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Abstract

Background: A variety of claims are made regarding the effects of surface topography on implant osseointegration. The
development of implant surfaces topography has been empirical, requiring numerousin vitro and in vivo tests. Most of thesetests
were not standardized, using different surfaces, cell populations, or animal models. The exact role of surface chemistry and
topography on the early events of the osseointegration of dental implants remains poorly understood.

Objective: The aim of this study was to consider the major claims made concerning the effects of titanium implant surface
topography on osseointegration. The osseointegration rate of titanium dental implantsis related to their composition and surface
roughness. The different methods used for increasing surface roughness or applying osteoconductive coatings to titanium dental
implants were reviewed. Important findings of consensus were highlighted, and existing controversies were revealed.

Methods: This paper considered many of the research publications listed in Medical Literature Analysis and Retrieval System
Online and presented in biomedical research publications and textbooks. Surface treatments, such as titanium plasma spraying,
grit blasting, acid etching, akaline etching, anodization, polymer demixing, sol-gel conversion, and their corresponding surface
morphologies and properties were described.

Results. Many in vitro evaluations are not predictive of or correlated with in vivo outcomes. In some culture models, increased
surface topography positively affects proosteogenic cellular activities. Many studies reveal increase in bone-to-implant contact
(BIC), with increased surface topography modifications on implant surfaces.

Conclusions: Increased implant surface topography improves the BIC and the mechanical properties of the enhanced interface.

(JMIR Biomed Eng 2019;4(1):€13237) doi: 10.2196/13237
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popular and reliable, with only shape and surface of thetitanium

Introduction

The elusive dream of replacing missing teeth with an artificial
analogue, which is as close to its natural predecessor, has been
a part of dentistry for thousands of years. The coincidental
discovery of the tenacious affinity between living bone and
tissues, termed as osseointegration, propelled dentistry to anew
age of reconstructive dentistry. Branemark et al [1] started the
era of implantology. Since then, this method still remains

http://biomedeng.jmir.org/2019/1/e€13237/

implants having changed [2-4]. Interactions between implant
biomaterials and biological environments occur at interfaces,
and they are affected by the nature of the biomaterial, such as
its surface chemistry and energy, roughness, and topography.
These parameters play arole during implant integration in bone
tissue, and they consequently play a role for osseointegration
[5-7]. Osteogenesis at the implant surface is influenced by
several mechanisms. A series of coordinated events, including
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cell proliferation, transformation of osteoblasts, and bonetissue
formation might be affected by different surface topographies.
Thereisaclinical impression that the amount of bone-to-implant
contact (BIC) is an important determinant in the long-term
success of dental implants. Consequently, maximizing the BIC
and osseointegration has become a goal of treatment, which is
enhanced by implant surface roughness. Thefirst generation of
successfully used clinical titanium implants, which were
machined with asmooth surface texture, now approach 50 years
inclinical use. The second generation of clinically used implants
underwent chemical and topographical modifications, usually
resulting in amoderately increased surfacetopography [8]. The
implant surface playsan important rolein biological interactions
for 2 reasons. Firgt, the surface of a material generally differs
in terms of composition and morphology, from the body of the
material. These differences are because of molecular
rearrangements and surface reactions and contamination.
Second, materials may or may not release toxic or biologically
active substances. Thus, the properties of a surface guide the
biological response [9-11]. The significant challenge in
implantology isthe design of biomaterialsthat actively promotes
a faster and more improved osseointegration process while
avoiding undesirable tissue responses. This requires selective
control of interactions at the tissue-implant interface, the site
of a series of complex events that depend on synergistic
parameters, including surface chemistry. This review focuses
on the different surfaces and methods that aim to accel erate the
osseointegration of dental implants. The physical and chemical
properties of implant surfaces are discussed in relation to their
biological and clinical behavior. Thisliteraturereview also aims
to elucidate implant surface topography and obtain a perspective
regarding the topography of the implant surface, which could
be beneficial to implant surgery when implemented in practice

Methods

Overview

Surface properties of ora titanium implants play decisiveroles
for molecular interactions, cellular response and, bone
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regeneration. It is increasingly recognized that interactions
between biomaterials and host tissues are controlled by
nanoscale features. Cells grow on nanostructured extracellular
matrices, and biological events, such as signaling and
cell-substrate interactions, occur at the nanometric level.
Nanometer-scale surface features can increase the surface
energy, thereby increasing the wettability of blood and the
spreading and binding of fibrin and matrix proteins. Thisinturn
favors cell attachment and tissue healing, particularly directly
after implantation. It also directly influences cellular
proliferation, differentiation, alignment, and, finaly,
osseointegration [10,12-18]. Currently, several techniques are
commonly used to modify the smooth surface topography of
dental implants to create nanosurface topography. Some
techniques comprise adding matter to the implant surface,
creating a dented surface (convex profile), and they are called
additive techniques to increase the surface area and provide a
more complex surface macrotopography, for example, titanium
plasmaspraying (TPS). Conversely, other techniques comprising
eliminating matter from the titanium surface, creating pits
(concave profile), are known as subtractive or ablative
techniques, atering the microtopography or texture [19]. One
or several of these methods are used to produce either an
isotropic surface (ie, with surface asperities that are randomly
distributed so the surface is identical in all directions) or an
anisotropic surface (ie, surface with adirectional pattern). The
surface treatments are suggested to improve the capacity of
anchorage into bone [20]. The additive methods employed the
treatment in which other materials are added to the surface,
either superficial or integrated, and they are categorized into
coating—TPS, plasma-sprayed hydroxyapatite (HA) coating,
alumina coating, and biomimetic calcium phosphate (CaP)
coating—and impregnation. The common subtractive techniques
are large-grit sands or ceramic particle blasts, acid etch, and
anodization. Textbox 1 shows the ways through which surface
roughness of dental implants can be obtained.
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Textbox 1. Methods to obtain surface roughness.

