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A B S T R A C T   

Metal plates have always been the gold standard in the clinic for internal fracture fixation due to their high 
strength advantages. However, high elastic modulus can cause stress shielding and lead to bone embrittlement. 
This study used an electron beam melting method to prepare personalized porous Ti6Al4V (pTi) bone plates. 
Then, chemical vapor deposition (CVD) technology coats tantalum (Ta) metal on the pTi bone plates. The pre
pared porous Ta-coated bone plate has an elastic modulus similar to cortical bone, and no stress shielding 
occurred. In vitro experiments showed that compared with pTi plates, Ta coating significantly enhances the 
attachment and proliferation of cells on the surface of the scaffold. To better evaluate the function of the Ta- 
coated bone plate, animal experiments were conducted using a coat tibia fracture model. Our results showed 
that the Ta-coated bone plate could effectively fix the fracture. Both imaging and histological analysis showed 
that the Ta-coated bone plate had prominent indirect binding of callus formation. Histological results showed 
that new bone grew at the interface and formed good osseointegration with the host bone. Therefore, this study 
provides an alternative to bio-functional Ta-coated bone plates with improved osseointegration and osteogenic 
functions for orthopaedic applications.   

1. Introduction 

Fractures in weight-bearing parts of a skeleton require internal fix
ation. The current internal fixation is mainly made of metal materials 
and degradable materials. However, the elastic modulus of metal ma
terials (such as stainless steel, Ti and its alloys) is too different from that 
of human bone tissue [1–3]. The mismatch of a high elastic modulus and 
bone biomechanics will have a negative impact on callus formation and 
fracture healing, even requiring a second operation [4,5]. In addition, 
degradable internal fixation cannot be used in load-bearing fractures 
due to its poor mechanical properties [6]. Therefore, the development of 
an internal fixation system that does not require a second operation for 
removal has been a research hotspot in the orthopaedics community for 
many years [7,8]. To reduce the elastic modulus of metal materials, 
researchers have carried out research studies on porous medical metal 
implant materials [9]. The common materials are pTi and so on [10]. As 
a porous implant material used for bone tissue trauma and defect 

treatment, its porosity should reach 30～85%, and the pores are pref
erably all connected and evenly distributed, or part of the pores are 
connected and evenly distributed according to the needs, so that the 
material can be connected to the human body [9,11]. Furthermore, the 
growth of the bone tissue should be consistent, and the weight of the 
material itself should be reduced so that it is suitable for human im
plantation. These porous materials only reduce the weight and the stress 
shielding effect on the basis of traditional materials, but they do not 
make a qualitative change to the material itself. 

In recent years, Ta metal has attracted much attention from scholars 
due to its excellent biological activity [12–14]. Because the density and 
elastic modulus of pure Ta are too high, it is not beneficial for use as a 
lightweight implanted device or the comfort of patient movement after 
implantation, and its clinical application is limited [10]. The emergence 
of porous Ta metal solves the above problems. After long-term clinical 
observation, porous Ta implant devices show excellent biocompatibility 
in the body, and it is similar to the interconnected microporous structure 
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of the trabecular bone structure [15,16]. This helps more new bone grow 
into the implant after implantation and provides greater long-term sta
bility [17–21]. However, the relatively high manufacturing cost and the 
incapability to produce customized implants using medical image data 
have limited its widespread application. 

Based on the above research, our team has developed a porous in
ternal fixation system that can be used for weight-bearing fractures and 
has the ability to promote bone growth and bone ingrowth. First, 3D 
printing technology was used to prepare pTi bone plates, and then CVD 
technology was used to coat bioactive Ta metal on pTi bone plates. It is 
expected that a relatively ideal metal bone plate can be prepared, which 
can not only avoid stress shielding but also, with excellent biological 
activity, can be permanently implanted in the body without the need for 
surgical removal. At the same time, a goat animal model of a tibia 
fracture was constructed to evaluate the internal fixation of porous Ta- 
coated bone plates, and the changes in osteogenic factors and cells 
involved in bone formation around the bone plate during fracture 
healing were explained. We hope to provide a new type of bone plate 
with potential for the treatment of fractures. 

2. Materials and methods 

2.1. Preparation of pTi bone plate 

According to the non-fracture-side bone computed tomography (CT) 
data, Auto CAD, Pro E, and Magics software were used to design and 
obtain a 3D geometric model of pTi bone plates mimicking trabecular 
bone in format. Using Ti6Al4V ELI spherical powder as raw material, a 
pTi metal bone plate with imitative trabecular structure was prepared, 
and printed under protective argon atmosphere. The parameters of the 
3D printing process were powder spreading thickness of 30 μm, and 
laser power of 150 W. The exposure time was 40 μs, the spot pitch was 
50 μm, and the line pitch was 60 μm. The as-fabricated samples were 
placed in a sand blaster to remove metallic powders that had adhered to 
the surface. Then, the samples were rinsed with acetone, ethanol and 
distilled water successively in an ultrasonic cleaner for 15 min and then 
air-dried. 

2.2. Preparation of porous Ta coating bone plate 

A CVD technique was used to prepare the Ta coating on the surface of 
the aforementioned pTi bone plate. First, the pTi bone plate and the Ta 
raw materials were placed at both ends of the reaction chamber. When 
the degree of vacuum dropped below 133Pa, the chlorine gas was 
delivered to the front end of the chlorination chamber heated to 
1050 ◦C. The chlorine gas first reacted with the Ta raw material to form 
TaCl5. Then, the hydrogen gas reacted with TaCl5 to form Ta, which was 
deposited on the pTi bone plate. 2 times of deposition, 7 h each time, the 
total deposition time was 14 h. After a new Ta coated pTi bone plate was 
successfully prepared, all samples were ultrasonically cleaned. 

