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Abstract
Ta-based materials have gained significant interest for bioimplantable scaffolds because of their
appropriate mechanical characteristics and biocompatibility. To overcome the serious limitation
of bioinertness, there have been many efforts to enhance the bioactivity and osseointegration of
Ta-based scaffolds through morphostructural and surface modifications. As scaffolds are
implantable devices, sufficient bioactivity is needed to trigger the cellular functions required for
tissue engineering. Consequently, a combination of materials and bioscience is needed to
develop efficient Ta-based scaffolds, although reviews of this interdisciplinary field remain
limited. This review aims to provide an overview of the main strategies to enhance the
bioactivity of Ta-based scaffolds, describing the basic mechanisms and research methods of
osseointegration, and the approaches to enhance bioactivity and osseointegration. These
approaches are divided into three main sections: (i) alteration of the micromorphology, (ii)
customization of the scaffold structure, and (iii) functionalization modifications (through
alloying or the addition of surface coatings). Also provided are recent advances regarding
biocompatibility assessment in vitro, osseointegration properties in vivo, and clinical trial
results.
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1. Introduction

Orthopedics is increasingly using surgical treatments for frac-
tures caused by accidents, and for bone defects due to joint
degeneration, disease, and aging. Bone is the 2nd most trans-
planted human tissue after blood. Research and Markets
[1] indicated that the global orthopedic device (including
accessories and surgical instruments) market was valued at
USD 69.7 billion in 2022 and is expected to grow at a com-
pound annual growth rate of 5.2% to reach approximately
USD 103.9 billion in 2030, with orthopedic implants alone
accounting for half of the market value in 2022. Autologous
bone grafting with the essential components for osteoinduc-
tion, osteoconduction, and osteogenesis is the ‘gold stand-
ard’ for reconstructing bone defects and delaying bone deteri-
oration, but is limited by the shortage of sources and donor
complications [2, 3]. Allogeneic bone graft introduces the risk
of immune response and disease transmission making their
use problematic [4, 5]. Therefore, synthetic bone grafts are
a useful way of addressing bone defects and bone degrada-
tion. Nowadays, a variety of new orthopedic implant mater-
ials are emerging, including allograft-based substitutes [6],
synthetic and natural polymers [7, 8], ceramics [9–11], and
metals [12–14]. Among these four categories of orthopedic
implants, metals are the most widely used implant materi-
als in orthopedics. Metallic implants undergo osseointegra-
tion through multiple processes, starting with contact with
body fluids, interactions that trigger acute inflammation, the
promotion of cellular attachment to the implant surface, and
the generation of fresh bone tissue and skeletal remodeling
[15]. Therefore, different metal-based implants have been
developed for specific applications, such as stainless steel (SS)
for wear and fatigue resistance [16–18], Ti-based implants for
biocompatibility [19, 20], Ni–Ti alloys for their shapememory
effect [21, 22], and Fe-based [23–26] and Mg-based [27–31]
for degradability.

Nevertheless, controlling the biocompatibility and long-
term durability due to the corrosive and wear of metallic
implants is challenging, as few materials fulfill both require-
ments simultaneously. The most commonly used biomaterials
for existing metallic implants include Ti6Al4V, CoCrMo and
316L SS, which are used in over 70% of orthopedic, ortho-
dontic, and cardiovascular products [32]. 316L SS has long
been used as a medical material due to its moderate cost, easy
availability, good wear resistance, and anti-fatigue properties.
However, the biocompatibility of SS is poor, and when used
as a metal implant, SS is prone to localized corrosion in the
human body, resulting in reduced mechanical properties and
implant failure. More seriously, the released Ni and Cr ions are
allergens and carcinogens [33, 34], and can cause irreversible
damage to the human body, so SS can only be implanted for a
short term. CoCrMo alloys have been introduced as practical
materials in implants due to their high strength, good corrosion
resistance, and biocompatibility. Although the spontaneous
formation of a Cr2O3 passivation film on the surface protects
CoCrMo alloys from the surrounding environment, the passiv-
ation film wears off with human movement when used as an

