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ABSTRACT: Exosomes, nanoscale extracellular vesicles
functioning as cell-to-cell communicators, are an emerging
promising therapeutic in the field of bone tissue engineering.
Here, we report the construction and evaluation of a novel
cell-free tissue-engineered bone that successfully accelerated
the restoration of critical-sized mouse calvarial defects through
combining exosomes derived from human adipose-derived
stem cells (hASCs) with poly(lactic-co-glycolic acid) (PLGA)
scaffolds. The exosomes were immobilized on the polydop-
amine-coating PLGA (PLGA/pDA) scaffolds under mild
chemical conditions. Specifically, we investigated the effects
of hASC-derived exosomes on the osteogenic, proliferation,
and migration capabilities of human bone marrow-derived
mesenchymal stem cells in vitro and optimized their osteoinductive effects through osteogenic induction. Furthermore, an in
vitro assay showed exosomes could release from PLGA/pDA scaffold slowly and consistently and in vivo results showed this cell-
free system enhanced bone regeneration significantly, at least partially through its osteoinductive effects and capacities of
promoting mesenchymal stem cells migration and homing in the newly formed bone tissue. Therefore, overall results
demonstrated that our novel cell-free system comprised of hASC-derived exosomes and PLGA/pDA scaffold provides a new
therapeutic paradigm for bone tissue engineering and showed promising potential in repairing bone defects.
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■ INTRODUCTION

Large-sized bone defects can severely compromise esthetics and
musculoskeletal functions of patients. Mesenchymal stem cells
(MSCs)-based bone tissue engineering has been valued as a
promising strategy in this field.1 Numerous studies have
demonstrated that the MSC-based tissue-engineered bone
(TEB) could efficaciously restore the critical-sized bone defects
and accelerate bone regeneration.2,3 Over the years, cell
delivery has been used as the classical approach in the cell-
based therapy.4,5 However, the direct use of MSCs has several
notable limitations, such as a time-consuming cell culture
process, phenotype changes of MSCs during cell expansion, low
homing efficiency of the injected cells, and a low survival rate of
local transplanted cells.6,7 Therefore, various alternative
techniques have been developed to avoid the limitations of
direct cell transplantation. In addition, recent evidence also
indicated that the therapeutic effects of MSCs were largely

facilitated via the paracrine mechanism to stimulate the activity
of tissue-resident recipient cells, instead of direct cell
replacement.8 This paradigm shift was supported by the studies
demonstrating that either conditioned culture medium or
extracellular vesicles (EVs) showed similar therapeutic effects
with MSCs in diverse animal models.9,10

Exosome-based cell-free therapy appears to be a promising
strategy for the restoration of bone defects. Exosomes are
nanovesicles that could be constitutively released by plasma
membrane fusion, with the responsibility of mediating local and
systemic cell−cell communication through the transfer of
mRNAs, miRNAs, and proteins.9−13 Recent studies have
demonstrated that exosomes play pivotal roles in various
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physiological or pathological activities, such as immunomodu-
lation, tumorigenesis, angiogenesis, and wound healing.14−17

Hitherto, MSCs seem to be the most prolific producers of
exosomes.18 MSC-derived exosomes delivered bioactive mole-
cules to recipient cells and mimicked the therapeutic effects of
MSCs.19−21 In comparison with direct cell transplantation,
exosome-based therapy has advantages, such as high stability,
intrinsic homing effect, low immunogenicity, and the lack of
unwanted cell accumulation in liver.22

The basis of exosome-related therapies lies in sufficient
parent cell sources for exosomes’ production. Among the
different sources of MSCs, adipose tissue has been considered
as an abundant and accessible pool for the benefits of wide
distribution in human body and less invasive and expensive
extraction procedures.23 Our previous studies have demon-
strated that human adipose-derived stem cells (hASCs) can
undergo rapid and efficient osteogenic differentiation both in
vitro and in vivo.24 Moreover, recent studies showed that
hASC-derived exosomes could exert the similar biological
effects of hASCs and play important roles in angiogenesis and
wound healing.14,25 However, the effects of hASC-derived
exosomes on bone regeneration remains to be unveiled.
Therefore, in this study, we aim to optimize and investigate
the osteoinductive effects of hASC-derived exosomes in vitro
and in vivo.
To exert the optimal biological efficacy of exosomes, we

mimic the paracrine function of cells by a slow-release system.
Poly(lactic-co-glycolic acid) (PLGA) has been used widely in
tissue engineering due to its appropriate mechanical strength
and biodegradation properties.26 However, like most of the
synthetic organic materials, the limited bioactivity to induce and
enhance bone regeneration made it far from an ideal material in
bone engineering. Compared with regular physical adsorption
methods, a mussel-inspired immobilization strategy assisted by
polydopamine (pDA) provided a more efficient factor coating
on PLGA substrates.27 In our previous studies, we modified the
PLGA scaffolds through polydopamine (pDA)-mediated
immobilization of bone forming peptide-1 (BFP-1). An in
vitro assay indicated PLGA/pDA-BFP-1 scaffolds released BFP-
1 slowly, and the in vivo experiment showed that the
combination of hASCs and PLGA/pDA-BFP-1 significantly
enhanced bone formation in nude mice.28 In this study, we
elaborately constructed a cell-free bone tissue engineering
system by combining the PLGA/pDA scaffold with exosomes.
The purpose of this study was therefore to unveil the

biofunctions of hASC-derived exosomes on osteogenesis in
vitro and in vivo and construct a novel exosome-based TEB.

