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A B S T R A C T   

Recently, exosomes have been extensively applied in tissue regeneration. However, their practical applications 
are severely restricted by the limited exosome secretion capability of cells. Therefore, developing strategies to 
enhance the production of exosomes and improve their biological function attracts great interest. Studies have 
shown that biomaterials can significantly enhance the paracrine effects of cells and exosomes are the main signal 
carriers of intercellular paracrine communication, thus biomaterials are considered to affect the exosome se
cretion of cells and their biological function. In this study, a widely recognized biomaterial, 45S5 Bioglass® (BG), 
is used to create a mild and cell-friendly microenvironment for mesenchymal stem cells (MSCs) with its ion 
products. Results showed that BG ion products can significantly improve exosome production of MSCs by up
regulating the expression of neutral sphingomyelinase-2 (nSMase2) and Rab27a which enhanced the nSMases 
and Rab GTPases pathways, respectively. Besides, microRNA analysis indicates that BG ion products can 
modulate the cargoes of MSCs-derived exosomes by decreasing microRNA-342-5p level while increasing 
microRNA-1290 level. Subsequently, the function of exosomes is modified as their capabilities of promoting the 
vascularization of endothelial cells and facilitating the intradermal angiogenesis are enhanced. Taken together, 
BG ion products are confirmed to enhance exosome production and simultaneously improve exosome function, 
suggesting a feasible approach to improve the practical application of exosomes in regenerative medicine.   

1. Introduction 

Exosomes are 30–150 nm sized extracellular vesicles released from 
living cells after fusion of multivesicular bodies (MVBs) with the plasma 
membrane and play vital roles in intercellular paracrine communica
tions and numerous biological processes [1–3]. Exosomes have been 
extensively studied and applied for tissue repair and regeneration 
owing to their advantages of high stability in circulation, low immune 
rejection, good targeting effects and multifunctional capacities of reg
ulating recipient cell behaviors [4–8]. For instance, Su et al. found that 
exosomes released by bone marrow mesenchymal stem cells (MSCs) 
could be taken up by adipocytes, myocytes and hepatocytes, eventually 
resulting in insulin resistance in vitro and in vivo [9]. MSC-derived 
exosomes have been demonstrated to be able to promote the pro
liferation and infiltration of chondrocytes and modulate immune re
activity [10]. By attenuating the apoptosis of chondrocytes and 

enhancing the matrix synthesis of collagen II and VI at the defect re
gion, MSC-derived exosomes can significantly repair and regenerate 
critical size osteochondral defects [10]. Wang and their team reported 
that exosomes secreted by human-induced pluripotent stem cells-de
rived MSCs could be used for many vascularized tissue repair by pro
moting angiogenesis, such as limb ischemia, cutaneous wound healing, 
critical-sized bone defects and osteonecrosis of the femoral head 
[11–14]. 

In spite of these achievements, the practical application of exosomes 
in tissue repair is still severely restricted by the large dose requirements 
in actual administration [15,16]. On one hand, current methods for 
exosome extraction and purification are inefficient [17,18]. On the 
other hand, exosome production capability of cells is associated with 
many factors, such as the cell types, cell viability, and culture micro
environment. Both of these two reasons result in a big challegen in 
obtaining enough amounts of exosomes for regenerative medicine 
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applications. Hence, apart from the improvement and optimization of 
exosome isolation methods, enhancing exosome production capability 
of cells by directly modifying cells or adjusting cell microenvironment 
is another strategy for obtaining enough exosome for regenerative 
medicine. 

Various biological technologies have been used to directly modify 
cells in order to regulate exosome production capability of cells 
[19–23]. Literatures have reported that several key proteins and sig
naling pathways could strikingly affect the progress of exosome bio
genesis and release, including the family of neutral sphingomyelinases 
(nSMases) and the Rab family of small GTPases [24–26]. For example, 
studies have demonstrated that nSMases could induce the production of 
ceramide by mediating the hydrolysis of sphingomyelin. Therefore, the 
formation of vesicles by coalescing small micro-domains into larger 
domains and promoting domain-induced budding could be induced 
[25,26]. Hsu et al. found that Rab35 could obviously regulate exosome 
secretion which acted as the downstream effector of a series of Tre/Bub 
2/Cdc 16 proteins [20]. Ostrowski et al. reported that Rab27a and 
Rab27b had a key role in exosome secretion by promoting the targeting 
of multivesicular endosomes to the cell periphery and their docking at 
the plasma membrane [27]. Although these strategies showed certain 
efficiency in adjusting exosome production capability of cells, they 
were heavily dependent on the regulation of protein and signaling 
pathways through overexpression and knockdown of representative 
genes, which not only lack of flexible operability in practical applica
tions but also are very expensive. 

Numerous reports have demonstrated that biomaterials can affect 
both the behaviors of single type of cells and cell-cell interactions 
[28–31]. For example, it was reported that porous β-CaSiO3/Poly-D,L- 
Lactide-Glycolide composite scaffolds could obviously accelerate the 
rabbit femur defect repair [32]. In addition, our previous works have 
also demonstrated that bioactive materials, such as electrospun fiber 
and silicate bioceramics, could prominently regulate a variety of be
haviors of single type of cells [33–35]. Therefore, in this study, we 
proposed that, in addition to the expensive and time consumable bio
logical technologies, engineering technology can also be used to affect 
cells with microenvironment created by bioactive materials for ad
justing cell exosome production [32,36,37]. Typically, 45S5 Bioglass® 
(BG), which is composed of 45% SiO2, 24.5% Na2O, 24.5% CaO, and 
6% P2O5 (weight percentage) and recognized as one of the third-gen
eration bioactive inorganic materials, has been widely studied and 
applied for wound repair [38–41]. Literatures and our previously stu
dies have well demonstrated that BG ion products could obviously 
promote proliferation and differentiation of various kinds of cells and 
modulate macrophages polarization [42,43]. Furthermore, our pre
vious studies also confirmed that bioactive silicate ceramics, including 
BG, could pronouncedly enhance the cell-cell paracrine effects and 
eventually accelerated wound healing [42–44]. Based on these reports 
and the facts that exosome production is strongly affected by cell be
haviors and exosomes play an important role in intercellular commu
nications with the cargoes they carry, we reason that stimulating cells 
with bioactive material may be an effective and feasible engineering 
technology to enhance the production of cell exosome and modify the 
cells to produce functionalized exosomes for further enhancing tissue 
regeneration. 

