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methods for fracture healing include surgical realign-
ment and fixation. Traditional approaches to fracture 
treatment have limitations such as postoperative infec-
tions, incomplete bone healing, and risks of re-fracture 
[6–8]. Moreover, in certain circumstances, such as in 
the elderly or patients with chronic diseases, the fracture 
healing process may present significant difficulties and 
delays [9–11]. Thus, the search for a novel therapeutic 
strategy capable of promoting fracture healing is of para-
mount importance [12–14].

Bone marrow-derived mesenchymal stem cells 
(BMSCs) are a type of multipotent stem cells originat-
ing from the bone marrow, and their key role in fracture 
healing has been demonstrated [15–17]. BMSCs possess 
osteogenic potential and can differentiate into osteo-
blasts, promoting the generation of new bone [18, 19]. 

Background
Fracture is a common orthopedic condition that not only 
affects the quality of life of patients but can also lead to 
serious complications [1, 2]. Restoring the normal struc-
ture and function of the fractured bone is crucial for 
the patient’s recovery [3–5]. Currently, the treatment 
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Abstract
To assess the efficacy of a novel 3D biomimetic hydrogel scaffold with immunomodulatory properties in promoting 
fracture healing. Immunomodulatory scaffolds were used in cell experiments, osteotomy mice treatment, and 
single-cell transcriptomic sequencing. In vitro, fluorescence tracing examined macrophage mitochondrial transfer 
and osteogenic differentiation of bone marrow-derived mesenchymal stem cells (BMSCs). Scaffold efficacy 
was assessed through alkaline phosphatase (ALP), Alizarin Red S (ARS) staining, and in vivo experiments. The 
scaffold demonstrated excellent biocompatibility and antioxidant-immune regulation. Single-cell sequencing 
revealed a shift in macrophage distribution towards the M2 phenotype. In vitro experiments showed that 
macrophage mitochondria promoted BMSCs’ osteogenic differentiation. In vivo experiments confirmed accelerated 
fracture healing. The GAD/Ag-pIO scaffold enhances osteogenic differentiation and fracture healing through 
immunomodulation and promotion of macrophage mitochondrial transfer.
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Hence, exploring novel strategies to promote BMSCs’ 
osteogenic differentiation holds significant significance.

Macrophages, as immune cells, play a vital role in the 
fracture healing process [20–22]. Recent studies have 
indicated that macrophages regulate the osteogenic 
differentiation of stem cells by modulating their mito-
chondrial function [23, 24]. Mitochondria are intracel-
lular organelles responsible for synthesizing the energy 
required by cells and participating in various essential 
cellular metabolic processes [25–27]. Therefore, regulat-
ing the process of macrophage mitochondrial transfer 
may contribute to promoting BMSCs’ osteogenic differ-
entiation and thus facilitate fracture healing.

Hydrogels, as porous, highly water-absorbent, and 
biocompatible materials, have demonstrated significant 
potential in various fields such as tissue engineering, 
drug delivery, and cell culture [28–30]. Inspired by mus-
sels, dopamine (DA) is considered a promising antioxi-
dant that can reduce oxidative stress by clearing reactive 
oxygen species (ROS) and downregulating inflammatory 
mediators [31, 32]. Iron ions play a crucial role in the 
process of bone mineralization, influencing the forma-
tion and deposition of calcium-phosphate in bones. They 
regulate the transformation of mineral precursors and 
mineral formation, thereby promoting mineralization 
and hardening of bone tissue, while silver nanoparticles 
confer antibacterial activity to scaffolds by releasing sil-
ver ions and generating ROS to attack multiple bacterial 
targets [33].

This study aims to investigate the potential application 
of an immunomodulatory 3D biohydrogel scaffold in the 
treatment of bone fractures. We report the development 
of a 3D biohydrogel scaffold (GAD/Ag-pIOPNs) using 
iron oxide-dopamine-silver nanoparticles (Ag-pIOPNs) 
as the material, demonstrating immunomodulatory 
properties [34–36]. The GAD/Ag-pIOPNs scaffold treat-
ment significantly alters the subpopulation distribution 
of macrophages, promotes the polarization of M2 mac-
rophages, and enhances the osteogenic differentiation of 
BMSCs, thereby expediting the bone healing process in 
mice.

Through our research, we aim to elucidate the pro-
moting effect of the immunomodulatory 3D biomimetic 
hydrogel scaffold on macrophage mitochondrial transfer, 
as well as its impact on BMSCs’ osteogenic differentiation 
and fracture healing. Our study will provide new thera-
peutic strategies for fracture treatment, with the poten-
tial to enhance bone defect repair and patient recovery. 
Additionally, our research will contribute to a deeper 
understanding of the reciprocal regulatory mechanisms 
between macrophages and BMSCs and provide scientific 
evidence for the development of other related treatment 
approaches.

Results and discussion
Preparation and characterization of dopamine-modified 
Alg/Ag-pIOPNs hydrogel
Initially, we prepared GAD/Ag-pIO hydrogels in vitro. 
The preparation process and reaction mechanism of the 
Ag-pIOPNs are detailed in Fig. S1. The schematic dia-
gram of the preparation of 3D-printed hydrogels (GAD/
Ag-pIO) using Ag-pIOPNs as functional components is 
illustrated in Fig. 1.

The morphology and particle size of the nanopar-
ticles were characterized using a Transmission Electron 
Microscope (TEM). The diameter of IOPNs was approxi-
mately 20 nm (Fig. S2A). The dopamine-modified IOPNs 
(pIOPNs) exhibited a typical core-shell structure, with 
the shell layer on the surface confirming the success-
ful modification by dopamine molecules (Fig. S2B). The 
presence of spherical particles on the surface of pIOPNs 
demonstrated the in-situ growth of silver nanoparticles 
(Fig. S2C). The hydrated particle size of the nanoparticles 
was determined, showing a slight increase from IOPNs 
to Ag-pIOPNs, with a particle size ranging from 40 to 
50 nm (Fig. S2D). Zeta potential measurements revealed 
a change in the surface charge from positive to negative 
after dopamine modification, with the Zeta potential of 
pIOPNs decreasing from 35 mV to -7.6 mV. This change 
indicated the ionization of phenolic hydroxyl groups 
by dopamine, and the Zeta potential of Ag-pIOPNs 
approached neutrality (Fig. S2E). The loading capacity 
of dopamine on Ag-pIOPNs was analyzed by thermo-
gravimetric analysis (TG), which showed distinct stages 
of water evaporation below 100 °C, dopamine decompo-
sition between 100 °C and 300 °C, and dopamine degra-
dation at 400  °C. Based on the weight loss, the loading 
capacity of dopamine in Ag-pIOPNs was determined 
to be 8.7%, and the loading capacity of silver was 9.2% 
(Fig. S2F), confirming the successful preparation of Ag-
pIOPNs nanoparticles.

Elemental analysis revealed the presence of Ag, N, 
and Fe in the Gel/AlgDA hydrogel scaffold (GAD/
Ag-pIO), suggesting uniform incorporation of GAD/
Ag-pIO (Fig.  2A). Upon addition of GAD/Ag-pIO, the 
sol-gel transition behavior of the hydrogel was enhanced 
(Fig.  2B). The compression modulus data indicated that 
with increasing Ag-pIOPNs content, the gel’s compres-
sive strength improved significantly, reaching nearly a 
four-fold increase at 10 wt% Ag-pIOPNs (Fig.  2C). Fur-
thermore, the swelling capability of the hydrogel ini-
tially increased and then decreased with the addition of 
Ag-pIOPNs (Fig.  2D). As Ag-pIOPNs were added, the 
porosity of the hydrogel decreased, leading to a denser 
gel structure (Fig. 2E). Optimal porosity and water reten-
tion are vital for cell migration and growth; thus, further 
investigations will focus on incorporating 5 wt% Ag-
pIOPNs for in-depth research.
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Rheological and mechanical properties analysis of 
composite hydrogels
To evaluate the printability and mechanical properties of 
the composite hydrogel, we initially conducted a rheo-
logical analysis. Shear rate measurements were employed 
to assess viscosity, revealing that all groups exhibited 
shear-thinning behavior, confirming the hydrogel’s suit-
ability as an extrudable material (Fig. 3A). The reduction 
in the Gel/Alg-DA ratio resulted in an increase in G′ val-
ues, indicating an enhancement in the hydrogel’s stiffness 
(Fig.  3B). The G100A0 group displayed the lowest aver-
age compressive strength, which increased as the Gel/
Alg-DA ratio decreased (Fig.  3C). The gel-to-gel transi-
tion temperatures (Ttrans) for the four groups were all 
around 31 °C, with no influence on the printing tempera-
ture at room temperature when additional components 
were added (Fig. S3). Gels under the G100A0, G90A10, 
G80A20, and G70A30 ratios exhibited uniform extru-
sion at conditions of 170/15, 220/12, 280/12, and 360/15 
(kPa/mms-1) (Fig. 3D). With an increase in Alg-DA con-
tent, the viscosity of the hydrogel increased, along with 
the required extrusion pressure. By systematically opti-
mizing parameters, successful 3D printing was achieved 

for all four gel ratios (Fig. 3E). As the Gel/Alg-DA ratio 
decreased, the micro-porosity of the hydrogel diminished 
(Fig. 3F). We conducted a 4-week degradation assessment 
of the printed scaffolds in PBS, followed by weighing 
freeze-dried samples to determine the post-degradation 
gel mass (Fig. 3G). The results indicated that an increase 
in the Alg-DA ratio led to more dynamic cross-linking 
points and a slower degradation rate. Consequently, the 
primary component ratio for the final gel was determined 
to be Gel/Alg-DA = 70/30 through preselecting the com-
position ratios.

Silver ions possess antibacterial properties, and their 
release is a synergistic oxidation process. Alongside 
degradation experiments, we measured the release of 
silver ions (Ag+) from Gel/Alg-DA = 70/30 with 5 wt% 
Ag-pIOPNs scaffolds. The scaffold exhibited a relatively 
high non-cumulative silver ion concentration on the 
first day (5.12 mg/L), gradually decreasing to 1.78 mg/L 
thereafter. By the 9th day, the cumulative concentration 
of released Ag + from the scaffold reached 14.3  mg/L 
(Fig.  3H). Previous studies have shown that silver ion 
concentrations in the range of 10–100 mg/L can inhibit 
bacterial growth without compromising biocompatibility 

Fig. 1 Schematic diagram illustrating the preparation of GAD/Ag-pIO hydrogel

 



Page 4 of 26Qiu et al. Journal of Nanobiotechnology          (2024) 22:540 

[37]. BMDM cells were isolated from murine bone mar-
row (Fig. S4). Following a 24-hour culture, the viability of 
BMDMs in the GAD/Ag-pIO group was 98.95 ± 1.02%, 
comparable to the GA group (97.22 ± 3.05%) and the con-
trol group (97.02 ± 1.39%) (Fig. S5A-B). The proliferation 
of BMDMs in the GAD/Ag-pIO group from day 1 to day 
5 showed no significant difference compared to the GA 
and control groups (Fig. S5C).

