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Abstract. In the field of orthopedics, defects in large bones 
have proven challenging to resolve. The aim of the present 
study was to address this problem through the combination 
of tantalum metal (pTa) with exosomes derived from bone 
marrow mesenchymal stem cells (BMSCs), which have the 
potential to enhance regeneration of full thickness femoral 
bone defects in rats. Cell culture results demonstrated that 
exosomes improved the proliferation and differentiation of 
BMSCs. Following establishment of a supracondylar femoral 
bone defect, exosomes and pTa were implanted into the defect 
area. Results demonstrated that pTa acts as a core scaffold for 
cell adhesion and exhibits good biocompatibility. Moreover, 
micro‑CT scan results as well as histological examination 
demonstrated that pTa had a significant effect on osteogenesis, 
with the addition of exosomes further promoting bone tissue 
regeneration and repair. In conclusion, this novel composite 
scaffold can effectively promote bone regeneration in large 
bone defect areas, providing a new approach for the treatment 
of large bone defects.

Introduction

Bone lesions due to trauma, inflammation and cancer are 
common in orthopedics (1,2). Currently, there are numerous 
methods for repairing bone defects, including bone grafting, 
membrane guided tissue regeneration and gene therapy. 
However, the efficacy of these methods for repairing bone 

defects is not satisfactory and the clinical outcomes when these 
methods are used, are not adequate to solve these problems in 
the clinic (3‑7). Tissue engineering is a process based on prin‑
ciples and technologies from cell biology and material science 
that allows scientists to fabricate a biomaterial complex, which 
is used to repair a specific tissue or organ (8,9). It was reported 
that biological materials could be integrated with target cells 
or growth factors in the lab or clinic with the potential to 
induce bone growth (10). Thus, this process makes it possible 
to provide an effective approach for the treatment of large 
bone lesion in orthopedics.

Porous Tantalum (pTa) is a promising material for bone 
regeneration due to its excellent biocompatibility, osteocon‑
ductive and osseointegration properties (11,12). It has been 
reported that pTa has the potential to promote osteogenic 
differentiation of human bone marrow mesenchymal stem 
cells (BMSCs) and is beneficial for the attachment, growth 
and differentiation of human osteoblasts (13). Moreover, pTa 
has been reported to promote revascularization of areas of the 
femoral head which contain avascular necrosis, promoting 
cell proliferation and improving the osteogenic ability of 
osteoblasts (14).

BMSCs are known as seed cells in bone tissue engineering 
because of their excellent self‑renewal and differentiation 
potential, as well as their ability to induce osteogenesis in 
in vitro settings (15). However, risks such as immune rejec‑
tion, thrombosis, tumor formation and excessive proliferation, 
limits their clinical application (16‑18). Exosomes are endo‑
some‑derived membrane nanovesicles with a diameter of 
40‑100 nm and have recently been reported to serve crucial 
roles in mediating intercellular communication with proteins, 
lipids, and genetic material such as mRNA and microRNA 
(miRNA) (19,20). Furthermore, exosomes are characterized 
by low immunogenicity, and excellent biocompatibility and 
biodegradability. It was previously reported that exosomes 
have become the preferred activator for bone repair and recon‑
struction (21). Critical‑size bone defects are characterized as 
bone injuries or defects that exceed a particular size threshold, 
impeding the body's natural healing mechanisms and neces‑
sitating external intervention for proper bone regeneration, 
previous studies have demonstrated that exosomes secreted by 
BMSCs promote bone regeneration in a model of critical‑size 
bone defects (22‑25).

Combination therapy with BMSCs‑exosomes and porous 
tantalum for the repair of femur supracondylar defects
FAN YANG1,2*,  MINGJIAN WU1*,  HAOJIE CHEN1,  SHENGLI MA1,  JIAHE LIU1,  cHenZHi li1,  

YANCHENG LI1,  JIAHUI YANG1,  BAOYI LIU1,2  and  DEWEI ZHAO1,2

1Department of Orthopedics; 2Postdoctoral Workstation, The Affiliated Zhongshan Hospital of Dalian University,  
Dalian, Liaoning 116001, P.R. China

Received October 8, 2022;  Accepted April 4, 2023

DOI: 10.3892/mmr.2023.13017

Correspondence to: Dr Baoyi Liu or Professor Dewei Zhao, 
Department of Orthopedics, The Affiliated Zhongshan Hospital 
of Dalian University, 6 Jiefang Street, Dalian, Liaoning 116001, 
P.R. China
E‑mail: liubaoyi‑513@163.com
E‑mail: zhaodewei2016@163.com

*Contributed equally

Key words: porous tantalum, bone marrow mesenchymal stem 
cells, exosomes, bone defect, bone regeneration

https://www.spandidos-publications.com/10.3892/mmr.2023.13017


YANG et al:  COMBINATION OF EXOSOMES AND POROUS TANTALUM FOR REPAIR OF BONE DEFECTS2

The aim of the present study was to evaluate the effects 
of exosomes for improving osteogenic differentiation and cell 
proliferation. Moreover, in vivo pTa scaffolds combined with 
exosomes extracted from BMSCs were implanted into the 
defected regions of distal full thickness femurs in rats to assess 
the effect of exosomes in bone defect repair in combination 
with pTa.

