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A B S T R A C T

Background: The materials for artificial bone scaffolds have long been a focal point in biomaterials research. 
Tantalum, with its excellent bioactivity and tissue compatibility, has gradually become a promising alternative 
material. 3D printing technology shows unique advantages in designing complex structures, reducing costs, and 
providing personalized customization in the manufacture of porous tantalum fusion cages. Here we report the 
pre-clinical large animal (sheep) study on the newly developed 3D printed biomimetic trabecular porous 
tantalum fusion cage for assessing the long-term intervertebral fusion efficacy and safety.
Methods: Porous tantalum fusion cages were fabricated using laser powder bed fusion (LPBF) and chemical vapor 
deposition (CVD) methods. The fusion cages were characterized using scanning electron microscopy (SEM) and 
mechanical compression tests. Small-Tailed Han sheep served as the animal model, and the two types of fusion 
cages were implanted in the C3/4 cervical segments and followed for up to 12 months. Imaging techniques, 
including X-ray, CT scans, and Micro CT, were used to observe the bone integration of the fusion cages. Hard 
tissue sections were used to assess osteogenic effects and bone integration. The range of motion (ROM) of the 
motion segments was evaluated using a biomechanical testing machine. Serum biochemical indicators and 
pathological analysis of major organs were conducted to assess biocompatibility.
Results: X-ray imaging showed that both the 3D-printed and chemical vapor deposition porous tantalum fusion 
cages maintained comparable average intervertebral disc heights. Due to the presence of metal artifacts, CT and 
Micro CT imaging could not effectively analyze bone integration. Histomorphology data indicated that both the 
3D-printed and chemical vapor deposition porous tantalum fusion cages exhibited similar levels of bone contact 
and integration at 3, 6, and 12 months, with bone bridging observed at 12 months. Both groups of fusion cages 
demonstrated consistent mechanical stability across all time points. Serum biochemistry showed no abnormal-
ities, and no significant pathological changes were observed in the heart, liver, spleen, lungs, and kidneys.
Conclusion: This study confirms that 3D-printed and chemical vapor deposition porous tantalum fusion cages 
exhibit comparable, excellent osteogenic effects and long-term biocompatibility. Additionally, 3D-printed porous 
tantalum fusion cages offer unique advantages in achieving complex structural designs, low-cost manufacturing, 
and personalized customization, providing robust scientific support for future clinical applications.
The translational potential of this article: The translational potential of this paper is to use 3D printed biomimetic 
trabecular porous tantalum spine fusion cage with bone trabecular structure and validating its feasibility in large 
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animal models (sheep). This study provides a basis for further research into the clinical application of the 3D 
printed biomimetic trabecular porous tantalum spine fusion cage.

1. Introduction

Cervical degenerative disc disease is a prevalent age-related condi-
tion [1]. According to the census data of China, as of 2021, the popu-
lation aged 60 and above accounted for 18.7 % of the total population. 
Based on the current population base, it is projected that the elderly 
population in China will exceed 400 million in the future, with the aging 
rate expected to rise to 28 % [2]. This demographic trend places greater 
demands on the treatment of cervical degenerative diseases to address 
the increasingly severe challenges of an aging population.

Cervical intervertebral fusion surgery is a widely used approach for 
treating cervical degenerative diseases and reconstructing spinal sta-
bility. The use of cervical intervertebral fusion cage, an indispensable 
component of the surgery, is gradually increasing [3,4]. The primary 
functions of these cages include supporting intervertebral height, 
maintaining spinal stability, and promoting bone graft fusion. However, 
traditional polyetheretherketone (PEEK) and titanium alloy fusion cage 
exhibit limitations in terms of biocompatibility and Young’s modulus, 
failing to fully achieve the desired outcomes [5–7]. Therefore, it is 
important to develop cervical intervertebral fusion cage with appro-
priate Young’s modulus, excellent biocompatibility, and high safety.

Porous tantalum is recognized as an effective metallic material with 
high porosity, promoting tissue ingrowth and osteogenesis [8,9]. Cer-
vical intervertebral fusion cage made of porous tantalum exhibit a 
Young’s modulus of approximately 3–4 GPa, which is close to that of 
cancellous bone, thereby reducing the stress shielding effect and subsi-
dence issues associated with traditional metal fusion cage [10]. As a 
"biofriendly" metal, porous tantalum demonstrates excellent tissue af-
finity, outstanding osteoconductivity, and osteoinductivity, promoting 
bone growth and fusion. Additionally, porous tantalum possesses high 
toughness and plasticity, excellent fatigue resistance [11]. Currently, 
Zimmer, an American company, exclusively produces commercial 
porous tantalum products through chemical vapor deposition (CVD) 
technology. This technology can create pore structures similar to 
cancellous bone, conducive to cell growth, adhesion, proliferation, and 
the attachment and ingrowth of soft tissues [12]. However, the CVD 
process is complex and costly, limiting the fabrication of porous struc-
tures with intricate shapes and high biomimicry [13,14].

