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Objective. Osseointegration has been a proven concept in implant dentistry and orthope-

dics for decades. Substantial efforts for engineering implants for reduced treatment time

frames have focused on micrometer and most recently on nanometer length scale alter-

ations  with negligible attention devoted to the effect of both macrometer design alterations

and  surgical instrumentation on osseointegration. This manuscript revisits osseointegration

addressing the individual and combined role of alterations on the macrometer, microme-

ter, and nanometer length scales on the  basis of cell culture, preclinical in vivo studies, and

clinical evidence.

Methods. A critical appraisal of the literature was performed regarding the impact of dental

implant designing on osseointegration. Results from studies with different methodological

approaches and the commonly observed inconsistencies are discussed.

Results. It is a  consensus that implant surface topographical and chemical alterations can

hasten  osseointegration. However, the tailored combination between multiple length scale

design parameters that provides maximal host response is yet to be determined.

Significance. In spite of the overabundant literature on osseointegration, a proportional incon-

sistency in findings hitherto encountered warrants a  call for appropriate multivariable study

designing to ensure that adequate data collection will enable osseointegration maximiza-

tion and/or optimization, which will possibly lead to the engineering of endosteal implant

designs  that can be immediately placed/loaded regardless of patient dependent conditions.
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1.  Introduction

Bone fusing to titanium was described in  1940 by Bothe et al
[1], then by Leventhal more  than 6 decades ago [2],  who also
showed that titanium failed to cause tissue reaction and that
it would serve as  an  ideal metal for prostheses. After consid-
erable time, the term osseointegration was created and it was
then refined by a  series of well-characterized scientific reports
by Brånemark and colleagues [3,4].  It has been defined as the
formation of a  direct interface between an implant and bone
without soft tissue interposition at the optical microscopy
level [3,5]. This phenomenon has  been the basis for multi-
ple orthopedic and dental rehabilitation procedures, paving
the way  for quality of life improvement of a  large number of
patients [6].

The introduction of titanium and its alloys to implant
dentistry has marked an  era where the main driving force
for advances in implant engineering has been centered at
decreasing or eliminating the  hiatus between surgical place-
ment and functional loading due to improved host-to-implant
response [7–10]. Nonetheless, clinical and basic research on
the field of implant dentistry resulted in a  lack of sequen-
tial and hierarchical approach for implant designing that
challenges biomedical engineers to retrospectively address
the interaction of the main design parameters such as
macrogeometry, microgeometry, nanogeometry, and surgical
instrumentation in an  objective fashion [11].

The implant design is one of the important parameters for
the achievement of osseointegration, however, as  of today, the
optimal design for atemporal implant stability in bone is yet
to be determined [12–16].  Atemporal osseointegration became
an academic and industrial goal since it would allow clinicians
to rehabilitate patients in minimal treatment time frames [17].

This review manuscript revisits osseointegration in a struc-
tured format, first addressing how implant hardware design
(bulk device design and related surgical instrumentation
dimensions) features potentially influence bone healing path-
way  and the placement of other design parameters within
implant hardware. Second, the effect of micrometer designing
(a primary hardware ad-hoc)  on osseointegration is discussed
in light of the current literature. Third, and due to  its more
recent body of literature, a  section on the available evidence
and utilization of nanotechnology (a secondary ad-hoc)  applied
to implant surface engineering is presented based on their
potential in further improving osseointegration when hierar-
chically applied onto the implant macrometer and micrometer
design.

2.  The effect  of  implant  macrogeometric
(hardware  design)  in bone  healing  pathway:
implications  for  micrometer  scale  designing

It has been extensively reported that as time elapses follow-
ing implantation of osteoconductive endosteal implants (e.g.

titanium-based alloys), intimate contact between bone and
device will render the system biomechanical stability and
load-bearing capability [18–21].  Such observation has been
supported by over ten thousand scientific reports that are

based on a  large number of different devices surgically placed
in bone through a  large variation in surgical instrumenta-
tion technique and sequence. Thus, even though through the
course of over seven decades, osseointegration has gone from
novelty to  commodity in  surgery, substantial attention is still
devoted in  understanding its principles and characteristics
especially as  a function of endosteal implant modification.
While a plethora of studies concerns the effects of microm-
eter and more  recently nanometer scale design parameter
contribution to osseointegration, a  significantly smaller body
of work  is available regarding how hardware design aspects
affect osseointegration. For  instance, far less explored in the
literature is how osseointegration temporally occurs around
endosteal implants substantially shift as a function of two
major key implant design parameters: implant macrogeome-
try and its associated surgical instrumentation [22–24]. While
it is obvious that two different design parameters are under
consideration, their contribution to the healing mode cannot
be considered separately [22,23].

2.1.  The  interfacial  remodeling  (tight  fit)  healing

pathway

The healing scenario described in this section is typically
observed for tight fit screw type implants (i.e. the majority of
implant systems available in the  market) as they are placed in
the osteotomy in intimate contact between the implant and
bone throughout the  device’s threaded bulk. Such intimate
interplay between device and osteotomy dimensions renders
the system initial or primary stability where no biologic inter-
play yet exists [25,26].  This mechanical interlocking is  variably
influenced by the  implant geometry and surface micrometer
level topography, as well as  the implant osteotomy site dimen-
sions, and regulate the  distribution of strain applied to the
hard tissue in proximity with the  implant [21,27,28].  Strain
is  directly related to bone-implant interfacial stress and fric-
tional force, and is clinically expressed as  insertion torque
[20,25,29].

The theoretical background of the primary stability con-
cept is that the bone is assumed to be an elastic material and
that strain and implant stability will have a linear relation [25].
However, in reality, the stability of the implant would decrease
beyond the yield strain of the bone  due to excessive microcrack
formation and compression necrosis, which both phenomena
trigger bone remodeling [25,30,31]. Thus, high degrees of inser-
tion torque must be questioned since elastic theory predicts
that excessive strain not only leads to  the decrease of biome-
chanical stability, but also incites negative biologic responses
depending on the implant thread design that influence the
compression [17]. Such cell-mediated bone resorption and
subsequent bone apposition most often occurring from the
pristine bone wall  toward the implant surface is responsible
for what has under theoretical [32] and experimental [33] basis
been coined as  implant stability dip, where primary stability
obtained through the mismatch between implant macroge-
ometry and surgical instrumentation dimensions is  lost due
to  the cell-mediated interfacial remodeling to be  regained
through bone apposition [32,34].