In conclusion, we successfully prepared a 3D-printed 
GAD/Ag-pIO scaffold with good mechanical proper-
ties and suitable degradation performance. It provides a 
microenvironment conducive to cell growth and can be 
utilized for fracture implant therapy.

Regulation and clearance effects of GAD/Ag-pIO scaffold 
on early inflammatory response and ROS in fracture 
healing
During the initial phase of the inflammatory response in 
fracture healing, a significant amount of ROS is gener-
ated to regulate inflammation. However, excessive ROS 
can be detrimental to cells. Therefore, eliminating excess 
ROS is a common function of fracture treatment materi-
als. Dopamine can act as a signaling molecule in medi-
ating this response, being reduced to dopamine quinone 
through redox reactions and involved in the regulation of 
oxidative stress.

We isolated BMDMs and cultured them on the scaffold, 
simulating the early microenvironment of a fracture by 
inducing an inflammatory response with lipopolysaccha-
ride (LPS) (Fig.  4A). The stimulation with LPS resulted 
in decreased cell viability, but BMDMs cultured on the 
GAD/Ag-pIO scaffold showed significantly increased 
cell viability compared to the LPS group, demonstrating 
the anti-inflammatory effect of GAD/Ag-pIO (Fig.  4B). 
Next, we measured the levels of several inflammatory 
mediators. Enzyme linked immunosorbent assay (ELISA) 
results showed that LPS stimulation increased the levels 
of Tumor Necrosis Factor Alpha (TNF-α), IL-6 - Inter-
leukin 6 (IL-6), and IL-1β - Interleukin 1 Beta (IL-1β) in 
BMDMs, while treatment with GAD/Ag-pIO effectively 
reduced the expression of pro-inflammatory cytokines, 
approaching the levels of the control group, whereas the 
GA group showed no significant effect (Fig. 4C-E).

During the early stages of fracture healing, high levels 
of ROS are one of the main causes of inflammation, and 
catechol groups can scavenge ROS and transform them 
into quinone groups [38]. The Ultraviolet (UV)-visible 
spectroscopy showed that the GAD/Ag-pIO scaffold dis-
played stronger 2,2-Diphenyl-1-picrylhydrazyl (DPPH) 
clearing ability compared to the GA scaffold, with further 
enhancement with the additional Ag-pIO, indicating that 
the major antioxidant effect is derived from Ag-pIO and 
possesses considerable ROS clearing ability (Fig. 4F). To 

Fig. 2 Characterization of GAD/Ag-pIO hydrogel Note (A) EDS image of GAD/Ag-pIO; (B) Sol-gel transition diagram of GAD/Ag-pIO hydrogel with differ-
ent concentrations; (C) Compression modulus graph of GAD/Ag-pIO; (D) Swelling rate measurement graph of GAD/Ag-pIO hydrogel; (E) SEM observation 
image of freeze-dried GAD/Ag-pIO gel, scale = 5 mm. The experiment was repeated three times; ns indicates no significant difference, *P < 0.05 indicates 
significance, and ** indicates P < 0.01
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Fig. 3 Evaluation of the gel scaffold printed by 3D printing. Note (A) Detection of shear rate viscosity behavior; (B) Detection of shear storage modulus 
frequency; (C) Compression modulus measurement of different composition gels; (D) Optical photographs of printed gel under different printing pa-
rameter conditions; (E) Optical photographs of printed scaffold under optimal printing process conditions, top horizontal bar represents 700 μm, bottom 
horizontal bar represents 400 μm; (F) SEM images of the surface and cross-section of the printed scaffold, from top to bottom horizontal bar represents 
500 μm, 10 μm, 200 μm, 20 μm; (G) Degradation rate measurement of 3D printed scaffold; (H) Silver ion release rate measurement of 3D printed scaffold. 
The experiment was repeated three times; ** indicates P < 0.01
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Fig. 4 Study on the immunomodulatory and antioxidant activity of the 3D printed gel scaffold. Note (A) Schematic diagram of the experimental method 
process; (B) Measurement of cell viability using the MTT method; (C-D) Detection of TNF-a (C) and IL-6 (D) levels using the ELISA method; (E) Detection of 
IL-1β levels using an ELISA kit; (F) Clearance efficiency of DPPH free radicals measured using UV-visible spectroscopy; (G) Efficiency of different treatment 
conditions on the catalysis of MB measured using UV-visible absorption technique; (H) Brightfield and fluorescence images of different treatment groups, 
ROS in DCFH-DA stained cells appear green, bar = 500 μm; (I) Flow cytometric analysis of cells labeled with 2’,7’-DCFH-DA in different groups in the FITC-A 
channel, bar graph shows the subgroups of stained ROS and their percentages; (J) Measurement of SOD levels in different groups; (K) Measurement of 
MDA levels in different groups. The experiment was repeated three times: ** indicates P < 0.01
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Fig. 5 (See legend on next page.)
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understand its catalytic mechanism, we further reacted 
the scaffold with methylene blue (MB), which can elimi-
nate ·OH radicals generated in the Fenton reaction [39]. 
Compared to the GA scaffold, the GAD/Ag-pIO scaf-
fold exhibited stronger catalytic activity, which further 
increased with the addition of extra Ag-pIO (Fig. 4G).

To demonstrate the GAD/Ag-pIO scaffold’s ability to 
eliminate cellular ROS, we utilized a DCFH-DA probe 
to investigate intracellular ROS levels. The blank group 
exhibited low ROS levels, while the H2O2 group showed 
increased oxidative stress. Interestingly, in the H2O2 + GA 
group, ROS levels remained relatively unchanged, indi-
cating the hydrogel matrix itself lacks ROS scaveng-
ing capabilities. However, in both the H2O2 + GAD 
and H2O2 + GAD/Ag-pIO groups, ROS levels signifi-
cantly decreased, with the H2O2 + GAD/Ag-pIO group 
approaching levels similar to the blank group, suggest-
ing that GAD/Ag-pIO reinforces cellular protection 
against oxidative stress (Fig. 4H). Flow cytometry results 
revealed that the ROS-positive rate induced by H2O2 
was 34.07%, reduced to 10.84% in the H2O2 + GAD group, 
and further decreased to 6.84% in the H2O2 + GAD/Ag-
pIO group (Fig.  4I). Furthermore, the GAD/Ag-pIO 
scaffold enhanced the expression of cellular antioxidant 
enzymes, directly clearing ROS, thus safeguarding cells 
from oxidative stress-induced damage (Fig.  4J). The 
GAD/Ag-pIO scaffold notably decreased the levels of 
malondialdehyde (MDA) induced by hydrogen peroxide 
in cells to 0.707 ± 0.050 nmol/mg protein, comparable to 
the MDA levels in normal cells (0.663 ± 0.051 nmol/mg 
protein), effectively alleviating cellular oxidative stress 
(Fig. 4K).

In conclusion, the GAD/Ag-pIO scaffold possesses bio-
activity that enhances immunity, clears ROS, and inhibits 
oxidative stress, thereby having the potential to reduce 
oxidative damage at the site of fracture during the healing 
process.

Analysis of macrophage subcluster expression profile and 
its impact on scaffold treatment in fracture healing
Immune cells, particularly macrophages, play a crucial 
role in the process of fracture healing. Among the earli-
est immune cells to respond to fractures, macrophages 

remain actively involved throughout the healing process. 
Studies have shown that macrophages have the ability to 
regulate the differentiation and function of osteoblasts 
[40, 41]. Specifically, different phenotypes of macro-
phages, such as the classically activated (M1) and alterna-
tively activated (M2) macrophages, have distinct roles in 
the healing process. Delayed or failed fracture healing has 
been associated with overexpression of pro-inflammatory 
cytokine-secreting M1 macrophages and downregula-
tion or ineffectiveness of the anti-inflammatory response 
mediated by M2 macrophages. Consequently, promoting 
M2 macrophage polarization and/or inhibiting M1 mac-
rophage differentiation may contribute to the healing of 
fractures.

To investigate this, we isolated macrophages from the 
bone marrow of normal control group mice, bone mar-
row adjacent to the fracture site of mice at 72  h after 
fracture, and bone marrow adjacent to the fracture site 
of mice treated with 3D printed GAD/Ag-pIO scaf-
fold for 72 h. These samples were labeled as the Control 
group, fracture group, and Scaffold group, respectively. 
Subsequently, we performed in vitro culture of these 
macrophages. Single-cell RNA extraction and library 
construction were conducted using the Illumina NovaSeq 
6000 system, generating a large amount of transcriptional 
data (Fig.  5A). The results revealed that the majority of 
cells had nFeature_RNA < 5000, nCount_RNA < 20,000, 
and percent.mt < 20% (Fig. S6A). To improve data qual-
ity, we excluded low-quality cells based on the criteria of 
200 < nFeature_RNA < 5000 and percent.mt < 25%, result-
ing in an expression matrix of 16,961 genes and 21,367 
cells. In the filtered data, the correlation coefficient 
between nCount_RNA and percent. mt is r = -0.16, while 
the correlation coefficient between nCount_RNA and 
nFeature_RNA is r = 0.9 (Fig. S6B), indicating the satisfac-
tory quality of the filtered cell data for further analysis.

To analyze the filtered cells further, we selected the top 
2000 genes with the highest gene expression variance 
for downstream analysis (Fig. 5B). The CellCycleScoring 
function was used to calculate the cell cycle of the sample 
cells (Fig. S6C), followed by normalization of the data. 
Principal component analysis (PCA) was then employed 
to perform linear dimensionality reduction on the data. 