2.3. Characterization 

Scanning electron microscopy (SEM, Hitachi SU-3500) was used to 
analyse the micromorphology, elemental composition, and thickness of 
the Ta coating. The crystal structure of the coating was identified using 
an X-ray diffraction (XRD, Empyrean-100). The diffraction patterns 
were collected with Cu Kα radiation over a 2θ range of 20◦～100◦. The 
scratch test characterizing the mechanical properties of Ta coatings was 
performed in Scratch Test System (Anton Paar Instruments). A linearly 
progressive normal load was applied with a Rockwell (diamond) 
indenter of 200 μm radius. The test was conducted in the 0.3～40 N load 
range with a loading rate of 100 mN/min. To allow total delamination to 
occur within the scratch span, a scratch length of 4 mm was selected. 
The critical normal force (critical load) at which adhesive failure was 
first detected (with a sudden change in friction forces) was used as a 

measure of adhesion. We used Ta coated solid Ti substrates for the XRD 
and scratch analyses instead of Ta coated pTi scaffolds. The mechanical 
property tests of the bone plates were conducted on a universal testing 
machine (Instron-5900, Instron). All mechanical tests were repeated 
three times. 

2.4. Biomechanical tests 

A three-point bend test was used to evaluate the bending strength of 
the bone plates, and was tested in accordance with the ISO 9585:1990 
standard [22]. The bone plates were positioned on the same horizontal 
plane on two lower stabilizing points positioned 30 mm apart. One 
upper moving point was positioned at the center of the two lower points. 
The loading speed is 5 mm/min. The bending strength of the bone plates 
was obtained from the average of three test samples. Three tensile test 
samples of the bone plates were tested to determine the mechanical 
properties. Tensile tests were performed at a strain rate of 1 mm/min. 
Displacements were measured using an extensometer with a 25 mm 
gauge length. Yield stress and Young’s modulus were determined ac
cording to ISO 18437–5:2011 [23]. 

2.5. In vitro biocompatibility 

Human osteoblasts (MG-63) (Beijing Union Cell Bank) were used to 
evaluate the cytocompatibility of the Ta coating. MG-63 cells were 
cultured in a medium alpha (α-MEM, Hyclone, USA) containing 10% 
fetal bovine serum (FBS, Corning, USA) at 37 ◦C in a 5% CO2 incubator. 
The cell suspension (25 μl) was seeded on the Ta-coated solid Ti6Al4V 
substrates at a concentration of 5 × 104 cells/ml. After culturing for 3 
days and 7days, the non-adherent cells were discarded along with the 
culture medium. The sample was washed twice with PBS, dehydrated 
continuously, then dried and sprayed with gold. Next, the growth of MG- 
63 cells was observed on the Ta-coated solid Ti substrates material using 
a scanning electron microscope (Hitachi SU-3500). 

2.6. In vivo animal studies 

2.6.1. Experimental animals and materials 
Forty-eight goats of both sexes weighing 30～35 kg and aged 2 years 

were obtained from Dalian Medical University. The animal certificate 
number was SCX (Liao) 20150015. The bone plate specifications are as 
follows: 7-pore titanium-limited contact compression plates (dimensions 
of 80 mm × 12 mm × 3 mm, screw diameter of 3.5 cm, and screw length 
of 16～24 mm) were obtained from Weigo Orthopedics Co. Ltd. (Weihai, 
Shandong, China). Porous metallic bone plates (3D printed 7-pore bio
logical titanium plates with dimensions of 80 mm × 12 mm × 3 mm) 
were obtained from the Orthopedics Medical Research Center at Dalian 
University. CVD was used to evenly deposit tantalum on 3D-printed 7- 
pore titanium plates to generate porous Ta-coated plates. Ta-coated 
screws were produced from Ti screws (diameter of 3.5 cm and length 
of 16～24 mm; obtained from Weigo Orthopedics Co. Ltd, Weihai, 
Shandong, China) by CVD technology in the Orthopedics Medical 
Research Center at Dalian University. According to differences in me
chanical strength requirements, we set the tantalum coating thickness to 
50 μm for the porous plates in the animal experiments and the clinical 
trials with patients. Approval was obtained from the Institutional Ani
mal Care and Use Committee before study initiation (ethics committee 
permission number 2016–120). All animals were randomized into 3 
groups with 16 animals per groups. These groups were the conventional 
Ti plate control groups (n = 16), pTi plate control groups (n = 16), and 
porous Ta-coated plate groups (n = 16). 

2.6.2. Surgery procedures 
All animals underwent transverse osteotomy at the left tibia. The 

osteotomy site, anaesthesia method, surgery method, fixation method, 
equipment, and surgical staff were all identical. Ketamine and 
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Sumianxin were mixed in a 2:1 ratio, and 0.5 mL/kg was administered 
intramuscularly for anaesthesia. Subsequently, a 10 cm-long longitudi
nal incision was made at the anterolateral skin of the middle tibia. 
Subcutaneous tissues and deep fascia were incised, and blunt separation 
of the muscles was carried out to expose the shaft of the tibia. A steel 
ruler was used to measure the full length of the tibia and confirm its 
midpoint. An annular incision was made at this site, and approximately 
2 mm of periosteum was removed. A wire saw was used for transverse 
osteotomy at this site to create a 2 mm-wide bone defect. Conventional 
Ti, pTi bone plates and screws, or porous Ta-coated bone plates and Ta- 
coated screws were used to fix the fracture at the lateral tibia. Three 
screws, each of appropriate lengths, were implanted at the two ends of 
the fracture, taking note to retain 2 mm of fracture space. This step was 
followed by haemostasis, rinsing of the surgical site with physiological 
saline, and suturing of the deep fascia and skin incision. After surgery, 
non-weight-bearing braces were worn, and the goats were allowed to 
roam around normally. Routine dressing changes were administered to 
the wound until recovery. Penicillin sodium (800,000 U/d) was injected 
30 min before surgery and 3 days after surgery to prevent infection. 

2.6.3. X-ray assessment of the fracture healing status 
Immediately and at 4, 8, 12, and 16 weeks after surgery, the animals 

were anaesthetized, and the treated limb was placed on an X-ray ma
chine. Professional staff then took anteroposterior and lateral X-rays. 
The imaging conditions were as follows: distance of 100 cm, voltage of 
60 kV, exposure time of 0.0025 s, and current of 500 mA. The devel
opment and fixation times for each X-ray film were strictly consistent. 
The Lane-Sandhu scores were used to evaluate the callus formation rate 
and visible level of the fracture line to evaluate the bone healing time of 
the fractures in each groups. 

