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Titanium and titanium alloys (Ti6Al4V and Ti) have been widely used in bone tissue
engineering to repair maxillofacial bone defects caused by traumas and tumors.
However, such materials are also bio-inert, which does not match the elastic modulus
of bone. Therefore, different surface modifications have been proposed for clinical
application. Based on the use of traditional titanium alloy in the field of bone repair
defects, we prepared a compound Gr-Ti scaffold with ADSC-derived Exos. The results
showed that Gr-Ti scaffolds have low toxicity and good biocompatibility, which can
promote the adhesion and osteogenic differentiation of ADSCs. Exos played a role in
promoting osteogenic differentiation of ADSCs: the mRNA levels of RUNX2, ALP, and
Osterix in the Gr-Ti/Exos group were significantly higher than those in the Gr-Ti group,
which process related to the Wnt signaling pathway. Gr-Ti scaffolds with ADSCs and
ADSC-derived Exos successfully repaired rabbit mandibular defects. The bone mineral
density and the bending strength of the Gr-Ti/Exos group was significantly higher than that
of the Gr-Ti group. This study provides a theoretical basis for the research and
development of new clinical bone repair materials.
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1 INTRODUCTION

Tissue engineering technology has opened up new ways to address jaw defects (Altaie et al., 2016). To
repair bone defects, porous tissue engineering scaffolds were designed to guide the proliferation of
the cells of a patient on the corresponding surface, and thus realize the repair of bone trauma and
reconstruction of bone defects (Azadian et al., 2020; Mitra et al., 2021).

Titanium alloys are the most commonly used metals, with successful applications in plastic
surgery, orthopedic, and dental implants (Gruenwald et al., 2018; Fan et al., 2022). However,
titanium alloy materials are mostly solid structures, and the high elastic modulus of titanium alloy
materials produces stress shielding effects on the bone tissue (Tamayo et al., 2021). Therefore,
different surface modification techniques have been proposed to meet the clinical requirements. The
common surface modification methods of implants mainly include two aspects: one is the loose

Edited by:
Danièle Noël,

Institut de Médecine Régénératrice et
de Biothérapie (lIRMB) (INSERM),

France

Reviewed by:
Marco Tatullo,

University of Bari Medical School, Italy
Gina Lisignoli,

Rizzoli Orthopedic Institute (IRCCS),
Italy

*Correspondence:
Shu Guo

sguo@cmu.edu.cn
Shuang Tong

22240216@qq.com

Specialty section:
This article was submitted to

Tissue Engineering and Regenerative
Medicine,

a section of the journal
Frontiers in Bioengineering and

Biotechnology

Received: 27 March 2022
Accepted: 16 May 2022
Published: 06 June 2022

Citation:
Sun X, Yang S, Tong S and Guo S

(2022) Study on Exosomes Promoting
the Osteogenic Differentiation of

ADSCs in Graphene Porous Titanium
Alloy Scaffolds.

Front. Bioeng. Biotechnol. 10:905511.
doi: 10.3389/fbioe.2022.905511

Abbreviations:ADSCs, adipose stem cells; ANOVA, analysis of variance; CT, computerized tomography; DKK, dickkopf; EVs,
extracellular vesicles; Exos, Exosomes; Gr-Ti, graphene-composite titanium alloy scaffold; MAO, micro-arc oxidation; MSCs,
mesenchymal stem cells; SEM, scanning electron microscopy; SLM, selective laser melting.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org June 2022 | Volume 10 | Article 9055111

ORIGINAL RESEARCH
published: 06 June 2022

doi: 10.3389/fbioe.2022.905511

http://crossmark.crossref.org/dialog/?doi=10.3389/fbioe.2022.905511&domain=pdf&date_stamp=2022-06-06
https://www.frontiersin.org/articles/10.3389/fbioe.2022.905511/full
https://www.frontiersin.org/articles/10.3389/fbioe.2022.905511/full
https://www.frontiersin.org/articles/10.3389/fbioe.2022.905511/full
https://www.frontiersin.org/articles/10.3389/fbioe.2022.905511/full
http://creativecommons.org/licenses/by/4.0/
mailto:sguo@cmu.edu.cn
mailto:22240216@qq.com
https://doi.org/10.3389/fbioe.2022.905511
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://doi.org/10.3389/fbioe.2022.905511


treatment of implant structure; Second, implant surface coating.
In terms of structure, porous scaffolds can be constructed by 3D
printing, and graphene materials can be considered as the surface
coating. Since its discovery, graphene has also been extended to
biomedical applications (Pereira et al., 2021). Graphene
modification can improve the osteogenic differentiation of
stem cells (Lu et al., 2020; Wu et al., 2020). In our previous
study, we produced porous titanium alloy scaffolds with low
elastic modulus and graphene coating by selective laser melting
(SLM) and micro-arc oxidation (MAO) technology.

Adipose stem cells (ADSCs) are mesenchymal stem cells
(MSCs) isolated from adipose tissue (Bunnell, 2021). In recent
years, numerous studies have been performed on ADSCs in the
field of bone regeneration which confirmed that ADSCs have the
potential to differentiate into adipocytes, osteoblasts, and
chondrocytes. Recently, increasing studies have shown that the
therapeutic effect of ADSCs is not only related to its
differentiation ability, but also its paracrine action (Ajit and
Ambika Gopalankutty, 2021). Exosomes (Exos) are spherical
extracellular vesicles (EVs) with a diameter of 30–150 nm and
a lipid bilayer structure (Lai et al., 2015). Exos can deliver specific
proteins, miRNAs, and cytokines to regulate stem cell
differentiation and activate related signaling pathways to
promote bone repair (Tang et al., 2021). Therefore, it is
necessary to study the internal mechanism of Exos in bone
regeneration as well as explore methods of preparing Exos and
tissue engineering scaffold composite materials for bone tissue
engineering.

In this study, Exos acted as an inducer to promote the
adhesion, proliferation, and osteogenic differentiation of
ADSCs on Gr-Ti scaffolds. The expression of osteogenic genes
and proteins was detected by PCR analysis and western blot.
Specific focus was placed on exploring the key protein levels of the
Wnt signaling pathway to provide theoretical and experimental
data for clinical experiments and applications. Furthermore, a
critical bone defect model was established in the mandible of
New Zealand white rabbits, and the effects of ADSCs, Exos, and
composite implants on bone repair were evaluated through gross
observation, imaging analysis, and histological examination. This
study aims to provide a theoretical basis for the combined
application of bone tissue engineering and stem cell therapy.

2 MATERIALS AND METHODS

2.1 Preparation and Characterization of
Materials
Porous titanium alloys with external shapes of 8 mm × 4 mm ×
3 mm and 4 mm × 4 mm × 3 mm were designed by using CAD
v23.0 (Materialise, Leuven, Belgium). The internal pore
parameters were designed by taking a cube as the basic
structural unit and the aperture size was designed as
550 μm. The porosity was ~70%. The two sizes of porous
titanium alloy scaffolds were prepared by SLM technology.
The scaffold was connected with wires after pretreatment and
placed into the prepared electrolyte as required. The graphite
plate and the support were set as anode and cathode, and the

corresponding electrolyte group was divided into 4 g/L
graphene (Nanjing XFNANO Materials Tech Co. Ltd.,
China) and 5 g/L EDTA (Wujiang Aobang Chemical Co.
Ltd., China). Oxidation treatment was performed under
constant current (2 A/dm2 mode for 30 min) and the
preparation of graphene coating was completed by MAO.
The surface morphology of Ti and Gr-Ti obtained by
micro-arc oxidation technology was observed by scanning
electron microscopy (JSM-TM3000, Japan).

