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that time when Brånemark and co-workers 
gave rise to the concept of osseointegra-
tion.4 Endosseous implants are now being 
used for single tooth replacement,5 bridge-
work,6 complete-arch reconstructions7 and 
complete removable overdentures,8 or to 
reconstruct maxillofacial defects.9 Implant 
dentistry is continuously evolving as new 
levels of biological technology continue to 
drive enhancement in implant surface mate-
rials and designs.

Although the main purpose of surface 
modification of implants is to achieve bet-
ter osseointegration, a shortened period of 
healing is desirable for both the clinician 
and the patient.10 Pure titanium is commer-
cially the prime material of choice in implant 
dentistry; however the reported success rates 
vary and the reasons for this are not always 
clear.

RESEARCH MATERIALS  
AND METHOD

Case definition

Any variation of osseointegrated dental 
implant surfaces in terms of design, shape, 
modification, material or characteristics 
placed in humans or intended to be placed 
in humans to replace missing teeth.

INTRODUCTION
A glossary of biomaterial definitions 
describes a medical implant as a device fab-
ricated from one or more materials that is 
purposely inserted within the body with the 
aim to integrate with the surrounding tissue.1 
The first implants used to replace missing 
teeth probably date back to the end of the 
first century AD.2 Crubzy et al.3 described 
a piece of metal that they believed to have 
served as a dental implant, found in the 
maxilla of a male over 30 years of age who 
was alive at the end of the first century AD. 
They concluded that it was fashioned from 
wrought iron or non-alloy steel. Lack of 
periapical pathoses and close apposition to 
the bone were significant findings, suggest-
ing this implant achieved successful osseoin-
tegration. However, it took until 1960s for 
modern implants to emerge. It was only at 

Aim  The aim of this literature review is to find current knowledge of dental implants focusing on materials, designs and 
surface modifications and to understand which implant surfaces have more predictable clinical outcomes. Research mate-
rial and methods  An electronic search using PubMed/Medline, Scopus and The Cochrane Library databases from 1950 on-
wards was conducted using keywords and terms. Published papers were then obtained online or from specialist libraries. 
References from individual published papers were also searched for relevant publications. Results  Different designs, mate-
rials and methods to modify surfaces of implants have been discussed in this paper. Many laboratory studies using animal 
models reported improved biological outcomes with surface modification of implants at the microscopic level. Despite 
pure titanium being commercially the prime material of choice, ceramics have the potential to become the next generation 
of dental implants. Presently there is not sufficient scientific evidence for routine use of ceramic implants. Conclusions  
Pure titanium is the ideal material for implants. Rough implant surfaces are believed to deliver better osseointegration 
compared with smooth surfaces however, results from different studies vary. It is not clear which combination of different 
surface modifications provide a more predictable outcome. More standardised high quality prospective studies are required 
to prove which implant surfaces have the optimum properties for replacing missing teeth.

Search strategy
In February 2014, PubMed/Medline, Scopus 
and The Cochrane Library databases were 
searched from 1950  onwards to identify 
the potential relevant literature on dental 
implant surface characteristics.

The following terms were used to conduct 
the search:

‘dental implant$’ OR ‘oral implant$’ OR 
‘osseointegrated dental implant$’ OR ‘osse-
ointegrated oral implant$’ OR ‘implant sur-
face$’ OR ‘implant surface characteristics’ 
OR ‘implant surface design$’ OR ‘implant 
surface modification$’ OR ‘dental implant 
material$’ OR ‘oral implant materials’ OR 
‘dental implant shape$’ OR ‘oral implant 
shape$’.

The initial search generated 38,797 papers. 
Then the search was limited to clinical tri-
als, observational studies and laboratory 
studies, which produced 2,727  articles. 
Two independent operators reviewed titles 
and abstracts for further investigations. 
Only studies published in English in peer-
reviewed journals were selected using the 
following criteria.

Inclusion criteria
Retrospective or prospective observational 
studies, clinical trials, case studies, cohort 
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• Explores the effect of various dental 
implant surfaces on osseointegration.

• Explains different materials, designs and 
surface characteristics that are available 
for dental implants.