This healing mode sequence concerns implant placement
in sites that were surgically instrumented to dimensions
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Fig. 1 – Representative optical micrograph of a screw type

implant placed in a rabbit tibia instrumented to  the inner

diameter of the implant thread. The blue line depicts the

implant perimeter that was in direct contact with bone

immediately after placement (the cortical plate fully

occupied the region between the blue and yellow lines).

The yellow line depicts the distance from the implant

surface (blue line) which cell mediated interfacial

remodeling occurred due to osteocompression and/or bone

cracking. The dark stained bone tissue between the blue

and yellow lines is bone formed after a void space is

created due to interfacial remodeling to eliminate tissue

excessive strain. Toluidine Blue stain. (For interpretation of

the references to color in this figure legend, the reader is

referred to the web  version of the article.)

that approximate the inner diameter of the implant threads
[16] (Fig. 1). At early time points, an almost continuous
bone-implant interface renders the system implant primary
stability. At this stage, microcracks depicting that the yield
strength of bone has  been exceeded due to high stress lev-
els are visualized along with initial remodeling taking place
between the implant threads due to compression necrosis. As
time elapses in  vivo, an extensive remodeling region is evident
presenting void spaces partially filled by newly formed bone
[16]. Thus, the  scenario that has been histologically observed
in multiple instances confirms the  theoretical and experimen-
tal basis [32,33] for the initial stability rendered by mechanical
interlocking between implant and bone that at some point in
time after placement under stable conditions decreased due to
extensive bone resorption (Fig. 1). Subsequently, the resorbed
area will be altered by newly formed woven bone, which
eventually reestablishes the contact to the implant interface
(secondary stability), and will subsequently remodel multiple
times toward a lamellar configuration that will support the
metallic device throughout its lifetime [35–41] (Fig. 1).

2.2.  Intramembranous-like  healing  pathway  (healing

chamber  osseointegration)

The second osseointegration pathway concerns the oppo-
site scenario of the tight fit screw type implant, where
void spaces between the implant bulk and the  surgically

instrumented drilled site walls are formed [42].  These void
spaces left between bone and implant bulk, often referred as
healing chambers, will be filled with blood clot immediately
after placement and will not contribute to  primary stability
.  These however, have been regarded as a  key contributor to
secondary stability [23,43].

The early healing biology and kinetics of bone forma-
tion in healing chambers has been discussed in detail by
Berglundh et al. [42] while the effect of healing chamber size
and shape on bone formation has been explored elsewhere
[43,44].  Such healing chambers, filled with the blood clot, will
evolve toward osteogenic tissue that subsequently ossifies
through an intramembranous-like pathway [42].  Noteworthy
is that unlike the interfacial remodeling healing pathway,
healing chamber configurations do not encompass the initial
cleanup process due to microcracking and ostecompression
[22, 42,44]. In this case, the blood filling the space between pris-
tine bone and device will develop toward a connective tissue
network that provides a  seamless pathway for cell migration
within the  space once filled by the blood clot (Fig. 2). Such heal-
ing configuration thus allows new bone formation throughout
the healing chamber from all available surfaces (implant sur-
face, instrumented bone surface) and within the chamber
volume. Thus, intramembranous-like healing mode presents
substantial deviation from the classic interfacial remodeling
healing pathway observed in tight fit screw-type implant [21,
41,43].

2.3.  The  hybrid  healing  pathway:  bringing  together

interfacial  remodeling  and  intramembranous-like  bone

healing  modes

Recent investigations have employed either experimental
implant designs with an  outer thread design that provided
stability while the  inner thread and osteotomy dimen-
sions allowed healing chambers [42,45,46] or alterations in
osteotomy dimensions in  large thread pitch implant designs
[22,47,48].  The rationale for these alterations lie  upon the fact
that thread designing may  allow for both high degrees of pri-
mary  stability along with a surgical instrumentation outer
diameter that is closer to  the outer diameter of the implant
allowing healing chamber formation. Since healing cham-
bers allow rapid intramembranous-like rapid woven bone
formation [49],  such rapid bone growth may  compensate for
the implant stability loss due to compression regions where
implant threads contacts bone for primary stability (Fig. 3).

While promising developments have been made over the
last five decades regarding implant hardware designing and
how it dictates bone healing and long-term bone morphol-
ogy around endosteal implants, it is widely recognized that
other design features do in fact hasten osseointegration and
can further increase the performance of implant hardware
[11].  For instance, lower length scale design parameters have
been designed in an attempt to change the degree of inti-
macy  between host biofluids and implant surface while also
changing cell phenotype to hasten biological response [50–53].
However, their early effects are directly related to their strate-
gic hierarchical placement as a  function of implant hardware
design since healing mode and kinetics drastically shift as
a  function of the macrometer scale variables. It is  thus
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Fig. 2 – Stevenel’s blue Von Giesson’s stained optical

micrographs of healing chamber implants

(intramembranous healing mode) in a beagle dog model. (a)

At 3  weeks in vivo, the surgical instrumentation line is

evident forming the healing chambers that are filled with

osteogenic tissue presenting initial bone formation (osteoid

stained in green, bone stained in red) from the

instrumentation line toward the center of the chamber,

within the healing chamber volume, and from the implant

surface toward the central region of the chamber. Initial

revascularization is depicted by green arrows. (b) At 6

weeks in vivo,  the healing chambers are filled from bone

that originated form the surgical instrumentation and

implant surfaces along with bone formed within the

healing chamber. The yellow arrows depict spaces occupied

by blood vessels forming the primary osteonic structures

better defined at (c) 12 weeks, where the primary osteonic

structures are depicted by blue arrows. (For interpretation

of the references to color in this figure legend, the reader is

referred to the web version of the article.)

intuitive that implant hardware should be strategically
designed to allow adequate implant primary stability while
maximizing interaction between the host biofluids and
implant surface. For instance, the reduced length scale
design features intended to improve the establishment and
maintenance of continuous pathway for bone forming cell
migration toward the implant surface will not be as efficient in
accelerating osseointegration in regions where cell-mediated
interfacial remodeling initially occurs after placement due to
initial hardware design interaction with bone. Thus, implant
hardware designs that allow healing chamber formation are
more  suited to deliver adequate conditions for improved
micrometer and the  nanometer length scale design features
performance in  hastening early osseointegration.

