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� A Ti6Al4V scaffold with optimal
designing parameters and mechanical
properties similar to cancellous bone
was 3D-printed.

� To improve biocompatibility, a
porous micro/nanostructured
biomimetic calcium phosphate
coating was applied to the scaffold.

� Using the coating as a carrier, bone
morphogenic protein-2 was
consistently and uniformly released
in a cell-mediated manner.

� The bone morphogenic protein-2
integrated coating induced an even
distribution of new bone formation
within the scaffold.
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The use of Ti6Al4V in bone engineering is limited, due to the biological inertia of the surface. In this study,
a porous Ti6Al4V scaffold with mechanical properties similar to cancellous bone was designed and 3D-
printed. Under physiological conditions, the scaffold was immersed firstly in a 5-fold-concentrated sim-
ulated body fluid, then in a supersaturated CaP solution containing BMP-2, to form a bone-like porous
micro/nano structured biomimetic coating on the surface. Scaffolds were implanted in the muscle
pouches created in six beagle dogs and were retrieved four weeks later for histologic and histomorpho-
metric analysis. Results showed that BMP-2 integrated biomimetic CaP coating induced ectopic bone for-
mation, which was absent in other two groups. Soft tissue infiltrated the scaffold’s outside 1 mm layer,
while the new-formed bone was evenly distributed in the longitudinal and horizontal directions within
the rest of the scaffold based on BA/TA, BIC and BA measurements. In conclusion, the BMP-2 incorporated
biomimetic CaP coating creates a micro/nano surface structure on the Ti6Al4V scaffold, which helps to
increase biocompatibility. The integrated BMP-2 is capable of inducing ectopic bone formation in vivo.
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The proposed combination may have the potential for bone reconstruction, but further studies are
needed to explore its clinical applicability.
� 2022 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The porous scaffold of different materials is one of the core ele-
ments in bone tissue engineering [1]. The interconnected pores in
the scaffold provide channels for cell migration and the transporta-
tion of nutrition and oxygen. These pores also ensure the space for
the formation of blood vessels and prevent necrosis of the new tis-
sue due to insufficient vascularization [2].

Titanium and titanium alloys are widely used to manufacture
scaffolds for their high strength-to-weight ratio, good biocompati-
bility, corrosion resistance and durability, strong osteointegration
capability, and low cost [3,4]. However, disadvantages also exist:
the elastic modulus of titanium and titanium alloy is 4–10 times
than that of the human skeleton, and the mismatched mechanical
properties between the material and the surrounding host bone are
easy to cause the stress shielding effect; also, the low surface bio-
recognition ability of titanium and titanium alloys has restricted
their applications [5]. There is room for improvement in scaffold
design, additive manufacturing (AM) technique, and surface
modification.

In the medical field, 3D porous scaffolds have been produced
through the AM technique (or 3D-printing technique) [6]. Inter-
connected porous constructs with predictable and predetermined
unit cells were manufactured. The structure allows osteoblasts
and mesenchymal stem cells to migrate and proliferate, as well
as extramedullary tissues to infiltrate [7]. Moreover, the mechani-
cal properties of the scaffolds can be modified by AM to approach
those of human bone to relieve the stress-shielding effect [8].

Surface modification of metallic scaffolds improves the physical
and chemical properties of the scaffold and enhances osseointegra-
tion [9]. Surface roughness at the micro/nano scale has been shown
to aid in the bonding of bone and scaffold [10]. Calcium phosphate
(CaP) is the most abundant mineral in bone minerals, and its
degradation products provide abundant calcium and phosphorus
to osteoblasts and promote bone regeneration [11]. Scaffolds
coated with CaP show enhanced angiogenesis and bone formation
based on its biocompatibility and osteoconductivity [12–14]. Bone
morphogenic protein-2 (BMP-2) is one of the most potent growth
factors that induce mesenchymal stem cell and osteoprogenitor
cell differentiation into osteoblasts [15]. The BMP-2 integrated bio-
mimetic CaP or CaP-based composites were fabricated under phys-
iological temperature (37 �C) and pH conditions (7.4), and the
biological activity of BMP-2 can be preserved during its coprecipi-
tation with the inorganic components [16,17].

In previous studies, BMP-2 integrated biomimetic CaP coating
with micro/nano structure was produced, and the excellent
osteoinductive effects of this composited coating have been
demonstrated in in vivo studies [16]. However, no research has
ever attempted to combine the BMP-2 integrated biomimetic CaP
coating with a 3D-printed porous titanium scaffold, which is
designed in line with the biomechanical property of human bone.
The advantages of the porous titanium scaffold mentioned above
make it more conducive to repairing bone defects. More impor-
tantly, the 3D printed titanium scaffold can be customized for clin-
ical applications and is more worthy of investigation.