• Discusses the techniques that are used to 
modify dental implant surfaces to provide 
more predictable outcomes.
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Table 1  Included studies

Author(s) Study 
design

Type of implant 
surface(s)

Method of analysis Effects observed

Wenneberg et al. 28 In vivo 25 μm or 250 μm 
Al2O3 blasted

Histomorphometric and 
mechanical

A highly increased surface roughness is a short-term disadvantage 
for bone tissue

Hehn and Vassos 40 Clinical trial HA-coated Ti alloy 
implants

Life table methodology 11 implants failed in eight patients, 97.8% success rate reported

Siegele and Soltesz 49 In vivo Five different types Finite-element Conical or stepped implant surfaces imply higher stresses than 
cylindrical or screw-shaped

Ivanoff et al. 50 In vivo Screw-shaped (vari-
ous diameters)

Mechanical and 
histomorphometric

Statistically significant increase of removal torque with increasing 
implant diameter 

Wong et al. 53 In vivo Sandblasted, acid 
etched, HA-coated

Mechanical and morphometric HA-coated implants showed superior osseointegration

Lan et al. 54 In vitro 1) Triangular  
2) Trapezoidal

Biomechanical and 
finite-element

Trapezoidal implants provided greater primary stability and lower 
concentration of bone stress 

Schwarz et al.56 In vitro Five different surfaces Histological Surface roughness affects chondrocyte proliferation, differentia-
tion, and matrix synthesis 

Brett et al.59 In vitro 1) SLA; 2) TPS;  
3) Smooth surface

Photoelectron spectroscopy, 
SEM

SLA surface delayed bone cell growth. TPS surface elicited the 
greatest increase in cell numbers.

Braceras et al.66 In vivo 1) CO; 2) SLA;  
3) Untreated

Energy dispersive spectroscopy Low-density bone arising from bone towards the implant was only 
present on the CO samples

Park and Davis67 In vivo Micro-roughened 
machined surfaces

Histological Micro-roughened surfaces showed more platelets than machined 
surfaces

Trisi et al. 68 In vivo Machined and 
Osseotite 

Histomorphometric The actual bone-to-implant contact for Osseotite was greater than 
in machined surface implant

Cochrane et al. 70 Clinical trial SLA Clinical and radiographic The success rate for these implants, as judged by abutment place-
ment, was 99.3%

Ogiso et al. 71 In vivo A high-density 
HA-coated ceramic 

Light and electron microscopy HA-coated ceramic implant had no structural changes during five 
years of function

Vercaigne et al. 74 In vivo TiO2-gritblasted and 
Ca-P coated

Histological and 
histomorphometric

Significantly greater BIC for the CaP-1 and CaP-4 implants 

Gan et al. 76 In vivo Sol-gel coated Histological and 
histomorphometric 

Both types of sol-gel coatings significantly enhanced the early rate 
of bone ingrowth and fixation 

Gali et al. 77 In vivo 1) TPS, 2) SLA Roughness testing and SEM Osteoblasts on SLA appeared more elongated and spindle shaped 
than those on TPS

Bornstein et al. 78 In vivo Modified SLA versus 
standard SLA

Histological and 
histomorphometric

Significantly greater BIC for modified SLA.

Ivanoff et al. 79 In vivo TiO2 blasted and 
turned

Histological Significantly higher BIC for the blasted implants.

Wenneberg et al. 82 In vivo 25-μm Al2O3 blasted 
and TiO2 

Mechanical and 
histomorphometric

The blasted specimens exhibited a statistically significant higher 
BIC after 12  weeks

Rasmusson et al. 83 Clinical trial Titanium dioxide–
blasted implants

Clinical A cumulative survival rate of 96.9% after ten years of follow-up 
was reported

Sul et al. 84 In vivo Turned  Histological The test implants demonstrated a greater bone response than 
control implants 

Ivanoff et al. 85 Case-control Screw-type turned 
and oxidized 

Histological Significantly higher bone-to-implant contact for the oxidized 
implants than turned implants

Degidi et al. 86 Clinical trial TiUnite porous ano-
dized surface

Clinical 98% and 96% survival rates was reported for implants placed in 
healed and post-extraction sites

Rossi et al. 87 RCT TiUnite versus 
machined-surfaced 

Clinical and radiographic A success rate of 95.5% for TiUnite surfaces and 85.5% for 
machined-surfaces was reported

