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Abstract:

Among dental implant design alterations, surface modifications have been by far

the most investigated topic. Regarding implant surface research, the lack of hierarchical
approaches relating in vitro, in vivo, clinical trials, and ex vivo analyses has hindered
biomaterials scientists with clear informed rationale guidelines for implant surface design.
This manuscript provides a critical hierarchical overview of the in vitro, laboratory in vivo,
clinical, and ex vivo methodologies used to investigate the performance of novel biomaterials
aiming to allow dental professionals to better evaluate the past, present, and future dental
implant surface research. This manuscript also contains an overview of the commerecially
available surface texture and chemistry modifications including novel nanotechnology-based
fabrication processes. Over the last decade, surface texturing has been the most utilized
parameter for increasing the host-to-implant response. Recently, dental implant surfaces
utilizing reduced length scale physico/chemical features (atomic and nanometric) have shown
the potential to synergistically use both texture and the inclusion of bioactive ceramic
components on the surface. Although surface modifications have been shown to enhance
osseointegration at early implantation times, information concerning its long-term benefit to
peri-implant tissues is lacking due to the reduced number of controlled clinical trials. Given
the various implants/surfaces under study, the clinician should ask, founded on the basic
hierarchical approach described for the in vitro, laboratory in vivo data, as well as the results
of clinical studies to effectiveness before use of any dental implant. © 2008 Wiley Periodicals, Inc. J
Biomed Mater Res Part B: Appl Biomater 88B: 579-596, 2009
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INTRODUCTION

Following the definition of “osseointegration” as the close
contact between bone and titanium and its alloys at the
light microscope level,' substantial manufacturing, labora-
tory, and clinical research resulted in enhanced dental treat-
ment modalities and expanded application of the dental
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implants. During the early 80’s, one treatment modality
focused on very controlled surgical placement of biocom-
patible titanium screws in bone. The principles established
by the Swedish group® with respect to the time of osseoin-
tegration and the necessity of isolation of the implant from
mechanical loading required a latency period of several
months for bone healing to establish device osseointegra-
tion.> Throughout this healing period, the implants were
not submitted to intraoral functional load, and during a sec-
ond surgical procedure the implant osseointegration was
verified and a series of clinical and laboratorial steps fol-
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lowed until re-establishment of the patient’s form, function,
and esthetics.*™®

Since then, documentation of over two thousand scien-
tific publications along with its application in thousands of
patients during the last 40 years has been a key factor to
make implant dentistry one of the most successful treat-
ment modalities in medicine and dentistry. Treatment suc-
cess rates often reported higher than 90% in controlled
clinical trials although and agreed upon definition of suc-
cess remains elusive.”>"~?

Despite early research reports showing that failure of
dental implants were mainly associated with the time
allowed for bone healing around the implants, and also
possibly encouraged by the good results of the original two
staged protocol, practitioners have pushed for decreased
treatment times for therapy completion.®®!%-22

Specific to early loading of endosseous implants, where
the prosthetic component is installed and loaded shortly af-
ter the surgical procedure, it has been speculated that
design alterations in both surgical and restorative proce-
dures, as well as in implant design may significantly affect
the treatment short and long-term outcomes. From an
implant design perspective, two approaches including the
fields of biomaterials and/or biomechanics have been most
utilized; implant body design and surface modifications.

Despite contradictory research results and protocol
opinion concerning immediate/early loading of endosseous
implants, 117162922 it js apparent that instead of being
based upon well-designed in vitro, laboratory in vivo, and
clinical research results, the main driving force for implant
design has been rationalization driven by implant therapy
protocol alteration towards diminishing the period allowed
for bone healing after implant placement. However, little
to no implant bulk designs and biomaterials’ variations
(especially new surface treatments) have been fully charac-
terized before commercialization."? Limitations in previ-
ous implant designs have been rarely investigated to allow
an informed design rationale for their successors, resulting
in empirical guidelines for the great majority of implant
modifications.

Although the implant surface is the first component to
interact with the host, surface modifications have been
extensively investigated in an attempt to increase the rate
of bone healing and thereby allowing practitioners immedi-
ate/early loading of dental implants. Increasing the surface
biocompatibility and osseoconductive properties may pro-
mote enhanced bone healing and apposition that lead to
rapid biological fixation of implants to bone.”> According
to the literature, postmachining surface texturization though
a variety of techniques or the incorporation of bioactive ce-
ramic as surface coatings favor both bone anchoring/biome-
chanical stability.'**

This manuscript provides a critical overview of the most
common in vitro, laboratory in vivo, clinical, and ex vivo
methodologies used to investigate the performance of novel
biomaterials/implant surfaces. Then, an overview of the
current commercially available and ongoing development

of implant surfaces obtained through a variety of processes
is provided.

IMPLANT SURFACES

Immediately following the implant placement, a series of
events occur between the host and the surface of endo-
sseous implants.”® This sequence of events includes the ini-
tial interaction between blood and the implant surface,
where proteins and ligands are dynamically adsorbed onto
and released from the implant surface, through an inflam-
matory process, which is followed by initial bone formation
around the implant (modeling), and through several remod-
eling cycles, where bone surrounding the implant achieves
its highest degree of organization and mechanical proper-
ties.”> Because of the dynamic nature of the bone-biomate-
rial interface as a function of implantation time,
endosseous dental implant biomaterials must have short-
and long-term biocompatible and biofunctional properties.*

From the point of view of physics, a surface may be
defined as the sudden interruption of the atomic arrange-
ment.”® This sudden interruption results in differences
between surface and bulk electronic properties, leading to
different physico/chemical behavior between the two
regions of the material. Therefore, from a theoretical stand-
point, different modification methods utilized for implant
surface engineering may lead to different and unique sur-
face properties.”® These different physico/chemical proper-
ties can potentially lead to changes in the host-to-implant
response. New surface treatments should be tested as new
biomaterials. As examples, the alteration of surface topog-
raphy or the incorporation of bioactive ceramics as coatings
have been investigated and utilized on a large scale by
implant dentistry practitioners with no or limited surface
characterization,'#232427-31

Despite the extensive literature accumulated over the
past decades concerning the host/biomaterial response, sev-
eral considerations should be taken into account concerning
the complex effects of endosseous dental implants surface
modifications during and after the process of osseointegra-
tion. Biological considerations, such as biocompatibility
and osseoconductivity of the implant should be addressed.
In addition, specific surface effects on initial bone healing
kinetics and mechanical properties evolution as implanta-
tion time elapses in vivo, as well as the in vivo stability of
the surface (often regarded as one of the leading factors of
long-term osseointegration) should be hierarchically investi-
gated to more fully evaluate implant therapy surgical and/
or prosthetic protocol modifications.

