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Abstract

Titanium and its alloys have been widely applied in many biomedical fields because of its excellent mechanical prop-
erties, corrosion resistance and good biocompatibility. However, problems such as rejection, shedding and infection
will occur after titanium alloy implantation due to the low biological activity of titanium alloy surface. The structures
with specific functions, which can enhance osseointegration and antibacterial properties, are fabricated on the sur-
face of titanium implants to improve the biological activity between the titanium implants and human tissues. This
paper presents a comprehensive review of recent developments and applications of surface functional structure

in titanium and titanium alloy implants. The applications of surface functional structure on different titanium and tita-
nium alloy implants are introduced, and their manufacturing technologies are summarized and compared. Further-
more, the fabrication of various surface functional structures used for titanium and titanium alloy implants is reviewed
and analyzed in detail. Finally, the challenges affecting the development of surface functional structures applied

in titanium and titanium alloy implants are outlined, and recommendations for future research are presented.
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1 Introduction

With the acceleration of the aging process of the popu-
lation, as well as the continuous increase in bone cancer
and traffic accidents, the repair and replacement of hard
tissues such as bones and teeth are becoming increas-
ingly important. As a result, demand for high-quality
hard tissue replacement materials has also increased
sharply. According to statistics, the global market size of
biomedical materials and their products reached 191 bil-
lion US dollars in 2020, and its scale is expected to exceed
557.1 billion US dollars by 2026 [1], as shown in Figure 1.
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Figure 2 summarizes the global proportion of biomedical
material products in 2020. As is evident from Figure 2,
the orthopedic and cardiovascular medical fields have the
largest demand, accounting for 37.5% and 36.1% of the
global medical biomaterials market, respectively. As bio-
medical implant materials, the elastic modulus, fatigue
strength, and biocompatibility are critical for tissue
replacements and restorations. The strength of implant
materials decides their loadbearing capability, while the
biocompatibility determines the success of implantation
surgery. Metal, ceramic and polymer materials are cur-
rently the three most commonly used materials in the
field of biomedical implants. Among those, titanium and
its alloys possess excellent mechanical properties, good
corrosion resistance and biocompatibility, which are
widely used in biomedical fields such as artificial joints,
tooth root implants, and vascular stents [2].

The early and long-term stability of titanium implants
after implantation is a key factor in determining their
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Figure 1 Trend chart of global sales scale of the biomedical materials
and products industry

service life. The early stability of titanium and titanium
alloy implants depends mainly on the mechanical forces
formed on the surface and surrounding bone tissue.
Roughening the surface of the implant can increase its
contact area with the bone tissue, and a mechanical lock
is formed between the implant and bone tissue, improv-
ing the early stability of the implant. The long-term sta-
bility of titanium and titanium alloy implants depends on
the abilities of osteointegration, including mainly osteo-
conduction and osteoinduction [3—6]. However, this can-
not actively induce osteogenesis because the surface of
titanium and titanium alloy implants currently used in
clinical practice is mostly biologically inert.

The functional surface consists of structures with
various morphologies, scales and specific functions
fabricated on the machined surfaces. It can improve
the early and long-term stabilities of titanium and tita-
nium alloy implants and effectively enhance their anti-
bacterial properties, which has always been an active
research topic in the biomedical field [7-9]. Studies
have shown that the physical and chemical properties
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of titanium and titanium alloy implant surfaces can be
significantly improved by fabrication of microstruc-
tures with different shapes and sizes, such as grooves
and pits, on the surface of the implants. These micro-
structures can induce osteoblast migration and dif-
ferentiation, and enhance the surface wettability of
implants, thereby improving their biocompatibility and
ensuring the implants firmly combine with the bone
tissue. It is an effective method for solving the problems
of poor osseointegration and weak antibacterial prop-
erties on the surface of implants [10-12]. The func-
tional structure on the surface of titanium and titanium
alloy implants is growing increasingly more complex
for its wider use and higher performance demands.

150

(b) Surface Functional Structure

120 |-

Coating Structure
42.9%

60

(a) Number of Publication
S
T

30 1 1
2012 2014 2016 2018 2020 2022 2024

Year
Figure 3 Worldwide research effort on the surface functional
structure of titanium and titanium alloy implants in the past 10 years:
(@) Number of publications per year, (b) The proportion of different
types of surface functional structures

Craniofacial ’
implants

» -
A
>

Tooth root
implants D
Y

Hip implants Q‘ E?

37.5%

Orthopedics

' .
Knee implants ’P f



Tang et al. Chinese Journal of Mechanical Engineering (2024) 37:87

Figure 3 summarizes the worldwide research on the
surface functional structure of titanium and titanium
alloy implants in the past 10 years. It can be seen from
Figure 3 that the number of published papers in this
research field shows an overall upward trend, and these
researches mainly focuses on coating structure and
porous structure (Figure 3(b)). In addition, the regu-
lar structure also attracted certain attention in recent
years due to its good stability and simple preparation
process.

The manufacturing techniques and methods used in
fabricating surface functional structures have been the
key factors that restrict the development of titanium
and titanium alloy implants. However, to date, there
has been no review of the fabrication and develop-
ment of surface functional structures on titanium and
titanium alloy implants. The objective of this literature
review is to outline the worldwide research efforts on
surface functional structures applied in titanium and
titanium alloy implants and provide the reader with a
better understanding of the current development sta-
tus of surface functional structures as well as guide its
future design and fabrication. In the first part of this
review, the applications of surface functional struc-
tures on different titanium and titanium alloy implants
are introduced. The second part summarizes the cur-
rent manufacturing technologies of surface functional
structures. The fabrication of various surface func-
tional structures used for titanium and titanium alloy
implants are reviewed and analyzed in the third part.
Finally, the challenges affecting the development of sur-
face functional structures for titanium and titanium
alloy implants are outlined, and recommendations for
future research are presented.
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2 Application of Surface Functional Structure
on Different Titanium Alloy Implants

The functional surface structure serves to strengthen
light, enhance heat transfer, reduce resistance and
wear-resistance due to its special geometric character-
istics. It has been widely used in biomedicine, optical
displays, 3C electronics (computer, communication,
and consumer electronics) and other important fields
[13, 14]. In recent years, the application of surface
functional structures in the biomedical field has devel-
oped rapidly with the increasing demand for medical
implants. The functional surface structures are vital
for the development of implants with good biocom-
patibility. At present, the surface functional structure
is applied widely in medical implants such as artificial
joints, tooth root implants, vascular stents and heart
valves [15-17].

2.1 Artificial Joint Implants

Hip and knee implants are the most widely used artifi-
cial joint implants in clinical practice. Irregular porous
structures are often machined on the femoral surface
of hip implants and the tibial joint pad surface of knee
implants, as shown in Figure 4. This kind of structure
can increase the contact area of the implant with human
tissue, improving the binding strength of the implants,
and providing a place for information exchange among
cells [18]. In addition, structures such as micro-pits and
micro-grooves, fabricated on the femoral head surface
of hip implants, can store lubricants and collect wear
scraps, significantly reducing the friction coefficient of
the femoral head, as well as the wear between the femo-
ral head and the acetabular shell [19-21].

Figure 4 Surface of artificial joint implants: (@) Knee implants and (b) Hip implants
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2.2 Tooth Root Implants

In the oral cavity, a root implant not only needs to resist
the erosion caused by saliva, but also to bear the huge bite
force. Under the environment of high loads, strong cor-
rosion and multi-microorganisms, the binding force and
antibacterial properties between the root implant and
bone tissue have put forward higher requirements. Com-
pared with tooth root implants with smooth surfaces,
root implants with microstructures (grooves, pits, etc.)
and silver coatings show good early osteogenesis perfor-
mance and high bone tissue binding strength, which can
significantly inhibit the growth of Staphylococcus aureus
[22, 23]. Figure 5 shows the application of functional sur-
face structure on the surface of tooth root implants.

