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Abstract
Repair, reconstruction, and replacement of congenital malformations, either in case of exogenous or iatrogenic tissue 
and organ defects, requires utilization of a large number of personalized biomaterials. In recent decades, the improve-
ment of people’s quality of life and the prolongation of life expectancy have promoted the development of medical and 
material science. In addition to the traditionally used stainless steel, other materials such as cobalt–chromium alloy, pure 
titanium, titanium alloy, and the newly alloy materials continue to emerge, such as tantalum-based alloy materials which 
have been used in clinic, especially the application of porous tantalum trabecular metal in orthopedics. This paper which 
has provided good preliminary works for the development of tantalum biomaterials with more advantages in the future 
such as tantalum dental implants summarizes in detail the progress of tantalum materials in physicochemical properties 
and biocompatibility in recent years. From the comparison of surface passivation films of different metals in different 
environments, the electrochemical corrosion behavior of tantalum, the release of different metal ions and the damage to 
cells, it is concluded that tantalum has excellent corrosion resistance. Besides, the excellent biocompatibility of tantalum 
metals concluded by cytology, molecular biology, protein adsorption experiment, and hematology experiment, as well 
as regular follow-up observation of patients with porous tantalum trabecular metal in clinic. The excellent corrosion 
resistance and biocompatibility of the tantalum metal have a very wide prospect in clinical application.

Keywords  Tantalum-based metal bone implants · Passivation film · Corrosion resistance · Physicochemical properties · 
Biocompatibility · Porous tantalum trabecular metal

Abbreviations
Ta	� Tantalum
PTTM	� Porous tantalum trabecular metal
ISO	� International Organization for 

Standardization
SS	� Stainless steel
Ti	� Titanium
Nb	� Niobium
SLS	� Selective laser sintering
XPS	� X-ray photoelectron spectroscopy
PEEK	� Polyether ether ketone
rBMSCs	� Rabbit bone marrow mesenchymal stem cells

OCP	� Open circuit potential
EIS	� Electrochemical impedance spectroscopy
r-SBF	� Revised simulated body fluid
RP	� Polarization resistance
SBF	� Simulated body fluid
ROS	� Reactive oxygen species
TLR-4	� Toll-like receptor 4
Tf	� Transferrin
TfR	� Transporter receptors
BMP	� Bone morphogenetic protein
ALP	� Alkaline phosphatase
NPs	� Nanoparticles
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BMMSCs	� Bone marrow mesenchymal stem cells
AFM	� Atomic force microscope
VPS	� Vacuum plasma spraying
HMSCs	� Human mesenchymal stem cells
PVD	� Plasma vapor deposition
OPN	� Osteopontin
OC/OCN	� Osteocalcin
BSA	� Bovine serum albumin
LYS	� Lysozyme
QCM-D	� Quartz crystal microbalance
ECAP	� Equal channel angular pressing
BCC	� Body-centered cubic
CVD	� Chemical vaporous deposition
THA	� Total hip arthroplasty
AOFAS	� American orthopedic foot and ankle score
ACDF	� Anterior cervical discectomy and fusion

1  Introduction

Since the development of the world tantalum(Ta) indus-
try in the 1920s [1], Ta has been continuously developed 
in the application field due to its high melting point (up 
to 2995 °C), good chemical stability, corrosion resistance 
and high density (16.68 g/cm3), widely used in electron-
ics, chemical industry, aviation and weapon systems [2]. In 
the 1940s, pure Ta was first applied in medical treatment, 
and its stable biological characteristics also made Ta play 
an important role on medical treatment, including Ta wire 
for suture in surgical incision, Ta stent implants for vascular 
stenosis, Ta nails in early osteonecrosis of the thigh bone, 
Ta rods for supporting bone defect and porous tantalum 
trabecular metal (PTTM) used in joint and spinal surgery 
[3–8], which demonstrate good results.

The medical application of Ta is closely related to 
its biocompatibility. At present, the evaluation of bio-
compatibility of biomaterials mainly involves compli-
ance with the requirements stipulated by the Interna-
tional Organization for Standardization (ISO) 10993 
and National Standard GB/T16886, through a series of 
experiments—in vitro and in vivo. In vitro experiments, 
such as cytology, protein adsorption, hematology, and 
molecular biology experiments, can help to understand 
the relationship between biomaterials and tissue cells. 
On the other hand, in vivo experiments assisting in ana-
lyzing whether the biological behavior of biomaterial is 
compatible with the dynamic environment of the human 
body, involving tests such as systemic toxicity, immunol-
ogy, subcutaneous, and bone-implant test. The research-
ers can choose these experimental methods according 
to their purpose, a series of experimental evaluations 
will determine whether the material is biosecurity and 
functional, that is to say, the material does not have a 

toxic effect on the human body and does not cause host 
heterogenic recognition reaction. At the same time, bio-
materials are required to exercise their corresponding 
functions in specific applications, not to be rejected and 
destroyed, to maintain their original physical, chemical, 
mechanical and biological properties, and to form a 
good combination with the host for a long time finally.