In contrast, 3D printing technology, with its flexibility, high effi-
ciency, and ability to manufacture complex structures, is considered a 
major future process for fabricating porous tantalum bone implants 
[14]. Specifically, laser powder bed fusion (LPBF) technology is suitable 
for precisely controlling porous structures, such as porosity, strut 
diameter, pore size, and their distribution and connectivity, thereby 
enabling the personalized production of cervical fusion cage [15,16]. Lu 
et al. placed 3D-printed porous tantalum implants in a rabbit lumbar 
interbody fusion model, finding completely remodeled trabeculae and 
bony bridging around the tantalum implants in the intervertebral space 
12 months post-surgery, with fusion effects comparable to autograft 
[17]. The application of this technology not only provides new possi-
bilities for the design and manufacture of cervical intervertebral fusion 
cage but also establishes an important foundation for biosafety evalua-
tion and clinical application.

Compared with CVD cage, we report the pre-clinical large animal 
(sheep) study on the newly developed 3D printed biomimetic trabecular 
porous tantalum spine fusion cage for assessing the long-term interver-
tebral fusion efficacy and safety, further exploring their prospects in 
clinical translation.

2. Materials and methods

2.1. Preparation of interbody fusion cage

The design of the 3D-printed porous tantalum fusion cage utilizes a 
random lattice modeling method based on Voronoi tessellation spatial 
distribution. Specifically, by randomly placing points within a defined 
space, a three-dimensional Voronoi diagram is constructed, and its 
wireframe is extracted to form a supportive trabecular-like porous 
structure. The finalized lattice structure is saved as a CAD model in 
Standard Tessellation Language (STL) format for subsequent printing.

Pure tantalum powder with fully dense spherical particles is used for 
the additive manufacturing of the porous tantalum fusion cage. Based on 
the previously established porous fusion cage model, a metal laser 
melting 3D printer (Farsoon Technologies, China) is utilized to fabricate 
the porous tantalum in a vacuum environment with an oxygen content 
not exceeding 0.05 % to prevent oxidation. Under optimized parameter 
settings (including laser power, hatch distance, scanning speed, layer 
thickness, stripe width, stripe overlap, hatch spacing, and build platform 
temperature), the tantalum powder is selectively melted by the high- 
energy focus of the laser. Solid structures are formed layer by layer ac-
cording to the CAD model’s design of each two-dimensional slice 
(composed of the X and Y axes). During the printing process, the sub-
strate moves along the vertical (Z) axis, stacking layer by layer until the 
fusion cage is fully formed. After printing, the unfused tantalum powder 
attached to the surface of the fusion cage is removed by sandblasting. 
The sandblasted fusion cage are then placed in a vacuum annealing 
furnace for annealing to eliminate residual stress generated during 
processing. The annealing process is conducted in a vacuum environ-
ment, with the temperature initially raised to 300 ◦C and maintained for 
30 min, then increased to 1000 ◦C and held for 120 min, and finally 
allowed to cool naturally to room temperature. After annealing, all 
fusion cage are cleaned with acetone, anhydrous ethanol, and ultrapure 
water. The 3D printed trabecular porous tantalum cage (Tanlumbone®) 
was provided by Shenzhen Dazhou Medical Technology Co., Ltd. The 
CVD trabecular porous tantalum cage was purchased from Zimvie®.

2.2. Characterization of interbody fusion cage

The mechanical performance evaluation of the porous tantalum 
fusion cage was conducted using static compression tests, in accordance 
with the standards specified by YY/T 0959–2014 (Spinal 
Implants–Mechanical Testing Methods for Intervertebral Body Fusion 
Cage) and ASTM F2077-2018 (Test Methods for Intervertebral Body 
Fusion Cages). Each sample was maintained at a consistent size (length 
11 mm, width 14 mm, height 5 mm). The compressive performance of 
the fusion cages fabricated by 3D printing and chemical vapor deposi-
tion was measured under uniaxial static pressure using an electronic 
universal testing machine with a maximum load capacity of 100 kN. 
During test, a continuous load was applied to the samples at a loading 
speed of 1 mm/min until the axial deformation of the samples reached 
25 %.