■ EXPERIMENTAL SECTION
Cell Culture. Primary hASCs and human bone marrow-derived

mesenchymal stem cells (hBMSCs) were purchased from ScienCell
Company (San Diego, CA). Cells were expanded in proliferation
medium (PM) containing Dulbecco’s modified Eagle’s medium
(Gibco, Grand Island, NY), 10% (v/v) fetal bovine serum (FBS)
(ScienCell), 100 U/mL penicillin G, and 100 mg/mL streptomycin
(Gibco) at 37 °C in an incubator with 5% CO2 atmosphere and 100%
relative humidity. All in vitro experiments were repeated three times
using cells from three donors, respectively. To induce osteogenic
differentiation, MSCs were cultured in osteogenic medium (OM)
containing 100 nM dexamethasone, 10 mM β-glycerophosphate, and
0.2 mM ascorbic acid. All other materials were purchased from Sigma-
Aldrich (St. Louis, MO) unless otherwise stated.
Isolation, Purification, and Identification of Exosomes.

Exosomes were isolated from conditioned medium of hASCs in

vitro. FBS in medium was ultracentrifugated for 12 h at 100 000g for
bovine exosomes depletion before use. Several centrifugation and
filtration steps were performed for exosomes purification according to
previous studies.29,30 Briefly, the supernatant was centrifuged at 2000g
for 20 min, to eliminate cells, and 10 000g for 40 min, followed by a
0.22 μm filter filtration to eliminate cellular debris. Then, the
supernatant was ultracentrifuged at 100 000g for 70 min and
additionally washed with phosphate-buffered saline (PBS) at 100
000g for 70 min (Ultracentrifuge, Beckman Coulter, L-90K).

Transmission electron microscopy (TEM) was utilized to observe
the morphology of exosomes. Concentrated exosomes from hASCs
were fixed with 2% paraformaldehyde for 30 min; then, the mixture
(about 8 μL) was dropped onto carbon-coated copper grids and air-
dried for 10 min, then stained with 1% uranyl acetate two times (6 min
each). Images were obtained using an HT7700 TEM (Hitachi, Japan)
at 120 kV.31

Nanoparticle tracking analysis (NTA) was used to identify the
particle size/concentration and particle size distribution. Exosomes
were recorded according to the manufacturer’s instructions (Nano-
sight LM10 system, Amesbury, U.K.), and the results were analyzed
with NTA analytical software (Nanoparticle Tracking Analysis, version
2.3).

In addition, western blotting was performed to identify the
exosomal markers. The protein content was determined using
bicinchoninic acid protein assay kit (Thermo Fisher Scientific,
Rockford, IL). Equal amounts of proteins were prepared for cells
and exosomes lysed with ice-cold radio immunoprecipitation assay
buffer containing protease inhibitor cocktail. Exosomes were
confirmed to express protein CD63 (abcam) and CD9 (abcam),
whereas in the absence of Tubulin (cytosolic marker) (Santa Cruz
Biotechnology, Inc.) and Histone 1 (nuclear marker) (Santa Cruz
Biotechnology, Inc.) they were confirmed by Western blotting.32 Cell
extract was used as control.

Exosomes Uptake Assay. Exosomes were labeled with PKH-26
(Sigma-Aldrich) to determine their uptake by hBMSCs.29 According
to the manufacturer’s protocol, exosomes diluted in 1 mL of Diluent C
and 4 μL of PKH-26 dye diluted in 1 mL of Diluent C were incubated
together. After 4 min, 2 mL of 0.5% bovine serum albumin/PBS was
added to bind excess dye. Then, labeled exosomes were washed in PBS
at 100 000g for 1 h. Thereafter, the exosome pellet was incubated with
hBMSCs for 2, 24, 48, and 72 h, respectively. After the incubation, the
cells were washed twice with PBS, then fixed in 4% paraformaldehyde
for 10 min and washed again. 6-Diamidino-2-phenylindole (DAPI)
solution was used for the staining of nuclei. Images were captured with
a LSM 5 EXCITER confocal imaging system (Carl Zeiss, Oberkochen,
Germany).

Determination of Optimal Exosomes. To determine the
optimal time point and concentration for isolated hASC-derived
exosomes, exosomes were isolated from supernatants of hASCs after 0,
2, 4, 7, and 14 days of osteoinduction by OM. Meanwhile, Pierce
(Thermo Fisher Scientific, Rockford, IL) protein assay kit was used to
determine the concentration of exosomes. To identify the
osteoinductive effects of exosomes on MSCs, the hBMSCs were
exposed to different treatments. After 7 days of induction, alkaline
phosphatase (ALP) activity assays were performed. ALP staining was
performed, as described in detail previously.24 Meanwhile, ALP activity
was determined using an ALP kit according to the manufacturer’s
protocol and normalized to the total protein content, as previously
described.24

Proliferation, Migration, and Osteogenic Differentiation of
hBMSCs Stimulated by Exosomes in Vitro. Experimental Design.
On the basis of the results of the “Determination of Optimal
Exosomes”, 25 μg/mL exosomes, which were isolated from the
supernatant of hASCs after 2 days of osteoinduction, were selected as
the optimal concentration in in vitro experiments. The hBMSCs were
exposed to the following treatments: (1) negative control medium
(PM); (2) PM with 25 μg/mL exosomes; (3) positive control medium
(OM); (4) OM with 25 μg/mL exosomes.

Cell Proliferation and Migration Assay. For cell proliferation
assays, the cell number was evaluated using cell-counting kit-8 (CCK-
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8) according to the manufacturer’s instructions (Dojindo Laboratories,
Kumamoto, Japan) and growth curves were drawn with the
absorbance values (n = 6).
The migration of hBMSCs was evaluated by transwell assays.

