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A B S T R A C T   

Bioactive glasses (BG) play a vital role in angiogenesis and osteogenesis through releasing functional ions. 
However, the rapid ion release in the early stage will cause excessive accumulation of metal ions, which in turn 
leads to obvious cytotoxicity, long-term inflammation, and bone repair failure. Inspired by the vibration exciter, 
small extracellular vesicles (sEVs) obtained by treating mesenchymal stem cells with copper-doped bioactive 
glass (CuBG-sEVs), is prepared as a nano-vibration exciter. The nano-vibration exciter can convert the ion signals 
of CuBG into biochemical factor signals through hypoxia-inducible factor 1 (HIF-1) signaling pathway and its 
activated autophagy, so as to better exert the osteogenic activity of BG. The results showed that CuBG extracts 
could significantly improve the enrichment of key miRNAs and increase the yield of CuBG-sEVs by activating 
HIF-1 signaling pathway and its activated autophagy. Cell experiments showed that CuBG-sEVs are favor to cell 
recruitment, vascularization and osteogenesis as the enrichment of key miRNAs. The animal experiments results 
showed that CuBG-sEVs stimulated angiogenesis mediated by CD31 and promoted bone regeneration by acti-
vating signaling pathways related to osteogenesis. These findings underscored the significant potential of sEVs as 
alternative strategies to better roles of BG.   

1. Introduction 

The repair of bone defects caused by trauma, infection, tumors, is a 
major problem in orthopedic clinics [1–3]. In the process of bone defect 
repair, the injured site undergoes biological processes such as vascular 
reconstruction, cell recruitment, and new bone formation [4–6]. 
Bioactive glasses (BG) not only enhance the pro-angiogenic potential of 
endothelial cells but also promote migration and osteogenic differenti-
ation of bone marrow stromal cells (BMSCs), which is a kind of prom-
ising bone repair material [7,8]. Among them, Copper-doped bioactive 
glass (CuBG) has gained significant attention, which can release various 

ions that promote tissue regeneration, including copper (Cu2⁺), calcium 
(Ca2⁺) and silicon (SiO₄⁴-) [9]. Notably, Cu2⁺ can simulate the hypoxia 
effects by inhibiting intranuclear and extranuclear degradation of hyp-
oxia inducible factor 1α (HIF-1α), thereby activating the HIF-1 signaling 
pathway [10–12]. This activation, in turn, promote the expression of 
vascular endothelial growth factor (VEGF) and endothelial nitric oxide 
synthases (eNOS), and enhanced angiogenesis [13–15]. Moreover, CuBG 
can activate multiple osteogenesis-related signaling pathways, including 
MAPK, Wnt/β-catenin, and BMP-Smad pathways, enrich 
osteogenesis-related miRNAs within the cells [16]. However, the rapid 
ion release in the early stages can result in elevated ion concentrations 
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and alkalinity, which leads to severe pain, hemolysis and excessive in-
flammatory response, thereby hindering bone regeneration [11,13,17]. 
Therefore, it is crucial to innovate the use of bioactive glass to avoid its 
side effects and better exert its biological activity. 

In recent years, small extracellular vesicles (sEVs) derived from 
BMSCs have been considered as a safe and effective biological product, 
showing broad prospects in promoting bone regeneration [18,19]. It 
provide a potential active substance for more effectively harnessing the 
biological functions of CuBG. Serving as tools for cell communication, 
the constituents (proteins, DNA, RNAs) of sEVs depend on their cellular 
origin [20,21]. The sEVs are absorbed by distant cells, thereby influ-
encing the function and behavior of these cells [20]. Among them, in-
ternal miRNAs play a crucial role in regulating intercellular 
communication [22,23]. Unlike direct BMSCs transplantation, sEVs 
inherite the advantages of source cells while avoiding their defects. It 
possesse homing effects, circulatory stability, and non-immunogenic 
molecular signals, recruiting cells and promoting tissue regeneration 
[23]. However, under the severe pathological conditions of bone de-
fects, the limited production of sEVs released by BMSCs and their 
insufficient ability to promote vascular and bone formation restrict their 
clinical application. To enhance the potential and clinical applicability 
of sEVs in the treatment of bone defects, it is imperative to develop a 
strategy to promote the release of sEVs derived from BMSCs and opti-
mize the effect of vascularized bone regeneration. 

Hypoxia preconditioning of MSCs to generate high yields and 

activity of sEVs has been demonstrated to hold potential in the treatment 
of myocardial infarction, fractures, spinal cord injury, skin trauma, and 
osteoarthritis [24–26]. Hypoxia precondition entails exposing cells to 
1–5% oxygen conditions, followed by culturing them under normal 
oxygen conditions and isolating sEVs post-treatment [26,27]. Cellular 
perception and response to oxygen in a hypoxia state were primarily 
regulated by the HIF-1signaling pathway and the microRNA miR-210 
was a signature of hypoxia [24,28]. This signaling pathway could 
induce protein expression and directly or indirectly regulate multiple 
genes involved in cell differentiation, including VEGF, eNOS, while also 
inducing autophagy to enhance cellular metabolism [29,30]. Conse-
quently, it modulated the intracellular enrichment of miRNAs related to 
tissue regenetaration and promoted sEVs secretion, ultimately released 
sEVs with high activity and yields [23,31]. Nevertheless, cells cannot be 
subjected to prolonged hypoxia precondition, which may adversely 
affect cell viability and thus may lead to apoptosis. Furthermore, pure 
hypoxia precondition lack specificity and make it challenging to sus-
tainably produce sEVs that promote angiogenesis and bone regenera-
tion. Hence, the pursuit of a mild alternative strategy, which can 
continuously target the intracellular HIF-1 signaling pathway for an 
extended period to obtain high yield and high activity sEVs, is becoming 
increasingly attractive. 

Inspired by the operational principle of a vibration exciter, which 
converts received electrical energy into mechanical vibration to drive an 
object, we develop a novel sEVs system known as a “nano-vibration 

Fig. 1. Scheme of CuBG-sEVs promoting bone regeneration and repair. Simulated the effects of hypoxia were induced using CuBG to enhanced the release of high- 
quality sEVs derived from BMSCs. Subsequently, these sEVs were incorporated into a TG to promote angiogenesis, as depicted in the schematic diagram illustrating 
accelerated bone regeneration. 

Z. Wang et al.                                                                                                                                                                                                                                   



Bioactive Materials 40 (2024) 460–473

462

exciter". This nano-vibration exciter effectively converts ion signals from 
CuBG into miRNAs signals through HIF-1 signaling pathway, thereby 
driving tissues to regenerate and repair. Firstly, CuBG was used to mimic 
hypoxic effects by activating the HIF-1 signaling pathway to obtain sEVs 
(CuBG-sEVs) with high yield and enriched miRNAs. Then, CuBG-sEVs 
were implanted into the defect with tannic acid-coated gelatin meth-
acryloyl cryogel (TG) and drove the defective tissue to complete the 
bone regeneration processes, such as angiogenesis, cell recruitment, and 
osteogenesis (Fig. 1). 