2.3 Vascular Stents
With the growth of age and excessive intake of high fat,
high cholesterol and other foods, people are prone to

Figure 6 The vascular stent and its surface microstructure
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atherosclerosis and accumulation of arterial fat, which
eventually lead to arterial blockage, insufficient blood
supply to the heart and life-threatening. A vascular
stent is a tiny metal mesh tube that is mainly used to
treat clogged arteries and can be permanently inserted
into the arteries. However, the surface of the stent
may not adequately fuse with the vascular wall during
implantation, increasing the risk of thrombosis and
renarrowing of the blood vessels. Researchers have fab-
ricated the structures such as micropores and micro-
pits on the surface of vascular stents to increase the
contact area between the stent and cells in the vascu-
lar wall, as depicted in Figure 6. This structure provides
a place for the adhesion of cells to the vascular wall
and the carrying of anticoagulant drugs, significantly
improving the anti-hemagglutination, anti-prolifera-
tion, anti-inflammatory and biocompatibility of vascu-
lar stents [24—26].
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2.4 Artificial Heart Valve

Heart valves are the key to ensuring normal blood cir-
culation in the heart. At present, there are two types of
artificial heart valve prostheses, including mechanical
and biological prosthetic valves. Mechanical valves are
widely used in artificial heart valves due to their excellent
mechanical properties and long service life. Nonethe-
less, there is a higher risk of thrombosis and embolism
on the surface. The risk of thrombosis and embolism can
be effectively avoided by machining microstructures of
specific shapes and sizes on the surface of the mechani-
cal valves. Figure 7 shows a superhydrophobic structure
fabricated on the surface of a mechanical valve. This
structure can reduce the adhesion of blood to the surface
of the mechanical valves, thereby reducing the risk of
thrombosis and embolism [10, 27, 28].

3 Manufacturing Technologies of Surface
Functional Structure Applied in Titanium Alloy
Implants

At present, the manufacturing technologies used in fab-

ricating surface functional structures for titanium and

titanium alloy implants can be divided into traditional
machining methods, non-traditional machining methods
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and other new machining methods. The traditional
machining methods mainly include turning, milling and
grinding, etc. The non-traditional machining methods
mainly include chemical processing, electrochemical
processing and laser processing, etc. Other new process-
ing methods are primarily plasma spraying, magnetron
sputtering and metal 3D printing, etc.

3.1 Traditional Machining Methods

Traditional machining methods, including turning, mill-
ing and grinding, have been widely used in surface func-
tional structure machining of titanium and titanium alloy
implants due to their high efficiency and low cost. Fig-
ure 8 shows the microstructure of titanium and titanium
alloy implant surfaces fabricated by turning, milling and
grinding, respectively. Among these, the turning process-
ing is the first machining method used for fabricating the
microgroove structure on the surface of titanium and
titanium alloy implants. The milling processing, which
has the advantages of high machining accuracy and abil-
ity to fabricate complex curved surfaces, is the most
widely used technology in the manufacture of micro-
structures on the surface of titanium and titanium alloy
implants [29-31].

Figure 8 Microstructures of titanium and titanium alloy implants surface fabricated by different machining methods: (@) Turning [32], (b) Micro
milling [30], and (c) Grinding [31]
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3.2 Non-traditional Machining Methods

Non-traditional machining methods can be used to
fabricate some structures on metal surfaces that are
difficult to fabricate and process by traditional machin-
ing methods. At present, the chemical etching, elec-
trochemical processing and laser processing are the
most widely used non-traditional machining methods
in manufacturing the microstructures on the surface
of titanium alloys. Figure 9 shows the microstructures
fabricated by these three machining methods on the
surface of titanium alloy implants. The electrochemical
etching is mainly used for machining porous structures
with good wear resistance and corrosion resistance.
Higher surface porosity and hydrophilicity of porous
structures can enhance the tissue-bonding ability of
the titanium and its alloy surface [33-35]. Laser pro-
cessing, which has the advantages of high machining
efficiency and good controllability, is mainly used for
fabricating micro-groove structures. The surface of the
grooves fabricated by laser processing can generate a
rough laminar microstructure, which is conducive to
improving the stability of the implant after implanta-
tion in the human body [36].
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3.3 Other New Machining Methods

With the increasing demand for titanium and titanium
alloy implants with different surface functional struc-
tures, traditional and non-traditional machining methods
are difficult to satisfy the processing requirements. New
machining methods such as plasma spraying, magnetron
sputtering, and metal 3D printing have been applied to
fabricate surface functional structures for titanium and
titanium alloy implants. The plasma spraying and magne-
tron sputtering are mainly used for machining the coat-
ing structures on titanium and titanium alloy implant
surfaces. The methods both have high spraying effi-
ciency, and the machined coating structures are uniform
with strong adhesion, making them extremely suitable
for the fabrication of coating structures on the surface
of titanium and titanium alloy implants [37, 38]. Metal
3D printing technology is chiefly used to manufacture
porous titanium and titanium alloy implants with com-
plex structures due to its short production cycle, high
material utilization rate and efficient forming of complex
structures [39-42]. Figure 10 exhibits the microstruc-
tures fabricated on the surface of titanium and tita-
nium alloy implants using plasma spraying, magnetron
sputtering, and metal 3D printing techniques, respec-
tively. Table 1 summarizes the different manufacturing
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Flgure 9 Microstructures fabricated on the surface of titanium alloy implants using different non-traditional machmlng methods: (@) Chemical
etching [33], (b) Electrochemical processing [35], and (c) Laser processing [36]

Flgure 10 Functional structures fabricated on the surface of titanium and titanium alloy implants using different machining methods: (a) Plasma
spraying [37], (b) Magnetron sputtering [38], and (c) Metal 3D printing technology [39]
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Table 1 Characteristics of different manufacturing methods on titanium and its alloys surface
Classification Manufacturing Advantages Disadvantages Structure type

technologies

Traditional machining
methods

Non-traditional machining
methods

Other new machining
methods

Turning

Grinding

Micro milling

Anodic oxidation
Micro-arc oxidation
Chemical etching
Laser processing
Metal 3D printing
Plasma spraying

Magnetron sputtering

Low cost, high efficiency

High processing efficiency,
low cost, good processing
quality

High processing accuracy,
good operability, good
surface regularity

High coating hardness, good
wear resistance

Uniform coating, high bond-
ing strength, large aperture
High processing efficiency,
no stress, simple operation

Fast processing speed, small
deformation

Free molding, low cost, loose
and porous surface

High spraying efficiency, low
cost, simple operation

Fast deposition speed, high
bonding strength

Unable to turn the complex
curved body

Low surface roughness

High equipment and mainte-
nance costs

High cost, low efficiency,
small aperture

Large capacity refrigeration
equipment is required

Chemical solution pollutes
the environment

Equipment is expensive
and energy is uneven

Powder particle dissociation
leads to infection and failure

Carrier gas is expensive

Anode requires high con-
sumption

Microgrooves, Micro pits

Microgrooves

Microgrooves, Micro pits

Porous structure

Porous structure
Microgrooves, Micro pits
Microgrooves, Micro pits
Porous structure
Coating structure

Coating structure

technologies of surface functional structures applied
in titanium and titanium alloy implants, as well as the
advantages and disadvantages of each technology and the
types of various structures.

4 Fabrication of Surface Functional Structure
on Titanium and Titanium Alloy Implants

There are many types of surface structures on titanium
and titanium alloy implants, which have different mor-
phologies and sizes. According to the different surface
structural morphology of titanium and titanium alloy
implants, it can be divided into three categories: coat-
ing structure, regular structure and porous structure.
At present, scholars have carried out a large number of
studies in fabricating surface functional structures on
titanium alloy implants, and some achievements have
been achieved. The research on the fabrication of coating
structure, regular structure and porous structure on the
surface of titanium and titanium alloy implants are sum-
marized and reviewed as follows.

4.1 Coating Structures

The surface of early titanium alloy implants is smooth
and the biological activity is low. After implantation,
it would release metal elements that are harmful to the
human body, leading to metal poisoning in serious cases.
Coating structures can effectively prevent direct con-
tact between the metal surface and biological tissue.

Preparing a bioactive coating on the surface of titanium
alloy implants, can not only activate the bioactive factors
on the implant surfaces, but also effectively improve the
corrosion resistance and wear resistance, which is the
transitional layer between human tissue and implant.
At present, hydroxyapatite coating and titanium diox-
ide coating are the two most commonly used coating
structures on the surface of titanium and titanium alloy
implants.