A hierarchical approach, where in vitro testing followed
by laboratory animal research leading to subsequent con-
trolled prospective and/or retrospective clinical trials, is of-
ten neglected before new biomaterials are commercially
introduced. Therefore, treatment protocol changes, such as
a decrease in the time allowed for osseointegration of
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immediately/early loaded dental implants have often fol-
lowed the empirical rationales.

Biocompatibility of Biomaterials

Before clinical trials, new biomaterials (including surface
modifications) should undergo in vitro and in vivo evalua-
tion. This type of evaluation typically follows a hierarchical
approach, where in vitro testing evolves to in vivo labora-
tory experiments, and then to clinical trials in humans.*’
The hierarchical testing approach is useful in cases where
surface modifications are compared with previous surfaces
that have successfully been in function for several years. In
a simplistic fashion, if the new surface or biomaterial does
not have at least equivalent performance when tested in
in vitro and in vivo laboratory models, time consuming
complex clinical research protocols may be avoided.

In Vitro Testing. In vitro laboratory models often consist
of evaluating the effects of novel surfaces versus control
surfaces (in the case of dental implant surfaces, machined
or surface-modified c.p. Ti or Titanium alloys) on cell
cultures.*

Cell culture studies attempt to track cell morphology,
adhesion, migration, proliferation, or death as a function of
potentially toxic agents derived from the biomaterial.>®
Although in vitro cell culture evaluations have been shown
to be useful for preliminary evaluation of novel biomateri-
als biocompatibility related to safety, results obtained in
cell cultures have not yet been fully correlated to in vivo
performance.®> Specific to evaluating cellular behavior
associated with implant surfaces, cell cultures by no means
represent the dynamic in vivo bone/biomaterial environ-
ment, and multiple conclusions concerning the potential
in vivo behavior based on in vitro cell testing should be
taken as speculation. Validation must be based on animal
models and subsequent clinical trials. Nonetheless, cell cul-
ture has been useful as a first assessment of biocompatibil-
ity related to the safety of novel biomaterial designs.*?

Implant surface modifications through chemical process
may lead to production of leachable products potentially
toxic to cells.>>>° Direct contact, agar diffusion, and
extract dilution are the primary cytocompatibility assays,
where standardized procedures enable comparisons and
minimize bias. The inclusion of positive and negative con-
trols and the use of established cell lines and standardized
protocols published by the U.S. Pharmacopeia, the Ameri-
can Society for Testing and Materials (ASTM), the British
Standards Institute (BSI), and International Standards Orga-
nization (ISO) rationalize the screening for cytocompatible
biomaterials.*® It’s worthwhile to mention that Health
organizations in the United States (Food and Drug Admin-
istration), Brazil (National Agency of Sanitary Vigilance),
Europe, and other countries legally require Pharmacopeial
assays for regulatory and commercialization of bioma-
terials and medical devices.’”*® What remains to be fully
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explored are cell functions such as adhesion, migration,
proliferation, synthesis, and deposition of extracellular
matrix chemical compounds using mammalian cells of
the tissue/organ relevant to specific applications.***

Considering new biomaterials, an understanding of bio-
material-induced cell signaling molecules is strategic for
devices design. For instance, the role of monocytes/macro-
phages in foreign body reaction has become evident,*”-*®
and specific information concerning the osteoblast*' and
osteoclast responses*” to wear particles and surface topog-
raphy can be screened in specific in vitro assays of cell sig-
naling molecules. Thus, currently available in vitro assays
have increasingly gained popularity in biomedical device
designing regarding materials safety.

On the other hand, although biomaterials safety is cur-
rently tested in in vitro assays, regulatory and scientific
governmental agencies such as the National Institutes of
Health in the United States have expressed interest in
developing more complex laboratory-based testing meth-
ods. The intent is to develop models that are more repre-
sentative and predictive of in vivo behavior such as organ
cultures presenting similar cellular content and architecture
as the host tissue.

The development of bone organ cultures require the
maintenance of three dimensional bone explants and their
cellular and extracellular content in the laboratory setting.*’
In addition to the biological content maintenance in vitro,
the physiologic-like maintenance of bone organ cultures
has been challenged by difficulties in appropriately repro-
ducing physiologic loading conditions in vitro.® Such diffi-
culties have resulted in limited use of bone organ culture
studies of hard tissue integration, which requires establish-
ment and maintenance of cultures for long periods of time.
However, bone organ cultures have been utilized in other
research areas such as the effects of wear particle composi-
tion and size in bone inflammatory response.**

It is acknowledged that despite the current difficulties
and limitations provided by in vitro cell and organ cultures,
developments will soon result in cell and organ cultures
that are more representative of in vivo scenarios. Such
developments will expand the in vitro evaluation of bioma-
terials beyond safety issues, mimicking in vivo testing con-
ditions decreasing the time, cost, and regulatory issues
concerning animal research protocols.

In Vivo Testing. Following in vitro laboratory testing for
the general safety of new biomaterials’ surfaces, laboratory
in vivo models are the next step in biocompatibility testing
complexity.

Various animal models and surgical protocols have been
utilized to evaluate the host response to endosseous
implants.'**°=% Despite the development of an extensive
literature in the field, variations in wound healing and the
kinetics of bone healing due to local physiologic properties
of different surgical sites and animal species have not been
sufficiently characterized to enable direct one-to-one com-
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parisons between animal models or data extrapolation to
human clinical scenarios.*® Nonetheless, animal models are
of vital importance when novel biomaterial design is com-
pared with previously investigated designs of known clini-
cal performance.