The present study aimed to manufacture titanium alloy
(Ti6Al4V) scaffolds via the AM technique. Biomimetic CaP coating
(octacalcium phosphate, OCP) and BMP-2 were deposited on the
scaffold surface simultaneously to promote the osteoconductive
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and osteoinductive properties of the scaffolds in an ectopic model
in dog’s back muscles. The objective is to see whether this com-
bined fabrication is beneficial to new bone formation after four
weeks of implantation.
2. Materials and methods

2.1. Design and 3D printing of the scaffold

Porous cylindrical models were designed in 3-Matic software
(Materialise, Leuven, Belgium), and standard triangulation lan-
guage (STL) files were created. The designed 3D model is shown
in Fig. 1a. Porous cylinder Ti6Al4V scaffolds (diameter 10 mm,
length 10 mm) were fabricated using a 3D Metal printer (ProX
DMP 320, 3D Systems, Inc.) with a minimum feature size of
100 mm. Table 1 shows the scaffold designing parameters as well
as the Ti6Al4V powder details. Ti6Al4V powder (LaserForm Ti
Gr23 (A), 3D Systems, Inc.) was melted layer by layer in an argon
atmosphere at a scanning speed of 1000 mm/s. According to previ-
ous numerical simulations [18,19], under this scanning speed, the
instantaneous temperature within the molten pool during the
selective laser melting of Ti6Al4V can reach approximately 3.5 ^
103 K, with a heating rate of around 4.6 ^ 107 K/s and a tempera-
ture gradient of about 5.6 ^ 104 K/cm. A rapid solidification process
was recorded (cooling rate of up to 5.5 ^ 105 K/s) after the laser
beam left the Ti6Al4V molten pool. In total, 42 samples were
printed, and 15 samples were randomly selected for the mechani-
cal test, and the other 27 samples were randomly distributed to
three groups (nine samples per group):

Group 1 (G1): Ti6Al4V scaffold without any coating (Ti6Al4V,
Fig. 1b).
Group 2 (G2): Ti6Al4V scaffold with biomimetic CaP coating
(CaP-Ti6Al4V, Fig. 1c).
Group 3 (G3): Ti6Al4V scaffold with BMP-2 incorporated biomi-
metic CaP coating (BMP-2/CaP-Ti6Al4V).

The distribution of scaffolds and the design of the experiment
were shown in a flow chart (Fig. 2).

2.2. Procedures to perform coating

Samples in G2 and G3 were coated by biomimetic CaP using a
well-established protocol (Fig. 1d) [20,21]. Briefly, the substrate
coating of biomimetic CaP coating was deposited by immersing
the Ti6Al4V scaffolds into 5-fold-concentrated simulated body
fluid (5 L, 684 mM NaCl, 13.5 mM KCL, 9 mM CaCl2�2H2O,
2.1 mM Na2HPO4�2H2O, 59.5 mM NaHCO3, 5 mM MgCl2�6H2O)
for 24 h under physiological condition (37 �C, pH = 7.4). This treat-
ment yielded a layer of amorphous CaP onto the scaffold surface.
Then the scaffolds were sterilized using a standard steam autoclave
procedure. Subsequently, the outside layer of biomimetic CaP coat-
ing was deposited onto the initial amorphous CaP substratum by
immersing the scaffolds into supersaturated CaP solution (75 ml,
40 mM HCl, 137 mM NaCl, 4 mM CaCl2�2H2O, 2 mM Na2HPO4�2H2-
O, 50 mM TRIS, PH: 7.4 ± 0.05) for 48 h under physiological condi-
tion (37 �C, pH = 7.4). This treatment yielded a layer of crystalline
CaP onto the scaffold. In G3, recombinant human BMP-2 (rhBMP-2,
Shanghai Rebone Biomaterials Co., China) was added into supersat-
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Fig. 1. Designed 3D model (a), uncoated Ti6Al4V scaffold (b) and Ti6Al4V scaffold with biomimetic CaP coating (c); (d) illustration of the fabrication process of biomimetic
CaP coating. The lighting symbols in (d) indicate the direction of ion deposition.

Table 1
Designing parameters of the scaffold and information of the Ti6Al4V powder.

Designing parameters Pore shape Rhombic dodecahedron
Pore size 438–825 mm (randomized

distribution, average 638 mm)
Porosity 88%
Strut size 300 mm

Information of Ti6Al4V
powder
(manufacturer’s
data)

Composition
(wt%)

Ti: Balance; N � 0.03; Al: 5.5–6.5;
C � 0.08; V: 3.5–4.5; H � 0.012;
O � 0.13; F � 0.25; Y � 0.005

Particle size 100% < 1 mm
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urated CaP solution at a concentration of 5 mg L-1 and was depos-
ited simultaneously with the outside biomimetic CaP layer. The Ca/
P ratio of the coating was determined by inductively coupled
plasma-optical emission spectrometry (ICP-OES). The amount of
BMP-2 incorporated into the coated scaffolds was determined by
the ELISA technique [22]. Scaffolds were then dried and kept at
room temperature. The entire procedure was performed under
sterile conditions.

