Materials Today: Proceedings Xxx (XXXX) XXX

journal homepage: www.elsevier.com/locate/matpr

Materials Today: Proceedings

=
Contents lists available at ScienceDirect

ma_terialstqg}_ay;

EETEL
EANE T
FamEED =

maerdsindey

Surface modification techniques of titanium and titanium alloys for
biomedical dental applications: A review

Alekh Kurup **, Pankaj Dhatrak

b Neha Khasnis ®

2 Department of Mechanical Engineering, MAEER'S MIT, Pune 38, India
b School of Mechanical Engineering, Dr. Vishwanath Karad, MIT-WPU (Formerly MAEER'S MIT), Pune 38, India

ARTICLE INFO

ABSTRACT

Article history:

Received 4 May 2020

Received in revised form 7 June 2020
Accepted 11 June 2020

Available online xxxx

Keywords:

Coatings

Implant
Osseointegration
Surface modification
Titanium

The materials used for biomedical applications include metal and their alloys, polymers, and ceramics. Of
these, titanium (Ti) and titanium alloys are widely used as implant materials owing to its superior cor-
rosion resistance and high mechanical strength. Although titanium has several advantages, being biolog-
ically inert, it cannot osseointegrate with the human cells. Thus, the surface of the titanium implant has a
very important role, as it determines the rate of osseointegration and the success of the implant. The
main objective of this review is to offer a thorough and detailed description of the most promising tech-
niques used for the surface modification of titanium dental implants. A systematic classification of these
methods is provided, followed by their advantages. Mechanical methods like acid etching and grit blast-
ing, hydrogen peroxide treatment, acidic treatment, nitride coatings, hydroxyapatite coatings, metal
oxide coatings and silver coatings have been analyzed and selected for this review. These methods have
been experimentally proven to enhance the osseointegration rate, improving the biocompatibility and
stability as well as the antibacterial properties of the implants. Thus, the surface modification of the tita-
nium implant surface significantly improves the properties of the implant. However, further research is
necessary to study the implant surface and the human cell interface in more detail and develop new sur-
face modification techniques to manufacture implants with superior properties.

© 2020 The Authors. Published by Elsevier Ltd.

This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-
nc-nd/4.0) Selection and peer-review under responsibility of the scientific committee of ICAMMM 2020.

1. Introduction

development of polymers [6-8] and ceramic materials [9,10] used
for biomedical applications.

In recent times, there has been a substantial increase in the
development of numerous biomedical materials for a variety of
potential applications. These biomaterials are so called because
they possess suitable properties to remain in contact with the
human cells for extended periods [1]. Such biomedical materials
are developed to be used as dental implants, orthopedic and car-
diovascular implants, drug delivery devices and so on [2]. The
requirement of such materials is that they should be biocompatible
i.e. not produce any harmful effects on the human body. Biomate-
rials generally consist of metals and their alloys, polymers and
ceramics. Metals and their alloys are generally used as biomaterials
due to their superior mechanical properties and biocompatibility
potential [3-5]. Significant research has been conducted on the
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A dental implant is a surgical component, most commonly a
titanium post, which supports and allows mounting replacement
teeth. Once the implant is mounted into the jaw, it osseointegrates
with the human bone and provides a stable support. Titanium (Ti)
is used extensively in the medical field as dental implants. This
increased usage can be attributed to the low elastic modulus of
Ti along with suitable other mechanical properties like tremendous
corrosion resistance. Another advantage of using Ti alloys for med-
ical applications opposed to other metallic alloys like the silver-
palladium-gold-copper alloy is the increasing cost of Palladium
(Pd) and Gold (Au). A titanium oxide layer is formed on the surface
of the implant when it is exposed to air. The excellent properties of
the titanium implants depends on the structure and chemical sta-
bility of this TiO, layer, which has a thickness in the magnitude of a
few nanometers. Titanium is also used for applications such as
orthopedic implants and cardiovascular implants. Titanium, being
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highly corrosion resistant, stays relatively unchanged when it is
inserted into the human body as implants, and this property makes
titanium biologically inert. Thus, titanium cannot osseointegrate
with the human bone cells. Moreover, titanium also possesses
lower wear and resistance to abrasion, as its hardness value is
low. Surface modification of the titanium surface is necessary, as
these properties cannot be infused into the metal during the man-
ufacturing stage. Thus, surface modification techniques are
required so that the bone formation and bonding process on tita-
nium and titanium alloys is accelerated [11].