Based on those mentioned above, we hypothesized that a strategy 
could be developed to simultaneously enhance exosome production 
capability of cells and modify the biological function of the exosomes 
by biomaterials. Therefore, the purpose of this study was to investigate 
the effects of biomaterials on cell exosome quantity (production) and 
quality (cargo). The ion products of 45S5 Bioglass® (BG) were used to 
stimulate human-derived mesenchymal stem cells (MSCs). The exosome 
production from MSCs stimulated with or without BG ion products was 
detected and the function of those exosomes in facilitating the vascu
larization of human umbilical vein endothelial cells (ECs) was eval
uated. Results showed that BG ion products could significantly promote 

the exosome production from MSCs via the enhancement of the 
nSMases and Rab GTPases pathways. In addition, the cargo analysis of 
the MSCs-derived exosomes revealed that there were 9 obviously 
downregulated microRNAs (miRNAs) and 6 upregulated miRNAs in the 
BG ion products stimulated MSCs-derived exosomes when compared 
with those in the conventional MSCs-derived exosomes. Furthermore, 
the MSCs-derived exosomes stimulated by BG ion products showed 
improved capability of promoting vascularization in vitro and angio
genesis in vivo as compared to the conventional MSCs-derived exo
somes, mainly owing to the significantly downregulated miRNA-342-5p 
(miR-342-5p) and upregulated miRNA-1290 (miR-1290) in the cargoes 
of BG ion products stimulated MSCs-derived exosomes. These results 
well clarify our hypothesis that BG ion products can significantly en
hance the production of exosomes and simultaneously improve their 
biological function. Our findings also suggest that using biomaterials to 
stimulate cells is a cell-friendly and feasible approach to regulate exo
some secretion and improve their practical application in regenerative 
medicine. 

2. Results 

2.1. Identification of MSCs-Derived exosomes 

Images obtained from transmission electron microscopy (TEM) and 
high sensitivity flow cytometry (HSFCM) detection clearly revealed that 
both BG ion products stimulated-MSCs-derived exosomes (BG+-exo) 
and conventional cultured MSCs-derived exosomes (Ctrl-exo) exhibited 
typical round- or cup-like shaped small membrane vesicles (indicated 
by arrows in Fig. 1a and b) with a size distribution of 50–110 nm and a 
mean size of 70  ±  5 nm (Fig. 1c and d). Western blot analyses in
dicated that ubiquitous exosome markers, including CD9, CD63 and 
Tsg101 proteins, were enriched in both BG+-exo and Ctrl-exo (Fig. 1e). 
Besides, the exosome-excluded endoplasmic protein Grp94 was hardly 
detected in the two exosome groups. In addition, purity assessment 
results indicated that the percentage of vesicles in the collected MSCs- 
derived exosomes reached to 93% in two groups, suggesting the high 
purity of the collected exosomes (Fig. 1f). Taken together, the collected 
vesicles were identified as typical exosomes and there was no sig
nificant difference between BG+-exo and Ctrl-exo in terms of their 
morphology, size distribution, marker proteins and vesicle purity. 

2.2. BG ion products enhance the production of MSCs-Derived exosomes 

Fig. 2a–d showed the effects of BG ion products on the MSCs-de
rived exosome production. The exosome production was revealed by 
acetylcholinesterase (AChE) concentration and exosome particle con
centrations detected by various kinds of methods. As shown in Fig. 2a, 
the AChE concentration in the culture supernatant of the two groups 
increased with time and gradual accumulated. For the first 12 h, there 
was no obvious difference between the two groups. Interestingly, after 
12 h, the accumulative AChE concentration in the BG+-exo group 
maintained a continuous upward trend and was significantly higher 
than that in the Ctrl-exo group in the following 60 h (p  <  0.01). 

Exosome particle concentrations in the culture supernatant were 
further detected with nanoparticle tracking analysis (NTA). These re
sults displayed a similar trend of concentration changes with the AChE 
activity changes in supernatant, where no difference was observed in 
the first 12 h between the two groups but the exosome concentrations in 
BG+-exo group were pronouncedly higher than those in the Ctrl-exo 
group in the following 60 h (Fig. 2b). To further evaluate the difference 
of the exosome particle concentrations between two groups, exosome 
particle concentration in the supernatant of MSCs cultured with 
medium containing BG ion products or not at 48 h was measured by an 
EXOCET kit and HSFCM. It can further confirm that the exosome con
centration of BG+-exo group was remarkably higher than that of the 
Ctrl-exo group (Fig. 2c and d). 

Z. Wu, et al.   Bioactive Materials 6 (2021) 823–835

824



Exosome internalization was further confirmed by incubating the 
recipient cell (ECs) with DiO-labeled MSCs-derived exosomes which 
appeared as green fluorescence dots under 488 nm excitation. It can be 
seen from Fig. 2e that, after 2 h of incubation, few of the MSCs-derived 
exosomes, including BG+-exo and Ctrl-exo, could be taken up and in
ternalized by ECs. After 6 h of incubation, the exosome particles in ECs 
were obviously accumulated and increased with time and many exo
somes were observed in ECs after 12 h of incubation. At all points in 
time, there were no significant difference between the two groups in 
terms of the exosome internalization (Fig. S1). 