Materials and methods

Ethics and animals. A total of 54 healthy male, specific 
pathogen‑free (SPF) Sprague‑Dawley (SD) rats (age, 6 weeks; 
weight 400‑450 g) were used in the present study. They were 
purchased from the Animal Experiment Center at Dalian 
Medical University. The conditions under which the rats were 
housed during the experiment were as follows: temperature of 
18‑26˚C, relative humidity maintained at 40‑70%, 12 h light/dark 
cycle, a feeding regimen with adherence to standardized formula 
feed, and provision of sterile and clean feed and drinking water. 
The animal experiments were all performed under the standards 
of the Animal Ethics Committee of The Affiliated Zhongshan 
Hospital of Dalian University (approval no. 201612009).

Isolation and culture of BMSCs. A total of 6 of the aforemen‑
tioned rats were anesthetized with 1% pentobarbital sodium 
injected intraperitoneally (40 mg/kg) and the rats were then 
euthanized by dislocation of the spine. Bone marrow was 
subsequently harvested via gentle puncture to the tibia and 
femur. The total bone marrow samples were combined 
(~8.0 ml) and resuspended in H‑DMEM (Invitrogen; Thermo 
Fisher Scientific, Inc.) and supplemented with 10% fetal 
bovine serum (FBS; Invitrogen; Thermo Fisher Scientific, 
Inc.), 100 UI/ml penicillin (Invitrogen; Thermo Fisher 
Scientific, Inc.) and 100 µg/ml streptomycin (Invitrogen; 
Thermo Fisher Scientific, Inc.). Cells were subsequently plated 
on cell culture plates for use in the studies. The cells were kept 
in humidified incubators at 37˚C and 5% CO2. Cultures were 
rinsed with PBS (Biological Industries) after 2 days to remove 
nonadherent cells and fresh growth media was added. After 
10‑12 days, the cells reached ~80% confluence and were used 
in subsequent experimental studies. Growth and proliferation 
of BMSCs were observed using a CKX53 light microscope 
(Olympus Corporation).

Flow cytometry analysis of BMSCs. Flow cytometry was 
performed on BMSCs collected from the third passage of 
cell culture. Cells were washed with PBS at room tempera‑
ture and subsequently suspended in 4% paraformaldehyde 
(Sigma‑Aldrich; Merck KGaA) for 15 min. The supernatant 
was divided equally into five test tubes then incubated with 
cluster of differentiation (CD)29‑FITC (1:100; cat. no. 561796; 
BD Pharmingen; BD Biosciences), CD34‑FITC (1:200; 
cat. no. ab78165; Abcam), CD44‑FITC (1:100; cat. no. 203906; 
BioLegend, Inc.), CD45‑FITC (1:200; cat. no. ab33916; 
Abcam) or CD90‑FITC (1:100; cat. no. 206105; BioLegend, 
Inc.) antibodies overnight at 4˚C. After cells were washed 
and resuspended in PBS, cell fluorescence was analyzed 
using a FACS Calibur flow cytometer (Becton, Dickinson 
and Company), and the data acquisition and analysis was 
performed with CytExpert (v2.4; Beckman Coulter, Inc.).

Assessment of the induction of differentiation ability of 
BMSCs. BMSCs (1x108/ml) from the fourth cell passage 
were collected and seeded in two 6‑well plates. Adipogenic 
differentiation was induced using H‑DMEN containing 
adipogenic inducer [20% FBS (Invitrogen; Thermo Fisher 
Scientific, Inc.), 5 µg/ml insulin (Sigma‑Aldrich; Merck 
KGaA), 50 µM indomethacin (Sigma‑Aldrich; Merck KGaA), 
1 µM dexamethasone, 0.5 µM glutamine, 100 U/ml penicillin 
(Beyotime Institute of Biotechnology) and 100 µg/ml strep‑
tomycin (Beyotime Institute of Biotechnology)]. Cells were 
cultured at 37˚C and 5% CO2, culture medium was changed 
every 2 or 3 days, and adipogenic induction was performed 
for 21 days in total. Then the cells were fixed in 10% formalin 
at room temperature for 20 min before oil red O staining to 
assess lipid deposition using modified oil red O staining kit 
(no. C0158S, Beyotime Institute of Biotechnology) for 15 min 
at room temperature. Osteogenic differentiation was induced 
using H‑DMEN supplemented with osteogenic inducer [20% 
FBS (Invitrogen; Thermo Fisher Scientific, Inc.), 20 mM 
β‑phosphate glycerol (Sigma‑Aldrich; Merck KGaA), 1 nM 
dexamethasone, 50 ng/ml Thyroxine (Sigma‑Aldrich; Merck 
KGaA), 0.5 µM Ascorbate 2‑phosphate (Sigma‑Aldrich; 
Merck KGaA), 12 mM glutamine, 100 U/ml penicillin and 
100 µg/ml streptomycin]. Cells were cultured at 37˚C and 
5% CO2, culture medium was changed every 2 or 3 days, and 
osteogenic induction was performed for 21 days in total. To 
qualitatively evaluate intracellular alkaline phosphatase (ALP) 
activity, cells were fixed with 10% formalin for 20 min at room 
temperature, and stained with BCIP/NBT ALP color develop‑
ment kit (no. C3206, Beyotime Institute of Biotechnology) and 
incubated in the dark for 20 min at room temperature. The 
BCIP/NBT staining working solution was prepared by adding 
3 ml ALP chromogenic buffer, 10 µl BCIP solution, 20 µl NBT 
solution according to the manufacturer's instructions.