Fig. 3 – Stevenel’s blue Von Giesson’s stained optical

micrographs of implants in bone representing the hybrid

healing pathway in a beagle dog model. (a) At 3 weeks in

vivo, the surgical instrumentation line has retracted from

its estimated location (blue line) and is forming the healing

chambers that are filled with osteogenic tissue presenting

initial bone formation (osteoid stained in green, bone

stained in red) from the instrumentation line toward the

center of the chamber, within the healing chamber volume,

and from the implant surface toward the central region of

the chamber. Note the extensive micro cracking and the

initial interfacial remodeling taking place at regions where

the implant outer thread diameter was larger than the

osteotomy diameter (yellow arrows). This interfacial

remodeling is still evident at  (b) 6 weeks (yellow arrows),

where higher degrees of healing chamber filling is

observed due to new bone formation occurring from the

surgical instrumentation and implant surfaces along with

bone formed within the healing chamber. (c) At  12 weeks,

interfacial remodeling is nearly complete and an intimate

interface between bone at the remodeling regions is under

establishment with the implant surface (remodeling

regions and micro cracks depicted by yellow arrows), and

higher degrees of filling are observed within the healing

chamber. (For interpretation of the references to  color in

this figure legend, the reader is referred to the web version

of the article.)

3.  The effect  of  implant  microgeometric
designing  in bone  healing:  a  prelude  to
nanometer  scale  designing

One of the most researched areas, and one that has had
significant impact on treatment strategies, is unquestion-
ably the  implant surface engineering. Over the years, surface
topography modification has been attempted through vari-
ous methodologies, and dramatic changes in osseointegration
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quality and quantity have been witnessed. The primitive sur-
face finish of the osseointegrated implants proposed was
that  of turned implants manufactured by a machining pro-
cess. These turned (machined) implants (better known as
Brånemark-type implants) dominated the market until the
mid-1990s and therefore, have the  longest clinical documen-
tation [4,54]. From such long-term clinical evidences, it can be
concluded that turned implants present a clinically accept-
able prognosis, if the traditional healing protocol (2-stage
approach with a  healing period of 3  months in the mandible,
and 6 months in the maxilla) is followed [55],  with a  base-
line assumption that the  implant sites were fully healed ridges
with good bone quality.

Although successful from a  long-term perspective, the
indications for turned implants were limited to healthy sub-
jects with sufficient bone, and the treatment period created
discomfort for the patients. Thus, the central focus and moti-
vation for further surface topography research have been to
shorten the time to  osseointegrate and to expand the clinical
modalities. As  a result, some implants with extremely rough
surface topography were developed and have been circulated
in the market for some years, based on the simple engineer-
ing concept that rougher surfaces would provide mechanically
higher interlocking between surface and the bone.

One of the methods commonly used to roughen the
implant surface was the  titanium plasma spray (TPS) tech-
nique, which yielded a  bumpy surface configuration with
extremely high average (mean) height deviation (Ra of
4–5 !m)  as compared to the turned Brånemark-type implants.
In preclinical investigations, such extremely rough sur-
face topography of the TPS surface presented improved
osseointegration compared to  the turned surfaces [56–58].
Unfortunately, the clinical trials seemed to present little or
rather negative outcomes with progressive marginal bone loss
[59–66], resulting in TPS-roughened implant surfaces falling
from favor among implant manufacturers.

From the mid-1990s to date, it has been experimentally
demonstrated that osseointegration is improved and accel-
erated through various roughening procedures [67,68], such
as sand blasting [69–71],  acid etching [72–74],  anodic oxida-
tion [75–77], and even laser etching [67,68,78–80], and that
there exists an optimal range in the micrometer scale [81].
The so-called moderately microroughened implant surfaces
have been proven to present improved osseointegration in
experimental and in  clinical studies [82,83].  Today, implant
surfaces with moderately textured microtopographies (Sa

1–2 !m)  provide a  basis for the majority of commercially avail-
able implants. Turned implants as  a substrate are treated
with the aforementioned procedures, strategically roughen-
ing them at the micrometer length scale to present improved
bone response.

Owing to the improved osseointegration proven in  exper-
imental studies, it is now  believed that the amount of
time needed to  establish implant–bone system biomechanical
competence for functional load bearing can be significantly
reduced [84].  Based on this experimental evidence, alter-
ation in the clinical loading protocol (from delayed to early
or immediate) has been attempted, presenting long-term
clinical success [85].  It must be noted that the dramatic tran-
sition in clinical loading protocol results from the combined

effect of numerous factors and, strictly speaking, cannot be
attributed solely to the microroughened surface topography.
Thus, although manufacturers commonly claim that a  newly
developed implant surface can reduce the time needed to
osseointegrate, one must keep in  mind that osseointegration
is an  outcome of the combination of different designs [86].

However, microtopography undoubtedly influences
improved clinical success, especially in compromised situ-
ations such as poor-quality bone, or irradiated bone. It has
been reported by Khang et al., in a multicenter study com-
paring the success of turned versus dual acid-etched surfaces
in poor bone quality sites, that the  clinical success was
significantly higher for the moderately roughened implants
than the turned implants [87].  This is in accordance with the
report from Pinholt stating that the survival of moderately
roughened implants was significantly higher compared to
that of turned implants in  grafted maxillary bone sites [88].
Even in post-tumor-resected irradiated sites, implant survival
is dramatically higher for moderately roughened implant
surfaces than for turned surfaces after 5 years in function
[89],  which indicates that treatment using moderately rough-
ened implants significantly improved postoperative quality of
life for patients who undergo massive oral and maxillofacial
resection therapy.