Briefly, 1 × 105 cells were loaded into the upper compartment of a
transwell chamber with 8 μm pore filters (Corning) and 500 μL of
medium with or without exosomes were added to the lower
compartment. After culturing for 24 h, the chamber was gently
washed by PBS. To remove the nonmigrated cells, the upper side of
the membrane was wiped with a cotton swab. Then, the membranes
were fixed with 4% paraformaldehyde and stained with 0.5% crystal
violet for 10 min. The number of migrated cells was counted in five
randomly selected microscopic fields per filter.
Cell Differentiation Assays. The hBMSCs were seeded in 12-well

plates and divided into four groups, as above. The ALP activity assay
was performed as described in Determination of Optimal Exosomes
section above.
To assess the mineralization, alizarin red staining was performed on

day 14 after osteoinduction. Cells were washed three times with
phosphate-buffered saline (PBS), fixed with ethanol for 30 min, and
then stained with 1% alizarin red S staining solution (pH 4.2, Sigma-
Aldrich) at room temperature. To quantitatively determine matrix
calcification, alizarin red was destained with 10% cetylpyridinium
chloride in 10 mM sodium phosphate for 30 min and evaluated by
absorbance values at 562 nm. The final mineralization levels in each
group were normalized to the total protein concentrations obtained
from duplicate plates.24

Real-Time Quantitative Polymerase Chain Reaction (qPCR)
Analysis. The total RNA were isolated with TRIzol reagent
(Invitrogen) at 7 and 14 days after osteoinduction; then, only those
RNA with optical density ratios (Nano Drop 8000, Pierce Thermo
Scientific) of 1.8−2.0 (260/280 nm) were reverse-transcribed to
cDNA (Takara, Tokyo, Japan; #RR037A). Real-time PCR was
conducted using a 7500 Real-Time PCR Detection System (Applied
Biosystems, Foster City, CA) with SYBR Green Master Mix (Roche
Applied Science, Mannheim, Germany). The primers for runt-related
transcription factor 2 (RUNX2), alkaline phosphatase (ALP), collagen
type I alpha 1 (COL1A1), and osteocalcin (OCN) are listed in Table 1.
β-actin was used for normalization.
Construction of Novel Cell-Free Tissue-Engineered Bone

(TEB) Comprised of Exosomes and PLGA/pDA Scaffold.
Cylindrical PLGA (lactide/glycolide: 50/50) of 4 mm diameter and
2 mm height were purchased from Shandong Academy of
Pharmaceutical Sciences (Shandong, China). According to our
previous study,28 the scaffolds soaked in dopamine (DA) solution (2
mg/mL in 10 mM Tris-HCl, pH 8.5, Sigma-Aldrich, St. Louis, MO)
were incubated with shaking at 37 °C for 18 h for the formation of
pDA film. To remove the unattached DA molecules, the scaffolds were
washed in an ultrasonic cleaner with distilled water until the water
became clear. The scaffolds were sterilized in 75% ethanol for 1 h and
then washed with sterilized PBS three times before the next step.
For the immobilization of exosomes, PLGA/pDA, or PLGA only,

substrates were immersed in 1 μg/μL exosome solution (250 μL/
scaffold) for 12 h at 4 °C. To observe the distribution of exosomes on
the scaffold, the exosomes were labeled with PKH-26, as described
above, and the images were captured with an LSM 5 EXCITER
confocal imaging system (Carl Zeiss, Oberkochen, Germany) and the
scaffolds were stained with PKH-26 as control. After exosomes’
immobilization, the compound materials were incubated in saline at 37
°C (physiologically relevant conditions) and the supernatants were

collected at predetermined time intervals of 1−8 days to measure the
exosomes’ release. The amount of exosomes released was measured
using the Pierce (Thermo Fisher Scientific, Rockford, IL) protein assay
kit.

The surface morphology of the materials was observed by field
emission scanning electron microscopy (SEM). After being washed
with PBS, the samples were fixed in cacodylate buffered 4%
glutaraldehyde for 12 h at 4 °C and dried in a Micro Modul YO-
230 critical point dryer (Thermo Scientific, Waltham, MA). Then, the
samples were mounted onto aluminum stubs, sputter-coated with gold,
and viewed with a Hitachi S4800 instrument (Hitachi, Tokyo, Japan).

Animal Experiments. Five-week-old male BALB/C mice were
used in animal experiments. All animal experiments were approved by
the Peking University Animal Care and Use Committee and
performed in accordance with the institutional animal guidelines.
The mice were randomly divided into three groups with eight in each
group: (1) PLGA scaffold only (PLGA group); (2) PLGA scaffold
coated with pDA (PLGA/pDA group); (3) PLGA/pDA scaffold +
exosomes (PLGA/pDA-Exo group). In situ skull defect experiment
was performed as described previously.6 Briefly, a 4 mm diameter
critical-sized defect was made at the calvarium with a trephine bur
(Hager Meisinger GmbH, Neuss, Germany) under low-speed drilling.
Copious saline irrigation was necessary for lowering the temperature,
and the operation had to be proceeded carefully to avoid damage to
the dura mater and brain. The scaffolds were then implanted into the
defects, and the incision was stitched.