2.3. In vitro characterization

2.3.1. Mechanical test
The mechanical properties of the scaffold, including compres-

sive strength and elastic modulus, were assessed by compression
3

testing using a universal testing machine (Instron 4467, Instron
Corp., USA) with a 5 kN load cell and a crosshead speed of
1 mm min�1 at room temperature. The ASTM E9-89a standard
was followed for the compression test [23], and the tension-
strain curves of the scaffold were recorded.
2.3.2. Micro-CT scan
Three scaffolds were randomly selected from each group (total

n = 9, three in each group) and scanned with a micro-CT scanner
(SkyScan 1172; Bruker-microCT, Kontich, Belgium) to calculate
the porosity. The scanning parameters were set as: Pixel size = 1
0 � 10 mm; Step size = 0.25� per image; Filter = 1 mm thick Cu;
Voltage = 100 kV; Current = 100 mA; Rotation = 360�. The scanning
time for each step was approximately 1.6 s. The scanned images
were then reconstructed with Bruker NRecon software (version
1.7.3.0) and the reconstructed axial images were analyzed by Bru-
ker CTAn software (version 1.18.4.0). The porosity of the printed
scaffolds was calculated within a selected region of interest
(height: 3 mm, diameter: 8 mm, threshold: 128–255) in the middle
of the scaffold.
2.3.3. SEM and EDX scan
After micro-CT scanning, the scaffolds (n = 3 in each group)

were scanned with scanning electron microscopy (SEM) (Philips
XL-30, FEI company, The Netherlands) to observe the surface mor-



Fig. 2. The flow chart showing the distribution of scaffolds and the design of the experiment.
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phology of the scaffold. Then, they were embedded with epoxy
resin (Epofix resin, Struers, Copenhagen, Denmark) in cylindrical
containers. The upper half (5 mm) of the scaffolds were removed
by polishing and the middlemost cross-sections of the scaffolds
were shown. The surface morphology of these cross-sections was
characterized using SEM.

For each cross-section, a field of view was chosen at random,
and three struts were chosen randomly within the field of view.
The thicknesses of the struts were measured twice or three times
in different locations, and the average strut thickness in each scaf-
fold group was calculated. To observe the difference in coating
thickness from the inside to the outside of the scaffold, three
coated surfaces on the outer side of the scaffold and three coated
surfaces in the center of the scaffold were randomly selected for
each cross-section in G2 and G3, and the average coating thickness
was measured and compared. The chemical composition of the
biomimetic CaP coatings was characterized by an energy disper-
sive X-ray spectroscopy (EDX) attached to the SEM apparatus.
2.4. In vivo study

2.4.1. Study design
The research protocol was submitted to and approved by the

Ethical Committee for Animal Experiments in The Fourth Military
Medical University, China (No. 2018 (K9-023)). Six adult male bea-
gle dogs with normal health status were selected and housed sep-
arately. The animals were provided with adequate diet and water,
and the indoor environment was constant: temperature 18–19 �C;
humidity 40–70%; routinely maintained air change 10–20 times
per hour. Six scaffold samples from each group were used in the
animal study.

After two weeks of adaptation and 12 h of fasting, the animals
were fixed in prone position under general anesthesia (3% pento-
barbital sodium solution 1 ml kg�1, Intravenous injection).
8 � 106 Units of penicillin potassium were administered preoper-
atively. The backs of the animals were shaved and the skin was dis-
infected with iodophor and sealed with a hole towel. Incisions
were firstly marked by methylene blue, then performed with a
scalpel. The connective tissues were fully separated until the erec-
tor spinae showed. Three muscle pouches were made by separat-
ing the muscle fibers along the spine, and an about 3 mm
distance was kept between every muscle pouch and the spine to
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prevent potential nerve injuries. For each animal, one scaffold from
each group was randomly selected and implanted into the three
muscle pouches. After implantation, the muscle pouches, perimy-
sium, subcutaneous tissues and skin were closed with suture in
order, and the wound was cleaned with 75% ethanol and dressed
tightly. The animals were given five days of anti-inflammatory
drugs after surgery. At week 4 after implantation, the animals were
anesthetized and fixed with the same method described above. The
muscle pouches were opened again, and the scaffolds were har-
vested and kept in 10% formaldehyde solution, followed by storing
in 4 �C refrigerator. The processes of suturing, disinfecting and
dressing were the same as described above, and the animals were
observed and taken care of properly. The dressing was removed
three days after the surgery.
2.4.2. Histological and histomorphometrical analysis
Retrieved scaffolds were rinsed with ultrapure water at room