Ellingsen et al. 88 In vivo Fluoride modified Histomorphometric The evaluations demonstrated higher bone-to-implant contact for 
fluoride-modified implants

Lamolle et al. 90 In vitro Fluoride modified Histomorphometric Submerging Ti implants in a weak HF solution improved biocom-
patibility of implant surfaces

Hallgren et al. 92 In vivo Laser machined versus 
turned

Mechanical and 
histomorphometric

Significantly more bone-to-implant contact was found for the 
laser-machined implants

Guarnieri et al. 93 Clinical trial Laser micro-textured Clinical The survival rate was reported 95.6% two years after installation

Yang et al (2011)102 In vitro Simvastatin-coated Histological and histometrical Simvastatin-coated surfaces accelerated osteogenic differentiation 
of preosteoblasts

Herr et al (2008)103 In vitro Tetracycline-coated SEM analysis Tetracycline-HCl treatment removed the smear and killing the 
bacteria around implant surfaces
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studies, laboratory studies and review papers 
conducted on dental implants investigating 
the effect of different implant surface char-
acteristics on osseointegration.

Exclusion criteria
Studies with unclear sample size or dubious 
aim and case definition, which did not inves-
tigate the effect of implant surface character-
istics on clinical performance, were excluded.

Table 1 demonstrates the characteristics of 
included papers.

OSSEOINTEGRATION
Osseointegration was initially defined at the 
light microscope level as ‘a direct structural 
and functional connection between ordered, 
living bone and the surface of a load-carrying 
implant’.11 Zarb and Albrektsson suggested 
a more clinical description as a process of 
rigid fixation of an alloplastic material when 
asymptomatically maintained in bone dur-
ing functional loading.12 Subsequently, they 
proposed objective criteria for determining 
implant success.13

Surgical instrumentation of mature bone 
to create space for placement of an implant 
results in vascular trauma. The osteotomy 
site is filled with blood and implant surfaces 
are covered by it.14 Proteins and other bio-
molecules may be absorbed onto the implant 
surface.15 Several studies demonstrated that 
there is an amorphous layer of unmineralised 
collagen and proteoglycans between bone and 
implant surface.16–18 A large number of adhe-
sive proteins such as fibronectin, vitronectin, 
osteopontin, fibrinogen and thrombospondin 
are involved in the cell adhesion mechanism. 
All these proteins contain the tripeptide argi-
nine-glycine-aspartic acid, which is recognised 
by integrin receptors on the cell surface.19

Cooper et al. studied the effect of surface 
topography on the ability of osteoblast cul-
tures to produce a mineralising matrix and 
they concluded that cells respond differently 
to various surfaces.20 If the implant surface is 
less than optimal, osteogenic potential will 
be reduced.21 It is not clear whether bone 
grows from the osteotomy site walls toward 
the implant surface or along the implant 
surface itself.22

At the microscopic level, the biomechani-
cal interlocking between implant and bone 
can be influenced by the topography of an 
implant surface.23 Experimental studies have 
shown that for metallic implants with porous 
surfaces optimum bone growth requires a 
pore size between 50 and 400 μm.24

EVALUATION OF THE  
OSSEOINTEGRATED SURFACES
The quality of integrated interfaces is most 
often assessed with biomechanical testing 

and histomorphometric analysis.25,26 There are 
generally three types of biomechanical tests: 
pull-out, push-out and torque measurement.27

Histomorphometric analyses often present 
bone-implant contact as a percentage of the 
total implant length and as a percentage of 
three consecutive ‘best threads’ length.28

IMPLANT MATERIALS
Gold, silver, aluminium, platinum and por-
celain were amongst the first industrial 
implants used for replacing teeth.29 Most of 
these materials are no longer used as they 
caused marked foreign body or inflammatory 
reaction with formation of fibrous tissue.30

From a chemical point of view, dental 
implants are being produced within the fol-
lowing three groups: metals, ceramics and 
polymers.31

Implants are also categorised by biocom-
patibility based on the type of biological 
response they elicit in the long-term inter-
action with the host tissue. The three major 
type of biocompatibility of implants are:
•	Biotolerant: the material is not 

necessarily rejected by host tissue but 
surrounded by a fibrous capsule

•	Bioinert: materials allow close apposition 
of bone on their surface

•	Bioactive: formation of new bone onto 
their surface takes place and ion exchange 
with host tissue leads to the formation of 
chemical bonds along the interface.32

