integrated (Wnt), transforming growth factor-beta (TGF-β), 
and bone morphogenetic protein (BMP) pathways [38,39]. Although 
MSCs have long been used to model bone-like tissues, the direct 
expansion of mature bone cells in a 3D organoid system remained a 
challenge until recent breakthroughs. With the optimization of culture 
conditions, recent studies have demonstrated the feasibility of long-term 
expansion of BMSCs into bone organoids [40,41].

Traditional studies primarily focused on 2D culture methods for 
inducing osteogenic differentiation of MSCs. In contrast, our study aims 
to construct 3D bone organoids that can differentiate into a variety of 
bone-related cell types using an in vivo approach. Specifically, we 
developed a protocol that embeds BMSCs in a hybrid hydrogel enriched 
with hydroxyapatite and utilizes digital light processing (DLP) 3D bio-
printing technology to fabricate scaffolds with bioinspired bone micro-
structures. The scaffolds were then implanted subcutaneously into nude 
mice to leverage the in vivo environment as a biological reactor, pro-
moting differentiation into multiple bone-related cells, including oste-
oblasts, osteoclasts, chondrocytes, and adipocytes, instead of limiting 
differentiation to osteogenic lineages. This strategy enabled the forma-
tion of large-scale bone organoids capable of spontaneous mineraliza-
tion and vascularization. Immunofluorescence analysis confirmed the 
presence of key bone markers, such as osteopontin (OPN) and osteo-
calcin (OCN), along with a diverse array of bone-associated cell types, 
demonstrating the effectiveness of our approach in replicating the 
complexity of bone tissue in vivo.

3. Applications of the methods and future possibilities

The establishment of bone organoid culture provides critical support 
for fundamental bone biology research [42]. Due to their long-term 
stability, bone organoids can model various bone diseases and be used 
to evaluate drug effects on bone tissue, particularly in studies related to 
bone regeneration, fracture healing, and metabolic bone diseases [43,
44].

As an alternative to traditional bone transplantation, bone organoids 
can overcome challenges such as donor shortages, immune rejection, 
and surgical complications [45]. Through 3D bioprinting and 3D culture 
technologies, bone organoids can be precisely tailored to match the 
shape and structure of a patient’s bone defects, enabling personalized 
treatments [46]. Especially in the repair of large bone defects, the 
combination of bone organoids with biomaterials and active cells can 
significantly enhance the functionality of the repaired tissue and 
accelerate healing [47]. Furthermore, bone organoids hold significant 

potential for drug screening applications. By establishing 
high-throughput screening platforms, they can simulate the in vivo 
microenvironment, reduce reliance on animal models, accelerate drug 
development, and lower costs [48]. Through genomics and proteomics, 
bone organoids can reveal drug mechanisms of action and identify po-
tential therapeutic targets, supporting the development of personalized 
therapies [18]. In mechanistic studies, the 3D structure and complex cell 
interactions in bone organoids can help researchers gain deeper insights 
into bone development and pathological processes, revealing critical 
aspects of osteocyte behavior, matrix formation, and vascularization 
[49,50]. Bone organoids are also valuable for evaluating bone implants. 
By utilizing human-derived bone organoid models, researchers can more 
accurately simulate the human bone environment, provide more reliable 
preclinical data, and reduce the need for animal experiments. As tech-
nology continues to advance, the application prospects of bone orga-
noids in precision medicine are becoming increasingly apparent [51]. By 
constructing patient-specific bone organoid models, it is possible to 
better simulate disease states, explore drug mechanisms in these models, 
and promote the development of personalized therapies [52]. In sum-
mary, bone organoids offer not only an innovative platform for basic 
research but also create new opportunities in clinical applications and 
drug development, contributing significantly to the progress of bone 
tissue engineering and regenerative medicine [53].

4. Experimental design

In the current protocol, we outline the experimental procedures for 
establishing bone organoids. In Procedure 1, we describe the isolation 
and expansion of BMSCs in vitro. To support BMSC proliferation and 
differentiation, we synthesized a matrix material composed of gelatin, 
alginate, and hydroxyapatite, which we cross-linked by introducing 
methacrylate (MA) groups for photocuring. This matrix, combined with 
BMSCs, forms a hybrid hydroxyapatite bioink used to construct 3D bone 
organoid systems. This section provides detailed guidance on the 
formulation of the matrix material and bioink, covering the steps for 
chemical synthesis as well as the specific procedures for establishing the 
cell culture system. In Procedure 2, we examine the construction pro-
cess of bone organoids by first developing a porous model using 3D Max 
software, followed by fabricating the organoids with a DLP 3D printer. 
This section includes a detailed explanation of the steps involved and the 
key considerations for successfully constructing bone organoids. Finally, 
in Procedure 3, we implant bone organoids subcutaneously into nude 
mice and describe their in vivo development into bone tissue, indepen-
dent of the native bone microenvironment. Multidimensional real-time 
evaluations of the bone organoids are conducted. Detailed experi-
mental design considerations and step-by-step protocol guidelines are 
provided below.