The Grand View Research assessed and valued the global dental
implant market at around USD 4.6 billion in 2019, with an
expected growth rate 9.0% CAGR. Increasing popularity of dental
implants, prosthetic demands and increasing number of dental
injuries are some of the key factors for this estimated growth. Of
these dental implants, titanium holds the largest market share
due to its several benefits. Therefore, there is a greater need to pro-
duce Ti implants that have improved life. The surface modification
of the titanium implant plays a vital role in this matter and it has
been found to significantly improve the biocompatibility and
antibacterial activity of the implant.

This paper is structured to first explain the concept of osseoin-
tegration and then discuss about how the implant surface and sur-
face modification techniques help in improving the
osseointegration rate. In this review, the focus is mainly on some
of the most promising techniques for the surface modification of
titanium implants: mechanical methods like acid etching and
grinding as well as coatings like hydrogen peroxide treatment
using fluoride (F) and chloride (Cl) ions [12], hydroxyapatite
[13,14], nitride [15,16], metal oxides [17-19] and silver [20,21].
These methods have been experimentally shown to improve the
various properties of the titanium implant, making it more suitable
to be inserted into the human jawbone. As the current trend shows
a substantial increase in the use of titanium implants, it is becom-
ing increasingly necessary to develop methods that would improve
long-term usage of these implants. The properties that have been
observed to be the most crucial for the success of the implants
are the rate of osseointegration, the roughness of the titanium
implant surface and finally the antibacterial property of the
implant.

2. Osseointegration and relationship with surface modification

Osseointegration has been defined as the direct connection
between the human bone and the implant. This plays a key role
in implant stability and ensures the success of the implant [23].
In case of the natural tooth, there are several periodontal ligaments
that are present between the root of the tooth and the surrounding
bone which support the tooth (Fig. 1(a)). However, in the case of
implants, they are in direct contact with the bone, there are no
periodontal ligaments (Fig. 1(b)). Once the implant is inserted into
the bone, the bone grows around the porous structured implant.
Once osseointegrated, the implant becomes as flexible and strong
as a natural tooth. However, the process of osseointegration can
take a long time, usually ranging from a few weeks to a few
months. The entire process of osseointegration can be divided into
four phases: Hemostasis, Inflammation, Proliferation and Remodel-
ing [24]. Several studies have been conducted to study the different
methods to augment the surface properties of the dental implant,
thus enhancing the osseointegration rate. Guglielmotti et al. con-
ducted several experiments to study the factors affecting osseoin-
tegration. It was observed that surfaces having higher roughness
and waviness, which enhanced osseointegration [25]. When the
surface properties of the implant are improved, it helps in improv-
ing the bonding between the bone and the implant, improves the

Fig. 1. (a) Tissues surrounding a natural human tooth (b) Osseointegration of
implant with the bone [22].

corrosion and wear resistance of the implant, and makes the
implant more biocompatible [26]. In order to osseointegrate with
the human bone, the surface of titanium implant has to be modi-
fied. Dental implants with rough surfaces have been experimen-
tally shown to have increased bone fixation and Bone-to-Implant
Contact (BIC) percentage than commercially available implants
[27].

3. Requirements of surface modification techniques

i. Prevent bone formation:

Titanium implants form a layer of calcium phosphate when
implanted into the human bone. This improves the hard-tissue
compatibility of the implant, but it also leads to increased bone for-
mation. When these alloys are removed from the bone, it leads to
re-fracture of the bone. Thus, it is necessary to employ surface
modification techniques that do not lead to bone formation [28].

ii. Adhesion to soft tissue:

When the implant does not fully adhere to the soft tissue, it can
cause inflectional diseases as well as inflammation, known as
“Implantitis”. This can cause failure of the dental implant. Thus,
surface modification techniques that help in improving the adhe-
sion of dental implants to the soft tissue are required.

iii. Prevent biofilm formation:

A biofilm is formed when the bacteria invade the implanted
site, further leading to the multi-layered formation of bacteria,
causing infections like per-implantitis. Thus, it is necessary to inhi-

bit the biofilm formation.

iv. Increase the wear resistance of the implant.

