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Introduction

Injuries to the musculoskeletal system are mainly 
caused by trauma or bone disease. Bone defects 
are an especially common clinical problem, 
resulting in significantly-reduced quality of life 
for millions of patients every year. Although 
autologous or allogeneic bone transplantation 
can partially repair bone defects, there are 
problems such as source limitation, and risks of 
donor site complications and infectious diseases. 
Therefore, finding more suitable bone substitute 
materials is the focus and hot spot of tissue 
engineering research.1, 2 The optimum substance 
for a bone implant should not only have the 
same elastic modulus and mechanical strength 
as bone, but also have good histocompatibility 
and bone integration ability. At present, the 

most commonly used metal grafts, represented 
by pure titanium (Ti), titanium alloy or stainless 
steel, are difficult to adapt to the requirements of 
bone replacement because of problems including 
cytotoxicity, low histocompatibility, rapid wear, 
and high elastic modulus. As a new metal graft 
material, porous tantalum (Ta) has attracted 
more and more interest due to its special 
microstructure, mechanical characteristics and 
good biocompatibility.2, 3 In their review article, 
Han et al.4 compare the research progress and 
clinical application of porous Ta and porous 
Ti fabricated by different methods. As additive 
manufacturing (AM) technology has advanced 
in recent years, an increasing number of studies 
have been carried out on three-dimensional (3D) 
printing of porous Ta and its gradual application 
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With continuous developments in additive manufacturing technology, 

tantalum (Ta) metal has been manufactured into orthopaedic implants with 

a variety of forms, properties and uses by three-dimensional printing. Based 

on extensive research in recent years, the design, processing and performance 

aspects of this new orthopaedic implant material have been greatly improved. 

Besides the bionic porous structure and mechanical characteristics that 

are similar to human bone tissue, porous tantalum is considered to be a 

viable bone repair material due to its outstanding corrosion resistance, 

biocompatibility, bone integration and bone conductivity. Numerous in vitro, 

in vivo, and clinical studies have been carried out in order to analyse the 

safety and efficacy of these implants in orthopaedic applications. This study 

reviews the most recent advances in manufacturing, characteristics and 

clinical application of porous tantalum materials.
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to orthopaedics. The research development and therapeutic 
application of AM porous Ta in bone tissue engineering are 
reviewed in this article.

An online search in PubMed, Web of Science, and Elsevier 
databases dating from 1990 to January 2023 was performed 
with the key words “additive manufacturing,” “3D printed,” 
“tantalum,” “bone,” and “orthopedics.” Two researchers 
screened all the duplicated literature and checked the cited 
references independently for veracity. Inclusion criteria were 
studies reported in English or Chinese language, studies on 
Ta fabricated using AM technology, and studies related to 
orthopaedics. Studies were excluded when the Ta used in the 
studies was not prepared by 3D printing technology or applied 
to a field unrelated to orthopaedics.

Physical and Chemical Characteristics of 

Tantalum

Ta (atomic number 73, molecular weight 180.05) is a rare 
transition metal that is infrequently found in nature. Solid Ta 
has a density of 16.68 g/cm3 and a hardness of 6–6.5 Mohs, 
which is close to diamond. Ta’s melting point as a refractory 
metal is 3017°C. Porous Ta differs from solid metal Ta in 
its ultra-hardness and density. Porous Ta material has a 3D 
polyhedral pore structure visible under scanning electron 
microscopy that is similar to cancellous bone, and the porosity 
greatly lowers the density of porous Ta material. Ta in its purest 
form has relatively active chemical characteristics. Ta2O5 and 
TaO2 are the two major oxide forms in which it is found. The 
surface of pure Ta spontaneously produces a persistent oxide 
layer that is non-conductive and resistant to the majority of 
strong acids and bases when Ta is exposed to air or treated.5 

Consequently Ta is very poorly soluble at all pH levels and 
potentials. Ta has great corrosion resistance as a result, and it 
can also lessen the frequency of local inflammation brought on 
by corrosion products.6 By altering the surface hydrophobicity 
and electrostatic effects, the Ta2O5 oxide layer on the Ta 
surface gives good corrosion resistance and also increases cell 
adhesion. Boyan et al.7 have demonstrated that hydrophilic 
surfaces are more favourable to cell adhesion and proliferation. 
Ta is quite hydrophobic, but as Ta2O5 forms, Ta becomes more 

hydrophilic. On the surface of pure Ta, the static water contact 
angle is 97.3 ± 4.2°, but it substantially drops to 6.3 ± 1.1° on 
the surface of Ta2O5.

8

Porous Structure of Tantalum

Bone, including both cancellous bone and cortical bone, has 
open cells and a 3D interconnected porous structure. High-
density orthopaedic implants have a high elastic modulus, 
which makes them vulnerable to stress shielding, osteolysis, 
and implant failure. Therefore, porous structures are of interest 
to researchers. The mechanical properties of 3D-printed Ta 
scaffolds are influenced by design elements such as porosity, 
pore size, strut diameter, and pore connectivity.9