temperature for 24 h and dehydrated by graded ethanol (70%�
100%) for 48 h. The samples were then vitrified with dimethylben-
zene and embedded with polymethyl methacrylate (PMMA). Five
sections of 200 lm in thickness were vertically cut from the scaf-
fold (Fig. 3a). The cut sections were polished into 30–50 mm thick
sections with sandpapers, and then stained with McNeil’s Tetra-
chrome, basic Fuchsine and Toluidine Blue O. The images of each
slice were obtained using a light microscope (Axio-Imager M2, Carl
Zeiss Microscopy, Jena, Germany) to observe new bone induction.

On each section, the most top, bottom, left and right points of
the scaffold were marked using Image J software, and the center
of the section was determined by crossing the top–bottom line
and the left–right line. Five concentric circles, centered at the cen-
ter of the scaffold and with diameters of 1 to 5 mm, were drawn
and called circle 1 to circle 5 respectively (Fig. 3b). Based on these
circles, five regions of interest (ROI) were set: ROI1 = range of circle
1; ROI2 = ring-shaped area of circle 2 minus circle 1; ROI3 = ring-
shaped area of circle 3 minus circle 2; ROI4 = ring-shaped area of
circle 4 minus circle 3; ROI5 = ring-shaped area of circle 5 minus
circle 4.

To observe the distribution of the new bone, the following tests
were performed in horizontal and longitudinal directions:

In the horizontal direction, in each ROI, the parameters of
observed new bone around the scaffold, including tissue area
(TA, mm2), bone area (BA, mm2) and bone to implant contact



Fig. 3. Schematic diagram for slice 1–5 and ROI 1–5 in each scaffold. Slice 1–5 and ROI 1–5 were used to assess the longitudinal and horizontal distribution of new bone,
respectively.
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(BIC, %) were quantitatively evaluated using Image J software. The
bone area fraction was calculated by BA/TA. The BA/TA and BIC val-
ues were compared between different ROI groups.

In the longitudinal direction, BA, BA/TA and BIC values were cal-
culated and compared between different slice groups to evaluate
the longitudinal distribution of new bone.

In the end, five regions with new bone were randomly selected
in the slice 2 and slice 4 of every scaffold, respectively. The area of
bone (mm2), as well as the number of cells in the new bone (osteo-
cytes, osteoblasts and osteoclasts) were measured and counted
using Image J software, and the cell density was calculated by cell
number/bone area.
2.5. Statistical analysis

The data obtained from the in vitro characterization and animal
study were analyzed and expressed as mean ± deviations. The sta-
tistically significant difference (p-value) was calculated using the
SPSS statistics software (SPSS 26.0). Statistical method was
selected based on whether the calculated data follows a normal
distribution. A p-value lower than 0.05 was considered to be
significant.
3. Results

3.1. In vitro characterization

The scaffolds were successfully printed and coated, and the
samples remained intact without any fractures throughout the
entire experimental process. The amorphous layer had a Ca/P ratio
of 1.78, while the crystalline layer had a Ca/P ratio of 1.63. The
loading of BMP-2 (266 ± 41 lg per scaffold) was further confirmed
by ELISA technique.
3.1.1. Mechanical test
With respect to the mechanical properties of Ti6Al4V and CaP, it

is unlikely that the mechanical properties of the scaffold will be
changed due to the addition of biomimetic CaP coating. The
mechanical test revealed that the compressive strength and elastic
modulus of the tested Ti6Al4V scaffolds were 17.4 ± 0.7 MPa and
1.64 ± 0.12 GPa, respectively.
5

3.1.2. Micro-CT scan
The total porosity of the scaffolds in the three groups was deter-

mined by micro-CT: G1, 84.8%; G2, 83.8%; G3, 83.8%. The presence
of the biomimetic CaP coating slightly reduced the total porosity of
the scaffold. Moreover, the actual porosity of the Ti6Al4V scaffold
was lower than that of the designed porosity (88%) because of
the existence of unmelt pools formed during sintering.
3.1.3. SEM and EDX scan
Figs. 4–6 show the SEM images of the surface and cross-