Analysis of Bone Regeneration in Vivo. Specimens of each
group were harvested at 6 weeks after implantation. Mice in each
group were sacrificed by CO2 inhalation. Thereafter, the whole calvaria
including the implants was surgically removed and fixed in 4%
paraformaldehyde. A high-resolution Inveon microcomputed tomog-
raphy (CT) (Siemens, Munich, Germany) was used for scanning to
show the bone formation within the bone defect. The thresholding of
mineralized bone was set at 500. The gray value of PLGA material was
around −329, as tested on our machine (with water at 0 and air at
−1000). Therefore, PLGA was not included in the analysis of new
bone volume. Multimodal three-dimensional (3D) visualization
software (Inveon Research Workplace, Siemens, Germany) was used
for 3D reconstruction of the images and evaluating new bone volume
in the defects by quantifying pixels in these regions. Thereafter, the
specimens were decalcified for 20 days in 10% ethylenediaminetetra-
acetic acid (pH 7.4). After decalcification, the specimens were
dehydrated and subsequently embedded in paraffin. Hematoxylin &
eosin (HE) staining and Masson staining were performed. Bone
regeneration in the defect regions was evaluated by immunohisto-
chemical (IHC) analysis for RUNX2 and osteocalcin (OCN)
(ab93876-Osteocalcin, ab23981-RUNX2, Abcam, Cambridge, U.K.).

Chemotactic Capability Exosomes in Vivo. Immunofluores-
cence staining of frozen sections with antibodies to stage-specific
embryonic antigen-4 (SSEA-4) and CD45 was used to identify
MSCs.6,33 Immunofluorescence with FITC- and Texas Red-conjugated
secondary antibodies (Cell Signaling Technology Inc) were used to
visualize the antibody staining. Cell nuclei were stained with DAPI.
Images were captured with a Leica microscope and imaged with a
Charge-coupled device camera (Retiga EXi; Qimaging, Surrey, BC,
Canada). The number of migrated SSEA-4+/CD45− cells was counted
in five randomly selected microscopic fields.

Statistical Analysis. Data were analyzed using SPSS software
(Chicago, IL). Comparisons between two groups were analyzed by
independent two-tailed Student’s t tests. Comparisons between more

Table 1. List of Primers Used in This Study for Real-Time PCR

gene forward (5′−3′) reverse (5′−3′)
β-actin CATGTACGTTGCTATCCAGGC CTCCTTAATGTCACGCACGAT
RUNX2 ACTACCAGCCACCGAGACCA ACTGCTTGCAGCCTTAAATGACTCT
ALP ATGGGATGGGTGTCTCCACA CCACGAAGGGGAACTTGTC
COL1A1 ACAGGGCTCTAATGATGTTGA AGGCGTGATGGCTTATTTGT
OCN CACTCCTCGCCCTATTGGC CCCTCCTGCTTGGACACAAAG
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than two groups were analyzed by one-way analysis of variance
followed by a Tukey’s post hoc test. The final results were expressed as
the mean ± standard deviation (SD) of 3−10 experiments per group.
For all tests, statistical significances were accepted for P values lower
than 0.05.

■ RESULTS

Characterization of hASC-Derived Exosomes. TEM
analysis showed that the exosomes isolated from the super-
natants of hASCs bore a cup-shaped morphology (Figure 1A).
NTA analysis indicated that the parameters of the exosomes
ranged mainly from 33 to 177 nm (Figure 1C). Western
blotting analysis (Figure 1B) showed that the exosome-specific
markers CD63 and CD9 were detected in hASC-derived
exosomes without the presence of either Tubulin (cytosolic
marker) or Histone 1 (nuclear marker).
Internalization of Exosomes by hBMSCs. To investigate

whether exosomes could enter into the cytoplasm of hBMSCs,
we incubated the labeled exosomes with hBMSCs for 2, 24, 48,
and 72 h, respectively. Fluorescence microscopy analysis
(Figure 2) showed that the hASC-derived exosomes labeled
PKH-26 (the red dots) were gradually internalized by the
hBMSCs from 2 to 24 h. At 48 h post incubation, a large
number of exosomes have been internalized and distributed in
the perinuclear region. Then, at 72 h, the number of the red
dots decreased, which may be due to the metabolism of the
host cells.

Screening the Optimal Osteoinductive Property of
Exosomes from hASCs with Different Time Spans of
Osteogenic Induction. The osteogenic differentiation of
hASCs was induced by OM for 14 days, which was confirmed
by the significantly enhanced ALP staining (Figure S1A), ALP
activity (Figure S1B), alizarin red staining (Figure S1C), and
the mRNA expressions of osteogenic gene, such as RUNX2
(Figure S1D) and OCN (Figure S1E) at 4, 7, or 14 days. We
screened the osteoinductive activity of the exosomes isolated
from hASCs at different time spans of osteogenic induction
using ALP activity as an indicator. Our results showed that
nonosteogenically induced hASC-derived exosomes (0d-Exo)
were not able to significantly enhance the ALP activity of
hBMSCs either in PM or in OM after culture for 7 days (Figure
3). The exosomes derived from osteogenically induced hASCs
could significantly enhance ALP activity of hBMSCs in OM but
not in PM, irrespective of the different time spans (2, 4, 7, and
14 days) of osteogenic induction. In OM, the ALP activity
under stimulation by 25 μg/mL exosomes was significantly
higher than that by 10 or 50 μg/mL exosomes (Figure 3).
Consequently, we selected the 25 μg/mL exosomes derived
from the hASCs that were osteogenically induced for 2 days in
the following in vitro assays.