(See figure on previous page.)
Fig. 5 Cell clustering of scRNA-seq data. Note (A) The schematic diagram of the in vitro culture technique for murine bone marrow macrophages near 
fracture; (B) After batch correction using Harmony, the distribution of cells in PC_1 and PC_2 was adjusted, where each point represents a single cell; (C) 
tSNE visualization of cell clustering, showing the aggregation and distribution of cells in normal, fracture, and scaffold treatment samples. Red represents 
scaffold treatment samples, blue represents fracture samples, and green represents normal samples; (D) tSNE visualization of cell clustering, displaying the 
aggregation and distribution of cells from different sources, with each color representing a cluster; (E) Heatmap of highly variable genes in each cluster, 
where yellow indicates significantly high expression; (F) Group visualization of cell annotation results based on tSNE clustering; (G) Visualization of cell 
annotation results based on tSNE clustering, where each color represents a cell subpopulation, and each subpopulation is highlighted with a different 
colored circle; (H) Expression levels of marker genes in different cell subpopulations, with darker shades of blue indicating higher average expression 
levels; (I) Bubble plot showing the expression levels of marker genes in different cell subpopulations, with darker shades of red indicating higher average 
expression levels; (J-L) Total expression levels of marker genes for M0 macrophage subpopulation, M1 macrophage subpopulation, and M2 macrophage 
subpopulation in different samples
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A heatmap of the expression of the top correlated genes 
for PC_1 to PC_6 was displayed (Fig. S6D), along with 
the distribution of cells in PC_1 and PC_2 (Fig. S6E). The 
results demonstrated no significant batch effects between 
the samples.

To further reduce batch effects and improve the accu-
racy of cell clustering, we employed the Harmony soft-
ware package to perform batch correction on the sample 
data (Fig. S6F-H). The corrected results showed effec-
tive elimination of batch effects (Fig.  5C). Additionally, 
an ElbowPlot was used to rank the standard deviation of 
the principal components, revealing that PC_1 to PC_20 
adequately reflected the information contained within 
the highly variable genes and were of significant analyti-
cal significance (Fig. 5D).

Next, we applied the t-SNE algorithm to perform non-
linear dimensionality reduction on the top 20 principal 
components. Through clustering, we obtained 14 clusters 
(Fig. 5E), and a heatmap displaying the top 5 highly vari-
able genes for each cluster was presented. By studying the 
distribution of different clusters in different samples, we 
observed the appearance of a new cluster 7 in the frac-
ture samples compared to the normal samples and the 
appearance of two new clusters 1 and 2 in the scaffold-
treated samples compared to both the normal and frac-
ture samples. Therefore, we defined the clusters 0, 3, 4, 
5, 6, 8, 9, 10, 11, 12, and 13, which were present in all 
three samples, as “Con Orig cells” (clusters of normal 
sample original cells); we defined cluster 7 as “fact new 
cells” (cluster of fracture cells); and we defined clusters 1 
and 2 as “Scaf new 1 cells” and “Scaf new 2 cells” (clus-
ters of scaffold-treated cells 1 and 2) respectively. Sub-
sequently, cell annotations were performed, resulting in 
the identification of 4 cell subclusters (Fig. 5F-G). Based 
on the literature search for known cell lineage-specific 
marker genes, combined with using the online database 
CellMarker for identifying mouse macrophage marker 
genes, we presented the Uniform Manifold Approxima-
tion and Projection (UMAP) expression plots (Fig.  5H) 
and bubble plots (Fig.  5I) showcasing the marker genes 
of different subclusters. The expression profiles of the 
marker genes indicated that the newly emerged subclus-
ters exhibited more distinct characteristics of M1 and 
M2 macrophages. We calculated the total expression 
levels of marker genes for the M0 macrophage subclus-
ter (Fig. 5J), M1 macrophage subcluster (Fig. 5K), and M2 
macrophage subcluster (Fig. 5L) in different samples. The 
results indicated a significant increase in the expression 
of M1 macrophage marker genes in the fracture samples 
and a significant increase in the expression of M2 macro-
phage marker genes in the scaffold-treated samples.

Our single-cell analysis results were validated through 
in vivo immunofluorescence experiments. On the 7th 
day of fracture healing, immunofluorescence imaging 

displayed a significant increase in the expression of 
TNF-α and iNOS-positive M1 macrophages in the frac-
ture model group, while the Model + GAD/Ag-pIO 
treatment group exhibited a significant increase in the 
expression of CD163-positive M2 macrophages (Fig. S7).

To summarize, our findings suggest the emergence of 
new subclusters in macrophages following fracture and 
further changes in macrophage subclusters after scaffold 
treatment. In the fracture samples, there were more M1 
macrophages, while the scaffold-treated samples exhib-
ited a greater presence of M2 macrophages.

Protection of macrophage mitochondria from ROS 
damage and promotion of mitochondrial transfer by GAD/
Ag-pIO, enhancing bmscs proliferation and osteogenic 
differentiation
Previous experiments have demonstrated that GAD/Ag-
pIO possesses the ability to function as an antioxidant 
and eliminate ROS while also promoting M2 polarization 
of macrophages in the bone fracture microenvironment. 
To investigate whether GAD/Ag-pIO can protect mac-
rophages from ROS damage, we included the ROS scav-
enger N-acetylcysteine (NAC) as a control. The results of 
TMRE staining indicate that GAD/Ag-pIO can preserve 
mitochondrial membrane potential and prevent mito-
chondrial fragmentation from damage under oxidative 
stress induced by LPS stimulation. The findings suggest 
that GAD/Ag-pIO possesses the ability to protect and 
maintain mitochondrial integrity (Fig. 6A-B).

During bone repair, macrophages accumulate in the 
damaged area and produce a variety of biologically active 
factors such as bone morphogenetic proteins (BMPs), 
vascular endothelial growth factor (VEGF), and trans-
forming growth factor β (TGF-β). These factors can 
promote the differentiation of BMSCs into osteoblasts 
or key osteogenic factors, thereby facilitating the gen-
eration and repair of new bone tissue [42]. Recently, a 
novel mode of communication relying on intercellular 
organelle transfer has garnered significant attention [43]. 
Furthermore, intercellular mitochondrial transfer has 
been found to play a role in cellular metabolism, immune 
response, mitochondrial quality control, wound healing, 
tissue integrity, and other physiological regulations [44]. 
We hypothesized the existence of a novel mitochondrial 
communication pathway between macrophages and 
BMSCs that can impact cellular functions.

To test this hypothesis, we labeled mitochondria in 
macrophages with the MitoTracker probe, then re-cul-
tured the macrophages in a fresh medium and exposed 
them to LPS as a conditioned medium. FACS analysis 
was performed to collect mitochondrial signals from 
the medium, and the results demonstrated that GAD/
Ag-pIO and NAC were able to rescue the damaged mito-
chondrial signals in the medium (Fig.  6C). Additionally, 
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Fig. 6 GAD/Ag-pIO promotes mitochondrial transfer in macrophages. Note (A) Mitochondrial membrane potential in macrophages under different treat-
ment conditions, bar = 50 μm; (B) Observation of mitochondrial structure in macrophages under different treatment conditions, upper bar = 10 μm, lower 
bar = 5 μm; (C-D) Mitochondrial signal and membrane potential in macrophage-conditioned medium; (E) ATP production in macrophage-conditioned 
medium; (F) Representative images and quantification of mitochondrial signal in BMSCs cultured in macrophage-conditioned medium after specified 
treatment, bar = 10 μm; (G) Representative images and quantification of mitochondrial signal in BMSCs cultured in macrophage-conditioned medium 
treated with CCCP, bar = 10 μm. Cell experiments were repeated three times, **p < 0.01
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Fig. 7 (See legend on next page.)
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GAD/Ag-pIO treatment also restored the mitochondrial 
membrane potential and ATP content in the collected 
medium (Fig. 6D-E), showing similar effectiveness as the 
NAC treatment group. These findings suggest that GAD/
Ag-pIO can protect macrophage mitochondria from 
damage, thus ensuring mitochondrial quality.

To observe the mitochondrial transfer from macro-
phages to BMSCs, we isolated BMSCs and conducted 
adipogenic and osteogenic differentiation, chondrogenic 
differentiation, as well as surface marker identification 
(Fig. S8).

Subsequently, we cultured BMSCs in a conditioned 
macrophage-treated medium and observed the mito-
chondrial signals of both endogenous (BMSCs labeled 
with MitoTracker Green) and exogenous (macrophages 
labeled with Tracker Red CMXRos) origin. We found that 
culturing in medium from macrophages treated with LPS 
led to an approximately 3.0-fold decrease in mitochon-
drial signals between macrophages and BMSCs (Fig. 6F). 
However, GAD/Ag-pIO protected macrophages from 
damage and effectively restored mitochondrial signals 
in BMSCs when co-cultured in the conditioned medium 
(Fig.  6F). Treatment with carbonyl cyanide m-chloro-
phenyl hydrazone (CCCP), a substance that disrupts 
cellular energy metabolism and impacts mitochondrial 
function, resulted in a significant reduction of macro-
phage mitochondria in BMSCs (Fig. 6G), suggesting the 
maintenance of functional integrity during mitochon-
drial transfer from macrophages to BMSCs. Compara-
ble results were observed with the ROS scavenger NAC 
when compared to the GAD/Ag-pIO treatment group.

Mitochondria play a crucial role in stem cells, including 
energy supply, regulation of non-oxidative metabolism, 
and ROS balance [45–47]. The transfer of macrophage 
mitochondria to BMSCs may influence stem cell metabo-
lism, immune modulation abilities, cell proliferation, dif-
ferentiation, and inflammatory regulation [48, 49].

To induce injury in BMSCs, we first exposed them to 
LPS and then cultured them in a conditioned medium 
derived from macrophages for 18 h. Details of the treat-
ment conditions and nomenclature can be found in 
Fig.  7A. Co-culturing with a conditioned medium pre-
treated with GAD/Ag-pIO improved the metabolic 
capacity and adenosine triphosphate (ATP) produc-
tion of BMSCs (Fig.  7B-C). However, this improvement 

disappeared when mitochondria were removed using a 
0.2  μm filter, indicating that mitochondria transferred 
from macrophages have a protective effect on BMSCs. 
LPS caused inflammation and oxidative stress damage 
to BMSC mitochondria, resulting in decreased Oxygen 
Consumption Rate (OCR) levels. Nevertheless, incuba-
tion with a conditioned medium prepared from macro-
phages pre-treated with GAD/Ag-pIO was able to reverse 
these damages, while the medium without mitochondria 
failed to do so (Fig.  7B). Incubation with a conditioned 
medium prepared from GAD/Ag-pIO pre-treated mac-
rophages increased macrophage mitochondrial signal-
ing and membrane potential within BMSCs (Fig. 7D-E). 
These results suggest that promoting mitochondrial 
translocation in macrophages is one way GAD/Ag-pIO 
facilitates the recovery of BMSCs from oxidative stress 
damage.

