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ABSTRACT

Osseointegration, the direct contact between living bone and 
the surface of load-carrying implant, is imperative for the 
long-term success of dental implants. There is no distinct 
relationship between osseointegration and defined surface 
characteristics, since a great number of different surfaces 
achieve osseointegration. However, the rate, extent, and the 
strength of this connection may be dependent on the surface 
characteristics of the implant. The aim of this article was to 
review the literature on the various approaches available to 
modify the bone–implant interface.
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implant design factor that strongly influences the rate 
and extent of osseointegration.5

Dental implant quality depends on the chemical, 
physical, mechanical, and topographic characteristics of 
the surface.6

BONE–IMPLANT INTERFACE MODIFICATION

Various approaches have been suggested to obtain 
appropriate outcome at the bone–implant interface. 
As a general rule, an ideal implant biomaterial should 
present a surface that will not disrupt, and that may even 
enhance, the general processes of bone healing, regardless 
of implantation site, bone quantity, and bone quality.7 Ito 
et al8 classified the approaches to alter implant surfaces 
as physicochemical, morphologic, or biochemical.

Physicochemical Methods

These methods alter the surface energy, surface charge, 
and surface composition to influence cell and tissue 
response to implants. The method employed is the glow 
discharge treatment, in which materials are exposed to 
ionized inert gas, such as argon. During collisions with 
substrate, high-energy species “scrub” contaminants 
from the surface, thereby unsaturating surface bonds 
and increasing surface energy. This higher surface energy 
influences cell and tissue behavior by enhancing the 
adsorption of biomolecules.9

Morphological Methods

These methods alter surface morphology and roughness 
with the aim of refining the bone–implant interface. 
Many animal studies support that interfacial and shear 
strengths are influenced by bone ingrowth into macro 
rough surfaces. It is noteworthy that surfaces with spe-
cially contoured grooves can induce contact guidance, 
whereby direction of cell movement is affected by mor-
phology of substrate. The added advantage is that this 
method prevents the epithelial downgrowth on dental 
implants.10

Wennerberg and Albrektsson10 have classified implant 
surfaces based on:

Surface roughness:
•	 Minimally rough (0.5–1 μm)
•	 Intermediately rough (1–2 μm)
•	 Rough (2–3 μm).
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INTRODUCTION

Beginning in the late 1960s, the focused efforts of Per 
Ingvar Branemark led to the detailed microscopic char-
acterization of interfacial bone formation at machined 
titanium endosseous implants.1,2

Osseointegration, the direct contact between living 
bone and the surface of load-carrying implant, is impera-
tive for the long-term success of dental implants. There 
is no distinct relationship between osseointegration and 
defined surface characteristics, since a great number of 
different surfaces achieve osseointegration. However, the 
stronger or weaker bone responses may be related to the 
surface phenomenon.3

According to Albrektsson and Sennerby,4 the fol-
lowing six parameters are prerequisite for establishing 
reliable osseointegration: Implant material, implant 
design, surface quality, bone status, surgical technique, 
and loading conditions. Implant surface character is one 
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Texture obtained:
•	 Concave texture (mainly by additive treatments like 

hydroxyapatite [HA] coating and titanium plasma 
spraying)

•	 Convex texture (mainly by subtractive treatment like 
etching and blasting).
Orientation of surface irregularities:

•	 Isotropic surfaces: Having the same topography inde-
pendent of measuring direction

•	 Anisotropic surfaces: Having clear directionality and 
differ considerably in roughness.11

METHODS TO ENHANCE SURFACE  
ROUGHNESS

Mechanical Treatments

Mechanical treatments involve either removal of surface 
material by cutting or abrasive action, or the surface of the 
implant is deformed (and/or partially removed) by par-
ticle blasting.12 The most commonly employed mechani-
cal techniques are machining, polishing, and blasting.13

Machining (lathing, milling, threading) per se is not a 
surface treatment method, but it can be used to produce 
specific surface topographies and surface compositions. 
Machined implant surface is generally characterized 
by grooves and valleys more or less oriented along the 
machining direction13 and the surface layers are plasti-
cally deformed.