4.1. Procedure 1: preparation of hydroxyapatite hybrid bioink

4.1.1. Synthesis of bioinspired bone matrix hydrogel
The bioinspired bone matrix hydrogel is designed to replicate the 

composition and properties of natural bone by incorporating organic 
collagen and inorganic hydroxyapatite, emulating the native extracel-
lular matrix. Collagen provides elasticity and biocompatibility, hy-
droxyapatite offers structural strength and promotes mineralization. 
However, conventional methods that rely solely on mixing functional 
components often result in uneven distribution, with nano-sized hy-
droxyapatite tending to aggregation within the hydrogel. To overcome 
this limitation, we incorporated calcium chloride and disodium 
hydrogen phosphate during the incorporation of photocurable methac-
rylate groups, facilitating in-situ mineralization and ensuring uniform 
dispersion of the active components. This enhanced hydrogel structure 
more accurately mimics the natural bone matrix, providing an opti-
mized environment for cell proliferation, differentiation, and 
mineralization. 
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a) In a 100 mL beaker, taking into account the thermosensitivity of 
gelatin during dissolution, 10 g of gelatin was added to 50 mL of 
deionized water and stirred on a heated magnetic stirrer at 300 rpm 
and 50 ◦C until a homogeneous 20 wt% solution without precipita-
tion was formed.

b) In another 100 mL beaker, 0.5 g of sodium alginate was dissolved in 
42 mL of deionized water. The beaker was covered with plastic film 
to prevent evaporation, and the solution was stirred at room tem-
perature at 300 rpm using a magnetic stirrer for 4–6 h until the so-
dium alginate was fully dissolved.

c) Subsequently, 4 mL of 1 M CaCl₂ and 0.6 M NaH₂PO₄ solutions were 
gradually added at a rate of 50 μL/min using an intravenous micro- 
pump. The pH was adjusted to 8–10 with 3 M NaOH, and the solution 
was stirred at 500 rpm for 12 h on a magnetic stirrer.

d) Next, both solutions were preheated to 50 ◦C and stirred at 500 rpm 
on a magnetic stirrer for 2 h to ensure thorough mixing. Subse-
quently, 4 mL of methacrylic anhydride was gradually added at a rate 
of 0.5 mL/min using an intravenous micro-pump, while the pH was 
adjusted to 8–10 with 3 M NaOH. The reaction was carried out at 50 
◦C for 3 h. To terminate the reaction, 300 mL of deionized water 
preheated to 50 ◦C was added and stirred for 30 min.

e) To remove residual small molecules from the system, the mixture 
was cooled to 37 ◦C, placed in a dialysis bag with a 13,000-Da mo-
lecular weight cutoff, and dialyzed in a container filled with 10 L of 
deionized water for 7 days, with the water replaced twice daily.

f) The dialyzed solution was transferred into a 500 mL beaker and 
stirred at 300 rpm on a magnetic stirrer for 1 h to ensure uniform 
dispersion. The solution was then quickly distributed into 50 mL 
centrifuge tubes, each containing 45 mL of liquid to prevent rupture 
in liquid nitrogen. The tubes were placed in liquid nitrogen and 
frozen for 3 h. After freezing, the caps were removed, the tubes 
sealed with a porous membrane, and immediately placed in a freeze 
dryer. The freeze dryer was set to − 80 ◦C with a vacuum pressure of 
0 Mbar. The drying process continued for 1 week until all the liquid 
evaporated, resulting in solid hydrogel materials, which were sealed 
and stored to prevent moisture absorption.

4.1.2. Isolation, extraction, and culture of rat BMSCs
Stem cells serve as the foundation for organoid construction. BMSCs, 

with their self-renewal and multipotent differentiation capabilities, 
differentiate into the various cell types required for bone organoid for-
mation. Therefore, in our bioink, we utilized rat BMSCs as seed cells and 
carried out the isolation, extraction, and culture of primary rat BMSCs. 

a) Before isolating rat BMSCs, ensure all surgical instruments are ster-
ilized and prepare a sterile working area. Euthanize the rat according 
to institutional ethical guidelines. The ethical approval number is 
provided in Procedure 3.

b) After euthanasia, place the rat in a supine position and disinfect the 
hind limbs with 70 % ethanol. Make an incision to expose the femur 
and tibia, carefully remove the surrounding muscle tissue without 
damaging the bones, and place the excised femur and tibia into cold, 
sterile PBS solution.

c) Under sterile conditions, cut off the ends of the bones to expose the 
marrow cavity. Flush the cavity with sterile PBS or DMEM using a 
syringe and collect the marrow into a 50 mL centrifuge tube. 
Continue flushing until the bones turn white, indicating complete 
marrow extraction. Gently pipette the solution to disperse cell 
clumps.

d) To maximize cell yield, add 0.1 % type I collagenase to the bone 
marrow suspension and incubate at 37 ◦C for 30 min with gentle 
shaking. After digestion, filter the solution through a 70 μm cell 
strainer to remove large debris and bone fragments.

e) Centrifuge the filtered suspension at 300×g for 5 min at room tem-
perature. Discard the supernatant and resuspend the cell pellet in 10 

mL DMEM containing 10 % fetal bovine serum (FBS) and 1 % 
penicillin-streptomycin (P/S).

f) Plate the cell suspension in a 100 mm culture dish and incubate at 37 
◦C in a 5 % CO₂ humidified incubator. After 24–48 h, wash away non- 
adherent cells with PBS, leaving the adherent BMSCs for further 
culture.

g) Replace the culture medium every 2–3 days. Once the cells reach 
80–90 % confluency, detach them using 0.05 % trypsin-EDTA at 37 
◦C for 3–5 min. Collect the detached cells by centrifugation and 
resuspend them in fresh medium. The cells can be further expanded 
or cryopreserved for future use.

