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Abstract
BackgroundAngiogenesis is an essential step in tissue engineering. MSCexosomes play an important role
in angiogenesis. Functional biomolecules in exosomes vested by the culture microenvironment can be
transferred to recipient cells and affects their effect. 3D culture can improve the proliferation and activity
of MSCs. However, whether exosomes derived from 3D culture of MSCs have an enhanced effect on
angiogenesis is unclear.

MethodsHerein, we compared the bioactivity of exosomes produced by conventional 2D culture (2D-exos)
and 3D culture (3D-exos) of bone marrow stem cells (BMSCs) in angiogenesis.

ResultsA series of in vitro and in vivo experiments indicated that 3D-exos exhibited stronger effects on
HUVEC cell proliferation, migration, tube formation, and in vivo angiogenesis compared with 2D-exos.
Moreover, the superiority of 3D-exos might be attributed to the activation of HMGB1/AKT signaling.

ConclusionsThese results indicate that exosomes from 3D culture of MSCs may serve as a potential
therapeutic approach for pro-angiogenesis. 

Introduction
Tissue engineering has been recognized as a promising strategy for the treatment of multiple diseases,
such as heart disease (1), traumatic diseases (2), as well as bone defects (3). However, insu�cient
angiogenesis remains a major challenge. Angiogenesis is a complex process of forming new blood
vessels from existing ones. It has been reported that interactions between vascular cells and the
extracellular environment are important for this process. Currently, cell-based strategies have been
increasingly used to promote angiogenesis, including mesenchymal stem cells (MSCs) (4). MSCs are
adult multipotent cells that are frequently selected for tissue regeneration because of the excellent
capabilities of differentiation to various cell types and promotion of angiogenesis (5-8). In vitro and in
vivo studies have demonstrated that MSCs can enhance the proliferation and migration of endothelial
cells and accelerate vessel remodeling (9). Nevertheless, accumulating evidence indicates that
mesenchymal stem cells exert their effect on angiogenesis through secretion of vesicles such as
apoptotic bodies and exosomes, rather than their differentiation capabilities (10).

Exosomes are lipid bilayer membrane-bound vesicles (30 ~ 150 nm) (11), which are secreted by almost
all cell types and contain various bioactive proteins, lipids, and RNAs (12). After being endocytosed by
recipient cells, exosomes regulate target cell function by transferring RNAs or proteins (10). It has been
reported that injection with exosomes derived from human-induced pluripotent stem cell-derived MSCs
enhances angiogenesis in the bone repair model (13,14). Similarly, exosomes derived from hypoxia-
treated human adipose MSCs also exhibit enhanced effect on angiogenesis, which is mediated by
activation of PKA signaling (2). Particular RNA and proteins levels in exosomes can be affected by the
microenvironment in which the source cells are maintained. Macroporous scaffolds or �brous
topography have been reported to enhance the paracrine effects of MSCs (15-17), and exosomes
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produced from 3D culture of MSCs exhibits improved tissue regeneration activity, as compared with 2D
culture (18,19).

Hydroxyapatitescaffolds are arti�cial devices widely used in tissue engineering(20-22). In this study,
BMSCs cultured on hydroxyapatite scaffolds were used as a source to produce exosomes (3D-exos). The
effects of 3D-exos on endothelial cell proliferation, migration, tube formation, and in vivo angiogenesis
were investigated, and the potential mechanism was also explored.

Materials And Methods
2D and 3D culture of bone marrow stem cells (BMSCs)

BMSCs was purchased from Cyagen Biosciences (Guangzhou, China) and were maintained in Dulbecco's
Modifed Eagle's medium (DMEM, Gibco, USA) containing 10 % fetal bovine serum (Life Technologies,
Gibco, USA) and 1% penicillin-streptomycin (Gibco, USA). Hydroxyapatite scaffold was 3D-printed as
described previously (23). BMSCs were then seeded to the 3D hydroxyapatite scaffolds and cultured at
37°C with 5% CO2.

Isolation of BMSC-exos

Medium from 3D and 2D culture of BMSCs was collected and used for exosome isolation. Conditioned
medium was centrifuged at 3000 g for 15 min and 20,000 g for 45 min. Supernatants were then �ltered
with a 0.22-μm �lter and centrifuged for 70 min at 110,000 g at 4°C to pellet exosomes. The exosomes
were washed with PBS and centrifuged for another 70 min at 110,000 g at 4°C.