2 � Physicochemical properties of Ta and its 
advantages in medical applications

The traditional bone implant materials mainly include 
stainless steel (SS), cobalt-based alloy and titanium(Ti) 
alloy [9]. SS has good mechanical strength and corro-
sion resistance, but it will also be corroded in a specific 
environment in the body, also, added elements such as 
Cr and V in SS have certain metal toxicity. Cobalt-based 
alloy (CoCrMo alloy, CoCrNiMo alloy) is a kind of mate-
rial widely used in the clinic, it has high fatigue strength, 
tensile strength, and excellent corrosion resistance, it is 
mainly used for replacement of bone joint prosthesis, 
such as knee joint and hip joint replacement prosthe-
sis. Although cobalt-based alloy materials have good 
clinical effects, there are problems such as high elastic 
modulus, low friction characteristics, and potential tox-
icity of Co, Cr, and other metals [10]. Therefore, it is not 
suitable to make scaffold materials with guiding bone 
tissue growth. Ti alloy has good corrosion resistance, 
biocompatibility and has a large density and elastic 
modulus, which is widely used in medical biomaterials 
implanted devices manufacture [11]. However, Ti and its 
alloys have limited internal life, high activity, easy oxi-
dation, and difficult processing. It is found that Ta has 
the elastic modulus and biocompatibility matching with 
human bone tissue, and can meet the requirements of 
bone tissue substitute materials [12]. Heiner et al. [13] 
found that Ta has a high bending strength. The Ta-based 
metal biological material can provide effective support 
for tissue growth due to good durability and corrosion 
resistance after being implanted in the living tissue, and 
it is a permanent biological medical material implant 
with good biocompatibility [14]. Yuan et al. found that 
Ta and Niobium(Nb) alloys have better biocompatibil-
ity than Ti alloys in organisms and can better meet the 
requirements of biomaterials [15]. we [16, 17] applied Ta 
to the preparation of dental materials and repairation 
of human hard tissue defects in the early stage, carried 
out a series of studies, and made a good breakthrough. 
At the same time, using 3D printing technology to pre-
pare Ta dental crown and selective laser sintering (SLS) 
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to prepare dental implants, obtaining accurate and rapid 
processing methods, see Figs. 1 and 2. 

3 � Corrosion resistance of Ta and mechanism 
of cell damage induced by metal ions

3.1 � Ta metal has a stable passivation oxide film

The excellent corrosion resistance of biomaterials is a 
necessary condition for implantation into the human 
body, which has an important influence on the proper-
ties of implantable materials. The primary factor related 
to corrosion resistance is the formation of surface pas-
sivation oxide film, which can hinder the release of metal 

ions from the substrate, thus preventing its adverse reac-
tion to tissue cells. No matter what kind of metal has 
corrosion tendency in thermodynamics, these passiva-
tion films will minimize corrosion. Table 1 lists the com-
position and properties of passivation films on different 
metals and alloys surface and the release of metal ions 
in different liquid environments.

It can be seen from the table that the chemical compo-
sition, stability, and compactness of these metal materi-
als affect the release of metal ions under different condi-
tions in vitro, and then affecting the biological function 
of the materials. X-ray photoelectron spectroscopy (XPS) 
and spectral measurements can be used to analyze the 
chemical composition of the oxide layer on the metal sur-
face, the semi-maximum value of the oxygen signal can 
be used to estimate the thickness of the oxide layer on the 
surface of the sample [19]. Many references have proved 
that the passivation oxide film on Ta surface is very sta-
ble and has high corrosion resistance, and no corrosion 
signs have been found in physiological solution in vitro 
[12, 18, 19]. The results show that the Ta oxide thin films 
prepared in the oxidation atmosphere are in a stable + 5 
valence state, However, the phase stability of Ta2O5 is also 
related to different crystal forms, and the B phase structure 
composed of deformed octahedral is stable dynamically 
[36, 37]. Many studies have added Ta2O5 to other materials 
or prepared them into thin films to improve the biologi-
cal properties of the materials. For example, the addition 
of Ta pentoxide to polyether ether ketone (PEEK) has also 
been found to improve surface roughness, hydrophilic-
ity, surface energy and protein absorption of PEEK/Ta2O5 
composites [38]. Ta2O5 nanotube film displays good cel-
lular compatibility with rabbit bone marrow mesenchy-
mal stem cells (rBMSCs) and promotes the expression of 
the osteogenic genes [39]. It was found that the corro-
sion resistance of Ti decreased when the concentration 
of fluoride was high and the acid PH exposed to fluorine 
ions for a long time, when the PH was 4.5 and the mass 
fraction of NaF was 0.3 wt%, the detected Ti content was 
0.6–3.4 ug/g. When 0.6–1.0 wt%NaF was contained, the Ti 
content increased significantly to 25–74 ug/g [23]. Other 
studies have shown that the corrosion resistance of indus-
trial pure Ti(CP) and Ti6Al4V in artificial saliva containing 
227 ppm and 12300 ppm F-decreases, CP Ti degrades 
due to pitting corrosion, Ti6Al4V has general corrosion 
and microcracks [26]. Also, the corrosion resistance of Ti 
in other liquid solutions is excellent. Semi-conductive or 
non-conductive oxide protective layers are formed on 
both Ta and Ti surfaces to prevent electronic exchange, 
thus preventing redox reactions on the surface [40]. And 
the corrosion resistance of the Ni is poor, the stability of 
the surface film NiO is low, and a large amount of Ni ions 
can be released in a short time [27, 28]. In most cases, the 