implant, especially in seam applications, resulting in reduced
protection, and the released particles are considered a common
trigger for chronic inflammatory adverse reactions [35–37].
Ti alloys usually have excellent biocompatibility and corro-
sion resistance and are a commonly used metallic biomaterial.
Ti alloys are widely applied in medical devices [38], artificial
joints [39], dentistry [40], and other fields. The most widely
used Ti alloy for implant applications is Ti6Al4V [41], but
Ti6V4Al nevertheless causes some distress due to the release
of Al and V ions. Al ions inhibit bone growth and induce
Alzheimer’s disease, while V ions have been recognized as
a toxic chemical due to their high potential cytotoxic effects
[42, 43]. In addition, Ti alloys are characterized by their high
specific strength (288 N·m·kg–1) and relatively low Young’s
modulus (80 GPa) [16], in comparison to human cortical bone,
which has a Young’s modulus of only 15–25 GPa in the lon-
gitudinal direction and even lower in the transverse direction
[44]. This modulus mismatch results in stress-shielding for Ti
implants, shielding the host tissue from loading, causing dis-
solution and resorption of the bone tissue, and eventual fail-
ure of the implant [45]. The emergence of porous Ti not only
solves the issue caused by Young’s modulus and overcomes
the stress shielding phenomenon of rigid biomaterials, but also
the use of a porous structure allows ingrowth of cells, which
can promote the proliferation and differentiation of cells [46],
but a porous structure has reduced strength. In addition, Ti
alloys are sensitive to micromotion fatigue, which can lead to
the fracture of the Ti implant [47].

Compared to SS, CoCrMo, and Ti alloys, Ta-based mater-
ials have good mechanical properties (e.g. high strength, high
wear resistance), biocompatibility, and corrosion resistance
[48, 49]. These performance advantages allow Ta-based
materials to be used as implants with a lower risk of mech-
anical failure or disease due to wear and tear. Pure Ta has an
elastic modulus higher than that of bone, but this is signific-
antly decreased in porous Ta (pTa) which has an interconnec-
ted and longitudinally interwoven internal structure. The pTa
has favorable physical properties such as high porosity, large
surface friction coefficient, and low elastic modulus. However,
as an orthopedic implant, pTa is an inert material and does
not provide sufficient bioactivity to stimulate cellular func-
tions required for tissue engineering. Although inert materials
can effectively avoid biological rejection by the host organ-
ism, their highly stable chemical properties may delay cellular
colonization, affecting the bonding with bone tissues and the
growth of bone into the interior of the porous structure [40],
which makes the contact between the bone and the implant
insufficiently tight and may lead to implant failure. Moreover,
biologically inert materials tend to bind to fibroblasts and form
a fibrous membrane on their surface, affecting tight integration
with bone [50, 51]. More seriously, implants are susceptible
to bacterial colonization of infections, and locally or system-
ically administered antibiotics may not provide an effective
defense against the colonization, particularly in the condition
of secondary infections, leading to the necessity of surgical
removal of the implant and even of the limb in some cases
[48, 52].
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Hence, it is important to further improve the bioactiv-
ity of pTa and optimize its biological performance in vivo.
Methods to enhance the bioactivity of pTa rely on two funda-
mental aspects affecting osseointegration: (i) morphological
and structural changes of the pTa itself, such as roughness,
porosity, pore size, etc and (ii) enhancement of the pTa prop-
erties through functionalization, such as alloying and surface
coating. Biosafety is always important in the development of
novel implantable devices. Thus, the biocompatibility of pTa
has been systematically investigated in vitro and in vivo. In
vitro tests comprise direct and non-direct contact tests using
different cell lines, both animal cell lines and human cells.
In vivo tests are not only based on animal models but are
often used as clinical trials [53, 54]. As pTa has received
high attention in medical implants, a systematic review of
the design, mechanisms of osseointegration, and bioactivity
of such devices is necessary. Herein, recent advances in the
development of current pTa implants are reviewed and dis-
cussed, aiming to introduce what is known and to suggest the
prospects for many exciting developments. First, we describe
the basis of Ta and pTa used as biomaterials. Second, in the
context of biological response, various designs based on sur-
face morphology and pore structure are being explored for
the fabrication of pTa implants, as well as a discussion of the
response to various biological conditions following the addi-
tion of alloying elements or functionalized modifications to
pTa implants to tune and enhance the bioactivity and osseoin-
tegration of pTa implants, while providing a review of their
potential limitations. Third, methods for in vitro cellular bio-
activity, in vivo animal osseointegration, and clinical trans-
lation of pTa implants are discussed. Finally, we summarize
the review and describe future prospects and opportunities for
improvement.

