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Abstract: 3D-printed titanium (Ti) materials have attracted much attention in the field of bone
tissue repair. However, the combination strength of traditional alloy materials with bone tissue is
lower, and the elastic modulus is higher than that of natural bone tissue, which makes the titanium
alloy susceptible to stress shielding phenomena after implantation. Therefore, it is urgent to find
better surface modification technology. In this study, the physical and chemical properties, toxicity,
and proliferation of adipose stem cells of composite graphene-coated titanium alloy (Gr-Ti) were
investigated using 3D-printed titanium alloy as a material model. Physical and chemical property
tests confirmed that 3D printing could produce porous titanium alloy materials; the compressive
strength and elastic modulus of the titanium alloy scaffolds were 91 + 3 MPa and 3.1 + 0.4 GPa,
matching the elastic modulus of normal bone tissue. The surface characterization shows that graphene
can be coated on titanium alloy by a micro-arc oxidation process, which significantly improves the
surface roughness of titanium alloy. The roughness factor (Ra) of the Ti stent was 4.95 £+ 1.12 um,
while the Ra of the Gr-Ti stent was 6.37 & 0.72 um. After the adipose stem cells were co-cultured
with the scaffold for 4 h and 24 h, it was found that the Gr-Ti scaffold could better promote the early
cell adhesion. CCK-8 tests showed that the number of ADSCs on the G-Ti scaffold was significantly
higher than that on the Ti scaffold (p < 0.01). The relative growth rate (RGR) of ADSCs in Gr-Ti
was grade 0-1 (non-toxic). In the in vivo experiment of repairing a critical bone defect of a rabbit
mandible, the bone volume fraction in the Gr-Ti group increased to 49.42 £ 3.28%, which was much
higher than that in the Ti group (39.76 £ 3.62%) (p < 0.05). In conclusion, the porous graphene—
titanium alloy promotes the proliferation and adhesion of adipose stem cells with multidirectional
differentiation potential, which has great potential for the application of bone tissue engineering in
repairing bone defects in the future.

Keywords: 3D printing; titanium alloy; graphene; adipose-derived stem cells

1. Introduction

Maxillofacial bone defects caused by trauma and tumors are major challenges faced by
plastic surgeons, but satisfactory repair materials have not been found yet [1,2]. Titanium
alloy, which has been widely used as bone repair material, has obvious demerits. On the
one hand, titanium alloy is bioinert and has a low binding strength with bone tissues [3,4].
On the other hand, the mechanical strength of titanium alloy is much higher than that of
natural bone tissue, making titanium alloy prone to stress shielding after implantation.
As a result, the surrounding bone tissue is absorbed, and even leads to the loosening or
fracture of the implant, resulting in the instability of the combination of materials and
tissues [5,6].

To solve these problems, different titanium alloy surface modification techniques have
been proposed to meet the requirements of clinical application, such as implant surface
coating, which is loaded with bioactive molecules or drugs to modify the implant surface
to promote osseointegration at the implant-bone interface. These methods can effectively
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improve the bioactivity and biocompatibility of implants and promote osseointegration
at the implant-bone interface [7,8]. On the other hand, in view of the stress shielding
phenomenon [9], 3D printing technology opens up a new idea for the personalized man-
ufacturing of hard tissue implant materials. Three-dimensional printing technology can
adjust the mechanical properties of the material to better match the tissues of the bone. The
porous structure of 3D printing can affect the overall density, strength, and elastic modulus
of the metal implant, and adjust the pore size and porosity to match the mechanical proper-
ties of the host bone tissue, and thus the stress shielding effect can be effectively reduced or
eliminated [10]. In addition, the rough internal and external surface of the porous structure
is conducive to the adhesion, proliferation, and differentiation of osteoblasts, and promotes
the growth of new bone tissue into the pores, so that the implant and bone tissue form
a locked structure, and finally form a whole, which is conducive to the long-term stable
fixation of the implant. At the same time, the pores of three-dimensional traffic can enable
the free transmission of body fluids, bring nutrients to the growth of new bone, take away
metabolic waste, promote the regeneration and reconstruction of tissue, and accelerate the
whole repair process [11].