2. Results and discussion 

2.1. Extracts and characterization of sEVs 

The preparation method of sEVs using CuBG was shown in Fig. 2a. 
Scanning electron microscopy (SEM) analysis (Fig. 2b) revealed the 
spherical structure of both BG and CuBG nanoparticles [11]. X-ray 
diffraction (XRD) analysis (Fig. S1a) confirmed that both BG and CuBG 
exhibited amorphous phases with characteristic BG peaks (dispersion 
peaks around 20–30◦), with particle on average sizes of 467.31 nm and 
307.48 nm (Fig. S1b). The ionic concentration results of the CuBG ex-
tracts proved the presence of Cu2⁺, Ca2⁺, and SiO₄⁴- (Fig. 2c), no signif-
icant differences existed between CuBG and BG in terms of Ca2+ and 
SiO₄⁴- release, whereas the differences between CuBG and BG in terms of 
bioactivity were mainly due to Cu2⁺ [32,33]. As the concentration of 
released phosphorous ions from bioactive glass was maintained at an 
exceptionally low level (0～10 ppm) and continued to decrease during 
the formation of hydroxyapatite, the concentrations of phosphorous ions 
were not measured, but focused primarily on calcium, silicon, and 

copper ions.These results confirmed the successful synthesis of BG 
(60SiO2–36CaO–4P2O5) and CuBG (60SiO2–34CaO–2CuO–4P2O5) 
nanoparticles. This biomaterial was recognized for its ability to stimu-
late angiogenesis and osteogenesis [11,13]. 

Subsequently, untreated sEVs derived from BMSCs was collected, as 
well as sEVs from BMSCs treated with BG extracts and CuBG extracts 
(BG-sEVs and CuBG-sEVs). Initially, the results from the Cell Counting 
Kit-8 (CCK8) assay showed that the proliferative capacity of BMSCs did 
not change significantly compared to the control group, which proved 
that CuBG behad decent biocompatibility (Fig. 2d). Immunofluores-
cence results (Fig. 2e) showed that CuBG inhibited the degradation of 
HIF-1α. Transmission electron microscope (TEM) analysis revealed 
spherical particles of sEVs measuring 40–160 nm, displaying an intact 
membrane structure consistent with the prototypical attributes (Fig. 2f) 
[34]. Particle size analysis findings (Fig. S1c) demonstrated that the size 
distributions of sEVs types fell within the range of 40–160 nm, consistent 
with the TEM analysis results. Western blot (WB) analysis demonstrated 
that sEVs exhibited elevated expression levels of specific marker pro-
teins (CD63 and CD9), whereas the endoplasmic reticulum marker cal-
nexin was not detected, suggesting that the isolation process was free 
from contamination with other cellular membranes (Fig. S1d) [35,36]. 
This suggested that CuBG treatment did not alter the size or morphology 
of the sEVs. The results for the concentration of sEVs was shown in 
Fig. 2g, and CuBG-sEVs exhibited a substantial increase. Moreover, 
CuBG-sEVs showed heightened potential for osteogenesis and angio-
genesis (Fig. 2h), substantiated by a noteworthy elevation in miRNAs 
related to angiogenesis and osteogenesis (miR-210, miR-218, miR-146a 
and miR-21) [37–40]. Generally, CuBG-sEVs was successfully prepared 
with a significant increase in yield, as well as a significant increase in the 

Fig. 2. Characterization of CuBG and sEVs. (a) Schematic representation of sEVs extraction. (b) SEM results of CuBG. (c) Ion release concentration of CuBG (d) CCK8 
results of CuBG. (e) Immunofluorescence staining of HIF-1α protein, 4′,6-diamidino-2-phenylindole (DAPI, blue), F-actin staining (green), HIF-1α (red). (f) TEM 
results of sEVs. (g) Protein concentration of sEVs. (h) Detection of angiogenesis and osteogenesis related to miRNAs results inside sEVs. n = 3, *p < 0.05, **p < 0.01, 
***p < 0.001. sEVs, untreated BMSCs-derived sEVs; BG-sEVs, BG treated BMSCs-derived sEVs. CuBG-sEVs, CuBG treated BMSCs-derived sEVs. 
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abundance of angiogenesis-related miRNAs in their contents. 
Recently, researches about hypoxia precondition of MSCs have 

attracted much attention [24,27]. These studies involved treating cells 
for a short period of time in the range of 1–5% oxygen concentration, 
which promoted the secretion of highly active sEVs [41]. HIF-1 signaling 
pathway was a key pathway for cellular adaptation to hypoxia envi-
ronments [42,43]. Under normoxic conditions, HIF-1α was hydroxyl-
ated and degraded by PHD with FIH-1 [44,45]. However, hypoxia 

precondition of MSCs may cause potentially undesirable cellular con-
sequences such as apoptosis and insufficient targeting of miRNAs against 
angiogenesis and osteogenesis. In recent years, it has been reported that 
Cu2+ released from CuBG stabilizes HIF-1α protein by inhibiting 
extra-nuclear PHD induced hydroxylation of proline residues and in-
hibits intranuclear FIH-1 [11]. Furthermore, Cu2+ is an essential trace 
element in the process of HIF-1α-specific promotion of the expression of 
a series of angiogenesis-related factors [15]. In the present study, the 

Fig. 3. Autophagic activity of BMSCs after CuBG treatment. (a) Immunofluorescence staining of CD63. (b) LC3, p62, CD63 and CD9 expression by the WB method. 
(c) Concentration of sEVs. (d) miRNAs expression in BMSCs. (e) miRNAs expression within sEVs. (f) Mechanistic diagram of CuBG simulated the effects of hypoxia 
interactions with BMSCs. n = 3, *p < 0.05, **p < 0.01, ***p < 0.001. Control, without sEVs; sEVs, untreated BMSCs-derived sEVs; BG-sEVs, BG treated BMSCs- 
derived sEVs. CuBG-sEVs, CuBG treated BMSCs-derived sEVs. 
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treatment with CuBG extract was a more convenient, scalable, and safe 
method compared with the hypoxia precondition. The advantage of this 
method was the ability to circumvent potential adverse effects common 
to traditional hypoxia culture methods. CuBG extracts significantly 
increased the concentration of sEVs by approximately 2.8-fold compared 
to the untreated or BG-treated groups. The miRNAs content analysis 
showed that CuBG-sEVs exhibited more abundant angiogenesis and 
osteogenesis-associated miRNAs compared to the untreated group. 
Espacially, miR-210, which targeted the HIF-1 signaling pathway, 
showed a substantial up-regulation compared to the BG-treated group, 
implying that CuBG-sEVs held significant promise in promoting vascular 
bone regeneration. In conclusion, CuBG could promote the secretion of 
sEVs and increase osteogenesis and angiogenesis-related miRNAs 
expression via HIF-1 signaling pathway. 

