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Abstract: Due to the growing aging population of the world, and as a result of the increasing need
for dental implants and prostheses, the use of titanium and its alloys as implant materials has spread
rapidly. Although titanium and its alloys are considered the best metallic materials for biomedical
applications, the need for innovative technologies is necessary due to the sensitivity of medical
applications and to eliminate any potentially harmful reactions, enhancing the implant-to-bone
integration and preventing infection. In this regard, the implant’s surface as the substrate for any
reaction is of crucial importance, and it is accurately addressed in this review paper. For constructing
this review paper, an internet search was performed on the web of science with these keywords:
surface modification techniques, titanium implant, biomedical applications, surface functionalization,
etc. Numerous recent papers about titanium and its alloys were selected and reviewed, except for the
section on forthcoming modern implants, in which extended research was performed. This review
paper aimed to briefly introduce the necessary surface characteristics for biomedical applications and
the numerous surface treatment techniques. Specific emphasis was given to micro/nano-structured
topographies, biocompatibility, osteogenesis, and bactericidal effects. Additionally, gradient, multi-
scale, and hierarchical surfaces with multifunctional properties were discussed. Finally, special
attention was paid to modern implants and forthcoming surface modification strategies such as
four-dimensional printing, metamaterials, and metasurfaces. This review paper, including traditional
and novel surface modification strategies, will pave the way toward designing the next generation of
more efficient implants.

Keywords: titanium; surface modification; surface topographies; multifunctional surfaces; metama-
terials; 4D printing

1. Introduction

Titanium (Ti) and its alloys as metallic biomaterials have found lots of application in
the biomedical industry, especially for bone implants (dental and orthopedic) [1,2]. This
phenomenon is still growing. The utilization of Ti-based biomedical products reached about
USD 45.5 billion in sales in 2014, so it is of great importance to make them as efficient as
possible. Titanium with respective atomic number and weight of 22 and 47.86 is a transition
element located in group IV and period four of Mendeleev’s periodic table and, according
to its room temperature atomic structure, it can be found as α, near-α, α + β, metastable β,
and stable β. The β type Ti alloys are mostly preferred in biomedical applications because
of their low elastic modulus (similar to natural bone) and high corrosion resistance [3–7].
In general, the reason behind this ever-increasing utilization of Ti-based materials in the
biomedical field is related to their superb properties, including biocompatibility, non-toxic
nature, good corrosion resistance, potential to have osteogenic reactions, high specific
strength, low Young’s modulus, lightweight, and high strength-to-weight ratio compared
to steel and other metals [8–11]. As a result of these beneficial properties, from World War
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II until now, Ti has found lots of application in the biomedical field, especially in hard
tissue replacements such as artificial bones, joints, dental implants, artificial hip joints [12],
stents [13], scaffolds [14], and surgical devices.

An implant’s surface has a crucial role in its reaction with peripheral live tissue since
it is a substrate in which all biological reactions initially occur. As a result, it affects
the performance of the implant, as well as its wettability and mechanical and chemical
properties. The implant surface highly influences the ambient environment, having a
significant effect on osteointegration [15,16], adhesion, and proliferation of osteoblast
cells [12]. The implant surface is regarded as an artificial object from live tissue, and the
first reaction of the body is to form foreign body giant cells by activated macrophages.
Subsequently, the osteoprogenitor cells migrate onto the implant surface and differentiate
into osteoblasts that finally produce bone [17]. It is reported that, generally, bone is
separated from the implant’s surface by a thin layer of non-mineral substances that prevent
complete osteointegration [18]. Among other numerous reasons, this issue is one of
the main reasons which justifies the need to use surface modification procedures. For
example, in Ti implants, manufacturing techniques unfortunately lead to the formation of
a layer with a poor condition that contains an oxidized, contaminated, stressed, and non-
uniform surface that is not suitable for biomedical applications; hence it is of paramount
importance to modify the surface. In addition, the surface must be accurately tailored in
order to improve its mechanical bonding with peripheral tissue (bone, blood, muscle, etc.),
biocompatibility, corrosion, wear, mechanical properties, roughness, and wettability [19,20].
For instance, Bauer et al. [21] showed the size-selective response of stem cells on anodic
TiO2 and ZrO2, in which the cell adhesion and spreading were improved for TiO2 nanotube
diameters in the range of 15 to 30 nm, with a significant decrease in diameters higher than
50 nm. Additionally, Park et al. [22] proved the relationship between nanotube diameter
and cell fate, and reported that the proliferation, adhesion, and differentiation of stem cells
are highly dependent on nanotube diameter. By considering the crucial role of surface
condition, up to now, various surface modification techniques have been introduced [23]
and practiced, leading to different surface topographies and properties, each of which has
its characteristics and applications, and which is intended to be used in a specific location
in the body. These methods can be categorized from different aspects such as type of
method or resultant topographical size. Figure 1 briefly illustrates the surface modification
procedures according to the type of method, but this paper aims to describe them from a
structure size point of view.
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An implant’s surface can be modified through mechanical methods such as machin-
ing [24], grinding, polishing, blasting, and attrition [25]. In mechanical methods, the surface
is modified by mechanical actions involving physical and attrition treatment, shaping,
and removing the surface material. The objective of these methods is to achieve a certain
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type of roughness and topographies and eliminate the contaminations and oxide layers
by removing the surface [26]. Recently, some severe plastic deformation techniques as
mechanical methods have also been used to fabricate grain-refined surfaces and enhance
the overall performance of biomaterials [27–31]. If the modification method involves chem-
ical reactions, it is classified under chemical surface modification procedures [32]. The
chemical techniques include anodic oxidation, sol-gel, chemical vapor deposition (CVD),
biochemical modification, acidic, alkaline, and hydrogen peroxide treatment [33,34]. In
the case of applying resistance heating, electron beam, laser, or electrical discharge in a
vacuum, and of thermal, kinetic, and electrical energies, rather than chemical reactions, the
modification method is classified under physical procedures. These physical modification
techniques include thermal spraying, physical vapor deposition, ion implantation, and
glow discharge plasma treatment.

Previous studies indicate that macro, micro, and nano-structured surface morpholo-
gies in implant surfaces can have pivotal effects on biocompatibility, bioactivity, osteo-
genesis, bone formation, and integration [35,36]. It was proven by many scholars that
micro/nano-structured surfaces could improve biocompatibility [37], cell adhesion and
proliferation, filament orientation, and even gene expression [38], as well as alkaline
phosphatase (ALP) activity, cell mineralization, and osseointegration [39]. Some of these
micro/nano-structures, in addition to maintaining biocompatibility and osseointegration,
can have bactericidal properties [40]. They can even be used in drug loading applica-
tions [41,42], having the potential to be used as multifunctional techniques. It is known
that high aspect ratio topographies are bactericidal with high effectiveness, which was
numerously proven in Ti material [43,44]. Nanotube formation on Ti can be considered
as the multifunctional option, providing biocompatibility, drug loading, and bactericidal
effects. López-Pavón et al. [45] loaded the anodically produced nanotubes (on Ti-24Zr-
10Nb-2Sn alloy) with gentamicin. The higher length and diameters of nanotubes leads
to better a performance of drug loading, with a high percentage of gentamicin release.
The micro/nano-scale variations in topology influence the antioxidant characteristic of the
implant, as they can affect the oxidative stress microenvironment, enhancing or debilitating
osteoinductive ability [46,47]. In this regard, for the first time, Ma et al. [48] reported that
nano-structuring of the Ti surface through acid etching and anodic oxidation produces
various topologies in which micro/nano-structures have superior oxidative stress resis-
tance toward smooth and small nanotubes. By considering this brief introduction, it is
clear that surface topographies are of significant importance in biomedical applications
and investigations. In this regard, up-to-date and innovative surface modification methods
and procedures are crucial in implant design and industry. These novel technologies
will pave the way toward achieving a new generation of Ti implants with superior and
multifunctional properties, leading to enhanced quality of human life and even decreased
economic burdens on society.

