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Abstract: Ti is widely used as a material for orthopedic implants. As rapid and effective osseointe-
gration is a key factor for the successful application of implants, biologically inert Ti materials start to
show inherent limitations, such as poor surface cell adhesion, bioactivity, and bone-growth-inducing
capabilities. Surface modification can be an efficient and effective approach to addressing the biocom-
patibility, mechanical, and functionality issues of the various Ti implant materials. In this study, we
have overviewed more than 140 papers to summarize the recent progress in the surface modification
of Ti implants by physical and/or chemical modification approaches, aiming at optimizing their wear
resistance, biocompatibility, and antimicrobial properties. As an advanced manufacturing technology
for Ti and Ti alloys, additive manufacturing was particularly addressed in this review. We also
provide an outlook for future research directions in this field as a contribution to the development of
advanced Ti implants for biomedical applications.

Keywords: additive manufacturing; Ti and Ti alloys; biomaterial; surface modification; implant

1. Introduction

Among metals and alloys, Ti and Ti alloys exhibit superior biocompatibility, chemical
inertness, and mechanical properties. They have been extensively used for medical implants
intended for human bones and joints, and as dental implants. The titanium alloys that
have been widely used in commercial biomedical devices are commercial pure (CP) Ti
and Ti-6Al-4V, of which CP Ti is mainly used in fields requiring better biocompatibility
such as dentistry, while Ti-6Al-4V is mainly used in load-bearing applications. Other new
developmental α+β [1] and β Ti alloys [2,3] enable avoiding the use of Al, V, and other
elements that are harmful to the human body [4,5]. Their elastic moduli are also relatively
low, which is beneficial to minimize the “stress shielding” effect caused by excessively high
elastic moduli of previous Ti materials.

Despite the advantages, Ti is a biologically inert material [6]. The biological activity
of Ti-based alloys and their ability to induce bone growth are inadequate, and the rate of
osseointegration after implantation in the human body is slow [7]. In this regard, Figure 1
shows the physiological structure of human bones [8,9]. The inorganic substance of bone
is mainly phosphate. The dense oxide film that forms on the surface of Ti materials is
unfavorable for inducing calcium phosphate deposition in the body [10], causing inade-
quate biological integration between the surrounding bone tissue and the implant, which
would normally be essential to achieve early and firm osseointegration [11]. This film
and its impact on biological integration may result in poor bonding and osseointegration,
leading to implant loosening and shedding. Thus, surface treatment is generally required
to improve the biocompatibility of Ti alloy implants.
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Figure 1 also lists the ideal properties of bone implant materials. The surface character-
istics of Ti and Ti alloys determine their corrosion resistance, wear resistance, and biocom-
patibility [12]. In recent years, Ti alloy implants prepared using cutting-edge technologies
have exhibited complicated structures [13], such as hierarchical porous morphology, on the
surface or throughout the implant. To ensure the durability and reliability of the implants
in the environment in which they are applied, new surface modification methods and a
variety of manufacturing technologies have been developed and implemented. Among the
advanced manufacturing technologies, three-dimensional (3D) printing and additive man-
ufacturing (AM) can be used for substrate alloy preparation [14,15], surface modification,
or coating manufacture.

Figure 1. Bone anatomy and implant requirements modified based on Refs. [8,9,16].

Figure 2 further summarizes the research papers on surface modification of Ti al-
loys published in the Web of Science Core Collection over the past three years. Among
the >2000 papers, over 1700 are concerned with wear and corrosion properties, and more
than 600 and nearly 500 papers are dedicated to improving bioactivity and antibacterial
properties, respectively, suggesting that these are the three most important aspects for
enhancing the biomedical performances of Ti and Ti alloys.

This article reviews the recent progress of several surface modification approaches for
developing advanced biomedical Ti and Ti alloys, including the latest 3D printing technol-
ogy. An overview of biomedical Ti alloys is presented in the first place, followed by surface
modification achievements for improving wear, bioactivity, and antibacterial properties, as
shown in Figure 2. Finally, suggestions for related future research are proposed, with the
aim of providing a reference for further research directions and innovative ideas.
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Figure 2. Schematic diagram of the statistical results of research papers on the topic of surface modi-
fication of Ti alloys in the Web of Science Core Collection in the past three years. Inner circle: number
of papers in different topics; outer circle: percentage of papers on different surface modification
technologies. Attached table (corresponding to colors): number of papers for different treatments in
advanced mechanical processing, traditional chemical treatments, and electrochemical treatments.

2. Overview of the Development of Medical Ti Alloys
2.1. Brief Introduction of Biomedical Ti and Ti Alloys

During the 1940s, Ti started to be applied as a medical implant material, owing
to its low density, excellent mechanical properties, and non-toxicity. In the 1960s, after
Brånemark [17] used pure Ti as a dental implant material, this material began to gradually
replace stainless steels and CoCr alloys as a biological dental implant material. Since then,
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research and development of medical Ti alloys has advanced. Ti and its alloys exhibit good
biocompatibility, primarily because their surface reacts with oxygen to form a dense TiO2
oxide film [18].

Moreover, the dielectric constant of TiO2 is similar to that of water [19]. This is because
the electrostatic force generated by the oxide film on the Ti surface is relatively weak. In
a biological environment, it is difficult for the surface of a Ti implant to adsorb protein
molecules [20]. In addition, the isoelectric point (IPE) of TiO2 is ~6.2 [21], which is slightly
lower than the physiological pH (=7.4). This implies that the negative charge on the Ti
surface is relatively weak in the physiological environment, an important factor affecting
the osseointegration between the implant and the surrounding living bone [22,23].

With time, the first-generation of α-type pure Ti [24] and Ti-15Zr [25], and α+β-type
Ti-6Al-4V alloys [26] gradually developed into a second-generation α+β-type Ti alloys
with improved corrosion resistance and strength. Representative α+β-type alloys are Ti-
5Al-2.5Fe [2,27] and Ti-6Al-7Nb [2,28]. However, the elastic moduli (60–120 GPa [29,30])
of second-generation Ti alloys are considerably higher than that of the human cortical
bone (mostly 10–20 GPa) [31]. When the elastic moduli of the implant and bone tissue
are not consistent, the majority of stress is absorbed by the alloy, owing to its higher
elastic modulus, and resulting in bone atrophy and stress shielding [32,33]. Consequently,
loosening of the implant and bone tissue injury [34] can occur, increasing the possibility of
secondary fractures after recovery [35]. Research and development of Ti alloys for medical
use is now largely focused on the so-called third generation βmodels, which have elastic
moduli close to that of human bones. This type of Ti alloy does not incorporate harmful or
allergenic elements, such as Ni. For example, Plaine et al. [36] developed Ti-35Nb-7Zr-5Ta,
which exhibited favorable biological activity and a low elastic modulus (50 GPa), based on
Niinomi’s Ti-29Nb-13Ta-4.6Zr [2]. Furthermore, a new Ti-24Nb-4Zr-7.9Sn alloy (Ti2448)
has been developed by the Chinese Academy of Sciences. Its elastic modulus is merely
45 GPa, with 850 MPa tensile strength, and superior corrosion resistance [37–39].

2.2. Significance of Surface Modification

Ti and its alloys are biologically inert materials, and their structures and properties are
distinct from those of bone tissue materials. They cannot be directly chemically bonded to
bone tissue in the human body and the formation of a fibrous tissue layer at the bonding
interface is common, thus loosening the implant [40]. In addition, wear debris causes
inflammation, and the commercially mature Ti-6Al-4V implants may release toxic Al and
V ions into body fluids [41–43]. In practical applications, the degradation of Ti and Ti
alloys invariably starts from the surface, necessitating the synthesis of a protective or
biocompatible layer on the surface of Ti and Ti alloys [44]. At present, surface modification
of medical Ti alloys generally involves depositing a compatible coating on the surfaces, or
changing the structure and composition of the surfaces to directly improve corrosion and
wear resistance, biocompatibility [45], antimicrobial properties, and other properties [46].
The improvement of existing bioactive coating preparation methods and further exploration
of new bioactive coating materials are vital to achieving high-quality bioactive surface
modification for biomedical Ti and Ti alloys [47].

2.3. Brief Introduction of Current Advances of Surface Modification Technologies

As shown in Figure 2, recently researchers have studied various advanced methods
to modify the surface of Ti and Ti alloys, such as ultra-grain refinement, physical vapor
deposition (PVD), micro-arc oxidation (MAO), electrochemical treatments, etc. [48–53].
Table 1 lists several commonly used Ti and Ti alloys, along with research works on their
surface modification.



Materials 2022, 15, 1749 5 of 29

Table 1. Examples of surface modification of Ti and Ti alloys.

Alloys Method Modified Layer Thickness Aims Refs.

CP Ti
Atmospheric thermal
oxidation + micro-arc

oxidation (MAO)

∼2 µm (with a ∼70 µm
oxygen diffusion layer)

The modified layer reduced the corrosion
rate, and improved the tribocorrosion

resistance, biocompatibility, and bonding
between cells.

[48]

Ti64 Plasma spray coating ∼150 µm
The coating decreased the release of metal

ions and improved corrosion resistance
and microhardness values.

[49]

Ti-4Al-7Nb High-speed milling 60–150 µm

The modified surface reduced the surface
Young’s modulus and improved the
hardness, corrosion resistance, and

biocompatibility.

[50]

Ti-15Mo MAO (in baths
containing zinc) 3–15 µm

The coating increased surface the
bioactivity and cytocompatibility and

slightly improved the bacteriostatic effect.
[51]

Ti2448
Sandblasting, dual

acid-etching, and alkali
thermal treatment

∼3 µm The surface roughness increased, and the
surface wettability improved [52]

Ti–29Nb–13Ta–
4.6Zr

(TNTZ)

Ultrasonic nanocrystal
surface modification

∼150 µm (within the top
∼30 µm, a large amount of

plastic deformation)

The nanostructured surface layer
increased the wear resistance and cell

adhesion area.
[53]

Regarding biomedical applications of Ti alloys, in addition to the preparation of
implants with various mechanical properties and distinct lattice structures [54], layered
processing is also often used for surface treatment [55]. It is extensively implemented in
medical biology owing to its unique merits such as high production efficiency, short process-
ing time, low processing cost, and ease of customization [56]. As a latest layered processing
technology, AM is used to modify the surfaces of biomedical Ti alloys as well. Among
the AM techniques, powder bed fusion (PBF) is mostly based on laser, for instance, the
selective laser melting (SLM) [57,58], or electron beam. Biomedical Ti implants fabricated
using PBF can have a sophisticated geometry and complex internal structure, which may
require more advanced surface modification techniques. In contrast, another laser-based
AM technique, the laser engineered net shaping (LENS™), uses powder deposition system
(often via coaxial nozzle) rather than powder bed [59,60]. It typically applies a higher
laser power and a larger spot size than SLM, which makes its deposition rate and working
temperature both higher but a lower resolution and geometry accuracy [61]. Comparatively
speaking, LENS™ is more often used for coating/surface modification purposes.

3. Surface Modification for Biomedical Ti and Ti Alloys
3.1. Overview on Surface Modification Techniques for Improving Wear Resistance

Low surface hardness, high friction coefficient, and poor wear resistance are typical
shortcomings of Ti and Ti alloy implants. At present, a variety of methods for improving the
wear performance of Ti alloy surfaces have been developed, including changing the surface
roughness or depositing a ceramic coating with excellent wear resistance on the Ti surface
to improve its wear and corrosion properties [62]. The most commonly used treatments
for the surfaces of Ti alloys are polishing [63], grinding [64], sandblasting [65], and laser
etching [66]. These methods mechanically modify the surface to form surfaces with a
certain roughness to improve the bonding strength between the substrate and coating.
Commonly used wear-resistant coatings are diamond-like carbon (DLC) [67] and Ti nitride
(TiN) [68]. Figure 3 lists several research advances of coating technologies to improve the
wear and corrosion performance of Ti and Ti alloys [69–72]. The adopted methods include
micro-arc oxidation (MAO), laser grooving, and SLM. In this section, various technologies
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and their practical applications are described. One of the main opportunities for biomedical
Ti and Ti alloys is to improve friction and wear performance. This means that mechanical,
physical, and chemical methods are used more frequently. Biochemical surface modification
techniques are detailed in the latter two sections, which includes traditional methods such
as sandblasting, etching, thermal spraying, plasma treatment, alkaline heating, and anodic
oxidation. It also provides examples of some advanced methods such as sputtering, micro-
arc oxidation, and PBD. Most of these methods tend to improve the composition along
with the type of phases, and detailed microstructure of the alloy surface.

Typical examples are summarized as follows: (a) After plasma treatment, TiN-coated
commercially-pure (CP) Ti knee and hip implants showed significant changes in surface
texture and wettability, with improved biological compatibility and wear resistance [73];
(b) The main advantage of anodized films on Ti alloys is their denseness and rigidity, im-
proved adhesion and wear resistance [12,74]. Wu et al. [75] generated a TiN nanotube array
coating via ammonia-mediated reduction and nitridation of TiO2 nanotubes (TNTs) pre-
pared via anodic oxidation. This ensured that the porous structure meets the requirements
of biocompatibility but also improved the wear resistance; (c) as the principal inorganic
component of human bone, hydroxyapatite (HA) displays good biocompatibility and can fa-
cilitate bone conduction and induction [76]. Sandblasting removes contaminants or plastic
deformation layers and obtains a topographically specific surface for further modification.
Cao et al. [77] annealed an HA coating via thermal spraying onto the surface of Ti-6Al-4V,
and the bonding strength of the coating increased significantly because the heat treatment
led to a reduction in residual stress; (d) Thermal spraying requires high-speed spraying of
heated HA (and other raw materials) to the substrate to form a coating. Yan et al. [78] used
SLM to fabricate Ti64 triply periodic minimal surface lattices, followed by heat treatment,
sandblasting, and HCl and NaOH etching, and finally soaking in simulated body fluid
(SBF) for 14 days to achieve a dense, uniform surface. The bone-like biomimetic HA layer
(derived from the sodium titanate hydrogel layer produced through alkali treatment) had a
thickness of approximately 5.6–7.5 µm.