Transmission electron microscopy

Isolated exosomes were resuspended in PBS. Exosomes were dropped on a copper grid and air-dried.
Exosomes were �xed with 3% glutaraldehyde for 2 h and stained with 2% uranyl acetate for 30 s. Then
exosomes were visualized under a transmission electron microscope.

Exosome uptake assay

Exosomes were pre-stained with PKH67 using a PKH67 Green Fluorescent Cell Linker Kit (Sigma, USA).
Human umbilical vein endothelial cells (HUVECs, 2 × 105/well) were seeded in 6-well plates and 2 µg of
PKH67-labeled exosomes was added to the culture. After incubation for 24 h, cells were �xes with 4%
paraformaldehyde and DAPI was used to stain the nuclei. The location of exosomes was observed under
a confocal microscope (Carl Zeiss, Germany).

Western blot analysis

Exosomes were collected and lysed using RIPA and separated by 12% SDS-PAGE gels for 45 min. Then
samples were transferred to PVDF membrane. The membrane was blocked with 5% BSA and incubated
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with primary antibodies, such as CD9 (ab59479), CD81 (ab79559), and TSG101 (ab125011), at 4°C
overnight. After washing with TBS-Tween, the membrane was incubated with secondary antibody for 1 h
at room temperature. The protein bands were detected by chemiluminescence substrate.

Cell counting kit-8 assay

HUVECs (2 × 103 cells/well) were placed in 96-well plates and treated with 10 μg/ml exosomes from 3D
or 2D culture of BMSCs. The proliferation of HUVECs was determined using the Cell Counting Kit-8 assay
kit (Dojindo Molecular Technologies Inc., Kumamoto, Japan). The absorbance at 450 nm was measured
every 24 h. To access the effect of 3D-exos released from scaffolds on cell growth, HUVECs were seeded
in 48-well plates containing 3D-exo/hydroxyapatite (3D-exo/HA) scaffolds. After cultured for 1, 3, 7 days,
the viability of HUVECs was determined by CCK-8 assay.

Transwell migration assay

The effect of exosome on the migration of HUVEC cells was detected using the Transwell migration
assay. HUVECs (1 × 105 cells) in serum-free medium was added into the upper chambers of Transwell
(Corning, USA). A total of 5 μg exosomes in 600 μl RPMI-1640 medium containing 1% FBS were added to
the lower chamber. After incubating at 37°C for 24 h, HUVECs transferred to the bottom of the insert �lter
were �xed with methanol and stained with 0.1% crystal violet.

Tube formation assay

Matrigel (300 μl/well) was plated to a 24-well plate and allowed to solidify for 30 min at 37°C. HUVEC
cells (1.5 × 104 cells/well) were seeded on top of matrigel and treated with 10 μg/ml exosomes derived
from 3D or 2D culture of BMSCs. The number of tubes was counted with three random �led under a light
microscope.

Quantitative RT-PCR analysis

After treatment with exosomes (10 μg/ml), total RNA of HUVEC cells was extracted using Trizol reagent
(Life science, USA). RNA was transcribed to be cDNA using PrimeScript RT-PCR kit (TaKaRa, Dalian,
China). RT-qPCR were performed using SYBR Green (Tiangen Biotech, Beijing, China). The reaction
conditions were as follows: 95°C for 3 min, 40 cycles of 95°C for 3 s, 60°C for 30 s. GAPDH was used as
an internal control. The relative gene expression was calculated by the 2–ΔΔCT method.

DNA plasmid transfection and siRNA interference

The pcDNA3.1-HMGB1 was constructed by Genecopoeia (Guangzhou, China). siRNA targeting HMGB1
and control siRNA were synthesized by Shanghai GenePharma (Hangzhou, China). HUVEC cells were
seeded in 6-well plates and grown to 70% (for DNA transfection) or 30~50% con�uence (for siRNA
transfection). DNA plasmid and siRNA transfections were performed using Lipofectamine 2000.
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Release of exosomes from scaffolds

The release rate of exosomes from hydroxyapatite scaffolds was determined by BCA analysis. 3D-
exo/HA scaffolds were plated into the 48-well plate with 200 μl PBS. At different time points
3h,6h,12h,24h,48h), the supernatant was collected and 200 μl fresh PBS was added. The exosomes in

PBS were counted by BCA analysis.