2.2. Mechanism underlying the augmented production and osteogenic 
activity of CuBG-sEVs 

The HIF-1 signalling pathway is closely linked to autophagy [46,47]. 
It has been demonstrated that under hypoxia conditions, HIF-1α enters 
the nucleus, activates the autophagy-related gene microtubule-related 
protein 1 light chain 3 (LC3) and beclin1, and induces the expression 
of p62, thereby regulating the activation of autophagy [46,48]. Hence, 
to further explore the mechamism of CuBG on promotion of sEVs 
secretion and miRNAs enrichment via the HIF-1 signaling pathway, 
autophagic activity was assessed by evaluating the expression of LC3-II 
and p62, which was a marker indicative of autophagy [49]. Further-
more, rapamycin was employed as an autophagy activator and 3-meth-
yladenine (3-MA) was employed as an autophagy inhibitor [50]. CD63 
protein, as a sEVs surface marker [20], was detected through immuno-
fluorescence staining (Fig. 3a, Fig. S2a). An increase in CD63 stained 
sEVs was observed in the CuBG extract and rapamycin-treated groups, 
while a significant reduction was observed in the 3-MA treated group. 
Additionally, the impact of CuBG on autophagy was confirmed by 
assessing the protein expression of LC3-II (Fig. 3b, Figs. S2b–e). The 
outcomes indicated that CuBG enhanced the expression of CD63 and 
LC3-II in BMSCs, whereas 3-MA nullified the impact of CuBG extract 
treatment. Moreover, the BCA protein assay results substantiated the 
notion that CuBG-sEVs experienced a significant reduction in the CuBG 
extract group when autophagy was inhibited (Fig. 3c). It was clarified 
that CuBG-sEVs mainly increased sEVs yield by HIF-1 signaling 
pathway-acticited autophagy. To delve into the potential impact of 
CuBG extracted on miRNAs changes in BMSCs, the expression of miR-
NAs related to bone formation and angiogenesis in both intracellular and 
sEVs (Fig. 3d) was examined. Notably, CuBG treatment resulted in a 
significant increase in internal miRNAs within BMSCs. Conversely, 
rapamycin and 3-MA did not exhibit a substantial effect. Furthermore, 
the expression of related miRNAs in sEVs (Fig. 3e) showed a notable 
up-regulation in miRNAs expression within CuBG-sEVs compared to the 
sEVs and BG-sEVs groups. The influence of rapamycin and 3-MA on the 
expression of related miRNAs within sEVs aligned with their intracel-
lular expression patterns. In conclusion, HIF-1 signaling 
pathway-acticited autophagy did not affect osteogenic and 
angiogenic-associated miRNAs expression in sEVs. 

In summary, Fig. 3d and e showed that CuBG facilitated the secretion 
of sEVs from BMSCs and modulate miRNAs composition within sEVs. 
This effect appears to be linked to the release of ions, including Cu2+, 
Ca2+, and SiO44− , as well as the modulation of the HIF-1 signaling 
pathway and its activated autophagy (Fig. 3f). Specifically, Cu2+ acti-
vated the HIF-1 signaling pathway by inhibiting the degradation of 
nuclear and extra-nuclear HIF-1α, leading to an increased expression of 
angiogenic miRNAs, notably miR-210 [14]. Concurrently, the accumu-
lation of HIF-1α activated p62, facilitating autophagy and augmenting 
the secretion of sEVs [46,51]. CuBG also released other reactive ions, 
such as Ca2+ and SiO4

4− , promoting the secretion of osteogenesis-related 
miRNAs, such as miR-218, miR-146a and miR-21 [52,53]. Ultimately, 

CuBG utilized the HIF-1 signaling pathway and its activated autophagy 
as the primary regulatory mediators to enhance the production and 
osteogenic activity of CuBG-sEVs. 

2.3. Angiogenesis and osteogenesis in vitro 

To assess the impact of CuBG-sEVs on human umbilical vein endo-
thelial cells (HUVECs) for promoting angiogenesis, a regimen involving 
the application of CuBG-sEVs to HUVECs was executed. Initially, the 
immunofluorescence results demonstrated the internalization capacity 
of sEVs by HUVECs (Fig. 4a). Subsequent transwell experiments were 
conducted (Fig. 4b–S3a-b) and corroborated that sEVs effectively facil-
itated the migration of HUVECs in contrast to the control group. 
Notably, CuBG-sEVs exhibited exhibiting 1.2-fold higher recruited cell 
numbers than BG-sEVs and 6.8-fold higher than the control group, likely 
attributed to the heightened expression of miR-210. The miR-210- 
modulated HIF-1α signaling pathway results in VEGF release, subse-
quently induces SDF-1 chemokine expression, thereby facilitates cell 
recruitment [54]. The evaluation of gene expression related to angio-
genesis, including HIF-1α, VEGF, eNOS, and kinase insert domain re-
ceptor (KDR), revealed a significant up-regulation within CuBG-EVs 
treated cells compared to those treated with other sEVs. This was 
confirmed through quantitative reverse transcription PCR (RT‒qPCR) 
analysis (Fig. 4c). Remarkably, the CuBG-sEVs were heightened 
(Fig. 4d–S3c). Immunofluorescence detection indicated a significant 
increase in platelet endothelial cell adhesion molecule (CD31) expres-
sion within the CuBG-sEVs group for 3 days. Furthermore, matrigel 
angiogenesis assessment showed strong cellular connectivity and for-
mation of distinctive tubular structures within the CuBG-sEVs group 
(Fig. 4e), demonstrating its ability to promote angiogenesis. Moreover, 
the number of angiogenic vessels and the length of the vessels in the 
CuBG-sEVs group were significantly increased compared with the other 
groups (Fig. 4f and g). From the above results, it was observed that 
CuBG-sEVs could be internalized, recruit HUVECs and promote the 
expression of angiogenesis-related genes and tube formation. 

To explore the osteogenic potential of CuBG-sEVs, BMSCs were 
cultured using CuBG-sEVs enriched medium. Initially, the ability of all 
three sEVs types to be internalized by BMSCs was confirmed using 
immunofluorescence results (Fig. 5a), along with their ability to recruit 
BMSCs (Fig. 5b). Subsequently, osteogenesis-related genes, including 
alkaline phosphatase (ALP), runt-related transcription factor (RUNX2), 
osteocalcin (OCN), recombinant human bone morphogenetic protein 2 
(BMP2), and collagen type I alpha 1 (COL1A1), were significantly 
upregulated (Fig. 5c–S3d). Additionally, CuBG-sEVs promoted osteo-
genesis, and was assessed through ALP staining/activity and alizarin red 
staining (ARS)/activity (Fig. 5d–g). Similar to HUVEVs, CuBG-sEVs 
could also act on BMSCs, and significantly promoted the expression of 
osteogenesis-related genes, up-regulation of ALP activity and mineral-
ized matrix content in vitro. 

