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Abstract
Background: In recent years, researchers have found that exosomes, an important component of
intercellular signal transduction and exchange, have great signi�cance in bone tissue repair. In this study,
to further promote the development of oral implants, preliminary in vitro experiments were conducted to
verify the different concentrations of exosomes from bone marrow mesenchymal stem cells (BMSC-exos)
for osteogenesis on the surfaces of titanium sheets.

Methods: In this experiment, rabbit bone marrow mesenchymal stem cells(BMSCs) were seeded on the
surfaces of 10 mm × 10 mm × 1 mm square titanium sheets and were divided into four groups to
investigate their adsorption, proliferation and osteogenesis after treatment with different concentrations
of BMSC-exos: 1. BMSCs + titanium + 0 µg/ml BMSC-exos; 2. BMSCs + titanium + 10 µg/ml BMSC-exos;
3. BMSCs + titanium + 25 µg/ml BMSC-exos; and 4. BMSCs + titanium + 50 µg/ml BMSC-exos.

Results: Compared with the control group, BMSCs’ adsorption, extension, proliferation and osteogenesis
on titanium sheets were signi�cantly increased in the Exosomes group.

Conclusions: Exosomes can promote the bone formation of BMSCs on titanium plates by promoting
adsorption, extension, proliferation, production of alkaline phosphatase(ALP) and type I collagen and
mineralization during the osteogenesis process. 

Background
Bone formation is a key factor in the success of implants. Promoting the bone formation of implants and
bone regeneration around implants is a major problem for researchers. In recent years, bone biomaterials
have been the focus of research on implant osseointegration and osteogenesis induction. The goal is to
improve and promote osteogenesis by increasing the adsorption, proliferation, and osteogenic-related
gene expression of osteogenic cells and osteoblasts on the implant surface.

BMSCs are important for bone formation. Bone formation in the head and face occurs mainly in the form
of intramembranous osteogenesis [1]. BMSCs �rst differentiate into osteoblasts and proliferate and
secrete near the bone surface. Substances such as ALP and type I collagen, under the control of many
cytokines and pathways, induce mature osteoblasts, eventually resulting in the formation of bone cells
embedded in the extracellular matrix (ECM) [2]. Exosomes are small vesicles secreted by almost all cells.
Although they are small in size and have a diameter of approximately 40–100 nm, exosomes play a large
role in various biological functions. Exosomes have become a popular research topic in the medical �eld.
In the circulatory system, exosomes can promote angiogenesis, and bone marrow mesenchymal stem
cells (BMSCs) can secrete exosomes to reduce myocardial is chaemia-reperfusion injury [3]. In the
nervous system, exosomes can promote axonal growth [4], and astrocyte-derived exosomes can secrete
neuroprotective matrices, protect nerve cells, and promote nerve cell proliferation [5]. In the immune
system, exosomes also have an extremely important immunomodulatory effect [6]. Burn GM et al. [7]
found that exosomes also played an important role in embryonic development. Moreover, the role of
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exosomes in bone tissue is quite signi�cant. Before osteoblast differentiation, osteoblast precursors
secrete exosomes to promote osteogenesis.

Presently, mesenchymal stem cell-derived exosomes are widely used in the regeneration and repair of
tissue damage. As important osteoblast precursor cells, BMSCs are considered to be the cells with the
highest exosome production, and they promote bone injury repair [8–10], nerve damage repair [11–14],
skin damage repair [14, 15], and liver damage repair [16, 17]. The role of exosomes secreted by
mesenchymal stem cells in the repair of bone damage is re�ected mainly in the following activities: 1
promoting cell proliferation and migration; 2 inhibiting apoptosis and in�ammation; 3 promoting growth
factor expression; and 4 promoting collagen production and angiogenesis. Zhang et al. [18] showed that
the role of exosomes in the repair of bone injury is to enhance the osteoinductive activity of β-tricalcium
phosphate (β-TCP) through the PI3K/Akt signalling pathway. Furuta and Qin et al. [8, 9] have shown that
these changes affect miRNAs in exosomes. Compared with the most commonly used seed cells in bone
tissue engineering, exosomes have the following advantages: 1. Exosomes have low immunogenicity and
no obvious adverse reactions [19], such as haemolysis reactions and allergic reactions. 2. The nucleic
acid and cytokines carried by the exosomes can produce a stronger biological reaction [20]. 3. Exosomes
have a long half-life and are widely distributed in various body �uids [21]. 4. Exosomes can be loaded
with many gene-like drugs, thus providing many direct and effective methods for gene therapy [22–24]. 5.
Exosomes can be stored at -20 ° C for 6 months without altering their biological activity, thus giving them
the advantage of being easy to store and transport [25].