Animal experiments

After mice were anesthetized with pentobarbital sodium (30 mg/kg), the scaffolds (5 mm in diameter)
were subcutaneously implanted into mice to study their angiogenesis. Mice were randomly divided in
three groups (n=5), including the control scaffold, 2D-exo scaffolds, and 3D-exo scaffolds. For
preparation of 2D-exo/HA scaffolds and 3D-exo/HA scaffolds, the dried scaffolds were incubated in
DOPA/Tris-HCl solution for 24 h at 37°C and transferred into 10 μg/ml 2D-exo or 3D-exo PBS solution.
After 4 weeks of implantation, scaffold samples were collected and �xed with 4% formaldehyde and
embedded in para�n. The samples were stained by hematoxylin and eosin (HE) and masson, and
immunohistochemically stained with anti-VEGF to detect the VEGF expression. Real-time qPCR and
Western blotting were also performed to determine the mRNA and protein expression of VEGF and CD31.
The animal experiments were approved by XXX.

Statistical analyses

Data were presented as the mean ± SD. Statistical analyses were performed with SPSS 19.0 (SPSS Inc.
USA). Comparisons of multiple groups were performed with one-way multivariate analysis of variance
(ANOVA) followed by Turkey's test. P value < 0.05 was considered statistically signi�cant.

Results
Characterization of 3D scaffolds and BMSC growth

Hydroxyapatite scaffolds were prepared by 3D printing and the structure were accessed by micro-CT (Fig.
1A). The scaffolds are three-dimensional cylinders with the pore sizes of 200 μm (Fig. 1B). The cell
morphology on 2D culture plates and 3D scaffolds were compared. The results showed that BMSCs
exhibited a typical spreading morphology on the 2D culture plate, while cells spread on the 3D scaffolds
and crossed the interconnected pore walls (Fig. 1C and D). 

Characterization of exosomes

Exosomes were isolated from the supernatants of 2D and 3D culture of BMSCs via ultracentrifugation.
Analysis by transmission electron microscopy showed that a spherical morphology of 3D-exos and 2D-
exos (Fig. 2A). The markers of exosomes, tetraspanins (CD9, CD81) and endosomal pathway protein
(TSG101) were detected by Western blotting to characterize the exosomes. The result showed that the
expression of CD91, CD81, and TSG101 was highly expressed in 3D-exos than in 2D-exos (Fig. 2B).
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Confocal imaging revealed that there were PKH67 fluorescence spots in HUVECs (Fig. 2C), indicating that
the HUVECs had an uptake of exosomes.

3D-exos enhance proliferation, migration, and tube formation of HUVECs

At �rst, the effect of exosomes on HUVEC proliferation was addressed by the CCK-8 assay. Both 2D-exos
and 3D-exos could promote the proliferation of HUVEC cells. Moreover, 3D-exos exhibited a much
stronger effect on HUVEC proliferation than 2D-exos at 48 h and 72 h (Fig. 3A). Endothelial cell migration
and tube formation were important steps of angiogenesis. Thus, we examined the in�uence of exosomes
on the migration and tube formation of HUVEC cells. Transwell migration assay showed that both 2D-
exos and 3D-exos could enhance the migration of HUVECs, compared to the control group, but 3D-exos
induced a higher migration of HUVECs than 2D-exos (Fig. 3B). In addition, while 2D-exos slightly
increased the number of tubes formed by HUVECs, 3D-exos remarkably increased the tube number
compared with the control (Fig. 3C). In consistent with this result, the protein and mRNA expression of
vascular endothelial growth factor (VEGF) and CD31, two important stimulators implicated in
angiogenesis, were signi�cantly increased in both 2D-exo and 3D-exo groups compared with the control
group, and the highest expression levels were observed in the 3D-exo group (Fig. 3D and 3E). Together,
these results suggest that 3D-exos have a superior ability in HUVEC proliferation, migration, and tube
formation than 2D-exos.