2.2 Extraction and Identification of Exos
Derived From Adipose Stem Cells
The adipose tissue used in this study was obtained from
patients undergoing liposuction. Patients with systemic
diseases such as hepatitis, metabolic diseases, HIV, syphilis,
or cancer were excluded. All patients signed informed consents
and received consent from the ETHICS committee.

Human adipose tissue was obtained under aseptic
conditions and 0.2% type I collagenase (Sigma Chemical
Co., St. Louis, MO, United States) was used for full
digestion in a 37°C water bath for 45 min. Supernatant and
adipose tissue were discarded after centrifugation at 1,200 rpm
for 5 min at room temperature. The cells were resuspended by
blowing with 15% FBS (Gibco, United States) and inoculated
in a 75 cm2 culture flask at 37°C with 5% CO2 saturated
humidity.

The ADSC culture medium from the third to fifth
generations was collected and Exos were extracted by
differential ultracentrifugation. Centrifugation at 4°C for
10 min at low speed, and the supernatant was collected.
The supernatant was then centrifuged at 2,000 × g for
20 min. The supernatant was transferred to another
centrifuge tube and centrifuged at room temperature for
30 min at high speed. After centrifugation for 70 min at
130,000 × g, the precipitates were collected, which
contained exosomes and impurities. Then PBS was used for
re-suspension and centrifugation again.

Exos were observed by transmission electron microscopy
(Hitachi, Japan), and the exosome-specific surface proteins
TSG101 and CD9 were detected by western blot.

2.3 Co-Culturing Cells With Scaffold
Materials
Preliminary experimental results showed that the ability of Gr-
Ti scaffolds to promote cell adhesion and proliferation was
superior to Ti scaffolds. Therefore, only the relationship
between Exos and Gr-Ti scaffolds was studied in this study.
The experimental groups consisted of a blank control group,
Gr-Ti group, and Gr-Ti/Exos group.

The support material was sterilized at high temperature
and high pressure for later use. Before use, the support
material was washed three times with PBS and placed in a
96-well plate. The density of the ADSCs was adjusted to 1 ×
105/ml, and then inoculated into culture plates and fully
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cultured at 37°C and 5% CO2. The Gr-Ti/Exos group was
supplemented with 50 μl/well Exos.

2.3.1 Early Growth of Cells in the Scaffold Detected
by SEM
The samples were taken at 4 and 24 h. The morphology was
observed under a microscope and photographed.

2.3.2 CCK-8 Toxicity Test
The cell suspension was diluted, and the corresponding density
was controlled to reach 1 × 106/ml. Then, it was inoculated into
96-well plates, and 0.1 ml diluted suspension was added to each
well. After incubation at 25°C for 24 h, a culture medium
containing CCK-8 (Beyotime, China) was added, and
absorbance was measured at 450 nm (MD SpectraMax Plus 384).

2.3.3 ALP Activity Determination
The detected cells were lysed by Cell lysis buffer for Western
and IP without inhibitors (Beyotime Biotechnology, China),
and the supernatant was collected for semi-quantitative
analysis of ALP using an Alkaline Phosphatase Assay Kit
(Beyotime iotechnology, China) according to the
manufacturers’ instructions. Optical density (OD) values
were measured using a microplate reader (SpectraMax
Plus384, Molecular Devices, United States) at 405 nm.

2.3.4 Quantitative Real-Time PCR
To detect the expression of the RUNX2, ALP, and OSX genes
related to Exos promoting the osteogenic differentiation of
ADSCs, Quantitative Real-Time PCR (qPCR) was used to
detect the levels of related mRNA at 7 and 14 days of
incubation. TRIzol™ Reagent (Invitrogen, United States)
and PrimeScript™ RT Master Mix (TAKARA, Japan) were
used to extract total RNA and synthesize cDNA from cells,
respectively. The cycle was as follows: pre-denaturation at 95°C
for 30 s; denaturation at 95°C for 5 s; and extension at 60°C for
30 s. The cycle was done for 40 rounds. All primers were
synthesized by GenePharma (China). The primer sequences
are given in Table 1.

2.3.5 Western Blot Analysis
Cells were lysed by RIPA Lysis Buffer (Beyotime
Biotechnology, China). The proteins are electrophoretic
separated with 11% SDS-PAGE gel, transferred to PVDF
membrane (Millipore, United States) and stained with
Ponceau S staining solution (Beyotime Biotechnology,
China) for 5–10 min. After blocking with 5% evaporated

skimmed milk, the membranes were incubated with each
primary antibody, including anti-TSG101, anti-Calnexin,
anti-RUNX2, anti-Osterix, anti-Wnt1, anti-β-catenin, and
anti-Axin2 (Abcam, 1:1,000 dilution) for 16 h and the
respective secondary antibody (Cell Signaling Technology,
1:5,000 dilution). After the membranes were washed with
TBST three times, the target bands were detected by ECL kit
(Solarbio, China).

2.4 In Vivo Study of Bone Defects by Gr-Ti
Scaffold and Exosomes
2.4.1 Preparation of Rabbit Mandibular Defect Model
ADSCs were isolated and cultured from inguinal adipose tissue.
The Exos derived from ADSCs were extracted by differential
centrifugation. The specific method is the same as was used in the
previous part of the study. The experimental animals were
randomly divided into three groups (6 animals/group):
control, Gr-Ti, and Gr-Ti/Exos.

After the experimental animals were weighed, Zoletil
(Tiletamine and Zolazepam) was injected intravenously for
anesthesia. The skin was prepared on both sides of the
submaxillary area and neck area. A transverse incision with
a length of ~3 cm was made along the lower edge of the
mandible. The skin was cut to the bone surface, and the
mandible was separated and exposed. For the Gr-Ti group,
a cell suspension with a concentration of 1 × 105 ADSCs/well
was added to a 24-well plate. For the Gr-Ti/Exos group, a cell
suspension with a concentration of 1 × 105 ADSCs and 50 μl
Exos was added to each well. After 24 h co-culture, scaffold
materials, ADSCs, and Exos were implanted according to the
pre-operative grouping, and the wound was tightly sutured.

2.4.2 Observation of Experimental Results In Vivo
2.4.2.1 General Observation
After sampling, the combination of the scaffold and
surrounding tissues was observed, and the adhesion of
fibrous granulation and scaffold prolapse were judged.

2.4.2.2 Micro-CT Examination
Micro-CT examination was performed at 4 and 12 weeks post-
operatively to evaluate the position of the scaffold and the
repair of the surrounding bone defect area, respectively.

2.4.2.3 Bone Density Measurement
At 4 and 12 weeks post-operatively, the bone mineral density was
measured by a dual-energy X-ray bone density instrument
(Aishen Technology Development, Shanghai, China).

