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Ab s t r Ac t
Osseointegration is the direct contact between the living bone and the implant surface without interposed soft tissue at the microscopic 
level and it is a critical process for implant stability and consequent short- and long-term clinical success. Surface conditions are particularly 
important as they play a major role in the osseointegration process. Several characteristics among implant surface, such as surface composition, 
physicochemical properties, surface wettability, and roughness influence the rate and quality of osseointegration. The goal of this review is 
to analyze the currently available methods for implant surface modification and also discuss the future trends in surface bioengineering and 
nanotechnology for improving the osseointegration and consequently their biological performance.
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In t r o d u c t I o n
Scientifically based implant therapy, emerged at the end of the 
1970s following ground breaking studies with 10-year clinical 
results presented by a research group in Sweden directed by Dr. 
Branemark et al.[1,2] A published study showed that more than 220 
implant brands are present globally producing more than 2000 
different types of implants.[3] Considering the variety of materials, 
surface treatments, shapes, lengths, and widths available, 
clinicians have a wide array to choose from them during treatment 
planning, but which one is to choose? Is still a question of concern? 
Following implantation, events take place both on the biological 
side and on the materials side. According to the “interface 
scenario” of Kasemo and Gold,[4] primary molecular events lead to 
secondary events that ultimately result in particular cell and tissue 
responses. Development of interface is complex and involves 
numerous factors.[5] These include not only surgical technique but 
also implant-related factors, such as material, shape, topography, 
and surface chemistry. To alter the surface characteristics to 
improve implant performance, much attention has been focused 
on changes in surface roughness and chemistry.

Smooth, polished surfaces show poor mechanical 
integration with bone because, without surface irregularities, 
these surfaces provide no resistance to mechanical forces at the 
bone-implant interface.[6] Machine-finished implants, such as the 
Branemark System implants (Nobel Biocare, Zurich, Switzerland), 
have a substantial history of use, whereas they may appear 
macroscopically smooth, but the implants have a low roughness, 
in the range of 0.5–1 mm.[7]

Surface characteristics directly and indirectly influence the 
way of molecules present in the biological world act and this 
might ultimately control new tissue formation as cell proliferation 
and differentiation both depend on quality of early adhesion.[8] 
Many research efforts have been directed toward improving the 
bone-implant interface, with the aim of accelerating bone healing 
and improving bone anchorage to the implant.[9] The interface is 
improved physically by the architecture of the surface topography. 
At the micrometer level, the reasoning for this approach is that a 
rough surface presents a higher developed area than a smooth 
surface, and thus increases bone anchorage and reinforces the 
biomechanical interlocking of the bone with the implant, at least 
up to a certain level of roughness. At the nanometer level, the 
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roughness increases the surface energy, and thus improves matrix 
protein adsorption, bone cell migration and proliferation, and 
finally osseointegration.[10]

Historical Background
The history of evolution of dental implants is a rich and fascinating 
travelog through time. The first evidence of dental implant is 
attributed to the “Mayan” population roughly around 600 AD 
where they utilized pieces of shells as implants for replacement of 
mandibular teeth.[11] In 1913, Dr. EJ Greenfield placed a 24-gauge 
hollow latticed cylinder of iridium-platinum soldered with 24-K 
gold as an artificial root.[12]

In the 1940’s, Formiggini and Zepponi developed post-type 
endosseous implant. Dr. Raphael Chercheve from France added to 
the spiral design by creating burs to ease the insertion of the implant 
for a best fit. Various implant designs expanded in the 1960’s.[13]

In 1978, Dr. Branemark et al. presented a two-stage threaded 
titanium root-form implant.[14] Two other ground-breaking persons 
of modern implantology were Dr. Schroder and Dr. Straumann of 
Switzerland.[15]
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Why There is Need of Surface Modification?
It is widely accepted that the surface properties of a dental 
implant play a major role in the osseointegration process and 
biomechanical fixation due to its influence in the implant-tissue 
interactions as it affects directly the behavior of the surrounding 
tissues.[15-18] The surface features become extremely important at 
the initial healing period of an implant as they influence directly 
the dynamics of the bone-implant interface and consequently 
command the short- and long-term success rate of the prosthetic 
treatment. The implant surface characteristics including 
topography, chemistry, surface charge, and wettability are likely to 
be of particular relevance to the chemical and biological interface 
processes in the early healing stages after implantation.[19] Surface 
modifications influence cell proliferation and differentiation, 
extracellular matrix synthesis, local production factors, and even 
cell shape, gene expression, protein secretion, differentiation, and 
apoptosis. This will consequently affect retention and proliferation 
of osteogenic cells at the implant site.[20]

Methods of Implant Surface Treatments
Dental implant surface structure, morphology, and chemistry can 
be changed by two ways: Additive or subtractive. The primary 
function of these techniques is to modify the implant surface 
characteristics such as increasing bone formation to improve 
peri-implant osteogenesis, improvement of corrosion and wear 
resistance, and removal of surface contaminants. Following 
methods are used to change the surface topography of the 
implant.