In the space of a mere  decade, implant surface modifica-
tion has advanced to a new stage with the introduction of
so-called nanolevel modification [18,90]. The nanolevel mod-
ification of implant surfaces, normally impossible to detect
unless adequate instrumentation is employed, is based on the
knowledge that the application of nanostructures (less than
100 nm in size in at least one dimension) significantly upreg-
ulate the biologic responses, since elements such as  growth
factors, proteins, and cells interact at this level [91–94].

It has been reported that the nanostructured surface is
bioactive, that is, it has the potential to cause a  reaction in
the living body, whereas it is well known that the titanium
or the titania itself is  a bioinert material, and thus has no
such potential [95].  Material bioactivity is  one of the core
concepts of the biologically inspired biomimetic engineering,
which is  a cross-link between material science and tissue engi-
neering/regenerative medicine. The nanometer length scale
modification has recently received significant attention in the
interest of increased bioactivity.

4.  The nanometer  scale  designing:  current
techniques  and  trends

While the macrometer and micrometer implant design
parameters have been investigated over several decades,
endosteal implant designing at the nanometer length scale
is relatively new and its recent developments are hereafter
presented in an  objective fashion.

The nanometer scale was likely ‘born’ as  early as when
matter itself came into existence at the Big Bang. The universe
as  we see it is in the  macrometer scale (1–1000 m);  however, it
can be drilled down to the invisible universe, to  the microm-
eter scale (10−3 m)  and further down to the nanometer scale
(10−9 to  10−6 m, i.e. 1–1000 nm), where the building blocks of
the universe, the  atom and the sub-atomic particles (protons,
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neutrons, and electrons) interact electromagnetically. At the
time of its origin, the Earth’s matter in  the nanometer scale
comprised of inorganic particles of solidified core. Billions of
years later, organic, biological molecules with various degrees
of organization appeared, and started to interact with the inor-
ganic components of the planet at various scales, resulting in
complex inorganic–organic systems. The nanometer scale is
quintessential to the function of these systems [96].

While it is obvious that the nanometer scale can be utilized
for multiple engineering purposes, the reduced dimensions
confer unique properties to the materials fabricated with
nanotechnology (especially at 1–100 nm,  which defines the
grain size of such materials) and this has attracted significant
interest in the research community. From a  physical stand-
point, nanoparticles are small enough to interact with DNA,
which is approximately 2  nm in diameter [97].

The physical principles governing materials science in
the macro- and micrometer scale have been exploited in
the past, in the analysis of quantum mechanical relation-
ships, which led to the development of novel fields, such
as condensed matter physics (especially solid-state physics),
statistical mechanics, and thermodynamics. Although these
quantum mechanical relationships have been experimentally
validated by material scientists, modern manufacturing tech-
niques for precise atomic buildup at the nanometer scale, have
shown that materials with a  reduced scale in at least one of
their 3 dimensions exhibit substantially different electronic
configurations as compared to their larger-scale counterparts.
This phenomenon, described as  quantum confinement, depends
on the number of dimensions with the  reduced scale (typ-
ically <100 nm)  in the xy, xz, and yz planes. In short, an
alteration in electronic configuration based on the number of
atoms contributing to the reduced-scale domains has facil-
itated substantial advances in the understanding of matter.
This property has been well received by the  material science
community and is  currently being developed for a  variety of
applications [98].

With regard to implant surfaces and nanomaterials, the
possibilities are limitless, as  nanoscale fabrication methods
are becoming widely available. Nanotechnology-based man-
ufacturing processes can alter the texture, length, scale and
pattern of implant surfaces, while at the  same time altering
the chemical properties of the substrate by means of quantum
confinement [94].

From a general perspective, recent research strongly sug-
gests that alterations in surface topography can lead to
changes in surface chemistry. Such phenomena may  be inten-
sified when features at the nanometer scale are considered.
Not surprisingly, nanoscale features presenting both short-
and long-range ordering have been shown to  alter various
aspects of cell behavior and are the subject of active research
[99].

For instance, if  one considers nanotopographical textur-
ing of a surface, an exponential increase in  surface area
is expected along with alterations in  surface electronic
properties, due to the formation of nanoscale peaks, by
virtue of 2-dimensional confinement. Thus, it is expected
that the surface energy, resulting from nanotopographical
texturing, will deviate from both smooth and microscale tex-
turing. An increase in surface energy arises not only due to

Fig. 4 – Surface energy measured by the OWRK method of

turned, micro-textured, and nano-textured Ti–6Al–4V

substrates.

(Source: Paulo G. Coelho’s laboratory archives).

alterations in  surface roughness, unevenness, and branching
level (represented by the  dispersed component contribution),
but also due to alterations in surface chemistry, the presence
of polar groups, electric charges, and free radicals (repre-
sented by the  polar component contribution) when using the
reduced scale rendered by nanotopography [100] (Fig. 4). The
Owens–Wendt–Rabel–Kaelble approach [101,102] is  a  common
method for calculating the surface energy [103].  In essence,
droplets of purified water, ethylene glycol, and methylene
iodide are separately used for the  calculation of surface energy
due to their wide range of intermolecular forces, non-toxicity,
high surface tension, and known specific polarities [104].  Sur-
face energy is calculated as follows:

!L =  !
D

L
+ !

P

L
(1)

where !L is the surface energy, !
D

L
the disperse component,

and !
P

L
the polar component. Previous studies considering

nanoscale and microscale topographies have demonstrated
improved wettability at the nanoscale surface [105]. This
may  be because the surface area significantly increases with
nano-level surface modifications, and on many  occasions the
surface is negatively charged [105].  Thus, due to  both physical
and chemical features inherent to the nanometer scale, such
surfaces have been known to affect cell behavior.