Graphene is an allotrope of carbon with a thickness of only 0.35 nm and a carbon-
carbon covalent bond of 0.142 nm. Unique mechanical properties, such as high extensibility,
flexibility, and adaptability to regular or irregular surfaces, are suitable for cell adhesion and
migration [12]. Graphene has been found to be used in bone tissue engineering applications
where graphene coated materials can promote stem cell viability and induce the osteogenic
differentiation of stem cells compared to traditional substrates or scaffolds [13,14]. Micro-
arc oxidation technology has been widely used in the field of medical materials since it was
proposed. With mature technology and a stable effect, graphene bioactive coating can be
well compounded on the surface of a titanium alloy substrate [15].

The process of bone tissue repair is accomplished through a series of chain reactions
involving pluripotent stem cells, such as proliferation and differentiation, the recognition
of the extracellular matrix and signal molecules, the expression of related factors, and tar-
geting. Adipose-derived stem cells (ADSCs), as a popular seed cell in recent years, exist in
adipose tissue; ADSCs can maintain self-renewal and have multidirectional differentiation
potential. They are more abundant in vivo and easier to obtain and amplify in vitro. [16] A
large number of studies with clinical application significance are being carried out in the
field of bone tissue repair [17,18].

In a large area of bone defect, stem cells cannot play a role alone, so it is necessary to
provide a transitional place for stem cells to induce differentiation in vivo with scaffold
materials as the carrier. Titanium alloy has good mechanical properties and corrosion
resistance; surface modification technology can retain the original excellent mechanical
properties of titanium and its alloys, endowing them with special biological functions, so
as to meet the clinical needs [19]. In order to make up for the deficiency of traditional
titanium alloy materials in repairing bone tissue defects, the porous titanium alloy prepared
by selective laser melting (SLM) technology was used to prepare porous titanium alloy
implants with composite graphene coating by micro-arc oxidation technology from both
the structure and surface. The effects of composite implants on bone repair and bone inte-
gration were evaluated in vivo and in vitro, providing a theoretical basis for the combined
application of bone tissue engineering and stem cell therapy and an experimental basis for
the development and application of new bone defect repair materials in clinical practice.

2. Materials and Methods
2.1. Material Preparation

The three-dimensional digital model of porous titanium alloy scaffold material was
designed and established by CAD software (Version 21.0, Materialise, Leuven, Belgium).
Its external shape was 8 mm X 4 mm X 3 mm and 4 mm X 4 mm X 3 mm, and the cube
was the basic structural unit. The internal porosity was about 70%, and the aperture was
about 550 pm (Figure 1). The porous titanium alloy scaffolds with the above two sizes
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were prepared by selective laser melting (SLM) technology. The equipment used was 3D
Systems (Prox DMP 200, Rock Hill, SC, USA). The Ti6Al4V alloy powder size was no larger
than 50 um, the laser spot diameter was 70 pm, the scanning distance was 45 pm, the laser
power was 260 W, the scanning speed was 1200 mm/s, and the layer thickness was 45 um
(Figure 1).

Figure 1. (A) Internal design structure of porous scaffold; (B) porous scaffold without coating; and
(C) composite graphene-coated porous scaffold.

Bioactive graphene coatings were prepared on the surface of porous titanium alloy
scaffolds by micro-arc oxidation. The pretreated bracket connecting wires were placed in
a preprepared electrolyte. The bracket to be processed was used as the anode, a graphite
plate was used as the cathode, and the electrolyte was contained in a PTFE tank. The
electrolyte used in this experiment was mainly composed of graphene (Nanjing XENANO
Materials Tech Co., Ltd., Nanjing, China), EDTA disodium (Wujiang Aobang Chemical Co.,
Ltd., Wujiang, China), and deionized water.