Angiogenesis played a pivotal role in bone formation by ensuring the 
delivery of essential nutrients, minerals, growth factors, and oxygen 
necessary for tissue regeneration [55–57]. The results showed that, 
except for the control group, CuBG-sEVs demonstrated the capacity to be 
internalized and stimulate HUVECs migration, highlighting the poten-
tial for intercellular communication. Notably, CuBG-sEVs upregulated 
HIF-1α gene expression by approximately tenfold in 7 days, in contrast 
to the sEVs group lacking miR-210 and the BG-sEVs group. Additionally, 
CuBG-sEVs significantly increased the expression of VEGF, KDR, and 
eNOS. It also exhibited pronounced expression of the vascular marker 
CD31 and demonstrated a substantial enhancement in their vascular 
formation capacity [58]. miR-210 activated the HIF-1 signaling 
pathway, thereby promoting the expression of vital downstream genes 
involved in vascular development. The recruitment and osteogenesis of 
native MSCs was extremely important for bone regeneration. CuBG-sEVs 
were rich in miRNAs related to osteogenesis, such as miR-218, miR-146a 
and miR-21, suggesting strong osteogenic potential. This hypothesis was 
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supported by the RT‒qPCR results, which showed the up-regulation of 
important genes related to osteogenic regeneration, including ALP, 
RUNX2, OCN, BMP2, and COL1A1, after CuBG-sEVs treatment. Notably, 
the up-regulation of ALP and RUNX2 played a central role in the initial 
stages of bone matrix synthesis and mineralization. The miRNAs within 
CuBG-sEVs promoted the differentiation of BMSCs towards osteogenesis 
by modulating the osteogenesis-related signalling pathway Wnt/β-ca-
tenin, PI3K/Akt and MAPK signaling pathways [59,60]. The observation 
that miRNAs encapsulated within CuBG-sEVs regulated osteogenic dif-
ferentiation targets further supported the idea that CuBG-sEVs could be 
an favorable alternative to CuBG. 

2.4. Angiogenesis and osteogenesis in vivo 

To exploit the potential of CuBG-sEVs for in vivo bone repair 
(Fig. 6a), tannin-coated gelatin methacryloyl croygel was served as a 
delivery platform for CuBG-sEVs, which exhibited avorable biocom-
patibility, mechanical properties and macroporous structure (Fig. 6b, 
Figs. S4a and S4b) [61,62]. Notably, the TG cryogel demonstrated 

exceptional sEVs adsorption capacity along with controlled release dy-
namics (Fig. 6c and d). SEM results confirmed the uniform adsorption of 
sEVs on the cryogel surface (Fig. S4c). Live/dead cell staining and MTT 
results indicated its biocompatibility (Figs. S5a and S5b). The ability of 
CuBG-sEVs/TG to stimulate new bone growth was evaluated in 
Sprague-Dawley (SD) rats using a critical skull defect model. 

After 4 and 8 weeks of implantation, micro-CT was used to analyze 
2D images of different cross-sections and 3D reconstructed images of all 
samples (Fig. 6e and S6). Compared to the control and TG groups, the 
CuBG-sEVs/TG group exhibited significantly more new bone formation 
at all time points, particularly at 8 weeks. The quantitative analysis of 
bone volume to total volume percentage (BV/TV) showed that the 
CuBG-sEVs/TG group showed a significantly higher value than the BG- 
sEVs/TG group (Fig. 6f–Table S1). At 8 weeks, the BV/TV for the 
CuBG-sEVs/TG group was 83.13 ± 2.21 %, which is 1.4 times that of the 
sEVs/TG group and 1.2 times that of the BG-sEVs group. Additionally, 
the bone regeneration quality in the CuBG-sEVs/TG group was signifi-
cantly improved. At 8 weeks, the trabecular number (Tb.N) in the CuBG- 
sEVs/TG group was 2.5 times that of the control group, 1.7 times that of 

Fig. 4. Evaluation of CuBG-sEVs promoting angiogenesis in vitro. (a) Immunofluorescence staining of DAPI (blue), F-actin (green) and PKH26 (red). (b) Transwell 
staining. (c) Expression of angiogenesis-related genes, including HIF-1α, VEGF, eNOS, and KDR. (d) Immunofluorescence staining of CD31 (red) and DAPI (blue). (e) 
Calcein AM staining of matrigel matrix-forming vessels. (f) Number of branches in the matrigel vasculature assay. (g) Branches length of matrigel vasculature assay. 
n = 3, *p < 0.05, **p < 0.01, ***p < 0.001. Control, without sEVs; sEVs, untreated BMSCs-derived sEVs; BG-sEVs, BG treated BMSCs-derived sEVs. CuBG-sEVs, CuBG 
treated BMSCs-derived sEVs. 
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the sEVs/TG group, and 1.5 times that of the BG-sEVs group, all showing 
statistical significance (Fig. 6g). The trabecular thickness (Tb.Th) results 
at 4 and 8 weeks were consistent with the BV/TV and Tb.N results, with 
the CuBG-sEVs/TG group significantly higher than the other groups 
(Fig. 6h). Overall, these results indicated that the CuBG-sEVs/TG group 
showed significantly better bone repair in terms of both area and quality 
compared to the other groups. 

To further evaluate the efficacy of CuBG-sEVs/TG in bone regener-
ation, hematoxylin and eosin (H&E) staining and masson staining were 
performed. The H&E staining results showed that, at 4 weeks, the CuBG- 
sEVs/TG group had significantly increased extracellular matrix deposi-
tion and smaller defect areas (blue dashed region) compared to the 
control and sEVs/TG groups, with a notable increase in new bone area 
(green triangles) (Fig. 7a). At 8 weeks, consistent with the micro-CT 
results, the control group only had minimal new bone regeneration. In 
comparison to the sEVs/TG group, the CuBG-sEVs/TG group showed a 

significant increase in extracellular matrix deposition, with the new 
bone at the defect edges tending to connect, indicating that the sustained 
release of highly active CuBG-sEVs promoted extracellular matrix 
deposition and accelerated bone healing. Furthermore, as shown in 
Fig. 7b, Masson staining results demonstrated that the control group had 
a smaller collagen regeneration area (blue dashed region). In contrast, 
the CuBG-sEVs/TG group exhibited significantly more collagen forma-
tion, with denser and more mature collagen fibers. The CuBG-sEVs/TG 
group showed continuous and substantial new bone formation at the 
defect margins, with new bone extending towards the center of the 
defect, which is not observed in the other groups. 