4.2. Procedure 2: construction of bone organoids

The construction of bone organoids involves 3D bioprinting using a 
bioink composed of BMSCs embedded in a hydrogel solution. The 3D 
model is designed with a cylindrical scaffold featuring square holes to 
facilitate material exchange. The printing process is carefully optimized 
to maintain precision and structural integrity. After printing, the bone 
organoids are rinsed and cultured in standard medium for several days 
before being transferred to an osteogenic induction medium supple-
mented with components that promote mineralization, collagen syn-
thesis, and cell differentiation. 

a) The 3D model was created using 3D Studio Max software (Autodesk, 
USA) and features a cylindrical structure with a diameter of 7 mm 
and a thickness of 2 mm. Inside, 21 square holes are evenly distrib-
uted in a grid pattern (Fig. 2B), facilitating material exchange be-
tween the interior and exterior of the scaffold.

b) Dissolve lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) in 
α-MEM medium containing serum and antibiotics to prepare a 0.25 
wt% solution. Next, add the light absorber EFL-UVAW-001 to ach-
ieve a concentration of 0.05 wt% and mix thoroughly. Freeze-dry the 
hydrogel material prepared in Procedure 2, grind it into powder, and 
sterilize it under UV light for 1 h. Add the sterilized hydrogel powder 
to the prepared medium to formulate a 10 wt% hydrogel solution, 
and place it in a 37 ◦C water bath to maintain a constant tempera-
ture. Digest the extracted BMSCs, count the cells using a hemocy-
tometer, and add them to the hydrogel solution to achieve a cell 
concentration of 1 × 10⁶, thereby preparing bioink suitable for 3D 
bioprinting. All procedures must be performed under light-protected 
conditions.

c) During the 3D printing process, a DLP printer manufactured in China 
(EFL-BP-8601 Pro) was utilized to ensure high-resolution printing 
and stable performance. To achieve high-quality results, the printing 
parameters were meticulously optimized for the bioink, with specific 
settings to ensure stable material formation and structural integrity. 
The detailed parameters included a light intensity of 14 mW cm⁻2 

and an exposure time of 12 s to ensure adequate curing of the ma-
terial during printing. The number of base layers was set to 2, with a 
slightly longer exposure time of 14 s per base layer to provide suf-
ficient strength for the foundational structure. The material’s pene-
tration depth was controlled at 50 μm to ensure precise detail in the 
print while preventing excessive penetration that could compromise 
structural stability. Throughout the printing process, the tempera-
ture of the platform and resin tank was maintained at 37 ◦C to pre-
serve the bioink’s flowability and operability, ensuring consistent 
performance without being affected by temperature fluctuations.

d) Gently place the printed bone organoids into sterile PBS solution at 
37 ◦C and rinse three times. Then, transfer them into α-MEM medium 
containing 10 % serum and 1 % penicillin-streptomycin (P/S), and 
incubate for 3 days.

e) After 3 days, replace the osteogenic induction medium. The osteo-
genic induction medium is prepared based on DMEM, typically 
supplemented with 10 % fetal bovine serum (FBS) and 1 % penicillin- 
streptomycin (P/S). To promote osteogenic differentiation, 10 mM 
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β-glycerophosphate is added to enhance mineralization, 50 μg/mL 
ascorbic acid is included to stimulate collagen synthesis, and 100 nM 
dexamethasone is used to induce cell differentiation. After mixing all 
components thoroughly, the medium is sterilized by passing it 
through a 0.22 μm filter. The prepared osteogenic induction medium 
should be stored at 4 ◦C and used within two weeks to maintain its 
effectiveness.

4.3. Procedure 3: subcutaneous in vivo culture in nude mice

Eight-week-old female nude mice were obtained from Changzhou 
Cavens Experimental Animal Co., Ltd. 

a) First, connect the isoflurane vaporizer and anesthesia machine to the 
oxygen supply, with the oxygen flow rate set to 0.5–1.5 L/min. Set 
the isoflurane concentration to 3–5% for induction anesthesia, dur-
ing which the nude mice typically lose consciousness within 30 s to 1 
min. Monitor the respiratory rate and response to assess the depth of 
anesthesia. Once anesthesia is achieved, adjust the isoflurane con-
centration to 1–3% to maintain anesthesia and use a face mask to 
continuously deliver the gas, ensuring effective anesthesia 

throughout the procedure. During the operation, regularly check the 
respiratory rate, heart rate, and pain reflex to ensure the appropriate 
depth of anesthesia.

b) A sterile scalpel is used to make an approximately 1 cm incision 
along the midline or lateral region of the dorsal skin of the nude 
mice. The incision should only penetrate the skin and subcutaneous 
tissue, avoiding damage to deeper structures. Sterile blunt forceps 
are then used to gently separate the subcutaneous tissue, creating 
sufficient space to accommodate the bone organoid. The prepared 
bone organoid is carefully implanted into the subcutaneous space 
using a spoon-like instrument, ensuring that the implant is stable and 
properly positioned. After implantation, the skin is precisely sutured 
with sterile surgical thread, typically using continuous or interrupted 
sutures, to ensure complete wound closure and reduce the risk of 
infection.

c) After the procedure, discontinue isoflurane administration and 
continue the oxygen supply for a few minutes to aid recovery. 
Finally, place the mice in a warm, sterile environment and monitor 
them until they fully recover.

d) Postoperatively, penicillin-streptomycin was chosen for antibiotic 
treatment to prevent infection. The recommended dosage is 10,000 

Fig. 2. Characterization of bone matrix-inspired hybrid hydroxyapatite bioink. (A) NMR spectroscopy of hybrid hydroxyapatite bioink. (B) XRD analysis of hybrid 
hydroxyapatite bioink. (C) SEM analysis of hybrid hydroxyapatite bioink. (D) Solution state of bioink before and after photopolymerization. (E) Elemental 
composition evaluation of bioink using EDS. (F) Elemental mapping of bioink.
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U of penicillin and 10 mg of streptomycin per mouse per day, 
administered via intraperitoneal injection for 3–5 consecutive days 
to cover the high-risk period for postoperative infections.

e) During the in vivo culture period, the growth status of the nude mice 
was regularly monitored, and according to the experimental design, 
samples were collected at specific time points (e.g., 40 days) by 
extracting the implants for further analysis.