The signi�cant role of BMSC-derived exosomes in the �eld of bone repair has also brought new
opportunities for the oral �eld. Research on the secretion of exosomes from BMSCs in the periodontal
tissue or dental pulp has also made signi�cant progress [26, 27]. On this basis, and to further promote the
development of oral implants, this study used preliminary in vitro experiments to verify the adsorption,
spread, proliferation and osteogenesis of exosomes derived from BMSCs on implants. For providing an
experimental basis for the further study of exosomes secreted by BMSCs during bone formation and
osseointegration around the oral implants, and also for providing new clues to treat the bone defects
around oral implants and other related diseases.

Methods

Animals
Ten New Zealand white rabbits (2 months years old, male, Shaanxi province, China) weighing from 1-
1.5 kg were used in this study. The animals were kept in individual cages within a standard laboratory
environment (temperature 23 °C ± 3 °C, humidity 55%±15%, and ventilation 10 to 20 times/hour). All
animals were fed a standard laboratory pellet diet with free access to water. All procedures related to the
animals were approved by the Institutional Animal Care and Use Committee at the animal center,
department of medicine, Xi 'an Jiaotong university (approval No.1915 − 704; Shaanxi province, China).
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After the bone marrow was extracted, the rabbits were unconscious, then all the rabbits were injected
1.5% pentobarbital at 2 ml/kg into the ear vein to anesthetic for euthanized.

Materials
Ti sheets (99.9% purity) were cut into square pieces (1 mm × 10 mm × 10 mm) for the in vitro studies. The
specimens were cleaned ultrasonically in deionized water for 30 min, sterilized at high temperature and
high pressure, and both sides were exposed to a UV lamp for half an hour. The specimens were divided
into four groups: (1) control group (BMSCs + titanium); (2) 10 µg/ml BMSCs-exos + BMSCs + titanium; (3)
25 µg/ml BMSCs-exos + BMSCs + titanium; and (4) 50 µg/ml BMSCs-exos + BMSCs + titanium. For the
experiments, the specimens were all cultured in a 24-well plate at 37 °C and 5% CO2 in a constant-
temperature incubator.

Methods
BMSC culture and identi�cation

After �xation, the rabbits were injected 1.5% pentobarbital at 2 ml/kg into the ear vein to anesthetic. The
concave part of the inner side of the femur was used for the puncture site. Sterile gloves were worn, the
puncture point was determined, and a number 12 bone marrow puncture needle was used to puncture a
point from the skin to the periosteum. A syringe pump was slowly connected to the bone marrow tissue,
and the bone marrow was extracted, than the rabbits were euthanized by intravenous injection of 100 mg
pentobarbital at the ear edge. The bone marrow was then quickly injected into a sterile anticoagulant tube
containing heparin (Sanli, Jiangsu, China) and was suspended in complete culture medium (Dulbecco’s
modi�ed Eagle’s medium( (DMEM), Gibco) containing 10% foetal bovine serum (FBS) (Gibco) and stored
at 37 °C and 5% CO2 in a constant-temperature incubator for culturing. The �rst medium change was
performed after 48 h. Then, the medium was changed every 2–3 days. Approximately 10 days later, the
cells grew to 80–90% con�uency and were passaged. Unless otherwise speci�ed, the cells were cultured
with normal medium (DMEM containing 10% FBS) and seeded on the specimens at a density of 3 × 104

cells/well.