2.6.4. Micro-CT observations 
Three groups of goats underwent high-resolution scanning of all tibia 

samples, which were taken from each groups at 4, 8, 12, and 16 weeks 
after surgery using a micro-CT scanner from Siemens Medical Solutions 
(USA, Siemens Inc). The radiographic data were collected and recon
structed with the Inveon Acquisition Workplace (USA, Siemens Inc.), 
and the Inveon Research Workplace (USA, Siemens Inc.) was used to 
analyse the data. The scanning protocol used was 80 kV and 500 μA, and 
the effective pixel size was 28.21 μm. Three-dimensional reconstruction 
of the volume of interest (VOI) in these regions was carried out, and the 
radiographic images and CT grey values were analysed to evaluate 
fracture healing and bone strengthening. General analysis was used to 
obtain coronal-plane, sagittal-plane and horizontal-plane images. 
Multimodal 3D visualization was used to obtain a stereoscopic image of 
the fracture and bone plate region. 

2.6.5. Gross morphology observation and histological staining 
After the biomechanical tests were completed, the soft surface tissue 

at the fracture site in the goat tibias was examined. The volume of the 
callus at the fracture site was observed before the fracture site was cut 
open longitudinally in a symmetrical manner for observation of the 
callus connection status and bone stem medullary patency status. After 
the samples were embedded in paraffin and sectioned, Van-Gieson 
staining was carried out. Histological changes in the callus were 
observed under a microscope at different times after the fracture. 

2.6.6. Methodological assessment of acid-etching for visualizing osteocytes 
around bone plates via SEM 

The goat tibias were harvested during the necropsy, wrapped in 
saline-soaked gauze, and then frozen at − 20 ◦C until analysis. The fe
murs were thawed to room temperature, and plate segments were iso
lated by making parallel buccal-lingual cuts using a diamond-coated 
band saw. Each segment was then processed for embedment in methyl 
methacrylate (MMA; Aldrich) using standard methods. Following 
dehydration in a graded series of ethanol (70%, 95%, and 100%) for 4 h 

each, the specimens were cleared with xylene (4 h) and then infiltrated 
with MMA under vacuum for 24 h. The specimens were transferred to a 
solution of MMA +3% dibutyl phthalate (DBP; Sigma-Aldrich) under 
vacuum for 3 days. The specimens were then embedded in MMA + DBP 
+0.25% catalyst at room temperature; polymerization occurred within 7 
days. After polymerization, 5-mm thick coronal slices were cut using a 
diamond wire saw. One face of the slice was polished. The polished 
section faces were acid-etched using standard methods. Immediately 
following etching, each section was immersed with the polished face up 
in sodium hypochlorite (bleach) for 5 min followed by a brief, 2-s slow- 
agitated rinse (by hand) in dH2O. The sections were placed in a desic
cator overnight to completely dry the specimen and then prepared for 
SEM. Specimens were mounted on aluminium discs using double-sided 
tape. The edge of each section was painted with colloidal silver paste 
at the union between the plastic of the specimen and aluminium to aid in 
the conduction of the specimen. Specimens were sputter coated with 3～ 
5 nm of gold palladium at 2.5 kV at 20 mA for 105 s with a Polaron 
E5000S, and then the samples were viewed on a JSM JEOL-6390LV 
scanning electron microscope operated at an accelerating voltage of 5 
kV. The osteocytes around the plate were qualitatively evaluated. 

2.6.7. Immunohistochemistry 
The sections were placed in a 60 ◦C oven for 2 h before immersion for 

5 min in xylene I, xylene II, 100% ethanol, 95% ethanol, 85% ethanol, 
and 75% ethanol sequentially. After 3 min of antigen retrieval in a high- 
pressure cooker, the steam was released, and the section was removed 
after 10 min and washed with PBS. The entire tissue was covered with 
two primary antibodies, one against vascular endothelial growth factor 
(VEGF; Biorbyt, orb13750) and one against bone morphogenetic protein 
2 (BMP-2; Abcam, ab82511), and incubated overnight at 4 ◦C before the 
addition of secondary antibodies (Abcam). This addition was followed 
by 10 min of iron haematoxylin counterstaining and rinsing with water. 
Hydrochloric acid and ethanol were used for 30 s of differentiation 
before rinsing with water. Ammonium hydroxide solution was used for 
3 min of bluing before rinsing with water. The sections were photo
graphed, and the integrated optical density of the images was measured. 
Each test was performed in triplicate. A digital pathological image 
acquisition device was used for image acquisition, and Image-Pro Plus 
professional image software was used for quantitative analysis. 

2.7. Finite element model and calculations 

HyperWorks software (USA, Altair Inc.) was used to build a fracture 
model that was fixated together by a bone plate and six screws. The bone 
defect was 2 mm, and there were three types of bone plates: Ti plates, 
pTi plates and porous Ta-coated plates. Multiple cubic elements and 
their Boolean operations were used to simulate the damaged bones and 
the solid and porous plates. To improve the efficiency and accuracy of 
the analysis, a 1/4 symmetric model was used. The union conditions of 
different bone plates before and after fracture healing were set accord
ing to the results of the histological sections. Solid 185 elements were 
used to mesh the model, the elastic moduli of the Ti and bone were 
104,000 MPa and 17,000 MPa, respectively, and the Poisson’s ratio of 
the Ti was 0.3. A contact calculation was adopted, and the results 
adopted the von Mises criterion. In the analysis, the boundary condition 
was set as 0◦ of freedom in all directions at the bottom of the model, and 
the model was assumed to be in the normal stress position of the body, 
with an external load of 1000 N. Six models were established: Ti plate, 
pTi plate and porous Ta-coated plate fixation models before fracture 
healing and after fracture healing. 