Metals
Titanium and titanium alloys have become 
the preferred materials of choice for den-
tal implants. Pure titanium forms a surface 
oxide layer immediately (9–10 seconds) after 
exposure to air which can reach a thickness 
of between 2–10 nm in one second. This sta-
ble surface oxide layer of titanium is bio-
compatible33,34 and provides high corrosion 
resistance,35,36 high passivity and resistance 
to chemical attack. The modulus of elasticity 
of titanium and its alloys are comparable to 
that of bone.37,38

Ceramics
Ceramic materials used for dental implants 
are either bioactive or bioinert. Lacefield39 
investigated various types of ceramic materi-
als available for dental implants. The most 
popular is plasma-sprayed hydroxyapa-
tite (HA) ceramic. It has been claimed that 
plasma-sprayed HA and other bioactive 
ceramic coatings can enhance cohesive 
chemical bonding with bone compared with 
uncoated metal implants.39

The entire implant can be made up of 
ceramic, or metal implants can be coated 
with ceramic. Flexural strength and various 
degrees of solubility are the main concerns 

regarding full ceramic implants hence 
ceramic coated metal implants are usually 
the preferred choice.39 Achieving strong 
adhesion between the ceramic coating and 
metal surface of implant is important to 
avoid fragmentation. Hot isostatic pressing 
and surface-induced mineralisation (SIM) are 
methods used for this purpose.

Although in a six-year clinical study con-
ducted by Hahn and Vassos40, the success 
rate of HA-coated implants was reported to 
be 97.8%, degradation of the ceramic coat-
ing, which could affect the longevity and 
success of these implants,41 has given rise 
to concern.42

Polymers
Historically, a variety of polymers have been 
tried in implant dentistry. Polyurethane, 
polymethylmethacrylate, polyamide fibres 
and polytetrafluoroethylene are some 
example of these polymers.43 The intension 
was to mimic the micro-movement of peri-
odontal ligaments and transfer stress more 
favourably to bone using these materials.44 
Research suggested no statistically signifi-
cant difference of polymers compared to 
rigid implants.44 However, several studies45,46 
reported adverse immunological reactions 
using polymers as well as lack of adhesion of 
these materials to living tissues, hence poly-
mers are no longer used for coating dental 
implants.; however, they are sometimes used 
as a shock absorber component incorporated 
into some rigid implant superstructures.47

IMPLANT SURFACE DESIGN
A 3D structure involving form, configura-
tion, shape, macrostructure and micro-irreg-
ularities will contribute toward the design 
of an implant. Several different types of 
implant surface designs have been shown 
in Table 2. The main objective for designing 
the surface is to improve long-term success 
of the osseointegrated interface and accom-
plish uncomplicated prosthetic replacement. 
Presence or absence of threads, macro irreg-
ularities and shape of the implant are widely 
considered in the design of dental implants.48

The prosthetic interface which connects 
the superstructure abutments to the body 
of implant can be either external or inter-
nal. Hexagonal design is the most common 
external connection used in the design of 
dental implants. Other external connectors 
are octagonal and the spline interface. Some 
implant systems have a Morse taper interface, 
which is an internal connector. Other internal 
connectors include hexagonal and octagonal.

Dental implants are also categorised as 
having threaded and non-threaded surfaces. 
It is believed that threads play an impor-
tant role in primary stability and long-term 
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success of dental implants.49 Threads will 
maximise primary contact, enhance primary 
stability, increase implant surface area and 
help stress distribution in the bone.50,51 Direct 
bone apposition to implant surface at surgi-
cal placement is the desirable outcome but 
inevitably some gaps may occur. In an ani-
mal study in rabbits using non-porous surface 
implants it was claimed that a maximum gap 
of 0.35 mm is critical if direct bone-implant 
contact is to be achieved after healing.52 Some 
studies have suggested that initial gaps can be 
enhanced by using calcium phosphate coat-
ing on implant surfaces, provided limitation 
of micro-movements is less than 150 μm.53

Lan et  al.54 carried out a biomechani-
cal analysis of alveolar bone stress around 
implants with different thread designs. Their 
results suggested that a thread pitch exceed-
ing 0.8 mm is appropriate for a screwed 
implant and that for clinical cases requiring 
greater bone-implant interface trapezoid-
threaded implants with a thread pitch of 
1.6 mm were more stable and generated less 
stress than other thread designs.