Flow cytometry was used to identify the surface markers of third generation rabbit BMSCs. There is no
speci�c identi�cation marker for BMSCs, but because BMSCs are non-hematopoietic stem cells, they do
not express the surface markers of hematopoietic stem cells such as CD-34, CD-14 and CD45, but express
their own marker, CD-44. We detected CD34-PE (NeoBioscience GTX5741), CD14-PE (Abcam ab186689),
CD45-PE (NeoBioscience GTX5741) and CD44-FITC (Novus nbp2-22530apc) by �ow cytometry.
Osteogenic differentiation of the BMSCs was induced with osteogenic medium (normal culture medium
containing 10 mM β-glycerophosphate (Sigma), 50 µg/ml ascorbic acid (Sigma), and 10 nM
dexamethasone (Sigma)) when the third generation cells grew to 90% con�uency. BMSCs were
concomitantly induced with adipogenic medium (1 µM dexamethasone (Sigma), 1 mM pyruvate (Sigma),
2 mM L-glutamine (Sigma), 0.5 M isobutyl methylxanthine (Sigma) and 10 µM insulin (Sigma)). Both the
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osteogenic and adipogenic experiments were used to identify the multidirectional differentiation potential
of the BMSCs.

BMSC culture and identi�cation

In this experiment, a differential ultracentrifuge (Optima, L-100XP) was used to extract the rabbit BMSC-
exos. For exosome extraction from the 3rd generation BMSCs, cells grown to approximately 80%
con�uency were cultured with DMEM containing 10% non-exosome FBS (the bottom 10% was removed
from the FBS after centrifugation at 120,000 g for 14 h at 4 °C). After 24 h, the cell supernatant was
collected, and 50 ml of the pre-extracted cell supernatant was centrifuged at 300 g for 10 min and 2000 g
at 4 °C. The following steps were carried out: centrifugation for 10 min, discard the pellet, centrifugation
at 10,000 g for 30 min, discard the pellet, centrifugation at 100,000 g for 70 min, discard the supernatant,
resuspension in 30 µl of Phosphate Buffer solution(PBS), centrifugation at 100,000 g for 70 min, and
resuspension in 100 µl of PBS. Finally, the sample was transferred to an EP tube and stored at -80 °C until
use.

Analysis of BMSC-exo morphology by �eld emission scanning electron microscopy(FE-SEM)

The morphology of the BMSC-exos was identi�ed by FE-SEM. The obtained exosome sample was
resuspended in 100 µl PBS, and 10 µl drops were pipetted on a 2 mm sample copper net for 1 min. The
�oating liquid was absorbed with �lter paper, and the sample was counterstained at room temperature for
5 min with 3% phosphotungstic acid. Filter paper was used again to absorb the �oating liquid, and the
sample was washed 1–2 times with double-deionized water and dried at room temperature. FE-SEM
imaging was performed at 80 kV-120 kV, and 20 exosomes were selected randomly to measure their
diameter. Exosome morphology was identi�ed.

Western blot analysis Western blot analysis was performed to identify the BMSC surface
markers/antigens CD63, Hsp70 and Alix. Western blot was did with Wes instrument (WES, WS 2494), and
the following parameters were set: the separation glue was extracted for 200 s, the concentrated glue was
absorbed for 15 s, the sample uptake time was 9 s, the electrophoresis time was 25 min, the
electrophoresis constant pressure was 375 V, the time of gel clearance was 230 s with 3 washes of 150 s
each, the sealing time was 5 min, the incubation time of the primary antibody was 30 min, and the
incubation time of the secondary antibody was 30 min to expose the luminescent solution (HDR). Then,
the “start” button was clicked to begin the operation.

BMSC-exos effects on BMSC adhesion and stretching on specimens BMSCs were seeded on the
specimens and allowed to settle for 0.5, 1, and 4 h. At each time point, the cells on the specimens were
carefully moved to a new 24-well plate, rinsed three times with PBS, and �xed in 500 µl 4%
paraformaldehyde (PFA) for 15 min per well. The �xative was aspirated, and the cells were rinsed 3 times
with PBS for 3 min each time and stained with DAPI (Sigma) for 10 min. BMSCs �xed at time points 1, 4,
and 12 h were stained with �uorescein isothiocyanate(FITC) - phalloidin (Sigma) and counterstained with
DAPI. Fluorescence images were taken by a �uorescence microscope (Olympus, FSX100). The cell
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number and distribution were assessed in �ve randomly chosen �elds captured at 40 × magni�cation and
400 × magni�cation. The number of cells was quanti�ed by Image J 1.8.0 software (Rawak Software,
Germany, Version 1.8.0).