2.8. Statistical analysis 

SPSS 20.0 statistics software was used for statistical analysis. The 
Shapiro-Wilk test was first used to determine whether the quantitative 
data followed a normal distribution. The Lane-Sandhu X-ray scores, the 
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maximum load in the three-point bending test, the maximum torque, the 
newly synthesized trabecular bone density, and the collagen levels were 
all found to be normally distributed data with homogeneity of variance. 
These results are expressed as the mean ± standard deviation. Multiple 
groups comparisons were carried out using one-way analysis of variance 
(ANOVA) or two-way repeated-measures ANOVAs over time as appro
priate. If the difference was statistically significant, then the least sig
nificant difference (LSD) test method was used for comparison between 
two groups. A difference of P < 0.05 was deemed statistically significant. 

3. Results 

3.1. Surface characterization 

Fig. 1 A1 shows the microscopic morphology of the 3D printed pTi 
bone plate, with a pore size of 600 ± 27 μm and a porosity of about 75%. 

Upon 1000 times magnification, it can be seen that the pTi surface was 
relatively smooth and flat (Fig. 1 A2). Fig. 1 B1 shows that the pTi 
surface contained a tight Ta coating, and the pTi substrate was 
completely covered by the Ta coating. The porous Ta-coated bone plate 
has a pore size of 550 ± 42 μm and a porosity of about 70%. Enlarging 
the Ta coating to 1000 times (Fig. 1 B2), it can be seen that the aggre
gation of Ta particles forms the Ta coating. The crystal grain structure is 
pyramidal, with uniform size, and the diameter is 5～15 μm. The Ta- 
coated bone plate was cut transversely (Fig. 1C1), and the thickness of 
the Ta coating was measured to be 53 μm (Fig. 1C2). Energy-dispersive 
X-ray spectroscopy (EDS) analysis results show that the surface element 
of the pTi bone plate was Ti6Al4V (Fig. 1 D1), and the surface element of 
the Ta-coated bone plate was Ta (Fig. 1 D2). The XRD pattern of the Ta 
coating on pTi is shown in Fig.l E. Typical peaks of Ta can be observed in 
the XRD pattern. All characteristic peaks were in good agreement with 
the JCPDS X-ray powder standards. The peaks corresponding to (110), 

Fig. 1. SEM images of (A1, A2) pTi, (B1, B2) Ta-coated pTi, and (C1, C2) the cross-section of Ta-coated pTi. EDS data for (D1) pTi, (D2) Ta-coated pTi. XRD data for 
(E) Ta-coated pTi. (F) Test image of adhesion force of Ta coating on solid titanium surface. 
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(200), (211), (220) and (310) Ta (JCPDS 04–0788) were detected at the 
coating. The scratch test was further performed to examine the adhesion 
strength of the Ta coating. The average adhesion strengths were 
approximately 53 ± 7.5 MPa for the Ta coating CVD on solid Ti sub
strates (Fig. 1 F). 

3.2. Biomechanical tests 

The test results of the bending performance of the three groups of 
bone plates are shown in Fig. 2. The maximum flexural strengths of the 
pTi plate and Ta-coated pTi plate were 284 MPa and 329 MPa (Fig. 2 A), 
respectively. The maximum tensile strength of pTi plate and Ta-coated 
pTi plate are 195 MPa and 236 MPa respectively (Fig. 2 B), and the 
elastic modulus of the pTi plate and Ta-coated pTi plate were 53 GPa and 
64 GPa, respectively. 

3.3. Biocompatibility evaluation 

MG-63 human osteoblasts were co-cultured with pTi and Ta-coated 
pTi scaffolds, respectively. The adhesion and proliferation of cells on 
the scaffolds were observed using SEM. After 3 days of co-cultivation, 
the cells were observed adhering to the pTi and Ta-coated pTi surfaces 
(supplementary materials: Fig. S1 A and C), but more cells grow on the 
Ta-coated pTi surface. Cell adhesion was observed in the pTi and Ta- 
coated pTi porous pores (supplementary materials: Fig. S1 B and D). 
In the Ta-coated porous structure, the cells were connected to each other 
through pseudopods and tightly adhered to the porous structure (sup
plementary materials: Fig. S1 D). These results indicate that the rough 
surface morphology of the tantalum coating is beneficial to cell adhesion 
and proliferation. 

3.4. Fracture healing and callus formation by radiographic assessment 

No infection or rejection reactions occurred at the surgical site in the 
experimental animals. One animal died due to anaesthesia. Another 
animal experienced internal fixation failure due to loosening of the non- 
weight-bearing brace in 3 weeks after surgery and struggling, resulting 
in weight-bearing and uneven stress. A corresponding replacement was 
carried out. Standardized anterior-posterior and lateral-medial radio
graphic follow-up images of all groups were performed every four weeks 
to document and score the healing process. The osteotomy site, the 
osteotomy space, and the steel plate and screw site were generally 
identical. At 4 weeks after surgery, the three groups showed good 
fracture fixation with no displacement and a clear fracture line. In the 
pTi groups and the Ta coating groups, the formation of callus tissue was 
seen around the fracture, but in the Ti groups, almost no callus growth 
was observed in areas around and opposite the bone plate (Fig. 3 A1, B1 
and C1). At 8 weeks after surgery, the three groups showed good fracture 

fixation with no displacement and the fracture line was still visible. 
Large amounts of callus growth were observed in areas around and 
opposite the bone plate (Fig. 3 A2, B2 and C2). At the 12 weeks, the 
fracture of the Ta coating groups was healed, the fracture line dis
appeared, the bone density at the fracture site increased, the growth of 
the callus around and on the opposite side of the bone plate decreased, 
and the medullary cavity was basically unobstructed (Fig. 3C3). How
ever, despite the formation of callus in the Ti groups and pTi groups, the 
fracture line still exists (Fig. 3 A3 and B3). At the 16 weeks, the fracture 
in the Ta coating groups was completely healed, the bone plasticity was 
good, and the medullary cavity was completely recanalized (Fig. 3C4). 
The fractures in the Ti and pTi groups were healed, but hardened bone 
was found around the fracture, and the callus was not completely 
plasticity (Fig. 3 A4 and B4). At 4, 8, 12, and 16 weeks after surgery, the 
Lane-Sandhu score of the porous Ta coated plate groups was higher than 
that of the Ti plate groups and the pTi plate groups, and the difference 
was statistically significant (P < 0.05) (Fig. 3 D). 