2.2. Determination of the Physical and Chemical Properties of the Scaffolds

The surface morphologies of the Ti scaffold and Gr-Ti scaffold were compared by
scanning electron microscopy (JSM-TM3000, JEOL, Tokyo, Japan). The internal struc-
tural parameters such as porosity, pore diameter, and trabecular diameter were examined
by scanning electron microscopy. The surface elements of the scaffolds were analyzed
by energy-dispersive X-ray spectroscopy (EDS) (JSM-TM3000, Tokyo, Japan) with scan-
ning electron microscopy. A 3D measurement laser confocal microscope (Olympus LEXT
OLS4000, Tokyo, Japan) was used to scan and reconstruct the surface topography of the
two materials, and their surface roughness was detected and analyzed.

The elastic modulus is E = P/(—dV/V) and the unit is Pa. Compressive strength
P (MPa) = F (N)/S (mm?). The material was placed between two pressure plates of
the mechanical testing machine. The loading rate of the pressure plate was set as 0.01
mm/s, and the upper limit of deformation was set as 15% of the height of the support.
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The elastic modulus was calculated by selecting a relatively flat section of the pressure-
deformation curve.

2.3. Compound Culture and Biocompatibility of ADSCs and Scaffolds In Vitro

Human adipose tissue was obtained under aseptic conditions and 0.2% type I colla-
genase (Sigma Chemical Co., St. Louis, MO, USA) was used for full digestion in a 37 °C
water bath for 45 min. Supernatant and adipose tissue were discarded after centrifugation
at 1200 rpm for 5 min at room temperature. The cells were resuspended by blowing with
15% FBS and inoculated in a 75 cm? culture flask at 37 °C with 5% CO, saturated humidity.

CCK-8 assay was used to evaluate the cytotoxicity and proliferation of scaffolds on
ADSCs. ADSCs were inoculated with 2 x 10* cells/mL on coated and uncoated scaffolds.
After 24 h, cells were cultured in the complete medium with 10% (V/V) CCK-8 reagent
(US Everbright Inc., Silicon Valley, CA, USA) for 2 h, and then the spectrophotometry
was measured at 450 nm with a microplate reader. After 1, 4, 7, and 10 days of culture,
6 samples were taken from each time point group, washed with PBS 3 times, and 1 mL of
0.1% TritonX-100 was added to each well at 4 °C overnight, and blown for 1 min. The OD
value of the solution in the well was read by the microplate reader at the wavelength of
520 nm.

The morphology of ADSCs in different samples was observed by scanning electron
microscopy. ADSCs were inoculated into alloys on 96-well plates with 5000 cells per well.
After incubation for 4 and 24 h, the medium was removed. The samples were washed with
PBS 3 times and dehydrated in ethanol at 30%, 50%, 75%, 95%, and 100% concentrations
for 10 min. The samples were fixed with 2.5% glutaraldehyde at 4 °C for 4 h and examined
by SEM.

2.4. In Vivo Experimental Study of Porous Titanium Alloy Scaffolds

The experimental animals were randomly divided into three groups (6 animals/group):
group A was the Gr-Ti group; group B was the Ti group; and group C was used as the
blank control group.

After weighing the experimental animals (New Zealand white rabbits, 6 months
old, male or female, weight 2-3 kg), they underwent a 10% chloral hydrate (3 mL/kg)
abdominal injection of anesthesia. Then, a bilateral area under the jaw and neck skin
was disinfected with a shop towel and a transverse incision was made along the edge
of the jaw, about 2 cm long, cutting to the bone surface and completely showing the
mandibular lingual nozzles and cheek bone surface. A low-speed turn crack at the edge of
the middle mandibular of about 8 mm x 4 mm created the full-thickness defect of bone.
The corresponding scaffolds were implanted, respectively. According to the experimental
plan, the animals were sacrificed 4 and 12 weeks after operation, and bilateral mandible
specimens were collected.

The postoperative survival status of animals was observed, and inflammatory re-
actions such as redness, exudation, and ulceration were observed. After sampling, we
observed whether the specimen morphology was abnormal, whether the scaffold was
combined with surrounding tissues, whether the fibrous granulation tissue was wrapped
and adhered, and whether there was prolapse of the scaffold.