BMSC-exos for BMSC proliferation on specimens The effect of BMSC-exos on the proliferation of BMSCs
on the specimens was assessed using a Cell-Counting Kit 8 (CCK-8, Boster, Wuhan, China). BMSCs were
seeded on the specimens and allowed to culture for 24 h, 48 h, and 72 h using medium with BMSC-exos.
The medium was changed on the second day. At each time point, the cells on the specimens were
carefully moved to a new 24-well plate and rinsed three times with PBS. CCK-8 solution and normal
medium were prepared as working solutions at 1:9, and 300 µg of the mixture solution was added to each
well. The optical density (OD) of the solution was measured at 450 nm with a microplate reader (Thermo,
Shanghai, China).

ALP activity assays The ALP activity of the specimens was assessed qualitatively using a 5-bromo-4-
chloro-3-indolyl phosphate (BCIP)/nitro blue tetrazolium (NBT) ALP colour development kit (Beyotime,
Shanghai, China). BMSCs were seeded on the specimens at a density of 8 × 104 cells/well. Three days
later, the normal medium was changed to BMSC-exo osteogenesis induction medium, and the cells were
cultured for 7 days and 14 days. The medium was changed every three days. At each time point, the cells
on the specimens were carefully moved to a new 24-well plate and rinsed three times with PBS. Then, the
cells were �xed with 4% PFA for 15 min and stained with the working solution for 24 h. After washing 3
times with PBS for 3 min each time, titanium tablets were added dropwise. Two hundred microlitres of
the ALP working solution was added to ensure that the working �uid covered the surface of the sample,
and the sample was incubated for 24 h at room temperature in the dark. The staining solution was
aspirated, and the sample was washed with PBS 2 times to stop the colour development and observe the
staining. The stained area was quanti�ed by Image J 1.8.0 software.

Enzyme-linked immunosorbent assay (ELISA) An ELISA was used to determine the secretion of collagen I
on the specimen. BMSCs was cultured in the same way former for 7 days and 14 days. At each time
point, the cells were moved on 24-well plate seemly. Then, 150 µl of RIPA lysate buffer was added and
incubated on ice for 30 min, and the cells were scraped from the titanium sheet with a cell scraper into a
sterile EP tube. Then, a rabbit COL-I kit (TSZ, RG01236) was used according to the assay procedure for
the calculation of collagen I secretion.

Mineralization assay Mineralization on the specimens was evaluated by Alizarin Red S (Solarbio)
staining. BMSCs was cultured in the same way former for 7 days and 14 days. The cells on the
specimens were moved seemly on the 24-well plate at each time point. Then, the cells were �xed with 4%
PFA and stained with Alizarin Red S for 30 min at room temperature. Then, the cells were rinsed three
times with PBS for 5 min each time. The images of the specimens were captured (40 × lens) using an
inverted light microscope (Olympus, FSX100).

Statistical expression
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The quantitative data are expressed as the mean ± standard deviation (SD). All quanti�ed results were
calculated using ImageJ Software 8.0. All data analysis was carried out using GraphPad Prism 8
software (GraphPad Software, USA, Version 8.0.0). Unless otherwise stated, the p values were calculated
using Student’s t tests, and the error bars indicate the SD. The signi�cance levels were subdivided into * (p
value < 0.05), ** (p value < 0.01), *** (p value < 0.001) and **** (p value < 0.0001). For correlation analysis,
Pearson’s value was calculated. Statistical analyses were performed by one-way analysis of variance and
the Student-Newman-Keuls-q (SNK-q) test using SPSS v14.0 statistical software when comparing the
concentration and time correlation.

Results
Cell culture and characterization After primary culture for 24 h, under an inverted microscope, a small
number of cells were growing in a circular pattern adhered to the wall. On the 7th day of cell culture, the
adhered long, spindle-like cells were observed to grow like colonies under the microscope (Fig. 2Aa). After
being subcultured, the cells grew rapidly, reaching 90% con�uency at the bottom of the culture �ask in
approximately 3–5 days; additionally, the cells were in the shape of a long spindle. When the cells were
passaged to the third generation, there were fewer hybrid cells (Fig. 2Ab), so these could be used for
subsequent experimental studies.