The mechanical qualities, biocompatibility, and osteogenesis of 
implants are significantly influenced by the different geometric 
parameters of the pores in the material.4, 10 Biemond et al.11 
investigated Ti6Al4V implants with wave-like and cuboidal 
pore designs. The friction coefficient of the wavy porous 
implant was higher than that of the cubic porous implant, 
while the bone ingrown depth of the cubic porous implant 
was much deeper than that of the wavy porous implant. When 
comparing Ta scaffolds with similar pore characteristics 
but different pore structures, Markhoff et al.12 concluded 
that a pyramidal pore structure is most appropriate for cell 
migration and proliferation, and they successfully fabricated 
porous Ta scaffolds with pore geometry of diamond,13 rhombic 
dodecahedron,14 and biomimetic trabeculae.15

Cancellous bone has a porosity that ranges from 30% to 95%, 
and this high porosity provides enough space for cell migration 
as well as for the transport of nutrients and oxygen.16, 17 A 
vast amount of biological research has revealed that implants 
with higher porosity are more favourable to cell proliferation 
and bone formation, and also improve biocompatibility, 
osteogenesis and vascularisation.12, 17 Wauthle et al.18 examined 
the biological characteristics of porous Ta scaffolds generated 
by selective laser melting (SLM) with a porosity of 80% and 
determined that high porosity gives good biocompatibility, 
bone conductivity, and osteogenesis. Figure 1 presents 
scanning electron microscopic images of 3D-printed Ta 
scaffolds with varying porosities.

Department of Orthopaedics, Affiliated Zhongshan Hospital of Dalian University, Dalian, Liaoning Province, China

Figure 1. Scanning electron microscopic images of selective laser melting-fabricated porous Ta scaffolds with different 
porosities. (A–E) 60%, 65%, 70%, 75%, and 80%. Reprinted from Gao et al.9 Scale bar: 500 μm.
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In addition, pore interconnectivity, pore size, and strut 
diameter are also involved in the mechanical and biological 
aspects of 3D-printed porous Ta scaffolds. Strut diameter 
has a significant effect on the mechanical properties of the 
scaffold, while interpore connectivity plays a significant part in 
bone conduction, osseointegration, and bone ingrowth.17 To 
achieve the desired requirements, the structural parameters of 
the various pores should be balanced in the Ta scaffold.

Three-Dimensional Printed Porous Tantalum

AM has been identified as a powerful and adaptable processing 
approach capable of generating porous orthopaedic implants 
when highly personalised, precise and complicated structures 
are required. A variety of 3D-printing technologies have been 
developed in recent years, including SLM, electron beam 
melting (EBM), direct metal deposition, direct metal printing, 
fused deposition modelling, direct metal writing, and binder 
jetting. Among them, SLM and EBM have become the most 

frequently-utilised technologies for manufacturing porous 
metal scaffolds because of their benefits of high accuracy, high 
efficiency, and good stability. 

There are similarities in the composition and manufacturing 
methods of these two technologies. In both systems the point 
platform rises continually, providing the metal powder, 
while the blade moves the new Ta powder onto the building 
platform, where the scaffold is built. 

Metal powders are fused together into solid pieces using a 
laser or electron beam. After the powder layer is established, 
the frame platform falls, and the next layer of Ta powder 
that is deposited is hit by the application from the material 
distribution platform. When the whole construction is 
complete, the created item is cut free from its base.10 The 
difference is that SLM uses a high-energy laser while EBM uses 
an electron beam. Figure 2 shows the working mechanism of 
the SLM and EBM machines.19, 20

Figure 2. (A) Schematic of the selective laser melting process. Reprinted from Kamran and Farid.19 (B) An electron beam 
melting machine. Reprinted from Azam et al.20
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Compared with chemical vapour deposition and powder 
metallurgy, the pore formation mechanism of AM is different, 
resulting in different pore structure characteristics. This allows 
the AM scaffold to have the finest connectivity and the most 
adjustable pore characteristics with respect to parameters 
including strut diameter, pore size, and porosity. Moreover, 
by designing the geometry according to anatomically-matched 
requirements, AM can construct highly porous Ta scaffolds. 
Future porous Ta scaffold preparation will likely rely heavily 
on AM due to the continuing advances in 3D printing-related 
technology.

Mechanical Characteristics of Porous 

Tantalum

Clinical orthopaedic implant materials must have appropriate 
mechanical characteristics. Especially in the load-bearing area, 
the maximum strength and relatively low stiffness can enhance 
the initial biological fusion of the bone around the implant and 
ensure its long-term stability. In addition, significant indicators 
for determining the mechanical properties of Ta scaffolds in 

mechanical analysis include the compressive strength, elastic 
modulus, tensile strength, fatigue property, and friction 
coefficient.

The variations in compressive strength of Ta scaffolds are first 
caused by variations in the pore characteristics, structure, and 
manufacturing process. The compressive strength of porous 
Ta prepared using different techniques ranges from 14 to 480 
MPa. Therefore, future studies will concentrate on 3D-printed 
Ta with more advanced compressive strength.9 Porous Ta has 
an elastic modulus that is more comparable to that of natural 
bone than other metallic materials. Because 3D-printed Ta has 
an elastic modulus closer to that of cancellous bone (0.1–0.5 
GPa) and cortical bone (12–18 GPa) than Ti (106–115 GPa), the 
stress shielding effect is reduced, bone resorption is prevented, 
and more nearby bone stores are protected.21 Yang et al.22 used 
3D printing technology to prepare Ta trabecular scaffolds with 
porosity of 60%, 70% and 80%. In the three-point bending test, 
the bending strength was approximately 97, 52.8 and 23 MPa, 
respectively, indicating that as porosity decreased, porous Ta’s 
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bending strength increased.22 More research is required on 
the flexural strength of 3D-printed Ta scaffolds for extended 
bone healing, such as ways to enhance the flexural strength by 
changing the design and structure.