Micro-CT scans were performed to obtain data from each groups at 4, 
8, 12 and 16 weeks after surgery. The micro-CT images showed fracture 
healing more accurately than the X-ray images. A large amount of callus 
formation was observed in the Ti plate groups at 8 weeks after surgery, 
but the fracture line was still obvious (Fig. 4 B). At 12 weeks after sur
gery, the fracture line was blurred, and the callus began to mould 
(Fig. 4C). The fracture line disappeared completely at 16 weeks after 
surgery (Fig. 4 D). A 3D image showed callus hypertrophy in the fracture 
site of the Ti plate groups (Fig. 4 A1-D1). The callus hypertrophied 
during the fracture healing process in the pTi plate groups (Fig. 4E–H). 
After 12 weeks, the fracture line was blurred, and the callus was 
moulded (Fig. 4 G). The fracture line disappeared at 16 weeks after 
surgery (Fig. 4H). The 3D image showed callus hypertrophy at the 
fracture site (Fig. 4 E1-H1). The fracture line in the porous Ta-coated 
plate groups was blurred at 4 weeks (Fig. 4 I) and disappeared at 16 
weeks (Fig. 4 L) after surgery. Callus moulding was basically completed 
at 12 weeks (Fig. 4 K) and was completed at 16 weeks after surgery 
(Fig. 4 L). The 3D images showed that the fracture was united, that the 
callus was non-hypertrophic and that new bone grew into the porous Ta- 
coated plate (Fig. 4 I1-L1). 

The grey values of all groups were measured at multiple points at 
each time point. Each groups showed a “U"-shaped grey value curve, and 
among all time points, 8 weeks after the operation gave the lowest grey 
values (Fig. 4 M). There was no difference in the grey values between 
any groups at 4 weeks after surgery, and at 8 and 12 weeks after surgery, 
the grey values in the porous Ta-coated plate groups were significantly 
higher than those in the pTi and Ti plate groups (p < 0.01). After 16 
weeks, the grey value in the porous Ta-coated plate groups was signif
icantly higher than that in the Ti plate groups (p < 0.01), and the dif
ference between the porous Ta-coated plate groups and the pTi plate 
groups was not statistically significant. The grey value in the porous Ta- 

Fig. 2. The mechanical performance test of bone plates. (A) Bending strength of pTi plate and Ta-coated pTi plate. (B) Tensile Strength of pTi plate and Ta-coated 
pTi plate. 
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coated plate groups after 12 weeks was significantly higher than the 
normal bone grey value (p < 0.01). The grey values in the porous Ta- 
coated and pTi groups were similar to that of normal bone at 16 
weeks. Nevertheless, the grey value in the Ti plate groups was lower 
than the normal bone grey value (p < 0.01). 

3.5. Histomorphological evaluation 

Histomorphological evaluation was performed on a thin section of 
each sample in the mid-sagittal plane through the center of the bone 
stained with Van-Gieson stain at 4, 8, 12, and 16 weeks after surgery 
(Fig. 5). Four weeks post operation in the pTi plate and porous Ta-coated 
plate groups, fibrillar connective tissue formation was observed in the 
medullary cavity (Fig. 5 A and E). Moreover, new cartilage and fibrillar 
connective tissue grew into the pores of the porous Ta-coated plates 
(Fig. 5 E1 and E2). At 8 weeks after surgery, massive fibrillar connective 
tissues formed in the medullary cavity in the pTi and Ta-coated plate 
groups, and the fracture lines blurred in the two groups (Fig. 5 B and F). 
However, new bone tissue was observed in the pores of the porous Ta- 
coated plates (Fig. 5 F2). Fracture healing was found at 12 weeks post 
operation in the pTi and porous Ta-coated plate groups (Fig. 5C and G). 
Massive new bone tissue grew on the surface and into the pores of the 
porous Ta-coated plate (Fig. 5 G2). However, there was no new bone 
tissue in the pTi plate groups (Fig. 5C2). At 16 weeks after surgery, the 
fractures in the pTi and porous Ta-coated groups healed completely 
(Fig. 5 D and H). The surface of the porous Ta-coated plate was covered 
by new bone tissue, and the pores were covered with new bone tissue 
(Fig. 5H2 and H3). However, this phenomenon did not occur on the 
surface of or inside the pTi plate (Fig. 5 D2 and D3). Due to the high 
hardness of the Ti tibia plate, we did not complete the hard tissue section 
of the Ti groups, which was very unfortunate in this manuscript. 

3.6. SEM observation of osteocytes around bone plates 

A comparison of the three groups under electron microscopy at 16 
weeks post operation indicated that the porous Ta-coated plate groups 
had better porous structure bone growth and stronger fusion between 

the bone tissue and bone plate than the other groups (supplementary 
materials: Fig. S2). The surrounding osteocytes reside in lacunae inter
connected through canalicul in the porous Ta-coated plate groups 
(supplementary materials: Fig. S2 C). Another surprising observation 
was that the Ta coating give rise to tightly interlocked lamellar bone, 
with osteocytes in close apposition to the coating. Moreover, the sur
rounding osteocytes in the porous Ta-coated plate groups had more 
biological activity than those in the other groups because the pseudo
pods are still growing towards the coating surface (supplementary ma
terials: Fig. S2 C1). 