Throughout the process, the load–displacement curve was recorded 
and analyzed to obtain the stiffness and ultimate load. The stiffness was 
defined as the slope of the initial linear portion of the load–displacement 
curve, and the ultimate load was specified as the load corresponding to 
25 % deformation of the sample. Additionally, the microstructure of the 
porous tantalum fusion cage was meticulously evaluated using scanning 
electron microscopy (SEM) to observe its microscopic characteristics.
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2.3. Animal model and surgical procedures

This study employed an anterior cervical discectomy and fusion 
(ACDF) model with Small-Tailed Han sheep [18,19]. The experimental 
protocol was reviewed and approved by the Animal Ethics Committee of 
Tianjin Hospital (IRB number: 2023 Medical Ethics Approval No.002). A 
total of 24 female Small-Tailed Han sheep (2–2.5 years old, 50–55 kg) 
were selected, ensuring that they had adapted to the new environment 
one week prior to the surgery. The 3D-printed and CVD cages used in the 
surgery were sterilized with ethylene oxide.

On the day of surgery, the sheep were anesthetized by intramuscular 
injection of Xylazine Hydrochloride (Huamu Animal Health, China) and 
placed in the supine position on the operating table. The cervical skin 
was disinfected with povidone-iodine, and a longitudinal skin incision 
was made to the left side of neck. After fully exposing the ventral C3/C4 
disc space, a discectomy was performed to create sufficient space for 
fusion cage implantation. The 3D-printed and chemical vapor deposition 
fusion cages were randomly implanted into the C3/C4 intervertebral 
space, with the bone graft window of the fusion cage filled with autol-
ogous bone graft harvested from the iliac crest. Additionally, the cervical 
spine was stabilized using a titanium steel plate, followed by wound 
closure (Fig. S1.). Postoperatively, each sheep received intramuscular 
injections of 4 million units of sodium penicillin for 3 consecutive days.

After surgery, the sheep were lifted and monitored until reaching the 
predetermined experimental endpoints. Alizarin red solution (30 mg/ 
kg) and calcein green solution (10 mg/kg) were injected intramuscularly 
14 days and 4 days before euthanasia, respectively. At each experi-
mental endpoint, euthanasia was performed, and cervical vertebral 
segments and major organ tissue samples were immediately collected. 
The heart, liver, spleen, lungs, and kidneys were immersed in 4 % 
paraformaldehyde solution, while the cervical vertebral segments were 
stored in a − 40 ◦C freezer for further analysis.

2.4. Sequential fluorescent labeling

To evaluate the bone integration efficiency around the fusion cage, 
this study utilized double labeling with alizarin red and calcein green to 
trace and observe dynamic bone formation. Fourteen days and four days 
before euthanasia, the Small-Tailed Han sheep received intramuscular 
injections of alizarin red solution (30 mg/kg) and calcein green solution 
(10 mg/kg), respectively, to label newly formed bone tissue. Fluorescent 
labeling on the slides was observed using a laser scanning confocal 
microscope (Leica, Germany). Fluorescent signals were detected at 
wavelengths of 488 nm (calcein green) and 543 nm (alizarin red). The 
mineral apposition rate (MAR) was calculated by measuring the distance 
between the dye labels and dividing it by the number of days between 
the injections (10 days).

2.5. X-ray analysis

Lateral cervical spine X-ray images were obtained using an X-ray 
system (General Electric, USA) to detect any displacement or subsidence 
of the fusion cage. Additionally, the fusion performance was assessed by 
measuring the average disc space height (DSH). The calculation method 
for the average DSH is as follows: the anterior, middle, and posterior disc 
space heights were measured from the lateral cervical spine X-ray im-
ages, and their average was calculated using the formula: average DSH =
(anterior DSH + middle DSH + posterior DSH)/3 [20,21].

2.6. Computed tomography (CT) scanning and analysis

After removing the fixed screw and plate, CT scans were performed 
using the Discovery CT750 HD system (General Electric, USA). Seg-
mentation software was used to divide each specimen into bone win-
dows for analysis in the central and edge regions of the fusion cage. All 
experimental operators remained blinded to the evaluated experimental 

groups. Five independent observers used a six-grade scale (0–5) to blind 
grade the amount of bone formation, with the grading criteria as follows: 
0, no bone formation; 1, reactive bone; 2, minimal bone formation; 3, no 
bridging bone formation; 4, unilateral bridging bone formation; 5, 
bilateral bridging or bone fusion mass formation [22].

2.7. Micro-CT measurement

The bone fusion status of the fusion cage was observed using a Micro- 
CT system (Bruker, Germany). The scanning parameters included: X-ray 
tube voltage of 95 kV, current of 200 μA, resolution of 8 μm. After 
scanning, the reconstructed 3D images were processed using CTan 
software (Bruker, Germany) to analyze trabecular bone parameters.

2.8. Biomechanical evaluation

Nondestructive biomechanical testing (MTS, USA) was conducted on 
the relevant fusion segments to calculate the range of motion (ROM). 
The C3-C4 motion segments were thawed overnight at room tempera-
ture the day before biomechanical testing. All muscle tissue were 
removed, while the ligaments, intervertebral discs, and joint capsules 
were preserved. The ends of the samples were embedded in polymethyl 
methacrylate (PMMA) to ensure secure fixation on the biomechanical 
testing machine. During testing, the samples were sprayed with physi-
ological saline every 5 minutes to maintain their moisture.