To investigate the impact of macrophage mitochondria 
on BMSC proliferation and differentiation further, we 
added conditioned medium from macrophages to BMSC 
cultures. Methyl thiazolyl tetrazolium (MTT) assays 
showed that compared to the LPS-induced injury group, 
incubation with a conditioned medium prepared from 
macrophages pre-treated with GAD/Ag-pIO effectively 
restored BMSC proliferation after injury (Fig.  7F). ALP 
staining, an early marker of osteogenic differentiation, 
was significantly lower in the mitochondrial-depletion 
group and LPS-induced injury group compared to the 
group co-cultured with conditioned medium prepared 
from GAD/Ag-pIO pre-treated macrophages (Fig.  7G). 
ARS staining, assessing calcium mineral deposition as an 
important indicator of late-stage osteogenic differentia-
tion, showed the highest number of mineralized nodules 
and enhanced positive staining in the group co-cultured 
with conditioned medium prepared from GAD/Ag-pIO 
pre-treated macrophages (Fig.  7H), indicating better 
osteogenic potential.

OPN and OCN are crucial components of bone ECM, 
while Runt-Related Transcription Factor 2 (Runx2) serves 
as a key transcription factor regulating osteogenic gene 
expression. Analysis at both mRNA and protein levels 
revealed a significant increase in the expression levels of 
ALP, Runx2, OPN, and OCN in the conditioned medium 
incubation group prepared from macrophages pretreated 
with GAD/Ag-pIO, compared to the LPS-induced 

(See figure on previous page.)
Fig. 7 Experimental validation of macrophage-mediated mitochondrial transfer promotes osteogenic differentiation of BMSCs. Note (A) Schematic dia-
gram of different groups of BMSCs in treatment; (B) Measurement of oxygen consumption rate in BMSCs under different treatment conditions; (C) Cellular 
ATP levels in BMSCs under different treatment conditions; (D-E) Representative images and quantification of mitochondrial signal (D) and membrane 
potential (E) in BMSCs from different treatment groups, scale bar = 50 μm; (F) Proliferation of BMSCs in different treatment groups; (G) ALP staining and 
statistical analysis of early osteogenic differentiation in BMSCs from different treatment groups, scale bar = 100 μm; (H) ARS staining and statistical analy-
sis of late osteogenic differentiation in BMSCs from different treatment groups, scale bar = 100 μm; (I) Expression levels of osteogenic-related mRNA, 
including ALP, Runx2, OPN, and OCN, in BMSCs after 14 days of treatment in different groups; (J) Quantification of western blot analysis for expression of 
osteogenic proteins ALP, Runx2, OPN, and OCNDE in BMSCs from different treatment groups after 14 days. Cell experiments were repeated three times, 
denoting **denoting P < 0.01
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damage group (Fig. 7I-J), aligning with the ALP and ARS 
assessment results.

In conclusion, these data suggest that GAD/Ag-pIO, 
through its anti-oxidative stress effects, ensures the 
effective transfer of mitochondria from macrophages, 
whereby the transfer of macrophage mitochondria to 
BMSCs can restore oxidative stress damage, promote 
BMSC proliferation and osteogenic differentiation, 
upregulate the gene expression of ALP, Runx2, OPN, and 
OCN, thus facilitating bone healing.

GAD/Ag-pIO hydrogel synergizes with mitochondria to 
promote bone fracture healing in mice
We have successfully established a standardized mouse 
fracture model for mouse fracture therapy, utilizing 
3D-printed GA scaffolds and GAD/Ag-pIO scaffolds to 
observe the therapeutic efficacy of GAD/Ag-pIO scaf-
folds on the fracture healing process. The specific experi-
mental procedure involved culturing macrophages on 
GAD/Ag-pIO scaffolds for 5 days, extracting the cul-
tured macrophage mitochondria (mito), loading them 
into GAD/Ag-pIO hydrogel, and preparing GAD/Ag-
pIO + mito scaffolds for fracture treatment. Details of the 
experimental groups and evaluation criteria are provided 
in Fig. 8A. We have successfully established a standard-
ized mouse fracture model for mouse fracture therapy, 
utilizing 3D-printed GA scaffolds and GAD/Ag-pIO scaf-
folds to observe the therapeutic effects of the GAD/Ag-
pIO scaffold on the fracture healing process. The specific 
experimental procedure involved culturing macrophages 
on GAD/Ag-pIO scaffolds for 5 days, extracting the cul-
tured macrophage mitochondria (mito), loading them 
into GAD/Ag-pIO hydrogel, and preparing GAD/Ag-
pIO + mito scaffolds for fracture treatment. Details of the 
experimental groups and evaluation criteria are provided 
in Fig. 8A.

First, in order to better understand the effects of GAD/
Ag-pIO on inflammatory responses and macrophage 
activation during the fracture healing and regenera-
tion process, we utilized immunohistochemical staining 
for superoxide dismutase 1 (SOD1) and IL-1β, as well 
as immunofluorescent staining for CD86 as a surface 
marker for M1 and CD206 as a surface marker for M2 
macrophages, to evaluate their in vivo antioxidative and 
immunomodulatory properties. At all three time points, 
the SOD1 levels in the Normal group were consistently 
lower. In comparison to the Normal group, the Model 
group showed a significant increase in SOD1 levels. The 
SOD1 levels in the GA group did not significantly differ 
from the Model group, indicating that the gelatin matrix 
itself has no harm or immunomodulatory effect on frac-
tures. The SOD1 levels in the GAD/Ag-pIO and GAD/
Ag-pIO + mito groups were both lower than those of the 
Model group, consistent with the results of the in vitro 

antioxidative ROS clearance ability. The M2 macrophage 
mitochondrial SOD1 levels in the GAD/Ag-pIO + mito 
group were slightly higher than the GAD/Ag-pIO group 
(Fig.  8B). The IL-1β levels in the Normal group were 
consistently lower. In comparison to the Normal group, 
the Model group showed a significant increase in IL-1β 
levels. The IL-1β levels in the GA group did not signifi-
cantly differ from the Model group, suggesting that the 
gelatin matrix itself has no harm or immunomodulatory 
effect on fractures. The expression levels of the inflam-
matory mediator IL-1β in the GAD/Ag-pIO and GAD/
Ag-pIO + mito groups were significantly lower than the 
GA group at all three time points, with the GAD/Ag-
pIO + mito group being significantly higher than the 
GAD/Ag-pIO group at day 3 and day 7, indicating that 
macrophage-derived mitochondria can improve the 
inflammatory environment of fractures (Fig.  8C). The 
typical CD86 (green) and CD206 (red) immunofluores-
cent co-localization images used for the fracture treat-
ment and corresponding quantitative results revealed 
that at day 3, the macrophages in the Model, GA, and 
GAD/Ag-pIO groups were predominantly in a pro-
inflammatory state (M1 phenotype). The number of 
CD86-positive cells in the GAD/Ag-pIO group was sig-
nificantly lower than the GA group, and the GAD/Ag-
pIO + mito group was significantly lower than the GAD/
Ag-pIO group. Mild immune reactions play a crucial role 
in recruiting BMSCs for osteogenesis, and as time pro-
gresses, the immune reaction gradually weakens, with the 
GAD/Ag-pIO and GAD/Ag-pIO + mito groups showing 
a significantly faster rate of decline than the GA group 
(Fig.  8D). At day 7, the number of CD206-positive cells 
in the GAD/Ag-pIO and GAD/Ag-pIO + mito groups 
significantly increased, indicating an anti-inflammatory 
M2 phenotype, with the GAD/Ag-pIO + mito group 
having a significantly higher number of CD206-positive 
cells than the GAD/Ag-pIO group. At day 14, the GAD/
Ag-pIO and GAD/Ag-pIO + mito groups entered the 
inflammatory regulatory balance state earlier than the 
GA group, with a predominant anti-inflammatory M2 
phenotype and no significant difference between the 
GAD/Ag-pIO and GAD/Ag-pIO + mito groups. These in 
vivo experimental results demonstrate the good immu-
nomodulatory properties of GAD/Ag-pIO and the abil-
ity of macrophage-derived mitochondria to promote the 
inflammatory regulation of the fracture microenviron-
ment to reach a balanced state more quickly.

To dynamically observe the healing process of frac-
tures, we conducted observations of the fracture site 
on postoperative days 7 and 35. Hematoxylin and eosin 
staining revealed that on postoperative day 7, there 
were similar patterns of granulation tissue growth in all 
groups, with minimal observed differences. As the treat-
ment duration extended, the granulation tissue gradually 
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formed. On postoperative day 35, the morphology of 
the callus in the GAD/Ag-pIO group and the GAD/Ag-
pIO + mito group had transformed into an oval shape, 
completely surrounding the fracture ends. Particularly 
in the GAD/Ag-pIO + mito group, newly formed cortical 
bone was observed within the granulation tissue. Addi-
tionally, the distribution of trabeculae within the granu-
lation tissue was dense, uniform, and well-organized in 

both of these groups, indicating that the growth of granu-
lation tissue was accelerated and the fracture repair was 
more complete (Fig. 8E).

The 3D reconstructions of MicroCT on postopera-
tive day 14 showed that there were minimal callus for-
mations and larger gaps at the fracture site in both the 
Model group and the GA group. Comparatively, there 
were more callus formations and smaller gaps in the 

Fig. 8 Effects of different implanted stents on the healing process of mouse fractures. Note (A) Schematic diagram of different time points for in vivo 
experimental indicators and annotations for groups G1-G5 in Fig. 8B-H; (B) Immunohistochemical staining images and statistical graphs of SOD1, bar 
= 100 μm; (C) Immunohistochemical staining images and statistical graphs of interleukin-1β (IL-1β), bar = 100 μm; (D) Immunofluorescence co-localiza-
tion images and statistical graphs of CD86 (M1) and CD206 (M2), bar = 50 μm; (E) H&E staining images and statistical graphs of femurs collected from 
mice on day 7 and day 35 after surgery, bar = 500 μm; (F) micro-CT images of femurs collected from mice on day 14 and day 35 after surgery. White boxes 
indicate the ROI for microCT analysis, bar = 10 mm; (G) MicroCT parameter evaluation (BV/TV, Tb.N, BMD, Tb.Th); (H) Biomechanical testing of fracture 
healing. Each group consisted of 6 mice. ** indicates P < 0.01 when compared between two groups, and “ns” indicates no significant difference when 
compared between two groups
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GAD/Ag-pIO group and the GAD/Ag-pIO + mito group, 
with a larger newly formed callus area in the GAD/Ag-
pIO + mito group than in the GAD/Ag-pIO group. On 
postoperative day 35, incomplete healing gaps were 
observed in the Model group and the GA group, while 
minimal gaps and more callus tissue were observed in the 
GAD/Ag-pIO group and the GAD/Ag-pIO + mito group 
(Fig. 8F). Compared to the GA group, the GAD/Ag-pIO 
and GAD/Ag-pIO + mito treatment groups exhibited a 
significant increase in bone volume/total volume (BV/
TV) and trabecular thickness (Tb.Th) at the fracture site, 
with the GAD/Ag-pIO + mito treatment group having 
more pronounced effects (Fig. 8G).