In addition, the fatigue performance of the fabricated porous 
Ta material also needs to be considered, which can be greatly 
impacted by different preparation methods. Zardiackas et al.23 
investigated the fatigue behaviour of a porous Ta scaffold 
prepared by chemical vapour deposition with a porosity of 
between 75% and 85%. After 5 × 106 cycles of compressive 
fatigue, the fatigue limit was 23 MPa, and the fatigue limit 
after 5 × 106 cycles of cantilever bending was 35 MPa.23 In 
a compression–compression fatigue test, Wauthle et al.18 
investigated the compressive strength of a 3D-printed Ta 
scaffold with 80% porosity. They discovered a remarkably 

low fatigue limit (7.35 MPa at 106 cycles). Ta’s porous nature 
and high coefficient of friction can provide additional friction 
between bone tissue and porous Ta. According to a report,24 
porous Ta has a 40% to 75% higher friction than a conventional 
porous coating, which is more suited to the stable fixation of 
an implant and increases surgical success rates.

These excellent mechanical characteristics make porous 
Ta an effective substitute for human bone tissue. Although 
the mechanical properties produced by different processing 
techniques are quite different, this just shows that porous 
Ta materials have considerable potential in orthopaedic 
applications, and more in-depth research is needed to identify 
better manufacturing parameters. For convenience, we have 
tabulated the mechanical characteristics of AM porous Ta 
compared with cancellous bone (Table 1).25-28

Table 1. Mechanical properties of 3D-printed porous Ta

Manufacturing 

method Porosity (%)

Elastic 

modulus (GPa)

Compressive 

strength (MPa)

Compressive yield 

strength (MPa) Reference

Cancellous bone 50–90 0.01–3.0 – 2–12 25

Ta SLM 79.7 ± 0.2 1.22 ± 0.07 3.61 ± 0.4 12.7 ± 0.6 15

38–65 2–20 – – 18

68.3 ± 1.1 2.34 ± 0.2 78.54 ± 9.1 – 14

LENS 27–55 1.5–20 – – 26

EBM 75–85 – – 6.8–24 27

LMLMC 35.48–50 2.8–9.0 56–480 – 28

Note: ‘–’ indicates no available data. EBM: electron beam melting; LENS: laser near net shaping; LMLMC: laser multi-layer micro-
cladding; SLM: selective laser melting; Ta: tantalum.

In Vitro Biological Characteristics of Porous 

Tantalum

Porous Ta metal has been favoured by researchers in recent 
years, not only because of its mechanical properties, but 
more importantly because of its good biocompatibility and 
good biological characteristics represented by promotion of 
osteogenesis.

Biocompatibility, cell adhesion, cytotoxicity and 

proliferation

Porous Ta scaffolds easily combine with oxygen to form a 
self-passivation surface oxide layer (Ta2O5).

29 In addition 
to preventing corrosion on the scaffold in vivo, the surface 
is extremely stable over a wide pH range. The surface of 
3D-printed Ta promotes cell adhesion and proliferation due 
to its good biological characteristics and durable compatibility 
with different cell types.30 With mouse fibroblasts (L929), a 
3D-printed Ta scaffold created by Wauthle et al.18 demonstrated 
good biocompatibility, promoting early integration and bone 
formation. Wei et al.31 examined the effectiveness of porous 
Ta scaffolds in restoring significant cartilage defects in the 
weight-bearing area. Bone marrow mesenchymal stem cells 
(BMSCs) and chondrocytes were loaded onto a porous Ta 
scaffold and subsequently injected into a goat cartilage defect 
model. The fact that chondrocytes and BMSCs continued to 
thrive on porous Ta scaffolds 16 weeks after surgery supports 

the possibility that porous Ta is an important factor in the 
differentiation of BMSCs into osteoblasts.

The adhesion degree of early cells is crucial for the effective 
proliferation and differentiation of 3D-printed Ta surfaces.9 

Balla et al.32 examined the morphological features of osteoblasts 
cultured on 3D-printed Ta for 3 days through scanning 
electron microscopy. Osteoblasts were flattened and evenly 
dispersed across the Ta surface. Comparable results were 
obtained by Wang et al.15 and Guo et al.14 (Figure 3A). Dou 
et al.33 cultured BMSCs on 3D-printed Ta and porous Ti6Al4V, 
then after 1 day of incubation, they evaluated cell status and 
number of attachments by fluorescence microscopy in live and 
dead cells. In comparison to porous Ti6Al4V, morphological 
analysis of stromal stem cells on porous Ta revealed much 
greater adhesion and extension. Almost every cell on the 
surface of porous Ta was alive, indicating that porous Ta has 
good cytocompatibility.