The most frequently used animals for dental implant
research are rats, rabbits, sheep, dogs, pigs, and nonhuman
primates. Among the attributes taken into consideration to
determine which animal model is most appropriate for a
particular research protocol are site similarity to humans
under physiologic and pathologic conditions as well as
availability of large numbers of specimens over time. "
Other considerations include acceptability to the society,
cost, availability, age, size (multiple implant placement for
comparison), tolerance to surgery and captivity, housing,
and different countries animal protection act.’® Specific to
studies considering the bone-implant interface, bone macro-
structure, microstructure, and modeling/remodeling kinetics
should be considered while extrapolating the results to
humans.>®

Because of its relatively low cost, ease of handling, and a
substantial number of previously published data, the rabbit
model has been the most utilized for dental implant bone-
implant interface studies. The amount of published work is
then followed by research protocols utilizing dogs.>* Detailed
information regarding other animal models utilized in bone-
implant interface studies can be found elsewhere.>*>°

Despite its extensive use in dental implant research, the
rabbit model major drawback includes its size when com-
pared with larger animals such as dogs and sheep when a
number of control and experimental implants are recom-
mended per animal (ISO 10993-6%). In addition, the com-
monly utilized rabbit bones such as tibia and femur are one
of the least similar animal models when compared with
human. Significantly different bone macrostructure (espe-
cially when comparing the amount of trabecular bone
between human alveolar bone to rabbit long bones), micro-
structure, kinetics, and cell content are found between rab-
bit and human.”’” Thus, the extrapolation of results obtained
in rabbit studies relative to humans is a challenge and
should be carefully performed.

The second most utilized model in musculoskeletal and
dental implant research is the canine model.”® When com-
pared with the rabbit model, the canine model is remark-
ably larger and different sites with relatively different bone
macromorphology and micromorphology are available.

Considering the canine intra oral site, extraction of the
four premolars followed by a healing period before implant
placement has been commonly used.’*®' Alternative to the
intra oral site, the femur®® and tibia®*® have also been
utilized. Although the intra oral site provides a bone micro-
structure that is morphologically similar to human mandible
with respect to cortical to trabecular ratio,“_68 the tibia
and femur sites provide a model where high amounts of
trabecular bone are present. The elimination of potential
complications involved in tooth extraction makes the tibia

and femur attractive relative to the dog intra oral sites. In
addition, the presence of high amounts of trabecular bone
in these long bones is attractive for testing dental implant
properties because highly osteoconductive materials are de-
sirable for regions of low cortical-to-trabecular bone ratios.
Specific to dental implant surface research, where most
protocols comprise the temporal placement of implants for
comparison in physiologically loaded implants, relative dif-
ferences in osseointegration and biomechanical assessment
can be tracked in both mandible® and long bones like the
femur and tibia.%*%

Its has been previously shown that dog along with pig
bones are the most similar to human bone composition
among the animal models utilized for musculoskeletal
research.®’ However, data extrapolation between these large
animals and humans is still challenged by the different
mineral apposition rates encountered at different bones.®
Another drawback related to larger animal models is the
ethical issue of their utilization in medical research, espe-
cially concerning the number of animals and operable sites/
times per animal.

There are many different animal models, surgical sites,
times in vivo, and the lack of a standard control biomaterial
(i.e. a standard implant surface) among the many in vivo
studies reported in the dental literature. Therefore, direct
comparison between previously published results is practi-
cally impossible with respect to which implant surface has
the best physico/chemical configuration to increase early
wound healing kinetics.

Irrespective of differences in species and site, it is
acknowledged that valuable information may be retrieved
from properly designed animal studies. Specific to compari-
son between different implant surfaces, power analysis
should be performed relative to the parameter to be eval-
uated as this dictates the number of animals to be utilized.
Because implant surfaces are expected to increase the host-
to-implant response, it is recommended that several implan-
tation times be utilized in order to establish temporal evo-
Iution of the analyzed variables between the implant
surfaces. The implantation times should be determined
from the literature pertinent to each species and site, or
from pilot investigations. Regardless of animal model, it is
acknowledged that extrapolation of results to human sce-
narios is a challenge. However, controlled animal studies
evaluating temporal changes in the bone-implant interface
provide valuable relative comparisons between different
implant surfaces.

Measurable indicators of the host/implant response have
been utilized in cases where two different surface designs
are compared. However, to decrease the degree of specula-
tion with respect to the most critical mechanisms of the
host/implant response between different surface designs,
the largest possible number of biological response indica-
tors (static and dynamic histomorphometric parameters,
plus biomechanical testing) should be evaluated to the
establishing correlations.

Journal of Biomedical Materials Research Part B: Applied Biomaterials
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Substantial data have been published concerning the
temporal evolution of various bone-biomaterial interfaces.
Yet, whether the increased mechanical stability of different
surfaces is due to an increased mechanical locking of tissue
within the surface roughness, increased bone-implant con-
tact, increased surrounding bone density, biologically modi-
fied bone bonding, or the interplay between such variables
is still controversial or unknown.”>’° Often a combination
of factors exists.

In vivo comparisons between different implant surface
designs typically have a histomorphometric and/or a biome-
chanical component. The histomorphometric part of the
study typically evaluates static parameters such as the
amount of bone-to-implant contact (BIC), bone density,
amount, and type of cellular content, among others. Less
often reported but not less valuable than the static measure-
ments, dynamic histomorphometric parameters such as min-
eral apposition rate (MAR) have also been utilized. The
biomechanical testing component usually evaluates the
push-out force,”" pull-out force,”* or torque to interface
failure'”® of implants in bone.

It has been established general tissue response to
implants, biocompatibility, and osseoconductivity informa-
tion may be obtained through static histomorphometric
measurements. However, any of the previously mentioned
parameters alone do not address the tissue healing events
that led to the measured parameters evaluated at a given
time period in vivo.”* For example, if a given surface
results in higher BIC percentage relative to another at early
implantation times, it is impossible to determine the rele-
vance of such observation unless extreme differences in
BIC values were observed or a series of other supporting
histomorphometric and biomechanical parameters were also
measured. From a structural perspective, the BIC amount
may be overwhelmed by the quality of the structural sup-
port, and implants surrounded by less bone with higher
magnitude mechanical properties may be more desirable
than an implant surrounded by more bone presenting lower
magnitude mechanical properties. This concept should be
taken into account especially as bone has the ability to
model and remodel under microstrain thresholds (bone de-
formation under a given load),75’76 and bone regions of
high stress concentrations in the proximity of the implant
may be unfavorable if low magnitude bone mechanical
properties exist.

Because BIC has been the most often measured parame-
ter in vivo investigations, meticulous histomorphologic and
biomechanical testing (preferentially nanoindentation along
and away from the implant surface) should also be per-
formed to decrease the degree of speculation concerning
the benefit of increased BIC for one surface relative to
another. In this case, dynamic measurements such as min-
eral apposition rate (MAR) would be desirable to tempo-
rally evaluate bone modeling/remodeling kinetics around
different implant surfaces. This would provide insight on
how different histomorphologic, histomorphometric, and
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bone mechanical properties evolved as a function of im-
plantation time.