Fig. 1   3D printing of Ta alloy dental crown

Fig. 2   The implant on the right in the picture is 3D printing of tan-
talum–niobium alloy dental implant primitive form; The dental 
implant on the left is the commonly used Ti alloy in clinic
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surface of SS and Cobalt–Chromium-based alloy forms a 
Chrome-rich oxide film, Cr2O3 has high corrosion resist-
ance, which can protect the matrix from corrosion to a 
certain extent, However, in some other cases, such as the 
co-presence of hydrogen peroxide and albumin, the cor-
rosion of SS can be accelerated, surface oxidation layer 
exists as corrosion products. The composition of oxide film 

Cobalt–Chromium alloy formed in a solution is also related 
to the potential. With the increase of potential, Cr(III) can 
be converted into Cr(VI), Co(II) to Co(III) [32, 33]. Therefore, 
as the potential increases, the composition of oxide film 
on the metal surface tends to change to a higher price 
to achieve stability. In a word, in terms of the protective 
properties of the passivation film, Ta has a very stable 

Table 1   Composition, the stability of passivation films and release of metal ions on different metals under different conditions

Metal type Surface passivation film composi-
tion

Surface passivation film stability Metal ions release References

Ta Air: Ta2O5, Thickness: 3.0 nm Stable – [12]
SBF: Ta oxide and hydroxide There is no evidence of corrosion 

on the surface
– [18]

R-SBF: Mainly Ta2O5 high chemical stability, better than 
Nb2O5

– [19]

Ti Air: TiO2, thickness 1.5–10 nm stable – [20, 21]
Acid solution and High fluoride 

concentration
Corrosion resistance of Ti decreased Ti content increased significantly [22, 23]

Artificial saliva: TiO2 Stable passive behavior – [24]
Lysozyme: TiO2 Stable passive behavior – [24]
Artificial bone fluid: – stable The Ti content is negligible [25]
Artificial saliva + High concentration 

of F−: Existing porous state
Oxide film defect High release of Ti ions [26]

Cr Cr2O3 in most cases Equivalent to SS surface film, more 
stable

– [27]

Ni Compound Ni (OH) 2/NiO The protection ability of the surface 
membrane is poor

The initial ions release rate is very 
high

[27, 28]

SS Physiological saline: High content 
of Fe, Cr, and Mo, Low content 
of Ni

Relatively stable Nickel release is higher than Fe 
and Cr

[29]

SBF: Cr and Fe oxides – [30]
Acidity (PH4.5): rich Cr – The release rate of Iron and Ni is 

lower than that of pure metal, 
while the release rate of Cr is the 
same as that of pure metal

[27]

High PH: Cr goes down, NiO goes 
up

Lead to the degradation of a pas-
sive film

Cr concentration goes up [31]

H2O2 + Physiological saline: Iron 
oxide, CrOOH, Cr2O3

It can’t act as a corrosion barrier Ni release was significantly higher 
than Iron and Cr

[29]

Albumin + saline: Fe2O3 and FeOOH Thin oxide film Promote the release of Iron and Cr [29]
Ringer’s physiological solution n-type and p-type double-structure 

high-defect section passivation 
film

– [31]

Cobalt-Chro-
mium base 
alloy

H2O2 + PBS:Cr Relatively stable Co preferential release [32]

PBS: Cr oxide; With the increase of 
potential, Cr(III) can be converted 
into Cr(VI), Co (II) to Co (III)

– – [32, 33]

Air: Molybdenum oxide (IV) and Cr 
oxide (III)

Relatively stable – [34]

PBS-HA: Low polarization, 
Cr(III) plays a major role; High 
polarization,Cr(VI) and Mo(VI) 
play a major role

Relatively stable After polarization, Co dissolves first [35]
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passivation oxide film, which can protect the substrate 
from corrosion to the maximum extent.