Machined surface
The first generation of dental implants, termed the turned implants, 
had a relatively smooth surface after being manufactured.[21] This 
surface is usually and inadequately called smooth since scanning 
electron microscopy analysis showed that they have grooves, 
ridges, and marks derived from tools used for their manufacturing 
which provides mechanical resistance through bone interlocking.[22] 
However, the main disadvantage regarding the morphology of 
non-treated implants is the fact that osteoblastic cells are prone to 
grow along the grooves existing on the surface, which in terms of 
clinical implications means a longer healing time required.[23] The 
machined implant is turned, milled, and polished. It is minimally 
rough, with a surface area roughness (Sa) value of 0.3–1.0 μm.[24]

Sandblasting/grit blasting
Sandblasting is one of the most commonly used types of surface 
modification processes because of its simplicity, low cost, and 
easiness of application. Microspheres of diameter in the range 
10–540 μm are typically accelerated toward the surface to be 
treated, using a compressed air or nitrogen blow. The main effect 
of sandblasting is to change the morphology of the treated 
surface, substantially increasing its roughness. The value of this 
parameter depends on several factors including: The type of grid 
material used the dimension of the spheres, the energy and angle 
when they hit the surface, and the duration of the treatment. 
Typical values of the Ra roughness are in the range 0.3–3 μm as 
compared to Ra values lower than 0.1 μm for polished Ti surfaces. A 
side effect of the sandblasting process is the contamination of the 

surface by the material released by the microspheres during their 
interaction with the surface.[25] The grit blasting technique usually 
is performed with particles of silica (sand), alumina, titanium 
dioxide, or resorbable bioceramics such as calcium phosphate 
(CaP). Titanium oxide (TiO2) particles with an average size of 25 μm 
can produce moderately rough surfaces in the 1–2 μm range on 
dental implants.[9]

Acid-etched surface
The immersion of a titanium dental implant in strong acids such as 
hydrochloric acid, sulfuric acid, nitric acid, and hydrogen fluoride 
is another method of surface modification which produces micro 
pits on titanium surfaces with sizes ranging from 0.5 to 2 μm. The 
resulting surface shows a homogenous roughness, increased active 
surface area, and improved adhesion of osteoblastic lineage cells. 
Dual acid-etching consists in the immersion of titanium implants 
for several minutes in a mixture of concentrated HCl and H2SO4 
heated above 100°C to produce a micro-rough surface[18] that may 
enhance the osteoconductive process through the attachment of 
fibrin and osteogenic cells, resulting in bone formation directly on 
the surface of the implant.

Grit blasting and acid etching (sandblasted and acid-etched 
[SLA])
Following grit blasting, the surface is submitted to acid-etching to 
further enhance the topographic profile of the surface and remove 
processing by products. The advantages of this method include an 
increase in the total surface area of the implant, achieved due to 
the selective removal, resulting from electrochemical differences 
in the surface topography.[18] This process should be carried out 
under controlled conditions, as over etching the surface decreases 
surface topography and mechanical properties and may be 
detrimental to osseointegration.

Anodic oxidation
To alter the topography and composition of the surface oxide 
layer of the implants, micro or nanoporous surfaces may also 
be produced by potentiostatic or galvanostatic anodization of 
titanium in strong acids, such as sulfuric acid, phosphoric acid, 
nitric acid, and hydrogen fluoride at high current density or 
potential.[26] When strong acids are used in an electrolyte solution, 
the oxide layer will be dissolved along current convection lines 
and thickened in other regions which create micro or nanopores 
on the titanium surface.[27] This electrochemical process results in 
an increased thickness and modified crystalline structure of the 
TiO2 layer. However, it is a complex procedure and depends on 
various parameters such as current density, concentration of acids, 
composition, and electrolyte temperature.[6]