2. Ta properties and manufacture

2.1. Physicochemical properties

Tantalum (Ta) is a transition metal, with an atomic number of
73, an atomic mass of 180.95, and a density of 16.65 g·cm–3.
Ta is a refractory metal with a melting point of 3017 ◦C.
Ta metal has many important applications. The high melting
point, high strength, and favorable ductility make Ta useful
for aerospace materials manufacturing [55]; the thermal and
electrical conductivity for electronic applications [56]; and the
excellent corrosion resistance and biocompatibility for med-
ical applications [57]. Ta has a high surface energy (up to
100.59 mN·m–1), which is considered to be one of the main
reasons for the adhesive growth of osteoblasts and the sub-
sequent excellent osseointegration [58]. Inherently, Ta has a
high surface energy (high wettability), but different manu-
facturing processes and surface treatments may change the
surface energy. Clean metal Ta on contact with air forms a
stable and dense Ta2O5 passivation layer (2–3 nm) on the
surface, which provides good corrosion resistance, effectively
impedes the dissolution of metal ions, prevents their adverse
reactions to tissue cells, and reduces the inflammation caused

by corrosion products [59, 60]. Despite lacking effective bio-
activity and antimicrobial capacity to rapidly induce new bone
formation after implantation [61–63], Ta is less likely to be
colonized by bacteria due to its surface passivation (Ta2O5)
compared to SS and Ti [64]. The Ta2O5 layer on the Ta sur-
face also improves cell adhesion by influencing the surface
hydrophobicity and electrostatic effects. The contact angle of
static water is 97.3◦ on the pure Ta surface, decreases to 86◦ on
the amorphousα-Ta2O5 surface [65], and drastically decreases
to 36◦ on the crystalline β-Ta2O5 surface [66]. The effect of
hydrophilicity on bioactivity may be due to the fact that hydro-
philic surfaces have a positive effect on the amount and type of
proteins adsorbed on the material surface. These proteins play
an important role in osseointegration as ligands for integrin
adhesion receptors, and complementarily, integrin activation
ultimately regulates osteoblast differentiation, among other
things [67, 68]. Despite the excellent physicochemical and
biomedical properties, the high elastic modulus (∼186 GPa)
of Ta metal limits its clinical utility as an implant. The advent
of porous Ta, designated as pTa, has solved this problem.

pTa, also known as the Ta trabecular metal, has better
biomedical functions in addition to the basic physicochem-
ical properties of Ta. The relevant properties are shown in
figure 1. pTa is an electrically and chemically neutral implant-
able material with high strength, corrosion resistance, and
good biological properties. The porous structure is similar to
natural bone and provides space for cell adhesion, blood ves-
sel formation, nutrient exchange, bone ingrowth, and osseoin-
tegration. pTa possesses adjustable mechanical properties; the
strength and elastic modulus can be tuned by changes in pore
structure, which means that pTa can produce different struc-
tures with differentmechanical strengths to suit various applic-
ations. The elastic modulus (2–3 GPa) of pTa prepared for
application as an implant is between that of cancellous bone
(∼1GPa) and cortical bone (∼15GPa) [39], whichmay effect-
ively reduce stress shielding and is favorable to the mainten-
ance of bone density and the reduction of long-term bone loss
around the implant. The sufficiently high flexural strength of
pTa can provide adequate physiologic support for the neo-
plastic bone tissue. The friction coefficients of pTa with can-
cellous and cortical bone were 0.88 and 0.74, respectively,
which are higher than those of other conventional metals [69].
The high friction coefficients can enhance the initial stability
of pTa implants, and reduce the inflammatory response caused
by wear and abrasion debris generated by micromotor fric-
tion. Porosity and higher pore size are associated with positive
biological properties, but the opposite is true for mechanical
strength. By optimizing the morphological structures and the
fabrication process of pTa, the limitations along with physical
and chemical properties may be solved, increasing the poten-
tial of pTa for clinical applications.