Immunofluorescence staining was performed to investigate the 
interaction between angiogenesis and bone formation. At 4 weeks, both 
the sEVs/TG and BG-sEVs/TG groups exhibited increased CD31/α-SMA 
positive staining compared to the control and TG groups (Fig. 8a–d). 
Notably, the CuBG-sEVs/TG group exhibited the largest area of positive 

Fig. 5. Detection of the ability of CuBG-sEVs to induce osteogenesis in vitro. (a) Immunofluorescence staining of DAPI (blue), F-actin (green) and PKH26 (red). (b) 
Transwell staining of BMSCs. (c) Expression of osteogenesis genes, including ALP, RUNX2, OCN, and COL1A1. (d–e) ALP staining of BMSCs. (f–g) Alizarin red 
staining and quantitative data. n = 3, *p < 0.05, **p < 0.01, ***p < 0.001. Control, without sEVs; sEVs, untreated BMSCs-derived sEVs; BG-sEVs, BG treated BMSCs- 
derived sEVs. CuBG-sEVs, CuBG treated BMSCs-derived sEVs. 
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staining, which was 1.3 times that of the sEVs/TG group. Subsequently, 
the vascular network underwent progressive reconstruction and fusion, 
with the CuBG-sEVs/TG group attaining peak angiogenesis activity for 8 
weeks. OCN immunofluorescence outcomes revealed substantial posi-
tive expression in the CuBG-sEVs/TG group with a 1.3-fold increase 
compared to sEVs/TG group (Fig. 8b–e). Moreover, COL I staining 
depicted (Fig. 8c–f) pronounced expression in the CuBG-sEVs. This 
heightened expression persisted for 8 weeks, which was 6.9 times that of 
the sEVs/TG group. From the results of immunofluorescence, it could be 
observed that osteogenesis and angiogenesis were highly coupled in 
time and space, indicating that CuBG-sEVs/TG group supported osteo-
genesis by promoting angiogenesis. 

Angiogenesis played a critical role in supporting osteogenesis and 
ultimately determining the final bone regeneration. CD31 protein has 
been identified as an important component of angiogenesis [63]. 
Immunofluorescence staining showed a significant increase in CD31 
expression within the CuBG-sEVs/TG group for 4 weeks, as indicated by 
broad positive staining. The CuBG-sEVs effectively harnessed miR-210 
to orchestrate angiogenesis and regulate vascular function by upregu-
lating VEGF expression through binding to KDR, concomitant with an 
elevation in eNOS expression, ultimately resulting in CD31 expression 
[64]. Augmented CD31 expression encouraged the adhesion and ag-
gregation of HUVECs, bolstered angiogenesis and provided essential 
nutrients and oxygen to nascent bone tissue [65,66]. At 8 weeks, posi-
tive OCN staining was concentrated in the peripheral area of the defect, 
indicating ongoing osteogenesis [67]. It was noteworthy that miRNAs 
such as miR-218, miR-146a and miR-21, which were contained within 
CuBG-sEVs, enhanced OCN expression, thereby propelling osteogenic 

activity by activating signaling pathways relevant to osteogenesis [60, 
68]. Additionally, COL I, a pivotal constituent of the bone matrix, which 
is responsible for supporting and safeguarding new bone during the 
regeneration process [69]. Following 8 weeks of intervention with 
CuBG-sEVs/TG, COL I displayed a well ordered pattern and robust 
interlinking with endogenous new bone, functioning as a structural 
framework that facilitates cell migration and colonization. CuBG-sEVs 
facilitate angiogenesis, cellular recruitment and osteogenic differentia-
tion, thereby enabling comprehensive regenerative repair of critical 
bone defects. Overall, CuBG-sEVs expedite bone regeneration by pro-
moting angiogenesis, enhancing COL I deposition [11,13]. Subsequent 
investigations should examine the efficacy of our system in promoting 
bone regeneration during the initial stages of healing and explore the 
molecular mechanisms responsible for osteogenesis. For future clinical 
extension, extensive research is necessary to increase the number of 
experimental animals and investigate the impact of the properties of 
materials and pathological microenvironment in animals on the release 
and activity of sEVs. Additionally, a more comprehensive understanding 
of the mechanism by which CuBG-sEVs/TG promotes tissue regenera-
tion in vivo is required. 

3. Conclusion 

In summary, a nano-vibration exciter, CuBG-sEVs, was engineered to 
effectively transduce the ion signal of CuBG into miRNA signal via the 
HIF signaling pathway. CuBG extracts increased the production of 
CuBG-sEVs and promoted enrichment of angiogenesis and osteogenesis 
related miRNAs through regulating the HIF-1 signaling pathway and 

Fig. 6. CuBG-sEVs/TG promotes cranial bone repair in rats. (a) Scheme of CuBG-sEVs/TG applied to cranial bone defects in rats. (b) Photoes of the croygel. (c) Load 
efficiency of sEVs. (d) Release of sEVs from TG. (e) Micro-CT images of rat cranial bone regeneration. (f) Quantitative analyses of new bone area, BV/TV. (g) 
Quantitative analyses of new bone area,Tb.N. (h) Quantitative analyses of new bone area, Tb.Th. n = 3, *p < 0.05, **p < 0.01, ***p < 0.001. Control, without 
hydrogel; TG, hydrogel group; sEVs/TG, hydrogel group containing sEVs; BG-sEVs/TG, hydrogel group containing BG-sEVs; CuBG-sEVs/TG, hydrogel group con-
taining CuBG-sEVs. 
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activating autophagy process. Due to the enrichment of angiogenesis 
and osteogenesis-associated miRNAs, such as miR-210, miR-218, miR- 
146a and miR-21, CuBG-sEVs could be rapidly internalized by 
HUVECs and BMSCs, recruited cells, facilitated angiogenesis of HUVECs 
and osteogenic differentiation of BMSCs. Furthermore, the combination 
of CuBG-sEVs with TG cryogel resulted in remarkable bone regeneration 
in a critical bone defects model of rat. In conclusion, our findings pro-
posed an attractive alternative strategy for BG in bone regeneration 
therapy. 

4. Methods 

4.1. Preparation of CuBG extracts 

Based on previously reported methods, CuBG was prepared with a 
molar composition of 60SiO2–34CaO–2CuO–4P2O5 [11,13]. Briefly, 4 g 
of dodecylamine was measured and dissolved in a mixture of 20 mL of 
deionised water and 80 mL of ethanol, followed by the addition of 16 mL 
of tetraethyl orthosilicate (TEOS, Aladdin, China) and stirring at room 
temperature for 1 h. Then, 1.66 mL of triethyl phosphate (TEP, Aladdin, 

China), Ca(NO3)2–4H2O, and Cu(NO3)2–3H2O (Aladdin, China) were 
added sequentially to the TEOS solution for further reaction. Further 
reaction. The reaction was carried out at room temperature with 
vigorous stirring for 4 h. After aging at room temperature for 1 d, the 
precipitates of different colours were collected by centrifugation and 
washing. BG and CuBG were obtained by sintering in air at 650 ◦C for 3 
h. The precipitates were stored in a dry cabinet. 