2. Surface Characteristics for Biomedical Applications
2.1. Roughness and Wettability

The surface condition has a significant effect on numerous tissue reactions; it can influ-
ence cell proliferation and differentiation [49], protein adsorption [50], osseointegration, etc.
In this regard, surface characteristics such as roughness, chemical composition, energy, wet-
tability, biocompatibility, and bactericidal should be thoroughly studied and investigated.
Osseointegration, as a direct structural and functional bonding between implant material
and bone, is dependent on roughness; the surfaces with higher roughness and waviness
can improve osseointegration [51]. It was seen that, in dental implants, rough surfaces
have enhanced bone fixation, and they have higher bone-to-implant contact (BIC) value
compared to commercially available implants [52], though the rougher surfaces compared
to smoother ones have superior bone fixation [53]. Tailoring the surface of the implant with
increased micro/submicron-scale roughness with sizes comparable to natural tissues and
cells can lead to better osteoblast differentiation and production of local factors [54], with
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enhanced BIC value in vivo [55] and improved wound healing [49]. Nanorough surfaces
with similar features to cell membrane receptors and proteins have a crucial role in improv-
ing the performance of the implant and osseointegration. Bone-implant surface interaction
at various roughness and topographical conditions is schematically shown in Figure 2.
Macroscale features can maintain a suitable mechanical fixation, while micro/submicron
features can favorably interact with cells and osteoblasts. In a nanoscale condition, in addi-
tion to previous factors, the cell membrane receptors, integrins, and proteins are involved
and enhance the overall quality of osseointegration and other biological reactions between
bone and implant [56].
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Based on the roughness value, surfaces are classified into four categories: (1) smooth
surfaces with Sa less than 0.5 µm can be found in abutments of oral implants; (2) slight
roughness with Sa in the range between 0.5 and 1.0 µm in acid-etched samples and Astra
Tech implants; (3) moderate roughness with Sa between 1 and 2.0 µm, which comprises
nearly all modern implants, such as the Astra Tech, TiOblastTM, Nobel TiUnite, Os-
seoSpeedTM, Straumann SLA, and Dentsply Cellplus; (4) rough surfaces with a Sa higher
than 2 µm, which are plasma-sprayed samples and Dentsply Frialit implants [57]. Since
surface roughness is a critical factor modulating osteoblastic function, the optimum value
should be determined, and the implant will be tailored according to it. Mustafa et al. [58]
investigated the effect of various surface roughness values on the attachment, proliferation,
and differentiation of cells on the Ti implant surface. They found out that the proliferation
and differentiation of human mandibular bone cells are enhanced by increasing the surface
roughness of the titanium implant. According to Rønold et al. [59], an optimal surface
roughness ranges between 3.62 and 3.90 µm for bone attachment. It should be mentioned
that acid-etched surfaces and Ti coating are the most preferred ways to gain an optimum
surface roughness to improve an implant’s performance [60].

Wettability, as a tendency of one fluid to spread on or adhere to a solid surface, has a
substantial impact on biological interaction between the implant surface and peripheral
tissue, and affects protein adsorption phenomenon and cell adhesion [61]. Figure 3 schemat-
ically illustrates the wettability behavior on various Ti surfaces; the nanostructures have a
more wetted area than the Ti-foil with the smooth surface because of liquid penetration.
This better wettability in nanostructures is an advantageous characteristic in biomedical
applications.



Coatings 2021, 11, 647 5 of 31
Coatings 2021, 11, x FOR PEER REVIEW 5 of 31 
 

 

 

Figure 3. Wettability in Ti Nanostructures. 

2.2. Biocompatibility, Osteogenesis, and Bactericidal Effects 

Biocompatibility can be defined as the capability of the material to display a healthy 

and proper host response and, in this context, the surface condition of materials is highly 

influential. The biocompatibility of Ti implants is associated with their oxide layer’s 

ability to react with the peripheral environment, water ions, and serum proteins [62]. It 

was demonstrated that acicular-shaped oxides and topographical features on the surface 

are more toxic and noncompatible compared to equiaxed ones, and the surface potential 

can affect the biocompatibility of the implant [63]. In addition, roughness and surface 

topography can alter cellular behavior, platelet and osteons activation, and protein ad-

sorption, finally changing the material’s biocompatibility. Hydrophobicity is another 

factor that controls biocompatibility, since it determines the type, amount, and binding 

condition of proteins [64]. In this regard, it is believed that hydrophilic surface features 

are more compatible and safer compared to the hydrophobic ones, and even lead to bet-

ter bone integration in Ti implants [65]. The size of surface features can also affect the 

biocompatibility of implants; for example, in pits with a diameter higher than 25 µm, 

cells migrate inside and settle there [66,67] or spread them out to fill the pit gap [68]. It 

was shown that fibronectin has higher adsorption in shallow pits and surface topography 

can affect the fibronectin distribution [69,70]. Overall, the biocompatibility response of an 

implant can be governed by its surface condition.  

The term osteogenesis refers to the development and formation of new bone tissue 

by cells named osteoblasts, and osteointegration is known as the direct and through 

contact between bone and implant. Figure 4 schematically illustrates the osseointegration 

procedure on metallic implants, which includes three phases [71]. In the first phase after 

implantation, the surface of the implant is surrounded by blood, biomolecules, proteins, 

glycoproteins, and lipids, establishing a transitory bioactive film. After about one month, 

in phase two, the bone tissue is slightly absorbed around the implant, and proliferation 

and differentiation of osteon cells begin, leading to mineralization. After about three 

months, the implant surface is covered by many osteoblasts and osteoclasts that gradu-

ally mature, leading to progressive osteointegration. Many surface-related variables can 

impact the osteogenesis and osteointegration conditions of implant material, including 

wettability, roughness, surface chemistry, energy, etc. [72]. Any failure in proper oste-

ointegration and osteogenesis leads to implant failure and many costs to both patient and 

the medical system; hence, it is of vital importance to avoid such errors. In this regard, 

titanium can be considered as a bioinert material with proper bone contact under os-

teo-permissive conditions; it is better than bio-tolerant materials and, unfortunately, 

more feeble than bioactive materials, so its surface can be purposefully modified in order 

to become bioactive. Surface topography and roughness can be accurately tailored to 

compensate for poor osteogenesis and osteointegration conditions [73]. The optimum 

roughness is about 1 to 1.5 µm, which maintains suitable bone-to-implant fixation [72]. 

Lossdörfer et al. [74] showed that, by increasing the surface microroughness, the osteo-

blast proliferation diminishes while differentiation increases since, in microrough topo-

graphical features, osteoblasts secrete some biological factors which improve osteoblast 

differentiation and diminish osteoclast activity and formation. Surface modification 

techniques can be incorporated to actively control the bone marrow-derived mesenchy-

mal stem cells’ (BMSCs) fate as one of the critical variables in osteogenesis. In this regard, 

Figure 3. Wettability in Ti Nanostructures.