4. Surface modification techniques
4.1. Mechanical methods

The goal of mechanical methods for the surface modification of
titanium implants is to alter the surface morphology of the
implant, as this will improve the bonding of the implant with the
bone. The methods used for this purpose are grinding, machining,
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blasting and polishing [29]. These methods use the application of
external forces for shaping or roughening the surface. Such meth-
ods help in achieving the required surface topography and rough-
ness as well as removing any present surface contamination, which
would improve the attachment between the implant surface and
the bone [30,31]. Another method for improving the osseointegra-
tion of the implant is the selection of an optimum thread profile of
the implant [32-34]. Wennerberg et al. concluded that modified
implants having a rougher surface compared to smoother
machined implants possessed better bone fixation [35]. Souza
et al. reviewed the various methods used for nano-scale modifica-
tion of the titanium implant surface and summarized the various
methods. Several methods showed increased roughness values
and higher water contact angles, indicating enhanced rate of
osseointegration [36] Table 1.

4.2. Acidic treatment

The implant surfaces are treated with acids to remove any oxide
scales that may have been formed, thus causing contamination, fol-
lowed by treating the surface with alkalis to improve the biocom-
patibility. Takeuchi et al. evaluated the effect of the acids, sodium
persulfate (Na,S,0g), sulfuric acid (H,SO4) and hydrochloric acid
(HCI) on the Ti surface. This was followed by rinsing the titanium
surface using acetone or ultrapure water [37]. The study concluded
that using a blend of 10.0 N hydrochloric acid and acetone reduced
the value of Carbon/Titanium and Nitrogen/Titanium to the highest
extent among the acids used. Treating the Ti surface with 5.0%
sodium persulfate and acetone also gave desirable results, however
left behind a residue of S,03™ on the surface. Similar phenomena
were observed on Ti surfaces treated with 0.10-10.0 N sulfuric acid.
Wen et al. conducted a two-step chemical treatment process by
treating the Ti sample using hydrochloric acid and sulfuric acid,
followed by boiling in a sodium hydroxide (NaOH) solution [38].
The objective of this process was to enable quick deposition of Cal-
cium Phosphate Layers (CPL) on the surface of commercially avail-
able titanium implants to improve the bioactivity and bone
bonding capability of the implants. Treating the surface using the
acid produced several acid-etched pits and increased the surface
area. The alkali treatment that followed formed a microporous sur-
face layer and more titanium oxide was formed in the microporous
layer. This significantly improves the adhesion of CPL to the Ti sur-
face. Ban et al. evaluated the consequence of concentrated sulfuric
acid on the surface of titanium [39]. In this study, commercially
pure Ti was treated with concentrated sulfuric acid (48.0%) to
study the changes on the Ti surface. The surface roughness values
obtained were higher as compared to those achieved after etching
titanium using varying concentrations of other acids. Nanci et al.
developed a method to modify the titanium surface to promote
the tissue-healing phenomena and improve the implant integra-
tion [40]. The titanium surface was first treated using H,SO,4 and
H,0, to clean the surface of the implant and generate a stable
TiO, layer. An aminoalkylsilane layer was then covalently attached

Table 1
Some of the implant surface treatment methods and corresponding roughness and
water contact angles [36].

Grit-blasting Etching substance Roughness Water
(um) contact angle
(degrees)
Al,05 (250-300 pum) 18% HCl/48% H,S04 1.66 £ 0.10 117.6
Aly05 (355-425 um) HCI/H,S04 (1:3) 2.92+0.22 -
Zr0O, (250 pm) 98% H»S04/36.50% 7.63+1.14 131.72+2.07
HCI (H,0,/HCl/H,S04
(vlv — 2:4:3))
SiO; (250 pm) H,O/HCI/H,S04 1.97+£0.19 79.08 +£2.60
(viv — 2:4:3)

to the TiO, layer. This helped in inducing biological activity and
promoted the tissue healing process to improve the implant inte-
gration with the bone and soft tissues. Thus, acidic treatment is a
commonly used method, followed by treating the surface with an
alkali to improve biocompatibility.