TABLE 1 | List of gene primers.

Gene Forward sequence Reverse sequence

RUNX2 CCGCCTCAGTGATTTAGGGC GGGTCTGTAATCTGACTCTGTCC
ALP AATCGGGCGTCCAGACAAC GAGCCTGGGGATGTTCCTTC
Osterix GAGGCAACTGGCTAGGTGG TGAGGGCTCCTAGCGGTTTA
β-cactin TCACCATGGATGATGATATCGC CTGGATTAAGGGGAGCAAAGTC
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2.4.2.4 Biomechanical Determination
After the bonemineral densitywasmeasured post-operatively at 4 and
12 weeks, the biomechanical properties of the material were tested
using an universal mechanics testing machine (Zwick, Germany).

2.4.2.5 Histological Observation
Samples were taken from the bone defect area at 4 and 12 weeks
post-operation, and Van Gieson staining was used for
observation and photography.

FIGURE 1 | General observation: (A) Ti; (B) Gr-Ti; SEM observation: (C,E) Ti; (D,F) Gr-Ti.
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2.5 Statistical Analysis
All experiments were repeated at least three times before
statistical analyses. All statistical analyses were performed with
SPSS v19.0. Differences between groups were analyzed using a
one-way analysis of variance (ANOVA) followed by Tukey’s test.

3 RESULTS

3.1 Observation of Scaffold Materials
The results showed that the surface of Ti is smooth and
metallic (Figure 1A). In contrast, Gr-Ti has a gray-black
surface, no metallic luster, rough surface, and tightly bonded
coating without shedding (Figure 1B). SEM observation
showed that the surface of the Ti scaffold was smooth, and
the shape rules were consistent with the design (Figures
1C,E). The surface of Gr-Ti is rough, with good phase
continuity and no cracks, and there are certain pores on
the coating surface (Figures 1D,F).

Furthermore, the porosity was 69 ± 3% and the pore size
was 546 ± 21 μm. The results of surface composition analysis
show that the peak value of the carbon element can be seen in
the energy spectrum analysis of the Gr-Ti composite coating
material, indicating that the surface elemental composition of
the scaffold material primarily comprised of the carbon
contained in the graphene coating, which can prove the
reliability of the existence of coating. These results were
described in more detail in our previous study.

3.2 Morphological Observation and
Identification of Adipose Stem Cells-Exos
The TEM results showed that the corresponding ADSC-Exos
were nearly round in general. Furthermore, the edge was
clear, the content density was low, and the diameter was
between 30 and 150 nm. Western blot showed positive
expression of proteins CD9 and TSG101, but almost no
expression of the endoplasmic reticulum protein calnexin
Figure 2.

3.3 Adhesion of Adipose Stem Cells to Gr-Ti
Scaffold
As seen in Figure 4, during the early stage of culture at ~4 h, the
morphology of the ADSCs in the Gr-Ti scaffold group was similar
without significant difference regardless of the influence of Exos.
Scattered round or oval ADSCs adhesion could be seen on the
scaffold surface, and granular bulges were visible on the surface of
ADSCs. Moreover, a small amount of granular extracellular
matrix can be seen around the cells (Figures 3Aa,Cc). After
24 h of culture, in the Gr-Ti/Exos group, the peripherally
extended pseudopodia of the cells on the scaffold significantly
extended and grew across the pores of the scaffold, forming an
anchor structure that firmly bonded with the scaffold and
connected with the pseudopodia of other cells, while the cells
joined into slices (Figures 3Dd). This characteristic was not
obvious in the Gr-Ti group, with atypical morphology
(Figures 3Bb).

3.4 Detection of Cell Proliferation and
Osteogenic Activity
As shown in Figure 4A, ADSCs were incubated in medium with
50 μl Exos (Gr-Ti/Exos group) or without Exos (Gr-Ti group) for
24 h, respectively. The results showed that the number of ADSCs
in the Gr-Ti/Exos group was significantly higher than that in the
Gr-Ti group (p < 0.05), indicating that Exos can promote the
proliferation of ADSCs in the Gr-Ti scaffold.

ADSCs were co-cultured with the Gr-Ti/Exos group and Gr-Ti
group for 24 h, respectively. The results shown in Figure 4B,
indicated higher ALP activity in the Gr-Ti/Exos group than that
of the Gr-Ti group (p < 0.05), suggesting that Exos could promote
the osteogenic differentiation of ADSCs on Gr-Ti scaffolds.

3.5 Expression of Osteogenic Genes
Detected by Quantitative Real-Time PCR
To detect the expression of RUNX2, ALP, and Osterix genes
related to Exos promoting the osteogenic differentiation of
ADSCs, qPCR was used to detect the mRNA levels after 7 and

FIGURE 2 | Identification of Exos: (A) The size and morphology of exosomes observed using TEM; (B) Specific markers of exosomes detected by Western blot.
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14 days of incubation, respectively. As shown in Figure 5, the
mRNA levels of RUNX2, ALP, and Osterix in the Gr-Ti/Exos
group were significantly higher than those in the Gr-Ti group at
both time points (p < 0.05), suggesting that exosomal Gr-Ti
scaffold can promote the osteogenic differentiation of ADSCs.

3.6 Levels of Osteogenic-Related Proteins
Detected by Western Blot
To further verify that the Gr-Ti scaffold combined with Exos
promoted the osteogenic differentiation of ADSCs, the protein
levels of ADSC osteogenic differentiation-related RUNX2,
ALP, and Osterix were detected. After 7 and 14 days of
incubation (Figure 6), the levels of RUNX2, ALP, and
Osterix in the Gr-Ti/Exos group were higher than those in
the Gr-Ti group at 7 and 14 days (p < 0.05), respectively,
indicating that Exos can promote the osteogenic
differentiation of ADSCs on the Gr-Ti scaffold.

3.7 Gr-Ti/Exos Composite Scaffolds
Promote Osteogenic Differentiation of
Adipose Stem Cells Through Wnt Signaling
Pathway
Western blot was used to detect the levels of key proteins Wnt-1,
Axin2, and β-catenin in the Wnt signaling pathway. It was found
that after 7 days of osteogenic induction (Figure 7), the level of
each protein in the Gr-Ti/Exos group was higher than that in the
Gr-Ti group (p < 0.05).

To further verify the specific molecular mechanism of
Exos-regulation of osteogenic differentiation in ADSCs,
the Wnt signaling pathway inhibitor DKK group was
added. The levels of osteogenic-related proteins RUNX2,
ALP, and Osterix as well as the key proteins of the Wnt
signaling pathway (Wnt-1, Axin2, and β-catenin) were
detected again. The results showed (Figures 8, 9) that
there was no significant difference in protein levels

FIGURE 3 | Adhesion of ADSCs to scaffolds (SEM): The morphology of ADSCs in Gr-Ti/Exos group were better than that in Gr-Ti group. [(A–D) × 1,000; (a–d) ×
2,000].