2.2. Biocompatibility, Osteogenesis, and Bactericidal Effects

Biocompatibility can be defined as the capability of the material to display a healthy
and proper host response and, in this context, the surface condition of materials is highly
influential. The biocompatibility of Ti implants is associated with their oxide layer’s ability
to react with the peripheral environment, water ions, and serum proteins [62]. It was
demonstrated that acicular-shaped oxides and topographical features on the surface are
more toxic and noncompatible compared to equiaxed ones, and the surface potential can
affect the biocompatibility of the implant [63]. In addition, roughness and surface topog-
raphy can alter cellular behavior, platelet and osteons activation, and protein adsorption,
finally changing the material’s biocompatibility. Hydrophobicity is another factor that
controls biocompatibility, since it determines the type, amount, and binding condition
of proteins [64]. In this regard, it is believed that hydrophilic surface features are more
compatible and safer compared to the hydrophobic ones, and even lead to better bone
integration in Ti implants [65]. The size of surface features can also affect the biocompati-
bility of implants; for example, in pits with a diameter higher than 25 µm, cells migrate
inside and settle there [66,67] or spread them out to fill the pit gap [68]. It was shown that
fibronectin has higher adsorption in shallow pits and surface topography can affect the
fibronectin distribution [69,70]. Overall, the biocompatibility response of an implant can be
governed by its surface condition.

The term osteogenesis refers to the development and formation of new bone tissue
by cells named osteoblasts, and osteointegration is known as the direct and through con-
tact between bone and implant. Figure 4 schematically illustrates the osseointegration
procedure on metallic implants, which includes three phases [71]. In the first phase after
implantation, the surface of the implant is surrounded by blood, biomolecules, proteins,
glycoproteins, and lipids, establishing a transitory bioactive film. After about one month,
in phase two, the bone tissue is slightly absorbed around the implant, and proliferation and
differentiation of osteon cells begin, leading to mineralization. After about three months,
the implant surface is covered by many osteoblasts and osteoclasts that gradually mature,
leading to progressive osteointegration. Many surface-related variables can impact the
osteogenesis and osteointegration conditions of implant material, including wettability,
roughness, surface chemistry, energy, etc. [72]. Any failure in proper osteointegration
and osteogenesis leads to implant failure and many costs to both patient and the medical
system; hence, it is of vital importance to avoid such errors. In this regard, titanium can be
considered as a bioinert material with proper bone contact under osteo-permissive condi-
tions; it is better than bio-tolerant materials and, unfortunately, more feeble than bioactive
materials, so its surface can be purposefully modified in order to become bioactive. Surface
topography and roughness can be accurately tailored to compensate for poor osteogenesis
and osteointegration conditions [73]. The optimum roughness is about 1 to 1.5 µm, which
maintains suitable bone-to-implant fixation [72]. Lossdörfer et al. [74] showed that, by
increasing the surface microroughness, the osteoblast proliferation diminishes while differ-
entiation increases since, in microrough topographical features, osteoblasts secrete some
biological factors which improve osteoblast differentiation and diminish osteoclast activity
and formation. Surface modification techniques can be incorporated to actively control the
bone marrow-derived mesenchymal stem cells’ (BMSCs) fate as one of the critical variables
in osteogenesis. In this regard, surface technologies such as anodization, micro-arc oxida-
tion, sol-gel, and ion implantation can improve BMSCs’ differentiation [75]. Additionally,



Coatings 2021, 11, 647 6 of 31

titania nanotubes (TNTs) are considered as favorable surface modification strategies to
improve osteogenesis and osteointegration [76]. Shen et al. [77] reported that TNTs can
improve osteogenic self-differentiation and decrease early inflammation of macrophages;
the overall cellular response of mesenchymal stem cells (MSCs) and macrophage behavior
can be well regulated by proper utilization of TNTs. In another study [78], it was shown
that TNTs on Ti surface show the best osteogenesis response in comparison to a micro-scale
case (sand blasted-acid etched topography) and a nano-scale case (hybrid sand blasted-acid
etched), proving that nano-scale TNTs have the best surface topography for increasing
clinical performance.
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Figure 4. The osseointegration procedure on metallic implants [71]. In phase 1, the surface is
surrounded by blood, biomolecules, proteins, glycoproteins, and lipids, establishing a bioactive film.
In phase 2, the initial bone tissue absorption is begins simultaneously with osteon cells’ proliferation
and differentiation, leading to mineralization. In phase 3, the surface is covered by osteoblasts and
osteoclasts, causing progressive osteointegration.

By two bacteriostatic and bactericidal strategies. Figure 5 schematically illustrates
The bactericidal effect is an action that prevents the growth of bacteria and keeps them in
a stationary phase of growth. A bactericide material can also kill bacteria. As is known,
implant-related infections are among the most serious problems and issues in implant
surgeries, which lead to failure and cause costly subsequent surgeries [79]; hence it is
of crucial importance to resolve them. Mainly, two forms of bacteria are responsible for
infection-related issues, Staphylococcus aureus (S. aureus) [80] and Staphylococcus epidermidis
(S. epi.) [81]. Surface modification techniques are highly beneficial in the prevention
of biofilm formation and infections, and can be achieved by designing antimicrobial
surfaces which are able to avoid any pathogen spread and material deterioration these two
mechanisms. These bactericidal surfaces actively prohibit the initial adhesion of living
planktonic microbial cells that are created through the killing of bacteria or exorcising
the approaching microbial forms. These antibacterial effects can be attained by various
methods (physical, chemical, physicochemical, coatings, etc.) and in different scales (macro,
micro, nano, atomic, molecular, and textural). In this regard, there are many types of
antibacterial macromolecule [82–84], such as inorganic bactericidal metallic elements silver,
copper, zinc, etc. [85–87].
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Figure 5. Schematic illustration of two surface modification strategies (bacteriostatic and bactericidal)
in designing bactericidal surfaces.

3. Surface Modification Procedures
3.1. Macro-Grade Modification

Macro-scale surface treatments warrant the generation of a rough structure on the
surface of titanium implants, and therefore improve their biological performance and
osseointegration. Moderate roughness, with the average (Sa) ranging from 0.5 to 2 µm, is
suitable for bone ingrowth in dental and orthopedic implants [88]. In this regard, many
techniques with the capability to produce macro-rough surfaces have been introduced, such
as etching techniques through acid etching [89,90], sandblasting [91,92], three-dimensional
printing (3DP) [93], and laser surface texturing [94].

3.1.1. Acid Etching and Sandblasting Techniques

In the surface modification of Ti in biomedical applications, acid etching is of substan-
tial importance, since it can generate fine-rough (1–3 µm), rough (6–10 µm), and macro-
rough (10–30 µm) surfaces. Acid-etching can considerably improve early endosseous
integration and implant stability; as has been shown, dual acid-etched Ti implants with
macro-roughness in the range of 10–30 µm could effectively enhance bone anchorage and
early osseointegration in rabbit models [95]. The dual effect of acid etching on cell behavior
and mechanical properties was studied by Wang et al. [96], who reported that acid etching
in hydrochloric acid could produce very rough surfaces (up to 3.7 mm roughness value),
which led to considerable improvements in osteoblast cell adhesion and proliferation. It
was seen that roughness is dependent on etching duration and, by increasing etching
time, the surface roughness incremented while its yield strength diminishes. As such, a
balance between cell response and strength should be considered. Figure 6 shows the
immunofluorescence micrographs of osteoblast attachment on Ti samples with various
etching durations. The optimal etching time is about 60 min, showing both favorable cell
response and strength.
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Figure 6. The immunofluorescence micrographs of osteoblast attachment on Ti samples after one-day
of incubation. Rhodamine-phalloidin was used to stain the actin filaments and DAPI was utilized to
stain cell nuclei. (a) Control sample without etching, (b–f) after etching for 30, 60, 90, 120, and 150 min,
respectively [96] (reproduced with permission number: 5066331116663, John Wiley and Sons).