Biomechanical testing was performed in three primary planes of 
motion: flexion-extension, lateral bending (left and right), and axial 
rotation (left and right). Each sample underwent three loading cycles, 
with torque variations controlled between -2Nm and 2Nm to minimize 
viscoelastic effects. Starting from a neutral position, the angular dis-
placements in flexion-extension, lateral bending, and axial rotation for 
each sample were recorded.

2.9. Undecalcified bone histomorphometry

At each time point, undecalcified bone histomorphometric analysis 
of the cervical segment samples was conducted to evaluate the bone 
formation rate and bone-implant contact rate (BICR) within the fusion 
area [20]. First, the cervical segment samples were dehydrated through 
a graded ethanol series. Subsequently, the samples were embedded and 
left to cure for two weeks. Once cured, the samples were transferred to 
an embedding cage and stored at room temperature until completely 
solidified. The solidified samples were then sectioned into 200 μm thick 
slices using a microtome (EXAKT, Germany). These slices were mounted 
on plastic slides and polished to an approximate thickness of 20 μm 
using a polishing machine (EXAKT, Germany). Following the manufac-
turer’s instructions, the slices were stained with Hematoxylin and Eosin 
(HE) and Goldner’s trichrome. Finally, the bone-implant contact rate 
was quantitatively analyzed using Image-Pro Plus 6.0 software (Media 
Cybernetics, USA).

2.10. SEM/energy-Dispersive Spectroscopy (EDS) analysis

Undecalcified tissue sections were observed and analyzed using a 
SEM (Zeiss, Germany) equipped with EDS (Oxford Instruments, UK). 
The structure of the material–bone interface, along with the elemental 
composition and cross-sectional mapping of tantalum (Ta), phosphorus 
(P), calcium (Ca), carbon (C), and oxygen (O), was examined.

2.11. Biocompatibility assay

At predetermined time points, after euthanizing the Small-Tailed 
Han sheep, the heart, liver, spleen, lungs, kidneys, and other major or-
gans were collected. Portions of these organ tissues were fixed in 4 % 
paraformaldehyde, followed by embedding in paraffin. The specimens 
were then sectioned into 4 μm thick slices using a microtome (Leica, 
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Germany). After Hematoxylin and Eosin (HE) staining, histological 
changes in the major organs were observed under a microscope.

At the final time point, serum samples were collected to evaluate the 
biosafety of the fusion cage. The serum was analyzed (Mindray, China) 
for various parameters, including alanine aminotransferase (ALT), 
aspartate aminotransferase (AST), alkaline phosphatase (ALP), creatine 
kinase (CK), creatinine (CREA), and gamma-glutamyl transferase 
(γ-GT).

2.12. Statistical analysis

Statistical analysis was performed on SPSS 26.0 software (SPSS 
Institute Inc., USA), using independent sample t-test and one-way 
analysis of variance (ANOVA). All experiment data were expressed as 
means ± standard deviations (SD) and any of p < 0.05 (indicated as *), p 
< 0.01 (indicated as **), p < 0.001 (indicated as ***) was considered to 
be significant.

3. Results

3.1. Characterization of interbody fusion cage

Fig. 1A–C shows the macroscopic and design views of the 3D-printed 
porous tantalum and CVD porous tantalum fusion cage. It is evident that 
the prepared porous tantalum fusion cages closely match their design 
models, with no defects or cracks caused by processing visible in the 
overall structure or the struts. SEM was used to further observe the 
microstructure of each fusion cage (Fig. 1D). The struts of both fusion 
cage were uniform and intact, featuring an interconnected porous 
structure similar to cancellous bone, with micro/nano rough surface. 
Unmelted particles were not observed in the SEM images, and the pore 
sizes were consistent with the macroscopic observations.

The stiffness of the 3D-printed interbody fusion cage was 11750 N/ 
mm, with an ultimate load of 6152 N, while the CVD interbody fusion 
cage had a stiffness of 17371 N/mm and an ultimate load of 9617 N 
(Fig. 1E). Due to differences in manufacturing processes and design 
parameters, mechanical properties of 3D 3D-printed and CVD interbody 
fusion cage, such as elastic modulus (2.44 vs. 3.48 GPa), varied. Both 
cage met the static compression performance acceptance standards for 
cervical fusion cage. During the compression tests, the specimens 
initially underwent elastic deformation, with the porous structure 
beginning to compress. This stage of deformation was reversible. As the 
external force increased further, the specimens entered the plastic 
deformation stage, where some pores changing shape, and the overall 
structure undergoing plastic deformation. Throughout the compression 
process, no particle shedding was observed, demonstrating excellent 
structural integrity and material stability (Fig. S2.).