Effects of Exosomes on the Proliferation, Migration,
and Osteogenic Differentiation of hBMSCs. The cell
proliferation of hBMSCs increased with time within the 8 day
monitoring span. In the first 2 days, no significant differences

Figure 1. Characterization of exosomes derived from human adipose-derived stem cells (hASCs). (A) Morphology of exosomes observed by
transmission electron microscopy. (B) Western blot analysis of the exosomal surface markers. (C) Particle size distribution of exosomes measured by
NanoSight analysis: the mean size ± SD of exosomes was 105 ± 72 nm. The right peak in the graph (↓) indicated that exosomes clumped together
during analysis.
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could be detected between the exosomes group and the control
group. From the 3rd to the 8th day, the optical density value in
the exosome-treated group was significantly higher than that in
the control group (Figure 4A). In the migration assay, when the
exosomes were added in the lower compartment, the number
of cells migrating through the membrane was increased by
approximately 3-folds than that in the control group both in
PM and in OM (Figure 4B,C).
After the induction by hASC-derived exosomes for 7 and 14

days, ALP staining and ALP activity (Figure 5A,C) in the
hBMSCs were significantly enhanced by the exosomes when
cultured in OM but not in PM. Alizarin red staining and
extracellular matrix mineralization assays (Figure 5B,D)
demonstrated that cell matrix mineralization was significantly
elevated after a 14 day induction by the exosomes in
comparison to that of OM without exosomes. Consistently,
the mRNA expression of a series of osteoblastogenesis-related
genes (RUNX2, ALP, and COL1A1) in hBMSCs was also
significantly upregulated when treated with OM + exosomes on
day 7 and 14 compared to that of OM (Figure 5E).
Morphological Analysis and Release Kinetics of the

Novel TEB in Vitro. After the process of pDA coating and

exosomes immobilization, the SEM picture confirmed the
changes of surface morphology of the materials (Figure 6A).
The exosome particles distributed on the surface of PLGA/
pDA-Exo scaffold exhibited a cup-shaped and refractive
morphology, which differed from that of the polydopamine
particles on the surface of PLGA/pDA scaffold. The laser
confocal scanning microscopic images showed that the PKH-
26-labeled exosomes (red dots) homogeneously distributed on
the surface of the scaffolds after the immobilization process,
whereas there were only scattered irregular patches on the
scaffold when stained with PKH-26 as control. More red dots
were observed on the PLGA/pDA scaffold compared to that in
the PLGA-only scaffold (Figure 6B). The total amount of
grafted exosomes was 165.72 ± 15.4 μg on each PLGA/pDA
scaffold and 73.6 ± 22.4 μg on each PLGA scaffold. The
incorporated exosomes showed burst release from the PLGA
scaffolds (left graph in Figure 6C), and almost all exosomes
were depleted within 4 days. In contrast, exosomes showed a
slow-release profile from the PLGA/pDA-Exo scaffold during
the 8 day monitoring span, with about 28.19 ± 9.2% of the
immobilized exosomes still maintained on the scaffold after 8
days (Figure 6C).

Figure 2. Cellular internalization of exosomes by human bone marrow-derived mesenchymal stem cells (hBMSCs). hBMSCs were incubated with
PKH-26-labeled exosomes (red) for 2, 24, 48, and 72 h, respectively. The nucleus of hBMSCs was stained with DAPI (blue).
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Micro-CT Analysis and Histological Assessment of
Bone Regeneration in Critical-Sized Mouse Calvarial
Defects in Vivo. Micro-CT images revealed an almost
complete lack of healing in the defects of the PLGA group,
whereas in the PLGA/pDA group, a small number of high-
density spots were observed. In contrast, several high-density
spots and small peninsulas of bone nodule formation along the
margins of bone defect could be observed in the group of
PLGA/pDA-Exo (Figure 7A). Quantification of micro-CT

images (Figure 7B) provided further evidence that significantly
more new bone was formed in the PLGA/pDA-Exo group than
in the other two groups.
HE staining of representative sections from the three groups

indicated that the bone defects of the PLGA group and PLGA/
pDA group were mainly filled with fibrotic connective tissues.
In contrast, newly formed bone tissue was observed both along
the border and in the center of the defects in the PLGA/pDA-
Exo group (Figure 7C). Masson staining showed that more

Figure 3. Alkaline phosphatase (ALP) assays of hBMSCs cultured for 7 days after osteoinduction to determine the optimal time point and
concentration for exosomes. (A) ALP staining of hBMSCs after incubation with exosomes (10, 25, and 50 μg/mL) from hASCs after 0, 2, 4, 7, 14
days of osteoinduction. (B) ALP activity normalized against the total protein content. PM: proliferation medium; OM: osteogenic medium; *p <
0.05 versus the groups treated with exosomes on the same day after osteoinduction; △p < 0.05 versus the OM; N.S., not significant.
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mature collagen formations were present in the PLGA/pDA-
Exo group compared to those in the PLGA/pDA and PLGA
group (Figure 7D). The IHC staining showed that the
exosomes’ participation was associated with more cells that
were positively stained with RUNX2 and OCN, the two key
osteogenic markers (Figure 7E,F).
Effect of Exosomes on Recruitment of Host MSCs in

Vivo. SSEA-4 (green)-positive and CD45 (red)-negative cells
were considered to be MSCs.6 MSCs were indicated by white
arrows in the histological sections with immunofluorescence
staining (Figure 8A). The engraftment of MSCs in scaffolds of
PLGA/pDA-Exo group was significantly higher compared to
that of the PLGA/pDA group (Figure 8B).