In the following section, we will further summarize research advances in terms of
physical, chemical, and AM approaches for improving wear resistance.

3.1.1. Physical Technologies for Improving Wear Resistance

Examples of physical surface modification methods include physical vapor depo-
sition (PVD) and sputtering. The PVD coating obtained by evaporation or sputtering
of the source material in a high vacuum has high density and strong adhesion to the
substrate. Kao et al. [79] nitrided selectively-laser-melted Ti64 at a high temperature of
900 ◦C, and used closed-field unbalanced magnetron sputtering to deposit Ti-doped DLC
(Ti-C:H) thin films. Potentiodynamic polarization and reciprocating sliding wear tests
indicated considerably better corrosion resistance (1.93-fold lower corrosion current was
observed compared to that of unmodified samples), lower wear depths (35–114 times
lower, depending on the sliding ball used), and lower friction coefficients. Yigit et al. [80]
prepared a nano-HA (nHA) coating doped with graphene nanosheets (GNSs), and obtained
a nanoscale porous morphology, as shown in Figure 4. As the mass fraction of GNS in the
hybrid structure increased, the number of nHA nucleation sites in the coating increased
significantly, thereby enlarging the surface area and enhancing the corrosion resistance of
the surface. Singh et al. [81] examined the addition of TiO2, Y2O3, Al2O3, polyethylene,
chitosan, yttrium stabilized zirconia, Ni3Al, and carbon nanotubes (CNT) to HA coatings as
reinforcement materials. The hardness and toughness of these composite coatings was su-
perior to that of pure HA coatings, and subsequent heat treatment improved the structural
properties and bonding strength of the composite coating.
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Figure 3. (a) Scanning electron microscopy images of the Ca/P-containing titania coatings produced
by MAO on SLM-produced Ti64. (b) Graphene oxide (GO) coatings grafted on the laser microgrooved
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Ti64 surfaces with the combination of 3-aminopropyltriethoxysilane (APTES) and dopamine adhesion
layers. (c) Poly (ε-caprolactone) (PCL)- Gelatin (Gel)-forsterite nano composite coating on CP Ti. (d)
SiO2 coating deposited on Ti64 by SLM technology. Panel (a) reprinted with permission from [69]
(Copyright 2019 Elsevier). Panel (b) reprinted with permission from [70] (Copyright 2020 Elsevier).
Panel (c) reprinted with permission from [71] (Copyright 2020 Elsevier). Panel (d) reprinted with
permission from [72] (Copyright 2021 Springer Nature).

Figure 4. Surface morphology of nHA/GNS coating before and after SBF corrosion tests. Figure
reprinted with permission from [80] (Copyright 2020 Elsevier).

3.1.2. Chemical Technologies for Improving Wear Resistance

MAO is an advanced chemical process derived from anodic oxidation [82]. In this
surface treatment technology, a Ti alloy is used as an anode in an electrolyte and a high
voltage is imposed between it and an inert cathode to produce a micro-arc discharge on the
surface of the material, generating an oxide film in situ on the surface of the Ti alloy [83].
In contrast to other methods, a TiO2 layer is generated both on the surface of the material
and under the surface to generate a diffusion region, thus improving the surface bearing
capacity [84,85]. Hu et al. [86] employed MAO to modify Ti64; the hardness of the alloy
surface film (500–800 HV) was approximately 2–3-fold higher than that of the internal
matrix (approximately 350 HV), and the wear resistance was considerably improved.
Qi et al. [87] micro-arc oxidized Ti64 in NaAlO2, and the resulting ceramic film hardness
was as high as 1140 HV, which significantly improved the poor wear properties of the alloy,
enabling its application in friction portions of medical instruments. Micro-arc-oxidatively
forged and selectively laser melted CP Ti samples were prepared by Kovacı [88], and their
structural, mechanical, and tribological properties were characterized and measured under
both dry and SBF conditions. The diffusion zone depth of selectively laser-melted CP Ti was
greater than that of the forged CP Ti. Figure 5 shows the hardness and friction properties of
various types of samples, where it is observed that selectively-laser-melted samples with
MAO at 750 ◦C/4 h exhibited the best performance. Hu et al. [89] attempted to incorporate
ultrasonication into the MAO technology to reduce the pore size (3–8 µm) on the surface
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of the coating, generate a more uniform and compact structure, and enhance the binding
force with the substrate, corrosion resistance, and mechanical and biological properties of
the coating. The corrosion current of ultrasonic MAO-treated CP Ti reduced by 72% when
compared with untreated samples. The results of the above studies are qualitatively the
same: high thickness and hardness, and ceramic-like structural strength, even if different
electrolyte compositions and energization parameters are adopted by different researchers.

Other chemical approaches include alkali heat treatment and electrospinning.
Chen et al. [90] used induction heating combined with alkali treatment to prepare a stable
layered micro-nanoporous network structure on the surface of Ti, resulting in a more uni-
form coating surface with a higher number of pores, and improved roughness, wettability,
and bonding strength with the matrix, as well as significantly improved in vitro and in vivo
biocompatibility properties. Manole et al. [91,92] deposited n-type semiconducting TiO2
nanowires onto a Ti-50Zr surface by electrostatic spinning and improved the hydrophilic
and corrosion behavior of the alloy surface whilst avoiding significant inflammatory pro-
cesses. The protection efficiency of the coatings remained greater than 51%.

3.1.3. 3D Printing Technologies for Improving Wear Resistance

The AM technology, LENS™, can directly create a coating on the surfaces of alloys.
This line-of-sight process is applied to both flat and curved surfaces to improve the wear
and corrosion resistance of implant surfaces. In this section on surface modification using
LENS™, the aspects of LENS as an additive manufacturing process are not reviewed, but
its capabilities for coating/surface additions are discussed.

Figure 5. Cont.
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Figure 5. Hardness-friction coefficient-wear rate graphs of forged and SLM samples: (a) dry and
(b) SBF conditions. (c) Friction coefficients of samples under dry and SBF conditions (L-PBF represents
SLM). Figure reprinted with permission from [88] (Copyright 2019 Elsevier).

Ke et al. [93] employed LENS™ to deposit a Ti-6Al-4V interface layer mixed with
3% HA on a Ti-6Al-4V substrate, followed by plasma-sprayed HA coating. This gradient
HA coating improved the bond strength resulting from plasma spraying by introducing a
thermal barrier, thereby increasing the bond strength between the substrate and the coating.
Heer et al. [94] used LENS™ to directly deposit silica coating on the surface of CP Ti, and
the in situ formation of a friction film was observed in the wear test, which indicated that
the material had self-healing properties. In addition to an excellent hardness of 1500 HV,
this material also exhibited favorable electrochemical properties without biological toxicity.
Das et al. [95] used a high-power laser to create a Ti melt pool, and then injected SiC
powder to develop a SiC-reinforced Ti matrix composite (TMC). This composite coating
was layered on CP Ti implants via LENS™, whereby the reinforced ceramic phase improved
the wear (~100-fold) and corrosion resistance of Ti. Such metal-ceramic composite coatings,
manufactured as shown in Figure 6 [95], improve strength, hardness, and subsequent
wear resistance, and can be applied to the surfaces of load-bearing implants, such as joint
replacements, to extend their lifespan in the body by reducing the release of metal ions.
Another similar example is the application of LENS™ by Bandyopadhyay et al. [96] to
coat CaPTi composites on the Ti surface. The wear resistance of the sample was enhanced
because CaP was preferentially worn on the implant surface and a friction film was formed.
Stenberg et al. [97] used LENS™ to deposit an extremely dense Ti64 coating consisting of
CNTs and CaP ceramics on CP Ti, increasing the hardness of the coating and reducing the
wear rate. The increase in the hardness was due to the CNTs facilitating in-situ carbide
formation. This coated layer effectively reduced the release of Ti ions and ultimately
improved biocompatibility. When researchers use LENS for coating preparation, due to
its high processing efficiency and ability to handle complex coating materials, the surface
hardness of modified Ti and Ti alloys can be increased by 3–5 times, and the wear resistance
can be improved by 30–100 times.
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Figure 6. Preparation process and properties of SiC reinforced TMC. Figure reprinted with permission
from [95] (Copyright 2016 Elsevier).

3.2. Overview on Surface Modification Techniques to Improve Biological Activity

In the early stages of implantation, the osseointegration capacity of Ti and TiO2 sur-
faces is insufficient, which leads to poor differentiation of osteoblasts and formation of
fibrous tissue around the implants [48], further resulting in loosening of the implants
and inflammation due to friction and other conditions. To improve the biocompatibility
of materials and their osseointegration capacity, it is necessary to construct an appropri-
ate coating on the alloy surface to improve the surface wettability [98] and to create a
specific surface morphology that is conducive to cell adhesion, proliferation, and differ-
entiation, and enables protein adsorption. Therefore, adjustment of the surface structure
and composition of Ti alloys is necessary, while maintaining their corrosion resistance
and mechanical properties. Electrochemical and biochemical techniques can be used to
introduce biologically active substances other than titanium alloy and titania as coatings
after the use of acid etching, shot peening, and other methods to modify the structure
of the surface on the titanium alloy to include nano-size features. At present, common
surface modifications of Ti alloys of bone implantation include HA [99], chitosan [100], and
TNT array coatings. Among them, TNT arrays can often be combined with other coatings
to improve functionality because they present an in situ self-growing porous structure.
Figure 7 shows some surface modification studies to improve the osteoconductivity and
cell viability of Ti [101–104]. Electrochemical techniques such as electrodeposition, elec-
tropolymerization, electrophoretic deposition, and electrothermal polarization can prepare
a variety of highly bioactive coatings. Anodic oxidation and MAO can prepare TiO2 nan-
otubes and coatings with microporous oxide films, respectively. LENS™ can also melt
Ti surfaces to form highly adsorbable coatings of different compositions with its unique
precise rapid-cooling deposition.
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Figure 7. (a) Gradient nanostructured surface CP Ti were prepared by surface mechanical attrition
treatment, and coarse-grained CP Ti by the followed recrystallization annealing. (b) Tricalcium
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phosphate (TCP)/vancomycin-loaded silk coating on a 3D printed porous Ti substrate. (c) HA/tannic
acid composite coating based on Ti substrates modified by TNT arrays. (d) S520 bioactive glass
coating on ultrafine-grained (UFG) CP Ti by laser cladding. Panel (a) reprinted with permission
from [101] (Copyright 2020 John Wiley and Sons). Panel (b) reprinted with permission from [102]
(Copyright 2020 IOP Publishing). Panel (c) reprinted with permission from [103] (Copyright 2020
Elsevier). Panel (d) reprinted with permission from [104] (Copyright 2021 Elsevier).

Hydrogen peroxide can react with Ti and Ti alloys to produce Ti–peroxyl gels, which
facilitate apatite deposition on Ti surfaces and are beneficial for orthopedic implants. The
important result in terms of mechanical techniques is the creation of a nanocrystalline
work-hardened surface layer. Due to the better bioaffinity of nanoscale Ti grains with bone
cells, this modification that creates nano/submicron surface grains promotes osteogenesis
and reduces infection. This can occur either alone or in synergy with coatings incorporating
different functions using nano-sized bioactive substances.

Huang et al. [105] confirmed that the surface roughness of a Ti-based implant deter-
mines the reactivity between the implant and bone at their interface and directly affects
the bone cell activity. Therefore, roughening Ti alloy implant surfaces is crucial for os-
seointegration. Torres et al. [106] used traditional methods to form nanostructures on
the surface of selectively-laser-melted Ti64. After acid etching, the sample was chemi-
cally treated in H2O2, followed by heat treatment. The nanostructured surface on the
metal implant enhanced osteogenic activity. Employing shot peening, Chen et al. [107]
prepared a deformable layer on the surface of Ti64 with a surface gradient nanocrystalline
structure and adjustable thickness and grain size. The nanocrystalline structure of the Ti
alloy surface produces abundant grain boundaries, improves hydrophilicity, and induces
osseointegration more readily. To obtain UFG CP Ti, Bulutsuz et al. [108] sand-blasted the
surface of CP Ti processed by equal angular channel pressing, which greatly increased the
Hardness and maximum tensile strength (~70%). Under the premise of similar surface
roughness, it was found that those surfaces are more suitable for the proliferation of human
gingival fibroblasts.

In the case of HA coatings, a highly dense HA coating is not conducive to cell prolif-
eration and differentiation, and its ability to induce bone formation is limited; thus, it is
mainly used as a bone formation scaffold. Compared with micron-sized HA, nano-sized
HA has an ultra-fine structure and higher surface activity [109]. Nano-HA is similar to
the minerals found in the bone texture of human hard tissues, having a similar chemical
and crystal structure [110]. The complexation of nano-HA and CNTs can improve cell
proliferation and differentiation [111].

Lin et al. [112] formed CaTiO3 on the surface of TNTs through vacuum calcification
and hydrothermal treatment, providing nucleation points for HA. This method induced
chemical bonding between the nano-HA coating and the TiO2 matrix, achieving an ad-
hesion strength of approximately 29 N with ~100-µm wide scratch, which increased the
osteoconductivity. Fathyunes et al. [113] used ultrasound-assisted pulse electrodeposition
to prepare a graphene oxide (GO)-HA coating on TNTs. GO improved the mechanical
properties of the HA coatings and was biocompatible. This composite coating increased
cell viability and resulted in a faster rate of apatite precipitation. Rafieerad et al. [114]
first prepared graphene nanotube films on a Ti-6Al-7Nb substrate via MAO, and then
deposited nano-silver particles employing PVD magnetron sputtering. The results of the
study showed that a mixture of loaded AgNPs/GO significantly promoted cell adhesion.
This method can also be extended to prepare highly complex nanostructured materials
with controllable shapes and biological functions for use in various orthopedic operations.

Stoian et al. [115] adopted the method of dripping gentamicin (GS)-containing phosphate-
buffered solution (PBS) onto a Ti-50Zr surface to adsorb the drug with nanotubes or
nanopores pre-prepared on the surface. The chitosan coating was then covered using
dip-coating. Owing to the difference in nanostructure, a mixed layer of GS and chitosan
was finally obtained on the surface of the nanopore samples, which resulted in a greater
adsorption of the drug in the tube, and the sustained release time was twice that of the
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nanopore. This indicated that nanostructures under the chitosan layer played an important
role in drug release.