4.1.1 Hydroxyapatite Coating

Hydroxyapatite (HA) is a natural calcium phosphate that
is the main constituent of teeth and bones. Hydroxyapa-
tite coating has the osteoinduction to provide a bone-
friendly surface for titanium alloy implants, which can
enhance osteoblast activity. However, it also has the
defects of high brittleness, weak antibacterial, low bond-
ing strength with metal substrate, and is easy to shed
after long-term implantation. It is an effective method to
improve the binding strength and antibacterial perfor-
mance of HA coating by doping functional elements on
the coating surface. Currently, the element doping meth-
ods of HA coating can be divided into single-element
doping and multi-element doping.

Elements such as tantalum, strontium and fluorine are
commonly used in single-element doping. Lu et al. [43]
fabricated Ta-HA coating with a microporous structure
doped with tantalum elements using plasma spraying
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technology, and the surface characteristics and mechani-
cal properties of the coating were tested. The experi-
mental results showed that the surface roughness and
wettability of Ta-HA coating were significantly improved,
and the minimum contact angle was 13.2°. The bond-
ing strength of Ta-HA coating with metal substrate was
obviously better than that of HA coating. Tao et al. [44]
prepared Sr-HA coating doped with strontium element
by electrochemical deposition techniques, and tested
the effects of Sr content on the bonding strength of the
implant. The results showed that when the Sr content
was 20 %, the titanium implant coated with Sr-HA coat-
ing showed the best osseointegration performance. The
maximum push-out force ratio and bone area ratio were
about 2.25 and 3.35 times that of HA coating, respec-
tively. Subsequently, Li et al. [45] fabricated Mg-HA coat-
ing doped with magnesium element on the surface of
titanium substrates by the sol-gel dip-coating method.
The histomorphometry and biomechanical testing
revealed that the bone-implant contact and bone area
ratio of Mg-HA-coated titanium implants increased by
2.25 and 1.35 times, respectively. The maximum push-out
force increased by 1.54 times. Zhong et al. [46] fabricated
Zn-HA coating doped with zinc element on titanium
substrates by electrophoretic deposition techniques, and
the effect of zinc content on alkaline phosphatase activity
related to osteogenic properties was studied. The results
showed that the Zn-HA coating had better osteogenic
properties than HA coating when the zinc content was
5%, and its alkaline phosphatase content was 1.61 times
that of the HA coating. Lou et al. [47] fabricated La-HA
coating doped with lanthanum element on titanium sub-
strates by the sol-gel dip-coating method, the La-HA
coating was mainly composed of rod-like particles. The
effect of lanthanum content on the bonding strength and
alkaline phosphatase activity of the coatingwas studied.
The results showed that when the content of La was 20%,
the bonding strength and alkaline phosphatase activity
of La-HA coating was 1.08 and 1.11 times as that of HA
coating, respectively.

Although single-element doping can improve the
performance of HA coating, it has limited functional-
ity. Multi-element doping is developed on the basis
of single-element doping. Compared with single-ele-
ment doping, it has the advantages of high binding
strength, good antibacterial property and biocompat-
ibility, which is the main method of HA coating modi-
fication at present. Vu et al. [48] fabricated HA coating
doped with various chemical substances (ZnO, SiO,
and Ag,0) on titanium substrates by plasma spray-
ing technology. Experiments in vitro showed that ZnO
could induce osteogenesis, SiO, could promote angio-
genesis and Ag,O could inhibit bacterial production.
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Compared with HA coating, Zn/Si/Ag-HA coating had
similar performance on bonding strength and maxi-
mum push-out force, and had larger proportion of total
bone formation and bone mineralization of 1.24 and
2.91 times, respectively. The Zn/Si/Ag-HA coating also
showed great hydrophilicity, and the minimum contact
angle was 40°, which was 51.7% smaller than untreated
surface. Ke et al. [2] fabricated HA coating doped with
MgO and Ag,O on titanium alloy substrates by using
plasma spraying technology. The experimental results
indicated that the strength of the doped HA coating
improved by 52% more than that of the HA coating
without doping. In addition, MgO could induce osteo-
genesis and the Ag,0 had obvious inhibitory effect on
Escherichia coli and Staphylococcus aureus. Huang
et al. [49] first prepared a layer of titanium dioxide
nanotube structure on the surface of titanium substrate
by anodic oxidation technology, and then deposited
a HA coating doped with F element and Ag element
on the surface of titanium dioxide nanotube by elec-
trodeposition technology, and studied the bonding
strength, antibacterial efficacy, wettability and in vitro
bioactivity of F/Ag-HA coating. The results showed
that the addition of fluorine elements can significantly
enhance the adhesion of the coating to the titanium
substrate. The bonding strength of F/Ag-HA coating is
about 1.39 times that of HA coating. F/Ag-HA coating
can significantly inhibit the growth of Staphylococcus
aureus. Compared with HA coating, the wettability of
the F/Ag-HA coating was significantly reduced, and the
contact angle was 110°, which mainly depended on the
dandelion-like aggregates on the surface of the needle-
like nanocrystals, as shown in Figure 11. The results
of in vitro bioactivity showed that the alkaline phos-
phatase activity of F/Ag-HA coating was about 1.47
times that of HA coating.

HA coating is a bioactive coating with the ability to
induce osseointegration effectively between the implant
and the bone interface. However, HA coating has the dis-
advantages of high brittleness, low fatigue strength and
weak bonding strength, and its inconsistency of ther-
mal expansion coefficient in metal matrix leads to the
low long-term survival rate of HA coating implants. The
bonding strength of coating and implant plays a decisive
role in the service life of the implant. Figure 12 summa-
rizes the maximum bond strength enhancement ratio of
HA coatings doped with different elements. It could be
seen that most of the doped functional elements played
a certain role in promoting the bonding strength of coat-
ing and implants. HA coating doped with single-ele-
ment tends to have larger bonding strength, while HA
coating doped with multi-element has multifunctional
properties.
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Figure 11 Microstructure of HA coating and F/Ag-HA coating: (a, b)
magnification images of F/Ag-HA coating [49]
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Figure 12 The maximum bonding strength enhancement ratio of HA coatings doped with different elements

4.1.2 Titanium Dioxide Coating

Titanium dioxide (TiO,), as a common oxide on the
surface of titanium and its alloys, has good corrosion
and wear resistance properties, and is often used as a
surface coating structure for titanium alloy implants.

Compared with HA coating, TiO, coating has higher

binding strength with substrate, but it is not suita-
ble for long-term implantation in human body due to
their relatively weak osseointegration and antibacterial
properties.
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In order to improve the osseointegration and anti-
bacterial properties of titanium dioxide coating, some
researchers doped corresponding functional elements
to improve its performance. Kang et al. [50] prepared a
copper-doped titanium dioxide coating on the surface
of titanium substrate by micro-arc oxidation technol-
ogy. The surface morphology is similar to a crater-like
microporous structure. The effects of different copper
contents on the wettability, antibacterial properties and
osteogenic ability of the coating were studied. In vitro
antibacterial experiments indicated that Cu-TiO, coating
could significantly inhibit the growth of Staphylococcus
aureus and Porphyromonas gingivalis. The wettability
test results showed that when the copper content was
0.5%, and the minimum contact angle of the Cu-TiO,
coating was 43°. The results of osteogenic ability experi-
ments showed that when the copper content was 1%, the
alkaline phosphatase activity of the Cu-TiO, coating was
about 1.94 times that of TiO, coating. Zhao et al. [51]
prepared silicon-doped TiO, coating on the surface of
titanium substrate by micro-arc oxidation technology,
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and its surface morphology was microporous, as shown
in Figure 13. Firstly, the effect of silicon content on the
roughness of Si-TiO, coating was studied, and the effect
of Si-TiO, coating on osteogenic activity and alkaline
phosphatase activity was studied. The experimental
results showed that the surface roughness of the coat-
ing prepared by micro-arc oxidation technology has a
significant increase compared with the smooth titanium
surface, while the effect of Si content on the roughness is
not obvious. With the increase of Si content, the osteo-
genic activity of Si-TiO, coating was enhanced, and the
alkaline phosphatase activity was 1.59 times that of TiO,
coating. Kang et al. [52] prepared Zn-doped TiO, coating
on the surface of titanium substrate by micro-arc oxida-
tion technology. The surface morphology of Zn-doped
TiO, coating was crater-like. The effects of zinc content
on the wettability, antibacterial properties and osteogenic
activity of Zn-TiO, coating were studied. Antibacterial
experiments indicated that Zn-TiO, coating had a sig-
nificant inhibitory effect on Staphylococcus aureus and
Porphyromonas gingivalis. The contact angle test showed

Figure 13 Surface morphologies of different coatings: (a) Smooth titanium surface, (b) TiO, coating, (c) 5% Si-TiO, coating and (d) 10% Si -TiO,
coating [51]
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that the maximum contact angle of the Zn-doped TiO,
coating was 48.5°, which showed limited influence on the
wettability of the TiO, coating, but the osteoblast activ-
ity of Zn-TiO, coating was about 1.34 times that of TiO,
coating.