Studies concerning the effect of different surfaces in
bone healing kinetics have been successful in indicating
relationships between MAR and static parameters like den-
sity.”’?*3* Unfortunately, the literature concerning bone
healing dynamics around different implant surfaces is not
only sparse but also contradictory.”””® Also, comprehen-
sive studies utilizing both static and dynamic histomorpho-
metric parameters along with biomechanical testing are
desirable for better characterizing the evolution of the
bone-biomaterial interface around different implant surfa-
ces. This information would decrease the degree of specu-
lation concerning the mechanisms leading to differences in
the results.

Ex vivo standard biomechanical tests (torque, pull-out,
push-out)*7°371=73:80 yeually measure the amount of force
or torque to failure of the bone-biomaterial interface sur-
rounding different implant surfaces. Although information
concerning the relative degree of biomechanical fixation is
obtained, these tests do not provide detailed microscopic
information about inherent mechanical properties of the
bone-biomaterial interface. In addition, these test methods
tend to favor rough implant surfaces, making it a challenge
to evaluate different implant surfaces effects on the evolu-
tion of bone healing/mechanical properties.

Recently, nanoindentation studies have successfully
evaluated the effect of different surface textures in bone
mechanical properties as a function of implantation time.*¢
Although inherent mechanical property measurements made
as a function of time may be assessed through nanoindenta-
tion, the value of relative changes in modulus and hardness
as a function of healing time around implants is still sub-
jective. For example, it is not possible to predict by simple
mechanical property assessment that over a given loading
range, if stress patterns or microstrain threshold for bone
maintenance or loss’>’® would significantly affect the over-
all biomechanical response as a function of implant surface
and implantation time. Thus, biomechanical experimental
designs that take into consideration both the bone mechani-
cal properties and the geometry around the implant
(through 3D imaging tools) are desirable for future design-
ing of improved dental implant systems.

Several factors that influence the phenomena of osseoin-
tegration remain under active investigation (i.e. implant/
biofluid interactions, the elemental chemistry and structure
of surfaces, and the overall mechanisms and kinetics of
bone response to implants). Therefore, what is needed is
the careful interpretation of the literature along with the
definitive characterization of bone physiology and kinetics
of healing (MAR, bone mechanical properties) around
implants with different surfaces. The evaluation of the
highest possible number of host/implant response parame-
ters should be taken into account in future research. This
approach would allow a better understanding of bone heal-
ing kinetics associated with different implant surfaces,
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providing an informed design rationale for future implant
systems that would deliver reduced eosseointegration time
frames and minimize failures of immediately/early loaded
implants.

Clinical Evaluation of Implant Surfaces. Clinical evalu-
ation comprises the most complex type of device testing
especially the factors associated with the biomaterial
per se. Although clinical data collection may illustrate the
interaction between human tissues and different implant
surfaces, from a statistical standpoint, any data collected
from clinical trials should be interpreted with caution. Clin-
ical evaluation of different implant surfaces may be a chal-
lenge, as large numbers of subjects must be analyzed in a
previously determined statistically validated model, and
any deviation from the established protocol may lead to
results with low credibility.®'*** Both prospective and retro-
spective studies must be carefully designed with rigorous
number of subjects, inclusion, and exclusion criteria.?""%?
Because the description of prospective and retrospective
studies is beyond the scope of this review, the reader may
refer to articles where this type of study is critically eval-
uated. #1784

Despite the specific points concerning clinical evaluation
of implants, it is important to highlight the need for dou-
ble-blind studies and for registration of trials in order to
mitigate against publication bias, to prevent study duplica-
tion, and to evidence gaps in the knowledge base favoring
international collaboration.®> To date, there are only three
published randomized controlled double blinded studies of
implant surface treatments.**®® Given that endosseous
implants have been in clinical practice for several decades
studies, it is surprising that effectiveness studies in the gen-
eral practice setting have not been reported. The vast ma-
jority of clinical studies are based upon the outcomes from
specialists and medical and university centers.

Implant Retrieval Analysis. The retrieval of previously
functional endosseous implants is one of the valuable tools
for characterizing short- and long-term host-to-implant
interactions as well potential failure mechanisms.*

The relative value of implant retrieval analysis is
directly related to the amount of information available from
patient, clinician, implant therapy modality, and implant
system (i.e. lot number). Nonetheless, a lack of knowledge
of any of these variables does not limit specific information
that can be acquired from retrieved specimens even though
limitation of critical information could ultimately lead to
erroneous conclusions. For instance, if data concerning the
patient medical history and functional habits is not avail-
able, it is difficult to relate specific failure mechanisms
obtained from retrieval analysis to associated risk factors.

Therefore, careful protocol design must be performed
before establishing a retrieval program. If appropriately
designed, implant retrieval analysis can be useful in the
reverse engineering of biomaterial and biomechanical

designs, as investigators are going to learn from both suc-
cess and failures.>®> For instance, evaluation of implants
retrieved from deceased individuals would provide valuable
information about successful implant treatment and also be
valuable for future implant design. Unfortunately, ethical
issues concerning retrieving implants from deceased indi-
viduals, the limited number of currently active retrieval
programs where multidisciplinary expertise is available,
and the decreasing number of reports on failure from both
practitioners and implant manufacturers has resulted in a
decrease in the number of implant retrieval reports.

SURFACE MODIFICATION OF ENDOSSEOUS
DENTAL IMPLANTS

The primary intention of further processing endosseous
implants’ surfaces following the primary manufacturing of
a device is to positively modulate the host/implant tissue
response. For this purpose, numerous surface engineering
methods have been utilized to change endosseous dental
implant surface topography and chemistry.

For description purposes, surface modification methods
will be separated into two categories. The first category
comprises primarily topographic surface changes, despite
subtle to moderate topographic, and chemical composition
differences between different designs,. The second category
includes bioactive ceramic incorporation on the implant
surface as coatings.