3.2 � Electrochemical corrosion behavior 
characterizes the corrosion resistance of Ta

The corrosion resistance of the implantation can be char-
acterized by electrochemical corrosion behavior, such as 
open circuit potential (OCP), potentiodynamic polarization 
test, electrochemical impedance spectroscopy (EIS) and 
so on, the test results of these indexes are closely related 
to the corrosion resistance of implanted metal materials. 
Studies have shown that in the revised simulated body 
fluid (r-SBF), the EIS measurement results show that the 
curvature radius of the capacitor ring of pure Ta is greater 
than Nb–60Ta–2Zr and pure Nb, indicating that pure Ta 
has a high polarization resistance (RP), and the passiva-
tion film grown on the surface has a stronger protective 
effect, the OCP measurements value moved to the posi-
tive side, where anodic dissolution occurred and an oxide 
film was formed [19]. Breakdown potential is the lowest 
potential for pitting/gap corrosion initiation and propaga-
tion, the measurement results show that the breakdown 
potential of 316L SS and l605 Cobalt–Chromium alloy 
wire is 1.03 v and 0.43 v respectively, even though the 
potential of pure Ta reaches 1.6 V, there is no local cor-
rosion, which indicates that pure Ta has a high resistance 
to pitting corrosion [41]. Zitter et al. measured the cur-
rent density of metals in saline with a stable rapid redox 
system, the results also showed that Ta had the lowest 
value, while SS and Cobalt alloy showed the highest cur-
rent density [40]. The higher the RP value, the lower the 
corrosion current density (Icorr), and the better the corro-
sion resistance of the metal. Bermudez [42] studies have 
shown that Ta also has very good corrosion resistance in 
a strong acid environment (the stability second only to 
the surface oxide layer), compared with Ti and SS implant 
materials at the same time, there are no obvious changes 
in weight or toughness. In simulated body fluid (SBF), Ta 
films formed by substrate bias of − 100 V and − 200 V are 
mainly a mixture of β phase and a few α phases [18], it has 
been shown that β-Ta (Metastable tetrahedral) has higher 
hardness and good contact damage resistance, while α-Ta 
(body-centered cubic) is more plastic [43–45], so the Ta 
membrane is stable. A high amount of Ta (> 6%) added 
into the alloy can make the Ta2O5 structure on the surface 
of MoTa alloy more compact, reducing the gap between 
cations, and improving the corrosion resistance [46]. The 
characterization of electrochemical corrosion behavior fur-
ther confirms the stability and high resistance to pitting 
corrosion of Ta oxide films in different liquid environments.

3.3 � Different metal ions can induce cell damage

Once the amount of metal ions released by corrosion 
under different conditions exceeds the tolerance limit of 
cell tissue, a series of pro-inflammatory reactions will be 
triggered. These metal ions released by corrosion induce 
the cells to produce reactive oxygen species (ROS), which 
then initiate a series of signal transduction processes. The 
process of different metal ions inducing cells to produce 
pro-inflammatory mediators is related to Toll-like Recep-
tor 4 (TLR4), p 38 mitogen-activated protein kinase and 
nuclear factor pathways [47–49], it can be said that oxida-
tive stress leads to the generation of ROS, which is a key 
stimulant to activate these pathways. A kind of metal ion 
can activate a variety of intracellular signaling pathways 
to mediate the release of cytokines, promote local inflam-
matory responses, and initiate mitochondrial-mediated 
apoptosis. Figure 3 illustrates the specific mechanism of 
ROS production induced by metal ions with iron ions as an 
example. Fe3+ first binds to transferrin (Tf ) in the blood and 
then recognized and bound by transporter receptors (TfR) 
on the surface of the cell, Fe3+ is released into the cyto-
plasm in the form of the endosome, after that, a series of 
redox reactions led to the production of ROS, which leads 
to oxidative stress [50, 51]. ① reaction is considered to be 
a chemical reaction called Fenton reaction, which cata-
lyzes the conversion of hydrogen peroxide (H2O2) to active 
hydroxyl radical (HO) [52]. ② Metal ions also reduce the 
activities of antioxidant enzymes such as superoxide dis-
mutase, catalase, and glutathione peroxidase, increasing 
lipid peroxidation, reducing the ability of cells to eliminate 
free radicals, significantly increasing the oxidative stress of 
mitochondria and the level of protein carbonylation, thus 
further damaging the antioxidant capacity of cells [53, 54]. 
Studies have shown that Co(II), Ni(II) and Cr(III) can signifi-
cantly reduce cell vitality and cause pathological changes 
such as cell contraction, shedding, vacuole and swelling, 
apoptotic cells increased mostly in Co(II) exposure, and 
cell necrosis was predominant in Ni(II) exposure [53–56]. 
Co(II) can significantly reduce the movement ability of 
macrophages and inhibit cell migration by RhoA down-
regulation and cytoskeleton reorganization, which is still 
happened by the emergence of ROS [57]. Ni ions gradually 
accumulated in cells also affect the ability of bone morpho-
genetic protein (BMP-2) to induce alkaline phosphatase 
(ALP) formation [58, 59]. Some studies have shown that 
compared with Nitinol, the surface layer rich in Ti or Ta can 
significantly reduce the formation of ROS and longevity 
protein free radicals [60]. Qiao et al. found that among the 
concentrations of metal ions causing DNA damage in vitro, 
Cr(III), Fe(II) and Al(III) were 50 μM, while Ni(II) 10uM could 
cause DNA damage, so different metal ions with the same 
concentration had different toxic effects on cells [61]. The 
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size of the wear particles of biomaterials is also related to 
the amount of ROS produced. Co nanoparticles (CoNPs) 
and Co(II) can significantly reduce cell vitality, while Co (II) 
has a weak induction effect on cell ROS production [62]. 
Thus, Nanoparticles (below 100 nm) have a greater poten-
tial for surface-cell interaction than micron-sized particles, 
theoretically leading to dose-dependent inflammation [63, 
64]. The positive LC3 points, the high expression LC3-II and 
the ultrastructure of autophagy vesicles were observed by 
confocal microscopy, Western blotting and transmission 
electron microscopy, which confirmed the autophagy of 
Ta-NPs in promoting cell proliferation, this effect is impor-
tant for cells to overcome adverse conditions and maintain 
physiological balance. This is limited to Ta-NPs concentra-
tions that occur below the autophagy threshold(10 μg/ml, 
20 μg/ml) [65]. If the concentration of Ta-NPs continues to 
increase and eventually exceeds the autophagy threshold, 
cell viability may decline linearly. Studies have shown that 
Ta-NPs begins to induce a decrease in cell viability at a con-
centration of 25 g/ml [66]. So the increased concentration 
of metal ions in the body is one of the causes of implant 
failure, Ta’s excellent corrosion resistance can minimize this 
adverse effect.