4.4. Characterization of bioink and identification of bone organoids

The characterization of bone organoids involves a comprehensive 
evaluation of their morphology, functionality, and biological properties. 
At the bioink level, nuclear magnetic resonance (NMR) spectroscopy is 
used to verify the grafting of photocurable groups, X-ray diffraction 
(XRD) is employed to confirm the synthesis of hydroxyapatite, and 
scanning electron microscopy (SEM) is utilized to characterize 
morphology and elemental composition. At the bone organoid level, 
confocal fluorescence microscopy assesses the survival, growth, and 
spreading of internal cells. SEM is also used to observe the internal 
matrix structure and cell morphology of the bone organoids. Minerali-
zation characteristics are primarily evaluated through micro-computed 
tomography (micro-CT) and transmission electron microscopy (TEM) 
to determine the degree of mineralization, calcium deposition, and 
crystallinity. Multicellular properties are validated through tissue 
section-specific staining. Functional evaluation is conducted using 
common markers such as OPN, OCN, and CD31 to assess osteogenesis 
and vascularization. Detailed experimental methods are provided in the 
supplementary information.

Reagents. 

Gelatin (Aladdin, cat. no. L434330)
Sodium alginate (Aladdin, cat. no. A434496)
Hydroxyapatite (Aladdin, cat. no. H106378)
Methacrylate anhydride (Sigma-Aldrich, cat. no. 276685)
Calcium chloride (CaCl2; Aladdin, cat. no. C598678)
Disodium hydrogen phosphate (NaH2PO4; Aladdin, cat. no. 
D433613)
Sodium hydroxide (NaOH; Aladdin, cat. no. S163080)
SD rats (Cavens; cat. no. C000121)
Anhydrous ethanol (Sigma-Aldrich, cat. no. E7023)
Phosphate Buffered Saline (PBS; Servicebio, cat. no. G4202)
Dulbecco’s Modified Eagle Medium (DMEM; Thermo Scientific, cat. 
no. 11995065)
Type I collagenase (Sigma-Aldrich, cat. no. SCR103)
Fetal bovine serum (FBS; Sigma-Aldrich, cat. no. 12103C)
Penicillin-streptomycin (P/S; Sigma-Aldrich, cat. no. P4333)
Trypsin-EDTA (Thermo Scientific, cat. no. 25200072)
Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP; Aladdin, 
cat. no. L157759)
light absorber (EFL, cat. no. EFL-UVAW-001)
α-MEM (Thermo Scientific, cat. no. 12571063)
β-glycerophosphate (Aladdin, cat. no. D301908)
Ascorbic acid (Aladdin, cat. no. A103534)
Dexamethasone (Aladdin, cat. no. D137736)
BALB/c-Nude (Cavens; cat. no. C000103)
Isoflurane (Sigma-Aldrich, cat. no. 792632)

Equipment. 

Magnetic stirrer (Lab Companion, model no. TS-14SG)
Sterile 50-ml centrifuge tube (NEST, cat. no. 602001)
Sterile 15-ml centrifuge tube (NEST, cat. no. 601001)
Freeze dryer (Labconoc, model no. FreeZone®)
70 μm cell strainer (NEST, cat. no. 258368)
Biosafety cabinet (Heal Force, model no. HFsafe-1200LC)
Centrifuge (Thermo Scientific SL8R, cat. no. 75007221)

Cell culture incubator (Panasonic, cat. no. MCO-19AICUV-PE)
100 mm culture dish (NEST, cat. no. 704004)
Light microscope (Nikon Eclipse, TS100)
Pipettes (Eppendorf Research, cat. no. 3123000039)
Pipettes (Eppendorf Research, cat. no. 3123000055)
Pipettes (Eppendorf Research, cat. no. 3123000268)
3D Studio Max software (Autodesk, USA)
Water bath pot (TATUNG, model no. WB-1-30)
Cell counter instrument (Countstar, model no. IC1000)
Cell counter slides (Countstar, cat. no. CO010101)
DLP printer manufactured in China (EFL-BP-8601 Pro)
0.22 μm filter (NEST, cat. no. 331011)
Plates, six-well (NEST, cat. no. 703001)
Isoflurane vaporizer (Mindray V60)
Anesthesia machine (EZ vet, model no. F700)
Sterile scalpel (RWD, China)
Sterile blunt forceps (RWD, China)
Sterile surgical thread (RWD, China)