Bone ingrowth in the implantable material and bone integration between the material
and the tissue were observed and evaluated. Bone ingrowth in the material was quan-
titatively analyzed by measuring and calculating the bone volume fraction (BVF). BVF
was calculated as follows: BVF = volume of newly mineralized bone in the material x
100%/pore volume in the material.

SPSS19.0 statistical software was used for the t-test, and p < 0.05 was statistically
significant.
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3. Results
3.1. Physical and Chemical Properties of Porous Titanium Alloy Scaffolds

Figure 1 shows that the porous titanium alloy scaffold has a smooth surface and con-
sistent pores. The surface of the coating specimen is dark and rough without metallic luster.

SEM results are shown in Figure 2. As shown in Figure 2C,D, the surface of the
graphene coating shows a uniform microporous structure. The surface is rough and porous
relative to the uncoated material (Figure 2A,B). The scanning results showed that the
pore parameters of the porous titanium alloy scaffold prepared in this experiment were
as follows: porosity 69 + 3%, pore diameter 542 4 26 pm, and metal trabecular diameter
244 4 21 um.

Figure 2. SEM observation of samples: the surface of the graphene coating (C,D) shows a uniform
microporous structure, which is rough and porous relative to the uncoated material (A,B).

Metallic elements such as titanium and aluminum can be detected by X-ray energy
spectrum analysis on the surface of the titanium alloy scaffold (Figure 3A). Elements such
as carbon can be detected by micro-arc oxidation (Figure 3B).

The surface roughness is indicated by the average roughness factor (Ra). The Ra of
the Ti stent (Figure 4A) was 4.95 & 1.12 um, while the Ra of the Gr-Ti stent (Figure 4B) was
6.37 &+ 0.72 pum, with statistically significant differences.

The compressive strength and elastic modulus of the porous titanium alloy scaffolds
were 91 + 3 MPa and 3.1 £ 0.4 GPa.
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Figure 3. SEM energy dispersive X-ray spectroscopy analysis results: Peak values of Ti, Al, V and
other metal elements can be seen on the surface of Ti (A); carbon can be detected on the surface of
Gr-Ti (B).

Figure 4. Average roughness: Ra of Gr-Ti (B) was higher than that of Ti (A); (p < 0.05).

3.2. Adhesion of ADSCs

As can be seen from Figure 5, at the early stage of culture, at about 4 h, the ADSCs’
morphology on the Ti scaffold and Gr-Ti scaffold group was similar without a significant
difference, with scattered round or oval ADSC adhesion on the surface of the scaffold,
granular protrusions on the surface of ADSCs, and a small amount of granular extracellular
matrix around the cells (Figure 5A,C). When cultured for 24 h, the number of ADSCs on the
Gr-Ti scaffold was significantly higher than that on the Ti scaffold, and the cell morphology
of the two scaffolds was different: The pseudopodia of the cells on the Gr-Ti scaffold
extended significantly and grew across the pores of the scaffold, forming an anchor-like
structure that firmly bonded with the scaffold and connected with the pseudopodia of
other cells. The cells were connected in pieces (Figure 5D).

3.3. Cell Proliferation and Cytotoxicity

The proliferation capacity of the ADSCs in each group showed an increasing trend
after 24 h of culture, the number of ADSCs on the G-Ti scaffold was significantly higher
than that on the Ti scaffold (p < 0.01), and the number of ADSCs on both scaffolds was
higher than that on the control group (p < 0.01) (Figure 6A). The results showed that
graphene coating could promote the proliferation of ADSCs on porous titanium alloy
scaffolds. The relative growth rate (RGR) of the ADSCs in all samples is shown in Table 1.
The formula is as follows:

RGR = the ODe/ODc x 100%
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Figure 5. The adhesion of ADSCs on different scaffolds observed by SEM. (A/a,C/c) At 4 h, ADSCs morphology on Ti
scaffold and Gr-Ti scaffold group was similar without significant difference. (B/b,D/d) At 24 h, the pseudopodia of the cells
on the Gr-Ti scaffold extended significantly and grew across the pores of the scaffold, forming an anchor-like structure.
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Figure 6. (A) Optical density of ADSCs measured by CCKS test and (B) ALP test at different detection periods (1 =5,
*p <0.05 *p<0.01).