Then, 0.2 g/mL CuBG was added to the complete medium, which 
included dulbecco’s modified eagle medium (DMEM, Solarbio, China), 
Fetal Bovine Serum (FBS, Tianhang, China) and penicillin streptomycin 
in classic proportions. The microstructure was observed by SEM (Zeiss, 
German), and the particle size distribution was analyzed using ImageJ, 
and analyzed using XRD (Empyrean, Netherlands) testing. 

After incubation in a constant temperature shaker (37 ◦C, 120 rpm) 
for 24 h and centrifugation at 8000 rpm, the ion concentrations of the 
extracts were analyzed using inductively coupled plasma‒optical 
emission spectrometry (ICP‒OES, PerkinElmer PinAAcle 900 T, Ger-
many). Finally, extracted of CuBG were obtained for cell culture. CCK8 
(Beyotime, China) was tested and analyzed according to the manufac-
turer’s instructions. 

Fig. 7. (a) H&E staining. Vertical dashed lines indicate the areas of original defects. Green arrows indicate new bone tissues. Yellow arrows indicate native bones. 
Blue dashed areas indicate defective tissue. (b) Masson staining. Green arrows indicate new bone tissues. Yellow arrows indicate collagen matrix deposits. Blue 
dashed areas indicate defective tissue. Control, without hydrogel; TG, hydrogel group; sEVs/TG, hydrogel group containing sEVs; BG-sEVs/TG, hydrogel group 
containing BG-sEVs; CuBG-sEVs/TG, hydrogel group containing CuBG-sEVs. 
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4.2. Extracts and characterization of sEVs 

This study employed differential centrifugation to isolate sEVs [34, 
70]. The procedure involved incubating BMSCs (2 × 106 cells, 
CRL-12424, American Type Culture Collection, America) with CuBG or 
BG extracts in DMEM (5 mL, free FBS) for 48 h. The resulting medium 
underwent successive centrifugations at 2000×g and 10,000×g for 30 
min to eliminate larger particles such as cells and apoptotic debris. The 
collected supernatant then underwent final centrifugation at 100,000×g 
for 70 min to pellet the sEVs. These sEVs were subsequently resuspended 

and washed with phosphate buffered saline (PBS) twice, and the 
resulting solution was filtered through a 0.22 μm sterile filter. The 
protein concentration of the sEVs was assessed using the BCA Protein 
Assay Kit (Solarbio, China). TEM (HT7700, HITACHI, Japan) was used 
to visualize the morphology. The particle size distribution was deter-
mined through zeta potential analysis (Malvern, America). The presence 
of related proteins (CD9, CD63, calnexin, LC3B, p62, Bioss) was verified 
using Western blotting. 

Fig. 8. Immunofluorescence staining of tissue sections. (a) Immunofluorescence staining for CD31/α-SMA protein; red indicates the CD31 protein, blue indicates the 
nucleus, and green indicates the α-SMA protein. (b) OCN protein staining; green indicates the OCN protein, and blue indicates the nucleus. (c) COL I protein staining; 
red indicates the COL I protein, and blue indicates the nucleus. (d) Quantitative results of immunofluorescence area of CD31. (e) Quantitative results of immuno-
fluorescence area of OCN. (f) Quantitative results of immunofluorescence area of COL I. n = 3, *p < 0.05, **p < 0.01, ***p < 0.001. Control, without hydrogel; TG, 
hydrogel group; sEVs/TG, hydrogel group containing sEVs; BG-sEVs/TG, hydrogel group containing BG-sEVs; CuBG-sEVs/TG, hydrogel group containing CuBG-sEVs. 
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4.3. Cellular uptake with transwell assays 

To visualize sEVs, PHK26 staining (Sigma‒Aldrich, America) was 
used. Subsequently, these labeled sEVs (10 μg/mL) were introduced to 
BMSCs cultured in laser confocal dishes at a density of 1 × 105 cells/well 
for a 24 h incubation. After fixation with 4 % paraformaldehyde for 20 
min, DAPI (Beyotime, China) and F-actin (Beyotime, China) staining 
were conducted. Images were captured and assessed using laser confocal 
microscopy (LSCM, TCS SP8, Leica, Germany). 

For the Transwell assay, BMSCs were seeded in the upper chamber at 
a concentration of 1 × 105 cells/well, while the lower chamber was 
exposed to 600 μL of sEVs for 12 h. Following fixation with 4 % para-
formaldehyde for 20 min, crystal violet (0.1 %) staining was performed 
for 30 min. Subsequent photographic documentation and analysis were 
performed using an inverted microscope and ImageJ software. 

4.4. Gene expression 

Total RNA was extracted using the Total RNA Kit I (Omega, America) 
and then converted into cDNA using a reverse transcription kit (Takara, 
Japan). RT‒qPCR was conducted using LightCycler 480 SYBR Green I 
Master (Roche, Switzerland) and analyzed using LightCycler® 480II 
(Roche, Switzerland). The quantification was performed using the 
2− ΔΔCt method. The primers for each gene were listed in Table S2. 

4.5. Immunofluorescence analysis 

BMSCs were cultured for 24 h in laser confocal dishes at a density of 
1 × 105 cells/well. Following this, coculture with sEVs was performed 
for an additional 24 h. For fixation, 4 % paraformaldehyde was applied 
for 20 min. Subsequently, cell membrane permeability was achieved by 
using 0.2 % Triton X-100 for 10 min, followed by blocking with goat 
serum (3 %) for 30 min. Primary antibodies (CD63, CD31, HIF-1α, Bioss) 
were then introduced and allowed to incubate overnight at 4 ◦C. 
Sequentially, the secondary antibody treatment was carried out at room 
temperature for 2 h while avoiding any light exposure. Finally, DAPI 
staining was performed for 5 min to label the nuclei. The images were 
captured and analyzed using LSCM. 

4.6. Analysis of matrigel matrix vasculogenesis 

The tip was precooled to 4 ◦C before applying 50 μL of matrigel 
matrix (Beyotime, China) to coat the interior of 96-well plates. This 
process was performed under chilled conditions. Afterward, the well 
plates were transferred to an incubator, allowing the matrix gel to so-
lidify completely within 2 h. After the gel solidified, a cell density of 5 ×
104 cells/well was used. HUVECs (DFSC-EC-01, Shanghai Zhong Qiao 
Xin Zhou Biotechnology Co.,Ltd, China) were inoculated into the well 
plates and incubated at 37 ◦C for 8 h (third generation). At the conclu-
sion of the incubation period, calcein AM (1 mg/mL, 15 min, Beyotime, 
China) was introduced for cell staining. Subsequently, image acquisition 
and recording were executed using an inverted fluorescence microscope. 
Finally, ImageJ software (angiogenesis analyze plug-in) was used for 
quantitative analysis of the angiogenesis process, including the deter-
mination of vascular branching and length [71]. 