The good corrosion resistance of the biomaterial is essen-
tial for implantation in the human body and has a signific-
ant impact on the performance of the implant material. An
implanted biomaterial comes into direct contact with the body
fluids such as interstitial fluids and blood, which contain a vari-
ety of proteins, fatty acids, glucose, coenzymes, hormones,
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Figure 1. Schematic of the physicochemical (mechanical, chemical), biological properties, and applications for pTa. The application section
is created by Figdraw.

salts (sodium, calcium, potassium, magnesium, bicarbonate
and chloride), and cellular waste products (acetic acid, lactic
acid, carbon dioxide, urea, and ammonia), which undergo a
cascade of biological reactions immediately at the surface
and continue to act in a dynamic state within the body [70].
Corrosion in the body fluid leads to the metal ion release and
implant degradation.Metal ions have a toxic effect on the adja-
cent biological tissues and even on the whole body, while the
implant degradation is accompanied by the loss of physico-
chemical and biological properties. The naturally occurring
Ta2O5 passivation film on the pTa surface not only protects
the metal from direct contact with the biofluid, but also avoids
the electron transfer that sustains the redox reaction because of
the high electrical resistance. Thus, the Ta2O5 passivation film
of pTa implants can effectively impede the reaction of sub-
stances in body fluids with the metal, minimizing corrosion
and preventing inflammation around the implant.

2.2. Biological performance

Osseointegration is the structural and functional integra-
tion between the implant and the living bone [71, 72].
Osseointegration can be influenced by two factors: (i) the
environment in which the implant is placed, such as tis-
sue fluids in the body and the altered cellular environment
due to systemic disease, and (ii) the implant itself, includ-
ing surface morphology, pore structure, and grain boundaries.
Inadequate osseointegration can lead to fibrous tissue forma-
tion and the subsequent loosening of the prosthesis. In general,
metal Ta is biologically inert, i.e. Ta is less stimulating to bone
growth. However, Ta does have osteogenic and osseointegra-
tion, which allow osteoblasts to adhere, proliferate and differ-
entiate, and promote inward growth of bone and blood vessels
[73–76]. Currently, the clinical applications of Ta have shown
good short-term efficacy, and several studies have elucidated
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the feasible partial osteogenic mechanisms using classical sig-
naling pathways, such as Wnt/β-catenin [77], bone morpho-
genic proteins (BMPs) [78], beta transforming growth factor
[79] and integrin signaling pathway [80]. In this way, Ta
promotes bone formation. In addition, Ta can also activate
the osteoprotegerin (OPG)/receptor activator for the nuclear
factor-kappa B ligand (RANKL)/RANK signaling pathway by
promoting OPG expression [81, 82], thereby inhibiting osteo-
clast activation. Several researchers have suggested potential
factors contributing to the osteoinductive capacity of Ta from
other sources. The elastic modulus of pTa comparable to that
of bone is a key factor in promoting the rapid response of
osteogenic differentiation and osseointegration [83, 84]. Also,
appropriate hydrophilicity has been suggested to influence the
bioactivity of Ta [85]. However, in-depth exploration of the
biological mechanisms of action associated with Ta has rarely
been performed, and complex crosstalk effects often exist
between the signaling pathways. Therefore, a more detailed,
in-depth, and comprehensive exploration of the mechanisms
of osteogenesis and long-term in vivo and clinical studies of
Ta is needed.

Implants during osseointegration may be at risk of bac-
terial infection. Infected implants inhibit patient recovery and
lead to implant failure. Infections are often difficult to treat
due to microbial resistance [86, 87]. Therefore, antimicro-
bial resistance is a key factor for implants. Nevertheless, the
implant itself provides a good substrate for bacterial adhesion
and biofilm formation, resulting in the formation of the local
immunosuppressive niches that are more likely to induce the
bacterial adhesion and infection. As pathogenic bacteria enter
the peri-implant area, they compete with the cells on the sur-
face, adhering and colonizing the implant surface, forming a
biofilm that further resists antibiotics and the host immune
response [88]. There has been controversy over the inherent
antimicrobial activity of Ta. Several studies have shown that Ta
does not exhibit any intrinsic antimicrobial activity or inhib-
ition of biofilm formation, and that the low infection rate of
Ta implants is related to the ability to osseointegrate [63, 89].
The theory of ‘the race for the surface’ correctly explains the
competitive colonization by the bacteria and the cells on the
implant surface. When host cells hold an advantageous posi-
tion in the competition to occupy the surface, they can inhibit
bacterial adhesion and colonization. Conversely, bacteria can
invade the implant surface to cause a biofilm that inhibits the
host cell and ultimately leads to infection [90–92]. In the early
stages, Ta has a superior ability to promote cell adhesion, caus-
ing cells to adhere to the Ta surface preferentially, so that the
bacteria adhere to the cells rather than the exposed Ta surface,
and are shed as the cells die and fall off [93]. Thus, Ta exhib-
its a low infection rate even in the absence of antimicrobial
activity. This type of antimicrobial approach is different from
biological antimicrobials, which rely on the toxic effects of
inherently antimicrobial-capable materials (Cu, Ag, Zn, etc),
as well as physical antimicrobials, in which two-dimensional