Taken together, it can be concluded that BG ion products could 
enhance the exosome production of MSCs without significantly chan
ging the internalization of MSCs-derived exosomes by ECs. 

2.3. BG ion products enhance exosome production dependent on nSMase2 
and Rab27a 

Since our study revealed that BG ion products could enhance the 
exosome production capability of cells, the underlying mechanism was 
further explored. Firstly, the results displayed that the siRNA trans
fection treatment, including Lipofectamine® 2000 treatment, negative 
control siRNA (NC) transfection and scrambled siRNAs transfection, 
would not significantly affect the gene expression of nSMase2 and 
Rab27a in MSCs (Fig. S2). In addition, the gene expression of nSMase2 
and Rab27a in MSCs transfected with NC exhibited no obvious differ
ence with that in MSCs transfected with the corresponding scrambled 
siRNA. Therefore, NC was used as the control in this study to replace 
the scrambled siRNAs control. Then, the results in Fig. 3a–c showed 
that, after MSCs were stimulated by BG ion products for 48 h, the gene 
expression and protein secretion of nSMase2 were significantly upre
gulated when compared with those in the NC group (p  <  0.05). Si
milarly, the gene expression and protein synthesis of Rab27a in MSCs 
treated with BG ion products were also strikingly up-regulated 
(Fig. 3d–f, p  <  0.05). After MSCs were treated with nSMase2-small- 
interfering RNA (siRNA) or Rab27a-siRNA, the gene expressions and 
protein synthesis of nSMase2 and Rab27a in MSCs were obviously 
downregulated and showed no obvious difference with their 

corresponding siRNA-BG treated group (Fig. 3a–f). 
In addition, after MSCs were treated with nSMase2-siRNA or 

Rab27a-siRNA, the numbers of exosome particles in the culture super
natant of siRNA-transfected MSCs cultured with medium containing BG 
ion products or not were preferentially decreased and there was no 
significant difference between the siRNA-treated and siRNA-BG-treated 
groups (Fig. 3g). Interestingly, the exosome concentrations of siRNAs- 
administrated MSCs were hardly enhanced even the cells were treated 
once again by BG ion products when compared with those of NC-treated 
MSCs (Fig. 3g). In addition, these collected exosome particles were 
identified by Western blot as they showed clear presence of CD9, CD63 
and Tsg101 markers (Fig. 3h). Besides, considering the fact that there 
were a lot of exosome particles in cytoplasm, the intracellular typical 
exosome-related proteins of CD9, CD63 and Tsg101 were detected and 
the result showed that both BG ion products and nSMase2-siRNA and 
Rab27a-siRNA made no significant difference in the secretion of exo
some-related marker proteins in the cells while affecting the generation 
of exosomes (Fig. 3i, Fig. S3). 

Furthermore, the intracellular exosome vesicles, also called as in
traluminal vesicles (ILVs), were labeled with DiO. As shown in Fig. 4a, 
when MSCs were cultured with normal medium (NC-Ctrl group), the 
ILVs in MSCs, presenting as green fluorescent spots, fairly evenly dis
tributed in cytoplasm. When MSCs were cultured with medium con
taining BG ion products (NC-BG group), the ILVs in MSCs still well 
dispersed in cytoplasm with obviously increased quantity. When 
nSMase2-siRNA-treated MSCs were cultured with medium containing 
BG ion products or not, the quantity of ILVs in MSCs in these two groups 
was strikingly decreased when compared with those in NC-Ctrl groups. 
No obvious difference in the distribution and quantity of ILVs was ob
served in the two nSMase2-siRNA groups. When Rab27a-siRNA-treated 
MSCs were cultured with medium containing BG ion products or not, 
the ILVs in MSCs mostly distributed beside the plasma membrane and 
no obvious difference was observed in the two groups. However, it can 
be seen that the quantity of ILVs in these cells treated with Rab27a- 
siRNA was remarkably increased when compared with the NC-Ctrl 
group (Fig. 4a). The quantity of ILVs in each group was further mea
sured through fluorescent intensity and the statistics results were 

Fig. 1. The effects of BG ion products on the con
ventional vesicle characteristics of the MSCs-derived 
exosomes: a,b) regular TEM images (exosomes were 
indicated by arrows), c,d) size distribution, e) 
Western blot analysis on the exosome-related marker 
proteins and f) vesicle purity (%) of the collected 
BG+-exo and Ctrl-exo, respectively, and n.s. means 
no obvious difference. 
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presented in Fig. 4b, suggesting that the quantity of ILVs in NC-BG 
group and in the two Rab27a-siRNA groups were significantly increased 
(p  <  0.05) while those in the two nSMase2-siRNA groups were pro
nounced decreased (p  <  0.05) when compared with that in NC-Ctrl 
group. In addition, the quantity of ILVs in both of the two Rab27a- 
siRNA groups was preferentially higher than that in NC-BG group 
(p  <  0.05). Furthermore, the ILVs in the MSCs culturing with medium 
containing BG ion products and treated with Rab27a-siRNA (Rab27a- 
siRNA-BG) showed the highest quantity of ILVs among all groups. 

To gain further insight into the mechanisms for enhanced exosome 
production in MSCs stimulated by BG ion products, an electron mi
croscopic analysis was performed to detect the number of ILVs and 
MVBs. As shown in Fig. 4c–f, clear MVBs (indicated by arrows in  
Fig. 4c) and ILVs (the small particles contained in MVBs) could be 
observed in cytoplasm in each group. The statistics results calculated 
from images of over 15 single cells were shown in Fig. 4d, revealing 
that the number of MVBs in a single cell profile in different groups. The 
number of MVBs in a single cell profile in NC-BG group and the two 
Rab27a-siRNA groups was much higher than that in a single cell profile 
in NC-Ctrl group (p  <  0.05). Besides, among the NC-BG group and the 
two Rab27a-siRNA groups, the number of MVBs in a single cell profile 
in Rab27a-siRNA-BG group was highest (p  <  0.05) while the number 

of MVBs in a single cell profile in NC-BG group was obviously less than 
that in a single cell profile in the two Rab27a-siRNA groups (p  <  0.05). 