Isolation and purification of exosomes. The present study 
utilized size exclusion chromatography (SEC) to isolate 
and concentrate exosomes, which is considered one of the 
optimal methods for separating and purifying exosomes from 
samples (26). The following procedures were performed 
according to the manufacturer's instructions for the SuperEV 
1.0 kit (Runji Biotechnology Co., Ltd.). Briefly, BMSCs 
were cultured and the supernatant (1 ml) was centrifuged 
at 3,000 x g at 4˚C for 10 min to remove cells or cell debris. The 
resulting supernatant was transferred to the top of a sieve plate 
and a 15 ml centrifuge tube was used to collect the filtrate. 
After the sample was completely transferred to the sieve plate, 
7 ml of PBS was added. The first fraction (~8 ml), which did 
not contain extracellular vesicles, was collected. The washing 
step was repeated with 1 ml of PBS each time until no liquid 
flowed out of the outlet, and each fraction was collected in 
1 ml volumes. The extracellular vesicles were mainly concen‑
trated in fractions 2‑4, with a total volume of ~3 ml. The 
purification process of extracellular vesicles was performed 
as follows: the aforementioned fractions (~3 ml) were mixed 
with 0.3 ml binding buffer in a centrifuge tube. After thor‑
ough mixing by inversion, 200 µl of binding resin was added, 
and the mixture was inverted and mixed for 15 min at room 
temperature, followed by centrifugation at 1,500 x g at room 
temperature for 3 min. Then, 0.5 ml of the supernatant was 
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aspirated with a pipette, the resin was gently blown up, and 
the entire supernatant was transferred to a purification column 
in an equipped collection tube. The column was allowed to 
stand for 2 min and then centrifuged at 3,000 x g at room 
temperature for 2 min. The filtrate and collection tube were 
discarded, and the purification column was placed in a 1.5 ml 
centrifuge tube. A total of 200 µl of elution buffer was added 
to the column, and it was allowed to stand for 5 min. The 
column was then centrifuged at 500 x g at room temperature 
for 2 min, and the filtrate was added back to the column. The 
column was allowed to stand for 2 min, and then centrifuged 
at 500 x g at room temperature for 2 min. Finally, the column 
was centrifuged at 3,000 x g at room temperature for 2 min, 
and the resulting filtrate contained the concentrated exosomes. 
The extracted exosomes were directly used in subsequent 
experiments or stored at 2‑8˚C for one week.

Characterization of exosomes. Using a micropipette, 20 µl of 
the prepared exosome suspension was deposited onto a copper 
grid, allowing for spontaneous adsorption over a duration of 
10 min. Subsequently, surplus liquid droplets were removed 
using filter paper. Next, 20 µl of 2% phosphotungstic acid 
solution (Structure Probe, Inc.) was deposited onto the copper 
grid, and allowed to rest for 5 min. After which excess liquid 
droplets were removed using filter paper and grids were left to 
air dry thoroughly. Transmission electron microscopy (TEM; 
H7650; Hitachi, Ltd) was then performed at 80 kV to capture 
images.

Diluted samples (1,000 fold) in PBS were analyzed to 
assess the size of the exosomes using zeta view nanoparticle 
tracking analyzer (version, PMX110; Particle Metrix GmbH), 
which was calibrated using polystyrene microspheres.

Extracted exosomes were lysed in RIRF‑PMSF buffer 
(Beyotime Institute of Biotechnology) and quantified using 
a BCA protein kit. Western blot was performed on these 
lysed extracts. After the 10% SDS‑PAGE separation gel was 
prepared, a total of 20 µl of sample (1 mg/µl) was loaded into 
each well of the gel, and the gel was electrophoresed at 60 v for 
30 min for the upper layer and 110 v for 120 min for the lower 
layer. Bands were transferred to a PVDF membrane. Next 
the membrane was cut and blocked with 5% skimmed milk 
(0.75 g milk powder + 15 ml PBS) at 37˚C for 1 h. The blocked 
membrane was washed with PBS‑T (1,000 ml 1xPBS + 1 ml 
Tween‑20), and then incubated with primary antibodies against 
TSG101 (1:1,000; cat. no. 28283‑1‑AP; Proteintech Group, Inc.), 
CD9 (1:1,000; cat. no. 20597‑1‑AP; Proteintech Group, Inc.), 
HSP70 (1:3,000; cat. no. 10995‑1‑AP; Proteintech Group, Inc.), 
and GAPDH (1:10,000; cat. no. 60004‑1‑Ig; Proteintech Group, 
Inc) overnight at 4˚C. The membrane was washed with PBST 
and then incubated with Goat anti‑rabbit IgG (H+L)‑HRP 
secondary antibodies (1:5,000; cat. no. 111‑035‑003; Jackson 
ImmunoResearch Laboratories, Inc.) at 37˚C for 1 h. The 
control group received the same treatment. The protein band 
images were obtained by exposing the membrane to ECL 
ultra‑sensitive luminescence reagent (Beyotime Institute of 
Biotechnology) and imaged using a gel imaging system.