In the following section, we further summarize research advances in terms of electro-
chemical, biochemical, and AM approaches for improving wear resistance.

3.2.1. Electrochemical and Biochemical Methods for Improving Biological Activity

Various electrochemical methods have been used to increase the biological activity of
Ti alloys. Classical electrochemical methods, including electropolishing, anodic oxidation,
electrodeposition, and electroplating, are heavily researched because of their most cost-
effective characteristics. In electrochemical surface modification techniques, Ti alloys are
generally used as electrodes, and the results of these modifications are quantified by various
factors, including the electrolyte, voltage, and temperature [116]. The high modulus and
high-density anodized film improved the corrosion resistance and reduced the ion release.

In improving the biocompatibility of Ti and Ti alloys, Zhang et al. [117] prepared a SiC
nanoparticle-reinforced Na and F co-doped HA coating using an electrochemical deposition
method. The replacement of Ca2+ in HA with Na+ promotes cell attachment and bone
metabolism, whereas that of OH− ions by F− increases structural stability, stimulates extra-
cellular matrix formation, and enhances osteosynthetic bonding. Therefore, HA coatings
co-doped with Na and F (NFH) exhibited excellent biological properties. Qiao et al. [118]
used the same method to prepare a Si-Sr-Ag-co-doped HA/TNT coating. Doping with Sr
and Si ions enhanced the expression levels of genes related to osteogenesis and successfully
neutralized the potential cytotoxicity of Ag ions. The biological properties of co-doped
coatings are superior to those of HA and Ag-HA coatings, and their antimicrobial efficacy
is similar to that of Ag-HA coatings. Specific high contents of Si and Sr ions can promote
the proliferation and regeneration of cells and bone tissues and improve cell adhesion.
HA coatings containing Si present a higher absorption rate and contain a large number of
active groups for osteoblast attachment. Mumith et al. [119] compared the degree of bone
ingrowth and osseointegration of electrochemically coated SiHA and SrHA with that of
laser-sintered completely porous Ti64 implants with varying pore sizes. Compared with
the structure and preparation method of the bioactive coating and the modulus of the
implant, the pore size exerted less influence on osseointegration. Sun et al. [120] studied
nanofiber polypyrrole template-free electropolymerization on selectively-laser-melted CP
Ti 2D sheets and 3D lattice structures. The obtained coating surface of the lattice had an
uneven morphological structure and exhibited poorer reversibility and long-term stability
compared to the sheets. An ethanol-based colloidal solution of nanopowder HA was
dispersed into a chitosan colloid by Jugowiec et al. [121] and then coated on the surface of
Ti-13Nb-13Zr alloy using electrophoretic deposition (EPD). This composite coating resulted
in a thicker deposition of chitosan (1.5 µm), displayed robust bonding with the Ti alloy, and
improved its corrosion resistance and biocompatibility.

Anodization and MAO have been applied for the preparation of TNTs and coating of
microporous oxide films, respectively. Yu et al. [122] employed electrochemical anodiza-
tion to prepare TNTs with various morphologies on Ti foils and found that TNTs with a
relatively small diameter (30 nm) were more conducive to the adhesion and proliferation
of osteoblasts; TNTs with a relatively large diameter (110 nm) exhibited better osteogenic
differentiation abilities and osteogenic potential under simulated oxidative stress. Mansoo-
rianfar et al. [123] successfully prepared TNT arrays with good uniformity on Ti-6Al-4V
alloy using secondary anodic oxidation at a voltage of 50–75 V. The morphology is shown
in Figure 8, wherein it is evident that the average length and diameter of the nanotubes
increased with increasing voltage. According to the results of the culture experiment using
human osteosarcoma MG63 cells, the samples prepared under a voltage of 60 V showed
optimal cell viability. Bandyopadhyay et al. [124] used the electrothermal polarization
method to store charges on the TNTs prepared by anodizing the surface of CP Ti. 5 weeks
of in vivo experiments showed that the mineralized bone formation around the implants
with polarized TNTs surface increased by about 40% compared with TNTs, proving that
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TNT-P can promote the formation of osteoid and its maturation of mineralized bone. When
Shbeh et al. [125] used MAO to treat porous Ti64 portions, the highly porous samples
formed a thicker surface coating due to the increase in capacitance. The thicknesses of the
coating reached more than three-fold of the coating thickness of relatively dense samples.
The porous structure of the sample and the subcutaneous coating network effectively alle-
viated the stress shielding effect and improved the chemical integration. Wang et al. [126]
used MAO to prepare an oxide film on the surface of porous Ti generated via metal injection
molding. The microporous structure in the film enabled a high degree of engagement with
osteoblasts, and the P and Ca in the ceramic membrane promoted cell adhesion, diffusion,
and growth. This can be attributed to their favorable chemical binding with bone matrix
proteins, which stimulates biochemical binding between bone tissue and the surface of
the implant.

Figure 8. Surface and cross-sectional morphologies of Ti-6Al-4V surface after anodizing process
under applied voltages of 50, 60, and 75 V. Figure reprinted with permission from [123] (Copyright
2017 Elsevier).

For biomedical applications, Ag and Sr ions can be bound to the electrodeposition
film in an electrolytic solution containing dissolved Ag and Sr compounds. Ca and P ions
can be bound to the anodic oxide film in an electrolytic solution containing dissolved Ca
and P compounds. The non-uniform porous oxide film is obtained by setting the MAO
at a voltage higher than the breakdown limit, with more gas escape and frequent sparks
occurring in the process [12]. The microporous film and porous substrate prepared by MAO
provide an excellent growth environment for osteoblasts. Different osteogenic substances
can be introduced by modulating the electrolyte to further improve the bioactivity.
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The most extensively utilized method for surface biochemical modification of Ti-based
implants is the layer-by-layer (LbL) method, based on the principle of supramolecular
electrostatic assembly, in which a self-assembled multilayer biologically active film is
formed via alternating adsorption of oppositely charged biologically active macromolecules
on the surface of the substrate [127,128]. Yavari’s team [129] successfully employed the
LbL method to process drug delivery between micron-scale drug carriers on the surface
of a selectively-laser-melted CP Ti scaffold. The growth factor and an antibiotic were
introduced into gelatin and chitosan, respectively, followed by immersion of Ti scaffolds
into the resultant solutions layer by layer (Figure 9). Thus, both types of active agents
were released. In terms of osteogenic activity, samples containing bone morphogenetic
protein (BMP)-2, a growth factor, showed exponentially increased mineralization. At
the same time, bacterial numbers decreased by eight orders of magnitude. Both BMP
and the Arg-Gly-Asp (RGD) peptide are growth factors that can be directly fixed onto
the surface of Ti alloy implants. It has been established that BMPs can differentiate into
osteoblasts by activating mesenchymal stem cells and promoting collagen synthesis and
bone matrix production [130]. Therefore, fixing the bone morphogenetic protein on the
surface of Ti alloys can induce the formation of bone tissue on the surface of the implant and
accelerate the integration of implant and bone [131]. Heller et al. [132] immobilized the RGD
peptide sequence on the surface of a Ti implant to effectively promote the adhesion and
differentiation of osteoblasts and accelerate the integration of implant and bone interfaces.

Figure 9. Schematic illustration of the LbL coating process. Figure reprinted under CC-BY license
from [129] (2020).
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3.2.2. 3D Printing Technologies for Improving Biological Activity

LENS™ can also be utilized to create coatings that promote bone formation. To im-
prove the interaction between bone cells and implant materials, Roy et al. [133] applied
LENS™ to melt the upper surface of the Ti substrate and added TCP ceramic powder to
form a TCP-Ti composite layer. The coating initiated coating cell differentiation, extra-
cellular matrix formation, and biomineralization. Ke et al. [93] used LENS™ to deposit
a 3% HA-Ti64 interface layer on Ti64, and sprayed 1 wt.% MgO-2 wt.% Ag2O-HA using
plasma to improve the biological and antibacterial properties of the coated implant. The
high energy of LENS™ enhanced the crystallinity of the HA layer; thus, the amount of Ag+

ions released at the gradient HA LENS™ layer was reduced by 70%, and the osteoconduc-
tivity was improved.

Apart from compounds, Ta as metal has extremely high density and high melting
point, but it has better biocompatibility than Ti. In order to introduce Ta, Mitra et al. [134]
tried to use LENS™ to handle the huge difference in the melting temperature of Ti and Ta.
They directly deposited the mixed Ti and Ta powder on the surface of Ti-6Al-4V to form an
in situ alloyed low-modulus porous coating. Nanotubes were formed by anodic oxidation.
In vivo experiments showed that porous Ti-25 wt% Ta-nanotubes coating has exceptional
bone-promoting and biological activity comparable to or even surpassing similar coatings
of 100% Ta.

3.3. Overview on Surface Modification Techniques to Improve Antibacterial Performance

Ti alloy implants are prone to potential complications, such as inflammation and bac-
terial adhesion after surgery. Bacteria that adhere to the surface of the implant accumulate
in the hydrated polymer matrix to form a biofilm, which hinders the adhesion and growth
of osteoblasts [135]. The impaired defense mechanism facilitates bacterial colonization and
may lead to infection. To overcome this issue, covering the surface of an implant with a
bacteriostatic coating is considered a feasible solution. To overcome bacterial resistance, it
is necessary to use broad-spectrum antibiotics or inorganic antibacterial agents, such as
metal ions and nanoparticles, on the surface of Ti alloy implants [136]. Figure 10 shows
some new coatings that can slow the growth and spread of microorganisms of Ti and Ti
alloy implants [137–140].

In the following section, we further summarize research advances in terms of func-
tional antibacterial coating, factional, and antimicrobial surfaces on Ti alloy scaffolds.
Electrochemical technologies such as electrodeposition, EPD, anodic oxidation, and MAO
result in coatings containing different antibacterial components by the adjustment of the
electrolyte level and a selection of voltage parameters. This is also linked to the joint effect
of traditional methods such as alkali treatment, grit blasting, and the hydrothermal method.
The research on antibacterial coatings by vacuum plasma spraying (VPS), dip-coating
method, and chemical vapor deposition (CVD) are also provided as examples.

3.3.1. Functional Antibacterial Coating

Studies have shown that the antibacterial effect of ion-doped HA largely depends on
the concentration of the doping elements and the nature of the dopant itself [76]. Multi-ion
co-doping produces better antibacterial and osseointegration effects than single-ion doping.
Huang et al. [141] anodized Ti foils to prepare TNTs after alkali treatment, followed by the
electrodeposition of nano-FAgHA. The dense and uniform FAgHA/TNT composite coating
had a nanorod structure, and its corrosion resistance was improved by nearly two orders of
magnitude. This coating exhibited high antimicrobial activity against Staphylococcus aureus
(S. aureus), and its large specific surface area induced typical spherical apatite deposition.
Thus, it showed good cell compatibility and was beneficial for cell osteogenesis in vitro.
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Figure 10. (a) Ag/Sr-codoped F-HA nanorod coatings on CP Ti plates using electrodeposition
technique. (b) Chitosan layers with Au NPs/Ag NPs on chemical and plasma etched Ti-6Al-7Nb alloy.
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(c) Ag-doped TiO2 coatings on CP Ti using MAO in the electrolytes containing Ag or Ag2O nanoparti-
cles. (d) Chitosan nanofibers (by electrochemical cyclic voltammetry method) and reduced graphene
oxide (rGO) (by drop-casting) multifunctional surfaces on anodized Ti64, whose surface results in
completely regular TNTs. Panel (a) reprinted with permission from [137] (Copyright 2020 Elsevier).
Panel (b) reprinted under CC-BY-NC-ND license from [138] (2021). Panel (c) reprinted under CC-BY
license from [139] (2021). Panel (d) reprinted with permission from [140] (Copyright 20 Elsevier).

Chitosan, a natural organic compound, can regulate the local concentration of drugs
by controlling the thickness of the antibacterial coating that it forms [142,143]. Chitosan
can be used to treat postoperative infection and inflammation, and to improve implant
osseointegration, leading to rapid healing [7]. After alkali treatment of Ti, Zhang et al. [144]
soaked the sample in heparin sodium and carboxymethyl chitosan solutions. Due to
the large amount of −OH on the Ti surface after alkali treatment, the rough surface of
Ti/OH could be tightly integrated with chitosan, and the sample exhibited excellent hy-
drophilicity and a contact angle of only 8◦. The obtained coated Ti displayed no biological
toxicity, and the inhibition rate of S. aureus and Escherichia coli (E. coli) reached 46–74%.
Egemen et al. [145] used EPD to coat chitosan on Ti-6Al-4V after grit blasting. The mor-
phology of the substrate after sandblasting affected the roughness of the chitosan coating
and improved its wettability. It has been established that as the voltage increases, the
deposition amount increases.

To improve the antibacterial and osteogenic properties of Ti, Huang et al. [146] pre-
pared TNTs with a diameter of approximately 114 nm on Ti foils via electrochemical anodic
oxidation, and used them to support the antibacterial drug norfloxacin, finally applying
a methacrylate coating via free radical polymerization. Norfloxacin was released con-
tinuously for more than 168 h with only 34.4% burst release, and its antibacterial effect
against S. aureus and E. coli persisted for up to five days. The antibacterial properties of
MAO coatings can be significantly enhanced by the introduction of Ag, Cu, and Zn plasma.
Zhang et al. [147] added CP Ti to a Ca(CH3COO)2·H2O solution for MAO, and then per-
formed a hydrothermal treatment in Zn(CH3COO)2 solution. After heat treatment, the
cytotoxicity was limited, and slow and constant Zn2+ release showed a 96.1% antibacterial
rate against S. aureus with good biocompatibility. As Cu ions destroy bacterial cell mem-
branes and interfere with DNA replication, they have received extensive attention [148].
Zhang et al. [149] explored the complementation/substitution of Cu and Zn ions in a doped
titania coating with MATi plates in terms of cell activity/antibacterial properties. When
doped alone, Zn and Cu ions did not significantly reduce cell viability. This indicated
that although the concentrations of Zn2+ and Cu2+ were far lower than their half-maximal
inhibitory concentrations, owing to their combined effects, cell proliferation still appeared
to decrease, particularly at high Zn2+ concentrations. In terms of antibacterial properties,
compared with Zn2+, Cu2+ was more effective in inhibiting the adhesion and reproduction
of S. aureus at low concentrations. At a slightly higher concentration, the Zn2+ concentration
was more critical for bacteriostasis. Van Hengel et al. [150] used MAO to explore the syner-
gistic effect of Ag and Zn ions on the surface of selectively-laser-melted porous Ti implants.
The minimum inhibitory concentration determined for the two ions was 1/120 that of the
amount of individual silver ions required, confirming that the high antibacterial activity
resulted from robust synergism; at the same time, the osteogenic behavior of pre-osteoblasts
was enhanced.