3.7. Immunohistochemical 

Immunohistochemical experiments were used to study the expres
sion levels of BMP-2 and VEGF (supplementary materials: Fig. S3). The 
yellow-brown regions and yellow-brown particles are positively stained. 
Low levels of BMP-2 and VEGF immunological positivity were observed 
in osteoblasts and endothelial cells in the calluses and bone tissue 
around the medullary cavity in the Ti plate groups (supplementary 
materials: Fig. S3 A and D). In contrast, the levels of positive BMP-2 and 
VEGF expression in the osteoblasts and endothelial cells in the pTi plate 
groups were moderate, as shown by staining of the bone tissues around 
the calluses and the pTi fixation site. There was also a significant in
crease in newly formed vascular tissue, the endothelial thickness was 
increased, and the luminal diameter was reduced (supplementary ma
terials: Fig. S3 B and E). In the porous Ta-coated plate groups (supple
mentary materials: Fig. S3 C and F), the levels of BMP-2 expression in the 
osteoblasts and endothelial cells in the bone tissues around the calluses 
and the porous Ta-coated fixation site were significantly higher than 
those in the other groups (p < 0.01). The levels of VEGF expression in 
the porous Ta-coated plate groups and pTi plate groups were higher than 
those in the Ti plate groups (p < 0.05) (supplementary materials: Fig. S3 
G). Moreover, in the porous Ta-coated groups, there was more osteoblast 
differentiation and mature osteoblast aggregation, the vascular endo
thelium was significantly thickened, and vascularization was apparent. 

Fig. 3. X-ray observation of fracture healing state: (A1-A4) Fracture healing process in the Ti plate groups. At 12 weeks after surgery, the fractures in the normal Ti 
plate groups healed, but the medullary cavity did not pass. (B1–B4) A large number of calli were generated after the operation in the pTi plate groups. (C1–C4) A 
rapid fracture healing process was observed in the porous Ta-coated Ti plate groups, wherein the fracture healed 12 weeks after the operation and the medullary 
cavity was free. (D) Lane-Sandhu X-ray scores showed that fracture healing in the porous Ta-coated plate groups was better than the other two groups from 4 weeks to 
12 weeks after surgery (P < 0.05). 
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3.8. Finite element analysis 

Using HyperWorks finite element modelling software (Fig. 6 A～A3), 
as seen from the fracture location, the maximum deformation position 
was located at the plate edge, the maximum displacement was 0.381 
mm, the maximum stress of the internal fixation system was 319.2 MPa, 
the maximum stress of the bone was 47.7 MPa, and the maximum strain 
values of the internal fixation material and bone were − 2.168e− 3 and 
-2.957e− 3, respectively, during fracture healing in the Ti plate model 
(Fig. 6 B～B3). The pTi plate and porous Ta-coated plate models 
exhibited the same stress outcome. The maximum deformation position 
was located at the plate edge, the maximum displacement was 0.4336 
mm, and the maximum stress of the internal fixation material was 551.2 
MPa, and the maximum stress of the bone was 52 MPa. The maximum 
strain values of the plate and bone were − 4.344e− 3 and -3.215e− 3, 
respectively, during fracture healing (Fig. 6C～C3). The allowable limits 
of the nonporous and porous internal fixation systems both meet the 
needs of fracture fixation (Fig. 6 D and Table 1). After the fracture 
healed, the maximum deformation position was located in bone in the Ti 
plate (Fig. 7 A～A3) and porous Ta-coated plate (Fig. 7C～C3) models, 
and the maximum deformation position of the pTi plate was located at 
the plate edge (Fig. 7 B～B3). The maximum stress of the internal fix
ation system was 115.59 MPa, 132.2 MPa and 75.5 MPa in the Ti plate 
model, pTi plate model and porous Ta-coated plate model, respectively 
(Fig. 7 D and Table 2); the maximum stress of bone in these three models 
was 18.87 MPa, 17.1 MPa, and 26.65 MPa, respectively (Fig. 7 D and 
Table 2). Stress and deformation analysis of the conventional Ti plate 

and porous bone plates when the fracture was not healed showed that 
both the porous bone plate and conventional Ti plate met the strength 
requirements for fixation. The Ta-coated pTi plate groups had the best 
bone penetration, the highest bone conduction force and the highest 
travel distance between the bone and bone plate. The stress could be 
evenly distributed in the porous plates and bone after fracture healing to 
avoid stress shielding and help realize long-term support (Fig. 8). 

4. Discussion 

The internal fixation material for clinical fracture treatment is usu
ally composed of high-strength stainless steel and Ti alloy. The princi
ples and techniques of the AO/ASIF Research Association emphasize 
surgical management of fractures, the mechanical aspects of internal 
fixation, and the absolute stability of fractures [24]. However, this 
mismatch in mechanical properties would result in uneven stress dis
tribution, and the majority of the load is transferred by the plate rather 
than by the underlying bone [25]. Stress-shielding effects could lead to 
osteoporosis, bone resorption or atrophy, and secondary fractures [24, 
26]. The poor tissue compatibility between stainless steel and Ti alloy 
plates may be due to corrosion of the metal implants, leading to 
re-fracture, and severe ionization reactions, leading to infection of the 
surrounding soft tissues [12]. Traditional metal bone plates have poor 
plastic capacity and cannot provide effective fixation in complex frac
tures or irregular bone shapes. The lack of adhesion between bone and 
plate increases the risk of fracture complications, which is not conducive 
to fracture healing or long-term implantation. In this context, a plate 

Fig. 4. Micro-CT observation of fracture healing state: Fracture healing process in the Ti plate groups (A–D). Three-dimensional image of callus hypertrophy in the 
fracture site of the Ti plate groups (A1-D1). Fracture healing process in the pTi plate groups (E–H). Three-dimensional image of callus hypertrophy in the pTi plate 
groups (E1-H1). The fracture healing process in the Ta-coated pTi plate groups (I–L). 3D image of the fracture site in the Ta-coated pTi plate groups (I1-L1). In the Ta- 
coated pTi plate groups, the fractures are healed, and the callus is well-shaped. The thickness of the bone cortex on both sides is the same: multi-point measurement 
and change curve of grey value (M). 
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suitable for long-term implantation, satisfying the requirements of 
individualized treatment of fractures, promoting primary healing, and 
avoiding stress shielding has become the focus of scientists and ortho
paedic surgeons. To date, however, there have been no impressive re
sults with regard to new fixation devices. 