materials (nanoparticles, nano-sheets, etc) disrupt the bac-
terial cell, resulting in the release of bacterial DNA from the
cytoplasm.

2.3. Manufacturing methods

Three-dimensional (3D) printing, also known as additive man-
ufacturing (AM), is a disruptive digital fabrication technology,
and has been widely used in biomedical fields [94, 95], such
as implantation and orthodontics in the oral cavity [96], neural
repair of the spinal cord [97], and integration and regener-
ation of bone [98]. The process of 3D printing is shown in
figure 2(a). Three-dimensional (3D) printing involves the cre-
ation of a data model using computer-aided design, conversion
into a series of 2D layer-sliced data, followed by computer-
controlled layer by layer printing, and finally the final finish-
ing of the product [99]. Data for bone implants are acquired by
electron computed tomography (CT) or magnetic resonance
imaging to allow the creation of the data model [50]. Metal 3D
printing can be categorized into powder bed fusion (PBF) and
directed energy deposition (DED) methods, based on the man-
ufacturing method [100, 101]. The commonly used techniques
include laser PBF (LPBF) [102–104], electron beamPBF (EB-
PBF) [105], selective laser melting (SLM) [106–108], select-
ive laser sintering [109, 110], selective EB melting (SEBM)
[111], laser beam direct energy deposition (L-DED) [112,
113] and EB-DED [114]. Figures 2(b) and (c) show typical
machines and working principles of different manufacturing
technologies.

In the preparation of pTa as orthopedic implants, conven-
tional manufacturing methods (e.g. powder metallurgy (PM),
space-holder) are limited to the manufacture of simple bone
implants, which cannot mimic the actual structure of cortical
and cancellous bone in real bone tissue. In comparison, 3D
printing not only allows for precise customization of por-
ous structures to achieve the desired mechanical properties,
but also allows for the manufacture of porous implants that
match the site of the bone injury, improving implant suc-
cess and achieving important clinical outcomes [115–117].
However, 3D printing for the manufacture of pTa implants
faces the problems: (i) the sharp corners of the connected
support nodes in porous structures can cause stress concen-
tration and reduce the mechanical properties of the structure,
and (ii) stress overloading can also stimulate bone loss [118,
119], which causes loosening of the implant. In response, Gao
et al [120] prepared rhombic dodecahedral lattice pTa scaf-
folds with optimized nodal radii by LPBF, which can gradu-
ally transfer the load to the overall structure under uniaxial
compressive loading through interconnected struts, so that the
stresses are uniformly distributed on the surface of the struts
instead of in the local area or at a few points. Finite ele-
ment analysis shows that the dispersed stress distribution in
the rhombic dodecahedral lattice pTa scaffolds with optimized
nodal radii, and that the stress concentration at the joints of the
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Figure 2. 3D printing for metal materials. (a) The typical process workflow. Reproduced from [99]. CC BY 4.0. (b) Schematic diagram of
(i) a typical machine, and the operating principle of (ii) LPBF and (iii) EBPBF of the PBF-based process. (i) Reproduced from [99].
CC BY 4.0. (ii and iii) Reproduced with permission from [122]. © 2021 The Author(s). Published by Elsevier B.V. CC BY-NC-ND 4.0.
(c) Schematic diagram of (i) a typical machine, and the operating principle of (ii) L-DED and (iii) EB-DED of the DED-based process. (i)
Reproduced from [99]. CC BY 4.0. (ii and iii) Reproduced with permission from [122]. © 2021 The Author(s). Published by Elsevier B.V.
CC BY-NC-ND 4.0.