4 � Ta has excellent biocompatibility

4.1 � Cytological experiment

Methods to evaluate the biocompatibility of different bio-
materials in vitro involve the effects of materials on cell 
growth and proliferation. Cell types commonly used for 
studying cytotoxicity during in vitro experiments on metal 
implants include bone marrow mesenchymal stem cells 
(BMMSCs), osteoblasts, bone cells, fibroblasts, and other 
normal tissue cells, and leukocytes, etc., which increase 
quantitatively during inflammation in the body. Figure 4 
shows a pattern of adhesion and morphological changes 
of fibroblasts on the Ta surface. Although Ta is bioinert, it 
exhibits excellent cellular compatibility. Cell remodeling is 
a necessary condition for cell adhesion and extracellular 
matrix formation, cells can express proteins to modify the 
surface, and cells can also adapt to the attached surface, 
changes in the cytoskeleton are closely related to cell 
remodeling, and the two complement each other [67]. 
The cell volume was increased by 50% observed by an 
atomic force microscope (AFM) when the mouse MC3T3-
E1 pre-osteoblasts were exposed to the Ta substrate [68]. 
Modin et al. confirmed by cryo-SEM that the average dif-
fusion area of MC3T3-E1 cells on Cr was only two-thirds 
of that of Ta [69]. Tang et al. observed the morphology 
and actin skeleton of hBMSCs on the surface of porous 
Ta coating prepared by vacuum plasma spraying (VPS) 

Fig. 3   The specific mechanism 
of ROS production induced by 
metal ions with iron ions as an 
example [50–54]
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under an electron microscope and confocal microscopy, 
the results showed that the hBMSCs on Ta coating had dif-
ferent cytoskeletal tension and flat expansion shape, while 
the Ti coating showed contraction shape [70]. Mikhail et al. 
showed that Ta and Ti coating on Nitinol alloy formed a 
fused monolayer after 5 days of cell culture, indicating that 
Ta and Ti coating surface was conducive to cell diffusion 
[61]. In the early adhesion, the fibroblast actin skeleton 
was closely wrapped around the nucleus, gradually, the 
cell morphology changed to polygon, and actin concen-
trated in the leading edge of the cell over time, and then 
gradually formed actin fiber [67]. Some scholars have 
observed by the fluorescence microscope that the 4 h 
average area of human mesenchymal stem cells (HMSCs) 
attached to the Ta surface increased by 33% and 23% com-
pared with the surface of Cr and Ti, respectively, showing 
a stronger tensile appearance. Compared with Ta, Ti cell 
proliferation was significantly increased after 4 days, the 
average cell area of Cr decreased and the proliferation abil-
ity was poor [71]. This is slightly different from the results 
of Hofstetter et al.’s in vitro study on the metal coating, 
which prepared 6 kinds of coatings by plasma vapor depo-
sition (PVD), among them, Ta is more effective than Ti in 
cell proliferation, and similarly, Cr has the lowest surface 
proliferation [72]. From these results, it can be seen that 
the biocompatibility of Cr is poor. The difference between 
Ti and Ta may be due to differences in early osteogenic dif-
ferentiation ability, Ta can promote early bone integration. 
Cell adhesion and proliferation play a very important role 
in the whole cycle of cells and subsequently promote the 
differentiation of cells and the formation of the extracel-
lular matrix.