Further biomechanical analysis indicated that the 
GAD/Ag-pIO group and GAD/Ag-pIO + mito group pro-
moted fracture healing, with the GAD/Ag-pIO + mito 
group exhibiting more significant effects due to the 
greater secretion of growth factors and mitochondrial 
substances providing a material basis for osteogenesis-
related processes (Fig. 8H).

These results demonstrate that GAD/Ag-pIO hydrogel 
has a promotive effect on fracture healing in the mouse 
fracture model, and the addition of conditionally treated 
macrophage mitochondria further enhances the fracture 
healing process.

Discussion
The healing of bone fractures is crucial for the restoration 
of skeletal function, and the osteogenic differentiation of 
BMSCs plays a key role in this process [50, 51]. Macro-
phages are a type of immune cell, and recent studies have 
found that macrophages may influence the osteogenic 
differentiation of stem cells by regulating mitochon-
drial function [52–54]. Previous studies have primarily 
focused on investigating the impact of factors such as 
cytokines and signaling pathways on the osteogenic dif-
ferentiation of BMSCs while overlooking the role of mac-
rophage mitochondrial function in this process [55, 56]. 
Therefore, this study offers a novel perspective by explor-
ing how immunomodulatory 3D hydrogel scaffolds regu-
late macrophage mitochondrial transfer to enhance the 
osteogenic differentiation of BMSCs, thereby advancing 
research on the mechanisms underlying bone fracture 
healing.

Macrophages play a significant role in immune regula-
tion and bone fracture healing [57–59]. Previous studies 
have shown that macrophages can differentiate into two 
subtypes, M1 and M2, which have different functions 
[60–62]. This study demonstrates that treatment with the 
GAD/Ag-pIO scaffold can significantly alter the distribu-
tion of macrophage subtypes, promoting M2 polariza-
tion in macrophages. At the same time, it was discovered 
that mitochondrial transfer in macrophages also posi-
tively influences the osteogenic differentiation of BMSCs. 

These results indicate that macrophage function and 
mitochondrial transfer both play important regulatory 
roles in the process of bone fracture healing.

In this study, an in-situ growth method was used to 
prepare a 3D biomimetic hydrogel scaffold with immu-
nomodulatory properties (GAD/Ag-pIO) [63–65]. Cell 
experiments demonstrated that the scaffold exhibited 
good biocompatibility and possessed immune-modu-
lating properties. Through in vitro fluorescence track-
ing observations, it was found that under the treatment 
of the GAD/Ag-pIO scaffold, macrophage mitochondria 
could successfully transfer into BMSCs and promote 
their osteogenic differentiation. Furthermore, animal 
experiments further confirmed the promoting effect of 
the GAD/Ag-pIO scaffold on bone fracture healing.

In conclusion, this study extensively investigates the 
application of the GAD/Ag-pIO 3D biocompatible 
hydrogel scaffold in promoting the osteogenic differen-
tiation of BMSCs and fracture healing (Fig. 9). The devel-
oped GAD/Ag-pIO 3D biocompatible hydrogel scaffold 
combines the characteristics of biocompatibility, immune 
modulation, and promotion of BMSCs’ osteogenic dif-
ferentiation. This material’s design not only brings inno-
vation to the field of material science but also provides 
new insights for fracture treatment and tissue engineer-
ing. The study not only demonstrates the scaffold’s abil-
ity to promote the osteogenic differentiation of BMSCs 
but also reveals the mechanism of macrophage involve-
ment in this process, which is of significant importance 
for a deeper understanding of the biological basis of 
BMSCs in bone repair and regeneration. The study finds 
that macrophages regulated by the GAD/Ag-pIO scaf-
fold significantly influence the osteogenic differentiation 
of BMSCs, providing a new understanding of the inter-
action between immune cells and stem cells and serving 
as a basis for the development of immune modulation-
based tissue engineering strategies. In vivo and in vitro 
experiments confirm the scaffold’s promotion of BMSCs’ 
osteogenic differentiation and its potential application in 
fracture treatment, which is of great significance in accel-
erating fracture healing and reducing patient suffering 
and recovery time.

However, this study still has some limitations. Firstly, 
although the promotion effect of the GAD/Ag-pIO scaf-
fold on fracture healing was observed through in vivo 
animal experiments, more clinical trials are needed to 
validate its safety and efficacy further. Secondly, this 
study’s research subjects were limited to mice, and fur-
ther research is required to confirm if similar effects can 
be achieved in humans. Additionally, the specific mecha-
nism of macrophage mitochondria transfer in this study 
remains unclear, and further in-depth research is needed 
to decipher the molecular mechanisms involved.
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Looking ahead, further research can focus on optimiz-
ing the preparation methods of the 3D biocompatible 
hydrogel scaffold to improve its biocompatibility and 
therapeutic effects. Moreover, studying the subgroups of 
macrophages and their different functions in the fracture 
healing process can better regulate macrophage activity 
and promote the healing process. Furthermore, explor-
ing other immune modulation methods and strategies 
can further enhance the efficacy of fracture treatment. 
These further studies will contribute to further refin-
ing and expanding the application value of this research, 
providing more effective and innovative methods and 
approaches for fracture treatment.

Materials and methods
Preparation of Ag-pIOPNs nanoparticles
To prepare Ag-pIOPNs nanoparticles, 3  g of IOPNs 
powder (XFJ119-12227-89-3102138, Nanjing Xianfeng 
Nanomaterials Technology Co., Ltd.) was dispersed 
in a dopamine solution (2  g/L) (dopamine hydrochlo-
ride (DA-HCl, 99%, BP468, CAS: 62-31-7, Aladdin) at 
60 °C for 12 h. The suspension was then centrifuged and 

washed with deionized water to remove residual dopa-
mine. After drying, the resulting polydopamine-modified 
IOPNs were labeled as pIOPNs. Subsequently, a silver 
ammonia solution (0.06  mol/L) was prepared by drop-
ping an ammonia solution (NH3·H2O, 105423, CAS: 
1336-21-6, Sigma-Aldrich) into a silver nitrate solution 
(0.17  mol L− 1, AgNO3, 209139, Sigma-Aldrich). Next, 
0.7 g of pIOPNs powder was added to the prepared sil-
ver ammonia solution (40 mL) and stirred continuously 
for 2  h. Finally, Ag-modified pIOPN nanoparticles were 
obtained by centrifugation, washing, and drying.

Analysis and characterization of materials
The morphology and elemental distribution of the sam-
ples were examined using a scanning electron microscope 
(SEM, S-4800, Hitachi, purchased from Shanghai Fulai 
Optical Technology Co., Ltd.), TEM (Hitachi H-7650, 
purchased from Shanghai Baihe Instrument Technol-
ogy Co., Ltd.), and energy dispersive spectrometer (EDS, 
Bruker QUANTAX EDS). The powder morphology was 
observed using a TEM (FEI, USA). The chemical struc-
ture of the samples was analyzed using Fourier-transform 

Fig. 9 Mechanism diagram of 3D printed GAD/Ag-pIO scaffolds for fracture treatment
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infrared spectroscopy (FT-IR, 912A0770, Thermo Fisher, 
USA). The size distribution of the nanoparticles and the 
zeta potential were measured using a nanoparticle track-
ing analyzer (Zeta View_Particle Metrix, purchased from 
Dachang Huajia Scientific Instruments) (all sample solu-
tions were measured at pH 7.0) [66, 67]. The thermal 
stability of the samples was determined using a ther-
mogravimetric analyzer (TGA-601, Nanjing Huicheng 
Instruments and Meters Co., Ltd.) under a nitrogen 
atmosphere at a heating rate of 20  °C/min. The com-
pressive performance of the composite material scaffold 
was tested using a universal mechanical testing machine 
(CMTS5205, MTS, USA) at a constant deformation rate 
of 2.5  mm/min until the specimen height decreased by 
40%. The compressive modulus was calculated from the 
slope of the initial linear region of the stress-strain curve. 
The release of ions from the scaffold in deionized water 
was quantitatively analyzed using an inductively coupled 
plasma optical emission spectrometer (ICP-OES, Spec-
tro Blue Sop, purchased from Germany Hua Pu General 
Distribution).

3D printing and printability testing of hydrogels
Hydrogels were printed using the extrusion-based 3D 
printer (AXO A3) from Axolotl BIOSYSTEMS. Prior to 
printing, the hydrogel precursor was loaded into a 22  g 
syringe and injected into a 5 ml syringe. Printing param-
eters were set as follows: both the syringe and nozzle 
temperature were set to 31  °C, while the printing speed 
and pressure were adjusted accordingly. The hydrogel 
was sequentially printed onto a platform maintained 
at 4 °C, forming 1, 2, 5, and 10 layers. Subsequently, the 
printed hydrogel was immersed in a 1% calcium chloride 
solution for 2  min to allow for curing. Morphological 
observations were made on the cured hydrogel. Optimal 
process parameters were selected for the preparation of 
3D-printed scaffolds.