Depending on the machining parameters – work-piece 
speed, tool pressure, and choice of lubricant – surface 
roughness values (Ra – mean arithmetic roughness) may 
range between 0.3 and 0.6 μm when measured by optical 
or stylus profilometry.14,15

Grinding and mechanical polishing are identical methods 
wherein some of the surface material is removed by using 
a hard abrasive.13,16 Grinding involves use of coarse par-
ticles as abrasive medium to remove the surface at a faster 
rate and creates relatively rough surface topographies.

Depending on the abrasive grade Ra values ranging 
from 1 to 6 μm can be achieved.16

Polishing of the implant surface involves use of a fine 
abrasive material, i.e., applied to a flexible wheel or a 
belt and then the implant is brought into direct contact 
with the abrasive surface. Polishing is always carried 
out in the presence of lubricant. Polishing is generally 
carried out using SiC, alumina, or diamond to produce 
extremely smooth and mirror-like surface with Ra values 
of 0.1 μm or less.12

Grit blasting, also known as abrasive blasting, is 
another technique which is used to create surface topogra-
phies on the implant surfaces. In grit blasting, the particles 
are projected through a nozzle at high velocity by means 

of compressed air. Various types of ceramic particles, such 
as alumina, silica, etc., of different sizes can be used for 
grit blasting of titanium.12,17 This technique is generally 
employed for descaling and surface roughening of com-
mercial implants, thereby increasing the surface area of 
the implant for better osseointegration.

Shot peening is a modified method of grit blasting and 
is used primarily for introducing compressive stresses 
in the material’s surface. It is most commonly used for 
producing specific surface topographies on various bio-
material surfaces.12

Depending on the particle size of aluminum, surface 
roughness can range from 0.5 to 6 μm.18

Chemical Treatments

Different chemical treatments, such as solvent cleaning, 
wet chemical etching, and passivation treatments have 
been employed for modifying the implant surfaces.

Solvent cleaning is mainly aimed at cleaning the surface 
of the implant from oils, greases, and fatty surface con-
taminants remaining after manufacturing process by 
using organic solvents (aliphatic hydrocarbons, alcohols, 
ketones, or chlorinated hydrocarbons), surface active 
detergents, and alkaline cleaning solutions. For effec-
tive cleaning, the process may be carried out at elevated 
temperatures with or without the use of ultrasonication.12 
This process does not influence implant surface.

Wet chemical etching results in dissolution of the 
native surface layer of the implant material including the 
oxide layer and parts of the underlying metal. Chemical 
etching is also used to improve the surface roughening 
as well as for producing an esthetically favorable surface 
finish.

Acid etching or pickling removes oxide layer, thereby 
providing a clean and uniform surface finish. An aqueous 
mixture consisting of 10 to 30 volume% of nitric acid 
(69 mass%) and 1 to 3 volume% of hydrofluoric acid (60 
mass%)12,17,19 is the most commonly used etching solu-
tion. Degree of pickling/etching is dependent on the acid 
concentration, temperature, and treatment time (typically 
in the range of 1–60 minutes). Acid etching preceded by 
blasting often creates an irregular surface.14,20

Surface roughness in the range from 0.1 μm to several 
microns has been reported with this treatment.14,19

Alkaline etching is a simple technique to modify the 
titanium surfaces. Treatment of titanium in 4 to 5  M 
sodium hydroxide at 600°C for 24 hours has been shown 
to produce sodium titanate gel of 1  m thick, with an 
irregular topography with high degree of open porosity. 
Composition and structure of this layer can be further 
modified by proper heat treatment. Alternatively, boiling 
alkali solution (0.2  M sodium hydroxide, 1400°C for  
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5 hours) can be used to produce a high density of 
nanoscale pits on the titanium. Surfaces which are etched 
prior to alkali treatment generally show increased surface 
porosity.21

Electrochemical Treatments

Electropolishing and anodic oxidation, also known as 
anodization, are the most commonly employed methods 
for titanium surface modification. They are based on 
different chemical reactions occurring at an electrically 
energized surface (electrode) placed in an electrolyte. The 
specimen to be treated is made the anode. The parameters 
that influence surface modification are choice of electro-
lyte, electrode potential, temperature, current, etc.22

In electropolishing technique, a controlled dissolution 
of the surface takes place under the influence of electro-
chemical reaction. Choice of the electrolyte is generally 
a mixture of an acid and alcohols (60 mL perchloric acid 
and 350 mL n-butanol, and 540 mL methanol held at 25°C 
or lower) for titanium. Rate of removal is generally in 
the range of 1 to 10 μm per minute for titanium. Atomic 
force microscopy reveals that the surfaces are granular 
in appearance with granule size of few nanometers.23,24

Typical surface roughness value (Ra) of electropol-
ished titanium is <10 μm.