4.7. Alizarin red staining and alkaline phosphatase staining 

The ability of CuBG-sEVs to promote osteogenesis was evaluated 
using BMSCs (1 × 105 cells/well). First, BMSCs were seeded in 24-well 
plates and cultured for 24 h. Then, the medium was replaced with fresh 
medium containing CuBG-sEVs. After being cultured in different kinds 
of cell medium for 7 and 14 days, BMSCs (1 × 105 cells/well) were first 
fixed in 4 % paraformaldehyde for 20 min and then washed gently with 
PBS. Alizarin red staining solution (2 %) (Beyotime, China) was used for 
staining, and the stained samples were imaged using an inverted 

fluorescence microscope. Following the same pretreatment as ARS 
staining, a BCIP/NBT Alkaline Phosphatase Color Development Kit 
(Beyotime, China) was used to stain BMSCs for 30 min. The stained 
samples were then imaged using an inverted fluorescence microscope. 

4.8. Preparation of GelMA cryogel 

GelMA was synthesized according to established protocols and sub-
sequently analyzed using FTIR (Nexus Por Euro, America) spectroscopy, 
with a degree of methacryloyl (MA) substitution of about to be 90 % 
[72]. The preparation of the GelMA cryogel followed a well-documented 
procedure. Initially, 2 g of GelMA was solubilized in 20 mL of PBS at 
40 ◦C while being stirred for 30 min. The GelMA solution was then 
compounded individually with the needed components, along with 0.5 
% (w/v) ammonium persulfate (APS, Sigma‒Aldrich, America) and 0.5 
% (v/v) tetramethylethylenediamine (TEMED, Sigma‒Aldrich, Amer-
ica). Following vigorous stirring for 5 min, the mixture was poured into 
molds and stored at − 20 ◦C for 36 h, followed by freeze drying to obtain 
the final samples. 

4.9. Loading and release of sEVs 

CuBG-sEVs/TG cryogels were prepared using a systematic proced-
ure. Initially, the GelMA cryogel was submerged in a 0.2 mg/mL TA 
solution for 15 min and then washed with PBS three times. The TG were 
then immersed in a solution containing CuBG-sEVs (500 μg/mL) and 
gently stirred at low temperature for 2 h, forming CuBG-sEVs/TG scaf-
folds. To facilitate the controlled release of sEVs, the hydrogels were 
incubated in 5 mL of PBS at 37 ◦C. At specified time intervals, 200 μL of 
the solution was withdrawn and replaced with an equal volume of PBS. 
The quantification of sEVs was achieved using the BCA Protein Assay 
Kit, which allowed for the determination of the released amount. The 
microscopic characteristics of the CuBG-sEVs/TG cryogel were exam-
ined using SEM. 

4.10. Biocompatibility of TG 

The biocompatibility of the scaffolds was assessed using a combi-
nation of MTT assay and live/dead cell staining. Initially, BMSCs at a 
density of 1 × 105 cells/well were seeded onto the scaffold surfaces and 
cultured for 1, 3 and 7 days. The MTT assay was executed as per the 
manufacturer’s protocol from the MTT assay kit (Solarbio, China), fol-
lowed by absorbance measurement at 570 nm using an enzyme marker. 
Live/dead cell staining was carried out using calcein AM/propidium 
iodide (calcein AM/PI, Beyotime, China), and subsequent image acqui-
sition and analysis were performed using LSCM. 

4.11. Calvarial defect model 

The animal experiments were conducted in accordance with the 
ethical guidelines of the Animal Ethics Committee at South China Uni-
versity of Technology (2019005). Initially, 30 male SD rats aged 8 weeks 
and weighing between 200 and 250 g were chosen for the study. 
Anesthesia was induced using a 0.3 % solution of pentobarbital, fol-
lowed by a 1 cm incision on their heads. Subsequently, a defect with a 
diameter of 0.5 cm was meticulously created in the skull using a ring 
drill, ensuring the protection of the dura mater to prevent any accidental 
damage. A material measuring (diameter × 5 mm, height × 1 mm) was 
then implanted into the defect site and sutured. After surgery, the rats 
were returned to the animal housing facility and allowed to move 
around freely. Continuous penicillin injections were administered for 
three days to prevent infections. 

4.12. Histological analysis 

For 4 and 8 weeks, humane euthanasia was performed on SD rats, 
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and their skull specimens were carefully excised. The specimens were 
then detected using micro-CT scanning (XTV 160, Nikon, Japan) for 
thorough examination. The harvested tissues were immersed in 4 % 
paraformaldehyde for 72 h, followed by a series of procedures, including 
decalcification, embedding, and sectioning. Subsequently, the sections 
underwent staining techniques such as H&E and Masson staining 
(Solarbio, China), as well as immunofluorescence staining (CD31, OCN, 
COL I, α-SMA, Bioss) individually. A digital pathology scanning system 
(P250 FLASH, 3D Histech, Hungary) was used to capture and analyze 
the images. 

4.13. Statistical analysis 

Using SPSS 22.0 statistical analysis software, a one-way analysis of 
variance followed by Tukey’s test for means comparison was used to 
assess the level of significance. 

Ethics approval and consent to participate 

The animal experiments were conducted in accordance with the 
ethical guidelines of the Animal Ethics Committee at South China Uni-
versity of Technology (2019005). 

CRediT authorship contribution statement 

Zetao Wang: Writing – review & editing, Writing – original draft, 
Methodology, Formal analysis, Data curation, Conceptualization. 
Qiyuan Dai: Supervision, Project administration, Methodology, Data 
curation, Conceptualization. Huitong Luo: Validation. Xiyuan Han: 
Methodology. Qi Feng: Software, Project administration, Methodology. 
Xiaodong Cao: Writing – review & editing, Writing – original draft, 
Resources, Funding acquisition. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgments 

This work was supported by the National Key R&D Program of China 
(2023YFB3810200), the National Natural Science Foundation of China 
(Grant No. 52272276, 52073103, 52203164), the Fundamental 
Research Funds for the Central Universities (No. 2022ZYGXZR105), the 
Project funded by China Postdoctoral Science Foundation (No. 
2022M711183), the Science and Technology Planning Project of 
Guangzhou (2023A04J0971). 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.bioactmat.2024.06.023. 

References 

[1] M. Liu, X. Zeng, C. Ma, H. Yi, Z. Ali, X.B. Mou, S. Li, Y. Deng, N.Y. He, Injectable 
hydrogels for cartilage and bone tissue engineering, Bone Res 5 (2017) 20. htt 
ps://10.1038/boneres.2017.14. 

[2] J. Qu, X. Zhao, Y.P. Liang, T.L. Zhang, P.X. Ma, B.L. Guo, Antibacterial adhesive 
injectable hydrogels with rapid self-healing, extensibility and compressibility as 
wound dressing for joints skin wound healing, Biomaterials 183 (2018) 185–199. 
https://10.1016/j.biomaterials.2018.08.044. 

[3] H.W. Kang, S.J. Lee, I.K. Ko, C. Kengla, J.J. Yoo, A. Atala, A 3D bioprinting system 
to produce human-scale tissue constructs with structural integrity, Nat. Biotechnol. 
34 (3) (2016) 312–319. https://10.1038/nbt.3413. 