Laser treatment
Studies showed that direct laser fabrication (DLF) implants have 
structures with complex geometry and could allow the better 
osteoconductive process. Evaluation of cytocompatibility and 
fibrin clot extension was carried out using osteoblasts and human 
blood to compare cell growth and fibrin clot covered areas on 
several implant surfaces. DLF implant surface showed lower cell 
density compared to machined, smooth textured grit blasted, 
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and acid-etched implant surfaces. Inorganic acid etching slightly 
improved the extension of human blood to increase the micro 
roughness. Moreover, laser metal sintered implants were better 
adapted to the elastic properties of bone. Thereby, DLF implants 
could decrease stress-shielding effects and enhance implant long-
term success rates.[28]

Titanium plasma-spraying (TPS)
TPS consists of injecting titanium particles into a plasma torch at 
high temperature. These particles are projected onto the surface 
of the implants where they were condensed and fuse together, 
forming a film about 30 μm thick resulting in an average roughness 
of around 7 μm.[18] The TPS processing may increase the surface area 
of dental implants up to approximately 6 times the initial surface 
area and is dependent on implant geometry and processing 
variables, such as initial powder size, plasma temperature, and 
distance between the nozzle output and target.[29] One of the 
major concerns with plasma-sprayed coatings is the possible 
delamination of the coating from the surface of the titanium 
implant and failure at the implant-coating interface despite the 
fact that the coating is well-attached to the bone tissue. A major 
risk with high surface roughness concerns difficulties in controlling 
peri-implant it is due to the intercommunication between porous 
regions facilitates migration of pathogens to inner bone areas, 
potentially compromising the success of the implant therapy.[30]

CaP coatings
CaP coatings, mainly composed by hydroxyapatite (HA), have 
been used as a biocompatible, osteoconductive, and resorbable 
blasting materials. The idea behind the clinical use of HA is to use a 
compound with a similar chemical composition as the mineral phase 
of the bone to avoid connective tissue encapsulation and promote 
peri-implant bone apposition.[31] For this matter, the CaP coatings 
disclose osteoconductive properties allowing for the formation 
of bone on its surface by attachment, migration, differentiation, 
and proliferation of bone-forming cells. The hydroxyapatite (HA) 
ceramic particles are heated to extremely high temperatures and 
deposited at a high velocity onto the metal surface where they 
condense and fuse together forming a 20–50 μm thick film.[32]

To improve coatings, a number of techniques have been 
developed with the aim of producing thin-film nanostructured 
bio-ceramic coatings, such as sol-gel deposition, pulsed laser 
deposition, sputtering coating techniques, electrophoretic 
deposition, and ion-beam-assisted deposition.[33] The sol-gel 
electrophoresis method can be prepared using a dip coating 
or a spin coating process and is capable of improving chemical 
homogeneity in the resulting HA coating as it allows for better 
control of the chemical composition and macrostructure of 
the coating.[6] The Pulsed Laser Deposition results in a titanium 
surface microstructures with greatly increased hardness, corrosion 
resistance, and high degree of purity with standard roughness and 
thicker oxide layer. The ion-beam assisted deposition technology 
permits the formation of thin films at atomic and molecular levels, 
as well as low temperature syntheses utilizing ionic effects.[34,35] 
Recurrent drawbacks include controlling the calcium-phosphate 
layer composition, resorbability, weak adhesion to the substrates, 
the use of high temperatures, or the costs involved in the process. 
In fact, there are several reports of cracking and/or delamination 
of the coating due the generation of large thermal stresses during 

processing, which may affect the quality and rate of peri-implant 
bone formation.[36]

Biomimetic CaP coatings
Biomimetic coatings involve the use of microstructures and 
functional domains of organismal tissue function to deposit CaP 
on medical devices to improve their biocompatibility.[37] This 
bioinspired method consists in the precipitation of CaP apatite 
crystals onto the dental implant surface through simulated body 
fluids under near-physiological or biomimetic conditions of 
temperature and pH.[37]

Biological Interactions of Implant Surfaces Modified 
by Different Methods on Intra-oral Tissues

Turned/machined
Studies on animal models and clinical studies have suggested a 
positive correlation between the implant surface roughness and 
bone-implant contact (BIC). The success rate of machined (non-
treated) implants has been reported as less when placed in low 
bone density compared to good bone quality.[38] Osteoblasts are 
rugophilic, hence, they tend to grow along the grooves existing on 
the implant surface. The disadvantage regarding the morphology 
of non-treated implants is that they provide mechanical resistance 
for bone interlocking. According to a study[39] proposed by 
Sennerby et al. healing process in round screw-shaped machined 
Ti implants in cortical bone after 3–180 days. They reported an 
early cellular response, a relative absence of inflammatory cells 
and a rapid formation of woven bone from the endosteal surface.