4.2 � Molecular biology experiment

In addition to the important role of cell adhesion and pro-
liferation in the initial stage of cell growth, the osseointe-
gration capability of Ta as a bone implant material needs 
to be evaluated. The morphological expansion, prolifera-
tion, and differentiation of cells on the surface of biomate-
rials are related to the expression of a series of genes and 
proteins after the cells are stimulated by the surface of the 
biomaterial. Some studies have shown that Ta has better 
osteogenic differentiation ability than Ti in prosthesis and 
implant coating, and the structural and chemical proper-
ties of the material surface have a significant influence on 
cell behavior, as well as the subsequent bone induction 
and integration [70–72]. The expression of ALP is a marker 
of osteoblast differentiation, expression analysis of bone-
related genes is also used to evaluate the osteogenic dif-
ferentiation ability of cells, for example, type I collagen 
COL1A1 is the main component of the extracellular matrix 
of bone cells, and BGLAP is a marker of late osteoblast dif-
ferentiation [72]. Runx 2 has been identified as a key tran-
scription factor regulating osteogenesis and a controlling 
gene in the early stage of osteogenesis differentiation. 
OPN is an indicator of medium stage differentiation and 
osteocalcin (OC) is an indicator of late-stage differentia-
tion [73]. Mengmeng et al. studied the effect of intrinsic 
chemical properties of the Ta and Ti surface (except the 
effect of surface roughness) on the osteogenic properties 
of BMSCS. The results showed that mRNA expression lev-
els of integrin a5, integrin β1, Runx 2, and downstream 
effector factors ALP, OCN and COL-I on the Ta surface were 
1.5–2.1 times higher than those on Ti surface [74]. Integrin 
plays an important role in the formation of focal adhesion 
complex, mediating intracellular signal transduction and 
regulating cell differentiation [74]. The osteogenic effect of 

Fig. 4   Take fibroblasts as an example, simulating the morphological changes of cells on Ta surface
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cells on the Ta surface is better than that on Ti surface cells, 
which may be due to the stronger ability of the surface to 
trigger integrin.

4.3 � Protein adsorption experiment

Metal implants exposed to complex physiological condi-
tions come into contact with a variety of high molecular 
weight organic compounds, especially proteins. When a 
protein-containing liquid touches a foreign body, it imme-
diately coats the surface with an adsorbed protein. There 
is no effective way to elucidate the effect of the adsorp-
tion of this protein on the metal implant, which may be 
related to the type and concentration of the protein and 
the nature of the implant material [75]. On the one hand, 
protein adsorption is an important step for early cell adhe-
sion and diffusion, which is closely related to the life of 
the implanted device. As a thin film on the metal surface, 
it also protects the passive film from wear and corrosion 
on many repaired artificial joints. On the other hand, the 
metal ions are combined with the protein to form a col-
loidal metal–organic compound, and the migration of the 
complex from the interface increases the dissolution rate. 
Besides, it may be related to thrombosis and foreign body 

reaction [75, 76]. Therefore, the effect of protein adsorp-
tion on metal implants depends on the specific related 
environment. Proteins commonly used as indicators of cel-
lular biocompatibility include extracellular protein bovine 
serum albumin (BSA), fibrinogen, lysozyme (LYS), collagen, 
etc. Figure 5 shows the adsorption of different types of 
proteins on the Ta surface. Currently, due to Ta’s high den-
sity and other characteristics, it is not suitable for large-
scale implantation. Therefore, Ta coating and Ta2O5 thin 
film are the main forms of research on Ta in vitro. For Ta, 
topographic surface design, especially nanoscale chemis-
try and morphology, is conducive to protein adsorption, 
which will promote cell proliferation and differentiation, 
especially the enhancement of bone regeneration ability 
[77, 78]. Quartz crystal microbalance (QCM-D) is a unique 
technique to measure the adsorption capacity and viscoe-
lasticity of proteins on the metal surface, which can be 
used to infer the orientation and conformation changes 
of adsorbed proteins [79, 80]. Rechendorff et al. studied 
the changes of proteins adsorbed on Ta films with differ-
ent roughness by using QCM-D, the results showed that 
the adsorption amount of fibrinogen increased with the 
increase of surface roughness, because it had a slender 
shape and could be adsorbed and bound together in 