Flow cytometry was performed to detect the P3 surface marker in rabbit BMSCs. The results showed that
the rabbit BMSCs had low expression levels of CD34 (0.66%), CD14 (2.57%), and CD45 (1.78%) and high
expression levels of CD44 (99.67%)(Fig. 2B). The characteristics of the cultured cells conformed to those
of BMSCs. Alizarin red staining of BMSCs after osteogenic induction showed positively(Fig. 2C). Results
of oil red O staining in BMSCs induced by lipogenesis showed positively(Fig. 2D).

BMSC-exos characterization BMSC-exos were extracted by ultracentrifugation, and FE-SEM was used to
observe their morphology. The results showed that the BMSC-exos had a circular or elliptical disc-like
vesicle structure with a diameter of approximately 40–100 nm and a complete membrane structure
(Fig. 2E). Western blot assays showed that the BMSC-exos positively expressed CD63, hsp70 and Alix
(Fig. 2F). Thus, we successfully isolated BMSC-exos.

Effect of BMSC-exos on the adherence, stretching and proliferation of BMSCs on the specimens After
DAPI staining, the adherence of BMSCs treated with BMSC-exos to the specimens was observed under a
�uorescence microscope. The qualitatively assessed adsorption of BMSCs treated with BMSC-exos on
the titanium plates was signi�cantly higher than that of the control BMSCs (Fig. 3A). Moreover, at the
same time, the quanti�cation con�rmed that as the concentration increased, the number of BMSCs on the
titanium plate increased (p < 0.05) (Fig. 3B). These results are consistent with the ImageJ quanti�cation.

CCK-8 assays were used to assess the proliferation and activity of the BMSCs treated with BMSC-exos on
the specimens. Compared with the control group, 25 µg/ml, 50 µg/mL BMSC-exos showed increased
proliferation activity at 24, 48 and 72 h (p < 0.05). There was no correlation between time and the
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concentration of BMSCs-exos with regard to the proliferation activity of BMSCs on titanium plates
(Fig. 3C).

The cytoskeletal protein F-actin was used to assess cell spreading after 1, 4, and 12 h (Fig. 3D). After 1, 4,
and 12 h, the cells treated with BMSC-exos show robust F-actin projections on the specimens compared
with the control cells. This distinction became even more evident with 12 h of incubation.

Osteogenic activity of BMSCs At 7 and 14 days after osteogenic induction, the staining intensity of ALP
was used to con�rm the osteogenic activity of BMSCs on the specimens. ALP staining intensity was
signi�cantly higher for the titanium plate group than for the control group. In addition, with as the
concentration of BMSC-exos increased, the staining intensity of ALP also increased (Fig. 4A). The
quantitative analysis further shows that the result and the action were concentration- dependent (Fig. 4B).
These differences were statistically signi�cant (p < 0.05).

Collagen secretion The amount of type I collagen produced by cells on the titanium plate on the 7th and
14th days after osteogenic induction. The results showed that type  collagen generation levels in the 25
and 50 µg/ml BMSC-exos groups were signi�cantly higher than in the control group at the same times (p 
< 0.01). However, type  collagen generation was not correlated with BMSCs-exos concentration (Fig. 4C).

Mineralization assay Alizarin Red S staining was used to detect osteogenic mineralization. The area of
Alizarin Red S staining was signi�cantly higher for cells on the titanium plate than for cells in the control
group 21 days after osteogenic induction, and the intensity of Alizarin Red S staining increased with the
concentration of BMSC-exos. The group treated with 50 µg/ml BMSCs-exos had almost complete
mineralization on the titanium plate (Fig. 4D).