Acid-etched
Acid-etched implant surface produces a microtexture rather 
than a macrotexture. The dual acid etched surfaces improve 
the osteoconductive process through the attachment of fibrin 
and osteogenic cells, enhancing bone formation directly on the 
implant surface.[40] When a higher temperature is used with an 
acid etching method, they produce a homogeneous microporous 
surface with increased cell adhesion and greater BIC compared 
to TPS surfaces.[41] In vitro reports, on cell response to hydrophilic 
SLA, osteoblasts behavior was affected by altering protein 
absorption that directly induced differentiation by the assembly 
of focal adhesion sites (FAs) and intracellular four signaling 
cascade activation. The FAs are important sites of signaling that 
control spreading, migration, cytoskeletal organization, cell cycle 
progression, gene expression, and matrix fibrillogenesis.[42]

Laser sintering
Laser-sintered Ti implants showed high purity with enough 
roughness for good osseointegration compared to other treatments. 
Biological evaluation of the role of Ti ablation and chemical 
properties showed the ability of its grooved surface to orientate 
osteoblasts attachment and control the direction of ingrowth.[43]

CaP coating
Coating of dental Ti implants with CaP ceramic is commonly 
used to change the chemical composition of the implant surface. 
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After implant placement, the CaP particles are released into the 
peri-implant region; raising the saturation of body fluids and 
leading to the precipitation of a biological apatite onto the implant 
surface. Endogenous proteins present in this layer of biological 
apatite act as a matrix for osteogenic cell attachment and growth. 
Integrins mediate the cellular interactions with the apatite layer 
and its proteins onto the implant surface. The signaling pathways 
through integrins can regulate bone forming cell activity. The 
bone stimulating action of CaP coatings at implant surface 
enhances early osseointegration compared to non-CaP coated 
dental implants.[44,45]

HA coating
Several methods have been used for applying HA coatings on to 
metals, and each method can result in different material properties. 
Plasma spraying that forms a coating thickness of 40–50 μm is the 
most common used technique for coating Ti implants. A synthetic 
form of HA has a similar chemical composition to the mineral 
matrix of bone.[46] HA can form a direct and strong bone-to-implant 
bond. After implant placement, HA acts as a bioactive material 
where a sequence of events results in precipitation of a CaP rich 
layer on the implant surface. The CaP incorporated layer will be 
developed in a biologically equivalent HA that will be incorporated 
in the developing bone through octacalcium phosphate.[47] In 
many preclinical and clinical studies calcium-to-phosphate ratio, 
phase composition and crystal structure are used as chemical 
parameters, to optimize the performance of CaP coatings.[17] HA 
coatings showed a persistent significant improvement of the 
osteoconductivity of metallic implants.

Growth factors coating
Implant surfaces can be coated with biomolecules, such as bio-
adhesive or growth factors, to promote osseointegration. The 
arginylglycylaspartic acid (RGD) sequence from fibronectin is 
the most common used bio-adhesive that binds to adhesion 
receptors and promotes cell adhesion. RGD functionalized and 
tissue engineered constructs that can improve early bone ingrowth 
and matrix mineralization in vivo.[48,49] However, BIC and osteoblast 
differentiation were not improved by RGD application to Ti implant 
surfaces. This might be due to the absence of crucial modulatory 
domains from the native fibronectin, the RGD signals disappear 
by non-specific adsorption of plasma protein and interactions 
with inflammatory components. On the other hand, Germanier 
et  al.[50] compared sandblasted implant surfaces that were either 
RGD peptide polymer coated or uncoated and placed in the maxillae 
of minipigs. They concluded that RGD coating might enhance bone 
apposition at the early stages of bone regeneration. Platelet-derived 
growth factor (PDGF) and insulin-like growth factor (IGF) were used 
in combination around implants where they can produce 2–3 times 
more new bone within 7 days compared to controls. However, after 
21 days, in spite of a large volume of new bone formed around 
dental implants treated with growth factors, there was no significant 
difference between growth factor and control sites. Thus, the use of 
PDGF/IGF may only accelerate the process of bone formation.[51]

Electrochemical anodization
The electrochemical anodization can produce a mixed 
nano/submicron scale TiO2 network layer (lateral pore size: 