3.2. X-ray imaging and DSH measurement

To evaluate fusion efficacy, X-ray imaging was performed on 24 
Small-Tailed Han sheep at predetermined time points (Fig. 2A). The 
results showed no displacement or subsidence of the fusion cage in any 
of the experimental sheep, and no fractures, deformations, or loosening 
of the titanium plates and screws were observed. Both the 3D printing 
and CVD fusion cage showed that the bone from the front to the back of 
the cage was gradually fused, and there was good bone fusion with the 
surrounding bone tissue (Fig. 2B). Quantitative measurements indicated 
that the DSH for both the 3D-printed porous tantalum fusion cage and 
the CVD porous tantalum fusion cage gradually decreased and stabilized 
during the 0 to 12-month follow-up period, with no significant differ-
ence between the two groups (P > 0.05) (Fig. 2C). This indicates that the 
3D-printed porous tantalum fusion cage have comparable fusion sta-
bility to the CVD porous tantalum fusion cage, and that the 3D printing 
process cage can reach the compressive strength in the conventional 
vivo environment.

3.3. CT and Micro-CT scanning and analysis

Due to the use of high-density tantalum material in the fusion cage, 
significant radiographic scatter metal artifacts were observed around 
the fusion cage in both the 3D-printed and CVD porous tantalum groups 
(Fig. 3A–B). These artifacts obscured newly formed bone structures, 
making effective qualitative and quantitative analysis impossible.

3.4. Osseointegration assessment by histomorphometry analysis

Undecalcified bone histomorphometric analysis is widely regarded 
as the gold standard for evaluating bone integration and fusion efficacy. 
Bone tissue within the fusion area was stained using HE and Goldner’s 

Fig. 1. Design and characterization of 3D-print and CVD porous tantalum 
interbody fusion cages. (A) Photographs of the actual 3D-Print (left) and CVD 
(right) interbody fusion cages. (B) Schematic design of the 3D-Print porous 
tantalum interbody fusion cages. (C) 3D rendering image of the 3D-Print porous 
tantalum interbody fusion cages. (D) SEM images of the 3D-print (upper) and 
CVD (lower) porous tantalum interbody fusion cages. (E) Mechanical perfor-
mance of the 3D-print (upper) and CVD (lower) porous tantalum interbody 
fusion cages.
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trichrome (Fig. 4A–B). Bone tissue begins to penetrate from surrounding 
bone tissue into the porous area and bone graft window. The bone 
growth in the bone graft window was the most rapid and obvious. 
Extensive and uniformly distributed new bone was observed on the 
surface of both types of fusion cage. At 3 months, continuous mineral-
ized bone ingrowth was observed in samples from both types of fusion 
cage. From 3 to 12 months, newly formed bone tissue gradually 
extended into the porous structures, indicating that bone growth is a 
continuous process. At the 6 and 12-month time points, continuous 
mineralized bone tissue was found in both fusion cage groups. To assess 
the bone formation performance of the 3D-printed porous tantalum 
fusion cage compared to the CVD porous tantalum fusion cage, we 
conducted fluorescent double labeling analysis of the newly formed 
bone structures around these two types of fusion cage (Fig. 4C). Fluo-
rescently labeled mineralized bone closely connected to the fusion cage 
was observed in both groups.

Bone-implant contact analysis showed that the bone-implant contact 
rate at the interface of the CVD porous tantalum fusion cage increased 
from 33.37 % (3 months) to 58.67 % (6 months) and 84.71 % (12 
months). For the 3D-printed porous tantalum fusion cage, the bone- 
implant contact rate increased from 34.13 % (3 months) to 56.23 % (6 
months) and 87.26 % (12 months). There were no statistically signifi-
cant differences in bone-implant contact rates between the two groups at 
any time point (P > 0.05) (Fig. 4D). At the 3, 6, and 12-month time 
points, the MAR in the 3D-printed porous tantalum fusion cage group 
increased by 7.64 %, 11.91 %, and 2.39 %, respectively, compared to the 
control group; however, these differences were not statistically signifi-
cant (P > 0.05) (Fig. 4E).

3.5. Structure and element distribution of the material–bone interface

To further investigate the bone integration status of the two groups 
of porous tantalum fusion cage, SEM observation and EDS analysis were 
performed. The results confirmed the presence of newly formed bone 
within both types of fusion cage, tightly bonded to the scaffold surfaces 

(Fig. 5A).
In the EDS analysis, Ta, C, O, Ca, P were identified as the main ele-

ments at the interface (Fig. 5B). At the 12-month time point, regions rich 
in Ca and P were detected near the structural surfaces of both groups of 
fusion cage, indicating mineral deposition. The Ca/P ratios showed no 
significant differences between the two groups (Fig. S3.). Particularly at 
the contact sites between the fusion cage and bone, especially within the 
porous structures, the Ca content was higher. No significant leaching of 
tantalum element was observed at the bone-contacting sites.