The concept of double threaded or triple-
threaded implants has been recently intro-
duced and is believed to provide faster thread 
penetration into the bone, generate less heat 
upon placement and hence improved pri-
mary stability. These implants require more 
torque for placement thus have tighter con-
tact with bone, which could be indicated for 
type IV (cancellous) bone (Table 2).26

SURFACE TOPOGRAPHY
Implant surface topography pays an impor-
tant role in the osseointegration of titanium 
implants55 and includes macroscopic, micro-
scopic and nanometric characteristics of the 
implant surface. Schwartz et al.56 investigated 
the reaction of osteogenic cells to different 
surfaces and they found that osteoblast pro-
liferation was increased on rough surfaces. 
Albrektsson and Wennerberg demonstrated 
that the differentiation and adhesion of oste-
oblasts is enhanced on rough surfaces, whilst 
fibroblast adhesion is weaker.23

Depending on the dimension of differ-
ent surface characteristics, implant surface 
roughness is divided into macro, micro and 
nano roughness.
•	Macro roughness: this feature can range 

from millimetres to microns. The implant 
geometry, including threaded screw and 
macro porous, are directly related to this 
scale. An appropriate macro roughness 
can directly improve the initial implant 
stability and long-term fixation by 
mechanical interlocking of the rough 
surface irregularities and the bone.28,57

•	Micro roughness: frequently ranges from 
1–10 microns. In a systematic review 

by Junker et al.58, it was emphasised 
that at the micron-level optimal surface 
topography results in superior growth of 
and interlocking of bone at the implant 
interface.

•	Nano roughness: nanoscale topographies 
are widely used in implant dentistry. This 
technology uses nano-sized materials 
with a size of 1–100 nm on the implant 
surface. This microscopic roughness 
is believed to promote absorption of 
proteins and adhesion of osteoblasts 
hence improved osseointegration.59

Nanotopography
At the nanoscale, a more textured surface 
topography increases the surface energy, 
which in turn increases the wettability of the 
surface to blood and adhesion of cells to the 
surface. Nanotopography can promote the 
process of cell differentiation, migration and 
proliferation by accelerating wound healing 
thereby, enhancing osseointegration follow-
ing implant placement.60,61

There are various methods to create 
nanometre-scale topography; the most 
widely used being grit blasting, ionisation 
and acid etching. Studies have demonstrated 
that biphasic calcium phosphate grit-blasted 
surfaces can provide a more rapid osseoin-
tegration in comparison to smooth surfaces. 
Application of calcium phosphate coatings 
can also promote osseointegration by plasma 
spraying, biomimetic and electrophoretic 
deposition.62 An electrochemical process 
consisting of deposition of calcium phos-
phates from saturated solutions releases cal-
cium and phosphate ions from these coatings 
which help in the precipitation of biological 
apatite nanocrystals with the incorporation 
of various proteins, which in turn promotes 
cell adhesion, osteoblast differentiation 
and the synthesis of mineralised collagen, 
the extracellular matrix of bone tissue. 
Osteoclast cells absorb calcium phosphate 
coatings and this activates these cells to pro-
duce bone tissue, thus direct bone-implant 
contact is promoted without the interven-
tion of a connective tissue layer, leading to 
biomechanical fixation of dental implants.62

METHODS OF SURFACE MODIFICA-
TIONS OF IMPLANT SURFACES

Mechanical methods
Grinding, blasting, machining and polishing 
generally result in rough or smooth surfaces, 
which can improve adhesion, proliferation 
and differentiation of cells.63

Chemical methods
Chemical treatment with acids or alkali, 
sol gel, hydrogen peroxide treatment, 

anodisation and chemical vapour deposition 
are chemical surface modification methods 
used to alter surface roughness and composi-
tion and enhance surface energy.64

Physical methods
Plasma spraying, ion deposition and sputter-
ing are some of the physical methods used 
for implant surface modification. Plasma 
spraying includes vacuum plasma spraying 
and atmospheric plasma spraying. A method 
used to deposit thin films on implant surfaces 
is sputtering and is believed to improve bio-
logical activity and mechanical properties.56