Discussion
There is su�cient research evidence showing that exosomes promote bone regeneration. First, exosomes
can promote the osteogenic differentiation of MSCs. Studies have shown that exosomes secreted by
monocytes acting on MSCs can trigger the upregulation of two osteogenesis markers, RUNX-2 and BMP-2
[28]. Second, newly formed osteoblasts can also secrete exosomes, which in turn affect osteoprogenitor
cells. A group of researchers [29] found that mature osteoblast-derived exosomes can trigger mutations in
miRNA expression pro�les, which in turn synergistically inhibit Axin1 expression, a novel component of
the Wnt signalling pathway. Finally, upregulation of β-catenin leads to enhanced osteogenic
differentiation [30]. During the bone reconstruction process, exosomes play vital roles in the processes of
bone breaking and osteogenesis. Letret-rich exosomes from osteoblasts can enhance osteogenesis by
modulating HMGA2 and AXIN2 [31]. In contrast, osteoclast-derived exosomes act as inhibitors of
osteogenesis. Exogenous miR-214-3p is thought to be involved in the inhibition of osteoblast activity by
targeting the 3'-untranslated region UTR of the ATF4 mRNA. During fracture healing, bone marrow stem
cell-derived exosomes synergistically express MCP-1, MCP-3, SDF-1, angiogenic factors, mRNA, and
miRNA to facilitate bone remodeling [22], possibly by upregulating RUNX-2. Osteogenic proteins such as
ALP, OCN and OPN promote osteoblast proliferation and differentiation [9].
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Based on the abovementioned exosome's positive effects on bone formation, exosomes are expected to
be used in the �eld of oral implants to promote osseointegration around implants and as a good
osteoinductive material for guiding bone regeneration. Therefore, this experiment used in vitro
experiments to verify the effects of exosomes derived from MSCs on bone formation around implants. In
the experiment, a titanium plate was used to replace the implant for modelling, and the adsorption,
proliferation and osteogenesis of BMSC-exos on the osteogenic cells on the titanium plate were studied.
The experiment is used to simulate the osteogenesis process after implant placement in vivo, mainly
simulating the processes of adsorption, extension, proliferation and osteogenic differentiation of
osteogenic cells on implants after implant implantation. The results showed that the amount of BMSCs
adsorbed on the titanium sheets was increased in the same time period compared with that in the control
group, and the adsorption amount increased with the increase of the concentration of BMSCs-exos. The
statistical results show that BMSCs-exos can promote the adsorption of BMSCs on titanium tablets and
that this adsorption is positively correlated with the concentration. When the adsorption of BMSCs on
titanium sheets was detected, the number of BMSCs adsorbed on titanium sheets increased with the
increase of BMSCs-exos concentration at 0.5, 1 and 4 h (p < 0.01), demonstrating that BMSCs-exos
promote the adsorption of BMSCs on titanium sheets and that adsorption is positively correlated with
concentration. With the increase of time, the number of cells adsorbed in the 10 and 50 µg/mL groups did
not change signi�cantly, but the number of cells in the control group and the 25 µg/mL BMSCs-exos
group increased with time, and the number of cells adsorbed also increased. There was no correlation
with time. When cells were stretched on the titanium sheet, it was observed under the microscope that the
excipient-containing group stretched on the titanium sheet more than the control group, indicating that
the exosomes had a certain promoting effect on cell elongation. When studying the proliferation of
BMSCs on titanium sheets, the proliferation activities of the 25 and 50 µg/mL BMSCs-exos groups were
enhanced at 24, 48, and 72 h compared with that of the control group (p < 0.05). There was no signi�cant
difference in the proliferative activity from the 10 µg/mL BMSCs-exos group, and the statistical results
showed that BMSCs-exos had no time- and concentration-related effects on the proliferation of BMSCs
on titanium. It was demonstrated that BMSCs-exos require a higher concentration for the promotion of
BMSC proliferation activity on titanium sheets, which may have also bene caused by fewer BMSCs on
titanium sheets during the experiment. In the detection of BMSCs-exos osteogenesis of BMSCs on
titanium sheets, alkaline phosphatase activity, type I collagen and osteogenic mineralization during
BMSC osteogenic differentiation were examined. The results showed that compared with that in the
control group, the staining area of alkaline phosphatase was signi�cantly higher on the 7th and 14th day
after osteogenic induction in the group containing BMSCs-exos than in the control group, and with the
increase of BMSCs-exos concentration, the staining area of alkaline phosphatase also increased (p < 
0.01), indicating that the promoting effect of BMSCs-exos on alkaline phosphatase activity was positively
correlated with the concentration. In detecting type I collagen, an ELISA con�rmed that the type I collagen
levels produced at 7 and 14 days after osteogenic induction on the titanium plate were 25 and 50 µg/mL,
respectively, in the group containing BMSCs-exos. The BMSCs-exos group had signi�cantly higher levels
of type I collagen than the control group. The group with the smaller concentration of 10 µg/mL BMSCs-
exos exhibited no signi�cant difference in the formation of type I collagen on titanium tablets, which
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indicated that higher concentrations of BMSCs-exos promoted the secretion of type I collagen during
osteogenic differentiation of BMSCs on the titanium surface. Finally, mineralization after osteogenic
induction was detected by alizarin red staining 21 days after induction. Microscopically, the degree of
mineralization was observed to increase with the increase in BMSCs-exos concentration. Thus, it was
demonstrated that BMSCs-exos can promote osteogenic differentiation of BMSCs on titanium sheets.
The conclusion can be drawn from this experiment that the bone formation of BMSCs on titanium plates
is closely related to their paracrine secretion. BMSC-exos can promote bone formation on titanium plates
by promoting the adsorption, extension, proliferation and osteogenic differentiation of BMSCs on the
surfaces of titanium plates.