Differentiation and proliferation of BMSCs in vitro. BMSCs 
(1x108/l) at cell passages 4 and 5 were collected and inoculated 
on 6‑well cell culture plates. Each group of cells was treated 

as indicated in Table I. The concentration gradient set for 
exosomes in the partial group and total exosome group was 
50 and 100%, respectively, based on previous reports (22,23), 
in order to evaluate whether exosome activity was related to 
the concentration. A total of 2.5 ml of osteogenesis inducer 
(prepared according to the aforementioned method) was added 
to each group once every 3 days over a 21 day period. Culture 
fluid was discarded from each sample and samples were fixed 
in 10% paraformaldehyde for 20 min at room temperature and 
stained for 20 min at room temperature using an alizarin red S 
staining kit for osteogenesis (no.  C0148S, Beyotime Institute 
of Biotechnology) and BCIP/NBT ALP color development kit. 
Samples were washed with PBS and examined under a light 
microscope for cell staining. Induced osteoblasts were cultured 
in L‑DMEM complete medium at 37˚C and 5% CO2 (Gibco; 
Thermo Fisher Scientific, Inc.) and the cell culture media was 
changed once every 3 days. Osteoblasts in passage 4 were 
seeded into 96‑well plates (200 µl/well) at a concentration of 
1x104/ml. Each sample was divided into 3 groups as follows: 
i) PBS (100 µl); ii) PBS (75 µl) + BMSCs‑exosome suspension 
(25 µl); and iii) PBS (50 µl) + BMSCs‑exosome suspen‑
sion (50 µl), and incubated overnight with 5% CO2 at 37˚C. 
Microscopy was used to assess cell adherence after which 
20 µl of CCK‑8 reagent (Corning, Inc.) was added to cells. 
After 4 h, the absorbance value of each well was measured at a 
wavelength of 450 nm using a Multiskan SkyHigh microplate 
analyzer (Thermo Fisher Scientific, Inc.). This experiment 
was repeated in triplicate and the average value including 
standard error were recorded as the final result. Furthermore, 
the column diagram of the cell proliferation rates was drawn 
as an abscissa using proliferation rates as vertical coordinates.

Generation of a three‑dimensional pTa scaffold. pTa materials 
were provided by the Orthopedics Laboratory at The Affiliated 
Zhongshan Hospital of Dalian University (China). pTa metal 
was machine‑cut into flat cylinders with a diameter of 3 mm 
and a height of 2 mm, based on the intended shape and size of 
the bone defect area in the animal model. Ultrasonic cleaning 
of the modules was performed twice in anhydrous acetone, 
70% ethanol and distilled water for 20 min each. Subsequently, 
they were sterilized using high pressure steam and dried before 
further use. Scanning electron microscopy (SEM) was used to 
view the pTa modules after being treated with ion sputtering 
using a gold spray apparatus.

Surgical procedure for in vivo studies. A total of 48 of the 
aforementioned healthy male SPF SD rats were randomly 
divided into 4 groups (n=12), the age of which were the same 
as those in the aforementioned in vitro studies section. The 

Table Ⅰ. Experimental grouping for assessment of the promo‑
tion of osteogenesis by exosomes in vitro.

Group PBS (µl) Exosomes suspension (µl)

Control 40 0
Partial exosomes 20 20
Total exosomes 0 40
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treatment of each group was presented in Table II. Anesthesia 
was delivered via intraperitoneal injection with 1% pentobar‑
bital sodium at 40 mg/kg. The dorsal surgical sites of each rat 
were disinfected with iodophor solution after administration 
of anesthesia. A longitudinal incision ~1.5 cm in length was 
made in the anterior midline of the right knee joint. The joint 
was flexed and the patella was laterally distended to expose 
the inclined surface of the femoral condyle metaphyseal. A 
drill with diameter of 2 mm was used to drill vertically 3 mm 
above femoral condyle to reach the medullary bone and moved 
horizontally 3 mm leaving a cavity 2 mm wide, 3 mm in length 
and 2  mm in height, as indicated in Fig. 1A. Then, appro‑
priate modifications were made at the site according to the 
experiment scheme and treatment group (Table II). Negative 
control (NC) group rats contained surgically drilled cavities 
without implantation of material. After bones cavities of the 
exosome group of rats were rinsed and cleaned, 0.02 ml of 
BMSCs‑exosome suspension was dropped into the cavities of 
the exosomes (Exo) group. A pTa metal module was implanted 
in the bone cavities of rats in the pTa (PT) group. A total of 
0.02 ml of BMSCs‑exosome suspension was dropped onto the 
tantalum block using a sterile injection syringe (Fig. 1B). After 
the exosome suspension completely penetrated the pTa pores 
by standing for 20 min after dropping, they were implanted 
into the bone cavities of the pTa integrated with exosomes 
(PE) group. The incisions were sutured and the start date of 
the experiment was noted. In order to protect the experimental 
animals from unnecessary pain, humane endpoints were 
included in the study design, briefly: The experiment must be 
stopped immediately if the animals experienced unbearable 
pain or suffering, were subjected to inappropriate housing 
conditions, if the scientific purpose of the experiment was not 
fulfilled, if the animals were not adequately protected and 
cared for, or if the experiment posed serious ethical issues such 
as lack of sufficient approval from an animal ethics committee.