One of the most infamous and oldest modification techniques of Ti implants is sand-
blasting, in which the pressurized abrasive material is volleyed onto the surface of the
implant so that the surface becomes rough and its osseointegration improves. It was
shown that acid-etched surfaces have higher roughness magnitudes than sandblasted
ones. Sandblasting with alumina powders can be utilized in order to clean and achieve
microretentive topography and increase surface area. Sandblasting can also increase the
bone anchorage by up to 50% [97]. Sandblasting by hydroxyapatite particles can produce
bioactive surfaces, stimulate bone apposition, and facilitate the healing process [98]. Un-
controlled sandblasting may induce unfavorable surface defects and reduce the endurance
limit of the implant [99], so the variables in the process should be thoroughly considered
and controlled. Li et al. [100] showed that a modified sandblasting treatment can even
lead to improved mechanical properties and considerably enhance the shear strength
at dental implants. Figure 7 shows a SEM micrograph of a sandblasted Ti sample with
aluminum oxide and an untreated sample. While sandblasting is an age-old method, some
innovative mediums, post-treatments, and variables are introduced and experienced. In
this regard, some complex blasting mediums with a mixture of Al2O3/NaAlSi3O8/ZrO2-
TiO2 were used, and were shown to have improved bonding properties, with obvious
“micro-vaccination” regions with enhanced adhesion of porcelain (bond) in titanium–dental
porcelain interface [101].
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Figure 7. A SEM micrograph of Ti samples: Untreated samples (a) 1000× and (b) 10,000× magni-
fication; sandblasted samples by aluminum oxide (c) 1000× and (d) 10,000× magnification [102]
(reproduced with permission number: 5071110018393, AIP Publishing).

3.1.2. Three-Dimensional Printing (3DP)

Three-dimensional printing (3DP), also known as additive manufacturing (AM), is a
revolutionary procedure affecting all parts of science, industry, and even human life. Due
to the very promising benefits of 3DP, its use in medical implants is expected to increase
dramatically. These unique advantages include its great potential in the production of
porous and complex shapes, even with intricate internal structures. In addition, it has an
economic nature and can be utilized in mass production. Other advantages are repeatability,
rapid production, and simple design. The most beneficial aspect of 3DP is its great potential
in manufacturing patient-specific implants with multifunctional surfaces [103]. Another
positive point of 3DP is that it has many diverse techniques, enabling us to use many
types of materials, from organic to inorganic compounds, hydrogels, polymers, and metals.
Another positive aspect of these numerous 3DP techniques is their ability to use a variety
of curing systems according to specific conditions and needs in and intended application,
which is a fundamental feature of the biomedical industry [103]. Figure 8 lists the most
popular 3DP methods and their respective curing and deposition systems.

The resultant surface features after 3DP are mainly dependent on the deposition
technique; for example, the mean roughness value after selective laser melting (SLM) is
lower than electron beam melting (EBM), since the laser spot size is smaller than the electron
beam. In addition, the SLM technique can produce thinner layers and utilize smaller
powder sizes [104]. Many studies concluded that the production of Ti implants through
3DP is highly beneficial in improving cell responses and osseointegration [105,106]. Sirvas
et al. [107] produced a 3D printed porous Ti-6Al-4V scaffold (extrusion-based method)
with an average roughness of ~5 µm and comparable mechanical properties to natural
bone due to a porosity of ~58% and a pore size of ~500 µm. This 3D printed sample shows
considerable bone in-growth and in vivo on-growth, and complete filling of pores with the
bone after 8 weeks of implantation in the rabbit model; Figure 9 shows the bone in-growth of
this 3DP scaffold in the rabbit model [107]. However, the osteogenesis of 3DP manufactured
Ti and its alloys are not satisfactory due to biological inertia issues, and should be improved
by secondary procedures. In this regard, Wang et al. [108] utilized hydrothermal and alkali-
heat treatment to further improve osteogenic differentiation and accelerate osseointegration.
They reported a new bone formation and rapid osseointegration in rabbit models due to
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secondary surface modifications, leading to the generation of micro/nano-topography
instead of the initial macro-graded topography in Ti-6Al-4V implants. Additionally, Gulati
et al. [109] utilized an anodization procedure to generate dual micro/nano-scale topography
on 3DP Ti-6Al-4V orthopedic implants. The results showed an enhanced cellular function,
osseointegration, and improved adhesion of osteoblasts.
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Figure 9. (a) Subcutaneous implantation of a 3DPed porous Ti-6Al-4V scaffold in rabbit model;
(b) scaffold in the rabbit tissue after 8-week implantation; (c) magnified view of the circled region
in (b), showing the tissue and blood vessel formation around the scaffold; (d) scaffold implantation
in rabbit’s femur and bone in-growth around the scaffold after (e) 4 weeks and (f) 8 weeks [107]
(reproduced with permission number: 5071080659903, Elsevier).

3.1.3. Laser Surface Texturing (LST)

Laser surface processing development over the past 40 years has great potential in
terms of surface modification, with numerous promising advantages in the biomaterial
field. Laser-based methods are able to modify various surfaces, from macro to nano-scale
topographies, and an important aspect of laser utilization is that there is not any need for
direct contact, which prevents contaminations. Laser processing can manufacture Ti sur-
faces with improved tribological, corrosion, and erosion-resistant characteristics [110]. In
addition, these techniques are clean, rapid, and easy-automated, with a surface patterning
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ability and a capability for application on any intricate and complex-shaped samples. In
laser-based surface modification techniques, the interaction of an energetic laser beam with
a surface induces craters. Diverse topographies and patterns with various dimensions
can be generated by controlling the craters’ dimensions, depending on laser spot size and
mutual interactions of the laser beam, plasma, and surface [111].

Laser surface texturing (LST) is a process that renovates a material’s surface properties
mainly by modifying its texture and roughness; hence, it can be effectively utilized in
implants and biomedical applications. The surface morphology of the Ti sample after the
LST method is shown in Figure 10, illustrating the formation of both micro-nano hierar-
chical structure (MNHS) and the laser-induced periodic surface structures (LIPSS) [112].
The average micropillar dimensions are, respectively, about 20.45, 12.67, and 33.11 µm in
length, width, and height. As can be seen in Figure 10, the micropillars’ tops are covered
with laser-induced nanoparticles, and top caps are surrounded by nanoripples that are
organized according to the laser’s direction. In general, LST of Ti in biomedical appli-
cations is applied under short-pulsed laser conditions [113]. Laser-based methods can
effectively produce micro and nano-scales, but macro-grade modifications need much
longer processing times compared to micro and nano conditions. The patterning ability
in LST methods is crucial, since it can affect cellular response and bonding strength of an
implant to tissue; it has also been shown that novel textures by using various patterning
plans lead to the formation of diverse topographies, influencing the wettability of the
surface, cell integration, and coefficient of friction against bone [94,114]. Pou et al. [113]
suggested avoiding high energetic and short pulses in LST to prevent crack formations,
and claimed that using an Nd:YAG laser is more appropriate for Ti modification, resulting
in more regular shapes and fewer splashes without any variations in the chemistry of the
surface. Cunha et al. [115] reported that femtosecond LST processing leads to the formation
of nanopillars and laser-induced periodic surface structures (LIPSS) on Ti substrate, which
enhances hydrophilicity and surface energy. These topographies are shown to be effective
in the reduction of Staphylococcus aureus adhesion and biofilm formation on Ti surfaces.