Specific physical and chemical properties of the implant surface can also prevent
bacterial colonization on the surface. For example, a crystallized anatase titania layer
facilitates HA deposition [151], which significantly reduces bacterial adhesion and inhibits
bacterial cell metabolism, providing satisfactory antibacterial performance and improved
photocatalytic ability [152].

Other drugs (e.g., gentamicin, vancomycin, tobramycin, rifampicin, clindamycin, etc.)
were also studied in different coatings. Table 2 lists some examples of the drug-containing
surface modifications.
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Table 2. Examples of drug-containing surface modification of Ti and Ti alloys.

Drugs Methodology Incorporating Structure Results Refs.

Gentamicin

Multilayers of gentamicin and
polyacrylic acid obtained by LBL

method on Ti64 treated by
alkali-heating

Homogeneous cross-link
multilayers’ deposition,

gentamicin and polyacrylic
acid coated layer-by-layer

Antibacterial rates compared
to Ti64: 99.86% for S. aureus

and 99.93% for E. coli
[153]

Vancomycin Electrodeposition to coat
HA/collagen/ vancomycin on Ti

Many small vancomycin
crystals that aggregate and

form larger islands

5 h antibacterial ratio
(S. Aureus): ~97%

30 h drug release: ~85%
[154]

Tobramycin

Alkali-treated Ti screws with
anodized surfaces soaked in

Dulbecco’s PBS were soaked in
tobramycin solution at 70 ◦C.

Tobramycin is deposited on a
thin leaf-like HA coating that

adheres tightly to the
substrate.

Screws injected with S. aureus
suspension were implanted
into rabbits. The drug-laden
group showed significantly

lower signs of infection.

[155]

Rifampicin

Electrospinning process: the
poly-caprolactone nanofibers
loaded with HA nanoparticles
and rifampicin were coated on

acid-etched annealed Ti.

Regular and smooth fibers
without beads or coagulations

Mechanical properties of
nanocomposite scaffolds:

increased threefold.
Antibacterial: log reduction in

the bacterial growth
Drug release: 1 h: ~27%; 1 d:

~41%; 32 d: ~61%

[156]

Clindamycin

Hydrogel 3D bioprinting:
hydrogels containing

clindamycin were extruded on
acid-etched Ti64

Rough surface by
nanofibrillated cellulose

filaments with furrows and
without drug clusters

10-day degradation: ~57.8%
(hydrogels without drug:

7-day: 100%)
Drug release: 1 h: ~25%; 1 d:

~80%; 3 d: 100%

[157]

3.3.2. Antimicrobial Surfaces on Ti Alloy Scaffolds

Braem et al. [158] investigated the effect of surface roughness on bacterial proliferation
on selectively-laser-melted dense and porous Ti and Ti-6Al-4V, employing polishing, ma-
chining, sand blasting, and VPS as surface modification methods. They found that porous
and rough surfaces strongly influenced bacterial adherence, increasing the risk of infection
at the implants, while chemical surface modification could effectively inhibit bacterial
proliferation. To accelerate the vascularization and bone formation around selectively-laser-
melted implants, the biochemical coating of porous implants can enhance their biological
performance. Polycrystalline diamond (PCD) coatings have been developed in recent
years, offering advantages such as mammalian cell growth promotion, apatite deposi-
tion strengthening, antibacterial capacity, appropriate chemical inertness, surface strength
enhancement, and corrosion resistance. They are widely utilized in cardiovascular, ortho-
pedic, and stomatology implants. Rifai et al. [159] utilized a dip-coating method to create
nanodiamond (ND) coatings on selectively-laser-melted Ti. High-concentration (7.5% w/v)
ND-coated Ti incubated a high density of human dermal fibroblasts and osteoblasts, while
reducing S. aureus growth by 88%. Avoiding surface pretreatment, Rifai et al. [160] used
CVD on selectively-laser-melted Ti64 to deposit a PCD coating with favorable adhesion
and uniformity. The coating promoted the attachment and proliferation of normal Chinese
hamster ovarian cells, improved osseointegration, increased bacterial adhesion resistance,
and reduced S. aureus activity. The authors of the present study have also used MAO to
prepare Ag-containing coatings on CP Ti prepared by SLM, and obtained an innovative,
hierarchical porous surface containing both pores of 10 µm and 1 µm (Figure 11a). This
surface has good cytocompatibility (Figure 11b,c) and significant antibacterial properties
against S. aureus (Figure 11d).
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Figure 11. Antibacterial surface coating prepared by the authors (made by MAO). (a) Coating
morphology. (b,c) Cell adsorption properties. (d) Antibacterial property against S. aureus on MAO-ed
Ti used electrolyte without (left) and with (right) Ag.

4. Future Perspectives and Concluding Remarks

This review discussed various traditional and advanced surface modification methods
that have been developed. The increasingly high surface performance requirements of Ti
and Ti alloys for biomedical hard tissue replacement materials was also discussed. Appro-
priate surface modification methods should be selected to maximize the retention of the
matrix properties of the various Ti materials being developed while meeting environmental
requirements. Most of the technical results described and discussed in this paper are
composite processes of more mature methods or the performance results of more advanced
methods. Basic techniques, such as acid etching and sandblasting, are often used as the
first step in the overall modification step in research, as they do not have the capability to
perform significant modifications. Some advantages of advanced techniques compared
to traditional techniques include stronger performance of the modified layer (advanced
mechanical processing, PVD), improved modification efficiency (3D printing techniques
using lasers such as LENS™, plasma spraying), and modification of the complex surfaces
of porous lattices prepared using techniques such as SLM (electrodeposition, MAO).

3D printing technology, including LENS™, has great potential for application in sur-
face modification. Due to the large laser power, spot size and powder size, it has high
modification efficiency and robust capacity to build strong bonds between the modified
layers and Ti and Ti alloy substrates. Depending on the research objectives, modified
coatings with compatible thermal expansion coefficients, high hardness, strong wear and
corrosion resistance, good electrochemical and tribological properties, strong fatigue prop-
erties and fracture toughness, and without adhesives and bio-toxicity can be obtained
by changing the coating materials and printing parameters. Due to limited printing angles,
LENS™ cannot compete with technologies such as electrodeposition when modifying
the surface of complex implants. Its cost is also in the upper-middle range among the
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technologies. This technique also does not allow the preparation of coatings containing
drugs to maximize biocompatibility.

Modified coatings constructed on the surface of Ti alloys through various techniques
have led to significant improvements in the biocompatibility, osseointegration capacity,
and antibacterial properties of the coated alloy, and a certain degree of progress has
been achieved; however, owing to the demanding requirements of the complex in vivo
physiological environment, in which implants manufactured using medical Ti alloys need
to perform, many surface treatment methods have not been fully utilized.

In the future, work to improve surface modification technologies for Ti implants
should be focused on the following research areas:

• The layered bone structure shown in Figure 1 is complex and this makes it difficult
to achieve a similar layered design using surface modification techniques on the
implant. Even if porous surfaces or biochemical agents are used, side effects such as
coating failure and loosening of the implant cannot be completely avoided. In the
future, customized bone-like alloys with hierarchical structure should be designed
and prepared.

• As the real in vivo environment is complex, the corrosion and wear properties of the
surface of Ti alloy implants need to be evaluated during long-term service;

• The majority of matrix materials are still based on CP Ti and Ti-6Al-4V, which have a
high modulus of elasticity; therefore, further in-depth research is needed to determine
the effects of alloying elements on the coating of new low-modulus β-Ti alloys;

• To reduce antibiotic overuse, desirable antimicrobial effects can be achieved by the
incorporation of inorganic antimicrobial agents or chitosan. However, effective regula-
tion of its dissolution rate and amount needs to be further investigated with regard to
the balance between cytotoxic response and good antimicrobial activity.

Wear resistance, bioactivity, and antimicrobial properties are important for Ti and Ti
alloys. Sometimes it can be difficult to improve both because approaches to improve wear
resistance are often very different to approaches focused on improving biocompatibility,
which may introduce biochemical macromolecules such as peptides and antibiotics, which
hardly improve the wear resistance. Therefore, the focus should be first on improving the
wear resistance before incorporating a bioactive layer that can be compounded and fixed.
This can then meet the requirements of the complex environment of the implant. Future
work on surface modification of medical Ti alloys should encompass multiple methods to
maximize biofunctionality and make significant progress by improving the above-stated
limitations, thus providing effective remedies to osteoporosis in an aging society.

Author Contributions: Conceptualization, J.X., M.Y. and M.S.D.; validation, J.X., D.H.; resources, J.X.,
J.T., J.Z., Y.S.; data curation, J.X.; writing—original draft preparation, J.X.; writing—review and editing,
D.H., J.Z., Y.S., M.Y. and M.S.D.; visualization, J.X.; supervision, M.Y. and M.S.D.; funding acquisition,
M.Y. and M.S.D. All authors have read and agreed to the published version of the manuscript.

Funding: This study is supported by Research and Development Program Project in Key Areas of
Guangdong Province (Grants No. 2019B090907001 and 2019B010943001), Natural Science Founda-
tion of Guangdong Province (2020A1515011373), National Natural Science Foundation of China
[Grant No. 51971108], and Shenzhen Science and Technology Innovation Commission [Grant No.
JCYJ20180504165824643].

Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to acknowledge Australian Microscopy & Microanal-
ysis Research Facility at the Centre for Microscopy and Microanalysis (CMM), The University of
Queensland, for the facilities and technical assistance.

Conflicts of Interest: The authors declare no conflict of interest.



Materials 2022, 15, 1749 23 of 29

References
1. Abdelrhman, Y.; Gepreel, M.A.H.; Kobayashi, S.; Okano, S.; Okamoto, T. Biocompatibility of new low-cost (α + β)-type Ti-Mo-Fe

alloys for long-term implantation. Mater. Sci. Eng. C 2019, 99, 552–562. [CrossRef]
2. Niinomi, M. Mechanical properties of biomedical titanium alloys. Mater. Sci. Eng. A 1998, 243, 231–236. [CrossRef]
3. Luo, J.P.; Huang, Y.J.; Xu, J.Y.; Sun, J.F.; Dargusch, M.S.; Hou, C.H.; Ren, L.; Wang, R.Z.; Ebel, T.; Yan, M. Additively manufactured

biomedical Ti-Nb-Ta-Zr lattices with tunable Young’s modulus: Mechanical property, biocompatibility, and proteomics analysis.
Mater. Sci. Eng. C 2020, 114, 110903. [CrossRef]

4. Arieff, A.I.; Cooper, J.D.; Armstrong, D.; Lazarowitz, V.C. Dementia, renal failure, and brain aluminum. Ann. Intern. Med. 1979,
90, 741–747. [CrossRef] [PubMed]

5. Petit, T.L.; Biederman, G.B.; McMullen, P.A. Neurofibrillary degeneration, dendritic dying back, and learning-memory deficits
after aluminum administration: Implications for brain aging. Exp. Neurol. 1980, 67, 152–162. [CrossRef]

6. Luo, F.; Wang, L.; Xiao, Z.; Zhu, X.; Fan, Y.; Wang, K.; Zhang, X. Application of femtosecond laser microfabrication in the
preparation of advanced bioactive titanium surfaces. J. Mater. Chem. B 2021, 9, 3912–3924. [CrossRef] [PubMed]

7. Spriano, S.; Yamaguchi, S.; Baino, F.; Ferraris, S. A critical review of multifunctional titanium surfaces: New frontiers for improving
osseointegration and host response, avoiding bacteria contamination. Acta Biomater. 2018, 79, 1–22. [CrossRef] [PubMed]

8. Kolk, A.; Handschel, J.; Drescher, W.; Rothamel, D.; Kloss, F.; Blessmann, M.; Heiland, M.; Wolff, K.-D.; Smeets, R. Current trends
and future perspectives of bone substitute materials–From space holders to innovative biomaterials. J. Cranio Maxillofac. Surg.
2012, 40, 706–718. [CrossRef]

9. Zhao, R.; Yang, R.; Cooper, P.R.; Khurshid, Z.; Shavandi, A.; Ratnayake, J. Bone Grafts and Substitutes in Dentistry: A Review of
Current Trends and Developments. Molecules 2021, 26, 3007. [CrossRef] [PubMed]

10. He, L.; Dai, D.; Xie, L.; Chen, Y.; Zhang, C. Biological effects, applications and strategies of nanomodification of dental metal
surfaces. Mater. Des. 2021, 207, 109890. [CrossRef]

11. Ferraris, S.; Cochis, A.; Cazzola, M.; Tortello, M.; Scalia, A.; Spriano, S.; Rimondini, L. Cytocompatible and Anti-bacterial Adhesion
Nanotextured Titanium Oxide Layer on Titanium Surfaces for Dental and Orthopedic Implants. Front. Bioeng. Biotechnol. 2019,
7, 103. [CrossRef] [PubMed]

12. Zhang, L.C.; Chen, L.Y.; Wang, L.Q. Surface Modification of Titanium and Titanium Alloys: Technologies, Developments, and
Future Interests. Adv. Eng. Mater. 2020, 22, 1901258. [CrossRef]

13. Soro, N.; Attar, H.; Wu, X.; Dargusch, M.S. Investigation of the structure and mechanical properties of additively manufactured
Ti-6Al-4V biomedical scaffolds designed with a Schwartz primitive unit-cell. Mater. Sci. Eng. A Struct. Mater. Prop. Microstruct.
Process. 2019, 745, 195–202. [CrossRef]

14. Soro, N.; Saintier, N.; Attar, H.; Dargusch, M.S. Surface and morphological modification of selectively laser melted titanium
lattices using a chemical post treatment. Surf. Coat. Technol. 2020, 393, 125794. [CrossRef]

15. Soro, N.; Saintier, N.; Merzeau, J.; Veidt, M.; Dargusch, M.S. Quasi-static and fatigue properties of graded Ti-6A-4V lattices
produced updates by Laser Powder Bed Fusion (LPBF). Addit. Manuf. 2021, 37, 101653. [CrossRef]

16. pngimg.com. Available online: http://pngimg.com/images/miscellaneous/bone (accessed on 3 August 2021).
17. Branemark, P.I.; Adell, R.; Breine, U.; Hansson, B.O.; Lindstrom, J.; Ohlsson, A. Intra-osseous anchorage of dental prostheses. I.