Topographic/Chemical Surface Modifications

To describe some of the surface modifications currently
used in large scale in implant dentistry, it is important to
establish the starting point of implant surface design. In
early implant dentistry, following machining (turning) of
the implant bulk, the implant surface was cleaned and
packaged/sterilized before surgical placement. In general,
after machining, the implant surface presents periodic
grooves that vary based upon machining equipments, such
as machining tool type and cutting angle with respect to
the implant substrate (Figure 1). This procedure typically
results in the implantation of a clean, minimally rough sur-
face (R, typically ranging from 0.4 to 0.8 um), which
according to classic protocols requires several months for
osseointegration. The machined implant surface was con-
sidered the gold standard of implant surface design for dec-
ades, and to date is the only surface design properly
addressed in the dental implant literature from a statistical
standpoint.**® Thus, it is natural that most novel designs
are compared with machined implant surfaces in in vitro,
laboratory in vivo, and clinical investigations.91

Despite the successful utilization of machined/sterilized
implant surfaces (Figure 1) for several decades, several
studies have demonstrated that modification on the topo-
graphic pattern of the surface (especially if R, values range
from 0.5 to 2 um) tends to not only increase the bone-
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Figure 1. Scanning electron micrograph of a machined implant
surface. Note the periodic grooves originated from the implant
machining.

implant contact but also the biomechanical interaction of
the interface between them at early implantation times
(comparable values are obtained between rough and as-
machined surfaces after several weeks in vivo).! It should
be noted that the majority of current commercial implant
systems present R, ranging from 1 um to 2 um,"*” and that
the effects of such characteristics on the osseoconductivity
and bone apposition on the implant surface are still under
investigation.

If further increases in surface roughness profiles are
desired, titanium plasma spraying (TPS, Figure 2) process-
ing of the surface has been one of the methods commonly
utilized for obtaining R, values higher than 2 pm. This
processing results in a substantial surface area increase
when compared with other commercially available surfa-
ces.”>* Based on that, TPS implants have been often rec-
ommended for regions with low bone density (Figure 2).%

The TPS processing may increase the surface area of
dental implants up to approximately six times the initial
surface area.””> Such increase in surface area is dependent
on implant geometry and processing variables, such as ini-
tial powder size, plasma temperature, and distance between
the nozzle output and target.”> However, this significant
increase in total area does necessarily represent an effective
increase in osseointegration area, because spaces greater
than 50 um are typically required for bone formation and
subsequent maintenance.”® Consequently, the real effective
increase in functional area becomes 1.5 to 2 times the ini-
tial surface area.”’ Also, increase of six times of the origi-
nal surface area may not only be a scenario favorable for
bone growth and apposition but also becomes a factor
when there is an exposure of the implant surface to the
oral fluids and bacteria. In addition, intercommunication
between porous regions facilitates migration of pathogens
to inner bone areas, potentially compromising the success
of the implant therapy due to difficulties in controlling
periimplantitis.”® Bacterial contamination could synergisti-
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cally result in autocatalytic chemical degradation and cause
loss of metallic substrate and bone attachment.”’

Several in vivo studies have shown the importance of
the surface roughness on osseointegration improvement and
acceleration. Rough surfaces, such as obtained by TPS
and grit-blasted/acid-etched have shown torque to failure
values significantly higher than implants with machined
profiles, 1:221:24:46.94.97.99-102

Over the last 5 to 10 years, implant surface texture has
been increased through a variety of methods in an attempt
to increase surface area, cleanliness, and chemistry.l’2 One
of the earliest methods that was commercially available
was surface acid-etching (Figure 3) and grit-blasting/acid-
etching (Figures 4 to 8). The majority of commercially
available grit-blasted implant surfaces are subsequently
acid-etched. The acid-etching procedure aims to further
enhance the topographic profile of the surface and remove
processing byproducts (this surface treatment may also be
applied without previous grit-blasting resulting smoother
profiles compared to grit-blasted/acid-etched surfaces,
shown in Figure 3). The grit-blasting procedure is generally
performed via propulsion towards the metallic substrate of

Figure 2. Scanning electron micrographs of TPS processed implant
surfaces (top: Bicon, LLC USA; bottom: Straumann, Basel, Switzer-
land). These micrographs also depict the cracks inherent to TPS
processing due to rapid cooling.
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Figure 3. Scanning electron micrograph of an implant surface proc-
essed through a dual acid-etching procedure (Biomet-3i, Palm
Beach Gardens, USA).

particles of silica (sand) (Figures 4 and 5), resorbable bio-
ceramic (Resorbable Blast Media—RBM) (Figure 6), alu-
mina (Figure 7), or titanium dioxide (Figure 7) of different
particle sizes.”

Following grit-blasting, the most commonly utilized acid
etching agents are hydrofluoric, nitric, sulfuric, or a combi-
nation of different acid solutions.'® The advantages of this
method include an increase in the total surface area of the
implant, achieved due to the selective removal resulting
from electrochemical differences in the surface topogra-
phy.'® However, this process should be carried out under
controlled conditions, as over-etching the surface decreases
surface topography and mechanical properties and may be
detrimental to osseointegration. In addition, it is important
that the etching procedures following grit-blasting removes
any particle remnants (especially in the case of alumina or
silica), because chemical analyses of failed implants have
shown evidence that the presence of such particles inter-

Figure 5. Scanning electron micrograph of a sandblasted/large grit/
acid-etched (SLA) implant surface (Straumann, Basel, Switzerland).

feres with titanium osseoconductivity regardless of the
established biocompatibility profiles of the biomaterial.>
Alternatively, grit-blasting the surface with bioceramic par-
ticles (RBM process) or titanium dioxide particles would
not result in detrimental osseointegration kinetics, because
embedded (RBM) bioceramic particles are theoretically
resorbed/dissolved after implantation, and titanium dioxide
particles embedded in the surface are biocompatible.”
However, it is acknowledged that irrespective of blasting
media, release of particles of varied size from the surface
may result in an inflammatory response detrimental to hard
tissue integration.*!

Observations of the dual acid-etched and grit-blasted/
acid-etched surfaces showed that different roughness pat-
terns can be obtained depending on the processing condi-
tion. Also, the increased surface area is obtained when
compared with machined surfaces.'® Tt is also evident that
different types of particles used for grit-blasting result in
surfaces with qualitatively different topographies. Based on
the surface roughness (R,), these different types of surface
treatments typically result in R, between 0.5 and 2 um,

Figure 4. Scanning electron micrograph of a sandblasted/acid-
etched implant surface (Ankylos, Mannheim, Germany).