The most frequently-used quantitative assays use 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT) 
or cell counting kit (CCK)-8, which are used to measure 
cytotoxicity typically through morphological inspection and 
evaluation of cell viability. Wang et al.15 investigated whether 
3D-printed Ta scaffolds were cytotoxic to mesenchymal stem 
cells in a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
experiment. The optical density values of the Ta and the 
control group (cells in Dulbecco’s modified Eagle medium) 
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showed no significant differences, indicating that porous Ta 
was not cytotoxic to human mesenchymal stem cells. The 
proliferation and behaviours of human fibroblasts, osteoblasts, 
and mesenchymal stem cells were examined by Gee et al.34 in 
regard to the effects of porous Ta. They concluded that Ta did 
not interfere with biological functions in any of these three 
types of human cells. Other studies on cytotoxicity have also 
reached similar conclusions.35, 36

Dou et al.33 and Guo et al.14 used cell counting kit-8 to evaluate 
the proliferation of BMSCs on the surface of porous Ta and 
Ti6Al4V, and found that porous Ta had a substantially greater 
ability to promote cell proliferation than porous Ti6Al4V 
(Figure 3B).33 Evaluation using the 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium measurement assay also reached 
the same conclusion.37, 38

Osteogenesis

Sagomonyants et al.39 found that porous Ta significantly 
stimulated the proliferation of human osteoblasts and 
improved their osteogenic ability compared with other metal 
materials, and this effect was more prominent in osteoblasts 
from elderly individuals over 65 years old. Through scanning 
electron microscopic observation, Wang et al.40 found that 
osteoblasts cultured in vitro adhered to, proliferated and formed 
various intercellular connections on the pore surfaces of porous 

Ta. According to studies,39, 41 Ta increases the expression 
of genes associated with osteoblasts and certain cytokines 
while decreasing the expression of genes connected with 
osteoclasts. This encourages the proliferation, differentiation 
and mineralisation of osteoblasts. The findings demonstrated 
that the expressions of bone morphogenetic protein-2, alkaline 
phosphatase, osteocalcin, and osteopontin were noticeably 
greater in the experimental group than in the control group.42 
The differentiation potential of human foetal osteoblasts 
cultured on porous Ta and porous Ti scaffolds is similarly 
influenced by the expression of the alkaline phosphatase protein. 
Confocal images (Figure 3C) showed that porous Ta scaffolds 
had a higher expression of vinculin protein than porous Ti 
scaffolds.32 Temponi et al.38 assessed the biological behaviour 
of human peripheral blood mononuclear cells interacting with 
porous Ta. Porous Ta did not change the activity of peripheral 
blood mononuclear cells compared to the control group, 
while also allowing cell adhesion, reducing receptor activator 
of nuclear factor-kappa B ligand (RANKL) expression, and 
enhancing transforming growth factor-β expression.43 In 
addition, the surface characteristics of implanted Ta can be 
modified using a variety of techniques, including sandblasting, 
alkali heat treatment, anodic oxidation, coating and surface 
functionalisation. These surface treatment technologies can 
enhance the osteogenic properties of the material.44-47

Figure 3. Cell adhesion and proliferation properties on porous Ta. (A) Morphology of mesenchymal stem cells (yellow 
arrows) cultured for 3 and 5 days. Reprinted from Wang et al.15 (B) Light (B1) and fluorescence microscopic images of 
live-dead-stained bone marrow mesenchymal stem cells incubated on porous Ta (B2) and Ti6Al4V (B3) for 1 day, and 
quantification of the adherent cells (B4). Reprinted from Dox et al.33(C) Confocal micrographs of vinculin expression on 
porous Ta with porosities of 27% (C1) and 45% (C2) and on porous Ti with 27% porosity (C3). Reprinted from Balla et 
al.32 Copyright © 2010 Acta Materialia Inc. Scale bars: 50 μm. Ta: tantalum; Ti: titanium.

Angiogenesis

Oxygen and nutrients required for osteogenesis are delivered 
by newly-formed blood vessels, and the role of angiogenesis 
is to promote the continuing stability of bone implant 

materials.47 Porous Ta, polydopamine–porous Ta scaffolds, 
polydopamine–magnesium ion porous Ta scaffolds, and 
polydopamine–strontium ion porous Ta scaffolds were all 
thoroughly investigated by Cheng et al.49 for their impact 
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on the ability of human umbilical vein endothelial cells to 
form and migrate in vitro. Their findings confirmed that the 
porous Ta scaffold was beneficial to angiogenesis. In vitro, the 
vascularisation rate of porous Ta scaffold materials can be 
enhanced by the addition of Sr and Mg ions.

Antibacterial activity

Whether or not porous Ta has antibacterial properties is still 
controversial. Studies conducted by Zhang and colleagues50, 51  
revealed that a TaN coating exhibited excellent anti-
bacterial properties against various types of bacteria, such 
as Staphylococcus aureus and Porphyromonas gingivalis. In 
another study, the use of Ta-based components in 966 patients 
who had undergone total hip arthroplasty significantly 
decreased the likelihood of infection.52 Compared to Ti, the 
infection rate of Ta was lower at 3.1%. This suggests that it 
confers some resistance against infection.

The porous nature of Ta materials and their rough surfaces 
are helpful for tissue growth and early implant durability, 
but they also create favourable circumstances for bacterial 
colonisation.53 In in vivo environments, porous Ta prostheses 
demonstrated adequate osseointegration ability even when the 
implanted site was in a long-term infected state, but 3D-printed 
Ta failed to demonstrate intrinsic anti-biofilm qualities in 

vitro.54, 55 According to a study by Yang et al.,56 this could be 
the outcome of the host immunological reaction brought on 
by porous Ta. Other research has yielded inconclusive results 
regarding the capacity of porous Ta to fend off infection 
in vivo.57 There is still much disagreement in academia as to 
whether Ta has intrinsic antibacterial properties.