Experimental studies. Scand. J. Plast. Reconstr. Surg. 1969, 3, 81–100. [CrossRef]
18. Parrino, F.; Pomilla, F.R.; Camera-Roda, G.; Loddo, V.; Palmisano, L. 2—Properties of titanium dioxide. In Titanium Dioxide (TiO2)

and Its Applications; Parrino, F., Palmisano, L., Eds.; Elsevier: Amsterdam, The Netherlands, 2021; pp. 13–66.
19. Tengvall, P.; Lundstrom, I. Physico-chemical considerations of titanium as a biomaterial. Clin. Mater. 1992, 9, 115–134. [CrossRef]
20. Ning, C.; Zhou, Y. Development and research status of biomedical titanium alloys. Mater. Sci. Technol. 2002, 10, 100–106.
21. Parks, G.A. The Isoelectric Points of Solid Oxides, Solid Hydroxides, and Aqueous Hydroxo Complex Systems. Chem. Rev. 1965,

65, 177–198. [CrossRef]
22. Kokubo, T. Bioactive glass ceramics: Properties and applications. Biomaterials 1991, 12, 155–163. [CrossRef]
23. Li, P.J.; Kangasniemi, I.; Degroot, K.; Kokubo, T. Bonelike Hydroxyapatite Induction by a Gel-Derived Titania on a Titanium

Substrate. J. Am. Ceram. Soc. 1994, 77, 1307–1312. [CrossRef]
24. ASTM International. ASTM F67-13, Standard Specification for Unalloyed Titanium, for Surgical Implant Applications (UNS R50250,

UNS R50400, UNS R50550, UNS R50700); ASTM International: West Conshohocken, PA, USA, 2013. [CrossRef]
25. Ho, W.F.; Chen, W.K.; Wu, S.C.; Hsu, H.C. Structure, mechanical properties, and grindability of dental Ti-Zr alloys. J. Mater. Sci.

Mater. Med. 2008, 19, 3179–3186. [CrossRef]
26. ASTM International. Standard Specification for Wrought Titanium-6Aluminum-4Vanadium Alloy for Surgical Implant Applications (UNS

R56400); ASTM International: West Conshohocken, PA, USA, 2014. [CrossRef]
27. Bordji, K.; Jouzeau, J.Y.; Mainard, D.; Payan, E.; Netter, P.; Rie, K.T.; Stucky, T.; HageAli, M. Cytocompatibility of Ti-6Al-4V and

Ti-5Al-2.5Fe alloys according to three surface treatments, using human fibroblasts and osteoblasts. Biomaterials 1996, 17, 929–940.
[CrossRef]

28. ASTM International. Standard Specification for Wrought Titanium-6Aluminum-7Niobium Alloy for Surgical Implant Applications (UNS
R56700); ASTM International: West Conshohocken, PA, USA, 2016. [CrossRef]

29. Li, X.; Ye, S.L.; Yuan, X.N.; Yu, P. Fabrication of biomedical Ti-24Nb-4Zr-8Sn alloy with high strength and low elastic modulus by
powder metallurgy. J. Alloy. Compd. 2019, 772, 968–977. [CrossRef]

http://doi.org/10.1016/j.msec.2019.01.133
http://doi.org/10.1016/S0921-5093(97)00806-X
http://doi.org/10.1016/j.msec.2020.110903
http://doi.org/10.7326/0003-4819-90-5-741
http://www.ncbi.nlm.nih.gov/pubmed/434672
http://doi.org/10.1016/0014-4886(80)90166-1
http://doi.org/10.1039/D1TB00231G
http://www.ncbi.nlm.nih.gov/pubmed/33928992
http://doi.org/10.1016/j.actbio.2018.08.013
http://www.ncbi.nlm.nih.gov/pubmed/30121373
http://doi.org/10.1016/j.jcms.2012.01.002
http://doi.org/10.3390/molecules26103007
http://www.ncbi.nlm.nih.gov/pubmed/34070157
http://doi.org/10.1016/j.matdes.2021.109890
http://doi.org/10.3389/fbioe.2019.00103
http://www.ncbi.nlm.nih.gov/pubmed/31143762
http://doi.org/10.1002/adem.202070017
http://doi.org/10.1016/j.msea.2018.12.104
http://doi.org/10.1016/j.surfcoat.2020.125794
http://doi.org/10.1016/j.addma.2020.101653
http://pngimg.com/images/miscellaneous/bone
http://doi.org/10.1097/00006534-197107000-00067
http://doi.org/10.1016/0267-6605(92)90056-Y
http://doi.org/10.1021/cr60234a002
http://doi.org/10.1016/0142-9612(91)90194-F
http://doi.org/10.1111/j.1151-2916.1994.tb05407.x
http://doi.org/10.1520/F0067-13
http://doi.org/10.1007/s10856-008-3454-x
http://doi.org/10.1520/F1472-20A
http://doi.org/10.1016/0142-9612(96)83289-3
http://doi.org/10.1520/F1295-16
http://doi.org/10.1016/j.jallcom.2018.08.262


Materials 2022, 15, 1749 24 of 29

30. Bolzoni, L.; Yang, F. Development of Cu-bearing powder metallurgy Ti alloys for biomedical applications. J. Mech. Behav. Biomed.
Mater. 2019, 97, 41–48. [CrossRef] [PubMed]

31. Gibson, L.J.; Ashby, M.F. Cancellous bone. In Cellular Solids: Structure and Properties, 2nd ed.; Cambridge University Press:
Cambridge, UK, 1997; pp. 429–452.

32. Sumner, D.R.; Galante, J.O. Determinants of stress shielding: Design versus materials versus interface. Clin. Orthop. Relat. Res.
1992, 274, 202–212. [CrossRef]

33. Huiskes, R.; Weinans, H.; Vanrietbergen, B. The Relationship Between Stress Shielding and Bone Resorption Around Total Hip
Stems and the Effects of Flexible Materials. Clin. Orthop. Relat. Res. 1992, 274, 202–212. [CrossRef]

34. Noyama, Y.; Miura, T.; Ishimoto, T.; Itaya, T.; Niinomi, M.; Nakano, T. Bone Loss and Reduced Bone Quality of the Human Femur
after Total Hip Arthroplasty under Stress-Shielding Effects by Titanium-Based Implant. Mater. Trans. 2012, 53, 565–570. [CrossRef]

35. Hongbo, L.J.Z. Development of β-type Medical Titanium Alloys’ Performance. J. Oral Sci. Res. 2020, 501–508.
36. Plaine, A.H.; da Silva, M.R.; Bolfarini, C. Effect of Thermo-Mechanical Treatments on the Microstructure and Mechanical

Properties of the Metastable 2-type Ti-35Nb-7Zr-5Ta Alloy. Mater. Res. 2019, 22, e20180462. [CrossRef]
37. Bai, Y.; Hao, Y.L.; Li, S.J.; Hao, Y.Q.; Yang, R.; Prima, F. Corrosion behavior of biomedical Ti-24Nb-4Zr-8Sn alloy in different

simulated body solutions. Mater. Sci. Eng. C-Mater. Biol. Appl. 2013, 33, 2159–2167. [CrossRef]
38. Li, J.; Li, S.J.; Hao, Y.L.; Huang, H.H.; Bai, Y.; Hao, Y.Q.; Guo, Z.; Xue, J.Q.; Yang, R. Electrochemical and surface analyses of

nanostructured Ti-24Nb-4Zr-8Sn alloys in simulated body solution. Acta Biomater. 2014, 10, 2866–2875. [CrossRef]
39. Zhan, X.; Li, S.; Cui, Y.; Tao, A.; Wang, C.; Li, H.; Zhang, L.; Yu, H.; Jiang, J.; Li, C. Comparison of the osteoblastic activity of low

elastic modulus Ti-24Nb-4Zr-8Sn alloy and pure titanium modified by physical and chemical methods. Mater. Sci. Eng. C Mater.
Biol. Appl. 2020, 113, 111018. [CrossRef] [PubMed]

40. Xiao, M.; Chen, Y.M.; Biao, M.N.; Zhang, X.D.; Yang, B.C. Bio-functionalization of biomedical metals. Mater. Sci. Eng. C Mater.
Biol. Appl. 2017, 70, 1057–1070. [CrossRef]

41. Perl, D.P.; Brody, A.R. Alzheimer’s disease: X-ray spectrometric evidence of aluminum accumulation in neurofibrillary tangle-
bearing neurons. Science 1980, 208, 297–299. [CrossRef] [PubMed]

42. Woodman, J.L.; Jacobs, J.J.; Galante, J.O.; Urban, R.M. Metal ion release from titanium-based prosthetic segmental replacements
of long bones in baboons: A long-term study. J. Orthop. Res. 1983, 1, 421–430. [CrossRef]

43. Chandar, S.; Kotian, R.; Madhyastha, P.; Kabekkodu, S.P.; Rao, P. In vitro evaluation of cytotoxicity and corrosion behavior of
commercially pure titanium and Ti-6Al-4V alloy for dental implants. J. Indian Prosthodont. Soc. 2017, 17, 35–40. [PubMed]

44. Shabalovskaya, S.A. Surface, corrosion and biocompatibility aspects of Nitinol as an implant material. Bio-Med. Mater. Eng. 2002,
12, 69–109.

45. Li, Y.Y.; Zou, L.M.; Yang, C.; Li, Y.H.; Li, L.J. Ultrafine-grained Ti-based composites with high strength and low modulus fabricated
by spark plasma sintering. Mater. Sci. Eng. A Struct. Mater. Prop. Microstruct. Process. 2013, 560, 857–861. [CrossRef]

46. Liu, C.F.; Lee, T.H.; Liu, J.F.; Hou, W.T.; Li, S.J.; Hao, Y.L.; Pan, H.B.; Huang, H.H. A unique hybrid-structured surface produced
by rapid electrochemical anodization enhances bio-corrosion resistance and bone cell responses of beta-type Ti-24Nb-4Zr-8Sn
alloy. Sci. Rep. 2018, 8, 6623. [CrossRef]

47. Liu, G.C.; Li, R.Y.; Liang, H.J.; Qin, Y.G. Research advance in the osteointegration of surface bioactive coating on titanium alloys.
Chin. J. Tissue Eng. Res. 2017, 21, 969–974.

48. Cheraghali, B.; Ghasemi, H.M.; Abedini, M.; Yazdi, R. A functionalized duplex coating on CP-titanium for biomedical applications.
Surf. Coat. Technol. 2020, 399, 126117. [CrossRef]

49. Ramasamy, P.; Sundharam, S. Microhardness and corrosion resistance of plasma sprayed bioceramic bilayer coated Ti-6Al-4V
implants. J. Aust. Ceram. Soc. 2021, 57, 605–613. [CrossRef]

50. Avinash, D.; Leo Kumar, S.P. Investigations on surface-integrity and mechanical properties of biocompatible grade Ti-6Al-7Nb
alloy. Mater. Technol. 2021. [CrossRef]

51. Lesniak-Ziolkowska, K.; Kazek-Kesik, A.; Rokosz, K.; Raaen, S.; Stolarczyk, A.; Krok-Borkowicz, M.; Pamula, E.; Golda-Cepa, M.;
Brzychczy-Wloch, M.; Simka, W. Electrochemical modification of the Ti-15Mo alloy surface in solutions containing ZnO and
Zn-3(PO4)(2) particles. Mater. Sci. Eng. C Mater. Biol. Appl. 2020, 115, 111098. [CrossRef]

52. Wu, L.; Jin, M.; Liu, J.; Han, J.; Jin, X. A super-hydrophilic surface enhanced by the hierarchical reticular porous structure on a
low-modulus Ti-24Nb-4Zr-8Sn alloy. Surf. Eng. 2021, 37, 1290–1300. [CrossRef]

53. Kheradmandfard, M.; Kashani-Bozorg, S.F.; Lee, J.S.; Kim, C.-L.; Hanzaki, A.Z.; Pyun, Y.-S.; Cho, S.-W.; Amanov, A.; Kim, D.-E.
Significant improvement in cell adhesion and wear resistance of biomedical beta-type titanium alloy through ultrasonic nanocrys-
tal surface modification. J. Alloy. Compd. 2018, 762, 941–949. [CrossRef]

54. Dong, Y.P.; Tang, J.C.; Wang, D.W.; Wang, N.; He, Z.D.; Li, J.; Zhao, D.P.; Yan, M. Additive manufacturing of pure Ti with superior
mechanical performance, low cost, and biocompatibility for potential replacement of Ti-6Al-4V. Mater. Des. 2020, 196, 109142.
[CrossRef]

55. Ning, F.; Hu, Y.; Liu, Z.; Cong, W.; Li, Y.; Wang, X. Ultrasonic Vibration-Assisted Laser Engineered Net Shaping of Inconel
718 Parts: A Feasibility Study. Procedia Manuf. 2017, 10, 771–778. [CrossRef]

56. JIANG Hai-yan, L.W.-k. WU Shi-biao, CHEN Jie, Application Status and Development Trend of Laser Selective Melting
Technology. Mech. Eng. Autom. 2019, 5, 223–226.

http://doi.org/10.1016/j.jmbbm.2019.05.014
http://www.ncbi.nlm.nih.gov/pubmed/31096149
http://doi.org/10.1097/00003086-199201000-00020
http://doi.org/10.1097/00003086-199201000-00014
http://doi.org/10.2320/matertrans.M2011358
http://doi.org/10.1590/1980-5373-mr-2018-0462
http://doi.org/10.1016/j.msec.2013.01.036
http://doi.org/10.1016/j.actbio.2014.02.032
http://doi.org/10.1016/j.msec.2020.111018
http://www.ncbi.nlm.nih.gov/pubmed/32487417
http://doi.org/10.1016/j.msec.2016.06.067
http://doi.org/10.1126/science.7367858
http://www.ncbi.nlm.nih.gov/pubmed/7367858
http://doi.org/10.1002/jor.1100010411
http://www.ncbi.nlm.nih.gov/pubmed/28216843
http://doi.org/10.1016/j.msea.2012.09.047
http://doi.org/10.1038/s41598-018-24590-x
http://doi.org/10.1016/j.surfcoat.2020.126117
http://doi.org/10.1007/s41779-021-00561-w
http://doi.org/10.1080/10667857.2021.1903671
http://doi.org/10.1016/j.msec.2020.111098
http://doi.org/10.1080/02670844.2021.1891375
http://doi.org/10.1016/j.jallcom.2018.05.088
http://doi.org/10.1016/j.matdes.2020.109142
http://doi.org/10.1016/j.promfg.2017.07.074


Materials 2022, 15, 1749 25 of 29

57. Wilhelm, M.; Wissenbach, K.; Gasser, A. Shaped Body Especially Prototype or Replacement Part Production. German Patent DE
19,649,865 A, 12 February 1998.