Imaging evaluation. Rats were sacrificed via cervical disloca‑
tion at 4, 8 and 12 weeks post‑operation after intraperitoneal 
injection of 1% pentobarbital sodium at a dose of 40 mg/kg, 
4 rats in each group were sacraficed at each time point. Right 
femur samples were collected and fixed using 10% paraformal‑
dehyde for 48 h at room temperature. micro‑CT scans (Siemens 
AG) were performed and visual analysis. The scanning 
scheme was 80 kV and 500 A with a pixel size set at 28.21 µm. 
Images and CT scan gray values were analyzed to evaluate 
bone healing for each group. Visual data were collected and 

reconstructed using Inveon Acquisition Workplace (v4.7, 
Siemens AG) and Inveon Research Workplace software (v4.1, 
Siemens AG).

Histomorphology. Specimens scanned via micro‑CT were 
removed from the 10% paraformaldehyde solution and 
dehydrated using an increasing concentration alcohol series. 
Specimens were embedded in methyl methacrylate resin for 
tissue slicing. Sections (10 µm) were prepared from different 
sites in the bone for analysis using Gieson staining, which 
was performed as follows: Tissue sections were immersed in 
formic acid for 3 min and subsequently methanol for 2 h at 
room temperature. Tissues were washed with deionized water 
and incubated with methylene blue (Sigma‑Aldrich; Merck 
KGaA) at 60˚C for 5 min. Tissue slices were washed with 
deionized water 3 times and subsequently stained with picric 
acid‑magenta solution (Sigma‑Aldrich; Merck KGaA) for 
15 min at room temperature. Slides were washed with anhy‑
drous ethanol and observed under x4 and x10 magnifications 
using a CKX53 inverted microscope.

Statistical analysis. All data were statistically analyzed 
using SPSS 22.0 software (IBM Corp), with quantitative data 
presented as mean ± standard deviation. Multiple compari‑
sons were performed using one‑way ANOVA followed by 
LSD/SNK analyses to determine the statistical significance 
between each group. P<0.05 was considered to indicate a 
statistically significant difference.

Table Ⅱ. Experimental grouping of the in vivo experiment.

   Quantity of
Group Abbreviation Treatments exosomes (µl)

Control NC Full‑thickness bone defect 0
pTa PT Full‑thickness bone defect with pTa implantation 0
Exosomes Exo Full‑thickness bone defect with exosomes 20
pTa integrated with exosomes PE Full‑thickness bone defect with pTa integrated with exosomes 20

pTa, tantalum metal.

Figure 1. Schematic diagram of modeling zone and pTa loading exosomes. 
(A) Schematic image of the full‑thickness bone defect model preparation. 
(B) Exosomes were loaded in a porous tantalum metal module.
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Results

Characteristics of BMSCs. BMSCs seeded in fresh, complete 
culture medium were observed using an inverted microscope. 
Representative histological images of day 7 and day 14 were 
presented in Fig. 2A and B, respectively. After 7 days of cell 
culture, cells could be seen adhering to the walls of the culture 

dish and growing with varying rod‑like or spindle‑shaped 
appearances. After 14 days of cell culture, cells could be seen 
growing well with a uniform distribution and a single spindle or 
spindle‑like shape. Flow cytometry was used to assess antigen 
surface markers and BMSCs. The cells isolated from bone 
marrow were demonstrated to express CD29, CD44 and CD90 
at high levels, whereas minimal expression was demonstrated 

Figure 2. Identification of BMSCs. Morphological images (x100 magnification) of BMSCs cultured continuously for (A) 7 and (B) 14 days. BMSCs at 4 
passages were positive for (C) oil red O staining (x200 magnification) and (D) ALP staining (x400 magnification) after 3 weeks of osteogenesis induction. 
(E) BMSCs surface markers expressed CD29, CD44 and CD90, and were negative for hematopoietic cell surface antigen markers CD34 and CD45.

https://www.spandidos-publications.com/10.3892/mmr.2023.13017


YANG et al:  COMBINATION OF EXOSOMES AND POROUS TANTALUM FOR REPAIR OF BONE DEFECTS6

for CD34 and CD45 markers (Fig. 2E). These results suggested 
that cells extracted from bone marrow consisted of primarily 
BMSCs (27,28). The multipotent differentiation capacity of 
the extracted BMSCs was assessed by monitoring the lipid 
droplets and ALP deposition after adipogenic and osteogenic 
induction, without conducting baseline assessments. After 
21 days of adipogenesis induction, red‑stained lipid droplets 
were observed deposited inside the cells following Oil Red 
O staining (Fig. 2C). Furthermore, it was observed that cells 
extracted from bone marrow expressed ALP after osteogenic 

induction for 21 days (Fig. 2D). The staining results indicated 
that the cells isolated during the bone marrow studies poten‑
tially had the capacity for differentiation.