5. Results

5.1. Characterization of bone-mimicking matrix hybrid hydroxyapatite 
bioink

The detailed characterization of the bone matrix-inspired hybrid 
hydroxyapatite bioink reveals its structural and compositional proper-
ties (Fig. 2). The NMR proton (1H) spectrum confirms the successful 
grafting of methacrylate groups onto the bioink, as indicated by the 
characteristic chemical shifts around 6 ppm, which correspond to the 
vinyl protons (CH₂ = CH− ) in the methacrylate structure. This region 
provides strong evidence for the presence of photopolymerizable 
groups. Additionally, peaks in the 1–2 ppm range likely represent alkyl 
chains, while those around 3–4 ppm may be associated with protons 
near oxygen atoms, such as in ester or hydroxyl groups. Overall, the 
spectrum reveals the successful modification of the bioink with meth-
acrylate, enabling it to undergo light-curing (Fig. 2A). The XRD pattern 
confirms the successful synthesis of hydroxyapatite in the bioink, as 
indicated by the characteristic diffraction peaks corresponding to the 
(002), (211), (310), (222), and (213) planes, which align with the 
standard hydroxyapatite pattern from PDF#09–0432. The sharp and 
intense peak at the (211) plane, around 2θ = 31.8◦, is particularly 
notable, reflecting a well-formed crystalline structure. The overall peak 
sharpness and intensity suggest a high degree of crystallinity in the 
synthesized hydroxyapatite, verifying its successful integration into the 
bioink (Fig. 2B). The SEM image shows a loose porous structure, with a 
3D network of interconnected pores observed. However, at this magni-
fication, the inorganic hydroxyapatite phase is not directly visible, 
indirectly indicating that the hydroxyapatite exists in nanoscale form. 
The nanoparticle size of the hydroxyapatite makes it difficult to detect at 
the current resolution, allowing it to disperse well within the matrix 
without forming larger, detectable aggregates. This nanoscale incorpo-
ration enhances the bioactivity and mechanical integration of the ma-
terial, supporting its application in bone tissue engineering (Fig. 2C). 
The state of the bioink undergoes significant changes before and after 
photopolymerization. Prior to photopolymerization, the hydrogel is in a 
liquid state, indicating its fluidity in the unpolymerized form, with the 
bioink components fully dissolved but not yet forming a solid structure. 
In contrast, after photopolymerization, the hydrogel successfully tran-
sitions into a solid gel, demonstrating that the photopolymerization 
process effectively converts the bioink solution into a stable hydrogel. 
This transformation confirms the efficacy of photopolymerization in the 
formation of a solid structure during bioink preparation (Fig. 2D). The 
energy-dispersive X-ray spectroscopy (EDS) analysis distinct peaks cor-
responding to key elements, including carbon (C), oxygen (O), phos-
phorus (P), and calcium (Ca). The presence of carbon and oxygen 
indicates the existence of organic components, which are typical of 
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biological materials. The peaks for phosphorus and calcium suggest the 
presence of mineralized structures, further confirming the existence of 
hydroxyapatite. The combination of C, O, P, and Ca elements provides 
further evidence of the coexistence of both organic (e.g., bioink com-
ponents) and inorganic (e.g., bone-related minerals) materials within 
the sample, indicating the successful incorporation of bone-like minerals 
into the material structure. Additionally, no harmful or toxic elements 
were detected, with no peaks for heavy metals or other potentially 
hazardous substances. This result indirectly confirms the safety of the 
raw materials used in the synthesis process (Fig. 2E). The elemental 
mapping images illustrate the spatial distribution of these elements 
within the sample. The uniform distribution of each element indicates 
that these components are well-dispersed throughout the material 
(Fig. 2F).

5.2. Construction and bioactivity evaluation of bone organoids

Construction of bone organoids using advanced 3D bioprinting 
technology (Fig. 3). The schematic illustrates the 3D bioprinting process, 
highlighting the experimental steps of using DLP technology to print 
bone organoids from cell-laden bioink. Through DLP, the bioink un-
dergoes layer-by-layer photopolymerization, precisely constructing the 
desired 3D structure and ultimately forming functional bone organoids 
(Fig. 3A). The 3D printing model created with 3D Max software is rep-
resented as a cylindrical structure with a regular matrix of holes. The 
matrix arrangement of these holes is designed to precisely control the 
distribution of printing materials, facilitate the exchange of nutrients, 
promote vascular ingrowth, and provide an optimized microenviron-
ment for cell growth (Fig. 3B). The final product fabricated through 3D 
printing is highly consistent with the previously designed 3D model. The 
matrix arrangement of holes within the cylindrical structure is clearly 

visible and perfectly aligns with the geometric design of the model. This 
demonstrates that the bioink possesses excellent printability, main-
taining design integrity during the printing process and successfully 
solidifying into the desired 3D structure (Fig. 3C). The live/dead cell 
staining (Calcein-AM/Propidium Iodide) results for the bone organoids, 
cultured in vitro for 7 days, show that green Calcium staining indicates 
most cells within the organoids are viable, with minimal red Propidium 
iodide (PI) staining (indicative of dead cells), further confirming the 
excellent biocompatibility and biosafety of the bioink. Additionally, the 
bright field images clearly reveal the structure, which aligns well with 
the designed organoid architecture. The microscopic images further 
support these findings, showing that the majority of the cells within the 
organoids are alive, with well-defined morphology and good cell 
spreading. These results suggest that the hydrogel not only supports cell 
viability but also promotes cell growth and functionality (Fig. 3D). High- 
resolution fluorescence images of bone organoids cultured in vitro for 7 
days, using DAPI to stain nuclei and Rhodamine to label F-actin, further 
verify the cellular spreading within the constructs. In the DAPI-stained 
image, blue fluorescence clearly marks the location of the cell nuclei, 
indicating uniform cell distribution. The Rhodamine-labeled F-actin 
image shows red fluorescence highlighting the cytoskeleton, particu-
larly the distribution of F-actin, confirming proper cell spreading and 
intercellular connections within the bone organoids. The merged image 
clearly illustrates the colocalization of nuclei and F-actin, further con-
firming the normal morphology and spreading of the cells (Fig. 3E).