[4] D. Orlic, J. Kajstura, S. Chimenti, I. Jakoniuk, S.M. Anderson, B.S. Li, J. Pickel, 
R. McKay, B. Nadal-Ginard, D.M. Bodine, A. Leri, P. Anversa, Bone marrow cells 

regenerate infarcted myocardium, Nature 410 (6829) (2001) 701–705. https 
://10.1038/35070587. 

[5] R. Zhao, W. Tang, F. Yang, H. Tian, S. Peng, H. Pan, C. Shuai, Structural and 
functional adaptive artificial bone: materials, fabrications, and properties, Adv. 
Funct. Mater. 33 (23) (2024) 2214726. https://doi.org/10.1002/adfm.202214726. 

[6] A Brunet, MA Goodell, T Rando, Ageing and rejuvenation of tissue stem cells and 
their niches, Nat. Rev. Mol. Cell Biol. 24 (1) (2023) 45–62. https://10.1038/s4158 
0-022-00510-w. 

[7] A. Hoppe, N.S. Guldal, A.R. Boccaccini, A review of the biological response to ionic 
dissolution products from bioactive glasses and glass-ceramics, Biomaterials 32 
(11) (2011) 2757–2774. https://10.1016/j.biomaterials.2011.01.004. 

[8] G. Kaur, O.P. Pandey, K. Singh, D. Homa, B. Scott, G. Pickrell, A review of bioactive 
glasses: their structure, properties, fabrication, and apatite formation, J. Biomed. 
Mater. Res., Part A 102 (1) (2014) 254–274. https://10.1002/jbm.a.34690. 

[9] A. Jacobs, G. Renaudin, C. Forestier, J.M. Nedelec, S. Descamps, Biological 
properties of copper-doped biomaterials for orthopedic applications: a review of 
antibacterial, angiogenic and osteogenic aspects, Acta Biomater. 117 (2020) 
21–39. https://10.1016/j.actbio.2020.09.044. 

[10] J.Y. Li, D. Zhai, F. Lv, Q.Q. Yu, H.S. Ma, J.B. Yin, Z.F. Yi, M.Y. Liu, J. Chang, C. 
T. Wu, Preparation of copper-containing bioactive glass/eggshell membrane 
nanocomposites for improving angiogenesis, antibacterial activity and wound 
healing, Acta Biomater. 36 (2016) 254–266. https://10.1016/j.actbio.2016.03.0 
11. 

[11] Q. Dai, Q. Li, H. Gao, L. Yao, Z. Lin, D. Li, S. Zhu, C. Liu, Z. Yang, G. Wang, D. Chen, 
X. Chen, X. Cao, 3D printing of Cu-doped bioactive glass composite scaffolds 
promotes bone regeneration through activating the HIF-1α and TNF-α pathway of 
hUVECs, Biomater Sci-Uk 9 (16) (2021) 5519–5532. https://10.1039/d 
1bm00870f. 

[12] S. Kargozar, M. Mozafari, S. Ghodrat, E. Fiume, F. Baino, Copper-containing 
bioactive glasses and glass-ceramics: from tissue regeneration to cancer therapeutic 
strategies, Mat Sci Eng C-Mater 121 (2021) 18. https://10.1016/j.msec.2020 
.111741. 

[13] Y.W. Liu, G. Wang, H.T. Luo, B.J. Zhao, M.H. Liao, Q.Y. Dai, M.C. Li, Q.T. Li, X. 
D. Cao, Phosphoserine enhanced Cu-doped bioactive glass dynamic dual-network 
hydrogel for craniofacial bone defect repair, Regen. Biomater. 10 (2023) 14. 
https://10.1093/rb/rbad054. 

[14] C.T. Wu, Y.H. Zhou, M.C. Xu, P.P. Han, L. Chen, J. Chang, Y. Xiao, Copper- 
containing mesoporous bioactive glass scaffolds with multifunctional properties of 
angiogenesis capacity, osteostimulation and antibacterial activity, Biomaterials 34 
(2) (2013) 422–433. https://10.1016/j.biomaterials.2012.09.066. 

[15] W.J. Zhang, Q. Chang, L. Xu, G.L. Li, G.Z. Yang, X. Ding, X.S. Wang, D.X. Cui, X. 
Q. Jiang, Graphene oxide-copper nanocomposite-coated porous CaP scaffold for 
vascularized bone regeneration via activation of hif-1, Adv. Healthcare Mater. 5 
(11) (2016) 1299–1309. https://10.1002/adhm.201500824. 

[16] J.J. Wu, K. Zheng, X.T. Huang, J.Y. Liu, H.M. Liu, A.R. Boccaccini, Y. Wan, X. 
D. Guo, Z.W. Shao, Thermally triggered injectable chitosan/silk fibroin/bioactive 
glass nanoparticle hydrogels for in-situ bone formation in rat calvarial bone 
defects, Acta Biomater. 91 (2019) 60–71. https://10.1016/j.actbio.2019.04.023. 

[17] M.H. Liao, S.L. Zhu, A.J. Guo, X.Y. Han, Q.T. Li, Y. Chen, Y.W. Liu, D.F. Chen, X. 
F. Chen, S.X. Mo, X.D. Cao, 3D printed bioactive glasses porous scaffolds with high 
strength for the repair of long-bone segmental defects, Compos. Pt. B-Eng. 254 
(2023) 15. https://10.1016/j.compositesb.2023.110582. 

[18] G. Raposo, W. Stoorvogel, Extracellular vesicles: exosomes, microvesicles, and 
friends, JCB (J. Cell Biol.) 200 (4) (2013) 373–383. https://10.1083/jcb.20 
1211138. 

[19] J.B. Fan, C.S. Lee, S. Kim, C. Chen, T. Aghaloo, M. Lee, Generation of small RNA- 
modulated exosome mimetics for bone regeneration, ACS Nano 14 (9) (2020) 
11973–11984. https://10.1021/acsnano.0c05122. 

[20] R. Kalluri, V.S. LeBleu, The biology, function, and biomedical applications of 
exosomes, Science 367 (6478) (2020) 640. https://10.1126/science.aau6977. 

[21] L. Fan, C. Liu, X. Chen, L. Zheng, Y. Zou, H. Wen, P. Guan, F. Lu, Y. Luo, G. Tan, 
P. Yu, D. Chen, C. Deng, Y. Sun, L. Zhou, C. Ning, Exosomes-Loaded 
electroconductive hydrogel synergistically promotes tissue repair after spinal cord 
injury via immunoregulation and enhancement of myelinated axon growth, Adv. 
Sci. 9 (13) (2022) e2105586. https://10.1002/advs.202105586. 

[22] H. Valadi, K. Ekström, A. Bossios, M. Sjöstrand, J.J. Lee, J.O. Lötvall, Exosome- 
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