3D-exos modulate angiogenesis through HMGB1 and AKT signaling pathway

High mobility group box 1 protein (HMGB1) is a proin�ammatory cytokine highly associated with
angiogenesis (24,25). Interestingly, while exploring the potential molecules that mediated the enhanced
effect of 3D-exos, we observed a signi�cantly upregulation of HMGB1 in 3D-exos compared with 2D-exos.
To further verify the critical role of HMGB1 in HUVEC proliferation, migration, and tube formation, loss-
and gain-of-function experiments were performed. The results from CCK-8 assay showed that silencing of
HMGB1 signi�cantly inhibited the proliferation of HUVECs (Figure 4B), whereas overexpression of
HMGB1 enhanced the cell viability (Figure 4B). Similar results were found in Transwell migration assay
(Figure 4C) and tube formation assay (Figure S1). Furthermore, the expression levels of p-AKT, VEGF, and
CD31 were signi�cantly downregulated following HMGB1 knockdown (Figure 4D). Nevertheless, the
expression level of these proteins was increased by HMGB1 overexpression (Figure 4D). Together, these
data suggest that 3D-exos exert their function via activation of HMGB1/AKT signaling pathway.

The effect of 3D-exos on angiogenesis in vivo

To determine the effect of exosomes on angiogenesis in vivo, 3D-printed hydroxyapatite scaffolds were
coated with dopamine and then incorporated with exosomes (Fig. 5A). As shown in Figure 5B, the
exosomes showed burst release from hydroxyapatite scaffolds (Fig. 5B) and 3D-exos released from
hydroxyapatite scaffolds showed a higher effect on the proliferative capability of HUVEC that 2D-exos
(Fig. 5C). Then, the models of angiogenesis were established by subcutaneous implantation of exosome-
containing scaffolds (3D-exo/HA or 2D-exo/HA scaffolds) and exosome-free scaffolds (control) (Fig. 6A).
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Histological assessment and masson staining revealed that more blood vessels were found in the tissues
from 3D-exo/HA scaffolds compared with those from 2D-exo/HA scaffolds or control scaffolds (Fig. 6B).
Immunohistochemical staining also showed that the expression of VEGF was signi�cantly higher in the
3D-exo/HA group than those in the 2D-exo/HA group or the control group (Fig. 6B). Consistently, the
mRNA expression of VEGF was markedly increased in 3D-exo/HA group (Fig. 6C). Moreover, higher mRNA
and protein expression of CD31, which indicates neo-vessel formation (Fig. 6C and D), were found in the
3D-exo/HA group. Together, these results suggest that 3D-exos promote angiogenesis in vivo.

Discussion
Vascularization is a prerequisite for tissue repair, which provides su�cient blood supply, oxygen, nutrients
and growth factors. BMSCs have been reported to play an important role in vascularization, particularly
due to their secretion of vesicles (26). Accumulating evidence suggests that exosome is a novel
alternative to cell-based approaches due to its superiority in avoiding emboli formation, immunogenicity,
and malignant transformation (27).However, the yield and activity of exosomes limit their application. In
this study, we found that exosome from 3D scaffold culture of BMSCs had a better yield and greater
activities in promoting HUVEC cell proliferation, migration, and angiogenesis compared with those from
2D culture.

Biomaterial scaffolds serve as templates for cell growth and establishment of the vascular system. The
properties of scaffolds mainly depend on the nature of the biomaterial. Therefore, biomaterial selection is
critical in tissue engineering (28).Hydroxyapatite has been widely used for bone repair, attribute to their
simple preparation, low-cost, and the chemical likeness of calcium phosphates to bone mineral
(29,30).Compared with 2D plates, 3Dscaffolds offer a porous structure for cell growth and attachment,
thus enhancing mechanical connection between the implanted biomaterial and surrounding bone tissue
(28). Pu et al. reported that the unique structure of the bilayer scaffolds promotes collagen �ber
deposition, cell proliferation, and ingrowth of smooth muscle cells and endothelial cells in vivo (31). Li et
al. have also shown that culture in 3D porous scaffolding improves MSC survival by mimicking a
microenvironment and promoting a more realistic cellular physiology (32).In this study, we found that
BMSCs in 2D culture exhibited a typical spreading morphology while BMSCs in 3D culture established
physical contacts with neighboring cells.

Increasing evidence demonstrates that the therapeutic effect of BMSCs is not attributed to multi-lineage
function but secreted exosomes, through which proteins, miRNAs and other molecular could be
transferred to recipient cells (15,33,34).The 3D scaffolds have been proved to be a key material that
modulates the paracrine function of cells (15). Haraszti et al. have reported that 3D-exos show higher
yield and improved activity than 2D-exos (35). In present study, we found that 3D-exos of BMSCs had a
higher yield, and exerted a more signi�cant effect on HUVEC proliferation, migration, angiogenesis.