SURFACE TREATMENT METHODS 
FOR TITANIUM IMPLANTS

Machined dental implants  
(turned surface)

Originally described by Brannemark,11 turned 
surface implants were the first generation 
of dental implants. Although the surface 
appears to be relatively smooth, scanning 
electron microscopy analysis showed grooves 
and ridges created during the manufactur-
ing process. One disadvantage regarding the 
morphology of non-threaded (machined) 
implants is that the surface defects provide 
resistance to bone interlocking, which delays 
the process of osseointegration as a result 
of osteoblastic growth along the existing 
surface grooves. The techniques described 
by Brannemark, burying followed by a 
six month healing period before loading, 
improve the clinical outcomes from this type 
of implant.58

Clinical studies and systematic reviews 
have indicated a positive correlation between 
surface roughness and bone-implant con-
tact. Experimental studies clearly indicated 
that significantly greater bone deposition 
is formed around HA coated or oxidised 
implants, hence these implants should be 
preferred over machined dental implants 
when used in poor bone quality sites.58

Etched surfaces
Strong acids are used for roughening the 
surface of titanium implants. Acid etching 
removes the oxide layer of titanium implants 
in addition to parts of the underlying mate-
rial.60 The higher the acid concentration, 
temperature and treatment time, the more of 
the material surface is removed. A mixture of 
HNO3 and HF or a mixture of HCl and H2SO4 
is the most commonly used solution for 
acid etching of titanium implant surfaces.65 
Treating surfaces with acids provides homo-
geneous irregularities, increased surface area 
and enhanced bioadhesion.66

Lower surface energy and reduced possi-
bility of contamination are some advantages 
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Table 2  Several different types of im

plant designs and surface characteristics
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of this technique as no particles are encrusted 
in the surface. It facilitates osteoblastic reten-
tion and allows them to migrate toward the 
implant surface. Rapid osseointegration with 
long-term success has been reported when 
titanium surface was roughened by acids.55

Dual-etched surfaces
Dual acid-etching is a technique used to 
roughen the surface of implant by immers-
ing the titanium implants for several minutes 
in a mixture of concentrated HCl and H2SO4 
heated above 100 °C. This method enhances 
the osteoconductive process through the 
attachment of osteogenic cells and fibrin, 
resulting in direct bone formation.67 It has 
been hypothesised that a specific topog-
raphy is achieved by dual acid etching of 
implants, which enables them to attach to 
the fibrin scaffold, to promote the adhesion 
of osteogenic cells hence promoting bone 
apposition.68 This fibrin adhesion guides 
osteoblastic migration along the surface.69 
Cochran et  al.70 reported higher bone-
implant contact and less bone resorption 
with dual acid etched surfaces.

Hydroxyapatite coated surfaces
At the implant bone interface a coating with 
hydroxyapatite (Ca10(PO4)6(OH)2) can be con-
sidered as bioactive because of the conse-
quence of events that result in formation of 
a calcium phosphate rich layer on the sur-
face through a solid solution ion exchange. 
The calcium phosphate incorporated layer 
will gradually be developed via octacal-
cium phosphate in a biologically equivalent 
hydroxyapatite that will be incorporated in 
the developing bone.71

According to Biesbrock and Edgerton,72 
there are some concerns regarding HA coated 
implants including microbial adhesion, osse-
ous breakdown and coating failure. However, 
the authors proposed that these implants 
could be beneficial in grafted bone or type IV 
bone where more rapid bone implant contact 
is needed. Also where short implants are indi-
cated HA coating may be useful.

It is worth mentioning that in a com-
parative study by Vercaigne et al.73 it was 
demonstrated that bone reaction to chemi-
cal composition of HA-coated implants was 
more profound than implant surface rough-
ness, although signs of degradation were 
also observed.

Sol-gel coated implants
This low cost and simple procedure is used to 
deposit homogenous chemical compositions 
on surfaces with large dimensions and com-
plex designs.74 The sol-gel method is capable 
of enhancing chemical homogeneity in the 
production of HA coating to a high level.75 

In a short-term in vivo laboratory study by 
Gan et al.76 better osseointegration with no 
adverse effect was evaluated after analysing 
the bone tissue around the implant surface 
using sol-gel method.