■ DISCUSSION
Bone tissue engineering is an interdisciplinary technology that
elaborately combines cells, materials, and biochemical/phys-
icochemical factors to improve or replace biological tissues.34

Apart from the traditional bone tissue engineering technologies,
e.g., cell-, gene-, and growth factor-based therapies, MSC-
derived exosome-based therapy is a recently emerged and
promising technique for bone tissue engineering.35−37 Our goal
is to develop a clinically applicable and efficacious exosome-
based TEB to repair bone defects. In this study, we first showed
that 25 μg/mL exosomes derived from hASCs that were

osteogenically induced for 2 days bore the most efficacious
osteoinductive activity. Thereafter, we showed that the TEB
elaborately combining a pDA−PLGA scaffold with the
exosomes could significantly promote the osteogenesis in a
critical-sized bone defect. Consequently, the novel TEB of
PLGA/pDA-Exo showed a very promising application potential
for bone tissue engineering.
An ideal parent cell type for yielding suitable exosomes for

bone tissue engineering and clinical application should be safe,
easy to obtain, available in large quantity, efficient in yielding,
and adaptable to the increase of osteoinductivity of exosomes.
In line with these requirements, many cells, such as dendritic
cells, mast cells, epithelial cells, and tumor cells,38 are not
suitable parent cells for this application. MSCs, the most
frequently used cell type in cell-based tissue engineering, have
been widely accepted as promising parent cells for yielding
exosomes. A noninvasive way to achieve MSCs is to
differentiate induced pluripotent stem cells (iPSCs).39,40 The
exosomes derived from iPSC-MSCs (iPSC-MSC-Exosomes)
have been shown to significantly promote the in vitro
osteoblastogenesis of BMSCs and the in vivo angiogenic and
osteogenic activities.41 Furthermore, the potent angiogenic
activity of iPSC-MSC-Exosomes could attenuate limb ische-
mia42 and prevent osteonecrosis43 in mice. On the other hand,
although iPSC-MSCs have already been investigated for bone

Figure 4. Human adipose-derived stem cell (hASC)-derived exosomes enhanced the proliferation and migration of human bone marrow-derived
mesenchymal stem cells (hBMSCs). (A) Growth curves, measured using a CCK-8 kit; (B, C). The exosomes had a positive effect on the migration
capacity of hBMSCs in transwell assays whether in PM or OM condition. PM: proliferation medium; OM: osteogenic medium; *p < 0.05 compared
with the control group. **p < 0.01 compared with the group without exosomes.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.7b17620
ACS Appl. Mater. Interfaces 2018, 10, 5240−5254

5246

http://dx.doi.org/10.1021/acsami.7b17620


Figure 5. Human adipose-derived stem cells (hASC)-derived exosomes promoted osteogenic differentiation of human bone marrow-derived
mesenchymal stem cells (hBMSCs) in vitro. hBMSCs cultured in PM or OM were treated with or without exosomes stained for ALP (A) and
alizarin red (B). Quantification of ALP activity (C) and alizarin red (D) of hBMSCs treated with or without exosomes. Expression of osteogenic
genes RUNX2, ALP, and COL1A1 in hBMSCs cultured with or without exosomes for 7 and 14 days after osteoinduction (E). PM: proliferation
medium; OM: osteogenic medium; *p < 0.05 compared with the control group.
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regeneration in animal studies,39,44,45 the potential contami-
nation of undifferentiated tumorigenic iPSCs in iPSC-MSCs
may raise the concerns of the safety of iPSC-MSC-Exosomes.
As a viable option, hASCs can be highly attractive parent cells
due to their easier accessibility, larger availability, lower donor
site morbidity, and minimal needs of invasive surgery than that
of other MSCs.46 HASC-derived exosomes have already been
shown to significantly alleviate pathology of neurodegenerative
diseases by reducing mitochondrial dysfunction47,48 and
promote cutaneous wound healing via optimizing the character-

istics of fibroblasts.14 To our best knowledge, this is the first
report to apply osteogenically induced hASC-derived exosomes
and their based TEB to promote the in vitro osteoblastogenesis
of hBMSCs and to repair orthotropic bone defects.
The promoting effect of MSC-derived exosomes on

osteogenesis is largely attributed to four major mechanisms:
(1) protective effect to reduce apoptosis in ischemic and
necrotic microenvironments;42,43 (2) chemotactic and prolifer-
ative effect to recruit mesenchymal stem cells and promote
their proliferation;45,49 (3) angiogenic effect to promote

Figure 6. Surface characterization of engineered PLGA substrates. (A) Scanning electron microscopy of PLGA scaffolds (PLGA), PLGA scaffolds
coated with polydopamine coating (PLGA/pDA), and PLGA scaffolds coated with polydopamine and exosomes (PLGA/pDA-Exo). (B)
Distribution of PKH-26 labeled exosomes on the PLGA-only scaffold (middle) and PLGA/pDA scaffold (right), with PKH-26-stained scaffold as
control (left). (C) In vitro exosome release kinetics in saline from exosomes-loaded PLGA by physical absorption (PLGA/Exo) and PLGA/pDA-
Exo scaffolds.
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vascularization;41 and (4) osteoinductive effect to directly
promote the osteogenic differentiation of MSCs.41 The first
three mechanisms of exosomes appear to derive from the

intrinsic functions of their parent cells, MSCs. The fourth
mechanism, the osteoinductive effect, is highly needed when
hASC-exosomes are applied for bone tissue engineering. In our