Preparation of hybrid gel
Collagen (EFL-GEL-001, Suzhou Intelligent Manu-
facturing Research Institute), sodium alginate (EFL-
Alg-300  K, Suzhou Intelligent Manufacturing Research 
Institute), or dopamine-modified sodium alginate 
(C6H7O6Na, molecular weight: 216.12) along with self-
prepared Ag-pIOPNs were dissolved and dispersed. A 
solution of 0.25% (w/v) collagen and 0.1% (w/v) sodium 
alginate in PBS (pH 7.4) was stirred in a water bath at 
70  °C for 30  min to obtain pre-fabricated water gela-
tin with the acronym GA. Subsequently, the GA pre-
fabricated water gel was immersed in a 100mM calcium 
chloride solution (C4901, Sigma-Aldrich) for 48  h to 
solidify and form GA hydrogel [68]. In accordance with 
a cited reference [69], dopamine-modified sodium algi-
nate (Alg-DA) was formed under the catalysis of EDC 

(1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydro-
chloride) and NHS (N-hydroxysuccinimide), which was 
then mixed with the collagen solution to prepare GAD 
hydrogel. Ag-pIOPNs were sonicated in water using an 
ultrasonic cleaner (US-22D, China Scientific Instruments 
(Beijing) Co., Ltd.) to form an ion-crosslinked primary 
network, subsequently loaded into the GAD hydrogel to 
prepare GAD/Ag-pIO hydrogel [70].

Rheological analysis
Rheological measurements were conducted using an 
Anton Paar MCT 302 rheometer (Anton Paar, Austria) 
at 37  °C. To evaluate shear-thinning behavior, the bio-
ink was placed between parallel plates and subjected to 
increasing shear rates (0.01 to 200 s-1). To assess the vis-
cosity of the bioink prior to printing, the bioink under-
went low shear at 1 s-1 for 600 s. Subsequently, the bioink 
was solidified into gel sheets with a diameter of 10 mm 
and a height of 1 mm. Scans were performed under fixed 
strain and frequency conditions (1% strain and 5 rad s-1) 
for 300 s to evaluate the storage modulus and loss modu-
lus [71]. Each experiment was conducted in triplicate.

Swelling ratio and degradation rate
Circular disc-shaped samples with a diameter of 8  mm 
and a height of 3 mm were prepared using bioink solu-
tions of varying concentrations to calculate the swell-
ing ratio. The samples were immersed in PBS at 37  °C 
for 12  h and weighed as M1, then lyophilized for 12  h 
and weighed as M2. The swelling ratio (Qs) was cal-
culated using the equation Qs = M1/M2. Degradation 
experiments were conducted by placing the samples in a 
24-well plate containing collagenase I (1148089, Merck, 
Germany) at a concentration of 0.5  mg/mL. The sam-
ples were removed at different time points, lyophilized, 
and weighed as mass (Wr). The initial sample mass was 
denoted as W0, and the degradation rate (Qd) was cal-
culated as Qd = Wr/W0 [72]. Each experiment was per-
formed in triplicate.

Isolation, cultivation, and identification of primary cells
BMSCs were collected from the tibia and femur of 7–8 
week-old C57BL/6 mice (213, Beijing Vital River Labo-
ratory Animal Technology Co., Ltd.) weighing 16–20  g. 
The bone marrow was washed with Dulbecco’s Modified 
Eagle Medium (DMEM)/F12 (DF-041, Sigma Aldrich, 
Shanghai, China) to obtain a mixed cell suspension. The 
suspension was centrifuged at 800 g for 5 min to obtain 
a pellet containing BMSCs, which was resuspended in 
DMEM/F12 and cultured at 37 °C with 5% CO2 [73]. The 
culture medium was replaced every 2–3 days.

Differentiation of BMSCs into adipocytes was induced 
using adipogenic induction medium (IMDM supple-
mented with 10% fetal bovine serum (FBS) (12103  C, 
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Sigma Aldrich, Shanghai, China), 10  µg/mL insulin 
(Y0001717, Sigma Aldrich, Shanghai, China), 1 µM dexa-
methasone (D1756, Sigma Aldrich, Shanghai, China), 
0.5 mM phosphodiesterase (PDE) inhibitor (IBMX) 
(I5879, Sigma Aldrich, Shanghai, China), and 0.1 mM 
indomethacin (I7378, Sigma Aldrich, Shanghai, China)). 
Osteogenic differentiation of BMSCs was induced using 
osteogenic induction medium (IMDM supplemented 
with 10% FBS, 5 µg/mL insulin, 0.1 µM dexamethasone, 
0.2 mM vitamin C (PHR1008, Sigma Aldrich, Shanghai, 
China), and 10 mM β-glycerophosphate (G5422, Sigma 
Aldrich, Shanghai, China)). ARS staining was used to 
assess calcium deposition at week 3 as an indicator of 
osteogenic differentiation, while Oil Red O staining was 
used to evaluate lipid droplet formation as an indicator 
of adipogenic differentiation at week 3. Cell morphology 
and growth were observed using an inverted microscope. 
Cell passaging was performed every 3–5 days when the 
cell confluence reached 80% [73–75].

Bone marrow-derived macrophages (BMDMs): 
Bone marrow progenitor cells were collected from the 
femur and tibia of 7–8 week-old C57BL/6 mice weigh-
ing 16–20  g. The progenitor cells were differentiated in 
RPMI-1640 (11875093, Thermofisher, USA) supple-
mented with 10% FBS (12103 C, Sigma Aldrich, Shang-
hai, China), 1% L-glutamine (G7513, Sigma Aldrich, 
Shanghai, China), 1% penicillin/streptomycin (15140148, 
Thermofisher, USA), and 15% L929 fibroblast-condi-
tioned medium for 7 days. After differentiation, BMDMs 
were washed with PBS and resuspended in 5 ml RPMI-
1640. Cell scraping was performed, followed by cen-
trifugation at 200 × g for 5 min. The BMDMs were then 
seeded and stimulated in R10/5 medium (RPMI-1640 
supplemented with 10% FBS, 2 mM L-glutamine, 100 U/
ml penicillin, 100  µg/ml streptomycin, and 5% LCCM) 
[76–78]. BMDMs were treated with 500 ng/ml of LPS 
for three hours [79]. Subsequently, cell viability, levels of 
inflammatory factors, and oxidative stress were assessed. 
Macrophage-conditioned medium post LPS treatment 
was used to culture BMSCs, and mitochondrial signal-
ing was analyzed after treating with 10 µM CCCP for 2 h 
[80].

Cell viability assessment
After 3D bioprinting, live and dead cells were identified 
using Calcein AM (ThermoFisher, USA, Product No. 
C3099) and Propidium Iodide (PI) (innibio, USA, Prod-
uct No. DN1005-010). Cells were incubated in a medium 
containing 1 µM Calcein AM at 37 ℃ for 30  min, fol-
lowed by three washes with PBS. Subsequently, cells 
were incubated in a medium containing 1 µM PI for 
10 min, followed by three washes with PBS. Images were 
captured using a confocal microscope (Carl Zeiss AG, 
Germany, Model 880), with each image representing a 

different field of view. Three independent samples were 
tested. Cell viability was calculated using ImageJ software 
(Version 1.8.0) [81].

Additionally, cell viability was assessed according to 
the manufacturer’s instructions for the CCK-8 assay kit 
(Beyotime, Shanghai, China, Product No. C0041). After 
48 h of incubation, cell viability was measured using the 
CCK-8 method. CCK-8 detection solution (10 µL) was 
added at each measurement, followed by 4 h of incuba-
tion in a CO2 incubator. Absorbance at 450 nm was then 
measured using an enzyme-linked immunosorbent assay 
(ELISA) reader to calculate cell viability [82].

Antioxidant activity determination
DPPH radical was used to assess the antioxidant activity 
of the scaffolds. Firstly, 4 mg of DPPH (Aldrich, Product 
No. 300267) was dissolved in 100  ml of methanol solu-
tion (Aldrich, Shanghai, China, Product No. 439193). 
Next, cylindrical scaffolds with dimensions of 10  mm 
(height) × 10  mm (diameter) were immersed in 4  ml of 
DPPH solution and subjected to antioxidant reaction at 
37  °C. Absorbance at 516 nm was measured to evaluate 
the antioxidant activity by calculating the DPPH clear-
ance efficiency [83].

Detection of total ROS and mitochondrial ROS
The assessment of ROS was conducted using the green 
fluorescent dye dichlorodihydrofluorescein diacetate 
(DCF) (HY-D0940, Abcam, UK). This dye has the ability 
to enter cells and interact with ROS molecules, forming 
a fluorescent compound called dichlorodihydrofluores-
cein (DCFDA). In brief, a stock solution of DCFDA (10 
mM) was prepared in methanol and then diluted with 
culture medium to obtain a working solution of 100 µM. 
Cells were cultured overnight in a six-well plate with 
coverslips. On the following day, the cells were treated 
with H2O2 (200 µM) for 24 h. After treatment, coverslips 
were washed with ice-cold Hank’s Balanced Salt Solu-
tion (HBSS) (H8264, Sigma Aldrich, Shanghai, China) 
and incubated with 100 µM DCFDA at 37 °C for 30 min. 
Following washing, coverslips were mounted onto slides. 
Fluorescence intensity and ratio of positively stained cells 
were observed and analyzed using a multiphoton confo-
cal microscope (A1R, Nikon, USA) with a ×100 objective, 
and ImageJ software was employed for data analysis at 
specific excitation and emission wavelengths.

For the evaluation of superoxide compounds (SOX) 
present in the mitochondria, the red dye mito-SOX 
(M36008, Thermo Fisher, USA) was utilized. THP-P 
cells (2 × 104) were cultured overnight in a six-well plate 
with coverslips. On the next day, the cells were treated 
with H2O2 (200 µM) for 24 h. Post-treatment, coverslips 
were washed with ice-cold 1×PBS and incubated at 37 °C 
for 30  min with a working solution of 2 µM mito-SOX. 
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Following a final wash with 1×PBS, coverslips were 
mounted onto slides. Fluorescence intensity and ratio of 
positively stained cells were observed and analyzed using 
a multiphoton confocal microscope (A1R, Nikon, USA) 
with a ×100 objective. ImageJ software was then used for 
data analysis at specific excitation and emission wave-
lengths [84].