The positive effect of surfaces presenting nanoscale fea-
tures, on the  adhesion, spreading, motility, proliferation,
adhesion selectivity, and differentiation of osteoblasts has
been previously reported [90,106–109],  showing unequivocal
evidence that certain cellular phenomena can be triggered
through nanometer length-scale modifications. Therefore, it
is  proposed that such modifications should be incorporated
into dental implants designed to hasten osseointegration.

From the perspective of a  hierarchical implant design,
the hardware and microgeometry/topography are intended
not only to provide the device primary stability through
mechanical engagement and an increase in  friction between
implant and bone, respectively, but also to allow adequate
bone-healing conditions, where substantial interactions exist
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between blood clots and the implant surface, immediately
after the placement of the implant [22].  While implant hard-
ware and microscale modifications will dictate tissue-level
interaction and the peri-implant wound-healing cascades
around the implant [22,23,42,44], nanoscale features present
a potential to boost osteoblastic behavior, and thus hasten
osseointegration. However, although in vitro cell culture stud-
ies demonstrated positive effects of nanoscale features on
osteoblastic cells [110–112],  any direct translation of such
nanoscale features to implants, without considering implant
hardware characteristics and microscale design parameters,
may  be misleading. Such contradictions resulted in the
established rationale for hierarchical placement of nanoscale
features within microscale texturing when designing dental
implant surfaces. This strategy facilitates adequate intimate
interaction between the blood clot and implant surface, so
that osteogenic cells may  travel through a  seamless path-
way toward the device surface, and once there, to be further
altered in phenotype by nanoscale features. Applying this
design guideline, implant surfaces presenting nanoscale tex-
ture and chemistry alteration have been manufactured.

Reduced-scale manufacturing techniques have been com-
piled in engineering literature and are beyond the scope of
this review. From a  manufacturing perspective, many,  if  not
all, of the available techniques may  be utilized for pattern-
ing implant surfaces with nanoscale features [97].  However,
since high throughput is necessary for economically viable
manufacture of implant surfaces, industrial methods for
nanoscale surface modification are restricted to a  few addi-
tive and subtractive techniques. To date, 4 representative
implant surfaces presenting nanoscale features have been
made commercially available. It must be acknowledged that
implant surfaces other than the  ones made commercially
available under the “nano” label have been also charac-
terized to present nanometer scale features. For example,
TiUnite (Nobel Biocare, Zurich, Switzerland), SLActive (Institut
Straumann, Basel, Switzerland) and OsseoSpeed (Dentsply IH,
Mölndal, Sweden), originally not presented by their respec-
tive manufacturers as surfaces presenting nanometer scale
features, indeed present nanometer scale surface patterning
[84,113,114].

Of the commercially available nanometer scale surfaces
claimed to be “nano” by their manufacturers, 2 contain sur-
face modifications, such as bioactive, calcium-and-phosphate
components, manufactured through subtractive followed by
additive methods; the other 2 are manufactured mainly
through subtractive processes. The nanoscale surfaces pre-
senting bioactive ceramic components were both named
NanoTiteTM by their respective manufacturers (Bicon LLC,
Boston, MA,  USA; Biomet 3i, Palm Beach Gardens, FL, USA).
While their final physicochemical configurations are dis-
tinctively different, both surfaces are manufactured by an
initial subtractive method prior to their divergent additive
methods. For the Bicon surface, a 20–50-nm-thick ion beam
assisted deposition (IBAD) of calcium phosphate (CaP) results
in the coating of a moderately rough microtextured substrate
obtained by alumina blasting/acid etching (AB/AE) [115]. In
the case of Biomet 3i surface, Discrete Crystalline Deposition
(DCDTM), deposition of nanoscale CaP particles onto the tex-
tured, acid-etched surface is performed via a  sol–gel process.

Previous work has demonstrated that the particle component
covered approximately 50% of the  surface [16].  Although both
surfaces presented bioactive components, their purpose, and
intended coating kinetics in vivo differed substantially.

The rationale for the  IBAD of 20–50-nm-thick, mainly amor-
phous coating onto the  AB/AE-microtextured surface was to
leverage the  highly osteoconductive properties of CaP, while
avoiding issues presented by thick plasma-sprayed hydrox-
yapatite (PSHA) coatings, where long-term performance is
highly dependent on implant hardware configuration [116].  In
short, the rationale was to expose the healing site to bioac-
tive calcium phosphate elements with the known osteogenic
properties and simultaneously benefit from complete disso-
lution/resorption of the IBAD coating due to its amorphous
nature. This would result in intimate contact between bone
and the AB/AE-microtextured surface. Biomet 3i’s technique
for incorporation of nanoscale features on the other hand,
was intended to increase substrate osteoconductivity with the
help of multiscale (micro- and nano-) texture levels and the
chemical composition rendered by the DCD method.

The remaining 2  surfaces presenting nanoscale features
are both manufactured by subtractive methods [11].  The
first OsseoSpeedTM (Astra Tech AB, Mölndal, Sweden), (OSP),
requires a  titanium oxide blasting procedure, which ren-
ders a micrometer-level texture to the surface, followed by
a  hydrofluoric acid etching procedure, which results in a
nanoscale texture within the microscale texture. The sec-
ond, OsseanTM (Intra-Lock International, Boca Raton, FL, USA)
(OSS) is fabricated by robotic microblasting of a resorbable
blasting media (RBM) powder that results in nanoscale topog-
raphy simultaneously within a  larger-scale microtopography.
Regardless of the fabrication method, no long-range ordering
of the nanoscale features is obtained [11,117].

Despite the substantially different fabrication methods,
from a topographical standpoint, all 4 surfaces present nan-
otexture within microtexture surface features. From a  surface
chemistry standpoint, the IBAD-fabricated surface presents
primarily Ca, P, and O in its surface, since it has a uniform
coating with nanometer-scale thickness, whereas the DCD
surface presents elements from bioactive ceramic and sub-
strate components [16,118]. Minute quantities of fluoride have
been detected along with substrate alloy components in the
case of OSP [119], whereas bioactive ceramic is found along
with substrate alloy elements on the OSS surface [120].