Identification of BSMC‑exosomes. Exosomes were charac‑
terized using TEM to determine size and structure, which 
indicated that their structure was a cup‑shaped phospholipid 
bilayer 40‑100 nm in diameter (Fig. 3A and B). Size distri‑
bution of the exosomes was determined using nanoparticle 
tracking analysis (NTA). The concentration of the exosomes 

Figure 3. Identification of exosomes and their biological activity identification. (A and B) The general morphology of isolated exosomes was assessed using 
transmission electron microscopy. (C) The size distribution of exosome particles was assessed using nanoparticle tracking analysis. (D) Western blotting was 
used to assess the presence of the positive exosomal markers CD9, HSP70 and TSG101. (E) Alizarin red (x100 magnification) and ALP (x400 magnification) 
staining of BMSCs after treatment with exosomes and culture for 21 days. (F) Quantification of cell proliferation using the OD value of CCK‑8. aP<0.05 
compared vs. 100 µl PBS; bP<0.05 vs. 75 µl PBS + 25 µl Exo. ALP, alkaline phosphatase; Exo, BMSCs exosome suspension.
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was assessed to be 6.0x1010/ml, with a mode size of 142.2 nm 
(Fig. 3C). Western blotting results indicated that proteins 
extracted from these exosomes expressed traditional exosome 
markers, such as CD9, HSP70 and TSG101 (Fig. 3D). Taken 
collectively, these data suggested successful isolation of 
BMSCs‑exosomes from the bone marrow cells.

Promotion of BMSCs‑exosomes in differentiation and 
proliferation. Primary BMSCs were cultured with osteo‑
genic inducer for 21 days, after which Alizarin red and 
ALP staining of samples was used to determine if exosome 
treatment could promote BMSCs differentiation (Fig. 3E). 
Cells cultured with 40 µl of BMSCs‑exosomes demonstrated 
robust staining, which suggested calcium nodule formation 
enhancement. Samples cultured with exosomes demonstrated 
an overall higher degree of staining compared with the 
control group. Cells cultured with exosomes demonstrated 
a significantly higher‑level of ALP activity compared with 
the control group. Moreover, it was demonstrated that cells 
treated with BMSCs‑exosomes (40 µl) demonstrated signifi‑
cantly higher levels of cell death compared with the cells 
treated with the PBS (20 µl) and BMSCs‑exosome (20 µl) 
mixture. These data further indicated an association between 
the amount of exosomes and ALP activity in BMSCs after 
osteogenic induction. Calcium nodule formation and high 
ALP activity in cells treated with high levels of exosomes 
further indicated their role in osteogenic differentiation.

To evaluate if BMSCs‑exosomes had the potential to 
enhance BMSCs proliferation, the CCK‑8 assay was used 
to evaluate the OD value for each cell culture sample after 
passage 4, which reflected indirectly, the extent of cell prolif‑
eration. A positive association between the proliferation of 
BMSCs and concentration of exosomes was demonstrated 
(Fig. 3F). Cell cultures containing exosomes promoted 
higher proliferation of BMSCs than controls containing no 
exosomes. Furthermore, the OD value for each cell culture 
increased as the number of exosomes added to the medium 
increased. The data presented were representative of tripli‑
cate experiments for all groups. These results indicated that 
exosome treatment not only promoted BMSCs proliferation, 
but also had the potential to accelerate this process at higher 
doses.

Characteristics of pTa. The pTa module used in the present 
study was flat and cylinder‑shaped, approximately 3 mm in 
diameter (Fig. 4A) and 2 mm in height (Fig. 4B). The surface 
was comprised of interlinked three‑dimensional honeycomb 
pores. The surface structures of pTa were imaged using SEM 
(Fig. 4C). SEM results showed that the internal micropores 
of pTa were cross‑linked with each other, with pore gaps of 
~500 µm and a pore size of ~80%.

Bone cavity repair assessment. Micro‑CT scans were used 
to observe the osteogenic effect associated with the scaffold 
at 4, 8 and 12 weeks post‑surgery (Fig. 5A). At 4 weeks, no 
marked increase in osteogenic activity was demonstrated in 
the NC group, with a small amount of bone callus formed; 
however, the bone cavity was still clearly visible. It should be 
noted that markedly more regenerative growth was demon‑
strated in the PE group compared with NC, Exo groups. 

At 8 weeks, new bone was beginning to form in all samples 
compared with week 4. Only minimal cell growth was 
observed in the NC and Exo groups, whereas markedly more 
growth was observed in the PT group containing scaffolds; 
however, this growth was markedly less than that of the PE 
treated group. At 12 weeks, the bone cavity in the NC group 
was filled; however, the micro‑CT demonstrated low bone 
density compared with the control group, as well as a lack of 
contact with the scaffold. There was no marked difference 
demonstrated between the NC and Exo groups. The bone 
density of new bone around the implant material in the PT 
group was close to the control group; however, there was still 
as small gap between the new bone and the implant. In the 
PE treated group, the newly formed bone around the implant 
was similar to natural bone, which suggested that bone 
growth was stimulated with the pTa scaffold and exosomes 
compared with the other groups. Based on the micro‑CT 
scans, a column diagram of the volume fraction of new bone 
at different time points was constructed (Fig. 5B). The Pe 
group had a better osteogenic value at 4, 8 and 12 weeks 
compared with the other groups during the same period, 
which indicated better bone repair due to the combined pTa 
scaffold and exosome treatment.