sectional characteristics of three groups of scaffolds, respectively.
SEM pictures demonstrate the rough metal surface induced by
the sintering of alloy powder particles (Fig. 4b) and the coated scaf-
fold surface completely covered with micro/nanostructures (Fig. 4d
and f). The high magnified SEM image contrasts the rough surface
of the titanium scaffold with the crystallized coating surface, which
is composed of vertically stacked plate-like nano-thick crystallites
(Fig. 5). On cross-sections, a clear boundary can be observed
between the base layer of the amorphous CaP and the outer layer
of the crystalline CaP (the yellow dotted line in Fig. 6). In addition,
clear boundaries can also be observed between the whole CaP coat-
ing, the scaffold and the epoxy resin under the backscattered elec-
tron mode (Fig. 6e and f). According to the previous research [24],
the amorphous layer is a dense and homogenous CaP film made up
of spherical CaP pellets with a diameter of about 100 nm that
serves as seeds for the crystalline layer’s secondary nucleation. Pre-
vious studies have also proved that the crystallites possess the fea-
tures typical of an OCP crystal structure through the X-ray
diffraction and the Fourier transform infrared spectroscopy exam-
inations [20,21], irrespective of the absence or presence of BMP-2
[20]. Moreover, the form of the coating was not affected by the
incorporation of BMP-2.

Results of strut thickness and coating thickness measurement
are shown in Fig. 7. The mean strut thicknesses of scaffolds in G2
(316.8 ± 19.1 lm) and G3 (322.31 ± 12.9 lm) were shown to be
significantly higher than that of the scaffolds in G1 (293.17 ± 27.
2 lm, p < 0.05). No significant difference was observed in the mean
strut thickness between G2 and G3. The average coating thickness
was significantly higher on the outer part of the scaffold than in the
center of the scaffold in G2 (17.20 ± 2.03 lm vs. 7.12 ± 1.24 lm,
p < 0.05), and the same result was observed in G3 (17.52 ± 2.35 l
m vs. 6.76 ± 0.84 lm, p < 0.05). No significant difference was
observed in the mean coating thickness between G2 and G3. EDX
results confirmed that chemical elements including C, O, Na, Mg,



Fig. 4. SEM images of the surface characteristics of scaffold in G1 (a and b), G2 (c and d) and G3 (e and f). The images in the right column are the magnified images of the
yellow boxes in the left column.

Fig. 5. SEM images contrasting the coarse scaffold surface with the coating surface, which is made up of nano-thick plate-like crystals.
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Si, P, Cl and Ca could be observed in the biomimetic CaP coating.
There was no apparent change in the elemental composition of
the coatings between G2 and G3 (Appendix A). Mg2+ is used to
inhibit crystal growth and promote the formation of an amorphous
CaP layer, and it only exists in the amorphous layer, not the crys-
talline layer [16].

3.2. In vivo characterization

All animals remained alive by the end of the study. The wounds
of two animals were not healed one week after the surgery and the
scaffolds were rejected from the surgical site due to the inflamma-
tory reactions. Consequently, these two animals were excluded
from the subsequent study. The experimental sites in the remain-
ing four animals healed uneventfully without significant complica-
6

tions. In total, there are four valid samples for our analysis in each
group.

3.2.1. Histologic observation
Fig. 8 showed that in G1 and G2, only loose connective tissues

were observed in the scaffold. Bone induction is seen only in the
BMP-2 integrated biomimetic CaP coating (G3, Fig. 8c). The formed
trabeculae were separated from the muscle tissue by a layer of
infiltrated soft tissue (Fig. 8f).

Fig. 9 showed the details of the new bone in G3. The new bone
was either attached to the scaffold surface, or grew free in the
space between the scaffold struts, and the bone islands were inter-
connected to form a trabecular network. Around the trabeculae is
the loose connective tissue full of new-forming blood vessels
(Fig. 9a). Direct bone to implant contact can be found (Fig. 9b



Fig. 6. SEM images of the cross-sectional characteristics of scaffold in G1, G2 and G3. (a) to (c) are pictures viewed in the secondary electron mode, and (d) to (f) are pictures
viewed in the backscattered electron mode. The yellow dotted line represents the boundary between the amorphous CaP coating (A) and the crystalline CaP coating (C).

Fig. 7. Measurement results of strut thickness and coating thickness. * in (a) means the strut thickness of scaffolds in G2 and G3 was significantly different from that in G1; *
in (b) means the coating thickness in the center of the scaffold was significantly different to that on the outside part of the scaffold in G2 and G3.
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and c). The new-formed bone was normal in appearance, and the
mineralized bone matrix, osteoblasts, osteoclasts, and osteocytes
were visible (Fig. 9d).

3.2.2. Histomorphometrical analysis
Histomorphometrical analysis was only performed in G3 (sam-

ple n = 4, slice n = 20) since no new-formed bone was observed in
other two groups. The cell density in the new bone was 1274 ± 307
/ mm2. Results of BA/TA, BIC and BA measurements are shown in
Fig. 10.