Despite recent introduction, substantial advances have
been achieved with nanometer scale materials in the area of
implant surfaces. Previous studies investigating the biological
response to nanoscale surfaces were funded by manufactur-
ers and often utilized their predecessor surfaces as  control
groups. A  series of studies have followed, where different
nanoscale surfaces have been compared.

4.1.  Cell  culture  studies

The IBAD surface was evaluated in 3 different cell cul-
ture studies, where it was compared to its AB/AE uncoated
substrate and as-machined surfaces [121–123].  The first
study, conducted with primary human osteoblasts, presented
mixed results with the IBAD and AB/AE surfaces regard-
ing osteogenesis-related events [121]. The second study was
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intended to evaluate the effect of the  same 3 surfaces on
human osteogenic cells, peripheral blood mononuclear cells
(PBMC), and osteogenic cells cocultured with PBMC without
exogenous stimuli. Relative differences in  results were gen-
erally observed among surfaces for the 3 different cultures
(always favoring the IBAD and AB/AE surfaces over the as-
machined control); however, the “multi-cell type” interactions
had a more  pronounced influence on the in vitro cellular events
related to initial stages of bone formation than did the surface
texture or chemistry [123]. Finally, the third study evaluated
the same 3 surfaces in a  culture of human polymorphonuclear
neutrophils (PMNs). The results showed that the addition of a
thin CaP coating to the AB/AE surface influenced the secretion
profile of proinflammatory cytokines [122]. Taken together,
these cell culture studies comparing IBAD, AB/AE, and turned
surfaces presented mixed results that demonstrated substan-
tial disagreement with in vivo preclinical results for the same
surfaces, as subsequently discussed.

The DCD surface has been evaluated in primary mouse
alveolar bone cells relative to OSP, TiUnite® (Nobel Bio-
care, Kloten, Switzerland), and SLA® (Straumann, Basel,
Switzerland) surfaces [124].  Following a  48-h culture, the OSP
and SLA surfaces displayed the highest degrees of cell adhe-
sion. The DCD surface presented significantly lower degrees
of cell confluence relative to the 3 other surfaces [124].

The OSP surface has been compared to its titanium oxide
blasted predecessor, TiOblast (Astra Tech), in  a  mouse pre-
osteoblast MC3T3-E1 cell culture model [125]. The results
showed no differences in cell viability and proliferation, but
OSP showed more  branched cell morphology compared to the
control at 48 h. At 14 days, increased gene expression of IGF-I,
BSP, and osterix were observed for the OSP surface, indicat-
ing that osteoblast differentiation and mineralization were
affected by the  nanoscale surface [125]. A more  comprehen-
sive real-time PCR study that considered bone-specific gene
expression in the same 2  surfaces plus a  turned control in a
MC3T3-E1 cell culture model as  well as in  implant-adherent
cells from a rabbit tibia model, all demonstrated that the
OSP surface outperformed the control in osteogenic gene
expression events [126].  Another study evaluating adherent
mesenchymal stem cells on OSP and its predecessor presented
favorable osteoinduction and osteogenesis of these cells for
the OSP surface [127]. As previously mentioned, when OSP
was  compared to  the DCD surface in  a primary mouse alve-
olar bone cell culture model, superior results were observed
for the OSP surface [124].  Masaki et al. also demonstrated that
OSP altered cell behavior relative to other surfaces [69].

Cell culture studies considering the  OSS surface also com-
pared it to its microscale-textured predecessor [121].  In this
study, cell adhesion, proliferation, and alkaline phosphatase
activity were assessed with human SaOS-2 osteoblasts and
bone mesenchymal stem cells in nonosteogenic culture
conditions. The results demonstrated higher osteoblastic dif-
ferentiation for the nanoscale surface relative to its microscale
counterpart [121].

In general, cell culture studies depicted favorable results for
nanoscale surfaces relative to their microscale predecessors.
To date, no such predecessor comparison has been performed
for the DCD surface, and the mixed results observed for the
IBAD surface relative to the  uncoated AB/AE substrate may

have been related to the dissolution of the  amorphous coating.
Regarding OSP and OSS, where similar microlevel-textured
surfaces were used as  controls against nanoscale-within-
microscale topography surfaces, it is unequivocal that the
nanoscale features substantially altered cell behavior favoring
osteogenic cellular events.

4.2.  Preclinical  in  vivo  models

Whereas mixed results were obtained for the IBAD surface
in cell culture assays, a series of studies demonstrated its
superiority to uncoated surfaces for both biomechanical and
histometric outcomes [128–130].  For cylindrical implants with
the IBAD surface, higher degrees of osteoconductivity were
observed, along with higher degrees of biomechanical fixation
at early implantation times, than for their uncoated coun-
terparts [128–130].  Furthermore, it has been demonstrated
that the  coating thickness played a role  in biomechanical
results [129]. In larger preclinical in vivo models, signifi-
cantly higher levels of bone-to-implant contact (BIC) and
biomechanical fixation were observed when commercially
available implants were utilized [115,118,131–133].  While sig-
nificant improvements were consistently obtained relative
to uncoated implants, studies that considered IBAD- versus

PSHA-coated implants demonstrated that the  PSHA-coated
implants outperformed the  IBAD-coated ones, especially with
respect to  biomechanical competence at early implantation
times [118,129,132,134].

The DCD surface showed promising results in rodent mod-
els relative to its microscale-textured counterpart [135–137].
With the bone-healing chamber design in  a rat model, higher
degrees of bone  ingrowth were observed [136], and higher
degrees of bone adhesion were detected, when the pullout
strength from the  bone for the DCD-coated implants was  com-
pared to the  predecessor control (regarded as bone bonding,
due to  the presence of nanoscale features on the implant
surface) [135].  In a beagle canine model, however, in  con-
trast to rodent models, no differences in bone response to
either DCD or its predecessor surface were detected [138–141].
When the DCD surface was  compared to  other moderately
rough surfaces in the more  challenging scenario of imme-
diate placement within extraction sockets, the DCD surface
showed significantly lower BIC levels relative to a  dual acid-
etched surface, an SLA surface, and an anodized surface.
When socket architecture was considered, no difference was
detected among the 4 implant groups [142].