4.3. Hydrogen peroxide treatment

Khodaei et al. conducted a study using hydrogen peroxide
(H,0,) for altering the surface of titanium implants to enhance
the bone-bonding ability and increase the osseointegration rate
of the implant [12]. In this study, the effect of chloride (ClI) and flu-
oride (F) ions (oxidizing ions) was observed. The order of the thick-
ness of the anatase (TiO,) layer was such that the hydrogen
peroxide treated sample had the greatest thickness of the anatase
layer, followed by the hydrogen peroxide-chloride sample and
lastly the hydrogen peroxide-fluoride sample Fig. 2. The presence
of anatase (a bioactive phase) on the surface of titanium would
make the sample less bio-inert. However, it was observed that tita-
nia gel from the titanium surface was mainly dissolved by the flu-
oride ions and partly by the chloride ions, thus reducing the
formation of anatase. According to the wettability measurement,
hydrogen peroxide-chloride sample had the highest hydrophilicity
and the hydrogen peroxide-fluoride sample had the greatest
hydrophobicity. Thus, the hydrogen peroxide-chloride sample
had the smallest water contact angle, followed by the hydrogen
peroxide sample and lastly by the hydrogen peroxide-fluoride
sample. The reduced water contact angle lead to an increase in
the wettability, which increased the adsorption of protein, thus
leading to improved cell adhesion. Karthega et al. conducted exper-
iments to study the effect of varying concentrations of hydrogen
peroxide on titanium [41]. Titanium was treated with H,0, of
varying concentrations, 25.0 wt%, 15.0 wt% and 5.0 wt%. Titanium,
which was treated using the 15.0 wt% H,0, solution exhibited the
highest thickness of the anatase titania layer. The biocompatibility
of the samples was tested by immersing the samples in a Simu-
lated Body Fluid (SBF) solution. The order of the ease in which
the calcium phosphate layer was formed was 15.0 wt% sample
was greater than the 5.0 wt% sample which was in turn greater
than the 25.0 wt% sample and all of these samples were greater
than the untreated sample. The titanium sample treated with the
15.0 wt% H,0, solution exhibited the highest biocompatibility
and bone-bonding aptitude. The electrochemical tests also showed
that this sample possessed enhanced corrosion resistance. Janson
et al. conducted an experiment and concluded that soaking the
titanium surface in a 30 wt% H,0, solution at 80 °C added antibac-
terial properties while successive treatment with sodium hydrox-
ide and calcium hydroxide solution improved biocompatibility
[42].

4.4. Titania/Hydroxyapatite coatings

Wang et al. conducted experiments to study the effect of porous
and petaling structured titanium oxide/hydroxyapatite coatings on
titanium, prepared by Micro-Arc Oxidation (MAO) [13]. Titanium,
being bio-inert, cannot osseointegrate with the human bone.
Hydroxyapatite (HA) is one of the principal inorganic constituents
of the human bone tissue. Thus, it is coated on the surface of the
titanium implant. MAO was chosen over traditional methods of
depositing hydroxyapatite such as sol-gel method, ion beam-
assisted deposition method [43] and plasma spraying method
[44], due to the high bonding strength and stability that is
achieved. The voltage and current values were varied during the
MAO process to achieve different densities and thicknesses of the
porous and petaling layer. The roughness values of the petaling
structured surface (0.76-1.06 um) was higher than the roughness
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Fig. 2. Water contact angles of (a) Untreated sample (b) H,0, sample (c) H,0, + Cl sample (d) H,0, + F sample [12].

value for porous structured surface (0.33 um), which in turn was
higher than that of the polished surface (0.16 um). In addition,
the water contact angle decreased from about 88° for the polished
surface, to about 57° for the porous structured surface and finally
about 14° to 0° for the petaling structured Ti surface Fig. 3. Thus,
the hydrophilicity of the titanium surface was increased. It was
theorized that the increase in the density of hydroxyapatite petals
increased the roughness of the implant surface and hydroxyapatite
exposed area, which in turn would increase the cell bonding and
production. This was confirmed by observing that the promoted
the adhesion and proliferation of MC3T3-E1 cells, especially on
the petaling structures. It was concluded that the petaling struc-
ture proved more useful compared to the traditional porous struc-
ture to increase the biocompatibility. Ramires et al. evaluated the
biocompatibility of titanium oxide/hydroxyapatite coatings of dif-
ferent ratios (w/w - TiO,/HA 0.5, TiO,/HA 1.0, TiO,/HA 2.0),
obtained by sol-gel process [14]. The cytotoxicity test showed that
samples obtained by treating with titanium oxide/hydroxyapatite
did not affect the cell viability and proliferation. Of these samples,
TiO,/HA 1.0 proved the most beneficial. Thus, it was concluded that
the titanium oxide/hydroxyapatite coatings were bioactive, as the
surface hydroxyl (OH) groups stimulated the precipitation of cal-
cium (Ca) and phosphate, thus enhancing the interactions with
osteoblastic cells.
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4.5. Nitride coatings