HMGB1 is a nonhistone nuclear protein that facilitates the assembly of nucleoprotein complexes and
could be passively released or actively secreted to extracellular environment in various diseases including
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chronic in�ammatory disorders, autoimmune diseases, and cancer (36). Recently, HMGB1 gained more
attention as a novel proangiogenic factor that could increase the expression of proangiogenic cytokines
VEGF and their receptors(37). HMGB1 has been shown to regulate angiogenesis via vascular endothelial
growth factor receptor 2 (VEGFR2) in cholangiocarcinoma (24).In this work, we found that 3D-exos of
BMSCs enhanced the angiogenesis by increasing the expression level of HMGB1, VEGF and CD31.
Furthermore, PI3K/AKT axis has been reported to be involved in HMGB1-modulated vascularization and
invasion (38,39). In line with these results, our data showed that knockdown of HMGB1 reduced the
phosphorylation of AKT, whereas overexpression of HMGB1 elevated the level of p-AKT. Taken together,
our data suggest that 3D-exos promotes vessel generation through stimulation of HMGB1-AKT signaling.

Conclusion
Our �ndings showed that 3D-exos generated from BMSCs have superior effects on HUVEC proliferation,
migration, angiogenesis than 2D-exos, which is associated with the modulation of HMGB1-AKT signaling.
Our results suggest that 3D-exos of BMSCs may serve as a potential therapeutic strategy targeting
angiogenesis.

Abbreviations
MSCsmesenchymal stem cells

 DMEMDulbecco's Modifed Eagle's medium

 HMGB1High mobility group box 1 protein
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Figure 1

Characterization of 3D scaffoldand BMSC growth. (A). Representative micro-CT images of the 3D
scaffold. (B). Morphology of 3D scaffold under transmission electron microscopy. (C). Confocal imaging
of BMSCs in 2D culture and 3D scaffold by staining with calcein AM (live cells, green) and PI (dead cells,
red). (D) Morphology of BMSCs in 3D scaffold detected by transmission electron microscopy.
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Figure 2

Characterization of 2D-exos and 3D-exos.(A). Morphology of 2D-exos (left) and 3D-exos (right) under
transmission electron microscopy (scale bar 100 nm). (B). Western blot analysis of protein markers of
exosomes in 2D or 3D culture. (C). Uptake of exosomes in HUVEC cells detected by confocal microscopy.
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Figure 3

Effects of 2D-exos and 3D-exos on proliferation, migration and angiogenesis of HUVECs. (A). The
proliferation of HUVECs was assessed by cck-8 assay. (B) Light microscopy images (left) and the number
of transmitted HUVECs (right) in the Transwell migration assay. (C) Light microscopy images (left) and
the number of tubes formed by HUVECs (right) in the tube formation assay. The protein (D) and mRNA
level (E) of genes associated with angiogenesis (VEGF, CD31) detected by Western blotting. *p < 0.05, **p
< 0.01, n = 3.
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Figure 4

3D-exos modulate angiogenic through HMGB1 and AKT signaling pathway. (A) HMGB1 protein in HUVEC
cells treated with 2D-exos or 3D-exos was detected by Western blotting. (B) The effect of 3D-exos on
HUVEC proliferation was assessed by CCK-8 assay. (C) The effect of 3D-exos on migration was
eliminated by transwell migration assay. (D)Western blot analysis of VEGF, CD31,AKT and p-AKT exposed
to 2D-exos and 3D-exos. *p < 0.05, **p < 0.01, n = 3.
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Figure 5

Incorporation of exosomes with hydroxyapatite scaffolds. (A) Schematic illustration of the preparation of
3D-Exo/hydroxyapatite (3D-Exo/HA) scaffolds. (B) The release rate of exosomes from HA scaffolds. (C)
The effect of released exosomes on the proliferation HUVECs.
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Figure 6

Effect of 2D-exos and 3D-exos on in vivo angiogenesis. (A) The models of in vivo angiogenesis were
established. (B) HE, Masson, and immunohistochemical staining of scaffolds. The mRNA (C) and protein
levels (D) of proteins associated with angiogenesis (VEGF, CD31). *p < 0.05, **p < 0.01, n = 3.
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