Figure 7. Exosomes increased bone formation in critical-sized mouse calvarial defects. Mice were treated with PLGA scaffolds (PLGA), PLGA
scaffolds with polydopamine coating (PLGA/pDA), or PLGA scaffolds coated with polydopamine and exosomes (PLGA/pDA-Exo). (A) Micro-CT
images of bone formation in each group after 6 weeks. (B) Quantitative comparison of new bone volume among the different groups. **p < 0.01
compared with groups without exosomes. Histological assessment of bone formation in each group: (C) HE staining. (D) Masson staining. The
collagen in the bone matrix was stained blue-green. The purple inclusions indicated by the white arrows were the remaining PLGA material. HB, host
bone. Immunohistochemical staining for the osteogenic markers (E) RUNX2 and (F) osteocalcin (OCN). Dark-brown granules indicating positive
staining are marked by red arrows. The black arrows marked the newly formed tissue and white arrows indicated the area where the remaining PLGA
material was located.
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study, irrespective of osteogenic induction, hASC-exosomes did
not show a significant effect in elevating ALP activity in PM,
which indicated that hASC-exosomes even derived from
osteogenically induced cells were not sufficient to induce the
in vitro osteogenic phenotypic changes of hBMSCs in the level
of proteineous markers. One recent study indicated that hASCs
and hBMSCs secreted exosomes enriched in distinctive miRNA
and tRNA species, which suggested that the tissue-specific
microenvironment might influence the exosomal sorting of the
MSCs.50 Martins et al. investigated the osteoinductive effect of
the exosomes derived from osteogenically induced BMSCs by
either culturing in OM as in this study or by RUNX2 cationic-
lipid transfection.37 Both exosomes could result in a
significantly higher ALP activity in the recipient hBMSCs
cells cultured in PM only on the 1st day but not in the
subsequent 7-day monitoring span.37 These findings suggested
that the exosomes alone could promote but not sufficiently
induce the complete in vitro osteoblastogenesis of hBMSCs
irrespective of their parent cell type or osteogenic induction.
Our finding showed that the osteogenic induction of the parent
hASCs significantly enhanced the osteoinductive capacity of
their derived exosomes (Figure 3). Such an effect had already

reached a plateau after a 2 day osteogenic induction, and a
longer induction did not further enhance the osteoinductive
capacity of exosomes. This finding suggested all of the
osteoinductive elements had been entrapped into the exosomes
only after a 2 day induction, which enables a shortening of the
production process of using hASCs to produce osteoinductive
exosomes. Twenty five micrograms per milliliter hASC-
exosomes were found to be the optimal concentration. In
contrast, 100/200 μg/mL or 0.5/1 × 1012 particles/mL iPSC-
MSC-exosomes have been applied to significantly promote the
in vitro osteoblastogenesis of BMSCs.41,45 The discrepancy in
dosage might be due to the difference in phenotype of cells.
Because the functions of exosomes are largely dependent on

the phenotypic status of their parent cells, concerns may be
raised on whether the intrinsic MSC-derived effects can be
compromised by the osteogenic induction. In our result, with
the increased osteoinductive effect, the exosomes derived from
the 2 day osteogenically induced hASCs could still promote the
chemotactic migration by approximately 3-fold and significantly
enhance the proliferation of hBMSCs (Figure 4). This finding
indicated that the 2 day osteogenic induction did not cause the
nullification of the chemotactic and proliferative effects of

Figure 8. Immunofluorescence staining showed that PLGA scaffolds coated with polydopamine and exosomes (PLGA/pDA-Exo) recruited more
SSEA-4+/CD45− mesenchymal stem cells (MSCs) (indicated by white arrows) than PLGA scaffolds coated with polydopamine (PLGA/pDA) in
vivo after 1 week of implantation. (A) Immunofluorescence staining of the two groups. (B) Quantitative analysis of the number of recruited MSCs.
**p < 0.01 compared with PLGA/pDA group.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.7b17620
ACS Appl. Mater. Interfaces 2018, 10, 5240−5254

5250

http://dx.doi.org/10.1021/acsami.7b17620


exosomes. Thereafter, we showed that the 2 day osteogenically
induced hASC-exosomes significantly promoted the osteoblas-
togenesis of hBMSCs by enhancing ALP activity, extracellular
mineralization nodules, and the mRNA expression of the
osteoblastogenesis-related genes, such as RUNX2, ALP, and
COL1A1 (Figure 5).
Concerns may be raised on the short exosome collection

period (2 days) because a prolonged period will definitely yield
more exosomes. Our reasoning to choose the 2 days is based on
the following three aspects: (1) timeliness for bone repair, (2)
yielding of exosomes, and (3) proliferative/chemotactic effects
of MSCs exosomes. Our final goal in this study is to develop a
clinically applicable and efficacious exosome-based TEB to
repair bone defects. When patients get bone defects, they
certainly wish to have the defect repaired as soon as possible.
Surgeons can achieve ASCs from patients, extract exosomes,
and make a cell-free TEB to repair the bone defects. For this
purpose, a shorter period to achieve exosomes can provide a
very good timeliness for such demands of the patients.
Furthermore, MSCs could yield at least 10 times more
exosomes than differentiated cells18 and the EV production
might be decreased in confluent cell culture.51 With the culture
process, cells will soon encounter contact inhibition, which may
decrease EV secretion and/or alter their characteristics
compared to those of actively dividing cells.52,53 In our study,
the osteoinductive effect of exosomes did not become higher in
the later time points. However, with the differentiation process,
the yielding of exosomes may significantly decrease. Fur-
thermore, the isolation of exosomes is still costly. As we
discussed above, the proliferative and chemotactic effects of
transplanted MSCs on host MSCs are one of the most
important mechanisms to promote bone regeneration. In our
study, we also showed that the exosomes derived from 2 day
osteogenically induced ASCs still bore strong proliferative and
chemotactic effects (Figure 4). Although we did not prove it,
there might be a trend that such proliferative and chemotactic
effects of exosomes taper at later time points because the cells
would soon lose their MSC properties. Considering all of the
above mentioned points, a 2 day collection period might be one
good time point for achieving the optimal property of
exosomes. However, this view should be further experimentally
clarified.
The mechanism underlying the biological effect of exosomes