Zhang et al. [53] prepared Y-doped TiO, coating on
the surface of titanium alloy substrate by micro-arc oxi-
dation. The surface is mainly composed of micropores
and micro/nano structures, as shown in Figure 14. The
antibacterial properties and osteogenic activity of Y-TiO,
coating were studied. The results of antibacterial experi-
ments showed that Y-TiO, coating could significantly
inhibit the growth of Staphylococcus aureus and Escheri-
chia coli. The results of in vitro osteogenesis experiments
showed that the osteoblasts and alkaline phosphatase
activity of Y-TiO, coating were about 2.03 and 1.34 times
as that of TiO, coating, respectively. Zhang et al. [54] pre-
pared a manganese-doped TiO, coating on the surface of
titanium substrate by micro-arc oxidation. The surface
contains a large number of micron and nano pores, and
studied the antibacterial properties, wettability and oste-
ogenic activity of Mn-TiO, coating. The results of wetta-
bility experiment showed that doping Mn element would
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reduce the wettability, and the contact angle was 85.4°.
The results of antibacterial experiments showed that
Mn-TiO, coating could significantly inhibit the growth of
Staphylococcus aureus. The results of in vitro osteogen-
esis experiments showed that the osteoblasts and alka-
line phosphatase activity of Mn-TiO, coating were about
1.78 and 1.52 times that of TiO, coating, respectively.
Zhou et al. [55] prepared fluorine-doped TiO, coating
on the surface of titanium substrate by micro-arc oxida-
tion. The surface contains microporous structure and
nanoparticles, and studied the effect of F content on the
antibacterial properties and osteogenic activity of TiO,
coating. The results of antibacterial experiments showed
that when the F content was 6%, the F-TiO, coating had
the best antibacterial properties and could significantly
inhibit the growth of Staphylococcus aureus and Escheri-
chia coli. The results of in vitro osteogenesis experiments
showed that the maximum push-out force, bone-implant
contact area and alkaline phosphatase activity of F-TiO,
coating were about 2.23, 2.31 and 4 times that of TiO,
coating, respectively. Zhou et al. [56] prepared a cobalt-
doped TiO, coating on the surface of titanium substrate
by micro-arc oxidation, which contains microporous
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structure and nanoparticles, and studied the effect of
Co content on the roughness, wettability and osteogenic
activity of Co-TiO, coating. The experimental results
showed that the F content does not significantly change
the roughness and wettability of the Co-TiO, coating.
When the Co content was 7%, the optimal contact angle
of the Co -TiO, coating was 44.6°. The results of in vitro
osteogenesis experiments showed that the osteoblast
activity and alkaline phosphatase activity of Co-TiO,
coating were about 1.55 and 2.22 times that of TiO, coat-
ing, respectively. Due to the double-layer function of
boron in promoting osteogenesis and bacteriostasis, Sop-
chenski et al. [57] prepared boron-doped B-TiO, coating
on the surface of titanium substrate by micro-arc oxida-
tion technology. Antibacterial experiments indicated that
B-TiO, coating could significantly inhibit the growth of
Staphylococcus aureus and Pseudomonas aeruginosa. In
addition, Yetim et al. [58] studied the corrosion behav-
ior of Ag-TiO, coating doped with silver in a simulated
cell solution. The corrosion test results showed that the
Ag-TiO, coating has higher corrosion resistance than the
undoped TiO, coating.

The function of single element doping is relatively
single, and multi-element doping can make up for the
limitations of single element doping. Zhao et al. [59]
prepared a titanium dioxide coating doped with zinc
and strontium elements (MT-Zn/Sr) on a titanium sub-
strate surface using micro-arc oxidation technology,
where Zn and Sr were evenly distributed in the coating.
The antibacterial and adhesion experiments showed that
MT-Zn/Sr coating not only had good antibacterial activ-
ity, which could inhibit the proliferation of Staphylococ-
cus aureus, but also promoted the early osseointegration
between titanium implants and bone tissue. Wang et al.
[60] prepared Zn/Zr-TiO, coating doped with zinc and
zirconium on the surface of titanium alloy by magnetron
sputtering-microarc oxidation composite method, and its
surface is rich in microporous structure. The corrosion
resistance, antibacterial properties and osteogenic prop-
erties of Zn/Zr-TiO, coating were studied. The results
of corrosion and antibacterial experiments showed that
the corrosion resistance and antibacterial ability of Zn/
Zr-TiO, coating were better than that of TiO, coating.
The osteoblast activity of Zn/Zr-TiO, coating was about
1.41 times that of TiO, coating. Lv et al. [61] prepared
TiO, coating doped with zinc and silver on the surface
of titanium substrate by micro-arc oxidation, and stud-
ied the antibacterial properties and biocompatibility of
Zn/Ag-TiO, coating. The results of antibacterial experi-
ments showed that the antibacterial rates of Zn-TiO,,
Ag-TiO, and Zn/Ag-TiO, coatings were 92.6 %, 96.2 %
and 97.8 %, respectively. In vitro biocompatibility experi-
ments showed that the osteoblast activity and alkaline
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phosphatase activity of Zn/Ag-TiO, coating were 1.51
and 1.24 times that of TiO, coating, respectively. Zhao
et al. [62] prepared porous Si/Ag-TiO, coating doped
with silicon and silver on the surface of titanium sub-
strate by micro-arc oxidation, and studied the wettability,
antibacterial properties and mineralization of osteoblasts
of Si/Ag-TiO, coating. The contact angle measurement
data showed that the contact angle of SiAg-TiO, coating
was 73.4°, which decreased by 12.22 %, and the wettabil-
ity was improved. The results of osteogenic performance
test showed that the total bone formation of SiAg-TiO,
coating was about 1.43 times that of TiO, coating and
had a good antibacterial effect. He et al. [63] prepared
Cu/Si-TiO, coatings doped with copper and silicon on
the surface of titanium substrate by micro-arc oxidation,
and studied the antibacterial and osteogenic properties of
different coatings. The experimental results showed that
the coating doped with Cu element inhibit the growth of
Staphylococcus aureus, but it will also seriously restrict
the assembly of the cytoskeleton. Doping Si element
can not only improve the cytotoxicity caused by Cu ele-
ment, but also significantly promote cell proliferation and
differentiation.

Through the above research, it can be found that the
TiO, coating on the surface of implants is mainly pre-
pared by micro-arc oxidation technology. It has a larger
bonding strength with titanium substrate than HA coat-
ing. However, the weak surface biocompatibility of TiO,
coating is not conducive to inducing new bone forma-
tion. The biocompatibility of the TiO, coating can be
effectively improved by depositing different functional
elements, thereby enhancing cell vitality. To a certain
extent, higher cell viability leads to better biocompatibil-
ity of the implant. Figure 15 summarizes the cell viability
enhancement ratio of TiO, coating doped with different
elements. It can be seen that the cell viability was sig-
nificantly enhanced by the functional elements in most
studies. In addition, the TiO, coating doped with multi-
element has certain antibacterial properties.

4.2 Regular Structure

Coating structure has the disadvantages of a complex
fabrication process, fast dissolution rate and easy frac-
ture, which is not conducive to long-term implantation
in the human body. Regular structure means that regular
microstructures such as micro-grooves and micro-pits
are directly machined on the surface of titanium alloy
implants to improve their osseointegration and antibac-
terial properties.

4.2.1 Micro-groove Structure
The micro-groove structure is simple and easy to be
machined, and is widely used on the surface of medical
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Figure 15 Cell viability enhancement ratio of TiO, coating doped with different elements

instruments. At present, the machining methods of
micro-groove structures mainly include turning process-
ing, laser processing and micro-milling, etc.