In the horizontal direction of the scaffold, ROI5 was mostly
filled with muscle fibers and soft tissues grown from the surround-
ing muscle tissues, so new bone formation has hardly been
observed in ROI5. Normal distribution detection revealed that,
except for ROI5, the BA/TA and BIC values of the other four ROI
groups were consistent with normal distribution characteristics.
The Kruskal-Wallis H test results showed that the distributions
of BA / TA and BIC values between ROI1 to 5 groups were not all
the same, and the differences were statistically significant
7

(p < 0.05). The post-hoc pairwise comparison revealed that the dis-
tribution of BA / TA and BIC values in ROI5 were significantly dif-
ferent from that in each of the other four ROI groups (p < 0.05),
between which there was no significant difference (p > 0.05). To
improve the analytical precision, the ANOVA test was further
applied between ROI1 to 4 groups, and no significant differences
in mean BA/TA (F = 2.71, p = 0.05) and BIC (F = 2.51, p = 0.06) values
were found between these four groups. The results revealed that
the new bone expanded uniformly within a range of 4 mm from
the center of the scaffold, and the soft tissue could only penetrate
around 1 mm into the scaffold.

In the longitudinaldirectionof the scaffold, TheBA/TAandBAval-
ues in slices 1 to 5 groups all followed a normal distribution, but not
all of theBICvaluesdid. ANOVAtest showednosignificantdifference
in themeanBA/TA (F=0.72, p=0.58)andBA(F=0.89, p=0.49) values
between slice 1 to 5 groups. Kruskal-Wallis H test showed that no
significant difference was found in the distribution of BIC values
between slice 1 to 5 groups (p = 0.81). These results indicate that
the new bone develops uniformly along the scaffold’s long axis.



Fig. 8. Histological images of scaffold in G1 (a and d), G2 (b and e) and G3 (c and f). The images in the bottom row are the magnified images of the yellow boxes in the top row.
(f) indicates that the infiltrated soft tissue functions as a boundary between the muscle tissue and the new bone.

Fig. 9. Details of the new bone in the histological images of scaffold in G3. (a) shows the free bone islands and those attached to the scaffold surface (marked by *), and the
interconnected trabecular network (arrows). The surrounding loose connective tissue is full of forming blood vessels (BV). (b and c) show the direct bone to implant contact
(BIC) between new bone and the scaffold. (d) shows the new bone with osteocytes, and the aligned osteoblasts and osteoclasts.
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4. Discussion

At present, research on AM scaffold focuses primarily on
mechanical properties in vitro. Factors, including design parame-
ters, printing techniques and selection of coatings, are closely
linked to the biological characteristics of the scaffold, which can
be most effectively verified by in vivo studies.

Our research is the first study combining BMP-2 incorporated
biomimetic CaP coating with porous Ti6Al4V scaffold, and our
result has shown that this combination promotes ectopic bone for-
mation. One of the findings in our study is that the addition of
BMP-2 determines the ectopic bone formation, and the new bone
tissue was observed only in G3. Only loose connective tissue was
observed around the scaffold struts in G1 and G2, meaning that
the biomimetic CaP coating alone was unable to stimulate bone
regeneration in the muscle pouches made in beagle dogs. Another
interesting finding is that in G3, although the coating thickness on
the center and the outside of the scaffold was not uniform, the BA/
TA, BIC and BA values were not significantly different between five
slice groups in the longitudinal direction. Besides, in the horizontal
direction, there were no significant differences in BA/TA and BIC
values between five ROI groups. This implies that the apparent
8

new trabeculae in the scaffold were evenly distributed both longi-
tudinally and horizontally. We assumed that the infiltrated soft tis-
sue ‘wrapped’ the released BMP-2 and allowed it to spread in
limited space within the scaffold, resulting in the new trabeculae
spreading evenly throughout the scaffold.

BMP-2 belongs to the transforming growth factor-beta family
and induces ectopic bone formation [25]. BMP-2 integrated biomi-
metic CaP composites have been prepared and coated to various
materials (including Ti6Al4V) in previous in vitro and in vivo stud-
ies. The coated composite preserves the biological activity of the
rat bone marrow stromal cells while also increasing their ALP
activity [17]; and in another study, increases the proliferation
and promote the osteogenic differentiation of MC3T3-E1 cells
[26]. In addition, the long-term sustainable osteogenic differentia-
tion capacity of the BMP-2 coating has been demonstrated at both
ectopic [27–29] and orthotopic [30] sites in vivo. In addition, the
long-term sustainable osteogenic differentiation capacity of the
BMP-2 coating has been demonstrated at both ectopic [27–29]
and orthotopic [30] sites in vivo. However, a previous study
revealed that a single, rapid uptake of high dose BMP-2 stimulated
resorption of newly formed bone [28]. Therefore, ensuring a long-
term effect of BMP-2 on osteogenic differentiation and limiting



Fig. 10. BA/TA, BIC and BA measurements in five ROI groups and five slice groups. *means the BA/TA value in ROI 5 group was significantly different from that in ROI 1 to 4
groups in BA/TA and BIC measurements.
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extensive bone resorption requires a drug loading system (carrier)
which permits a steady and sustained release of BMP-2.