In addition, the number of ILVs in each MVB was counted and the 
statistics results were presented in Fig. 4e. It can be seen that the 
number of ILVs in each MVB of both NC-BG group and Rab27a-siRNA- 
BG group was significantly higher than that of NC-Ctrl group 
(p  <  0.05). However, there was no obvious difference between the NC- 
BG group and Rab27a-siRNA-BG groups. Moreover, the number of ILVs 
in each MVB of the two nSMase2-siRNA groups was remarkably de
creased when compared with that of NC-Ctrl group (p  <  0.05). Simi
larly, there was no obvious difference between the two nSMase2-siRNA 
groups. Furthermore, the statistics results of the number of ILVs in a 
single cell profile were shown in Fig. 4f. It can be seen that the number 
of ILVs in a single cell profile in NC-BG group and the two Rab-27a- 
siRNA groups was significantly increased (p  <  0.05) while that in the 
two nSMase2 groups was significantly reduced (p  <  0.05) when 
compared with that in NC-Ctrl group. 

In short, BG ion products could significantly enhance the nSMases 
and Rab GTPase pathways to promote the generation of intracellular 
exosome vesicles and the release of mature exosomes by upregulating 
the gene expressions and protein synthesis of nSMase2 and Rab27a, 
which played crucial roles in the inward budding of endosomal 

Fig. 2. The effects of BG ion products on the secretion quantity of the MSCs-derived exosomes: a) the AChE concentrations and b) exosome particle concentrations in 
supernatant after MSCs were cultured with BG ion products for 2–72 h, c,d) the exosome concentrations in supernatant of MSCs stimulated by BG ion products for 
48 h, and e) the internalization of MSCs-derived exosomes by ECs (the recipient cells). **p  <  0.01 means the significant difference when compared with the 
corresponding control group. 
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compartments to form ILVs, and the docking at and fusion with plasma 
membrane of MVBs to release exosome vesicles, respectively. 

2.4. BG+-exo accelerate the vascularization of ECs 

Vascularization of ECs cultured with different concentrations of 
BG+-exo or Ctrl-exo was shown in Fig. 5a and Fig. S4. It can be seen 
that both of BG+-exo and Ctrl-exo could induce ECs to elongate and 
self-assemble into half-circles and even full-circles and eventually form 
capillary-like networks (indicated by arrows in Fig. 5a and Fig. S4), and 
these effects were closely associated with the concentrations of exo
somes. In addition, BG+-exo with the concentration of 5 × 109 vesicles 
mL−1 could significantly enhance ECs to form capillary-like networks 
and generate NO when compared with the Ctrl-exo (Fig. 5b). In Fig. 5c, 
it can be seen that, as compared to control medium (Ctrl group), 
medium containing both BG+-exo and Ctrl-exo could result in sig
nificantly upregulated angiogenic-related gene expressions in ECs, in
cluding vascular endothelial growth factor (VEGF), VEGF receptor 2 
(KDR) and endothelial nitric oxide synthase (eNOS) (p  <  0.05). Par
ticularly, ECs treated with medium containing BG+-exo could express 
much higher level of these genes than those treated with medium 
containing Ctrl-exo (p  <  0.05). Moreover, the Western blot results in  
Fig. 5d revealed that more VEGF and KDR were synthesized in ECs 
cultured with medium containing BG+-exo when compared with those 
in ECs cultured with medium containing Ctrl-exo and the control 
medium (Ctrl group). 

To further evaluate the capability of BG+-exo in regulating vascu
larization of ECs, intradermal injection assays for angiogenesis ob
servation were carried out. As shown in Fig. 5e, after the administration 
of MSCs-derived exosomes, obvious angiogenesis was observed as micro 
vessels were formed and grown out by budding from the existed blood 
vessels in the injection region (indicated by arrows in Fig. 5e). The 
statistics results were shown in Fig. 5f, which revealed that the number 
of newly formed micro vessels in the two MSCs-derived exosomes ad
ministrated groups were significantly higher than that in Sham group 
(p  <  0.05). In addition, the number of micro vessels in BG+-exo group 
was remarkably higher than that in Ctrl-exo group (p  <  0.05). The 

hematoxylin and eosin (H&E) staining images showed many full-circle 
structures with obvious presence of red blood cells (indicated by arrows 
in Fig. 5g), which were viewed as micro vessels here. The statistics 
results in Fig. 5h indicated that more micro vessels were formed in 
BG+-exo group than those in other two groups (p  <  0.05). 

The tissue sections were further double immunofluorescence stained 
with CD31 and α-smooth actin (α-SMA) to identify the micro vessels 
and the results were shown in Fig. 5i. The results depicted that most ECs 
in the area of injection skin were aggregated and distributed as distinct 
circles, which well matched the circle structures in H&E staining images 
and confirmed that those circle structures were micro vessels. In addi
tion, few obvious smooth muscle cells were observed in those micro 
vessels, indicating that those micro vessels were newly formed im
mature blood vessels. Furthermore, more micro-scaled blood vessels 
could be observed in the skin injected with BG+-exo than those skins 
treated with Ctrl-exo and control solution (Sham). The corresponding 
statistics results were shown in Fig. 5j, summarizing that the number of 
newly formed immature micro vessels stimulated by BG+-exo was 
significantly higher than that stimulated by Ctrl-exo and the Sham 
group (p  <  0.05). These results suggested that, BG+-exo exhibited 
excellent capability of promoting the vascularization of ECs in vitro in a 
dose-dependent manner and improving the angiogenesis in vivo. 