3.6. Biomechanical evaluation

To assess biomechanical stability after spinal fusion, we quantified 
the ROMbetween the two vertebrae following ACDF surgery (Fig. 6A–C). 
At 3 months, the average ROM values for the flexion-extension loading 
mode in the CVD fusion cage group and the 3D-printed fusion cage 
group were 5.02, 3.82, and 4.82, 3.59, respectively. However, due to 
high data dispersion, these differences were not statistically significant. 
The average ROM for lateral bending and axial rotation was almost 
identical between the two groups. Over time, the ROM in all three di-
rections of motion gradually decreased, but the differences remained 
statistically insignificant (P > 0.05).

3.7. Biocompatibility assay

Prior to tissue collection, serum samples were obtained from the 
Small-Tailed Han sheep, and biochemical indicators were analyzed. 
Additionally, histological sections of the major organs were prepared 
and stained with HE to evaluate whether the implantation of the fusion 
cage caused any toxicity or pathological changes in the organs 
(Fig. 7A–B). At the 12-month time point, no significant biochemical or 
pathological abnormalities were observed, with all parameters within 
normal ranges (P > 0.05). The results indicate that both the 3D-printed 
porous tantalum fusion cage and the CVD porous tantalum fusion cage, 
along with their degradation products, did not exhibit toxicity to the 

Fig. 2. Experimental design of the sheep interbody fusion model and DSH analysis based on X-ray radiography. (A) Schematic illustration of the surgery and analysis 
procedures of the sheep interbody fusion model. (B) Representative X-ray images at 0, 3, 6 and 12 months. (C) DSH analysis at at 0, 3, 6 and 12 months. Statistical 
difference expression: ns > 0.05, *p < 0.05.
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major organs of the Small-Tailed Han sheep, demonstrating excellent in 
vivo biocompatibility. In addition, we also conducted more detailed and 
comprehensive biosafety tests according to international standards, and 
the results showed that the 3D printed porous tantalum used in this 
study did not produce hemolytic, systemic toxicity and skin sensitization 
(Figs. S4–7.).

4. Discussion

Structural and functional reconstruction of bone defects and 
osseointegration have long been great clinical challenges [23–25]. 
Tantalum as coatings or bone substitutes have been successfully used 
clinically with favorable results and wide acceptance [26]. However, in 
the current clinical application, there are still some difficult problems. 
For example, it is difficult to have porous tantalum implants that fit the 
shape of irregular bone defects. In addition, the high melting point and 
density of tantalum set a significant technical threshold for traditional 

manufacturing processes, thereby increasing the production costs of 
porous tantalum implants and limiting their clinical application. This is 
evidenced by the fact that, currently, only one company, Zimmer, has 
successfully achieved clinical translation of porous tantalum implants. 
The rapid advancements and continuous innovations in LPBF printing 
technology have brought new breakthroughs and hope for the process-
ing of porous tantalum scaffolds. We have identified optimized printing 
parameters and successfully manufactured 3D-printed porous tantalum 
fusion cage [14,27,28]. We found that the bionic bone trabecular 
structure characteristics prepared by LPBF are highly consistent with the 
designed structure, and the porous tantalum fusion cage with bionic 
bone trabecular structure can be successfully prepared. This study in-
dicates that 3D-printed porous tantalum fusion cage, as a new type of 
cervical interbody fusion cage, achieve comparable interbody fusion 
efficacy and safety compared to CVD fusion cage.

The mechanical and biological properties of 3D-printed porous 
tantalum scaffolds are primarily determined by structural characteristics 

Fig. 3. CT and Micro-CT scanning and analysis of tissue formation in the fusion area. (A) Bone windows in the central and edge regions basing on CT scans at 3, 6 and 
12 months. (B) Transverse, coronal, sagittal and reconstruction view basing on Micro-CT scans at 3 months.
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including pore configuration, porosity, pore size, strut diameter, and 
pore interconnectivity. Random lattices are regarded as one of the most 
biomimetic trabecular bone structures with excellent mechanical prop-
erties. Therefore, the 3D printed porous tantalum fusion cage used in 
this study adopts a Voronoi-based random lattice design to mimic 
trabecular bone structure, with an elastic modulus similar to that of 
cancellous bone and exhibiting good mechanical performance [29,30]. 
In the study by Wang et al., the trabecular biomimetic structure scaffold 
demonstrated a greater osteogenic capacity compared to the Ti-6Al-4V 
scaffold with diamond unit cells prepared by SLM, which was attrib-
uted to a wider range of pore size distribution (variable pore sizes) and a 
structure more akin to trabecular bone [31]. In Liang et al.’s study, 
Ti-6Al-4V scaffolds with trabecular bone-like porosity designed using 
the Voronoi-Tessellation method demonstrated that cell proliferation 
and osteogenic differentiation were positively correlated with the ir-
regularity of the trabecular bone, with completely irregular trabecular 
bone scaffolds exhibiting strong cell proliferation and osteogenic dif-
ferentiation capabilities at an early stage. This may be due to the 
irregular structure creating a diverse mechanical stimulation environ-
ment, involving micro-deformation, substance transport, fluid shear 
force, and diffusion of biofactors, better meeting the requirements for 
osteogenic mechanical stimulation, thereby leading to superior bone 
ingrowth [32,33]. Thus, compared to regular cubic and rhombic do-
decahedron structures, irregular trabecular biomimetic structures we 
used in this study are more conducive to osteogenic differentiation.