Biomimetic CaP coating was used as a carrier of BMP-2 in this
study. The micro/nano hybrid structure has been shown in studies
to improve osteoblast adhesion, proliferation, and differentiation.
Moreover, the micro/nano structure can provide a larger specific
surface area, which can improve protein anchoring and adsorption
effectiveness and ability [31]. The first precipitated amorphous CaP
particles in the biomimetic coating act as nucleation sites for the
subsequent crystal growth, and OCP crystals grow epitaxially on
the surface of this seeding layer [32]. The morphology of the amor-
phous CaP particles changes when they come into contact with the
supersaturated CaP solution, which was manifested as an increase
in particle size and partial dissolution, which then initiates the
nucleation and growth of OCP crystals perpendicular to the seeding
layer [33].

It is hypothesized that the BMP-2 was liberated from the inor-
ganic matrix based on the synergistic resorptive activities of the
foreign body giant cells and the osteoclasts [20]. Moreover, this
cell-mediated release process for BMP-2 is supposed to be similar
to the physiological bone remodeling process by virtue of growth
factors being released from the bone matrix during its degradation
[16,17]. In addition, the surmise is supported by previous studies
showing that the bone induction performance of the coating-
incorporated BMP-2 depot was markedly higher than the utiliza-
tion of a surface-absorbed BMP-2 depot [20,34].

BMP-2 is released in a slow MC3T3-E1 and sustained mode
since the distribution density of BMP-2 is fixed in the supersatu-
rated CaP solution [17,34,35]. The release mechanism of coating-
incorporated BMP-2 was determined in vivo previously by using
a radiolabeled osteogenic agent (131I-BMP-2) [36]. Results showed
that 50% of the BMP-2 loaded was released over five weeks (5% to
10% weekly), and a stable and effective osteogenic response was
obtained with a low pharmacological dose of BMP-2. Apart from
being a carrier, the integration of BMP-2 also strengthens the CaP
coating by surrounding the brittle CaP crystals and enhances the
coating’s binding to the underlying titanium alloy substrate [37].
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This kind of mutual benefit grants biomimetic CaP coating a dis-
tinct advantage over other BMP-2 carriers in bone reconstruction.
However, in the current study, we must admit that the low concen-
tration ratio of BMP-2 to CaP makes it difficult to judge the
strengthening effect of BMP-2. To maximize coating strength and
biocompatibility, further research is required to optimize the
amount of protein integrated into the coating.

We hypothesize that BMP-2 was slowly released from the pro-
gressively degraded CaP coating in a cell-mediated manner and
induced an even distribution of new bone formation within the
scaffold. Osteoblasts and osteoclasts around the trabeculae help
to expand and reshape the trabeculae into the cancellous bone.
New blood vessels around the trabeculae carry the bone progenitor
cells, nutrients, and oxygen. New bone trabeculae were formed
through a direct ossification mechanism instead of the enchondral
mechanism, which was also identified in some previous in vivo
studies [20]. Direct ossification occurs in a mechanically stable
environment provided by the porous scaffold [20]. The surface of
the scaffold had a thicker biomimetic CaP coating and a higher
amount of integrated-in BMP-2. However, we observed that the
1 mm-thick outer rim of our scaffolds was occupied by only soft
tissue. The absence of direct ossification could be explained by con-
tinuous exposure of the outer rim to a mechanically unstable envi-
ronment. The latter would be induced via the frictional contact
between the scaffold surface and the beagle dog’s back muscles
during movement.

In this study, the Ti6Al4V scaffold was designed to meet the
optimal pore size (100 to 1200 lm) [38] and porosity (80% to
90%) [39] for cell proliferation and migration, as well as the smooth
delivery of oxygen and nutrients. In addition, the scaffold mim-
icked the cancellous bone’s mechanical characteristics, that is, an
elastic modulus of 0.2–2 GPa and compressive strength value of
2–80 MPa [40]. The porous system’s mechanical properties can
be easily controlled by changing the porous structure, and the bal-
ance between these two aspects must be maintained. Apart from
pore size and porosity, the pore unit’s shape also significantly
impacts the scaffold’s biological and mechanical properties. How-
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ever, it should be noted that, since porosity and pore size may also
change along with variations in the pore unit, it is difficult to deter-
mine which pore unit is most conducive to new bone formation.
Few articles have explicitly examined the pore unit’s impact on
the scaffold’s osteogenesis capability. With a view to optimizing
pore size and porosity, we selected the rhombic dodecahedron
unit, which has been extensively researched in the designing and
manufacturing of porous bone scaffold [41–43], in our experiment.
Several other studies have also developed 3D printed porous
Ti6Al4V scaffolds with mechanical characteristics similar to can-
cellous bone, with porosity varying from 22% to 80% [44–47]. A bal-
ance has been established between high porosity and appropriate
mechanical property in our designed scaffold compared to their
findings.