58. Zhang, S.; Cheng, X.; Yao, Y.; Wei, Y.; Han, C.; Shi, Y.; Wei, Q.; Zhang, Z. Porous niobium coatings fabricated with selective laser
melting on titanium substrates: Preparation, characterization, and cell behavior. Mater. Sci. Eng. C Mater. Biol. Appl. 2015, 53,
50–59. [CrossRef] [PubMed]

59. Dass, A.; Moridi, A. State of the Art in Directed Energy Deposition: From Additive Manufacturing to Materials Design. Coatings
2019, 9, 418. [CrossRef]

60. Sing, S.L.; Kuo, C.N.; Shih, C.T.; Ho, C.C.; Chua, C.K. Perspectives of using machine learning in laser powder bed fusion for
metal additive manufacturing. Virtual Phys. Prototyp. 2021, 16, 372–386. [CrossRef]

61. Kumar, S. 10.05—Selective Laser Sintering/Melting. In Comprehensive Materials Processing; Hashmi, S., Batalha, G.F., Van Tyne,
C.J., Yilbas, B., Eds.; Elsevier: Oxford, UK, 2014; pp. 93–134.

62. Zhang, Z.X.; Dong, H.; Bell, T.; Xu, B. The effect of treatment condition on boost diffusion of thermally oxidised titanium alloy. J.
Alloy. Compd. 2007, 431, 93–99. [CrossRef]

63. Zhang, X.D.; Hao, S.Z.; Li, X.N.; Dong, C.; Grosdidier, T. Surface modification of pure titanium by pulsed electron beam. Appl.
Surf. Sci. 2011, 257, 5899–5902. [CrossRef]

64. Zakaria, A.; Shukor, H.; Todoh, M.; Jusoff, K. Bio-Functional Coating on Ti6Al4V Surface Produced by Using Plasma Electrolytic
Oxidation. Metals 2020, 10, 1124. [CrossRef]

65. Rosales-Leal, J.I.; Rodriguez-Valverde, M.A.; Mazzaglia, G.; Ramon-Torregrosa, P.J.; Diaz-Rodriguez, L.; Garcia-Martinez, O.;
Vallecillo-Capilla, M.; Ruiz, C.; Cabrerizo-Vilchez, M.A. Effect of roughness, wettability and morphology of engineered titanium
surfaces on osteoblast-like cell adhesion. Colloids Surf. A-Physicochem. Eng. Asp. 2010, 365, 222–229. [CrossRef]

66. Tian, Y.S.; Chen, C.Z.; Li, S.T.; Huo, Q.H. Research progress on laser surface modification of titanium alloys. Appl. Surf. Sci. 2005,
242, 177–184. [CrossRef]

67. He, D.; Zheng, S.; Pu, J.; Zhang, G.; Hu, L. Improving tribological properties of titanium alloys by combining laser surface
texturing and diamond-like carbon film. Tribol. Int. 2015, 82, 20–27. [CrossRef]

68. Guo, H.; Chen, W.; Shan, Y.; Wang, W.; Zhang, Z.; Jia, J. Microstructures and properties of titanium nitride films prepared by
pulsed laser deposition at different substrate temperatures. Appl. Surf. Sci. 2015, 357, 473–478. [CrossRef]

69. Yao, J.; Wang, Y.; Wu, G.; Sun, M.; Wang, M.; Zhang, Q. Growth characteristics and properties of micro-arc oxidation coating on
SLM-produced TC4 alloy for biomedical applications. Appl. Surf. Sci. 2019, 479, 727–737. [CrossRef]

70. Wang, C.; Li, Z.; Zhao, H.; Zhang, G.; Ren, T.; Zhang, Y. Enhanced anticorrosion and antiwear properties of Ti-6Al-4V alloys with
laser texture and graphene oxide coatings. Tribol. Int. 2020, 152, 106475. [CrossRef]

71. Kichi, M.K.; Torkaman, R.; Mohammadi, H.; Toutounchi, A.; Kharaziha, M.; Alihosseini, F. Electrochemical and in vitro bioactivity
behavior of poly (epsilon-caprolactone) (PCL)-gelatin-forsterite nano coating on titanium for biomedical application. Mater. Today
Commun. 2020, 24, 101326. [CrossRef]

72. Afrouzian, A.; Avila, J.D.; Bandyopadhyay, A. Biotribocorrosion of 3D-printed silica-coated Ti6Al4V for load-bearing implants. J.
Mater. Res. 2021, 36, 3974–3984. [CrossRef] [PubMed]

73. Alves, C.; Neto, C.; Morais, G.H.S.; da Silva, C.F.; Hajek, V. Nitriding of titanium disks and industrial dental implants using
hollow cathode discharge. Surf. Coat. Technol. 2005, 194, 196–202. [CrossRef]

74. Zhu, X.L.; Kim, K.H.; Jeong, Y.S. Anodic oxide films containing Ca and P of titanium biomaterial. Biomaterials 2001, 22, 2199–2206.
[CrossRef]

75. Wu, M.; Wei, H.; Wei, Y.; Yao, A.; Bu, J.; Lin, J.; Dong, Z.; Chen, Y.; Cui, Y.; Wu, Z. SERS properties of TiN nanotube arrays
prepared via reduction nitridation of TiO2 nanotube arrays derived from anodic oxidation method. Vib. Spectrosc. 2018, 95, 32–37.
[CrossRef]

76. Yilmaz, B.; Alshemary, A.Z.; Evis, Z. Co-doped hydroxyapatites as potential materials for biomedical applications. Microchem. J.
2019, 144, 443–453. [CrossRef]

77. Cao, L.; Ullah, I.; Li, N.; Niu, S.; Sun, R.; Xia, D.; Yang, R.; Zhang, X. Plasma spray of biofunctional (Mg, Sr)-substituted
hydroxyapatite coatings for titanium alloy implants. J. Mater. Sci. Technol. 2019, 35, 719–726. [CrossRef]

78. Yan, C.Z.; Hao, L.; Hussein, A.; Wei, Q.S.; Shi, Y.S. Microstructural and surface modifications and hydroxyapatite coating of
Ti-6Al-4V triply periodic minimal surface lattices fabricated by selective laser melting. Mater. Sci. Eng. C Mater. Biol. Appl. 2017,
75, 1515–1524. [CrossRef]

79. Kao, W.H.; Su, Y.L.; Horng, J.H.; Chang, C.Y. Tribological, electrochemical and biocompatibility properties of Ti6Al4V alloy
produced by selective laser melting method and then processed using gas nitriding, CN or Ti-C:H coating treatments. Surf. Coat.
Technol. 2018, 350, 172–187. [CrossRef]

80. Yigit, O.; Dikici, B.; Senocak, T.C.; Ozdemir, N. One-step synthesis of nano-hydroxyapatite/graphene nanosheet hybrid coatings
on Ti6Al4V alloys by hydrothermal method and their in-vitro corrosion responses. Surf. Coat. Technol. 2020, 394, 125858.
[CrossRef]

81. Singh, H.; Singh, S.; Prakash, C. Experimental investigation and parametric optimization of HA-TiO2 plasma spray coating on
beta-phase titanium alloy. Mater. Today-Proc. 2020, 28, 1340–1344. [CrossRef]

82. Clyne, T.W.; Troughton, S.C. A review of recent work on discharge characteristics during plasma electrolytic oxidation of various
metals. Int. Mater. Rev. 2019, 64, 127–162. [CrossRef]

http://doi.org/10.1016/j.msec.2015.04.005
http://www.ncbi.nlm.nih.gov/pubmed/26042690
http://doi.org/10.3390/coatings9070418
http://doi.org/10.1080/17452759.2021.1944229
http://doi.org/10.1016/j.jallcom.2006.05.045
http://doi.org/10.1016/j.apsusc.2011.01.136
http://doi.org/10.3390/met10091124
http://doi.org/10.1016/j.colsurfa.2009.12.017
http://doi.org/10.1016/j.apsusc.2004.08.011
http://doi.org/10.1016/j.triboint.2014.09.017
http://doi.org/10.1016/j.apsusc.2015.09.061
http://doi.org/10.1016/j.apsusc.2019.02.142
http://doi.org/10.1016/j.triboint.2020.106475
http://doi.org/10.1016/j.mtcomm.2020.101326
http://doi.org/10.1557/s43578-021-00277-4
http://www.ncbi.nlm.nih.gov/pubmed/34966214
http://doi.org/10.1016/j.surfcoat.2004.10.009
http://doi.org/10.1016/S0142-9612(00)00394-X
http://doi.org/10.1016/j.vibspec.2018.01.001
http://doi.org/10.1016/j.microc.2018.10.007
http://doi.org/10.1016/j.jmst.2018.10.020
http://doi.org/10.1016/j.msec.2017.03.066
http://doi.org/10.1016/j.surfcoat.2018.07.011
http://doi.org/10.1016/j.surfcoat.2020.125858
http://doi.org/10.1016/j.matpr.2020.04.665
http://doi.org/10.1080/09506608.2018.1466492


Materials 2022, 15, 1749 26 of 29

83. Simchen, F.; Sieber, M.; Kopp, A.; Lampke, T. Introduction to Plasma Electrolytic Oxidation-An Overview of the Process and
Applications. Coatings 2020, 10, 628. [CrossRef]

84. Januszewicz, B.; Siniarski, D. The glow discharge plasma influence on the oxide layer and diffusion zone formation during
process of thermal oxidation of titanium and its alloys. Vacuum 2006, 81, 215–220. [CrossRef]

85. Silva, M.A.M.; Martinelli, A.E.; Alves, C.; Nascimento, R.M.; Tavora, M.P.; Vilar, C.D. Surface modification of Ti implants by
plasma oxidation in hollow cathode discharge. Surf. Coat. Technol. 2006, 200, 2618–2626. [CrossRef]

86. Hu, H.; Cao, Z.; Liu, X.; Feng, X.; Zheng, Y.; Zhang, K.; Zhou, H. Effects of substrate roughness on the vacuum tribological
properties of duplex PEO/bonded-MoS2 coatings on Ti6Al4V. Surf. Coat. Technol. 2018, 349, 593–601.

87. Qi, Y.-M.; Peng, Z.-J.; Liu, B.-X.; Liang, J.; Wang, P. Fabrication and Wear Resistance of Hard Micro Arc Oxidation Coatings on Ti
Alloys. Surf. Technol. 2019, 48, 81–88.