3D printing technology revolutionizes the implant design and prep-
aration process, and precisely regulates the porous structural charac-
teristics. It is possible to study the optimum porosity of bone ingrowth. 

According to previous studies, high porosity is more beneficial for cell 
proliferation and growth, especially for cells within the scaffold. This 
may be because high porosity provides additional space and attachment 
areas, facilitating bone tissue ingrowth. Additionally, high porosity en-
hances blood and oxygen delivery [34–36]. Luo et,al observed that 
effective permeability increases with porosity and pore size, while 
effective contact area decreases with both. Furthermore, the high flow 
velocity and vortex formation in large pore scaffolds can also impact 
energy dissipation and cell seeding [37]. Kelly et al. used LPBF to pre-
pare a variety of titanium implants with a gyro-sheet structure with 
porosity (0–90 %) and implanted them into the sheep femoral shaft 
bicortex defect model. They found a parabolic relationship between 
mechanical interlock strength and porosity obtained by bone integra-
tion, with peaks between 60 % and 70 %. When the porosity exceeds 80 
%, the return effect of bone growth on bone bonding strength decreases 
[38]. Based on the previous research results, we chose 70 % porosity to 
design and manufacture the fusion cage, which has the best bone inte-
gration effect [14].

To evaluate the efficacy of the two types of cages in spinal fusion 
surgery, an appropriate animal model is required [39,40]. Small-Tailed 
Han sheep were chosen for this study due to their anatomical and effi-
cacy similarities to humans, particularly in the mechanical properties of 
the C3/C4 segments [41–44]. DSH tends to stabilize over time. No sig-
nificant displacement or subsidence was observed in either group, 
indicating comparable and stable fusion outcomes.

CT scans displayed the fusion status of the central and peripheral 
windows of both groups of porous tantalum fusion cages. However, due 
to the high density and atomic weight of tantalum, X-rays could not 

Fig. 4. Analysis of osseointegration and bone formation based on undecalcified histological assessment. (A) Overall view and high magnification images of HE 
staining in the fusion area. (B) Overall view and high magnification images of Goldner staining in the fusion area. (C) Osseointegration labeled with calcein and 
alizarin red at the contact surface of the bone implant. (D) Quantitative comparison of the bone implant contact rate of 3D-print and CVD porous tantalum interbody 
fusion cages at 3, 6 and 12 months. (E) Quantitative comparison of the mineral apposition rate of 3D-print and CVD porous tantalum interbody fusion cages at 3, 6 
and 12 months. Statistical difference expression: ns > 0.05, *p < 0.05.
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completely penetrate, limiting CT’s and Micro CTs effectiveness in 
assessing bone fusion. As a result, the comparison of bone ingrowth 
remained challenging due to artifacts [45]. Luo et al. performed a 
quantitative evaluation of bone ingrowth into porous tantalum scaffolds 
with different pore sizes using a high-energy industrial CT (source 
voltage 380 kV and beam current 1.5 mA) system [37]. Therefore, 
high-energy CT might be a more suitable method for evaluating the 
internal structure of porous tantalum scaffolds.

The close contact between implants and surrounding bone provides 
initial stability necessary for osseointegration [46,47]. Osteoblasts 
secrete bone matrix onto the implant surface, forming a highly miner-
alized non-collagenous region at the interface. Outside this region, 
mature osteoblasts continue to secrete collagen and mineralize, forming 
immature woven bone, providing secondary stability and gap bridging 
between the implant and host bone [48]. Subsequent remodeling of 
surrounding host bone and immature bone into mature lamellar bone 

results in functional healing. Tantalum’s high friction coefficient pro-
vides excellent initial stability, and the rough surface of 3D-printed 
tantalum implants promotes protein and platelet adhesion, enhancing 
osteoconductivity [49]. The porous structure facilitates bone growth 
and ingrowth, with an elastic modulus that matches bone, reducing 
stress shielding and positively influencing bone remodeling.