Turning is one of the most widely used traditional
machining methods, which has the advantages of high
processing efficiency and low cost. It was first used for
micro-groove structure machining on the surface of tita-
nium alloy implants. Luthen et al. [64] prepared different
surface structures on the surface of titanium substrate
by polishing, turning and sandblasting, and studied the
effects of surface structures with different roughness on
cell proliferation and differentiation. The experimental
results showed that the surface obtained by turning can
effectively promote cell proliferation and differentiation
compared with the surface prepared by polishing and
sandblasting. In recent years, a new machining method
has been applied to the processing of micro-groove struc-
tures. Zamani et al. [65] used ultrasonic assisted turning
technology to prepare a microgroove structure with spe-
cial micro-textures on the surface of titanium substrate,
and studied the cell adhesion properties of this special
surface. The results indicated that the microgroove sur-
face prepared by ultrasonic assisted turning technology
promoted the expression of osteoblast integrin and the
adhesion of osteoblast fibrin. Sajjady et al. [32] prepared
a nano-scale microgroove structure on the surface of
titanium alloy by three-dimensional elliptical vibration
turning, as shown in Figure 16. The hydrophilicity and

roughness test results showed that the micro-grooved
surface processed by three-dimensional elliptical vibra-
tion turning has stronger hydrophilicity (minimum con-
tact angle was 30.7°) and the most suitable roughness
compared with the micro-grooved surface processed by
non-vibration turning, which can effectively improve the
osteogenesis of the titanium alloy implant surface.

Laser processing has many advantages, such as good
processing controllability, fast forming speed and the
ability to process complex structures on the metal
surface [66], which is often used in the fabrication of
micro-groove structures on the surface of titanium alloy
implants. Conserva et al. [67] used laser processing
technology to fabricate micro-groove structures with
different sizes on the surface of titanium alloy implants,
and carried out cell adhesion experiments. It was found
that micro-grooves with a width of 8 um significantly
promoted cell proliferation and differentiation. Wang
et al. [68] first prepared a microgroove structure (Ti-
G) on the surface of titanium alloy by laser processing
technology, and then prepared a graphene oxide coat-
ing (Ti-G-GO) on the microgroove surface by chemical
assembly technology, as shown in Figure 17. The wet-
tability test showed that the minimum contact angle of
the Ti-G-GO titanium alloy implant surface was 33°,
indicating that the microgroove and graphene oxide
coating structure can improve the hydrophilicity of
the titanium alloy implant. The results of in vitro cell
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Figure 16 Micro-grooved surface processed using different turning methods [32]: (@) Non-vibration turning, and (b) Three-dimensional elliptical
vibration turning
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Figure 17 Micro-grooves fabricated by laser processing and chemical assembly techniques [68]: (@) Smooth Ti group, (b) Micro-groove group: Ti-G,

and (c) Micro-grooved group with graphene oxide coating: Ti-G-GO

biological activity test showed that the cell viability and
alkaline phosphatase activity of Ti-G-GO were 1.41 and
2.05 times higher than those of the smooth Ti group,
respectively. Veiko et al. [69] fabricated three kinds of
microgrooves on the surface of titanium alloy implants
by laser processing technology, including open grooves,
grids and closed grooves, as shown in Figure 18. The
results of wettability study showed that the three micro-
grooves had superhydrophilicity. The results of osteo-
genic properties showed that the alkaline phosphatase
activity of the open groove was the best, which was
44.94 times that of the smooth titanium alloy implant.

Zheng et al. [70] prepared microgrooves with differ-
ent widths and depths on the surface of titanium alloy
implants by laser processing technology, and studied
the effects of groove width and depth on its wettabil-
ity and osteogenic properties. The results of wettability
test showed that with the increase of groove width and
depth, the wettability of titanium alloy implant surface
was improved, and the contact angle decreased from
65.7° to 45°. The experimental results of osteogenic
properties showed that the alkaline phosphatase activ-
ity of the groove surface with a width of 30 microns was
5.34 times that of the smooth surface.
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Figure 18 Three kinds of micro-groove structures were fabricated by laser processing (the scale bar is 100 um) [69]: (@) Opened groove structure,

(b) Grid groove structure, and (c) Close groove structure

With the development of laser processing technol-
ogy, femtosecond laser processing technology has the
advantages of small pulse width, high peak power and
small heat-affected zone, which has been gradually
applied in the machining of micro-grooves on the sur-
face of titanium alloy. Fasasi et al. [36] prepared grooves
with a depth of 1 to 14 um by femtosecond laser pro-
cessing. The effect of groove depth on cell adhesion was
investigated and experimental results indicated that the
micro-grooves with a depth of 8 to 12 um presented
the best early osseointegration performance, in which
bone tissue mainly proliferated on the groove ridge and
migrated along the groove direction. Sun et al. [71] used
femtosecond laser processing technology to fabricate
an array of micro-groove structures on the implant sur-
face, as shown in Figure 19, and carried out the rough-
ness and hydrophilicity tests. The experimental results
indicated that the micro-groove structures increased
the roughness and hydrophilicity of the material, and
promoted the proliferation and differentiation of osteo-
blasts, leading to good osseointegration performance.
The contact angle of the implant surface processed by
femtosecond laser was 48.8°, which was decreased by
46.8% compared with the polished surface.

Although femtosecond laser processing technol-
ogy improves the machining accuracy, the expensive
equipment limits its wide application. In recent years,
micro-milling technology has been widely used in the
fabrication of micro-groove structure on the surface of
titanium alloy due to its advantages of high machining
accuracy and low cost. Wang et al. [72] first machined
micro-grooves with a depth of 80 um and a spacing of
120 pum on the surface of titanium alloy by micro-milling
technology, and then processed nanoflower structures on
the surface of the micro-grooves by alkali thermal reac-
tion, and fabricated a micro-groove-nanoflower com-
posite structure with micro/nano bipolar morphology.
The results indicated that the composite micro/nano-
structures could reduce the contact angle (the mini-
mum value was 17.9°) and enhance the hydrophilicity of
surface, which could effectively improve the biological
activity of titanium alloy implant surface and promote
cell adhesion and proliferation. Wan et al. [73] proposed
a nanotube-modified micro-groove structure to improve
the osteogenesis and antibacterial properties of titanium
alloy implants. They first machined micro-grooves with
a depth of 40 um on the surface of titanium alloy using
micro-milling technology, and then processed titanium
dioxide nanotubes (TiO,) structure on the surface of

Figure 19 Surface topography of micro-groove structures fabricated using femtosecond laser processing [711: (a, b) Micro-grooves, (c) Internal

groove structure, and (d) Groove spacing structure
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the micro-grooves using anodic oxidation technology
to fabricate a micro-groove with a surface structure of
nanotubes, as shown in Figure 20. Compared with the
micro-grooves, the micro-grooves with nanotube struc-
ture could improve the osteogenic properties of titanium
alloy implants and effectively inhibited bacterial repro-
duction. The nanotube structure could also enhance
the hydrophilicity of surface, and water contact angle
decreasing from 67.3° to 60.3°.

Subsequently, Wang et al. [74] used the same process-
ing method to fabricate ordered TiO, nanotube struc-
tures on the surface of the titanium alloy implants,
which were located on the surface of groove ridges. The
synergistic effect of micro-grooves and TiO, nanotubes
decreased the contact angle of the implant surfaces from
78.5° to 17.5°, which significantly improved the hydro-
philicity of the implants. Cell adhesion experiments
indicated that these structures improved the corrosion
resistance of titanium alloy implants and could effectively
promote osteoblast differentiation.

Micro-groove structure increases the surface area of
implants, provides sites for osteoblast growth and protein
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adsorption, and enhances the adhesion tension between
cells and implants. In addition, micro-groove structure
has a contact guidance function, which induces cells
to grow along the groove direction. At present, micro-
groove structures on the surface of titanium and titanium
alloy implants are mainly prepared by laser processing
and micro-milling. Micro-milling has the advantages of
low processing cost and high processing accuracy. How-
ever, the surface processed by micro-milling is hydro-
phobic, so an extra process of surface hydrophilicity
modification such as electrochemical or chemical treat-
ment is required. Laser processing technology is the most
widely used method for the preparation of micro groove
structures on titanium and titanium alloy implants, for
its advantages of the simple preparation process, fast
forming speed, and the ability to process micro grooves
with micro/nano composite structure at one time.