5.3. Mineralization assessment of bone organoids

Evaluating the mineralization capability of bone organoids provides 
an in-depth understanding of their potential to form bone-like structures 
after implantation in a physiological environment (Fig. 4). This 

Fig. 3. 3D bioprinting and evaluation of bone organoids: structural integrity, cell viability, and morphological analysis. (A) Schematic of 3D bioprinting process. (B) 
3D Max constructed model for 3D bioprinting. (C) Panoramic view of 3D printed bone organoids. (D) Cell viability and biocompatibility assessment of bone 
organoids. (E) High-resolution fluorescence imaging of the cytoskeleton in bone organoids.
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assessment helps determine the effectiveness of bone organoids in 
mimicking the natural bone mineralization process. Micro-CT, as a non- 
invasive technique, enables longitudinal monitoring of mineralization 
without damaging the sample. Additionally, micro-CT provides high- 
resolution 3D imaging, allowing for detailed visualization of the 
mineralization process and the spatial distribution of mineral deposits 
within the bone organoids, facilitating a precise assessment of the 
quality and extent of mineralization. The schematic illustrates the 
experimental design for in vivo implantation and mineralization assess-
ment of bone organoids. The bone organoids are implanted subcutane-
ously into nude mice, and after a period of cultivation, their 
mineralization performance is evaluated using micro-CT scanning. 
Micro-CT technology enables non-destructive evaluation of the degree 
of mineralization in the bone organoids and provides high-resolution 3D 
imaging, revealing the mineralization process and formation of bone- 
like structures in the in vivo environment (Fig. 4A). The surgical image 
shows the process of retrieving the bone organoid from the back of a 
nude mouse. Compared to before implantation, the bone organoid ap-
pears noticeably whiter, indicating that mineralization may have 
occurred during in vivo cultivation. Furthermore, the bone organoid 
maintained its overall shape without structural damage, demonstrating 
good stability in the in vivo environment. The color change is a typical 
sign of mineralization, usually caused by calcium deposition (Fig. 4B). 
Under stereomicroscopic observation, a clear vascular network was 
observed on the surface of the bone organoid, indicating successful in-
duction of blood vessel formation and attachment to surrounding tis-
sues. This vascularization suggests that the bone organoid has a strong 
ability to promote blood vessel formation after in vivo implantation. 
Vascularization is essential for the survival and functionality of large 

organoids, as it facilitates the efficient delivery of nutrients and oxygen, 
thereby supporting tissue growth and maturation (Fig. 4C). Micro-CT 
imaging shows the mineralization results of bone organoids after 20 
and 40 days of in vivo cultivation in nude mice, evaluating the miner-
alization process through different sectional views (coronal, horizontal, 
sagittal) and 3D panoramic imaging. The color variations reflect dif-
ferences in mineral density, with yellow representing high-density 
minerals and blue indicating lower-density cartilage tissue. After 20 
days of cultivation, some regions begin to appear yellow, indicating 
initial mineralization, but there is still a considerable amount of low- 
density cartilage tissue (blue). After 40 days, the yellow regions in-
crease significantly, suggesting a substantial enhancement in minerali-
zation, demonstrating noticeable mineralization progress in bone 
organoids in vivo. Furthermore, 3D imaging displays the 3D structure of 
the mineralized areas, visually showing the distribution and extent of 
mineralization within the bone organoids, further confirming their 
mineralization process (Fig. 4D).

5.4. Multicellular morphology and spatial structure analysis of bone 
organoids

The internal cellular morphology and matrix structure of bone 
organoids, which were implanted subcutaneously into nude mice for 40 
days, were analyzed in detail using biological SEM. SEM provided high- 
resolution imaging of the organoid’s interior, revealing the morpho-
logical characteristics and arrangement of cells within the bone orga-
noids. Additionally, the morphology of the extracellular matrix was 
observed (Fig. 5). The schematic illustrates the experimental design for 
SEM examination of bone organoids cultured in vivo. Bone organoids 

Fig. 4. In vivo mineralization evaluation of bone organoids. (A) Schematic of micro-CT scanning for bone organoids. (B) Surgical retrieval of bone organoids. (C) 
Stereomicroscopic analysis of vascularization in bone organoids. (D) In vivo mineralization progress of bone organoids assessed by micro-CT scanning.
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were implanted subcutaneously into a nude mouse, cultured in vivo for a 
period, then retrieved and evaluated using SEM high-resolution imaging 
to assess their internal cellular morphology and matrix structure 
(Fig. 5A). SEM imaging reveals the internal spatial structure of the bone 
organoid, clearly showing its loose and porous microarchitecture. 
Micron-level imaging displays the macroscopic cross-section of the bone 
organoid, while nanometer-level imaging provides detailed visualiza-
tion of the complex pore network within. This structure closely re-
sembles the characteristics of cancellous bone, indicating that the bone 
organoid possesses favorable bone-like structural properties (Fig. 5B). 
The regions marked with different colors highlight cells with diverse 
morphologies, including relatively rounded cells and some irregularly 
shaped cell clusters. The diversity in cell morphology indicates that bone 
organoids exhibit good cellular diversity and adaptability to the envi-
ronment during in vivo cultivation (Fig. 5C). Although the exact identi-
fication of cell types cannot be definitively determined based solely on 
morphology, preliminary speculations can be made based on these ob-
servations. Through morphological comparison and analysis of previous 
literature [54,55], we classified these cells as red blood cells (RBCs), 
macrophages, and osteoblasts. RBCs exhibit a characteristic disc-like 
structure, macrophages display an active morphology with multiple 
protrusions, and osteoblasts show a more irregular surface structure. 
These observations suggest that vascular ingrowth into the bone orga-
noid brought in myeloid-derived RBCs and macrophages, while BMSCs 
differentiated into osteoblasts, contributing to bone-like structure for-
mation. These initial findings will be further verified through molecular 
biology experiments to confirm the specific types and functional states 
of the cells (Fig. 5D). Bone organoids underwent tissue clearing followed 