88. Kovacı, H. Comparison of the microstructural, mechanical and wear properties of plasma oxidized Cp-Ti prepared by laser
powder bed fusion additive manufacturing and forging processes. Surf. Coat. Technol. 2019, 374, 987–996. [CrossRef]

89. Hu, J.; Li, H.; Wang, X.; Yang, L.; Chen, M.; Wang, R.; Qin, G.; Chen, D.-F.; Zhang, E. Effect of ultrasonic micro-arc oxidation on
the antibacterial properties and cell biocompatibility of Ti-Cu alloy for biomedical application. Mater. Sci. Eng. C Mater. Biol. Appl.
2020, 115, 110921. [CrossRef]

90. Chen, X.; Zhu, R.-F.; Gao, H.; Xu, W.-L.; Xiao, G.-Y.; Chen, C.-Z.; Lu, Y.-P. A high bioactive alkali-treated titanium surface induced
by induction heat treatment. Surf. Coat. Technol. 2020, 385, 125362. [CrossRef]

91. Manole, C.C.; Dinischiotu, A.; Nica, C.; Demetrescu, I.; Pirvu, C. Influence of electrospun TiO2 nanowires on corrosion resistance
and cell response of Ti50Zr alloy. Mater. Corros. 2018, 69, 1609–1619. [CrossRef]

92. Ionita, D.; Pirvu, C.; Stoian, A.B.; Demetrescu, I. The Trends of TiZr Alloy Research as a Viable Alternative for Ti and Ti16 Zr
Roxolid Dental Implants. Coatings 2020, 10, 422. [CrossRef]

93. Ke, D.X.; Vu, A.A.; Bandyopadhyay, A.; Bose, S. Compositionally graded doped hydroxyapatite coating on titanium using laser
and plasma spray deposition for bone implants. Acta Biomater. 2019, 84, 414–423. [CrossRef] [PubMed]

94. Heer, B.; Bandyopadhyay, A. Silica coated titanium using Laser Engineered Net Shaping for enhanced wear resistance. Addit.
Manuf. 2018, 23, 303–311. [CrossRef]

95. Das, M.; Balla, V.K.; Kumar, T.S.S.; Bandyopadhyay, A.; Manna, I. Tribological, electrochemical and in vitro biocompatibility
properties of SiC reinforced composite coatings. Mater. Des. 2016, 95, 510–517. [CrossRef]

96. Bandyopadhyay, A.; Dittrick, S.; Gualtieri, T.; Wu, J.; Bose, S. Calcium phosphate-titanium composites for articulating surfaces of
load-bearing implants. J. Mech. Behav. Biomed. Mater. 2016, 57, 280–288. [CrossRef]

97. Stenberg, K.; Dittrick, S.; Bose, S.; Bandyopadhyay, A. Influence of simultaneous addition of carbon nanotubes and calcium
phosphate on wear resistance of 3D-printed Ti6Al4V. J. Mater. Res. 2018, 33, 2077–2086. [CrossRef]

98. Klein, M.O.; Bijelic, A.; Ziebart, T.; Koch, F.; Kaemmerer, P.W.; Wieland, M.; Konerding, M.A.; Al-Nawas, B. Submicron Scale-
Structured Hydrophilic Titanium Surfaces Promote Early Osteogenic Gene Response for Cell Adhesion and Cell Differentiation.
Clin. Implant Dent. Relat. Res. 2013, 15, 166–175. [CrossRef]

99. Jiang, J.; Han, G.; Zheng, X.; Chen, G.; Zhu, P. Characterization and biocompatibility study of hydroxyapatite coating on the
surface of titanium alloy. Surf. Coat. Technol. 2019, 375, 645–651. [CrossRef]

100. Jugowiec, D.; Kot, M.; Moskalewicz, T. Electrophoretic Deposition and Characterisation of Chitosan Coatings on Near-B Titanium
Alloy. Arch. Metall. Mater. 2016, 61, 657–664. [CrossRef]

101. Wang, W.; Wang, Z.; Fu, Y.; Dunne, N.; Liang, C.; Luo, X.; Liu, K.; Li, X.; Pang, X.; Lu, K. Improved osteogenic differentiation of
human amniotic mesenchymal stem cells on gradient nanostructured Ti surface. J. Biomed. Mater. Res. Part A 2020, 108, 1824–1833.
[CrossRef] [PubMed]

102. Karaji, Z.G.; Jahanmard, F.; Mirzaei, A.H.; van der Wal, B.; Yavari, S.A. A multifunctional silk coating on additively manufactured
porous titanium to prevent implant-associated infection and stimulate bone regeneration. Biomed. Mater. 2020, 15, 065016.
[CrossRef]

103. Lin, Q.; Zhou, Y.; Yin, M.; Cheng, Y.; Wei, Y.; Hu, Y.; Lian, X.; Chen, W.; Huang, D. Hydroxyapatite/tannic acid composite coating
formation based on Ti modified by TiO2 nanotubes. Colloids Surf. B Biointerfaces 2020, 196, 111304. [CrossRef]

104. Bajda, S.; Liu, Y.; Tosi, R.; Cholewa-Kowalska, K.; Krzyzanowski, M.; Dziadek, M.; Kopyscianski, M.; Dymek, S.; Polyakov, A.V.;
Semenova, I.P.; et al. Laser cladding of bioactive glass coating on pure titanium substrate with highly refined grain structure. J.
Mech. Behav. Biomed. Mater. 2021, 119, 104519. [CrossRef] [PubMed]

105. Huang, R.; Zhang, L.; Huang, L.; Zhu, J. Enhanced in-vitro osteoblastic functions on beta-type titanium alloy using surface
mechanical attrition treatment. Mater. Sci. Eng. C Mater. Biol. Appl. 2019, 97, 688–697. [CrossRef]

106. Torres, Y.; Sarria, P.; Gotor, F.J.; Gutierrez, E.; Peon, E.; Beltran, A.M.; Gonzalez, J.E. Surface modification of Ti-6Al-4V alloys
manufactured by selective laser melting: Microstructural and tribo-mechanical characterization. Surf. Coat. Technol. 2018, 348,
31–40. [CrossRef]

107. Hanyue, C.; Tianlin, F.; Yan, G. Effect of Shot Peening Parameters on the Gradient Nanocrystalline Structure of TC4 Titanium
Alloy. Surf. Technol. 2020, 49, 214–221.

108. Gunay-Bulutsuz, A.; Berrak, O.; Yeprem, H.A.; Arisan, E.D.; Yurci, M.E. Biological responses of ultrafine grained pure titanium
and their sand blasted surfaces. Mater. Sci. Eng. C-Mater. Biol. Appl. 2018, 91, 382–388. [CrossRef]

http://doi.org/10.3390/coatings10070628
http://doi.org/10.1016/j.vacuum.2006.03.008
http://doi.org/10.1016/j.surfcoat.2004.12.027
http://doi.org/10.1016/j.surfcoat.2019.06.095
http://doi.org/10.1016/j.msec.2020.110921
http://doi.org/10.1016/j.surfcoat.2020.125362
http://doi.org/10.1002/maco.201810317
http://doi.org/10.3390/coatings10040422
http://doi.org/10.1016/j.actbio.2018.11.041
http://www.ncbi.nlm.nih.gov/pubmed/30500448
http://doi.org/10.1016/j.addma.2018.08.022
http://doi.org/10.1016/j.matdes.2016.01.143
http://doi.org/10.1016/j.jmbbm.2015.11.022
http://doi.org/10.1557/jmr.2018.234
http://doi.org/10.1111/j.1708-8208.2011.00339.x
http://doi.org/10.1016/j.surfcoat.2019.07.067
http://doi.org/10.1515/amm-2016-0112
http://doi.org/10.1002/jbm.a.36948
http://www.ncbi.nlm.nih.gov/pubmed/32388898
http://doi.org/10.1088/1748-605X/aba40b
http://doi.org/10.1016/j.colsurfb.2020.111304
http://doi.org/10.1016/j.jmbbm.2021.104519
http://www.ncbi.nlm.nih.gov/pubmed/33915438
http://doi.org/10.1016/j.msec.2018.12.082
http://doi.org/10.1016/j.surfcoat.2018.05.015
http://doi.org/10.1016/j.msec.2018.05.056


Materials 2022, 15, 1749 27 of 29

109. Shao, Z.-Y.; Li, F.; Zhang, J.-L.; Yang, W.-B.; Jiang, X.-S.; Zhu, D.-G. Research progress of various nano-materials reinforced and
rare earth element doped Ti-HA composites. Met. Funct. Mater. 2017, 24, 13–22.

110. Sivaraj, D.; Vijayalakshmi, K. Substantial effect of magnesium incorporation on hydroxyapatite/carbon nanotubes coatings on
metallic implant surfaces for better anticorrosive protection and antibacterial ability. J. Anal. Appl. Pyrolysis 2018, 135, 15–21.
[CrossRef]

111. Majkowska-Marzec, B.; Rogala-Wielgus, D.; Bartmanski, M.; Bartosewicz, B.; Zielinski, A. Comparison of Properties of the Hybrid
and Bilayer MWCNTs-Hydroxyapatite Coatings on Ti Alloy. Coatings 2019, 9, 643. [CrossRef]

112. Lin, Q.; Huang, D.; Du, J.; Wei, Y.; Hu, Y.; Lian, X.; Xie, X.; Chen, W.; Zhang, Y.S. Nano-hydroxyapatite crystal formation based on
calcified TiO2 nanotube arrays. Appl. Surf. Sci. 2019, 478, 237–246. [CrossRef]

113. Fathyunes, L.; Khalil-Allafi, J.; Sheykholeslami, S.O.R.; Moosavifar, M. Biocompatibility assessment of graphene oxide-
hydroxyapatite coating applied on TiO2 nanotubes by ultrasound-assisted pulse electrodeposition. Mater. Sci. Eng. C Mater. Biol.
Appl. 2018, 87, 10–21. [CrossRef]

114. Rafieerad, A.R.; Bushroa, A.R.; Amiri, A.; Gopinath, V.; Sookhakian, M.; Baradaran, S.; Rafieerad, M.; Saber-Samandari, S.;
Vadivelu, J. Large-scale hybrid silver nanowall-reduced graphene oxide biofilm: A novel morphology by facile electrochemical
deposition. Surf. Coat. Technol. 2018, 347, 297–303. [CrossRef]

115. Stoian, A.B.; Demetrescu, I.; Ionita, D. Nanotubes and nano pores with chitosan construct on TiZr serving as drug reservoir.
Colloids Surf. B-Biointerfaces 2020, 185, 110535. [CrossRef]

116. Albu, S.P.; Schmuki, P. Influence of anodization parameters on the expansion factor of TiO2 nanotubes. Electrochim. Acta 2013, 91,
90–95. [CrossRef]

117. Zhang, L.; Pei, L.; Li, H.; Li, S.; Liu, S.; Guo, Y. Preparation and characterization of Na and F co-doped hydroxyapatite coating
reinforced by carbon nanotubes and SiC nanoparticles. Mater. Lett. 2018, 218, 161–164. [CrossRef]

118. Qiao, H.; Song, G.; Huang, Y.; Yang, H.; Han, S.; Zhang, X.; Wang, Z.; Ma, J.; Bu, X.; Fu, L. Si, Sr, Ag co-doped hydroxyapatite/TiO2
coating: Enhancement of its antibacterial activity and osteoinductivity. Rsc Adv. 2019, 9, 13348–13364. [CrossRef]

119. Mumith, A.; San Cheong, V.; Fromme, P.; Coathup, M.J.; Blunn, G.W. The effect of strontium and silicon substituted hydroxyapatite
electrochemical coatings on bone ingrowth and osseointegration of selective laser sintered porous metal implants. PLoS ONE
2020, 15, e0227232. [CrossRef] [PubMed]

120. Sun, X.; Lin, H.; Zhang, C.; Huang, X.; Jin, J.; Di, S. Electrosynthesized nanostructured polypyrrole on selective laser melted
titanium scaffold. Surf. Coat. Technol. 2019, 370, 11–17. [CrossRef]

121. Jugowiec, D.; Lukaszczyk, A.; Cieniek, L.; Kowalski, K.; Rumian, L.; Pietryga, K.; Kot, M.; Pamula, E.; Moskalewicz, T. Influence
of the electrophoretic deposition route on the microstructure and properties of nano-hydroxyapatite/chitosan coatings on the
Ti-13Nb-13Zr alloy. Surf. Coat. Technol. 2017, 324, 64–79. [CrossRef]

122. Yu, Y.; Shen, X.; Luo, Z.; Hu, Y.; Li, M.; Ma, P.; Ran, Q.; Dai, L.; He, Y.; Cai, K. Osteogenesis potential of different titania nanotubes
in oxidative stress microenvironment. Biomaterials 2018, 167, 44–57. [CrossRef] [PubMed]

123. Mansoorianfar, M.; Tavoosi, M.; Mozafarinia, R.; Ghasemi, A.; Doostmohammadi, A. Preparation and characterization of TiO2
nanotube arrays on Ti6A14V surface for enhancement of cell treatment. Surf. Coat. Technol. 2017, 321, 409–415. [CrossRef]

124. Bandyopadhyay, A.; Shivaram, A.; Mitra, I.; Bose, S. Electrically polarized TiO2 nanotubes on Ti implants to enhance early-stage
osseointegration. Acta Biomater. 2019, 96, 686–693. [CrossRef] [PubMed]

125. Shbeh, M.; Yerokhin, A.; Goodall, R. Cyclic voltammetry study of PEO processing of porous Ti and resulting coatings. Appl. Surf.
Sci. 2018, 439, 801–814. [CrossRef]

126. Wang, Y.; Lou, J.; Zeng, L.; Xiang, J.; Zhang, S.; Wang, J.; Xiong, F.; Li, C.; Zhao, Y.; Zhang, R. Osteogenic potential of a novel
microarc oxidized coating formed on Ti6A14V alloys. Appl. Surf. Sci. 2017, 412, 29–36. [CrossRef]

127. Richardson, J.J.; Bjoernmalm, M.; Caruso, F. Technology-driven layer-by-layer assembly of nanofilms. Science 2015, 348. [CrossRef]
128. Fang, Y.; Attarilar, S.; Yang, Z.; Wei, G.; Fu, Y.; Wang, L. Toward Bactericidal Enhancement of Additively Manufactured Titanium

Implants. Coatings 2021, 11, 668. [CrossRef]
129. Yavari, S.A.; Croes, M.; Akhavan, B.; Jahanmard, F.; Eigenhuis, C.C.; Dadbakhsh, S.; Vogely, H.C.; Bilek, M.M.; Fluit, A.C.;

Boel, C.H.E.; et al. Layer by layer coating for bio-functionalization of additively manufactured meta-biomaterials. Addit. Manuf.
2020, 32, 100991. [CrossRef]

130. Kaemmerer, P.W.; Pabst, A.M.; Dau, M.; Staedt, H.; Al-Nawas, B.; Heller, M. Immobilization of BMP-2, BMP-7 and alendronic
acid on titanium surfaces: Adhesion, proliferation and differentiation of bone marrow-derived stem cells. J. Biomed. Mater. Res.
Part A 2020, 108, 212–220. [CrossRef]

131. Huntley, R.; Jensen, E.; Gopalakrishnan, R.; Mansky, K.C. Bone morphogenetic proteins: Their role in regulating osteoclast
differentiation. Bone Rep. 2019, 10, 100207. [CrossRef]

132. Heller, M.; Kumar, V.V.; Pabst, A.; Brieger, J.; Al-Nawas, B.; Kaemmerer, P.W. Osseous response on linear and cyclic RGD-peptides
immobilized on titanium surfaces in vitro and in vivo. J. Biomed. Mater. Res. Part A 2018, 106, 419–427. [CrossRef] [PubMed]

133. Roy, M.; Krishna, B.V.; Bandyopadhyay, A.; Bose, S. Laser processing of bioactive tricalcium phosphate coating on titanium for
load-bearing implants. Acta Biomater. 2008, 4, 324–333. [CrossRef]