Figure 6. Scanning electron micrograph of a RBM-treated implant
surface (Biolok-Biohorizons, Birmingham, USA).
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Figure 7. Scanning electron micrograph of an alumina-blasted/
acid-etched implant surface (Bicon LLC, Boston USA).

which are values associated with an increased host-to-
implant response at early implantation times.'-*

A recent surface modifications presented to the market
refer to chemical changes of grit-blasted and acid-etched
surfaces. One modification comprises grit-blasting and
acid-etching the surface with formulations that result in flu-
orideon the surface (Figure 9). The final fluoride content in
the titanium oxide surface results from the high affinity
between titanium and fluoride, resulting in a combination
of species with varied stoichiometries within the surface
oxide layer. The rationale for such modification is to bene-
fit from both surface topography and chemical composi-
tion."” Fluoridated surfaces have been shown to enhance
gene expression in cell arrays'® and also enhanced the
host-to-implant response at early implantation times.'%*'%°
However, the mechanism of the bone formation and its me-
chanical maturity around the implant due to this surface
modification remains under investigation.

Figure 8. Scanning electron micrograph of a titanium oxide blasted
/acid-etched implant surface, TiOblast (Astra, MéIndal, Sweden).
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Figure 9. Scanning electron micrograph of an Osseospeed® sur-
face (Astra, MdIndal, Sweden).

Another suface modification, named “SLActive” (Strau-
mann, Basel, Switzerland) (Figure 10), involves the modifi-
cation of the sterilization and storage method of the
original SLA (Straumann, Basel, Switzerland) sand-blasted/
acid-etched surfaces, in which the implants are provided
submerged in saline solution.”* This surface treatment is
based on the hydroxylation of titanium oxides, where me-
tallic surfaces are rendered hydrophilic for water adsorption
(hydration). 107

This surface presents the same roughness pattern when
compared with the previous “SLA” (Figure 5).'% How-
ever, physico/chemical characterization of the SLActive
surface showed that despite the proprietary processing con-
ditions to obtain the hydroxylated/hydrated surface, its ox-
ide layer thickness was comparable to titanium alloys. Such
surface characteristic has resulted in high surface wetability
when compared with the SLA surface,108 which is an at-

Figure 10. Scanning electron micrograph of an SLActive® implant
surface (Straumann, Basel, Switzerland). Note the similar surface to-
pography compared to the standard SLA surface (Figure 5). This
implant was removed from the package solution and allowed to dry
before imaging.
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Figure 11. Scanning electron micrograph of an anodized (TiUnite™)
surface (Nobel Biocare, Sweden).

tribute when implant surfaces-body fluids interact after
implant placement.'®”

Animal experiments have shown that the hydrophilic na-
ture of the SLActive surface significantly increased the
wound healing kinetics when compared with the previous
SLA surface.”*"'""!" However, studies considering the
commercially available implant design with the SLActive
surface are desirable, because studies using healing cham-
ber models tend to favor an intramembranous-like bone for-
mation instead of appositional bone (commonly observed
in screw root form implamts).45 Also, the effect of surface
hydrophylicity may not be as evident in screw-type
implants when compared with existing studies using heal-
ing chamber models.

For a better evaluation of the effects of such chemical
modifications onto rough substrates to the osseointegration
process, more basic studies considering full surface charac-
terization of experimental and control implants are desira-
ble to elucidate the mechanisms which these subtle surface
chemistry changes increase the host to implant initial
response leading to its faster biomechanical fixation.

Another postmachining surface modification that has
been shown to increase the surface microtexture plus sur-
face chemistry changes/additions during processing is elec-
trochemical anodization (Figure 11). Implant surface
topography and chemistry modification is typically
achieved by the combination of galvanostatic or potentio-
static anodization of titanium alloys at high current density
and when submerged in strong acid solutions of controlled
chemistry. This procedure results in thickening of the tita-
nium oxide layer by several orders of magnitude when
compared with passivated surfaces. During this process,
interaction between forming and dissolving regions of the
oxide layer results in a porous microstructure (Figure 11)
with varied oxide stoichiometries.''? Several animal and
clinical studies have shown that this surface modification
increase the host/implant response at early implantation
times relative to other surfaces.”’!'?~!1°

In general, rough surfaces such as those obtained
through grit-blasting with or without subsequent acid-etch-
ing, anodization, or through other acid-etching procedures’
have demonstrated higher torque values at earlier implanta-
tion times when compared with machined surfaces. How-
ever, it should be noted that mechanical testing by means
of torque-out, pull-out, or push-out tends to favor implants
with rougher surface profiles due to mechanical interlock-
ing between bone and implant surface.! Thus, whether
rougher surface profiles maximally increase the host/
implant response and bone mechanical properties at earlier
implantation times, or mechanical interlocking between
rougher surfaces and bone per se is the responsible for
increased mechanical testing values, needs further investi-
gation. As previously mentioned, an increase in bone me-
chanical properties around a dual acid-etched surface
(Figure 3) compared with as-machined surface has been
demonstrated in a rat model,*® and the validation of this
increase in more complex animal models and humans
through retrieval analysis is highly desirable.

Suzuki et al.”” compared various histomorphometric pa-
rameters between machined and titanium plasma sprayed
implants in rabbit’s tibiae at 6, 16, and 42 weeks. The his-
tomorphometric results showed higher BIC for the rougher
surfaces, and no differences in MAR were detected
throughout the experiment. Another investigation by Grizon
et al”® also compared histomorphometric parameters
between machined and rough c.p.Ti implant surfaces in a
goat model. The authors reported increased bone volume
and BIC around implants with rough implant surfaces.”’
However, despite trends observed between the biological
response of machined and rough implant surfaces, the
mechanism resulting in increased bone response to rough
surface is yet to be elucidated.

Studies comparing different implant surfaces are numer-
ous, and it seems to be general consensus that rough
implant surfaces with R,”’ values between 0.5 and 2 um
enhance the host/implant response.'” However, once again
we note that direct comparison between different surgical
sites, animal models, and the time periods of implantation
makes limits evaluation concerning which rough surface
better influences the host response to implants.

Bioactive Ceramic Coating of Dental Implants

Among all engineering based surface modifications for den-
tal and orthopedic implants, the addition of calcium- and
phosphorous-based materials as coatings have received sig-
nificant attention.?>31:33:70-80.9297 Thiq interest is in part,
because these elements are the same basic components of
natural bone and coatings can be applied along the implant
surfaces by various industrial processing methods.*>!