Histological images of Gieson staining of each bone 
cavity at 12 weeks post‑surgery presented bones from 
the NC group which contained few and scattered new bone 
trabeculae surrounding blue‑stained fibrous tissues at the 
edge of each cavity (Fig. 6A and B). In contrast, the amount 
of newly formed bone was evident in bone treated with 
exosomes (Fig. 6C and D). These bones contained a more 
compact fiber structure than the other groups. However, it 
should be noted that in both the NC and Exo groups, there 
were large areas containing fibrous connective tissue. 
Implants in the PT and PE groups were observed to be 

Figure 4. Characterization of the pTa module. Morphological measurement of 
the (A) diameter and (B) height of the porous tantalum modules. (C) Internal 
microstructure of porous tantalum module was assessed using.
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compatible with bone tissue and remained in appropriate 
positions (Fig. 6E and G). Most importantly, the PT and PE 
groups contained a higher amount of calcium salt deposi‑
tion, high levels of cartilage formation and high levels of 
osteoblasts (Fig. 6F and H). New bone mass and maturity 
gradually increased at the interface and inside the inner 
pores of the scaffold in the PT and PE groups, which indi‑
cated the biocompatibility and osteogenic ability of pTa. 

Notably, there was a visible seam between the scaffold and 
adjacent bone in PT group while the interface between the 
bone tissue and pTa was more uniform and smooth in the 
PE group, which indicated that the bone integration of pTa 
was further enhanced after being combined with exosomes 
(Fig. 6E‑H). These results demonstrated that pTa combined 
with exosomes had the potential to accelerate the formation 
of new bone at 12 weeks post‑implantation.

Figure 5. Imaging assessment of bone regeneration in defect sites. (A) Micro‑CT images of the supracondylar femur of rats at 4, 8 and 12 weeks after surgery. 
(B) New bone volume fraction in each group at 4, 8 and 12 weeks postoperatively. aP<0.05 vs. NC; bP<0.05 vs. Exo; cP<0.05 vs. PT. pTa, tantalum metal; NC, no 
treatment control group; Exo, treated with exosomes; PT, treated with pTa; PE, treated with combined pTa and exosomes; BV/TV, bone volume/tissue volume.
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Discussion

Challenges to large bone defect repair include high inci‑
dence rate, requirement for a long course of treatment and 
difficulties, such as physical disability, promoted by deep 
lesions (29). Exosomes have great potential in the field of 
bone defect repair due to properties, such as promotion of 
tissue repair and angiogenesis, improvement of the local 
cell microenvironment and low immunogenicity (3,25,30). 
Wang et al (31) recently reported that BMSCs‑exosomes 
immobilized on a titanium (Ti) surface had the potential to 
enhance BMSCs adhesion and proliferation, and upregulate 

stromal cell‑derived factor gene expression. Exosomes 
have the potential to be designed for drug delivery based to 
their properties in order to increase efficacy. Liu et al (32) 
recently reported that exosomes derived from bacteria have 
the potential to be bioactive nanocarriers for drug delivery 
to damaged bones. BMSCs‑exosomes have been reported 
to serve a role in BMSCs paracrine signaling, specifically 
in the bone tissue repair process, which indicated a protec‑
tive effect (25). However, the mechanism of how exosomes 
influence BMSCs is still unclear. A recent study reported 
that exosomes secreted by BMSCs contain miRNAs 
related to osteogenesis, which may be partly responsible for 
inducing osteogenic differentiation of receptor BMSCs (33). 
Zhang et al (28) reported that BMSCs‑exosomes have the 
potential to promote osteogenic differentiation through the 
activation of the BMP‑2/Smad1/RUNX2 signaling pathway, 
which may be one of the underlying mechanisms in bone 
fracture healing. The present study demonstrated that as 
the concentration of the BMSCs‑exosomes increased, so did 
calcium nodule deposition as shown through Alizarin red and 
ALP staining (Fig. 3E). Furthermore, alkaline phosphatase 
activity was demonstrated to be increased and cell prolifera‑
tion to be accelerated. Thus, it could be hypothesized that 
BMSCs‑exosomes serve an important role in improving the 
proliferation and differentiation of BMSCs. Researchers have 
previously generated certain engineered exosomes through 
modification, to obtain more efficient and accurate therapeutic 
effects (34). Hu et al (35) constructed engineered exosomes 
from NIH‑3T3 cells that highly expressed a C‑X‑C motif 
chemokine receptor 4 and combined them with liposomes 
carrying antiagmir‑188, which would allow for targeted 
drug released and promotion of the osteogenesis of bone 
marrow stromal cells, as well as inhibition of fat production. 
Lin et al (36) constructed a specific gene‑activated exosome 
that could effectively modulate the gene release of vascular 
endothelial growth factor 165, as well as serve a role in 
enhancing therapy for vascular bone regeneration.