Table 1. Relative growth rate (RGR) and cytotoxicity level.

24 h 48 h 72h
RGR Grade RGR Grade RGR Grade
Ti 97.63 + 1.83 1 110.54 + 6.87 0 101.46 + 8.25 1
Gr-Ti 112.36 + 2.89 0 118.43 +7.22 0 102.76 4 94.32 0

ODe is the average OD value of each experimental group. ODc is the average OD
value of the control group. Cell toxicity grade (CTG) is obtained according to United States
Pharmacopoeia standards [20]. After incubation for 24-72 h, all experimental groups were
grade 0-1 (non-toxic).

3.4. ALP Activity Detection

As can be seen from Figure 6B, the ALP activity of the three groups increased gradually
with the increase of culture timeon1d,4d,7 d, and 10 d. On day 1 of cell culture, ALP
secretion was low, and there was no significant difference in ALP activity among all groups
(p > 0.05). From the 4th day on, ALP in each group increased gradually, and reached the
highest value on the 10th day. The activity of ALP in the Ti group and Gr-Ti group was
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higher than that in the control group (p < 0.05), and the activity of ALP in the Gr-Ti group
was higher than that in the Ti group.

3.5. General Observation of Rabbit Mandible Model

The experimental animals had normal movement and life except for the difficulty in
feeding due to wound pain in the early postoperative period (the degree was mild and
recovered a few days later). Both cheeks were slightly swollen after surgery, and the wound
recovered well one week later without redness, swelling, exudation, or other inflammatory
manifestations. The diet returned to normal three days after surgery. One week later, the
wound healed without obvious signs of infection.

Figure 7 shows the samples after specimen removal.

12W

Figure 7. General observation of scaffold materials.

There was no prolapse of any scaffold. Four weeks after surgery, the implant material
in groups A and B was soft and covered with fibrous connective tissue. The implant was
loosely combined with the edge of the defect area. There was no significant difference
between the two groups. In group C, granulation tissue began to grow into the bone defect
cavity. Twelve weeks after the operation, the implants in groups A and B were firmly
connected to the edge of the defect area; the implants in group A were covered with new
bone, and the new bone was hard and changed invisibly by pressing; the implants in group
B had no obvious boundary, and the surface part was covered by new bone, and the new
bone was hard and changed invisibly by pressing; and the bone defect in group C was
filled with granulation tissue and did not significantly reduce.

3.6. Imaging Analysis (3D-CT)

As can be seen from CT images (Figure 8), the bone defect area of the Gr—Ti scaffold
was small 12 weeks after surgery, there was no obvious metal artifact around the bone
tissue in the 3D images, and the bone tissue density was uniform, indicating that the new
bone was closely connected with the surrounding area. In contrast, although new bone was
generated in the Ti stent group, new bone only occurred at the defect edge, and the defect
area was reduced, which was not enough to cover the whole defect area. Metal artifacts
were seen locally, indicating that the osteogenic ability of the Ti stent group was weaker
than that of the Gr-Ti stent group. In the blank control group, there was still no obvious
new bone formation after 12 weeks, and no obvious signs of healing in the defect area.
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Figure 8. CT status and new bone density of scaffold materials. (* p < 0.05).

The new bone was quantitatively determined by micro-CT software (Magics 13.0).
Figure 8 shows the volume of new bone at each implant stage. It can be seen that 4 weeks
after the Gr-Ti stent implantation, the amount of new bone increased significantly, which
was much higher than that of the Ti stent group. At 12 weeks, NBV was the highest in
the Gr—Ti group. These results confirm that the Gr-Ti scaffolds have higher osteogenic
efficiency and good biocompatibility and osteogenic ability at the later stage of implantation.
In group B, no obvious bone formation was observed in NBV, and the total contribution to
NBYV was negligible.