Sandblasted and acid-etched  
surface (SLA and  
modified-SLA) implants
The SLA implant surface is produced after 
sandblasting with large grit particles of 
250–500 μm followed by etching with acids. 
Macrostructures are created after sand-
blasting in addition to micro-irregularities 
supplemented by acid etching.77 A histo-
morphometric study by Bornstein et  al.78 
demonstrated that modified SLA surfaces 
showed significantly more bone apposition 
than standard SLA surfaces after two weeks 
healing but both surface types showed the 
same apposition after four weeks, with an 
increasing apposition between two and four 
weeks. They suggested that the acid-etched 
modified implants may be of benefit for 
patients undergoing early loading implant 
techniques.

Grit-blasted surfaces
Titanium dioxide particles with sizes of 0.25–
0.50 μm are used to grit-blast the machine 
turned implant giving a rough surface com-
pared with the turned implant. In a human 
study using microimplants, Ivanoff et al.79 
showed enhanced osseointegration in the 
mandible but not in the maxilla. These 
results compared well with previous animal 
studies.80–82 In a ten-year prospective study 
of TiO2 grit blasted implants a success rate of 
96.9% was reported by Rasmusson et al.83, 
and these implants had a higher success rate 
than unblasted, machine turned implants. 
There is a tendency for more predictable 
clinical results with grit-blasted rough-
ened implant surfaces than implants with 
machined surfaces.

Oxidised surfaces
Sul et al.84 described anodisation as a process 
used to alter the topography and composition 
of the surface by increasing the thickness of 
the titanium oxide layer, roughness and an 
enlarged surface area. This moderately rough 
surface was reported to enhance osteoblast 
cell adhesion to titanium implants. Ivanoff 
et al.85 demonstrated that a faster integration 
of the implant in the bone could be achieved 
as a result of ossteoconductive properties of 
the anodised design. A ten-year follow-up 
of immediately loaded implants with porous 
anodised surfaces reported a cumulative 
65.26% success rate and 97.96% survival 
rate.86 In a randomised clinical trial, ano-
dised implant survival rates were reported 

to be higher than machined implants (95.5% 
and 85.5% respectively).87

Fluoride treatment
Ellingsen88 in an animal study reported that 
surface modification with fluoride signifi-
cantly increased the retention of titanium 
implants after four and eight-week healing 
periods. He stated that titanium is very reac-
tive to fluoride, forming TiF4, providing more 
firm bone to implant contact when compared 
to grit-blasted implants with a shorter heal-
ing time. Surface modified implant surfaces 
with fluoride also resisted a greater removal 
torque than grit-blasted implants. In a paral-
lel in vitro – in vivo study using TiO2 grit-
blasted titanium implants by Cooper et al.89 
(human mesenchymal cells in vitro and the 
rat tibia model in vivo), results suggested that 
fluoride ion treatment of TiO2 grit-blasted 
titanium substrates enhances osteoblastic 
differentiation of human mesenchymal stem 
cells in vitro and significantly increased the 
bone-to-implant contact in  vivo. Lamolle 
et al.90 demonstrated that fluoride modified 
titanium surfaces improved the biocompat-
ibility of implant surfaces and Schade et al.91 
also demonstrated that fluoride treated pure 
titanium implants showed the highest reten-
tion in bone, using the rabbit pull out model. 
Surface modification using laser ablation

Laser ablation is another method employed 
for surface modification of dental implants. 
Microstructures with increased hardness, 
corrosion resistance, and a high degree of 
purity with standard roughness and a thicker 
oxide layer are features reported to enhance 
the titanium implant surfaces.92 In a two-
year retrospective clinical study, 95.6% 
survival rate for immediately loaded laser 
microtextured implants placed into fresh 
extraction sockets in the anterior maxilla 
was reported by Guarniari and co-workers.93

Sputter deposition
Sputtering is a vacuum process whereby mol-
ecules of a material are ejected by bombard-
ment of high-energy ions. Radio frequency 
sputtering and Magnetron sputtering are 
methods used to deposit hydroxyapatite on 
implant surfaces. Animal studies by Vercaigne 
 et  al.94 demonstrated higher bone implant 
contact rates with sputter coated implants.