2.5. MiRNA analysis 

To further elucidate the mechanism through which BG+-exo en
hanced vascularization of ECs, microarray analysis of exosomes se
creted by MSCs treated with or without BG ion products were per
formed and the results were shown in Fig. 6. It can be seen that there 
was a significant differential expression of 15 candidate miRNAs be
tween the two groups (p  <  0.05). Among these, 9 miRNAs were 
downregulated and 6 miRNAs were upregulated in BG+-exo group 
when compared with those in Ctrl-exo group (Fig. 6a). In addition, the 
gene ontology (GO) analysis on the target mRNAs of all the differen
tially expressed (DE) miRNAs displayed that these target mRNAs could 
well regulate cell behaviors through affecting biological processes 
(DNA transcription, RNA translation and ATP and protein kinase 

Fig. 3. The role of nSMase2 and Rab27a proteins in BG ion products affecting the production of MSCs-derived exosomes: a-f) The gene expression and protein 
synthesis of nSMase2 and Rab27a in MSCs, g) the exosome particle concentrations in supernatant, h) the Western blot analysis on the marker proteins of the collected 
MSCs-derived exosome vesicles and i) the intracellular exosome-related markers in MSCs after MSCs were treated with nSMase2-siRNA or Rab27a-siRNA for 6 h 
followed by stimulation with BG ion products for 48 h, respectively. *p  <  0.05 and **p  <  0.01 mean the significant differences when compared with the 
corresponding control group, and n.s. means no obvious difference. 
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binding), adjusting cellular component in nucleus, cytosol, cytoplasm 
and cell junction, and influencing molecular function in DNA tran
scription, intracellular and intercellular signal transduction, cell dif
ferentiation as well as G-protein couple receptor signaling pathway 
(Fig. 6b). 

Moreover, the KEGG signaling pathway enrichment analysis was 
performed and the results were shown in Fig. 6c, showing that the 
detected target mRNAs could be enriched in the pathways of regulation 
of actin cytoskeleton, tight junction, focal adhesion, VEGF signaling 
pathway and the extensively studied PI3K-Akt and MAPK signaling 
pathway that could regulate cell behaviors in cell proliferation, 

cytoskeleton reorganization, cell junction assembly, migration and 
functional differentiation. Among these signaling pathways, the VEGF 
signaling pathway, which was widely reported to play an important 
role in the vascularization of ECs, attracted our attention as it is en
richment score almost reached 3. As miR-342-5p and miR-1290 were 
related with the VEGF pathway, the relative expression of the miR-342- 
5p and miR-1290 in the exosomes were detected. It can be seen from in  
Fig. 6d and e that, when compared with those in Ctrl-exo, the expres
sion level of miR-342-5p and miR-1290 in BG+-exo was 56.4-fold 
downregulated and 5.6-fold upregulated, respectively. 

Fig. 4. The rold of nSMase2 and Rab27a proteins in BG ion products affecting the generation and release of MSCs-derived exosomes: a,b) the intracellular exosome 
vesicles labeled with DiO and their quantitation analysis based on the fluorescent intensity; c-f) representative TEM images of MSCs and the quantitation analysis on 
the MVBs and ILVs (clear MVBs were shown by arrows and ILVs referred to the small particles contained in MVBs) after MSCs were treated with nSMase2-siRNA or 
Rab27a-siRNA for 6 h followed by stimulation with BG ion products for 48 h, respectively. *p  <  0.05 and **p  <  0.01 mean the significant differences when 
compared with the corresponding control group or the corresponding two groups and n.s. means no obvious difference. 
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2.6. BG+-exo influence the vascularization of ECs via MiR-342-5p and 
MiR-1290 

To validate the function of miR-342-5p and miR-1290 in regulating 
the vascularization of ECs, miRNA mimics assays were carried out. It 
showed that after the miRNA transfection, the vascularization effects of 
ECs were highly correlated with the intracellular level of miR-342-5p 
and miR-1290. As shown in Fig. 7a and b, the level of miR-342-5p and 

miR-1290 in ECs was significantly increased when ECs were transfected 
with the mimics of the corresponding miRNA while that was obviously 
decreased when ECs were transfected with the inhibitor of the corre
sponding miRNAs (p  <  0.05). Notably, when ECs were treated with 
MSCs-derived exosomes, BG+-exo significantly increased the miR-1290 
level but had no obvious influence on miR-342-5p level in ECs, while 
Ctrl-exo significantly increased on both miR-342-5p level and miR-1290 
level in ECs (p  <  0.05). 

Fig. 5. The effects of BG ion products on the capability of MSCs-derived exosomes in promoting the vascularization of ECs in vitro and in vivo: a) the vWF staining 
images, b) NO staining images, c) genes expression of VEGF, KDR and eNOS, and d) protein detection of KDR and VEGF in ECs cultured with MSCs-derived exosomes 
in vitro for 2 d, respectively; e,f) the light-field pictures taken with a camera and the quantitation analysis on the visible microvessels, g,h) the H&E staining images of 
the skin samples at the injection site and the quantitation analysis on the microvessel-like structures and i,j) the double immunofluorescence images of the skin 
samples at the injection site stained with CD31 and α-SMA and the quantitation analysis of the labeled microvessels, respectively. *p  <  0.05 and **p  <  0.01 mean 
the significant differences when compared with the corresponding control/sham group. 
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Then, the vWF staining images displayed that the NC mimics and 
inhibitor had no obvious effects on the growth and distribution of ECs 
(Fig. 7c). Interestingly, clear semi-circle structures and capillary-like 
networks were observed when the ECs were transfected with miR-342- 
5p inhibitor, miR-1290 mimics and their combination. Meanwhile, no 
obvious circle structures or networks could be observed when ECs were 
treated with miR-342-5p mimics and miR-1290 inhibitor as well as 
their combination. In addition, when ECs were treated with miR-342-5p 
inhibitor, miR-1290 mimics and their combination, obviously more NO 
was generated and detected in ECs when compared with that in ECs 
treated with NC mimics (Fig. 7d). These results further confirmed that 
low level of miR-342-5p and high level of miR-1290 could enhance the 
vascularization of ECs. 