This experiment used in vitro experiments to verify the effects of exosomes derived from BMSCs on bone
formation around implants. This experiment is also the �rst to demonstrate the effects of exosomes on
bone tissue around oral implants. These �ndings are expected to be applied to the �eld of oral implants
to solve bone defect problems in the implant area and promote.

Conclusion
Exosomes can promote the bone formation of BMSCs on titanium plates by promoting adsorption,
extension, proliferation, production of ALP and type I collagen and mineralization during the osteogenesis
process.
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Figure 1

Summary and the mechanism of the experiment (This �gure was made by authors of this article) . Rabbit
BMSCs were cultured in vitro, some to extract exosomes, some on titanium sheets. The extracted
exosomes were added to the BMSCs-titanium sheet complex at different concentrations. The results
showed that the exosomes could promote the adsorption, proliferation and osteogenesis of BMSCs in the
end on the titanium sheet. And promoted the Alkaline phosphatase (ALP) and Collagen-  in the process of
osteogenesis
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Figure 2

BMSCs and Exosome characterization. a Morphological appearance of cultured BMSCs(bar = 100 μm). b
Flow cytometry for the detection of BMSCs surface markers: CD34 and CD44. c Alizarin red staining of
BMSCs after osteogenic induction(bar = 100 μm). d Results of oil red O staining in BMSCs induced by
lipogenesis(bar = 100 μm). e Morphological analysis of BMSCs-exos by transmission electron
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microscopy (bar = 100 nm). f Western blot assay indicated the positive expression of CD63, hsp70 and
Alix proteins in BMSCs-exos

Figure 3

Effect of BMSCs-exos on the adherence, stretch and proliferation of BMSCs on the specimens.a Adhesion
behavior of BMSCs on the titanium plates(bar = 100 μm). b Quantitative outcomes of BMSCs adhesion
after incubation of 0.5, 1, and 4 h. c CCK-8 outcomes of BMSCs after incubation of 1, 2, and 3 days on the
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titanium plates.d Representative staining images of F-actin (green) and nucleus (blue) after incubation of
1, 4, and 12 h(bar = 100 μm). *p < 0.05 compared to control group, **p < 0.01 compared to control group,
***p < 0.001 compared to control group, ****p < 0.0001 compared to control group

Figure 4

Detection of osteogenic correlation on titanium plates. a Representative images of ALP staining of
BMSCs after osteogenic induction for 7 days and 14 days . b Quantitative outcomes of ALP staining area
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after osteogenic induction for 7 days and 14 days. c Quantitative results of COL- secretion by BMSCs
after osteogenic induction for 7 and 14 days. d Representative images of Alizarin Red S staining of
BMSCs after osteogenic induction for 21 days. *p < 0.05 compared to control group, **p < 0.01 compared
to control group, ***p < 0.001 compared to control group, ****p < 0.0001 compared to control group
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