3.2. Micro-Grade Modification
3.2.1. Sandblasting Acid Etching (SLA) Techniques

Sandblasting acid etching (SLA) is a surface treatment leading to improved topogra-
phies with enhanced osseointegration due to increased bone-to-implant contact (BIC). SLA
is regarded as one of the most investigated and well-known methods for producing micro-
rough surfaces. In this method, the sandblasted surface with macro-rough topography
is followed by acid etching, which induces microroughness [91]. The SLA process can
intensify the osseointegration rate by a combination of grit and acid etching that increases
the roughness value on multiple levels. This improved surface with microroughness condi-
tions encourages osteoblasts to proliferate and adhere to the implant surface, resulting in
improved implant stability and a treatment time reduction. These SLA-treated implants
provide a variety of benefits to patients requiring increased ossification [86]. The in vivo
experiments of Buser et al. [87] on miniature pigs showed a considerably higher mean
percentage of BIC and bone apposition in a chemical SLA Ti implant. Similar results were
reported by Chiang et al. [116] showing the significant beneficial effects of SLA treatment
on improving osseointegration, especially at the early stages of bone tissue healing.
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micrographs showing the LIPSS and MNHS topographies with the magnification of rectangular
regions [112] (reproduced with permission number: 42, 3936-3939 (2017), Optical Society).

In addition to the traditional SLA method, current modern and complex procedures
are proposed with the addition of other schemes to further improve the biological response
of Ti implants. For example, Liu et al. [117] utilized a chemical scheme by Cu in addition
to SLA treatment, and it was shown that Cu’s addition to SLA-produced micro-submicron
hybrid structures significantly improves the bactericidal effects toward oral anaerobic types
of bacteria (P. gingivalis and S. mutans), and simultaneously enhances in vitro osteogenic
and angiogenic gene expression. In vivo experiments confirm the ability of this combined
technique for osseointegration improvement, showing enhanced peri-implant bone forma-
tion and favorable bone-binding. Additionally, these Cu-assisted SLA Ti samples, due to
Cu-induced antiinfection effects, led to a gain resistance toward bone resorption and im-
proved osseointegration [117]. In this regard, Choi et al. [118] modified the SLA-treated Ti
surface with strontium-containing nanostructures through wet chemical treatment, leading
to multifunctional effects such as enhanced osteogenic capacity, improved osseointegration,
immunoinflammatory macrophage cellular behavior, and early macrophage cell functions.
In another study, Kim et al. [119] used Mg ion implantation via a vacuum arc source ion
implantation method to further improve human mesenchymal stem cell (hMSC) response
in an SLA-treated Ti sample; the results indicated favorable cell adhesion, ALP activity,
and calcium accumulation, leading to improved osseointegration. Figure 11 shows these
SLA- and Mg-ion-implanted SLA samples with rough and irregular morphology, with an
average roughness value of ~2 µm, which is not affected due to Mg-ion implantation.
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3.2.2. Other Micro-Grade Methods

One of the well-known methods to modify the surface of Ti implants is grit blasting,
in which hard ceramic particles are shot via compressed air at a high velocity through a
nozzle. The resultant surface roughness is dependent on the size of the ceramic particles
(~100–300 µm), and they should be selected from biocompatible materials such as silicon
oxide (SiO2), aluminum oxide (Al2O3), titanium oxide (TiO2), zirconium oxide (ZrO2), steel,
and calcium phosphate composition [120]. One of the disadvantages of the grit blasting
method is the issue of particles remaining on the surface, which are very hard to remove
and which may release into the live tissue, leading to allergies and other biologically
adverse effects [121]. Studies show that grit blasting can lead to improved BIC values in Ti
implants. For example, Ivanoff et al. [122] proved that TiO2 blasting on Ti micro-implants
leads to higher BIC values, while some other studies are syill confirming the promising
effects of Al2O3 and TiO2 blasting [123]. The reported clinical studies claimed a high
success rate of TiO2 grit-blasted Ti implants [105].

In addition to macro-grade surface modification, acid etching can also be used for
micro-grade modification, in which surface roughening is performed by strong acids such
as nitric acid (HNO3), sulfuric acid (H2SO4), hydrofluoric acid (HF), hydrochloric acid
(HCl), and other combinatorial acidic solutions. Acid etching procedures are able to pro-
duce surfaces with micro-pits with the size range of 0.5–2 µm [124], but acid etching can
have some negative effects on the mechanical properties of the implant. Acid etching
can stimulate macrophage activity and enhance cell proliferation and the pro-angiogenic
response of endothelial cells, leading to increased BIC values, improved osseointegration,
and better initial osteoblast anchorage [125,126]. Diomede et al. [127] showed a consider-
ably improved biological response of dual acid-etched Ti samples, with resultant improved
cell growth and adhesion, enhanced osteogenic and angiogenic events, as well as a clear
osseointegration process. Additionally, Wang et al. [96] proved that acid etching by 20 wt.%
HCl induces a remarkable enhancement of osteoblast cell adhesion and proliferation on
the porous Ti.

3.3. Nano-Grade Modification

Nano-grade surface modification is of crucial importance, since human tissue mor-
phology includes numerous nanostructures, such as natural bone, which has a hierarchy in
terms of the macro-, micro-, and nano-scale structures, with a gradual transition between
them [128]. The existence of micro and nanostructures can considerably affect the cell
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response and the initial bone formation around the implant material [129]; hence, recently,
many attentions have been focused on the design of mixed micro/nano topographies with
multifunctional properties through modern and innovative techniques [130–134]. These
nanofeatures stimulate osteogenic activity and increase the adsorption of proteins, leading
to rapid osseointegration and far better performance of implants [135–137]. A comparative
study about the effect of micro and nanostructures on osseointegration of Ti implants
proves the considerable superiority of nanostructures, with enhanced performance in the
pull-out tests, direct bone apposition, and improved osseointegration [123]. Besides, these
nanostructures facilitate the functionalization procedures paving the way toward fabricat-
ing bactericidal and anti-inflammatory surfaces [138]. Figure 12 shows the schematic of a
CeO2-nanostructured Ti surface in which the formation of CeO2 nano-rods, -cubes, and
-octahedrons can lead to strong antibacterial properties, and in which the nano-octahedrons
showed the best anti-inflammatory response [138]. Nowadays, there are many methods for
fabricating nano-grade surfaces on Ti implants. In addition to new and modern techniques,
other macro and micro-grade methods can also be used in for nanomodification by chang-
ing the related variables. In this regard, some methods, such as grit blasting, acid etching,
and SLA, were also classified in the nano-gradation group.
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3.3.1. Electrochemical Modification