The OSP surface has also been well documented in labo-
ratory preclinical animal models versus its moderately rough
microscale-textured predecessor and other surfaces. Ellingsen
et al. [18] demonstrated higher biomechanical competence
and BIC levels for the OSP relative to  its microscale prede-
cessor (TiOblast, Astra Tech) in a  rabbit tibia model. Through
modification in  the relationship between implant macro-
geometry and surgical instrumentation (healing chambers
between threads [23,42]), Berglundh et al. [119] demonstrated
superior results for the OSP surface relative to  its predeces-
sor regarding the amount of bone formation within healing
chambers.

In addition, the OSP surface has been compared to various
other microscale surfaces in numerous preclinical laboratory
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animal models. In an in vivo rabbit model, the OSP surface
presented significantly higher bone response at 2 weeks as
compared to an anodized surface presenting micrometer-level
texturing [143].  In a crestal bone maintenance study con-
ducted in minipigs by Heitz-Mayfield et  al. [144],  both OSP and
SLA implant surfaces presented higher degrees of crestal bone
maintenance as compared to an implant having an  anodized
surface with micrometer-level texturing [144].

OSP has also been evaluated against other microscale-
textured surfaces with enhanced surface wettability in  fresh
extraction sockets in beagle dogs [145].  No differences were
detected in host-to-implant response up to  4 and 12 weeks.
Another study comparing OSP to other surfaces in fresh
extraction sockets failed to demonstrate differences among
groups in all parameters evaluated [146].  It should be
noted that this particular study primarily comprised of the
evaluation of soft tissue measurement outcomes and not
osseointegration measurements. However, bone maintenance
around implants immediately placed in extraction sockets has
been shown to influence soft tissue measurements [147,148].

Comparisons between the OSP surface and other nanoscale
surfaces in numerous preclinical laboratory animal models are
described below.

The OSS surface has also  been well documented in  com-
parison to its AB/AE predecessor in a  series of preclinical
in vivo studies. In the first, conducted by Marin et  al. [149],  OSS
and AB/AE surfaces were histometrically and biomechanically
evaluated in a  beagle model. Although the group reported no
significant differences in BIC between surfaces at both 2 and 4
weeks, a roughly 100% increase in removal torque was  seen for
the OSS surface relative to its predecessor, strongly suggesting
that bone around the OSS surface presented higher mechan-
ical properties [149].  Similar results were obtained by Marin
et al. [150] where the OSS surface was compared to a  dual
acid-etched, moderately rough surface with micrometer-level
texture.

In a protocol similar to that of Mendes et al. [135],  who
reported bone bonding between DCD nanoscale-modified sur-
face and bone, Coelho et al. observed the same bonding
phenomenon when the  OSS surface was  compared to its
AB/AE microscale-textured counterpart. This suggested that
bone bonding might also be achieved by the  lower levels of
Ca and P on the OSS implant surface (crystalline HA particles
being present at much higher numbers for the DCD surface)
[151]. Alternatively, the authors speculated that bone bonding
to the OSS surface might have been due to the  nanoscale tex-
ture, rather than the lower levels of Ca and P. To address this
question of whether nanoscale texture or surface chemistry
was  responsible for the high osteoconductive properties of the
OSS surface, Coelho et al. tested an  implant with a nanoscale
texture similar to that of the OSS surface but produced through
silica blasting, so that Ca and P  were not present on its surface
[152]. When these were compared in vivo in a beagle model, no
differences in  bone response (torque and BIC) were detected,
strongly suggesting that the nanotopographical component of
the OSS surface played a  larger role in its osseointegration
than low levels of Ca and P [152]. Experimental studies should
be conducted to further address the relative contributions
of nanoscale texture and surface chemistry to  the bond-
ing of bone to implant surfaces [151]. Another histometric,

nanomechanical, and gene expression study conducted in
a  rodent model unequivocally showed higher BIC, bone
mechanical properties (hardness and modulus of elasticity),
and osteogenic gene expression for the OSS surface as com-
pared to its predecessor, indicating that  the nanoscale surface
indeed modulates osteoblastic cell response, leading to faster
osseointegration and bone mechanical property achievement
[153]. Finally, the OSS surface, when evaluated in immediate
extraction socket implants, was able to maintain higher levels
of bone attachment at the  buccal flange relative to implants
presenting a smooth cervical region [154].

When compared to various microscale surfaces, OSS pre-
sented favorable biomechanical and histometric results. For
instance, a study comparing the OSS surface to surfaces
microscale-textured by AB/AE or RBM alone, by plasma treat-
ment, or by RBM plus acid etching, depicted significantly
higher torque levels for the  OSS surface relative to  others [70].
Another study, consisting of histometric and nanomechanical
assessment of OSS versus OSP, SLA, anodized, and RBM sur-
faces, demonstrated higher BIC for OSS at the earliest time
point in vivo,  and slight but not significant differences in  bone
mechanical properties between surfaces [120].

The OSS surface was also compared to  the DCD nan-
otextured surface and to 2  microscale-textured surfaces in
a  canine model at 10  and 30 days post-implantation [16]. All
implant macrogeometries and surgical instrumentation used
were the same, minimizing confounding osseointegration fac-
tors due to  implant hardware. The OSS surface presented
significantly higher biomechanical competence (assessed by
removal torque) than the other groups at 30 days in  vivo [16].

One study directly comparing the biomechanical perfor-
mance of OSS, OSP, and DCD implants has  been reported,
where the implants were placed in the beagle mandible at 1
and 3 weeks in vivo prior to euthanasia. When torqued out, the
OSS implants presented significantly higher removal torque
values than the OSP and DCD implants. At 3 weeks, both  OSS
and OSP implants presented comparable results, and both
were significantly higher than the DCD surface [155].  However,
the results of this study must  be interpreted with caution, as
it compared the performance of the 3 different implant sys-
tems with nanoscale surfaces and not the  performance of the
3  different surfaces on the same implant hardware. Specific to
the removal torque results, it must be  noted that the signifi-
cant differences between groups may  have been influenced by
differences in  implant hardware that possibly mitigated the
effect at the nanometer scale on osseointegration.