Flow cytometry analysis
To identify surface markers of BMSCs, we used the fol-
lowing antibodies: CD44 (ab25064, 1:500, Abcam, USA), 
CD90 (ab24904, 1:50, Abcam, USA), CD45 (ab210225, 
1:500, Abcam, USA), and CD34 (ab23830, 1:500, Abcam, 
USA). Flow cytometry analysis was performed using 
an Attune NxT flow cytometer (Thermo Fisher Scien-
tific Inc.) [85]. For the identification of surface mark-
ers of BMDMs, we used the F4/80 antibody (ab237332, 
1:500, Abcam, USA). Flow cytometry analysis was simi-
larly conducted using the Attune NxT flow cytometer 
(Thermo Fisher Scientific Inc.) [76]. Cell nuclei were 
stained using an APC-conjugated anti-F4/80 anti-
body (1:100, ab105080, Abcam, USA) and Sytox Green 
(R37109, 1:100, Bioscience, USA). An APC-conjugated 
mouse IgG2a kappa antibody (ab154434, 1:100, Abcam, 
USA) was used as an isotype control. All antibodies were 
incubated on ice and protected from light for 15  min. 
After incubation, the cells were centrifuged and washed 
with 500 µL of staining buffer. Flow cytometry was used 
to identify surface markers of BMDMs, with undifferenti-
ated BMs serving as a control [76–78]. To measure ROS 
levels, we employed the DCFH2-DA probe (HY-D0940, 
Abcam, UK, 1 µM, 30  min). Cells were collected, and 
fluorescent intensity was measured using the Attune NxT 
flow cytometer (Thermo Fisher Scientific Inc.) [86].

Extraction of macrophage mitochondria
The supernatant from macrophage lysis was centri-
fuged at 10,000 xg for 10 min at 4 °C to obtain the mito-
chondrial pellet. The mitochondrial pellet was then 
resuspended in mitochondrial isolation buffer (MIB) 
containing 70 mM sucrose, 210 mM mannitol, 5 mM 
HEPES, 1 mM EGTA, and 0.5% (w/v) fatty acid-free BSA 
at pH 7.2. Subsequently, the resuspended mitochondria 
were layered on a 15% Percoll gradient (15% Percoll, 10% 
sucrose in 2.5  M, 75% MIB) and centrifuged at 21,000 
xg for 10 min at 4 °C. Finally, the pellet was washed with 
MIB at 13,000 xg for 10 min at 4 °C [87].

Mitochondrial transfer experiment
In order to observe mitochondrial transfer, macrophages 
were incubated in a pre-warmed staining solution con-
taining a MitoTracker Red CMXRos probe (50 nM) for 
30 min and then washed three times with neutral PBS to 
remove the unbound probe. Co-cultivation with labeled 

BMSCs (using Mitotracker Green) was then performed, 
and after 24  h of cultivation, images were taken using 
confocal microscopy. The average fluorescence intensity 
of received mitochondria in BMSCs was analyzed using 
FlowJo software.

TSNE clustering analysis and cell annotation
To reduce the dimensionality of the scRNA-Seq data-
set, we applied Principal Component Analysis (PCA) to 
the top 2000 highly variable genes with maximum vari-
ance. The first 14 principal components were selected for 
downstream analysis using the Elbowplot function in the 
Seurat package. To determine the major cell subgroups, 
we utilized the FindClusters function in Seurat with the 
default resolution value (resolution = 0.2). Subsequently, 
we employed the TSNE algorithm to reduce the dimen-
sionality of the scRNA-Seq sequencing data nonlinearly. 
Lastly, known cell lineage-specific marker genes were uti-
lized, and cell annotation was performed using the online 
website CellMarker [88].

Single-cell sequencing analysis
The scRNA-Seq data were processed using the Seurat 
package (version 3.1) in R software with standard down-
stream processing. The processing steps involved exclud-
ing cells with fewer than 200 detected genes and genes 
detected in less than 3 cells. Additionally, cells with mito-
chondrial proportions exceeding 10% were restricted. 
The data were then normalized using the LogNormalize 
method [89].

Next, clustering of cells was performed using the Find-
Clusters function, and visualization was conducted using 
the RunUMAP function. Specific marker genes for cell 
clusters were identified using the FindMarkers func-
tion in the Seurat package. To determine differentially 
expressed genes (DEGs) specific to a particular cluster, 
the Wilcoxon rank-sum test was applied to compare cells 
within that cluster against all other cells. A Bonferroni-
corrected p-value of less than 0.05 was used as the cutoff 
for identifying DEGs with statistical significance. Known 
cell lineage-specific marker genes were used, and cell 
markers were annotated using the online website Cell-
Marker [90].

RT-qPCR
Total RNA was extracted from tissues or cells using 
Trizol reagent (15596026, Invitrogen, USA). The con-
centration and purity of total RNA at 260/280 nm 
were determined using NanoDrop LITE (ND-LITE-
PR, Thermo Scientific™, Germany). The extracted total 
RNA was then reverse transcribed into cDNA using the 
PrimeScript RT reagent Kit with gDNA Eraser (RR047Q, 
TaKaRa, Japan). Subsequently, the SYBR Green PCR 
Master Mix reagent (4364344, Applied Biosystems, 
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USA) and ABI PRISM 7500 Sequence Detection System 
(Applied Biosystems) were used to perform RT-qPCR 
for each gene. The primers for each gene were synthe-
sized by TaKaRa (Table S1), with GAPDH serving as the 
internal reference gene. The relative expression levels of 
each gene were analyzed using the 2−ΔΔCt method, where 
△△Ct = (average Ct value of target gene in the experi-
mental group - average Ct value of reference gene in the 
experimental group) - (average Ct value of target gene in 
the control group - average Ct value of reference gene in 
the control group) [91–93]. All RT-qPCR detections were 
performed in triplicate.

Western blot
Total protein from tissues or cells was extracted using 
highly efficient RIPA lysis buffer (C0481, Sigma-Aldrich, 
USA) containing 1% protease inhibitor (ST019-5  mg, 
Beyotime, Shanghai, China) and 1% phosphatase inhibi-
tor. After 15  min of lysis at 4℃, the samples were cen-
trifuged at 13,000 g for 15 min, and the supernatant was 
collected. The protein concentration of each sample was 
determined using the BCA assay kit (23227, TH&Ermo, 
USA). The protein samples were then quantified based 
on different concentrations and mixed with a 5x loading 
buffer (P0015, Beyotime, China). The proteins were sepa-
rated by polyacrylamide gel electrophoresis and trans-
ferred onto a PVDF membrane (IPVH00010, Millipore, 
Billerica, MA, USA). The membrane was blocked with 
5% BSA at room temperature for 1 h, followed by incu-
bation with the following primary antibodies overnight: 
OPN (ab228748, 45  kDa, 1:2000, Abcam, UK), Runx2 
(ab264077, 57 kDa, 1:1000, Abcam, UK), ALP (ab229126, 
39  kDa, 1:1000, Abcam, UK), OCN (ab93876, 11  kDa, 
1:1000, Abcam, UK). The membrane was then washed 
three times for 5 min each with TBST and incubated with 
the appropriate diluted secondary antibodies: HRP-con-
jugated goat anti-rabbit IgG (1:2000, ab205718, Abcam, 
UK) or goat anti-mouse IgG (1:2000, ab6789, Abcam, 
UK) at room temperature for 1.5  h. After incubation, 
the membrane was washed three times for 5  min each 
with TBST and developed using the chemiluminescent 
substrate (NCI4106, Pierce, Rockford, IL, USA). Protein 
quantification analysis was performed using ImageJ soft-
ware by calculating the grayscale ratio of each protein to 
the internal control GAPDH (ab8245, 36  kDa, 1:1000, 
Abcam, UK) [92]. Each experiment was repeated three 
times.

Immunofluorescence
Cells or tissues were washed with ice-cold PBS and then 
fixed with 4% paraformaldehyde (P885233, Macklin, 
USA) for 15 to 30 min. Subsequently, they were treated 
with 0.1% Triton (L885651, Macklin, USA) for 15  min. 
After two PBS washes, samples were incubated with PBS 

solution containing 15% FBS at 5 °C for 4 min overnight. 
For staining, cells or tissues were covered with antibodies 
against TNF-α (ab237353, Alexa Fluor® 488, Abcam, UK; 
1:100)/iNOS (ab209027, Alexa Fluor® 647, Abcam, UK; 
1:100), CD68 (ab201844, Alexa Fluor® 488, Abcam, UK; 
1:250)/iNOS (ab209027, Alexa Fluor® 647, Abcam, UK; 
1:100), or CD86 (ab275741, Alexa Fluor® 488, Abcam, 
UK; 1:100)/CD163 (ab313666, Alexa Fluor® 647, Abcam, 
UK; 1:100). The samples were then incubated overnight 
at 4 °C. DAPI staining (D1306, Thermo Fisher, USA) was 
performed, and observations were made using a fluores-
cence microscope (Zeiss Observer Z1, Germany). The 
fluorescent intensity was measured in selected areas, 
and image processing and quantification were performed 
using ImageJ software to determine the number of posi-
tive cells [94].

ATP measurement
Cellular ATP levels were measured using an ATP assay 
kit (BC0300, Solarbio, Beijing, China). Cells were lysed by 
centrifugation to separate cell pellets from culture super-
natants. Cell pellets were resuspended in 300 µL of hot 
double-distilled water, homogenized by heat in a water 
bath at 95 °C, and further heated in a boiling water bath 
for 10  min. Next, 30 µL of the sample was mixed with 
reagents one, two, three, and distilled water following the 
kit’s instructions. After thorough mixing and a 30-min-
ute incubation at 37 °C, 50 µL of reagent four was added, 
mixed well, and centrifuged at 4000 rpm for 5 min. The 
supernatant (300 µL) was collected, mixed with 500 µL 
of reagent five, incubated at room temperature for 2 min, 
followed by the addition of 500 µL of reagent six and a 
5-minute incubation at room temperature. The absor-
bance was measured at 636  nm with a path length of 
0.5  cm using a UV spectrophotometer (DU720, Beck-
man, USA) [95].

Bioenergetic analysis
Bioenergetic measurements were performed using the 
Seahorse Bioscience XFe24 Flux Analyzer (Agilent 
Technologies) following the manufacturer’s instruc-
tions. Briefly, cells were seeded at a density of 5 × 104 
cells per well on a collagen-coated 24-well Seahorse XFe 
plate overnight. The oxygen consumption rate (OCR) 
was measured using a basal assay medium containing 
1 mM pyruvate, 10 mM glucose, and 2 mM glutamine 
(25030081, Thermo Fisher, USA). Subsequently, samples 
were treated with 1 µM oligomycin (ab141829, Abcam, 
UK), 2 µM FCCP (ab120081, Abcam, UK), and 0.5 µM 
rotenone/antimycin A (ab52922, Abcam, UK) sequen-
tially. Finally, the measured values were normalized to 
cell number per well and analyzed using Seahorse Wave 
software [96].
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JC-1 staining
Cells were seeded at a density of 2 × 104 in 35 mm culture 
dishes and incubated overnight. The following day, cells 
were treated for 24  h in different experimental groups. 
Afterward, cells were washed three times with 1×PBS and 
co-incubated with JC-1 dye (T3168, Thermo Fisher, USA) 
for 20  min at 37  °C. After washing, cells were mounted 
on glass slides and observed under a fluorescence micro-
scope. ImageJ software was used for image analysis, sta-
tistical analysis, and quantification of the percentage of 
positive cells [97].