Recently, much attention has been paid to the fabrication of nanopores and nanotubes
with functional properties such as drug loading, being antibacterial, etc. These topographies
can be easily attained through electrochemical methods such as anodization. Figure 13
shows the generation of various topographies, with related mechanisms on the metallic
substrate by the anodization method. Briefly, anodization is an electrochemical technique
in which an ordered oxide film is grown on a metallic sample connected to the anode of
an electrochemical cell [139]. Charging the double electric layer at the metal–electrolyte
interface generates the anodic oxide film. Subsequently, the dissolution of oxide film
by the electric field leads to the formation of soluble salt consisting of an anion and
metal cation in the electrolyte solution. Finally, the electrochemical reactions (oxidation
and reduction), conjointly with field-driven ion diffusion, generate an oxide layer on the
anode’s surface [140]. The dimension of nano-topographies is easily controlled by changing
the applied potential, electrical current power, anodization time, electrolyte composition,
and temperature [141]. The formation of these anodized-produced nano-topographies
have many advantages, including their promising potential in delivering many types of
drugs [142], such as bioactive molecules [143], and growth factors [144] to enhance the
cellular response, affecting the contact surface area and leading to enhanced wettability,
inducing mechano-bactericidal effects [145], improving implant to bone bonding, etc.
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Together with the type of fabricated nanostructure by anodization, their dimension is
important. The nanotube length can influence biocompatibility and its diameter can affect
cell adhesion and proliferation [148,149]. Many studies have shown that favorable osteocon-
ductive responses experimented on in the range of 30–120 nm can be achieved in a ~70 nm
diameter, and optimal differentiation and proliferation can be achieved in ~80 nm [129]. Su
et al. [149] claimed that in vitro and in vivo experiments prove the positive effect of TiO2
nanotube formation on osseointegration, osteogenic activity, cell differentiation, prolifer-
ation, mineralization, and anti-microbial properties. Besides, this electrochemical-based
surface treatment can be performed on pre-treated macro and microporous Ti implant
surfaces, fabricating favorable textures for nanoscale cellular interactions [149]. In addition,
mechanical pull-out and histological tests in rabbit models indicate that about nine-fold
improved bone-bonding was achieved in TiO2 nanotube-modified Ti surfaces [149]. Lee
et al. [150] produced TiO2 nanotube arrays through a two-step anodic oxidation procedure
on Ti dental implants in a solution containing ethylene glycol with 0.5 wt.% NH4F. The
in vivo studies on rabbit models show further improved osseointegration results compared
to machined, sandblasted, large-grit and acid-etched surfaces; these nanotubes can also
be used as reservoirs for recombinant human bone morphogenetic protein-2 (rhBMP-2).
Hu et al. [151] indicated far better interfacial adhesion and osseointegration in anodic-
produced TiO2 nanotubes on ultra-fine-grained titanium; a grain refinement strategy of
high-pressure torsion processing was used in order to enhance the weak bonding of anodic
TiO2 nanotubes to the substrate.

3.3.2. Plasma Spraying

Plasma spraying is known as a reliable nano-scale coating technique that can also be
used to roughen a surface. Figure 14 shows the schematic of this process including an
electrical power source, water-based cooling system, gas flow control, powder injector,
cathode, anode, and insulators, along with the affected variables [23]. In this method, a
direct current arc plasma gun is utilized to spray the melted powder material onto the Ti
substrate; it can also roughen and increase the surface area of the implant material [152]. It
was reported that the plasma spraying technique can facilitate and accelerate the formation
of a bone-to-implant interface [153].
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Until now, numerous studies have been focused on plasma sprayed coatings on Ti
implant surfaces, showing their great potential to improve the properties and functionality
of Ti implants; meanwhile, hydroxyapatite (HA) and calcium phosphate coatings are of
special interest for enhancing the bioactivity of these surfaces [154–156]. Coating of com-
posite materials can also be achieved by the utilization of plasma spraying, Li et al. [157]
prepared a nano-TiO2/Ag coating to enhance bioactivity and bactericidal properties. Func-
tionally graded (HA)/Ti-6Al-4V composite coatings were produced by plasma spraying.
This three-layered structure, without any distinct interfaces among layers, had improved
and graded mechanical properties comparable to the natural bone, with enhanced tensile
adhesion strength and toughness [158]. Additionally, a biomimetic nano-porous composite
(50HA–50TiO2) was produced by plasma spraying for orthopedic applications on Ti6Al4V
alloy, showing the natural bone-like nano-porous morphology favorable for effective bone
bonding with an implant’s surface [159]. Hameed et al. [160] used axial suspension plasma
spraying (SPS) and atmospheric plasma spraying (APS) procedures to induce HA coating
and tailor a Ti6Al4V surface for orthopedic implant applications. In this study, various
coatings using different processing variables were produced, including two HA coatings by
APS (P1 and P2) and four coatings with SPS HA (S1, S2, S3, and S4). The results indicated
the optimal properties of S3 (1.3 times increased adhesion strength and 9.5 times higher
corrosion resistance compared to P1). After S3, the best results confirmed in the P1 sam-
ple, both of these samples have favorable biocompatibility [160]. Figure 15 shows a brief
illustration of the research. For the preparation of the S3 sample, the following parameters
were used: 150 (L/min) gas flow rate, 6.10 (kJ/mol) enthalpy, 220 A arc current, 70 mm
stand-off distance, and 36 µm coating thickness [160]. Briefly, the SPS method indicated
better hMSCs cell viability and corrosion performance.
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3.3.3. Pulsed Laser Deposition

The pulsed laser deposition (PLD) technique is one of the physical vapor deposition
(PVD) derivatives in which a high-power laser beam with a narrow frequency bandwidth
is utilized to vaporize the substrate. PLD techniques are generally used to produce a
variety of nanotubes, nanopores, nano-powders, and quantum dots. The most advanta-
geous aspect of PLD is that it can be applied to almost any target material [161,162]. In
addition, PLD has the potential to further tailor nanostructure morphology by changing the
process parameters such as wavelength, laser energy, gas pressure, etc. Many in vitro and
in vivo investigations show the beneficial aspects of PLD utilization in the production of
ceramic, titania, calcium phosphate-based, and silicon oxide coatings for biomedical appli-
cations [163,164], indicating the superior osseointegration properties of CaP functionalized
metallic implants via the PLD technique. PLD techniques can produce HA coatings (as a
popular surface strategy for Ti implants), including doped species. [165]. Overall, PLD is
one of the most favorable techniques for fabricating bioactive coatings on metallic implants.
PLD can promote implant cytocompatibility [166], corrosion resistance [167], antibacterial
effect [168], drug-eluting characteristics [169], osteogenesis [170], and mechanical proper-
ties [171]. Even some organic animal-based material can be used in the PLD method; for
example, Duta et al. [172] produced the ovine and bovine-derived hydroxyapatite thin films
on a Ti substrate with a rougher and more adhesive nature. Despite the numerous benefits
of PLD, it also has some limitations and shortcomings. PLD may lead to compositional
changes and irreversible destruction of chemical bonds and initial material structures. This
issue usually occurs in complex and delicate biomolecules, drugs, and biopolymers. Finally,
these compositional changes and destructions affect the quality of the deposited film [173].