The goal of this research is to produce a personalized bone plate that 
has promising mechanical strength and low elastic modulus, which can 
effectively fix fractures without stress shielding; meanwhile, the bone 
plate also has better biological activity, promote fracture healing, and 
can stay in the body for a long time. In this study, an electron beam 
melting method was used to prepare personalized pTi bone plates, and 
then CVD technology was used to coat Ta metal on the pTi bone plates. 
The prepared pTi bone plate has a pore size of 600 ± 27 μm and a 
porosity of about 75%. The porous Ta-coated bone plate has a pore size 
of 550 ± 42 μm and a porosity of about 70%. Previously some studies 
[27–29] have shown that biomaterials with specific porous structures 
can induce new bone formation at non-bone sites without the need for 
osteoinductive biomolecules. Compared with non-porous materials, 
biomaterials with a pore size of about 500 μm are more conducive to cell 

adhesion, diffusion, proliferation, and differentiation, promoting bone 
formation and capillary formation. Therefore, it can accelerate the 
repair of bone defects. The interconnected porous structure provides a 
protected area without strong fluid movement, thereby providing 
enough space for cells to differentiate along the osteogenic lineage [30]. 
Fukuda et al. [31] reported that when the pore size is 500 μm, the op
timum balance between the vasculature, the availability of calcium and 
phosphate ions, and fluid movement is more osteoinductive. After 
tantalum coating, the coefficient of friction on the outer surface of the 
bone plate is 40%～80% higher than other surface-treated materials, 
which is a natural product of CVD technology [32]. The high friction 
coefficient can promote the close adhesion of cells and tissues to the 
implant, promote the adsorption of macromolecular substances on cells 
and bone tissue, and enhance the strength of the connection between the 
scaffold and bone tissue, forming a good coating interface first step. 

The purity and bonding strength of the coating is critical parts of 
developing a good interface. EDS and XRD test results prove that the 
purity of the Ta coating is 100%, and the high-purity tantalum coating 
can maintain long-term chemical stability after being implanted in the 

Fig. 5. Van Gieson staining to assess callus formation and the interface of the bone and plate at 4, 8, 12 and 16 weeks in the pTi groups and Ta-coated pTi groups. 
Upper right: healing status at the fracture gap (at × 100 magnification); Lower right: interface between the bone plate and bone (at × 100 magnification). The blue 
mark represents the fracture gap, and the yellow mark represents the bone plate and bone interface. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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body. Coating adhesion is a prerequisite for forming a good interface and 
should be resolved before clinical application. The test results show that 
the average critical load value of the Ta coating from the Ti solid planar 
substrate is 53 ± 7.5 MPa. At present, the ISO standard for hydroxyap
atite coatings is that the bond strength must be greater than 15 MPa 
[33]. The adhesion strength of Ta coating is much higher than hy
droxyapatite coating on titanium-based metal with a bonding strength of 
15～25 MPa required for clinical applications [34]. Excellent coating 
adhesion can effectively prevent the implant coating from delamination 
in the body, reducing the possibility of long-term relaxation and infec
tion of the implant. 

Osteoblast differentiation is the premise and basis of the formation of 
dominant osteogenesis in the process of osteogenesis differentiation. 
Osteoblast differentiation is the most basic biological characteristic in 
bone matrix synthesis, secretion, mineralization and maturity. In vitro 
experiments show that the rough surface morphology of the tantalum 
coating contributes to cell adhesion and proliferation. This finding is 
consistent with previous research results [35,36]. 

Excellent mechanical properties are vital for metal implant materials 
to be used as fracture internal fixation implants. The mechanical test 
results show that both pTi bone plates and tantalum-coated pTi bone 
plates have excellent flexural strength and low elastic modulus. While 
satisfying the good mechanical properties of the implant material, it can 
effectively avoid the adverse effects caused by stress shielding. The re
sults of continuous X-ray examination showed that the three groups of 
bone plates could firmly fix the fracture without breaking, which further 
verified that the three groups of bone plates have good mechanical 

properties. Lane-Sandhu X-ray scoring system and CT grey value were 
used for various animal fracture models and efficacy evaluation. In the 
goat fracture model, we found that the Lane-Sandhu X-ray score and 
grey value of the porous Ta coating groups were higher than the Ti plate 
group and the pTi plate groups at 4, 8, 12, and 16 weeks after internal 
fixation. This result shows that Ta coating promotes fracture healing, 
which was consistent with the in vitro test results. 

An analysis of hard tissue sections showed a comparison of bone 
penetration between the pTi plate groups and porous Ta-coated plate 
groups from 4 to 16 weeks after surgery. Four weeks after surgery, the 
fracture haematoma in the pTi plate groups intensified to form fibrous 
granulation tissue, and the fracture was preliminarily connected. 
Moreover, the internal and external membranes of the bone proliferated 
into osteoid tissue and extended to the fracture site. However, the 
porous Ta-coated plate groups not only completed haematoma activa
tion but also contained osteoid tissue calcification inside the porous 
structure. On the 8th week after the operation, the calcification of 
fibrous tissue with a porous structure grew into the pTi plate as cartilage 
tissue, and new bone appeared in the porous structure of the porous Ta- 
coated plate. Twelve weeks after surgery, new bone appeared in the 
porous structure of the pTi plate, and the callus of the porous Ta-coated 
plate was strengthened 16 weeks after fixation surgery. The surrounding 
bone tissues and the internal fixation systems were tightly fused, and the 
porous Ta-coated structure was filled with newly synthesized bone tis
sue. In comparison, the pTi did not tightly fuse with the bone tissues. We 
observed that the porous Ta-coated internal fixation system with the 
bone formed a uniform bone-to-plate complex after fracture healing, 

Fig. 6. Finite element analysis during fracture healing: radiograph of the fracture fixation (A), fracture fixation model (A1), the internal structure of the Ti plate 
model (A2), the internal structure of the porous plate model (A3). Ti plate fixation model during fracture healing: Ti plate model (B), the stress nephogram of the 
bone and internal fixation system (B1), the stress nephogram of the Ti plate (B2), the strain nephogram of the bone, and internal fixation system (B3). Porous plate 
fixation model during fracture healing: porous plate model (C), the stress nephogram of the bone and porous internal fixation system (C1), the stress nephogram of 
the porous plate (C2), the strain nephogram of the bone and porous internal fixation system (C3). (D) Stress analysis. 