Preclinical Experiments using Tantalum

Many scholars have verified the osseointegration and osteogenic 
characteristics of porous Ta scaffolds in vivo through animal 
experiments. As mentioned above, porous Ta implants with 
open, interconnected structures are beneficial for osteoblast 
adhesion and proliferation as well as the passage of nutrients 
and oxygen needed for the formation of new bone. The oxygen 
concentration and acidic conditions of porous Ta scaffold 
were verified by Jonitz et al.47 to be advantageous for bone 
ingrowth. At 16 weeks after surgery, Wang et al.58 completed 
3D reconstruction of micro-computed tomography scans and 
estimated the quantity percentage of bone formed around 
porous Ta implants in rabbits with condylar osteochondral 
defects. They indicated that the interior of the porous Ta 
implant as well as its surface had been penetrated by freshly-
formed bone. The right hind legs of rabbits were surgically 
implanted with porous 3D-printed Ta and Ti6Al4V implants by 
Guo et al.14 Radiographs taken at 4, 8, and 12 weeks, shown in 
Figure 4A, revealed that porous Ta specimens integrated into 
the surrounding bone tissue more successfully than porous 
Ti6Al4V specimens and prevented loosening or dislocation.14 
Wauthle et al.18 conducted histological evaluation of a porous 
Ta implant removed from a rat femoral defect and found that 
the pores of the implant supported strong new bone growth, 
and the porous Ta scaffold was successfully incorporated 
into the surrounding tissue (Figure 4B). In conclusion, the 
superior osseointegration and osteoconductivity of porous Ta 
facilitated bone tissue remodelling and regeneration.

A B

Ta
Ti

6A
l 4V

4 weeks 8 weeks 12 weeks

4 weeks 8 weeks 12 weeks

Ti
6A

l 4V
Ta

Figure 4. Osseointegration of porous tantalum (Ta) scaffolds. (A) Radiographic and histological images of porous Ta 
and Ti6Al4V implants at 4, 8, and 12 weeks. Reprinted from Guo et al.14 (B) Histological images of SLM porous Ta after 
12 weeks in vivo. Reprinted from Wauthle et al.18 Copyright © 2014 Acta Materialia Inc.

The term “osseointegration” refers to the process in which 
an implant is enveloped by surrounding bone tissue or 
comes into contact directly with it. Porous Ta scaffolds 
have solid osseointegration after implantation, good in vitro 
biocompatibility, and no early, evident allergic reactions.59 In 
the right hind leg of rabbits, Guo et al.14 implanted porous Ta 

and Ti6Al4V implants. Radiographs taken at 4, 8, and 12 weeks 
revealed that the porous Ta samples prevented loosening 
or dislocation more successfully than the porous Ti6Al4V 
samples. Wang et al.60 used micro-computed tomography 
analysis to evaluate the volume of new bone around porous 
Ta implants and compared them with porous Ti implants at 6 
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and 12 weeks. They discovered that the volume of new bone 
around the porous Ta implants was much greater than that 
surrounding the porous Ti implants.60 Porous Ta rods were 
inserted into the hind legs of dogs by Wei et al.61 and evaluated 
by a hard tissue biopsy 3 to 6 weeks after implantation. They 
found that new osteoblast adhesion and new bone ingrowth 
were seen at the Ta-host bone contact area and the pores. 
Three and six months after implantation, the Ta rod from a 
canine femoral shaft defect model was analysed by Van Gieson 
staining by Wang et al.15 The study revealed that the bonding 
strength between the 3D-printed Ta and the host bone was 
significantly greater after 6 months, and examination of hard 
tissue sections demonstrated that the new bone was firmly 
bonded to the surface of the Ta implant. In a rabbit tibial repair 
model, Fraser et al. implanted Ti implants at the neck and root 
tip together with a mid-connected implant constructed of 
porous Ta.62 They observed that new bone growth occurred 
more frequently around the middle of the implant than at the 
neck and tip of the root because of the greater interaction with 
the surrounding soft and hard tissues.

The potential of porous Ta in bone functional regeneration is 
demonstrated by the abundance of blood vessels that emerge 
at the interface and inside the prosthesis as new bone tissue 
grows into the implant. After 4, 8, and 16 weeks of healing, 
Hacking et al.63 removed subcutaneous porous Ta implants 
from the backs of dogs and used transmission light microscopy 
to examine their histological sections. The porous Ta stent was 
discovered to include a significant proportion of vascularised 
connective fibrous tissue 16 weeks after placement. After 
removing porous Ta implants from dog femurs 52 weeks 
after they were implanted, Bobyn et al.64 discovered identical 
histological evidence of vascular supply throughout the 
endophytic bone. These results confirmed that porous Ta 
promotes vasculogenesis, but the angiogenic mechanisms and 

factors affecting angiogenesis in porous Ta scaffolds have not 
been clarified.