FIGURE 4 | (A) CCK-8 detection results: the number of ADSCs in the Gr-Ti/Exos group was significantly higher than that in the Gr-Ti group; (B) ALP activity test
results: ALP activity in the Gr-Ti/Exos group was higher than that of the Gr-Ti group (n = 5, pp < 0.05).
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between the Gr-Ti/Exos/DKK and control groups (p > 0.05),
and that of the Gr-Ti/Exos and Gr-Ti/DKK groups were
significantly different from the control group (p < 0.05),
while the levels of the Gr-Ti/Exos group was significantly
higher than that of the control group. Furthermore, the levels
of the related proteins were significantly decreased after
adding inhibitor DKK (p < 0.05).

3.8 Mandible Defect Repair in Rabbits
3.8.1 General Observation
At 4 weeks post-surgery, there was no shift in the position of
implanted materials of the Gr-Ti and Gr-Ti/Exos groups, the
surface of the material was covered by fibrous connective
tissue, and the implants were loosely bound to the edge of the
defect area, with no significant difference between the two
groups. In the blank control group, the bone defect cavity
began to grow granulation tissue. At 12 weeks post-surgery,
the implants in the Gr-Ti and Gr-Ti/Exos groups were firmly
connected to the edge of the defect, while the implants in the
Gr-Ti group were covered by new bone, which was soft and
became transparent when pressed. In the Gr-Ti/Exos group,
the defect boundary disappeared, and the surface was almost
completely covered by new bone. The new bone was hard and
became imperceptible when pressed. In the blank control
group, the bone defect cavity was filled with
granulation tissue, and the defect area was not significantly
reduced (Figure 10).

FIGURE 5 | Expression of osteogenic genes: (A) Osteogenic induction
for 7 days; (B) Osteogenic induction for 14 days: the mRNA levels of RUNX2,
ALP, and Osterix in the Gr-Ti/Exos group were significantly higher than those
in the Gr-Ti group at both time points (pp < 0.05).

FIGURE 6 | Expression of osteogenic-related protein: (A,B) after osteogenic induction for 7 days; (C,D) after osteogenic induction for 14 days: the levels of
RUNX2, ALP, and Osterix in the Gr-Ti/Exos group were higher than those in the Gr-Ti group at 7 and 14 days (pp < 0.05).
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3.8.2 Micro-CT Detection
CT images (Figure 11) showed that although a vast amount of
new bone was generated in the Gr-Ti group at 12 weeks after
surgery, most of the new bone existed at the edge of the defect
area. Although the defect area was reduced, it was not enough to
cover the whole defect area. Metal artifacts were seen locally,
indicating that somemetal materials were still exposed. In the Gr-
Ti/Exos group, the bone defect area was significantly reduced

12 weeks after surgery, and there was no obvious metal artifact
around the bone tissue. The bone tissue density was similar to
that of the original bone tissue, and the new bone was closely
bound to the surrounding, indicating that the bone formation
ability was better than that of the Gr-Ti group. In the blank
control group, there was still no obvious new bone formation
12 weeks after surgery, and all the bone callus in the defect area
were loose structure, which failed to heal by itself.

FIGURE 7 |Wnt pathway-related protein levels: (A) Relative intensity analyses of Western blot results; (B) The expression of protein analysed by Western blot. The
level of Wnt-1, Axin2, and β-catenin in the Wnt signaling pathway in the Gr-Ti/Exos group were higher than those in the Gr-Ti group (pp < 0.05).

FIGURE 8 | Levels of osteogenic proteins after addition of Wnt pathway
inhibitor DKK. (A) Relative intensity analyses of WB results; (B) The expression
of protein analysed by WB. (prepresents statistical difference between control
and other groups; #indicates statistical difference between Gr-Ti/Exos,
DKK, and Gr-Ti/Exo/DKK groups; pp < 0.05; #p < 0.05).

FIGURE 9 | Key proteins of theWnt pathway after addition of Wnt pathway
inhibitor DKK. (A) Relative intensity analyses of WB results; (B) The expression of
protein analysed by WB. (prepresents statistical difference between control and
other groups; #indicates statistical difference between Gr-Ti/Exos, Gr-Ti/
DKK, and Gr-Ti/Exos/DKK groups; pp < 0.05; #p < 0.05).
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3.8.3 Bone Mineral Density and Biomechanical
Determination
The local bone mineral density of the mandibular defect was
measured by a dual-energy X-ray bone density analyzer at 4
and 12 weeks after implantation of the scaffold material to
predict the calcification of the mandible (Figure 12A). The
blank control group had no obvious new bone formation, and
no clear bone density could be detected. After 4 weeks, bone

mineral density increased in both the Gr-Ti and Gr-Ti/Exos
groups, but there was no significant difference between the
two groups (p > 0.05). The bone mineral density of the Gr-Ti/
Exos group (0.47 ± 0.03 g/cm2) was significantly
higher than that of the Gr-Ti group (0.36 ± 0.04 g/cm2)
(p < 0.05).

As shown in Figure 12B, we measured the bending
strength of each material at weeks 4 and 12. Over time, the

FIGURE 10 | General observation of scaffold materials.

FIGURE 11 | Computerized tomography (CT) images after 4 and 12 weeks.
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bending strength of each group increased gradually. At 4 weeks after
implantation, the bending strength of the Gr-Ti stent andGr-Ti/Exos
groups (28.60 ± 3.09 × 104 Pa and 38.05 ± 2.12 × 104 Pa) was
significantly higher than that of the control group (10.20 ± 3.04 ×
104 Pa) (p < 0.05). At 12 weeks after implantation, the bending
strength of the Gr-Ti/Exos group was 92.43 ± 3.12 × 104 Pa,
which was significantly higher than the 67.70 ± 2.43 × 104 Pa of
the Gr-Ti group and the 46.04 ± 5.89 × 104 Pa of the control group
(p < 0.05).

3.8.4 Histological Observation
At 4 weeks after surgery, a small amount of new bone tissue was
formed at the edge of the scaffold material in both the Gr-Ti and
Gr-Ti/Exos groups. In the Gr-Ti group, the boundary between the
scaffold and bone defect area was still clear, and no obvious bone
trabecula was formed. In the Gr-Ti/Exos group, new bone grew
into the edge of the bone defect area, parts of the bone trabeculae
were interconnected, and the distribution of red blood cell fiber
tissue was found in the pores. In the blank control group, the edge

FIGURE 12 | (A) Bone density measurement; (B) Biomechanical measurement (prepresents the comparison between the stent and blank control groups, p < 0.05;
#represents the comparison between the Gr-Ti/Exos and Gr-Ti groups, p < 0.05).

FIGURE 13 | Van Gieson staining: Newborn bone tissue is stained red. (A,D)Control group; (B,E)Gr-Ti group; (C,F)Gr-Ti/Exos group: a significant amount of new
bone tissue grew into the bone defect area and material pores of the Gr-Ti/Exos group.
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of the bone defect area was still clear, no obvious new bone tissue
was formed, and was filled with only fibrous connective tissue.

At 12 weeks after surgery, a significant amount of new bone
tissue grew into the bone defect area and material pores of the Gr-
Ti/Exos group. This new bone tissue was dense, and the boundary
of the defect area became unclear. Compared with the Gr-Ti/Exos
group, the margin of bone defect was significantly higher in the
Gr-Ti/Exos group, and the new bone was less than that in the Gr-
Ti/Exos group, although the new bone formed was greater than
that formed by the fourth week. No obvious new bone tissue was
found in the blank control group, and the bone defect was filled
with a lot of connective tissue Figure 13.