by 3D immunofluorescence imaging analysis. Fluorescent markers of 
different colors revealed the distribution of specific markers within the 
bone organoid: green fluorescence represents the vascular-specific 
marker CD31, red indicates the cartilage marker collagen II, and pur-
ple corresponds to the osteogenic-specific marker periostin. The merged 
image clearly shows the presence of distinct vascular lumens within the 
bone organoid, indicating successful induction of vascular formation 
and development during in vivo cultivation. Despite the presence of 
some non-specific staining, the vascular structures remain clearly 
visible. Additionally, the positive expression of collagen II and periostin 
further confirms the formation of cartilage and bone tissues within the 
bone organoid. These results demonstrate that the bone organoid pos-
sesses strong potential for vascularization, as well as osteogenic and 
chondrogenic differentiation (Fig. 5E–F).

5.5. Crystallographic and elemental analysis of bone organoids

The mechanical properties of bone organoids are closely related to 
the crystallization of hydroxyapatite within their structure. Hydroxy-
apatite is a crucial component that imparts rigidity and strength, 
mimicking the natural mineralized matrix found in bone. The degree of 
hydroxyapatite crystallization significantly affects the stiffness, 
compressive strength, and overall structural integrity of the bone orga-
noids. In addition, elemental analysis provides insights into the chemical 
composition of the organoids, which should contain essential compo-
nents similar to natural bone tissue to ensure proper biological function 
and mechanical performance (Fig. 6). Bone organoids were implanted 
subcutaneously into nude mice, cultured in vivo for 40 days, then 

Fig. 5. Comprehensive morphological and structural analysis of bone organoids: SEM and 3D immunofluorescence imaging. (A) Experimental design for in vivo SEM 
evaluation of bone organoids. (B) Microarchitecture analysis of bone organoid via SEM scanning. (C) Cell morphological diversity of bone organoids via SEM 
scanning. (D) Identification of cell types in bone organoids via SEM scanning and morphological analysis. (E) 3D immunofluorescence analysis of specific markers in 
bone organoids. (F) Immunofluorescence analysis of CD31, collagen II, and periostin in bone organoids.
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retrieved, sectioned, and prepared for scanning and observation using 
TEM (Fig. 6A). TEM images clearly reveal the ultrastructure of cells 
within the bone organoid, particularly highlighting the presence of cell 
nuclei, indicating well-preserved cellular morphology. Additionally, the 
images depict the nanocrystalline structure of the mineralized compo-
nents within the bone organoid, suggesting that the mineral formation 
demonstrates good crystallinity, which is crucial for the mechanical 
properties and biological functions of bone-like tissue (Fig. 6B). The 
diffraction halo in the electron diffraction image further confirms that 
the mineralized components within the bone organoid have a crystalline 
structure. The presence of the halo indicates the existence of highly 
crystalline regions in the sample, consistent with the characteristics of 
mineral components such as hydroxyapatite, further supporting the 
successful mineralization process within bone organoids (Fig. 6C). The 
detailed analysis of the mineralized region within the bone organoid 
reveals a fibrous and reticular structure. EDS mapping was performed on 
this local area to further analyze its elemental composition and miner-
alization characteristics (Fig. 6D). The EDS spectrum reveals the 
elemental composition of the sample, clearly showing characteristic 
peaks for Ca and P, indicating significant enrichment of these elements 
within the sample. This enrichment of calcium and phosphorus further 
supports the formation of mineralized components within the bone 
organoid, particularly the presence of hydroxyapatite similar to that 
found in natural bone tissue (Fig. 6E). The elemental mapping images 
use different colors to represent specific elements: red for C, green for 
nitrogen (N), blue for P, and dark green for Ca. The uniform distribution 
of C and N indicates the presence of organic matrix, while the localized 

concentration of Ca and P further confirms the formation of mineralized 
components (Fig. 6F).

5.6. Molecular biology identification of bone organoids

The molecular biological identification of bone organoids primarily 
involves specific tissue staining to verify their bone-like structural 
characteristics, as well as immunofluorescence detection of bone tissue- 
related molecular markers (Fig. 7). After 40 days of subcutaneous im-
plantation in nude mice, the bone organoids were retrieved and 
analyzed to confirm their development and characteristics. H&E stain-
ing results for the bone organoid demonstrate uniform tissue 
morphology and cell distribution. In an overall view, the internal 
structure of the organoid is homogeneous, maintaining a well-preserved 
form, while the magnified view reveals the distribution of cells within 
the matrix, showing clear boundaries between the cells and the extra-
cellular matrix. This findings indicates effective cell viability and dis-
tribution within the 3D environment. These results indicate that the 
bone organoid has a stable internal structure, making it suitable for 
further investigation of cellular and tissue functions (Fig. 7A). Masson 
staining results illustrate the distribution of collagen fibers and cells 
within the bone organoid. In the overall view, blue staining clearly in-
dicates the presence of a rich collagen fiber network throughout the 
organoid, while the red areas mainly highlight cellular components and 
other proteins within the matrix. The magnified view further reveals 
detailed collagen fiber distribution and their relationship with the cells. 
The red fibers are distinctly visible, interwoven with the blue matrix, 