4.2.2 Micro-pit Structures

Micro-pit structures are also one of the commonly used
structures on the surface of titanium alloy implants. Cur-
rently, the key area of research is finding ways to adjust

A

Figure 20 Surface topography of titanium alloy implants with micro-grooves of nanotube structure [73]
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the osteogenesis performance of the implant surfaces by
changing the structural size of micro-pits.

Dumas et al. [75] processed three biomimetic micro/
nano structures on the surface of titanium alloy implants
by femtosecond laser according to the surface structure
morphology of bone: nano-ripples in the pits, nano-rip-
ples around the pits and only nano-ripples, as shown in
Figure 21. The results indicated that the adhesion of oste-
oblasts on the surface of three kinds of structures was
enhanced by the surface containing both micro-pits and
nano-ripples compared with the surface without pits. The
surface with both micro-pits and nano-ripples was more
hydrophilic than the polished surface, and the contact
angle decreased from 37.4° to 30.1°. Zhang et al. [76] first
prepared micro-pit array structures with diameter of 140
pum and depth of 35 pm on the surface of titanium alloy
by laser processing, and then fabricated a nanoscale pit
structure in the pits by acid etching. The results of cell
adhesion experiments indicated that compared with the
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surface without pits, the pits with micro and nano scales
could effectively improve the biocompatibility and osse-
ointegration of titanium alloy implants. Subsequently,
they [77] used the same method to prepare micro-pits
with a diameter of 150 um and a depth of 50 um on the
surface of titanium alloy implants, and studied their bio-
logical activity in simulated body fluid. The experimen-
tal results showed that the micro-pits with micro/nano
structures had better osteogenic properties than the pol-
ished surface.

Zwahr et al. [78] first processed micro-pits with a
diameter of 50 um on the surface of titanium alloy by
laser, and then fabricated nanoscale pit morphology
in micro-pits by femtosecond laser, as shown in Fig-
ure 22. The surfaces were hydrophilic (with a contact
angle of 32°). The antibacterial and wear experiments
indicated that the micro/nano composite pit struc-
ture had good antibacterial performance, which could
effectively inhibit the increment of Escherichia coli. In

Figure 21 Micro-pit structures fabricated by femtosecond laser processing [75]: (a)

around the pits, and (c) Only nano-ripples
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Figure 22 Micro/nano-scale pits fabricated by laser processing [78]: (a) Micro-scale pits, and (b) Nano-scale pits.
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addition, compared with the surface of micron-level
pits, the wear performance of the surface was greatly
improved. Lin et al. [79] first fabricated a series of
regular micro-pits on the surface of titanium alloy by
femtosecond laser, and then deposited hydroxyapatite
coating (HA) on the surface of micro-pits by chemical
vapor deposition technology to prepare the structural
surface of micro-pits with HA coating. It was found
that the contact angle of micro-pits with HA coat-
ing (31°) was much lower than the contact angle of
untreated surface (77°), presenting good hydrophilicity,
which could effectively promote osteoblast differentia-
tion. Wang et al. [80] prepared a new structure contain-
ing micro-pits and nano-pits on the surface of titanium
substrate by combining sand blasting, acid etching and
chemical oxidation, and studied its wettability and cor-
rosion resistance. The experimental results of wettabil-
ity showed that the micro/nano pits on the surface of
titanium implants increase the roughness of titanium
matrix, which showed that the wettability of titanium
matrix was improved, and the contact angle decreased
from 79.2° to 73.2°. In addition, compared with the pol-
ished titanium surface, the corrosion resistance of the
titanium substrate with micron and nanometer pits is
significantly improved. Zhang et al. [81] used a combi-
nation of electrochemical oxidation and acid etching to
prepare a micro/nano composite micro-pit structure on
the surface of titanium substrate, and studied the effect
of this structure on cell adhesion and proliferation.
The results of wettability experiments showed that the
micro-pit structure of the micro/nano composite level
made the surface of the titanium matrix super-hydro-
philic, and the contact angle was less than 5°. Besides,
compared with the polished titanium substrate surface,
the micro/nano composite micro-pit structure signifi-
cantly promoted cell proliferation and differentiation.

e L ST
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Micro-pit structure on the surface of titanium and tita-
nium alloy implants is mainly prepared by laser process-
ing. Micro-pits with micro/nano composite structures
fabricated by laser processing can significantly improve
the hydrophilicity and biological activity of implants.
The combination of micron and nanometer morphology
effectively reduces the stage of osteoblast growth, accel-
erates the process of osseointegration, and avoids the risk
of implant rejection. In addition, the micro/nano com-
posite structure can promote the inward growth of cells,
which significantly increases the binding force between
the implants and human tissue.

4.3 Porous Structures
Compared with coating and regular structure, porous
structure has the advantages of low bulk density, large
specific surface area and good energy absorption, which
can reduce the stress shielding between titanium and
titanium alloy implants and bone tissue and improve
their osseointegration performance. The TiO, nanotube
structure prepared by anodic oxidation on the surface
of titanium and its alloy and the surface porous struc-
ture formed by metal 3D printing are the main forms of
porous structure of titanium and titanium alloy implants.
TiO, nanotube structure on the surface of titanium
alloy implants can not only improve the osseointegration,
but also promote the proliferation and differentiation of
osteoblasts by regulating the tube length and diameter
of TiO, nanotube. Mansoorianfar et al. [82] prepared
TiO, nanotube arrays with a diameter of about 90-97
nm, a thickness of about 20-30 nm and good uniformity
on the surface of titanium alloy by anodic oxidation, as
shown in Figure 23. In vitro cell culture, when the voltage
is lower than 60 V, the prepared TiO, nanotubes showed
the best cell activity, and the TiO, nanotube surface (con-
tact angle was 36°) showed stronger hydrophilicity than

i
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Figure 23 Structure of TiO, nanotubes prepared by anodic oxidation [82]: (a) TiO, nanotubes at low magnification, (b) TiO, nanotubes at high

magnification, and (c) Lateral structure of TiO, nanotubes
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the untreated surface (contact angle was 73.5°). Park et al.
[83] studied the effects of TiO, nanotubes with different
diameters (15-100 nm) on the proliferation and differ-
entiation of osteoblasts. It was found that TiO, nanotube
with a diameter of 15 nm were beneficial to osteoblast
differentiation. When the diameter of TiO, nanotube
exceeded 50 nm, the proliferation and adhesion of the
cells were hindered, and the formation of osteoblast pro-
tein was blocked on the tube with a diameter of 100 nm.
Wang et al. [84] first prepared TiO, nanotubes with a
diameter of about 50—90 nm on the surface of titanium
substrate by anodic oxidation technology, and then pre-
pared a tantalum (Ta) coating on the surface of TiO,
nanotubes by plasma spraying. The results of wettability
experiments showed that the contact angle of Ta/TiO,
nanotubes with Ta coating was significantly reduced to
10.7°, which was more hydrophilic than ordinary TiO,
nanotubes. The results of cell adhesion experiments
in vitro also showed that Ta/TiO, nanotubes had a strong
ability to induce osteoblast proliferation and differen-
tiation. Zhao et al. [85] firstly prepared TiO, nanotube
structure on the surface of a titanium substrate by anodic
oxidation method, and then introduced silicon (Si) ele-
ment into TiO, nanotube by plasma injection method to
prepare Si-TiO, nanotube structure doped with Si ele-
ment. The results of wettability experiments showed that
the hydrophilicity of Si-TiO, nanotube titanium implants
doped with Si was significantly improved compared with
polished and TiO, nanotube titanium implants, and the
contact angle reduced from 65° to 11.3°. In addition, Si-
TiO, nanotube titanium implants can promote osteoblast
proliferation and differentiation. Hu et al. [86] first pre-
pared TiO, nanotube structure on the surface of titanium
substrate by anodic oxidation method, and then depos-
ited nano-calcium phosphate on TiO, nanotube by elec-
trochemical deposition method to prepare nano-calcium
phosphate TiO, nanotube structure. The wettability test
results showed that the nano-calcium phosphate TiO,
nanotube titanium implant exhibited super-hydrophi-
licity compared with sandblasting, polishing and TiO,
nanotube titanium implants, and the contact angle
decreased from 73.4° to 14.5°. Besides, nano-calcium
phosphate TiO, nanotube titanium implants can sig-
nificantly inhibit the growth of Streptococcus sanguinis.
Zhao et al. [87] firstly prepared TiO, nanotube structure
with a diameter of about 87.17 nm and a length of about
1.32 um on the surface of titanium substrate by anodic
oxidation method, and then deposited zinc ions in TiO,
nanotubes by electrochemical deposition method to
prepare Zn-doped Zn-TiO, nanotube structure. The
Zn-TiO, nanotube titanium implants could significantly
promote osteoblast proliferation and differentiation.
Saha et al. [88] combined anodic oxidation method and
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electrophoretic deposition method to prepare TiO, nano-
tube structure coated with silk fibroin on the surface of
titanium alloy substrate. The results of wettability experi-
ments showed that the wettability of TiO, nanotube tita-
nium implants was significantly improved compared with
polished titanium implants, and the contact angle was
42.1°. The wettability of TiO, nanotube titanium implants
coated with silk fibroin was not significantly improved.
The results of osteoblast adhesion experiment showed
that the alkaline phosphatase activity of TiO, nano-
tube titanium implants coated with silk fibroin was 2.23
times that of TiO, nanotube titanium implants, which
significantly promoted the proliferation and differen-
tiation of osteoblasts. Wang et al. [89] prepared a TiO,
nanotube structure with a diameter of about 30-50 nm
on the surface of titanium substrate by acid etching and
anodic oxidation, and studied the wettability and osteo-
genic properties of the micro/nano composite structure.
The experimental results showed that compared with
the polished surface and the pure micro-treated surface,
this micro/nano composite structure can provide greater
roughness, surface energy and better hydrophilicity, and
the water contact angle was reduced from 73.3° of the
polished surfaces to 23.3°.