Bone tissue engineering typically requires bioactive mate‑
rials for mechanical support and loading of bioactive factors. 
Swanson et al recently reported the loading of exosomes on 
poly(lactic‑co‑glycolic acid) and poly(ethylene glycol) triblock 
copolymer microspheres and incorporated them into a nano‑
fiber poly(l‑lactic acid) scaffold, which allowed for the local and 
controlled release of exosomes into the tissue, which protected 
their bioactivity (37). Furthermore, Ma et al (38) reported that 
bioactive factors loaded on pTa had slow‑release properties 
that promote osteogenesis. In the present study, exosomes were 
loaded on pTa scaffolds and implanted into the bone defect to 
evaluate if they served a synergistic role in the promotion of 
bone regeneration. The data indicated that from 4 to 8 weeks 
post‑surgery the rate of new bone growth was much lower in 
the EXO group compared with PT and PE groups, this could 
be because the BMSCs‑exosomes were rendered inoperable 
once applied to bone defects, which lead to ineffective drug 
delivery to the area. Furthermore, the volume fraction of new 
bone in the PE group was significantly higher than in the other 
groups, with bone growth higher than that of the PT group 
4‑8 weeks post‑surgery. This suggested that pTa was able to 
effectively prevent degradation or inactivation of exosomes 
resulting in more efficient bone regeneration. Nevertheless, the 

Figure 6. Histological assessment of bone regeneration in defect sites. 
Representative histological sections in each group at 12 weeks after surgery. 
(A and B) NC group: The defect area is empty with few bone trabeculae at 
the edges. (C and D) Exo Group: The defect area is filled with newly formed 
bone trabeculae and a large amount of fibrous tissue. (E and F) PT Group: 
The pTa is well integrated with the defect area. (G and H) PE Group: The pTa 
is excellently integrated with the defect area, and the surrounding new bone 
tissue has grown into the hole. Scale bar=200 µm. pTa, tantalum metal; NC, 
no treatment control group; Exo, treated with exosomes; PT, treated with pTa; 
PE, treated with combined pTa and exosomes; BV/TV, bone volume/tissue 
volume.
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release curve of the exosomes was not assessed in the present 
study and remains to be elucidated.

Many materials have been reported to show promise in the 
promotion of bone regeneration in animal models (39,40). For 
example, titanium (Ti) is a common metal implant material, 
which was has been reported to promote cell adhesion, prolif‑
eration and bone tissue regeneration, and is widely used in clinic 
practice (41). However, the intrinsic properties of Ta affords 
greater biocompatibility for BMSCs and improves overall 
osteogenesis compared with Ti (42‑44). Thus, the present 
study used Ti as the carrier of choice to repair bone defects 
in the models used. Previous studies have reported excellent 
biocompatibility, bone growth and sufficient mechanical 
strength using pTa (45,46). Zhao et al (14,47) used pTa manu‑
factured via 3‑dimensional printing and chemical deposition 
technology to treat femoral head necrosis in the clinic. This 
indicated that pTa not only had the ability to act as an excel‑
lent scaffold, but also to act as a major mediator of osteoblast 
proliferation and growth for bone defects. The results of the 
CT scans in the present study (Fig. 5A) demonstrated mature 
osteocytes around the pTa material resembling normal bone 
tissue 12 weeks post‑operation in the pTa‑exosome treated 
group. Notably, a large amount of the new bone adhered tightly 
to the scaffold without obvious gaps. The results of previous 
reports and the present study both suggest superior biocompat‑
ibility can be achieved with pTa.

pTa has previously been reported to be beneficial for bone 
growth and bone‑implant fixation in in vivo models (43). 
Images of Gieson staining of bone tissue samples 
at 12 weeks post‑surgery were captured for evaluation and 
analysis (Fig. 6). These data demonstrated sparse and scat‑
tered nascent trabeculae formation in the NC group, while 
the exosome and PT groups expressed tightly integrated 
trabeculae, further illustrating the osteoinductive properties 
of BMSCs‑exosomes and pTa. Interestingly, the thickness and 
regularity of nascent bone trabeculae was significantly better 
in the PE group compared with the others, which suggested 
a trend of bone tissue regeneration. In the PE group the new 
bone tissue not only tightly wrapped around the surface 
of the scaffold but also grew into the internal pores, while 
the rest of the pores were occupied by fibrous connective 
tissue, which further improved the stability of the implant. 
The microscopy results were consistent with the micro‑CT 
scans. Based on the above histological and imaging results, 
it is possible to attribute the excellent bone integration and 
regeneration of the PE group to the synergistic effects of 
exosome therapy and pTa.

In summary, all of our studies have demonstrated that 
exosomal therapy combined with pTa can improve bone 
regeneration of femur defects in rats by promoting osteo‑
genesis. However, the relationship between the quantity and 
concentration of exosomes and the amount of newly formed 
bone needs to be investigated more thoroughly in future 
studies.

In conclusion it is known that long‑term preclinical testing 
for decades is required to create engineering scaffolds for 
use in clinical practice. One of the most important factors in 
implantation and cellular therapy is patient safety. Using the 
approach reported in the present study, pTa combined with 
BMSCs‑exosomes had no inhibitory effect on the proliferation 

of BMSCs in vitro and also promoted the adhesion and differ‑
entiation of autologous cells. Furthermore, the in vivo studies 
demonstrated that exosomes and pTa could be leveraged for 
bone regeneration with a high degree of safety, effectiveness 
and simplicity. This work demonstrated the potential for 
significant clinical advancement for the repair of large bone 
defects in the future.
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