Bioactive drugs incorporated  
dental implants
In attempt to improve and accelerate osse-
ointegration several osteogenic drugs have 
been applied to implant surfaces.

Bisphosphonates
In experimental studies bisphosphonates 
have been shown to increase bone density 
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around implant sites when incorporated on 
to the implant surface.95,96 However, achiev-
ing the controlled release of anti-resorptive 
drugs from an implant surface is challenging.

Simvastatin
Simvastatin is a drug which reduces 
serum cholesterol concentration; it inhib-
its 3-hydroxy-3-methylglutaryl coenzyme 
reductase to decrease cholesterol biosyn-
thesis by the liver.97 In an animal study in 
rats, simvastatin increased cancellous bone 
intensity as well as its compressive inten-
sity.98 Mundy et al.99 suggested simvastatin 
could promote bone formation by inducing 
expression of the bone morphogenetic pro-
tein (BMP-2) gene. The effect of simvastatin 
on implant surfaces was investigated in sev-
eral laboratory studies and they all reported 
potential for improved osseointegration.100–102

Antibiotic coating
Herr et al.103 investigated the effect of tetra-
cycline on implant surfaces and found that, 
in addition to killing microorganisms that 
contaminate implant surfaces, it can also 
effectively remove the smear layer, increase 
cell proliferation and inhibit collagenase 
activity hence promote enhanced attachment 
and bone healing.

Synthetic peptide coating
Petzold et al.104 found that proline-rich syn-
thetic peptide coated titanium implants have 
potential to promote osseointegration and 
bone healing in rabbit models.

FUTURE OF DENTAL  
IMPLANT SURFACES

Ceramic implants
Although ceramic materials for the pur-
pose of oral implants were introduced 
about 30–40 years ago, the interest in such 
implants had fallen due to inferior mechani-
cal properties and low survival rates.105,106 
Introduction of zirconia implants which 
exhibit good mechanical and physical prop-
erties has raised the interest in the recent 
years.107–110

Lately, the outcome of ceramic implants 
has been assessed based on the available 
clinical data from retrospective and pro-
spective studies and high survival rates of 
up to 98% after an observation period of 
12–56 months.111 However, from a critical 
point of view and comments from system-
atic reviews108,110 the short observation peri-
ods, insufficient number of implants placed 
and low level of evidence extracted from 
those studies indicate a scarcity of clinical 
data that would support the use of zirconia 
implants. Zirconia may have the potential 
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to become the material of choice in implant 
dentistry, however adequate clinical research 
must be conducted prior to its use in routine 
clinical procedures.

Nanotubes
Nanotubes are submicron structures, which 
possibly increase osseointegration. The 
idea is taken from osteoblastic response to 
nanofiber alumina.112 The adsorption of pro-
teins, which mediate osteoblastic adhesion, 
such as vitronectin and fibronectin, are freed 
on nanophase substances thus may provide 
improved osteoblast interaction.113 Titanium 
oxide nanotubes range between 15–100 nm 
and can be tailored though anodisation.114 
A space of 30 nm was found to be an effec-
tive diameter for rapid bone deposition and 
improved cellular activity.115 Furthermore, 
nanotubes have been proposed as a drug 
delivery system for various therapeutic indi-
cations, For example, the inner substructures 
could be filled with drugs, chemicals and 
biomolecules.116 Nanotubes seem to be a 
promising method for the future of implant 
dentistry due to the low-cost, flexible manu-
facturing and possibility of usage as a drug 
delivery system.117

CONCLUSIONS
Conclusions from systematic reviews are 
conflicting. While a review by Junker 
et al.58 suggests there is sufficient evidence 
that rough surfaces produce a predictable 
osseointegration, a Cochrane based review 
by Esposito et al.118 indicated there is lim-
ited proof, showing that smooth (turned) 
surfaces are less prone to bone resorption. 
There is a lack of quality randomised con-
trol trials to detect true differences between 
implant surfaces. Further investigations are 
required, as the influence of the various 
patterns of surface modification on osse-
ointegration remains unclear. It is yet to 
be proved what characteristics of surfaces 
irregularities are more important and which 
combination could provide a more predict-
able osseointegration.
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