Despite our major advancement in ectopic bone formation, our
study presents some limitations. Considering the scaffold’s limited
permeability, the supersaturated CaP solution could not fully pen-
etrate every part of the scaffold. As a result, the coating thickness in
the middle of the scaffold was lower than that at the scaffold’s sur-
face. The limitation of permeability was partly due to the porous
structure’s design and, on the other hand, to the fact that a large
number of titanium alloy powders were only partially remelted
during the AM manufacturing process, resulting in high surface
roughness of the scaffold [48]. According to our hypothesis, the
infiltrated soft tissue ‘wrapped’ BMP-2 and allowed for good ecto-
pic bone formation in this study. However, ensuring a uniform
thickness of the coating would improve the overall osteogenic dif-
ferentiation capacity of the scaffold in an open environment. Cur-
rently, the AM procedure inevitably creates defects such as
irregular pore shapes or micro-pores within the AM components
and thus requires further research in optimizing the AM parameter
management and processing technique. A second limitation relates
to the infiltration of soft connective tissue which hinders bone for-
mation. The limited bone formation would not be conductive to
the fixation of the porous scaffold if the scaffold has been applied
to repair the bone defect. To prevent rapid ingrowth of soft tissue
within the pores, the use of a collagen membrane should be con-
sidered to separate the scaffold’s surface from the soft tissue.

Some critical challenges still remain in the phase of biomaterial
development and scaffold design. First, more and more new bio-
materials, such as Ti-7.5Mo alloy, have been explored with AM
technology’s advancement. Ti-7.5Mo alloy has been shown to have
a lower elastic modulus and more potent strength/modulus combi-
nation than titanium and titanium alloy; it is also known to be a
material of excellent corrosion resistance and biocompatibility
[49]. Several previous studies have successfully developed Ti-
7.5Mo alloy scaffolds, which comply with cancellous bone’s
mechanical requirements [49–51]. Using in vivo experiments to
confirm this scaffold’s biocompatibility is also our aim in the next
step. Secondly, the perfect bone tissue scaffold material should be
biodegradable, leaving only healthy bone tissue within the human
body. Thirdly, as for the scaffold design, there is still a lack of a uni-
fied standard. The optimized option of pore unit, for example, has
not yet been determined. Future studies should concentrate on a
general understanding of how the scaffold’s geometric parameters
impact the scaffold’s mechanical and biological behavior. In the
fourth place, the natural bone consists of four different levels of
pore sizes, and the composition of the bone continually varies
according to its stress state [52]. Functional grading scaffolds can
mimic the shape and structure of natural bones and encourage tis-
sue growth while maintaining mechanical strength [53]. Function-
ally grading scaffolding has also been widely studied in recent
years, in which porosity varies within the scaffold with a particular
gradient [54–56]. This structure can also be considered to repair
long bone defects, which is also a key element in future research.
Finally, the sterilization of BMP-2 coated implants is an important
10
issue that has not been adequately addressed. Guillot et al. found
that the osteoinductive potential of BMP-2 coated on titanium
implant was retained following sterilization with the method of
25 kGy gamma radiation, and the amount of BMP-2 remaining
after irradiation was still sufficient to induce new bone tissue
[57]. Furthermore, 25 kGy gamma radiation sterilization has been
used to sterilize biological materials containing BMP-2 in other
studies [58–61]. This potential sterilization methodmay be applied
to the future industrial production of the scaffold, but more
research is required to verify its clinical safety and effectiveness.
5. Conclusion

In conclusion, we have manufactured a porous Ti6Al4V scaffold
with similar mechanical properties to the cancellous bone in a bea-
gle dog model. Using biomimetic CaP coating as a carrier, BMP-2
was attached to the scaffold’s surface to promote ectopic bone for-
mation. BMP-2 incorporated biomimetic CaP coating greatly
improved new bone formation in vivo. The proposed coating of a
3D-printed porous scaffold seems to offer some future potential
for bone tissue reconstruction, with more studies needed to assess
its clinical feasibility.
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Appendix A

A.1. EDS result of scaffold in G2
A.2. EDS result of scaffold in G3
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