seems to be the transfer of mRNA, miRNA, and proteins.35,54

MicroRNAs are post-transcriptional regulators that could
influence bone formation and bone remodeling by networking
with cell signaling pathways and intricating transcriptional
programs.55 Our previous studies have indicated that several
miRNAs, like miR-34a, could modulate the osteogenesis of
hASCs.56 The miRNA expression profile in exosomes altered
during the osteogenic differentiation.57 Some osteogenesis-
related miRNAs, such as let-7a and miR-218, were up- or
downregulated at different time points, and the alteration was
helpful to the osteogenic differentiation of MSCs. In addition to
small RNA, Zhang et al. showed that the exosomes derived
from iPSC-MSCs without osteogenic induction could enhance
the osteogenic differentiation of hBMSCs by activating the
PI3K/Akt signaling pathway.45 Hitherto, no reports have been
performed to uncover the mechanisms accounting for the
osteoinductive effect of osteogenically induced hASC-derived
exosomes. The precise mechanism needs to be further
investigated.

It is well recognized that in the process of bone repair and
regeneration, endogenous MSCs can be chemotactically
recruited to the injury site and function as the major healing
cells.58 Locally applied exosomes are also expected to exert the
functions as growth factor or cytokines to promote the
chemotactic homing, proliferation, and osteogenic differ-
entiation of MSCs. A local and slow-release pattern should
also be achieved to ensure the sufficient duration of their
functions.41 Consequently, an ideal scaffold for exosome-based
tissue engineering should be biocompatible, biodegradable, and
capable of releasing exosomes in a controlled and slow manner.
Such scaffolds should also provide temporary physical support
before the neobone tissue takes over.59 PLGA is widely
recognized as a biocompatible and biodegradable biomaterial
and has already been widely used as a biomedical material in
clinics.60 However, there is still lack of capacity of slow-
releasing bioactive agents for PLGA. In our previous study, we
successfully used a mussel-inspired immobilization strategy
mediated by pDA to introduce osteoinductive peptides onto
the surface of PLGA substrate to overcome these challenges.28

pDA has been widely used in the fields of biomaterials and
bone tissue engineering to modify the surface characteristics of
scaffolds. This material is highly commendable for cytocompat-
ibility, biocompatibility, and biodegradability for biomedical
application.6 The most invaluable property is that pDA is highly
adhesive for biological reagents. This property is widely applied
for anchoring synthetic and biological substances onto various
substrates for biomedical applications.61 In our previous study,
we showed that the pDA-mediated surface modification could
slow the degradation of PLGA (50/50) to a rate that was
suitable for bone formation, whereas the scaffolds without
modification were completely absorbed 8 weeks after
implantation.28,62 In this study, we, for the first time, applied
pDA to adhere, carry, and retain exosomes so as to enable a
slow and local release profile of exosomes. About 165.72 ± 15.4
μg of exosomes per scaffold could be incorporated on each
PLGA/pDA scaffold. Furthermore, our in vitro release study
showed that about 28.19 ± 9.2% exosomes were still retained in
the scaffold after 8 days (Figure 6). In contrast, superficial
adsorption was associated with a significantly lower loading
(about 73.6 ± 22.4 μg) than that of the PLGA/pDA scaffold.
Consistent with a previous study,45 these exosomes were almost
completely depleted within 4 days when exosomes were
directly adsorbed onto materials (Figure 6C). These findings
indicated that the pDA surface was a convenient, viable, and
efficient carrier for the slow release of exosomes, which is very
promising for the application in exosome-based tissue
engineering.
Consistent with the in vitro finding, micro-CT and

histological analyses revealed that the addition of the exosomes
resulted in significantly more new bone tissue than that in the
control group (without exosomes) in the in vivo critical-sized
bone defects (Figure 7). To further explore the possible
mechanisms of bone formation in the TEB, we studied MSC
homing. According to our previous study, we detected SSEA-
4+/CD45− MSCs in the scaffold implanted into the calvarial
defect area one week after the surgery (Figure 8). As the TEB
was a cell-free system, the MSCs appearing in the scaffolds were
assumed to come from surrounding MSC resources or
circulation. Consistent with the in vitro experiments, we
found that the number of MSCs recruited in the presence of
exosomes was about 2-fold compared with that without
exosomes. In bone tissue regeneration, the essential roles of
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MSCs are well recognized.6 Therefore, the effect of exosomes
on MSC recruitment may be one mechanism for the improved
bone regeneration in critical-sized calvarial defects. The
promoting effect of the 2 day osteogenically induced hASC-
exosomes on the osteogenic differentiation of host MSCs in
vivo was corroborated by the significantly higher number of
RUNX2- and OCN-positive cells (Figure 7E,F), which is
consistent with the previous studies.45 Collectively, these results
largely satisfy the conditions of successful tissue engineering
bone and can be applied for enhanced bone regeneration.
There still existed some limitations about our study. First, the

evaluation of bone formation in vivo could be performed at
additional time points. Second, the mechanism behind the
exosomes’ effect is not clearly defined and needed further
exploration on the basis of our current study.

■ CONCLUSIONS
Exosomes derived from hASCs enhance the migration,
proliferation, and osteogenic differentiation of hBMSCs in
vitro, and the cell-free bone tissue engineering system
combining PLGA/pDA scaffolds with exosomes promotes
bone regeneration in mouse critical-sized calvarial defects.
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