rhombic arrangement of struts in the longitudinal section is
close to the experimental results. Zhang et al [121] interpreted
various stress distribution optimizationmechanisms and found
that the distribution and number of contact points and con-
tact force vectors are the basic factors affecting the distri-
bution and strength of stresses at the bone-implant interface
(BII), while increasing the area of the stress distribution
and reducing the local stress peaks are the core of stress

distribution optimization. It remains challenging to fabricate
complex pTa bone implants using 3D printing that simultan-
eously satisfy the interactions between structure (pore shape,
pore size, porosity), mechanical properties (elasticity modu-
lus, fatigue properties, wear resistance), and biological char-
acteristics (bioactivity, biocompatibility). Improvement of the
3D printing process is necessary to obtain more desirable bone
implants.
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Figure 3. Schematic of strategies to promote the bioactivity and
osseointegration of pTa: (a) alteration of surface morphology and
pore structure; (b) refinement of grain size; (c) alloying; and (d)
surface modification with inorganic or organic coatings.

3. Strategies to enhance rapid osseointegration

Methods to enhance the bioactivity and osseointegration of
pTa are as follows, as illustrated in figure 3:

(a) Increase the osseointegration ability of Ta by regulating
the appropriate surface morphology (e.g. roughness, etc)
and structure (e.g. porosity, pore size, etc). Suitable sur-
face roughness, porosity, and pore size can improve the
osteoblast adhesion, the proliferation, and the differenti-
ation on the pTa surface, thus enhancing the osteogenesis
of Ta [123, 124].

(b) Refinement of the grain size. Grain refinement not only
increases the grain boundary number and provides higher
surface energy and wettability to significantly increase
protein adsorption [125], but also creates surfaces with a
more usable contact area and enhances the strength of the
interaction between the cells and the implant surface to
maximize the biological activity of the cells [126].

(c) Alloying. The bioactivity of Ta may be enhanced by intro-
ducing second phases into matrix, such as Ta–Cu [127],
Ta–Nb [128, 129], etc.

(d) Surfacemodification using inorganic and organic coatings.
Different coatings are produced for different application
environments to achieve improved bioactivity, faster bone
growth, and more stable osseointegration [130, 131].

Figures 3(a) and (b) for surface and structural strategies
from the material itself are presented in section 3.1.
Figures 3(c) and (d) for the development of pTa alloy or pTa
composites are summarized in sections 3.2 and 3.3, respect-
ively. These methods are mainly used to increase the bioactiv-
ity and the osseointegration capacity of pTa.