ROM testing showed that as fusion time increased, ROM gradually 
decreased, indicating improved stability of the surgical segments, 
reaching long-term stability at 12 months. Undecalcified bone sections 
and HE and Goldner staining were used to determine bone volume in the 
fusion area. Results showed bone ingrowth at 3 months, more pro-
nounced at 6 months, and complete bone bridge formation at 12 months, 
with gradually increasing bone-implant contact rates without significant 
differences between the two types of fusion cage. These results are 
consistent with other studies on the osteogenic performance of porous 
tantalum, reflecting good bone integration [50–52]. Bone-implant 

Fig. 5. SEM and EDS elemental map scan of Ta, Ca, C, O and P. (A) SEM images of indecalcified bone tissue section at 12 month. (B) EDS elemental map of 
indecalcified bone tissue section at 12 month.

Fig. 6. Analysis of mechanical stability based on spine kinematic system assay at 3, 6 and 12 months. (A) Results of flexion and extension stability evaluated by the 
range of motion. (B) Results of bending stability evaluated by the range of motion. (C) Results of rotation stability evaluated by the range of motion. Statistical 
difference expression: ns > 0.05, *p < 0.05.
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contact rates, similar between the two groups at 3, 6, and 12 months, 
gradually increased without significant differences. The capacity for 
new bone formation during interbody fusion is another key factor. MAR 
as an indicator of new bone formation was similar for both fusion cage at 
3 and 6 months, gradually decreasing over time, aligning with the 
mature mineralized tissue observed in hard tissue pathology at 12 
months. The excellent biocompatibility, high porosity, and excellent 
bone integration capacity of porous tantalum make it an ideal ortho-
pedic implant with significant clinical potential. SEM and EDS analysis 
indicated tight bonding between the fusion cage and bone tissue, with 
extensive calcium and phosphorus enrichment layers detected. Previous 
studies suggest that calcium phosphate compounds on the bone surface 
may chemically bond bone tissue to the implant, accelerating the 

bone-implant bonding process and resulting in faster and stronger me-
chanical interlocking [53]. More mature and thicker mineralized bone 
layers around the fusion cage may help reduce the risk of long-term 
subsidence in humans [54]. We found that the Ca/P ratio in the bone 
tissue inside the CVD and SLM porous tantalum cage was similar (1.18 vs 
1.21). However, there is still a difference in the Ca/P ratio compared 
with the natural normal vertebral body (1.59), which may be related to 
the presence of a small amount of incomplete mineralized bone. How-
ever, as can be seen from Figs. 4 and 6, bone bridging has been achieved 
in the bone grafting window of the cage, and the mechanical properties 
of the surgical segment are relatively stable, which is expected to pro-
vide patients with long-term stability of the surgical segment.

Biosafety assessment is a critical step for the clinical translation of 

Fig. 7. Observation of major organs and serum of experimental sheeps with cage implantation. (A) Histological observation of heart, liver, spleen, lung and kidey at 
12month. (B) Serum quantitative analysis of ALT, AST, ALP, CK, CREA and γ-GT at 12month. Statistical difference expression: ns > 0.05, *p < 0.05.
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any new medical implant. For the novel 3D-printed porous tantalum 
fusion cage, detailed analysis of serum biochemical indicators and major 
organ conditions is necessary to verify its biosafety. In this study, the 
results demonstrate that the 3D-printed porous tantalum fusion cage 
exhibits similar biocompatibility to the clinically successful CVD porous 
tantalum fusion cage, providing a solid foundation for its clinical 
translation.

However, certain challenges remain at this stage that limit the use of 
3D printed tantalum cages. Tantalum is a rare metal and its price is 
relatively high. And tantalum is a dense metal. Although porous 
tantalum reduces the scaffold’s weight, the porous scaffold is still much 
heavier than titanium and other metal scaffolds [55]. These factors limit 
the potential applications of 3D printed tantalum cage. Therefore, the 
subsequent continuous optimization of scaffold design and alloying of 
tantalum to minimize the use of materials, reduce manufacturing costs 
and reduce weight will become the research goals in this field [51]. We 
believe that with the continuous development and upgrading of 
manufacturing technology and design concept, 3D printed porous 
tantalum bone implants will be more widely used in clinical practice.

5. Conclusion

In conclusion, this study demonstrated that both the 3D-printed 
porous tantalum fusion cage and the CVD fusion cage exhibit excellent 
performance in terms of fusion rate, biomechanical stability, biocom-
patibility, osteogenic effect, and bone integration capability, achieving 
long-term and stable fusion performance. Additionally, the 3D-printed 
porous tantalum fusion cage offers unique advantages in achieving 
complex structural designs, reducing costs, and providing personalized 
customization, making them highly promising for future clinical appli-
cations in spinal surgery.
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