Brunello et al. studied the biocompatibility and antibacterial
activity of four different samples: uncoated titanium alloy (Ti64),
anodized and coated with titanium nitride and zirconium nitride
[15]. These coatings were applied on the titanium surface using
Physical Vapor Deposition (PVD) method. Surface topology analy-
sis revealed that the zirconium nitride coating had the lowest
roughness value (0.066 um), while the titanium nitride
(0.116 um) and anodized (0.112 pm) samples had greater rough-
ness value than the uncoated sample (0.09 pm). The biocompatibil-
ity was tested using the Methyl Thiazolyl Tetrazolium (MTT) test,
based on the proliferation rate of fibroblasts on the titanium and
the samples showed similar results. The Ames test, used to assess
the mutagenic potential, showed that none of the samples showed
any mutagenic activity. Zirconium nitride, followed by titanium
nitride possessed the highest antibacterial activity among the dif-
ferent samples. Hove et al. reviewed the effects of titanium nitride
(TiN) coatings on the implant surfaces [16]. It was observed that
the titanium nitride coating improved the biocompatibility of the
implant surfaces. However, reports of third body wear caused by
the delamination of the titanium nitride were also reported. This
could be an effect of the coating process, and hence the titanium
nitride coating process should be improved and standardized.

Contact Angle (degrees)
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80
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20 I
0 =
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Fig. 3. Roughness and water contact angles of porous and petaling structured titanium oxide/hydroxyapatite coatings on titanium [13].
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4.6. Metal oxide coatings

Trino et al. studied the effects of zinc oxide (ZnO) on the surface
of titanium implants [17]. Zinc oxide was chosen as it has high cor-
rosion resistance, high biocompatibility and significant antibacte-
rial activity. The sol-gel technique was chosen over other
physical and chemical methods for depositing the zinc oxide film,
as it allows a low-cost mass production and excellent substrate
adhesion. Another advantage is that zinc oxide films have hydroxyl
groups on their surface that can be functionalized by carboxylic
acids, esters and acid chlorides, which can result in a more biocom-
patible and corrosion resistant surface. The zinc oxide films were
functionalized with 3-(4-aminophenyl) propionic acid (APPA),
polyethylene glycol (PEG), 3-mercaptopropionic acid (MPA) and
(3-aminopropyl) trimetoxysilane (APTMS) bio-functional mole-
cules. These samples showed increased corrosion resistance. Of
these, zinc oxide functionalized with APPA showed the best results
for biocompatibility and corrosion resistance. Sollazzo et al. stud-
ied the effects of zirconium oxide (ZrO,) on the titanium implant
surface [18]. Zirconium oxide was selected as it has good chemical
stability and great mechanical properties, wear resistance and bio-
compatibility. The study demonstrated that implants coated with
zirconium oxide showed a significantly higher bone-implant con-
tact percentage as compared to untreated samples. This signified
that zirconium oxide coatings could improve implant osseointe-
gration. He et al. studied the biological and morphological proper-
ties of titanium oxide (TiO,)/copper oxide (CuO) coatings on
titanium [19]. Copper was chosen as it is beneficial for bone forma-
tion, has good antibacterial properties and studies have shown that
traces of copper enhance the proliferation of osteoblastic cells. The
copper coating was first deposited on titanium by pulsed direct
current magnetron sputtering, and then annealed to obtain copper
oxide doped titanium oxide coatings. Tests revealed that the
TiO,/CuO coatings had high biocompatibility, improved cell
proliferation, better corrosion resistance and antibacterial property
Table 1.