3. Discussion 

Recently, due to their advantages of hemodynamic stability, low 
immunological recognition and sufficient cargoes, exosomes have been 
extensively studied and applied for diagnosis and treatment of tumors, 
drugs loading and targeting delivery, as well as tissue repair and re
generation [5,6,45–48]. However, practically, the requirement of high 
doses of exosomes for tissue repair has been a key challenge and rig
orously hindered the application of exosomes because most cells, such 
as MSCs, exhibited a very limited capability for exosome production 
under conventional conditions. In addition, the current methods for 
exosome isolation were inefficient [11,14,49]. Hence, the exploration 
of a strategy that can enhance the exosome production of cells seems to 

Fig. 6. The effects of BG ion products on the cargoes of MSCs-derived exosomes: a) The heat map of the differently expressed (DE) miRNAs between BG+-exo and 
Ctrl-exo, b) GO analysis and c) the KEGG signaling pathway enrichment analysis on the target mRNAs of all the DE miRNAs; d-e) the expression of miR-342-5p and 
miR-1290 in MSCs-derived exosomes responded to the BG ion products stimulation. **p  <  0.01 means the significant differences when compared with the 
corresponding control group. 
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be very attractive. Although it has been reported that changes in cell 
culture conditions, such as hypoxia and low pH microenvironment, can 
either enhance exosome production/yield or improve the biological 
activity of the secreted exosomes, it can be difficult to maintain healthy 
cells under such unfriendly conditions in bioreactors for large scale 
production [21,50–53]. In the current study, a mild and cell-friendly 
microenvironment contributed by BG ion products was demonstrated to 
be able to enhance the exosome production of MSCs without causing 
any obvious damage to the cells. In addition, the function of MSC-de
rived exosomes was even improved by BG ion products as the BG+-exo 
showed higher stimulatory effects on vascularization of ECs than Ctrl- 
exo. Therefore, in this study, we proposed an effective strategy to 
promote cells to secrete exosomes and modify the function of exosomes 
by stimulating the cells with proper biomaterials. 

As compared to the previous reported approaches for enhancing 
exosome production by regulating the progress of exosome biogenesis 
and release with key proteins and signaling pathways management 
[20,26,27,54], our strategy is more efficient and feasible in practical 
applications with low cost since only biomaterials were used to treat the 
cells. By simply culturing MSCs with medium containing BG ion pro
ducts, the exosome production capability of MSCs was 2-fold increased 
without changing the conventional vesicle characteristics of the 

exosomes, including the morphology, size distribution, marker proteins 
and internalization (Figs. 1 and 2). It has been widely reported that the 
family of nSMases and the Rab family of small GTPases pathways play 
essential roles in the regulation of vesicle formation and membrane 
traffic. In addition, nSMase2 was one of the members of nSMases family 
and Rab27a was the most studied protein of Rab GTPases pathway in 
membrane events, the roles of nSMase2 and Rab27a in the enhance
ment of exosome production by BG ion products were studied. Fur
thermore, studies have demonstrated that nSMase2 could promote the 
formation of ceramide by hydrolytically removing the phosphocholine 
moiety of sphingomyelin and subsequently accelerated the budding of 
the endosomal membrane to form intravesicals [24–26,55,56]. As for 
Rab27a, literatures reported that it was predominantly expressed and 
located at the CD63-positive multivesicular endosomes and acted as a 
regulator for the vesicle transport events, including vesicle motility, 
vesicle docking to specific compartments in cells and a membrane-fu
sion process [27,57], Therefore, modulating the expression of nSMase2 
and Rab27a to control nSMases and Rab GTPases pathways can effec
tively affect the exosome formation and release, respectively. 

In our study, BG ion products could upregulate the expression of 
nSMase2 and Rab27a in MSCs, which subsequently enhanced the 
numbers of intracellular MVBs and ILVs as well as the exosome particle 

Fig. 7. The functional study of miR-342-5p and miR-1290 in affecting the vascularization of ECs in vitro: a,b) the level of miR-342-5p and miR-1290 in ECs, c) vWF 
staining images and d) NO generation in ECs after ECs were treated with miRNAs mimics or inhibitor or their combination for 2 d, respectively. *p  <  0.05 and 
**p  <  0.01 mean the significant differences when compared with NC mimics group or between the corresponding two groups, and n.s. means no obvious difference 
when compared with NC mimics group. 
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concentration in the culture supernatant (Figs. 3 and 4). In addition, the 
exosome particles released into the culture supernatant were sharply 
decreased with the downregulated expression of nSMase2 or Rab27a in 
MSCs by the corresponding siRNA. Simultaneously, the intracellular 
MVBs and ILVs in MSCs were obviously decreased with the down
regulated expression of nSMase2 and pronouncedly increased with the 
downregulated expression of Rab27a, which was well consistent with 
those reported in literatures [26,50]. Therefore, after the expression of 
nSMase2 was downregulated, the intracellular exosome generation and 
formation were reduced and subsequently the exosome release was 
decreased. However, after the expression of Rab27a was down
regulated, the exosome generation was not affected but the exosome 
retention and accumulation within cytoplasm were increased, which 
also resulted in the obvious decrease of exosome release. These results 
further confirmed that the proteins of nSMase2 and Rab27a played 
critical roles in exosome production but their roles were different: the 
nSMase2 and Rab27a protein molecules were responsible for the exo
some generation and release, respectively. Notably, after the expression 
of nSMases and Rab27a were downregulated by siRNAs, the level of 
exosome vesicles released into extracellular space could hardly be up
regulated by BG ion products, which indicated that the two protein 
molecules were essential for enhancing exosome production by BG ion 
products. 