ELISA
Cell or tissue samples to be tested were collected and 
lysed or centrifuged to obtain supernatants, following the 
instructions provided with the assay kits. IL-1β ELISA 
kit (ab197742, Abcam, UK), IL-6 ELISA kit (ab100712, 
Abcam, UK), and TNF-α ELISA kit (ab208348, Abcam, 
UK) were used. First, the antigen used was diluted to 
an appropriate concentration in coating buffer, and 5% 
bovine serum (F8318, MSK, Wuhan, China) was added 
to seal the enzyme reaction wells at 37  °C for 40  min. 
Diluted samples were added to the enzyme reaction 
wells, followed by the addition of the enzyme conjugate 
and substrate solution. The reaction was stopped by add-
ing 50µL of stop solution to each well within 20 min. The 
plate was read at 450 nm using an enzyme reader (Bio-
Rad, USA), and a standard curve was plotted. Finally, 
data analysis was performed [98, 99].

Animal experiments
BALB/c male mice aged 7–8 weeks and weighing 16–20 g 
were obtained from the Experimental Animal Research 
Center at our institution. All animal studies were con-
ducted in accordance with our institution’s “Guidelines 
for the Care and Use of Laboratory Animals.” The mice 
were housed at a temperature of 23 ± 1  °C and a relative 
humidity of 55 ± 5%, with a 12-hour light/dark cycle and 
free access to food and water. To acclimatize to the envi-
ronment, the mice were kept under these conditions for 2 
to 3 days prior to the experiments [100].

Establishment of a mouse model for femoral fractures
A mouse model for femoral fractures was established 
using 7-8-week-old male BALB/c mice weighing 16–20 g. 
The mice were anesthetized with chloral hydrate (50 mg/
kg, C8383, Sigma-Aldrich, USA). The leg was cleaned 
with 10% iodine solution, and a longitudinal incision was 
made on the skin to expose the femur after separating the 
muscles. Subsequently, a three-point bending device was 
used to induce a fracture near the proximal end of the 
femur, followed by fixation with a 30-gauge intramedul-
lary needle. The incision was closed using 5 − 0 absorb-
able sutures, and another fracture was induced using the 

three-point bending device. After anesthesia recovery, 
the mice were allowed unrestricted movement without 
any weight-bearing restrictions. Fractures that were not 
located in the midshaft or severe comminuted fractures 
were excluded from the study. Prior to fracture induc-
tion, sustained-release buprenorphine (3.25  mg/kg) was 
administered as an analgesic and repeated every 72 h for 
a total of 7 days [101].

For the group receiving scaffold treatment for fractures, 
a printed gel scaffold was placed in the fracture marrow 
cavity and fixed using a 30-gauge needle after the frac-
ture. Animal experimental groups were as follows:

 
Normal group: Normal mice without any intervention.

Model group: Mice with fractures treated using natural 
healing after fixation and suturing.

GA group: Mice with fractures treated using a 
3D-printed GA scaffold at the fracture site.

GAD/Ag-pIO group: Mice with fractures treated using 
a 3D-printed GAD/Ag-pIO scaffold at the fracture site.

GAD/Ag-pIO + mito group: Mice with fractures treated 
using a 3D-printed GAD/Ag-pIO scaffold loaded with 
extracted macrophage mitochondria (mito) at the frac-
ture site.

 
Immunohistochemistry and immunofluorescence obser-
vations were conducted on randomly selected six mice 
from each group on the 3rd, 7th, and 14th days after frac-
ture to observe changes in the inflammatory process dur-
ing the healing process. Micro-CT was used to observe 
the growth of newly formed bone at the fracture site on 
the 14th and 35th days after fracture. On the 35th day 
after complete fracture healing, bone tissue was stained 
with H&E, and the mechanical strength of the healing 
bone was evaluated using a four-point bending mechani-
cal test. Six mice from each group were sampled [101, 
102].

Micro-CT analysis
The femoral bone tissue region was scanned using a 
micro-CT system (mCT-40, Scanco Medical, Switzer-
land) to investigate the growth characteristics of the 
femoral bone tissue. The scanning parameters were set 
as follows: power current: 385µA, power voltage: 65 kV, 
pixel size: 9  μm, filter: AI 1.0  mm, rotation step: 0.4°. 
Image reconstruction was performed using Bruker’s 
NRecon software, followed by data analysis using the 
CTAn program. Two specific volumes of interest were 
created at a height of 0.5 mm above the growth plate of 
the femoral head and at a height of 0.25 mm. The region 
of interest (ROI) beneath the articular cartilage within 
these volumes was manually defined, and a constant 
threshold (50–255) was applied for binarization using 
trabecular bone. The micro-CT parameters analyzed 
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were as follows: (a) trabecular bone volume fraction 
(bone volume/total tissue volume, BV/TV): the ratio of 
bone surface area to tissue volume; (b) trabecular bone 
thickness (Tb.Th): the average thickness of trabeculae, 
used to describe trabecular structure changes; (c) trabec-
ular bone number (Tb.N): the number of intersections 
between bone and non-bone tissues per unit length; (d) 
bone density (bone mineral density, BMD): the distribu-
tion of bone mass and density within the skeleton [103, 
104].

Four-point bending mechanical testing
Mechanical testing was conducted on the second day fol-
lowing animal euthanasia at ambient temperature. The 
contralateral femur was compared to an internal control 
group. A four-point bending device equipped with a 50 N 
load cell sensor (Hounsfield Test Equipment Ltd, UK) 
was employed to assess femoral healing. During the tests, 
loading was applied along the anteroposterior axis, with 
an inner span of 8 mm and an outer span of 20 mm. The 
femur’s long axis was maintained perpendicular to the 
blades. The QMAT Professional software (Tinius Olsen 
Inc., Horsham, PA, USA) was used to measure and ana-
lyze ultimate load (UL), elastic modulus (E-modulus), 
and failure energy. These biomechanical properties were 
expressed as percentages relative to the values obtained 
from the intact contralateral skeleton [105].

Pathology tissue/cell staining
Hematoxylin and Eosin (H&E) Staining: Tissue samples 
for examination are obtained and subjected to fixa-
tion. Paraffin-embedded sections are placed in xylene to 
remove the wax. Then, they are dehydrated in sequential 
baths of 100% ethanol, 95% ethanol, and 70% ethanol. 
Subsequently, the sections can be either embedded or 
rinsed with water. The prepared sections are stained in 
hematoxylin staining solution (H8070, Solarbio, Beijing, 
China) for approximately 5–10  min at room tempera-
ture. Afterward, the slides are rinsed with distilled water 
and dehydrated in 95% ethanol. The sections are then 
stained with an eosin staining solution (G1100, Solarbio, 
Beijing, China) for 5–10  min. Finally, standard proce-
dures for dehydration, clearing, and slide coverslipping 
are followed [106]. ImageJ software is utilized for image 
processing and quantitative analysis of the newly formed 
bone area [102, 107].

ALP Staining: ALP detection is performed using an 
ALP staining kit (CTCC-JD002, Puhui Biotech, Wuxi, 
China). ALP staining solution is prepared according to 
the instructions provided. In each 10 mL of the color 
development buffer, 33 µL of BCIP solution and 66 µL 
of NBT solution are added. After thorough mixing, an 
appropriate amount of staining solution is added to each 
well to cover the cells. The plate is incubated at room 

temperature in the dark for 30  min. If no blue staining 
is observed within 30 min, incubation can be continued 
overnight. After discarding the staining solution, the 
plate is washed twice with distilled water to stop the reac-
tion. Following the removal of the wash solution, images 
are captured, and ALP activity is quantitatively analyzed 
by measuring the optical density [107].

ARS Staining: ARS staining kit (C01383, Yagebio, 
Shanghai, China) is used for detection. Alizarin Red 
forms a visible orange-red complex with calcium ions, 
which is used to identify the presence of calcium nod-
ules. The specific steps are as follows: add an appropriate 
amount of ARS staining solution to cover the cells and 
incubate at room temperature for 5  min, during which 
orange-red clusters can be observed. Discard the stain-
ing solution, and wash the plate three times with dis-
tilled water to stop the reaction. Images are captured, and 
quantitative analysis is performed by measuring absor-
bance values [107].

Immunohistochemistry staining
The tissue or cells to be tested were fixed and embedded. 
The embedded tissue was then sectioned and subjected 
to dewaxing treatment to remove the paraffin, making it 
hydrophilic for subsequent immunostaining procedures. 
The dewaxed tissue sections were treated with SOD1 
protein antibody (ab308181, Abcam, UK, 1:100) and 
IL-1β protein antibody (ab315084, Abcam, UK, 1:500). 
The sections were processed with Anti-Rabbit-HRP sec-
ondary antibody (12–348, Sigma Aldrich, Shanghai, 
China, 1:1000). DAPI staining (ab64238, Abcam, USA) 
was used to visualize the sites where the secondary anti-
body bound to the primary antibodies. The stained tis-
sue sections were then dewaxed and coverslipped. The 
sections were observed under a microscope, and Image J 
software was used for image processing and quantitative 
analysis of the positive efficiency [108, 109].

Statistical analysis
Statistical analysis was performed using ImageJ, SPSS 25, 
and GraphPad Prism 8 software. All data were processed 
using GraphPad Prism 8.0 and presented as mean ± stan-
dard deviation (Mean ± SD) for continuous variables. An 
unpaired t-test was used to compare the two groups, and 
one-way analysis of variance (ANOVA) was employed 
for multiple group comparisons. Levene’s test was used 
to test for homogeneity of variance. In the case of homo-
geneity, Dunnett’s t-test and LSD-t-test were used for 
pairwise comparisons. In the presence of heterogeneity 
of variance, Dunnett’s T3 test was employed. Pearson’s 
correlation analysis was used to determine the correla-
tion between genes and the content of immune cells. A 
p-value of < 0.05 was considered statistically significant 
for group comparisons [110].
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