4.7. Silver (Ag) coatings

Kim et al. studied the effects of a stabilized Ag nanostructure on
the surface of a titanium implant [20]. Silver was selected due to its
superior biocompatibility and antibacterial activity, as silver ions
can penetrate bacteria without damaging the essential cell mem-
branes. The Target-ion Induced Plasma Sputtering (TIPS) method
was used to generate the nanostructured layer of silver on tita-
nium. TIPS generated a superior coating on titanium, which had
superior mechanical stability and enhanced cell attachment, prolif-
eration and differentiation. The duration of silver coating process
on TIPS - titanium was changed (10.0s, 30.0 s and 120.0s) and
the different samples were compared. The contact angle for TIPS-
Ti reduced from about 60° for the unpolished sample to about 5°.
This indicated that the TIPS - titanium had superior bioactivity
and biocompatibility. However, the contact angle increased with

Table 2
Summary of metal oxide coatings on titanium surface.

Author Coating Remarks

Trino et al.  ZnO Increased corrosion resistance
[17] Increased interaction of the surface with
biomolecules, improving biocompatibility
ZnO functionalized with APPA showed best results

Sollazo 710, Increased bone-implant contact percentage
et al. Enhanced implant osseointegration
[18] No toxic and carcinogenic effects observed
He at al. CuO Increased biocompatibility and cell proliferation.
[19] Increased corrosion resistance and antibacterial
property.

increased silver sputtering time. It was observed that the 10.0
Ag-TIPS-titanium specimens had optimum conditions for cytotox-
icity and antimicrobial activity. Excessive concentrations of silver
(120.0 Ag-TIPS-titanium) resulted in pro-inflammatory mecha-
nisms and affected the degree of proliferation. Thus, it was con-
cluded that the stabilized silver on a TIPS-titanium surface
improved overall healing and provided lasting stability of the
implant. Huang et al. studied the outcome of tantalum nitride - sil-
ver coatings with varying silver contents on the surface of a tita-
nium implant [21]. Tantalum nitride (TaN), owing to its excellent
biocompatibility, was chosen to be doped with silver for an
increased antibacterial effect. The tantalum nitride - silver (TaN-
Ag) nanocomposite coating with varying silver concentrations
was produced using the twin-gun reactive magnetron sputtering
process. The various samples tested were tantalum nitride (TaN),
TaN-Ag (14.90%), TaN-Ag (17.50%) and TaN-Ag (21.40%). The tanta-
lum nitride coating with 14.90% silver had the highest roughness
and elastic modulus values, followed by the tantalum nitride coat-
ing, and then by the tantalum nitride coating with 17.50% silver
and lastly by the coating with 21.40% silver. The contact angle
decreased with the presence of silver particles, and was lower for
the TaN-Ag samples than for the tantalum nitride sample. The tan-
talum nitride coating with 21.40% silver had the least fluorescence
concentration and thus retained the smallest amount of bacteria
Fig. 4. Thus, it was concluded that the tantalum nitride - silver film
improved the antibacterial activity and biocompatibility properties
of the implants.

4.8. Physical methods

The physical methods include thermal spraying, sputtering and
ion deposition [23]. In these processes, there are no chemical reac-
tions that take place. In thermal spraying, the materials are con-
verted into molten liquid droplets at high temperatures and then
coated on a base material. Thermal spraying can be further classi-
fied as flame and plasma spraying. The temperatures achieved
using plasma spraying is much higher than that achieved by flame
spraying. Atmospheric Plasma Spraying (APS) and Vacuum Plasma
Spraying (VPS) are two forms of plasma spraying. Sputtering is
commonly used method to deposit a thin film for ceramic materi-
als and refractory metals, as it is difficult to deposit a coating on
these materials using traditional evaporation methods. Sputtering
is used to increase the biocompatibility and corrosion resistance
of the implants. Recent advances in sputtering include Ion Bean
Sputtering (IBS) and Magnetron Sputtering [30].

4.9. Improvement in antibacterial properties

A major reason for implant failure is due to microbial infections
caused by the implant. Biofilm formation is the main cause of
infections as it is starts immediately after bacterial adhesion. Once
the biofilm is formed on the implant, bacterial eradication becomes
extremely difficult. Thus, in order to ensure long-term success of
the implant, antibacterial properties of the implant plays a major
role. Chouirfa et al. have studied the antibacterial properties
imparted to the implants by various surface modification tech-
niques [45]. In this respect, Ti nano-coated surfaces have shown
a greater effectiveness against bacteria like Streptococcus Mutans,
Staphylococcus Aureus and Streptococcus Sanguinis. Similarly, the
other techniques explained above such as silver (Ag) coatings, flu-
oride (F) and chloride (Cl) implanted coatings, titanium nitride
(TiN) coatings, hydroxyapatite coatings and TiO, have all displayed
high antibacterial properties. Smeets et al. have studied the effects
of surface modification methods like micro and nano scale modifi-
cation enhance the rate of osseointegration while inhibiting bacte-
rial adhesion [46]. However, further research is required as the
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Fig. 4. Bacterial (S. aureus) growth on (a) Uncoated titanium sample (b) TaN coated sample (c) TaN with 21.40% silver coated sample [21].