Vacuum treatments

Vacuum treatment offers superior control on the process-
ing conditions, especially with respect to cleanliness. Two 
different types of plasma treatments available are plasma 
deposition method and plasma surface modification.

Plasma deposition: In plasma deposition, glow dis-
charge is used to deposit the coating material from a 
separate solid target (sputter deposition) and/or by 
reactions in the gas phase (reactive sputtering or plasma 
polymerization).

Plasma surface modification: Surface modification of 
inorganic materials by cold plasma is achieved by bom-
bardment of energetic ions, leading to removal of atoms 
and molecules from the surface (sputtering), and reactions 
between gas or plasma phase and surface atoms. Plasma 
treatment increases the surface energy of the implant and 
thereby improves the wetting characteristics as compared 
with conventional implant surfaces cleaned by using 
solvents or autoclaving.25,26

Plasma-sprayed Hydroxyapatite

The addition of calcium and phosphorous-based materi-
als as coatings has received significant attention due to 
the fact that these elements are the same basic compo-
nents of natural bone, and coatings can be applied along 

the implant surfaces by various industrial processing 
methods.27 Most commercially available bioceramic coat-
ings are processed as 20 to 50 μm thick plasma-sprayed 
hydroxyapatite (PSHA) coatings. The PSHA coatings 
mechanically interlock with a grit-blasted or etched metal-
lic surface.28 The osseointegration of the dental implant 
with PSHA is reported to be faster when compared with 
uncoated implants.

Ion implantation method involves bombardment of 
implant surface with high-energy ions (approximately 
100  KcV–1  McV range). Ions penetrate the surface of 
implant to typical depths of approximately 0.1 to 1 μm.29 
Ion implantation is influenced by the concentration of ions 
and their energy.12 It is most commonly used on those 
surfaces of implants which are subjected to high wear 
conditions, such as orthopedic devices to increase surface 
hardness and reduce the generation of wear debris. This 
process when used on dental implants resulted in an 
increase in corrosion resistance by forming Ti–N surface.29

Further, this technique is also used to produce antimi-
crobial surfaces on the implants. The two methods used 
for this purpose are plasma-based ion implantation and 
plasma-based ion implantation and deposition. It is sug-
gested that ions like F and Ag with antibacterial property 
can be implanted and deposited on the surface of stainless 
steel implants with no toxic effect.30

Sputter Deposition

Sputtering involves ejection of atoms and molecules when 
a material surface is bombarded with high-energy ions 
in a vacuum chamber. A common drawback inherent in 
all sputter techniques is that the deposition rate is very 
low and the process itself is very slow.31 With the advent 
of magnetically enhanced variant of diode sputtering, 
known as radio frequency (RF) magnetron sputtering, 
the deposition rate has been reported to improve.

Radio Frequency Sputtering

Radio frequency magnetron sputtering is a very suit-
able technique to deposit thin films of CaP coatings on 
titanium implants. With this technique, standardized 
CaP coatings are deposited on titanium substrates. The 
advantage of this technique is that the coating shows 
strong adhesion to the titanium and the Ca/P ratio and 
crystallinity of the deposited coating can be varied easily. 
Sputter-coated implants have reported higher bone–
implant contact percentages in animals.32,33

Magnetron Sputtering

Magnetron sputtering is a viable thin-film technique 
as it allows the mechanical properties of titanium to be 
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preserved while maintaining the bioactivity of the coated 
HA. Films are deposited in a custom-built sputter deposi-
tion chamber at room temperature. With outward diffu-
sion of titanium into the HA layer, a strong HA titanium 
bonding is seen, forming TiO2 at the interface.34