4. Discussion

Studies have found that porous titanium alloy materials with a three-dimensional
pore structure can effectively reduce the elastic modulus of the implant, make it match
with normal bone tissue, and facilitate the growth of surrounding bone tissue into the
implant to form mechanical locking, thus enhancing the fixation effect of the implant
in the body [21] The mechanical and biological properties of porous titanium alloys are
closely related to their pore structure and pore parameters. There have been many studies
on the pore structure of scaffolds, and the pore size is still the most studied at present,
because the long-term effect of scaffolds largely depends on the pore size. Studies have
shown that with the increase of porosity and pore size, the elastic modulus and mechanical
properties of porous materials decrease significantly [22]. However, if the porosity of the
implant material is too high and the pore size is too large, the mechanical strength of the
implant will decrease significantly and the support strength will be insufficient, resulting
in the material being unusable for bone defect repair in the load-bearing part [23]. By
analyzing and summarizing some relevant research results, we can find that the amount of
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bone tissue growth in porous materials is related to the pore size. In order to ensure the
mechanical properties of a porous titanium implant and for new bone ingrowth material
inside to form a strong mechanical locking, this topic put forward the optimization design
of a porous titanium alloy stent, with a larger aperture (550 microns) and high porosity
(69%), up to the pore structure and pore parameters design standard. However, the optimal
pore size for bone ingrowth is still controversial and the optimal pore size for promoting
bone ingrowth remains to be further studied. The mechanical test results show that the
compressive strength and elastic modulus of the porous titanium alloy implanted rod
with this structure were 91 &+ 3 MPa and 3.1 £ 0.4 GPa, respectively, both of which were
close to normal cortex bone, which could reduce the stress shielding effect and meet the
structural support requirements of the load-bearing part [24], laying a good foundation
for the next animal in vivo test. The elastic modulus of the Gr-Ti group and Ti group
was measured, and there was no significant statistical difference between the two groups,
indicating that the graphene coating prepared by us only improved the surface properties of
Ti6Al4V, but had no significant impact on the overall mechanical properties of the substrate
material. In conclusion, the porous titanium alloy material prepared in this study meets the
requirements in pore design and mechanical properties, laying a good foundation for the
next animal in vivo test. At the same time, SLM technology, an advanced rapid prototyping
technology, is very suitable for the preparation of high-quality medical porous titanium
alloy materials with a complex structure.

In 2004, Geim and Noveselov et al. from the university of Manchester in the United
Kingdom isolated a two-dimensional graphene (graphene) material capable of stable
existence for the first time [25,26]. Graphene’s unique mechanical properties, such as high
extensibility, flexibility, and adaptability to regular or irregular surfaces, are suitable for
cell adhesion and migration and storage in stem cells for osteogenic differentiation [27,28].
The results of SEM and elemental analysis showed that the preparation of a graphene
coating on a titanium alloy surface was successful. The coating and substrate material
binding forces were very strong, stable, and not affected by ultrasonic shock and later
cleaning, drying, and other processes. According to the later results of this experiment,
this method is reliable and the coating can withstand high temperature and high pressure
disinfection treatment, which is convenient for further biological study of the scaffold.
Surface roughness is an important factor affecting the biological activity of biomaterials [29].
In this part of the experiment, we tested the surface roughness of graphene-coated titanium
alloy and uncoated titanium alloy. The results show that the Ra of the Gr-Ti scaffold
was 6.37 £ 0.72 ym, and the surface roughness of the Ti scaffold was 4.95 £+ 1.12 pm,
indicating that the graphene coating was successfully prepared on the surface of the porous
titanium alloy by micro-arc oxidation technology. This not only gives the implant good
biocompatibility, but also further promotes the effect of bone integration by increasing the
surface roughness of the material.