Kumar et al

«  Mechanical modifications
«  Roughening of implants by titanium plasma-spraying

«  Roughening of implants by grit blasting

«  Chemical modifications
«  Roughening of implants by acid etching
«  Roughening of implants by akaline etch
«  Roughening of implants by anodization
«  Roughening of implants by sol gel

«  Roughening by polymer demixing

« Antibiotic coatings

«  Stem-cell therapies and surface modification

«  Shot peening/laser peening

«  Photofunctionalization

.  Biomolecular coatings

o  Self-assembled monolayer in nanotextured titanium

e Fluoride-modified implant surfaces

M echanical M odifications

Roughening of | mplants by Titanium Plasma Spraying

Thismethod comprisesinjecting titanium powdersinto aplasma
torch at high temperature [21]. The titanium particles are
projected onto the surface of theimplants, where they condense
and fuse together, forming a film about 30 um thick. The
thickness must reach 40-50 um to be uniform [7]. Borsaria et
al [22] compared the biological response of osteoblast-like cells
with titanium surfaces with different roughnesslevels, and they
concluded that the new ultrahigh roughness and dense coating
provided agood biological response. Inapreclinical study using
pigs, the bone/implant interface formed faster with aTPS surface
than with smooth-surface implants[7].

It has been shown that this 3-dimensional topography increased
the tensile strength at the bone/implant interface. An extensive
and close contact between theimplant and the host bone surfaces
is the condition that maintains primary stability and avoids
excessive interfacial micromotion during bone healing, which
may be detrimental to the osseointegration process. Ong et al
[23] studied the boneinterfacial strength and bone contact length
at the plasma-sprayed HA and TPS implants in vivo, where
noncoated titanium implants were used as controls. The
interfacial strength between bone and TPS-coated implantswas
suggested to be governed by the bone ingrowth into the
roughened titanium surfaces, thereby providing a mechanical
bone-implant interlock, whereasthe interfacial strength between
bone and HA-coated implants was suggested to be attributed
to bone apposition on HA surfaces.

http://biomedeng.jmir.org/2019/1/e€13237/

Several techniques were proposed to adhere HA to titanium
implants, but only the plasma spraying coating technique has
been successfully used on commercial implants [24].

Roughening of Implants by Grit Blasting

Blasting is a technique that leads to the creation of a porous
layer on theimplant surface achieved through the collision with
microscopic particles, such as ceramic, alumina, titanium oxide,
and CaP particles [7]. The ceramic particles are projected
through a nozzle at high velocity by means of compressed air.
Depending on the size of the ceramic particles, different surface
roughness can be produced on titanium implants. Thethickness
of the porous layer can be modulated by the granulometry of
the particles [25]. Wennerberg et a [26-30] demonstrated in a
rabbit model that grit blasting with different sizes of titania
(TiO,) or Al,O; particles altered the commercially puretitanium
topography and resulted in a similar enhancement of bone
formation at the implant. These studies also demonstrated that
specific surface modifications increased the biomechanical
interlock of theimplant with bone when measured with atorque
device. TiO,, when used as a blasting material, showed
interesting results in experimental studies, being associated to
a significant enhancement of bone-to-implant contact when
compared with machined surfaces [31]. CaPs, such as HA,
beta-tricalcium phosphate, and mixtures, have aso been
considered for blasting materials. These materials are
biocompatible and osseoconductive. They are resorbable,
leading to a clean-textured, pure titanium surface. Manoa et al
[32], to achieve better osteoconductivity, used the blast coating
method of spraying apatite powder on the surface of titanium
implants. Apatite powder—coated implants generally showed a
more rapid bone response and good osteoconductivity than
noncoated implants. The rough surface created by blasting has
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been demonstrated to stimulate osteoblastic gene expression,
aswell asto enhance bone formation and bone-implant fixation,
in a word, osseointegration [33,34]. Although an associated
inflammatory response was reported [35], the overall success
rate was satisfactory, with the majority of implants yielding
good osseointegration and stability at 1 year after surgery [25].
Among the range of available materials, aluminais one of the
most commonly used for blasting.

Chemical M odification

Roughening of I mplants by Acid Etching

The combination of strong acids is effective in creating a thin
grid of nanopits on atitanium surface[25], ranging from 0.5 to
2 um in diameter. Etching with strong acids, such as HCI, H,
SO,, HNO,, and particularly HF, is needed to attack titanium
for creating rough surfaces [7]. Etching is then stopped by
adding water. The recovered disks are washed further with
ethanol in an ultrasonic bath for 20 min and dried [36 ]. Variola
et al [36] demonstrate that by varying etching parameters, such
as solution composition, temperature, and exposure time, it is
possible to modify the topography, oxide thickness, and
wettability of commercially pure titanium. Thus, chemical
oxidation with H2S0O4 (conc)/H202 (aq) solutionsisan efficient
tool to achieve various physical and chemica configurations
on thisimplant surface. Yi et a [37] have shown that controlled
chemical oxidation of titanium using amixture of H2S04/H202
yields a nanotextured surface. The resulting nanotopography
significantly influences the very early stages of in vitro
osteogenesis. Such an early effect is needed to control the
healing cascade from the very start. They also showed that the
treated titanium substrate becomes highly porous and has a
surface comprising nanosized pits, which have average
diameters and fractal dimensions ranging between 20-22 nm
and 1.11-1.17 nm, respectively. Atomic force microscopy
revealed a 3-fold increase in surface roughness. The thickness
of the oxide layer on the treated titanium surface is estimated
to be ~32-40 nm [21].