Fig. 5   The adsorption of differ-
ent types of proteins on the Ta 
surface
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different directions with the growth of strong anisotropy, 
while BSA had a more spherical shape, and roughness did 
not promote conformation change [81]. Hovgaard et al. 
also believe that nano Ta oxide promotes additional pro-
tein conformational changes and subsequent RGD site 
exposure, thereby activating the surface [79]. Studies 
have shown that type I collagen is also widely used in the 
adhesion model system of various cell lines in vitro, it has 
strong adhesion to Ta, which may be because the longi-
tudinal period of collagen fiber matches the grain size of 
Ta’s structural domain and also leads to stronger hydro-
phobic properties on the surface [82]. Among different Ta 
Nanomorphology, the regions with the highest amount 
of fibronectin adhesion have more effective utilization of 
cell binding areas, and the formation of fibronectin adhe-
sion spots is also the most obvious [83]. Also, physical 
adsorption and silylation covalently combined methods 
were used to fix polypeptides onto Ta-based materials, and 
functional modification of the Ta surface was carried out 
to improve biological activity [84]. Sharma et al. observed 
with 251 labeled protein that when the thickness of the Ta 
oxide film increased, the water contact angle decreased, 
and the adsorption of fibrin on the oxide film coating 
increased compared with naked Ta [85]. Lundin et  al. 
showed that although almost all proteins had a high affin-
ity for Cr and SS (AISI 316) under acidic and neutral condi-
tions, increasing the release of ions of Cr and SS, which 
may be due to the complexation between proteins and 
metals [86]. Protein adsorption determines subsequent 
cell-surface interactions. Among them, the adsorption of 
albumin as a cell adhesion inhibitor does not contain the 
peptide sequence that promotes the adhesion of specific 
cells. However, cells growing on the surface of Ta covered 
with fibronectin and serum proteins can reconstruct the 
surface to meet the requirements of cell growth through 
the production of endogenous matrix proteins [67].

4.4 � Hematology experiment

Any biological material in contact with blood needs to be 
evaluated for blood compatibility. The effects of bioma-
terials on erythrocyte morphology and thrombosis were 
evaluated by platelet adhesion and activation, hemolysis 
test and clotting time test [87, 88]. Platelet works in the 
case of vascular injury, platelet diffusion and aggregation 
on the surface are a sign of platelet activation and are con-
sidered to be the main mechanism of thrombosis, which is 
adverse to blood compatibility of metal implant materials 
[88]. And in the hemolysis test, hemolysis rate measure-
ment is important, besides, the morphology of red blood 
cells on the surface of the material can be observed by 
scanning electron microscope and optical microscope. The 
morphology of red blood cells on the surface of materials 

with a low hemolysis rate is often a normal double con-
cave. If there is deformation and swelling, the hemolysis 
rate will increase to a certain extent [88]. Under normal 
circumstances, the hemolysis rate below the security 
threat threshold of 5% is considered qualified [89]. These 
indexes related to blood compatibility are closely related 
to surface energy, interfacial tension, grain size and other 
surface physical properties of Ta [90]. Adding Ta to differ-
ent metal surface membranes in vitro can enhance the 
blood compatibility of metals. Ti oxide films containing Ta 
(Ti(Ta+5)O2) have been prepared by magnetron sputtering 
and thermal oxidation, indicating excellent biocompatibil-
ity, this is partly because the smaller surface force γs on the 
surface membrane and the smaller boundary membrane 
surface tension γc blood cause less distortion and adsorp-
tion of proteins on the surface, mainly fibrinogen, which 
is closely related to platelet activation [91]. Another study 
has shown that Ta injection technology was used to pre-
pare TiO2/Ta2O5 composite nanofilm on the surface of NiTi 
shape memory alloy, after implantation, surface energy 
and interfacial tension were decreased, Water Contact 
Angle was increased, platelet adhesion and activation 
were weakened, hemolysis rate was reduced by at least 
46%, and corrosion resistance was improved [90]. Nie et al. 
used equal channel angular pressing (ECAP) technology to 
prepare 8-pass block superfine crystal pure Ta, with more 
passes and more refined grains, the average grain size 
of the eighth pass reached 220 nm, and it was a typical 
body-centered cubic (BCC) structure. With the decrease 
of particle size, hemolysis rate and the number of adhered 
platelets decreased, mechanical strength increased 
[87]. Studies on other metals have shown that the most 
important factor for thrombotic reduction is the minimal 
adsorption of thrombotic blood proteins on the surface, 
thereby reducing the interaction with coagulation factors. 
Although the adsorption of fibronectin on the surface of 
Ta will further promote the early diffusion and adhesion of 
cells, it may also activate the coagulation cascade reaction 
and promote the adhesion and aggregation of platelets. 
In the complex physiological environment of the body, 
this mechanism of platelet activation is inevitable after 
biomaterials are implanted into the bone. Therefore, it is 
necessary to evaluate and consider the ways to enhance 
the ability of bone binding and integration of adherent 
cells on the surface of materials and to minimize platelet 
adhesion and activation.