4. Multifunctional Biomimetic Surfaces and Their Applications

Nature as the best teacher has numerous examples of multifunctional hierarchical
micro/nanostructures. These natural structures are generated to actively adapt to extremely
harsh environmental conditions. They also provide other required properties such as self-
cleaning, bactericidal effects, and even fabricating fascinating colors to attract the attention
of possible mates; some of these examples can be found in studies by Vijayan et al. [174] and
Hu et al. [175]. In this regard, tailoring a multifunctional biomimetic surface on Ti material,
as one of the most used materials in biomedical applications, is of high importance, and
has attracted much attention from academic society, with a sharp increase in the number
of studies conducted in this area; most of these studies on Ti focused on the fabrication
of bioactive, bactericidal, and drug loading structures. Figure 16 lists the strategies for
achieving bioactive and antibacterial properties on Ti surfaces through various types of
surface modification [176].
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Spriano et al. [177] produced two types of multifunctional Ti surface. The first one,
with an inorganic modification aiming to induce in vivo apatite precipitation with complex
micro/nano-roughness and modified chemistry (full of hydroxyls groups), showed en-
hanced wettability and protein adsorption. The second surface was additionally processed
with alkaline phosphatase (ALP) grafting. The results showed increased cell prolifera-
tion rates and higher osteoblast differentiation, with more filopodia in these nanotextures
compared to traditional polished and grit blasted samples [177]. Biomimetic growth of
nanostructured TiO2 can be performed through plasma treatment. Liu et al. [178] re-
ported the fabrication of bioactive nanostructured TiO2 surfaces with grain sizes less than
50 nm using plasma spraying following hydrogen plasma immersion ion implantation
(PIII), leading to bone-like apatite generation. It was seen that a hydrogenated surface
increases the negatively charged functional groups, and a refined microstructure improves
the surface adsorption, leading to the facilitation of apatite formation and bioactivity [178].
One of the well-known methods for the loading and releasing of various drugs, as well
as anti-inflammation and antibacterial compounds, in Ti implants is the production of
TiO2 nanotubes through electrochemical methods, which could be beneficial in orthopedic
implants [179]. A coating strategy can also be used to functionalize the Ti surface by the
utilization of antimicrobial peptides and amphiphilic oligopeptides. These peptides show
multifunctional behaviors including a reduction in pro-inflammatory cytokines, along
with the increment of anti-inflammatory cytokines, down-regulation of macrophage activa-
tion, prevention of the adhesion of bacteria, and increases in osteoblast viability [180–182].
Achieving simultaneous bioactive and antibacterial surfaces on Ti can be achieved by the
utilization of either inorganic (metallic ions, nanoparticles, and their oxides, e.g., Ag, Cu,
Zn, and Ce) or organic (antibiotics) antibacterial agents. It seems that the inorganic scheme
is better than the organic ones due to its capability to respond to polymicrobial infections
without having an issue with resistant bacterial strains, which is among the main issues in
antibiotics [176,183]. In addition to the so-called studies, Table 1 briefly introduces some of
the investigations about multifunctional Ti material production using various techniques,
some of which are not categorized in surface modification techniques. The advantages
of biomimetic multifunctional tailoring of Ti surfaces are vast and, because of that, make
it a crucial research topic with the potential to revolutionize biomedical engineering. As
such, the future of this field is dependent on developing new methods and improving the
current ones. This paper provides a brief review about these methods and aims to incite
future investigations.
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Table 1. The multifunctional properties in Ti and Ti6Al4V alloy, techniques, and surface types.

Substrate Technique Surface Type or Coating Multifunctional Properties Ref.

C.P. Ti Layer-by-layer
self-assembly

Phospholipid-based
multifunctional coating with

phospholipids-based polymers,
type I collagen (Col-I), and

Arg-Glu-Asp-Val (REDV) peptide

Inhibit platelet adhesion, smooth
muscle cells, and endothelial cells

proliferation
[184]

C.P. Ti Plasma electrolytic
processing (PEP)

Ag substituted
hydroxyapatite/TiO2 composite

Corrosion-resistant, bioactive,
antibacterial [185]

C.P. Ti Electrodeposition Cu-substituted carbonated
hydroxyapatite coating

Antibacterial function against
Escherichia coli, corrosion-resistant,

favorable osteoblast function
[60]

C.P. Ti Aqueous precipitation
(electrochemical)

Ag-doped β-Ca3(PO4)2/chitosan
hybrid composite coatings

Antibacterial, biocompatible,
corrosion-resistant [186]

C.P. Ti Micro arc oxidation Zn-incorporated TiO2 porous
coating Antibacterial, corrosion resistant [187]

C.P. Ti Micro arc oxidation Cu NP-incorporated TiO2 porous
coating

Antibacterial activity against
Staphylococcus aureus, the

enhanced cellular activity of
osteoblasts and endothelial cells

[188]

C.P. Ti
Micro arc oxidation +

dopamine dip coating +
AgNO3 reduction

Hierarchical coating by Ag NP
deposition on micro-nano-porous

TiO2

Anticorrosion, antibacterial
properties against Staphylococcus

aureus, optimal osteoblast cell
function

[189]

C.P. Ti Plasma electrolytic
oxidation

TiO2 + ZnO NP in
phosphate-based electrolyte

Anticorrosion, antibacterial effect
against both Gram-positive and

Gram-negative bacteria
[190]

C.P. Ti Electrostatic spraying Ag-incorporated hydroxyapatite
coating

Antibacterial activity against
Escherichia coli, optimal osteoblast

cell function
[191]

C.P. Ti
Anodic oxidation (TiO2)

and electrodeposition
(Ca-P)

TiO2 + calcium
Phosphate, (Ca-P) coating

Antibacterial function against
Staphylococcus aureus, anticorrosion [192]

C.P. Ti Anodic oxidation and
electrodeposition

Ag-Mn-doped double-layer
hydroxyapatite coating

Super-hydrophilic,
corrosion-resistant, improved

osteoblast cell function
[193]

C.P. Ti Electrochemical and heat
treatment

Ag-hydroxyapatite composite
coatings

Antibacterial function against
Escherichia coli [194]

C.P. Ti Hydrothermal method
Ag- and Sr-substituted

hydroxyapatite coating on
dopamine functionalized titanium

Antibacterial function against
Escherichia coli and Staphylococcus

aureus, reduction of Ag
cytotoxicity

[195]

Ti6Al4V Micro arc oxidation Multi-layer HA/TiO2 coatings
containing Ag

Enhancement of bioactivity,
antibacterial effect [196]

Ti6Al4V
Hybrid approach of

magnetron sputtering
and micro-arc oxidation

Zn-doped ZrO2/TiO2 porous
coatings

Antibacterial property against
Staphylococcus aureus,
corrosion-resistant,
cytocompatibility

[197]

Ti6Al4V Electrodeposition
Zn-halloysite nanotubes /Sr2+,

Sm2+ substituted
hydroxyapatite bilayer coating

Corrosion-resistant, bioactive,
favorable antibacterial function [198]
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5. Forthcoming Modern Implants

The development process in medical applications is extremely fast, especially in
relation to medical implants due to the growing number of the world’s aging population.
In this regard, many modern materials, procedures, and technologies have been proposed
and studied. In addition, in the case of implant surface technologies, new concepts have
been introduced which cannot be categorized in traditional classifications. This section
aims to present and discuss these modern technologies; some of them have not yet been
studied directly on titanium, but they may inspire future studies and pave the way for new
advances in the field.