HF is known to show a high ability to dissolve the passivation
layer, mainly comprising TiO,, on titanium-based materials.
Therefore, a mixture of HF and HNO3 has been aso used to
create surface structures at the microlevel [33,38]. Moreover,
it has been shown that fluoride incorporation into the created
surface structures induces an enhanced osteoblastic
differentiation, and it is favorable to the osseointegration of
implants [39]. However, fluoride contaminations are known to
have an ambivalent influence on the response of the host tissue
[40]. Furthermore, dual acid etching with HCl and H2S04
heated above 100°C has produced surface topography that is
able to attach to fibrin scaffold and promote adhesion of
osteogenic cells [21]. Various clinical studies have shown
acid-etched (AE) implants to be successful in humans, with
radiological evidence suggesting improved bone apposition
rates compared with machined implants.

Roughening of Implants by Alkaline Etch (Sodium
Hydroxide, Potassium Hydroxide, and NaFl,)

Sodium hydroxide (NaOH) treatment catalyzes the production
of titanium nanostructures outward from the titanium surface
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[41]. Treatment with an NaOH solution results in a sodium
titanate hydrogel layer converted in an amorphous sodium
titanate layer, with heat treatment at 600°C. Titanate gel layer
allows HA deposition. This behavior has also been seen with
other metals, such as zirconium and aluminum [42]. Titanium
oxide nanotubes chemically treated with NaOH accelerated HA
crystal growth in asimulated body fluid (SBF). Both chemical
and topography changes are imparted [41,43].

Roughening of I mplants by Anodization

Anodization is one of the most commonly used techniques to
create nanostructures with diameters of less than 100 nm on
titanium implants [44]. Voltage and direct current (galvanic
current) are used to thicken the oxide layer among the implant
surface. The titanium substrates serve as the anode in the
process, whereas an inert platinum sheet provides the cathode.
The anode and cathode are then connected by copper wiresand
linked to a positive and negative port of a 30 Volts/3 Amperes
power supply, respectively. Diluted hydrogen fluoride (either
at 0.5 wt% or 1.5 wt%) is used as €electrolyte. Subsequently, a
strong acid dissolves the oxide layer, creating a pattern that
follows the convective lines of the galvanic current. Therefore,
through the regulation of voltage and density, it is possible to
control the diameters of nanotubes and the gap between them
[25]. Kim et a [45] concluded that desired porosity and surface
roughness can be achieved by adjusting the anodization
conditions, such as voltage, solution concentration, and current
density. By anodic oxidation, it is possible to get amorphous or
crystalline oxide, depending on the applied voltage and
electrolyte used [13,45]. Ercan et a [46] postulated that
anodization can create novel nanotubular structures that can
influence the concentration and conformation of adsorbed
proteinsto ater cellular interactions. Various studies have shown
that in comparison with conventional titanium, the anodized
nanotubular titanium showed increased osteoblast adhesion,
osteocalcin production, akaline phosphatase activity, and
fibronectin adsorption [47,48]. It is also shown that osteoblasts
are well gspread, and they increase deposition of
cal cium-containing minerals on anodized nanotubular titanium
[49]. Anodized surfaces result in a strong reinforcement of the
bone response, with higher values for biomechanical and
histomorphometric testsin compari son with machined surfaces
[7]. A higher clinical successrate was observed for the anodized
titanium implants in comparison with turned titanium surfaces
of similar shapes [50]. A total of 2 mechanisms have been
proposed to explain this osseointegration: mechanical
interlocking through bone growth in pores and biochemical
bonding [51,52]. M odifications to the chemical composition of
thetitanium oxidelayer have been tested with theincorporation
of magnesium, calcium, sulfur, or phosphorus. It has been found
that incorporating magnesium into the titanium oxide layer leads
to a higher removal torque value compared with other ions
[7,52].

Roughening of Implants by Sol Gel (Titania, Calcium

Orthophosphates, Hydroxyapatite, and Silica Coatings)
Sol gel is atechnique widely used to deposit surface coatings
on the dental implants, such as TiO,, calcium orthophosphates
(CaPQ,), HA, Silica, and TiO, [53-56]. The sol-gel technique
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involves the evolution of inorganic nanoscale networks in a
continuous liquid phase through the formation of colloidal
suspension, which isfollowed by gelation of the sol. In atypical
sol-gel process, acolloidal suspension, or asol, isformed from
the hydrolysis and polymerization reactions of the precursors,
which are usually inorganic metal salts or metal organic
compounds, such asmetal alkoxides. Complete polymerization
and loss of solvent leads to the transition from the liquid sol
into a solid gel phase. Thin films can be produced on a piece
of substrate by spin coating or dip coating. A wet gel will form
when the sol is cast into a mold, and the wet gel is converted
into adense ceramic, with further drying and heat treatment. A
highly porous and extremely low-density material called an
aerogel isobtained if the solvent in awet gel isremoved under
asupercritical condition. Ceramic fibers can be drawn from the
sol when the viscosity of asol isadjusted into a proper viscosity
range. Ultrafine and uniform ceramic powders are formed by
precipitation, spray pyrolysis, or emulsion techniques. Under
proper conditions, nanomaterials can be obtained [57-59].