4 DISCUSSION

At present, the development and improvement of traditional
titanium alloy are undergoing a revolution. Since the
performance of most implants is dependent on their surface
properties, using the principles of engineering to improve
surface characteristics is one of the most appropriate strategies
for developing next-generation titanium implants (Yi et al., 2022).

In this study, the results showed that porous titanium alloy
material with a three-dimensional pore structure could effectively
reduce the elastic modulus of implants to match normal bone tissue,
and provided support for the interlocking between bone tissue and
implants to improve the stability of the implant (Fousová et al., 2017).
Some studies have found that at a porosity of 70%, the elastic
modulus of titanium alloy can be reduced to 0.7 GPa which
almost eliminated the stress shielding (Jing et al., 2020). In
addition, some researchers have manufactured titanium alloy
materials with an elastic modulus of 1 GPa and porosity of 85%
by the SLM method, which achieved relatively high mechanical
properties to meet the application requirements of bone repair
(Zheng et al., 2020). Here, the optimization of the porous
titanium alloy implant rod and the results show that the implant
had a large pore size (550 μm) andhigh porosity. According tomicro-
CT detection, the porous titanium alloy formed by SLM processing
had good properties, with full through-through pores and
corresponding porosity of 69% ± 3%, which meets the design
standards of pore structure and pore parameters.

Since its discovery, graphene has been widely used in biomedical
surface engineering due to its unique physical and chemical
properties as well as biocompatibility (Xie et al., 2019; Ma et al.,
2020). Graphene can improve the surface activity of biomaterials
without changing the properties of the biomaterial matrix (Zhu et al.,
2020). Graphene is biologically more stable than other two-
dimensional nanomaterials, such as Phosphorene or the
Borophene (Tatullo et al., 2019a; Tatullo et al., 2019b). Therefore,
in our previous study, we designed and manufactured a porous
titanium alloy scaffold with a composite graphene coating (Sun et al.,
2021). Concomitantly, the role of stem cells in promoting tissue repair
and regeneration through the paracrine pathway has received
increasing attention. Therefore, in this study, we focused on the
safety and possible mechanism of ADSC-Exos and composite
graphene-coated porous titanium alloy scaffolds in bone tissue
regeneration.

Exos are types of EVs derived from endosomes secreted by
MSCs, lymphocytes, and epithelial cells. All EVs are cup-shaped,
and the respective identification of Exos, microvesicles, or
apoptotic bodies depends mainly on the mode of generation,
diameter, and surface markers (Popa and Stewart, 2021). At a
diameter of 30–150 nm, the gold standard for Exo identification is
transmission electron microscopy (Andreu and Yáñez-Mó,
2014). The exosome lipid-bilayer membrane has characteristic
surface markers, such as the membrane-binding proteins CD9,
CD63, and TSG101, which can be readily identified by western
blot. In this study, after deriving Exos from ADSCs by an ultra-
high-speed differential centrifuge method, their characteristic
cup-shaped appearance and diameter were observed via SEM.
Western blot results showed that the protein levels of CD9 and
TSG101 on Exos were positive, while the corresponding calnexin
was negative, which could be used to distinguish the Exos from
the ADSCs.

Good cell adhesion is characterized by fusiform or fusiform
appearance and extension of pseudopodia. It could be seen from
early cell adhesion experiments that, after the addition of Exos,
the growth morphology and number of ADSCs in the Gr-Ti
scaffold were better than those on the scaffold without Exos,
indicating that the Gr-Ti loaded with Exos could better promote
cell adhesion. This may be a result of constructing a three-
dimensional structure similar to the microenvironment in
vivo—i.e., it can accommodate a greater number of cells than
traditional two-dimensional cultures, while retaining a large
amount of the outer matrix around the cells.

Whether the seed cells can maintain and promote their
viability after being inoculated into the scaffold material is an
important criterion to qualify the scaffold material. By comparing
the CCK-8 and ALP detection results of the Gr-Ti and Gr-Ti/
Exos groups, we found that the number and osteogenic index of
the scaffolds with Exos were higher than those without Exos,
proving that Exos significantly promoted the growth of ADSCs in
the Gr-Ti scaffolds.

In bone tissue engineering, good adhesion of seed cells to
scaffold materials is a prerequisite for cell proliferation and
osteogenic differentiation, while the influence of scaffold
materials on the osteogenic differentiation of stem cells
requires further evaluation at the molecular level. ALP,
osteocalcin, and type I collagen can be used to determine
the conversion of stem cells into osteoblasts. RUNX2 is also
closely associated with osteogenic differentiation (Maqsood
et al., 2020). Studies have shown that rat ADSC-Exos can
promote the adhesion and proliferation of BMSCs, enhance
the activity of ALP, upregulate the expressions of RUNX2 and
ALP genes, and promote the osteogenic differentiation of
stem cells (Nikfarjam et al., 2020). Martins et al. (2016)
found that mediums that activated transcription and
Runx2 could induce osteogenesis of MSCs, and their
secreted Exos could better upregulate the expression of
osteogenic marker genes such as ALP, BMP2, and SP7,
effectively promoting osteogenic differentiation of MSCs.
In addition, it was found during osteoblast differentiation,
the MSC-Exos can promote the expression of TGF-β1,
RUNX2, and OSX. Here, our PCR and western blot analysis
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showed that the expression of RUNX2, ALP, and OSX
osteogenic genes and proteins in the Gr-Ti/Exos group was
significantly increased after the addition of Exos into the
scaffold material, which was significantly different from that
in the Gr-Ti and control groups without Exos. These results
suggest that Gr-Ti loaded with Exos can promote osteogenic
differentiation in ADSCs.

Wnt signaling is closely related to biological development and
plays a regulatory role in biological processes such as embryo
development and tissue regeneration (Haffner-Luntzer, 2021).
Wnt signaling pathwaymainly consists of theWnt family, such as
CK1, GSK-3β, APC, and Axins (Koziński and Dobrzyń, 2013).
Studies have shown that graphene has good osteogenic induction
and can accelerate osteogenic differentiation by activating the
Wnt/β-catenin-related signaling pathways (Wang et al., 2020). β-
catenin is an important node factor in this signaling pathway,
which can regulate the RUNX2 gene and promote osteogenic
differentiation of ADSCs when activated by Wnt signaling
(Zhang et al., 2015; Lu et al., 2017). Researchers also found
that Exos can increase the expression of Wnt signaling
pathways Wnt-1, Axin2, and β-catenin (Gu et al., 2019; Yang
et al., 2020). Wnt/β-catenin signaling pathway inhibitor DKK can
bind to the LRP5 receptor, competitively inhibit the Wnt ligand-
protein, reduce β-catenin level, and then inhibit osteogenic
differentiation. In this study, when we added the Wnt pathway
inhibitor DKK, the expressions of Wnt1, Axin2, and β-catenin
were significantly decreased, and the levels of osteogenic-related
proteins RUNX2, ALP, and Osterix were also decreased,
suggesting that the role of Exos in promoting ADSCs
osteogenesis could be inhibited by DKK. Therefore, it was
indirectly shown that Exos can mediate the osteogenic
differentiation of ADSCs through the Wnt/β-catenin signaling
pathway.