Modern hydrophobic surfaces are highly interested in the dental and ophthalmological
communities. Hydrophobic surfaces can prevent dental enamel erosion [199] and have
many applications in the production of eye lenses [200]. A superhydrophobic surface
can be produced by various methods and shows promising properties. Ma et al. [201]
produced a fluorine-based superhydrophobic surface via electrochemical etching with
anticorrosion and anti-abrasion characteristics. Additionally, Bains et al. [202] fabricated
a hierarchical hydrophobic surface with long-term antibacterial properties, minimizing
wetting through biological secretions and inhibiting corrosion. They developed this kind of
superhydrophobicity by the production of benzimidazolium ionic liquids ILs-1(a–d)-based
metal hybrid nanocomposites by the utilization of different metals, such as silver, gold, and
copper. In addition, self-healing hydrophobic coatings with high transparency, excellent
stability, and favorable adhesion were introduced [203], which can be further improved
for use in the implant industry. A study by Tang et al. [204] proved the effectiveness of
TiO2 nanotube-based superhydrophobic surfaces, with more than 150◦ contact angle in
the prevention of bacterial contamination. The superhydrophobic surfaces of Ti show
considerable self-cleaning, prevention of bacterial adhesion, and enhanced anticoagulant
characteristics; these surfaces can be produced by various methods such as laser ablation,
electrochemical processes, high-speed micro-milling, electrodeposition, anodic oxidation,
and fluoroalkylsilane modifications [205]. Recently, new approaches in bone regeneration
of implants have also been introduced and practiced. Digital and visualized guided bone
regeneration (GBR) is among these new technologies, with promising benefits in precision
and controllability of bone augmentation procedures [206]. Yin et al. [207] used a novel
dental implant design to preserve the alveolar ridge height by mechanical memory in which,
through 3D printing technology, a micron-sized pore-channel structure was fabricated,
with a more bony ingrowth, thus assuring the required horizontal mechanical force and
mimicking natural teeth force. In this design, the pore-channel considerably assists stem
cell differentiation and tissue morphogenesis.

5.1. Four-Dimensional (4D) Printing

The production of shapeshifting materials using four-dimensional (4D) printing can
be a revolutionary approach in biomedical applications. These 4D printed materials
have the potential to reconfigure themselves upon demand when exposed to changes in
temperature, electric current, stress, etc. The future of 4D printing can address complex
medical issues and further improve and facilitate patient-specific designs. Through 4D
printing technology, a 3D physical object can be fabricated by adding smart material layer
by layer via computer-operated computer-aided design (CAD) data [208]. The smart
material function adds the fourth dimension, with the capability to transform over time, in
which the printed products become sensitive to parameters such as temperature, humidity,
time, electricity, magnetism, etc. [209]. The main applications for 4D printing in medicine
were reported in dentistry [210], prosthetics [211], and implants [212]. In addition, 4D
printing technology can be used in drug delivery systems, scaffolds [213], and stents [214].
The 4D printed drug delivery systems can be stimulated by external parameters to release
drugs, and 4D-printed containers [215,216] are popular examples, with the other example
being expandable gastroretentive devices [217].
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5.2. Metasurfaces and Metamaterials

Metamaterials are modern artificial composite structures with exceptional material
properties and applications displaying exotic physical properties that surpass or comple-
ment the usual properties seen in nature. Metamaterial, as a new frontier in science and
technology, is a multi-disciplinary field involving physics, material science, engineering,
and chemistry. Metamaterials (MM) as synthetic composite structures use a conventional
type of material such as metals and plastics, but they act entirely differently to bulk materi-
als, presenting exotic and exceptional properties. Metamaterials’ structures are composed
of microscopic patterns that can interact with light, electromagnetic, elastic, acoustic, and
thermal properties in unconventional ways.

Metasurfaces are thin-films which include individual elements that have been intro-
duced to defeat the obstacles that metamaterials are confronted with. The unique benefits
of metasurfaces and metamaterials can be utilized in biomedical applications. For instance,
the stress shielding issue mostly seen in orthopedic bone implants can be solved by lat-
tice and shell-type architecture in bone scaffolds, in which the varied topology of nodal
connections has great potential to control the relative rigidity of the metamaterial [218].
Three-dimensional printing technology, along with multi-objective genetic algorithm (GA)
optimization with the finite element (FE) simulation, can be used to produce an optimum
force-displacement response in designing printable tunable stiffness metamaterial for bone
healing [219]. Mechanical 3D metamaterial with a porous structure is among the best
materials for bone implants, with a graded Poisson’s ratio distribution to optimize stress
and micromotion distributions. In this regard, Ghavidelnia et al. [220] analytically de-
signed an auxetic 3D re-entrant structure with tailored elastic modulus and Poisson’s ratio,
and which has great potential to solve the stress shielding problem. Kolken et al. [221]
produced a novel meta-implant by 3D printing technology. Their designed non-auxetic
meta-biomaterials with a deformable porous outer layer were intended to be used in acetab-
ular revision surgeries. During implantation, the outer layer plastically deforms into the
defects, enhancing the initial stability and stimulating the surrounding bone ingrowth. This
space-filling behavior with 3D printed lattice (including six-unit cell) is highly beneficial
for improving the mechanical performance of implants and enhancing bone-mimicking
characteristics. Figure 17 shows this space-filling meta-implant.
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6. Conclusions

In recent years, titanium implant modification methods have shifted from improving
mechanical strength and reducing yield strength toward multifunctional designs. Multi-
functional surface designs can improve biocompatibility and osseointegration. They can
also lead to an optimal cellular response, wettability, roughness, and even drug loading and
antibacterial properties. In order to achieve all these crucial requirements in biomedical
applications, developing modern and optimum techniques is vital. Besides, the existing
methods must be improved and modified accordingly. Recent investigations in strength,
roughness, and wettability issues have shifted toward hierarchical structures, mimicking
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the periphery tissue (specifically bone, in the case of titanium), along with activating the
surface with organic, inorganic, and biochemical materials. Many techniques based on
mechanical, physical, chemical, and biochemical methods were introduced and explained
in the literature. Besides, the combination of these methods is highly interesting for the
community, since each of them has its advantages and disadvantages. Three-dimensional
printing technology emerged in the last decade and, despite its infancy, has opened new
horizons for developing modern implants with patient-specific properties. Based on the
literature review, it seems that the importance of micro/nano-gradation in the surface
modification of Ti and its alloys, along with providing multifunctional properties, is more
than the utilized technique; hence, in this paper, special attention was paid to tailoring
micro/nano-grade surface structures, which is well suited to cellular and biosystems’ di-
mensions and can actively mimic their functions. In this regard, firstly, basic requirements
such as roughness, wettability, biocompatibility, osteogenesis, and bactericidal properties
were discussed. Then, macro-, micro-, and nano-grade surface modification techniques
were thoroughly explained, including acid-etching, sandblasting, 3D printing, and laser
surface texturing in the macro-grade group, SLA techniques in the micro-grade group, and
electrochemical surface treatment, plasma spraying, and PLD in the nano-grade group.
Subsequently, the multifunctional biomimetic surfaces were discussed. Finally, the forth-
coming modern implants, with attention paid to 4D printing and novel metasurfaces and
metamaterials, were explained. It seems that these revolutionary techniques have a very
promising future in the medical implant industry. Overall, it was suggested that improving
the exciting traditional techniques, further modifying novel methods such as metasurfaces,
or designing new ones by combining the so-called methods, along with developing modern
procedures, will be highly beneficial. By collecting the required information from the litera-
ture, encompassing both traditional and modern procedures, this review paper can pave
the way toward tailoring modern and more efficient processes in the surface treatment of
Ti and its alloys.
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