Titania Coating

TiO, coatings on titanium have been used to improve the
corrosion resistance of titanium. In practice, the very thin (at
most, several tens of nanometers) oxide film on the titanium
surface, which is formed in an agqueous environment, plays a
decisiverolein determining the biocompatibility and corrosion
behavior of the titanium implant [60,61]. As the corrosion
resistance is known to increase with the thickness of the oxide
layer [61-63], many attempts have been made to form athick
TiO, layer on the titanium substrate, using various methods,
such as anodi zation, thermal oxidation, and the sol-gel process.

Calcium Phosphate Coating

CaP coatings provided titanium implants with an
osteoconductive surface. Following implantation, the dissolution
of CaP coatings in the periimplant region increased ionic
strength and saturation of blood, leading to the precipitation of
biological apatite nanocrystals onto the surface of implants.
Thishiological apatite layer incorporates proteinsand promotes
the adhesion of osteoprogenitor cells that would produce the
extracellular matrix of bone tissue. Furthermore, it has been
also shown that osteoclasts, the bone resorbing cells, are able
to degrade the CaP coatings through enzymatic waysand create
resorption pits on the coated surface. Finally, the presence of
CaP coatings on metals promotes an early osseointegration of
implantswith adirect bone bonding as compared with noncoated
surfaces. Finaly, the presence of CaP coatings on metas
promotes an early osseointegration of implants with a direct
bone bonding as compared with noncoated surfaces. The
challenge is to produce CaP coatings that would dissolve at a
similar rate than bone apposition to get a direct bone contact
on implant surfaces [61].

Roughening of I mplants by Polymer Demixing

Polymer demixing is receiving particular attention, as it is a
method that can develop topographies over a large area by a
relatively cheap manufacturing method. By controlling the
polymer concentration and the proportions of the polymers,
different topographies can be produced. These can be pits,

http://biomedeng.jmir.org/2019/1/e€13237/

Kumar et al

islands, or ribbons of varying height or depth. The ratio of the
polymers used varies the topography shape, and the
concentration of polymer in the casting solution changes the
feature sizes[62]. A 2-polymer mixtureis spin cast so that phase
separation occurs, resulting in topographies distributed across
the surface, with geometry determined by choice of polymers,
solvent, substrate, and spin casting parameters, with cell
response shown to vary with topography geometry. It can control
not only the topography’s pattern but also the scale of such
topography within nanoscale (10-100 nm). Features created
using this technique have a somewhat disordered spatial
arrangement; yet, very precise control can be achieved in the
vertical scale. However, nanometric features created by polymer
demixing often tend to exhibit larger micrometric structuresin
1 or more planes, and they can exhibit different chemistriesin
addition to topography. This technique has proved to increase
adhesion, proliferation, cytoskeleton deviant, and gene
expression on nanosurface created on titanium [59,63,64].

Chemical Vapor Deposition

Chemical vapor deposition is a process involving chemical
reactions between chemicals in the gas phase and the sample
surface, resulting in the deposition of a nonvolatile compound
on the substrate [65]. The substrates are heated at high
temperature to cause the gases to decompose, resulting in
deposition. Vapor deposition processes usually take place within
avacuum chamber. If no chemical reaction occurs, this process
is called physical vapor deposition; otherwise, it is called
chemical vapor deposition. In chemical vapor deposition
processes, thermal energy heatsthe gasesin the coating chamber
and drives the deposition reaction. Thick crystalline TiO, films
with grain sizes below 30 nm, as well as TiO, nanoparticles
with sizes below 10 nm, can be obtained with this method
[66,67]. Surfaces created using this technique promote the
adhesion of osteoblasts while minimizing the adhesion of
fibroblasts [68]. Implant topography used to enhance the
tissue-abutment interface remainslargely unexplored. It should
be noted that the currently available implants differ in their
micron-level topography, their design, and their bulk material
composition. It may be difficult to derive specific conclusions
from the aggregate data regarding surface topography aone.
However, for each example of current implant surfaces of
availableimplantsand cell culture, histological and clinical data
suggest that surface modification offersincrementa advantages
to clinical problems where rapid bone accrua at the implant
surface provides solutions.

Antibiotic Coatings

Antibacterial coatings on the surface have been studied as a
possible way to prevent surgical-site infections. Gentamycin,
along with the layer of HA, can be coated onto the implant
surface, which may act asalocal prophylactic agent, along with
the systemic antibiotics in dental implant surgery. It was seen
that the bacterial adhesion by Streptococcus mitis and
Actinomyces oris can be restricted by acidic pH and aerobic
atmosphere [69].
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Stem-Cell Therapies and Surface M odification

Surface treatment of titanium screw-shaped implants creates a
nanopattern that has been demonstrated in vivo to be associated
with an enhanced osteogenesis. Severa studies confirmed the
observation, stating the promotion of stem cells growth,
provided by oxidative nanopattering. Furthermore, the most
suitable nanoarrangement of TiO, nanotubes was with a
diameter of 15 nm in a vertical alignment and was associated
with a high spreading and differentiation of rat mesenchymal
stem cells (MSCs) into the osteogenic lineage. Notably, 15 nm
roughly correspond to the predicted lateral spacing of integrin
receptorsin the flourapatitecompl exes. | n adults, the osteoblast
is derived from a bone marrow stromal fibroblastic stem cell,
termed the M SC, anonhematopoietic multipotent stem-like cell
vital for the osteogenic process capable of differentiating into
both osteoblastic and nonosteoblastic lineages, thus enhancing
the bone commitment and osseointegration [69-71].