4.5 � Porous tantalum trabecular metal

Biomedical applications of solid Ta have been limited 
due to its high mechanical strength and density (16.68 g/
cm3), PTTM is mainly used in bone tissue implantation at 
present. PTTM has a connected porous structure with a 
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pore size of 300–600 μm and a porosity of 75–85% [92]. 
The main preparation methods include chemical vapor-
ous deposition (CVD), organic foam impregnation and 
laser engineering net forming [93–95]. Porous Ta with 
different pore diameters and porosity can be produced 
by different manufacturing methods. The pore diameter 
is closely related to the growth of tissue cells and blood 
vessels, thus the porosity is designed to coordinate 
the elastic modulus between Ta and bone tissue. Bone 
induction (inducing osteogenic differentiation of MSCs) 
is also a necessary condition for porous Ta to induce 
bone formation and enhance bone bonding. With the 
increase of bone incorporation, the average interfacial 
shear strength is higher than that of other porous mate-
rials with lower volume porosity [96]. This special geo-
metric structure and strength are of great significance to 
the biological properties of implanted materials.

PTTM has long been used in orthopedics to promote 
neovascularization, wound healing and osteogenesis, 
and in recent years, it has been incorporated into Ti alloy 
dental implants [97–99]. In  vivo experiments, studies 
have shown that the bone growth, the amount of new 
mineralized bone and the rate of new bone formation of 
Ta trabecular dental implant (TM) is better than that of Ti 
dental implant (TSV), and TM dental implant has consid-
erable implant stability and bone-implant contact [100, 
101]. At present, many studies have incorporated TM into 
Ti alloy dental implants to improve osseointegration, and 
the results show that there is less bone loss around TM 
implants than the Ti group [99]. Macheras et al. analyzed 
the survival rate of the porous Ta acetabular component 
in primary total hip arthroplasty (THA) and followed up for 
an average of 18 years. Harris hip score, Oxford hip score, 
and range of motion were significantly improved in all 
cases (P < 0.001). At the last follow-up, all acetabular cups 
showed excellent clinical and imaging results [102]. Saghe-
rian et al. retrospectively analyzed patients who failed 
ankle arthroplasty with TM treatment, followed up for an 
average of 57 months, and the American Orthopedic Foot 
and Ankle Score (AOFAS) increased from 30.7 preopera-
tively (range 20–39) to 72.7 (range 65–77), with an average 
of 3 months after arthrodesis without complications [103]. 
Papacci et al. concluded that anterior cervical discectomy 
and fusion (ACDF) with a porous Ta cage is a safe approach 
with long-term clinical benefits and a very low incidence 
of complications [104]. It can be seen that the joint recon-
struction and revision of TM can be said to be successful 
in clinical application, which greatly improves the quality 
of life of patients. However, in the case of failure of porous 
Ta implant, the space between bone and implant can be 
seen, with sparse and isolated bone growth, which may 
be due to incorrect position, ineffective bone implanta-
tion, ineffective core decompression, etc. [105]. The initial 

stability of porous Ta implants should not only have good 
bone integration but also related to reasonable implant 
diameter and bone mineral density. In dense bone masses, 
large-diameter implants provide a larger bone-implant 
contact area, which is more stable than narrow implants, 
however, in cartilage masses, conical screw implants are 
more stable than TM implants because of the existence of 
threads on its entire surface [106]. Therefore, the success of 
the implant depends not only on the inherent properties 
of the material but also on the corresponding mechanical 
properties of the corresponding part.

5 � Conclusion

At present, the main research direction of Ta-based bio-
materials in the medical field is as bone implant materials. 
The evaluation of biocompatibility of Ta-based biomateri-
als mainly focuses on corrosion resistance, cell growth, and 
bone integration. When electrochemical corrosion behav-
ior characterizes the corrosion resistance of Ta, the forma-
tion and stability of surface passivation film play an impor-
tant role in the measurement results. Therefore, the stable 
surface oxidation film of Ta is one of the key factors of cor-
rosion resistance. Compared with other metal materials, Ta 
as an implant material has the following advantages: (1) 
PTTM has an elastic modulus that matches human bone 
tissue, which can well meet the requirements of bone 
tissue replacement materials. (2) Ta’s excellent corrosion 
resistance can greatly reduce the release of metal ions 
caused by corrosion of implants in vivo. (3) The surface 
cell behavior of Ta is better than that of Cr, Ni, and even 
Ti. (4) Most kinds of literature reported that Ta had better 
osteogenic differentiation ability than Ti in prosthesis and 
implant coating, which could promote early osseointegra-
tion and stability of implants. (5) The nano-scale chemistry 
and morphology of the Ta topographic surface is beneficial 
to protein adsorption and the improvement of blood com-
patibility. (6) Regular follow-up after intraosseous PTTM 
implantation revealed excellent clinical effects, quality of 
life and a low incidence of complications. Although Ta has 
many advantages, Ta is a refractory metal element with a 
high melting point, easy oxidation under high tempera-
ture, and other characteristics, difficult material processing 
and high cost, which limit its wide application. In the early 
stage, we combined 3D printing technology to break the 
bottleneck of processing technology. In a word, Ta has a 
wide range of medical prospects because of its many char-
acteristics make it suitable for in vivo implantation.
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