At present, there are few in vivo experimental studies on porous
titanium alloy scaffolds, especially studies on the combination of
graphene surface modification and Exos. The final application of any
kind of material needs in vivo verification to confirm its safety,
reliability, and effectiveness. Furthermore, the establishment of an
animal bone defect model must meet the requirement of a critical
bone defect (Machavariani et al., 2019). In this study, a rabbit model
of full-layer bone defect of mandible was characterized by clear
anatomical location, superficial location, simple approach, easy
operation, and high success rate. For the experiment, a 0.8 cm
full-thickness defect of the mandible was inflicted in the blank
control group, which was filled with a large amount of fibrous
tissue and granulation tissue 12 days after the operation, showed
no obvious new callus formation, and did not meet the clinical bone
healing standard but did meet the standard definition of a critical
bone defect. This model preparation method was safe, reliable, and
reproducible, providing an effective way to evaluate the bone-binding
ability of scaffold materials.

By general observation and micro-CT results, it can be seen
that there were large low-density shadows around the
materials in both the Gr-Ti/Exos and Gr-Ti groups 4 weeks
after surgery, and these low-density shadows decreased in both
groups 12 weeks after surgery, indicating bone defects near
implants were repaired as time extended. Concurrently, the

bone tissue of the Gr-Ti/Exos group encompassed the scaffold
material and bone defect area, and there was no obvious
boundary between the scaffold material and the
surrounding area, indicating that the bone composition
effect of the Gr-Ti/Exos group was better than that of the
Gr-Ti group.

Through bone growth volume fraction and bone mineral density
measurement, it was found that the bone volume fraction of the Gr-
Ti/Exos groupwas significantly higher than that of theGr-Ti group at
12 weeks after surgery, indicating a higher number of new bone tissue
in the material, which was also consistent with the bone mineral
density measurement results. Comparison of these two groups
suggests that Exos have a definite promoting effect on the
osteogenic differentiation of ADSCs on composite graphene-
coated porous titanium alloy scaffolds.

The mechanical test results showed that the flexural strength
of the scaffold group was higher than that of the blank control
group at the 4th and 12th week after surgery, indicating that the
scaffold material can significantly reduce the stress shielding of
the material itself and its mechanical properties can adapt to
normal bone tissue. Meanwhile, the flexural strength of the Gr-
Ti/Exos group was superior to that of the Gr-Ti group, indicating
that the Exos play a key role in the bone tissue healing process and
can better promote the osteogenic differentiation of ADSCs.
These results provide mechanical experimental support for the
application of Exos in the field of bone tissue engineering.

Histological staining showed that in the scaffold group, the
new bone tissue was found around the defect area at 4 weeks after
surgery; however, the gaps between the scaffold and bone tissue
were not yet closed. At the 12th week after surgery, the amount of
new bone that covered the defect area in the Gr-Ti/Exos group
was significantly better than that in the Gr-Ti group, and there
was no obvious gap between the new bone and scaffold, showing a
good bone integration effect. In contrast, in the blank control
group, there was only scattered fibrous tissue filling in the defect
area, and no obvious new bone tissue was formed.

In summary, we combined ADSCs as “seed cells” and Exos as
“inducers” on a Gr-Ti scaffold for bone tissue engineering, to show its
prospective application in repairing maxillofacial bone defects. In
vitro experiments have shown that the Gr-Ti scaffolds have good
safety and biocompatibility, and can promote the adhesion and
osteogenic differentiation of ADSCs. In vivo and in vitro
experiments showed that ADSC-derived Exos can promote the
growth of ADSCs in the Gr-Ti scaffold, and upregulate the
expression of osteogenic genes and proteins, which may be related
to the Wnt signaling pathway. However, the mechanism of Exos
promoting the osteogenic differentiation of ADSCs remains to be
further studied. Our ultimate goal is to achieve the clinical application
of this method, so further research is needed in the immunogenicity
of stem cells, biocompatibility of scaffoldmaterials, standardization of
extraction and preservation of Exos and other aspects.

5 CONCLUSION

In this study, we first showed that Gr-Ti scaffolds have good
biocompatibility, which can promote the adhesion and
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osteogenic differentiation of ADSCs. Second, Exos derived from
ADSCs further promoted the osteogenic differentiation of ADSCs
in Gr-Ti scaffolds. Third, the mechanism of Exos in promoting
osteogenic differentiation of ADSCs is related to the Wnt
signaling pathway. Lastly, Gr-Ti scaffolds with ADSCs and
ADSC-derived Exos successfully repaired rabbit mandibular
defects, laying a foundation for the clinical application of bone
tissue engineering in repairing irregular bone defects in the
maxillofacial region. However, this paper only observed some
phenomena of the joint action of Gr-Ti scaffold and Exos to
promote bone tissue regeneration, and its deep mechanism needs
to be further studied and explored, which is also the direction that
the authors need to study in the future.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding authors.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Ethics Committee of The First Hospital of China

Medical University. The patients/participants provided their
written informed consent to participate in this study. The
animal study was reviewed and approved by The Ethics
Committee of China Medical University (protocol code:
CMU20211277; date of approval: 11 June 2021).

AUTHOR CONTRIBUTIONS

Conceptualization, XS and SG. Methodology, ST. Software,
SY. Validation, SG. Formal analysis, XS and ST. Writing-
original draft preparation, XS. Writing-review and editing,
ST. All authors have read and agreed with the final version of
the manuscript.

FUNDING

This work was supported by the National Natural Science
Foundation of China (Nos. #51872332 and #81501857), the
China Postdoctoral Science Foundation (No. #2018M641741),
and the Doctoral Research Initiation Fund of Liaoning Province
(No. #2019-BS-281). The funding bodies had no role in the study
design, collection, analysis, interpretation of data, or manuscript
preparation.

REFERENCES

Ajit, A., and Ambika Gopalankutty, I. (2021). Adipose-derived Stem Cell
Secretome as a Cell-free Product for Cutaneous Wound Healing. 3 Biotech.
11, 413. doi:10.1007/s13205-021-02958-7

Altaie, A., Owston, H., and Jones, E. (2016). Use of Platelet Lysate for Bone
Regeneration - Are We Ready for Clinical Translation? Wjsc 8, 47–55. doi:10.
4252/wjsc.v8.i2.47

Andreu, Z., and Yáñez-Mó, M. (2014). Tetraspanins in Extracellular Vesicle
Formation and Function. Front. Immunol. 5, 442. doi:10.3389/fimmu.2014.
00442

Azadian, E., Arjmand, B., Ardeshirylajimi, A., Hosseinzadeh, S., Omidi, M., and
Khojasteh, A. (2020). Polyvinyl Alcohol Modified Polyvinylidene Fluoride-
graphene Oxide Scaffold Promotes Osteogenic Differentiation Potential of
Human Induced Pluripotent Stem Cells. J. Cell Biochem. 121, 3185–3196.
doi:10.1002/jcb.29585

Bunnell, B. A. (2021). Adipose Tissue-Derived Mesenchymal Stem Cells. Cells 10
(12), 3433. doi:10.3390/cells10123433

Fan, D.-Y., Yi, Z., Feng, X., Tian, W.-Z., Xu, D.-K., Cristino Valentino, A. M., et al.
(2022). Antibacterial Property of a Gradient Cu-Bearing Titanium Alloy by
Laser Additive Manufacturing. Rare Met. 41, 580–593. doi:10.1007/s12598-
021-01826-w

Fousová, M., Vojtěch, D., Kubásek, J., Jablonská, E., and Fojt, J. (2017). Promising
Characteristics of Gradient Porosity Ti-6Al-4V Alloy Prepared by SLM Process.
J. Mech. Behav. Biomed. Mater. 69, 368–376.