Shot Peening/L aser Peening

Shot peening is similar to sand blasting, where the surface is
bombarded with small spherical particles, each particle on
coming in contact with the surface causes small indentations or
dimples to form. Laser peening involves the rise of
high-intensity (5-15 GW/cm?) nanoscale pulses (10-30 ns) of
alaser beam striking a protective layer of paint on the metallic
surface. These implants demonstrate a regular honeycomb
pattern with small pores[71].

Photofunctionalization

UV treatment of dental implant surfaces enhances bioactivity
and osseointegration by altering the TiO, on the surface. By
promoting interactions of cells and proteins to the implant on
a molecular level, UV light is believed to enhance the
osteoconductivity. UV treatment reduces the degree of surface
hydrocarbon and increases surface energy and wettability by
converting hydrophobic implantsto superhydrophilic. UV light
has been suggested to raise the level of protein absorption and
cellular attachment to titanium surfaces, and it has been shown
to restore bioactivity caused by age-related degradations. UV
treatment is simple and cost effective for al types of titanium
surfaces[72,73].

Biomolecular Coatings

The biomolecular coatings that can be used are the following:
(1) bone morphogenic proteins (BMP), (2) hon-BMP growth
factors, (3) peptides, and (4) extracellular matrix. The
surface-specific adsorbed biofilm determines cell adhesion, as
proteins act as contact for the attachment of cells. This is
accomplished by means of integrins, which are specific
transmembrane receptors that bind to adhesive proteins on the
biomaterials' surface and to components of the cytoskeleton
through their extra and intracellular domains, respectively. In
general, the biocompatibility of bone-replacing implant materials
is closely related to osteoblast adhesion onto their surface.
Osteoblast attachment, adhesion, and spreading will influence
the capacity of these cellsto proliferate and differentiate itself
upon contact with the implant. These latter processes are
quintessential for the establishment of a mechanically solid
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interface, with compl ete fusion between the implant surface and
bone tissue without any intervening fibrous tissue.

Self-Assembled M onolayer son Nanotextured Titanium

The recent development of nanomaterial science raised alarge
interest in understanding the influence of nanoscale properties
of materials on the behavior of biomolecules. In particular, it
was shown that cellular adhesion can be governed by selective
nanostructuring of biomaterials[74]. Self-assembly of molecular
monolayers is another powerful approach to modify surface
properties. Thiol-based self-assembled monolayers (SAMs) on
metal's, mostly on gold, have been extensively studied and used
asmodel systemsfor avariety of applications. In general, these
highly ordered SAMs can alter surface electronic levels,
hydrophobicity, and adhesive properties, and they provide the
surface with chemical functional groups. For oxide surfaces, a
variety of molecules, including alkyltrichlorosilanes,
phosphonates, and carboxylic acids, can be grafted on the
surface, athough the resulting films are generally not as well
ordered as alkanethiols on gold. A recent interest has emerged
for organic functionalization of the native oxide surfaces of
tantalum, titanium, and related alloys in connection with their
wide use as biocompatible materials, particularly in implants.
For this purpose, phosphoric acid-terminated alkyl chainswere
shown asagood candidate for building SAMson such materials
because of their strong chemical bonding to surface oxides.
However, similar functionalization of commercia titanium
metal, which is more relevant to fabrication of bioimplants,
leads to lower contact angles [66].

Flouride-M odified Implant Surfaces

The element fluoride was selected as a surface modification
agent because of its specific qualities both in contact with
calcified tissues and a so in contact with titanium. Fluoride was
known to have a particular affinity for calcified tissues, and it
had proven an effect asa prophylactic agent against dental caries
by binding to calcium forming calcium fluoride and fluorapatite,
leading to an increased stability of the HA structure and
resistance against acid attach [67].

The cacium-binding capacity of fluoride has also been
successfully used in the treatment of systemic bone diseases,
such as osteoporosis. Systemic treatment with fluoride was
reported to give an increased trabecular density and further an
induced calcification of bone, leading to a stronger bone, with
improved load-bearing capacities and improved fracture
resistance. There were indicationsin the literature that fluoride
acted primarily on osteoprogenitor cells or undifferentiated
osteoblasts, and fluoride thus had an effect at the cellular level,
in addition to aphysicochemical effect. It wasreported in studies
that fluoride treatment of bone triggered acute increases of
intrinsic calcium levels, further indicating a cellular effect of
fluoride[75]. A surface modification of titanium implantswith
fluoride incorporated into the superficial TiO, layer could thus
lead to an implant with an improved bone response compared
with nonmodified titanium implants. Studies were therefore
initiated to establish a method for modifying titanium with the
use of fluoride to create an implant intended to have improved
biological properties. The nanoscale roughness created by the
fluoride modification may add afurther bone-promoting effect
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to the already seen by the microstructure because of the blasting.
A unique nuclesting effect isdemonstrated by fluoride-modified
titanium, in the case when theimplant isimmersed into aliquid
saturated with respect to cal cium and phosphate, it attractsthese
ions to the surface, and crystals of CaP start to grow [76].

Results

Coating the implant surfaces with rhBMP-2 and recombinant
human vascular endothelial growth factor 165 (rhVEGFI65)
affects osseointegration. On testing the effect of coating, there
were 5 different groups of implants:

1. AE surface (control group);

CaP coated surface (CaP group);

CaP bearing incorporated rhBMP-2 (BMP group);

CaP bearing incorporated rhVEGFI65 (VEGF group); and
CaP bearing incorporated rhBMP-2+rhVEGFI65
(BMP+VEGF group).