Most commercially available bio-ceramic coatings are
processed as a 20-50 pum thick Plasma Sprayed Hydroxy-
apatite (PSHA) coatings (Figure 12).25:30:31.53.92.97 pgHA
coatings normally rely on mechanical interlocking between
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Figure 12. Scanning electron micrograph of a PSHA-coated surface
(Bicon LLC, Boston, USA). Note the resulting irregular surface due
to HA particle propulsion towards the implant surface at high tem-
peratures, and the cooling cracks, which results from rapid cooling.

a grit-blasted or etched metallic surfaces and the ceramic-
like PSHA biomaterial for physical integrity during
implant placement and function.”> Substantially enhanced
in vivo bone-to-bioceramic bonding (bioactivity), and
bone-to-implant contact magnitudes have been observed
at early implantation times for PSHA-coated im-
plants 23:30:31:53.70.9297 Hawever, this type of implant has
fallen out of favor in dental practice as studies have shown
that coatings do not uniformly dissolve/degrade after
long periods in function.’>’***7 Also noted were com-
promised coating and bone-coating interface mechanical
properties.”7%-9%97

Retrieval analyses of PSHA-coated implants have shown
that translational interfaces between the bulk metal, metal
oxide, and bio-ceramic coating may be regarded as weak
links (Figure 13), where adhesive failure has been
reported. 303!

Also, uniform coating composition and uniformity of
crystallinity have not always been achieved through the PS
process, and the overall literature database is controversial
with respect to coating composition and crystalline content
in relation to in vivo pe:rformance:.53’116 Therefore, altera-
tions of calcium to phosphorous atomic ratios throughout
the coating surface and differences in relative thickness
have been shown to alter coating dissolution/degradation
rates in vivo.>>8*?%7 In addition to process-inherent issues
and the variable dissolution behavior of PSHA in vivo, the
transmucosal zone represents a challenge for PSHA coat-
ings.’>!'® These factors have contributed to the decreased
use of PSHA-coated implants in clinical dental practice.
Despite limitations, which may lead to implant failure, it
has been well documented?331:49:50:53.8092.97.102.117.118 1.
PSHA-coated implants have higher osseoconductive proper-
ties when compared with uncoated implants. The higher
osseoconductive property of bioactive ceramic coated
implants may be a significant factor in implant survival
especially in areas where the quantity and quality of bone
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is compromised and generation of additional bone attach-
ment is needed.

Current Developments on Bioactive Ceramic Surface
Modifications-Incorporation of Submicroscopic Struc-
tured Bioactive Ceramics on Implant Surfaces (The
‘Nano’ Surfaces). Evolution of engineering based manu-
facturing processes has led to the controlled production of
submicroscopic structures of condensed matter domains.
The production of reduced domains (nanostructures) may
strongly affect the electronic configuration of materials,
supporting opportunities for a variety of applications
through biomedical engineering. In the case of biomateri-
als, the production of small domains appears to strongly
influence the host response at both cellular and tissue
levels.?®

Tissue engineering through nanobiomaterials is under
active investigation. However, the benefits of their use
when compared with their “bulk” counterparts has not yet
been fully characterized at either cellular or tissue levels.
On the other hand, manufacturing processes utilized for
controlling material structure dimensions has been useful in
overcoming limitations in biomedical device production,
particularly in the case of coating dental and orthopedic
implants with bioactive ceramics.'"”

In an attempt to improve on the PSHA coating process
limitations, thin-film nanostructured bioceramic coatings
have been developed for implant surfaces through processes
such as sol-gel deposition,” pulsed laser deposition
(PLD),''® sputtering coating techniques,””° ion beam-
assisted deposition (IBAD),**338%%2 and electrophoretic
deposition.”” These techniques are often applied to achiever
substantially thinner coating thicknesses when compared
with PSHA, typically ranging from 1 to 5 um. As an alter-
native to continuous thin coatings, discrete crystalline depo-
sitions (DCD)IOQ’IZO’121 and the combination of the RBM
with modification in acid etching techniques (RBM
+MAE) have also been developed for the incorporation of
Ca and P onto and into implant surfaces. The following
sections describe the available surfaces utilizing small scale
fabrication/utilization of bioactive ceramics.

lon Beam Assisted Deposition (IBAD) of Nanothick-
ness Bioceramic Coatings. In an attempt increase surface
osseoconductivity while avoiding the limitations presented
by the standard (ASTM F1609-08'%%) PSHA coating pro-
cess, substantially thinner coatings (ranging in the nanome-
ter to the micrometer thickness) have been applied on
implant surfaces.***%%12% Desirable features of thin-film
coatings include coating controlled composition and
thickness plus enhanced adhesion to the metallic sub-
strate (40 MPa versus <20 MPa for PSHA-coated
implants),?32%33:80:9297 Controlled composition and thick-
ness also have been shown to influence coating dissolution
in vivo,> thereby potentially increasing osseoconductivity
at early implantation times. However, rapid dissolution of
thin films may result in the exposure of the metallic sub-
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Figure 13. Representative optical micrograph showing a metallocer-
amic interface disruption after mechanical loading of a PSHA-
coated implant retrieved after a 5 week period in beagle dog tibia.
The fracture presented shows that the bone-bioceramic interface
(black arrows) has increased the mechanical properties when com-
pared with the bioceramic-metallic substrate (white arrows) interface
characterizing the weak link observed after osseointegration estab-
lishment of PSHA-coated implants at longer terms in vivo. [Color fig-
ure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

strate some time soon after surgical placement. Therefore,
the possibility of having close bone contact to the implant
metallic substrate at the optical microscopy level after

coating dissolution may be an attractive feature of thin-
films. This close contact would avoid an interphase
between bone, bioceramic, surface oxides, and implant me-
tallic substrate, possibly supporting favorable conditions
for implant device long-term anchorage.>-%%-

Animal studies at early implantation times including
sputtering-coated**° and IBAD-coated?®+6380:123 Ca_ and
P-based thin-films on titanium implants have demonstrated
higher biomechanical fixation,***%%!?* bioactivity,'*® and
BIC*~%% when compared with noncoated implants. Also,
investigations comparing PSHA-coated implants to sputter-
ing-coated and IBAD-coated implants have shown favor-
able mechanical fixation after 12 weeks implantation time
in dog femurs.''®

A potential drawback of the novel processing techniques
for thin-film deposition is its relatively high cost for large
scale production. Therefore, to decrease processing time to
make thin-coatings manufacturing commercially viable, it
is desirable to process the thinnest coating that would sig-
nificantly increase the biological response. Recent stud-
ies®* 5119 at early implantation times have shown that a
coating thickness of 300-500 nm resulted in increased bio-
logical response when compared with a 20-50 nm coating
thickness at early implantation times. The same study
showed that the in vivo performance of the 300-500 nm
thickness coating was somewhat comparable to PSHA.'"
Figure 14 shows a commercially available Ion Beam
Assisted bioceramic thin coating deposition that presents a
partially crystalline microstructure.