Drug Delivery of Porous Tantalum

In the past few years, the use of porous structures to deliver 
drugs has become a research hotspot. Porous Ta metal has 
become one of the best choices for drug-loaded scaffolds 
due to its good biocompatibility. Surface modification by dip 
coating, hydrogel packaging, and spray coating are examples 
of drug-loading techniques. Multiple studies have shown that 
porous Ta metal itself has no observable antibacterial effect 
in vitro.53, 65 However, porous Ta promotes innate immunity 
and antibacterial actions in vivo.55 Carrying antibiotics to fight 
infection has become the main use of drug delivery. Functional 
reconstruction and adjuvant therapy after tumour resection 
are another use of porous Ta metallic materials for drug 
delivery. Guo et al.66 used hydrogel and electrostatic interaction 
techniques to load doxorubicin onto 3D-printed porous Ta and 
showed that this technique successfully extended the duration 
of medication release. Some scholars further enhanced the 
osteogenic effect of Ta metal by drug loading. For repairing 
bone defects, Tanzer et al.67 used 3D-printed porous Ta and 
surgically implanted a porous Ta stent carrying zoledronic acid 
into the proximal femurs of dogs. Compared to a blank control 
group, the bone mass around the prosthesis was 2.34 times 
greater in the experimental group than the control group, and 
bone growth was 58% higher. In addition, other studies using 
implants loaded with vascular endothelial growth factor or 
transforming growth factor have verified the increased repair 
ability after drug loading.68, 69 High local drug concentration, 
long release duration, and low toxicity are all benefits of 
the porous Ta metal drug delivery system; however clinical 
transformation application and drug dosage optimization still 
need to be improved.70 Figure 5 shows different methods of 
loading cells or medications onto porous Ta. 

Figure 5. Drugs or cells loaded onto porous tantalum (Ta) for different treatments. Copyright 2021 from Hua et al.70 
Reproduced by permission of Taylor and Francis Group, LLC, a division of Informapic.
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Clinical Translation of Porous Tantalum

As mentioned above, porous Ta has excellent biological 
properties, an elastic modulus comparable to human cancellous 
bone, sufficient mechanical strength, and excellent corrosion 
resistance. Since Kaplan et al.71 first developed Ta implants 
with an open cell structure in 1994, porous Ta metal implants 

are being used more frequently in orthopaedic procedures 
such as foot and ankle surgery, shoulder reconstruction, spinal 
fusion, and hip and knee replacement. The effectiveness 
and safety of 3D-printed Ta implants have been the subject 
of an increasing number of clinical trials. Figure 6 shows 
several instances of 3D-printed porous Ta implants applied in 
orthopaedic surgery.72, 73

Figure 6. Clinical translation of 3D-printed porous Ta. (A) The clinical application of customized 3D-printed porous 
Ta scaffolds combined with Masquelet’s induced membrane technique to reconstruct an infected segmental femoral 
defect. Reprinted from Wu et al.72 (B) Knee reconstruction using 3D-printed porous Ta augmentation in the treatment 
of a Charcot joint. Reprinted from Hua et al.73 (C) After pelvic tumour resection, hemi-pelvic replacement surgery 
was performed using 3D-printed porous Ta implants. (C1) Anteroposterior X-ray of the patient’s hip joint showed 
an uneven density of the right iliac crest. (C2) Coronal MRI showed the extent of tumour invasion. (C3) Preoperative 
simulation of tumour resection and reconstruction range and location. (C4) Hemi-pelvic prosthesis design to restore 
the pelvic ring structure. (C5) Lateral view of the hemi-pelvic prosthesis. (C6) 3D-printed hemi-pelvic prosthesis. (C7) 
Intraoperative prosthesis implantation. (C8) X-ray at 6 months after surgery. C was from the authors’ original study. 3D: 
three-dimensional; MRI: magnetic resonance imaging; Ta: tantalum.

Hip

At present, porous Ta implants are frequently used in 
three types of hip surgery: developmental dysplasia of the 
hip acetabular shelf, femoral head necrosis support, and 
hip reconstruction. Cheng et al.74 reported a study on the 
application of individualised porous Ta metal acetabular 
shelf augments prepared by 3D-printing technology for hip 
joint reconstruction in the treatment of adult developmental 
dysplasia of the hip. Eight patients with Crowe type I 
developmental dysplasia of the hip were included in this study. 
Individual 3D-modelling of the hip joint was performed by 
computer. The most appropriate size of the acetabular shelf 
was designed using specialised software MIMICS (Materialise, 
Leuven, Belgium), and then the porous acetabular augment was 
processed. The visual analogue scale score decreased from 2.92 
± 0.79 preoperatively to 0.83 ± 0.72 at the last follow-up, and 
the Harris hip score increased from 69.67 ± 4.62 preoperatively 
to 84.25 ± 4.14 at the final follow-up. Imaging analysis revealed 
that the Ta metal acetabular augment was in tight contact with 

the iliac bone and exhibited no loosening or osteoarthritis 
progression, and the changes were statistically significant.

In the treatment of osteonecrosis of the femoral head (ONFH), 
a porous Ta rod plays the role of filling and supporting a 
femoral head with a bone defect after core decompression, and 
stimulating osteogenesis of the host bone in the subchondral 
bone area. Studies have shown that a porous Ta rod can slow 
the progress of early osteonecrosis and delay the time of joint 
replacement.75, 76 Liu et al.77 reported that 149 patients with 
early ONFH were treated with porous Ta rods, and the follow-
up study after 3 years showed good clinical and imaging results. 
However, the long-term effect of Ta rods is controversial.78 
One study showed that the mechanical support of the necrotic 
area by porous Ta rods is insufficient, and only 1.9% of the 
bone ingraft was observed in histopathological examination 
of the 15 Ta rods removed.79 Therefore, some scholars have 
tried to combine vascularised bone flap transplantation or 
BMSCs with porous Ta rods.80, 81 To confirm the efficacy of 
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these techniques, long-term clinical follow-up surveillance is 
still required to evaluate these improvements. 