Fig. 6. Ultrastructural characterization and validation of mineralization crystals in bone organoids. (A) Experimental design for TEM examination of bone organoids. 
(B) Ultrastructural analysis of bone organoid mineralization using TEM scanning. (C) Electron diffraction analysis of crystalline mineral components in bone 
organoids. (D) Fibrous reticular structure of mineralized region in bone organoids. (E) Elemental composition analysis of bone organoids via EDS spectrum. (F) 
Elemental enrichment and distribution in bone organoids revealed by EDS mapping.
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demonstrating a well-organized tissue structure and effective integra-
tion between cells and the matrix (Fig. 7B). The results of alkaline 
phosphatase (ALP) and alizarin red S (ARS) staining demonstrate the 
osteogenic activity and mineralization of the bone organoids. ALP 
staining was used to detect alkaline phosphatase activity, an important 
marker of osteoblast differentiation. In the overall view, significant blue 
staining can be observed within the organoid, indicating the presence of 
active osteoblasts. The magnified image further reveals the distribution 
of ALP activity. ARS staining was used to detect mineralized nodules, 
with distinct red staining observed both in the overall and magnified 
images, indicating the formation of mineralized nodules during in vivo 
culture, thereby confirming effective mineralization in the bone orga-
noids (Fig. 7C–D). Tartrate-resistant acid phosphatase (TRAP) staining 
was used to detect osteoclast activity within the bone organoid. In the 
overall TRAP staining view, the bone organoid exhibited purple-red 
staining regions, indicating high osteoclast activity in these areas. The 
magnified view further clearly shows the distribution of osteoclasts, 
with purple-red regions representing areas enriched with osteoclasts. 
These findings demonstrate the presence of active osteoclasts within the 
bone organoid, which is significant for modeling the remodeling process 
of bone tissue (Fig. 7E). The Oil Red O staining results indicate the 
presence of lipid accumulation within the bone organoid. In the overall 
view, the red-stained regions clearly show the distribution of lipids, 
while the magnified image further reveals the details of the lipid drop-
lets. The red-marked areas distinctly demonstrate the presence of adi-
pocytes in the bone organoid, suggesting its potential for adipogenesis 
during in vivo cultivation (Fig. 7F). The toluidine blue staining results 
revealed the matrix structure and cellular components within the bone 
organoid, particularly highlighting the presence of chondrocytes. In the 
overall view, the blue-stained areas demonstrated the distribution of the 
extracellular matrix, while the magnified images further illustrated the 
details of chondrocytes and collagen fibers within the matrix. These 

staining results indicate that the bone organoid contains matrix com-
ponents and chondrocyte arrangement similar to those found in the 
endochondral ossification process (Fig. 7G). OPN, a multifunctional 
protein involved in both early bone formation and mineralization, is 
prominently expressed. OPN mediates cell-matrix interactions, pro-
motes mineral deposition, and regulates the remodeling of bone tissue. 
The detection of OPN fluorescence underscores the active mineraliza-
tion occurring within the bone organoids, which is essential for devel-
oping a functional bone matrix that mimics native bone tissue properties 
(Fig. 7H). In addition to OPN, the expression of OCN, a well-established 
marker of late-stage osteogenesis, is also observed. This strong fluores-
cence signal for OCN indicates the presence of mature osteoblasts 
actively contributing to bone matrix deposition, signifying that the bone 
organoids have successfully progressed beyond the early differentiation 
stages to achieve a more advanced, mature bone-like state (Fig. 7I).

In summary, the experimental results provide strong evidence that 
bone organoids successfully recapitulate key aspects of bone develop-
ment, making them a valuable model for studying bone biology and 
potentially applicable in fields such as bone regeneration, disease 
modeling, and drug screening. The ability to visualize and confirm these 
key markers through immunofluorescence provides important insights 
into the dynamic cellular and molecular mechanisms of osteogenesis in 
3D organoid models.

6. Limitations

Despite significant advancements, several limitations must be 
addressed to enhance the broader application and development of bone 
organoids. One major challenge is replicating the complex physiological 
environment of bone tissue, including intricate interactions among 
bone, bone marrow, and immune cells. Many current bone organoid 
models lack adequate vascularization, which is crucial for nutrient 

Fig. 7. Histological staining of bone organoids. (A) HE staining of bone organoids. (B) Masson’s Trichrome staining of bone organoids. (C) ALP staining of bone 
organoids. (D) ARS staining of bone organoids. (E) TRAP staining of bone organoids. (F) Oil Red O staining of bone organoids. (G) Toluidine blue staining of bone 
organoids. (H) Immunofluorescence staining of OPN in bone organoids. (I) Immunofluorescence staining of OCN in bone organoids.
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delivery and waste removal, limiting their ability to mimic in vivo con-
ditions accurately. Additionally, bone organoids remain simplified and 
do not fully capture the dynamic interactions between bone, cartilage, 
and surrounding tissues. Our study employs rat BMSCs to construct bone 
organoids, but interspecies differences between rat and human 
MSCs—including variations in differentiation potential, proliferation 
rates, and immune responses—may affect the translational applicability 
of these findings. Therefore, further validation using human MSCs is 
necessary to confirm the clinical relevance of our results. Furthermore, 
scaling up current protocols for high-throughput applications remains 
challenging due to labor-intensive processes that are difficult to stan-
dardize. Mechanical loading, a key factor in bone remodeling, is not yet 
fully integrated into existing models, and maintaining the long-term 
stability of bone organoids under conditions that simulate aging or 
chronic diseases remains a significant hurdle. Addressing these chal-
lenges will require integrating advanced bioengineering techniques and 
more sophisticated models to create physiologically relevant, scalable, 
and stable bone organoid systems that can reliably mimic the complexity 
of bone tissue in vivo.
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