4.3.  Clinical  evidence

Outcomes of a  few published clinical trials regarding some
implant surfaces with nanotopography are  described in this
section and summarized in  Table 1. The DCD surface has been
evaluated in a  prospective 1-year clinical study on immediate
loading with tapered implants placed in 42  patients, with 55%
located in the posterior region (20 single crowns [SC], 30  fixed
dental prostheses [FDP], and 7 full-arch [FA] maxillary recon-
structions). Survival rate at 1 year was 99.4% [156]. The same
surface had earlier been evaluated in  a prospective 1-year
clinical study with immediate loading using different macro-
geometry (Prevail®). There, 35  patients received 102 implants
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(65% in the posterior region), to  support 14 SC, 26 FDP, and 4
FA reconstructions. The survival rate was 99.2% (one implant
failure) [157].

The following list consists of clinical studies evaluating the
OSP implant surface:

1. Immediate loading for soft tissue long-term (3 years) eval-
uation, where 93 patients were treated with 93  implants
[158].

2.  Immediate loading of 125 implants placed to support full-
arch rehabilitations, followed-up prospectively for 2  years
with a survival rate of 100% [159].

3. Immediate provisionalization (no centric or eccentric
occlusal contact) of 132 implants supporting single ante-
rior maxillary crowns (62 placed in  extraction sockets, 70 in
healed sites), with survival rates of 94.5% and 98.3% [160].

4. 17 patients receiving 33 implants in the maxilla and 16 in
the mandible to support SC, FDP, or FA restoration [85].

5. 15 patients receiving 99  implants at 19  different intrao-
ral recipient sites (15 in the  maxilla, 4 in  the mandible),
previously grafted with calvarial split grafts, and loaded
after 3 months with fixed and removable prostheses, with
a  28-month follow-up showing an  implant survival rate of
97.85% [161].

6. 37 implants immediately placed and provisionalized, with-
out occlusal contact, with SC and FDP, where 17 replaced
central incisors, 9  lateral incisors, 6 canines, and 5  premo-
lars, presenting a 2-year survival rate of 100% [162].

7. 48 patients receiving single implants, immediately loaded
after either conventional implant placement, immediate
placement, or site grafting, with a  prospective follow-up
after 1 year of function indicating a  98% survival rate
[163].

The studies described above and in the table shows that
a combination of treatment concepts is commonplace, even
within a single study: immediate and early loading; placement
into grafted and nongrafted sites; varied prosthesis type and
design, including single crowns, FDP, removable, and full-arch
prostheses, screw- or cement-retained, with various implant
diameters and lengths; and placement in  different areas in
the mouth (anterior or posterior, maxilla or mandible). Com-
parative efforts among studies, even for the same implant
surface, are clearly a  heuristic task. Of remarkable interest
is  that none of the studies that investigated the clinical out-
comes of implants with nanolevel surface alterations included
a control (i.e. same turned implant macro design without
the nano-enabled features) for sound observation of the real
impact of nanofeatures in immediate, early, and long-term
clinical results. It must be emphasized that the nanometer
scale component of the present review primarily concerns
what has been made commercially available; a  plethora of
nanoscale surface modifications for bone-healing modulation
are currently under development and showing remarkable
improvements, such as increasing bone-healing velocity while
also resulting in higher bone  mechanical properties [164]. Such
features are of utmost importance if challenging loading pro-
tocols are to be common practice and not utilized solely in
selected cases.
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4.4.  Nanotechnology:  perspectives  and  challenges  in

implant  dentistry

A 2004 report on the market share of nanotechnology-enabled
products emphasized that nanotechnology represents a
“value chain” and not an industry or sector per se. In that
report, revenue projections for 2014 had nanotechnology
representing “4% of general manufactured goods, 50% of elec-
tronics and IT [information technology] products, and 16%
of goods in healthcare and life sciences.” Ten years ago, the
revenues for products incorporating nanotechnology were
approximately USD 13 billion, with roughly USD 8.5 billion
coming from automotive and aerospace applications. Rev-
enue rise for 2014 was projected to USD 2.6 trillion, with
2010–14 being a period when nanotechnology would become
significant in pharmaceuticals and for medical devices, con-
sidering that lengthy, well-designed randomized controlled
clinical trials (RCT) would by then have been able to demon-
strate that nano-enabled materials substantially altered the
nature of a product and its host response [165].  Obviously,
this does not seem to be the case in implant dentistry, not
only because RCTs comprising a substantially large patient
pool, standardized prosthesis design, and implants both with
and without nanostructural features are not available, but also
because the multifaceted success criteria in  implant dentistry
are commonly not acknowledged [166]. A large gap between
the promise of nanotechnology and its integration into a  new
generation of nano-enabled products is remarkably evident
[167].

5.  Concluding  remarks

It is unequivocal that implant hardware does affect bone-
healing pathways and that this may  increase the micro- and
nanolevel contribution to osseointegration. There is also an
immense amount of published work  supporting that microm-
eter scale surface modifications favor osseointegration by
facilitating early host-to-implant response through tissue
healing that facilitates cell migration and also shifts cell phe-
notype.

Since it has been experimentally determined that all
length scale implant design levels substantially contribute to
the osseointegration process, the  biggest challenge for the
future is to optimize the  velocity and properties of these
implants through adequately designed studies. It is  worth
noting that the word “optimization” is  rarely used in the
health sciences as  it is in the physical sciences and math-
ematics, where it usually denotes that the contribution of
every known variable related to a  phenomenon (alone or in
groups) has been experimentally determined and that mathe-
matical inferences can be drawn to maximize outcome. Given
the inconsistencies hitherto encountered in the implant lit-
erature, a substantial amount of work is warranted to ensure
the adequate collection of data that will actually enable the
optimization of osseointegration. Upon the completion of
such germane series of studies, the macro-, micro-, nano-
scale design components will be entirely able to work in
tandem.
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