Interestingly, an additional result was obtained when we detected 
the biological function of the different exosomes released from MSCs 
cultured with or without BG ion products. The results demonstrated 
that the BG ion products could modulate the function of the MSC-de
rived exosomes as BG+-exo possessed enhanced capability of facil
itating vascularization of ECs and intradermal angiogenesis than the 
Ctrl-exo (Fig. 5). As is well-known, the biological functions of exosomes 
were determined by the loaded biological components and information, 
including growth factors, proteins, DNA, long non-coding RNAs and, in 
particularly, miRNAs [9,58–61]. MiRNAs, small non-coding RNAs of 
18–25 nucleotides, could suppress gene expression to control various 
biological processes, including cell survival, cell apoptosis, cell cycle 
and gene regulation in cells [62]. For instance, exosomal miR-132 de
rived from neurons could regulate brain vascular integrity and acted as 
a novel avenue for neurovascular communication [63]. In this study, 
the vascularization capability of ECs was enhanced by the BG+-exo 
because the BG+-exo contained more proangiogenic related miRNAs 
and less antiangiogenic related miRNAs. Results demonstrated that 9 
miRNAs genes were downregulated and 6 miRNAs genes were upre
gulated in BG+-exo than in the Ctrl-exo (Fig. 6a). Our results indicated 
that, among these miRNAs, miR-342-5p played pivotal roles in reg
ulating vascularization of ECs and both low level of miR-342-5p and 
high level of miR-1290 as well as their combination cold contribute to 
the enhanced vascularization (Fig. 7). MiR-342-5p was widely studied 
for its multifunction in mediating the effects and interaction among 
angiogenic pathways, and miR-1290 was extensively studied for its 
participation in tumor initiation, invasion and metastasis [64–66]. In 
addition, it has been reported that miR-342-5p could attenuate VEGF- 

induced Akt phosphorylation and downregulate the endoglin for in
hibiting endothelial cells proliferation and angiogenesis [67–70]. Thus, 
miR-342-5p can inhibit the vascularization and angiogenesis of ECs. As 
for miR-1290, it was predominantly reported to act in tumor progres
sion [65,66]. In addition, it has been demonstrated that the upregulated 
miR-1290 in non-small-cell lung cancer A549 cells could attenuate 
ischemia/reperfusion induced myocardial apoptosis [71]. Hence miR- 
1290 may be able to enhance the vascularization of ECs. Therefore, the 
decreased level of miR-342-5p and increased level of miR-1290 as well 
as their combination in BG+-exo may contribute to the enhanced sti
mulatory effects of BG+-exo on vascularization. 

These results proved that the BG ion products could modulate the 
cargos of the MSCs-derived exosomes by reducing the level of miR-342- 
5p and lifting the level of miR-1290, which coordinately stimulated the 
vascularization of ECs. The proposed underlying mechanisms by which 
BG ion products enhanced functionalized MSCs-derived exosome pro
duction were illustrated in Fig. 8. 

4. Conclusion 

In this study, we investigated the effects of BG ion products on the 
exosome production of MSCs and found that BG ion products could 
significantly promote MSCs to secrete exosomes without changing their 
morphology, size distribution and internalization. The mechanism 
studies showed that the proteins of nSMase2 and Rab27a played critical 
roles in BG ion products enhancing the cell exosome production. In 
addition, we further demonstrated that the exosome function was 
modified by BG ion products as the BG+-exo showed better stimulatory 
effects on vascularization of ECs than the Ctrl-exo. Furthermore, the 
exosome cargo analysis showed that BG ion products remarkably 
downregulated the level of miR-342-5p and upregulated the level of 
miR-1290 in the BG+-exo, which contributed the stimulatory effects of 
BG+-exo on EC vascularization and intradermal angiogenesis. Taken 
together, the BG ion products could not only improve exosome pro
duction from MSCs but also effectively functionalize the MSC-derived 
exosomes with enhanced capability of facilitating vascularization. 

5. Experimental section 

5.1. Cell isolation and culture 

Human-derived mesenchymal stem cells (MSCs, Sciencell, USA) 
were cultured with mesenchymal stem cell medium (MSCM, Sciencell, 
USA) and human umbilical vein endothelial cells (ECs) were isolated 
according to previously described methods, and cultured with en
dothelial culture medium (ECM, Sciencell, USA) [72]. The use of 
human umbilical cord veins was approved by the donors, and all ex
periments comply with the current laws of China. See supporting in
formation for details. 

Fig. 8. Proposed underlying mechanisms of BG ion 
products in enhancing the production and modifying 
the function of MSCs-derived exosome. We hy
pothesize that BG ion products enhance MSCs to 
generate exosomes by upregulating the expression of 
nSMase2 and promote MSCs to release exosomes by 
upregulating the expression of Rab27a in MSCs, re
spectively, and simultaneously enable these exo
somes to promote vascularization of ECs with re
inforced capability by regulating the levels of miR- 
342-5p and miR-1290 in cargoes. 
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5.2. Bioglass ion products preparation 

45S5 Bioglass® powders (BG, ~38 μm) were purchased from 
Kunshan Chinese Technology New Materials Co., Ltd (Kunshan, China). 
The BG ion products used in this study were prepared according to the 
method adapted from protocols reported in previous literatures and 
ISO10993 [42,73]. According to our previous work, BG ion products 
diluted at 1:128 exhibited the strongest capability to enhance the 
paracrine effect of cells [42,43,73]. Therefore, in this study, the BG ion 
products were diluted 128 times with basal MSCM for further use and 
the concentrations of different types of ions in the BG ion products is 
shown in Table S2. Details are described in supporting information. 