On osseointegration, it was seen that the BMP and BMP+VEGF
groups showed significant enhancement in bone volume density
compared with the AE control group. All implants with CaP
coating demonstrated significantly enhanced BIC rates compared
with the AE controls at 2 weeks. However, the BMP+VEGF
group did not significantly enhance BIC at 4 weeks. It was
concluded that the biomimetic CaP-coated implant surfaces,
with both BMP and VEGF, enhance bone volume density but
not BIC [77].

Microstructured microrough surface topography implants
provided by the grit-blasting/acid-etching process were further
biofunctionalized using HA, bioactive peptide, or any bioactive
substance. When (1) microstructured+HA+alow concentration
of bioactive peptide (20 pg/mL), (2) micro-structured+HA, (3)
microstructured, and (4) microstructured+HA+a high
concentration of bioactive peptide (200 pg/mL) were compared,
implants with 200 pg/mL peptide had the highest mean value
of direct BIC. In addition, bone density analysis revealed that
implant surfaces with 20 ug/mL peptide provided a higher
adjacent bone density when compared with the other groups.
Nevertheless, the differences among the groups were aso not
statistically  significant. The authors concluded that
biofunctionalization of the implant surface might interfere in
the bone apposition around implants, especially regarding the
aspect of bone density [78].

g s wDN

When a dual AE surface (minimally rough) had significantly
higher rabbit-reversetorque (RTQ) val uesthan when grit blasted
(moderately rough) and plasma sprayed (rough) values were
assessed to analyze the effect of coarse surface roughness, it
was seen that coarse surface roughness had no benefit [79,80].

In recent years, studies on submicron, micron, and coarse
roughness properties have been presented. It seems that all 3
layers play an important role in overall osseointegration, with
each layer addressing bone formation at different time points.
In vitro studies have evaluated the surface topography effects
on bone formation through osteoconduction, including the steps
of protein absorption, fibrin clot retention, and platelet
interaction. For example, enhanced surface topographies,
because of blasting or acid etching, displayed significantly
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greater fibrin retention forces than machined surfaces.
Microtopographic surfaces, defined asthose exhibiting features
inthe scalerange of platelets (<3 pm), displayed greater platel et
activation than smoother surfaces. The new T3 implant
(BIOMET 3i) has a surface addressing different aspects of
osseointegration and periimplant health. The coronal aspect of
the implant has a microtopography similar to the fully etched
OSSEQOTITE implant, comprising submicron features
superimposed on 1-3 pm pitting, overlaid on aminimally rough
surface topography (Sa<1.0 pm). From the base of the collar to
the apica tip, the T3 implant has greater roughness. The
resulting trilevel surface comprises submicron features of CaP
nanoparticles superimposed on 1-3 pm pitting, overlaid on a
moderately rough surface topography (Sa~1.4 um). The apical
surface is designed to enhance osseointegration. As such, the
included surface features have been researched to assess their
potential impacts on de novo bone formation and the strength
of the resulting bone-to-implant interface at different time
points. nanoroughness to initiate osseointegration, double
acid-etchedfor the next osseointegrative time point, and course
micron featuresfor long-term bone locking. Preliminary clinical
results are promising in different bone qualities and locations.
However, further follow- up is needed before definitive
conclusions can be drawn about thisimplant surface.

Furthermore, it is seen that fluoride-modified titanium implants
increase the expression of Runt-related transcription factor 1
(RUNX-2), osterix, type | collagen, and bone sialoprotein and
increases alkaline phosphatase activity. In addition, fluoride
modification augments the thrombogenic properties of titanium,
promoting fibrinogen activation and rapid coagulation, resulting
in a less dense fibrin clot that could promote osteoblast
migration to the implant surface in vivo [81].

Discussion

Surface characteristics play a specia role in the biological
performance of implants. Mechanical properties, such as
Young's modulus, and fatigue properties are mainly determined
by the bulk of the material and chemical and biological
interactions between the material and the host tissue. They are
closely associated with the material surface properties. These
interactions include early events, such as binding of water
molecules, ions, and biomolecules, as well as mineralization at
theimplant surface. The original surfaceisthusaresult of these
early interactions with a conditioning layer, on which the cells
will eventually interact. Thisis regarded as one of the factors
that will determine the tissue regeneration around the implant
[8]. It isagenerally held and very widely supported principle
that implants that have a roughened surface are much more
likely to rapidly osseointegrate than implants with a
smooth-machined surface, with the optimal roughness beingin
the range of 1-1 OpM. This may be because of implants with
smooth surfaces being more susceptible to fibrous encapsul ation
than implants with roughened surfaces [82]. Fibrous
encapsulation is the formation of a poorly vascularized
collagenous capsule around the implant, which results in the
failure of osseointegration. There are a number of factors that
can cause fibrous encapsulation, including a sustained
inflammatory response, lack of vascularization at the implant
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site, and low levels of osteoblast migration or attachment to the
implant surface[83]. The ultimate result of fibrousencapsulation
isthat the tissue does not attach directly to theimplant surface,
|eaving a space between the fibrous capsul e and implant, which
fills with fluid. This fluid-filled space provides an ided
environment for bacterial infiltration and a subsequent infection,
which leads to bone resorption via a sustained inflammatory
response.