As seed cells, the attachment ability of ADSCs on the material surface is one of
the key factors for the success of material implantation. When evaluating the biological
compatibility of the implanted material, an important indicator is to observe the ability
of cells to adhere to the material surface and form good cell morphology [30]. In this
experiment, we found that ADSCs grew well on the scaffold material, with a normal cell
shape and surface morphology, and abundant connections between cells and between cells
and the scaffold material (Figure 5), indicating that the Gr-Ti scaffold had good cellular
compatibility and was suitable for the early adhesion growth of ADSCs. The adherent
ADSCs showed pseudopod extension and intercellular connection, and firmly adhered to
the scaffold. The intercellular connectivity and cell adhesion were considered as evidence
for the survival and growth of ADSCs, and could also indirectly prove that graphene-coated
porous titanium alloy scaffolds have no cytotoxic reactions [31].

ALP activity can reflect the mineralization ability of osteoblasts [32], and a CCK-8
test can reflect the proliferation ability of cells. It can be seen from the results of this
study that, from the beginning of ADSCs entering the mature stage of the matrix, the ALP
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activity of both the Gr-Ti scaffold group and Ti scaffold group was higher than that of the
blank control group, suggesting that the porous structure of the material may provide a
three-dimensional space and a good growth environment for cell growth. Both scaffolds
are safe and non-cytotoxic.

The critical bone defect animal model is mainly used to evaluate the repair effect
of the repair materials used for the bone defect area [33]. In this experiment, a 0.8 cm
full-thickness mandibular defect was prepared in the blank control group. After 12 weeks
of observation, the bone defect in the control group was filled with fibrous tissue and
adipose tissue and did not achieve clinical bone healing, so it could be defined as a critical
bone defect [34]. Four weeks after surgery, there was a large area of low-density shadow
around the Gr-Ti material, and the range of the low-density shadow was reduced in the
proximal cortex, indicating a good effect of bone repair [35]. The bone volume fraction
in the Gr-Ti group was significantly higher than that in the Ti group, indicating that the
amount of new bone growth in the Gr-Ti material was significantly higher than that in the
Ti group at 4 weeks after surgery. Twelve weeks after surgery, the low-density shadow area
around Gr-Ti was further reduced, indicating that the bone defects around the material
were repaired progressively with the increase of implantation time. The bone volume
fraction in the Gr-Ti group increased to 49.42 £ 3.28%, which was much higher than that
in the Ti group (39.76 &£ 3.62%). This indicates that the amount of new bone ingrowth in
the Gr-Ti group was significantly higher than that in group A. The results show that the
graphene-coated porous titanium alloy scaffold had a good biological compatibility, and
there was no obvious inflammatory reaction at the implant site. The new mineralized bone
in the implant was deposited on the surface of the graphene-coated scaffold, which showed
a good bone integration effect through the tight bonding between the coating and titanium
alloy material.

To sum up, this study used advanced 3D metal printing technology for the preparation
of the elastic modulus and bone tissue matching porous titanium alloy material; micro-arc
oxidation technology was used in the construction of a bioactive graphene coating on the
porous titanium alloy surface, and thus a metal material was created with high mechanical
strength and an organic combination of bone conduction properties of the living bone. This
provides a theoretical and experimental basis for the design of bone tissue engineering
scaffolds and lays a solid foundation for promoting the clinical application of stem cells
combined with bone tissue engineering.

5. Conclusions

In the present work, graphene was successfully fabricated on a 3D-printed titanium
alloy, resulting in a better biocompatible surface. Graphene has favorable surface topogra-
phy for improving the performance of titanium implants and shows immense potential for
clinical application. The following main conclusions can be drawn:

1. SLM technology was used to design and prepare porous titanium alloy scaffolds with
qualified porosity, pore size, and mechanical properties matching with bone tissue.

2. Compared with its performance on unmodified surfaces, coating surface composite
graphene significantly increases the roughness of titanium alloy.

3. Graphene-coated porous titanium alloy scaffolds have a good biocompatibility and
low toxicity for the growth, proliferation, and adhesion of human ADSCs.

4. The composite graphene-coated porous titanium alloy stent successfully repaired the
rabbit mandibular defect, which laid a foundation for the clinical application of tissue
engineering in the field of oral and maxillofacial bone defect repair.
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