5.3. Exosome isolation and characterization 

The isolation and characterization of exosomes in this study follow 
the latest guidelines from the International Society for Extracellular 
Vesicles (MISEV2018, PMID 30637094). MSCs were stimulated with BG 
ion products for 48 h and the released exosomes by MSCs in the su
pernatant were isolated with a method combining conventional ultra
centrifugation and ultrafiltration. The obtained BG stimulated MSCs- 
derived exosomes were named as BG+-exo and conventionally cultured 
MSCs-derived exosomes were named as Ctrl-exo, which were stored at 
−80 °C or used for characterization or further study. The isolated 
exosomes pellets were further identified by morphological observation, 
size distribution measurement, Western blot analysis and vesicles purity 
detection, and the detailed methods are described in supporting in
formation. 

5.4. Exosome quantification characterization and internalization 

According to the previous reports, acetylcholinesterase (AChE) was 
enriched in exosomes [54,74]. Hence, firstly, evaluation of AChE ac
tivity in cell culture medium with a human AChE Elisa kit (MLBio, 
China) was carried out to preliminarily investigate the effects of BG ion 
products on the exosome production. Then, the exosomes released into 
culture supernatant from MSCs stimulated by BG ion products for 
6–72 h were isolated as above and the exosome particle concentration 
was measured by nanoparticle tracking analysis (NTA, Malvern, UK), an 
EXOCET exosome quantitation assay kit (System Biosciences, Palo Alto, 
CA, USA) and the HSFCM device [75–77]. Exosomes released by MSCs 
cultured with same medium containing no BG ion products were used 
as the control samples and were detected with the same methods. For 
the internalization of MSCs-derived exosomes by the recipient cells 
(ECs), a Transwell assay was undertaken. See supporting information 
for details. 

5.5. Mechanism study on exosome secretion 

As reported, the neutral sphingomyelinases (nSMases) pathway and 
the Rab GTPases pathway played important roles in exosome genera
tion and release [20,26,27]. Herein, we explored if the BG ion products 
affected MSCs exosome production by affecting these two signaling 
pathways. Firstly, the expression levels of the key genes in these two 
signaling pathways, nSMase2 and Rab27a were detected. Then, to 
further verify the function of nSMase2 and Rab27a in the effects of BG 
ion products on MSCs exosome production, small-interfering RNA 
(siRNA) transfection assay was performed, and the gene expression, 
protein synthesis as well as the exosome generation of MSCs were 
evaluated. See supporting information for details. 

5.6. SiRNA transfection 

In order to explore the role of nSMase2 and Rab27a in BG ion 
products affecting the production of MSCs-derived exosomes, trans
fection with specific nSMase2 and Rab27a siRNAs in MSCs was 

performed to downregulate the gene expression of nSMase2 and 
Rab27a, respectively. After the siRNA transfected-MSCs were treated 
with BG ion products for 48 h, the gene expression and protein synth
esis of nSMase2 and Rab27a in MSCs were detected. In addition, the 
intracellular exosome generation and exosome release in supernatant 
were further measured, observed and identified, respectively. The ex
perimental details are described in supporting information. 

5.7. Exosomal function study 

As mentioned above, the production of exosomes and their biolo
gical function are closely associated with the microenvironment of the 
donor cells. In addition, the co-culture model of cells has also been 
reported to affect the exosome secretion of cells [78]. Therefore, to 
avoid the effects of co-culture models on the biological function of 
exosomes and on the subsequent exosome-cell interactions, MSCs-de
rived exosomes were directly added to the culture medium of ECs to 
investigate the effects of BG ion products on the changes of exosome 
function by studying the interactions of MSC-exosomes and ECs. Then, 
immunofluorescence staining of von Willebrand factor (vWF), NO 
staining, gene expression and protein synthesis of vascular endothelial 
growth factor (VEGF), VEGF receptor 2 (KDR) and endothelial nitric 
oxide synthase (eNOS) of ECs cultured with MSCs-derived exosomes in 
vitro were carried out. The detailed methods are described in supporting 
information. 

5.8. Analysis of in vivo blood vessel formation 

To explore the capability of MSCs-derived exosomes in facilitating 
the angiogenesis, 50 μL of exosomes-containing PBS solution (5 × 1010 

particles mL−1) was subcutaneously injected to the dorsal region of 4- 
week old male Kun Ming mice to form a stable spheroidal bulge [79]. 
After 1 week, the skin at injection region of each mouse was obtained to 
analyze the capillaries on the inner side by photographing, hematoxylin 
and eosin (H&E) staining and CD31 and α-smooth actin (α-SMA) 
(Abcam) co-immunofluorescence staining. An Institutional Review 
Committee of Shanghai Jiao Tong University, School of Biomedical 
Engineering approved all animal study protocols. 

5.9. Exosomal MicroRNA analysis 

MSCs-derived exosomes were isolated as described above and the 
known microRNAs (miRNAs) in the two groups of exosomes were 
identified and their expression patterns in different samples were ana
lyzed by Shanghai OE Biotech (China). A p value cut-off of 0.05 and a 
fold-value change of ≥1.5 were used as a filter to identify the differ
entially expressed (DE) miRNAs. Then gene ontology (GO) analysis and 
KEGG signaling pathway enrichment analysis of the target mRNA genes 
of all the DE miRNAs were performed 

5.10. MiRNA function study 

The function of miRNA-342-5p (miR-342-5p) and miRNA-1290 
(miR-1290) in affecting the vascularization of ECs was studied with the 
miRNA mimics and inhibitors (Shanghai Biogene Co., Ltd, China). The 
vascularization and NO generation of ECs treated with miRNA mimics 
or inhibitor was assessed by vWF immunofluorescence staining and 
DFA-2 staining, respectively. See supporting information for details. 

5.11. Statistical analysis 

Data were shown as means  ±  standard deviation (SD). At least 
three independent experiments were performed and five duplicate 
samples in each test were set for statistical analysis. A one-way analysis 
of variance (ANOVA) with Tukey's post hoctest was used for statistical 
analysis of multiple comparisons. Significant differences with the 
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control group or the corresponding two groups were considered when 
*p  <  0.05 or **p  <  0.01, and no obvious difference between the 
corresponding two groups were marked as n.s. 
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