Roughened surfaces also have a thicker titanium oxide layer,
which is areactive layer of surface particles thought to have a
dynamic effect on surrounding tissues, encouraging attachment.
There is a broad consensus that rough implant surfaces have
superior osseoi ntegrative potential than smooth implant surfaces.
However, thereisabroad range of methodsto create roughened
titanium surfaces, and there has been much discussion in the
literature about which of these methods creates surfaces
optimized for osseointegration. Surface roughness can be
divided into 3 levels depending on the scale of the features:
macro, micro, and nanosized topologies. The macrolevel is
defined as one which has topographical featuresin the range of
millimetres to tens of microns. This scaleis directly related to
implant geometry, with threaded screw and macroporous surface
treatments giving surface roughness of more than 10 microns.
The microtopographic profile of dental implants is defined as
one where surface roughness is in the range of 1-10 um. This
range of roughness maximizes the interlocking between
mineralized bone and the surface of the implant [7,26,84]. At
the nanoscal e, amore textured surface topography increasesthe
surface energy. Nanotopography might also directly influence
cell proliferation and differentiation, as it has been suggested
that nanopatterning can modulate cell behavior [25,61,85-88].
Repetitiveness and homogeneity are key parameters to define
the nanostructure of an implant surface, but these are difficult
to quantify and are considered as qualitative morphological
parameters. If nanostructures are not clearly visible (no patterns,
no particles, and insignificant texture) or not homogeneous and
repetitive, the surface should be considered as nanosmooth. Grit
blasting is one of the most common methods by which titanium
dental implants are roughened. The increased osseointegration
was confirmed by Rasmusson et a [89], who investigated the
osteogenic properties of titanium grit-blasted surfaces.
Wennerberg et a [7,26,30] also demonstrated with a rabbit
model that grit blasting with TiO, or Al,O; particlesgave similar
values of BIC, but it drastically increased the biomechanical
fixation of the implants when compared with smooth titanium.
These studies have shown that the torque force increased with
the surface roughness of the implants while comparable values
in bone apposition were observed. Nevertheless, Aparicio et al
[34] highlighted some features related to alumina blasting for
dental implants that could compromise osseointegration, such
as particle detachment during the healing process and absorption
by the surrounding tissues. The use of HA to roughen implant
surfaces has been reported to result in similar rates of bone
apposition around implants as other techniques, but HA hasthe
advantage of being resorbable in situ. However, several in vitro
and in vivo studies [7,26,30,89] suggested that grit-blasted
titanium surfaces encourage osteoblast differentiation and, by
extension, osseointegration. Cellsfrom both osteoblast cell lines
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and primary mandibular bone from various species grown on
grit-blasted titanium surfaces have been reported to increase
expression of osteoblast specific messenger RNA and proteins,
aswell asincrease mineralization compared with cell grown on
smooth surfaces. Similarly, grit-blasted microimplants in
humans have been shown to increase bone apposition compared
with smooth-machined edges [90].