The use of porous Ta material in total hip arthroplasty is 
mainly in the acetabular cup. In 2002, experts directly pressed 
polyethylene lining into a porous Ta cup, and this integrated 
design reduced wear of the polyethylene.82 Wear debris has 
been considered as the main cause of aseptic loosening of 
the acetabular cup, so this design can theoretically prolong 
the service life of the artificial joint. In a clinically available 
prospective study, 151 hips were followed up for 8–10 years 
after primary total hip arthroplasty.83 Although periacetabular 
spaces of 1 to 5 mm in length could be identified early in 25 
hips, these disappeared after 24 weeks. No complications such 
as osteolysis or prosthesis loosening were confirmed by follow-
up radiographs. On the surface of the porous Ta cup, there was 
significant bone ingrowth in a patient who underwent revision 
surgery due to dislocation 50 months after surgery. Eighty-two 
patients who underwent total hip replacement with a porous 
Ta acetabular component were observed by Macheras et al.84 
for an average of 7.3 years. At 6 months following surgery, 
the gap between the prosthesis and the surrounding bone 
was filled with new bone tissue, and at the latest follow-up, 
there were no radiolucent lines or indications of periprosthetic 
osteolysis.84 For revision total hip arthroplasty, bone defect 
repair and acetabulum reconstruction, as well as restoration of 
basic stability, centre of rotation, and maximum bone–implant 
contact, are surgical challenges.85 Several short-term and 
medium-term studies have shown that porous Ta acetabular 
cups and patches provide good results in the treatment of 
acetabular bone defects.86, 87 Löchel et al.88 performed a 10-year 
follow-up after hip revision surgery using a porous Ta cup and 
augment. The survival rate of 53 hips with complete follow-up 
was 92.5%. The Harris hip score increased significantly after 
revision surgery.

Knee

Porous Ta materials are also frequently used in knee 
reconstruction surgery. In short-term and long-term 
postoperative follow-up studies, the replacement of a 
conventional prosthesis with a cementless porous Ta single-
piece tibial prosthesis achieved good clinical results.89-91 De 
Martino et al.92 described results in 33 patients who underwent 
primary total knee arthroplasty (TKA) with a cementless Ta 
single tibial component in a study with postoperative follow-
up of at least 10 years. None of the prostheses were subjected 
to radiological examination for osteolysis, or displacement. 
The individuals’ average knee scores increased from 56 before 
surgery to 93 afterward, showing that porous Ta is a promising 
alternative material for TKA prosthesis. The construction of 
this tibial monolithic component is comparable to that of the 
acetabular monolithic replacement in that polyethylene is 
directly compressed into the porous Ta substrate, eliminating 
the possibility of wear debris penetrating the bone–implant 
interface. The mechanical and biological characteristics of the 
porous Ta ensure the primary stability and long-term survival 
of the tibial component. Significant bone ingrowth was found 
in the column and posterior floor plate interface of a porous Ta 
tibial prosthesis that was recovered from a chronically-infected 

knee prosthesis through histological analysis, indicating that 
even in an infected environment, good bone-implant fusion 
can still be achieved.93

The treatment of bone defects in the distal femur, proximal 
tibia and even patella in knee reconstruction has always been 
one of the difficulties in surgery. Porous Ta grafts are used 
for structural transplantation and various irregular shapes 
can be designed and prepared to restore the required bone 
reserve depending on location and the amount of bone lost.94 
A number of medium-term follow-up studies have shown that 
porous Ta vertebrae have a good effect on restoring huge bone 
defects and maintaining the stability of prostheses, whether in 
the femoral or tibial sides.95, 96 Another systematic review of Ta 
cones and cannulas revealed a 9.7% reoperation rate and a 0.8% 
sterile loosening rate per cannula. The reoperation rate of Ta 
vertebrae was 18.7%, and the aseptic loosening rate was 1.7%.97 
Patellar reconstruction with a porous Ta prosthesis is a way to 
restore the normal structure and function of the patellofemoral 
joint in cases of knee extension device dysfunction due to 
patellar resection or patellar bone defect. In a clinical study, 
Kamath et al.98 investigated the use of a porous Ta patellar 
component to treat severe patellar loss during revision TKA. 
All 23 participants had positive clinical outcomes at the most 
recent follow-up (mean 7.7 years), as measured by the Oxford 
Knee Score and the Knee Society Score.98