TiO, nanotube arrays also show unique superiorities in
supporting ions and carrying drugs. Yao et al. [90] first
prepared a TiO, nanotube structure with a diameter of
about 80 nm and a length of about 200 nm on the sur-
face of titanium substrate by anodic oxidation, and then
deposited penicillin and calcium phosphate simultane-
ously in TiO, nanotubes by co-precipitation method.
Osteoblast adhesion experiments showed that the TiO,
nanotube structure on the surface of titanium matrix sig-
nificantly promoted the adhesion and differentiation of
osteoblasts. The results of drug release study showed that
the TiO, nanotube structure on the surface of titanium
matrix could release drug molecules for about 3 weeks,
and had a significant antibacterial effect. Wang et al. [91]
first prepared TiO, nanotube structure with a diameter of
about 80 nm and a length of about 2 microns on the sur-
face of titanium substrate by anodic oxidation method,
and then introduced copper and magnesium ions into
TiO, nanotubes by hydrothermal treatment. The results
of wettability experiments showed that the hydrophilic-
ity of TiO, nanotube structure loaded with Cu and Mg
ions on the surface of titanium substrate was significantly
improved compared with that of TiO, nanotube structure
without loaded ions, and the contact angle decreased
from 91.7° to 58.8°. The results of antibacterial experi-
ments showed that the TiO, nanotube structure loaded
with ions could significantly inhibit the growth of Escher-
ichia coli and Staphylococcus aureus. Savoji et al. [92]
prepared TiO, nanotube arrays that could support ions
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by anodic oxidation. The experimental results showed
that TiO, nanotube arrays loaded with Ag, Cu and Sr
plasma could be used as antibacterial agents for con-
tinuous release of antibacterial drugs in organisms. It is
possible to achieve intelligent release by controlling the
temperature and pH value of electrolyte solution. Chen
et al. [93] first processed TiAg thin films on the surface
of titanium alloy by magnetron sputtering technology,
and then prepared TiO, nanotube arrays loaded with Ag
ions by anodic oxidation. It was found that the structure
still kept good antibacterial activity and osseointegra-
tion after loading for 60 hours. Zhao et al. [94] fabricated
TiO, nanotube structures on the surface of titanium alloy
by anodic oxidation, and then implanted Si ions inside
the nanotubes by plasma injection technology to prepare
TiO, nanotube structures loaded with Si ions. After two
weeks of culture in rat femur, it was found that the bind-
ing strength of nanotubes loaded with Si ions to bone
tissue was increased by 54% compared with TiO, nano-
tubes. Popat et al. [95] fabricated a TiO, nanotube struc-
ture with a diameter of 80 nm and a length of 400 nm
on the surface of titanium alloy by anodic oxidation, as
shown in Figure 24. The release rate of gentamicin and its
effect on epidermal adhesion of Staphylococcus aureus
were studied by loading gentamicin 200, 400 and 600 pg
into TiO, nanotube. The results showed that the drug-
loaded nanotube structure had strong antibacterial and
osteogenic properties. In addition, it is able to load drugs
with different qualities and control their release rate by
varying the length and diameter of the nanotubes.

Metal 3D printing technology can not only produce
titanium alloy implants with complex structure, but also
form porous structures on the surface of implants that
are conducive to improving the osseointegration, which
has been widely used in medical implant manufactur-
ing in recent years [96]. Laser selective melting (SLM)

Page 20 of 27

and electronic melting (SEBM) are two of the most com-
monly used metal 3D printing technologies for machin-
ing porous structures.

Molinari et al. [97] fabricated porous titanium alloy
implants with porosity ranging from 47.8% to 82.6% by
using SLM technology, and mechanical properties and
cell adhesion tests were carried out. The experimen-
tal results showed that porous titanium implants with
porosity between 65% and 75% had the best strength
and osseointegration. Zaharin et al. [98] used SLM tech-
nology to fabricate porous titanium alloy implants with
porosity ranging from 57.48% to 79.36%. It was found
that, the mechanical properties of implants were close to
natural bone when the porosity was approximately 70%.
Pei et al. [39], combined with computer-aided design,
fabricated the bionic porous titanium implant with tet-
rahedral shape by using laser selective melting technol-
ogy, as shown in Figure 25. The pores on the surface of
the implant were evenly distributed and the pore size was
about 630 um, which could effectively promote cell adhe-
sion and host bone tissue embedding.

Zhang et al. [99] used SEBM technology to fabricate
porous titanium alloy with porosity ranging from 61.44%
to 79.65%, and found that its elastic modulus was lower
approximately 91% to 96% than that of dense titanium
alloy, and its surface had good osseointegration. Warnke
et al. [100] used SLM technology to fabricate porous tita-
nium alloy implants with pore sizes of 0.45 to 1.2 mm.
Osteoblast culture experiments in vitro showed that
osteoblasts on the surface of implants grew the most vig-
orously when the pore size was 0.5 to 0.6 mm, and could
fill the entire pore. When the pore size was greater than
0.7 mm, the number of osteoblasts on its surface began
to decrease. Taniguchi et al. [101] prepared porous struc-
tural implants with pore sizes of 0.3 to 0.9 mm by using
SLM technology. After implantation in rabbits for a

80nm

Figure 24 Structure of TiO, nanotubes prepared by anodic oxidation [95]: (a) Fracture surface of TiO, nanotube sample, (b) TiO, nanotubes at low

magnification, and (c) TiO, nanotubes at high magnification



Tang et al. Chinese Journal of Mechanical Engineering

(2024) 37:87

b SRl
’ A ? R
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period of time, it was found that compared with porous
implants with diameters of 0.3 mm and 0.9 mm, the
porous implants with a diameter of 0.6 mm were more
conducive to the growth of bone tissue and had stronger
binding ability with bone tissue.