Another titanium implant surface treatment that has been
reported to increase the chances of osseointegration is acid
etching. Acid etching is often used in conjunction with grit
blasting in implant manufacture. Cho et a [91] postulated that
chemical acid etching alone of the titanium implant surface has
the potential to greatly enhance osseointegration without adding
particulate matter (eg, TPS or HA) or embedding surface
contaminants (eg, grit particles). Severa investigators[92] have
reported that grit particles can remain impregnated in the implant
material, and they are potentially a causative agent in observed
tissue breakdown. Their study indicated that rough AE implants
achieve greater resistance to reverse torque removal than
machined-surface implants, which infers that chemically acid
etching implant surfaces has higher strengths of osseointegration
than machined-implant surfaces[91]. Limaet al [93] designed
a study to measure implant osseointegration using 3 different
surface treatments. fiber mesh, grit blasting, and acid etching,
and they concluded that overall, AE surfaces demonstrated
greater mean osseointegration than fiber mesh surfaces. A study
conducted by Bana et al [94] indicates that etching with
concentrated sulfuric acid is an effective way to modify the
surface of titanium for biological applications. Guo et al [68]
compared the osteoinductive and bone-specific gene expression
in cells adherent to TiO,-grit-blasted versus TiO, grit-blasted
and HF-treated (TiO,/HF) commercially pure titanium implant
surfaces. They concluded that as a marker of osteoinduction,
theincreased levelsof RUNX-2in cellsadherent to the TiO,/HF
surfaces suggest that the additional HF treatment of the TiO,
grit-blasted surface results in surface properties that support
adherent cell osteoinduction. Etching with strong acids has been
shown to cause hydrogen embrittlement of titanium, which can
cause microcracks on the surface, potentially undermining the
structural integrity of the implant and ultimately leading to
implant failure. Nevertheless, AE implants have a proven
clinical track record, and they are still in use [95]. Plasma
surface coating of HA or titanium is one of the most effective
methodsin devel oping these surface depositions, thus enhancing
the surface roughness. A metastable CaP solution provides
excellent bioactivity of the HA/Y SZ/Ti- 6Al-4V composite
coating, which has the ability to induce bone-like apatite
nucleation and growth on implant surface. HA coatings promote
better cell proliferation. Accordingto Liu et a [96], the bonding
strength of HA on titanium alloys decreased long hours of
immersion timein the SBF. After animmersion in the SBF, the
HA coatings becameweak because of theintermellar or cohesive
bonding degradation in the coating. However, Knabe et a [97]
found that a plasma-sprayed titanium surface exhibitsthe highest
surface roughness compared with adeep profile surface structure
(the surface was acid etched and grit blasted), and inan invitro
test, the HA coating has | ess bone contact compared with other
surface modifications. Some reports showed that the mechanical
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properties of HA can be significantly improved by the addition
of yttria-stabilized zirconia. HA coatings reinforced with
zirconia possessed better performance in bond strength and
dissolution behavior of the titanium implants. Over the same
period (4 weeks after SBF immersion), the HA/Y SZ/Ti-6Al-4V
composite coating showed areduced tensile strength by [27.7%
compared with the pure HA coatings with [178.8% [98]. It has
been reported that more new bone is formed, and new bone
grovs more rapidly into pores of the surface of
alkaline-modified plasma-sprayed implants, and this may be
beneficial to reduce clinical healing times and consequently
improve implant success rates. Kim et a [60] concluded that
the HA layer was employed to enhance the bioactivity and
osteoconductivity of the titanium substrate, and the TiO,, buffer
layer was inserted to improve the bonding strength between the
HA layer and titanium substrate, as well as to prevent the
corrosion of the titanium substrate. The sol-gel approach was
favored because of the chemical homogeneity, high surface area
in single step, fine grain size of the resultant coating, the low
crystallization temperature, and mass producibility of the process
itself [60]. Cordioli et al [79] reported no benefitsby increasing
coarse surface roughness at 5 weeks in an RTQ model,
specifically demonstrating that a dual AE surface (minimally
rough) had significantly higher RTQ values than grit-blasted
(moderately rough) and plasma-sprayed (rough) surface. These
findings are consistent with those of Klokkevold et al [80], who
measured reverse torque (RTQ) for dual AE and moderately
rough-surfaced implants 1 month after placement in rabbit tibias.
The latter study included additional time points for testing
reverse torque and showed that the rougher-surfaced implants
had significantly higher RTQ results at 2 and 3 months after
placement. The authors attributed the higher RTQ to the
moderately rough surfaces’ increased depth of topography and
subsequent void volume, which permitted additional bone
ingrowth for mechanical interlocking. In recent years, studies
on submicron, micron, and coarse roughness properties have
been presented. It seemsthat all 3 layers play animportant role
in overall osseointegration, with each layer addressing bone
formation at different time points. Invitro studies have evaluated
the surface topography effects on bone formation through
osteoconduction, including the steps of protein absorption, fibrin
clot retention, and platelet interaction. Becker et a [99]
investigated bone formation onto sand-blasted and AE (control
group), chromosulfuric acid surface-enhanced (CSA group),
and recombinant human BMP-2 (rhBMP-2) biocoated
CSA—BMP-A group: noncovalently immobilized rhBMP-2
(596 ng/cm2); BMP-B group: covaently immobilized rhBMP-2
(819 ng/cm2 )—implants after placement in the mandibles and
tibiae of dogs. After 4 weeks of healing, BIC values appeared
to be highest for the BMP-B group, followed by BMP-A, CSA,
and the control in both the mandible and the tibia. Wikesjo et
al [100] studied whether adsorbing rhBMP2 onto a titanium
porous oxide (TPO) implant surface might increase or accelerate
local bone formation and support osseointegration in the
posterior mandible (type Il bone) in dogs. A similar study
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conducted by Wikesjo et a to evaluate local bone formation
and osseointegration in the posterior maxillae (type IV bone)
was analyzed in 8 adult monkeys. The authors concluded that
rhBM P-2—coated TPO surfaces enhanced local boneformation
in type 1V bone in a dose-dependent fashion in nonhuman
primates, resulting in significant osseointegration.

Nikolidakis et a [101] examined the effect of transforming
growth factor beta 1 (TGF-beta 1) on the early bone healing
around dental implants installed into the femoral condyle of
goats. The authors concluded that alow dose of TGF-beta 1 has
a negative influence on the integration of oral implants in
trabecular bone during the early postimplantation healing phase.
Schouten et al [102] investigated the effect of implant design,
surface properties, and TGF-beta 1 on periimplant bone
response, an extensive improvement of the bone response to
titanium implants can be obtained by adding an electrosprayed
CaP coating. The supplementation of al ug TGF-beta 1 coating
has only a margina effect. The cellular response to
fluoride-modified titanium implants has been assessed in
different osteoblast cellular models using M SCs from different
origin, primary cultures of osteoblasts, nontransformed clonal
cell lines(MC3T3-E1), or osteosarcomacell lines(MG63). The
different cellular models, time-point of the analysis, or implant
production might explain the differencesin the reported results.
Thus, athough some studies have reported increased
proliferation on fluoride-modified titanium implants, others
failed [103,104]. In solution, fluoride has been proved to
stimulate bone cell proliferation, but its effect varies according
to the stage of differentiation of the cells; thus, the fluorideion
acts primarily on osteoprogenitor cells or undifferentiated
osteoblasts rather than on more differentiated osteoblasts. In
addition, some studies find higher cell adhesion in
fluoride-modified titanium implants compared with control;
other studiesfound no differences. Inthisregard, it isimportant
to include the importance of the surface topography when
discussing the number of cells attached on the surfaces, as the
modification of titanium surface with HF is influenced by HF
concentration, the exposure time, and the initial surface
topography. In the same line, differences in the results of gene
expression analysis might also be explained by differences in
the roughness or chemical composition of the surfacesused in
the different studies.

Thus, the future of dental implantology should aim to develop
surfaces with controlled and standardized topography or
chemistry. Different methods have been described to modify
or embellish titanium substrates by mechanical and chemical
methods. Modification of titanium endosseousimplant surfaces
enhances interfacial bone formation measured as BIC. The
future of dental implantology should aim at devel oping surfaces
with controlled and standardized topography or chemistry. This
approach is the only way to understand protein, cell, and tissue
interactions with implant surfaces. These therapeutic strategies
should ultimately enhance the osseointegration process of dental
implants for their long-term success.
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