current tests have been mainly in vitro testing and subsequent
in vivo testing would be required

5. Limitations and future scope of Ti surface modification
techniques

Ti implants are expensive and thus research is being conducted
to find suitable substitutes to be used as implant materials. Stain-
less Steel (SS) 316L has superior corrosion resistance however has
poor surface hardness. Thus, research is being conducted to
improve the properties of the SS implants by coating with materi-
als like Titanium Nitride (TiN) [47] and Tungsten Carbide (WC)
[48]. These methods have demonstrated improved values of wear
resistance and hardness, thus improving the properties of the base
(SS 316L) metal. Magnesium is another metal that is gaining pop-
ularity as a biomedical material. However, its usage has been lim-
ited due to its quick degradation. Thus, subsequent research is
being conducted to improve the properties of such Mg implants
[49]. The use of polymer materials has increased greatly due to
several advantages that they possess over metallic biomaterials,
such as ability to be easily manufactured into desired size and
shape, high protein binding property and biodegradability [1]. Sar-
avanan et al. have studied the wear behaviour of Ultra High Molec-
ular Weight Poly Ethylene (UHMWPE) reinforced with ceramic
materials to test their suitability as biomaterials, especially as
orthopaedic implants [50].

Some of the other challenges faced by traditional methods of
surface coatings like hydroxyapatite coatings is their poor adher-
ence to the titanium surface. This could increase the usage of
nanoparticle coatings on the implant surface. Nanoparticles of sil-
ver (Ag), Zinc oxide (ZnO), Copper oxide (CuO), titanium nan-
otubes, nanocrystalline diamond particles and graphene show
tremendous potential. Such methods possess improved osteocon-
ductive and antimicrobial properties. Another prospective study
could be into multifunctional coatings that would combine the
properties of two different coating methods. For instance, titanium
implants with a combined HA and graphene coating provides the
biological advantages of the HA coating, while graphene is used
to strengthen the brittle nature of the HA coating [1].

Thus, nanoparticle and multifunctional coatings show tremen-
dous potential.

6. Conclusion

Some of the most promising surface modification techniques of
Ti and its alloys for biomedical uses have been reviewed. In recent
times, there has been an increased development of biomaterials
that possess the ability to be implanted into the human body.
These include applications like dental implant, orthopaedic

implants and cardiovascular implants. Such materials are usually
metals, polymers and ceramics. Presently, metals are the most fre-
quently used as implant biomaterials as they combine significant
mechanical strength along with a great potential to be
biocompatible.

The popularity of titanium dental implants is on the rise and
with this, the need to produce implants with superior life and suc-
cess rate is necessary. However, titanium remains relatively
unchanged in the human body, making it biologically inert. There-
fore, in order to make the titanium implant biocompatible, it is
necessary to alter the implant surface to increase the rate of
osseointegration and to provide it with a greater abrasion resis-
tance. The methods that have been reviewed in this paper have
all shown major improvement in the biocompatibility, antibacte-
rial activity, and anti-corrosion property of the Ti implants. These
experiments are a good indicator that modifying the surface of
the titanium implant would improve the stability and performance
of the implants. The future of surface modification techniques
would be to develop nanoparticle and multifunctional coatings
that would combine the advantages of various coatings and pro-
vide a more favourable method of surface modification.

The popularity and usage of Ti implants is increasing each year.
These implants are in constant contact with the human cells, thus,
the interaction between the implant surface and the human cell
should be studied and understood even further. This knowledge
will be key in developing new implants that would overcome the
existing flaws. It has been proven that surface modification has
tremendous potential to improve the performance of the Ti
implant, thus further research is necessary to develop novel sur-
face modification techniques that will produce an implant which
will have superior biocompatibility, antibacterial property, and
corrosion and wear resistance.
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