Calcium Phosphate Discrete Crystalline Deposition
Method. Another engineering-based approach to incorpo-
rate Ca- and P-based components onto implant surfaces is
the discrete crystalline deposition (DCD) method. This pro-
cess incorporates nanometer-size crystals of CaP onto a
previously treated surface (dual acid-etch) (Figure 15).121
The DCD method yields a surface which is different in

Figure 14. (a) FESEM of a high energy ion-beam bioceramic deposition in a cylindrical implant sur-
face. (b) AFM of coating deposited in the machined flat substrate depicting the time-of-flight deposi-
tion of crystalline bioceramic nanoparticles within the amorphous Caand P-based matrix. (Bicon LLC,
Boston USA). [Color figure can be viewed in the online issue, which is available at www.interscience.
wiley.com.]
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Figure 15. Field emission scanning electron micrograph of a DCD
implant surface. Note the nanometer range particles deposited in a
dual acid-etched surface. (Courtesy of Biomet-3i, Palm Beach Gar-
dens, FL).

morphology and microstructure than IBAD and other thin-
coating deposition methods. The rationale for such surface
treatment represents another attempt to provide an
increased osseoconductive component to the surface while
avoiding potential long-term limitations of PSHA coatings.

Studies in rat models have shown that the surface chem-
istry and topography of the DCD treatment was beneficial
when compared with a dual acid-etched surface.'®-'?*
Limitation of the studies on the DCD surface include the

measurement of bone bonding by pullout force assessment
in specimens of irregular shape,'” and the utilization of
implant shapes that are not representative of the endosseous
implant in which the DCD surface is commercially avail-
able.'?? Nonetheless, the DCD surface has shown promis-
ing results in a study in humans, where higher BIC was
found after 2 months in vivo.'*'

Other Techniques for Incorporation of Calcium and
Phosphorous at the Nanometer Scale. Other alternatives
to commercially available IBAD and DCD surface treat-
ments have been explored with the objective of chemically
modifying implant surfaces to provide elemental Ca and P
on rough implant surfaces.

The technique comprises a combination of surface treat-
ments used to increase implant surface roughness. This
modification of grit-blasting the surface with biocompatible
bioceramics (RBM) added to a selective cleaning proce-
dures (modified acid-etching procedures, MAE) leading to
a moderately rough surface with Ca and P remnants in the
surface (Figure 16).

From a theoretical standpoint, all “nano” surfaces pre-
sented may be a benefit from both surface roughness and
chemistry viewpoints. They have shown enhancement of
the host response to implants. Although promising results
have been obtained in preliminary studies and short-term
clinical trials, more laboratory in vivo and controlled clini-
cal trials should be performed to better characterize the
performance of these surfaces at short- and long-term im-
plantation times.

Ll 1l
Fal ) [ 1| e e o il b o] e
=4

L]
|' n

A s ey i it o e ey e e

i ) . ]
e 0 o L] 00 L= “x Lol L= ]
bt Eoagy oy

Figure 16. A scanning electron micrograph of the OsseanTM surface (Intra-Lock international, Boca
Raton, USA), along with each spot’s Auger electron spectrum showing the presence of Ca and P on

the surface chemistry.
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It is acknowledged that other research areas are showing
promising results and may soon be commercially available.
The incorporation of functionally graded surface structures
for improvement of surface physical and chemical proper-
ties and better interphaseal interaction between bone and
implant has been under development showing promising
results.'* Another promising field relates to the incorpora-
tion of biological factors to implant surfaces.'?® It is
expected that future improvements in implant surface engi-
neering will present a synergistic combination between sur-
face roughness, chemistry, and incorporated biological
factors that will further enhance the host-to-implant
response. Current limiting factors for such technology
remains its large-scale fabrication, shelf life, and the lack
of regulatory standards.

FINAL REMARKS

One of the main purposes for modifying dental implant sur-
faces is to decrease the healing period time for osseointe-
gration. This is desirable for both the implant dentistry
clinicians and patients. Along with implant macrodesign
evolution surface treatment appears to be another step
towards minimizing healing period times before implant
restoration.

Because the surface is the first part of the implant to en-
counter the host, it is natural that surface engineering has
become an extensively investigated area. Unfortunately, de-
spite the extensive literature developed over the last deca-
des, the lack of a hierarchical approach, as described in
this manuscript, has led to difficulties in isolating the topo-
graphic and chemical parameters that provide the optimum
bone healing around the dental implants. It is recognized
that literature inconsistencies with respect to the mechanis-
tic effect of surface modifications in short- and long-term
of immediately loaded dental implants exist. However, lab-
oratory in vivo and various clinical studies have demon-
strated that increases in surface texture through a variety of
techniques favors wound healing and appear to be poten-
tially advantageous at early implantation times despite little
evidence of its long-term beneficial effect. In fact, a sys-
tematic review has shown that bone loss due after long
periods under functional loading due to periimplantitis is
smaller for implants with smoother surfaces when com-
pared with rougher surfaces.'?” Thus, more accurate clini-
cal studies should be performed considering different
implant surfaces’ effect on periimplantitis incidence.'*®

The emerging technology comprising bioceramic coat-
ings at nanoscale dimensions appears to benefit from sur-
face topographies and chemistries to increase surface
osseoconductivity. This technology is under active basic
and clinical investigation to determine what the prevailing
properties (surface chemistry or subnanometer level textur-
ing) may lead to the most favorable results.

The clinician is faced with a wide range of competing
products with many different surface treatments. Many

small manufacturing firms have entered the market with
FDA acceptance based upon similarity to what is currently
available. The actual nature of the surfaces on these
implants and their manufacturing control is of concern.
Given the number of products and surface treatments under
study the clinician should ask, based upon what has been
presented above, for the in vitro, laboratory in vivo data as
well as the results of clinical studies as to effectiveness
before use of any dental implant.

The authors acknowledge Dr. Jose M. Navarro for the valuable
discussions during this manuscript preparation.
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