Sol–Gel Technique

Nanotitania Coatings

Nanotitania coatings were prepared during a study by 
using the sol–gel technique. Commercially available 
tetraisopropyl orthotitanate was dissolved in absolute 
ethanol. Ethyleneglycol monoethylether, deionized water, 
and fuming HCl 37% were dissolved in ethanol. This was 
followed by rapid mixing and stirring the two solutions 
for 3 minutes. Consequently, the coating sol was aged 
for 24 hours at 0°C after which dip coating of Ti sub-
strates occurred. The coated substrate was withdrawn at 
0.30 mm/s and then heat treated at 500°C for 10 minutes. 
Then they were cleaned in acetone in an ultrasonic bath 
for 5 minutes and dried at ambient temperature.35 The 
Nanotitania implants had an increased feature density 
and a large feature coverage area as compared with the 
nano-HA implants. This could present more binding sites 
for the protein cell attachment and for increased bone 
contact. The Nanotitania implants exhibited an ordered 
arrangement, forming a homogenous layer on underlying 
topography. The nano-HA implants revealed nano-HA 
features in being placed in a semi-ordered arrangement 
and not covering the entire surface.

Thermal Treatment

Commercially pure titanium with crack-free and uni-
formly rough surface is thermally annealed up to 1000°C to 
form oxide layer composed of anatase and rutile structures 
of TiO2. The average roughness of the oxidized surface 
reported when the titanium is annealed at 600 and 650°C 
for 48 hours was 0.90 and 1.30 μm respectively, whereas 
the average roughness of untreated sample was 0.08 μm.36

Laser Treatment

Implant surface roughening using the previously dis-
cussed methods would cause surface contamination. 
Laser enables implant surface treatment without direct 
contact and provides better control on the microtopogra-
phy of the implant. Laser treatments are rapid, clean, and 
suitable for selective modification of surfaces. The average 
surface roughness of the laser-treated acid-etched implant 
was 2.28 μm.35 Clinical studies have indicated more bone 
formation around the laser-treated implants.37,38 This 
observation can be due to the formation of TiN on the 
surface that improves biocompatibility.39

Photofunctionalization

Ultraviolet light-mediated photofunctionalization of 
titanium has recently attracted considerable attention 
as a means to improve osteoconductivity of titanium 
implants as it restores their superhydrophilicity, reduc-
ing surface carbon and optimizing surface electrostatic 
charges. These biologic and physiochemical features are 
collectively known as photofunctionalization.39-41

Biomimetic Surfaces

In order to improve and accelerate osseointegration, 
several attempts have been made to modify surface prop-
erties. Of these, some osteogenic drugs have been applied 
to implant surfaces. Incorporation of bone antiresorptive 
drugs, such as bisphosphonates, is believed to improve 
the prognosis of clinical cases lacking bone support.

Bisphosphonates

Bisphosphonate-loaded implant surfaces have been 
reported to improve implant osseointegration. Bisphos-
phonates are antiresorptive agents that have beneficial 
effects for the patients on preventing further bone loss, 
and their effect on increasing the bone mass is modest.42,43

Simvastatin could induce the expression of bone mor-
phogenetic protein that might promote bone formation.44

Simvastatin given per-orally to adult rats has reported 
to increase cancellous bone mass and cancellous bone 
compressive strength.45

Antibiotic Coating

Antibacterial coatings on the surface of implants that add 
antibacterial property to the implants themselves have 
been studied as a possible way to prevent surgical site 
infections associated with implants. Tetracycline–HCl 
treatment has been regarded as a practical and effective 
chemical modality for decontamination and detoxifica-
tion of contaminated implant surface.

Gentamicin in conjunction with the layer of HA coated 
on the implant surface may act as a local prophylactic 
agent when used along with the systemic antibiotics in 
dental implant surgery.46

CONCLUSION

Since the advent of implants into dentistry, many 
approaches have been employed to improve the bone–
implant interface with the aim of quickly establishing 
and firmly maintaining osseointegration. An appropri-
ately modified titanium surface would certainly be the 
key factor for achieving fast and stable implant bone 
connection, although the methods discussed have been 
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successfully developed and employed to produce dental 
implants with varying surface topographies. However, 
clinical trials comparing different commercially avail-
able implant surfaces under similar clinical situations 
are rarely disclosed, making the outcome assessment 
between the different surfaces quite difficult. The use 
of nanotechnology and the release of biologically active 
substances constitute promising routes for faster and 
biologically compatible results, but still more clinical 
studies are certainly needed.
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