Table 1 
Finite element analysis of the internal fixation system and bone during fracture healing.  

Working condition (fracture 
unhealed)>

Maximum deformation 
position 

Maximum 
displacement/mm 

Parts Maximum stress 
(material)/MPa 

Maximum 
strain 

Allowable limit of the 
material/MPa 

Ti plate Fracture location 0.3851 material 319.2 − 2.168e− 3 895 (TC-4) 
Bone 47.7 − 2.957e− 3 (170) 

pTi plate Plate edge 0.4336 material 551.2 − 4.344e− 3 895 (TC-4) 
Bone 52 − 3.215e− 3 (170) 

Ta-coated pTi plate Plate edge 0.4336 material 551.2 − 4.344e− 3 895 (TC-4) 
Bone 52 − 3.215e− 3 (170)  
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Fig. 7. Finite element analysis after fracture healing: Ti plate fixation model after fracture healing: radiographs and hard tissue section of the Ti internal fixation 
system (A), the stress nephogram of the bone and Ti internal fixation system (A1), the stress nephogram of the Ti plate (A2), the strain nephogram of the bone and Ti 
internal fixation system (A3). PTi plate fixation model after fracture healing: radiographs and hard tissue section of the pTi internal fixation system (B), the stress 
nephogram of the bone and pTi internal fixation system (B1), the stress nephogram of the pTi plate (B2), the strain nephogram of the bone and pTi internal fixation 
system (B3). Ta-coated pTi plate fixation model after fracture healing: radiographs and hard tissue section of the porous Ta-coated internal fixation system (C), the 
stress nephogram of the bone and porous Ta-coated internal fixation system (C1), the stress nephogram of the porous Ta-coated plate (C2), the strain nephogram of 
the bone and porous Ta-coated internal fixation system (C4). (D) Stress analysis. 

Table 2 
Finite element analysis of the internal fixation system and bone after fracture healing.  

Working condition (fracture 
healed) 

Maximum deformation 
position 

Maximum displacement/ 
mm 

Parts Maximum stress/ 
MPa 

Maximum 
strain 

Allowable limit of the 
material/MPa 

Ti plate Bone location 0.0236 material 115.59 1.855e− 4 895 (TC-4) 
Bone 18.87 5.505e− 4 (170) 

pTi plate Plate edge 0.0694 material 132.2 − 1.161e− 3 895 (TC-4) 
Bone 17.1 − 1.059e− 3 (170) 

Ta-coated pTi plate Bone location 0.0237 material 75.5 4.377e− 4 895 (TC-4)   
Bone 26.65 1.905e− 3 (170)  
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which was significantly different from the structure with obvious gaps 
between the pTi plate or Ti plate and bone. From this result, we spec
ulate that after the bone and porous Ta-coated plate have intergraded, a 
force is transmitted through the bone plate and inside the bone in me
chanical conduction, which can decrease stress shielding and prevent 
bone absorption or bone atrophy. 

Fracture healing is an extremely complex process [37]. Currently, 
many types of bone growth factors, such as BMP and VEGF, are isolated 
from bone matrices, bones, and osteocyte culture media [38,39]. BMP is 
a group of multifunctional cytokines that has functions, such as inducing 
interstitial cell migration, proliferation, differentiation, and ultimately 
cartilage and bone formation [40]. Previous studies have demonstrated 
that the local cumulative dose of BMPs must exceed a certain threshold 
before it can effectively induce bone formation and that low BMP con
centrations are ineffective [38,39,41]. We found that at 8 weeks post 
operation, the BMP expression levels in the porous Ta-coated plate 
groups were consistently higher than those in the other two groups, 
which is more conducive to bone formation at the fracture site. In this 
study, the VEGF expression levels in the porous Ta-coated plate groups 
at the various time points tested were significantly higher than those in 
the other two groups. VEGF is an important factor that can specifically 
promote the growth of endothelial cells in blood vessels and induce 
angiogenesis [40]. This factor also plays an important role during bone 
healing. Studies have proven that the use of exogenous VEGF can pro
duce earlier and longer expression of BMP at the fracture site. VEGF has 
important effects on BMP expression and may be one of the most 
important activation signals and factors for BMP expression at the 
fracture site [42]. 

Although the Ta-coated pTi plate is not hard as the Ti metal plate, 
even if it is used alone for bones that bear a large load. The Ta-coated pTi 
plate can mainly allow the bone to endure the loads after completing 
bone formation by starting the use without loading and gradually 
increasing the load level to keep pace with the progression of a bone 
union. At this stage, the bone tissue entered the space between the Ta- 
coated pTi plates, providing unity between the Ta-coated pTi plate 
and the stratum bone. The finite element model further verified that the 
bone in the porous Ta-coated plate model shared more stress after the 
fracture healed. The stress could be evenly distributed in porous Ta- 
coated plates and bone after fracture healing to avoid stress shielding 
and help realize long-term support. 

5. Conclusion 

In this research, we first prepared a porous structure composed of 
thin-walled Ti metal similar to the structure of human cancellous bone 
through a 3D printing process and then used CVD technology to coat 
bioactive Ta metal on the pTi bone plate. In vivo implantation experi
ments have proven that the bone plate can fix fractures and will not 
produce stress shielding. Compared with traditional metal bone plates, 
this new bone plate can promote fracture healing, and after long-term 
implantation, the structure can be integrated into the host bone 
without negative impact on the bone tissue, with no need for removal. 
These current results prove the feasibility and effectiveness of the porous 
Ta-coated bone plate, and it is a potential internal fixation device for 
fractures. 

Fig. 8. Fracture healing process and mechanical conduction analysis after fracture healing. Red arrow: Progression of haematoma activation; Blue arrow: Progression 
of primitive callus formation; Green arrow: Progression of Callus remodelling. The porous Ta-coated plate exhibited a shorter progression of primitive callus for
mation and quicker fracture healing than the other plate groups. After fracture healing, the stress can be evenly distributed in the porous Ta-coated plate and bone to 
avoid stress shielding, achieving long-term support. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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