3.1. Design of microscopic morphology and structure

The pTa scaffold surfacemorphology engineering can enhance
bioactivity and osseointegration by appropriately modulating
the surface roughness and wettability. Surface roughness and
wettability are two important physical properties of the sur-
face. Surface roughness alters the cell adhesion and geometry.
Surface wettability can influence osteogenic differentiation
of mesenchymal stem cells (MSCs) via integrins [132]. The
natural bone tissue in the human body has a multilayered
arrangement of structures. Bone tissue is composed of three
types of structures at a molecular level: (i) macrostructures
(including cortical bone and cancellous bone), (ii) micro-
structures (including bone unit, lamellar bone, and Haversian
canal), and (iii) nanostructures (consisting of embedded min-
eralized crystals (HA) and non-collagenous organic fibrous
protein) [133]. Correspondingly, implants interact with bone
differently at different scales, as in figure 4(a). At the micro-
scopic scale, the implant should provide good surface binding
with biomechanical properties. At the submicroscopic scale,
the surface presents morphological features that allow better
adhesion and proliferation of osteoblasts and MSCs. At the
nanoscale, nanoscale rough surfaces can modulate protein-cell
membrane receptors, which in turn affects cell differentiation
and tissue regeneration [134–137]. Materials with rough sur-
faces, high surface energy, and high hydrophilicity are more
likely to facilitate the bone formation and osseointegration
[54]. However, superhydrophilic surfaces may have deleter-
ious effects on cell adhesion and proliferation [138], and
therefore, maintaining moderate wettability of rough sur-
faces is one of the conditions to ensure an optimal cellu-
lar response. Figure 4(b) shows the morphology of pTa pre-
pared by three preparation methods: LPBF, chemical vapor
deposition (CVD), and PM. The LPBF-prepared pTa scaf-
folds had a finer crystal structure with nanocrystals mostly
less than 100 nm in diameter compared to CVD, whereas
some stepped nanowoven structures larger than 10 µm were
present on the CVD-fabricated pTa crystals. Both prepara-
tions of pTa had similar porous structures with good mechan-
ical properties [139], as shown in table 1. The PM-prepared
pTa scaffolds showed a different honeycomb morphology,
with small pores of different diameters on the surface, and
an elastic modulus value comparable to the cancellous bone.
The pore size and porosity of the samples prepared in these
three ways were 100–500 µm and 60%–80%, respectively,
which are suitable for cell proliferation and bone inward
growth [140]. The fine microstructure not only facilitates
the improvement of mechanical properties, but also of bio-
logical properties. Nano/microstructural features are effect-
ive in promoting tissue formation and regeneration [141–144].
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Figure 4. Surface microscopic morphology design of pTa. (a) Schematic of the interactions between the implant surface and bone at
different topographical scales. Reprinted from [134], Copyright © 2011 Elsevier Ltd. All rights reserved. (b) Microscopic morphology of
pTa with different fabrication methods: the nano/microstructure on the strut of LPBF, CVD, and PM-fabricated. Reprinted from [139],
© 2020 Elsevier Inc. All rights reserved. Adapted with permission from [146]. Copyright (2023) American Chemical Society. (c) SEM
images of (i) nonanodized (NA), (ii) nanotubular (NT), (iii) nanocoral (NC), and (iv) nanodimple (ND) samples. Enlarged image of (v) NT
and (vi) NC samples. (vii) The contact angles and the surface energies (SE) of the different samples. (viii) Tafel plots. (ix) Cellular
proliferation of hADMSCs cultured on the sample surface for up to 5 d in vitro. (x) hADMSCs calcium mineral deposition on the sample
surface up to 3 w (∗p < 0.05). Adapted with permission from [145]. Copyright (2023) American Chemical Society. (d) The different orders
by ECAPed Ta. (i) Grain size, and the microstructural of (ii) SEM for the 0th-ECAPed Ta and (iii) TEM for the 8th-ECAPed Ta. [147]. John
Wiley & Sons. Copyright © 2013 Wiley Periodicals, Inc. (e) Osteoblast adhesion at nanolamellar Ta interfaces. (i) TEM for bulk Ta (Ta(B))
and nanolamellar Ta (Ta40 and Ta70). (ii) Confocal microscopic merged image of the effect of nanolamellar structures on the Ta(B), Ta40,
and Ta70 surfaces on MC cells 24 h after inoculation. (iii) Representative curves of AFM probe force of the MC cell-culture during the
retraction vs. distance of the separation on the surfaces of Ta(B), Ta40, and Ta70. The panel on the right exhibits a schematic representation
on how different Ta surfaces influence the strength of cell interaction. Adapted with permission from [126]. Copyright (2019) American
Chemical Society.

The nanocrystalline structure has strong hydrophilicity, pro-
tein adsorption properties, good passivation behavior and elec-
trochemical corrosion resistance, and may enhance the service
life of the implant. The construction of pTa surface micro-
graded and nano-graded structures has been studied to improve
the bioactivity of implants for enhanced interfacial bonding
and osseointegration by mimicking the structural hierarchy
of natural bone tissue. Erdogan et al [145] constructed dif-
ferent shapes of nanomorphs (NC, ND, and NT, as shown in
figure 4(c)) on the pTa surface. The contact angles and Tafel

curves showed that the NC and NT surfaces had higher surface
energy and better hydrophilicity, and the ND and NT samples
presented higher corrosion resistance. Biological experiments
showed that the NC and NT samples facilitated the spreading
and proliferation of human adipose-derived MSCs (hADM-
SCs) on day 5 in vitro, and the calcium mineral synthesis was
enhanced on the NC and NT samples during the 2nd and 3rd
weeks in vitro. Surface topography modification with special
nanomorphology provides an effective method to improve the
mechanical properties and bioactivity of orthopedic implants.
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