Spine

Porous Ta scaffolds are commonly used in lumbar interbody 
fusion and cervical interbody fusion in spinal repair 
applications.99 A porous Ta cage used in anterior cervical 
fusion was proven to be beneficial in a prospective randomized 
controlled clinical experiment by Fernández-Fairen et al.100 
The Ta cage implantation group revealed a similar fusion rate 
and postoperative stability at the conclusion of a 2-year follow-
up period compared to the standard autogenous iliac bone 
transplant paired with an anterior wall plate. Patients who 
received single-hole Ta cage implantation for interbody fusion 
had good clinical and radiological outcomes after 11 years of 
follow-up, with no significant complications in 12 patients. 
In addition, Mastronardi et al.101 showed that porous Ta was 
beneficial in terms of interbody fusion rate, low complication 
rate, and short- or long-term postoperative evaluation scores, 
such as 36-item short-form, neck disability index, and visual 
analogue scale. Lebhar et al.102 also revealed the preliminary 
stability and osseointegration of Ta interbody implants in the 
medium-term follow-up of posterior lumbar interbody fusion, 
and the results confirmed that porous Ta implants are a reliable 
choice for spinal fusion surgery. Surgical time, blood loss, 
length of hospital stay, fusion rate, and visual analogue scale 
scores, and complication rates from pertinent clinical studies, 
were all examined in two recent meta-analyses. We discovered 
through two meta-analyses that porous Ta implants, which 
have been the gold standard in the surgical treatment of 
anterior cervical degenerative disc degeneration, are equally 
effective and safe.37, 103

Foot and ankle

End-stage ankle arthritis is a very serious disease. In the 
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case of ineffective conservative treatment, ankle arthrodesis 
and ankle replacement are two commonly-used surgical 
treatments.104 Horisberger et al.105 revealed the use of a 
Ta spacer to reconstruct major ankle bone defects during 
ankle arthrodesis. Postoperative X-rays confirmed that the 
structure had good initial stability.105 Five years after surgery, 
Tiusanen et al.106 reported 104 patients who had undergone 
total ankle replacement with a porous Ta prosthesis. Low 
rates of osteolysis and prosthesis loosening were found, and 
patient pain and functional outcomes were encouraging, 
indicating that Ta is an effective substitute for traditional bone 
grafting in foot and ankle applications.106 Sundet et al.107 used 
a combination of retrograde screws, a porous Ta spacer, and 
an osteoinductive augment with autologous bone marrow 
concentrate during revision surgery on 30 patients (31 ankles) 
who had undergone a failed total ankle replacement. The 
fusion rate was 93.5% after a mean follow-up of 23 months, 
and almost all patients were satisfied with the procedure, with 
pain relief and improved mobility. Although the survival rate 
of TKA has been shown to be lower than that of hip and knee 
replacement, some studies have recommended retaining the 
range of motion and normal gait of the ankle rather than using 
arthrodesis.99, 108 The tibial and talar components of a porous 
Ta-based ankle prosthesis taken out of a 50-year-old female 
patient had a higher percentage of bone ingrowth than the 
porous Ta hip and knee components that were retrieved. At 
the same time, active bone remodelling was still visible in the 
porous Ta layer 3 years after operation.109

Others

In a case reported by Zhao et al.,110 a 3D-printed porous Ta 
plate was used to treat tibial fracture nonunion, and the patient 
was able to perform normal activities 10 weeks after surgery 
without pain in the affected limb. The fracture had fully healed 
at the 5-month follow-up, and the patient was able to return to 
work and normal activities.110 In order to manage challenging 
proximal humeral fractures, Li et al.111 observed 51 patients 
who had undergone total shoulder arthroplasty utilizing a 
porous Ta prosthesis. After an average follow-up period of 3 
years, radiographic evaluation showed anatomical union of the 
greater tuberosity of the shoulder in 92% of enrolled patients, 
and there was no evidence of an infection or of prosthesis 
loosening. Using monoblock porous Ta glenoid components, 
Chen et al. revealed good clinical results in patients with no 
loosening of the glenoid component or need for revision 
surgery regardless of preoperative glenoid morphology.112 
Sasanuma et al.113 also demonstrated that in elderly patients 
with chronic comminuted proximal humeral fractures, the 
reverse shoulder arthroplasty group using porous Ta implants 
had a higher rate of bone healing and a greater range of 
shoulder motion than the group using nonporous stents.

Summary

Recently, porous Ta metal has attracted more attention as a new 
orthopaedic implant material. With the deepening of research 
and the progress of technology, the advantages of porous Ta 
metal materials in mechanics and biology have been gradually 
highlighted. The use of Ta is not limited to orthopaedic 

equipment such as porous Ta rods and intervertebral fusion 
cages, but it has also been applied to complex implants such as 
artificial hip and knee prostheses. Three-dimensional printing 
technology has the advantages of sufficient design freedom and 
personalised customisation when dealing with the complex 
morphology of human body structure. It is easier to load 
different medications onto the porous surface of the material, 
but it is challenging to maintain the biological activity and 
regulate the kinetics of its delayed release. However, its clinical 
application still faces problems such as high cost, a complex 
preparation process, and inadequately slow osseointegration. 
In vivo safety also needs to be supported by more research 
evidence. In addition, the mechanism of action involved in the 
biological effects of Ta metals requires more comprehensive 
and in-depth exploration, including the development of 
proteomics and genomics. It is necessary for researchers from 
materials science, biology, medicine and other disciplines 
to cooperate. Future studies will focus on porous Ta metal 
materials with easy preparation processes, low costs, and 
superior performance.

There are some limitations in this review. Publication bias 
was assessed but could not be ruled out. In addition not all 
clinically-pertinent topics can be addressed by this analysis, 
and some of the results may be challenging to put into practice. 
However, the authors provided an innovative viewpoint on 
how to introduce Ta into bone repair materials using advances 
in AM technology. We hope that this review will provide a 
succinct explanation of the potential of Ta as a bone implant 
material in the near future.
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