As the above review reveals, the TiO, nanotubes pre-
pared by anodic oxidation on the surface of implants
have micro/nano composite structure, which is similar to
the natural bone. It has a significant effect on the adsorp-
tion of protein and the proliferation and differentiation of
osteoblasts due to larger surface area, higher hydrophilic-
ity and surface energy. TiO, nanotubes, as nanomaterial
with multidimensional regulatory capabilities, can regu-
late the osseointegration process by adjusting the diam-
eter, length and thickness. However, current research
mainly focus on the influence of diameter, and the
researches on other parameters are obviously insufficient.
In addition, TiO, nanotubes are prepared on smooth
titanium surfaces in most current studies, but there are
still challenges in the preparation of TiO, nanotubes on

eV )

Figure 25 Tetrahedral porous structure prepared by 3D printing technology [39]: (@) CAD model of basic pore unit, (b) SEM photo of screw section

Page 21 of 27

sy

surfaces of threaded or irregular morphology. Metal 3D
printing technology can prepare porous implants with
complex structures, and is suitable for the development
of medical implants in the future. Blood vessels and bone
growth can be induced in the internal space of the porous
structure, which is conducive to the interlocking between
the tissue and the implant. Besides, elastic modulus of
implant can be adjusted by porous structure to reduce
stress shielding. However, molten particles may remain
on the surface of the implant, resulting in allergic reac-
tions after implantation. The high production cost also
limits the further development and large-scale applica-
tion of implant 3D printing technology. The characteris-
tics and processing methods of various surface functional
structures of titanium alloy implants are summarized in
Table 2.

The wettability of titanium and titanium alloy
implants plays an important role in protein adsorp-
tion, osteoblast proliferation and differentiation [102].
To a certain extent, high wettability can promote
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Table 2 The characteristics and processing methods of various surface functional structures

Structure type Processing methods Advantages

Disadvantages Application

Coating structures  Plasma spraying High binding strength and good

abrasion resistance

Magnetron sputtering  Fast deposition speed and good

uniformity

Micro-arc oxidation Uniform coating, high bonding

strength, large aperture

Regular structures  Laser processing Fast processing speed, small

deformation, with secondary
structure
Micro milling High processing accuracy, good
operability, surface rules
Turning Low cost, high efficiency

Porous structures  Chemical etching High processing efficiency,

no stress, simple operation

Anodic oxidation High hardness, good wear resist-
ance, and strong adsorption

capacity

Metal 3D Printing Free forming, low cost, loose

and porous surface

Expensive carrier gas and low
spray rate

Tooth root implants, joint implants

High anode consumption
and high demand for gas ioniza-
tion rate

Tooth root implants, joint implants

Uncontrollable coating thickness  Tooth root implants, joint implants

Expensive equipment and une-
ven energy

Tooth root implants, joint implants

High equipment and mainte-
nance costs

Tooth root implants

Unable to turn the complex
curved body

Tooth root implants

Chemical solution pollutes
the environment

Tooth root implants, vascular stents

High cost, low efficiency, small
aperture

Tooth root implants, vascular stents

Powder particle dissociation
leads to infection and failure

Joint implants, vascular stents

the biocompatibility of titanium and titanium alloy
implants. Functional structure can be fabricated on
the surface of implants to improve the hydrophilic
properties, thereby increasing the capillary force
and prompting the implant surface wetting of tissue
fluid. According to Wenzel [103] model formula, for

hydrophilic surfaces, the greater the degree of surface
roughness, the smaller the contact angle of the surface,
and the better the surface hydrophilicity [104]. Fig-
ure 26 summarizes the contact angles of three types of
surface functional structures on the surface of titanium
and titanium alloy implants. The average contact angles
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of coating structure, regular structure and porous
structure are 49.7°, 38.1°and 31°, respectively. Com-
pared with coating structure and regular structure,
porous structure on implant surfaces provides more
micro/nano composite interfaces, resulting in higher
roughness and better hydrophilicity. However, the
mechanical strength of implants is inevitably weakened
by internal pores, which is not conducive to long-term
implantation. The coating structure has relatively lower
hydrophilicity but better flexibility, in which different
biological needs of implants can be satisfied by certain
functional elements. In addition, the regular structure
possesses good biocompatibility due to the synergistic
effect of biomechanical properties and hydrophilicity.

Alkaline phosphatase (ALP) activity measurement is
mainly used to detect the differentiation of osteoblasts
and cell viability. Figure 27 summarizes the ALP activ-
ity enhancement ratio of three types of surface func-
tional structures on implants compared with polished
titanium samples. The average ALP activity enhance-
ment ratios of coating structure, regular structure and
porous structure were 1.92, 1.68 and 1.44, respectively.
In general, these three types of surface functional
structures on the surface of titanium and titanium alloy
implants significantly promote osteoblast differentia-
tion compared with polished titanium samples. Besides,
the bone growth and the repair of the defect tissue can
be stimulated by doping functional elements, resulting
in higher biological activity of coating structure.
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5 Conclusions and Recommendations

With the aging of the population, the increase of bone
cancer and the frequent occurrence of traffic accidents,
the demand for titanium and titanium alloy implants is
increasing, and higher requirements are put forward for
the functional structure of the surface. The surface func-
tional structures of titanium and titanium alloy implants
include coating structure, regular structure and porous
structure. The early osseointegration of implants and
bone tissue can be accelerated due to the high biologi-
cal activity of coating structure, but its long-term sta-
bility is limited by the relatively weak bonding strength
with titanium matrix. This shortcoming can be compen-
sated by the regular structure for its good biomechanical
properties and contact guidance ability, which increases
the mechanical interlocking with tissues and improves
the long-term stability of implants. Compared with the
coating structure and the regular structure, the porous
structure provides extra contact area and better wetta-
bility. Besides, specific functions can be implemented by
porous structure including carrying antibacterial drugs
and reducing stress shielding. However, the strength of
porous structure implants is easily affected by the inter-
nal pores. The prepared surface functional structure
should comprehensively consider the functions of bio-
logical activity, bonding strength and antibacterial prop-
erties due to the complexity of the human environment.
With the rapid development of surface functional struc-
ture manufacturing technology, titanium and titanium
alloy implants with a single surface functional structure
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are no longer suitable for complex human implantation
environments. The preparation of implants with multi-
functional structural surfaces has gradually become the
main research direction in the future. Combined with
the current research status and demand characteristics of
the surface functional structure of titanium and titanium
alloy implants, the following aspects can be studied in the
future:

(1) Natural bone is composed of micron-scale bone
plate and nano-scale collagen fiber. In the manu-
facturing of bionic bone structures, the fabrication
of micro/nano two-stage structures is conducive to
obtaining good biocompatibility. However, due to
the limitations of current manufacturing technol-
ogy, it is difficult to fabricate structures with micro-
scale and nano-scale at the same time, which needs
to be further expanded in future research.

(2) At present, researches on the surface functional
structures of implants mainly focuses on the single
osteogenic or antibacterial property, while there are
few researches on the micro/nano two-stage com-
posite structures with both properties, which need
to be further studied.

(3) With the continuous development of metal 3D
printing technology, the fabrication of titanium
alloy implants using the metal 3D printing technol-
ogy is the focus of future research. However, the
surface quality of implants fabricated by 3D print-
ing is difficult to guarantee due to lots of molten
particles formed on the surface. Therefore, the sur-
face of implants can be treated with chemical etch-
ing, electrochemical processing and other methods
to remove molten particles, improving the surface
biocompatibility of implants.

(4) Stress shielding is an important problem in biomed-
ical implantation, which is caused by the different
elastic modulus between implants and bone tissue.
The elastic modulus of commonly used titanium
alloy implants is higher than that of bone tissue, it
is easy to cause stress shielding phenomenon after
implantation, resulting in shedding of implants.
Although the titanium alloy implants with elastic
modulus close to natural bone tissue can be fab-
ricated by metal 3D printing technology through
adjusting its porosity, larger porosity will affect the
strength of implants. Therefore, how to make the
elastic modulus of titanium alloy implants closer
to bone tissue under the condition of ensuring the
strength is the focus of future research.

(5) With the development of biomaterials, protein
materials have also been applied to implant coating
for their higher biocompatibility. Protein coating
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can reduce the rejection reaction between implants
and human tissue, accelerating the adhesion and
proliferation of new cells. However, it cannot with-
stand the high temperature and high pressure dur-
ing the preparation process. Therefore, how to fab-
ricate stable and reliable protein coating will be a
hotspot of future research.

(6) The durability of surface functional structures on
titanijum and titanium alloy implants should be
improved. The surface functional structure of the
implant may gradually fail with increasing work-
ing time, leading to implantation failure. There-
fore, more attention needs to be paid to durability
when designing the surface functional structure on
implants.
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