20–160 nm) on a polished Ti surface in 10 min. This TiO2 network 
layer improved the whole blood coagulation and human bone 
marrow stem cell adhesion on a Ti dental implant surface.[52] The 
galvanic anodization of Ti in strong acids produces a thick layer 
of TiO2. Burgos et al. compared implant surface manufactured 
by anodic oxidation to turned surfaces in a rabbit model. BIC 
values were 20%, 23%, and 46% around the oxidized surfaces 
with a different osseointegration pattern, while 15%, 11%, and 
26% around the machined surfaces, after 7, 14, and 28 days, 
respectively. Huang et al. studied the oxidized implant surfaces 
placed in the posterior maxilla. After 16 weeks, the recorded mean 
of BIC was 74%. They stated that this oxidized surface showed a 
considerable osteoconductive potential resulting in a high level of 
implant osseointegration in Type IV bone.[53]

Fluoride treatment
Ti can react to fluoride (F) ions, forming soluble TiF[4] that enhances 
osseointegration of dental implants. The analysis of human 
mesenchymal cells showed no difference in cell attachment 
between the fluoride treated and control grit-blasted implants. 
Fluoridated implants also sustained greater push-out forces and 
showed higher removal torque than control implants. In addition, 
it increased osteoblast differentiation represented by increased 
expression of Cbfa1, osterix, and bone sialoprotein.[54]

Biologically active drugs
Bisphosphonate coated Ti implants improved local bone density 
in the peri-implant region, due to its antiresorptive effect limited 
to the implant site. Du et al.[55] studied the effect of simvastatin, by 
oral administration, on implant osseointegration in osteoporotic 
rats and showed that it can enhance implant osseointegration. 
Tetracycline-HCl has the ability to kill microorganisms that may 
contaminate the implant surface and can remove the smear layer 
and endotoxins from the implant surface. In addition, it prevented 
the action of collagenase, increased cell proliferation, attachment, 
and bone healing, improved blood clot attachment, and retention 
on the implant surface during the early phase of healing, thus 
enhanced osseointegration.[56]

TPS
Al-Nawas et al.[57] compared different types of macro and 
microstructure implant surfaces in dogs. After 8 weeks of healing 
and 3 months of loading, higher BIC values of TPS rough surfaces 
and blasted/acid-etched implants were reported in comparison to 
machined ones. The difference between the TPS and the blasted/
acid-etched implants BIC values was not significant. An in vivo 
study[58] that evaluated TPS versus plasma sprayed HA implants, 
showed that bone contact length for HA implants was significantly 
higher than TPS at 12 weeks of implant placement and 1 year of 
loading.

Alkali treatment
NaOH treatment includes the formation of a bioactive sodium 
titanate layer on orthopedic Ti surfaces. Following the immersion 
in stimulated body fluids (SBF), bone-like apatite is deposited onto 
this layer. Sodium ions in the titanate layer are exchanged with 
H3O+ ions from the SBF forming Ti-OH groups, which combine with 
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Ca2+ ions to produce amorphous calcium titanate. The reaction 
with phosphate polyatomic ions forms amorphous CaP, which 
transforms into bone-like apatite. Alkali treatment and biomimetic 
precipitation of CaP coatings are techniques that can be used to 
coat the interior of porous metallic surfaces.[59,60]

Fu t u r e tr e n d s A n d co n c lu s I o n
Microtopography of the implant surface in contact with the 
biologic tissues is recognized to play a fundamental role in 
the healing process, but the exact mechanism underlying the 
osseointegration process remains poorly understood. Within 
the time frame of the present review, there has been number of 
dental implants commercially available with a wide variety of 
surface characteristics, both in terms of structural and chemical 
properties. Most of the in vivo and in vitro studies showed several 
novel dental implant surfaces, mostly consisting in modifications 
of the commercially available ones. One of the main drawbacks 
in the dental implant surface is the empirical nature of the 
manufacturing process as it lacks of consensus in the choice of 
uniform standard for obtaining controlled topographies. For this 
matter, several in vivo and in vitro studies are required, but often 
performed without a hierarchical approach and standardized 
parameters using different surfaces, cell populations, or animal 
models.

There is an urgent need for more fundamental research in this 
area that would normalize and combine both in vitro and in vivo 
studies ultimately leading to the appropriate clinical application. 
A large amount of studies compare a specific rough surface 
with machined or turned surfaces as a control group. Since it is 
widely acknowledge that rough surfaces have better performance 
than machined or turned surfaces, the results have typically 
the tendency to be positive. Therefore, the inclusion of a widely 
accepted positive control would be beneficial to evaluate the 
performance of a certain surface in a more realistic way. Clinical 
trials comparing different commercially available implant surfaces 
under similar clinical situations are rarely disclosed, making the 
outcome assessment between different surfaces quite difficult.
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