Gruenwald, W., Bhattacharrya, M., Jansen, D., and Reindl, L. (2018).
Electromagnetic Analysis, Characterization and Discussion of Inductive
Transmission Parameters for Titanium Based Housing Materials in Active
Medical Implantable Devices. Materials 11, 2089. doi:10.3390/ma11112089

Gu, Y., Zhang, J., Zhang, X., Liang, G., Xu, T., and Niu, W. (2019). Three-
dimensional Printed Mg-Doped β-TCP Bone Tissue Engineering
Scaffolds: Effects of Magnesium Ion Concentration on Osteogenesis
and Angiogenesis In Vitro. Tissue Eng. Regen. Med. 16, 415–429.
doi:10.1007/s13770-019-00192-0

Haffner-Luntzer, M. (2021). Experimental Agents to Improve Fracture Healing:
Utilizing the WNT Signaling Pathway. Injury 52 (2), S44–s48. doi:10.1016/j.
injury.2020.11.051

Jing, Z., Zhang, T., Xiu, P., Cai, H., Wei, Q., Fan, D., et al. (2020). Functionalization
of 3D-Printed Titanium Alloy Orthopedic Implants: a Literature Review.
Biomed. Mater. 15, 052003. doi:10.1088/1748-605x/ab9078

Koziński, K., and Dobrzyń, A. (2013). Wnt Signaling Pathway-Iits Role in
Regulation of Cell Metabolism. Postepy Hig. Med. Dosw (Online) 67,
1098–1108. doi:10.5604/17322693.1077719

Lai, R. C., Yeo, R. W. Y., and Lim, S. K. (2015). Mesenchymal Stem Cell Exosomes.
Seminars cell & Dev. Biol. 40, 82–88. doi:10.1016/j.semcdb.2015.03.001

Lu, J., Sun, J., Zou, D., Song, J., and Yang, S. (2020). Graphene-Modified Titanium
Surface Enhances Local Growth Factor Adsorption and Promotes Osteogenic
Differentiation of Bone Marrow Stromal Cells. Front. Bioeng. Biotechnol. 8,
621788. doi:10.3389/fbioe.2020.621788

Lu, Z., Chen, Y., Dunstan, C., Roohani-Esfahani, S., and Zreiqat, H. (2017).
Priming Adipose Stem Cells with Tumor Necrosis Factor-Alpha
Preconditioning Potentiates Their Exosome Efficacy for Bone Regeneration.
Tissue Eng. Part A 23, 1212–1220. doi:10.1089/ten.tea.2016.0548

Ma, N., Liu, S., Liu,W., Xie, L., Wei, D., Wang, L., et al. (2020). Research Progress of
Titanium-Based High Entropy Alloy: Methods, Properties, and Applications.
Front. Bioeng. Biotechnol. 8, 603522. doi:10.3389/fbioe.2020.603522

Machavariani, A., Menabde, G., and Zurmukhtashvili, M. (2019). Guided
Regeneration of Jaw Bone Defects with Combination of Osteoplastic
Materials and Stem Cells. Georgian Med. news 290, 131–135.

Maqsood, M., Kang, M., Wu, X., Chen, J., Teng, L., and Qiu, L. (2020). Adult
Mesenchymal Stem Cells and Their Exosomes: Sources, Characteristics, and
Application in Regenerative Medicine. Life Sci. 256, 118002. doi:10.1016/j.lfs.
2020.118002

Martins, M., Ribeiro, D., Martins, A., Reis, R. L., and Neves, N. M. (2016).
Extracellular Vesicles Derived from Osteogenically Induced Human Bone
Marrow Mesenchymal Stem Cells Can Modulate Lineage Commitment.
Stem cell Rep. 6, 284–291. doi:10.1016/j.stemcr.2016.01.001

Mitra, I., Bose, S., Dernell, W. S., Dasgupta, N., Eckstrand, C., Herrick, J., et al.
(2021). 3D Printing in Alloy Design to Improve Biocompatibility in

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org June 2022 | Volume 10 | Article 90551113

Sun et al. Exosome-Graphene-Titanium Scaffolds Promote ADSCs Osteogenesis

https://doi.org/10.1007/s13205-021-02958-7
https://doi.org/10.4252/wjsc.v8.i2.47
https://doi.org/10.4252/wjsc.v8.i2.47
https://doi.org/10.3389/fimmu.2014.00442
https://doi.org/10.3389/fimmu.2014.00442
https://doi.org/10.1002/jcb.29585
https://doi.org/10.3390/cells10123433
https://doi.org/10.1007/s12598-021-01826-w
https://doi.org/10.1007/s12598-021-01826-w
https://doi.org/10.3390/ma11112089
https://doi.org/10.1007/s13770-019-00192-0
https://doi.org/10.1016/j.injury.2020.11.051
https://doi.org/10.1016/j.injury.2020.11.051
https://doi.org/10.1088/1748-605x/ab9078
https://doi.org/10.5604/17322693.1077719
https://doi.org/10.1016/j.semcdb.2015.03.001
https://doi.org/10.3389/fbioe.2020.621788
https://doi.org/10.1089/ten.tea.2016.0548
https://doi.org/10.3389/fbioe.2020.603522
https://doi.org/10.1016/j.lfs.2020.118002
https://doi.org/10.1016/j.lfs.2020.118002
https://doi.org/10.1016/j.stemcr.2016.01.001
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Metallic Implants. Mater. Today 45, 20–34. doi:10.1016/j.mattod.2020.
11.021

Nikfarjam, S., Rezaie, J., Zolbanin, N. M., and Jafari, R. (2020). Mesenchymal
Stem Cell Derived-Exosomes: a Modern Approach in Translational
Medicine. J. Transl. Med. 18, 449. doi:10.1186/s12967-020-02622-3

Pereira, A. T., Schneider, K. H., Henriques, P. C., Grasl, C., Melo, S. F., Fernandes, I.
P., et al. (2021). Graphene Oxide Coating Improves the Mechanical and
Biological Properties of Decellularized Umbilical Cord Arteries. ACS Appl.
Mater. Interfaces 13, 32662–32672. doi:10.1021/acsami.1c04028

Popa, S. J., and Stewart, S. E. (2021). Socially Distanced Intercellular
Communication: Mechanisms for Extracellular Vesicle Cargo Delivery. Sub-
cellular Biochem. 97, 179–209. doi:10.1007/978-3-030-67171-6_8