134. Mitra, I.; Bose, S.; Dernell, W.S.; Dasgupta, N.; Eckstrand, C.; Herrick, J.; Yaszemski, M.J.; Goodman, S.B.; Bandyopadhyay, A. 3D
Printing in alloy design to improve biocompatibility in metallic implants. Mater. Today 2021, 45, 20–34. [CrossRef] [PubMed]

http://doi.org/10.1016/j.jaap.2018.09.027
http://doi.org/10.3390/coatings9100643
http://doi.org/10.1016/j.apsusc.2019.01.226
http://doi.org/10.1016/j.msec.2018.02.012
http://doi.org/10.1016/j.surfcoat.2018.04.076
http://doi.org/10.1016/j.colsurfb.2019.110535
http://doi.org/10.1016/j.electacta.2012.12.094
http://doi.org/10.1016/j.matlet.2018.01.158
http://doi.org/10.1039/C9RA01168D
http://doi.org/10.1371/journal.pone.0227232
http://www.ncbi.nlm.nih.gov/pubmed/31923253
http://doi.org/10.1016/j.surfcoat.2019.04.078
http://doi.org/10.1016/j.surfcoat.2017.05.056
http://doi.org/10.1016/j.biomaterials.2018.03.024
http://www.ncbi.nlm.nih.gov/pubmed/29554480
http://doi.org/10.1016/j.surfcoat.2017.05.016
http://doi.org/10.1016/j.actbio.2019.07.028
http://www.ncbi.nlm.nih.gov/pubmed/31326668
http://doi.org/10.1016/j.apsusc.2017.12.236
http://doi.org/10.1016/j.apsusc.2017.03.191
http://doi.org/10.1126/science.aaa2491
http://doi.org/10.3390/coatings11060668
http://doi.org/10.1016/j.addma.2019.100991
http://doi.org/10.1002/jbm.a.36805
http://doi.org/10.1016/j.bonr.2019.100207
http://doi.org/10.1002/jbm.a.36255
http://www.ncbi.nlm.nih.gov/pubmed/28971567
http://doi.org/10.1016/j.actbio.2007.09.008
http://doi.org/10.1016/j.mattod.2020.11.021
http://www.ncbi.nlm.nih.gov/pubmed/34220288


Materials 2022, 15, 1749 28 of 29

135. Fattah-alhosseini, A.; Molaei, M.; Attarzadeh, N.; Babaei, K.; Attarzadeh, F. On the enhanced antibacterial activity of plasma
electrolytic oxidation (PEO) coatings that incorporate particles: A review. Ceram. Int. 2020, 46, 20587–20607. [CrossRef]

136. Li, T.; Xu, J.; Gao, B.; Gao, C. Research Progress of Surface Modification of Biomedical Titanium Alloy. Hot Work. Technol. 2021,
7–12. [CrossRef]

137. Zhang, X.; Wang, B.; Ma, L.; Xie, L.; Yang, H.; Li, Y.; Wang, S.; Qiao, H.; Lin, H.; Lan, J.; et al. Chemical stability, antibacterial
and osteogenic activities study of strontium-silver co-substituted fluorohydroxyapatite nanopillars: A potential multifunctional
biological coating. Ceram. Int. 2020, 46, 27758–27773. [CrossRef]

138. Kleszcz, K.; Hebda, M.; Kyziol, A.; Krawiec, H.; Kyziol, K. Towards prevention of biofilm formation: Ti6Al7Nb modified with
nanocomposite layers of chitosan and Ag/Au nanoparticles. Appl. Surf. Sci. 2021, 557, 149795. [CrossRef]

139. Zhang, X.; Lv, Y.; Cai, G.; Fu, S.; Yang, L.; Ma, Y.; Dong, Z. Reactive incorporation of Ag into porous TiO2 coating and its influence
on its microstructure, in vitro antibacterial efficacy and cytocompatibility. Prog. Nat. Sci. 2021, 31, 215–229. [CrossRef]

140. Rahnamaee, S.Y.; Bagheri, R.; Heidarpour, H.; Vossoughi, M.; Golizadeh, M.; Samadikuchaksaraei, A. Nanofibrillated chitosan
coated highly ordered titania nanotubes array/graphene nanocomposite with improved biological characters. Carbohydr. Polym.
2021, 254, 117465. [CrossRef] [PubMed]

141. Huang, Y.; Song, G.; Chang, X.; Wang, Z.; Zhang, X.; Han, S.; Su, Z.; Yang, H.; Yang, D.; Zhang, X. Nanostructured Ag+-substituted
fluorhydroxyapatite-TiO2 coatings for enhanced bactericidal effects and osteoinductivity of Ti for biomedical applications. Int. J.
Nanomed. 2018, 13, 2665–2684. [CrossRef] [PubMed]

142. Li, M.; Mitra, D.; Kang, E.-T.; Lau, T.; Chiong, E.; Neoh, K.G. Thiol-ol Chemistry for Grafting of Natural Polymers to Form Highly
Stable and Efficacious Antibacterial Coatings. Acs Appl. Mater. Interfaces 2017, 9, 1847–1857. [CrossRef] [PubMed]

143. Neufeld, B.H.; Neufeld, M.J.; Lutzke, A.; Schweickart, S.M.; Reynolds, M.M. Metal-Organic Framework Material Inhibits Biofilm
Formation of Pseudomonas aeruginosa. Adv. Funct. Mater. 2017, 27, 1702255. [CrossRef]

144. Zhang, X.; Zhang, G.; Zhang, H.; Li, J.; Yao, X.; Tang, B. Surface immobilization of heparin and chitosan on titanium to improve
hemocompatibility and antibacterial activities. Colloids Surf. B-Biointerfaces 2018, 172, 338–345. [CrossRef] [PubMed]

145. Avcu, E.; Avcu, Y.Y.; Bastan, F.E.; Rehman, M.A.U.; Ustel, F.; Boccaccini, A.R. Tailoring the surface characteristics of electrophoreti-
cally deposited chitosan-based bioactive glass composite coatings on titanium implants via grit blasting. Prog. Org. Coat. 2018,
123, 362–373. [CrossRef]

146. Huang, L.; Chen, J.; Li, X.; Liu, H.; Li, J.; Ren, T.; Yang, Y.; Zhong, S. Polymethacrylic acid encapsulated TiO2 nanotubes for
sustained drug release and enhanced antibacterial activities. New J. Chem. 2019, 43, 1827–1837. [CrossRef]

147. Zhang, R.; Liu, X.; Xiong, Z.; Huang, Q.; Yang, X.; Yan, H.; Ma, J.; Feng, Q.; Shen, Z. Novel micro/nanostructured TiO2/ZnO
coating with antibacterial capacity and cytocompatibility. Ceram. Int. 2018, 44, 9711–9719. [CrossRef]

148. Rokosz, K.; Hryniewicz, T.; Kacalak, W.; Tandecka, K.; Raaen, S.; Gaiaschi, S.; Chapon, P.; Malorny, W.; Matysek, D.;
Pietrzak, K.; et al. Phosphate Coatings Enriched with Copper on Titanium Substrate Fabricated Via DC-PEO Process. Ma-
terials 2020, 13, 1295. [CrossRef]

149. Zhang, L.; Guo, J.; Yan, T.; Han, Y. Fibroblast responses and antibacterial activity of Cu and Zn co-doped TiO2 for percutaneous
implants. Appl. Surf. Sci. 2018, 434, 633–642. [CrossRef]

150. van Hengel, I.A.J.; Putra, N.E.; Tierolf, M.W.A.M.; Minneboo, M.; Fluit, A.C.; Fratila-Apachitei, L.E.; Apachitei, I.; Zadpoor, A.A.
Biofunctionalization of selective laser melted porous titanium using silver and zinc nanoparticles to prevent infections by
antibiotic-resistant bacteria. Acta Biomater. 2020, 107, 325–337. [CrossRef] [PubMed]

151. Luz, A.R.; Santos, L.S.; Lepienski, C.M.; Kuroda, P.B.; Kuromoto, N.K. Characterization of the morphology, structure and
wettability of phase dependent lamellar and nanotube oxides on anodized Ti-10Nb alloy. Appl. Surf. Sci. 2018, 448, 30–40.
[CrossRef]

152. Del Curto, B.; Brunella, M.F.; Giordano, C.; Pedeferri, M.P.; Valtulina, V.; Visai, L.; Cigada, A. Decreased bacterial adhesion to
surface-treated titanium. Int. J. Artif. Organs 2005, 28, 718–730. [CrossRef]

153. He, L.J.; Hao, J.C.; Dai, L.; Zeng, R.C.; Li, S.Q. Layer-by-layer assembly of gentamicin-based antibacterial multilayers on Ti alloy.
Mater. Lett. 2020, 261, 127001. [CrossRef]

154. Ionita, D.; Bajenaru-Georgescu, D.; Totea, G.; Mazare, A.; Schmuki, P.; Demetrescu, I. Activity of vancomycin release from
bioinspired coatings of hydroxyapatite or TiO2 nanotubes. Int. J. Pharm. 2017, 517, 296–302. [CrossRef]

155. Janson, O.; Soerensen, J.H.; Stromme, M.; Engqvist, H.; Procter, P.; Welch, K. Evaluation of an alkali-treated and hydroxyapatite-
coated orthopedic implant loaded with tobramycin. J. Biomater. Appl. 2019, 34, 699–720. [CrossRef]

156. Kiran, A.S.K.; Kizhakeyil, A.; Ramalingam, R.; Verma, N.K.; Lakshminarayanan, R.; Kumar, T.S.S.; Doble, M.; Ramakrishna, S.
Drug loaded electrospun polymer/ceramic composite nanofibrous coatings on titanium for implant related infections. Ceram. Int.
2019, 45, 18710–18720. [CrossRef]

157. Maver, T.; Mastnak, T.; Mihelic, M.; Maver, U.; Finsgar, M. Clindamycin-Based 3D-Printed and Electrospun Coatings for Treatment
of Implant-Related Infections. Materials 2021, 14, 1464. [CrossRef]

158. Braem, A.; Van Mellaert, L.; Mattheys, T.; Hofmans, D.; De Waelheyns, E.; Geris, L.; Anne, J.; Schrooten, J.; Vleugels, J.
Staphylococcal biofilm growth on smooth and porous titanium coatings for biomedical applications. J. Biomed. Mater. Res. Part A
2014, 102, 215–224. [CrossRef]

http://doi.org/10.1016/j.ceramint.2020.05.206
http://doi.org/10.14158/j.cnki.1001-3814.20190466
http://doi.org/10.1016/j.ceramint.2020.07.275
http://doi.org/10.1016/j.apsusc.2021.149795
http://doi.org/10.1016/j.pnsc.2021.02.002
http://doi.org/10.1016/j.carbpol.2020.117465
http://www.ncbi.nlm.nih.gov/pubmed/33357924
http://doi.org/10.2147/IJN.S162558
http://www.ncbi.nlm.nih.gov/pubmed/29760549
http://doi.org/10.1021/acsami.6b10240
http://www.ncbi.nlm.nih.gov/pubmed/27991755
http://doi.org/10.1002/adfm.201702255
http://doi.org/10.1016/j.colsurfb.2018.08.060
http://www.ncbi.nlm.nih.gov/pubmed/30179803
http://doi.org/10.1016/j.porgcoat.2018.07.021
http://doi.org/10.1039/C8NJ04568B
http://doi.org/10.1016/j.ceramint.2018.02.202
http://doi.org/10.3390/ma13061295
http://doi.org/10.1016/j.apsusc.2017.10.169
http://doi.org/10.1016/j.actbio.2020.02.044
http://www.ncbi.nlm.nih.gov/pubmed/32145392
http://doi.org/10.1016/j.apsusc.2018.04.079
http://doi.org/10.1177/039139880502800711
http://doi.org/10.1016/j.matlet.2019.127001
http://doi.org/10.1016/j.ijpharm.2016.11.062
http://doi.org/10.1177/0885328219867968
http://doi.org/10.1016/j.ceramint.2019.06.097
http://doi.org/10.3390/ma14061464
http://doi.org/10.1002/jbm.a.34688


Materials 2022, 15, 1749 29 of 29

159. Rifai, A.; Tran, N.; Reineck, P.; Elbourne, A.; Mayes, E.; Sarker, A.; Dekiwadia, C.; Ivanova, E.P.; Crawford, R.J.; Ohshima, T.; et al.
Engineering the Interface: Nanodiamond Coating on 3D-Printed Titanium Promotes Mammalian Cell Growth and Inhibits
Staphylococcus aureus Colonization. Acs Appl. Mater. Interfaces 2019, 11, 24588–24597. [CrossRef] [PubMed]

160. Rifai, A.; Nhiem, T.; Lau, D.W.; Elbourne, A.; Zhan, H.; Stacey, A.D.; Mayes, E.L.H.; Sarker, A.; Ivanova, E.P.; Crawford, R.J.; et al.
Polycrystalline Diamond Coating of Additively Manufactured Titanium for Biomedical Applications. Acs Appl. Mater. Interfaces
2018, 10, 8474–8484. [CrossRef] [PubMed]

http://doi.org/10.1021/acsami.9b07064
http://www.ncbi.nlm.nih.gov/pubmed/31199619
http://doi.org/10.1021/acsami.7b18596
http://www.ncbi.nlm.nih.gov/pubmed/29470044

	Introduction 
	Overview of the Development of Medical Ti Alloys 
	Brief Introduction of Biomedical Ti and Ti Alloys 
	Significance of Surface Modification 
	Brief Introduction of Current Advances of Surface Modification Technologies 

	Surface Modification for Biomedical Ti and Ti Alloys 
	Overview on Surface Modification Techniques for Improving Wear Resistance 
	Physical Technologies for Improving Wear Resistance 
	Chemical Technologies for Improving Wear Resistance 
	3D Printing Technologies for Improving Wear Resistance 

	Overview on Surface Modification Techniques to Improve Biological Activity 
	Electrochemical and Biochemical Methods for Improving Biological Activity 
	3D Printing Technologies for Improving Biological Activity 

	Overview on Surface Modification Techniques to Improve Antibacterial Performance 
	Functional Antibacterial Coating 
	Antimicrobial Surfaces on Ti Alloy Scaffolds 


	Future Perspectives and Concluding Remarks 
	References