Sun, X., Tong, S., Yang, S. D., and Guo, S. (2021). The Effects of Graphene on the
Biocompatibility of a 3D-Printed Porous Titanium Alloy. Coatings 11, 13.
doi:10.3390/coatings11121509

Tamayo, J. A., Riascos, M., Vargas, C. A., and Baena, L. M. (2021). Additive
Manufacturing of Ti6Al4V Alloy via Electron Beam Melting for the
Development of Implants for the Biomedical Industry. Heliyon 7, e06892.
doi:10.1016/j.heliyon.2021.e06892

Tang, Y., Zhou, Y., and Li, H.-J. (2021). Advances in Mesenchymal Stem Cell
Exosomes: a Review. Stem Cell Res. Ther. 12, 71. doi:10.1186/s13287-021-
02138-7

Tatullo, M., Genovese, F., Aiello, E., Amantea, M., Makeeva, I., Zavan, B., et al.
(2019a). Phosphorene Is the New Graphene in Biomedical Applications.
Materials 12 (14), 2301. doi:10.3390/ma12142301

Tatullo, M., Zavan, B., Genovese, F., Codispoti, B., Makeeva, I., Rengo, S., et al.
(2019b). Borophene Is a Promising 2D Allotropic Material for Biomedical
Devices. Appl. Sci. 9, 3446. doi:10.3390/app9173446

Wang, M., Li, J., Ye, Y., He, S., and Song, J. (2020). SHED-derived Conditioned
Exosomes Enhance the Osteogenic Differentiation of PDLSCs via Wnt and BMP
Signaling In Vitro. Differentiation 111, 1–11. doi:10.1016/j.diff.2019.10.003

Wu, Y., Wang, Y., Tian, S., Li, H., Zhao, Y., Jia, D., et al. (2020). FormationMechanism,
Degradation Behavior, and Cytocompatibility of a Double-Layered Structural
MAO/rGO-CaP Coating on AZ31 Mg. Colloids Surfaces B Biointerfaces 190,
110901. doi:10.1016/j.colsurfb.2020.110901

Xie, H., Cao, T., Franco-Obregón, A., and Rosa, V. (2019). Graphene-Induced
Osteogenic Differentiation Is Mediated by the Integrin/FAK Axis. Int. J. Mol.
Sci. 20, 2031–2039. doi:10.3390/ijms20030574

Yang, S., Guo, S., Tong, S., and Sun, X. (2020). Exosomal miR-130a-3p
Regulates Osteogenic Differentiation of Human Adipose-Derived Stem
Cells through Mediating SIRT7/Wnt/β-Catenin axis. Cell Prolif. 53,
e12890. doi:10.1111/cpr.12890

Yi, Z., Liu, Y., Ma, Y. D., Liu, Z. G., Sun, H., Zhou, X., et al. (2022). Surface
Treatment of 3D Printed Cu-Bearing Ti Alloy Scaffolds for Application in
Tissue Engineering. Mater. Des. 213, 14. doi:10.1016/j.matdes.2021.
110350

Zhang, B., Wu, X., Zhang, X., Sun, Y., Yan, Y., Shi, H., et al. (2015). Human
Umbilical Cord Mesenchymal Stem Cell Exosomes Enhance Angiogenesis
through the Wnt4/β-Catenin Pathway. Stem cells Transl. Med. 4, 513–522.
doi:10.5966/sctm.2014-0267

Zheng, Y., Han, Q., Wang, J., Li, D., Song, Z., and Yu, J. (2020). Promotion of
Osseointegration between Implant and Bone Interface by Titanium Alloy
Porous Scaffolds Prepared by 3D Printing. ACS Biomater. Sci. Eng. 6,
5181–5190. doi:10.1021/acsbiomaterials.0c00662

Zhu, J., Li, B., Xu, M., Liu, R., Xia, T., Zhang, Z., et al. (2020). Graphene Oxide
Promotes Cancer Metastasis through Associating with Plasma Membrane
to Promote TGF-β Signaling-dependent Epithelial-Mesenchymal
Transition. ACS nano 14, 818–827. doi:10.1021/acsnano.9b07891

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Sun, Yang, Tong and Guo. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org June 2022 | Volume 10 | Article 90551114

Sun et al. Exosome-Graphene-Titanium Scaffolds Promote ADSCs Osteogenesis

https://doi.org/10.1016/j.mattod.2020.11.021
https://doi.org/10.1016/j.mattod.2020.11.021
https://doi.org/10.1186/s12967-020-02622-3
https://doi.org/10.1021/acsami.1c04028
https://doi.org/10.1007/978-3-030-67171-6_8
https://doi.org/10.3390/coatings11121509
https://doi.org/10.1016/j.heliyon.2021.e06892
https://doi.org/10.1186/s13287-021-02138-7
https://doi.org/10.1186/s13287-021-02138-7
https://doi.org/10.3390/ma12142301
https://doi.org/10.3390/app9173446
https://doi.org/10.1016/j.diff.2019.10.003
https://doi.org/10.1016/j.colsurfb.2020.110901
https://doi.org/10.3390/ijms20030574
https://doi.org/10.1111/cpr.12890
https://doi.org/10.1016/j.matdes.2021.110350
https://doi.org/10.1016/j.matdes.2021.110350
https://doi.org/10.5966/sctm.2014-0267
https://doi.org/10.1021/acsbiomaterials.0c00662
https://doi.org/10.1021/acsnano.9b07891
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

	Study on Exosomes Promoting the Osteogenic Differentiation of ADSCs in Graphene Porous Titanium Alloy Scaffolds
	1 Introduction
	2 Materials and Methods
	2.1 Preparation and Characterization of Materials
	2.2 Extraction and Identification of Exos Derived From Adipose Stem Cells
	2.3 Co-Culturing Cells With Scaffold Materials
	2.3.4 Quantitative Real-Time PCR
	2.3.5 Western Blot Analysis

	2.4 In Vivo Study of Bone Defects by Gr-Ti Scaffold and Exosomes
	2.4.1 Preparation of Rabbit Mandibular Defect Model
	2.4.2 Observation of Experimental Results In Vivo
	2.4.2.1 General Observation
	2.4.2.2 Micro-CT Examination
	2.4.2.3 Bone Density Measurement
	2.4.2.4 Biomechanical Determination
	2.4.2.5 Histological Observation

	2.5 Statistical Analysis

	3 Results
	3.1 Observation of Scaffold Materials
	3.2 Morphological Observation and Identification of Adipose Stem Cells-Exos
	3.3 Adhesion of Adipose Stem Cells to Gr-Ti Scaffold
	3.4 Detection of Cell Proliferation and Osteogenic Activity
	3.5 Expression of Osteogenic Genes Detected by Quantitative Real-Time PCR
	3.6 Levels of Osteogenic-Related Proteins Detected by Western Blot
	3.7 Gr-Ti/Exos Composite Scaffolds Promote Osteogenic Differentiation of Adipose Stem Cells Through Wnt Signaling Pathway
	3.8 Mandible Defect Repair in Rabbits
	3.8.1 General Observation
	3.8.2 Micro-CT Detection
	3.8.3 Bone Mineral Density and Biomechanical Determination
	3.8.4 Histological Observation


	4 Discussion
	5 Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


